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A saturated genetic linkage map can aid greatly in efforts to improve avocado (Persea americana Mill.) via breeding
using a Marker Assisted Selection (MAS) approach. A genetic linkage map for avocado can be generated using molecular genetic markers and a known family structure. Currently, approximately 300 microsatellite markers have been
developed for avocado. This number of microsatellite markers should give suitable coverage for the avocado genome.
Two experimental families have been identiﬁed: a Florida mapping population [West Indian x (Guatemalan x West
Indian)] of 1926 seeds harvested from a commercial grove in south Miami–Dade County, FL, and a California mapping population [Mexican x (Guatemalan x Mexican)] of 2030 seeds harvested from a commercial grove in Ventura
County, CA. Phenotypic evaluation of the mapping population will allow the identiﬁcation of Quantitative Trait Loci
(QTL) that are associated with important horticultural traits including productivity, fruit quality and cold tolerance.
The production of a saturated linkage map will lead to a better understanding of the avocado genome. QTL will be
used in a MAS program that is being established.

Avocado (Persea americana Mill.) is a perennial tree crop of
commercial importance and a member of the Lauraceae family.
It is native to the region spanning from Mexico through northern
South America, although it is cultivated in tropical and subtropical
climates throughout the world. There are three main horticultural races of avocado: Mexican (P. americana var. drymifolia),
Guatemalan (P. americana var. guatemalensis), and West Indian
(P. americana var. americana) races. These races vary in their
ability to thrive in different environments. West Indian varieties
thrive in humid, tropical climates; Guatemalan types are native
to cool, high-altitude tropics; and Mexican types are native to dry
subtropical climates. The horticultural races vary in their phenotypes for characters such as size of fruit and seed, fruit shape and
ripening, skin thickness and color (Lahav and Lavi, 2002), and
also in their fruit oil content (Knight, 2002). There are no sterility
barriers among the racial types (Lahav and Lavi, 2002).
Conventional breeding is difﬁcult in avocado, as is typical for
perennial tree crops. Breeding requires large investments in time
and land, due to the long juvenile period and tree size of avocado.
The ﬂowering habit of avocado, known as protogynous, diurnally
synchronous dichogamy (Berg, 1969) promotes outcrossing and
limits self-pollination. The small size of avocado ﬂowers and the
high abscission rate (>99.9%; Davenport, 1986) makes it almost
impossible to produce controlled pollinations. A strategy used by
commercial growers to enhance production is to plant a pollinator
row alongside rows of the primary commercial cultivar. These
isolated plots produce seed from the two parental types present
in the grove, and thus represent F1 progeny.
The progress of cultivar improvement programs can be accelerated by the use of genetic tools such as linkage mapping.
Linkage maps have been created for a number of different peren*Corresponding author; Cecile.Olano@ARS.USDA.GOV
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nial tree crops. The current trend for genetic map production is
to make use of microsatellite markers, as for example in cocoa
(Brown et al., 2007; Pugh et al., 2004), apple (Liebhard et al.,
2003), hazelnut (Mehlenbacher et al., 2006), rubber (Lespinasse
et al., 1996), olive (Shu-Biao et al., 2004), oak (Barreneche et
al., 2004), and poplar (Cervera et al., 2001). The ﬁrst avocado
linkage map was produced by Sharon et al. (1997) with 25 polymorphic microsatellite loci, 3 RAPD and 6 minisatellite DNA
ﬁngerprint bands, and covered 352.6 cM. The map identiﬁed 12
linkage groups with very low density of marker coverage. Currently, 145 microsatellite markers have been reported for avocado
(Ashworth et al., 2004; Borrone et al., 2007; Sharon et al., 1997)
and another 150 are under development at the USDA (Borrone,
in preparation). This number of microsatellite markers should
give suitable coverage for the avocado genome, as avocado is a
diploid with 2n = 24 (Garcia, 1975).
Production of a linkage map requires a large population of
plants with a known family structure, segregating for traits of
interest. Two large experimental F1 families have been identiﬁed
that have the potential to segregate for traits such as fruit size,
oil content and cold tolerance. These experimental families arise
from exploitation of the type of grove layout where pollination
is controlled by isolation. The experimental families identiﬁed
include: a Florida mapping population [West Indian x (Guatemalan
x West Indian)] of 1926 seeds harvested from Brooks Tropicals,
Inc. in south Miami–Dade County, FL, and a California mapping
population [Mexican x (Guatemalan x Mexican)] of 2030 seeds
harvested from the Limoneira Company in Ventura County, CA.
