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Abstract: Macadamia pericarps that fail to abscise (‘stick-tights’) are an important trait to select
against in breeding as they can harbour pests and diseases. Traditional macadamia breeding cycles
are lengthy and expensive due to long juvenilities and large tree sizes. Thus, genome-wide association
studies (GWAS) are an important investigative tool to identify candidate trait-linked markers to
enable potential reductions in evaluation and selection cycles via marker-assisted selection (MAS)
in young seedlings. This study assessed 199 wild macadamia germplasm accessions for stick-tight
prevalence across two years. As the number of stick-tights per tree is limited by the number of nuts
per tree, we conducted association analyses to identify SNPs linked with the number of stick-tights
per tree, and examined whether such SNPs were also associated with, and thus confounded with, the
number of nuts per tree. We also assessed associations with the proportion of stick-tights per total
number of nuts. Thirty-two SNPs were associated with at least one of the stick-tight traits in one year
(p < 0.001). Of all such SNPs, only one was associated with the number of nuts per tree (p < 0.001),
indicating that most associations were not confounded with yield.

Keywords: macadamia; stick-tights; abscission; genome-wide association study; wild germplasm;
husk spot

1. Introduction

Macadamia nut production is expanding globally [1]. The genus is native to the
southern coast of Queensland and northern New South Wales, Australia [2,3], and consists
of four species: Macadamia integrifolia Maiden & Betche, M. tetraphylla L.A.S. Johnson,
M. ternifolia F. Muell, and M. jansenii C.L. Gross & P. H. Weston [2,4]. Nuts of M. ternifolia
and M. jansenii are bitter and small in size [5,6]. Thus, cultivars are predominantly derived
from M. integrifolia, M. tetraphylla, and their hybrids, of which, trees can grow to 15 m tall
and 10 m wide [3]. The edible nut kernel is surrounded by a hard testa (shell) which is
encased by a fibrous pericarp (husk). In Australia, most flowering occurs around August
and September [7]. Abscission of developed fruit typically commences in March, although
the rate and length of abscission patterns vary [7,8]. Some genotypes are prone to husk
abscission failure, meaning that some husks and/or entire fruit remain in the tree canopy [2].
Such husks and/or fruit are known as ‘stick-tights’ [2]. Stick-tights enable overwintering of
Pseudocercospora macadamiae [9], the fungus responsible for husk spot disease [10]. Husk
spot is often listed as one of the five most limiting diseases to production by Australian
growers [11] due to its potential to accelerate abscission of infected fruit [12,13]. Stick-
tights are therefore an unfavourable trait in macadamia due to their provision of ongoing
P. macadamiae inoculum when infected [9].
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Despite stick-tights being a common trait in cultivars and breeding germplasm [2,14]
the biological cause is unconfirmed [15]. In macadamia, fruit-detachment occurs at a zone
of cells of reduced number and size on the pedicel [16]. In the case of stick-tights, it appears
that this connective tissue dies [2] and/or the abscission layer fails to respond to factors that
would typically induce cell separation [16]. For example, high temperatures and/or water
stress may cause the husk tissue to dry, dehisce and senesce, preventing abscission from
occurring, even after application of abscission-promoting chemicals [2,9,16]. Several plant
growth regulators including ethylene, auxin and abscisic acid (ABA) have direct or indirect
effects on plant organ abscission [17]. Although ethylene and ABA typically promote
abscission, high local ratios of auxin concentration reduce responsiveness to ethylene [17].

Exogenous application of ethephon [(2-chloroethyl)phosphonic acid] can be metabolised
by plants to produce ethylene, and has been demonstrated to increase fruit abscission in
macadamia [18]. In cultivar ‘A16’, a combination of tree shaking and ethephon application
has been successful in removing all fruit and stick-tights [19]. However, effectiveness of
ethephon varies significantly depending on spray timing and genotype, likely influenced
by inherent differences in phenology and thus hormonal ratios [17,18]. Additionally, while
adoption of tree shaking has increased in the macadamia industry [20], a lack of detrimental
effects on yield in the long term has not yet been confirmed [21]. Finally, hand-removal
of stick-tights is time-intensive [9], and as such, unfeasible on a commercial scale. Thus,
for stick-tight prone cultivars, husk spot is typically managed with prophylactic fungicide
applications. As weather conditions conducive to P. macadamiae infection and/or poorly
timed applications can hinder fungicide efficacy [12,13] and social pressure for the reduction
in on-farm fungicides is increasing [22], stick-tight free cultivars offer an economic and
eco-friendly option for avoidance of husk spot [9,14].

Stick-tight prevalence is selected against in Australian and Hawaiian macadamia
breeding programs [2,23]. However, traditional macadamia breeding is costly due to long
juvenility periods which contribute to long generation times, and large tree sizes which
add to high trial maintenance costs and laborious and time-consuming phenotyping [3]. If
associations between genetic markers and selection traits can be identified, marker-assisted
selection (MAS) may reduce selection times in breeding programs and consequently en-
hance genetic gain [24]. Several studies have used single nucleotide polymorphism (SNP)
markers in genome-wide association studies (GWAS) in macadamia [25–28]. Traits as-
sessed include yield component traits in a breeding population [27,28], stick-tight preva-
lence scores (0–5) in a breeding population [26], and growth traits and nut characteristics
in wild germplasm [25].

