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Abstract. The Hawaiian cultivars Keaau (HAES660) and Mauka (HAES741) were
selected by the University of Hawaii—released in 1966 and 1977, respectively—and
have been used extensively in macadamia orchards throughout the world. Recent
molecular evidence suggests that these two cultivars are almost identical genetically;
however, commercially they have been considered phenotypically different. This study
reviews available molecular, historical, and phenotypic evidence to examine the
hypothesis that these two cultivars are the same genotype. Phenotypic variability for
morphological traits was observed in a replicated trial at Wolvi, QLD. Historical
evidence suggests that both ‘HAES660’ and ‘HAES741’ were derived from the same
orchard. We identified strong genetic and phenotypic similarities between these
cultivars, with variability in some simple traits. This study provides evidence that these
two cultivars are isogenic or near isogenic and may have been derived from the same
plant source.

The world’s first major macadamia breed-
ing program was initiated by the University
of Hawaii (UH) at the Hawaiian Agricultural
Research Station (HAES) (Hamilton and Ito,

1982). In 1934, UH commenced surveying of
seedling macadamia orchards to select supe-
rior genotypes based on tree growth, struc-
ture, bearing habits, cracking quality, nut size
and shape, kernel size, and kernel recovery
(Hamilton and Fukunaga, 1970; Hamilton
and Storey, 1956). From more than four
decades of evaluation of more than 100,000
seedlings, �650 were selected for further
evaluation. After successful evaluation and
testing in multiple sites, 13 cultivars were
named and released for commercial cultiva-
tion depending on the adaptation to location
and preference of individual growers (Hamilton
and Ito, 1982). Although several breeding pro-
grams are now continuing around the world,
these HAES cultivars still dominate world
macadamia production (Aradhya et al., 1998;
Hardner, 2016).

‘Keaau’ (‘HAES660’) and ‘Mauka’
(‘HAES741’) are two important varieties
fromHAES selections, and grafted clones are
commercially cultivated worldwide. Cultivar
HAES660 was recommended for commercial

plantation across a wide range of conditions
because it performed well in most of the areas
in which it was tested (Hamilton and Ooka,
1966). On the other hand, ‘HAES741’ was
recommended mainly for areas at 550 to
670 m altitude, where the performance of
most other cultivars was marginal (Hamilton
and Ito, 1977). Interestingly, both of them
were reported to have a similar upright
pattern of growth habit and 43% to 44%
kernel recovery (Hamilton and Ito, 1982). A
detailed morphological characterization of
macadamia varieties identified limited var-
iation between these two cultivars (Bell
et al., 1998), despite undocumented re-
ports of morphological variation by the
growers. Previous molecular marker studies
(Aradhya et al., 1998; Nock et al., 2014;
Steiger et al., 2003) identified a very close
genetic relationship between the two culti-
vars.

Aiming to confirm the identity of these
two varieties, we reviewed the historical
evidence of the development of these two
cultivars, investigated the phenotypic differ-
ences in a replicated trial, and determined the
genetic differences using a large number of
high-throughput molecular markers.

Materials and Methods

Collecting historical evidence of cultivar
development. Historical evidence was devel-
oped from a review of literature and original
UH-HAES selection books collected by
Craig Hardner (personal communication)
during his visit to Hawaii in 2013.

Phenotypic characterization. In Aug.
2017, four individual, mature trees of
‘HAES660’ and HAES741’ were phenotyped
in a cultivar trial at Wolvi, Queensland,
Australia. The trial was planted as random-
ized blocks with single-tree plots and four
replicates. Phenotypic measurements were
acquired for several morphological traits,
including leaf, internode, flower, nut, and
growth characteristics (Table 1). To charac-
terize leaf and internode traits, three twigs
from the final growth unit were selected from
three randomly selected branches of each
tree. Leaf traits were measured for length
(in millimeters), width (in millimeters), and
area (square centimeters). Internode length
(in millimeters) was measured from the first
three internodes from the tip of the recent
growth unit. To measure raceme length (in
millimeters) and floret density (number of
florets per centimeter), 10 racemes were
collected randomly from each plant. Nut
characteristics were measured from 20 ran-
domly selected nuts per tree. For growth
characteristics, height (in centimeters) and
width (in centimeters, along the row and
across the row), and trunk circumference (in
centimeters, at 30 cm above the base) of each
tree were measured. Yield data from four
sites (Walkamin, Wolvi, Clunes, and Rock-
hampton) were collected from a previously
archived database. The Walkamin, Wolvi,
and Clunes trials were planted in 1984,
whereas the Rockhampton trial was planted
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in 1985 (Gallagher et al., 1997). For both
cultivars, we evaluated cumulative nut-in-
shell (CNIS) yield data collected from 1991
to 1996. We also reviewed phenotypic char-
acteristics reported by Bell et al. (1998) and
grower observations (L. Bryen, personal
communication).

