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Macadamia (Macadamia spp.) is considered the world’s finest dessert nut because of its delicate taste
and numerous health benefits. It is grown in Kenya both as a cash crop and foreign exchange earner
with Kenya producing about 10% of the world’s total production. Macadamia has great potential for
poverty reduction due to the high value of its products and its low requirement for external inputs.
Although the crop has been grown in the country for over 5 decades, the growth of the industry is not
commensurate with the demand and market potential that exists. Some of the challenges facing the
macadamia industry in Kenya include lack of cultivars adapted to various agro ecological zones,
inadequate planting materials of high quality, high cost of the available good quality planting materials
and pests and diseases that affect nuts thus lowering post harvest quality. This paper discusses the
potential of agricultural biotechnology relevant to genetic improvement of macadamia to compliment

other efforts for its improved productivity and value.
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INTRODUCTION

Macadamia (family Proteaceae) is an ever-green tree
growing up to 20 m (Duke, 1983). 2 species Macadamia
integrifolia Maiden and Betche (smooth-shelled), and Ma-
cadamia tetraphylla L.A.S. Johnson (rough-shelled) are
cultivated for their edible nuts (McHargue, 1996). The
mature fruit consists of a cream to white seed (kernel,
nut) enclosed in a hard brownish seed coat (shell) which
is then enclosed in a green or grayish green pericarp
(husk) (Bittenbender and Hirae, 1990; Yokoyama et al.,
1990). The kernel can be eaten raw or fried (Duke, 1983)
or as an ingredient into various confectionary products
(Yokoyama et al., 1990; Sato and Waithaka, 1996). The
oil extracted from macadamia is similar in composition to
olive oil and is made up of 58.2% monounsaturated fatty
acids (Cavaletto, 1980; Macfalane and Harris, 1981). It is

*Corresponding author. E-mail: lucygitonga2000@yahoo.com.
Tel.: 254-67-24332.

considered a healthy food product as it contains no cho-
lesterol, thus maintains blood cholesterol levels in check
(Onsongo, 2003). The seed cake that remains after oil
extraction is used as a constituent of livestock feed
(Woodroof, 1967). Rumsey (1927) also recommended
the tree for timber and also as an ornamental.

Macadamia is mainly grown in Australia, Hawaii, South
Africa, Kenya, Guatemala, Malawi, Brazil, Zimbabwe and
Costa Rica in order of level of production (Table 1)
(Wilkie, 2008). Other countries that cultivate the crop on a
small scale include New Zealand, Mexico, Jamaica, Fiji,
Argentina, Venezuela and Tanzania (Wasilwa et al,
20083.

Introduction in Kenya
Macadamia was introduced from New South Wales in

Australia in to Kenya in 1946. 6 M. tetraphylla seeds were
planted at Kalamaini estate in Thika district of central pro-
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Table 1. Macadamia production (Tons in-shell)
in major macadamia growing countries in the
years 2006 and 2007.

Tons in-shell

Country 2006 2007
Australia 42000 39700
Hawaii 22000 20000
S. Africa 17230 19230
Kenya 11400 11100
Guatemala 7000 8300
Malawi 4230 7110
Brazil 3125 3750
Zimbabwe 800 770
Costa Rica 500 500
Others 2200 2500
Total 108285 110460

Adapted from Wilkie (2008).

vince (Harris, 2004). More seeds of M. integrifolia, M. te-
traphylla and hybrids of the 2 were introduced in 1964
from Australia, Hawaii and California. In 1968, grafted
seedlings were produced using scion material of superior
M. integrifolia varieties which were imported from Hawaii.
The grafted Hawaiian varieties were planted in different
agro-ecological zones. These 3 sources were used by
the Harries family (Bob Harris Ltd, (BHL)) to propagate
and supply macadamia seedlings to farmers in central,
eastern, rift and coast provinces, as an alternative cash
crop to tea and coffee (Harries, 2004). By 1974, BHL had
already supplied 800,000 ungrafted seedlings to farmers
in central and eastern provinces (Waithaka, 2001; Harris,
2004). However, when the trees begun to bear, no mar-
keting infrastructure had been organized and this dis-
couraged farmers and some started cutting down the
trees. Since most of the trees were seed-propagated,
there was wide variation in yield and quality of nuts. Most
trees produced 5 - 10 kg/tree/season and kernels had
less than 70% oil content which was considered low qua-
lity (Ondabu et al., 1996). Varieties adapted to various
agro-ecological zones were also lacking. As a cones-
quence, farmers were discouraged and some uprooted
their trees.

