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Abstract Flavour is an important food trait, yet little
is known about the genetic architecture and mode of
inheritance of apple flavour compounds. The objec-
tives of this study were to: understand the inheritance
of flavour volatiles in a clonally replicated germplasm
population; unravel correlation networks of volatiles;
and to use genome-wide single nucleotide polymor-
phism (SNP) markers to identify genomic regions that
play a role in the expression of flavour volatiles. This
analysis revealed that more than half of the 37
volatiles (measured by gas chromatography—mass
spectrometry) showed high heritability (h* > 0.4),
with only a small number (3 of the 37) displaying low
heritability (h2 < 0.2). Majority (~85 %) of the
significant SNP loci displayed the additive mode of
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inheritance. Our results supported the roles of MdAAT,
MdCXE and MdLOX genes in the expression of apple
flavour volatiles. Effect sizes of SNP loci, some of
which are associated with multiple compounds, were
small (<10 %), which is consistent with a polygenic
quantitative inheritance model. New genomic loca-
tions associated with multiple flavour compounds
were found, and some SNPs were associated with both
sensory flavour and some flavour volatiles. Simulta-
neous genome-wide association study for sensory
flavour and flavour compounds is recommended for
unravelling genetic mechanisms to facilitate marker-
assisted breeding for targeted flavours.

Keywords Apple - Flavour volatiles - GWAS -
Heritability - Single nucleotide polymorphism

Introduction

The most important objective across apple breeding
programmes has been to increase the marketability of
the fruit by improving their appearance, eating quality
and flavour (Laurens 1999). Flavour is a complex trait
resulting from combinations of sugars, acids and many
volatile chemicals (Dixon and Hewett 2000). Over 300
volatile compounds have been measured in the aroma
profile of apples (Dimick and Hoskin 1983; Paillard
1990). For ease of measurement, it is a common
practice in apple breeding programmes to assess
overall ‘sensory flavour intensity’ (FINT) using
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ordinal scores [e.g. O (none) to 9 (highest)] for
segregating seedlings (Durel et al. 1998). Although a
great range of volatile compounds may contribute to
the flavour type and intensity of fresh apple flavour,
the majority are esters (e.g. ethyl butanoate, ethyl
2-methylbutanoate, butyl acetate, 2-methylbutyl ac-
etate and hexyl acetate) and alcohols (e.g. butanol,
hexanol and frans-2-hexanol) (Paillard 1990; Dune-
mann et al. 2012).

Some volatiles also correlate with sweet taste, sour
taste, as well as with consumer acceptability (Baldwin
et al. 1998). Karlsen et al. (1999) reported that the
main volatile components contributing to the sensory
flavour profiles of some common apple cultivars were
propyl acetate, butyl acetate, 2-methylbutyl acetate,
hexyl acetate, ethyl acetate, ethyl butanoate, 1-bu-
tanol, ethanol and o-farnesene. The first four of these
volatiles were related to fruity and sweet sensory
attributes, while the rest were related to sour, bitter and
grassy attributes. Mehinagic et al. (2006) also reported
association of 2-methylbutyl acetate and hexyl acetate
with sensory descriptors such as fruity and sweet. Fruit
soluble solids concentration (SSC) is the best objec-
tive predictor of sensory sweetness (Harker et al.
2002), and one strategy for breeding new apple
cultivars with high FINT is to increase soluble solids
contents.

There is growing interest in understanding the
genetic basis of specific flavour volatiles in order to
implement marker-assisted selection (MAS) for fla-
vour. Quantitative trait locus (QTL) mapping studies
for flavour volatiles either used bi-parental families
(Zini et al. 2005; Dunemann et al. 2009; Rowan et al.
2009a; Costa et al. 2013; Souleyre et al. 2014) or
screened apple cultivars using a few candidate genes
(Dunemann et al. 2012; Ulrich and Dunemann 2012;
Vogt et al. 2013). QTLs identified in bi-parental
families generally lack repeatability across genetic
backgrounds, and the effect sizes are generally
overestimated largely because of small sample sizes
(Hayes and Goddard 2001; Flint and Mackay 2009).

Functional genomics studies have also been con-
ducted to understand the roles that different genes play
in the biosynthesis of flavour volatiles, especially
esters. A number of alcohol acyl transferase (AAT)
genes have been identified and characterised for their
putative biochemical roles and expression patterns
(Souleyre et al. 2005; Zhu et al. 2008; Dunemann et al.
2012). MpAATI encodes an enzyme capable of
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catalysing the synthesis of the main esters in ripe
‘Royal Gala’ fruit from a broad range of alcohol and
coenzyme A (CoA) substrates (Souleyre et al. 2005).
Expression of the highly homologous gene MdAAT? is
also positively correlated with AAT enzyme activity
and ester production in ‘Golden Delicious’ (Li et al.
2006). Souleyre et al. (2014) provided evidence that
structural differences between ‘Royal Gala’ and
‘Granny Smith’ AAT] enzymes could account for the
qualitative and quantitative differences in ester pro-
files. Stable transgenic AATI down-regulated ‘Royal
Gala’ plant also indicated that AATI had a strong
influence on the levels of esters and the pool size of
ester precursors in ‘Royal Gala’ fruit (Souleyre et al.
2014). Nieuwenhuizen et al. (2013) showed that the
cultivated apple genome contains only 10 ferpene
synthase (TPS) functional genes, and eight of these
genes could account for the majority of terpene
volatiles production in ‘Royal Gala’. Carboxylesteras-
es (CXE) enzymes catalyse the hydrolysis of esters,
and MdCXEI gene has been suggested to play an
important role in ester metabolism of apple fruit
(Souleyre et al. 2011). Despite various QTL mapping
and functional genomics studies, there are no appli-
cations of marker-assisted selection (MAS) for flavour
in apple breeding programmes.