Genotyping. To compare the level of
genotyping error and to identify genetic
similarity between the cultivars, both biolog-
ical and technical replicates were used. DNA
samples from different plants of the same
cultivar were considered biological repli-
cates. However, for technical replicates, the
same DNA sample was genotyped twice.
Four biological and two technical replicates
of ‘HAES 741’, three biological replicates of
‘HAES 660’, and 28 other cultivars including
19 individual and 9 replicated cultivars were
genotyped previously using 4276 dominant
silicoDArT (diversity array technology)
markers (Alam et al., 2018). SilicoDArT
marker data are available at https://doi.org/
10.14264/uql.2018.394 (Topp and Alam,
2018). We also used 15 microsatellite
markers using previously described methods
(Nock et al., 2014) to genotype six biological
and six technical replicates of each cultivar.

Genetic similarity analysis. Genetic sim-
ilarities were estimated using silicoDArT
marker data of ‘HAES741’, ‘HAES660’,
and 28 other cultivars. DARwin 6.0 (Perrier
and Jacquemoud-Collet, 2006) software was
used to develop an unweighted neighbor-
joining dendrogram and to illustrate the
genetic similarity among cultivars.

Statistical analysis. Morphological and
yield data of ‘HAES741’ and ‘HAES660’
were analyzed using Genstat version 18
(Payne et al., 2011) software. Restricted
maximum likelihood (REML) mixed-model
analysis was used to test (Wald) the signifi-
cance of each fixed effect included in the
models. For phenotypic data analysis of the
Wolvi trial, we considered cultivar and rep-
lication as fixed effects, and residual as
random. For yield trial analysis, initially we
analyzed data from individual trials, consid-
ering cultivar and replication as fixed effects,
and residual as a random effect. For multi-
location trial analysis, cultivar, cultivar-by-
location interaction, and replication were
used as fixed effects, and residual was used
as a random effect. The mean trait value of
each cultivar was also estimated from REML
mixed-model analysis. A least significant
difference procedure was used to compare
cultivar means only when the cultivar effect
was significant (P < 0.05).

Results and Discussion

Historical evidence of the development
of ‘HAES660’ and ‘HAES741’. Cultivars
HAES660 and HAES741 are the products
of initial macadamia selection pioneered by
UH. ‘HAES660’ was selected in 1948
whereas ‘HAES741’ was selected in 1957.
These two cultivars were named ‘Keaau’ and
‘Mauka’ in 1966 and 1977, respectively.
Previous literature (Hamilton and Ito, 1977;

Hamilton and Ooka, 1966) suggested that
these two cultivars originated from the same
orchard, although there was some confusion
about the name of the orchard (Hardner,
2016). Hamilton and Ooka (1966) reported
that ‘HAES660’ was selected from the
Deschwanden orchard in the Lawa’i valley
on Kauai. In another study, Hamilton and Ito
(1977) reported ‘HAES741’ was a selection
from the Glaisyer orchard in the Lawa’i
valley on Kauai, but they also indicated that
both ‘HAES660’ and ‘HAES741’ originated
from the same orchard. Based on this in-
formation, Hardner et al. (2009) initially
reported that these two cultivars were se-
lected from the Glaisyer orchard. Subse-
quently, evidence from the original UH-
HAES selection books (Figs. 1 and 2) con-
firmed the origin of these two cultivars

(Hardner, 2016), although there is some ve-
racity of information in the UH-HAES selec-
tion books, particularly with regard to the
alignment of column headings and data.
According to the selection books, the original
trees of both ‘HAES660’ and ‘HAES741’
were selected from the Deschwanden orchard
on Kauai. Although ‘HAES741’ was selected
11 years after the selection of ‘HAES660’,
both trees were marked as tree ‘‘#3’’ (Figs. 1
and 2). A possible source of seeds for
Deschwanden orchard planting was Nutridge
(Hardner, 2016), the first commercial orchard
of macadamia in Honolulu. Hardner (2016)
also suggested that the planting seedmay have
been transferred by macadamia enthusiast
Francis Takahashi, who had planted an or-
chard �2.5 km to the south of the Deschwan-
den orchard.

Table 1. Phenotypic trait means for ‘HAES660’ and ‘HAES741’ collected from the Wolvi trial in 2017.

