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Abstract An avocado genomic library was screened
with various microsatellite repeats. (A/T), and
(TC/AG), sequences were found to be the most fre-
quent repeats. One hundred and seventy-two positive
clones were sequenced successfully of which 113 were
found to contain simple sequence repeats (SSR). Poly-
merase chain reaction primers were designed to the
regions flanking the SSR in 62 clones. A GenBank
search of avocado DNA sequences revealed 1 sequence
containing a (CT);o repeat. A total of 92 avocado-
specific SSR markers were screened for polymorphism
using 50 offspring of a cross between the avocado
cultivars ‘Pinkerton’ and ‘Ettinger’. Both are standard
avocado cultivars which are normally outcrossed and
highly heterozygous. Fifty polymorphic SSR loci, 17
random amplified polymorphic DNA (RAPD) and 23
minisatellite DNA Fingerprint (DFP) bands were used
to construct the avocado genetic map. The resulting
data were analyzed with various mapping programs in
order to assess which program best accommodated
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data from progeny of heterozygous parents. The ana-
lyses resulted in 12 linkage groups with 34 markers (25
SSRs, 3 RAPDs and 6 DFP bands) covering 352.6 cM.
This initial map can serve as a basis for developing
a detailed genomic map and for detection of linkage
between markers and quantitative trait loci.

Key words Linkage groups + Mendelian inheritance *
Microsatellites - Minisatellites - Simple sequence
repeats + Variable number of tandem repeats

Introduction

Avocado (Persea americana Mill.) is a sub-tropical
fruit-tree, with 24 chromosomes (n = 12) and a hap-
loid genome size of 8.83 x 10® bp (Arumuganatham
and Earle 1991). Genome analysis and breeding of
sub-tropical fruit trees, especially avocado, are quite
difficult mainly because of the size of the trees, a
long juvenile phase, and a lack of satisfactory genetic
knowledge.

In the last few years, four types of genetic markers
have been used in avocado (reviewed by Lavi et al.
1994b). Degani et al. (1990) used mainly isozyme
markers to study the level of selfing and outcrossing in
the cultivar ‘Fuerte’. Furnier et al. (1990) used two
restriction fragment length polymorphism (RFLP) loci
to study the relationships between Persea species and
between avocado cultivars. DNA fingerprints (DFP),
resulting from the use of multilocus minisatellite and
microsatellite probes, were applied for identification of
cultivars and races (Lavi et al. 1991) and for detection
of linkage between a locus affecting fruit skin color and
a specific DFP band (Mhameed et al. 1995). Simple
sequence repeat (SSR) markers have been shown to be
highly polymorphic and to generally segregate accord-
ing to Mendelian laws of inheritance (Lavi et al. 1994a).
Both DFP and SSR markers were used to estimate the
heterozygosity level in the avocado genome (Mhameed
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et al. 1996) and to detect genetic relationships in the
Persea genus (Mhameed et al. 1997). None of these
markers has thus far been used to construct a genetic
linkage map of the avocado genome.

The construction of genetic linkage maps is an essen-
tial step for several purposes, such as studies of genome
structure, map-based cloning and quantitative trait lo-
cus (QTL) mapping. Botstein et al. (1980) proposed
systematic molecular genetic mapping with RFLP
markers in humans. The genomes of a large number of
species have been mapped using DNA markers
(Akkaya et al. 1995; Bell and Ecker 1994; Bernatzky
and Tanksley 1986; Helentjaris et al. 1986; Hudson et
al. 1995). Mapping the genome of fruit trees is complic-
ated in most species due to the high level of hetero-
zygosity and the inability to create inbred lines. Genetic
maps of only a few fruit trees have been constructed,
including that of Prunus which has 9 linkage groups
and 107 markers (RFLPs and isozymes) covering
800 cM (Foolad et al. 1995). Additionally, the map of
apple (Hemmat et al. 1994) has 24 linkage groups with
253 isozyme and RFLP markers and a total length of
950 cM while that of Citrus contains 11 linkage groups
with 62 isozyme and RFLP loci (Durham et al. 1992).