There is a lack of basic understanding of the
inheritance, the interplay of genetics and environment
and the genetic relationships among different apple
flavour volatiles. Such knowledge is essential, along
with the identification of genomic regions, which
contribute to the observed phenotypic variability of
flavour volatiles to breed new cultivars with particular
flavour. Understanding of genetic architecture is
necessary to choose the best strategy (MAS or
genomic selection) for genetic improvement of a trait
and to provide some lead to conduct studies for
functional validation of genomic hot spots. The
objectives of this study include: the understanding of
inheritance patterns of flavour volatiles measured by
gas chromatography—mass spectrometry (GC-MS) in
a clonally replicated population of wide genetic
background; identifying correlation networks of
volatiles; and the use of a single nucleotide polymor-
phism (SNP) array to identify genomic regions that are
important in the biosynthesis of flavour volatiles. The
8K SNP array used in this study encompassed some
candidate genes, so we also validated the effect size of
these genes in a wide genetic background.
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Materials and methods
Plant material

Broadening of the Malus gene pool in New Zealand
was initiated by establishing a highly diverse apple
breeding population. The first generation of this
population was established by planting nearly 30,000
open-pollinated (OP) seedlings of nearly 500 primi-
tive apple cultivars and some wild species from
around the world during the early 1990s (Kumar
et al. 2010). About 300 seedlings, identified using
data on tree, fruit and disease resistance traits, were
then mated to generate nearly 9000 second-gen-
eration seedlings. Following the collection of fruit
traits data, a diverse set of 230 seedlings was
identified (Kumar et al. 2010). Two copies (or
clones) of each of these 230 individuals were then
clonally propagated on to ‘M.9” rootstock and
planted in a common-garden experiment in 2009 on
a Plant & Food Research orchard (39°40’S 176°53'E)
at the Hawke’s Bay Research Centre, New Zealand.
The ‘status number’ (which is also interpreted as the
effective population size; see Lindgren and Mullin
1998) of these 230 individuals was 72—suggesting
considerable relatedness. The average pair-wise co-
efficient of relationship (= twice the coefficient of
co-ancestry) among these individuals was 0.03, while
10 and 1 % of all pairs were half-sibs and full-sibs,
respectively. Currently, these individuals are being
characterised for a range of traits including the
flavour volatiles reported in this study.

Phenotypes

Flavour volatile measurements were obtained on fruit
from 200 individuals (or genotypes) over a period of
three years. Of the 200 individuals, 58, 76 and 46 were
measured only once in 2011, 2012 and 2013, respec-
tively. There were 20 individuals assessed in each of
the three seasons/years (2011-2013) to estimate
seasonal effect and adjust phenotypes of other indi-
viduals for such effects. Each individual was repre-
sented by two clonal replicates, so altogether there
were 480 measurements for each volatile. Titratable
acidity (TA) and SSC were also obtained on fruit from
each seedling using an automatic acid titrator
(Metrohm 716 DMS) and a digital refractometer
(Atago PR-32), respectively.

Fruit harvesting, which was carried out in the
fruiting season (February—May), began when fruit from
each tree was judged to be mature, based on a change in
skin background colour from green to yellow, and
when the starch pattern index was between 2 and 3
using a scale from O (full starch) to 7 (no starch).
Separate samples of six fruit from two clonal replicates
of each genotype were stored for 42 days at 0.5 °C and
then a further 1 day at 20 °C before evaluation. The
volatile analysis procedure using GC-MS, as described
by Rowan et al. (2009b), was used except that fruit was
placed in 4-L unused commercial metal paint cans
rather than glass jars. After volatile collection, the
absorbent traps were eluted with diethyl ether
(2 x 1 mL) containing tetradecane at 10 nL mL ™!
into pre-weighed 4-mL glass vials at a flow rate of
2 mL min~'. Samples were stored at —20 °C before
GC-MS analysis. Volatiles were identified from their
retention index and by comparison with commercial
mass spectral databases and authentic compounds.
Generally, base peak intensities were used to aid
automated peak identification and integration using
Waters QuanLynx software. Fruit volume, and hence
surface area, was calculated, and volatile concentra-
tions are reported as ng tetradecane (m/z 57) equiva-
lents released cm™> fruit surface area per hour.

Estimation of genetic parameters

All volatile concentrations were log;o transformed
before further analysis to improve normality. Obser-
vations on clonal replicates of an individual were
treated as repeated measurements, so it was desirable
to model ‘permanent environment effects’ to prevent
upward bias in additive genetic variance. We used the
following mixed linear model accounting for repeated
records for each trait:

y=Xb+Za+Zp+e (1)

where y is the vector of observations, b is the vector of
fixed effects (e.g. fruit surface area, year/season of
assessment), a is a vector of additive genetic effects of
an individual, p is a vector of permanent environmen-
tal effects and e is a vector of residual effects. The
matrix X is the incidence matrix for the fixed effects
and Z is the incidence matrix relating observations to
seedlings. Each individual has an additive genetic as
well as a permanent environmental effect, so both
effects have the same design matrix (Z). The
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associated variances with the random effects, a, p and
2, aﬁ and o2, respectively. We assumed that
within an individual there was no correlation between
its additive and its permanent environmental effect
and that permanent environmental effects for different
seedlings were uncorrelated. Estimates of narrow-
sense heritability (hz) of each trait were obtained as the

ratio of additive variance (03) to the total phenotypic

e, were o

variance (= o, + 0, + ;). Genetic relationships
among individuals were taken into account via the
additive genetic relationship matrix. Also obtained
from Eq. 1 were best linear unbiased prediction
(BLUP) of additive genetic values (i.e. a) of all
individuals for all volatiles, and then, between-volatile
additive genetic correlations were estimated as pro-
duct-moment correlation between BLUPs. To calcu-
late phenotypic correlations between volatiles, we
used best linear unbiased estimates (BLUESs) obtained
by treating individuals effect (a) as fixed. Equation 1
was implemented using ASReml software (Gilmour
et al. 2006).