History of Macadamia improvement in Kenya and
current status

Improvement through selection breeding

Macadamia varietal development through selection
breeding has extensively been done in other countries
such as Hawaii (Bittenbender and Hirae, 1990), California
(McHargue, 1996), Australia (Hardner et al., 2001) and
South Africa (ARC, 2000) leading to varieties adaptable

to various AEZ. Introduction of such varieties in Kenya
would broaden the genetic base. However, they would
need to be evaluated for adaptability to Kenyan condi-
tions. Hence, selection of varieties from already adapted
germplasm in Kenya was necessary. Between 1971 and
1973, a feasibility study funded by the food and agricul-
ture organization (FAO) was carried out by the Kenya
government to determine the potential of revitalizing the
macadamia industry and providing farmers with high qua-
lity planting materials (Hamilton, 1971; Waithaka, 2001).
Results of the feasibility study indicated that macadamia
had high potential as a cash crop and as foreign ex-
change earner for Kenya (Kiuru et al., 2004). The govern-
ment of Kenya requested the government of Japan for fi-
nancial support and technical expertise to assist Kenyan
counterparts in rehabilitation of the macadamia industry.
Hence, in 1977 agronomic surveys of macadamia trees
planted in the later part of 1960s revealed 300 ‘superior’
trees in terms of yield and quality of nuts. Out of these,
scions were obtained from 30 most promising trees in far-
mers’ fields and grafted clones were planted at the Natio-
nal Horticultural Research Centre (NHRC, Thika) of the
Kenya Agricultural Research Institute, for detailed obser-
vations on yield, nut and kernel characteristics (Wasilwa
et al., 2003).

Nut quality has been accepted as the first criterion for
the selection of improved macadamia cultivars (Nissen
and Williams, 1980). First grade kernels contain over
72% oil. Qil content is determined by specific gravity
using dried kernels of below 2% moisture content. First
grade kernels readily float in tap water. Kernels that con-
tain 72% or below sink in tap water but float or sink in
1.025 specific gravity brine solution and are 2™ or 3"
grade respectively. Such nuts are usually immature and
harder and they become over brown when roasted
(Yokoyama et al., 1990). Kernel recovery ratio, express-
ed as a percentage of recovered kernels’ weight to the to-
tal in-shell nut weight, should be over 32% while the
weight of kernel should range between 1.55-3.14 g. First
grade kernel ratio expressed as a percentage of nuts that
float in tap water to the total weight of recovered kernels
should be over 90% (Nissen and Williams, 1980). Yield,
expressed as the number of kilograms per tree per year
should be over 50 kg if the tree is growing under highly
suitable conditions or 40 kg under moderate conditions
(Ondabu et al., 1996). Based on the factors mentioned
above, 7 promising cultivars were selected from the 30
trees with a yield potential of between 50-80 kg/tree/year,
a 10 fold increase from average yield of 5 — 10 kg obtain-
ed previously by farmers. Nut and kernel characteristics
were also improved to ideal ranges. These varieties were
recommended for commercial planting in the late 1980s
(Table 2).

Several other varieties including EMB-2, MRG- 2,
MRG-25, TTW-2, Hawaiian varieties; HAES 246, HAES
294, HAES 333, HAES 508, HAES 660, HAES 741,
HAES 788 (M. integrifolia), KMB-4, KMB-25, KMB-9,
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Table 2. Yield, nut and kernel weights of the 7 varieties recommended for commercial planting in Kenya in the late
1980s. Data on yield was obtained from original mother trees in farmers’ fields where they were best adapted while
data on nut and kernel characteristics was taken from grafted clones at NHRC.

Yield (in shell) Kernel Kernel First grade kernel

at 15 years recovery weight ratio
Variety Species (Kg/tree) ratio (%) (9) (%)
KRG-15 M. integrifolia 80.0 39.3 2.53 91.99
EMB-1 M. integrifolia 70.0 33.5 1.99 95.50
MRG-20 M. integrifolia 55.0 32.6 2.24 95.77
KMB-3 (M. integrifolia x M. 60.0 34.8 1.90 94.30

tetraphylla) hybrid

KRG-1 M. integrifolia 50.0 29.6 2.20 72.70
KRG-3 M. integrifolia 50.0 31.7 2.30 90.00
KRG-4 M. integrifolia 65.0 32.8 2.10 56.70

Source: Hirama et al. (1987).

Table 3. Yield, Nut and Kernel weights of additional 10 varieties recommended for commercial planting in the late 1990s. Data on
yield was obtained from original mother trees in farmers’ fields where they were best adapted while data on nut and kernel charac-

teristics was taken from grafted clones at NHRC.