Tautz (1989) suggested the use of simple sequence
repeat markers (microsatellites) detected via the poly-
merase chain reaction (PCR) as single-locus, highly
polymorphic markers. These two characteristics and
the high reproducibility of SSR markers have made
them the preferred marker in many different organism,
including human (Hudson et al. 1995), animals (Die-
trich et al. 1992) and plants. In plants, the use of SSR
markers was first demonstrated by Akkaya et al. (1992),
but as yet they have not been applied on a scale compa-
rable to their usage in the human or other mammalian
species. Rongwen et al. (1995) used 7 SSR loci to finger-
print 96 soybean genotypes, while Akkaya et al. (1995)
integrated 40 SSR markers into a soybean linkage map.
Senior and Heun (1993) developed 6 SSR markers from
GenBank data in maize, studied their polymorphism
and confirmed the co-segregation of the SSR loci with
the isozyme coded by the same locus. More recently,
Senior et al. (1996) mapped 42 distinct GenBank-de-
rived SSR loci in maize. Becker and Heun (1995) map-
ped 5 SSR loci in the barley RFLP map, Bell and Ecker
(1994) reported the assignment of 30 microsatellite loci
to the linkage map of Arabidopsis and Veilleux et al.
(1995) used 5 SSR markers to characterize the genetic
composition of anther-derived potato. Preliminary
studies of SSR markers in fruit trees have also been
reported. Kijas et al. (1995) developed 2 SSR markers
and found them to be polymorphic between Citrus and
related species. Thomas and Scott (1993) isolated
5 microsatellite loci from grapevine and found that the
heterozygosity level of these loci ranged between 69%
and 88%. Lavi et al. (1994a) generated 30 avocado
dinucleotide microsatellite markers and demonstrated
the high level of polymorphism associated with 2 of them.

In this report we present the generation of avocado-
specific SSR markers. These markers were integrated
with random amplified polymorphic DNA (RAPD)
and DFP markers to construct the first genetic linkage
map of avocado. The map construction of outcrossing
species is presented and discussed.

Materials and methods

Plant material

Trees were grown at the Akko Experiment Station and the Agricul-
tural Research Organization, Bet Dagan, Israel. The cross between
the female parent ‘Pinkerton’ and the pollen donor ‘Ettinger’ was
made by caging the two parents under a net during the flowering
season in the presence of a beehive. Leaves were taken from the
parents and 50 offspring of this cross for DNA isolation.

DNA isolation

DNA was isolated from very young leaves using the CTAB (cetyl-
trimethyl ammonium bromide) method (Murray and Thompson
1980), with modifications as described by Lavi et al. (1991).

DNA fingerprinting (DFP) with the minisatellite probe 22.3

Ten micrograms of DNA were digested with Hinfl restriction en-
donuclease according to the manufacturer’s recommendations (New
England Biolabs, Beverly, Mass.). Electrophoresis was carried out
on a 20-cm-long 0.8% agarose gel in TBE (0.045 M TRIS borate,
0.001 M EDTA pH = 8.0) at 1.5 V/cm for 40 h. Gels were Southern-
blotted onto Hybond-N* membranes (Amersham Int, Amersham,
UK). Lambda HindIII fragments (New England Biolabs, Beverly,
Mass.) served as DNA fragment size standards.

Membranes were hybridized to the double-stranded probe 22.3,
a 2-kb probe that includes probe R18.1 (Haberfeld et al. 1991). Probe
22.3 was labeled with a-[32P]-dCTP by random priming (Feinberg
and Vogelstein 1983). Pre-hybridization and hybridization were
carried out at 65°C for 3-5h and 16 h, respectively, in 0.263 M
Na-phosphate buffer with 7% sodium dodecyl sulfate (SDS), I mM
EDTA and 1% bovine serum albumin (BSA).

Membranes were washed with 0.263 M Na-phosphate and 1%
SDS for 20 min, then twice with 2 x saline sodium citrate (SSC), and
0.1% SDS for 20 min each and twice with 1 x SSC and 0.1% SDS for
20 min each. Washes were carried out at 65°C. Membranes were
exposed to X-ray film for 1-10 days at — 80°C with intensifying
screens.