Volatile networks

Correlation networks (Arkin et al. 1997; Steuer 2006)
offer a way to investigate patterns of interdependency
between flavour volatiles. In correlation networks, a set
of nodes (volatiles) is connected by a system of edges
(correlations between the volatiles). The size of the
vertices (or nodes) is proportional to the absolute value
of their coordinate in the first eigenvector and expresses
how strongly they belong to a group. With correlation
network plots, not only can clusters of volatiles be
identified, but this visualisation technique also makes it
possible to see how clusters of volatiles are connected.
The network plots can give insight into the functional
relations among volatiles, by comparing metabolic
correlation networks to known biochemical pathways.
The significance levels (i.e. p values) for all pair-wise
correlations were converted into g values, a measure of
significance in terms of the false discovery rate, using a
procedure in the R with the ‘qvalue’ package (Storey and
Tibshirani 2003). In this way, significance of correla-
tions was determined, while correcting for multiple
comparisons. Correlations were called significant when
q < 0.05. Only the significant correlations were used in
the construction of networks in R with the ‘igraph’
package (Csardi and Nepusz 2006).
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Single nucleotide polymorphism (SNP)
genotyping

Seedlings were genotyped using the IRSC apple 8K
SNP array vl (Chagné et al. 2012a), based on the
Infinium® II technique. Genomic DNA (gDNA) was
extracted from leaves using the NucleoSpin® Plant IT
kit (Macherey—Nagel GmbH and Co. KG, Diiren,
Germany) and quantified using the Quant-iT™ Pi-
coGreen® assay (Invitrogen). Two hundred nano-
grams of gDNA were used as a template for the
reaction, following the manufacturer’s instructions.
SNP genotypes were scored using the genotyping
module (version 1.8.4) of the Illumina® GenomeStu-
dio software (Illumina Inc.). The reliability of each
genotype call was measured using the GenCall score
set at a minimum of 0.15, which is a lower bound for
calling genotypes relative to its associated cluster.
SNPs were subsequently discarded using a sequence
of criteria in the following order: GenCall score at the
50 % rank (50 % GC) < 0.40; cluster separation
(ClusterSep) < 0.25; more than 5 % missing calls;
segregation discrepancy. BEAGLE 3.1 software
(Browning and Browning 2007), with default settings,
was then used for imputing missing SNP genotypes.

Marker—trait association analysis

The unified mixed linear model (MLM) approach (Yu
et al. 2006) that accounts for multiple degrees of
relatedness (population structure and cryptic relation-
ships) was used:

y=Xp+Za+e 2)

where y is the vector of phenotypic values adjusted for
fixed effects (e.g. seasonal effect, which was estimated
from Eq. 1), B is an unknown vector containing fixed
effects, including a SNP marker, population structure
(Q) and the intercept; X is the known design matrix
relating to B. All other effects are the same as in Eq. 1.
To avoid spurious associations that could arise from
population structure, we included principal compo-
nents (PCs) derived from the genotypic data matrix
(n x m) as covariates (i.e. Q matrix). The optimal
number of PCs was determined by forward model
selection using the Bayesian information criterion as
implemented in GAPIT. In Eq. 2, each SNP was tested
in turn using a t test (Hy: no additive association
between the SNP and trait), and p values were
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obtained. Uncorrected comparison-wise p value of
p <1 x 107° was used to identify significant mark-
er—trait associations. Equation 2 was fitted using
GAPIT software (Lipka et al. 2012).

It is likely that polymorphisms associated with
complex traits (such as most flavour volatiles) often
affect multiple traits, especially those that are highly
correlated. Thus, we conducted multi-trait genome-
wide analysis (GWA), whereby the effects of SNPs
were first divided by their corresponding standard
errors to calculate signed ¢ values. Then, a multi-trait
test of the effect of a SNP was calculated as:

=tV (3)

where t; is the vector (p x 1) of effects of ith SNP on p
traits, V is the correlation matrix (p X p) among the
estimated SNP effects across all SNPs. The statistic t*
is distributed as a Chi-squared (3?) with p degrees of
freedom (Bolormaa et al. 2013). Multi-trait GWA was
conducted for each of five groups of volatiles (i.e.
acetate esters, ethyl esters, alcohols, terpenes and all
remaining esters), as well as for all volatile com-
pounds together.

Mode of gene action

The nature of mode of inheritance was quantified
using the ratio of dominance (d) to additive (a) effects
following Eckert et al. (2009). Additive (A), partial or
complete dominance (D) and over-dominance (OD)
were interpreted as values in the range of [—0.50 < d/
a < 0.50], [0.50 < Id/al < 1.25] and [ld/al > 1.25],
respectively. Additive (a) effect was calculated as the
difference between the best linear unbiased estimate
(BLUE) of the effect of each homozygous class at a
SNP locus (2a = |usy — Hpg|)- Dominance (d)
was calculated as the difference between BLUE of
the effect of the heterozygous class (AB) and the
average BLUE across both homozygous classes

