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Abstract

An apple's aroma is a major determinant of its desirability by consumers. To better understand the aroma of apples, 2-dimensional gas-
chromatography mass-spectrometry (2D-GCMS) was used to quantify 106 volatile organic compounds (VOCs) from 515 apple varieties. We
identified esters and aldehydes as the most abundant classes of VOCs, with butyl acetate and hexyl acetate being present in nearly every variety.
Principal component analysis (PCA) revealed that the primary axis of variation in the apple volatilome is correlated with harvest date, with early-
harvested apples expressing a greater number and higher concentration of VOCs compared to late-harvested apples. Genome-wide association
studies (GWAS) using 250,579 single nucleotide polymorphisms (SNPs) identified a significant association between SNPs near the alcohol
acyltransferase (AAT1) locus and the abundance of several esters. Additionally, strong associations were observed between SNPs at the NAC18.1
transcription factor locus and the abundances of 1-hexanol and 1-butanol, which serve as precursors for hexyl acetate and butyl acetate,
respectively. These findings provide a foundation for understanding the genetic basis of apple aroma production and pave the way for the
genomics-assisted enhancement of the aroma profiles of apple varieties to meet consumer preferences.
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Introduction

Apples (Malus domestica) are one of the most ancient fruit
crops with evidence of domestication dating back to more than
3,000 years!'. As a main source of human nutrition, apples are
now the world's third most valuable fruit crop worth $77 billion
annually (www.fao.org/faostat/en/#data/QV). Flavour is an
important trait that determines consumer acceptability and by
extension, its marketability. However, due to intense selection
for traits that enable mass production and worldwide distribu-
tion such as storability, firmness and post-harvest shelf-life,
little attention has been given to fruit flavour, which directly
impacts consumer satisfaction. The lagging of this selection for
fruit flavour can be at least partially attributed to the chal-
lenges and high costs of breeding and phenotyping for flavour-
related phenotypes!2.

Traditional apple breeding is time-consuming and expensive:
it takes more than two decades to properly evaluate a new
apple variety before commercial release due to its long juve-
nile period®. For example, in a breeding programme spanning
26 years, 52,000 seedlings were originally planted, and only
three of these were subsequently commercialized™. Therefore,
apple varieties that perform well are clonally propagated, for
decades or even centuries, and there is a slow rate of change in
variety composition on supermarket shelves despite consumer
demand for new varieties with novel traits/,

The small number of elite varieties that dominate worldwide
markets means that only a small fraction of the available
genetic diversity in apples is being explored!®, and this makes
them prone to evolving pests and pathogensl®. To mitigate
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this, a wide array of agrochemicals are used to keep apples
commercially viable. Indeed, a primary target for most apple
breeding programmes worldwide is disease resistance.
However, new apple varieties must not only require less chemi-
cal input to grow but must also contain desirable flavours that
result in commercial successl’l. Marker-assisted selection (MAS)
can significantly improve the efficiency of traditional apple
breeding by enabling breeders to select offspring using genetic
markers associated with desirable traits, and markers that
predict disease resistance are commonly used by numerous
breeding programs worldwidel®.. Selection for flavour using
MAS lags far behind the selection for disease resistance,
however. The reason for this is that flavour is more genetically
complex than disease resistance: while resistance to a particu-
lar disease is frequently controlled by a single gene of large
effect, flavour is controlled by numerous interacting genes and
environmental variation. Genetic markers that predict apple
flavour are highly desirable, and an opportunity exists to find
them and use them to reduce the labour and costs associated
with growing trees to maturity for flavour evaluation.

Human perception of flavour involves a complex interaction
between taste receptors on the tongue and olfactory receptors
located in the nosel. While the taste of an apple is heavily
influenced by its sugars and acids, its aroma also plays a
primary role in determining quality('%'"l. Apple aroma is a
complex trait determined by the composition of volatile
organic compounds (VOCs) that vary among apple varieties!'?!
and whose production is intimately linked with fruit
maturity('34 and postharvest treatment!'>-191, A recent study
found that 56% of the variance associated with overall
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consumer liking of blueberries and tomatoes can be attributed
to VOCs!2%1, Over 300 VOCs have been identified in apple, many
of which are considered 'odor impact compounds' that play an
important role in the perception of apple fruit flavour2'l, VOCs
can be classified based on their chemical structure, which
includes categories such as alcohols, aldehydes and esters.
Among these, esters are the largest group of VOCs that are
found in apples, and they contribute to the fresh and fruity
flavour of apples(22,