RAPD markers

Reaction mixes contained 30 ng genomic DNA, 1.5mM Mg?™,
0.2 uM of primer, 250 pM of each nucleotide, 1X Taq buffer [con-
taining 20 mM (NH4)SOy4, 75 mM TRIS-HCI pH 9.0, 0.1% Tween]
and 0.5 unit of Tag DNA polymerase (Advanced Biotechnologies,
Leatherhead, Surrey, UK) in a total volume of 25 pl. The reaction
mixes were overlaid with 40 pl of mineral oil. Reactions were de-
natured at 94°C for 3 min before cycling, which consisted of a 1-min
denaturation at 94°C, 1-min annealing at 36°C and a 1-min exten-
sion at 72°C for 44 cycles on a MJ Research model PTC-100
thermocycler (MJ Research, Watertown, Mass.). The cycles were
followed by an extension step for 5 min at 72°C. Amplification



products were analyzed by electrophoresis on 1.5% agarose gels and
detected by staining with ethidium bromide. The RAPD primers
used are from set no. 7 (numbered 601-700) of the University of
British Columbia (Vancouver, B.C., Canada).

Genomic library construction and screening
for SSR-containing clones

Genomic DNA of avocado cv ‘Pinkerton’ was cut with the restric-
tion enzyme Sau3Al (Boehringer Mannheim, Mannheim, Germany).
The DNA fragments were first size-selected (400-600 bp) on agarose
gels, then cloned in pBluescript II KS* (Stratagene, LaJolla, Calif.)
and transformed into E. coli Hinv-o strain. Transformants were
grown in LB media with 50 pg/ml ampicillin. White colonies were
transferred into microtiter plates and stamped onto Hybond-N*
membranes (Amersham Int, UK). Colonies were grown, lysed, de-
natured and neutralized. Membranes were hybridized to end-labeled
y-[32P]-oligonucleotide probes (Fritsch et al. 1989). The probes
were: (A)zo, (CT)10, (GT)1o, (CAC)s, (TCCs, (TCT)s, (GATA),,
(GACA), and (GGAT),.

Sequencing of positive clones

Plasmid DNA was isolated from positive clones by WIZARD
columns (Promega, Madison, Wis.). Clones were sequenced with the
KS or SK primer using an ABI 373 DNA Sequencer (Applied
Biosystems Int, Foster City, Calif.). In a few cases clones were
sequenced from both sides of the insert because sufficiently good
sequence data were not obtained for both flanking regions of the
SSR as a result of sequencing from only one side of the insert.

SSR definition

Sequences of positive clones were searched for any type of repeat.
A repeat was identified as an SSR if the number of repeats (n) was
more than 14 for a mononucleotide repeat, more than 6 for di-
nucleotide repeats, more than 3 for trinucleotide repeats and more
than 2 for tetranucleotide (or more) repeats.

GenBank search

Avocado sequences in the GenBank database were searched for the
presence of all possible mono-, di-, and trinucleotide SSRs. The
cellulase gene (accession no. X59944) sequence (Cass et al. 1990) was
found to contain a (CT);, repeat in the 5’ region. The sequence data
in the regions flanking the SSR were used to design polymerase
chain reaction (PCR) primers as described below.

Selection and synthesis of primers

SSR-containing clones were analyzed using Primer Detective Soft-
ware (Clonetech Labs., Palo Alto, Calif.) or PRIMER 0.5 (Whitehead
Institute for Biomedical Research, Cambridge, Mass.). Primers hav-
ing melting temperatures of at least 60°C and which would amplify
products with predicted lengths of 75-210 bp were synthesized on an
Applied Biosystems International (ABI) 391 DNA synthesizer.

PCR of SSR markers

Each pair of PCR primers selected from the regions flanking SSRs
were examined in PCR amplification reactions using avocado
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genomic DNA as template. Reaction mixes contained 30 ng of
genomic DNA, 1.5mM Mg?*, 0.15 uM of 3’ and 5’ end primers,
100 pM of each nucleotide, 200 mg/ml BSA, 0.1 pl of 111 TBq/mmol
a-[3?P]-dCTP, 1X Taq buffer (containing 50 mM TRIS-HCI pH 9,
0.1% Triton X-100), and one unit of Tag DNA polymerase in a total
volume of 10 pl. The reaction mixes were overlaid with 20 pl of
mineral oil. Reactions were denatured at 94°C for 30 s before cycl-
ing, which consisted of a 15-s denaturation at 95°C, a 25-s annealing
at 45°C or 50°C (depending on the primers), and a 25-s extension at
68°C for 32 cycles on a MJ Research model PTC-100 thermocycler
(MJ Research, Watertown, Mass.). Cycles were followed by an
extension step for 2 min at 68°C. Ten microliters loading buffer (95%
formamide, 0.02 M EDTA pH = 8, 0.1% bromophenol blue, 0.1%
xylene cyanol and 10 mM NaOH) was added, and after denatura-
tion (2 min at 95°C), 3 ul of the reaction was loaded on a DNA
sequencing gel containing 6% polyacrylamide, 8 M urea and
1 x TBE at 50 watts constant power for 34 h. Gels were dried and
exposed overnight to Fuji X-ray film. The length of the SSR alleles
was determined using a sequence ladder of M13 as a size standard.
This procedure is essentially identical to that described by Cregan
et al. (1994).

