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Abstract

We report the sequence and variability parameters of 16 microsatellite primer pairs obtained from two
mango (Mangifera indica L.) genomic libraries after digestion of DNA of the cultivar Tommy Atkins with
Haelll and Rsal and enrichment in CT repeats. Although no significant differences were recorded between
the two libraries in the informativeness of the markers obtained, the Rsal library was shown to be more
useful than the Haelll taking into account the efficiency of the library and the feasibility of clone
sequencing. The polymorphism revealed by those microsatellites was evaluated in a collection of 28 mango
cultivars of different origins. A total of 88 fragments were detected with the 16 simple sequence repeats
(SSRs) with an average of 5.5 bands/SSR. Two primer pairs amplified more than a single locus. The mean
expected and observed heterozygosities over the 14 single-locus SSRs averaged 0.65 and 0.69 respectively.
The total value for the probability of identity was 2.74 x 10~°. The SSRs studied allowed the unambiguous
identification of all the mango genotypes studied and this discrimination can be carried out with just three
selected microsatellites. UPGMA cluster analysis and Principal coordinates analysis group the genotypes
according to their origin and their classification as monoembryonic or polyembryonic types reflecting the
pedigree of the cultivars and the movement of mango germplasm. The results demonstrate the usefulness of
microsatellites for studies on identification, variability, germplasm conservation, domestication and
movement of germplasm in mango.

Introduction

Mango (Mangifera indica L. 2n=40) is a member
of the Anacardiaceae, a family of mainly tropical
species with a few representatives in temperate
regions. The family contains over 600 species
classified into 70 genera that include other culti-
vated species such as pistachio (Pistacia vera L.) or
cashew (Annacardium occidentale L.). The genus
Mangifera contains about 70 species mostly
restricted to tropical Asia and can be divided into

two subgenera (Limus and Mangifera) with several
sections (Kostermans and Bompard 1993). Mango
is diploid (2n=40) with a genome of 8.8 x 10° bp,
which is about two and a half times that of Ara-
bidopsis thaliana (Bennet and Leitch 2003). Total
world mango production has reached over
26 million tons in 2002 making mango one of the
five most important fruit species worldwide (to-
gether with bananas, oranges, grapes and apples).
A few countries (India, China, Thailand, Mexico,
Pakistan and Indonesia) account for over 75% of
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world production, India being the main producer
with over 40% (over 11 millions of tons) (FAO-
STAT 2004).

Historical records provide conflicting accounts
for mango origin and distribution. Although some
authors have considered India as the centre of
origin due to the high degree of mango diversity
observed in that country (Ravishankar et al. 2000),
taxonomic and molecular evidence also supports
an evolution of mango within a larger area
including northwestern Myanmar, Bangladesh and
Northeastern India (Mukherjee 1997). In any case,
it is likely that mango cultivation originated in
India where over 1000 varicties are recognized,
most of them selections from naturally occurring
open-pollinated seedlings (Iyer and Degani 1997).
Traders spread mango cultivation outside its cen-
tre of origin and domestication to other tropical
and subtropical regions where selections of the
cultivars best adapted to particular conditions was
made. Portuguese spread mangoes to eastern and
western Africa and Brazil and from Brazil proba-
bly to the Caribbean islands (Nakasone and Paull
1998), whereas Spaniards introduced this crop to
Mexico from the Philippines (Singh 1978). In the
19th century mangoes were introduced to Florida
first from the Caribbean and later from India. The
only Indian mango genotype that survived,
‘Mulgoba’, showed a superior quality that any
mango previously grown in Florida and was cul-
tivated until 1912, when one of its seedlings,
‘Haden’, took its place (Campbell 1992). For
40 years ‘Haden’ remained the most important
commercial mango in Florida and it is present in
the pedigree of many of the Florida cultivars.
Introduction of new germplasm from Asia, Africa,
Central and South America and Caribbean and
Pacific Islands has continued in Florida (Campbell
1992) and, as a result, Florida is now considered as
a secondary centre of diversity for mango. The
adaptability and fruit qualities of this new group
of cultivars, called the Florida mangos, has al-
lowed their spread to new growing areas (Muk-
herjee 1997).