Yield (in shell) at Kernel recovery Kernel weight First grade
Variety species 15 years (Kg/tree) ratio (%) (9) kernel ratio (%)
EMB-2 M. integrifolia 40 - 60 34.63 2.38 94.95
EMB-H Hybrid 40 - 60 36.0 1.96 99.67
KMB-4 Hybrid 40 - 60 36.24 2.88 96.30
KMB-25 Hybrid 40 - 60 36.00 3.15 87.17
MRG-2 Hybrid 50 - 60 38.66 3.91 93.92
MRG-25 Hybrid 40 - 60 37.22 2.51 97.25
MRU-23 Hybrid 40 - 60 35.02 2.67 81.50
MRU-24 Hybrid 40 - 60 35.28 2.17 97.00
MRU-25 Hybrid 40 - 60 33.45 2.12 81.00
TTW-2 M. integrifolia 40 - 60 41.33 2.06 91.67

Modified from Tominaga and Nyaga, (1997)

EMB-H, MRU-23, MRU-24, MRU-25, MRG-1, MRG-2 and
MRG-8 (M. integrifolia x M. tetraphylla hybrids) were
planted in trials at different agro-ecological zones for con-
tinued observations on yield potential, tree and nut cha-
racteristics (Wasilwa et al., 2003). Subsequently, some
addtional varieties, mostly natural (M. integrifolia x M.
tetraphylla) hybrids were tentatively recommended for
commercial planting in the late 1990s. These varieties
have yield potential of 40 - 60 kg/tree/year, high kernel
recovery ratio of between 33.45 - 41.33%, high kernel
weight of between 1.96 - 3.15 g and over 80% first grade
kernel ratio (Table 3) (Tominaga and Nyaga, 1997; Wasi-
Iwa et al., 2003)

Development of new varieties

breeding

through cross

Further agronomic observations revealed that some ma-
cadamia cultivars were adapted to different agro-ecologi-
cal zones (AEZ) and were recommended accordingly

(Table 4). Only 4 varieties KRG-15, EMB-1, MRG-20
were permanently recommendation for 3 agro-ecological
zones, sunflower-maize zone, marginal coffee and main
coffee zones. To date, only one variety (KMB-3) adapted
to high altitudes of 1750 - 1870 m above sea level (coffee
tea zone), was identified and recommended (Tominaga
and Nyaga, 1997). Hence, cross breeding work between
4 selected clones (EMB-1, KRG-3, MRG-20 and KMB-3)
and 2 Hawaiian varieties (HEAS 508 and HAES 333) and
further cross-pollination with clones MRG-1, MRG-2,
MRG-8, KMB-9 and KRG-4 (Table 5) was initiated in
1991 with an aim of combining adaptability to high
altitude and other nut quality characteristics. The
progenies were planted at an altitude of 1850 m above
sea level (Kiuru et al., 2004) for evaluation.

Multiplication of selected superior clones through
vegetative propagation

Macadamia is preferentially (> 75%) out crossing (Sedg-
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Table 4. Macadamia varieties recommended for 4 agro-ecological zones of Kenya.

Agro-ecological Altitude Mean Rainfall in Permanent Tentative
zone (meters) Temperature (°C) mm recommendations recommendations
Sunflower - Maize 1280 - 1400 19.5 - 20.7 and higher 800 - 900 KRG-15, EMB-1 MRG-
Zone and below and less 20
Marginal Coffee KRG-15, EMB-1, MRG-  KMB-4, MRG-25,
Zone 1400 -1550 19.0 - 20.1 900 - 1200 20 TTW-2 (T/Taveta)
KMB-4, EMB-2,
1200 - 1400 KRG-15, EMB-1, MRG-  EMB-H, MRG-25
Main Coffee Zone 1550 - 1750 18.5-20.0 20, KMB-3 and TTW-2
(T/Taveta)
EMB-1, MRG-20,
1400 - 1600 KMB-3 EMB-H, MRU-24
Coffee - Tea Zone 1750 - 1870 17.5-19.0 and MRU-25

Modified from Ondabu et al., (1996); Tominaga and Nyaga (1997); Wasilwa et al. (1999)

Table 5. Macadamia crosses performed in Kenya in 1991.

Number of crossed

Number of crossed

Cross seed nuts Cross seed nuts
KMB-3 X
KMB-9 474 MRG-20 X EMB-1 8
KMB-3 X
KRG-3 33 MRG-20 X KRG-3 13
KMB-3 X
EMB-1 3 KRG-3 X EMB-1 32
KMB-3 X
MRG-20 26 EMB-1 X KRG-3 2
KMB-9 X
KMB-3 27 EMB-1 X KRG-3 3
KRG- 3 X
KMB-3 6 EMB-1 X MRG-20 2
MRG-20 X 7
KMB-3
Total 636

