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Abstract. Aminoethoxyvinylglycine (AVG) is widely used in commercial apple (Malus
×domestica Borkh.) production to reduce preharvest fruit drop (PFD) and delay ripen-
ing for harvest management. Recently, the maximum allowable concentration of AVG
was doubled (up to 264 mg�L21). Reports of the relationship between the AVG concen-
tration and fruit growth, size, and quality have been contradictory. We evaluated the rela-
tionship between the AVG concentration and PFD, fruit size, fruit quality, and expression
of ethylene signaling-related and cell wall modification-related genes. Experiments were
conducted in 2019 and 2020 using mature ‘Red Delicious’ in western North Carolina. The
AVG treatments [0 and 132 (AVG-1x) and 264 mg�L21 (AVG-2x)] were applied 3 weeks
before the expected harvest. The AVG treatments reduced fruit drop and internal ethyl-
ene concentration relative to the control in both years. There was no difference in drop
between AVG-1x and AVG-2x applications. Only in 2020 did AVG treatments delay fruit
softening and starch hydrolysis and reduce soluble solids concentration. There were no ef-
fects on red fruit color development. Fruit size was unaffected by AVG in 2019, but it was
reduced in 2020 with the AVG-2x application. AVG reduced ethylene synthesis and al-
tered signaling, evidenced by decreased relative expression of genes related to ethylene sig-
naling (ARGOS1, ARGOS2). AVG applications also reduced the expression of EXPA8;1,
suggesting that reduced cell wall disassembly was associated with a reduction in fruit soft-
ening. These results indicate that preharvest applications of 132 mg�L21 AVG effectively
reduced PFD via altering ethylene evolution and signaling. Use of a higher AVG concen-
tration was of limited benefit.

Fruit abscission, or physiological drop of ap-
ple (Malus ×domestica Borkh.), occurs in multi-
ple phases during growth and development.
Preharvest fruit drop (PFD), which occurs with
many commercially important apple cultivars,
involves fruit abscission before horticultural
maturity (stage at which development is opti-
mum for a particular use) (Westwood 1993).
PFD may begin several weeks before the ex-
pected harvest (Arseneault and Cline 2016). In
severe cases, PFD can lead to extensive crop
losses of up to 50% (Byers et al. 2005; Greene
and Schupp 2004; Stover et al. 2003).

Multiple factors contribute to PFD of ap-
ple. Interactions among phytohormones that
regulate fruit ripening and abscission, reduc-
tion in xylem functionality, and progression
of fruit metabolism have been suggested as
potential mechanisms contributing to the pro-
pensity of a cultivar to display PFD (Arsen-
eault and Cline 2016). Ethylene and auxins
have key roles in regulating organ abscission
as a promoter and inhibitors, respectively

(Taylor and Whitelaw 2001). Specifically, in-
creased ethylene may activate and/or acceler-
ate the production of cell hydrolysis enzymes
(Li et al. 2010) at the abscission zone, which
is the primary region of organ detachment.
Sustained flux of auxins through the abscis-
sion zone inhibits the production of cell wall
hydrolysis enzymes, maintaining insensitivity
to ethylene (Li et al. 2010; Taylor and White-
law 2001). The internal ethylene concentra-
tion (IEC) is correlated with the extent of
PFD (Larson et al. 2023; Li et al. 2010).
However, evidence of ethylene-independent
mechanisms involved in regulating PFD has
also been noted through the analysis of multi-
ple apple genotypes (Sun et al. 2009). Nu-
merous Malus genotypes displayed a low
internal ethylene concentration (IEC), high
PFD, and, conversely, a high IEC and low
PFD. Sun et al. (2009) suggested that ethyl-
ene production may not be the sole mecha-
nism regulating PFD. Ethylene perception
and signaling and its interaction with auxin
may further determine the PFD propensity in
apple.