[d = pap — 0.5(pan + upp)l-

Results
Traits and markers

Altogether 64 volatiles were measured by GC-MS
analysis of the headspace of the various apple fruit

samples. Only those volatiles that were detected in
more than 85 % of the seedlings were retained for
further analysis. In addition, any volatile that showed
insignificant variation between studied individuals
was dropped. Summary statistics of the retained 37
flavour volatiles are shown in Table 1. At least 20 of
these 37 volatiles (e.g. ethyl acetate, ethyl butanoate,
2-methylbutyl acetate, ethyl pentanoate, propyl ac-
etate and ethyl hexanoate) have been previously
reported as important contributors to flavour of widely
grown apple cultivars including ‘Golden Delicious’,
‘Gala’, ‘Royal Gala’, ‘Cox’s Orange Pippin’ and
‘MclIntosh’ (Young et al. 1996; Dixon and Hewett,
2000). The median concentration value for ethyl esters
varied from 0.07 (ethyl propanoate) to 4.00 (ethyl
butanoate), which were relatively lower than values
for acetate esters: propyl acetate (0.41), butyl acetate
(14.66), 2-methylbutyl acetate (8.82), pentyl acetate
(1.36) and hexyl acetate (18.52). The highest median
concentration was observed for E,E-farnesene (55.24)
followed by butyl butanoate (53.37) (Table 1).

A set of 3521 SNPs was retained following various
SNP data quality filters (e.g. GenCall score, cluster
separation, missing calls and segregation discrepan-
cy). The minor allele frequency (MAF) at these
selected loci ranged from 0.02 to 0.50 with an average
of 0.26. The retained SNPs were evenly spread across
the apple genome, i.e. the proportion (out of 3521) of
SNPs on any given linkage group (LG) was generally
similar to the relative size of that LG assuming the
total genome size as 742 megabases (Mb). The
accuracy of imputing genotypes at the retained SNPs
ranged from 0.85 to 1.00 with an average of 0.98.

Genetic parameters

Estimates of /* ranged from 0.09 (pentyl acetate, butyl
acetate) to 0.71 (2-methylbutyl butanoate) (Table 1).
In general, i estimates of acetate esters were lower
than those of other ester groups, alcohols and terpenes.

The average estimated correlation between pairs of
flavour volatiles was 0.40 (Fig. 1; Supplementary
Table 1), while near-perfect positive correlations were
observed among volatiles within some groups, e.g.
acetate esters, ethyl esters and the isomeric terpenes.
The average correlation between SSC and all other
volatiles was close to zero (—0.08), but moderate
negative correlations were observed with hexanol
(—0.28) and butanol (—0.25). Similarly to the
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Table 1 Basic statistics (mean, standard deviation (SD), minimum and maximum) and narrow-sense heritability (hz) for 37 apple
volatiles measured by GC-MS

Volatile (ID) Group MS (mlz)* Mean® Median Max n?

Ethyl propanoate (V3) Ethyl ester 102.07 1.65 0.07 130.24 0.41
Propyl acetate (V4) Acetate ester 61.07 2.48 0.41 38.55 0.15
Methyl butanoate (V5) Ester 74.08 3.51 1.08 123.65 0.40
Methyl 2-methylbutanoate (V6) Ester 57.08 0.83 0.24 31.57 0.44
Ethyl butanoate (V8) Ethyl ester 88.05 60.63 4.00 1600.4 0.39
Propyl propanoate (V10) Ester 57.08 1.86 0.57 65.77 0.26
Ethyl 2-methylbutanoate (V11) Ethyl ester 102.08 14.35 0.45 434.9 0.33
Butyl acetate (V12) Acetate ester 73.06 71.35 14.66 987.4 0.09
2-Methylbutyl acetate (V16) Acetate ester 70.08 47.68 8.82 842.22 0.38
Propyl 2-methylbutanoate (V19) Ester 103.07 1.03 0.17 36.03 0.64
Butyl propanoate (V20) Ester 57.1 12.57 4.96 246.55 0.25
Butanol (V21) Alcohol 56.08 44.69 16.58 940.76 0.43
Pentyl acetate (V23) Acetate ester 70.08 3.06 1.36 19.75 0.09
Methyl hexanoate (V24) Ester 74.05 1.38 0.45 25.64 0.60
2-Methylbutanol (V26) Alcohol 56.08 7.21 2.55 268.9 0.35
Butyl butanoate (V27) Ester 71.06 90.35 53.37 913.87 0.45
Butyl 2-methylbutanoate (V28) Ester 103.08 7.83 3.34 125.78 0.39
Ethyl hexanoate (V29) Ethyl ester 88.08 35.68 1.36 2395.69 0.51
2-Methyl butyl butanoate (V33) Ester 71.06 2.22 1.07 38.61 0.71
Hexyl acetate (V34) Acetate ester 56.06 53.47 18.52 510.54 0.15
Butyl pentanoate (V36) Ester 57.06 0.28 0.17 1.93 0.45
Pentyl butanoate (V37) Ester 71.08 1.54 1.11 11.18 0.45
Propyl hexanoate (V38) Ester 99.09 1.23 0.47 19.95 0.48
Hexyl propanoate (V42) Ester 57.07 3.31 1.75 49.19 0.34
Hexyl 2-methylpropanoate (V43) Ester 89.07 0.71 0.52 7.08 0.40
2-Methylpropyl hexanoate (V44) Ester 99.09 0.3 0.14 4.2 0.66
Hexanol (V45) Alcohol 56.06 14.6 7.02 330.96 0.53
Butyl hexanoate (V47) Ester 117.1 30.18 14.70 290.72 0.39
Hexyl butanoate (V48) Ester 71.05 36.57 26.40 218.25 0.26
Hexyl 2-methylbutanoate (V49) Ester 103.1 48.12 22.93 590.55 0.30
3-Methylbutyl hexanoate (V51) Ester 99.1 1.09 0.45 31.48 0.59
Pentyl hexanoate (V54) Ester 117.09 0.63 0.45 4.2 0.38
Butyl heptanoate (V55) Ester 113.1 0.14 0.08 0.96 0.40
Hexyl hexanoate (V58) Ester 117.1 15.44 9.87 149.12 0.41
Anethole (V60) Aromatic 148.1 1.45 0.28 85.34 0.49
Z,E-farnesene (V61) Terpene 93.08 0.97 0.56 9.93 0.11
E,E-farnesene (V62) Terpene 93.08 74.1 55.24 496.85 0.20