Mango cultivars are commonly divided into
two groups based on their mode of reproduction
from seeds, monoembryonic and polyembryonic.
Monoembryonic mango seeds contain a single
zygotic embryo whereas polyembryonic seeds
contain at least one embryo and usually one of
them is zygotic and the remaining derive from the

nucellus. Monoembryonic mangos are mostly
subtropical (Indian types) and polyembryonic
mangos are mostly tropical (southeast Asian
types). There is considerable confusion in mango
cultivar nomenclature because many clonally
propagated mango cultivars have unique local
and regional names and the spelling and name
variants have been translated to the Roman
alphabet. As in other fruit tree species, mango
cultivars are currently identified on the basis of
morphological traits based on descriptors (IPGRI
1989). However, cultivar identification based
exclusively on phenotypic traits is inaccurate due
to the influence of the environment and the lim-
iting number of discriminating traits. Thus, re-
cently, as in other fruit tree species (Wiinsch and
Hormaza 2002), molecular identification of
mango cultivars has been carried out with dif-
ferent molecular systems as isozymes (Degani et
al. 1990), minisatellites (Adato et al. 1995), ISSRs
(Eiadthong et al. 1999), AFLPs (Eiadthong et al.
2000; Kashkush et al. 2001) and RAPDs (Schnell
et al. 1995; Lopez-Valenzuela et al. 1997; Rav-
ishnakar et al. 2000; Hemanth Kumar et al. 2001;
Karihaloo et al. 2003). However, microsatellites
or simple sequence repeats (SSRs), in addition to
their wusefulness in mapping and breeding
(McCouch et al. 1997), have become the markers
of choice for fingerprinting purposes in most
plant species (Gupta and Varshney 2000) due to
their high polymorphism, codominancy and
reproducibility. In species such as mango and
most fruit trees, where no or few sequences are
available in public sequence databases or in re-
lated species, the major drawback for the appli-
cation of microsatellite analyses is the difficulty
and cost of the isolation process that usually in-
volves the construction and screening of genomic
libraries to find the sequences flanking the repeat
regions. The low yield obtained using conven-
tional library screening methods has been greatly
improved by the use of enrichment protocols for
specific microsatellite repeats (Zane et al. 2002;
Viruel and Hormaza 2004). Thus, in this paper,
we report the development of a first set of 16
microsatellites for mango using two genomic li-
braries enriched in CT repeats. Their polymor-
phism has been studied in a group of 28 mango
genotypes and their value for cultivar identifica-
tion, variability analysis and mango germplasm
movement is discussed.



Materials and methods
Plant material and genomic DNA extraction

Twenty-eight mango genotypes obtained from
different geographical areas and maintained in the
mango collection of the Estacion Experimental de
la Mayora in Malaga (Spain) (Table 1) were used
for this study. The genotypes include both culti-
vars and rootstocks as well as monoembryonic and
polyembryonic types. DNA extraction was per-
formed on young leaves following the protocol
described in Viruel and Hormaza (2004).

Construction and screening of a microsatellite
enriched library

Two small-insert libraries enriched with (CT),
sequences were developed from DNA of the mango
cultivar Tommy Atkins digested with Haelll and
Rsal following the procedures described in Viruel

Table 1. List of the mango genotypes included in this work.
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and Hormaza (2004). Positive clones were
sequenced to identify the flanking regions that were
used to design appropriate primer pairs with the
program Primer3 (Whitehead Institute for Bio-
chemical Research, Cambridge, MA, USA).

SSR analysis

The primers obtained were initially studied in a
reduced group of 4 mango genotypes by PCR
amplification in 15 pl vol containing 16 mM
(NH4),SO4, 67 mM Tris-HCI pH 8.8, 0.01%
Tween20, 2 mM MgCl,, 0.1 mM each dNTP,
0.4 uM each primer, 25 ng genomic DNA and 0.5
units of BioTaq™ DNA polymerase (Bioline,
London, UK). Reactions were carried out on an I-
cycler (Bio-Rad Laboratories, Hercules, CA, USA)
thermocycler using the following temperature
profile: an initial step of I min at 94 °C, 35 cycles of
30 sat94 °C, 30 sat 55 °Cand 1 min at 72 °C, and
a final step of 5min at 72 °C. Amplification

