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Abstract Transfer of desired characters from the diploid
relative species such as Coffea canephora into the culti-
vated allotetraploid coffee species (Coffea arabica L.) is
essential to the continued improvement of varieties. Be-
haviour of the C. canephora genome and its interaction
with the C. arabica genome were investigated in tetra-
ploid interspecific hybrids (C. arabicaxC. canephora 4x)
resulting from a cross between an accession of C. ara-
bica and a tetraploid plant of C. canephora obtained fol-
lowing colchicine treatment. Segregation and co-segre-
gation of restriction fragment length polymorphism
(RFLP) and microsatellite loci-markers were studied in
two BC; populations. These two populations of 28 and
45 individuals, respectively, resulted from the backcross
of two tetraploid F; plantsto C. arabica. The presencein
BC, plants of specific C. canephora markers was scored
for 24 loci (11 RFLP and 13 microsatellites) distributed
on at least 7 of the 11 linkage groups identified in
C. canephora. At aimost all loci analysed, the segrega-
tion of C. canephora alleles transmitted by the (C. ara-
bicaxC. canephora 4x) hybrids conformed to the expect-
ed ratio assuming random chromosome segregation and
the absence of selection. The recombination fractions of
C. canephora chromosome segments were estimated for
seven marker intervals, and compared with the recombi-
nation fractions previously observed in C. canephora for
the equivalent marker intervals. The recombination fre-
guencies estimated in both plant materials were rather

Communicated by H.C. Becker

J.C. Herrera
CENICAFE, AA 2427 Manizales, Caldas, Colombia

M.C. Combes - P. Lashermes ([ ])

IRD, GeneTrop, BP 5045, F-34032, Montpellier, France
e-mail: Philippe.Lashermes@mpl.ird.fr

Fax: +33-4-67-41-61-81

F. Anthony
CATIE, AP59, 7170 Turrialba, Costa Rica

A. Charrier
ENSA.M, Place Viala, F-34060, Montpellier, France

similar, suggesting that recombination in the (C. ara-
bicaxC. canephora 4x) hybrid is not significantly re-
stricted by the genetic differentiation between chromo-
somes belonging to the different genomes. The hybrid
(C. arabicaxC. canephora 4x) therefore appeared partic-
ularly favourable to intergenomic recombination events
and gene introgressions.

Keywords Coffee - Wide cross - Introgression -
Polyploidy - Evolution

Introduction

Coffee is the most-important agricultural export com-
modity in the world. Coffea arabica (Arabica coffeg)
alone represents 70% of world coffee production and the
remainder consists mainly of Coffea canephora (Robusta
coffee). C. arabica is the only tetraploid species
(2n=4x=44) in the genus and is self-fertile, while other
species are diploid (2n=2x=22) and generaly self-in-
compatible (Charrier and Berthaud 1985). Recent inves-
tigations established that C. arabica is an amphidiploid
formed by natural hybridisation between Coffea eugenio-
ides and Coffea canephora (Lashermes et a. 1999).
C. arabica is characterised by low genetic diversity
which has been attributed to the allotetraploid origin, re-
productive biology and evolutionary process of this spe-
cies. In contrast, considerable variability was reported
among diploid coffee species, and some of these species
form valuable gene reservoirs for different breeding
purposes (Carvalho 1988).

Transfer of desirable genes from wild relative species
to cultivated varieties through wide crosses is one of the
proven breeding strategies for crop improvement. Gene
exchange is possible due to the meiotic recombination
process, which alows information from the parental
chromosomes to be combined into new genetic entities
that are passed to the next generation (Stebbins 1950;
Puchta and Hohn 1996). However, inherent problems
of interspecific crosses, such as hybrid instability, infer-
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tility, non-Mendelian segregations, and low levels of in-
tergenomic crossing-over, can constitute important limi-
tations (Stebbins 1958).