Previous work determined that many VOCs show high heri-
tability, but that individual markers showed relatively small
effects on VOC variation, suggesting that most VOCs were
subject to a quantitative polygenic inheritance model(23],
Despite this, genome-wide association studies (GWAS) of apple
volatiles have suggested roles for alcohol acyltransferase (AAT),
carboxylesterase (CXE) and lipoxygenase (LOX) genes in the
control of VOC production among apple varieties23-25], Recent
advances in high-throughput analytical chemistry have
enabled the untargeted assessment of the apple's entire
'volatilome'2%, which, when paired with next-generation DNA
sequencing of hundreds of apple varieties, provides a powerful
platform to elucidate the genetic architecture of apple aroma.
The pairing of volatilome quantification and next-generation
genomics technologies has uncovered the genetic underpin-
nings of commercially important flavour molecules in a diver-
sity of vegetable and fruit crops such as pear?7}, soybean!(28! and
melon??l, In the present study, we harness multi-dimensional
apple VOC and genomic data to elucidate the mechanism of
VOC production, as well as to identify genetic markers associ-
ated with key apple VOCs.

Materials and methods

Apple tissue preparation

Apple varieties in this study were from Canada's Apple Biodi-
versity Collection (ABC), an orchard containing 1,119 unique
apple varieties each planted in duplicate at the Kentville
Research and Development Centre in Kentville, Nova Scotia,
Canada. The ABC was designed as a genetic mapping popula-
tion, and a comprehensive description of the statistical design
of the ABC and phenotyping protocols are provided in Watts et
al39, Briefly, the indicators of harvest readiness included the
observation of fallen apples or alteration in the apple's skin
colorB, Further evaluation was conducted through a detailed
examination of an apple from each tree, which included assess-
ing firmness through touch, evaluating taste for sweetness and
starch content, inspecting the coloration of the seed when cut,
and verifying starch levels with an iodine solution32, Only after
the assessment of these established ripeness metrics was
completed did the evaluator decide whether the apples from a
tree were ready to be harvested. When deemed ready for
harvest, the harvest date for each variety was recorded in Julian
days. For each variety, 10-20 apples were collected from either
one or both replicates from each variety. For volatile quantifica-
tion, the fruits from 550 varieties were stored at 3—3.5 °C for 1
month. After storage, a sample of 5-10 fruits was randomly
selected from each variety, cored, and cut into eight slices
using an 8-piece apple slicer and corer. One or two random
slices from each apple were selected and frozen in liquid nitro-
gen. The slices were bagged, labelled, and held at —80 °C until
analysis. The total mass for each sample ranged from ~300-500g.
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Volatile quantification

A 5 g composite frozen sample (—80°C) was blended with 95
g of a saturated salt solution (NaCl, Fisher Scientific Canada,
certified ACS) for 1 min using a Kinematica model MB 800 labo-
ratory mixer (Kinematica AG, Luzern, Switzerland) at setting 4. A
10 g sample of the homogenate was placed in a 20 mL head-
space vial, capped and 5 plL of an internal standard (10.0 mg/L
Benzaldehyde-d6) was added using a MultiPurpose Sampler
(MPS, Gerstel, Linthicum, MD, USA). The VOCs were extracted
and analyzed by solid-phase microextraction-gas chromato-
graphy X gas chromatography-time of flight-mass spectro-
metry. Vials were incubated at 30 °C for 300 s and then the
divinylbenzene/carboxen/polydimethylsiloxane  SPME  fiber
(Supelco Analytical, Bellefonte, PA, USA) was exposed to the
headspace for 900s with agitation (on for 60 s; off for 1 s). The
fiber was desorbed at 250 °C for 7 min. The injector was oper-
ated at 250 °C in the split mode of 1:20 for 1 min. Helium was
used as the carrier gas at a flow rate of 1.4 mL/min. The MPS
system was installed on a unit-mass resolution Pegasus 4D
TOFMS (LECO, St Joseph, MI, USA). The modulator was
mounted in an Agilent 7890 GC gas chromatograph equipped
with a secondary oven and a quad-jet dual-stage thermal
modulator. Liquid nitrogen was used for cooling the cold jet
lines. The first dimension (1D) column was a polar Stabilwax®
(30 m x 0.25 mm x 0.25 um), and the second dimension (2D)
column was a mid-polar Rxi®-5Sil MS (1.09 m x 0.25 mm x 0.25
um). The optimized 1D GC oven temperature was initially set at
50 °C for 0.20 min, before increasing at 10.3 °C/min to 220 °C.
The temperature offset for the secondary oven was 44 °C and
the modulator temperature offset was +15 °C. The modulation
period (PM) was 1.2 s, with a hot pulse time of 0.35 s on each
jet. The transfer line was held at 250 °C. The TOF-MS was oper-
ated in electron ionization (El) mode at 70 eV, with an acquisi-
tion mass range of 35-300 amu, area count calculation applied
apex masses, an acquisition rate of 200 Hz, and a detector volt-
age of 1,500 V with an optimized voltage offset of 200 V. The
ion source was heated to 250 °C. Daily mass calibration and
tuning were performed using perfluorotributylamine (PFTBA).
An acquisition delay of 100 s was applied. The chemical identifi-
cation of the peaks was determined based on the retention
index and correspondence of the mass spectra with the 'main-
lib" and 'replib' of the 2017 National Institute of Standards and
Technology (NIST) Mass Spectral Virtual Library (ChemSW, Fair-
field, CA, USA). The VOCs that had NIST similarity scores below
850 were discarded. The retention index for compounds was
identified from the retention time using Kovats Retention Index
formulal?3l. Some VOC names were then manually curated to
resemble the most common written notation.