Genotype Main use (1) Geographic origin Embryo type
Ataulfo cv Mexico Polyembryonic
Carabao cv Philippines Polyembryonic
Dusheri cv Northern India Monoembryonic
Edward cv Florida (USA) Monoembryonic
Glenn cv Florida (USA) Monoembryonic
Gomera-1 rs Canary Islands (Spain) Polyembryonic
Gomera-3 IS Canary Islands (Spain) Polyembryonic
Gouveia cv Hawaii (USA) Monoembryonic
Haden cv Florida (USA) Monoembryonic
Davis Haden cv Florida (USA) Monoembryonic
Irwin cv Florida (USA) Monoembryonic
Keitt cv Florida (USA) Monoembryonic
Kensington cv Australia Polyembryonic
Kent cv Florida (USA) Monoembryonic
Langra cv Northern India Monoembryonic
Lippens cv Florida (USA) Monoembryonic
Manila cv Philippines Polyembryonic
Manzanillo Nuiiez cv Mexico Monoembryonic
Maya cv Israel Monoembryonic
Naomi cv Israel Monoembryonic
Osteen cv Florida (USA) Monoembryonic
Ott cv California (USA) Monoembryonic
Peach IS Florida (USA) Polyembryonic
Sensation cv Florida (USA) Monoembryonic
Tommy Atkins cv Florida (USA) Monoembryonic
Turpentine rs Florida (USA) Polyembryonic
Van Dyke cv Florida (USA) Monoembryonic
Zill cv Florida (USA) Monoembryonic

(1) cv = cultivar, rs = rootstock
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products were resolved in 3% high resolution
agarose (Metaphor, FMC Bioproducts, Rockland,
ME) gel electrophoresis (Hormaza 2002) and the
primers that showed clear and scorable amplifica-
tion patterns were selected for further SSR analy-
sis. The selected SSRs (called LMMA followed by
a consecutive number) were analyzed in the 28
mango genotypes using a CEQ™sans 8000 capil-
lary DNA analysis system (Beckman Coulter,
Fullerton, CA, USA). PCR reactions were per-
formed as previously described, except that reverse
primers of each primer pair were labeled with
WellRED fluorescent dyes D2, D3 and D4 (Proli-
go, Paris, France). The analyses were repeated at
least twice to assure the reproducibility of the
results. To check the consistency of the amplifica-
tion patterns obtained, for three genotypes (‘Ed-
ward’, ‘Davis Haden’ and ‘Langra’) the analyses
were performed on DNA collected from leaves of 3
different branches in two different trees.

Allelic composition of each accession and the
number of total alleles was determined for each
SSR locus. Putative alleles were indicated by the
estimated size in bp. The genetic information was
assessed only for single locus SSRs using the fol-
lowing parameters: number of alleles per locus (A4),
observed heterozygosity (Ho, direct count), ex-
pected heterozygosity (He=1 — >~ pi* where pi is
the frequency of the ith allele, Nei 1973), effective
number of alleles (Ne=1/1 — He), Wright’s fixa-
tion index (F=1 — Ho/He) (Wright 1951) and
the probability of identity (PI=1 — Spi* +
S 3 (2pipj)*, where pi and pj are the frequency of
the ith and jth alleles respectively) that measures
the probability that two randomly drawn diploid
genotypes will be identical assuming observed al-
lele frequencies and random assortment (Paetkau
et al. 1995). The computations were performed
with the programs IDENTITY 1.0 (Wagner and
Sefc 1999) and GENEPOP 3.4 (Raymond and
Rousset 1995).

A homology search of all the sequenced clones
was performed through NCBI Blast to determine
whether the sequences had any biological signifi-
cance.

Genetic diversity

Genetic relationships among the genotypes stud-
ied were calculated using UPGMA cluster analysis

and Principal coordinates analysis (PCA) of the
similarity matrix obtained from the proportion of
shared amplification fragments (Nei and Li 1979).
The cophenetic coefficient was computed for the
dendrogram after the construction of a cophenetic
matrix. All those analyses were computed with the
program NTSYSpc 2.11 (Exeter Software, Stauket,
NY, USA). The robustness of the nodes of the
dendrogram was assessed with bootstrap analysis
using 2000 iterations with the WinBoot program
(Yap and Nelson 1996).

Results
Microsatellite development

A total of 384 clones, 192 of each of the two
enriched genomic libraries were hybridized with the
probe (CT);s in order to test the presence of
the microsatellite. One-hundred and forty clones in
the Haelll library and 136 clones in the Rsal
library produced a positive signal, resulting in
enrichments of 73% and 71%, respectively. Of
those, 14 clones from each library were sequenced
resulting in a total of 25 readable sequences. In all
except one clone from each library, the presence of
the microsatellite sequence CT/AG was confirmed.
Two additional clones, one from each library, were
rejected due to the proximity of the microsatellite
to the end of the insert. Finally, specific primers for
21 clones, 10 from the Haelll and 11 from the Rsal
libraries were designed.