Although wild macadamia germplasm may provide diverse genetic resources for
trait improvement in breeding [29], marker associations and genomic heritabilities for
stick-tight prevalence traits have not previously been assessed or estimated using wild
macadamia genotypes. Furthermore, as the number of nuts produced by a tree limits the
opportunity for stick-tight formation, stick-tight prevalence may be confounded with the
number of nuts produced. However, the total crop load per tree has not been accounted
for in previous macadamia stick-tight assessments [26]. Therefore, this study aimed to
use novel phenotyping methods to identify genetic markers associated with stick-tight
prevalence in wild germplasm while accounting for the number of nuts produced.

Specifically, we aimed to identify SNPs that were significantly associated with stick-
tight prevalence that were not significantly associated with, and thus, not confounded with
the number of nuts produced. As an additional method of accounting for the number of
nuts produced, we also assessed SNP associations with the proportion of stick-tights per
estimated total number of nuts. Individual narrow-sense genomic heritabilities were esti-
mated for the different traits to compare the degrees of additive genetic control over each.
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2. Materials and Methods
2.1. Plant Materials and Trial Design

A subset of wild macadamia germplasm from the ex situ germplasm arboretum in
Tiaro, Queensland was assessed in this study. The germplasm arboretum was established
in 2001 by The National Macadamia Germplasm Conservation Program and consists of
partially replicated rooted cuttings of wild accessions of the four species and interspecific
hybrids, collected from multiple sites within the natural distribution of the genus [29,30].
The trees are planted at 3.5 m × 6 m row × column spacing as per a randomised near-
complete block design, with two blocks containing eight sub-blocks each. All trees received
drip-irrigation and a standard insecticide and fungicide program.

Trees utilised in the current study included 199 M. integrifolia, M. tetraphylla, and
M. integrifolia×M. tetraphylla hybrid accessions as per species assignment by Mai, et al. [29].
To determine whether the same loci-trait associations could be identified across different
accession panels, phenotypic and genotypic data were subset for GWAS as per (1) a
combination of M. integrifolia, M. tetraphylla and M. integrifolia × M. tetraphylla hybrid
accessions, (2) only M. integrifolia accessions and (3) only M. tetraphylla accessions (Table 1).

Table 1. Number of individuals in three germplasm panels used for GWAS.

Panel Number of
Genotypes Number of Trees Number of Genotypes

with Clonal Replication a

Combined b

199 in total
(102 M. integrifolia +
84 M. tetraphylla +

13 hybrids)

279 in total
(147 M. integrifolia +
115 M. tetraphylla +

17 hybrids)

66 in total (2–4)
(39 M. integrifolia (2–3) +
23 M. tetraphylla (2–4) +

4 hybrids (2))
M. integrifolia 102 147 39 (2–3)
M. tetraphylla 84 115 23 (2–4)

a Range of clonal replication presented in brackets; b Hybrids = M. integrifolia ×M. tetraphylla.

2.2. Trait Assessment

Phenotyping was conducted during the first week of September in 2020 and 2021,
when most fruit abscission for the recent fruiting season was complete. The number of
stick-tights per tree canopy (STC) was counted. Green nuts that were yet to abscise (still
attached in the canopy) were counted and added to the number of abscised nuts on the
ground under the canopy to form an estimate of harvestable yield (HY) for each tree each
year. An estimate of stick-tight incidence (STI) was calculated as STC/(STC + HY).

2.3. Genotyping and Association Analysis

In 2020, DNA from leaf samples were used for genotyping for SNP markers by using
the Diversity Array Technology platform [29]. Methods of genotyping were explained
in detail in Alam, et al. [31]. For each of the three panels, genotypic data were filtered
to remove SNPs with <80% call rate and <2.5% minor allele frequency as per Mai [25],
then imputed using the k-nearest neighbour method [32] with the raw.data function in
the snpReady package, version 0.9.6 [33] in R, version 4.1.0 [34]. For the three panels,
being combined, M. integrifolia and M. tetraphylla (Table 1), 2888, 2549 and 1544 SNPs were
retained, respectively.

To determine whether significant marker associations were common across traits,
years and panels, each trait (STC, HY, STI), for each year (2020, 2021), for each panel (com-
bined, M. integrifolia and M. tetraphylla) were analysed separately. Thus, 18 analyses were
performed. Marker–trait associations were tested using linear mixed models, with each
SNP marker fitted individually as a fixed effect (modelled as 0, 1, or 2 for homozygous,
heterozygous, and alternate homozygous genotypes, respectively) with the asreml function
in the ASReml-R package, version 4.1.0.160 (VSN International Ltd.) [35]. A genomic rela-
tionship matrix (GRM) was constructed from the SNPs using the method of VanRaden [36]
with the G.matrix function in the ASRgenomics package, version 1.0.0 [37]. The GRM was
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included as a random effect in every model to account for kinship and to enable estimation
of additive genetic effects. Principal components analysis (PCA) was conducted on the
combined panel SNP data set to obtain principal components (PCs) that explained genetic
variation among accessions in base R, version 4.1.0. The first PC was fitted as a fixed effect
in the combined panel models to account for population structure as per other multi-panel
GWA studies [25,38,39]. Block, sub-block within block, row and column were included as
random terms in all models to account for trial design. Residual plots were first checked by
running the models without any of the markers fitted to determine whether transformations
were necessary. Loge STC, loge HY and empirical logit transformed STI best fit the model
assumptions, and thus were chosen for final analyses. As the denominator values for STI
differed across trees, inverse variances were calculated and included as weights within STI
models, as per Cox and Snell [40]. Models were fitted as follows:

y = Wb + Xg + Zgug + Zouo + e (1)

where y is the vector of phenotype values, W is a design matrix allocating fixed effects to
individuals, b is a vector of fixed effects (such as overall mean and PC), g is the marker fixed
effect with design matrix X, ug is a vector of random genetic effects with ug ∼ N