Source: JICA (1991)

ley et al., 1990). Production of true-to-type planting mate-
rial is therefore by grafting scions from selected parents
on to rootstocks raised from seed (Stephenson, 1983). In
Kenya, grafting methods were evaluated between 1985
and 1997. 3 grafting methods namely (a) Top wedge (90
- 100% successful takes), (b) splice and (c) side wedge
(70 - 100%) were fine-tuned and used for mass propaga-
tion of planting material of selected superior material. Us-
ing these methods seedlings can be produced within 1.5 -
2 years (Nyakundi and Gitonga, 1993; Gitonga et al.,
2002). Grafting reduces the juvenile period before bear-
ing from 7 - 10 years to 3 - 4 years. Further, grafting also
contributed to dwarfing of trees from over 15 m to ma-
nageable heights of less than 10 m. Average yields were
increased from between 5 and10 kg to between 50 and
80 kg/tree/season while nut quality was improved by
increasing nut oil content to over 72% (Onadabu et al.,

1996) through propagation and distribution of superior
cultivars. Selection of superior clones and development
of vegetative propagation techniques and other agrono-
mic packages has resulted into economic gain and impor-
tance of macadamia in Kenya. Currently, macadamia is a
growing agro-processing industry that targets niche mar-
kets in Europe and the Orient (Rotich, 2004). The area
under macadamia has increased from 469 ha in 1989 to
an estimated 8000 ha in 2003 (Onsongo, 2003; Kiuru et
al., 2004).

Macadamia has since become the most important nut
crop in Kenya, with an annual production of about 10,000
metric tons. Being a low-input crop, macadamia is grown
by over 100,000 small-scale farmers for income and live-
lihood (Waithaka, 2001). Further, macadamia can be
grown as an intercrop with other cash and food crops
(Onsongo, 2003; CABI, 2005). Small-scale farmers pro-
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Figure 1. Macadamia nut production (in-shell MT) in Kenya from
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Figure 2. Macadamia in-shell basis - production, consumption, ex-
ports, and imports statistics for the years 1996 and 2004.
Source: USDA, 2008

duce about 70% of total production while 30% is produc-
ed by about 500 large-scale growers with at least 1000
trees each (Muhara, 2004). Kenya exports 93% of its
total production to Japan, Hong Kong, Germany, USA,
Canada and Switzerland (processed) and China, East
Asia and India (unprocessed) while domestic market
consumption is estimated at 50 tons of kernel annually
(WHT and U.S.E.O, 2004; Rotich, 2004). The Kenya nut
company (KNC), the major processor of macadamia nuts
has branded its domestic products ‘Nutfields’ which in-
clude roasted nuts, chocolates and cookies sold in major
supermarkets, hotels and airlines. International products
are branded ‘Out of Africa’ (Onsongo, 2003).

Steady growth in production (Figure 1) and export of
macadamia has been realized since the early 1990’s. An
increase from 4000 tons in 1993 to 7,300 tons in the year
2004 in export was registered (CABI, 2005). In 2003, the
world production of processed kernel was 23,130 tons
with Kenya producing 1520 tons (7%) from 1600 bearing
trees (Onsongo, 2003; Lee, 2004).
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However, the growth rate of the sub-sector is below the
country’s potential and is relatively slow when compared
to the growth rate of competing countries such as South
Africa to which Kenya has lost some of its market share
(CABI, 2005). While the production and exports from
Kenya barely changed between 1996 and 2004, those of
South Africa tripled (Figure 2). Within the same period,
USA doubled its local consumption and increased its im-
ports more than 4 times without changing its production
levels thus offering huge market potential for Kenyan ma-
cadamia.

Several factors have been cited as responsible for the
slow production growth of which include among others,
inadequate cultivars adapted to various agro ecological
zones, inadequate planting materials of high quality, high
cost of the available good quality planting materials and
pests and diseases that affect nuts thus lowering post-
harvest quality.

Prospects of biotechnology
Macadamia improvement

applications for

Macadamia breeders must explore as much genetic di-
versity as possible from which to select and recombine
favorable traits through cross-breeding (McHargue, 1996)
so as to develop varieties that are adapted to Kenyan
conditions and those that can compete in the world mar-
ket (Rotich, 2004). However, the genetic diversity of ma-
cadamia germplasm in Kenya is not known and this
slows breeding efforts.

Currently, the genetic improvement of macadamia is
based on introduction and selection from existing germ-
plasm. Germplasm characterization is based on agro-
morphological traits. This process has been slow and
since 1977 only 4 varieties have been permanently reco-
mmended for commercial planting (Ondabu et al., 1996).
Moreover, morphological traits alone represent only a
small portion of the plant genome and are influenced by
environmental factors, there by limiting their utility in des-
cribing the potentially complex genetic structures that
may exist between and within species (Avise, 1994).