The 21 selected SSRs were tested in a group of
four mango genotypes in high resolution agarose.
All of them produced clear amplification patterns
and were further analyzed with the automatic
sequencer in all the genotypes. Seven SSRs
(LMMAI1-LMMAY7) from the Haelll library and 9
(LMMAS-LMMAI16) from the Rsal library pro-
duced simple and clear amplification patterns with
the automatic sequencer. All the microsatellites
were simple. In the Haelll library 4 were perfect
and 3 imperfect, whereas in the Rsal library 4 were
perfect and 5 imperfect. The primer sequences for
those loci are given in Table 2 and the microsat-
ellite sequences have been deposited in Genbank
(accession numbers from  AY628373 to
AY628388).

NCBI blast searches showed a highly significant
homology of the two microsatellite flanking



387

109)1ad g “09yraduur i
" JUBDYIUSIS (IIM O iy
“ASS SMOO-NMA -y

8C0  S90°0— S9°0 69°0 (23 [ TVLOL NVAN

LT0  090°0— $9°0 0L0 e [ Krexqu sy UBN
DODLOVOLLOLVOLVLLVVVLVLY

¥T°0 161°0— L0 98°0 9°¢ ¥ £€ee I L1(vD) LVODLIDLIODLVLVOLLVOVLV:A 88¢8C9AV  I9IVININ'T
LOLVOOVOLVVLVOVVLLVYVDLD™

0’0 8¢C0— 61°0 19°0 0¢C 9 SIC d 11w LVLVOVOLOOODILODIOVIOVV:d L8EBIIAY  SIVININT
DVIDVHLLLIODOVVLLODDIO™

0 S91°0 LY'0 6€°0 6’1 ¥ 0LT d 011D LVIOOODLVVILVIOODLVLLV:A 98¢8CT9AV  FIVININT
DLVOLVVIDLVVLOODLVLLVD™

1T0  9TCT0— 0L°0 98°0 (4583 L CLT I L1(vD) DIVIDLOVVVLVVIOLODVOVOd S8EBIOAV (EIVININ'T
LLVLLOLLLOLOODLVIOVVIOD™

LT0  S80°0— £€9°0 89°0 LT 14 90T I €1(vD) VOOVVLLVVLLLVODVLVOVVV:d P#8E8T9AYV  CIVININT
LVOLIOLOLVVIOODLVILLVIOD™

¥I'0 991°0 LLO 79°0 144 L L2744 I ci(vD) ODIDVOVOVLIOOIVLLLVLLV:H €8E8TOAV (IITVININ'T
LLVVOOLOLIOLVOVOVLLOVYE

9T°0 160°0 L9°0 19°0 0¢ ¥ 161 d o1(vD) LLVOVOOVOVVIOVOVLLIOLLA T8E8CIAY OIVININT
LLOVOVLVLVOVOVOLVOVOLLYE

¥I'0 001°0— 8L°0 98°0 Sy 9 S8l1 I €1(vD) DVLVLVVVOVVLVOIOVVODLLA 18t8TIAV 6VININ'T
DIOVOHVLVLVIIDOVILIOVOVDY

90  S¢I'0— 99°0 SL0 6'C S ILT d ci(vo) OVLIODVLVOILOLLOVODLVYD:'d 08¢8C9AV SVININ'T

6C0  0L00— ¥9°0 89°0 e 149 Areiqu [[[ovH UBIN
DOVODLVLLVOLLLLIDOVLLLVOVA

L1T'0  STI0— €L'0 80 L'e 9 414 I siLd) OVVOLLIDVVOLIDLOVVLLLV:d 6LE8TIAV LVININ'T
VOLLOLVIOVOVOVIOLLLLVVLLVLY

811 d ¥1(vD) VOLVVOOLLOODDVILOLVLV:d 8LESTIAY  IHVININT
DOVOVOLLVVIDLVLVVVOVVLAY

99°0 €cro— o STo €'l € £8¢C I 6(vD) DVOVIOILOVLVDILODVVLVVDV:Hd LLEBTIAV SVININ'T
DLLODLLIOIOLVVIOVOVVVA

€0 €C0'0— 99°0 890 0'¢ € 844 d ¢1(vD) VVVVVOVVOLOOVVVLLLVOV:d 9LETIAV PVININ'T
LLLLIDOVLLOLODVVLLOVOY

L1°0 1€0°0— 9L°0 6L°0 (44 9 LOT d 91(vD) DLVVOLOVVLVOVLIOOVVVVV:Hd SLESTIAV EVININ'T
DLIDLIDLVIOLLLLYDILOVLL™

L8T d 11(vD) DVVVLOVVODVVOLVOVVILVVVH VLEGTIIAV  CVININT
LOVVOVOOLDIDIDLVVVLLVE

10 LSO0— 18°0 98°0 1Y 6 0T I €1(vD) DVOVOVIOLVVOVIOVOVODLV:H €LEBTIAV IVININ'T

) (eN)
(I1d) Xoput (eH) (oH) So[o[® Jequinu
Amuopt  uonexy A11s034zo10jay  A115084z01910y Jo'ON sop[Re  (dq) ozig Jnow UOISSIIOR
Jo 'qoid  SAyYSum pajoadxyg pIAIdSqQ  9And_Pd Jo "OoN  paroadxg  adAL  1eadoy (,6—,5) @ouonbas oW  JuBRqUID ASS

