
Introduction

Brazil is the major citrus-producing country in the

world, so citriculture is of great socio-economic

importance in the Brazilian agriculture. One of the

major phytosanitary problems affecting

citriculture in Brazil is citrus variegated chlorosis

(CVC), a bacterial disease caused by Xylella

fastidiosa Wells (1987) (Xf) (Chang et al. 1993).

All the canopy varieties of sweet orange are sus-

ceptible to Xf (Laranjeira et al. 1998), particularly

the variety ‘P�ra’, which accounts for 41% of the

trees in the State of Sao Paulo (Amaro et al. 1997).

Selection of resistant genotypes could be a log-

ical alternative against CVC. The long time re-

quired for the generation and selection of hybrids

of citrus trees that are resistant to Xf can be short-

ened through the use of molecular markers: (i)

in the establishment of the segregant progenies in

breeding of plants showing contrasting response to

CVC; (ii) in the construction of genetic maps; and

(iii) in the identification of citrus QRLs (quantita-

tive resistance loci) to Xf.

In the genus Citrus, various genetic maps have

been constructed by using isoenzyme markers

(Durham et al. 1992), RFLPs (Durham et al.
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1992), RAPDs (Gmitter et al. 1996), SCARs

(Deng et al. 1997), SSRs (Garc�a et al. 1999; Ruiz

and Asins 2003), and RGCs (Ling et al. 2000).

In some Citrus maps, both qualitative and quanti-

tative identification of loci is available. The identi-

fication focused on morphophysiological aspects

(Roose et al. 1992; Fang et al. 1997; García et al.

1999, 2000) as well as resistance to abiotic (Tozlu

et al. 1999a,b) or biotic factors (Gmitter et al.

1996; Deng et al. 1997; Cristofani et al. 1999; Ling

et al. 2000).

The goal of the present work was to construct

fAFLPs genetic maps for ‘Murcott’ tangor and

‘P�ra’ sweet orange, known to be resistant and

susceptible to CVC, respectively (Laranjeira et al.

1998), aiming at future identification of Citrus

QRLs to Xf.

Materials and methods

Plant material

‘Murcott’ tangor plants (Citrus reticulata Blanco

× C. sinensis (L.) Osb.) and ‘P�ra’ sweet orange

(C. sinensis (L.) Osb.) (2n = 2x = 18) from the cit-

rus germplasm bank at the Centro APTA Citros

‘Sylvio Moreira’/IAC, Brazil, were used in manu-

ally controlled hybridization as female and male

parents, respectively. In total, 312 BC1 hybrids

were identified through genotyping with SSR

markers (Oliveira et al. 2002); 87 of these BC1 hy-

brids were randomly grouped, together with the

parents, to construct a map-population.

Total genomic DNA extraction

Total genomic DNA was isolated from leaves of
the plants of the map-population, by using an ad-
aptation of the CTAB-Sarkosyl extraction method
(Machado et al. 1996). Aliquots of each DNA
sample were diluted to 100 ng µL–1 and stored
at –20oC.

Generation of fAFLP markers and collection/

analysis of the digitalized images of the gels

AFLPTM (Keygene N.V., Wageningen, The Neth-

erlands) markers were generated according to the

traditional method (Zabeau 1993), by using

the AFLP Plant Mapping Kit (Applied

Biosystems, Foster City, CA, USA) system I with

EcoRI primers labelled with specific fluorophores

(FAM (blue), HEX (green), or JOE (yellow)).

The fluorescence data of the AFLPs were col-

lected and stored by ABI PrismTM software (Ap-

plied Biosystems). The images were analysed and

the sizes of the fAFLPs were estimated by

GeneScan TM 2.0.2 software. The amount of com-

ponents of the fAFLP reactions and the sequence

of primers are listed in the protocol of the manu-

facturer. Details of the generation of the fAFLPs

(digestion of DNA, ligation of the EcoRI and MseI

adapters, pre-selective and selective amplifica-

tions), electrophoresis, collection, and analysis of

the data from gel images, and adjustments in the

original protocol to generate fAFLPs in Citrus are

described by Oliveira (2003).

Identification of polymorphic fAFLPs

Polymorphic fAFLPs, with sizes ranging from

50 to 500 bp, were identified through 2 comple-

mentary procedures. First, they were identified

through genotyping (presence = 1; absence = 0) of

the individuals of the map population, by using

Genotyper 2.0 software. The binary classification

generated by the software was manually compared

twice with the peaks generated by the Genescan

2.0.2 and Genotyper, as in Oliveira (2003). Geno-

types and/or fAFLP reactions presenting more

than 1 amplicon were discarded in the analysis for

map construction. Amplicons showing difference

in size of more than 0.5 bp between them were

considered distinct markers.

