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Preharvest fruit drop, cracking, and advanced maturity prior to commercial harvest can promote
significant losses in important apple cultivars such as ‘Ambrosia’ and ‘Fuji’ grown in the mid-
Atlantic. Aminoethoxyvinylglicine (AVG) and 1-methylcyclopropene (1-MCP) are ethylene
inhibiting plant growth regulators (PGR) that can alter preharvest fruit drop, cracking, maturity
and quality by impeding ethylene biosynthesis and perception, respectively. However,
integrative studies examining the impacts of such PGR treatments in ‘Ambrosia’ and ‘Fuji’ are
lacking in the mid-Atlantic region. The objectives of this work were to, first, characterize and
compare the effects of different rates of preharvest ethylene inhibiting PGRs on fruit drop and
cracking, ethylene production, physicochemical properties, skin color, and transcript
accumulation of associated genes in 'Ambrosia’ and ‘Fuji’ apples throughout ripening on-the-
tree, and second, to use multivariate analysis to detect statistically significant correlations

amongst evaluated variables. Our results show that both full-rate AVG (130 mg a.i. L-!) and 1-



MCP (150 mg a.i. L") significantly reduced preharvest fruit cracking with respect to control fruit
in ‘Ambrosia, but not in ‘Fuji’, suggesting a cultivar-specific effectiveness under mid-Atlantic
conditions. Furthermore, amongst all treatments, full-rate AVG (130 mg a.i. L") displayed the
lowest ethylene production and transcript accumulation of ethylene -related genes, ultimately
delaying ripening. 1-MCP (150 mg a.i. L™!) and half-rate AVG (65 mg a.i. L") treatments
exhibited an intermediate performance between full-rate AVG and control fruit, presenting a
reduction in ethylene production and transcript accumulation of ethylene-related genes when
compared to the latter. Regarding color, apple skin blush and anthocyanin-related gene
expression was lowest in full-rate AVG (130 mg a.i. L) treated fruit, explaining why this fruit
met the minimum requirement of 50% red blush coverage one week later than all other
treatments in both assessed cultivars. Correlations amongst the assessed features were also
identified. This work specifies a framework for the use of ethylene inhibiting plant growth

regulators under mid-Atlantic environmental conditions.
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Chapter 1: Introduction

Background:

Of the 86 million metric tons of apples produced worldwide, the U.S. is estimated to contribute 5
million tons as the second largest apple producer (Jackson et al., 2022; USDA, 2022). The U.S.
generates $20 billion in sales yearly, with the states in the mid-Atlantic, Maryland, New Jersey,
Pennsylvania, Virginia, and West Virginia, falling within the top 15 state producers in the U.S.
(Liang et al., 2022; Pfeiffer, 2024). Pennsylvania alone produces around 500 million pounds of

apples yearly, ranking fourth in the nation for production (Crassweller et al., 2017).

‘Fuji’ is a predominant variety, maintaining 10% of total U.S. production (USDA, 2022). This
cultivar is a cross of ‘Ralls Janet” and ‘Delicious’ in the Tohoku region of Japan and gained
popularity for its crisp texture, and sweet flavor (Tanaka et al., 2020). It has experienced a major
expansion in production as a red or bicolored cultivar, maturing in October as a late season
cultivar, but additionally has demonstrated sensitivity to cracking, contributing to economic loss

(Kasai et al., 2008).

Of the total apple production in the U.S., 39% are specialty or emerging cultivars (USDA, 2022).
‘Ambrosia’ is a newer cultivar, positioned as one of the highest for sensory characteristics in a
study amongst new cultivars (Ehsani-Moghaddam and DeEll, 2009; Luo et al., 2018).
‘Ambrosia’ grew as a chance seedling in the late 20" century with ‘Starking’ and ‘Delicious’
parentage (Cline, 2022). It was a patented “clubbed” variety, cultivated since the 1990’s

(Warner, 2021). Washington state obtained a permit to grow ‘Ambrosia’ in 1999 and held the



market until the patent on production ended in 2017 (Mennell, 2002). This cultivar quickly
gained popularity in the U.S., but production knowledge remains limited. ‘Ambrosia’ is mid-
season cultivar maturing in late September to early October. It is selective climate-wise,
preferring a great temperature differential, and a tight harvest period, requiring a large labor
force to pick the entire crop within a short window (Crassweller et al., 2007; Warner, 2021). This
narrow harvest period, in addition to sensitivity to cracking and preharvest fruit drop can prove

challenging for growers (Mennell, 2002; Toivonen, 2015).

Apples are additionally graded postharvest to determine marketability. To meet the “U.S. Extra
Fancy” grade for the U.S. standards of marketability, apples are required to be, “mature but not
overripe, clean, fairly well formed, free from decay and physiological disorders” (US EPA,
2001). The standards require 50-60% red blush coloration for red colored cultivars, which is a
challenging prerequisite for the mid-Atlantic due to lower temperature differentials and a hot,
humid climate compared to other regions (Toivonen et al., 2019). This affects color
development, fruit drop, physiological disorders, and quality parameters of the apple crop (Miah
and Farcuh, 2024a). In addition, apple production, as well all agricultural production, is at the
mercy of a changing climate bringing new uncertainty as temperature, water availability, solar
radiation, air pollution, and carbon dioxide fluctuate globally (Wright et al., 2017). Changes in
local and regional microclimates can alter yield and crop quality, such as coloring and fruit
firmness, in response to earlier blooming periods during warmer temperatures (Sugiura et al.,
2013). Variability in precipitation can lead to drought and heat stress, which in turn may modify

nutrient quality of apples and affect yields (Wright et al., 2017).



A dilemma faced by mid-Atlantic apple growers is whether to delay harvest to allow for the
minimum 50% required red color development, but risk yield loss to fruit drop, produce quality,
shelf life potential, and physiological disorder development; or to alternatively harvest at the
optimum maturity to preserve quality, conceding the red coloration demanded by the industry
(Farcuh, 2020). A horticultural practice that can aid this impasse is use of plant growth regulators
(PGRs). PGRs are chemical applications that alter plant growth and development, devised as
either natural extracts of plant hormones or mimics of said hormones (VanDerZanden, 2012).
Ethylene is a key hormone of many playing role in regulating fruit ripening and preharvest drop
(Macarena Farcuh et al., 2018; Ozkan, 2016). Reduction of ethylene biosynthesis and reception
by ethylene inhibiting PGRs can prolong the fruit maturation period, allowing for red color
development, crop quality maintenance in storage, and decreased fruit drop (Liu et al., 2015;
Ozkan, 2016). Ethylene inhibiting PGR success can be distorted by cultivar specific genetics,
orchard management, and yearly variation in factors such as crop load and biotic stressors
(Roberts et al., 2002). It is therefore valuable to understand the influence of ethylene inhibiting
PGRs on fruit drop and cracking, quality at harvest, and red color development in commercially

important apple cultivars grown under the challenging mid-Atlantic environmental conditions.

Fruit drop and cracking:

Preharvest fruit drop is release of fruit at the abscission zones, or the pedicel-spur junction, from
the tree around four weeks prior to harvest (Arseneault and Cline, 2016). Fruit drop during
ripening is a result of the abscission zone forming, where production of enzymes disintegrates
the cell wall (Sriskantharajah et al., 2021). Only vascular elements remain as the connection
between the fruit and the tree leaving the fruit vulnerable to abscise due to developmental and

environmental stimuli (Atucha, 2019; Byers, 1997; Irish-Brown et al., 2011). This can include



weather, climate, hormonal or elicitor influences, leading to metabolic changes causing
hydrolases to initiate formation of the abscission zone and eventual fruit drop (Shi et al., 2019).
Changes in humidity after dry spells common to the mid-Atlantic make apples particularly
susceptible to drop (Goswami and Farcuh, 2023). Occurrence of severe weather events moreover
increase hormonal cross talk, and therefore abscission (Estornell et al., 2013). Preharvest fruit
drop can result in up to 30% yield loss at the start of harvest, increasing to over 50% with delays
to harvest, making it a major factor to consider in apple production (Liu et al., 2022; Schupp and
Greene, 2004). Ambrosia and Fuji are mid and late season cultivars, respectively, with lower
ethylene production than earlier cultivars like Honeycrisp, yet still susceptible to preharvest fruit

drop (Ali et al., 2023; Cline, 2009; Mennell, 2002).

Fruit cracking is defined as a physiological disorder due to environmental, biochemical, and
genetic factors resulting in a visible fissure in the fruit skin (Li et al., 2021). Though it occurs in a
number of fruit species, cracking is common in apple and has been demonstrated in ‘Fuji” and
‘Ambrosia’ (Kasai et al., 2008; Mennell, 2002). Cracking is enhanced throughout the ripening
process with higher pressure in fruit tissue and can be increased by periods of high humidity

characteristic to the mid-Atlantic (Petit et al., 2017).
Fruit Quality:

Apple quality is a combination of factors aiming to appeal to the consumer. This includes the
size of the fruit (weight and diameter increase throughout the season), the coloration (surface
(red) and background (chlorophyll content-related) color), the flesh texture (softening), and
flavor (changes to aroma volatiles, decreases in starch and organic acids, and increases in sugar

content) (M. Farcuh et al., 2018; Miah and Farcuh, 2024b).



Changes to apple texture are a result of the primary cell wall and middle lamella breaking down
(Gussman et al., 2019). This is catalyzed by hydrolytic enzymes and an increase in cell wall
degradation-related gene expression and consequentially makes apples more susceptible to
pathogens, increasing transportation and storage costs, and generates less visually appealing
produce for consumers (Wei et al., 2023; Wu et al., 2023). For apple flavor, an increase in sugar
content, or soluble solids content (SSC) can be attributed to conversion of starch into
monosaccharides (Johnston et al., 2002). As starch content decreases and sugar increases, malic
acid, or titratable acidity (TA), decreases due to fruits continuing to respire and ripen in storage

(Ahmad et al., 2021).

Development of these irreversible physiological and biochemical processes are a result of many
factors such as preharvest management practices, environmental conditions, maturity at harvest,
storage conditions, and hormonal changes (Tijero et al., 2021). For example, Fuji fruit have
demonstrated higher fruit firmness and starch content and lower TA and SSC in colder regions
and exhibit a higher decay index when harvested at an advanced maturity (Luiz Carlos Argenta
et al., 2022). In Ambrosia, maturity at harvest is a large factor in fruit quality, with flavor and
sweetness increasing and hardness and tartness decreasing with greater maturity (Cliff and
Toivonen, 2017). Preharvest management practices such as summer fruitlet thinning can improve
quality parameters like SSC in Ambrosia (Lu and Xu, 2021). Ethylene is one of the key
hormones responsible for regulating fruit quality changes during fruit ripening on the tree and in

storage (M. Farcuh et al., 2018).



Red Color Development:

For red apple cultivars, around 50-60% red coloration is required for the “U.S. Extra Fancy
Grade” to increase profitability and marketability to consumers (United States Standards for
Grades of Apples, 2002). This varies by cultivar and decreases in red coloration led to smaller
profits. For ‘Ambrosia,” the requirement is 40% red blush coverage, while for ‘Fuji,” the
requirement is 50% (Cliff and Toivonen, 2017; WAC 16-403-064 Color requirements, 2023).
Genetics, physiological stage in development, tree nutrition, crop load of the individual tree,
stress, cultivar, and anecdotally, rootstocks all influence red coloration (Miller and Greene,
2003). Light is a greatly limiting factor in red color development, which can be altered with
preharvest management, like pruning or treatments increasing light exposure (Marini, 2024;

Yang et al., 2021).