In coffee, the transfer of desired characters, in partic-
ular disease resistances, from the diploid relative species
such as C. canephora or Coffea liberica into cultivars
of C. arabica without affecting quality traits, has been
the main breeding objective world-wide. Spontaneous
hybrids occurring when these species are cultivated
together, as well as controlled interspecific hybrids
called arabusta (Capot 1972) between C. arabica and
C. canephora, have been extensively used (Cramer
1957; Bettencourt 1973; Sreenivasan et al. 1993). How-
ever, the ploidy difference between C. arabica and the
donor species, and the lack of information regarding ge-
nome recombination in interspecific hybrids and DNA
introgression into C. arabica constitute major bottle-
necks.

C. arabica displays a diploid-like meiotic behaviour
(Krug and Mendes 1940; Lashermes et a. 2000a). Par-
ticular chromosomes of C. arabica therefore only pair
homogeneticaly, in spite of the minor differentiation
among the two constitutive genomes of C. arabica
(Lashermes et a. 1999). While triploid interspecific hy-
brids are amost completely sterile, tetraploid arabusta
hybrids, resulting from the hybridisation between C. ara-
bica and auto-tetraploid C. canephora obtained follow-
ing colchicine treatment, are reasonably fertile (Berthaud
1978; Owuor and Van der Wossen 1981). However, the
meiotic behaviour of the tetraploid arabusta hybrid
seems to differ markedly from that of C. arabica. Al-
though bivalents have been reported to predominate
greatly at meiosis in its hybrid (Grassias 1980; Owuor
1985), the nature of pairing as deduced from the mode of
inheritance appears fundamentally different (Lashermes
et al. 2000a). Segregation analyses of restriction frag-
ment length polymorphism (RFLP) loci-markers showed
tetrasomic inheritance, indicating that the four sets of
chromosomes present in the arabusta hybrid might not
display any preferentia pairing.

Molecular markers represent an invaluable tool for
plant genome analysis including polyploids (Da Silva
and Sorrells 1996). Factors affecting genetic exchange
between parental genomes in polyploid hybrids could be
addressed by marker analysis in segregating populations
or from patterns of introgression (Wang et al. 1995;
Garcia et a. 1995; Parkin and Lydiate 1997). The pur-
pose of the study described here was to analyse the be-
haviour of the C. canephora genome and its interaction
with the C. arabica genome in the context of tetraploid
arabusta hybrids. Using both restriction fragment length
polymorphism (RFLP) and microsatellite markers, allele
segregation and chromosome recombination were stud-
ied in two BC, populations derived from tetraploid ara-
busta hybrids. The investigations have allowed the
meiotic patterns of chromosome pairing and recombina-
tion to be deduced. The results are discussed in relation
to the mechanism of introgression into C. arabica and
the efficient use of genetic resources in arabica breeding.

Materials and methods
Plant material

The plant material surveyed consisted of two BC, populations re-
sulting from the backcross of two interspecific arabusta tetraploid
F; plants (Et30xIF181T) to C. arabica (accession Et30). The pop-
ulations included 28 (P1) and 45 (P2) individuals, respectively.
Each population derived from a single hybrid plant, which result-
ed from a cross between a plant of C. arabica (accession Et30)
used as female parent and a tetraploid plant of C. canephora
(IF181T) previously obtained by colchiploidisation of the clone
IF181.

Molecular-marker assay

Genomic DNA was isolated from lyophilised leaves through a
nuclei isolation step as described by Agwanda et a. (1997). For
restriction fragment length polymorphism (RFLP) analysis, DNA
digestion, separation by gel electrophoresis, non-radioactive |abel-
ling and hybridisation were performed as previously reported
(Lashermes et al. 1995). Single-copy nuclear genomic clones from
C. arabica or arabusta libraries were used as probes. A prelimi-
nary screening was performed on blots containing DNAs of the
accessions Et30, IF181, IF181 T, and arabusta hybrids digested by
EcoRl, Dral, or Hindlll in order to identify the probe/restriction
enzyme combinations revealing appropriate polymorphisms be-
tween Et30 and IF181. The suitable probes were then used on
Southern blots containing DNAs from all individuals included in
this study and digested by the selected restriction enzyme.