(
0, σ2

gG
)

where G is the GRM, uo is a vector of other random effects (such as block, sub-block within
block, row and column) and Zg and Zo are the respective design matrices for these random
terms, and e is a vector of residuals with mean zero, assumed to be normally distributed.
For STI, e is the known error that reflects the variance of the empirical logit [40]. This term
is e ∼ N(0, V) where V is a diagonal variance matrix with elements vi =

(Mi+1)(Mi+2)
Mi(Xi+1)(Mi−Xi+1)

where Mi is STC + HY and Xi is the number of stick-tights (STC). This is fitted in ASReml
by specifying weights which are the inverses of vi.

Individual narrow-sense genomic heritabilities (h2) were estimated for each trait ×
year × panel combination from variance components (h2 =

(σ2
g)

(σ2
g+σ2

e )
) from the described

models, but without any markers fitted. The h2 estimates and their standard errors were
estimated with the ASReml-R vpredict function for STC and HY. The same function was
used to estimate h2 for STI variables (with σ2

e = σ2
i + v, where σ2

i is the units variance
and v is the mean of vi), but as the STI models involved weighting, standard errors for h2

estimates were not obtained.
Quantile–quantile (Q-Q) plots were constructed to compare observed SNP p-values

with those expected under a null hypothesis of no trait-associations to determine whether
the models effectively accounted for population structure [41]. Manhattan plots were
constructed to visualise SNP p-values. Three significance thresholds were considered: a
stringent threshold calculated using the Bonferroni procedure, a suggestive false discovery
rate of 5% calculated using the Benjamini and Hochberg [42] method, and finally, following
initial inspection of significance results, an ad hoc putative threshold of −log10(p) > 3 (i.e.,
p < 0.001), as previously utilised by Mai [25].

For each significant SNP, the additive allelic effect of the minor allele was estimated
from the relevant model on the transformed scale by obtaining the best linear unbiased
estimate (BLUE) for that SNP. The BLUEs were then back-transformed for interpretability.
On the presented scale (i.e., the back-transformed scale), positive allele effects indicate that
presence of the minor allele was associated with increased trait values and negative allele
effects indicate that the minor allele was associated with decreased trait values. The units of
the minor allele effects are: STC = number of stick-tights, HY = number of nuts (including
stick-tights), STI the quantity of increase or decrease in proportion of stick-tights/total crop
load. As the estimated allele effects are additive, the presented allele effects represent the
effect of one copy of the minor allele.

For significant SNPs with known locations, putative candidate genes were identified
as those located within a window of ±10,000 nucleotides from a significant SNP using
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the National Center for Biotechnology Information (NCBI) Genome Data Viewer [43]
Macadamia integrifolia SCU_Mint_v3 assembly.

3. Results
3.1. Phenotypic Variation

Based on raw, untransformed phenotypes, STC, HY, and STI were lower in M. tetraphylla
than in M. integrifolia in both years (Table 2). In 2020, the minimum STC was zero for all
three panels, and the maximum STI was one, indicating that for both M. tetraphylla and
M. integrifolia, at least one accession was free of stick-tights, and in at least one accession,
all fruit produced that year had become stick-tights (Table 2). In 2021, at least ten stick-
tights were observed in all M. integrifolia accessions, whereas at least one M. tetraphylla
accession contained none (Table 2). While the maximum HY and STI in M. tetraphylla
and M. integrifolia accessions were similar in 2020, on average, both traits were higher in
M. integrifolia (Table 2). In 2021, both the maximum and mean HY were far greater for
M. integrifolia than for M. tetraphylla, but the maximum and mean STI for both panels were
similar (Table 2).

Table 2. Summary statistics of raw, untransformed phenotypes for traits analysed in GWAS in
three panels.

Traits a

Combined b

(n = 199 Accessions,
279 Trees)

M. integrifolia
(n = 102 Accessions,

147 Trees)

M. tetraphylla
(n = 84 Accessions,

115 Trees)

Min Max Mean Min Max Mean Min Max Mean

STC 2020 0 305 42.2 0 305 70.3 0 105 8.7
STC 2021 0 800 79.8 0 700 120.0 0 300 28.9
HY 2020 0 310 80.1 0 310 98.3 0 290 57.3
HY 2021 0 600 148.8 10 600 205.1 0 440 70.3
STI 2020 0 1 0.29 0 1 0.38 0 1 0.18
STI 2021 0 1 0.33 0 0.95 0.35 0 1 0.32

a STC = count of stick-tights, HY = harvestable yield (count of nuts), STI = stick-tight incidence (STC/(STC + HY));
b Combined panel consists of M. integrifolia, M. tetraphylla, and M. integrifolia ×M. tetraphylla accessions.

3.2. Principal Components Analysis

From the combined panel PCA, the first PC (PC1) grouped the two species and their
hybrids separately along the axes and explained 31% of the genetic variation (Figure S1).
When fitted in the linear mixed models, the effect of PC1 was only significant for STC in 2020
(p-value = 0.03; Table 3). The remainder of the PCs explained ≤1% of the genetic variation
each and were not significant for any trait × year combination of data (p-values > 0.05).
Thus, only PC1 was retained in the final linear models of phenotypic data and was retained
for all trait × year combinations for the combined panel to maintain consistency and allow
comparisons across traits and years.