The use of plant growth regulators to man-
age PFD relies on altering the auxin and ethyl-
ene content. Naphthaleneacetic acid (NAA) is
a synthetic auxin that reduces PFD by decreas-
ing the production of cell hydrolysis enzymes
(Li and Yuan 2008). Additionally, application
of an inhibitor of ethylene biosynthesis, ami-
noethoxyvinylglycine (AVG), reduces PFD of
several apple cultivars (Bangerth 1978). AVG
inhibits the activity of aminocyclopropane-1-
carboxylic acid (ACC) synthase (ACS), the
enzyme catalyzing conversion of S-adenosyl
methionine (SAM) to ACC, the immediate
precursor of ethylene. Multiple studies have
indicated that preharvest applications of AVG
reduce or delay the progression of PFD in sev-
eral PFD-prone apple cultivars (Arseneault
and Cline 2018; Bangerth 1978; Byers et al.
2005; Greene and Schupp 2004; Yildiz et al.
2012; Yuan and Carbaugh 2007). Further-
more, inhibition of ethylene biosynthesis and
its perception through combined applications
of AVG and 1-methylcyclopropene (1-MCP)
enhance fruit retention in ‘Arlet’ apple (Byers
et al. 2005).

Harvesting before optimum maturity can
reduce PFD-related losses, but it can lead to
inferior fruit quality and associated problems
in long-term storage. Furthermore, it often
may not be feasible because of limitations in
labor availability (Byers et al. 2005). Ethylene
evolution increases during climacteric fruit
ripening in apple. Because ethylene is an im-
portant regulator of progression of ripening,
reduction in its synthesis and evolution may
delay progression. In fact, the application of
AVG reduces fruit softening and starch degra-
dation (Byers et al. 2005; Greene and Schupp
2004; Yuan and Li 2008). In 2016, the con-
centration range of AVG that can be legally
applied was increased (up to 264 mg�L�1).

Relationships between the AVG concen-
tration and fruit growth dynamics are unclear.
Apples display an expolinear growth pattern
in which growth increases through maturity
(Bain and Robertson 1951). Applications of
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AVG and the resultant decline in PFD can
lead to increased fruit size and delayed ripen-
ing (Byers et al. 2005; Greene 2005; Greene
and Schupp 2004). An increase in fruit size
under these conditions is largely ascribed to
the extended persistence of fruit on the tree
during a period when it displays continued
growth. Furthermore, a corresponding decline
in the rate of senescence of tissues within the
abscission zone and the fruit pedicel allows
for sustained fruit growth (Byers et al. 2005).
On the contrary, negative effects on fruit size
were reported (Wargo et al. 2004; Watkins
et al. 1997). Fallahi (2012) observed that
AVG reduced fruit weight relative to NAA
treatment and attributed the reduction to de-
layed maturity.

The effects of different application rates
of AVG on ‘Red Delicious’, a cultivar dis-
playing high propensity for PFD in the south-
eastern United States, particularly under the
increased application range, have not been
extensively investigated (Unrath et al. 2009).
Specifically, the effects of AVG application
on fruit growth are not well-documented, par-
ticularly in the context of the higher applica-
tion dosage now allowed in the United States.
The goal of this study was to determine the
effects of single applications of AVG (AVG-
1x) and double applications of AVG (AVG-
2x) on fruit size, fruit quality characteristics,
and the expression of several genes associ-
ated with ethylene signaling and cell wall
loosening.

Materials and Methods

Experiments were conducted in 2019 at a
commercial orchard in Flat Rock, NC, USA
(lat. 35.308394�N, long. 82.374546�W), and
in 2020 at North Caroline State University’s
Mountain Horticultural Crops Research and
Extension Center in Mills River, NC, USA
(lat. 35.428079�N, long. 82.563295�W). The
experimental site varied across years because
of travel restrictions related to the global coro-
navirus 2019 (COVID-19) pandemic; how-
ever, mature ‘Red Delicious’ trees were used
in both years. In 2019, ‘Early Red One’/
‘Mark’/‘M. 111’ planted to 3.1 × 6.7 m were
used. In 2020, we used ‘Oregon Spur II’/‘M.
111’ trees planted with spacing of 2.7 × 6.1 m.
Both orchards were trained to a central leader
and received plant protectant sprays that ad-
hered to local recommendations throughout
the growing season (NC State Extension 2023).
In 2019, 12 two-tree plots were used for this
study, whereas in 2020, 12 uniform three-tree
plots were selected and separated by buffer
trees. Treatments were assigned in a random-
ized completed block design with four replica-
tions. Trees were blocked by crop density,
which was visually rated before the initiation of
the experiment. Within each experimental unit,
one tree was designated for fruit drop counts,
and one (2019) or two (2020) trees were desig-
nated for fruit sampling for fruit quality assess-
ments and gene expression.