For each variety, the peak area value for each VOC was
divided by the peak area value for benzaldehyde-d8 as a stan-
dardization procedure and the resulting units for abundance
were considered normalized total ion counts (TIC). The final
table contained 106 VOCs across 515 varieties (Supplemental
Table S1). Each VOC was present in at least 35 apple varieties
(6.8%) and every variety had at least 24 VOCs present (22.6%).
Each VOC was manually categorized into one of the following
13 different classes: acids, alcohols, aldehydes, C13-noriso-
prenoid, esters (straight chain), esters (branched chain), furans,
hydrocarbons, ketones, lactones, monoterpenoids, sesquiter-
penes, and sulfur/nitrogen compounds (Supplemental Table
S2). The totals for each VOC category were calculated by
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adding up the standardized peak area values for all VOCs within
each category.

Genotyping

The genotyping-by-sequencing (GBS) method was used to
generate genome-wide single-nucleotide polymorphism (SNP)
data from DNA extracted from leaf tissue as previously
described in Migicovsky et alB%l, The initial genotype data
consisted of 260,399 SNPs across 1,054 varieties. SNPs that
were not assigned to any of the assembled 17 chromosomes of
the reference genomel3¢! were assigned to a sequence of unan-
chored contigs designated as chromosome 'R'. Two additional
markers were genotyped in the same varieties because of their
potential role in the volatile synthesis and were then combined
with the GBS data. First, a Kompetitive Allele Specific PCR
(KASP) genotyping assay was used to genotype a functional
non-synonymous SNP that results in glutamine to glutamate
change at position 387 of the citramalate synthase (CMS) gene
that may account for variability in ester synthesis across apple
varieties!??, Second, a high-resolution DNA melting (HRM)-
based assay was used to detect the presence of a long terminal
repeat (LTR) retrotransposon upstream of the MYB1 transcrip-
tion factor that is associated with red skin37). Primer sequences
and reaction details can be found in Supplemental File S1. Out
of the 550 varieties for which VOC data were collected, geno-
type data were available for only 515 varieties, and thus the
final SNP genotype matrix was filtered to include only those
515 varieties. SNPs with minor allele frequency (MAF) < 1% and
heterozygosity > 90% were removed. The final genotype matrix
contained 250,579 SNPs across 515 varieties. The genotype
data were filtered using PLINK version v1.90b3r(38],

Statistical analysis

All statistical analyses were performed in R version 4.0.289L
Principal component analysis (PCA) was performed using the
prcomp function with scale and center parameters from the
stats package. GWAS was performed using the mimm_cof func-
tion from the mimm package (v0.1.1)40,

A previous genetic analysis of apple varieties in the ABC
found a high degree of relatedness (i.e., siblings and first-
degree relationships), and the population structure as deter-
mined using PCA is strongly correlated with the harvest datef!.
To account for the observed population structure and related-
ness, we included the first five principal components (PCs) and
the kinship matrix as covariates in the GWAS model, which is
standard practice when performing GWA®'42), Thus, a simpli-
fied GWA model according to Yu et al.l*3! can be represented as
follows:

Y~a+Q+K+e

where Y is a vector of phenotypic observations (i.e., an abundance
of a particular VOC across varieties); a is a vector of SNP effects
(i.e., SNP genotypes across varieties); Q is a matrix including the
values from five PCs across varieties that controls for population
structure; K is the pairwise kinship matrix that controls for close
relatedness among varieties; and e is the error term (i.e., vector of
residual effects).