Table 3. p-Values for first principal component fixed effect in combined panel models.

p-Value a

STC 2020 STC 2021 HY 2020 HY 2021 STI 2020 STI 2021

2.99 × 10−2 1.79 × 10−1 2.52 × 10−1 6.18 × 10−2 2.45 × 10−1 8.53 × 10−1

a STC = loge(count of stick-tights), HY = loge(harvestable yield (count of nuts)), STI = logit(stick-tight incidence
(STC/(STC + HY)).

3.3. Heritabilities

Individual narrow-sense genomic heritability varied among traits, years, and panels
(Table 4). Across all three panels, the highest estimates were for STC in 2021 (h2 = 0.42 − 0.51),
however estimates were lower in 2020 for this trait (h2 = 0.26 − 0.36) (Table 4). Large
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variation in estimates for STI was observed, with estimates ranging from 0.02 (M. tetraphylla
in 2020), to 0.39 (M. integrifolia in 2020). The only HY heritability above 0.20 was in 2020
for the M. tetraphylla panel, although standard errors for all HY heritability estimates were
high (Table 4).

Table 4. Individual genomic narrow-sense (h2) heritabilities of traits, assessed in GWAS for three
panels. Standard errors of count variable estimates are in brackets.

Traits a

Combined b

(n = 199)
M. integrifolia

(n = 102)
M. tetraphylla

(n = 84)

h2 h2 h2

STC 2020 0.26 (0.13) 0.36 (0.18) 0.26 (0.21)
STC 2021 0.46 (0.13) 0.42 (0.18) 0.51 (0.22)
HY 2020 0.15 (0.13) 0.08 (0.14) 0.26 (0.24)
HY 2021 0.12 (0.11) 0.00 (0.00) 0.12 (0.19)
STI 2020 0.30 0.39 0.02
STI 2021 0.22 0.17 0.31

a STC = loge(count of stick-tights), HY = loge(harvestable yield (count of nuts)), STI = logit(stick-tight incidence
(STC/(STC + HY)); b Combined panel consists of M. integrifolia, M. tetraphylla, and M. integrifolia ×M. tetraphylla
accessions.

3.4. Genome-Wide Associations

All Q-Q plots for the combined panel indicated that population structure was effec-
tively accounted for within the models, as at low p-values, the observed significance of
markers did not deviate from what would be expected due to chance (Figure 1a). The Q-Q
plots for the M. integrifolia and M. tetraphylla panels displayed similar trends for most traits
(Figure 1b and 1c, respectively). However, for M. integrifolia 2020 STC, 2021 STC, 2020 STI,
and 2020 HY, and for M. tetraphylla 2020 STC, 2021 STC, and 2021 STI, observed p-values
of some markers were higher than expected under a null hypothesis of no trait-marker
associations (Figure 1b,c).

At the ad hoc putative threshold of p < 0.001, 14 SNPs were significantly associated
with at least one stick-tight trait (STC or STI) in one year (2020 or 2021) for the combined
panel, 13 were identified for the M. integrifolia panel, and 11 for M. tetraphylla (Table 5;
Figures 2–4). Of all SNPs found to be associated with stick-tight traits at the ad hoc putative
threshold of p < 0.001, the only SNP found to be also significant for HY (2020) was SNP2716
(p < 0.0001; Table 5; Figures 1b and 3) indicating that this was the only association to be
confounded with the number of nuts produced. No SNPs were significantly associated
with stick-tight traits (STC or STI) at the Bonferroni or FDR thresholds; thus, the following
mentioned associations are considered putative.

Table 5. p-Values, minor allele effects and numbers of accessions with each of the allelic states for
SNPs found to be significantly associated with at least one stick-tight trait (STC or STI in 2020 or 2021)
at p < 0.001 for either the combined, M. integrifolia, or M. tetraphylla panel. Allele effects are presented
on back-transformed scales.

Number of Accessions with
Allelic State a

Trait,
Year SNP ID Alleles p-Value Allele

Effect b 0 1 2

Combined panel
STC 2020 631 G > A 9.16 × 10−4 0.36 186 13 0

4721 G > T 4.11 × 10−4 0.30 188 11 0
4747 T > G 3.67 × 10−4 0.44 188 7 4
8180 C > T 2.76 × 10−4 0.52 151 44 4
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Table 5. Cont.

Number of Accessions with
Allelic State a

Trait,
Year SNP ID Alleles p-Value Allele

Effect b 0 1 2

10405 C > A 7.30 × 10−4 1.71 164 25 10
11112 C > A 1.14 × 10−4 1.84 159 33 7

STC 2021 503 T > C 8.66 × 10−4 1.55 57 85 57
585 G > A 1.15 × 10−4 0.58 156 22 21
631 G > A 1.01 × 10−3 0.33 186 13 0
4747 T > G 6.16 × 10−3 0.49 188 7 4
6726 T > C 5.43 × 10−4 0.37 106 23 70
7248 T > C 1.25 × 10−4 0.33 191 5 3
8180 C > T 7.13 × 10−3 0.59 151 44 4