% Mass spectral quantitation ions

® Concentrations as ng tetradecane equivalents (m/z 57) released cm ™2 surface area h™!

correlations with SSC, there was a pattern of negative Table 1). Acetate esters showed the strongest negative
correlations between TA and other volatiles—the correlation with TA (average —0.24), followed by an
average correlation was —0.09 (Supplementary aromatic compound anethole (—0.19). One of the
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Fig. 1 Heatmap of estimated genetic correlations between
apple flavour volatiles. High positive correlations were observed
among volatiles within some groups, e.g. acetate esters, ethyl

terpene isomers (Z,E-farnesene) showed the highest
correlation (0.23) with TA. The observed genetic
correlation between SSC and TA was 0.03, suggesting
independent genetic control of these two traits. About
half the 37 volatiles showed negative but insignificant
correlations with sensory flavour, and TA was more
strongly positively correlated with sensory flavour
than SSC (0.37 vs. 0.15).
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esters and the isomeric terpenes. Soluble solids concentration
(SSC) and titratable acidity (TA) were generally negatively
correlated with volatiles. (Color figure online)

On average, the genotype-by-year interaction
(G x Y) accounted for 12 % of the total phenotypic

variation of various traits, which was far less than
that contributed by differences between genotypes

(61 %). Terpenes (Z,E-farnesene and E,E-farne-
sene) showed the highest year-to-year variation with
G x Y accounting for about 25 % of the phenotypic
variation. In contrast, G x Y contributed only about
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5 % of the total phenotypic variation for acetate
esters.

Cluster and network analysis

All individuals were used for cluster analysis, but
only the small- and large-fruited individuals are
shown in Supplementary Fig. 1 for clarity of group-
ing. Clustering of individuals based on their SNP
profile revealed distinct group of small (<65 g,
N = 40) and large (>200 g, N = 38) fruit size
individuals (Supplementary Fig. 1A). Clustering
based on flavour volatiles revealed that large-fruited
individuals were more tightly clustered in the centre,
while small-fruited individuals were scattered along
PC1 (Supplementary Fig. 1B). Tight clustering of
large-fruited individuals suggested relatively more
homogeneity at the genetic and phenotypic levels in
this group of individuals. The loadings of volatiles-
based clustering suggested that acetate esters and
ethyl esters were the key traits contributing to the
grouping patterns of individuals.

We conducted correlation network analysis to
understand the co-expression (or clustering) patterns
of volatiles in small- and large-fruited individuals
(Fig. 2). The known major classes of volatiles (i.e.
acetate and ethyl esters, alcohols and terpenes)
showed relatively tighter and more separated net-
works in large-fruited than in small-fruited indi-
viduals. The size of the node (i.e. circle) reflects the
relative contribution (or expression) of different
volatiles to the observed variability in a population.
The size of each node is also proportional to the
number of links it has, suggesting fewer significant
links between volatiles in the large-fruited indi-
viduals. A relatively higher network density (0.68
vs. 0.31) observed in small-fruited individuals
suggested more complex biosynthesis of volatiles
than in large-fruited population (Fig. 2). The aver-
age path length (using the shortest path between
each pair of nodes) and the average degree (i.e. the
average number of adjacent edges of a node) of
small- and large-fruited individuals were 1.32 versus
1.85, and 25 versus 12, respectively, supporting
these assertions. The patterns of volatiles networks
derived from all samples (N = 200) resembled to
those observed in small- and large-fruited indi-
viduals (Fig. 2).
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Fig. 2 Correlation networks of volatiles in small fruit size
(<65 g), large fruit size (>200 g) and all apple genotypes.
Nodes represent volatiles, lines their pair-wise correlations. The
size of each node (i.e. circle) reflects the relative contribution of
different volatiles to the observed variability in a population and
is proportional to the number of links it has. Only significant
(g < 0.05) correlations are shown. Different groups of volatiles
are shown in different colours: acetate esters (white), alcohol
(pink), aromatic (red), ethyl esters (purple), terpenes (yellow)
and other esters (green). Identification of individual volatiles is
by numbers as listed in Table 1. (Color figure online)

Marker—trait associations and mode of inheritance
Acetate esters

Significant associations were found between acetate
esters and SNPs on LGs 2, 4 and 8 (Fig. 3a). A SNP
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(ss475876985) located 1979 kilobase (kb) from the top
of LG2 and lying within +50 kb of the MpAATI gene
was associated with 2-methylbutyl acetate (2-MBA),
and the second most significant SNP on LG2
(snpC0O903605) showed association with pentyl ac-
etate. GDsnp00388 (ss475882758) on LG4 showed
significant association with pentyl acetate, while a
SNP (ss475878971) located on LG8 showed asso-
ciation with some acetate esters (Fig. 3a).

Ethyl esters

SNPs significantly associated with ethyl esters were
located on LGs 1 (ss475876870), 5 (ss475878468), 10
(ss475879838) and 17 (ss475882170) (Fig. 3b). Most
of these SNPs showed association with multiple ethyl
esters. The second most significant SNP (GDs-
np00782: ss475882287) associated with ethyl hex-
anoate on LG1 was in close proximity (165 kb) of a
SNP within the gene MdCXE4 (MDP0000767905).