The following AVG treatments were eval-
uated: 0 mg�L�1 AVG (untreated control);
132 mg�L�1 AVG (AVG-1x) (ReTainV

R

;

Valent Biosciences, Libertyville, IL, USA);
and 264 mg�L�1 AVG (AVG-2x). All chemi-
cal treatments were applied in an aqueous
solution with 0.1% (volume/volume) organo-
silicone surfactant (Silwet L-77; Helena
Agri-Enterprises, Collierville, TN, USA) on
16 Aug 2019 and 18 Aug 2020. Treatments
were applied �3 weeks before the anticipated
harvest with a backpack air blast sprayer (SR
450; Stihl USA Inc., Virginia Beach, VA)
calibrated to apply 935 L�ha�1. The amounts
of spray solution applied to each tree were
1.89 L in 2019 and 1.70 L in 2020. The
sprayer was outfitted with a pressure compen-
sation pump to ensure consistent output dur-
ing its operation.

Preharvest fruit drop responses to AVG
treatments. Fruit drop counts were initiated 2
weeks before the anticipated harvest, occurred
at weekly intervals, and continued for 7 weeks
in 2019 and 9 weeks in 2020. The number of
abscised fruit were counted and discarded on
one tree per plot. Immediately after the final
fruit drop count was conducted, all persisting
fruit were harvested and counted. To deter-
mine PFD patterns over time, the percentage
of fruit that abscised was calculated for each
week of the experiment.

Internal ethylene concentration in response
to AVG treatments. Starting at the anticipated
week of harvest [0 weeks after expected har-
vest (WAEH)], 10 to 12 fruit samples were
collected from trees designated for fruit quality
evaluations. To determine the IEC, 1-mL gas
samples were extracted from the core cavity
with a syringe fitted with a 0.6-mm × 25.0-mm
hypodermic needle. Samples were injected into
a gas chromatograph (GC-8A; Shimadzu,
Columbia, MD, USA) with a 3.175-mm
stainless steel column packed with alumina
(Supelco; Bellefonte, PA, USA). All sam-
ples were measured within 24 h of harvest.

Fruit size responses to AVG treatments.
Weekly, a separate 20-fruit sample was col-
lected from each plot to determine relationships
between AVG and fruit quality parameters.
Fruit diameter and weight were determined
with an electronic fruit sorter (Durand-Way-
land, Inc., LaGrange, GA, USA) outfitted with
a load cell, color and infrared camera system,
and full transmittance spectrometer (TrueSort
Electronics; Ellips, Eindhoven, Netherlands).

Fruit quality in response to AVG treat-
ments. A colorimeter (ColorFlex EZ; Hunter
Associates Laboratory, Reston, VA, USA)
was used to quantify lightness, chroma, and
hue on the green and red fruit peels of each
fruit. Fruit firmness was measured with a fruit
texture analyzer (GS-20; G€uss Manufacturing
Ltd. Strand, Cape Town, South Africa). Juice
samples were extracted using a potato ricer
and tested to determine the soluble solids
concentration (SSC) with a digital refractom-
eter (PR-32 alpha; Atago, Bellevue, WA,
USA). Fruit were cut in half at the equator,
and the cut surface was dipped in an iodine
solution. Iodine staining patterns were evalu-
ated in accordance with the Generic Cornell
Starch-Iodine Index Chart for apples (scale,
1–8) (Blanpied and Silsby 1992).

RNA extraction and gene expression analy-
ses by quantitative real-time polymerase chain
reaction. Starting at 2 WAEH in 2020, fruit
cortex samples were collected weekly for
gene expression analyses from three fruit per
plot. Samples were processed and prepared
for RNA extraction following the methods
described by Larson et al. (2023). Total RNA
was extracted from frozen tissue according to
the CTAB method (Vashisth et al. 2011). After
extraction, RNA quantity and concertation were
determined using a spectrophotometer (ND-
1000; Thermo Fisher Scientific, Wilmington,
DE, USA). cDNA was synthesized in a
20-mL reaction volume using 1 mg of DN-
ase-treated RNA (Vashisth et al. 2011) and
diluted six-fold for quantitative real-time po-
lymerase chain reaction (PCR).