It is important to verify the legitimacy of progeny by means of
molecular marker ﬁngerprinting. The progeny can be analyzed
using microsatellite markers in order to distinguish the true hybrid
vs. the self progeny, as well as identify any possible offtypes or
pollen contamination.
Proc. Fla. State Hort. Soc. 120: 2007.

The objective of this study is to produce two veriﬁed F1 populations for avocado that will be used for linkage mapping and QTL
discovery. Phenotypic evaluation of the mapping population will
allow the identiﬁcation of QTL that are associated with important
horticultural traits for a MAS program.
Materials and Methods
Experimental Populations
The two experimental populations are at different stages
of processing, although they will undergo the same course of
treatment.
FLORIDA MAPPING POPULATION (‘SIMMONDS’ Y ‘TONNAGE’). In
Aug. and Sept. 2006, 1926 fruit were harvested from a grove in
South Miami–Dade County, FL, at Brooks Tropicals, Inc. Approximately half the seed was collected from ‘Simmonds’ (869)
as the maternal parent and half from ‘Tonnage’ (1057). The seed
was germinated at the SHRS and grown in a greenhouse. When
the seedlings were large enough, leaf material was removed for
genotyping; 1429 seedlings were sampled. After genotyping, 870
seedlings were planted in the ﬁeld (Fig.1A).
‘Simmonds’ is a West Indian race and was selected as an openpollinated seedling of ‘Pollock’ in 1908. It was named in 1923
and has since been propagated commercially in Florida. The fruit
is large (18–24 oz) oblong-oval to pyriform in shape with smooth
skin and a yellow ﬂesh. The oil content is 3% to 6% and it has
an A ﬂowering type. ‘Tonnage’ is reported to be a Guatemalan x
West Indian hybrid and was selected in 1961 as an open-pollinated
seedling of ‘Taylor’. The fruit is large (16–24 oz) and pyriform
with a neck, with glossy green skin and pale yellow ﬂesh. The
oil content is 8% to 10% and it has a B ﬂowering type.
CALIFORNIA MAPPING POPULATION (‘BACON’ Y ‘HASS’). In
Feb. 2007, 2030 seeds were harvested from a grove in Ventura
County, CA, at the Limoneira Company. Approximately half the
seeds were collected from the pollinator row of ‘Bacon’ (1027)
and half from the adjacent row of ‘Hass’(1003). The seeds were
planted in pots in Mar. 2007, and are currently in the process of
germination (Fig. 1B).
‘Bacon’ is Mexican in race, although it has also been reported
as a Mexican x Guatemalan hybrid, and is a chance seedling of
unknown parentage selected in 1928. The fruit is small, 10.5 oz,
with an ovoid shape, and medium oil content (17.9%). The skin
is green, the ﬂavor is considered fair, and its ﬂowering type is B.
‘Hass’ is the leading commercial cultivar in California and in many
other parts of the world. It is a chance seedling of Guatemalan x
Mexican parentage, although is has also been reported as of the
Guatemalan race. The fruit is small, 7–10 oz, with a pyriform
shape, and high oil content (23%). The skin is pebbled, leathery
and black when ripe. The ﬂavor is considered excellent and its
ﬂowering type is A.
CHECK CLONES. Clones of each of the parental types will be
planted in the ﬁeld for standardization of phenotypic evaluation.
Twenty plants each of ‘Simmonds’ and ‘Tonnage’ were purchased
from a local nursery and planted in the ﬁeld in 2007. Twenty
plants of ‘Bacon’ will be produced at the SHRS, and 20 plants
of ‘Hass’ will be purchased from a local nursery.
FIELD PLANTING. After parentage determination, the seedlings
conﬁrmed to be true hybrids are planted in the ﬁeld with a spacing
of 10 × 12 ft and irrigated by microirrigation. The Florida mapping
population was planted in the ﬁeld in Mar. 2007. The California
mapping population will be planted in the ﬁeld in Spring 2008.