‘SIRAT)[NO OFuBW g7 Ul s191oweted Ajjiqerrea pue sjuowsdely pagydwe oy jo 3ud] ‘sadAy yeadar ‘soouonbas sownid ajrjjaresororu orydiowAjod oureu snoo ‘7 jgu [



388

regions of one of the clones sequenced (LMMA9
accession number AY628381) to a mango beta-p-
galactosidase mRNA (accession number AF004812).
One of the regions showed an alignment score (S)
of 204 with a probability value (E) of 1.0E-49 and
99% homology (106 of 107 nt). The other region
showed an alignment score (S) of 105 with a
probability value (E) of 7.0E-20 and 93% homol-
ogy (72 of 77 nt). Additional lower significant hits
were obtained with beta-galactosidase sequences
of other plant species such as Vigna radiata (4¢-09)
or Asparagus officinalis (2e-04).

SSRs polymorphism and genetic diversity

The analysis of the 16 SSRs in 28 mango geno-
types detected a total of 88 bands, with an average
of 5.5 bands/SSR, ranging from 3 to 9 bands/SSR.
In 14 of the SSRs, one or two bands were present
in each genotype, suggesting the detection of a
single locus. In LMMAZ2, a band of 413 pb was
fixed in all the genotypes, and one or two addi-
tional bands were obtained in all genotypes except
in ‘Davis Haden” where a total of 4 bands were
amplified. In LMMAG, only ‘Langra’ showed 3
bands and in the rest of the genotypes 1 or 2 bands
were amplified. In order to check the possibility of
intraclonal variability, that has been reported for
some hypervariable SSRs (Lian et al. 2004),
amplification patterns were compared among dif-
ferent branches and trees of ‘Davis Haden’ and
‘Langra’ as well as of ‘Edward’, used as a control.
No differences among trees and branches were
observed. Consequently, for all the loci except
LMMA?2 and LMMAG the genotypes studied were
considered homozygous and heterozygous when
one or two fragments were present per locus,
respectively (Callen et al. 1993).

The variability parameters for the 14 single-locus
SSRs are shown in Table 2. The number of alleles
detected ranged from 3 to 9 in the Haelll library,
and from 4 to 7 in the Rsal library, with an
average of 5.4 and 5.2 alleles/locus respectively
(3.5 and 3.1 for the effective number of alleles, Ne).
Allele frequencies ranged from 0.018 to 0.855
(mean 0.209). From the 74 putative alleles
detected, 19 (26%) showed frequencies lower than
0.05. The locus LMMAI1S accumulated 4 rare
alleles from a total of 6 alleles. One allele from the
locus LMMAS was fixed in all the genotypes with

a frequency of 0.855. Six genotypes (‘Ataulfo’,
‘Davis Haden’, ‘Edwards’, ‘Maya’, ‘Peach’ and
‘Van Dyke’) showed the presence of one genotype-
specific fragment. The Indian genotypes (‘Langra’
and ‘Dusheri’) present two genotype-specific
fragments each and three additional fragments
only present in them. Besides the fragment exclu-
sive of ‘Ataulfo’, four additional fragments are
specific of the Philippine cultivars, one exclusive of
‘Manila’ and ‘Ataulfo’, two exclusive of ‘Manila’
and ‘Carabao’ and one present in ‘Manila’,
‘Ataulfo’ and ‘Carabao’.

