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Abstract. Current macadamia breeding programs involve a lengthy and laborious two-
stage selection process: evaluation of a large number of unreplicated seedling progeny,
followed by replicated trials of clonally propagated elite seedlings. Yield component
traits, such as nut-in-shell weight (NW), kernel weight (KW), and kernel recovery (KR)
are commercially important, are more easily measured than yield, and have a higher
heritability. A genome-wide association study (GWAS) combined with marker-assisted
selection offers an opportunity to reduce the time of candidate evaluation. In this study, a
total of 281 progeny from 32 families, and 18 of their 29 parents have been genotyped for
7126 single nucleotide polymorphism (SNP) markers. A GWAS was performed using
ASReml with 4352 SNPs.We found five SNPs significantly associated with NW, nine with
KW, and one with KR. Further, three of the top 10markers for NWandKWwere shared
between the two traits. Future macadamia breeding could involve prescreening of
individuals for desired traits using these significantly associated markers, with only
predicted elite individuals continuing to the second stage of selection, thus potentially
reducing the selection process by 7 years.

Macadamias (Macadamia integrifolia,
Macadamia tetraphylla, and their hybrids)
are grown commercially around the world for
their high-quality nuts. The genus is from the
ancient Proteaceae family and native to the
east coast of Australia (Nock et al., 2016).
Macadamia was first developed as an in-
ternational commercial crop in Hawaii in
the early 1920s (Hardner et al., 2009). Nuts
consist of an edible kernel enclosed in a hard
shell, which are grown inside a husk on the
tree (Hardner et al., 2009). In 2017, nut-in-
shell production in South Africa comprised
�25% (46,490 mt) of the world’s total crop,
followed by Australia (43,000, 23%), Kenya
(30,500, 16%) and the United States
(Hawaii, 17,900, 9%) (Australian Macada-
mia Society, 2018). Breeding new macada-
mia varieties is usually focused on harnessing

higher nut yield per tree. However, selecting
for yield is challenging due to the polygenic
nature of the trait, low heritability (H� 0.12),
and large genotype by environment interac-
tions (Hardner et al., 2002).

Yield component traits such as NW, KW,
and KR are also important selection criteria
for new varieties (Hardner et al., 2009). NW
between 6.5 and 7.5 g per nut is desirable, due
to the ease of handling and cracking com-
pared with smaller nuts (Hardner et al.,
2009). Desirable KW is 2 to 3 g, which is a
selection criteria that is described as ‘‘in-
termediate optimum’’ (Falconer, 1989); ker-
nels <1.5 g and >3.5 g have issues with
roasting and processing (Hardner et al.,
2009). KR, the percentage of KW to NW, is
very important in terms of production and
processing costs, and as such is a major
determinant of the per kilogram price farmers
receive from processing factories for con-
signments. It is worth noting, however, that
cultivars with high KR may have thin shells
and be more susceptible to pests and diseases
(Hardner et al., 2009).

GWAS examine genetic markers across
the genome individually and test for a sig-
nificant association with a particular trait
(Khan and Korban, 2012). If genetic markers
could be discovered that were associated with
important traits, these markers explained a
reasonable proportion of the genetic variation
in these traits, and their chromosome location
known, then the markers could be used to
increase genetic gain. This can be achieved
by combining GWAS with marker-assisted
selection (MAS). MAS is a method whereby

candidate cultivars are selected indirectly
based on genetic markers linked with desir-
able traits (Collard et al., 2005; Tester and
Langridge 2010). Screening seedlings for
markers significantly associated with impor-
tant traits could predict these trait measure-
ments years before they are actually expressed.
As such, GWAS followed byMAS is a feasible
way of accelerating selection cycles, by select-
ing candidate cultivars at an earlier stage, and
thus improving genetic gain (Khan andKorban,
2012; Isik et al., 2015).

Long generation times of tree crops com-
bined with large plant size generally means
lengthy and laborious phenotyping to iden-
tify superior genotypes in tree crop breeding.
Research into using GWAS for improving
fruit and nut tree crop breeding is expanding,
with significant associations found for fruit
quality traits in Japanese pear (Iwata et al.,
2013; Yamamoto et al., 2014), apple (Kumar
et al., 2013), and peach (Cao et al., 2012).
Recently, O’Connor et al. (2018) evaluated
the potential to use genomics in macadamia
breeding to improve varieties. The current
study aimed to identify genetic markers
associated with NW, KW, and KR in macada-
mia using GWAS for future use in MAS.

