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Integrated genetic map of citrus based on RAPD markers.

Abstract — Introduction. The citrus industry is one of the main activities of Brazilian
agriculture. Several pests and diseases have threatened citrus culture in recent years. Genetic
mapping is one of the most efficient strategies for conducting advanced genetic studies by
facilitating plant selection guided by markers. The objective of this study was to construct an
integrated genetic map between Citrus sinensis (L.) Osbeck cv. ‘Péra’ and C. reticulata Blanco
cv. ‘Cravo’ using two different types of segregation of markers. Materials and methods. The
linkage analyses were conducted with segregation data obtained from 256 RAPD markers in a
population of 94 hybrids. Analyses were performed through the software JoinMap, LOD 2 6.0,
6 < 0.25, and the Kosambi function. Results and discussion. The linked map between the
two cultivars had 217 markers defined by 15 linkage groups, covering 527 ¢M. This map had
five linkage groups with common markers of ‘Péra’ and ‘Cravo’. The inclusion of new
markers would increase the number of linkage groups with markers from both parents, thus
making their number equal to the haploid chromosome number. The alterations in the order
and in the distances among the markers, due to the presence or absence of bridging markers
in the linkage map, are discussed.

Citrus reticulata / Citrus sinensis / genetic maps / genetic markers / RAPD

Carte génétique intégrée des agrumes, basée sur 'utilisation de marqueurs
RAPD.

Résumé — Introduction. L'industrie des agrumes est I'une des activités principales de
l'agriculture brésilienne. Plusieurs ravageurs et maladies ont menacé cette culture ces
dernieres années. La cartographie moléculaire est I'une des stratégies les plus efficaces pour
entreprendre des études génétiques avancées afin de faciliter une sélection des plants assistée
par marqueurs. L'objectif de cette étude a été de construire une carte génétique intégrée entre
Citrus sinensis (L.) Osbeck cv. ‘Péra’ et C. reticulata Blanco cv. ‘Cravo’ en utilisant deux types
différents de ségrégation des marqueurs. Matériel et méthodes. Les analyses de liaisons ont
été conduites a partir de données de ségrégation obtenues de 256 marqueurs RAPD dans une
population de 94 hybrides. Les analyses ont été réalisées avec le logiciel JoinMap. Résultats
et discussion. La carte des liaisons entre l'un et lautre des cultivars a comporté
217 marqueurs définis par 15 groupes de liaisons, couvrant 527 cM. Cette carte a présenté
cing groupes de liaisons contenant les marqueurs communs de Péra et Cravo. L'inclusion de
nouveaux marqueurs augmenterait le nombre de groupes de liaisons portant des marqueurs
des deux parents, en rendant leur nombre égal au nombre de chromosomes haploide. Les
différences d’ordre et de distances au sein des marqueurs, dues a la présence ou a I'absence
de marqueurs dans la carte de liaisons, sont discutées.
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1. Introduction

The citrus industry is one of the main activ-
ities of Brazilian agriculture. Besides supply-
ing the national market, the export of orange
juice and its sub-products amount to 1.5 bil-
lion dollars in annual revenues [1].

Several pests and diseases have threat-
ened citrus culture in recent years. Citrus
cultivation is considered a monoculture due
to the large area that it occupies. Moreover,
industry is based upon a limited number of
suitable varieties for canopy and rootstocks.

Even though breeding has been conducted
in citrus since the xixth century, only a small
number of varieties have resulted. These
plants are recalcitrant to genomic research
because of their high genetic heterozygos-
ity, resulting from outcrossing and long gen-
eration times [2]. In addition, little is known
about genetic inheritance of the main agro-
nomic traits of citrus [3].

Genetic mapping is one of the most effi-
cient strategies for conducting advanced
genetic studies by facilitating plant selection
guided by markers, and by the understand-
ing of inheritance, structure and organiza-
tion of genes. Moreover, genetic mapping
also assists studies of evolution, introgres-
sion, identification and gene isolation [4, 5].
Once isolated, genes can be cloned and trans-
ferred to commercial varieties through genetic
transformation, thus overcoming biological
barriers that exist in Citrus species [0].

Citrus has advantageous characteristics
that help with the construction of genetic
maps. They are diploid with a low haploid
chromosome number (2 = 9), highly poly-
morphic; they easily allow the production of
interspecific and intergeneric hybrids, and
they have small genomes [7].

Several citrus genetic mapping projects
have been conducted in the world with the
purpose of identifying genes and/or quan-
titative trait loci (QTL) for resistance/toler-
ance to salts and cold [8], tristeza virus [9],
dormancy, juvenility and vigor [10], and
plant height and fruit acidity [6].

Numerous softwares have been utilized
for the construction of linkage maps of dif-
ferent species, such as MapMaker, Linkagel,
GMendel and JoinMap. The JoinMap is
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based upon a LOD modified in function of
an independent Chi-square test of segrega-
tion data, thus allowing the integration of
markers of different types of segregation in
parental maps and the construction of con-
sensus maps [11].