Notation of fAFLPs markers

The amplicons were identified from the

EcoRI/MseI primers used in the selective amplifi-

cation of DNA fragments, followed by the molec-

ular size of the fAFLP, in bp.

Mendelian segregation tests of the fAFLPs

The apparent heterozygosity of the fAFLP loci in

‘Murcott’ tangor (parental configuration Aa × aa),

in ‘P�ra’ sweet orange (parental configuration

aa × Aa) and in both parents (configuration

Aa × Aa) was evaluated. Thus the conformity of

the observed proportions of BC1 hybrids with and

without a determined fAFLP was evaluated in re-

lation to the expected Mendelian proportion of 1:1

and 3:1, by using the �2 test of fit, calculated in

BioEstat software (Ayres et al. 2000). In the map-

ping analysis, we included the fAFLP markers

whose observed proportion did not significantly

deviate from the expected Mendelian proportion

(P � 0.05) or whose observed proportion showed

mean segregation distortion (0.01 � P � 0.05)

(df = 1).
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Strategies for the construction of genetic linkage

maps

For map construction, 2 strategies of mapping

were adopted. The first one considers the

segregant progeny as a result of the backcross

(BC1) between 2 diploid heterozygous genotypes,

i.e., as a backcross F2 population, with marks in

both linkage stages, using the backcrossing (BC)

function of the Mapmaker 2.0 application (Lander

et al. 1987). From the fAFLP markers with the

configuration Aa × aa and aa × Aa (fAFLP present

in ‘Murcott’ or ‘P�ra’, respectively), Mapmaker

executed algorithmic analyses of linkage (maxi-

mum likelihood) through the command

‘two-point’ with a LOD score � 3.0 and a value of

recombination frequency (�) � 0.40, and distinct

linkage groups (LGs) were determined by the

‘group’ command for each of the parents. After-

wards, the final linear order of the markers was de-

fined in each LG, through comparison of all the

permutations of the linkage of 3 possible loci,

by using the commands ‘compare’ and ‘ripple’.

The distances of the final map were estimated by

using the command ‘map’.

The second strategy of mapping, based on the

JoinMap application, evaluated not only the 1:1

fAFLP segregation markers, i.e. Aa × aa configu-

ration (backcrossing), but also the 3:1, i.e. Aa × Aa

configuration (F2 intercross) simultaneously gen-

erated by the heterozygous parents in this cross.

For this, the cross pollinator (CP) function of

JoinMap analyses this kind of segregant progeny

as a result of open pollination between heterozy-

gous diploid genotypes, generating a linkage map

for a given parent (in this case, ‘Murcott’ tangor).

LGs were generated by modules of grouping

(JMGRP), using LOD score � 3.0 modified from

the �2 test, which minimizes the risk of errors in

the transfer of distorted loci to a LG (Dettori et al.

2001). Once the LGs were defined, the analysis

was conducted by fixing the obtained order (‘fixed

order’ module). Frequencies of recombination be-

tween pairs of markers in each LG were deter-

mined by using the recombination module

(JMREC). Next, the values of inferred recombina-

tion were utilized in the mapping module

(JMMAP), with LOD score � 3.0 and ��� 0.25 for

the final ordination of the markers in each LG.

Map distances in centimorgans (cM) between

the linked fAFLPs were estimated in both soft-

wares by the mapping function of Kosambi

(1944), from the conversion of the recombination

frequency.

Mapping of fAFLPs with distorted segregation

The average intervals (in cM) of linkage between

the fAFLP loci that are linked in the genetic maps

and that present normal Mendelian segregation

(i.e. do not show distorted segregation at the

cut-off limit of 5%) or distorted segregation

(i.e. with 1–2 distorted loci) were compared for

each of the 3 genetic maps, through a bilateral

t test. Before executing the bilateral t test, the

homo or heteroscedastic condition of the data was

evaluated in the F test, both calculated by BioEstat

(Ayres et al. 2000).

Clustering of the fAFLP markers

The degree of clustering between fAFLP loci was

estimated by evaluating how normal was the dis-

tribution of the linkage intervals between the

co-linked fAFLP markers for each LG in the 3

generated linkage maps through the Shapiro-Wilk

test (� = 0.05). Considering the pool of LGs of

each of the 3 generated genetic maps, we evalu-

ated the Pearson linear correlation (between LG

size and the number of fAFLPs) and the difference

between the expected and observed numbers of

fAFLP markers in individual LGs, applying

the nonparametric test of Kolmogorov-Smirnov

(independent samples). The expected number of

fAFLPs was estimated by multiplying the relative

percentage of LG size (LG size divided by the total

map size) by the total number of mapped markers,

as reported by Castiglioni et al. (1998).