Red color development is also dependent on anthocyanins, secondary metabolites and flavonoid
pigments that contribute to the quality and flavor of apple fruits (Fanyuk et al., 2022; Miah and
Farcuh, 2024b). The peel has a much greater concentration of anthocyanins, resulting in red
coloration necessary for marketing (Liu et al., 2021). Anthocyanins are synthesized along the
phenylpropanoid pathway, beginning with the precursor phenylalanine, derived from the
shikimate pathway and enzymatically converted to anthocyanins in the flavonoid pathway (Fig.
1.1) (Fanyuk et al., 2022; Whale et al., 2008). The enzymes included in the conversion are
phenylalanine ammonialyase (PAL), chalcone synthase (CHS), chalcone isomerase (CHI),
flavanone 3-hydroxylase (F3H), dihydroflavonol 4-reductase (DFR), leucoanthocyanidin
dioxygenase (LDOX) and UDP-glucose: flavonoid 3-O-glucosyltransferase (UFGT) (Feng et al.,

2013). The conversion of phenylalanine to 4-Coumaroyl CoA by PAL begins the pathway (Li et



al., 2022; Ma et al., 2021). It is then sequentially converted to naringenin chalcone by CHS and
naringenin by CHI. Naringenin is hydroxylated to a series of dihydroflavonols by F3H. In apples,
F3’H converts the the first dihydroflavonol, dihydrokaempferol, to dihydroquercitin, which is
converted to leucocyanidin by DFR. The colorless leucoanthocyanidin is converted to cyanidin, a
colored anthocyanidin, by LDOX (Sunil and Shetty, 2022). This finally is further modified by
UFGT to anthocyanin. The primary anthocyanin found in red apple peel is Cyanidin 3-

galactoside (Feng et al., 2013).
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Figure 1.1. Anthocyanin biosynthesis through the phenylpropanoid and flavonoid pathways
adapted from Sunil & Shetty with the genes of interest for this study noted in pink (2022). PAL, ;
CHS, chalcone synthase; CHI, chalcone isomerase; F3H, flavanone 3-hydroxylase; F3’H,
flavonoid 3’-hydroxylase; DFR, dihydroflavonol 4-reductase; LDOX, leucoanthocyanidin
dioxygenase; UFGT, flavonoid 3-O-glucosyltransferase; MYB10, transcription family MYB.
The structural genes along the pathway are regulated by several transcription factors, including

the MYB family, which respond to exogenous and endogenous signals both developmentally and

environmentally (Lin-Wang et al., 2011).

Anthocyanins are unstable in nature, meaning environmental factors like light and temperature
can impact anthocyanin biosynthesis and thus color development on the apple skin (Irani and
Grotewold, 2005; Whale and Singh, 2007). Production is reliant on cool nighttime temperatures
and warmer days, which is not guaranteed in the mid-Atlantic with higher temperatures than
other apple producing regions (Willsea et al., 2023). Specifically, high temperatures decrease

expression of MYB activators, inhibiting anthocyanin synthesis (An et al., 2018).

Ethylene:

Ethylene, a gaseous hormone, is one of the key players controlling ripening pathways in fruit
(Bleecker and Schaller, 1996). Therefore, ethylene has a major effect on fruit quality
characteristics as well as on preharvest fruit drop (Miah and Farcuh, 2024b). Differences in
ethylene and respiration production rates separate fruit into two categories: climacteric and non-
climacteric (Chen et al., 2018). Climacteric fruits have an associated peak in ethylene production
and a respiration increase with ripening and can continue to ripen after harvest, while non-

climacteric fruits cannot (Farcuh et al., 2019; Liu et al., 2020).
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Figure 1.2. Representation of ethylene biosynthesis, perception, and signaling pathway, adapted
from Schaller & Binder with the genes of interest for this study noted in pink and the ethylene-
related growth regulators indicated with a red outline (2017). SAMS, S-adenosyl-1-methionine
synthase; ACS, 1-aminocyclopropane-1-carboxylate synthase; ACO, 1-aminocyclopropane-1-
carboxylate oxidase; ERS, ethylene-response sensor; ETR, ethylene receptor-types; CTR, Ref-
like serine/threonine ethylene-response kinase; EIN, ethylene-insensitive protein; EIL, EIN-like
transcription factors.

The ethylene pathway is a cycle of three steps, biosynthesis, perception and signaling (Fig. 1.2),

which play a role in plant growth and development and response to stress (Chang, 2016). The



precursor of ethylene, S-adenosyl-L-methionine (SAM), is synthesized from methionine and
ATP, catalyzed by S-adenosyl-I-methionine synthase (SAMS) (Bleecker and Schaller, 1996;
Macarena Farcuh et al., 2018). The enzyme 1-aminocyclopropane-1-carboxylate synthase (ACS)
catalyzes the reaction of SAM to 1-aminocyclopropane-1-carboxylate (ACC) (Adams and Yang,
1979; Wang and Faust, 2019). Oxidation of ACC to ethylene is then catalyzed by ACC oxidase
(ACO). Ethylene then perceived by copper-binding membrane-associated receptors, including
ethylene-response sensor (ERS) and ethylene receptor-types (ETR), which actively suppress and
Ref-like serine/threonine-protein kinase (CTR) in the absence of ethylene (Busatto et al., 2017).
The last stage in the ethylene pathway is signaling, where the CTR, a negative regulator of
ethylene, cleaves EIN (ethylene-insensitive) protein. EIN trigger EILs (EIN-like) transcription
factors, which in turn trigger ethylene response factors, leading to ethylene response (Dolgikh et

al., 2019).

Ethylene: effects on fruit quality and preharvest fruit drop

Ethylene promotes changes in physicochemical parameters directly relevant to the quality of
apples. Apples are climacteric fruit, characterized by a classic simultaneous increase in internal
ethylene concentration (IEC) and respiration rate (Chen et al., 2018). IEC correlates significantly
with red color development, as well as with a loss of chlorophyll, and thus with a decrease of
background color (Fanyuk et al., 2022). Anthocyanin accumulation or red color development is
strongly linked to ethylene release (Lin-Wang et al., 2011). Ethylene regulates transcription

factor family MYB, which controls anthocyanin synthesis and therefore red color (Wang and Xu,
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2012). In turn, MYBI1 also induces ethylene production by indirectly up-regulating ACS

expression in the ethylene pathway.

Regarding texture, ethylene can increase softening of fruit, by stimulating cell wall modifying
enzymes that break down the structural network of cell walls (Tanaka et al., 2020). A positive
regulator MITOGEN-ACTIVATED PROTEIN KINASE 3 (MdMAPK3) phosphorylates the
repressor transcription factor NAM-ATAF1/2-CUC2 72 (MdNAC72) that normally functions to
repress cell wall degradation-related genes (Wei et al., 2023). Internal ethylene concentration
(IEC) has a negative correlation to firmness in many apple cultivars, such as ‘Empire’ and
‘Ambrosia’ (Ehsani-Moghaddam and DeEll, 2009). This negatively impacts the shipping
potential of fruit as handling becomes challenging if the fruits are too mature at harvest
(Baldwin, 2004). Ethylene treatments have demonstrated accelerated fruit softening and
promotion of MdPG1, a cell wall degrading enzyme encoding for polygalacturonase, which
breaks down pectin (Wu et al., 2023). Ethylene also promotes the starch to sugar conversion, but

increases loss of acidity, directly impacting fruit flavor (Kader, 2022).

Ethylene: effects on preharvest fruit drop and cracking

Ethylene is a positive regulator of abscission, increasing drop of leaves, fruits and flowers
(Estornell et al., 2013). Ethylene induces intracellular tissue and cell wall degradation in the
abscission zone of the fruit pedicel therefore increasing fruit drop as apple fruit ripening
proceeds (Arseneault and Cline, 2016; Miah and Farcuh, 2024b). Prior studies have indicated the

influence of ethylene on preharvest fruit drop, as well as in enhancing fruit cracking (Byers et al.,

11



2005; Klee, 2004). This is likely related to the association of ethylene to cracking genes included
in the ethylene biosynthesis and perception steps of the pathway, ACO and ACS, which have
been reported in sweet cherry and litchi fruit (Michailidis et al., 2021; Santos et al., 2023; J. G.

Wang et al., 2019).

Ethylene: effects on red color development

Ethylene additionally has been greatly cited in anthocyanin regulation, indicating the major
influence of this hormone in red color development (Blankenship and Richard Unrath, 1988;
Faragher and Brohier, 1984; Farcuh et al., 2022). Along the phenylpropanoid pathway, the
transcription factor MYB 10 has demonstrated a close relationship to ethylene biosynthesis-
related genes ACO and ASC (Espley et al., 2007; Jia et al., 2020). This positive interaction
indicates that higher ethylene production can enhance anthocyanin biosynthesis and
accumulation, and therefore aides in explaining the rise in red coloration with climacteric

ripening (Shi et al., 2022; J. H. Wang et al., 2019; Wang et al., 2022; Wang and Dilley, 2001).

Ethylene inhibiting plant growth regulators

Preharvest ethylene inhibiting PGRs are commercial products that are intended to delay fruit
ripening and decrease preharvest fruit drop. The advantages of delaying fruit maturity until
optimal harvest are increased yield and storage potential, and uniformity among the harvested
crops. These ethylene inhibiting PGRs may reduce the number of harvests due to the increased
consistency in maturity among the fruit crop (Koehler and Moran, 2020). This could ultimately

provide a management strategy for “scheduling” harvests when growers have multiple cultivars,
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thus allowing for proper development of all cultivars while maintaining the ability to harvest at

different times.

There are two main preharvest ethylene inhibiting PGRs that are commercially available for the
apple industry, aminoethoxyvinylglycine (AVG; ReTain®, Valent USA) and 1-
methylcyclopropene (1-MCP; Harvista™; AgroFresh, PA, USA). Aminoethoxyvinylglycine
(AVGQ) inhibits the enzyme required for ethylene biosynthesis, ACS (Liu et al., 2022; Miah and
Farcuh, 2024b). AVG delays ethylene production, therefore delaying ripening, decreasing fruit
drop and improving storage potential (Brasil and Siddiqui, 2018). 1-MCP halts ethylene
perception by binding and saturating receptor sites (Doerflinger et al., 2019; Liu et al., 2022).
The effectiveness of application of either ethylene inhibiting PGR is dependent on the cultivar,
production location, and harvest date (Argenta et al., 2018a). ‘Ambrosia’ fruit in Summerland,
BC, treated with 1-MCP displayed higher values for crispness, firmness, hardness, and juiciness,
but did not vary in flavor as compared to an untreated control (Cliff and Toivonen, 2017). 1-
MCP applied preharvest was found to reduce internal ethylene concentration and starch

degradation in ‘Fuji’ grown in NY (Lee et al., 2019).

In a comparison of preharvest application of 1-MCP and AVG in ‘Royal Gala’ and ‘Imperial
Gala’ in Southern Brazil, slowed softening was observed during ripening, and the effects of
AVG on firmness retention were similar to or greater than 1-MCP in the two cultivars (Argenta
etal.,2018a). In ‘Gala’ apples assayed in VA, a single application of AVG was as effective at
preventing fruit drop as two applications of 1-MCP, but AVG decreased fruit skin pigmentation

(Liu et al., 2022). This may be due to the negative effects of ethylene inhibiting PGRs on
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anthocyanin content, as reported in ‘Anna’ apple fruit treated with 1-MCP (Farag et al., 2015).
This decrease in red skin coloration and decrease in anthocyanin accumulation was also observed
in ‘Cripps Pink’ apple in Australia and ‘Honeycrisp’ in the mid-Atlantic after preharvest

application of AVG (Miah and Farcuh, 2024b; Whale et al., 2008).

Understanding of the impacts of ethylene inhibiting PGR treatments in different apple fruit
cultivars grown in the mid-Atlantic is limited. To our knowledge, integrative studies examining
the influence of such PGR treatments on preharvest fruit drop, cracking, fruit maturity and
quality characteristics, as well as associated ethylene and anthocyanin-related gene expression
are missing, particularly in important cultivars for the Region such as ‘Ambrosia’ and ‘Fuji’.
Therefore, the objective of this study was twofold: first, to characterize and compare the effects
of different rates of preharvest ethylene inhibiting PGRs (AVG and 1-MCP) on fruit drop and
cracking, ethylene production, physicochemical properties, skin color, and transcript
accumulation of ethylene biosynthesis and perception genes and of anthocyanin biosynthesis
genes in 'Ambrosia’ and ‘Fuji’ apples throughout ripening on-the-tree, and second, to use

multivariate analysis to detect statistically significant correlations amongst evaluated variables.
Objective:

The overall objective of this study was twofold: first, to characterize and compare the effects of
different rates of preharvest ethylene inhibiting PGRs (AVG and 1-MCP) on fruit drop and
cracking, ethylene production, physicochemical properties, skin color, and transcript
accumulation of ethylene biosynthesis and perception genes and of anthocyanin biosynthesis
genes in 'Ambrosia’ and ‘Fuji’ apples throughout ripening on-the-tree, and second, to use

multivariate analysis to detect statistically significant correlations amongst evaluated variables.
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Specific Objective 1: Evaluate and compare the effect of AVG and 1-MCP on fruit maturity and

quality throughout preharvest ripening of ‘Ambrosia’ and ‘Fuji’ apples.