Materials and Methods

Plant material. The Australian macada-
mia breeding program’s B1.2 population is
the focus of this study. The entire population
included 2000 seedlings from 141 families,
which were planted across nine locations in
southeast Queensland and northeast New
South Wales, Australia, between 2001 and
2003 (Topp et al., 2016). This study involved
281 progeny from 32 families across four of
these sites in Queensland, as well as 18 of
their 29 parents (n = 299).

Phenotypic analysis. Historical data were
used in the study, taken from trees in 2010,
when the trees were 7 to 9 years old. A
sample of 50 nuts per tree was taken and dried
to 1% moisture content. An average value
for NW was obtained. Nuts were cracked
mechanically, with kernel and shell weighed
separately to calculate average KW and also
KR per tree. NW and KW were both log
transformed [log10(x + 1)] due to the skewed
nature of the data.

Genotyping and association analysis.
Each tree was genotyped for 7126 SNP
markers by Diversity Arrays Technology.
Marker locations were unknown, as a com-
plete reference genome is currently not avail-
able. SNPs were pruned for $50% call rate
and $2.5% minor allele frequency across
individuals, leaving 4352 markers for analy-
sis. A genomic relationship matrix (GRM)
was constructed using R to model the kinship
of individuals.

Association analysis was performed for
the three traits using ASReml (Gilmour et al.,
2009) in R, using a mixed model:

y ¼ Wb þ Xg þ Zu þ e;

where y is a vector of phenotypes, W is a
matrix allocating fixed effects to individuals,
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b is a vector of fixed effects, X is a design
matrix allocating records to the marker effect
(modeled as 0, 1, or 2 for homozygous,
heterozygous, and alternate homozygous ge-
notypes, respectively), g is the fixed effect of
the marker currently being fitted in the
model, Z is a design matrix allocating records
to individuals, and u is a vector of breeding
values of the individuals, assumed random
;N(0,Gs2

g), where G is the GRM among the
individuals using the same 4352 SNPs, con-
structed following VanRaden (2008), s2

g is
the genetic variance captured by the SNP,
and e is a vector of random error. This model
is additive, in that two copies of the second
allele will have double the effect of one copy.

We included SNP and site as fixed effects,
and genotype as a random effect. Twomodels
were tested for each trait, both including and
excluding genotype by site as a random
effect. Log likelihoods of the two models

were compared using a c2 test to determine if
the models were statistically different. For all
traits, there was no significant difference
between models, so the genotype by site term
was excluded. To further account for popu-
lation structure, the first two principal co-
ordinates (PCs) were calculated from the
GRM and included as fixed effects in the
model. PCs 1, 2, and 3 explained 32%, 19%,
and 15% of the variance, respectively, but
were not significant and were therefore not
included in further analyses.

Best linear unbiased predictions (BLUPs;
genetic values) were calculated for each
genotype using the model above, but exclud-
ing SNP effects, using ASReml-R and the
GRM (Gilmour et al., 2009). Phenotypic and
genetic (based on BLUPs) correlations (Pear-
son’s) were calculated among the three nut
characteristics. Narrow-sense heritability
was calculated using the GRM with the pin.
r function in R (White 2013), and broad-sense
heritability was calculated manually from
variance components by including family in
the model as a random effect.

Quantile-Quantile (Q-Q) plots were con-
structed to compare observed and expected
significance of markers and ensure that pop-
ulation structure was accounted for in the
analysis. SNP markers with a significance
level of 1 · 10–4 or lower for each trait were
fitted simultaneously in a multiple regression

model to determine if any were in linkage
disequilibrium. In this case, SNPs that were
no longer significant were therefore consid-
ered redundant, as it was assumed that these
SNPs represented the same underlying quan-
titative trait loci (QTL). Significance of non-
redundant SNPs was calculated.

Results and Discussion

NW ranged from 3.29 g to 12.43 g, with a
mean of 6.21 g (Table 1; Fig. 1A). In
comparison, weight of kernels varied be-
tween genotypes, from 1.07 g to 4.89 g, with
an average KW of 2.28 g (Table 1; Fig. 1B).
As a derivative of these two values, mean KR
was 36.9%, and phenotypes ranged from
18.6% to 52.7% (Table 1).