The Shapiro-Wilk and Kolmogorov-Smirnov tests

were performed by BioEstat (Ayres et al. 2000).

Genomic coverage

The estimated number of fAFLP markers neces-
sary to reach the genomic saturation of the con-
structed maps was obtained in the formula:

n = [log(1 – p)/log (1 – 2 c/k)] × 1.25,

where p = probability of genomic coverage;

c = maximum distance between adjacent fAFLPs;

and k = genome size of the studied species, as de-

scribed by Krutovskii et al. (1998).

Results

Mendelian segregation tests of fAFLP loci

In the genotyping of the map population with the
EcoRI/MseI pair of primers, 549 polymorphic
fAFLP markers were generated. Of these, 96, 106
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and 347 presented Aa × aa, aa × Aa, and Aa × Aa
allelic configurations between the parents, respec-
tively, which correspond to 16.2%, 17.9% and
63.2% of the total of the generated amplicons.
Therefore, a pool of 47 763 points of data was
available (549 markers × 89 hybrids of the map
population), with a potential to be informative for
the construction of genetic maps.

Out of the 96 fAFLP markers with Aa × aa seg-

regation (heterozygous in ‘Murcott’), 17 (17.7%)

showed distorted segregation (0.05 � P � 0.01).

On the other hand, 33 of the 106 fAFLP markers

(31%) with aa × Aa segregation (heterozygous in

‘P�ra’) showed distorted (non-Mendelian) segre-

gation. fAFLP markers with distorted Aa × Aa

segregation were not used for map construction.

Construction of linkage genetic maps

From the analysis of fAFLP markers with 1:1 seg-

regation (‘fAFLPs 1:1’) done in Mapmaker, 121

of the 202 fAFLPs 1:1 were mapped in 14 linkage

groups (9 LGs for the ‘Murcott’ tangor map

(M1 map) and 5 LGs for the ‘P�ra’ sweet orange

map (P1 map)). The M1 and P1 maps are shown in

Figures 1 and 2, respectively. As a result of the

analysis of 347 1:1 fAFLP markers heterozygous

in ‘Murcott’ tangor, and of 3:1 segregation

(‘fAFLP 3:1’) done in JoinMap, 227 markers were

mapped in 9 LGs, constituting the 1:1 and 3:1

fAFLP map of the ‘Murcott’ tangor (M1/3 map)

(Figure 3). The main characteristics of the 3 con-

structed genetic maps are summarized in Table 1.
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Figure 1. Genetic linkage map of ‘Murcott’ tangor, constructed from 87 hybrids of a BC1 population obtained from

a cross between ‘Murcott’ tangor and ‘P�ra’ sweet orange by using the Mapmaker software, based on the 1:1

heterozygous fAFLP markers in ‘Murcott’ tangor. Linkage groups drawn by Draw Map software (van Oooijen, 1994) are

presented as vertical bars and are identified by Roman numerals on their top (I to IX). fAFLP markers are indicated by the

EcoRI and MseI primers used in the DNA amplification. To the right of the representation of the linkage groups,

the fAFLP markers that co-segregate together are listed. To their left, the distance in centimorgans (cM) (Kosambi

function) is shown for each pair of fAFLP markers. Markers that present deviation in Mendelian segregation

(0.05 � P � 0.01) are identified with asterisks (*).



A total of 75.4% of the polymorphic fAFLP

markers showed allelic frequencies in accordance

with the 1:1 or 1:3 Mendelian expectations and, of

those, 73.4% were unequivocally placed in LGs of

1 of these 3 maps. The number of fAFLPs in indi-

vidual LGs varied from 4 to 12 (M1 map), 8 to 15

(P1 map) or 13 to 45 (M1/3 map). The 3 largest

LGs in M1 (LGs I, III and IV) and M1/3 (LGs II,

IV and VI) maps cover approximately 50% of

the total length of these maps. Irrespective of the

constructed map, the fAFLP markers were dis-

tributed throughout the whole range of sizes

(in bp), with the major fraction (72.5%) between

50 and 200 bp.
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Figure 2. Genetic linkage map of ‘P�ra’ sweet orange, constructed from 87 hybrids of a BC1 population obtained from

a cross between ‘Murcott’ tangor and ‘P�ra’ sweet orange by using the Mapmaker software, based on the 1:1

heterozygous fAFLP markers in ‘P�ra’ sweet orange. Linkage groups drawn in the Draw Map software (van Oooijen

1994) are presented as vertical bars and are identified by Roman numerals on their top (I to V). fAFLP markers are

indicated by the EcoRI and MseI primers used in the DNA amplification. To the right of the representation of the linkage

groups, the fAFLP markers that co-segregate together are listed. To their left, the distance in centimorgans (cM)

(Kosambi function) is shown for each pair of fAFLP markers. Markers that present deviation in Mendelian segregation

(0.05 � P � 0.01) are identified with asterisks (*).