STI 2020 8180 C > T 6.36 × 10−3 −0.15 151 44 4
7248 T > C 6.83 × 10−3 −0.23 191 5 3

STI 2021 8180 C > T 5.32 × 10−3 −0.14 151 44 4
7248 T > C 3.41 × 10−5 −0.30 191 5 3
5415 T > G 2.75 × 10−4 0.21 163 35 1
3891 A > C 2.91 × 10−4 0.25 187 9 3
7910 C > A 4.75 × 10−4 −0.33 103 10 86
4745 A > C 7.98 × 10−4 −0.14 158 27 14

M. integrifolia panel
STC 2020 631 G > A 2.12 × 10−3 0.38 89 13 0

2178 G > C 8.62 × 10−4 1.78 8 14 80
6985 G > A 8.64 × 10−4 0.63 49 32 21
8180 C > T 8.03 × 10−4 0.53 58 40 4

11137 C > A 5.54 × 10−4 1.66 59 30 13
STC 2021 206 A > G 9.81 × 10−4 0.54 89 4 9

631 G > A 2.33 × 10−4 0.32 89 13 0
5415 T > G 4.77 × 10−4 2.23 66 35 1
6985 G > A 2.59 × 10−3 0.65 49 32 21
7694 G > C 2.75 × 10−4 1.61 53 27 22
8435 C > G 7.77 × 10−4 0.35 94 7 1

11137 C > A 6.07 × 10−4 1.65 59 30 13
11670 T > C 6.15 × 10−4 2.23 4 13 85

STI 2020 2716 T > C 2.88 × 10−4 −0.21 7 9 86
STI 2021 5415 T > G 1.04 × 10−4 0.21 66 35 1

12649 C > T 2.24 × 10−4 0.11 48 14 40
535 G > A 6.60 × 10−4 −0.20 90 10 2
631 G > A 9.54 × 10−4 −0.24 89 13 0

M. tetraphylla panel
STC 2020 3315 G > C 9.50 × 10−5 0.45 57 25 2

4498 C > T 4.23 × 10−4 1.83 9 25 50
10405 C > A 5.89 × 10−5 1.93 53 21 10
11998 T > A 7.97 × 10−4 1.75 49 25 10

STC 2021 3338 G > A 2.38 × 10−4 0.34 2 8 74
4745 A > C 8.53 × 10−3 0.62 51 22 11
6646 G > A 5.84 × 10−4 1.73 29 30 25
7248 T > C 4.90 × 10−4 0.29 78 4 2

STI 2020 8554 T > G 8.70 × 10−4 0.20 63 14 7
4745 A > C 9.92 × 10−3 −0.14 51 22 11

STI 2021 4745 A > C 1.53 × 10−4 −0.19 51 22 11
5027 G > A 4.17 × 10−4 −0.25 64 18 2

10146 G > C 7.74 × 10−4 −0.37 80 3 1
a 0 = homozygous for reference allele, 1 = heterozygous, 2 = homozygous for alternate allele (data listed in
columns below these headings represent counts of accessions with these allelic states); b Allele effects represent
the effect of one copy of the minor allele. Effect units are as follows: STC = number of stick-tights; HY = number
of nuts (including stick-tights); STI = increase or decrease in proportion of stick-tights/total crop load.
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panel, 13 were identified for the M. integrifolia panel, and 11 for M. tetraphylla (Table 5; 
Figures 2–4). Of all SNPs found to be associated with stick-tight traits at the ad hoc puta-
tive threshold of p < 0.001, the only SNP found to be also significant for HY (2020) was 
SNP2716 (p < 0.0001; Table 5; Figures 1b and 3) indicating that this was the only association 
to be confounded with the number of nuts produced. No SNPs were significantly associ-
ated with stick-tight traits (STC or STI) at the Bonferroni or FDR thresholds; thus, the fol-
lowing mentioned associations are considered putative. 

Table 5. p-values, minor allele effects and numbers of accessions with each of the allelic states for 
SNPs found to be significantly associated with at least one stick-tight trait (STC or STI in 2020 or 
2021) at p < 0.001 for either the combined, M. integrifolia, or M. tetraphylla panel. Allele effects are 
presented on back-transformed scales. 

     
Number of Accessions with 

Allelic State a 
Trait, Year SNP ID Alleles p-Value Allele Effect b 0 1 2 

Combined panel       
STC 2020 631 G > A 9.16 × 10−4 0.36 186 13 0 

Figure 1. Quantile–quantile plots showing expected vs. observed log10(p) values for three macadamia
traits in 2020 and 2021, for three panels: (a) M. integrifolia, M. tetraphylla, M. integrifolia ×M. tetraphylla,
(b) M. integrifolia, (c) M. tetraphylla. Trait × year combinations are represented by different sym-
bols and colours. STC = loge(count of stick-tights), HY = harvestable yield; loge (count of nuts),
STI = logit(stick-tight incidence (STC/(STC + HY)).
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Figure 2. Manhattan plots showing distribution of SNPs across the macadamia genome and signif-
icance (−log10 p-value) of marker–trait associations for three traits in 2020 and 2021 in the combined 
panel (M. integrifolia, M. tetraphylla, M. integrifolia × M. tetraphylla accessions). STC = loge (count of 
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Figure 2. Manhattan plots showing distribution of SNPs across the macadamia genome and significance
(−log10 p-value) of marker–trait associations for three traits in 2020 and 2021 in the combined panel
(M. integrifolia, M. tetraphylla, M. integrifolia×M. tetraphylla accessions). STC = loge (count of stick-tights),
HY = loge (harvestable yield (count of nuts)), STI = logit(stick-tight incidence (STC/(STC + HY)).
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Figure 3. Manhattan plots showing distribution of SNPs across the macadamia genome and signif-
icance of marker–trait associations for three traits in 2020 and 2021 in the M. integrifolia panel. STC 
= loge (count of stick-tights), HY = loge (harvestable yield (count of nuts)), STI = logit(stick-tight inci-
dence (STC/(STC + HY)). 