Computer programs for map construction

A computer program with the following characteristics was needed
to map the avocado genome with DNA markers: (1) analysis of up to
4 alleles at a locus in a single family, (2) analysis of one full-sib family
with 50 offspring or more, (3) multi-point linkage analysis and
(4) analysis of unknown phase of parental alleles. The most common
program for map construction in plants is MAPMAKER, which ana-
lyses data from controlled crosses with a known linkage phase.
MAPMAKER will only accommodate F,, backcross or recombinant
inbred data and cannot analyze loci with three or four alleles per
locus. The LINKEM program can analyze up to four alleles at a locus
but cannot perform multi-point analysis. This program is capable of
determining the linkage phase (coupling or repulsion) in the parents.
It also performs two-point, goodness-of-fit analysis which is more
suitable for markers with segregation that deviates from Mendelian
expectation. The JOINMAP program uses a modified LOD score
which is based on the y>-test for independence of segregation,
resulting in different LOD score values for markers with segregation
distortion. Other linkage programs such as LINKAGE, CRI-MAP and
MULTIMAP were also examined. These programs (used by human
geneticists) can analyze up to four alleles per locus with unknown
linkage phase but are not capable of analysis of a single family with
50 offspring.

Map construction

Each of the two parents and 50 offspring were genotyped using 50
SSR loci, 17 RAPD bands and 23 DFP bands. The segregation of
the alleles from each marker was examined for deviation from
Mendelian expectations using the LINKEM program (Vowden et al.
1995). Each marker was classified into one of four groups (Groover
et al. 1994): MI (Maternal Informative) — loci which are informative
for the maternal gametes only (the paternal genotype is
homozygous): PI (Paternal Informative) — loci which are informative
for the paternal gametes only (the maternal genotype is
homozygous); BI (Both Informative) — loci which are heterozygous
in both parents with the same two alleles; FI (Fully Informative)
— both parents are heterozygous and the number of alleles is three or
four. The following maps were constructed: (1) maternal map — con-
tains markers of groups MI, BI and FI; (2) paternal map — contains
markers of groups PI, BI and FI; (3) combined map — contains
markers of all groups. For each map, two-point analysis of all
possible combinations was performed using the computer programs:
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LINKEM, LINKAGE 5.1 (Lathrop et al. 1984), crRI-MAP (Lander and
Green 1987), MAPMAKER/EXP 3.0 (Lander et al. 1987) and JOINMAP
(Stam and Van Ooijen 1995). In order to make the avocado mapping
data (two to four alleles per locus) compatible with MAPMAKER input
(two alleles per locus and specific cross-BC; or F,), the allelic phase
of each linked marker-pair was determined using the LINKEM pro-
gram and the family was analyzed as a backcross family (BC,).
Linkage was determined when the LOD score was greater than 3.0.
Linkage analysis of loci that showed significant deviation from
Mendelian expectation was tested using the y? goodness-to-fit test in
addition to the LOD score calculation. The final map was drawn
using MAPMAKER results and was verified by JOINMAP, LINKAGE and
MULTIMAP (Matise et al. 1994).

Results
Abundance of microsatellites in the avocado genome

An avocado genomic library containing about 10,000
clones with a mean insert size of 500 bp was screened
with various SSR repeats (Table 1). This library repres-
ents about 0.57% of the avocado genome (10*
clones x 500 bp/883 Mbp in the avocado genome). The
frequency assessment of SSRs, based upon positive
hybridization signal, indicates that (A/T)» and
(TC/AG)n sequences are the two most frequent micro-
satellites, occurring at 1 per 40 kb and 1 per 68 kb,

respectively, in the avocado genome. Estimates based
upon hybridization may overestimate positive clones.
Sequence data suggested that (A/T)n and (TC/AG)a
microsatellites occur at 1 per 86 and 1 per 128 kb,
respectively. These are conservative estimates because
53 of the 225 clones that were sequenced did not pro-
duce reliable sequence data. Re-isolation of plasmid
and re-sequencing would probably detect additional
SSRs among this group of clones. Based upon the
hybridization data, we identified 236 positive clones,
suggesting the presence of 45,200 microsatellite se-
quences in the avocado genome (Table 1).