Mapping of fAFLPs with distorted segregation

In the M1 map, 16 fAFLPs with distorted segrega-

tion were mapped in 7 LGs (I to VII), with a ten-

dency of accumulation preferentially in LGs I and

II, inclusively as interlinked markers (Figure 1).

In the P1 map, 15 distorted fAFLPs mapped in all

5 LGs, with a tendency of preferential accumula-

tion in LGs II and III (Figure 2). In the M1/3 map,

13 1:1 fAFLPs with distorted segregation mapped

in 6 LGs (I, II, III, IV, VI and VIII), preferentially

in LGs II and III (Figure 3).

Clustering of the fAFLP markers

Table 2 presents the distribution of fAFLP mark-

ers in LGs of the M1, P1 and M1/3 maps. LG III

of the M1 map showed a modest clustering of
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Figure 3. Genetic linkage map of ‘Murcott’ tangor, constructed from 87 hybrids of a BC1 population obtained from

a cross between ‘Murcott’ tangor and ‘P�ra’ sweet orange by using JoinMap software, based on the 1:1 (heterozygous in

‘Murcott’ tangor) and 3:1 (Aa × Aa configuration) fAFLP markers. Linkage groups are presented as vertical bars and are

identified by Roman numerals on their top (I to IX). fAFLP markers are indicated by the EcoRI and MseI primers used in

the DNA amplification. To the right of the representation of the linkage groups, the fAFLP markers that co-segregate

together are listed. To their left, the distance in centimorgans (cM) (Kosambi function) is shown for each pair of fAFLP

markers. Markers with 1:1 segregation that present deviation in Mendelian segregation (0.05 � P � 0.01) are identified

with asterisks (*).



markers (P = 0.045). We detected a positive corre-

lation between the sizes of the LGs and the number

of fAFLPs (r > 0.80) for the M1 and P1 maps, with

statistic significance detected only for the P1 map

(P � 0.0001). As expected, we did not detect any

significant difference between the number of ex-

pected and observed fAFLPs in the LGs for both

maps (P � 0.85) (Table 2).

In relation to the M1/3 map, all the LGs

showed clustering of fAFLPs (0.001 � P � 0.013)

(Table 2). Naturally, we detected a statistically

significant difference between the number of ob-

served and expected fAFLPs in the LGs

(P = 0.024). The correlation between the size of

LGs and the number of fAFLPs showed a positive

median value (r = 0.50), without statistical signifi-

cance (P = 0.17) (Table 2). LGs I to III, V and IX

of the M1/3 map showed clustering of fAFLPs,

which varied from 8.52% (LG V) to 41.95%

(LG III). For the LGs IV and VI to VIII we ob-

served a smaller number of fAFLP markers than

expected, with the difference varying from

–12.01% (LG IV) to –47.45% (LG VI) (Table 2).

For the clustering of distorted fAFLPs, we ob-

served a tendency of preferential accumulation in

certain LGs (LGs I and II for the M1 map; LGs II

and III for the P1 map, and LGs II and III for the

M1/3 map) (Figures 1–3).

Genomic coverage

Assuming a random distribution of fAFLPs in the

genome of Citrus and admitting an average

genomic size of 1700 cM (Liou 1990; Jarrell et al.

1992), with a maximum average distance between

the loci � 20 cM (95% of probability), we can ex-

pect the saturation of the M1 and P1 maps with

around 120 fAFLP markers (Table 3). This means

that still approximately 55 and 65 other fAFLPs

must be included in these maps, respectively.

On the other hand, if the desired average interval

between the linked loci is no more than 10 cM,

then only 16 other markers would be theoretically

necessary to saturate the M1/3 map (Table 3).

Discussion

The superposition of 2 or more fAFLP markers,

represented by amplicons of the same size, coming

from different nucleotide sequences from the same

combination of primers, can lead to an excess of

false events of double recombination between mo-

lecular markers and incorrect arrangement of the

loci (Buetow 1991), and to an overestimation of

map size (Shields et al. 1991). For this reason, the

automatic binary classification of the fAFLPs gen-
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Table 1. Summary of the main characteristics of ‘Murcott’ tangor and ‘P�ra’ sweet orange maps

constructed with fAFLP markers showing 1:1 Mendelian segregation ratio (Mapmaker), and of

a ‘Murcott’ tangor map constructed with fAFLP showing both 1:1 and 3:1 segregation ratios

(JoinMap)

Map characteristics M1 map ('Murcott'
tangor 1:1 fAFLPs)

P1 map ('P�ra' sweet
orange 1:1 fAFLPs)