Alcohols

The two SNPs (ss475875800 and ss475876992 on
LG2) showing significant association with hexanol
were about 2000 kb apart, and none of these SNPs was
within any annotated gene (Fig.3c). A SNP
(ss475878043) on LG4 was associated with butanol
and hexanol, while a SNP (ss475878151) on LG5 was
associated only with hexanol. The SNP ss475878893
on LG7 showed association with hexanol, whereas
significant SNPs on LG13 (ss475880758) and LG15
(ss475881427) were associated with both hexanol and
butanol (Fig. 3c). The SNP ss475880758 (LG13) is at
a physical distance of about 700 kb from the gene
MdALOXS8b, and a significant SNP (ss475878678) on
LG6 is about 340 kb away from the genes MdLOX9a.
No significant association was found for
2-methylbutanol.

Terpenes

A SNP (ss475876870) on LGI1, showing significant
association with E,E-farnesene (Fig. 3d), also showed
significant association with ethyl hexanoate (see
Fig. 3b). The first and the second highly significant
SNPs (ss475882675 and ss475882678, respectively)
on LG2 are not within any annotated gene but are

about 2000 kb away from the gene MdLOX5e. The
most significant SNP associated with Z,E-farnesene on
LG10 was also associated with ethyl esters. GDs-
np02848 (ss475882411), which is about 700 kb away
from MdLOX1e on LG12, was significantly associated
with Z,E-farnesene. A SNP (ss475882170) on LG17,
which showed association with ethyl esters (see
Fig. 3b), was also associated with Z,E-farnesene
(Fig. 3d).

No significant SNP—trait association was detected
for 10 volatiles. The genomic locations of all 108
marker—trait associations identified for the rest of the
27 volatiles are shown in Supplementary Table 2.
A SNP (ss475877421) on LG2, associated with
multiple volatiles (hexyl 2-methylpropanoate, hexyl
propanoate and butyl propanoate), is flanked by the
two SNPs (ss475882675 and ss475882678) that
showed association with Z,E-farnesene. The SNP
(ss475878043) on LG4, showing significant asso-
ciation with various volatiles, is at a distance of about
600 kb from the gene MdLOX7a. A SNP
(ss475878678), which is at about 340 kb distance
from MdLOX9a on LG6, showed association with a
number of ester and alcohol compounds (Supplemen-
tary Table 2). The SNP ss475881427 at 14.69 Mb on
LG15 was associated with two alcohol compounds and
six esters. In addition, the SNP ss475882170 on LG17
showed significant association with terpenes, ethyl
esters and propyl 2-methylebutanoate (Supplementary
Table 2).

Multi-trait GWA revealed two SNPs (ss475882758
on LG4 and ss475878971 on LG8) associated with
acetate esters, while only one SNP (ss475882170 on
LG17) showed significant association with ethyl esters
(Supplementary Table 2). The SNP ss475875800 and
$s475881427 on LG2 and LG15, respectively, were
the most significant SNPs associated with alcohols.
The most significant SNP on LGs 2 and 12, namely
$s475882675 and ss475882411, respectively, was
associated with terpenes. There were three genomic
locations associated with the remaining esters:
ss475876870 (LG1); ss475881427 (LG15); and
85475882170 (LG17) (Supplementary Table 2). Some
SNPs were found significant in multi-trait GWA but
not in single-trait analysis; for example, ss475882099
was associated with alcohols on LG17; ss475877324
and ss475878277 on LG2 and LGS, respectively, were
associated with the remaining esters.

@ Springer
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Fig. 3 Marker—trait
associations for various
groups of apple volatiles:
acetate esters (a), ethyl
esters (b), alcohols (¢) and
terpenes (d). Horizontal line
indicates the genome-wide
significance threshold

(p < 0.001). Significant
SNPs are indicated by the
respective NCBI SNP ID
(ss475xxxxxx). SNPs that
were associated with
volatiles in different groups
are highlighted in green
(bold-type). (Color figure
online)
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Sensory flavour intensity

The SNP array used in this study was designed to
encompass SNPs in the coding region (or close
proximity) of some candidate genes such as MpAATI,
MdACXE4 and MdLARI. GDSNP00782 (ss475882287)
and MdCXE4 on LG1, and MdLARI and
MDP000294924 (ss475882883) on LGs 16 and 8,
respectively, were associated with FINT (Fig. 4a) in a
population of 1200 seedlings generated from crosses
among six advanced selections (see Kumar et al. 2013
for details). In the germplasm accessions described
here, five genomic locations, namely ss475876802
(LG1), ss475877032 (LG2), ss475878678 (LG6) and
MdALARI and Ma (LG16), were associated with FINT
(Fig. 4b). Variance explained by the significant SNPs
varied between 1 and 4 %.

Mode of gene action

The putative mode of gene action at a subset of loci
that were significantly associated with one or more

Fig. 4 Genome-wide A 14
association of apple SNP
markers with the sensory
flavour intensity (FINT) in a
breeding population (a) and
germplasm (b). Titratable
acidity (TA) and astringency
(AST) are among the key
drivers of FINT. Significant
SNPs are indicated by the 4 -

12 4

10 +

-Logy, (p)

CXE4

Y/

flavour volatiles is shown in Supplementary Table 3.
Majority (~85 %) of the SNP—trait associations were
consistent with the additive mode of inheritance. A
dominant gene action was observed at a SNP within
the MpAATI gene associated with 2-MBA (Supple-
mentary Table 3). Most SNP effects were small to
moderate and accounted for about 3-10 % of the
phenotypic variation. The number of significant
marker—trait associations was the highest for hexanol,
followed by ethyl hexanoate. The MAF at the
significant loci varied from 0.05 to 0.47 (Supplemen-
tary Table 3), suggesting that the estimates of effect
size and mode of inheritance would largely be
unbiased.