Thirteen microsatellites (M12, M20, M41, M42, M47, M157,
M160, M161, M162, M166, M170, M180 and M184) that previ-
ously showed clear polymorphisms between Et30 and 1F181 were
pre-selected for use in this study. These microsatellites or simple
sequence repeats (SSRs) were identified in DNA clones derived
from genomic libraries of C. arabica cv Caturra enriched for
(ATC),, and (TG), (Rovelli et al. 2000). The specific primer pairs,
amplification conditions, radioactive labelling and polyacrylamide
gel-electrophoresis were as described by Combes et al. (2000).

Part of the analysed RFLP- and microsatellite-loci have been
previously mapped in C. canephora using a doubled-haploid
population derived from the clone IF200 (Lashermes et al. 2001).
These loci, which are distributed on 7 of the 11 linkage groups of
the C. canephora genetic map, areindicated in Table 1.

Data scoring and analysis

Restriction fragments (i.e. RFLP locus), as well as PCR-amplified
products (i.e. microsatellite locus) of different sizes, were identi-
fied and easily interpreted as either C. canephora or C. arabica
specific markers by comparing the parental accessions. When two
different C. canephora specific markers were present in the same
arabusta hybrid, the markers were interpreted as alleles of C.
canephora at RFLP- or microsatellite-loci and designated arbitrar-
ily by the letters C; and C,. When only one C. canephora specific
marker was identified in the arabusta hybrids at microsatellite loci,
allelic interpretation was not undertaken since dosage could not be
determined. In contrast for RFLP loci, variations in banding inten-
sity within the same lane were considered to represent differences
in allele copy number as previously reported (Lashermes et al.
2000a). The aleles of C. canephora were therefore designated by
the letter C in single or double dose.

Statistical analysis compared observed segregation patterns to
the expected segregation frequencies assuming random chromo-
some segregation. In addition, linkage analysis was performed be-
tween different marker combinations. As expected in the arabusta
hybrids used in the present study, four different marker-pair condi-
tions were considered namely, (1) simplex coupling, (2) simplex
repulsion, (3) asymmetrical coupling and (4) duplex coupling
(Table 3). The recombination fraction for each linked marker pair



was determined by using maximum-likelihood equations accord-
ing to the method described by Yu and Pauls (1993). The chi-
square test was used to assess the goodness-of-fit to the appropri-
ate expected ratios and to compare the recombination fractions.

Results

Identification of C. canephora markers
in BC, individuals

In this study, different molecular markers were used to
detect introgression events in the genome of the species
C. arabica. Analysing segregation patterns of 24 poly-
morphic loci (11 RFLPs and 13 microsatellites), we
scored for the presence of specific C. canephora markers
in BC, plants resulting from backcrosses of two interspe-
cific arabusta tetraploid F; plants to C. arabica. The two
BC,; populations (i.e. P1 and P2) derived from the two
arabusta hybrids were considered separately for compari-
son (Table 1). Examples of allele segregation patterns for
amicrosatellite marker are presented in Fig. 1.

For al of the 24 loci analysed, comparison for the fre-
guency of plants with C. canephora markers between the
two BC,; populations showed no significant difference
(P>0.05). In overall analyses including both populations,
for alarge majority of loci studied (i.e. 83%), the propor-
tions of plants with C. canephora markers were consis-
tent with the expected proportion (i.e. 0.83) assuming
random chromosome segregation (Table 1). The ob-
served proportions deviated significantly from the ex-
pected value for only four loci (gA1, gA25, gA53 and
M160). While three of those distorted loci showed ab-
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normally low C. canephora marker frequencies, one
locus (M160) exhibited a significantly higher frequency
than expected. Furthermore, it is noticeable that the dis-
turbed loci belong to at least three different linkage
groups of the C. canephora map.