M1/3 map ('Murcott'
tangor 1:1 and 3:1

fAFLPs)

Maximum recombination frequency � 0.40 � 0.40 � 0.25

Minimum LOD score � 3.0 � 3.0 � 3.0

No. of linkage groups 9 5 9

Total size of linkage groups (cM) 1651.47 1596.2 845

Total no. of fAFLP markers used for
map construction

96 106 347

Total no. of mapped markers 65 55 227

Ratio of total no. of mapped markers
to total no. of polymorphic markers

67.70% 51.88% 65.41%

Percentage of mapped fAFLP markers
with distorted segregation

24.25% 27.29% 5.73%

Total no. of unmapped markers 31 51 120

Percentage of unmapped fAFLP mark-
ers with distorted segregation

16.12% 27.46% 45%

Average distance between adjacent
loci (cM)1

29.47 ± 9.02 31.92 ± 11.63 4.25 ± 4.89

*P � 0.05; nsP > 0.05
1The average distance between adjacent AFLP markers was calculated by dividing the total size of linkage groups by

the number of intervals



erated by Genotyper was visually validated in this

work, excluding ambiguous data from the map-

ping analysis. Even with this combined identifica-

tion (automatic and visual) of the fAFLP markers,

it is possible that some invalid markers were ac-

cepted because of the superposition of 2 or more

fAFLP markers. However, the fAFLP markers

used in this work had to be revalidated in relation

to how adjusted they were in relation to Mendelian

segregation. Then, the fAFLPs resulting from su-

perposition of 2 amplicons were characterized by

a strong distortion of Mendelian segregation, and

were excluded from map construction.

The segregant progeny of Citrus used for map

construction, originated from a backcross between

the ‘Murcott’ tangor and ‘P�ra’ sweet orange

(Oliveira et al. 2002). An analysis of mitochon-

drial heritage shows that ‘Murcott’ tangor is a hy-

brid between C. reticulata (female parent)

× C. sinensis (male parent) (Araújo et al. 2003).

In the present work, C. sinensis is represented in

the backcross by the ‘P�ra’ sweet orange variety.

226 A.C. de Oliveira et al.

Table 2. Distribution of fAFLP markers throughout the linkage groups of ‘Murcott’ tangor and ‘P�ra’ sweet

orange maps constructed with fAFLP markers showing 1:1 Mendelian segregation ratio (Mapmaker), and of

a ‘Murcott’ tangor map constructed with fAFLP markers showing 1 : 1 and 3 : 1 segregation ratios (JoinMap)

Linkage group
(LG), map

Size
(cM)

Distribution of
linkage intervals

Observed no. of
fAFLPs (a)

Expected no. of
fAFLPs (b)

(a/b–1) × 100
(%)

LG I, M1 252.6 0.921 11 9.952 5.00

LG II, M1 223.8 0.30 10 8.81 13.50

LG III, M1 310.7 0.045* 12 12.23 –1.88

LG IV, M1 256.9 0.070 10 10.12 –1.18

LG V, M1 185.1 0.30 6 7.29 –17.69

LG VI, M1 92.6 –3 4 3.64 9.98

LG VII, M1 110.1 – 4 4.33 –7.62

LG VIII, M1 114.3 – 4 4.5 –11.11

LG IX, M1 104.4 – 4 4.11 –2.60

LG I, P1 464.4 0.53 15 15.84 –5.30

LG II, P1 312.8 0.14 12 10.65 12.67

LG III, P1 231.5 0.76 10 7.9 26.58

LG IV, P1 366 0.08 10 12.49 –19.93

LG V, P1 239.5 0.42 8 8.17 –2.08

LG I, M1/3 85 0.008* 29 22.83 27.02

LG II, M1/3 102 0.009* 37 27.4 35.03

LG III, M1/3 118 0.008* 45 31.7 41.95

LG IV, M1/3 110 0.007* 26 29.55 –12.01

LG V, M1/3 48 0.013* 14 12.9 8.52

LG VI, M1/3 170 0.007* 24 45.67 –47.45

LG VII, M1/3 77 0.009* 15 20.69 –27.50

LG VIII, M1/3 61 0.009* 13 16.38 –20.63

LG IX, M1/3 74 0.001* 24 19.87 20.78

Map Correlation between LG size and no. of

fAFLPs4

Significance of difference between no. of observed and ex-

pected fAFLPs in LGs5

M1 r = 0.97 (P = 0.03ns*) P = 0.92ns

P1 r = 0.83 (P = 0.08ns) P = 0.83ns

M1/3 r = 0.50 (P = 0.17ns) P = 0.024*

*P � 0.05; nsP > 0.05
1Adjustment of normality test on the extension of linkage intervals for adjacent loci (Ho: extension of the linkage intervals follows normal distri-

bution evaluated by the Shapiro-Wilk test, as in Krutovskii et al. (1998); 2The expected no. of fAFLPs was estimated by multiplying the relative

percentage of LG size by the total no. of mapped markers, as in Castiglioni et al. (1999); 3No. of intervals between markers is insufficient to

evaluate their normal distribution; 4Pearson linear correlation coefficient (r) and its significance; 5Hypothesis test between the number of ex-

pected and observed fAFLPs in individual LGs (Ho: the observed number does not differ from the expected number of fAFLPs in individual

LGs, evaluated by the Kolmogorov-Smirnov test (independent samples).