Hypothesis: If ethylene inhibiting PGRs impair the ethylene pathway, decreasing
production and perception, then fruit maturity will be delayed, and the quality of the fruit
will be maintained throughout ripening preharvest compared to the control. Specifically,
ethylene concentration, titratable acidity, soluble solids content, hue angle and starch

levels will be sustained with application of the regulators, avoiding overripening.

Specific Objective 2: Assess the effect of AVG and 1-MCP on fruit drop and cracking

throughout preharvest ripening of ‘Ambrosia’ and ‘Fuji’ apples.

Hypothesis: If application of ethylene inhibiting PGRs inhibit ethylene synthesis and
perception, then ethylene concentration will be decreased, therefore reducing pre-harvest

fruit drop and cracking compared to the control, in both cultivars.

Specific Objective 3: Investigate and compare the expression level of key ethylene biosynthesis
(MdACS, MdACO) and perception-related (MdERS, MAETR, and MdCTR) genes and
anthocyanin key biosynthesis-related genes (MdPAL, MdCHS, MdCHI, MdF3H, MdDFR,
MdALDOX, MdUFGT, and transcription factor MdMYB10) throughout preharvest ripening of

‘Ambrosia’ and ‘Fuji’ apples treated with AVG and 1-MCP.
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Hypothesis: If application of AVG and 1-MCP impair the biosynthesis and perception of
the ethylene pathway, respectively, genes will be downregulated correspondingly.
Additionally, if ethylene inhibition reduces anthocyanin accumulation, then application
of AVG and 1-MCP will down-regulate the expression of phenylpropanoid related genes
throughout the ripening process compared to the control. This will then reduce red color

development in both treatments as compared to the control.
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Chapter 2: Materials and Methods

2.1. Plant materials and treatments

2.1.1. Experiment 1: ‘Ambrosia’
A block of 6-year-old ‘Ambrosia’ (Malus domestica ‘Ambrosia’/M9) trees located in Adams

County, PA was used for this experiment over two consecutive years. Trees were trained with a
trellis modified central leader with no permanent scaffolds spaced at 1 x 4 m. A randomized
complete block design was utilized to accommodate four treatments, each with four replications
of forty trees. The four treatments included full-rate AVG (ReTain, Valent Biosciences
Corporation, Libertyville, IL, USA) [applied at 130 mg a.i. L' four weeks before the anticipated
commercial harvest date], I-MCP (Harvista 1.3 SC, Agrofresh, Philadelphia, PA, USA) [applied
at 150 mg a.i. L ' with an Agrofresh formulation tank, injection pump, and calibration tube
mounted to a sprayer when the starch pattern index (SPI) was 3 at 150 mg a.i. L ~'], half-rate
AVG [applied at 65 mg a.i. L! one week before the anticipated commercial harvest date], and an
untreated control. Treatments were mixed with 1.0 mL L' Silwet-77 organosilicone surfactant

and applied with a pressurized orchard sprayer.

Assessments of maturity indices was conducted throughout the season (Miah and Farcuh, 2024a)
to harvest fruit at three different ripening stages on-the-tree: 1 week before commercial harvest
(1IWBCH; September 8, 2023 and September 6, 2024), commercial harvest (CH; September 15,
2023 and September 13, 2024), and one week after commercial harvest (CH + 1W, September
22,2023 and September 20, 2024). At each timepoint, eight fruit per replicate were harvested for
each treatment and promptly transported to the laboratory. Per each replication, four fruit were
used for measuring ethylene production rate, and they were additionally washed, peeled (skin

tissue) and cut into small pieces (flesh tissue). Independently, skin and flesh tissues were
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homogenized by replication in liquid nitrogen and stored in -80°C for further analysis. The rest
of the collected fruit were assessed for physicochemical properties, as defined below.

2.1.2. Experiment 2: Fuji

A block of 15-year-old ‘Fuji’ (Malus domestica ‘Fuji’/M9) trees located in Adams County, PA
was used for this experiment over two consecutive years. Trees were trained with a tall spindle
training system and spaced at 1 x 4 m. A randomized complete block design was utilized to
accommodate three treatments, each with four replications of forty trees. The three treatments
included AVG (ReTain, Valent Biosciences Corporation, Libertyville, IL, USA) [full-rate
applied at 130 mg a.i. L' four weeks before the anticipated commercial harvest date], 1-MCP
(Harvista 1.3 SC, Agrofresh, Philadelphia, PA, USA) [applied at 150 mg a.i. L ~! with an
Agrofresh formulation tank, injection pump, and calibration tube mounted to a sprayer when the
starch pattern index (SPI) was 3 at 150 mg a.i. L '], and an untreated control. Treatments were
mixed with 1.0 mL L' Silwet-77 organosilicone surfactant and applied with a pressurized

orchard sprayer.

Assessments of maturity indices was conducted throughout the season (Miah and Farcuh, 2024a)
to harvest fruit at three different ripening stages on-the-tree: 1 week before commercial harvest
(IWBCH; October 15,2022 and October 13, 2023), commercial harvest (CH; October 22, 2022
and October 20, 2023), and one week after commercial harvest (CH + 1W; October 29, 2022 and
October 27, 2023). At each timepoint, ten fruit per replicate were harvested for each treatment
and promptly transported to the laboratory. Per each replication, four fruit were used for
measuring internal ethylene concentration, and they were additionally washed, peeled (skin

tissue) and cut into small pieces (flesh tissue). Independently, skin and flesh tissues were
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homogenized by replication in liquid nitrogen and stored in -80°C for further analysis. The rest

of the collected fruit were assessed for physicochemical properties, as defined below.

2.2 Determination of preharvest fruit drop and cracking

For both experiments, independently, preharvest fruit drop was assessed as previously described
(Johnson and Farcuh, 2024; Miah and Farcuh, 2024c). For each replication, preharvest fruit drop
was calculated from five pre-selected limbs labeled two weeks before CH, containing twenty
fruits each on alternate sides of different trees throughout the block. Fruit drop assessment was
initiated at the first evaluation timepoint and continued throughout the consecutive timepoints.
Each week, the number of fruits per limb were counted and drop was estimated as a percentage
relative to the initial fruit count on each limb. The percentage of cracked fruit was additionally

determined as a count of cracked fruit per limb at each timepoint (Byers, 1997).

2.3. Ethylene production assessment
For Experiment 1 (‘Ambrosia’), ethylene production rate (WLC,H4 kg'h™") was determined using

a static system as previously described (Farcuh and Hopfer, 2023; Kim et al., 2015a; Tong et al.,
2003). ‘Ambrosia’ fruit were incubated in an airtight 1 L jar fitted with rubber septa for one hour
at 20 °C. One mL of headspace gas was drawn from each jar with a syringe. For Experiment 2
(‘Fuji’), internal ethylene concentration (IEC) was measured from 1 mL samples of internal gas
pulled from the core cavity, as portrayed in previous research (Miah et al., 2023; Miah and
Farcuh, 2024b). The obtained gas samples were injected into a gas chromatograph (GC-2014C,
Shimadzu Co., Kyoto, Japan) equipped with an activated alumina column and an FID detector.

Temperatures of the injector, detector, and oven were 140, 150, and 80 °C, respectively.
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2 .4. Fruit skin color and physicochemical analyses

Evaluation of blush percentage, skin color, index of absorbance difference (I1sp), flesh firmness,
starch pattern index (SPI), soluble solids content (SSC), and titratable acidity (TA) was
conducted as previously described (Miah et al., 2023; Miah and Farcuh, 2024a). Fruit blush
percentage was visually estimated to the nearest 5% on each apple. The surface and background
color were evaluated with a colorimeter (Konica Minolta CR400 Chroma Meter, Konica Minolta
Sensing, Inc., Osaka, Japan) and hue angle (hue °) was calculated as previously reported (Infante
et al., 2008). The index of absorbance difference (Inp) was measured utilizing a Delta
Absorbance (DA) Meter (TR Turoni, Forli, Italy) with measurements taken from three distinct
fruit surface points and averaged (Ziosi et al., 2008). Flesh firmness was measured on the two
opposing sides of the fruit, with around 2mm thickness peeled from each side. A TA.XT Plus
Connect texture analyzer (Texture Technologies Corp., Scarsdale, NY, USA) fitted with an 11.1
mm diameter probe, a 50 kg loadcell, and Exponent TE32 software (v6.0, Texture Technologies
Corp., Scarsdale, NY, USA) was used over a distance of 8 mm at a speed of 8§ mm s-'. For SPI
measurements, each fruit was halved transversally and rated based on the Cornell generic chart
where 1 and 8 represent 100% and 0% stained starch, respectively (Blanpied and Silsby, 1992).
SSC and malic acid were measured with a digital hand-held refractometer (Atago, Tokyo, Japan)
and an automatic titrator (855 Robotic Titrosampler; Metrohm, Riverview, FL, USA),

correspondingly (Farcuh et al., 2020, 2018; Miah and Farcuh, 2024b).

2.5. Total RNA extraction and real-time quantitative polymerase chain
reaction

RNA was isolated from both skin and flesh tissue from each replication at each evaluation
timepoint with a modified cetyltrimethylammonium bromide (CTAB)/NaCl method (Chang et

al., 1993) and Quick-RNATM Miniprep Kit (Zymo Research, Irvine, CA, USA). as previously
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described (Macarena Farcuh et al., 2018; Kim et al., 2015b; Miah and Farcuh, 2024b). Biotek
Synergy HTX multi-mode microplate reader and Gen5 software was used to determine purity
(260/280 and 260/230 ratios were above 1.8, confirming a lack of protein and carbohydrate
contamination), as well as the concentration (>100 ng/ul) (Agilent Technologies Inc. Santa
Clara, CA, USA). The quality of RNA samples was assessed using 1.0% TAE agarose gel
electrophoresis (Farcuh et al. 2015). Each gel was loaded with 5 ul of RNA normalized to 200

ng/ul to observe band integrity (Supplementary Fig. S1).

Synthesis of first strand complementary DNA, primer design and quantitative real-time
polymerase chain reaction were performed as described previously (Kim et al., 2015b). Primer
sequences used in this work are shown in Supplementary Tablel. Relative gene expression
examination was performed employing the Comparative Cycle Threshold Method (Livak and

Schmittgen, 2001) with actin (MdACT) as a reference gene.

2.6. Statistical analyses

The randomized complete block design was analyzed in RStudio using linear mixed models with

treatment and evaluation timepoints as fixed effects and replication as a random effect (R ver

2024.04.2+764). Normality was confirmed from the residuals and Tukey’s HSD at 5% significance

level was used to compare between treatments when the model was statistically significant.

Pearson’s correlation coefficients were calculated for each pairwise combination of factors using

mean-centered data utilizing the software package JMP (ver 15.2, SAS Institute, Cary, NC, USA).

A ‘biplot’ graph was used to visualize the PCA for associations amongst the assessed treatments

and evaluation timepoints as well as analyzed variables (fruit drop, fruit cracking, ethylene
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production, skin color, physicochemical parameters, and gene expression values), with the number

of principal components determined by the Scree test.
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Chapter 3: Results

3.1. Experiment 1: Effects of AVG and 1-MCP on ‘Ambrosia’ fruit
drop, cracking, ethylene production, physicochemical parameters, skin
color and gene expression during ripening on the tree

3.1.1 Fruit drop and cracking in ‘Ambrosia’

For preharvest fruit drop and cracking in ‘Ambrosia’ fruit, only three out of the four treatments,
were evaluated throughout on-the-tree ripening at the three harvest timepoints (full-rate AVG, 1-
MCP and control) (Table 3.1.1). In the case of fruit drop, a trend of increased fruit drop was
observed for most treatments throughout ripening on the tree over both years. Although there
were no significant differences amongst treatments in preharvest fruit drop, at one week after
commercial harvest (CH + 1W), AVG-treated fruit exhibited a 50% reduction in fruit drop with
respect to control in 2023, while in 2024, both AVG and 1-MCP treatments displayed 1.5-fold

lower fruit drop percentages than control fruit.