Frequency of C. canephora aleles
in the BC; populations

The frequencies of C. canephora alleles were determined
for 20 loci including 11 RFLP- and 9 microsatellite-loci
(Table 2). These loci are distributed on at least 7 of the
11 linkage groups identified in C. canephora. For al loci
considered, the observed frequencies of C. canephora
alleles in the P1 population were in agreement with the
expected proportion (i.e. 0.25) assuming random allele
segregation. Regarding the P2 population, only two loci,

IF181T (. canepiiora)

E30 (. avabica)
Hybrid 1 (E130 x IF181T)
Hybrid 2 (E130 x IF1B1T)

— BCIndividuals — 4

« Canephora »
alleles :

4— C,
+— C;

Fig. 1 DNA marker analysis of introgression. Example of micro-
satellite locus (M166) showing allele segregations among BC, in-
dividuals resulting from the backcross of arabusta hybrids (C. ara-
bicaxC. canephora 4x) to C. arabica (Acc. Et30)

Table 1 Proportion of indi-

viduals containing specific Locus Number of plants Proportion of plants containing ~ x2 valued

C. canephora markers at differ- . canephora markers

ent loci intwo BC, populations Name  Li nkaage P1 P2 Tota

(i.e. P1 and P2) resulting from group Pl P2 Overall

he backcross of

Ly%ﬂ&c'fs Car gacbusta  Ri67 4 26 - 2 085 - 0.85 0.04 (0.834)

phora 4x) fo C. arabica. 0Al 9 28 45 73 0.86 0.60 0.70 8.95 (0.003)

Chi-square values for expected ~ 9A19 9 17 28 45 0.76 0.71 0.73 2.90 (0.089)

Mendelian segregation ratios ~~ 9A25 3 12 26 38 0.83 0.54 0.63 10.43 (0.001)

are also indicated gA53 - 22 40 62 0.59 0.60 0.60 24.11 (0.000)
gABD - 13 18 31 0.77 0.89 0.84 0.02 (0.886)
0A6L 7 28 45 73 0.82 0.93 0.89 1.88 (0.170)
gA71 3 27 43 70 0.81 0.86 0.84 0.08 (0.775)
gAT2 7 17 36 53 0.88 0.92 0.90 2.14 (0.143)
OR13 2 27 42 69 0.70 0.83 0.78 1.12 (0.290)
gRA1 - 1 27 38 0.1 0.85 0.87 0.42 (0.518)
M12 5 27 42 69 0.77 0.88 0.84 0.05 (0.822)
M20 9 18 36 54 0.94 0.92 0.84 0.03 (0.859)
M4l 3 27 40 67 0.78 0.87 0.85 0.15 (0.694)

. L M42 3 26 41 67 0.92 0.73 0.80 0.27 (0.603)

Genetic linkage groups as M47 4 22 3B 57 0.86 0.89 0.88 0.91 (0.341)
determined in C. canephora M157 3 26 42 68 0.92 0.74 0.81 0.20 (0.652)
(Lashermes et al. 2001) M160 1 25 41 66 0.92 095  0.94 5.57 (0.018)
Comparison between the M161  — 25 42 67 0.84 083 083 0.02 (0.897)

overall observed proportion M162 - 23 35 58 0.83 0.89 0.86 0.44 (0.507)

and the expected value M166  — 27 42 69 0.67 0.86 0.78 1.12 (0.290)

(i.e. 0.83) assuming random M170 - 26 40 66 0.81 0.90 0.86 0.52 (0.471)

chromosome segregation. Prob- 1180 — 21 35 56 0.80 0.74 0.77 1.55 (0.213)

ability valuesareindicated in 184 — 25 42 67 0.92 0.88 0.89 2.05 (0.153)