In the last few years, integrated maps of
several species have been published [12—
14]. Due to an increase in the loci density
and a decrease in the number of gaps, these
consensus maps can give a more precise
identification of major genes and/or QTLs of
agronomic importance. In addition, they
can help to conduct the selection guided by
markers and to study the organization of the
genome as well as the level of chromosomal
rearrangement within the species.

The objective of this study was to construct
an integrated genetic linkage map between
Citrus sinensis (L.) Osbeck cv. ‘Péra’ and
C. reticulata Blanco cv. ‘Cravo’, using two
different types of segregation of RAPD
markers.

2. Materials and methods

2.1. Plant material

The cultivars C. reticulata Blanco ‘Cravo’
and C. sinensis (L.) Osbeck ‘Péra’ and 94 F,
hybrid progeny were studied. The hybrid
population was differentiated from the
nucellar plants with morphologic and RAPD
markers according to Oliveira et al. [15].

2.2. DNA extraction and RAPD assay

The DNA extraction and the RAPD analyses
were conducted according to Oliveira et al.
[16]. Ninety-seven decamer primers of arbi-
trary sequences were used from the follow-
ing Operon Technologies Inc. (Alameda,
CA, USA) kits: A, AB, AT, AV, B, C, D, E, G,
H,I, M, N, P, Q, R, U and Y. The primers of
the kits were arbitrarily chosen.

2.3. Statistical analysis

Amplified fragments that segregated in the
progeny were selected as markers. Depend-
ing on the type of segregation in the hybrid



progeny, markers were classified as: (a) het-
erozygous loci in ‘Cravo’ mandarin and
recessive homozygous loci in ‘Péra’ sweet
orange (Im x 1D; (b) recessive homozygous
loci in ‘Cravo’ mandarin and heterozygous
loci in ‘Péra’ sweet orange (nn X np); and
©) heterozygous loci in both parents (hk x hk).

Through chi-square analyses (%, p <
0.05, DF = 1), the null hypothesis of Men-
delian segregation 1:1 was tested for each
one of the markers that had the segregation
types (Im x 1D and (nn X np), while the
hypothesis of segregation 3:1 was done for
markers (hk x hk).

Linkage analyses were conducted using
the software JoinMap v.3.0 [11], since the
hybrid population was from the crossing
between two diploid, heterogeneous and
heterozygous parents. Based upon the seg-
regation of markers found in the progeny,
a linkage map was constructed. An inte-
grated map of the parents was obtained by
analyzing together the markers from the
three types of configurations [(Im % I), (nn X
np) and (hk x hk)]. In this case, loci that
were heterozygous in both parents were
used as bridges to integrate markers. The
criteria used to map were LOD 26.0 and 8 <
0.25. Linkage consistency was evaluated by
testing the minimal scores of LOD of 3.0, 4.0,
5.0 and 7.0, and maximal recombination fre-
quencies of 0.30 and 0.40. The JoinMap
functions jump, ripple and triplet were used
to organize marker order better in linkage
groups [11]. The Kosambi function [17] was
used for conversion of recombination frac-
tions to values referring to map distances in
centiMorgan (cM). In the map only linkage
groups with more than three markers were
considered.

3. Results and discussion

RAPD analyses resulted in amplification of
256 loci with polymorphism in hybrid prog-
eny. Based upon segregation analyses of
these markers in the progeny, we concluded
that 123 markers (48.0%) were heterozygous
in ‘Cravo’ mandarin and recessive homozy-
gous in ‘Péra’ sweet orange; 53 markers
(20.7%) were heterozygous in ‘Péra’ and
recessive homozygous in ‘Cravo’; and
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80 markers (31.3%) were heterozygous in
both parents. The high percentage of het-
erozygous common markers in both parents
suggests that genetic similarity was high
between the ‘Cravo’ mandarin and ‘Péra’
sweet orange. This result was expected
because taxonomically these cultivars are
classified as very closely related [18], and
many authors hypothesize that C. sinensis
was derived from C. reticulata. According to
Federici et al. [19], C. sinensis must be a
hybrid obtained from the crossing between
C. maxima (pummelos) and C. reticulata
(mandarins).

Heterozygous markers found in both par-
ents showed a uniform distribution in the
linkage groups, without any cluster forma-
tion. Therefore, these markers were found
in all of the linkage groups of the ‘Cravo’
mandarin. In the case of ‘Péra’ sweet orange,
only the linkage group VII was an excep-
tion. Inclusion of markers heterozygous in
both parents significantly increased the
number of markers of the maps of ‘Péra’
sweet orange and ‘Cravo’ mandarin, when
compared with the study conducted by
Oliveira [20]. This fact leads to a more pre-
cise identification of genes and/or QTLs of
agronomic importance [21].

The literature reports skewed segregation
markers in genetic linkage maps at several
levels at intergeneric as well as intraspecific
hybrids with values between 3.9% [22] and
100% [23]. In this study, markers of ‘Péra’
sweet orange, which were heterozygous in
one of the parents and recessive homozygous
in the other parent, showed 61.5% of skewed
segregation and 25.5% in 'Cravo' mandarin,
when compared with the expected 1:1 Men-
delian segregation (p < 0.05). Heterozygous
markers from both parents showed 40% fre-
quency of skewed segregation to the expected
3:1 Mendelian segregation (p < 0.05). Tanks-
ley et al. [24] suggest that chromosome rear-
rangements and zygotic and/or post-zygotic
gamete selection may cause skewed segre-
gation in several species.