The kinship matrix accounts for the dependency among
SNPs correlated with the phenotypes due to relatedness
among apple varieties. The kinship matrix was calculated using
a standalone version of Tassel (v5.0) GBS pipeline (v2)[*4, To
visualize GWA results, Manhattan plots and quantile-quantile
(QQ) plots were generated using the ggplot2 (v3.3.5) package
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in R. The fit of the mixed model to the data can be evaluated by
observing the QQ plots: the closer the observed values are to
the expected values, the better the model fit. The model fit was
quantitatively evaluated using the genomic inflation factor (1),
which expresses the deviation of the distribution of the
observed test statistic compared to the distribution of the
expected test statistic*>l. High genomic inflation factors (A >>
1) indicate an excess of false positive genotype-phenotype
associations that most frequently result from the model's
inability to correct properly for the confounding effects of
complex population structure and relatedness!“0l. The 4 values
are shown within each QQ plot to enable an evaluation of
model fit.

All correlations were calculated as Pearson correlations using
the cor.test function from the stats package (v4.1.2).

Results and discussion

Apple aroma diversity

To investigate apple aroma diversity, 106 VOCs were quanti-
fied across 515 apple varieties using 2D-GC-MS (Supplemental
Table S1). Each VOC was categorized into one of the 13 VOC
classes (Supplemental Table S2), and we determined that
esters, aldehydes, and alcohols are not only the most ubiqui-
tous (Fig. 1a) but also are the most abundant classes of VOCs in
apples (Fig. 1b). In fact, nearly the entire apple volatilome as
measured in this study is composed of esters, alcohols, and
aldehydes: they make up ~98% of the total VOC abundance in
our data set. This observation is in line with previous work
showing that esters, aldehydes, and alcohols are the main
contributors to fruit aromal'?l. Esters were not only the most
abundant VOC class, but there were also a relatively large
number of ester compounds in our dataset: 40 of the 106
compounds (38%) we identified were esters. Esters were previ-
ously reported to account for 80% of the fruit volatiles in
applest*”), and our results support the notion that esters are
likely the largest contributors to the apple volatilome.

In addition to our observation that a small number of
compound classes dominate the apple volatilome, we found
that a relatively small number of individual VOCs account for a
large proportion of the overall volatile abundance (Fig. 1c).
These VOCs are ubiquitous and abundant: they were detected
in nearly every variety and were present at relatively high
concentrations. The most abundant VOC in our data set was
butyl acetate (a volatile ester), which was detected in 511 of the
515 varieties and whose total abundance across all varieties
represented 20.8% of the overall VOC abundance in our data
set. Butyl acetate is commonly used as a flavouring agent in
various foods as it has a 'fruity' aromal*8l, The variety with the
highest concentration of butyl acetate is 'Dukat’, a variety from
Kazakhstan primarily eaten fresh or dried“l. One of Dukat's
parents, Golden Delicious, is known to have high concentra-
tions of butyl acetate, which is designated as an 'impact
compound for its ability to have a strong effect on the sensory
quality of the fruitl'4, Further, volatile esters are found at rela-
tively high concentrations in both 'Cox's Orange' and 'Golden
Delicious', the two parents of Dukat!>%. While butyl acetate was
present in nearly all the varieties tested here, it remained unde-
tected in four varieties and its concentration varied widely
among varieties (Supplemental Table S1). The pattern of ubi-
quity and abundance of butyl acetate observed in the present
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study supports the notion that this compound may play a key
role in the diversity of sensory quality across apple varieties.