Figure 3. Manhattan plots showing distribution of SNPs across the macadamia genome and sig-
nificance of marker–trait associations for three traits in 2020 and 2021 in the M. integrifolia panel.
STC = loge (count of stick-tights), HY = loge (harvestable yield (count of nuts)), STI = logit(stick-tight
incidence (STC/(STC + HY)).
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Figure 4. Manhattan plots showing distribution of SNPs across the macadamia genome and signif-
icance of marker–trait associations for three traits in 2020 and 2021 in the M. tetraphylla panel. STC 
= loge (count of stick-tights), HY = loge (harvestable yield (count of nuts)), STI = logit(stick-tight inci-
dence (STC/(STC + HY)). 

Figure 4. Manhattan plots showing distribution of SNPs across the macadamia genome and sig-
nificance of marker–trait associations for three traits in 2020 and 2021 in the M. tetraphylla panel.
STC = loge (count of stick-tights), HY = loge (harvestable yield (count of nuts)), STI = logit(stick-tight
incidence (STC/(STC + HY)).
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All markers found to be significant for STC had a positive effect on the trait, and effects
of markers significant for STI varied (Table 5). For the combined panel, the most significant
SNP had a negative effect for 2021 STI (SNP7248; p < 0.0001; Table 5; Figure 2). SNP7248
also had a significant positive effect for 2021 STC for the combined panel at the ad hoc
p < 0.001 threshold (Table 5; Figure 2), and although the p-value for this SNP for STI 2020
was low (p = 6.83 × 10−3; Table 5), it was not significant for either trait in 2020 at the
threshold of p < 0.001 (Figure 2). The same SNP had a significant positive effect for 2021
STC for the M. tetraphylla panel (p = 4.90 × 10−4; Table 5; Figure 4) but was not present in
M. integrifolia panel post quality control filtering (Table 6).

Table 6. Summary of information relating to SNPs significantly associated with at least one stick-
tight trait (STC or STI in 2020 or 2021) at p < 0.001 for either the combined, M. integrifolia, or
M. tetraphylla panel.

Presence of SNP in Other Panels d

SNP ID Chr a Bp b MAF c Combined e integ f tetra g

Combined panel
11112 7 24,733,108 8.5 - y y
8180 4 6,321,754 7.7 - y n
4747 - - 26.5 - y n
4721 2 15,858,489 36.2 - y n
10405 5 43,602,889 8.8 - n y
631 14 3,288,694 30.6 - y n
585 1 35,796,996 6.2 - y n
7248 9 17,297,314 36.2 - n y
6726 5 34,504,332 2.4 - n y
503 - - 2.0 - y y
5415 4 6,115,067 8.7 - n y
3891 7 30,363,260 33.2 - y n
7910 4 31,117,569 6.3 - n y
4745 5 2,290,426 7.2 - n y
M. integrifolia panel
11137 7 31,108,153 3.6 y - n
8180 4 6,321,754 4.3 y - n
2178 - - 1.2 y - n
6985 - - 2.8 y - y
631 14 3,288,694 15.7 y - n
7694 10 27,246,724 2.9 y - n
5415 8 6,115,067 5.5 Y - n
11670 - - 1.1 n - n
8435 10 19,629,398 22.7 n - n
206 11 10,745,223 9.3 n - n
2716 - - 1.1 y - n
12649 12 24,083,560 2.2 y - y
535 - - 14.6 y - y
M. tetraphylla panel
10405 5 43,602,889 4.1 y n -
3315 - - 5.8 y n -
4498 1 2,946,127 1.3 y y -
11998 5 43,602,823 3.7 y n -
3338 14 4,231,774 1.1 y y -
7248 9 17,297,314 21.0 y n -
6646 - - 2.1 y y -
4745 5 2,290,426 3.8 y n -
10146 3 6,830,111 33.6 n n -
5027 12 2,625,752 7.6 y n -
8554 13 13,051,846 6.0 y n -

a Macadamia chromosome number; b base pair number of SNP within chromosome; “-“ indicates chromo-
some number and position is unknown; c minor allele frequency; d y = present, n = not present in that panel;
e Macadamia integrifolia, M. tetraphylla, and M. integrifolia ×M. tetraphylla; f M. integrifolia; g M. tetraphylla.
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For 2020 STC in the M. tetraphylla panel, the positive effect of SNP10405 was significant
at p < 0.0001 (Table 5; Figure 4). The positive effect of the same SNP was also significant
at p < 0.001 for 2020 STC for the combined panel (Table 5; Figure 2). The positive effect
of SNP3315 was significant at p < 0.0001 for 2020 STC in the M. tetraphylla panel (Table 5)
but was not significant for any other trait (Figure 4) and was not present in either of the
other panels (Table 6). SNP4745 was significant at p < 0.0001 for 2021 STI for the combined
and M. tetraphylla panels (both effects were negative) and although not significant at the
−log10(p) > 3 threshold for any other trait or year, in the M. tetraphylla panel, its p-values
were relatively low for 2021 STC (positive effect; p = 8.53 × 10−3) and 2020 STI (negative
effect; p = 9.92 × 10−3) (Table 5; Figure 4). SNP4745 was not present in the M. integrifolia
data (Table 6).