Observed heterozygosity ranged from 0.25 to
0.86 in the Haelll library (mean of 0.68) and from
0.39 to 0.86 in the Rsal library (mean of 0.70) with
a mean for all the loci of 0.69. Expected hetero-
zygosity ranged from 0.22 to 0.81 in the Haelll
library (mean of 0.64) and from 0.47 to 0.78 in the
Rsal library (mean of 0.65) with a mean for all the
loci of 0.65. Expected and observed heterozygosity
values were compared using the fixation index (F),
which had an average over all the single locus
SSRs of —0.070 and —0.060 for the Haelll and
Rsal libraries respectively with values between
—0.238 (LMMAI15) and 0.166 (LMMA11) (Table
2). For 11 loci this parameter was negative (excess
of heterozygotes observed) and for 3 (LMMAIQO,
LMMAI11 and LMMA14) was positive (excess of
homozygotes observed). Allele frequencies of the
14 single-locus loci in the 28 genotypes do not
deviate from those expected in a population in
Hardy—Weinberg equilibrium. However two of the
loci (LMMAI13, F=-0.226 and LMMAII,
F=0.166) differed significantly (p < 0.05) from
Hardy—Weinberg expectations.

Regarding the probability of identity, the max-
imum (0.66) was detected in LMMAS with 3
alleles, one of which is fixed, and the minimum
(0.11) in LMMAT1 with 9 alleles. The average was
0.29 within the SSRs from the Haelll library and
0.27 from the Rsal library (Table 2). Total prob-
ability of identity (probability of two cultivars
sharing the same genetic profile by chance) was
2.74x 10°°.

Molecular fingerprinting and genetic relationships
of the mango genotypes

The analysis of the 88 bands detected by the 16
SSRs allowed the unambiguous discrimination of



the 28 mango genotypes included in this study.
The same discrimination was obtained with only 3
SSRs: LMMAI, LMMAI1 and LMMAI12.

Similarity values among different mango culti-
vars ranged from 0.24 (‘Langra’-‘Gomera 3’) to
0.93 (‘Manila’-‘Carabao’). The dendrogram
obtained after UPGMA analysis with the 28
mango genotypes is shown in Figure 1. A single
tree was obtained with a high cophenetic correla-
tion coefficient between the cophenetic matrix and
the similarity matrix of 0.87, which reflects a good
fit. Three main groups were obtained and principal
coordinates analysis (Figure 2) showed a similar
distribution of the genotypes. The first three
coordinates account for about 37% of the total
variance (18%, 10% and 9%, respectively). Boot-
strap analysis showed low values for most of the
branches (< 50%) except for the node of ‘Ataulfo’,
‘Carabao’ and ‘Manila’ with 60% (in fact
‘Carabao’ and ‘Manila’ node is 100%), ‘Haden’
and ‘Manzanillo Nufiez’ with 68%, and ‘Ott’ and
‘Gouveia’ with 86%.

Discussion
In this work, two mango genomic libraries en-
riched for CT/AG repeats have been developed

simultaneously, after digestion of the DNA from
the cultivar Tommy Atkins with the restriction

60%
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enzymes Haelll (methylation-sensitive) and Rsal
(methylation-insensitive). The success of the
enrichment procedure was similar between the two
libraries, 71% in Haelll and 73% in Rsal. Taking
into account those enrichment percentages and the
number of valid SSRs from the sequenced clones
(7 and 9 valid SSRs from 14 sequenced clones in
the Haelll and Rsal libraries, respectively) the
total efficiency is higher for Rsal (47%) than for
Haelll (36%). Moreover, sequencing of the clones
was easier in the Rsal library, since the average
clone size is about 255 lower than in the Haelll
library, allowing the complete sequencing of the
selected clones in a single reaction. No significant
differences in the genetic informativeness obtained
were recorded between the two libraries in the 28
mango genotypes studied. Consequently, techni-
cally, the Rsal library appears to be more conve-
nient than Haelll. However, the location of the
markers in a mango genetic map will be needed to
determine if the enzyme used for library develop-
ment has any influence in the isolation of SSRs
from specific genomic regions.