Regarding fruit cracking, values increased remarkably at CH + 1W for all treatments in 2023 and
for control fruit in 2024. In 2023, AVG-treated fruit exhibited a significant 2-fold reduction in
fruit cracking compared to control, while in 2024 both AVG and 1-MCP treated fruit displayed a
significant 2.5-fold decrease in values with respect to control.

Table 3.1.1 Effect of AVG and 1-MCP on ‘Ambrosia’ preharvest fruit drop and cracking

evaluated throughout ripening on-the-tree in Aspers, PA during 2023 and 2024 production
seasons.

Preharvest Fruit Drop (%) Preharvest Fruit Cracking (%)
Year  Treatment 1WBCH CH CH + 1W 1WBCH CH CH + 1W
2023
AVG 1.15+044c 371+1.01bc 25?11'48 0+0.00c 0+0.00c 372+123b
I-MCP 33+086¢ 725+060ab 838+022a 0+0.00c 054+032c 4.76 +£0.98 ab
Control 344 +1.22bc 253;7 £228 109+187ab 025+025¢ 025+025¢ 729+039a
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2024

AVG 095+0.38b 211+054ab 444+1.11ab 0+0.00b 048+0.28b 139+045b
I-MCP  1.09+042b 278+1.18ab 452+136ab 0+0.00b 025+025b 1.19+£0.27b
Control 3.74+0.85ab 3.04+043ab 72+2.14a 0+0.00b 0.75+048b 353+0.64a

Apples were harvested at one week before commercial harvest (1WBCH), at commercial
harvest (CH), and one week after CH (CH + 1W). Values are means + standard error. Different
letters indicate significant differences (p < 0.05) according to Tukey’s HSD test.

3.1.2 Ethylene production and physiochemical parameters in ‘Ambrosia’

Ethylene production rate displayed a significant increase for full-rate and half-rate AVG during
ripening on the tree in 2023, and for all treatments in 2024, presenting the highest values at CH +
IW for each treatment (Fig. 3.1.1A and B). During both assayed years, control fruit exhibited the
statistically highest ethylene production rates as compared to all other treatments during most
timepoints. In 2023, half-rate AVG treated fruit displayed the lowest ethylene production rates at
all assessed timepoints, followed by full-rate AVG, then by 1-MCP treated fruit and finally by
control fruit with the highest values (Fig. 3.1.1A). In 2024, full-rate AVG treated fruit displayed
the statistically lowest ethylene production rate at IWBCH as well as at CH + 1W, and in the
latter, it was followed by 1-MCP treated fruit, then by half-rate AVG and finally by control fruit,
exhibiting the highest values (Fig. 3.1.1B). The control maintained the statistically highest

ethylene production as compared to all other treatments at most timepoints in both years.

Flesh firmness was significantly reduced for all treatments throughout the three assayed
timepoints, consistently in both years (Fig. 3.1.1C and D). In 2023 full-rate AVG exhibited
significantly higher firmness values than 1- MCP and control fruit at IWBCH, and than all other
treatments at CH (Fig. 3.1.1C). In 2024, 1-MCP displayed statistically higher firmness values

than control fruit at CH + 1W (Fig. 3.1.1D).
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Starch pattern index values steadily increased in both years for all treatments, indicative of
increased starch disappearance throughout ripening (Fig. 3.1.1E and F). In 2023, SPI values were
lowest for full-rate AVG treated fruit at IWBCH and at CH, followed by 1-MCP, half-rate AVG,
and lastly the control fruit, with the highest exhibited values (Fig. 3.1.1E). In 2024, full-rate
AVG and 1-MCP treatments presented SPI values which were significantly lower than control
fruit at 1WBCH, while AVG-full rate displayed the statistically lowest SPI values at CH (Fig.
3.1.1F). Finally, at CH + 1W, full-rate AVG presented the most reduced SPI values in both
years, amongst all treatments, and in 2024 1-MCP and half-rate AVG treated fruit displayed

intermediate SPI values between full-rate AVG and control fruit (Fig. 3.1.1E and F).

SSC significantly increased throughout the three assessed ripening on the tree timepoints in all
treatments, during 2024 (Fig. 3.1.1H). In this same year, full-rate AVG treated fruit displayed
lower SSC values than half-rate AVG and than control fruit at IWBCH, while at CH + 1W both

full-rate AVG and 1-MCP exhibited statistically lower SSC values than control fruit.

TA values displayed a decreasing trend as the fruit ripened on the tree for each treatment, in both

years (Fig. 3.1.11 and 1J). In 2023, full-rate AVG and 1-MCP treated fruit presented statistically

significant higher TA values as compared to control fruit at CH (Fig. 3.1.11).
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Figure 3.1.1. Effect of full-rate AVG, half-rate AVG, and 1-MCP on ‘Ambrosia’ ethylene
production rate and physiochemical properties throughout ripening on-the-tree in Aspers, PA in
(A,C,F,H,J) 2023 and (B, E, G, 1, K) 2024. (A, B) Ethylene production rate, (C, D) flesh
firmness, (E, F) starch content (starch pattern index), (G, H) soluble solids contents, and (I,J)
titratable acidity (malic acid). Apples were assessed one week before commercial harvest
(IWBCH), commercial harvest (CH), and 1 week after commercial harvest (CH + 1W). Values
are means + standard error. Different letters indicate significant differences (p < 0.05) according

to Tukey’s HSD test.
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3.1.3 Skin coloration in ‘Ambrosia’

The surface skin hue value significantly decreased, indicative of an increased red skin coloration,
throughout the evaluated harvest timepoints, consistently in both years (Fig. 3.1.2A and B). In
2023, at 1IWBCH, full-rate AVG and 1-MCP treated fruit displayed the highest surface skin
values, followed by half-rate AVG and finally by control fruit, while at CH full-rate AVG
significantly differentiated with the highest values from all other treatments (Fig. 3.1.2A).
Control fruit exhibited the statistically lowest values at CH + 1W (Fig. 3.1.2A). In 2024, full-rate
AVG treated fruit presented the statistically highest surface skin hue values at IWBCH and CH
(Fig. 3.1.2B). Correspondingly, skin blush percentage increased significantly, for all treatments,
as fruit ripened on the tree (Fig. 3.1.2C and D). Skin blush percentage was statistically lowest for
full-rate AVG and 1-MCP treated fruit, followed by half-rate AVG and finally by control fruit,
which exhibited the highest blush values at IWBCH in 2023 (Fig. 3.1.2C). For CH in 2023 and
IWBCH and CH in 2024, full-rate AVG treated fruit displayed the statistically lowest blush
percentage with respect to all other treatments. Notably, 1-MCP, half-rate AVG and control fruit
reached a blush percentage > 50% at CH, while full-rate AVG treated fruit achieved this one

week later, at CH + 1W, in both years (Fig. 3.1.2C and D).

Background skin hue angle values were significantly reduced throughout the evaluated harvest
timepoints, indicative of a change of color from green to yellow, for all treatments in both years
(Fig. 3.1.2E and F). Furthermore, at CH + 1'W control fruit displayed the lowest background skin
hue angle values, statistically differing from full-rate AVG in both years (Fig. 3.1.2E and F).
Similarly, Isp values were significantly lower in control fruit with respect to full-rate AVG
treated fruit at IWBCH and CH in 2023 and at CH in 2024, while the rest of the treatments

displayed intermediate values (Fig. 3.1.2G and H).
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Figure 3.1.2. Effect of full-rate AVG, half-rate AVG, and 1-MCP on ‘Ambrosia’ fruit color
throughout ripening on-the-tree in Aspers, PA in (A, C, E, G) 2023 and (B, D, F, H) 2024. (A,
B) skin blush percentage, (C, D) red skin hue, (E, F) index of absorbance difference, and (G,

H) yellow skin hue. Apples were assessed one week before commercial harvest (1WBCH),
commercial harvest (CH), and 1 week after commercial harvest (CH + 1W). Values are means +
standard error. Different letters indicate significant differences (p < 0.05) according to Tukey’s
HSD test.
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3.1.4. Expression of ethylene biosynthesis and perception genes in ‘Ambrosia’
Ethylene biosynthesis genes, MdACS1 and MdACO1, exhibited a significant increase throughout

ripening on the tree for all evaluated treatments over both years (Fig. 3.1.3). In 2023, both genes
displayed the highest transcript accumulation for control fruit at all stages, followed by 1-MCP
treated fruit, and finally by half-rate and full-rate AVG which exhibited the lowest values (Fig.
3.1.3A and C). The exception to this was at 1WBCH and CH where full-rate AVG and half-rate
AVG did not differ. The control maintained the highest transcript accumulation for both
MdACS1 and MdACO1, significantly greater than full-rate AVG and 1-MCP at CH and CH+1 in
2023 and 2024. 1-MCP treated fruit followed, displaying intermediate gene expression between
both rates of AVG and the control at CH and CH + 1W in 2023. In contrast, in 2024, expression
levels of MdACS]I in half-rate AVG treated fruit were higher than in 1-MCP and full-rate AVG

treated fruit at CH + 1W (Fig. 3.1.3B).
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Figure 3.1.3. Effect of full-rate AVG, half-rate AVG and 1-MCP on relative expression of
ethylene biosynthesis genes in ‘Ambrosia’ throughout ripening on-the-tree in Aspers, PA in (A,
C) 2023 and (B, D) 2024. (A, B) MdACS1, (C,D) MdACO1. Apples were assessed one week
before commercial harvest (1WBCH), commercial harvest (CH), and 1 week after commercial
harvest (CH + 1W). Values are means + standard error. Different letters indicate significant
differences (p < 0.05) according to Tukey’s HSD test. 1-aminocyclopropane-carboxylase
synthase (ACS), 1-aminocyclopropane-carboxylase oxidase (ACO).

Likewise, transcript accumulation of all ethylene perception genes rose significantly throughout

ripening for each treatment (Fig. 3.1.4). The exception to this was MdAETRI, MAETR?2 and

MAETRS, which displayed a significant increase in most, but not all treatments, from 1WBCH to

CH + 1W in 2023 (Fig. 3.1.4G and I). In both years, control fruit displayed significantly higher

transcript accumulation than all regulator treatments at CH and CH + 1W for MdERS1, MAETRI,

and MdETRS, as well as for MdCTRI at CH (Fig.3.14A,B,E,F, 1, ], K, L). For these same
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genes at CH + 1W in 2024, the highest expression was shown in half-rate AVG treated fruit,
followed by 1-MCP treated fruit, and lastly full-rate AVG treated fruit. In contrast, 1-MCP fruit
displayed significantly higher expression than both AVG rates at CH + 1W for MdETR1 and
MAETR?2 in 2023 (Fig. 3.1 4E and G). MdERS?2 did not exhibit significant differences amongst

treatments across the harvest timepoints in either year (Fig. 3.1.4C and D).
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Figure 3.14. Effect of full-rate AVG, half-rate AVG, and 1-MCP on the relative expression of
ethylene perception genes in ‘Ambrosia’ apples throughout ripening on-the-tree in Aspers, PA in
(A,C,E,G,I,K) 2023 and (B,D,F,H,J, L) 2024. (A, B) MdERSI, (C, D) MdERS2, (E,

F) MdETRI, (G,H) MdETR2,(1,J) MdAETRS, (K, L) MdCTRI. Apples were assessed at one
week before commercial harvest (1IWBCH), commercial harvest (CH), and 1 week after
commercial harvest (CH + 1W). Values are means + standard error. Different letters indicate
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significant differences (p < 0.05) according to Tukey’s HSD test. Ethylene-response sensor
(ERS), ethylene receptor-type (ETR), constitutive triple response (CTR).