Discussion

Genetic parameters

Understanding of key parameters such as the genetic
control, between-trait relationships and seasonal and
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site variation is essential for the genetic improvement
of apple flavour volatiles. The GC-MS technique has
recently been used for flavour profiling of apple
genotypes (Wang et al. 2007; Duan et al. 2012).
Rowan et al. (2009b) reported that most of the
volatiles were highly heritable (2% > 0.40), which is
largely supported by our results here. Some of the
differences in reported heritability values between the
results of Rowan et al. (2009b) and our present study
could be due to the size and structure of the study
populations and the different growing conditions
(own-rooted versus rootstock) (Kumar et al. 2011).
Genotypes in our study were clonally replicated, so the
high signal-to-noise ratio should provide robust
heritability estimates. Apart from a few exceptions,
the vast majority of all pairs of 37 volatiles were
positively correlated, and near-perfect correlations
(Fig. 1) were observed between volatiles within
groups such as acetate esters, ethyl esters, alcohols
and terpenes. These results suggest that the genetic
networks responsible for the biosynthesis of apple
flavour volatiles are highly interdependent. This
interdependence is supported by our discovery of a
number of genomic locations significantly associated
with multiple volatiles.

This study demonstrated that the magnitude of
G x Y interaction, across all volatiles, was one-fifth
of the genotypic variation, suggesting that reliable
decisions could be made about the ranking of geno-
types by using only one season’s data. We obtained
data only from one site, so the magnitude of genotype-
by-site (G x S) interaction could not be quantified.
Costa et al. (2013) reported that G x S interaction was
significant only for 20 out of 181 flavour volatiles,
suggesting that estimates based on one site could still
be very reliable. Together with high heritabilities,
largely favourable genetic correlations and minimal
genotype-by-environment interactions suggested that
simultaneous genetic improvement of a particular set
of flavour volatiles is very possible. However, suc-
cessful breeding for flavour improvement will also
need an understanding of genetic relationships be-
tween flavour volatiles and sensory descriptors of
apple flavour, as well as other fruit quality traits.

Volatiles networks

The average fruit weight of genotypes in our study
varied between 2 and 350 g. Most commercial cultivars
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have an average fruit size >150 g. Primitive apple
genotypes, often with small fruit sizes, are generally
targeted as a source of novel traits, so the introgression
plans would benefit from the understanding of volatiles
network in such a gene pool. The average pair-wise
correlation between all pairs of 37 volatiles in the small-
and large-fruited groups was 0.46 and 0.19, respective-
ly, and the proportion of negative correlations among all
pair-wise correlations was 1 and 30 %, respectively. It
appears that the simultaneous selection for larger fruit
size and high eating quality (which includes sensory
flavour) could have indirectly operated on a small set of
flavour volatiles (especially acetate esters) so that the
networks with the remaining volatiles would have been
weakened. Figure 2 displays less connectivity between
volatiles in the large-fruited seedling group because
many of the estimated correlations were not significant.
Some authors (e.g. Ursem et al. 2008; Klee and Tieman
2013) reported that the expression level and interrela-
tionships among some flavour volatiles varied between
different tomato types (e.g. cherry, beef and round) that
also varied in fruit sizes.

Marker—trait associations

The chemistry of apple flavour is complex; improved
flavour demands alterations of sugars, acids and
volatiles synthesised through multiple parallel path-
ways. This chemical complexity means that multiple
genes will probably need to be introduced to achieve
the proper balance of flavour. The SNP array used in
this study encompassed genes that are known to play
roles in the biosynthesis of various esters in apple.
Significant associations of SNPs residing in close
proximity to genes MpAATI and MdCXE4 with
2-MBA and sensory flavour, respectively, provide
further support for the role of these genes in imparting
apple flavour. Some of the SNPs, such as ss475881427,
$s475881912 and ss475882170, located on LG15,
LG16 and LG17, respectively, were associated with
multiple volatile esters, so these sites could be ideal for
mining candidate genes for functional genomics
studies. Putative QTLs identified for esters and alco-
hols on the top part of LG2 are consistent with those
reported in previous studies (Dunemann et al. 2009;
Rowan et al. 2009a; Costa et al. 2013; Souleyre et al.
2014), making this genomic location a crucial ‘hot
spot’ for contributing to the biosynthesis of flavour
volatiles.
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Similar to some other studies (Zini et al. 2005;
Dunemann et al. (2009), SNP-trait relationships were
found on almost all LGs, and there were some volatiles
(e.g. hexyl acetate, butyl hexanoate and 2-methylbu-
tanol) for which no QTL was identified. In addition to
a SNP (ss475876985) within £50 kb of the MpAATI
gene on LG2, there were two SNPs, namely
ss475878971 (on LG8) and ss475882906 (on LGY),
associated with 2-MBA. The per cent variation in
2-MBA explained by the SNP ss475878971 on LG8
was similar (about 6 %) to the SNP on LG2. Dune-
mann et al. (2009) reported a QTL for 2-MBA mapped
at the top of LG9 (‘Discovery’), which is in agreement
with this study. These results suggested that apart from
the MpAATI gene, there are other genes with similar
effect size contributing to the expression of 2-MBA.

Vogt et al. (2013) provide a catalogue of lipoxyge-
nase (LOX) genes that play a decisive role in the
production of apple flavour volatiles. Although SNPs
from within the LOX gene family were not represented
on the SNP array used in this study, a number of SNPs
showing significant associations with flavour volatiles
were in close proximity to the LOX genes, namely
MdLOX5e (LG2), MdLOX7a (LG4), MdLOX9%a
(LG6), MdLOXIe (LG12) and MdLOX8b (LG13).
Many important aroma and flavour volatiles are
ripening-associated (Defilippi et al. 2005; Schaffer
et al. 2007). Since ripening in apple is ethylene-
dependent, the enzymes responsible for synthesis of
some flavour volatiles could, either directly or indi-
rectly, be driven by the transcription factors that
control ethylene production (Tieman et al. 2006). The
role of Md-ACO1 and Md-ACS1 genes, mapped to
LG10 and LGL15, respectively, in the ethylene biosyn-
thesis is well documented (e.g. Zhu and Barritt 2008),
but the physical location of significant SNPs
$s475879838 (on LG10) and 475881427 (on LG15)
suggested that they would be segregating indepen-
dently of Md-ACOI and Md-ACS]1, respectively.