The most ubiquitous compound we measured, which was
present in all 515 varieties, was hexanol and its total abun-
dance across all varieties represented 7.8% of the overall VOC
abundance. It has been previously shown that the exogenous
application of hexanol onto apple fruit induces soft scald, a
common post-harvest disorder that appears in response to cold
storage after about 2—8 weeks®'l. The variety 'Honeycrisp' is
known to be highly susceptible to soft scald®Z, but its level of
hexanol is only slightly above the median value of the 515 vari-
eties evaluated here. It is therefore unclear whether endoge-
nous production of hexanol as detected here mediates soft
scold susceptibility and, by extension, whether selection
against hexanol production by apple breeders, either pheno-
typically or using genetic markers, may be an effective strategy
for selecting for resistance to soft scald.

The apple with the highest number of VOCs was 'Red Cinna-
mon', which expressed 73 of the 106 VOCs. The apple with the
highest cumulative VOC abundance was 'Krapchatoe'. Descrip-
tions of these two varieties failed to reveal why they may lie at
the extremes of these distributions. Conversely, the apple with
the lowest volatile abundance was 'Black Ben Davis'. This apple
is known for its ruggedness but is generally described to have
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poor flavour. It was famous in the 19t and 20t centuries
because it withstood shipping and storage well. However, as
shipping and packing improved, this variety fell out of
favour!>3l, This is a prime example of how flavour is an essential
consideration for consumers but is often overlooked because of
a focus on production-related traits.

It is worth noting that our quantification of the apple
volatilome is subject to the constraints of our sampling and
processing procedures. For example, the apples were subjected
to one month of cold storage and subsequently sliced, frozen
and blended in a laboratory mixer before GC-MS analysis. These
processes affect the food matrix and influence the in vitro
volatile profilel4551 . We therefore recognize that the volatile
profile captured using our experimental protocol will vary,
perhaps significantly in some cases, from the volatile profile
experienced by a consumer during the chewing process.
Despite this, the experimental protocol employed here repre-
sents a reasonable first step to assess the variation in the rela-
tive abundances of compounds and their correlation with
genetic variation to provide insights into the genetic basis of
apple aroma production.

Relationships among VOCs
To understand the relationships among VOCs, we generated
a pairwise correlation matrix among all VOCs (Supplemental
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Fig. S1). Of the 5565 pairwise comparisons between pairs of
VOCs, 726 (13%) were statistically significant after correcting for
multiple comparisons. Positive correlations between VOCs
were far more abundant than negative correlations: of the
statistically significant correlations, 97% (704) were positive and
only 3% (22) were negative. This suggests that the positive co-
expression of VOCs is more common than negative co-expres-
sion. Furthermore, significant positive correlations were
observed more often than expected between pairs of VOCs
within the same class, and less often than expected between
VOCs from different classes (y2 = 243.1, p = 8.14 x 1075%3). For
example, the abundance of (E)-2-octenal was nearly perfectly
correlated with the abundance of 2-heptenal (r=0.97; p = 1.45
x 107317, suggesting a tightly co-regulated metabolic relation-
ship between these two aldehydes (Supplemental Fig. S2). Both
of these VOCs are known autoxidation products of linoleic acid
and may contribute to the off-flavour of apple juice in the pres-
ence of light®9l. A full investigation of each pair of co-expressed
VOCs is beyond the scope of the present study. However, these
data may be further analyzed to elucidate groups of compounds
involved in similar metabolic pathways.

Harvest date shapes the apple volatilome

To assess the relationships among varieties based on their
volatile profiles, we performed principal components analysis
(PCA) on the entire VOC data set. The first two PCs explained
17.8% of the total variance (Fig. 2a) and we observed a signifi-
cant correlation between harvest date and PC1 (R2=0.17; p =
3.33 x 10723): early-harvested varieties that ripen quickly have
significantly lower PC1 values than late-harvested varieties that
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take longer to ripen (Fig. 2b). Thus, the main axis of variation
from the apple volatilome was significantly correlated with
harvest date. This relationship was strengthened by our obser-
vation that harvest date was also negatively correlated with the
ubiquity and abundance of VOCs (Fig. 2c & d). These observa-
tions demonstrate that early-harvested apple varieties tend to
express a larger number and quantity of VOCs than late-
harvested apples. We propose that this phenomenon likely
arises because the ripening process is accelerated in early-
ripening varieties and operates at a slower rate in late-ripening
varieties, and that this applies to post-harvest metabolic activ-
ity as well. Thus, the one month of cold storage we employed in
our experiment likely resulted in more metabolic change for an
early-ripening variety than a late-ripening variety, and this
resulted in an increase in the overall abundance and ubiquity of
VOC expression among early-ripening varieties. Regardless of
the mechanism, our results suggest that the time it takes an
apple to ripen on the tree is intimately linked to its volatilome.