parenthesis




664

Table 2 Frequency of C. cane-

phora alleles at marker-defined Locus Frequency of Overall X2 values
loci in BC, populations result- . canephora alleles frequency
ing from the backcross of ara- Name L|nkage N N
busta hybrids (C. arabicax group Pl P2
C. canephora 4x) to C. arabica.
Chi-square values for expected  CR167 4 0.26 - 0.26 0.05 (0.821)
Mendelian segregation ratios ~~ 9A1 9 0.23 0.18* 0.20 3.58 (0.059)
are also indicated 0A19 9 0.22 0.25 0.24 0.12 (0.731)
gA25 3 0.25 0.13** 0.17* 5.05 (0.025)
o gA53 - 0.17 0.19 0.19% 5.51 (0.019)
;‘e?n‘ifl‘ﬁgg i'r']”('gag:g groups as de- ga60 - 0.29 0.29 0.29 1.08 (0.299)
(Lechormesi o 2%%1) gA61 7 0.27 0.28 0.28 1.17 (0.280)
e e red fre. 9ATL 3 0.25 0.28 0.27 0.69 (0.408)
Icseriprd gAT72 7 0.24 0.31 0.28 1.23 (0.267)
qggt”eijv"g’]ajecci’fgpgr o5 V;gSlan gR13 2 0.21 0.26 0.24 0.17 (0.677)
Png ed val cﬁr'o'mésozne e ORAL - 0.27 0.24 0.25 0.00 (1.000)
o & * Indiosto Sonin M41 3 0.23 - 0.23 0.20 (0.657)
2 P o e M42 3 0.28 0.21 0.24 0.18 (0.672)
cance & os O M157 3 0.28 0.23 0.25 0.00 (1.000)
g%gfncgg’ri%n between the over.  M160 1 0.30 0.31 0.30* 3.96 (0.047)
. - M161 - 0.27 - 0.28 0.21 (0.651)
‘é"x' °bgv\?gj 5&?%”'00'215"3‘”‘1 the  M1e2 - 0.28 - 0.28 0.52 (0.470)
asgjer%ing random chromosome m%gg - ggg - ggg (1)38 2(1)(2)88
segregation. Probability values 1384 - 0.29 031 0.30% 3.90 (0.048)

areindicated in parenthesis

@ Obsened valuss O Expecled values i

Number of plants

028 -032 33 - 037

0.1d - 22

023 - 027

Frequency of C. caneplora alleles

Fig. 2 Histograms of the numbers of BC, individuals in which the
particular frequency of C. canephora alleles was detected. For
comparison, the expected values for a theoretical binomial distribu-
tion, assuming random segregation at al loci, are also illustrated

0gA1l and gA25 (with P=0.039 and P=0.007, respectively)
showed significantly lower values than the expectations.
When the overall observed frequencies were analysed,
four loci exhibited ratios significantly different from
those expected. With the exception of one locus, gA25,
al distorted loci showed a similar tendency either in
favour (M160, M184), or disfavour (gA53), of C. cane-
phora alleles in both populations.

For each BC, plant, the frequencies of C. canephora
alleles were determined. The distribution of the 73 indi-
viduals for the frequency of C. canephora alleles is pre-
sented in Fig. 2. The observed distributions were not sig-
nificantly different from the expected values for a theo-
retical binomial distribution assuming random chromo-
some segregation at all loci. Likewise, the overall mean
(i.e. 0.245) of C. canephora alleles in BC; plants was
equivalent to the predicted value (i.e. 0.250).

Recombination of C. canephora chromosome segments
in arabusta hybrids

Co-segregation studies of specific C. canephora markers
detected in the tetraploid arabusta hybrids were carried
out based on the analysis of BC; populations. The ex-
pected gamete types and their frequencies with respect to
pairs of C. canephora markers in different locus condi-
tions are reported in Table 3. Eleven marker-loci, previ-
ously mapped in C. canephora and distributed on four
different linkage groups, were included in this analysis
(Table 4). For each pair of adjacent markers, the number
of BC, individuals for marker-pair phenotypes was de-
termined in the two BC, populations.