3.1.5. Expression of anthocyanin biosynthesis genes in ‘Ambrosia’

Expression levels for all anthocyanin biosynthesis genes increased significantly throughout the
evaluated harvest timepoints in both years (Fig. 3.1.5). The exception to this was control fruit,
which did not rise significantly in expression for MdPAL in 2023 or for MdCHS in 2024, as well
as full-rate AVG treated fruit for MdUFGT in 2023 (Fig. 3.1.5A, D, and M). In both years, AVG
treated fruit displayed the lowest transcript accumulation, followed by 1-MCP and half-rate
AVG, and finally by control fruit. The latter presented statistically higher transcript accumulation
at CH across all treatments for each gene as compared to full-rate AVG treated fruit. I-MCP and
half-rate AVG treated fruit did not differ at any timepoint for most genes and 1-MCP, half-rate
AVG, and control fruit did not differ at CH + 1W for MdPAL, MdCHI, MdF3H, MdLDOX in
both years (Fig. 3.1.5A, B, E, F, G, H, K, L). No difference in expression across all treatments

was exhibited at CH + 1W for MdDFRI in either year (Fig. 3.1.5I and J).
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Figure 3.1.5. Effect of full-rate AVG, half-rate AVG and 1-MCP on relative gene expression of
anthocyanin-biosynthesis-related genes of ‘Ambrosia’ throughout ripening on-the-tree in Aspers,
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PAin (A,C,E,G,[,K,M, 0O) 2023 and (B, D,F,H, J,L, N, P) 2024. (A, B) MdPAL, (C,

D) MdCHS, (E,F) MdCHI, (G,H) MdF3H, (1,)) MdDFR, (K, L) MdLOX, (M, N) MdUFGT, (O,
P) MdMYB10. Apples were assessed one week before commercial harvest (1WBCH),
commercial harvest (CH), and 1 week after commercial harvest (CH + 1W). Values are means +
standard error. Different letters indicate significant differences (p < 0.05) according to Tukey’s
HSD test. Phenylalanine ammonia-lyase (PAL), chalcone synthase (CHS), chalcone isomerase
(CHI), flavanone 3-hydroxylase (F3H), dihydroflavonol 4-reductase (DFR), leucoanthocyanidin
dioxygenase (LDOX), UDP glucose-flavonoid 3-O-glucosyltransferase (UFGT), MYB
transcription factor (MYB).

3.1.6. Associations between fruit drop, cracking, ethylene production,
physicochemical parameters, skin color and gene expression during ripening on the
tree in ‘Ambrosia’

An estimation of Pearson correlation coefficients and a principal component analysis (Fig. 3.1.6)
were conducted for ‘Ambrosia’ fruit over 2023 and 2024 including all evaluated parameters in
the results above. Preharvest fruit drop and cracking displayed positive correlations with
ethylene production rate (r = 0.67 and 0.54, respectively), blush percentage (r =0.92 and 0.75),
SPI (r =0.95 and 0.85), SSC (r = 0.90 and 0.70), all anthocyanin biosynthesis gene expression (r
>0.80 and 0.51), and ethylene biosynthesis (r = 0.87 and 0.67) and perception gene expression (r
> 0.83 and 0.68). Drop and cracking were negatively correlated with surface skin hue angle (r =

—0.85 and —0.59), background skin hue angle (r = —0.93 and —0.97), [,p (r = —0.86 and —0.64),

firmness (r = —0.95 and —0.88), and TA (r = —0.84 and —0.76).

‘Ambrosia’ ethylene production rate displayed positive associations with skin blush percentage
(r=0.49),SPI (r =0.54), SSC (r = 0.67), all anthocyanin biosynthesis gene expression (r = 0.42),
and ethylene biosynthesis (r = 0.78) and perception gene expression (r = 0.34). Conversely,

ethylene rate exhibited negative correlations with surface skin hue (r = —.56), background skin

hue (r = -0.61), Ip (r = —0.68), firmness (r = —0.49), and TA (r = —0.45).
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For physiochemical parameters, firmness showed positive associations with surface skin hue (r =
0.86), background skin hue (r = 0.90), I.p (r =0.84), and TA (r = 0.93), while displaying negative
associations with blush percentage (r = —0.96), SPI (r = -0.98), SSC (r = —-0.89), all anthocyanin
biosynthesis gene expression (r < —0.80), and ethylene biosynthesis (r < —0.79) and perception
gene expression (r < —0.80). SPI positively correlated with blush percentage (r =0.97), SSC (r =
0.92), all anthocyanin biosynthesis gene expression (r = 0.85), and ethylene biosynthesis (r =
0.84) and perception gene expression (r = 0.86). However, negative associations were shown
between SPI and surface skin hue (r = -0.88), background skin hue (r = —0.90), I,p (r = —0.88),
and TA (r =-0.91). The parameter SSC presented positive associations with blush percentage (r
=0.92), all anthocyanin biosynthesis gene expression (r = 0.82), and ethylene biosynthesis (r =
0.91) and perception gene expression (r = 0.96), while contrarily displaying significantly
negative correlations to surface skin hue (r = —0.89), background skin hue (r = -0.82), Ip (r =
—0.88), and TA (r = —-0.80). TA positively correlated with surface skin hue (r = 0.90),
background skin hue (r =0.77), and I,p (r = 0.84), while correlating negatively with blush
percentage (r = —0.94), all anthocyanin biosynthesis gene expression (r < —0.75), and ethylene

biosynthesis (r < —0.67) and perception gene expression (r < —0.76).

For color related parameters, surface and background skin hue angle and I,p displayed positive
associations amongst each other (r = 0.67), yet all exhibited negative associations to blush
percentage (r < —0.81), anthocyanin biosynthesis gene expression (r < —0.67), and ethylene
biosynthesis (r < —0.79) and perception gene expression (r < —0.70). Blush percentage displayed
Jjuxtaposed positive associations with anthocyanin biosynthesis (r = 0.81), ethylene biosynthesis

(r=0.80), and ethylene perception gene expression (r = 0.82).
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Gene expression for all anthocyanin biosynthesis-related genes showed positive associations
with each other (r = 0.73), as did all ethylene biosynthesis (r = 0.99) and ethylene perception
assessed genes (r = 0.66). Additionally, correlations were positive amongst anthocyanin and
ethylene gene expression (r = 0.60) and ethylene biosynthesis and perception gene expression (r

>0.60).

The PCA showed the distribution of the four treatments across the assessed harvest timepoints
with the total variation of 91.51% explained by the first (85.1%) and second (6.41%) principal
components (Fig. 3.1.6). The parameters of TA, firmness, background and surface skin hue
angles, and I,p comprised the negative side of the first component axis (associated with full-rate
AVG and 1-MCP at IWBCH and CH, and the control and half-rate AVG at IWBCH only),
while ethylene production, all analyzed anthocyanin and ethylene gene expression, fruit drop and
cracking, blush percentage, SPI and SSC defined the positive side of the axis (associated with 1-
MCP and half-rate AVG at CH + 1W, and the control at CH and CH + 1W). Half- rate AVG at
CH and full-rate AVG at CH + 1W associated with very low positive values of the first

component axis.
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Figure 3.1.6. Principal component analysis of data acquired from preharvest fruit drop and
cracking, ethylene production, physicochemical properties, skin color, expression of ethylene-
biosynthesis-related and perception-related genes, as well as anthocyanin-biosynthesis-related
genes of ‘Ambrosia’ apples subjected to AVG and 1-MCP treatments and evaluated throughout
ripening on-the-tree. Numbers correspond to the different treatments and evaluation timepoints
that were examined (1 (Full-rate AVG_1WBCH), 2 (Full rate-AVG_CH), 3 (Full-AVG_CH +
1W),4 (1-MCP_1WBCH), 5 (1-MCP_CH), 6 (1-MCP_CH + 1W), 7 (Control_1WBCH), 8
(Control_CH), 9 (Control_CH + 1W), 10 (Half-rate AVG_1WBCH), 11 (Half-rate AVG_CH),
12 (Half-rate AVG_CH + 1W)). Starch pattern index (SPI), soluble solids content (SSC),
titratable acidity (TA), index of absorbance difference (Isp). Codes for genes are defined in
Figure 3, Figure 4, and Figure 5.

3.2. Experiment 2: Effects of AVG and 1-MCP on ‘Fuji’ fruit drop,
cracking, ethylene production, physicochemical parameters, skin color
and gene expression during ripening on the tree

3.2.1 Fruit drop and cracking in ‘Fuji’
For preharvest fruit drop and cracking, the three treatments (full-rate AVG, 1-MCP, and control)

were evaluated throughout on-the-tree ripening at three harvest timepoints (Table 3.2.1). A
significant rise was observed for preharvest fruit drop throughout the assessed timepoints in
2022, with over an 8-fold increase for full-rate AVG and 1-MCP treatments at CH + 1W and

with over a 20-fold increase for control fruit at CH + 1W, though insignificant. Although in 2023
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there was an increase in fruit drop as fruit ripened on the tree for all treatments, the differences

were not statistically significant.

Regarding fruit cracking, a significant increase was observed at CH + 1W as compared to

IWBCH for each treatment in 2022 and 2023 (Table 3.2.1). In 2022, 1-MCP displayed 2-fold

reduction in fruit cracking at CH + 1W compared to control and to full-rate AVG treated fruit.

Table 3.2.1. Effect of AVG and 1-MCP on ‘Fuji’ preharvest fruit drop and cracking evaluated
throughout ripening on-the-tree in Aspers, PA during 2022 and 2023 production seasons.

Preharvest Fruit Drop (%)

Preharvest Fruit Cracking (%)

Treatment IWBCH CH CH + 1W IWBCH CH CH + 1W
2022
AVG 0.67+038b 2.16+0.76ab 589+1.18a 0+0.00c 031+031c 943+0.68 a
1-MCP 0.33+0.33b 129+0.51b 263+144ab 0+£0.00c 0.67+0.38c 492+031b
Control 0.33+0.33b 134+077ab 7.67+263ab 133+094c 2+1.59 be 10.33+1.00a
2023
AVG 295+1.7a 451+195a 771+215a 0.61+036b 2.56+090b 1546+094 a
I-MCP 22+030a 517+181a 605+1.79a 031+031b 321+1.11b 1836+2.02a
Control 1.13+048 a 232+161a 726+3.79a 0.67+0.67b 534+0.14b 171+195a

Apples were harvested at one week before commercial harvest (1WBCH), at commercial
harvest (CH), and one week after CH (CH + 1W). Values are means =+ standard error.
Different letters indicate significant differences (p < 0.05) according to Tukey’s HSD test.

3.2.2 Ethylene production and physiochemical parameters in ‘Fuji’

Internal ethylene concentration (IEC) increased significantly for control fruit throughout ripening

in 2022 (Fig. 3.2.1A). In 2023, a significant rise in IEC was observed in control fruit throughout

ripening (Fig. 3.2.1B). Control fruit further displayed significantly higher values than full-rate

AVG treated fruit at CH and than both regulator treatments at CH + 1W in both years (Fig.

3.2.1A and B).
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Flesh firmness decreased significantly throughout ripening in 2023 in control fruit only (Fig.
3.2.1C). Higher firmness was exhibited in full-rate AVG treated fruit at 1WBCH as compared to
the control in 2023, yet did not differentiate from 1-MCP treated fruit or control fruit at any other

timepoint.

SPI values exhibited a significant increase throughout on-the-tree ripening for full-rate AVG
treated fruit in 2022, while SPI values for 1-MCP and control fruit remained constant (Fig.
3.2.1E). In 2023, only control fruit displayed a significant increase in SPI as full-rate AVG
treated fruit displayed significantly lower values at CH + 1W compared to control fruit,

indicative of increased starch disappearance in the latter (Fig. 3.2.1F).

Regarding SSC, values were constant throughout the three assessed ripening on the tree
timepoints in all treatments, for both years (Fig. 3.2.1G and H). Full-rate AVG treated fruit
exhibited significantly lower SSC as compared to the control at IWBCH and as compared to 1-
MCP treated fruit at CH in 2022 (Fig. 3.2.1G). In 2023, full-rate AVG treated fruit displayed the
lowest SSC as compared to all treatments at IWBCH and presented statistically reduced values

to control fruit at CH (Fig. 3.2.1H).