Table 3. Estimated number of fAFLP markers to

saturate the ‘Murcott’ tangor and ‘P�ra’ sweet orange

maps (size of the genome (K) = 1700 cM)

Genetic map p1 c2(cM) n3

'Murcott' (1:1 fAFLPs) 0.90 20 121

'Murcott' (1:1 and 3:1 fAFLPs) 0.90 10 488

1Probability of genomic coverage; 2Maximum desired distance be-

tween adjacent AFLPs; 3Maximum number of expected markers,

where n = [log(1 – p)/log (1 – 2 c/k)] × 1.25, as in Beckman and Soller

(1983) and Krutovskii et al. (1998)



As mentioned by Cai et al. (1994), it is expected

that a predominant allelic configuration resulting

from a cross between AB × B genitors should be

Aa × aa (fAFLP heterozygous loci for the

‘Murcott’ tangor). However, as a result of the

crosses between ‘Murcott’ tangor and ‘P�ra’

sweet orange, parental allelic configurations of

aa × Aa and Aa × Aa were also observed. These

results could arise from the fact that citrus variet-

ies belonging to the species C. sinensis, including

‘P�ra’ sweet orange, show a very high level of

karyotype heteromorphism, as cytologically ob-

served by the absence of clear pairs of homologues

after DAPI-CMA banding (Roose et al. 1998).

The maps were constructed without any prior

knowledge of the genotype of the parents or the

linkage phase of the markers as usually used in

previous mapping works in citrus (Garc�a et al.

1999).

The 1:1 segregation patterns of the fAFLPs of

the Citrus BC1 map population, at the coupling

phase, were used for the construction of the M1

and P1 maps by Mapmaker (Figures 1 and 2).

A similar strategy was already adopted in the map-

ping of fruit tree species, such as peach (Dettori

et al. 2001) and citrus (Cai et al. 1994). On the

other hand, 3:1 fAFLP markers were added to-

gether with the 1:1 heterozygous markers in

‘Murcott’ tangor, by using JoinMap, which re-

sulted in the construction of the M1/3 map (Fig-

ure 3).

The P1 map reveals 5 LGs (Figure 1), i.e. less

than the haploid number of Citrus (n = 9). Several

factors could have contributed to this, including

the higher number of 1:1 fAFLPs with distorted

segregation coming from ‘P�ra’ sweet orange

(31%), compared to ‘Murcott’ tangor (17.7%)

(�2 contingency table; p (Yates’ correction

= 0.0090) (0.05 � P � 0.01)), which could be inter-

preted as a result of a higher pressure of gametic

selection over the male parent because of a high

competition of pollen, as described in Citrus by

Luro et al. (1994).

We observed in the Mapmaker maps (P1 and

M1) distances between markers greater than

30 cM. An explanation for this should be that the

genotyping was only based on dominant markers,

dominant loci present in the chromosome inher-

ited by the ‘Murcott’ tangor from the parent

C. sinensis were also found in ‘P�ra’ sweet orange.

In this case, the high number of AFLP markers

found in both parents and segregated in the prog-

eny strongly indicates that the evaluated popula-

tion originates from backcrossing. Another

explanation is the lack of markers identified

during the repulsion phase, when the data were

subject to duplication to construct the maps by us-

ing Mapmaker.

The strategy of constructing genetic maps hav-

ing simultaneously heterozygous fAFLP markers

in one parent (1:1 fAFLP) and heterozygous in

both (3:1 fAFLPs) (M1/3 map, Figure 3) was al-

ready adopted for the construction of linkage maps

of Citrus (Cai et al. 1994) and cocoa (Flament

et al. 2001). However, estimation of genetic re-

combination of 3:1 loci of dominant markers in

conjunction with 1:1 loci is biased in general (Cai

et al. 1994; Maliepaard et al. 1997), and so, the 3:1

fAFLP loci cannot be unambiguously added to the

M1/3 map. Another consequence of the addition

of 3:1 fAFLPs to the map generated by JoinMap is

the reduction of map size, which in the present

work was 48.8% (845 cM/1651.47 cM) (Table 1).