For the seven marker pairs considered, gamete types
unexpected in the absence of recombination were ob-
served (Table 4). This pointed to the presence of cross-
ing-over in the C. canephora chromosome segments of
the two arabusta hybrids. The observed co-segregation
patterns were compared with the expected values for un-
linked markers (Table 4). For three of the six marker
pairs analysed, the observed co-segregations in at least
one BC; population were not significantly different
(P>0.05) from those expected for unlinked markers.
The recombination fraction (p) for each marker pair was
also estimated in both BC, populations. For three of the
five marker pairs analysed, the p values estimated in the
two BC; populations were not significantly different
(P>0.05). The estimated recombination fractions di-
verged significantly between the two populations for
only two marker pairs, gA71-M157 and M157-M42.
Both marker pairs are located on linkage group 3, which
showed segregation distortion in population P2
(Table 2).



Table 3 Co-segregation analy-
sisof C. canephora markersin
BC, populations resulting from
the backcross of arabusta
hybrids (C. arabicaxC. cane-
phora 4x) to C. arabica. Ex-
pected gamete types and their
frequencies with respect to
pairs of canephoramarkersin
different locus conditions were
adapted from Yu and Pauls
(1993)

aThe gamete ratios are equal to
the phenotypic ratios observed
in the BC, population because
the recurrent parent (i.e.

C. arabica) is double recessive
for all of the useful markers

b The recombination fraction
for each marker pair is desig-
nated by “p”
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Canephora-marker pair Types of gametes  Genera Gamete ratios Gamete ratios
conditions in the arabusta fromthearabusta  gamete if Cland C2 if Cland C2
hybrid ratios® b linkeda not linked?a
Simplex coupling (SC) Cci1cC2 1p 1 1
C1C2.(clc2), Clc2 p 0 1

cl1C2 p 0 1

clc2 1p 1 1
Simplex repulsion (SR) c1cC2 1+p 1 1
Clc2.cl1C2(clc2), Clc2 2p 2 1

clc2 2p 2 1

clc2 1+p 1 1
Asymmetrical coupling (AC) C1C2 3p 6 5
ClcC2.Clc2.(clc2), Clc2 2+p 4 5

clC2 p 0 1

clc2 1p 2 1
Duplex coupling (DC) ci1cC2 5-2p+p? 35 25
(C1C2),.(c1c2), Clc2 2p—? 0 5

clc2 2p—? 0 5

clc2 1-2p+p? 1 1

Table 4 Co-segregation analysis of C. canephora markers in the two BC, populations. Observed co-segregation patterns and estimated

recombination fractions for each pair of marker-defined loci location on the same linkage group of the C. canephora map

Linkage Marker BC,; Marker- No. individuals for marker-pair X2 valued Recombination ~ Comparison
groups  intervals pop. pair phenotypesin BC,; fraction (p)° P1/P2d
(P1/P2) condition2 X2
ClC2 Clc2 clC2 clc2
3 M41-gA71 Pl AC 23 19 2 8 4.82 (0.185) 0.206+0.129
P2 DC 29 2 3 2 4.24 (0.237) 0.284+0.046 0.85 (0.356)
gA71-M157 P1 AC 25 17 5 3 2.04 (0.565) 0.521+0.158
P2 AC 32 34 2 8 3.56 (0.313) 0.265+0.115 14.88 (0.000)
M157-M42 P1 SC 13 16 17 5 6.96 (0.073) 0.647+0.067
P2 SC 31 6 4 41 49.40 (0.000) 0.122+0.036 40.10 (0.000)
M42-gA25 P2 AC 12 12 3 15 41.31 (0.000) 0.177+0.136 -
M47—cR167 P1 DC 18 1 0 1 - 0.107+0.037 -
7 gA72-gA6l Pl AC 14 14 2 4 - 0.358+0.185
P2 SC 29 13 10 16 12.35 (0.006) 0.338+0.057 0.06 (0.806)
9 gAlgA19 P1 DC 12 1 2 2 - 0.272+0.066
P2 AC 17 21 5 11 10.9 (0.012) 0.348+0.146 0.61 (0.435)

aSC, simplex coupling; SR, simplex repulsion; AC, asymmetrical

coupling and DC, duplex coupling

b To fit the expected ratio (see Table 3) for pairs of unlinked mark-
ersin SC, SR (1:1:1:1), AC (5:5:1:1), or DC (25:5:5:1) conditions.
Probability values are indicated in parenthesis. Comparisons were
made only when the population size was sufficient (individuals >35)