The integrated map of Citrus had
217 markers assembled in 15 linkage groups
and represented a total length of 527 cM.
Linkage groups had 112 (51.6%) hetero-
zygous markers from Péra’ sweet orange,
44 (20.3%) heterozygous markers from ‘Cravo’
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mandarin and 61 (28.1%) heterozygous
markers from both parents. The distance
between adjacent markers varied from 0 to
16 cM, with an average of 2.4 cM, and
11 gaps had distances greater than 10 cM.
The majority of these gaps (63.6%) occurred
in linkage groups with less than 10 markers
(figure 1.

The number of linkage groups obtained
from the integrated map was much higher
than the chromosome haploid number for
the genus Citrus. Only five linkage groups
(I, I, 111, IV and VI) had common markers
from ‘Péra’ sweet orange and ‘Cravo’ man-
darin, thus resulting in the integration of the
maps (figure 1). Inclusion of more bridging
markers would certainly favor the linking of
some of the existent groups, which could
lower the number of groups to equal the
chromosome haploid number [12, 13].

Analyses of heterozygous markers in both
parents allow inference of existing homol-
ogy between linkage groups of ‘Péra’ sweet
orange and ‘Cravo’ mandarin. Homology of
five linkage groups (I, II, III, IV and VI) was
confirmed by the presence of at least four
markers, which showed a highly conserved
arrangement, but with significant variation
in the recombination frequencies. Hemmat
et al. [21] observed a conserved organization
of the genome of the species studied and
that recombination frequencies for specific
segments of maps differ between the par-
ents.

The integrated map of Citrus (527 cM)
was much larger than those of ‘Cravo’ man-
darin (313 cM) and ‘Péra’ sweet orange
(377 cM) [20]. This was probably due to the
fact that only five linkage groups showed
integration of markers from maps of ‘Cravo’
mandarin and ‘Péra’ sweet orange (figure 1).
Even with this reduced level of integration,
the mean distance between adjacent mark-
ers (2.4 cM) did not increase, and this value
was much lower than that observed in the
map of ‘Cravo’ mandarin (3.3 cM).

Comparison analyses of the three maps
on the linkage groups responsible for the
integration of markers of ‘Péra’ sweet orange
and ‘Cravo’ mandarin showed a somewhat
conserved arrangement of markers and sig-
nificant alteration in the recombination fre-
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quencies. According to Durham et al. [4],
this result was expected, due to the fact that
interspecific fertile hybrids are easily obtained
in Citrus. On the other hand, these authors
mentioned that differences in the order of
the markers were also expected, such as the
ones observed in group VI of the integrated
map, because of the large number of loci
with skewed segregation. The limitations of
the software and of the dominant nature of
the markers used for mapping analyses can
also cause incorrect arrangements. Data col-
lected by Jacobs et al. [12] showed that it is
difficult to obtain a correct order in regions
with a high concentration of markers in the
maps. Another limitation to the precise
order of the markers is the use of dominant
markers, which are less informative and can
cause ambiguity [5, 21, 25].

Studies are now being conducted to
include co-dominant markers as microsatel-
lites and RFLP in this integrated map.
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Mapa genético integrado de citrus baseado en marcadores RAPD.

Resumen — Introducién. La industria de citrus es una de las principales actividades de la
agricultura brasilefa. Diversas plagas y dolencias tienen amenazado la cultura de citrus en los
anos recientes. El mapeamiento genético es una de las mds eficientes estrategias para condu-
cir estudios genéticos avanzados por facilitar la seleccion de plantas guiadas por marcadores.
El objetivo de este estudio fue construir un mapa genético integrado entre Citrus sinensis (L.)
Osbeck cv. ‘Péra’ y C. reticulata Blanco cv. ‘Cravo’, usando dos diferentes tipos de segrega-
cién de marcadores. Materiales y métodos. Las andlisis de ligazén fueron conducidas con
dados de segregacion obtenidos de 256 marcadores RAPD en una poblacion de 94 hibridos.
Analisis fueron realizados con el software JoinMap. Resultados y discusion. El mapa ligado
entrambos los cultivares tenfa 217 marcadores definidos por 15 grupos de ligazén, cubriendo
527 cM. Este mapa tenia cinco grupos de ligazén con marcadores comunes de ‘Péra’ y
‘Cravo’. La inclusion de nuevos marcadores aumentaria el nimero de grupos de ligazén con
marcadores de ambos los padres, haciendo sus nimeros iguales al nimero del cromosoma
haploide. Las alteraciones en la orden y en las distancias entre los marcadores, debido a la
presencia o el ausencia de marcadores en un mapa de ligazén, son discutidos.

Citrus reticulata / Citrus sinensis / mapas genéticos / marcadores genéticos /
RAPD
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