Traits HAES660 (SEz) HAES741 (SEz) Level of significance

Leaf area (cm2) 28.14 (1.65) 28.39 (2.8) NS

Leaf length (mm) 132.10 (4.81) 130 (4.98) NS

Leaf width (mm) 32.18 (0.53) 32.10 (2.48) NS

Lead blade length (mm) 119.80 (5.12) 117.00 (5.31) NS

Leaf petiole length (mm) 12.28 (0.32) 13.02 (0.34) NS

Spikes per leaf (n) 6.66 (1.45) 5.84 (2.46) NS

Internode length (mm) 34.20 (1.6) 38.9 (5.2) NS

Raceme length (mm) 159.90 (6.77) 154.90 (5.32) NS

Floret density (florets/cm) 10.84 (0.23) 12.69 (0.45) ***
Nut-in-shell weight (g) 5.62 (0.21) 5.95 (0.28) NS

Kernel weight (g) 2.23 (0.07) 2.272 (0.13) NS

Shell weight (g) 3.38 (0.14) 3.68 (0.25) *
Kernel recovery (%) 39.96 (0.46) 38.02 (2.02) NS

Nut length, pole to pole (mm) 22.33 (0.27) 22.92 (0.56) *
Diameter at equatorial region (mm) 22.29 (0.27) 22.97 (0.38) *
Kernel diameter, pole to pole (mm) 14.40 (0.39) 14.15 (0.34) NS

Kernel diameter at equator (mm) 17.34 (0.14) 17.69 (0.18) NS

Height (cm) 850.00 (20.82) 845 (45.00) NS

Canopy width along the row (cm) 578.00 (47.68) 675.00 (30.14) NS

Canopy width across the row (cm) 702.00 (25.62) 680.00 (5.77) NS

Trunk circumference (cm) 79.80 (3.12) 88.8 (1.75) NS

zStandard error of sample means (n = 4).
NS, *, ***Nonsignificant or significant at P # 0.05 or 0.001, respectively.

Fig. 1. Entry in University of Hawaii–Hawaiian Agricultural Research Station original selection book for
initial field selection of ‘HAES660’ in Deschwanden orchard.
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Phenotypic characterization of ‘HAES660’
and ‘HAES741’. We observed strong pheno-
typic similarities between ‘HAES660’ and
‘HAES741’ for most of the characteristics
studied. No significant differences in leaf, stem,
and growth parameters were identified
(Table 1). Both cultivars showed variability in
nut and kernel size (Fig. 3). There was no
significant differences for average nut and
kernel weight, but significant differences were
detected for nut length (P# 0.05) and diameter
(P # 0.05). Nut length and diameter were
smaller in ‘HAES660’ (22.33 mm) than in
‘HAES741’ (22.92 mm). Cultivar HAES741
had a significantly (P # 0.05) greater shell

weight (3.69 g) than that of ‘HAES660’
(3.38 g). The differences in kernel recovery
were not significant. Average floret density
in the raceme was significantly (P # 0.001)
greater in ‘HAES741’ (12.69 florets/cm)
than ‘HAES660’ (10.84 florets/cm) (Table 1).

Individual trial analysis showed that
there were no consistent differences in
variation for across-site CNIS yield
(Table 2). Of four different sites, the vari-
ability in CNIS was significant only at
the Rockhampton site, where ‘HAES660’
(70.03 kg) produced almost half the CNIS of
‘HAES741’ (133.55 kg). Rockhampton has
the lowest elevation (15 m above sea level)

of all the sites. During the trial period, the
Rockhampton site was also the hottest and
driest of trial sites (Gallagher et al. 1997).
However, multilocation REML mixed-
model analysis revealed nonsignificant ef-
fects of cultivar and cultivar-by-location
interaction (Table 3), although location ef-
fect was significant.

Bell et al. (1998) also found it difficult to
distinguish ‘HAES660’ from ‘HAES741’.
Our results support the observations of Bell
et al. (1998) and Lindsey Bryen (personal
communication) with regard to phenotypic
characteristics (Table 4). Both cultivars
showed similar growth, leaf, and stem char-
acteristics, with differences in nut size. As
reported in the UH-HAES original selection
book (Figs. 1 and 2), our observations
showed that ‘HAES660’ and ‘HAES741’
have no significant difference in kernel re-
covery.