Quantitative real-time PCR were performed
according to the methods described by Larson
et al. (2023). Primer efficiency (Eff) was quan-
tified in LinRegPCR and cycle threshold val-
ues (Ct) were determined for each sample
(Ramakers et al. 2003; Ruijter et al. 2009). The
Relative quantity of expression (RQ) values
were calculated using the following equation:
RQ 5 1/Eff Ct. Then, the RQ values of genes
of interest were normalized to the expression
of the reference genes ACTIN, CACS2, and
UBC2 (Dash et al. 2013; Jing and Malladi
2022), generating NRQ values. Primer sequen-
ces for the genes used in this study have been
reported previously (Dash et al. 2013; Jing
and Malladi 2022). Genes of interest in this
experiment were ARGOS1, ARGOS2, COB1,
EXPA8;1, EXPA8;2, and EXPA10;1.

Statistical analyses. All data were analyzed
using statistical software (JMP Pro version 15;
SAS, Cary, NC, USA). Data were analyzed us-
ing a mixed model with the AVG treatment
levels as a fixed factor and block as a random
factor. Mean separation was performed using
Tukey’s honestly significant difference (HSD)
test when the treatment factor was significant.
For gene expression data, NRQ values were
transformed using log2 transformation before
statistical analyses. Plots were prepared in
Sigmaplot 14.0 (Systat Software Inc., Palo
Alto, CA, USA), and the figures were pre-
pared using Inkscape 1.0 (Inkscape USA).

Results

Preharvest fruit drop responses to AVG
treatments. Extensive fruit drop was noted in
control fruit in both years of the study, although
the onset of drop was delayed in 2020 com-
pared with that in 2019 (Fig. 1). In 2019, the
highest extent of fruit drop was noted at 0 and
1WAEH. In 2020, fruit drop could be observed
from 2 WAEH, reaching a peak at 3 WAEH,
and subsequently declining. The AVG treat-
ments reduced the degree of PFD. In 2019, the
AVG-1x treatment resulted in lower fruit drop
(up to 17-fold) than that of the control at 0 and
1 WAEH. From 3 to 5 WAEH, AVG-1x dis-
played up to four-fold higher fruit drop than the
control. AVG-2x treatments resulted in greatly
reduced fruit drop at 0 and 1 WAEH in 2019
(up to 17-fold). At 5 WAEH, AVG-2x dis-
played three-fold greater fruit drop than in the
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control. In 2020, AVG-1x significantly reduced
fruit drop during the period when peak fruit
drop occurred in the control (2–6 WAEH; by
up to 10-fold). AVG-2x treatments resulted in
reduced fruit drop from 3 to 5 WAEH (up to
9.5-fold). AVG-2x treatments did not result in

further reduction in fruit drop in comparison
with the AVG-1x, except at 3 WAEH in 2019.

Internal ethylene concentration in response
to AVG treatments. The IEC was not substan-
tially altered in control fruit between 0 and 4
WAEH in 2019 (Fig. 1). The AVG treatments

resulted in substantially reduced IEC (up to 86-
fold) at 0 and 1 WAEH, but not at later stages.
In 2020, the IEC gradually increased in control
fruit between 1 and 5 WAEH. The AVG treat-
ments reduced IEC by up to 8-fold at 1 WAEH,
and by more than 400-fold at 4 and 5 WAEH

Fig. 1. Preharvest fruit drop (%) and internal ethylene concentration of ‘Red Delicious’ (Malus ×domestica Borkh.) fruit in response to aminoethoxyvinylgly-
cine (AVG) treatments in 2019 and 2020. Zero weeks after expected harvest indicates the time of the anticipated harvest. The percent fruit drop at
each time was calculated by dividing the number of fruit that abscised each week by the total number of fruit. Means and SE are presented (n 5 4). Simi-
lar letters above the symbols indicate that means are not significantly different within a given time point. AVG-1x 5 application rate at 132 mg�L�1;
AVG-2x 5 application rate of 264 mg�L�1.

Fig. 2. Effects of aminoethoxyvinylglycine (AVG) application on fruit size of ‘Red Delicious’ (Malus ×domestica Borkh.). Means and SE are presented (n 5 4).
Similar letters above the symbols indicate that means are not significantly different within a given time point (Tukey’s honestly significant difference).
AVG-1x 5 132 mg�L�1; AVG-2x 5 264 mg�L�1.
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relative to the control. An increasing AVG dos-
age did not result in further reduction in IEC
during either year.

Fruit size responses to AVG treatments. In
2019, fruit size (diameter and weight) contin-
ued to increase from �2 to 0 WAEH in the
control (Fig. 2). The AVG treatments did not
significantly affect fruit size in 2019. In 2020,
fruit diameter and weight steadily increased in
the control fruit by 9.7% and 34%, respectively,
between �2 and 6 WAEH. A similar trend
was noted with AVG treatments, particularly
AVG-1x. The AVG-2x treatment resulted in
lower fruit diameter and weight than the
AVG-1x treatment at 6 WAEH by �6.5%
and 13.5%, respectively.