Generation of SSRs

Of the 225 positive clones sequenced (from one end),
172 gave reliable sequence data (Table 2). Of these 172
clones, 12 (7%) did not contain any type of repeat, the
sequences of 47 clones (27%) contained short repeats
and 113 clones (66%) contained an SSR. Suitable
primers could not be selected in 51 (45%) of the SSR-
containing clones (Table 3) due to the location of the
repeat near the cloning site (41 clones) or a sub-optimal
melting temperature detected during PCR primer selec-
tion (10 clones), leaving 62 (55% of the SSR containing
clones) SSR primer pairs (Table 3).

Table 1 Frequency of nine

repeat types in the avocado Repeat type Number of Number of Predicted ratio Predicted no. of
genomic library screened clones positive clones of SSRs per kb*  SSRs in the
(%) genome®

(A/T)n 10,000 125 (1.25) 1:40 ~ 22,000
(TC/AG)n 10,000 74 (0.74) 1:68 ~ 13,000
(GT/CA)n 10,000 27 (0.27) 1:185 ~ 4,800
(CAC/GTG)n 5,000 3 (0.06) 1:833 ~ 1,050
(TCC/AGG)n 5,000 2 (0.04) 1:1,250 ~ 700
(TCT/AGA)n 5,000 2 (0.04) 1:1,250 ~ 700
(GATA/CTAT)n 3,000 0 (0) < 1:1,500 < 590
(GACA/CTGT)n 3,000 0 (0) < 1:1,500 < 590
(GGAT/CCTA)n 3,000 3 (0.1) 1:500 < 1750
Total 10,000 236 (2.36) ~ 45,200

* Predicted ratio of SSRs per kilobase is based on positive clones and was calculated as follows:

(no. of screened clones x insert average length in kb)/no. of positive clones

® Predicted number of SSRs in the genome is based on positive clones and was calculated as follows:
(8.8 x 10° kb x no. of positive clones)/(no. of screened clones x insert average length in kb)

Table 2 From positive clones to

SSR-containing clones A/T TC/AG GT/CA Others* Compound® Total Percent
Number of positive clones 119 66 21 9 10 225
Good sequence 89 51 15 9 8 172 100
No repeat 2 2 2 5 1 12 7
Short repeat 29 10 5 1 2 47 27
SSR-containing clones® 58 39 8 3 5 113 66

2 Various types of repeats (such as AT, TCC, TCT)

®More than one type of repeat in a clone

¢SSR was defined by sequencing analysis if the number of repeats (n) was > 14 for mononucleotide
repeats, > 6 for dinucleotide repeats, > 3 for trinucleotide repeats and > 2 for tetranucleotide repeats
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Table 3 From SSR-containing

sequences to primers A/T TC/AG GT/CA Others* Compound® Total Percent
SSR-containing sequences® 51 33 6 9 14 113 100
SSR near the cloning site 15 14 2 4 6 41 36
Primers not found 6 2 2 0 0 10 9
Primers were found 30 17 2 5 8 62 55
*Various types of repeats (such as AT, TCC, TCT)
®More than one type of repeat in a clone
°Based on sequencing analysis (Table 2)

Table 4 Typing the progeny of

the cross ‘Pinkerton’ x ‘Ettinger’ A/T TC/AG GT/CA Others® Compound® Total Percent
Currently available® 29 36 3 5 19 92 100
No PCR product 0 3 0 1 1 5 5
Non-reliable product 7 4 0 0 3 14 15
Non-informative 9 7 2 1 6 25 27
Typed 13 22 1 3 9 48 52

2 Various types of repeats (such as AT, TCC, TCT)

®More than one type of repeat in a clone

¢The currently available avocado SSR markers consist of 62 markers detailed in Table 3, 29 SSR
markers from a previous avocado library (Lavi et al. 1994a) and 1 SSR from the 5’ region of the cellulase

gene (GenBank data)