Application of DNA markers for macadamia

germplasm characterization

Genetic markers are simply heritable characters with mul-
tiple states at each character. Typically, in a diploid ge-
nus such as Macadamia (2n = 28) (Hardner et al., 2005),
each individual can have 1 or 2 different states (alleles)
per character (locus). All genetic markers reflect differen-
ces in DNA sequences (Sunnucks, 2000). Basic DNA
profiling techniques (DNA markers) include restriction
fragment length polymorphisms (RFLPs), random ampli-
fied polymorphic DNA (RAPDs), amplified fragment
length polymorphisms (AFLPs) and microsatellites.
These techniques are continually being modified to im-
prove resolution and information content. With the inven-
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tion of the polymerase chain reaction (PCR) technique,
DNA profiling took huge strides in both discriminating
power and the ability to recover information from very
small (or degraded) starting samples. With sequencing
technologies associated with automated and/or semi au-
tomated large-scale screening systems, DNA-based poly-
morphisms are now the markers of choice for molecular-
based surveys of genetic variation (Hannotte and Jianlin,
2006).

Among the DNA-based markers, microsatellites (Gold-
stein et al., 1995) are well known for genetic diversity stu-
dies due to their potentially high information content (Fer-
reira, 2006), the results obtained are reproducible, the
data can be scored and analyzed using standardized me-
thods (Lanteri and Barcaccia, 2006). Characterization of
diversity of macadamia germplasm using molecular tools
has been previously applied in other countries. As a tool
towards quantitative breeding of macadamia in Hawaii,
Vithanage et al. (1998) reported on the use of isozyme
analysis to assess the genetic relatedness but found it
limiting since several isozyme alleles were shared by
most of the commercial cultivars. They developed ran-
dom amplified polymorphic DNA (RAPD) and sequence
tagged sites (STSs). Results showed that these markers
followed Mendelian inheritance and these markers have
been used to assay 76 individuals. Peace et al. (2002)
used radio-labeled DNA amplification fingerprinting (RAF)
technique for Macadamia chromosome mapping. They
discovered 19 new RAF co-dominant markers which
were used together with dominant markers to charac-
terize 30 cultivars representative of the Hawaiian Maca-
damia industry. These markers were also used to assign
cultivars to germplasm groups that reflected species sta-
tus and breeding origins. Recently, Schmidt et al. (2006)
isolated 33 microsatellite markers from M. integrifolia that
were used to genotype 43 commercial cultivars of Aus-
tralia generating an average polymorphic information
content of 0.480. These 33 microsatellite loci represent a
significant tool for genome mapping and population ge-
netic studies and can therefore be immediately applied
for genetic diversity studies of macadamia selections in
Kenya.

Other approaches for molecular characterization with
increased robustness include single nucleotide polymor-
phisms (SNPs), allele mining and diversity array techno-
logy (DArT). SNPs are DNA sequence variations that
occur when a single nucleotide (A, T, C, or G) in the ge-
nome sequence is altered. For example the change of
the DNA sequence AAGGCTAA to ATGGCTAA (Kahl et
al., 2005). For a variation to be considered a SNP, it must
occur in at least 1% of the population (allele frequency
>1%) (Rapley and Habron, 2004).Since SNPs are located
throughout the genome, whole genome scans may help
identify regions associated with agronomically important
traits and hence can be applied for high-throughput
marker-assisted breeding, expressed sequence tags
(EST) mapping and the construction of genetic linkage

maps (Rafalski, 2002).

SNPs have been identified and utilized several crops
including barley (Soleimani et al., 2003) and Solanum ca-
ripense, a wild relative of potato and tomato (Nakitandwe
et al., 2007). In nut crops, SNPs have been detected in
coconut and are being used for studying genetic popula-
tion structure (Mauro-Hennera et al., 2006) while in al-
mond (Shu-Biao et al., 2008) validated 100 SNPs based
on the predicted SNP information derived from the al-
mond and peach EST database. Detection and validation
of SNPs in macadamia would greatly enhance diversity
analysis and genome mapping.

Allele mining exploits the DNA sequence of one geno-
type to isolate useful alleles from related genotypes (La-
thar et al., 2004). This can be done using DNA chip tech-
nology whereby the basic DNA sequence of a gene is
spotted on a chip in the form of large series of sequence-
overlapping probes consisting of 15 - 20 bases. Each
base position in a fluorescently labelled sample is then in-
terrogated for the presence of point mutations by moni-
toring hybridization signals with the spotted probes. Allele
mining therefore helps to detect new point mutations, in
relatively large DNA fragments. Once allelic variants of
interest have been identified, the approach can be opti-
mized by focusing on target sets of polymorphisms, for
example by using SNP detection methods (Lathar et al.,
2004; Upadhyaya et al., 2006). This method can there-
fore be applied to differentiate between genotypes or to
detect new evolving macadamia varieties.