Half of the California mapping population will be planted at the
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Fig. 1. (A, top) Florida mapping population. Seedlings planted in ﬁeld at SHRS–
Miami. (B, bottom) California mapping population. Seedlings germinating in
greenhouse at SHRS–Miami.

USHRL in Fort Pierce, FL, for cold tolerance ratings.
MOLECULAR GENETIC ANALYSIS. DNA extraction was performed
on 200-mg samples of leaf tissue as described in Schnell et al.
(2003). The microsatellite markers used in this study include those
reported by Sharon et al. (1997), Ashworth et al. (2004), Borrone
et al. (2007), and additional microsatellite markers under development at the USDA. Currently, approximately 300 microsatellite
markers have been developed for avocado. PCR ampliﬁcation
reactions were carried out as described by Schnell et al. (2003).
Capillary electrophoresis (CE) was performed on an ABI Prism
3730 Genetic Analyzer (Applied Biosystems, Inc., Foster City,
CA). Samples were puriﬁed by ethanol precipitation and prepared
immediately prior to electrophoresis by adding 1 µL of puriﬁed
PCR product to 20 µL of nuclease free water and 0.2 µL of GeneScan 400HD ROX size standard (Applied Biosystems, Inc.),
then denatured at 95 °C for 30 s, and chilled on ice. Samples were
processed using the default module for microsatellite analysis.
Resulting data were analyzed with GeneMapper ver. 4.0 (Applied Biosystems, Inc.) for internal standard and fragment size
determination and allelic designations.
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Table 1. Primers used for screening progeny of the Florida mapping
population.
Primer locus name
Source
AVAG05
Sharon et al., 1997
AVAG03
Sharon et al., 1997
AVMIX03
Sharon et al., 1997
AVAG22
Sharon et al., 1997
AVAG06
Sharon et al., 1997
AVAC01
Sharon et al., 1997
SHRSPa10
Borrone et al., 2007

VERIFICATION OF FAMILY STRUCTURE (PARENTAGE ANALYSIS). For
the Florida mapping population, the seedlings were screened with
seven microsatellite markers selected to distinguish hybrids from
seedlings resulting from self pollination. Microsatellite marker
locus name and source are listed in Table 1. Parentage analysis
was performed using the program Cervus ver. 3.0 (Marshall et
al., 1998; Slate et al., 2000). This software uses a simulation program to generate log-likelihood scores and provides a conﬁdence
statistic for assigning paternity. Since the maternal parent of the
seedlings was known, the analysis was conducted in which the
most-likely second parent was identiﬁed. Both cultivars Simmonds
and Tonnage were listed as candidate parents for the analysis.
Seedlings with non-parental alleles and seedlings resulting from
self pollination were identiﬁed and removed from the study group.
The California population will undergo a similar evaluation once
the seedlings are large enough for removal of leaf material for
DNA extraction.
LINKAGE MAPPING METHODOLOGY. All available markers for
avocado will be tested for usefulness in mapping analysis. Marker
screening will consist of ampliﬁcation of the parental DNA with
each marker in order to examine polymorphism between the
parental pairs. Informative markers will then be used against all
progeny. Preliminary screening of the Florida population has
demonstrated at least 140 informative markers. The microsatellite
genotype data of the true hybrids and parents from each population
will be used for linkage analysis. With the software JoinMap®
ver. 4 (Kyazma B.V., Wageningen) we will construct the genetic
linkage map of the cross, applying its regression (weighted least
squares) technique for cross-pollinating populations. Linkage
maps will be produced for each mapping population, and a combined map will be constructed as well.
PHENOTYPIC EVALUATION. The phenotypic data will be collected
starting in year one and continuing for 10 years with multiple
measurements with replications. Phenotypic characters measured
during the ﬁrst 3 years will include growth rate, trunk diameter,
and cold tolerance. Yield and fruit characteristics will be measured when the seedlings start fruiting in year three. Yield and
fruit characteristics include the following traits: number of years
to ﬁrst ﬂowering, ﬂower type (A or B), length of ﬂower duration,
date of ﬁrst fruit set and duration of fruit set, date of fruit harvest,

fruit bearing intensity, fruit length, fruit diameter, fruit and seed
weight, fruit shape, fruit oil content, and ﬂavor.