Fruit quality in response to AVG treatments.
In 2019, fruit firmness declined progressively
in all treatments. The AVG-2x treatment re-
sulted in greater (5.5%) fruit firmness than
the control at 0 WAEH (Fig. 3). In 2020, fruit
firmness declined gradually between �2 and
4 WAEH, and then sharply by 5 WAEH. The
AVG-2x treatment resulted in approximately
5% higher fruit firmness than the control fruit
at 3 WAEH. At 5 WAEH, both AVG treat-
ments resulted in greater fruit firmness than
that in the control fruit by up to 18%.

In 2019, fruit SSC gradually increased in
the control fruit during the period of evaluation

(Fig. 3), but the AVG had no effect on fruit
SSC. In 2020, the AVG-1x treatment resulted
in reduced SSC during most of fruit develop-
ment, except at �2, 1, and 4 WAEH. The
AVG-2x treatment resulted in lower fruit SSC
at all stages, except at 1 and 4 WAEH. The
starch pattern index consistently increased dur-
ing both years of this study. In 2019, the AVG
treatments did not significantly alter the starch
index. In 2020, the AVG-1x treatments re-
duced the starch index at 0, 1, 3 and 5 WAEH,
whereas the AVG-2x treatment reduced it at 1,
2, and 5 WAEH compared with the control.
The AVG dosage did not influence fruit SSC
or starch index.

In 2019, fruit color parameters, lightness,
and hue decreased, whereas chroma increased
over the period of evaluation from �1 to 4
WAEH (Fig. 4). Neither of the AVG treat-
ments significantly altered fruit color charac-
teristics in 2019. In 2020, lightness decreased
over the evaluation period, hue was not appre-
ciably altered, and chroma gradually decreased
from 1 WAEH. The AVG treatments had min-
imal and inconsistent effects on fruit color.
The two AVG treatments decreased hue at 0
WAEH by up to 2.7�. At 3 WAEH, the AVG-
2x treatment displayed higher chroma values
than the control by up to 1.5 units.

Expression of ethylene signaling-related
and cell wall modification-related genes in re-
sponse to AVG treatments. Transcript abun-
dance of two genes coding for proteins involved
in ethylene signaling, ARGOS1 (AUXIN
REGULATED GENE INVOLVED IN ORGAN
SIZE1) and ARGOS2, was substantially re-
duced in response to AVG treatments (Fig. 5).
ARGOS1 transcript abundance increased by up
to 3.2-fold in the control fruit between 2 and 5
WAEH. It was reduced in response to AVG-1x
treatments at 3 and 4 WAEH by up to three-
fold, and by AVG-2x treatments by up to four-
fold at 3, 4, and 6 WAEH. ARGOS2 transcript
abundance also increased in the control fruit by
up to 3.7-fold between 2 and 5 WAEH. The
AVG-1x treatment resulted in a decrease in AR-
GOS2 transcript abundance by up to five-fold
from 2 to 5 WAEH, whereas the AVG-2x treat-
ment reduced ARGOS2 transcript abundance by
up to six-fold between 2 and 6WAEH.

Transcript abundance of COB1 (COBRA1),
which codes for a protein associated with cellu-
lose synthesis and assembly, and oriented cell
expansion, was not substantially altered over
the duration of the analyses and was unaffected
by the AVG treatments. Transcript abundance
of three genes coding for a-expansins was in-
vestigated. Transcript abundance of EXPA8;1

Fig. 3. Effects of aminoethoxyvinylglycine (AVG) application on fruit quality of ‘Red Delicious’ (Malus ×domestica Borkh.) in 2019 and 2020. Means and
SE are presented (n 5 4). Similar letters above the symbols indicate that means are not significantly different within a given time point (Tukey’s honestly
significant difference). AVG-1x 5 132 mg�L�1; AVG-2x 5 264 mg�L�1.
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increased in the control by approximately 1.7-
fold between 2 and 3 WAEH. The AVG-1x
treatment reduced its abundance by up to 2.5-
fold at 3 and 4 WAEH, and the AVG-2x treat-
ment reduced its expression by up to 4.7-fold
between 2 and 4 WAEH. Transcript abundance
of EXPA8;2 increased greatly (by up to 18-
fold) in the control between 2 and 4 WAEH.
AVG treatments did not significantly reduce its
abundance, except for a six-fold reduction at 3
WAEH by the AVG-2x treatment. EXPA10;1
abundance was highly variable during the pe-
riod of evaluation and was not significantly af-
fected by AVG treatments.