Although fragment segregation in the progeny
obtained from a cross is the only way to assign
alleles to a particular locus, the fragment distri-
bution in the 28 genotypes studied indicates that
all SSRs except two (LMMA2 and LMMAG6)
detect single loci. In LMMAZ2, one of the bands is
fixed and all the genotypes present one or two

Ataulfo

——

100% ——Carabao

L——— Manila
Davis Haden
Keitt

Sensation
Kent

Edward

68% Haden
Manzanillo Nufiez
Irwin

Naomi

Lippens
Glenn

Maya

Osteen

Van Dyke
Tommy Atkins

86% Gouvelia
L
Zill

Turpentine
Peach

Gomera3

Kensington

Gomeral
Dusheri

Langra

[
0.25 0.50
Similarity

1
075 1.00

Figure 1. Dendrogram of the 28 mango cultivars studied based on UPGMA analysis using the similarity matrix generated by the Nei
and Li coefficient with 88 SSR fragments. Bootstrap values larger than 50% are reported above branches.
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GOWYERA3

PEACH

TURPENTINE
L

Figure 2. Principal coordinates analysis of the pairwise difference matrix for 28 mango genotypes with 88 SSR fragments. Names of
polyembryonic cultivars are shown in capital letters, with Philippines cultivars underlined. In the monoembryonic group, Indian
cultivars are shown in italics, and Floridian cultivars in bold. ® indicates cultivars of the Haden family.

additional bands except ‘Davis Haden’ that pre-
sents 3 additional bands. A similar situation is
found with LMMAG6, where in all the genotypes,
except ‘Langra’ that presents three bands, the
amplification pattern seems to indicate the detec-
tion of a single locus. Mango has been described as
allopolyploid (Mukherjee 1950) and these results
suggest a complete diploidization in this species.
The presence of additional bands in ‘Langra’ and
‘Davis Haden’ could be due to remnants of the
ancestral poliploidization and/or to genomic
rearrangements accumulated in the course of the
long period of cultivation of this species where a
wide variability in clones of the same cultivar has
been repeatedly reported, particularly, in Indian
cultivars (Iyer and Degani 1997).

In spite of the close genetic relationships of
many of the cultivars studied, a relatively high
average number of alleles per locus (5.3) and ex-
pected heterozygosity (0.65) was obtained in this
work. Similarly, the low PI (0.28) as well as the low
number of fixed alleles (only one in 74 alleles)
compared to the number of genotype-specific
alleles (6 in 74) indicate that a high variability is
detected in the genotypes studied and, conse-

quently, that SSR markers will become a useful
tool for genetic variation studies and for genotype
identification and similarity analyses in mango. In
fact, just 3 selected loci are sufficient to unambig-
uously identify each of the 28 genotypes analyzed
in this work.

The mean F was not different from zero, indi-
cating a global behavior of this group of genotypes
similar to a random mating collection. This could
be due to the fact that mango cultivars are the
result of selection from open-pollinated seedlings,
most of them from chance seedlings from natural
cross-pollinations. Only a number of cultivars
from Florida have resulted from the selection of
seedlings from known maternal plants. Although
15 of the 28 genotypes studied are from the Flor-
ida breeding program high levels of polymorphism
are maintained, reflecting the continuous intro-
duction of plant material from different geo-
graphical areas and genetic backgrounds
(Campbell 1992).

In addition to their usefulness for fingerprinting
mango cultivars, the codominant nature of SSRs
allows a better understanding of the pedigree
relationships among the cultivars studied. Pedigree



relationships in mango are complex since very few
commercial cultivars are the result of controlled
breeding crosses. The results obtained in this work
confirm most of the pedigree relationships of the
cultivars of the Florida group included in this
study. Thus, ‘Glenn’, ‘Osteen’, ‘Lippens’, ‘Tommy
Atkins’ and ‘Maya’ are offspring of ‘Haden’
(Oppenheimer 1978; Campbell 1992; Adato et al.
1995) and ‘Irwin’ is offspring of ‘Lippens’ (Camp-
bell 1992). The data obtained also indicate that
‘Edward’ seems to be progeny of ‘Haden’ but not
from a cross with ‘Carabao’ according to Adato
et al. (1995) and Degani et al. (1990). In the case of
Zill’, this cultivar is considered as an offspring of
‘Haden’ (Campbell 1992) but our results show that
this is not the case with the ‘Zill’ genotype studied
in this work. ‘Manila’ has been described some-
times as ‘Carabao’ (Mathews and Litz 1992). In
our work, both genotypes are distinguishable
although genetically very close (similarity of 0.93).
‘Davis Haden” has been usually described as a
sport of ‘Haden’ (Iyer and Degani 1997) but our
results suggest that it is more likely that ‘Davis
Haden’ is a seedling of ‘Haden’ as suggested by
Morton (1987).

