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Abstract Male fertility of interspecific hybrids was
analysed in one Fl and two backcrossed progenies origi­
nating from a cross between Coffea canephora and Cof­
fea heterocalyx. Male fertility was tested using pollen
stainability with acetic carmine. The results showed a
marked decline in fertility at the Fl level, and fertility
was almost fully restored after two backcrosses. The
computed broad-sense heritability represented 47% of
the variance. Quantitative trait loci (QTLs) locations and
effects on pollen viability were estimated using an am­
plified fragment length polymorphism (AFLP) genetic
linkage map constructed in the segregating BCl popula­
tion. Three significant QTLs (LOD>3 and p < 0.001 by
ANOVA) were detected for pollen viability, two of
which were responsible for the bimodal distribution of
pollen viability in the segregating population. One QTL
was involved in fertility variations among fertile BCl
plants. Fertility inheritance is discussed in relation with
previously demonstrated chromosomal sterility in Coffea
hybrids and the effect of detected QTLs. The potential
use of genetic markers to overcome sterility in interspe­
cific hybrids is also discussed.
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Introduction

In several plant genera, interspecific hybridization has
played a key role in the creation of modern varieties. In
coffee trees, Coffea heterocalyx (HET) (Stoffelen et al.
1996) is the only wild diploid autogamous species and it
was selected as a gene donor to introgress self-compati­
bility in the allogamous diploid cultivated species Coffea
canephora (CAN) (Louarn 1992; Coulibaly et al. 2002).
Fl hybrids and backcrossed BC 1 and BC2 generations
are currently available at the IRD Coffee Genetic Station
of Man (Cote-dIvoire).

Unfortunately, the most described feature of interspe­
cific hybrids is their sterility. This classically includes
genic sterility (negative combinations between parental
genes), chromosomal sterility (lack of structural homolo­
gy disturbing meiotic pairing), and cytoplasmic sterility
(unfavorable interactions between nuclear genes and f?~­

eign cytoplasm) (Grant 1971). Consequently, full-fertili­
ty recovery is an important prerequisite for the agrono~­

ic use of these hybrids. This is particularly important In

coffee trees where the presence of two beans per fruit is
a must to obtain a commercially acceptable bean shape.
Peaberries containing only one bean have a lower com­
mercial value. Backcrossing has been commonly per­
formed in attempts to overcome such hybrid sterility.

Pollen viability (PV) is an accurate and fast male fer­
tility estimator. Previous investigations on coffee pollen
fertility showed that cytoplasm-staining tests, using ace­
tic carmine and Alexander dye or the vital staining test
(tetrazolium salt), gave results that were closely correlat­
ed with pollen in vitro germination tests on agar (Grassias
1980; Owuor and Vossen 1981). In our study, a quantita­
tive approach was applied to assess pollen viabiIit~ .in
the Fl, BCl and BC2 in order to forecast the pOSSIbIlIty
of full male fertility restoration. In addition, a QTL anal­
ysis based on an AFLP linkage map was carried out on
the BCI progeny.
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Materials and methods

Plant material

The plant materials were the same as those analysed by Coulibaly
et al. (2002). C. canephora P. (CAN) and C. heterocalyx Stoffelen
(HET) were hybridized using CAN as the female parent, due to
the unilateral incompatibility between the two species. Seven in­
terspecific FI hybrids were obtained, one of which was back­
crossed, as female parent, with a bulk of CAN progenitors. About
100 BCI individuals were obtained. The second backcross genera­
tion (BC2) was obtained from three controlled pollinations be­
tween self-compatible BCI parents (as female) and CAN pollina­
tors: 0160436 x !F181 (11 plants); 0160437 x IF444 (6 plants);
and 0160538 x IF444 (13 plants).

Pollen viability evaluation

Male fertility was estimated on four CAN, four HET, seven FI hy­
brids, 40 BCI hybrids and 30 BC2 hybrids.

Pollen viability (PV) was evaluated according to Belling's ace­
tic carmine 2% coloration test (Grassias 1980). The day before an­
thesis, three flower buds were harvested per tree and isolated over­
night in a Petri dish. The pollen was extracted by crushing stamina
in 2% acetic carmine. Pollen viability was scored as the percent­
age of stained pollen grains in ail of the pollen counted (at least
3(0).

QTL identification

The procedure for obtaining AFLP markers was described in Co­
ulibaly et al. (2002). The MAPMAKERlExp. version 3.0b soft­
ware program was used to determine linkage groups and to order
loci. Analysis were performed with a LOD score threshold of 5.0
and a maximum recombination value of 30% for grouping and or­
dering markers. The mapped population was larger than the one
we used for fertility inheritance, and comprised 74 BCI plants.