GWAS

We performed GWAS to identify genomic regions associated
with the production of VOCs. In addition to over 250,000
genome-wide SNPs, we genotyped two markers we hypothe-
sized may be involved in VOC variation across apple varieties.
However, neither the functional non-synonymous SNP in the
citramalate synthase (CMS) genel?2 nor the retrotransposon
upstream of the MYBT transcription factor associated with red
skinB371 were significantly associated with any of the 106 VOCs
we measured. This highlights the importance of surveying
genome-wide variation when performing genetic mapping

b .
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° ° °| R2=0.17
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_20 °
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d Harvest Date (Julian days)
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Fig.2 Apple volatilome variation is associated with harvest date. (a) PCA bi-plot of PC1 and PC2 derived from a matrix of 106 VOCs across 515
apple varieties. Each point is a unique apple variety that is coloured according to its harvest date. (b) Scatter plot of PC1 values and harvest date
across 515 varieties. (c) Scatter plot of VOC ubiquity (i.e., the number of VOCs detected per sample) and harvest date across 515 varieties. (d)
Scatter plot of total volatile abundance and harvest date across 515 varieties. Lines of best fit, R and P values result from Pearson correlations

between variables.
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rather than relying on candidate genes for elucidating geno-
type-phenotype relationships.

Interpreting the resulting Manhattan and QQ plots from
more than 100 GWASs was often challenging due to a lack of
easily detectable, strong association signals suggesting loci
with large phenotypic effects (Supplemental Fig. S3). A similar
trend was observed in a previous GWAS of 49 VOCs quantified
across 145 apple varieties[2%l. Several explanations are possible
for this observation. First, it could be that many VOCs were not
adequately abundant or ubiquitous to enable a well-powered
GWAS, or that their distribution resulted in a poor model fit.
Our observation of numerous QQ plots where the genomic
inflation factor (1) deviated from the expected value of 1,
suggests that a poor model fit may have often led to uninter-
pretable results (Supplemental Fig. S3). Second, it is possible
that the marker density we employed was insufficient, and that
large effect loci were missed because they were not in linkage
disequilibrium with any of SNPs used in the present study.
Indeed, it has been suggested that millions of markers are
required to perform well-powered GWAS in diverse apple
populations®7l, Finally, it may be that most VOCs are controlled
by numerous loci of such small effect that our GWAS was
underpowered to detect them, in agreement with previous
work(23l | We hypothesize that all three of these factors likely
played a role in our observation of only a small number of
notable genotype-phenotype associations. Thus, we focus on
the most reliable genotype-phenotype associations by only
considering those that form a clear and reliable peak in a
Manhattan plot, a signal that suggests the identification of a
single genetic locus of large effect on the concentration of a
VOC. While further exploration of more complex GWAS models
could be explored in the future, only the most promising asso-
ciations identified using a simple GWAS model are explored in
detail below.

Butanol and hexanol were among the most ubiquitous and
abundant VOCs detected (Fig. 1¢) and both of their concentra-
tions appear to be mediated by genetic variation at a single
locus on chromosome 3 (Fig. 3). The most significant marker
associated with these two VOCs is a non-synonymous SNP at
position 30,698,039 bp on chromosome 3 within the NAC18.1
gene, a member of the NAC family of transcription factors
(Supplemental Table S3). This is particularly noteworthy since
several previous GWASs failed to find significant marker associ-
ations for these VOCs[232555] Functional genomics studies
across diverse species have demonstrated that NAC transcrip-
tion factors are implicated in ripening phenotypes across
diverse agricultural crops, including tomatol®8], melon>9,
bananal®?, peachl®'.62], and apricot®3l. Notably, the homolog of
NAC18.1 in tomatoes (Solanum lycopersicum) is the NON-RIPEN-
ING (NOR) gene, a well-studied gene that, when knocked out in
tomatoes, produces the nor mutant tomato that does not
ripenl®4, In apple, numerous recent GWASs have repeatedly
identified associations between NAC78.7 and harvest date,
often identifying the same nonsynonymous variant we identi-
fied herel2557.65-67] A recent study demonstrated that introduc-
ing the apple NAC18.1 transgene into a nor mutant tomato
recovers ripening, providing strong evidence that genetic vari-
ation within NAC18.17 mediates the apple ripening process(68l,