QTL MAPPING. MapQTL® ver. 5 of Kyazma® (Kyazma B.V.,
Wageningen, Netherlands) will be used to perform QTL mapping
with the phenotypic data. The permutation method of Churchill
and Doerge (1994) will be used to determine the genome-wide
threshold for QTL signiﬁcance for each phenotypic trait. MapQTL
will determine the parent containing the desirable allele, and
we will then make reference to the desired allele in offspring
to make selections. Three different mapping strategies will be
used and compared. The methods of simple interval mapping
(SIM), multiple QTL mapping (MQM) and restricted multiple
QTL mapping (rMQM) will all be used, the latter two with
cofactors determined by backward elimination (α = 0.05), and
results will be compared for the most precise QTL estimate.
Any categorical variable will be analyzed using Proc BTL, a
beta procedure in SAS, capable of analyzing categorical data
for QTLs using Proc Mixed.
Results and Discussion
Germination rate was found to be 75% in the Florida mapping population (Table 2). The California population is still in
the process of germination; as of June 2007, 67% of the seed has
germinated, with a total of 1358 seedlings. For the Florida mapping population, it was determined that 61% of the seedlings are
F1 hybrids, with another 22% divided between seedlings resulting from self pollination of ‘Simmonds’ and self pollination of
‘Tonnage’ (Table 2). The remaining 17 % of the seedlings contain
non-parental alleles. These offtypes may have arisen due to pollen
contamination or mutation. The progeny that will be useful for
linkage mapping are the hybrids of ‘Simmonds’ x ‘Tonnage’, and
the hybrids of ‘Tonnage’ x ‘Simmonds’ (Table 2).
Avocado’s ﬂowering habit (protogynous, diurnally synchronous dichogamy) promotes outcrossing; however, signiﬁcant
amounts of self-pollination are known to occur in commercial
plantings (Davenport et al., 1994). The Florida population has
been evaluated for rate of outcrossing (Borrone, manuscript in
preparation).
To produce a linkage map the molecular markers must be segregating in the experimental population. Markers are considered
informative when there is polymorphism among the parents, thus
allowing segregation in the progeny. Preliminary screening of
the Florida mapping population has demonstrated that at least
140 microsatellite markers will be useful. This will provide a
marker density of approximately 12 markers per linkage group
for the Florida mapping population, assuming a relatively low
number of markers remain unlinked, as Persea americana has
a chromosome number of 12. This will be an improvement in
marker density from the existing map generated by Sharon et al.
(1997) produced from 34 markers, with an average of 2.8 markers
per linkage group. Additional markers are under development

Table 2. Number and percentage of hybrids among the seeds collected from the Brooks Tropicals, Inc. grove in south Miami–Dade Co., based
on seven microsatellite markers.
Maternal
No. of seed
No. of plants
No. of F1
No. of progeny from
No. of progeny with
parent
No. seed
germinated
DNA extracted
hybrids
self-pollination
non-parental alleles
Tonnage
1057
701
700
592
27
81
Simmonds
869
733
729
278
220
231
Total no.
1926
1434
1429
870
247
312
Total %
--75%
--61%
22%
17%
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in our lab and these will be added to the map where possible to
increase the marker density.
Microsatellite DNA ﬁngerprints will be generated for the
parental cultivars as well as all the hybrid seedlings by using
all informative markers for each population. This genotype data
will be used in the linkage analysis using the software JoinMap®
ver. 4, in order to produce a linkage map for each of the mapping
populations. The data will also be combined to produce a combined map. The combined map has the potential to have higher
marker density and accuracy.
Phenotypic evaluation will commence in year 1 and continue
for 10 years with multiple measurements with replications. Of
particular interest is the evaluation of cold tolerance. Since Mexican varieties are known to be cold hardier, we expect segregation
for this trait in the members of the California population that will
be planted in Ft. Pierce. Phenotypic data used for QTL analysis
will identify QTLs for traits of interest on the linkage map. The
QTL markers identiﬁed must then be tested. If the QTLs are true
predictors of the desired phenotype they will be employed in a
MAS for avocado.
In conclusion, the Florida population (with 870 F1 progeny),
and the California population, are large F1 mapping populations
compared to other tree crops. This size of these populations should
allow the production of a saturated linkage map that will lead to a
better understanding of the avocado genome. QTL involved with
cold tolerance, productivity and quality traits will be identiﬁed
and a MAS program established.
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