Single marker analysis (ANOVA) was first performed using the
Statistica software package to determine genome regions involved
in male fertility variation with a probability level of p < 0.001.
QTL mapping by interval analysis was also done with a LOD
score threshold of 3 by using the MAPMAKERlQTL 2.4 software
program; linkage groups were scanned at the 2-cM-interval test
statistic. In order to rninimize the type-I error (i.e. to avoid false­
positive QTLs), only QTLs identified by both methods were re­
tained. Genetic effects and the percentage of phenotypic variation
attributable to QTLs were estimated at the LOD peak.

Other statistical analyses

One-way ANOVA was used to compare between-species pollen
viability (p =2 species, n =4 trees per species). Within each spe­
cies, a one-way ANOVA was applied to test between-plant varia­
tion. When between-tree variation was significant, genetic vari­
ance 02g and residual variance 02e were estimated as (MSg ­

MSr)/n and MSp respectively (MS = mean square). Broad-sense
heritability (h2s.l) = 02j(02g + 02e) was then calculated.

A one-way ANOV'A was also performed to test between-hy­
brid differences in each generation (FI, BC 1 and BC2) and to
compare BCI and BC2 generations.

A nested ANOVA model was carried out to test between-farni­
Iy differences and between-hybrid variation within families (p = 3
farnilies, q =6 hybrids per family and n =4 flowers per hybrid).
Between-farnily, between-hybrid and residual variances were cal­
culated using 02r =(MS f - MSh)/nq, 0\ = (MSf - MSe)/n, 02e =
MSp respectively. Genetic effects represented 0 f + 02h, and their
contribution to the phenotypic variance was defined as (02f + 02h)/
(02f + 02h + 02e). Between-family contributions to genetic effects
were formulated as OV(02 f + 02h).

Other tests used were: a two-way ANOVA with interaction to
test digenic interactions between QTLs; a chi2 test to compare ob­
served segregations to expected Mendelian distributions in the
BCI.

In addition, the simplex method (Nelder and Mead 1965;
O'Neill 1971) was used to estimate QTL effects.

Statistical analyses were carried out using the Statistica soft­
ware package (5.1 version, 1997 for Microsoft Windows), except
for the simplex method that was performed using a program that
we developed.

Results

Pollen viability (PV) in parental species

PV was 81 % and 89% in four CAN and HET trees, re­
spectively, with no significant differences (F16 = 0.93;
p = 0,37). No variations were recorded within HET
(F3•8 = 0.93; P = 0.47), as expected from plants rising
from a self-pollinated homozygous tree. In contrast,
highly significant differences were observed between
trees (62 to 98%) within CAN (F3,8 = 27.4; P < 0.001),
representing important genetic effects (h2

s.l. = 90%).

Pollen viability restoration

PV was substantially reduced in FI hybrids, and four of
the seven FI hybrids did not flower or else presented flo­
ral abnormalities. They were excluded from the analysis.
No significant PV difference was noted between the oth­
er plants (F2•6 = 4.29; P = 0.07), and their PV (mean
18%) represented 20% of the CAN one (Table 1).

In the BCI progeny, PV was a mean 3.2-fold (58%)
higher than that observed in the FI. Highly significant
differences were recorded between BC 1 hybrids (F42,85 =
23.9; P < 0.001). The BCI PV distribution ranged from
very low values (8%) up to full fertility (90%), with
overlapping of both FI and parental variation (Fig. la).
Two groups could be defined (Fig. la): a group of 12
weak fertile plants (BCI-l), with a PV ranging from 8%
to 44% (mean 23.9%); and a group of 31 fertile plants
(BCI-2) with a PV ranging from 50% to 90% (mean
71.2%). PV did not differ in the BC1-1 and FI groups
(F1•14 =0.085; p =0.775).

This observed 12-31 segregation ratio did not differ
significantly from a 1-3 ratio, suggesting Mendelian in­
heritance with two major and independent loci (A and B)
and two alleles per loci (A and a, Band b, respectively,
where the capital letter indicates a CAN allele and the
lower-case letter indicates a HET allele). Four genotypes
(AABB), (AaBB), (AABb) and (AaBb) theoretically ex­
ist in BC 1. Since pollen viability in the FI was identical
to that of the BC1-l subgroup, the two types of hybrids
wouId have the same genotype (AaBb). And then the
three genotypes (AABB), (AaBE) and (AABb) would
lead to the same phenotype (PV = 71.2%), corresponding
to the BCI-2 subgroup.