Molecular characterization. We identi-
fied strong genetic similarities between
‘HAES741’ and ‘HAES660’ (Fig. 4). Using
silicoDArT markers, the range of genetic
dissimilarities between ‘HAES660’ and
‘HAES741’ was 0% to 2.8%, which was
within the range of dissimilarity indices
between the replicates of ‘HAES741’ (0%
to 2.5%) and ‘HAES660’ (0% to 2.8%).
Replicates of all other cultivars also showed
the same degree of dissimilarity, which could
be the result of genotyping errors (Pompanon
et al., 2005). However, analysis of data from
microsatellite loci found that genotypes of all
‘HAES741’ and ‘HAES660’ replicates were
identical at 15 loci (Fig. 5). Previously, using
eight enzymes, Aradhya et al. (1998) identi-
fied �99% similarity between ‘HAES660’
and ‘HAES741’. Steiger et al. (2003) used
105 amplified fragment length polymorphism
(AFLP) markers to study the genetic diver-
sity among 26 macadamia cultivars, and
identified that ‘HAES741’ and ‘HAES600’
were the most similar (98.5%) cultivars.

Based on the evidence reported, we con-
clude that ‘HAES660’ and ‘HAES741’ are

Fig. 2. Entry in University of Hawaii–Hawaiian Agricultural Research Station original selection book for
initial field selection of ‘HAES741’ in Deschwanden orchard.

Fig. 3. Variability in nut and kernel size in ‘HAES660’ and ‘HAES741’. (A1) ‘HAES660’ nuts. (A2) ‘HAES660’ kernels. (B1) ‘HAES741’ nuts. (B2) ‘HAES741
kernels.
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isogenic or near isogenic and have THE same
ancestors. The key evidence follows:

1. Both cultivars originated from the same
orchard, and progeny seedlings were
probably sourced from the open-
pollinated nuts of the same mother tree.

2. Molecular studies using multiple
marker systems (isozyme, AFLP,
DArT, and microsatellite) showed that
these two cultivars are either identical
or almost genetically identical.

3. Complex traits such as growth and
yield showed no significant differ-
ences, whereas a few simple traits
(nut length and width, floret density
in the raceme) were significantly
different between the cultivars.

In addition, we suggest that both cultivars
may have been derived (clonally propagated)
from the same plant because they were
collected from the same orchard and have
the same tree number (#3) marked in the
original UH-HAES selection books. The
variation in some simple phenotypic traits
may be the result of phenotyping errors or
mutational variation in one or a few genes.
Another possibility is that both cultivars may
be autogamous full-sib progeny of the same
plant. Comparing the nuclear genome DNA
sequences of both cultivars would ascertain

Table 2. Variability in cumulative nut-in-shell yield of macadamia cultivars HAES660 and HAES741 in
years 1991 to 96.

Sites HAES660 HAES741 Level of significance

Clunes 90.75 84.17 NS

Rockhampton 70.03 133.55 **
Walkamin 29.83 36 NS

Wolvi 101.58 103.7 NS

Average 72.73 84.39 NS

NS, **Nonsignificant or significant at P # 0.01, respectively.

Table 4. Summary of phenotypic characteristics of ‘HAES660’ and ‘HAES741’ based on Bell et al. (1998)
and observations by Lindsay Bryen (personal communication).

Characteristics HAES660 HAES741

Kernel Full Full
Flecking Yes, pronounced Yes, slight
Flowering Concentrated, variable timing Concentrated, late
Leaf margin Slightly undulating Slightly undulating
Spines Spurred basal Spurred basal
Petiole Long Long
Husk Large point offset to stalk Large point offset to stalk
Stalk Thick, medium to long Thick, medium to long
Tree size Medium to large Large
Tree structure Upright Upright
Canopy density Moderate to dense canopy Moderate to open canopy

Table 3. Results from restricted maximum likelihood mixed-model analysis showing the level of
significance of each effect on yield in four different locations.

Fixed effects Wald statistic df F probability

Cultivar 1.910 1 0.184
Location 37.910 3 <0.001
Cultivar · location 7.210 3 0.101
Replication 1.490 3 0.688

Fig. 4. Genetic relationships between macadamia cultivars, including HAES660, HAES741, and other cultivars, based on an unweighted neighbor-joining
dendrogram developed with DARwin 6.0 software using 4276 silicoDArT markers (https://doi.org/10.14264/uql.2018.394). Replicated cultivars are
separated by different colors (see color version online). Rx indicates biological replicate; Rx_y indicates technical replicate.
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the actual genetic identity, although this
would still not account for possible epige-
netic differences.
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Fig. 5. Composite AB3730 Genetic Analyser electropherograms comparing microsatellite marker results for cultivar HAES660 (top) and HAES741 (bottom).
Peaks represent alleles from 15 loci.
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