Table5 Comparison for differ-
ent C. canephora chromosome
segments of the recombination
frequencies estimated in the
arabusta hybrid (C. arabicax
C. canephora 4x) and in

C. canephora. The contingency
X2 tests whether the proportion
of parental and recombinant
gametesis the same in the two
Situations

aProbability values are indicat-
ed in parenthesis

¢The p values were determined by using maximum-likelihood
equations according to the method described by Yu and Pauls
(1993). Standard errors were estimated according to the method
described by Fisher (1937)
d Comparison between the recombination fraction values for P1
and P2. Probability values are indicated in parenthesis

Linkage Marker intervals Recombination fractions X2 value2
groups
Arabustahybrid ~ C. canephora
3 M41-gA71 0.24 0.31 0.86 (0.355)
gA71-M157 0.37 0.32 0.36 (0.548)
M157-M42 0.13 0.04 3.94 (0.047)
M41-M42 0.27 0.40 1.66 (0.198)
M47—-cR167 0.10 0.07 0.15 (0.700)
7 gA72—gA6l 0.37 0.20 6.65 (0.010)
9 gA1-gA19 0.35 0.49 2.29 (0.129)
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Comparison of recombination rates
in arabusta vs C. canephora

The recombination fractions of C. canephora chromo-
some segments estimated in the arabusta hybrids were
compared with the recombination fractions previously
observed in C. canephora for equivalent marker intervals
(Table 5). The two BC, populations were considered as a
whole, and only marker intervals involving non-signifi-
cantly distorted loci were included in the analysis. Seven
marker intervals, distributed on four different linkage
groups, were studied. The recombination frequencies es-
timated in both plant materials were rather similar. Only
two of the seven intervals analysed exhibited a signifi-
cant difference in recombination frequency between the
arabusta hybrids and C. canephora. Slightly higher
recombination fractions were observed in the arabusta
hybrids.

Discussion

Efficient use of the genetic resources available in wild
relative species is essential to the continued improve-
ment of coffee varieties (Charrier and Eskes 1997).
However, breeding programmes face considerable diffi-
culties in doing so. In particular, strong limitations are
due to the long generation time of coffee-trees, the high
cost of field trials, and the lack of accuracy of the cur-
rent strategy. New insights into the introgression of C.
arabica are required to develop improved breeding
methodology. In a recent study (Lashermes et al.
2000b), based on the analysis of arabica introgression
lines derived from a spontaneous interspecific hybrid,
the amount of alien genetic materiel was reported to be
significant. In addition, it was suggested that introgres-
sion in C. arabica is not restricted to chromosome sub-
stitutions. The results from this study represent the first
attempt to characterise mechanisms of introgression in
an interspecific hybrid between C. arabica and a diploid
relative species. Behaviour of the C. canephora genome
in tetraploid interspecific hybrids (C. arabicaxC. cane-
phora 4x) was successfully investigated by analysing
both segregation and co-segregation of C. canephora
specific markers in two BC; progenies. Although C.
canephora is one of the progenitor species of C. ara-
bica, and there is low divergence between the two con-
stituent genomes of C. arabica and those of its progeni-
tor species (Lashermes et a 1999), we were able to
identify markers specific to the C. canephora parent
(i.e. IF181 T) of studied hybrids. Moreover, the 24 de-
tected loci presenting C. canephora specific markers are
well distributed on the genome, representing at least
seven different linkage groups.