Discussion

PFD extended over several weeks in the
current study. In 2019, high levels of PFD were
noted in the control treatments at approximately
the anticipated harvest time; however, in 2020,
PFD extended over several weeks at later
stages, specifically over 3 to 5 WAEH. These
data are consistent with those of previous re-
ports that indicated that PFD occurs over multi-
ple weeks following the anticipated harvest
date (Arseneault and Cline 2016). Considerable
variation in the apple PFD can be observed
from year-to-year. Unrath et al. (2009) evaluated

natural PFD in the same orchard for an
11-year period. Depending on the year, cu-
mulative fruit drop ranged from 2% to 33%
if harvest was delayed only 1 week after the
normal harvest date (Unrath et al. 2009). We
used two different orchards in this research
because of travel restrictions related to the
global pandemic. Although both orchards were
mature ‘Red Delicious’, the scion strain and
rootstocks differed across years. It is possible
that these factors may have contributed to the
difference in PFD patterns across years. How-
ever, observed air temperatures during the period
of study may have contributed to this variation
(Table 1). In 2019, the average and maximum
daily air temperature in September was higher
than that in 2020 (3.0 �C and 5.7 �C, respec-
tively). The sampling date for 0WAEHoccurred
on 5 Sep and 9 Sep in 2019 and 2020, respec-
tively. Poapst et al. (1959) observed a positive
association between the timing of fruit ab-
scission and the decline of starch in ‘McIntosh’.
Notably, this relationship was influenced by the
average daily temperature. Additional research is
warranted to gain a better understanding of the
interactions between environmental factors, such
as air temperature, and PFD drop patterns.

During both years of this study of ‘Red
Delicious’ apple, the application of AVG

significantly reduced PFD, thereby confirming
previous reports (Byers et al. 2005; Greene
2005; Schupp and Greene 2004). However,
unlike in several previous studies (Greene and
Schupp 2004; Schupp and Greene 2004), in-
creasing the dose of AVG application did not
result in a consistent additional reduction in
PFD, indicating that AVG-1x applications
were likely sufficient to reduce PFD occur-
rence in ‘Red Delicious’ apple in the south-
eastern United States.

During both years of this study, periods of
high PFD were associated with higher IEC in
the apple fruit, particularly in the control treat-
ment. Reduction in PFD in response to AVG,
irrespective of the dosage, was associated
with reduced IEC in both years. Similarly,
multiple previous studies have identified an
association between ethylene synthesis/evolu-
tion from the apple fruit and PFD
(Arseneault and Cline 2016; Larson et al.
2023; Li et al. 2010). The IEC may explain
the different patterns in drop between 2019
and 2020. For untreated fruit, in 2019, the
IEC was 20-fold higher at 1 WAEH com-
pared with that in 2020. Fruit were more
likely susceptible to drop in 2019 than in
2020. Again, elevated temperatures proximal
to the 2019 anticipated harvest date may

Fig. 4. Effects of aminoethoxyvinylglycine (AVG) application on fruit color of ‘Red Delicious’ (Malus ×domestica Borkh.). Means and SE are presented
(n 5 4). Similar letters above the symbols indicate that means are not significantly different within a given time point (Tukey’s honestly significant
difference). AVG-1x 5 132 mg�L�1; AVG-2x 5 264 mg�L�1. L* 5 lightness; h 5 hue; C* 5 chroma.
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partly explain the observed increase in PFD
and IEC. A comparison of two apple cultivars
with differing PFD proclivities indicated that
greater fruit ethylene evolution in ‘Golden
Delicious’ was associated with higher PFD in
comparison with ‘Fuji’ (Li et al. 2010).