TA generally remained constant across treatments throughout the assessed ripening timepoints in
2022 (Fig. 3.2.11). Full-rate AVG and 1-MCP treated fruit displayed significantly reduced TA
values as compared to the control at CH in that same year. TA was not able to be measured

during 2023 due to an unexpected technical problem.
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Figure 3.2.1. Effect of full-rate AVG and 1-MCP on ‘Fuji’ internal ethylene concentration and
physiochemical properties throughout ripening on-the-tree in Aspers, PA in (A, C, E, G, I) 2022
and (B, D, F, H) 2023. (A, B) Internal ethylene concentration, (C, D) flesh firmness, (E, F) starch
content (starch pattern index), (G, H) soluble solids contents, and (I) titratable acidity (malic
acid). Apples were assessed one week before commercial harvest (1WBCH), commercial
harvest (CH), and 1 week after commercial harvest (CH + 1W). Values are means + standard
error. Different letters indicate significant differences (p < 0.05) according to Tukey’s HSD test.
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3.2.3 Skin coloration in ‘Fuji’

Surface skin hue showed a decreasing trend throughout ripening in all treatments in both years,
though insignificant in all treatments (Fig. 3.2.2A and B). In 2022, full-rate AVG treated fruit
displayed the highest surface skin values at each timepoint, remaining statistically higher than 1-
MCP treated fruit and control fruit at IWBCH and CH, and higher than control fruit at CH + 1W
(Fig.3.2.2A). 1-MCP treated fruit presented statistically increased surface skin values over
control fruit at CH (Fig. 3.3.2A). In 2023, full-rate AVG treated fruit exhibited higher surface
skin values than 1-MCP treated fruit and control fruit at CH, and than 1-MCP at CH + 1W (Fig.
3.2.2B). Correspondingly, skin blush percentage presented a tendency to increase as fruit ripened
on the tree, in both years (Fig. 3.2.2C and D). In 2022, full-rate AVG treated fruit showed
significantly decreased blush percentage values than 1-MCP and the control at 1WBCH and than
the latter at CH (Fig. 3.2.2C). In 2023, full-rate AVG treated fruit exhibited significantly lower
blush than control fruit at CH and than 1-MCP at CH + 1W (Fig. 3.2.2D). 1-MCP treatment only
significantly reduced blush with respect to the control at CH in 2022 (Fig. 3.2.2C). Notably, full-
rate AVG was the singular treatment that failed to meet the 50% blush percentage requirement at

the first timepoint (1WBCH), only reaching 50% one week later, at CH, in both years.

Background skin hue angle decreased in most treatments over the harvest timepoints, indicative
of a change of color from green to yellow, with significant differences between IWBCH and CH
+ 1W for full-rate AVG and 1-MCP treated fruit in 2023 (Fig. 3.2.2E and F). Further, full-rate
AVG treated fruit displayed significantly higher background skin values than 1-MCP and control
fruit at IWBCH in 2023 (Fig. 3.2.2F). Respectively, I,p values decreased throughout ripening in
both years (Fig. 3.2.2G and H). In 2023, at IWBCH, full-rate AVG treatment produced

statistically higher I,p values, followed by 1-MCP and lastly the control (Fig. 3.2.2H). Full-rate
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AVG treated fruit additionally exhibited statistically higher I.p values than control fruit at CH +

IW in both years (Fig. 3.2.2G and H).
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Figure 3.2.2. Effect of full-rate AVG and 1-MCP on ‘Fuji’ fruit color throughout ripening on-
the-tree in Aspers, PA in (A, C, E, G) 2022 and (B, D, F, H) 2023. (A, B) skin blush
percentage, (C, D) red skin hue, (E, F) index of absorbance difference, and (G, H) yellow skin
hue. Apples were assessed one week before commercial harvest (1WBCH), commercial harvest
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(CH), and 1 week after commercial harvest (CH + 1W). Values are means + standard error.
Different letters indicate significant differences (p < 0.05) according to Tukey’s HSD test.

3.2.4. Expression of ethylene biosynthesis and perception genes in ‘Fuji’
Transcript accumulation for both assessed ethylene biosynthesis genes, MdACSI and MdACOl,

increased significantly throughout on-the-tree ripening in each treatment in both years (Fig.
3.2.3).In 2022, full-rate AVG treated fruit displayed the statistically lowest gene expression
followed by 1-MCP, and lastly control fruit at each timepoint (Fig. 3.2.3A and C). The same
trend was observed in 2023 in CH and CH + 1W, while at 1WBCH full-rate AVG and 1-MCP
treated fruit did not differ (Fig. 3.2.3B and D). Control fruit exhibited significantly higher gene
expression values of MdAACS1 and MdACO! than either ethylene regulator treatment at all

timepoints in both years
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Figure 3.2.3. Effect of full-rate AVG and 1-MCP on relative expression of ethylene biosynthesis
genes in ‘Fuji’ throughout ripening on-the-tree in Aspers, PA in (A, C) 2022 and (B, D) 2023.
(A, B) MdACS1, (C,D) MdACO1. Apples were assessed one week before commercial harvest
(IWBCH), commercial harvest (CH), and 1 week after commercial harvest (CH + 1W). Values
are means + standard error. Different letters indicate significant differences (p < 0.05) according
to Tukey’s HSD test. 1-aminocyclopropane-carboxylase synthase (ACS), 1-aminocyclopropane-
carboxylase oxidase (ACO).

Equally, transcript accumulation of all ethylene perception genes increased significantly
throughout on-the-tree ripening in all treatments in both years, excepting full-rate AVG
treatment for MdETR?2 and MdCTRI in 2023 (Fig. 3.2.4H and L). Control fruit displayed
significantly higher gene expression values than full-rate AVG and 1-MCP treated fruit at
IWBCH for all assessed genes in both years (Fig. 3.2.4A,B,E,F,G,H, [, ], K, L), while at CH

this was the case only for MdERS1, MAETRS, and MdCTRI in 2022 (Fig. 3.2.4A,1, K). In 2023,
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at CH, full-rate AVG treated fruit exhibited the lowest transcript accumulation values for all
assessed genes, while 1-MCP and control fruit displayed no differences between them for
MAERS1, MAETRI, and MdCTRI (Fig.3.24B,F,L). At CH + IW, for both years, all evaluated
genes presented the lowest transcript accumulation for full-rate AVG treated fruit, followed by 1-
MCP treated fruit and the statistically highest values were for control fruit, with only MdETR5
showing no differences between 1-MCP and control fruit. MdERS? transcript accumulation was
an exception to all the above as no significant differences between treatments at any timepoint

were observed in either production season (Fig. 3.2.4C and D).
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Figure 3.2.4. Effect of full-rate AVG and 1-MCP on the relative expression of ethylene
perception genes in ‘Fuji’ apples throughout ripening on-the-tree in Aspers, PA in (A, C,E, G, I,
K) 2022 and (B, D, F,H,J, L) 2023. (A, B) MdERS1, (C,D) MdERS2, (E, F) MdETRI, (G,

H) MdETR2, (1,])) MdETRS, (K,L) MdCTRI. Apples were assessed at one week before
commercial harvest (1IWBCH), commercial harvest (CH), and 1 week after commercial harvest
(CH + 1W). Values are means + standard error. Different letters indicate significant differences
(p =0.05) according to Tukey’s HSD test. Ethylene-response sensor (ERS), ethylene receptor-
type (ETR), constitutive triple response (CTR).
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3.2.5. Expression of anthocyanin biosynthesis genes in ‘Fuji’

There was a significant rise in gene expression level throughout the evaluated harvest timepoints
for all assessed anthocyanin biosynthesis genes in both years (Fig. 3.2.5). Full-rate AVG treated
fruit presented the statistically lowest transcript accumulation at each timepoint for MdPAL,
MdCHI, MdLDOX in 2022 and for MdACHS and MdDFRI in 2023, while control fruit displayed
the highest transcript accumulation (Fig. 3.2.5A, E, K, D, J). 1-MCP treated fruit and control
fruit displayed no significant differences at the final timepoint (CH + 1W) in either year for any

gene.
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Figure 3.2.5. Effect of 1-MCP and full-rate AVG on relative gene expression of anthocyanin-

the-tree in Aspers, PA in (A,C,E, G,

I,K,M, 0) 2022 and (B, D, F, H, J, L, N, P) 2023. (A, B) MdPAL, (C, D) MdCHS, (E,

biosynthesis-related genes of ‘Fuji’ throughout ripening on-

F) MdCHI, (G, H) MdF3H, (1,J) MdDFR, (K, L) MdLOX, (M, N) MAUFGT, (O, P) MdMYBI0.

Apples were assessed one week before commercial harvest (1WBCH), commercial harvest (CH),
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and 1 week after commercial harvest (CH + 1W). Values are means + standard error. Different
letters indicate significant differences (p < 0.05) according to Tukey’s HSD test. Phenylalanine
ammonia-lyase (PAL), chalcone synthase (CHS), chalcone isomerase (CHI), flavanone 3-
hydroxylase (F3H), dihydroflavonol 4-reductase (DFR), leucoanthocyanidin dioxygenase
(LDOX), UDP glucose-flavonoid 3-O-glucosyltransferase (UFGT), MYB transcription factor
(MYB).

3.2.6. Associations between fruit drop, cracking, ethylene production,
physicochemical parameters, skin color and gene expression during ripening on the
tree in ‘Fuji’

An estimation of Pearson correlation coefficients and a principal component analysis (Fig. 3.2.6)
were conducted for ‘Fuji’ fruit over 2022 and 2023 including all evaluated parameters in the
results above. Preharvest fruit drop and cracking were positively correlated to one another (r =
0.90), and fruit drop correlated less strongly with other parameters over cracking: IEC (r =0.41
and 0.51, respectively), SPI (r = 0.66 and 0.83), anthocyanin biosynthesis gene expression (r =
0.45 and 0.68), and ethylene biosynthesis (r = 0.42 and 0.57) and perception gene expression (r =
0.39 and 0.57. Background skin hue angle (r = —0.56 and —0.76), I,p (r =—0.53 and —0.61), and
firmness (r = —0.66 and —0.76) all negatively correlated with fruit drop and cracking. Only fruit

cracking positively correlated with blush percentage (r = 0.52).

Similarly, IEC rate in ‘Fuji’ fruit displayed positive associations with blush percentage (r =
0.66), SPI (r =0.57), SSC (r = 0.55), anthocyanin gene expression (r = 0.74), and ethylene
biosynthesis (r = 0.91) and perception gene expression (r = 0.50). Negative associations were

exhibited with firmness (r = —0.71), surface skin hue (r = —0.57), background color (r = —0.58),

and I,p (r=-0.72).
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For the physiochemical parameters, firmness showed positive relations to surface skin hue (r =
0.74), background skin hue (r = 0.95), and I,p (r = 0.96), while presenting negative associations
to blush percentage (r = —0.77), and SSC (r = —0.57). All anthocyanin gene expression (r <
—0.84), ethylene biosynthesis gene expression (r <—0.86), and ethylene perception gene
expression (r < —0.86). SPI likewise displayed positive correlations to blush percentage (r =
0.52), SSC (r = 0.48), all anthocyanin gene expression (r = 0.55), and ethylene biosynthesis (r =
0.52) and perception gene expression (r = 0.55), excepting MAETR1. SSC again followed the
same positive correlation with blush percentage (r = 0.63), anthocyanin genes (r = 0.60), and
ethylene biosynthesis (r = 0.56), and perception genes (r = 0.52), with the exception of MdERS2,

and negative correlations with background skin hue (r = —0.60), and I,p (r = -0.62).

For skin color parameters, blush percentage correlated positively to all anthocyanin gene
expression (r = 0.83), ethylene biosynthesis genes (r = 0.84), and ethylene perception gene
expression (r = 0.75), and negatively to surface skin hue angle (r = —0.85), background skin hue
angle (r =—-0.81), and I,p (r = —0.79). Conversely, surface skin hue, background skin hue, and
I.p were each negatively associated with the anthocyanin biosynthesis gene expression (r <
—0.65), ethylene biosynthesis gene expression (r < —0.74), and ethylene perception gene

expression (r < —0.62), with the exception of MdERS?2.

Gene expression for all anthocyanin biosynthesis-related genes showed positive associations

with each other (r = 0.96), as did all ethylene biosynthesis (r = 0.97) and ethylene perception

assessed genes (r = 0.67). Additionally, correlations were positive amongst anthocyanin and
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ethylene gene expression (r = 0.75) and ethylene biosynthesis and perception gene expression (r

>0.62).