Our observation that concentrations of butanol and hexanol
were associated with genetic variation in NAC78.1 is consistent
with our observation that harvest date was negatively
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correlated with both butanol (R = —0.46, p = 2.86 x 10-28) and
hexanol (R = -0.44, p = 9.75 x 10-25). Both key VOCs were more
abundant in early-ripening varieties than in late-ripening vari-
eties, suggesting that the reduction in expression of these
VOCs over the harvest season is mediated by genetic variation
in or near the NACT18.1 gene. It is noteworthy that firmness was
also strongly associated with harvest date, whereby early-
harvested varieties were found to be softer than late-harvested
varieties57.69-711, We therefore propose that the NAC78.1 gene is
a master regulator of apple ripening, and alleles at this locus
modulate numerous ripening-associated phenotypes includ-
ing harvest date, firmness, and the expression of key VOCs like
butanol and hexanol.

Genetic control of ester biosynthesis

Esters represent a crucial group of VOCs that significantly
contribute to the flavour and aroma of various fruits, including
applesl’Z, Depending on the precursors, either straight chain
esters or branched chain esters can be produced. Straight chain
esters, such as butyl and hexyl acetate, are believed to be asso-
ciated with lipid and fatty acid metabolism!73], while branched
chain esters, especially 2-methylbutyl acetate, were reported to
be generated through the citramalate synthase (CMS)
pathway22. Among the acetate esters, hexyl acetate, butyl
acetate, and 2-methyl butyl acetate are critical in determining
the characteristic apple aromal’4l. Interestingly, the concentra-
tions of these acetate esters are strongly correlated with ethy-
lene production, suggesting that their biosynthesis may be
ethylene-dependent!'8l,

Our GWAS revealed strong associations at a single locus on
chromosome 2 for various ester compounds, such as butyl

a 121 1-HEXANOL
9-
=
g o
|

W
N

s, 3 . .

.. . Cal . % . .
P T l Dl ap e g e hon
ﬁ %, || jii |i i. RETEN
0—.—.—.—.—.—.—.—.—.—.—.—.—.—.—.—.—.—.—ii

12345 67891011121314 15 1617 R

Chromosome
b 124 1-BUTANOL
9-
C
g o . o
T g LI ‘. . .3 e o M
G e . X o PR NORTI
3- ﬁ ﬁ ﬁ i | ﬁ ‘.. i“..:'i'
0.
123456 7891011121314 15 1617 R
Chromosome
Fig. 3 GWAS of 1-hexanol and 1-butanol across 515 apple

varieties using 250,579 SNPs. (a) Manhattan plot for 1-hexanol. (b)
Manhattan plot for 1-butanol. The horizontal red line represents
the significance threshold after correcting for multiple compari-
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acetate, pentyl acetate, hexyl acetate, isobutyl acetate, n-propyl
acetate, and 2-methyl butyl acetate (Fig. 4a—f). The same asso-
ciation signal is also detected for the sum all esters (Fig. 4g).
The top SNP in this region (chr2:1164704) is in a non-genic
region, but genes within a 400kb region around the top SNP
include a leucine-rich repeat (LRR) transmembrane protein
kinase (MD02G1012000), a ribosomal protein S11-beta gene
(MD02G1015900 and MD02G1015400), and AATI, an alcohol
acyltransferase gene (MD02G1013900) (Fig. 4h). Significant
associations were also observed on chromosome "R", but since
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these SNPs are unanchored to assembled reference sequence,
no annotated genes could be identified from these signals.
Some significant associations were observed on other chromo-
somes as well (e.g. SNPs on chromosome 5 for n-propyl acetate;
Fig. 4e), but we focus here exclusively on the large effect locus
on chromosome 2.