Li et al. (2010) found that the higher eth-
ylene evolution in ‘Golden Delicious’ was as-
sociated with higher expression of several

genes associated with its biosynthesis such as
ACS1, ACS3, and ACS5A, as well as ACC
OXIDASE 1 (ACO1) in the fruit cortex. Ap-
plication of AVG reduced ethylene evolution
and PFD and was associated with the de-
creased expression of multiple ACS genes
and ACO1 (Yuan and Li 2008). Hence, it
is likely that similar reductions in ACS
and ACO transcript abundance and

corresponding activity in response to
AVG applications reduced IEC during
our study in ‘Red Delicious’. In the cur-
rent study, expressions of ARGOS1 and
ARGOS2 increased during 2 to 6 WAEH,
particularly in the control treatment, and was
significantly reduced in response to AVG ap-
plications. ARGOS is a negative regulator of
ethylene signaling and functions in the reduc-
tion of organ sensitivity to ethylene (Rai et al.
2015; Shi et al. 2015). Transcript abundance
of ARGOS family genes is responsive to eth-
ylene (Rai et al. 2015; Shi et al. 2015). Thus,
decreases in the transcript abundance of
ARGOS1 and ARGOS2 in response to AVG
treatments are likely associated with lower eth-
ylene biosynthesis. Furthermore, because eth-
ylene signaling is required to elicit changes in
ARGOS expression (Rai et al. 2015), these data
indicate that reductions in ethylene evolution
by AVG applications also result in altered eth-
ylene signaling. Therefore, these data indicate
that a reduction in ethylene evolution by AVG
also altered ethylene signaling and downstream
responses.

A sustained increase in fruit weight is an im-
portant advantage of PFD reduction via PGR
applications (Byers et al. 2005). Retention of
fruit on the tree may allow for continued cell ex-
pansion with the primary mechanism supporting

Fig. 5. Effects of aminoethoxyvinylglycine (AVG) application on relative gene expression of ‘Red Delicious’ (Malus ×domestica Borkh.) in 2020. Means
and SE are presented (n 5 4). Similar letters above the symbols indicate that means are not significantly different within a given time point (Tukey’s hon-
estly significant difference). AVG-1x 5 132 mg�L�1; AVG-2x 5 264 mg·L�1. Expression of a given gene is normalized to its expression in the control
at 2 weeks after expected harvest. ARGOS 5 AUXIN REGULATED GENE INVOLVED IN ORGAN SIZE; COB1 5 COBRA1; EXPA 5 a-EXPANSIN.

Table 1. Summary of average daily air temperature data for select months in 2019 and 2020 in Mills
River, NC, USA.i,ii

Average air temperatureiii Maximum air temperature Minimum air temperature
Month (�C) (�C) (�C)

2019

Aug 21.6 28.1 16.8
Sep 21.1 29.1 14.9
Oct 14.9 21.1 9.5

2020

Aug 21.6 26.8 17.8
Sep 18.1 23.4 14.2
Oct 14.2 20.9 9.0
i Data courtesy of State Climate Office of North Carolina, North Carolina State University. Cardinal
(data retrieval interface) available at https://products.climate.ncsu.edu/cardinal/request. Accessed 11
Sep 2023.
ii Weather station (FLET) located at 35.42721�N, 82.55888�W.
iii Means reported are the daily average air temperature across each month of interest. Selected months
correspond with the period of study in 2019 and 2020.
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fruit growth during this period, thereby sustain-
ing the continued increase in fruit size. How-
ever, during both years of this study, fruit size
was not significantly improved by AVG treat-
ments. Furthermore, AVG-2x applications ap-
peared to result in a lower fruit size than the
AVG-1x treatment, potentially suggesting an in-
hibitory effect of high AVG concentrations.