In BC2, the PV distribution was unimodal, ranging
from 52% to 95% (Fig. lb), with a mean of 84%, which
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Fig. 1 Pollen viability distri­
bution for the BCI population
(a) and BC2 population (b)
Arrows indicate means
for CAN and FI hybrids

Pollen viability (%)

Table 1 Mean performance and range of pollen viability (%) of the parental species, and the FI, BCI and BC2 hybrid progenies. Mini­
mums and maximums are indicated in parenthesis

Item CAN HET FI BCI BC2

Pollen viability (%) 81.4 (62-98) 88.8 (85-95) 18.2 (15-25) 58.2 (8-90) 83.6 (59-95)

Table 2 Pollen viability in BC2 progenies according to the BCI
parent

BCI female PVoftheBCI PVoftheBC2
parent parent progeny

DI60436 58%b 73.1% b
D160437 84% a 91.1 % a
DI60538 85.3% a 86.9% a

was significantly higher than that of BCI (F1,70 = 28.4;
p < 0.001). Its range spanned both the within-CAN and
within-BCl-2 variations. Significant differences (F2 15 =
5.17; p = 0.019) were noted between the three BC2 fàrni­
lies (D160436 x IF18l, D160437 x IF444 and Dl60538
x IF444) and also between hybrids within farnilies (FI5 54

= 15.4; p < 0.001). Genetic effects (between-farnilies and
between-trees within farnilies) accounted for 83% of the
phenotypic variance, whereas between-family variation
contributed to 47% of the genetic effects: consequently
the farnily PV increased with the parental PV (Table 2).

(0.5)UCN/2. Hence, pollen viability should exponentional­
ly decrease as UCN increases, and vice versa.

In a backcross scheme, UNC should be twofold lower
at each generation. With the female parent of aIl BCI hy­
brids having PV = 25%, four UNCs were expected for
this parent, leading to the prediction of UNC = 2 and PV
= 50% in BCl: the expected PY was close to the 58%
observed. BCI tree # D160436 had a PV of 58% and its
UCN should be 1.6. Consequently, the expected PV in its
BC2 offspring should be 76%. Similarly, the expected
PV in BC2 progenies of BCI trees # D160437 and #
D 160538 should be 92%. In aIl cases, this was close to
observed values (Table 2), showing that the chromosom­
al sterility model can forecast PV restoration.

Identification of pollen viability QTLs in BC1

Three PV QTLs were detected on two linkage groups
LG2 and LG13 (Fig. 2; Table 3), called pvl, pv2 and
pv3, respectively.

A model explaining pollen viability restoration changes
from FI to BC2

Pvl and pv2 QTLs and bimodality of the BCI popula­
tion

Assuming that univalent chromosomes from the same
pair segregate randomly (p =.0.5) between daughter-cells
at anaphase-l, and that only euploid gametes are viable, a
relationship between the univalent chromosome number
(UCN) and PY can be theoretically expressed as PV =

Pvl and pv2 were both on LG2, and 80-cM-distanced.
They accounted for 45% and 36% of the PY variance,
respectively. Pv1 was localized at one end of LG2, 6 cM
from the AAGCAA14 marker, while pv2 was in a clus­
ter, 2 cM from the AAGCAC13 marker. The two AFLP
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Fig. 2 Linkage map based on AFLP markers showing locations
of pollen viability (pv) putative QTLs (LOD> 3.0 and p < O.DOl)
determined by both interval mapping and ANOVA analysis. Mark­
ers are named, on the right side of the linkage group, the combina­
tion of the three selective nucleotides of the EcoRI primer
and the MseI primers, followed by a number symbolizing the size
of the marker. The genetic distance in cM (Kosambi) is indicated
on the same line at the right of the locus name. Putative QTLs are
presented as hatched bars to the left side of the linkage group,
and the length of the bar represents the l-LOD support interval
from the peak LOD indicated by an arrow. The numbers in paren­
thesis, under the trait name, represent the peak LOD and variance
explained by individual QTLs, respectively. The p value deter­
rnined by ANOVA is indicated in front of the nearest QTL marker

markers did not show segregation distortion: the AAG­
CAAI4 marker showed 36:36 segregation, corresponding
to the expected Mendelian segregation in BCI. For
AAGCACI3, the observed segregation was 43:29 and
also did not differ from the 1:1 ratio (Table 3).

AAGCACl3 and AAGCAAI4 markers were taken in­
to account to analyse the QTL effects of pvl and pv2. No
interactions were detected between these two markers.
For each marker, we defined two alleles, CI and cl for
AAGCAC13, and C2 and c2 for AAGCAAI4; where
CAN is CICIC2C2 and HET is clclc2c2. Homozygous
hybrids at both loci (CICI C2C2) displayed the strongest

fertility with PV =77% (Table 4), while double heterozy­
gous hybrids (Ciel C2c2) had the lowest PV (36%). Het­
erozygous hybrids at one locus and homozygous at the
other (ClcIC2C2 and CICIC2c2) both had PV = 54%,
suggesting similar effects for CI and C2, and cl and c2.
To determine the QTL effects, we cannot use the classical
additive approach because PV was expressed as a propor­
tion, i.e. resulting from a Bemouillian process.