The proportion of variance explained by the sig-
nificant SNPs varied between 1 and 10 %, which could
partly be due to low linkage disequilibrium (LD)
between SNP loci in the germplasm population used
in this study. The average distance between the adjacent
SNPs in our study was 170 kb, and the average LD
(measured as the squared allelic correlation coefficient,
,2) between the adjacent SNPs was 0.13 (see Kumar
et al. 2014). In a breeding population of highly related
individuals (coefficient of relationship = 0.35), the

magnitude of LD for a similar physical distance between
SNPs was about 0.29 (Kumar et al. 2013). Finding SNP-
trait associations in germplasm collections will require
higher SNP density due to faster LD decay in such
populations, so more genomic locations associated with
flavour compounds can potentially be identified using
higher density arrays or genotyping by sequencing.
A SNP (ss475876985) linked to the AATI gene,
explaining about 6 % of the variation in 2-MBA, was
the same reported by Souleyre et al. (2014) explaining a
large proportion (about 45 % on average) of variation in
over 35 ester compounds in a ‘Royal Gala’ x ‘Granny
Smith’ cross. Apart from potentially different LD
patterns, it is also likely that this SNP could be
associated with different variants of the AATI gene in
our study. A sufficient amount of variation needs to be
accounted by a marker (or two) so that it would be
worthwhile for MAS to be applied. In the absence of any
large-effect markers, whole genome selection would be
a better tool for selection purposes (Kumar et al. 2013).

The Bayesian information criterion (BIC) was used
to decide the optimal number of principal components
to include as covariate to account for population
structure. For all traits, the largest BIC value, indicat-
ing the goodness of fit, was obtained when no
covariate was included in the model. These results
suggested that the detection of SNP-trait association
in this study would not be biased as there was
apparently no clear population structure. The sample
size (200 individuals) used here to study marker—trait
associations could be considered small to identify
reliable associations. However, clonal replications of
individuals helped in controlling environmental noise
and enhancing effective heritability. Also, the MLM
approach used here reduces the number of false
positives. The fact that this study confirmed some
previously reported associations, suggesting that there
are reliable marker—traits associations in the data
presented here. For a given trait, the number of false
positives in this study would be about three (= 3521
SNPs x 0.001). Following Bolormaa et al. (2010), a
false discovery rate (FDR) of about 3 % is expected
based on the significance threshold (p < 0.001) and
the number of nominally significant SNP (108 out of
3521) in this study. Ideally, the significant SNP—trait
associations should be validated in an independent
data set even if a stringent threshold (or Bonferroni
correction) was used to identify associations in the
discovery data set.
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Relationship between sensory and objective
measures of flavour

Flavour is a somewhat subjective phenotype that
integrates multiple sensory systems, ultimately
manifesting itself at brain level. Appearance and
texture certainly influence the subjective evaluation of
flavour (Klee 2010), but the underlying chemistry can
be reduced to molecules that interact with taste and
olfactory receptors (Shepherd 2006). The relative
contributions of flavour compounds (sugar, acids and
volatiles) have been studied in some crops. The most
significant contributor to consumer liking is sugar,
with a strong positive correlation between perceived
sweetness and overall liking (Klee and Tieman 2013).
Volatiles can also make significant positive or
negative contributions to liking. For example, the
most abundant volatiles (e.g. cis-3-hexenal) in tomato
do not affect consumer preferences, whereas some less
abundant volatiles (e.g. geranial) do significantly
affect preferences (Tieman et al. 2012).

Harker et al. (2002) showed some association
between objective measures (acids, sugars, astringen-
cy) and FINT, and our results provide gene-based
support for this assertion. For example, some of the
genes such as Ma, MdLARI and MDP000294924
(ss475882883), significantly associated with FINT
score (Fig. 4), were previously reported to be in
association with traits such as TA and astringency
(Kumar et al. 2013) and phenolics (Chagné et al.
2012b; Khan et al. 2012) which influence the sensory
flavour. We also found some genomic locations (e.g.
GDsnp00782, MdCXE4 and MdLOX9a) associated
with FINT as well as the various flavour compounds
(e.g. esters and hexanol). Phenotypic relationships of
overall FINT and some descriptors (e.g. fruity and
grassy) with objective measures (such as sugars, acids
and esters) have been reported before, but perhaps this
is the first study in apple demonstrating relationships
at the molecular level. These results suggest that
genomic locations of specific flavour volatiles under-
lying overall FINT (and flavour descriptors) can be
identified from GWA studies, and these could be
targeted for genetic improvement using molecular
markers. We must develop selection tools to assist the
breeders in maintaining and ultimately improving
flavour and nutrient quality within the context of better
quality and high yield.
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In summary, this study showed that the majority of
apple flavour volatiles are highly heritable and
favourably correlated so genetic gains can be made
relatively easily through conventional breeding. Effect
sizes of SNP loci, some of which are associated with
multiple compounds, were small (<10 %), indicating
that whole genome selection, rather than MAS, is
better suited for breeding for these traits. With respect
to the mode of inheritance at the significant loci, the
additive gene action was more common than dominant
gene action. Simultaneous GWA for sensory flavour
descriptors (and/or FINT) and flavour compounds is
recommended for unravelling genetic mechanisms to
facilitate MAS for targeted flavours in apple.
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