DArT was developed to provide a practical and cost ef-
fective whole genome fingerprinting tool with high through
put (Jaccoud et al., 2001). The technology has the ability
to generate reproducible molecular markers with no prior
DNA sequence information (Kilian et al., 2005). Develop-
ment of DArT starts with assembling a pool of DNA sam-
ples that encompass the diversity of the species (Wenzl
et al., 2004). This may include the primary gene pool of a
crop species, 2 parents of a cross (if the goal is creation
of a genetic linkage map), or secondary gene pools. The
DNA mixture representing the gene pool is then process-
ed to produce a defined fraction of genomic fragments re-
ferred to as ‘representation’ which are then used to
create a library in Escherichia coli (Kilian et al., 2005).
DArT operates on the principle that the genomic 'repre-
sentation' contains 2 types of fragments. Constant frag-
ments, found in any 'representation' prepared from a
DNA sample from an individual belonging to a given spe-
cies and variable (polymorphic) fragments (molecular
markers), only found in some but not all of the 'represen-
tations'. The variable fragments, referred to as the DArT
markers are informative because they reflect sequence
variation that determines the fraction of the original DNA
sample that is included in the 'representation’ (Kilian et
al., 2005). The presence or absence of DArT markers in
a genomic 'representation’ is assayed by hybridising the
'representation' to the library of that species (Wenzl et al.,
2004). Application of DArT for germplasm characteriza-



tion has been applied in a number of crops. Xia et al.
(2004) developed DArT for cassava and typed a group of
38 accessions. The average call rate was 98.1% with
scoring reproducibility of 99.8%. The DArT markers dis-
played fairly high polymorphism information content (PIC)
values and revealed genetic relationships among the
samples consistent with the information available on the
accessions. Yang et al. (2006) developed DArT for pi-
geon pea and its wild relatives and typed 96 accessions
representing nearly 20 species of Cajanus. A total of
nearly 700 markers were identified with the average call
rate and scoring reproducibility of 96.0 and 99.7% res-
pectively. DArT markers revealed genetic relationships
among the accessions consistent with the available infor-
mation and systematic classification. Since DArT has
high throughput due to a high level of multiplexing and re-
quires no prior sequence information (Kilian et al., 2005),
it can immediately be applied for diversity studies in ma-
cadamia and identification of superior varieties.

Marker assisted selection for enhanced breeding of
macadamia

Considerable developments in biotechnology have led
plant breeders to develop more efficient selection sy-
stems to replace traditional phenotypic-pedigree-based
selection systems (Ribaut and Hoisington, 1998). Marker
assisted selection (MAS) is the indirect selection process
where a trait of interest such as disease resistance, abio-
tic stress tolerance, and/or quality is selected based not
on the trait itself but rather on a marker linked to it. The
marker may be morphological, biochemical or one based
on DNA/RNA variation (Semagn et al., 2006a). For exam-
ple if MAS is being used to select individuals with dis-
ease, the level of disease is not quantified but rather a
marker allele which is linked with disease is used to de-
termine disease presence (Mingyao et al., 2005). Once
genetic linkage has been identified for a disease, the next
step is often association analysis, in which the markers
within the linkage region are genotyped and tested for as-
sociation with the disease (Mingyao et al., 2005). A re-
view on the opportunities and constraints for marker as-
sisted selection in macadamia breeding was done by
Hardner et al. (2005). They suggested that detection of
associations between marker-Quantitative trait loci
(QTL’s) using multiple families linked through pedigree
was the most attractive strategy. Large scale association
studies can be done using high throughput inexpensive
genome-wide markers such as DArT (Baundouin et al.,
2006) or SNP typing with DNA chips (Twyman, 20083;
Ganal et al., 2009). DNA chips contain thousands of short
DNA sequences immobilized at different positions and
are used to discriminate between alternative bases at the
site of a SNP. 2 chip-based typing methods are widely
used. One method relies on allele-specific hybridization.
Short DNA sequences on the chip represent all possible
variations at a polymorphic site and a labeled DNA will
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only hybridize if there is an exact match. The base is
identified by the location of the fluorescent signal (Ganal
et al., 2009).

In the second method, the oligonucleotide on the chip
may stop one base before the variable site and typing re-
lies on allele-specific primer extension. A DNA sample
stuck onto the chip is used as a template for DNA synthe-
sis, with the immobilized oligonucleotide as a primer. The
four nucleotides, containing different fluorescent labels,
are added along with DNA polymerase. The incorporated
base, which is inserted opposite to the polymorphic site
on the template, is identified by the nature of its fluore-
scent signal and the variation of the added nucleotide is
identified by mass spectrometry (Tang et al., 1999). A re-
cent advance for the detection of SNPs known as the
high resolution melting curve (HRM) has been developed.
The technique measures temperature induced strand se-
paration of short PCR amplicons and is able to detect va-
riation as small as one base difference between samples.
It has been applied to the analysis of almond SNP disco-
very and genotyping (Shu-Biao et al., 2008).