Interspecific hybrids are often characterised by dis-
torted marker-segregations (Zamir and Tadmor 1986;
Ky et a. 2000). Segregation distortion can arise either
from competition among gametes or from abortion at
the gamete or zygote stage (Lytte 1991; Kreike and

Stiekema 1997). In the present study, a remarkably high
frequency of C. canephora specific markers was ob-
served in both BC; populations. The segregation of
C. canephora alleles transmitted by the arabusta hybrids
conformed to the expected ratio in the absence of selec-
tion at almost all loci analysed. In relation to its out-
crossing nature due to a self-incompatibility system,
C. canephora is considered to carry a high level of dele-
terious recessive alleles (Lashermes et al 1994). Fur-
thermore, a zygotic selection due to the expression of
lethal or sub-lethal genes in the homozygous condition
was indicated to be the principal cause of the pro-
nounced degree of segregation distortion noted in dou-
bled-haploid populations of C. canephora (L ashermes et
al. 2001). The different behaviour observed in the prog-
enies of arabusta hybrids is likely to be a consequence
of the polyploid condition. The buffering capacity of
polyploidy against the effects of deleterious recessive
aleles has been already demonstrated in several plant
species, such as alfalfa and oilseed rape (Sharpe et al.
1995; Brouwer and Osborn 1999).

The absence of important segregation distortion in
the progenies of arabusta hybrids indicates also an equal
representation of alleles among the functional gametes
of the arabusta hybrids. Although characterised by pre-
dominantly bivalent pairing and tetrasomic inheritance,
the meiotic behaviour of the tetraploid arabusta hybrid
is to some extent irregular (Grassias 1980). For in-
stance, significant formations of univalents and multiva-
lents, as well as unbalanced gametes, have been report-
ed. Our results suggest an overall random association of
chromosomes in the functional gametes. However, in-
volvement with a low frequency of gametes resulting
from irregular meiosis cannot be discounted. In particu-
lar, double-reduction events (Burnham 1962) were de-
tected in an especially high proportion in the arabusta
hybrid (Lashermes et al. 2000a). The limited segrega-
tion deviations observed at a few loci are likely to
be due to such meiotic abnormality. Similarly, the
slight differences observed in the behaviour of the two
analysed arabusta hybrids could be the consequence of
irregular meiosis.

The recombination rate of C. canephora chromosome
segments estimated in the arabusta hybrids was found to
be very similar to the recombination frequencies report-
ed in C. canephora. The compared equivalent-marker
intervals, although widely distributed, do not cover the
whole genome, and local differences in recombination
frequency may exist. However, our results clearly dem-
onstrate that recombination in the tetraploid arabusta
hybrid is not significantly affected by the genetic differ-
entiation between chromosomes belonging to the differ-
ent genomes. The four sets of chromosomes present in
the arabusta hybrid might not only display preferential
pairing but also have no difficulty in recombining. Indi-
rectly, this suggests that the genome of C. canephora has
remained essentially unaltered since the origina inter-
specific hybridisation that formed C. arabica, and that
these two constitutive diploid genomes are extremely



similar to the genome of modern-day C. canephora. This
conclusion could be anticipated since C. arabica is as-
sumed to result from a very recent speciation (Lashermes
et al. 1999). Similar results have been reported in anoth-
er alotetraploid species, Brassica napus (Parkin and
Lydiate 1997).

In conclusion, the present study revealed that the ara-
busta hybrid (C. arabicaxC. canephora 4x) is particular-
ly favourable to intergenomic recombination events, and
that genes may be more readily introgressed into C. ara-
bica than originally believed. In the arabusta context, the
introgression of desirable genes into C. arabica from
C. canephora, and most probably from other diploid re-
lated species, should not be limited by differences either
in sequence homology or in chromosomal structure. Al-
though requiring further investigations, efficient recom-
bination in subsequent generations could be reasonably
expected and should reduce any problems associated
with linkage drag. Furthermore, C. arabica and the ara-
busta hybrids could constitute an interesting model for
examining genome evolution in polyploids (Comai 2000;
Wendel 2000).
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