SNP11137 was the only marker significantly associated with any trait across both years
(p < 0.001), with a positive effect on STC in M. integrifolia (Table 5; Figure 3)) but was not
present in the combined or M. tetraphylla panels (Table 6). The only markers significantly
associated with both STC and STI were SNP631 (positive and negative effects, respectively)
and SNP5415 (positive effects for both STC and STI) in 2021 for M. integrifolia (Table 5;
Figure 3). In the combined panel, the positive effect for SNP631 was also significant for
STC in 2020 and the positive effect for SNP5415 was also significant for STI in 2021 (Table 5;
Figure 2). Finally, the positive effect of SNP8180 was significant at p < 0.001 for STC in
2020 in the combined and M. integrifolia panels (Table 5; Figures 2 and 3) and the same
SNP had low p-values (p < 0.01) for all other stick-tight trait × year combinations in the
combined panel (negative effects; Table 5) but was not present in the M. tetraphylla panel
SNP set (Table 6).

Putative candidate genes were identified within ±10,000 nucleotides of 19 SNPs
significant for STC or STI (Table S1). RNA titles were available for 15 of the candidate
genes (Table S1).

4. Discussion

Marker-assisted selection (MAS) has the potential to reduce fruit tree breeding costs
by allowing pre-screening and culling of young seedlings to reduce the number of trees to
be planted for phenotyping [24,44]. This may be particularly valuable for macadamia, as
their long juvenilities and large tree sizes make breeding programs expensive [3]. Although
stick-tights appear to be under genetic control to some degree [2], genome-wide association
studies (GWAS) for stick-tight traits were previously limited [26]. This is the first study to
identify markers associated with stick-tight traits in wild macadamia germplasm. Addi-
tionally, it is the first to concurrently consider the total number of nuts produced per tree
to examine whether significant stick-tight trait associations were confounded with crop
load. Marker–trait associations and genomic heritabilities were examined in a combined
panel of M. integrifolia, M. tetraphylla and M. integrifolia × M. tetraphylla hybrids as well
as in M. integrifolia only and M. tetraphylla only accessions, with some commonalities and
differences found among the three panels.

For a marker–trait association to be detected in GWAS, phenotypic variation must be
present for the trait and a portion of the variation must be explained by genetic effects [45].
In this study, raw stick-tight counts (STC), stick-tight incidence (STI) and harvestable yield
(HY) phenotypes varied within each panel, indicating a potential for identification of
such associations. Among the panels, raw phenotypic ranges and means of STI appeared
relatively similar, whereas raw STC and HY appeared greater in M. integrifolia accessions
than in M. tetraphylla. A recent study based on the same trial site found that predicted
mean tree height, trunk circumference and canopy width and volume were significantly
higher for M. integrifolia accessions than M. tetraphylla [46]. Thus, differences in overall raw
STC and HY between the two species-specific panels may be partially explained by larger
tree sizes in M. integrifolia accessions and consequently, greater resources for crop load. The
higher raw means of STC and HY in both species in the second year also indicated that in
general, as crop load increased, the number of stick-tights did also. Although, the raw STI
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mean only increased in the M. tetraphylla panel, indicating that the degree of increase across
years in stick-tights compared with that in total crop load was greater in M. tetraphylla.

In all panels, individual narrow-sense genomic heritability estimates demonstrated
a low to moderate degree of genetic control over STC. Narrow-sense heritabilities such
as those estimated for STC (h2 = 0.26 − 0.51) imply that genetic gain may be possible
for the trait via mass selection [47]. Estimates for STI for the combined panel were low
(h2 = 0.22 − 0.30), but still indicate some potential for genetic gain. While heritabilities for
all traits fluctuated across years for all panels, the largest difference across years was the
STI narrow-sense heritability estimate for M. tetraphylla. Standard errors of STC and HY
estimates for the same panel were particularly large. In comparison, the higher number
of accessions and replication in the M. integrifolia and combined panels may have enabled
greater accuracy in estimations of genetic effects. As heritabilities are specific to the
population they are derived from [48], and the estimates reported in this study were based
on wild germplasm accessions, it would be valuable to determine whether similar estimates
for STC and STI heritabilities are found in current breeding germplasm in future studies.

To our knowledge, the only report of stick-tight heritability estimates in a macadamia
breeding population is that of h2 = 0.22 for stick-tight density per canopy area scores (0–5)
based on one year of visual assessment data [26]. In the same study, significant differences
were found among family and site predicted values [26]. Together, the heritability estimates
obtained in the current study and results of O’Connor, et al. [26] support the Hardner,
et al. [2] hypothesis of partial influences by both genetics and environment on stick-tight
prevalence in macadamia. In further support of such, Drenth and Akinsanmi [15] reported
a significant effect for irrigation on stick-tight prevalence in a preliminary trial based on
one year of data in cultivar ‘A16′. However, when the trial was repeated for a second year,
the irrigation effect obtained from the final analysis was insignificant [49]. Inconsistencies
of effects across years observed by Drenth and Akinsanmi [49] and in the current study
appear to support the idea that environmental effects, likely including water supply, have
influence on stick-tight formation in at least some genotypes.