MAS will be useful in macadamia where selected
characters like yield are expressed late in plant develop-
ment due to long juvenile period. Selection of genotypes
for such traits will not wait until fruiting time. Selection for
high nut yield and quality of macadamia from an array of
cross-bred population would also benefit from MAS such
that useful crosses can be selected and advanced early
enough. MAS can also be used to select for disease and
pest resistance. However, limited molecular mapping
work on macadamia has been reported. The first mole-
cular linkage map of macadamia (M. integrifolia and M.
tetraphylla) based on 56 F; progeny of cullivars
"Keauhou' and "A16' was reported by Peace et al. (2003).
The map comprised of 24 linkage groups with 265 frame-
work markers: 259 markers from randomly amplified DNA
fingerprinting (RAF), 5 random amplified polymorphic
DNA (RAPD) and one sequence-tagged microsatellite
site (STMS). This molecular study is the most compre-
hensive examination to date of genetic loci of macadamia
and is a major step towards developing marker-assisted
selection for this crop. DArT is a powerful tool towards
achieving faster marker assisted selection and con-
struction of genetic linkage maps. Semagn et al. (2006b)
constructed a genetic linkage map of 93 doubled-haploid
lines derived from a cross between Triticum aestivum L.
and a Norwegian spring wheat breeding line, NK93604,
using DArT amplified fragment length polymorphism
(AFLP), and simple sequence repeat (SSR) markers. The
map has been successfully used to identify novel QTLs
for resistance to Fusarium head blight and powdery mil-
dew. In barley, Wenzl et al. (2006) developed a high den-
sity consensus map of barley that resulted in identifica-
tion of 14 + 9 DArT loci within 5 cm on either side of SSR,
RFLP or STS loci previously identified as linked to agri-
cultural traits. Validation of DArTs for whole genome pro-
filing was initiated in coconut and over 350 markers were



056 J. Plant. Breed. Crop Sci.

isolated from 120 lines from CIRAD and SriLanka (Wong-
tiem et al., 2005). It is proposed that, isolation of DArTs in
macadamia be done to speed up genome mapping for
agronomically important traits since a single DArT assay
can simultaneously type hundreds to thousands of SNPs
and insertion/deletion polymorphisms spread across the
genome (Wenzyl et al., 2006).

Application of DNA markers for macadamia

germplasm conservation

Most of the macadamia germplasm that is included in
breeding programs is conserved on-farm. The existence
of clonally propagated crops conserved on-farm is en-
dangered by several factors including the introduction of
alternative improved varieties (de Vicente et al., 2006).
With multiplication of the few selected varieties of maca-
damia farmers have continued to cut or uproot original
plantings and replacing them with the new cultivars. A re-
cent survey (Gitonga et al., 2008a), revealed that out of
11 breeding selections 4 had already been cut down by
the farmers despite a formal agreement with KARI to pre-
serve the trees on-farm. 2 other trees had also died from
natural causes between the years 2006 and 2007.
Hence, there is risk of losing valuable germplasm leading
to genetic erosion.

For ex situ conservation, genetic markers may contri-
bute to the sampling, management and development of
“core” collections as well as utilization of genetic diversity.
For in situ and on-farm conservation strategies, genetic
markers might help in recognizing the most representa-
tive populations within the gene pool (Lanteri and Barca-
ccia, 2006; de Vicente et al., 2006). Several criteria have
been suggested for sampling the maximum possible ge-
netic variation including, the number of alleles per locus,
evaluated as those that are common in one to several po-
pulations but not in the species as a whole and those that
are identified as unique (private) alleles (Lanteri and Bar-
caccia, 2006). Hence, information derived from genetic
markers offers a good basis for better conservation deci-
sion making (de Vicente et al., 2006).

Genetic improvement of macadamia through tissue
culture techniques

Mass multiplication of superior varieties

The conventional method of propagating macadamia in
Kenya by grafting is constrained by requirement for long
nursery period of 18-24 months (Nyakundi and Gitonga,
1993; Gitonga et al, 2002). Other methods of propagation
have been found successful on macadamia including
chip budding (Leigh, 1973), air layering (Kadman, 1982)
and cuttings (Gitonga et al., 1997) but with little comer-
cial viability.