Heritability ranged across traits from 0.51
for KW to 0.62 for KR (Table 1). Estimates of
heritability for the three traits in this study
were very similar to that of individual broad-
sense heritability in a previous study of
macadamia by Hardner et al. (2001), consist-
ing of four replicates of 40 cultivars at three
locations (H2 = 0.63 for all three traits). The
replication of cultivars may have allowed
more accurate estimates and smaller error,
and hence higher heritability in the study by
Hardner et al. (2001) compared with the
current study. Our estimates of heritability
were higher than that of NW and KW in
pecan (h2 = 0.35 and 0.38, respectively)
(Thompson and Baker, 1993). In this study,
estimates of narrow-sense and broad-sense
heritability were similar for each trait
(Table 1), indicating that the model could
not detect any dominance. Alternatively, this
could imply limited dominance exists for
these traits.

NW and KW were highly correlated both
phenotypically (0.85, P < 0.001) and genet-
ically (0.80, P < 0.001), whereas KW and KR
were moderately but significantly correlated
(rp = 0.37, rg = 0.34, P < 0.001) (Table 2). KR
decreased with larger NW (rp = –0.16, rg =
–0.27) (Table 2). This may imply that nuts
with thicker shells have smaller kernels and
hence lower KR.

The Q-Q plot for NW (Fig. 2A) indicates
that our model has accounted for population
structure, because there were a similar num-
ber of observed and expected SNPs at low
levels of significance [as suggested by Korte
and Farlow (2013)]. However, genomic in-
flation has occurred, where the SNPs are
rising above the one-to-one line as P values
become more stringent, suggesting polygenic
inheritance of the trait (Yang et al., 2011).
Five SNPs were found to be significantly
associated with NW after fitting 14 SNPs in a
multiple regression model (Table 3), with the
reduced number of significant markers in the
multiple regression likely reflecting some
linkage disequilibrium between the markers.

Similar to NW, some genomic inflation
was apparent in the Q-Q plot for KW
(Fig. 2B). Nine markers remained nonredun-
dant after simultaneously fitting 19 markers
significantly associated with KW (Fig. 2B;
Table 3). Three of these 10 SNPs were also

Table 1. Phenotypic minimum, maximum, mean, broad- and narrow-sense heritability for nut weight
(NW), kernel weight (KW), and kernel recovery (KR).

NW KW KR

Minimum 3.29 g 1.07 g 18.6%
Maximum 12.43 g 4.89 g 52.7%
Mean 6.21 g 2.28 g 36.9%
Broad-sense heritability (H2) 0.59 0.53 0.62
Narrow-sense heritability (h2) 0.56 ± 0.08 0.51 ± 0.09 0.62 ± 0.10

Fig. 1. Histogram of skewed phenotypes for (A) nut weight (NW) and (B) kernel weight (KW).

Table 2. Phenotypic correlations (above diagonal)
and genetic correlations based on best linear
unbiased predictions (below diagonal) between
nut characteristics.

NW KW KR

NW — 0.85*** –0.16**
KW 0.80*** — 0.37***
KR –0.27*** 0.34*** —

**P < 0.01; ***P < 0.001.
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among the most significant markers associ-
ated with NW (Table 3). One SNP was
significantly associated with KR (Fig. 2C;
Table 3). Because KR is a derivative of NW
and KW, KR could be estimated if significant
markers for NW and KW are used in MAS.

One limitation with our research was that
there is currently no completely assembled
macadamia genome, so our markers could

not be easily mapped; however, multiple
regression results suggest that several signif-
icant markers are detecting the same QTL.
Research by Nock et al. (2016) has sequenced
�79% of the macadamia genome. When a
more complete reference genome becomes
available, the location of significant markers
for macadamia NW, KW, and KR can be
determined. Then, MAS could be used to

increase genetic gain in macadamia breeding.
Future progeny seedlings could be genotyped
at target markers for each trait to determine
the allelic state, and breeders predict NW and
KW, and sequentially cull undesirable in-
dividuals before phenotypic expression of
these traits.

In conclusion, we have identified markers
linked to three commercially important nut
traits in macadamia through a GWAS. This
study is part of a larger project investigating
genetic markers controlling target traits in
macadamia. Future research will examine the
economic benefits of using these markers to
identify parents and progeny with desirable
NW, KW, and high KR. GWAS combined
with MAS for important nut characteristics
would be an asset for the macadamia breed-
ing program. The efficiency and accuracy of
using genomic selection to improve nut yield
also should be investigated by the Australia
macadamia breeding program. Application
of genomics may reduce the length of the
selection cycle and increase genetic gain in
macadamia breeding.
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NW KW KR

SNP P SNP P SNP P

SNP2607 1.31 · 10–8 SNP0289 1.58 · 10–9 SNP4603 8.17 · 10–5
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