Differences in significance of SNP associations across years, such as those observed in
the current study, are not uncommon in horticultural studies. For example, inconsistent
SNPs were identified as significant for several horticultural traits across two years for spine
and fruit stalk-end colour in cucumber [50] and for background skin colour change and
firmness in apple [51]. In addition to environmental influences, another potential reason
for such discrepancies is insufficient quality of phenotypic data [51]. In the current study,
stick-tights were visually counted in almost 300 trees. Trees were not stripped of existing
stick-tights prior to the trial as manual removal can take ~30 min per tree [9] and trees at
the site are large [46]. As stick-tights can accumulate across years [15], pre-stripping of
trees in future studies may reduce experimental error.

The small marker effect sizes may also have contributed to reduced power for detection
of trait associations. Traits controlled by few loci with large effects are preferable for
GWAS, as the power to detect associated markers is influenced by the effect size of the
linked loci, as well as allelic frequency [45]. Detection power can also be limited by the
linkage between markers and causal loci, SNP density and the number of accessions per
panel [52]. Such factors may have contributed to a lack of significant SNP associations at the
Bonferroni or FDR thresholds in this study. The relatively small number of SNPs per panel
(<3000) and/or accessions per panel (<200) in the current study likely limited identification
power. In comparison, in other crops such as apple [51], peach [53] and Eucalypt [39], the
number of SNPs tested in GWA studies have been in the tens of thousands. However, as
commercial domestication of macadamia is relatively young [54] and breeding programs
are time-consuming and costly to run, the utilisation of available resources is important.
Therefore, SNPs found significant for STC and STI at the p < 0.001 threshold should be
investigated further, especially those that were found significant, or close to significant at
the p < 0.001 threshold for more than one trait × year × panel combination. Alternatively,
given genomic-based heritability estimates for STC were moderate, there may be evidence
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for many markers of small effect. As such, it may be worth investigating the use of genomic-
selection for stick-tight traits, as previously demonstrated for yield in macadamia [55].

Despite the challenges involved in conducting and evaluating macadamia field trials,
we identified several SNPs associated with stick-tight prevalence in species-specific and
combined species wild germplasm panels. Importantly, most SNPs that were significant
at the p < 0.001 threshold for STC or STI were not significant for HY, suggesting a lack of
confoundedness with total nuts produced for these SNPs. Additionally, according to the
Q-Q plots, we were able to effectively account for population structure within our combined
species panel models. Combined panel GWA studies offer the potential to increase sample
sizes, and as such, are becoming more widespread within plant science [38,39,56–58]. We
found some significant SNPs that were common between the combined and M. integrifolia
or the combined and M. tetraphylla panels. In each case, the SNP was not present in the
alternative panel data set post-quality control filtering. To determine whether these SNPs
and any of the others identified as noteworthy in this study can be of use in MAS in
breeding programs, further work should be conducted to validate results and to identify
whether the SNPs are present in target populations.

Minor allele frequencies (MAF) of significant SNPs should be checked in target pop-
ulations, as rare alleles may occur in only a small number of individuals, thus limiting
analytical power [59]. Where possible, validation should occur in larger populations, as
sample sizes of some allelic states for some significant markers were low in the current study.
Although SNPs with a MAF of less than 2.5% were removed during initial quality-control
filtering, as imputation was undertaken post-filtering, final MAF was very low (<2.5%) for
some of the significant SNPs. The same process was noted by O’Connor, et al. [28], who
highlighted that while inferences from such marker associations should be treated with
caution, if the markers were removed during filtering, they could not have been identified
for further validation.

Post-marker validation, young seedlings could be screened for significant SNPs prior
to field planting. All minor allele effects of SNPs that were significant for STC had positive
effects on the trait, whereas minor allele effects of those significant for STI varied. Seedlings
with allelic states associated with positive effects on both STC and STI could be culled,
whereas seedlings with allelic states associated with positive effects on STC and with
negative effects on STI could be retained for field testing. For example, the minor allele
of SNP7248 had a positive effect for STC in 2021 in the combined and M. tetraphylla
panels, but a negative effect for STI in the combined panel. Such effects may indicate
that overall, accessions with the allele of interest at that locus had more stick-tights than
accessions without it, but the number of stick-tights per total crop load for such accessions
were typically less. In addition to SNP-validation and marker-assisted selection, further
work should be conducted to validate the putative candidate genes identified in this
study. Validation of candidate genes may contribute to a better understanding of genetic
components and causal mechanisms of stick-tights.

In conclusion, while this study has highlighted some of the challenges faced in
macadamia breeding, results obtained have provided further knowledge regarding selec-
tion for stick-tight prevalence and a base of information for marker and putative candidate
gene validation trials. Low to moderate heritabilities for STC in M. integrifolia, M. tetraphylla
and a combined panel of both species and their hybrids indicate potential for genetic gain
via mass selection. Several SNPs that appear to be associated with STC and STI were
detected, and most SNPs did not appear to be confounded with HY. Several putative
candidate genes that may influence STC and STI were identified. Outcomes of this study
can be used to guide the design of validation trials, which may ultimately contribute to a
further understanding of the genetic control over stick-tight prevalence in macadamia and
enable the use of MAS to reduce macadamia breeding costs.
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Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/agronomy12081913/s1, Figure S1: The first and second principal compo-
nents obtained from principal components analysis of wild macadamia accessions, Table S1: Candi-
date genes identified within a window of ±10,000 nucleotides from a SNP significantly associated
with stick-tight trait count or proportion using the NCBI Genome Data Viewer Macadamia integrifolia
SCU_Mint_v3 assembly.
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