UPGMA clustering reflects the history of
breeding and selection of the cultivars studied,
grouping the cultivars according to geographical
origin and type. In this work three main clusters
can be observed in the dendrogram (Figure 1). The
most distinct cluster includes three polyembryonic
cultivars either from Philippines (‘Carabao’) or
from Mexico but related to genotypes from Phil-
ippines (‘Ataulfo’ and ‘Manila’; Sauer 1993).
Another small differentiated cluster includes two
ancient cultivars from the north of the Indian
subcontinent, ‘Dusheri’ or ‘Dasherhari’, and
‘Langra’ (Singh 1978). The larger main cluster (23
of the 28 cultivars studied) includes cultivars of the
Florida group or somehow related to them. The
separation of the Indian and Philippine clusters
from the cluster with the Florida material is also
reflected in the PCA (Figure 2). This separation
between the Florida group and the rest of the
groups was already reported with RAPDs (Schnell
et al. 1995; Lopez-Valenzuela et al. 1997), but, in
contrast to the results of Lopez-Valenzuela et al.
(1997), no specific markers of the Floridian group
have been found in this work. However, five
fragments are present only in the Philippine culti-
vars, and seven in the Indian cultivars. Both the
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UPGMA dendrogram and the PCA show that the
Philippine cultivars are more separated from the
Florida group than the two Indian cultivars stud-
ied; this is further stressed by the bootstrap anal-
ysis. This result is not surprising since Indian
cultivars such as ‘Mulgoba’ (parent of ‘Haden’ and
‘Keitt’) or “Totapuri’ (involved in the ‘Kent’ ped-
igree) have been used from the beginning in the
Florida breeding program. However, on the other
hand, the separation of the two Indian cultivars
from the Florida group can be explained by at
least two reasons: the large intrapopulation and
interregional variability among Indian cultivars
(Karihaloo et al. 2003) and the fact that ‘Langra’
and ‘Dusheri’ originated in northern India whereas
‘Totapuri’ and ‘Mulgoba’ are from the south.

The main Florida cluster can be further divided
into two different subclusters. The largest sub-
cluster includes monoembryonic cultivars mainly
related to Indian cultivars: ‘Kent’ (related to
‘Totapuri’), ‘Keitt’ and ‘Haden’ (seedlings of
‘Mulgoba’), and the cultivars directly or indirectly
related to ‘Haden’ (‘Davis Haden’, ‘Edward’,
‘Glenn’, ‘Lippens’, ‘Irwin’, ‘Osteen’, ‘Tommy
Atkins’ and ‘Zill’). Florida genotypes of unknown
parentage (as ‘Sensation’ and ‘Van Dyke’) are also
included in this subgroup as well as two genotypes
from Israel that are descendant of cultivars from
Florida (‘Maya’, seedling of ‘Haden’ and ‘Naomi’,
seedling of ‘Palmer’), two genotypes of unknown
parentage from Hawaii (‘Gouveia’) and California
(‘Ott’) and another from Mexico (‘Manzanillo
Nufiez’). The presence of cultivars from other
growing areas such as Hawaii, California or
Mexico in this subgroup is not unexpected since
Florida selections were extended worldwide and in
several countries they are grown together with
traditional local cultivars. In fact, the Mexican
cultivar Manzanillo Nufiez originated as a chance
seedling in an area where the main cultivars are
from Florida (Nunez-Elisea 1984).

A second subgroup includes only polyembryonic
types from different origins (‘“Turpentine’, ‘Peach’,
‘Gomera 3’, ‘Kensington’ and ‘Gomera 1°). Initial
mango introductions in Florida in the second half
of the 19™ century involved polyembrionic seeds
from the Caribbean such as ‘Peach’ and ‘Turpen-
tine’ (Campbell 1992). In addition to the two cul-
tivars from Florida in this group we can find two
cultivars from the Canary Islands (‘Gomera 1’ and
‘Gomera 3’) probably originating from Cuba
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(Galan-Sauco 1979) and ‘Kensington’, a poly-
embrionic cultivar discovered in the 1800s in Aus-
tralia of unknown origin but probably originating
from seeds imported from India (Bally 1998).

This work represents the first SSRs developed in
mango. These SSRs have been shown to be highly
efficient for genotype identification in this species.
Moreover, the particular characteristics of micro-
satellites make such markers very interesting for
variability and pedigree studies. The cultivars can
be grouped according to their geographical origin
and pedigree history and the two main types of
mangoes (monoembryonic and polyembrionic) are
clearly differentiated. Further studies involving
SSRs with a larger number of genotypes will be
needed to elucidate the process of mango domes-
tication and movement of plant material among
different countries.
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