In addition to the 62 SSR primer sets developed in
this study, 29 primer sets from a previous avocado
library (Lavi et al. 1994a) and 1 from the 5’ region of the
cellulase gene (GenBank data) were used to select poly-
morphic markers for avocado linkage analysis. Each
parent of the mapping population (‘Pinkerton’ and
‘Ettinger’) was screened with each of the 92 primer
pairs. Five SSRs gave no PCR product (Table 4), 14
gave non-reliable or multiple products, 25 gave non-
informative patterns (non-polymorphic, or both par-
ents homozygous for different alleles). Forty-eight of 92
SSRs were used for typing the 50 progeny of the map-
ping population. Two primer pairs amplified products
from 2 different loci each, and thus a total 50 loci were
scored. The SSR locus names, type of repeat(s), se-
quence of the primers, annealing temperature, allele
size, and group are listed in Table 5. If more than one
type of repeat was amplified, the repeat type was refer-
red to as ‘Compound’. The primers are 18-26 bases
long and the lengths of the PCR products vary between
76 to 224 bp. About 24% of the loci are maternal-
informative (12 loci), 36% are paternal-informative (18
loci), 14% are both-informative (7 loci) and 26% are
fully-informative (13 loci). All 50 SSR loci can be used
for the combined map construction, while 38 can be
used for the construction of the paternal map and 32
loci can be used for construction of the maternal map.

Avocado linkage map

The genotypes of the two parents (‘Pinkerton’ and
‘Ettinger’) and 50 offspring were determined using 50

SSRs, 17 RAPDs and 23 DFP bands (Mhameed et al.
1995). Of the DFP bands 13 are maternal-specific and
10 are paternal specific. The segregation of alleles in the
mapping family using the marker AVAGO7 is presented
in Fig. 1. AVAGO7 is a full-informative marker — both
parents are heterozygotes and carry different alleles. All
90 loci were used for two-point linkage analysis using
the following programs: CRI-MAP, JOINMAP, LINKAGE,
LINKEM and MAPMAKER. The two-point analysis of LINK-
AGE and CRI-MAP programs resulted in identical LOD
scores and theta values, and the two-point analysis of
LINKEM and MAPMAKER resulted in identical LOD
scores and theta values. The last two programs gave
higher values of LOD score (about 10% higher com-
pared to the results obtained with LINKAGE and CRI-
MAP). The two-point analysis of joiNmMAP and MAP-
MAKER resulted in similar LOD score values (except for
markers with distorted segregation). The paternal, ma-
ternal and combined maps are presented in Fig. 2. The
combined map consists of 12 linkage groups and 34
markers. The number of markers per linkage group
varies between two and five, and the length of the 12
linkage groups varies from 14.7 cM to 68.7 cM. Link-
age groups 2 and 3 combined data from both parents,
linkage groups 4, 6,9 and 12 are maternal-specific and
linkage groups 1, 5, 7, 8, 10 and 11 are paternal-specific.
Linkage group 1 consists of DFP loci only, linkage
groups 2,3,4,5,9,10, 11 and 12 consist of SSR loci,
linkage groups 7 and 8 consist of SSR and RAPD
markers and linkage group 6 consists of DFP and
RAPD markers. The length of linkage group 3 varies
significantly between the paternal and maternal maps
(18.7 cM vs. 50.4 cM). Analysis of marker distribution
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on the linkage groups did not reveal any deviation
from the Poisson distribution, indicating no significant
deviation from randomness. The total map length
is 352.6 cM.

AVAGO7

12345 6789101112EP G A T C

Fig. 1 Segregation of the alleles of the AVA607 locus. Lanes 1-12
offspring, E ‘Ettinger’, P ‘Pinkerton’, G,A,T,C M 13 sequence as size
standard

Discussion
SSR abundance in avocado

While in the human genome (Hudson et al. 1995),
(GT/CA)a repeats are the most frequent, (TC/AG)a and
(AT/TA)n repeats seem to be the most frequent in
plants genomes (Cregan 1992; Langercrantz et al. 1993;
Wang et al. 1994). In this study, it was found that the
two most frequent repeats in avocado are (A/T). and
(TC/AG)n. The number of CA repeats in the genome of
forest trees was estimated to be 5,000, while the esti-
mate for AG repeats was 300,000 (Condit and Hubble
1991). Roder et al. (1995) estimated the number of
(GA)n and (GT)a repeats in the haploid wheat genome
to be 3.6 x 10* and 2.3 x 10%, respectively. A screening
of GenBank barley sequences showed that (A/T)a is the

Fig.2 Avocado linkage groups. : 1 2 3 4
E ‘Ettinger’ map, P ‘Pinkerton’
map, C combined map. Distances E C E P C E P
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most frequent microsatellite in that species (Becker and
Heun 1995).