Fruit quality characteristics were inconsis-
tently affected by AVG treatments across the
two years of this study. In 2019, the fruit
quality characteristics were not affected by
AVG treatments, except fruit firmness was
higher in response to the AVG-2x treatment
than the control at the anticipated harvest
date. Again, these limited responses in 2019
may be partly explained by elevated tempera-
tures after AVG application. High temperatures
after AVG applications resulted in inconsistent
PFD and maturity management across multiple
studies (Kon et al. 2023; Stover et al. 2003;
Stover and Greene 2005). In 2020, fruit firm-
ness, SSC, and the starch index were affected
by AVG applications, particularly during later
stages of the study. In 2020, fruit firmness sub-
stantially declined in the control between 4 and
5 WAEH, and this decline was attenuated by
AVG applications, similar to the reports of pre-
vious studies (Bangerth 1978; Byers et al.
2005; Greene and Schupp 2004; Schupp and
Greene 2004). These data indicate that AVG
applications delayed fruit softening. Further-
more, the extent of starch degradation was re-
duced, indicating that AVG applications
delayed progression of ripening and loss of fruit
quality in ‘Red Delicious’. The decline in starch
degradation observed during this study is con-
sistent with that reported by previous studies
(Byers et al. 2005; Greene and Schupp 2004;
Yuan and Li 2008). The response of fruit SSC
to AVG treatments has not been consistent.
Fruit SSC increased slightly with AVG treat-
ments (Byers et al. 2005; Schupp and Greene
2004) or was unaltered (Yuan and Li 2008).
During the current study (2020), SSC decreased
slightly in response to AVG, suggesting delay
in ripening. Similarly, previous reports indi-
cated that fruit color development is not consis-
tently affected by AVG applications. Although
several studies reported a slight reduction in the
proportion of red color (Byers et al. 2005;
Schupp and Greene 2004), others indicated lit-
tle or no effects of AVG on color development
(Greene and Schupp 2004; Yuan and Li 2008).
During the current study of ‘Red Delicious’,
AVG applications did not consistently affect
fruit color. Together, these data indicated that
loss of fruit quality related to fruit softening
was reduced, and that ripening was delayed by
AVG applications in ‘Red Delicious’ only in
2020, but that other quality characteristics were
largely unaltered.

Among several genes evaluated, expres-
sion of EXPA8;1 was reduced by more than
two-fold in response to AVG applications.
This was particularly evident between 2 and
4 WAEH. Expansins (EXPs) are proteins that
nonenzymatically modify noncovalent bonding
among cell wall polysaccharides, resulting in
cell wall loosening (Cosgrove 2015). They
have multiple roles in facilitating cell expansion,

growth and development, and stress responses.
Ripening during fruit development is associated
with multiple physiological and biochemical
changes, which include increased fruit softening
associated with cell wall loosening and disassem-
bly. In strawberry (Fragaria × ananassa) fruit,
the loss of fruit firmness during ripening has been
associated with greater expression of several
EXPs and higher extension activity (Harrison
et al. 2001). A comparison of genotypes with dif-
ferences in fruit softening characteristics indicated
that cultivars with lower fruit firmness displayed
greater expression of several EXP genes (Dotto
et al. 2006). In tomato (Solanum lycopersicum),
LeEXP1 is specifically expressed in ripening fruit
and is ethylene-inducible (Rose et al. 1997). In
apple, several EXPs displayed higher expression
in ripening fruit or during postharvest storage in
association with reduction in fruit firmness (Dash
et al. 2013; Mann et al. 2008; Wakasa et al.
2003). Higher expression of EXPA8;1 in the con-
trol treatment compared with that in the AVG
treatments, during the current study is consistent
with lower fruit firmness in these fruit. Reductions
in ethylene evolution and signaling are likely as-
sociated with the reduction in EXPA8;1 transcript
abundance, potentially leading to reduced expan-
sin activity and reduced fruit softening. Alterna-
tively, reduced expression of EXPA8;1 with
AVG treatments may explain, in part, the ob-
served reduction in fruit size with 2x-AVG in
2020. It is possible that reduced expansin activity
caused by high rates of AVG may negatively in-
fluence cell enlargement rates and subsequent
fruit size. Additionally, transcript abundance of
another EXP, EXPA8;2, was also transiently
higher by six-fold than that of the control fruit
with the AVG-2x treatment at 3 WAEH. To-
gether, these may constitute part of a delayed cell
wall disassembly program in response to AVG
treatments. Consistently, AVG applications also
result in the reduced expression of two POLYGA-
LACTURONASE genes, PG1 and PG2, the prod-
ucts of which are also associated with cell wall
disassembly (Yuan and Li 2008).

Conclusion

These study data indicate that AVG is ef-
fective for reducing PFD in ‘Red Delicious’.
The AVG treatment reduced ethylene evolu-
tion and signaling, as noted by a decrease in
ARGOS1 and ARGOS2 expression. The re-
duction in PFD through the application of
AVG did not increase fruit size. The AVG
applications reduced fruit softening and de-
layed ripening during one year of the study,
but it did not greatly alter other fruit quality
characteristics. EXPA8;1 may function as a
component of an ethylene-responsive pro-
gram associated with fruit softening. Across
both years, AVG-1x was sufficient to reduce
PFD. A higher dose of AVG does not appear
to result in greater benefits for ‘Red Deli-
cious’ in the southeastern United States.
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