The PCA explained 87.5 % of the variation amongst the three harvest timepoints and the three
treatments for all evaluated parameters through the first (78.3%) and the second (9.16%)
component (Fig. 3.2.6). The negative axis of the first component was comprised of surface skin
color, background skin color, firmness and Ip, and included full-rate AVG at all assessed
timepoints (1IWBCH, CH, and CH + 1W), I-MCP at IWBCH and CH, and the control at
IWBCH. The positive axis comprised parameters including preharvest fruit drop and cracking,
SPI, SSC, internal ethylene concentration, blush percentage, and all analyzed ethylene and
anthocyanin-related genes, and associated with 1-MCP at CH + 1W and the control at CH and

CH + 1W.
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Figure 3.2.6. Principal component analysis of data acquired from preharvest fruit drop and
cracking, IEC, physicochemical properties, skin color, expression of ethylene-biosynthesis-
related and perception-related genes, as well as anthocyanin-biosynthesis-related genes of ‘Fuji’
apples subjected to AVG and 1-MCP treatments and evaluated throughout ripening on-the-tree.
Numbers correspond to the different treatments and evaluation timepoints that were examined (1
(Full-rate AVG_1WBCH), 2 (Full-rate AVG_CH), 3 (Full-rate AVG_CH + 1W), 4 (1-
MCP_IWBCH), 5 (1-MCP_CH), 6 (1-MCP_CH + 1W), 7 (Control_1WBCH), 8 (Control_CH),
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9 (Control_CH + 1W)). Starch pattern index (SPI), soluble solids content (SSC), titratable
acidity (TA) (for 2022 only), index of absorbance difference (I.p)). Codes for genes are defined
in Figure 3.2.3, Figure 3.2.4, and Figure 3.2.5.
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Chapter 4: Discussion

Apple fruit yield, marketability and profitability are directly dependent upon preharvest fruit
drop, cracking and physiochemical and color parameters which can be altered by application of
ethylene inhibiting plant growth regulators (PGRs) (Argenta et al., 2022; do Amarante et al.,
2022; Johnson and Farcuh, 2024; Liu et al., 2022; Malladi et al., 2023). Ethylene has exhibited a
strong influence on preharvest fruit drop and cracking (Byers et al., 2005; Klee, 2004), which is
supported by the positive correlations obtained amongst these three parameters in this study. The
~ 50% reduction in preharvest fruit drop observed in ‘Ambrosia’ fruit with the use of ethylene
inhibiting PGRs with respect to control in this work agrees with previous research showing that
AVG significantly decreases preharvest fruit drop due to inhibition of ethylene production in
cultivars such as ‘Golden Delicious’ (Byers et al., 2019; Sakaldas and Gundogdu, 2016) and
‘Honeycrisp’ (Arseneault and Cline, 2017; Johnson and Farcuh, 2024), as does 1-MCP in
‘Golden Delicious’ (Sakaldas and Gundogdu, 2016). These results also align with the reduction
in transcript accumulation of analyzed ethylene biosynthesis and perception genes for both
ethylene inhibiting PGR treatments. Contrarily, the lack of significant and consistent reduction in
fruit drop with the application of ethylene inhibiting PGRs in ‘Fuji’ fruit in this study could be
explained by a cultivar-specific effectiveness under mid-Atlantic conditions. ‘Fuji’ has been
previously reported to have lower drop rates than other cultivars, such as ‘Gala’ (Liu et al., 2022)
or ‘Honeycrisp’ (Miah and Farcuh, 2024a), and AVG drop mitigation has been shown to be most
effective when natural drop is heavier (Amarante et al., 2002; Unrath et al., 2023). Additionally,
application timing and rates of ethylene inhibiting PGRs can also impact their fruit drop efficacy
differently by cultivar. For 1-MCP, drop mitigation in ‘Delicious’ has been influenced by higher

rates of 1-MCP (Sakaldas and Gundogdu, 2016), while conversely in a different study, no
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significant differences were observed between one and two applications of 1-MCP, but
application of a higher rate closer to harvest enhanced efficacy (Yuan and Li, 2008). Prior work
has shown that the onset of action time for AVG may vary by cultivar, as demonstrated in
‘Mclntosh’ apples where drop control was extended when AVG was applied between two to one
weeks before harvest versus between three to one weeks before harvest in ‘Golden Supreme’ and
‘Golden Delicious’ (Greene, 2005); while in ‘Fuji” AVG applications of 125 and 250 mg L
increased preharvest fruit drop as compared to control fruit, yet both rates were effective controls

of drop in ‘Gala’ (Amarante et al., 2002).

The increase in fruit cracking throughout ripening on the tree for all treatments is consistent with
prior findings (Byers, 1997). For ‘Ambrosia’, both ethylene inhibiting PGR treatments exhibited
a reduction in cracking, supported by work in ‘Gala’ (Liu et al., 2022), ‘Arlet’ (Byers et al.,
2005), ‘Rome’ and ‘Delicious’ (Byers, 1997). In sweet cherry and litchi fruit it has been shown
that ethylene biosynthesis and fruit cracking share key genes such as 1-aminocyclopropane-1-
carboxylate synthase (ACS) and 1-aminocyclopropane-1-carboxylate oxidase (ACO)
(Michailidis et al., 2021; Santos et al., 2023; Wang et al., 2019). The latter could support the
alteration of fruit cracking observed in this study after ethylene inhibiting PGR treatments.
Furthermore, higher firmness and delayed fruit ripening may aid in prevention of fruit cracking
(Opara et al., 1997), supporting the impact of ethylene inhibiting PGRs in decreasing ‘Ambrosia’
fruit cracking in this work. In contrast, the lack of consistent results in ‘Fuji’ for ethylene
inhibiting PGRs reducing fruit cracking differ from earlier studies showing decreased fruit
cracking with AVG treatments ranging from 60 to 130 mg a.i. L -! (Petri et al., 2011). These

differences could be explained by the major influence on fruit cracking development that
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location and climate can have, as in fact, cracking in ‘Gala’ apples varied considerably across a
single orchard (Opara et al., 2000). ‘Fuji’ has been categorized as a cracking sensitive cultivar
and sensitivity to cracking is additionally advanced by factors like environmental conditions,
orchard management, and a lower ability of the fruit’s skin to resist surface tensions due to fruit
expansion (Ginzberg and Stern, 2016). In conjunction with the lack of response to ethylene
inhibiting PGR treatment on fruit drop in this study, ‘Fuji’ may require further research into rates
and timings of ethylene inhibiting PGRs to assess the impact on fruit cracking in the mid-

Atlantic.

Increased ethylene production throughout ripening in apples is a result of their climacteric nature
(Chen et al., 2018, Miah et al., 2023). The activity of ACS is known to be the rate-limiting step
in ethylene biosynthesis during ripening, followed by ACO (Brasil and Siddiqui, 2018). The
significantly lower ethylene production observed in this work for both cultivars treated with
ethylene inhibiting PGRs as compared to control fruit, could be explained by the significant
decreased transcript accumulation of MdACS! which consequently limited MdACO1, consistent
with prior work in apples (Miah and Farcuh, 2024b). Within ethylene inhibiting PGR treatments,
the most significant impact of full-rate AVG in reducing MdACS1 and MdACO1 gene expression
levels, with respect to 1-MCP, could be explained by its different mode of action. While AVG
impedes the action of ACS, 1-MCP acts as an antagonist to the receptor binding sites of ethylene,
binding to and consequently preventing downstream signal transduction (Bulens et al., 2012;
Tatsuki et al., 2007), impacting ethylene autocatalysis and therefore reducing transcript
accumulation of ethylene biosynthesis-related genes (Yang and Hoffman, 1984). Research has

suggested that 1-MCP also upregulates members of the ERF gene family, which correspond to
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transcription factors in last step along the ethylene signaling cascade that have been shown to act
as negative regulators of fruit ripening, ultimately suppressing MdACS]! transcription (Li et al.,

2016; Liu et al., 2015). Furthermore, the lower gene expression levels of MAACSI and MdACO1
in half-rate AVG as compared to and full-rate AVG treated fruit, could be a result of a respective
reduced degree of ethylene biosynthesis. The latter is consistent with findings in ‘Red Delicious’

exhibiting decreasing ethylene production with increasing AVG rates (Malladi et al., 2023).

Ethylene perception includes receptors reported to be negative regulators of downstream
ethylene responses (Kevany et al., 2007). As receptor protein degradation is triggered by the
binding of ethylene, ethylene binding keeps receptors in a functionally ‘off” state and receptor
decreased presence due to degradation results in an enhanced sensitivity to ethylene (Cherian et
al., 2014; Klee and Giovannoni, 2011). With the mode of action for 1-MCP directly inhibiting
ethylene perception through binding to and preventing degradation of the receptors, we expected
lower expression of perception genes for this treatment with reduced sensitivity to ethylene
(Sisler and Serek, 1997). In agreement, in our study, MdETRI, MAETR2, MAETRS5, MAERS1, all
reported as negative regulators of ethylene in apples, displayed significantly lower transcript
accumulation for 1-MCP treated fruit as compared to the control in ‘Fuji’ and ‘Ambrosia’. Full-
rate AVG treatment similarly decreased perception-related gene expression which could be due
to the downstream effects of decreased biosynthesis delaying the degradation of the negative
ethylene receptors (Dal Cin et al., 2008; Kevany et al., 2007). In fact, AVG treatment at the full
rate was generally most effective at reducing expression of ethylene perception-related genes
compared to the other treatments, likely because ethylene biosynthesis was directly impaired by

AVG application before signal transduction could occur (Johnson and Farcuh, 2024).
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Conversely, MAERS? presented no significant differences across treatments. This trend in
MAERS? parallels previous research suggesting that this receptor is ethylene-independent and is
instead developmentally dependent, complementary to the rise of expression we observed
throughout the ripening period in both evaluated cultivars (Johnson and Farcuh, 2024; Li and
Yuan, 2008). MdCTR1, a key negative regulator of ethylene responses downstream, prevents
relaying of ethylene signaling and subsequent responses (Alonso et al., 1999; Kieber et al., 1993;
Solano et al., 1998; Yang et al., 2013). All ethylene inhibiting PGR treatments significantly
decreased transcript accumulation of MdCTRI in this work as compared to the control,
supporting prior findings with 1-MCP in ‘Golden Delicious’ (Yang et al., 2013) and both AVG
and 1-MCP in ‘Honeycrisp’ (Johnson and Farcuh, 2024). Furthermore, the upregulation of
MACTRI expression observed in this work throughout ripening on the tree for both cultivars is
consistent with previous CTR! gene expression studies in different fruit such as plum (Dal Cin et
al., 2006; Farcuh et al., 2019; El-Sharkawy et al., 2007, 2003), pear (El-Sharkawy et al., 2003),
and apple and peach (Dal Cin et al., 2006), suggesting that MdCTRI, in its role of negative
expression regulator of ethylene responses, may act as a controlling mechanism in response to
increased ethylene concentrations, ultimately aiding in slowing the ripening process (Klee, 2002;

Yang et al., 2013).

Previous research in ‘MclIntosh’, ‘Cortland’ and ‘Empire’ has indicated that internal ethylene
concentration (IEC) plays a role in modulating sensitivity to 1-MCP, demonstrating that a
lessened delay of maturation was observed with 1-MCP application in cultivars with higher IEC
(Jung and Watkins, 2014). That same study exhibited subsequent ethylene inhibition in post-

harvest storage with 1-MCP treatment. Early cultivars tend to have a more rapid increase in IEC
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than later season cultivars, potentially requiring a higher rate of ethylene inhibiting growth
regulator application (Watkins et al., 2000). Indeed, in prior research AVG treatment was less
effective at delaying ripening in early season cultivars (‘Early McIntosh’, ‘McIntosh’) than in
late-season cultivars (‘Cortland’, ‘Royal Red Delicious’) (Autio and Bramlage, 1982).
Conversely, another study did not find that the effectiveness of 1-MCP varied by cultivar harvest
time (Watkins et al., 2000). Though it was not our aim to compare cultivars in this study as
reflected in the different ethylene production measurement methodologies, this may have played
a role in cultivar-dependent responses in our study as ‘Ambrosia’ is a mid-season cultivar and

‘Fuji’ is a late-season cultivar.