This reduction results from the lower recombina-

tion rates between the 3:1 segregation markers,

making the markers present in the LGs close to-

gether. The literature mentions reduction in the

length of the Citrus linkage maps by up to 60%

(Cai et al. 1994).

Specifically referring to the comparison of the

linkage maps generated by Mapmaker and

JoinMap, the size of the maps is in general differ-

ent, which results mainly from 2 differences be-

tween the softwares. First, these applications show

different algorithms for estimation of genetic re-

combination [maximum likelihood method in

Mapmaker (Lander et al. 1987) and LOD statistic

coupled to a �2 test of fit test in JoinMap

(Van Ooijin and Voorrips 2001)]. Second, these

softwares differ in their capacity to consider that

a crossing-over can prevent (JoinMap) or not

(Mapmaker) the occurrence of other cross-

ing-overs in the same chromosomal segments

(Van Ooijen and Voorrips 2001).

The M1/3 map is composed of 227 fAFLPs

(Figure 3), making it, the third most saturated ge-

netic map of Citrus available so far. Fang et al.

(1997) described a map containing 360 RAPD

markers, mapped in 108 hybrids of C. maxima,

and De Simone et al. (1998) reported a map con-

taining 247 markers for C. aurantium. The aver-

age distance between adjacent fAFLP loci

(4.25 cM) is close to the map previously con-

structed with AFLPs (3.32cM) (De Simone et al.

1998).
The M1/3 map shows 36 co-linked fAFLP

markers, represented in pairs, in 8 of 9 LGs.
This can be interpreted as a result of the identifica-
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tion of very close markers or 2 alleles of
co-dominant fAFLP loci (Barcaccia et al. 1999).
This map is almost completely saturated, having
only 4 intervals between adjacent AFLP loci
larger than 20 cM (LG IV, LG VII and 2 in LG VI)
(Figure 3). The I and IV LGs of the M1/3 map
show negative map distances between adjacent
fAFLP markers close to their edges (Figure 3).
The JoinMap software, used for the construction
of this map, identified in this way the markers that
are not strongly linked to certain LGs. Mapping of
AFLPs in garlic, by using JoinMap, also resulted
in this configuration for a LG (Heun et al. 1991).

Differences between the sizes of individual

LGs, in each of the Citrus genetic maps, were

prominent and agreed with size gradient of the

species chromosomes in the genus Citrus, as cyto-

logically shown by Guerra (1993). Similarly to the

genetic map of Citrus described by Cai et al.

(1994), the 3 largest LGs of each of the M1 and

M1/3 maps (Figures 1 and 3) covered half of the

total size of each of these maps. For the P1 map,

having only 5 LGs, the 3 largest LGs are responsi-

ble for 70% of the total length of the map of ‘P�ra’

sweet orange (Figure 2). As the P1 map becomes

saturated, the tendency is to observe 9 LGs,

the same number as the haploid chromosome

number in Citrus.
The percentage of polymorphic markers that

did not link to any LG of the M1, P1 and M1/3
maps was 32.29%, 48.11% and 34.58%, respec-
tively (Table 1). These values are much higher
than in other maps of Citrus, where they vary from
10.3% (De Simone et al. 1998) to 28.9% (Cai et al.
1994).

In the present work, the average percentage of

distortion in segregation of the fAFLP markers

was 24.6%. It is expected that the map populations

of the F1 progeny obtained in crossing between

highly heterozygous parents, not genetically en-

hanced, show low levels of distortion in segrega-

tion (Barcaccia et al. 1999). Nevertheless,

distorted segregation of alleles of marker loci has

frequently been reported in intra- or interspecific

crosses in Citrus, irrespective of the kind of mo-

lecular marker utilized. In 19 studies in which the

map population of Citrus was used for the con-

struction of genetic maps (Jarrell et al. 1992; Dur-

ham et al. 1992; Luro et al. 1994; Cai et al. 1994;

Kijas et al. 1997; De Simone et al. 1998; Ruiz and

Asins 2003), an average percentage of 25% of the

marker loci showed distorted segregation, varying

from 12% for AFLP loci (De Simone et al. 1998)

up to 40%, for RAPD loci (Cai et al. 1994).

The level of distortion of segregation in this and

other reports on mapping in Citrus is in the range

described for other annual or perennial species,

where it could be as low as 1.4% for Hevea spp.,

utilizing AFLP, RFLP, SSR and isoenzymatic

markers (Lespinasse et al. 2000), 69% for

Cryptomeria japonica, using AFLP markers

(Nikaido et al. 1999), or as high as 100% with

RFLPs in tomato (Nienhuis et al. 1987).