Due to the lack of prior information on polymor-
phism of short repeats in avocado, we decided to ana-
lyze SSR loci with smaller numbers of repeats than is
commonly considered to be the minimum number that
defines a microsatellite (Cregan 1992; Beckman and
Weber 1992; Bell and Ecker 1994; Langercrantz et al.
1993; Morgante and Olivieri 1993; Wang et al. 1994). In
retrospect, no difference in polymorphism level of
(A/T). markers was found between those having a high
number of repeats (more than 20) or a smaller number
of repeats (less than 20). Only one (TC/AG). marker
with n < 10 repeats was used and thus no conclusion
can be drawn about the polymorphism level of SSRs
with a small number of (TC/AG)a repeats. The high
number of predicted microsatellites in the avocado
genome (approx. 45,200, Table 1) indicates that an
SSR-based map with high resolution can be obtained.

From positive clones to SSR primers

Of the positive clones 76% gave reliable sequence data,
and primers were designed for 28% of the positive
clones (similar to Lavi et al. 1994b). In humans, Weis-
senbach et al. (1992) reported that from 12,014 clones
that putatively contained a (CA)a microsatellite, 23%
gave unreliable sequence data, 12% had short repeats,
and primers were designed from 25% of the sequenced
clones. This figure is close to the 28% obtained in the
current study. It is quite possible to improve our results
by better selection of the positive clones, by improving
the sequencing procedure and by a better selection of
primers (P. Cregan, unpublished results).

Mapping the avocado genome

Of the 90 SSR, RAPD and DFP markers that were
analyzed, 34 were mapped in linkage groups and 56
markers remain unlinked. The proportion of unlinked
loci (62%) is higher than in other maps. In soybean, 40
SSRs were integrand into a known map using 60 F2
plants (Akkaya et al. 1995). When only the 40 SSRs
were analyzed, 18 of them (45%) remained unlinked.
Poisson distribution analysis indicated that the SSR
markers are randomly dispersed in the avocado
genome. Marker distribution analyses in other species
have shown similar results (Akkaya et al. 1995).
Linkage was found between a RAPD marker and
a DFP band (linkage group 6) but not between SSR
markers and DFP bands. The lack of linkage between
SSR and DFP markers could result if DFP loci are not
randomly distributed in the avocado genome but are
clustered in centromeric and telomeric regions as has
been reported to occur in humans (Royle et al. 1988).
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The differences in recombination frequencies between
the paternal and maternal genomes (Fig. 2 linkage
groups 2 and 3) are in agreement with De Vicente and
Tanksley (1991). They detected differences in recombi-
nation frequency in tomato using the same cultivar as
either the female or the male parent.

The mapping approach which we used to map the
avocado genome consists of transforming the avocado
mapping data to BC1 data which meet the MAPMAKER
requirements. The results of this analysis were verified
using other computer programs. None of the computer
programs we used could efficiently map the avocado
data. The genome of the loblolly pine, which is an
out-crossing species, was mapped using the JoiINMAP
computer program (Groover et al. 1994). This program
is suitable for analyzing the avocado mapping data but
could not efficiently map markers that deviate from
Mendelian expectations. The proportion of non-Men-
delian markers in avocado is estimated to be 15%
(Mhameed et al. 1996).

The majority of the DNA markers used in this study
to map the avocado genome are SSRs, which are now
the marker of choice in human genetics linkage analy-
sis. SSR markers provide a polymorphic, abundant,
locus-specific, and reliable marker system for use in
avocado. The DFP markers used here are also highly
polymorphic but are not PCR-based or locus-specific.
The use of such a multilocus marker for linkage analy-
sis can be problematic. RAPD markers, the third type
of DNA marker used in this study, are PCR-based, but
as a dominant marker, they have a low level of informa-
tiveness. A further difficulty with RAPD markers is
their poor reproducibility. Thus, we conclude that for
avocado and other sub-tropical fruit trees SSR markers
appear to be the most desirable marker system for the
purpose of linkage map development. The linkage map
reported here is currently being used for the detection
of QTL controlling important fruit quality traits in
avocado.
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