Delayed ethylene production also results in delayed fruit ripening on the tree as one of the
primary drivers of apple maturity is ethylene (Liu et al., 2022). ‘Ambrosia’ fruit treated with
ethylene inhibiting PGRs displayed higher flesh firmness and decreased SPI values (and
therefore lower starch disappearance) than control fruit, indicative of delayed maturity. The
higher fruit firmness may be a result of the reduced activity of cell wall-degradation enzymes,
which have been widely reported to be regulated by ethylene (Arseneault and Cline, 2016;
Johnston et al., 2009; Wang et al., 2021; Wu et al., 2023), while the lower starch disappearance
parallels prior results in ‘Honeycrisp’ (Johnson and Farcuh, 2024) and ‘Red Delicious’ (Malladi
et al., 2023) suggesting that starch degradation may be ethylene-dependent in ‘Ambrosia’. This
notion is additionally supported by ethylene production displaying negative associations to
firmness and positive associations to SPI in this work. The variable results exhibited by ‘Fuji’ in
firmness and SPI with ethylene inhibiting PGR treatment, align with inconsistent values in

previous research (Escalada and Archbold, 2019). The decreased SSC values and the higher TA
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values observed in fruit from both cultivars treated with ethylene inhibiting PGRs with respect to
control coincide with previous reports (Argenta et al., 2018a; Doerflinger et al., 2024; Liu et al.,
2022; Tomala et al., 2020a, 2020b). The involvement of ethylene in fruit ripening is further
supported by ethylene production negatively associating to TA values and positively to SSC
values in this work, though some studies have attributed a lack of effect on SSC and TA with 1-
MCP (do Amarante et al., 2022; McArtney et al., 2008) and AVG (Yuan and Carbaugh, 2007b)
to seasonal differences, regional location, and application timing (Doerflinger et al., 2019).
Within ethylene inhibiting PGR treatments, in general, full-rate AVG was generally most
efficient in delaying fruit maturity, followed by 1-MCP, and lastly half-rate AVG. This is likely
related to the significantly lower ethylene production in full-rate AVG treated fruit as compared
to 1-MCP and half-rate AVG treated apple fruit. Higher rates of AVG have been documented
with greater efficacy than lower rates in delaying apple fruit ripening in prior findings in
accordance with higher ethylene biosynthesis inhibition (Greene and Schupp, 2004; Ozturk et al.,
2015). The results of the current study are further supported by previous studies that AVG
treatment exhibits greater influence on maturity than 1-MCP (Argenta et al., 2018b; Johnson and
Farcuh, 2024; Scolaro et al., 2015), reinforcing the impact of ethylene inhibiting PGRs on fruit

quality.

Red coloration is additionally important for commercial marketability and is the result of
anthocyanin accumulation (Whale and Singh, 2007). In our work ethylene production was
positively correlated with the assessed anthocyanin biosynthesis-related genes, supporting the
involvement of endogenous ethylene in the regulation of anthocyanin accumulation throughout

fruit ripening (Blankenship and Richard Unrath, 1988; Faragher and Brohier, 1984; Farcuh et al.,
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2022; Shafiq et al., 2014; Shi et al., 2022; Wang and Dilley, 2001). Ethylene production and the
assessed anthocyanin biosynthesis genes were moreover positively correlated with blush
percentage and negatively with surface skin color, background skin color and I4p. Full-rate AVG
in particular has been shown to decrease red coloration in several cultivars including ‘Gala’
(Argenta et al., 2018b), ‘Cripps Pink’ (Whale et al., 2008), and ‘Honeycrisp’ (Miah and Farcuh,
2024a). This is in accordance with this study, in which full-rate AVG treated fruit reached > 50%
red blush coverage one week later than any other treatment for both assessed cultivars. The latter
can be explained by the patterns observed in the analyzed anthocyanin biosynthesis-related
genes, where the lowest transcript accumulation was observed in full-rate AVG treatment. Half-
rate AVG and 1-MCP treated fruit displayed intermediate reductions in coloration and color
related transcript accumulation with respect to control and full-rate AVG treated fruit, which
could be due to the different modes of action of the ethylene inhibiting PGRs and the different
rates of AVG. The transcription factor MdMYB10 plays a key role in regulating anthocyanin
biosynthesis and has been shown to positively interact with ethylene biosynthesis genes ACS and
ACO (Espley et al., 2007; Jia et al., 2020; Li et al., 2022; Shi et al., 2022; Wang and Dilley,
2001). The differences in red skin coloration amongst ethylene inhibiting PGR treatments could
be also explained by the fact that AVG directly inhibits ACS and therefore may alter MdMYB10
transcript accumulation and thus red color development beyond 1-MCP treatment, as 1-MCP

represses ethylene perception (Byers, 1997; Yuan and Li, 2008).

The differences discussed above were summarized in the PCA for both ‘Fuji” and ‘Ambrosia’,

where the positioning of full-rate AVG treated fruit can be explained by this fruit presenting the

lowest ethylene production, ethylene biosynthesis and perception and anthocyanin biosynthesis-
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related gene expression, and thus the most delayed fruit maturity. A central maturity relative to
full-rate AVG and control fruit for all assessed features was associated with 1-MCP, and half-
rate AVG treated fruit, while the most advanced maturity was exhibited by control fruit.
Regarding color, the lowest values for apple skin blush and anthocyanin-related gene expression
in full-rate AVG treated fruit, contribute to its placement in the PCA and to explain why this fruit
to only met the minimum requirement of 50% red blush coverage one week later than all other

treatments in both assessed cultivars.

Conclusions and Future Perspectives

The effect of ethylene inhibiting plant growth regulators has not been thoroughly explored in the
mid-Atlantic region and data has thus remained lacking in prevalent and emerging cultivars such
as ‘Fuji’ and ‘Ambrosia’. Here we revealed a reduction in fruit cracking with respect to the
control throughout ripening with full-rate AVG and 1-MCP treatments. Full-rate AVG treatment
further decreasing ethylene production, downregulating transcript accumulation of ethylene
biosynthesis and perception-related genes and an ultimate delay in fruit maturation most
effectively as compared to the other treatments in this study. Full-rate AVG treatment presented
a challenge for red color development, reaching the 50% blush requirement one week after all
other treatments in each cultivar. 1-MCP and half-rate AVG treatments did not delay red color
development to the extent of the full-rate AVG treatment, though these two treatments produced
intermediate maturity shown in decreased ethylene production rate and related gene expression

values.

Based on these findings, mid-Atlantic apple growers may select 1-MCP and AVG treatment

depending on their specific needs for extending apple ripening on-the-tree. Commercial apple
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growers may have many cultivars with overlapping maturation timeframes and limited labor
force for harvesting, but these treatments can prolong the harvest window, allowing for a smaller
labor force to obtain the highest yield possible without overmature fruit and impaired storage
quality. A grower aiming to harvest ‘Fuji’ and ‘Ambrosia’ a week after the anticipated
commercial harvest due to an overlap of cultivar harvest windows could use 1-MCP, or half-rate
AVG in ‘Ambrosia’, sprayed based on starch disappearance (SPI value of 3) or one week before
commercial harvest, respectively, to effectively delay maturation one week as compared to
unsprayed fruit. Alternatively, a full-rate of AVG could be applied 21 days before anticipated
harvest to delay maturation by two weeks compared to unsprayed fruit. With the full-rate AVG
treatment, red color marketability requirements would likely be met by the delayed harvest date,
allowing for enhanced grower profits. We have shown that physicochemical parameters at the
final harvest timepoint for the ethylene inhibiting PGR treatment are similar to that of an
untreated control, indicating that growers would not need to sacrifice fruit quality when delaying
their harvests. This study provides a promising framework for mid-Atlantic growers to select the
best ethylene inhibiting plant growth regulator to aide in harvest and fruit quality management,

ultimately improving profit and profitability.

As we did see variability across harvest timepoints and over the two production seasons, future
research into the magnitude of the role of the environment, climate, and seasonality of the
cultivar would be promising for more precise grower recommendations. As the mid-Atlantic is
characterized as hot and humid, and severe weather events are increasing in prevalence, the
influence of these factors on fruit cracking, drop, physicochemical and color parameters, and

related gene expression could be investigated in a longer-term study that delves into
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precipitation, humidity, and heat indices, as well as variability across microclimates. Although it
was not our aim to compare cultivars, the contrast of the maturation of cultivar seasonality would
be an impactful addition to this study due to different ethylene production. This would require
equivalent methodology for ethylene production to directly compare AVG and 1-MCP. Future
and ongoing research is evaluating the continued effects of 1-MCP and AVG throughout post-

harvest storage to assess if the delays to maturation continue throughout storage.
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Appendices

Supplementary Table S1. Primers used in qRT-PCR

Gene Description Primer Primer sequence
name orientation (5°t03)
MdPAL Phenylalanine ammonia-lyase Forward GTGCTGTGGAGTCCCCGCTT
Reverse GGTGA GGCTCTCTCCGCCAAGT
MdACHS Chalcone synthase Forward GGAGACAACTGGAGAAGGACTGGAA
Reverse CGACATTGATACTGGTGTCTTCA
MdCHI Chalcone isomerase Forward GGGATAACCTCGCGGCCAAA
Reverse GCATCCATGCCGGAAGCTACAA
MdF3H Flavanone 3-hydroxylase Forward TGGAAGCTTGTGAGGACTGGGGT
Reverse CTCCTCCGATGGCAAATCAAAGA
MdADFR Dihydroflavonol 4-reductase Forward GATAGGGTTTGAGTTCAAGTA
Reverse TCTCCTCAGCAGCCTCAGTTTTCT
MdLDOX Leucoanthocyanidin dioxygenase Forward CCAAGTGAAGCGGGTTGTGCT
Reverse CAAAGCAGGCGGACAGGAGTAGC
MAUFGT UDP glucose-flavonoid 3- o -glucosyl Forward CCACCGCCCTTCCAAACACTCT
transferase
Reverse ACCATGTCGTCGTTGGAGTAG
MdMYBI10 Transcription factor Forward TGCCTGGACTCGAGAGGAAGACA
Reverse CCTGTTTCCCAAAAGCCTGTGAA
MdACS1 1-aminocyclopropane-carboxylase Forward CTCCTCCTTTCCTTCGTTGA
(ACC) synthase
Reverse ACCATGTCGTCGTTGGAGTAG
MdACO1 ACC oxidase Forward ATCAATGATGCTTGTGAGAACTG
Reverse GGTCTTCTTGTAGTGATCCTTGG
MAERS1 Ethylene-response sensor Forward TCCAGAACTGGTATGAACCTACA
Reverse AGAACTGTTGAAGACTTCGTTGA
MAERS?2 Ethylene-response sensor Forward TGCGAAACCAGAATCTTCAAGA
Reverse CCTCAGTTGACGCTGGATAAAA
MAETRI Ethylene receptor-type Forward GCACCTAGGATGTGATGTAACAG
Reverse TCATGTATACGGACAGCAAGTTC
MAETR2 Ethylene receptor-type Forward AGGCAAACAAAGGGATGACA
Reverse AGAGTTAATTTCATGCCCGTATAA
MAETRS5 Ethylene receptor-type Forward GTTCTTCCGGTTGCAGATTC
Reverse ATGCATTGGCCTTCTCATTC
MdACTRI1 Constitutive triple response Forward ACAAGATTTTCATGCCGAAC
Reverse TATGGACAAGTTTGGAGGCT
MdAACT Actin Forward TGACCGAATGAGCAAGGAAATTACT

Reverse

TACTCAGCTTTGGCAATCCACATC
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Sample L 494 495 496 497 502 503 504 505

+— 285
+— 185

Concentration 662 515 503 419 529 430 425 313 (ng/uL)

Supplementary Figure S2. Example 1% TAE agarose gel loaded with 5 pl of RNA normalized
to 200 ng/ul to observe band integrity by the presence of 28S and 18S bands with the
concentration as determined by Synergy HTX multi-mode microplate reader and Gen5 software.
Sample codes correspond to a subset of RNA samples extracted from skin and flesh samples of
full-rate AVG, half-rate AVG, 1-MCP and control fruit for ‘Fuji’ assessed at one week before
commercial harvest (1IWBCH), commercial harvest (CH), and 1 week after commercial harvest
(CH + 1W) in replicates of four in 2022. (494 (FJ_CH + 1W_Full-rate AVG_R1_Skin), 495
(FJ_CH + 1W_Full-rate AVG_R2_Skin), 496 (FJ_CH + 1W_Full-rate AVG_R3_Skin), 497
(FJ_CH + 1W_Full-rate AVG_R4_Skin), 502 (FJ_CH + 1W_Full-rate AVG_R1_Flesh), 503
(FJ_CH + 1W_Full-rate AVG_R2_Flesh), 504 (FJ_CH + 1W_Full-rate AVG_R3_Flesh), 505
(FJ_CH + 1W_Full-rate AVG_R4_Flesh)).
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