Distorted segregation can be generated by sev-

eral mechanisms that, alone or in conjunction, lead

to disadvantageous selective aspects for gametic

transmission or zygote viability. These include: (i)

linkage of loci with distorted segregation with le-

thal or sublethal genes, exposed to directional se-

lection in the pre- or postzygotic developmental

stages to gametophytic factors (‘pollen killers’)

that lead to the abortion of the male gamete (Zamir

and Tadmor 1986); (ii) sampling error and/or the

small size of the available population (Lu et al.

1998); (iii) non-random segregation of gametes

(Gadish and Zamir 1986); (iv) size and structural

heterozygosity of the chromosomes of parental

genomes, notoriously in progenies resulting from

interspecific and intergeneric hybridization (Luro

et al. 1994), (v) presence of alleles of self- incom-

patibility (Bert et al. 1999) and/or (vi) non-genetic

artifactual variation, generation of amplicons from

DNA sequences from organelles or epigenetic in-

teractions (Soltis et al. 1998).

Since the F1 map population genotyped in this

work came from a backcross between a hybrid of

tangerine and sweet orange (‘Murcott’) with sweet

orange (‘P�ra’), part of the detected segregation

distortion of the fAFLP loci can result from the

crossing of heterozygous parents, followed by

some level of depression by endogamy in the

progeny. Before the construction of the genetic

map, successive cycles of death of hybrids oc-

curred during the identification and vegetative

multiplication. Therefore, part of the distortion in

segregation between alleles could be attributed to

the directional selection, probably acting over

a pre- or postzygotic stage (germination of seeds

and development of seedlings) against lethal or

sublethal genes, physically linked to these dis-

torted marker loci, which were also detected in the

course of genetic mapping of citrus hybrids by

Luro et al. (1994) and Cai et al. (1994). Another

fraction of distortions in segregation could have

come from the stronger selection over the pollen

of the male parent, as previously discussed.

All 3 genetic maps presented distorted fAFLP

markers linked to LGs (Figures 1–3). Loci with

distorted segregation are still usable for mapping
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purposes (Zamir and Tadmor 1986). The construc-

tion of maps and localization of QRLs/QTLs, from

loci with distorted segregation in populations for

mapping, is not compromised in various plant spe-

cies, including annual (Nandi et al. 1997) and pe-

rennial cultures (Krutovskii et al. 1998; Lu et al.

1998; Cai et al. 1994).

The M1 and P1 maps did not show significant

differences between the expected and observed

numbers of fAFLP markers (P = 0.92 and 0.86, re-

spectively). The M1/3 map showed significant dif-

ferences (P = 0.024), meaning that there was

clustering of fAFLPs in all the LGs of this map, as

can be evidenced by the deviation from normal

distribution of the linkage intervals between adja-

cent loci (P = 0.001 to 0.013) (Table 2). The clus-

tering of fAFLP markers in the M1/3 map could

have been produced by the fAFLP markers of 3:1

Mendelian segregation, which reduce the dis-

tances between adjacent loci in linkage maps (Cai

et al. 1994; Maliepaard et al. 1997).

The M1/3 and P1 maps did not show any sig-

nificant linear correlation between the size and

number of fAFLPs (r = 0.82, P = 0.08 and r = 0.50,

P = 0.17, respectively) (Table 2). An absence of

significant linear correlation between the number

of AFLp markers in the LGs and the genetic dis-

tance covered was also detected in genetic map-

ping of ryegrass (Bert et al. 1999) and peach (Lu

et al. 1998).

There are various pieces of evidence that the

M1 and P1 maps are indeed not completely satu-

rated, including the following facts: (i) the number

of obtained LGs is smaller than the haploid num-

ber (n = 9) of chromosomes in Citrus (P1 map);

(ii) the absence of detection of polymorphic mark-

ers in certain genomic regions, resulting in gaps

between adjacent loci with more than 30 cM of

distance; and (iii) the presence of non-linked poly-

morphic markers. The genotyping of this map

population with new molecular markers will prob-

ably result in an increased number of LGs for the

P1 map and saturation of the existing gaps in both

maps.

The mapping studies of perennial species fa-

vour the saturation of the maps, since the same hy-

brids employed in this map population can be used

for addition of new molecular markers. Efficient

strategies for obtaining directional saturation

(Giovannoni et al. 1991), other than the inclusion

of new random markers, should become a priority

in order to get saturation of gaps on these maps, in-

cluding the extremities of the short LGs and

non-linked markers, as stressed by Krutovskii

et al. (1998). With this objective, it is possible to

use the E+3/M+3 AFLP primers having up to

2 CG bases. Another alternative is to adopt pairs of

primers that have 2 selective nucleotides instead

of 3, as in this study, and additionally to make use

of restriction enzymes that recognize preferen-

tially unmethylated euchromatic regions, like PstI.
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