Tissue culture techniques allow propagation of plant
material with high multiplication rates on sterile artificial

nutrient medium in an aseptic environment (George,
1993), a term usually referred to as cloning (Pfeiffer,
2003). Mass multiplication of clonal plant material through
tissue culture techniques has now been widely used in
nut crops such as cashew nut (Thimmappaiah et al.,
2007), chestnut (Vieitez et al., 2007) and walnuts (Leal et
al., 2007). Mulwa and Bhalla (2000) reported successful
regeneration and rooting of shoots from nodal segments
of M. tetraphylla. Regeneration of shoots from somatic
embryos of M. tetraphylla has also been reported (Mulwa
and Bhalla, 2006). Gitonga et al. (2004, 2008b) reported
successful shoot regeneration from M. integrifolia, but
with low multiplication rates and rooting problems. With
the development of a viable tissue culture system for M.
integrifolia and (M. integrifolia x M. tetraphylla) hybrids
which form the main commercial cultivars in Kenya su-
perior varieties can more efficiently be multiplied and dis-
tributed. Plantlets can also be enriched in vitro using en-
dophytes to induce resistance of the resultant macadam-
mia trees to disease phytotoxins and other biotic stresses
(Saikkonen et al., 2004). In vitro enrichment with endo-
phytes has been reported in Theobroma cacao (Arnold et
al., 2003) and banana (Kavino et al., 2007).

Development of new varieties through somaclonal
variation and genetic transformation

Somaclonal variation is the term used to describe the va-
riation seen in plants that have been produced by tissue
culture (Skirvin, 1993). The variations can be phenotypic
or genotypic, caused by changes in chromosome num-
bers (polyploidy and aneuploidy), chromosome structure
(translocations, deletions, insertions and duplications)
and DNA sequence (base mutations) (Peschke and Phil-
lips, 1992). Hence, somaclonal variation leads to the
creation of additional genetic variability. Somaclonal mu-
tants can be enriched during in vitro culture to induce
resistance to disease phytotoxins, tolerance to environ-
mental or chemical stress (Bajaj, 1990; Haines, 1993). An
example of such enrichment is with carrot somaclones
resistant to Alternaria dauci (Dugdale et al., 2000) and
Pythium violae (Cooper et al., 2006).

Plant genetic transformation involves the stable intro-
duction of foreign DNA sequences, usually into the ge-
nome of the target plant. Specific new or modified genetic
traits are added to existing plant varieties (Gayser and
Fraley, 1989). Transgenic plants are then produced by
regenerating shoots and roots from cells containing the
foreign DNA through tissue culture techniques (McClean,
1998). Though macadamia is affected by relatively few
pathogens that include Phytophthora spp., Pythium spp.,
Botrytis spp., Rhizoctonia spp., and Pestalotia spp. (Kiuru
et al., 2004), the crop is highly affected by other stresses
such iron chlorosis which affects both young and old
plantations and can cause up to 50% losses (Wallace,
1957; Handreck, 1992). Such stresses can benefit from
somaclonal variation or genetic transformation by deve-



loping resistant varieties. Pena and Séguin (2001) repor-
ted on the successful incorporation of transgenes for
shortening the juvenile phase into forest trees and this
can be of great benefit to macadamia.

In vitro conservation of macadamia germplasm

Macadamia is currently conserved on-farm and in field
gene banks. Field gene banks are costly to maintain and
they require considerable inputs in the form of land, la-
bour, management and material inputs (Uyoh et al,
2003) and this also limits the extent to which replication
of accessions can be done and how much diversity can
be maintained.

Tissue culture techniques (in vitro conservation techni-
ques) offer 2 efficient complementary options to field
gene bank ex-situ conservation. Slow growth storage (the
medium-term conservation of stock cultures at few de-
grees above zero, with or without the addition of com-
pounds known to retard plant growth) and cryopreser-
vation (freeze-preservation at ultra-low temperatures of
196°C in liquid nitrogen) (Benson, 1999). Cryopreserva-
tion is a sound alternative for long term conservation of
plant genetic resources because at this temperature, all
cellular divisions and metabolic processes are stopped
(Panis and Lambardi, 2006). In the recent years, the ‘vitri-
fication/one step freezing’ technique has been conti-
nuously improved and applied to woody species after the
invention of the Plant Vitrification Solution 2 (PVS2)
(Sakai et al., 1990; Panis and Lambardi, 2006). However,
for successful in vitro preservation an adequate protocol
for micropropagation has to be worked out first for rege-
neration of the preserved tissues and hence this calls for
concerted efforts to develop a tissue culture protocol for
macadamia. In vitro cultures also simplify quarantine pro-
cedures for local and international exchange of germ-
plasm since there is no risk of disease transfer, once the
material is screened of known diseases while in the
source country (Frison and Putter, 1993).

Conclusions

Macadamia genetic improvement in Kenya has been
slow owing to the use of conventional breeding methods.
It is clear that sustainable use and conservation of maca-
damia genetic resources would be enhanced greatly
through biotechnology applications to complement con-
ventional breeding and conservation efforts. However,
use of biotechnology tools applications should be prio-
ritized to yield maximum practical benefits in the shortest
possible time. Use of molecular techniques for germ-
plasm characterization and marker assisted selection
should be a high priority.
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