While it is unclear what role the two ribosomal proteins
(MD02G1015900 and MD02G1015400) at the locus on chromo-
some 2 may play in ester biosynthesis, MD02G1012000 is a
member of receptor-like kinase (RLK) family involved in

b 20; :
i PENTYL ACETATE

159
=
o 101
ke
‘ )

‘TIIRERT

0.
1234567891011121314151617 R

Chromosome
d 5,
ISOBUTYL ACETATE
151
C .
5 101
i .
| . §
YT
0_ ﬁ
1234567891011121314151617 R
Chromosome
f 20 1
2-METHYLBUTYL ACETATE
159 .
= i
gﬁlo- {
£ L

0.
1234567891011121314151617 R

Chromosome

h ALL ESTERS

20 NAMIRCIN 5800 5900

GO 0aT oGieEI”
N_\D MWOOLKS YAD. \Y,

154
C . '
% 101 |+ o°
_Q .
[

.0 1.2 1.4
Position on chromosome 2 (Mbp)

Fig.4 GWAS of several esters across 515 apple varieties using 250,579 SNPs. Genome-wide manhattan plots are shown for (a) butyl acetate,
(b) pentyl acetate, (c) hexyl acetate, (d) isobutyl acetate, (e) n-propyl acetate, (f) 2-methylbutyl acetate, and the (g) sum of all esters. The
horizontal red lines represent the significance threshold after correcting for multiple comparisons (see Methods). Chromosome 'R' is composed
of contigs that remain unanchored to the reference genome. (h) A manhattan plot showing only the locus of large effect on chromosome 2.
The vertical gray bars indicate the locations of annotated genes within the region and gene names appear at the top of each bar.

Soomro et al. Fruit Research 2023, 3:27

Page 7 of 10



Fruit
Research

ethylene signaling!'8, which suggests a potential role for this
gene in the production of esters. However, the signal on chro-
mosome 2 most likely stems from allelic variation at the alco-
hol acyltransferase gene, AATI1, which transfers an acyl group
from acyl-CoA to the OH group of an alcohol in the final step of
ester biosynthesis!'275], The expression of AAT1 is ethylene
dependentl>5761 and previous work has confirmed its effect on
VOC profiles in applel'>761 and kiwil’’). Previous genetic
mapping studies have identified an association with various
esters at this same genomic region and have also reported
AAT1 as the primary candidate gene underlying the observed
signal(23-2578. Although the present study is relatively well-
powered when compared to other genetic mapping studies
performed to date in apple, the signal we detected on chromo-
some 2 for ester biosynthesis still spans a considerable genomic
region of approximately 400 kb. Within this region, there is also
a gap where no SNPs were identified (Fig. 4h), which suggests
there may be presence/absence variation at this locus. With
whole-genome sequences from the samples in this study, we
plan to achieve higher mapping resolution and potentially
locate the causal polymorphisms underlying esters at this locus
and phenotypic variation at other large effect loci throughout
the apple genome.

To assess the potential utility of the SNPs identified through
GWAS for marker-assisted breeding, we assessed the geno-
types of five elite cultivars at the SNP within NAC18.7 (chr3:
30698039) associated with alcohols and the non-genic SNP on
chromosome 2 (chr2:1164704) associated with esters. These
five elite cultivars were chosen because they are cultivars we
evaluated that are among the ten most widely grown apple
cultivars in the USA9. Each of the five elite cultivars were
homozygous for the late-ripening allele, suggesting that breed-
ers have driven this allele to fixation, or nearly so, among elite
commercial cultivars. For the chr2:1164704 SNP, we found that
the two alleles are evenly distributed across elite cultivars. The
reference allele at chr2:1164704 is associated with higher ester
concentrations and selection for this allele through marker-
assisted breeding may therefore be useful for apple breeders
wishing to generate novel apple cultivars with higher ester
content.

Conclusions

Our approach to comprehensively evaluate the apple
volatilomes of over 500 apple varieties provided key insights
into the ubiquity, abundance, and variation among VOCs that
play a key role in apple quality and consumer preference. In
particular, we discovered that the variation among apples in
two ubiquitous and abundant VOCs, hexanol and butanol, is
likely controlled by genetic variation at the NAC78.7 gene and
that this genetic effect contributes to early-ripening apples
being more aromatic than late-ripening apples. We also found
that esters were the most abundant and ubiquitous class of
VOCs and that their expression across diverse apple varieties is
likely controlled by alleles at the AATT gene. Given that alco-
hols (e.g. hexanol and butanol) are precursors of esters (e.g.
hexyl acetate and butyl acetate), we propose that combina-
tions of alleles at NAC18.1 and AAT1 likely account for signifi-
cant variation in the overall abundance and distribution of
VOCs that contribute to desirable apple aromas. It is therefore
of great interest in the future to identify the causal genetic vari-
ants at these loci, and to target them using genomics-assisted
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breeding to generate novel apple varieties with desirable
aroma profiles.
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