Based on the assumption of chromosomal sterility, a
model can be developed where the genotype of the hy­
brid determines its pollen viability. Let Po be the proba­
bility of producing viable pollen for a homozygous hy­
brid (C 1CI or C2C2) and Pd be the respective probabili­
ty for heterozygous hybrids (clCI or c2C2), then the ex­
pected pollen viability of CICl C2C2, CIel C2C2,
CICIC2c2 and ClclC2c2 genotypes would be P0 2,

POPd ' PDPd and Pi, respectively. Using the simplex
method, we estimated PD = 0.876 and Pd = 0.606. The
expected hybrid pollen viability would then be 0.768,
0.531, 0.531 and 0.367 for CICIC2C2, ClclC2C2,
CICIC2c2 and ClelC2c2 genotypes, respectively. This
probability model, applied to QTL effects, fitted well
with the observed data presented in Table 4.

Two models can thus be used to explain pollen viabil­
ity variation: a Mendelian model with loci A and B, and

Table 3 Parameters of QTLs
Segregating population QTL LG Nearest marker ANOVA SIMexplaining male fertility detect-

ed by single point analysis
LOD R2 (%)(ANOVA), and simple interval p

mapping'(SIM) in the whole
BCI Pvl 2 AAGCAAl4 <0.0001 3.9 44.9BCI progeny and in the BCI-2

sub-progeny Pv2 2 AAGCAG13 <0.0001 3.6 35.9
BCI-2 Pv3 13 AACCAAl5 <0.0001 4.6 58.6
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Pv3 QTL and the within-BCI.-2 variation in pollen
fertility

Table 4 Mean pollen viability perfonnance for genotypic groups
defined at the loci of AAGCAA14 and AACCAGlO, which are
the pv.l and pv.2 nearest markers, respectively. C (capital) indi­
cates an allele inherited from CAN. c (smaIl) indicates an allele
inherited from RET. The number in parenthesis indicates the ge­
notypic class size

a QTL mode1 with loci Cl and C2. A relationship was
actually noted between loci A and Cl, on one hand, and
loci Band C2, on the other hand, based on the following
facts: (1) arnong the 12 BCl-1 hybrids (AaBb), eight
were C1c1C2c2; (2) arnong the 24 mapped BCl-2, only
two are C1c1C2c2; while (3) 16 of the 18 C1ClC2C2
belonged to the BCl-2 group.

Genotypes at the nearest QTL marker

canephora x Coffea congensis. Vnder our conditions,
CAN x HET FI hybrids appeared to be arnong the least­
fertile diploid hybrids (Louam 1992).

Chromosomal sterility is the common mIe in Coffea
interspecific FI hybrids: PV is related to the percentage
of pollen mother cells (% PMC) having Il bivalents
(Louarn 1975, 1992). In CAN x HET FI hybrids, the %
PMC explains 74% of the pollen viability (computed
from Louarn's 1992 data).

In Viola, Nicotiana, Tragopogon and Triticum, this
strong sterility is followed by fertility recovery in suc­
cessive backcrossing generations (Stebbins 1952). By
the model we developed, PV variations from FI to BC2
were clearly explained by the decrease in univalent num­
ber. In addition, it could be noticed that the mean PV in
FI hybrids was 18% and the expected VCN was 4.95,
which is close to the VCN observed in FI hybrids (5.3)
(Louarn 1992).

Pollen viability restoration in BC2 was facilitated by
selection of the most-fertile BCI hybrids as female par­
ents for the next generation, and also by the low number
(two) of loci - or chromosomal regions - involved in
pollen viability variation. In Coffea arabusta hybrids
(Coffea arabica x C. canephora), selection for pollen vi­
ability allowed fertility restoration in sorne plants after
more than two backcrosses (Owuor and Vossen 1981).

Pollen viability (%)

76.6 (17)
53.7 (4)
53.7 (6)
36.3 (11)

AAGCAC13

C2//C2
C2//c2
C2//C2
C2//c2

AAGCAA14

Cl/Icl

Cl//Cl

Pv3 was detected only when the analysis focused on the
BCl-2 group. This QTL was localized on the LG13 link­
age group, 2 cM from the non-distorted AACCAA15
AFLP marker.

This marker allowed identification of two hybrid
groups within the fertile BC 1 class: homozygous C3C3
and heterozygous C3c3. The C3C3 group PV was
79.6%, whereas the C3c3 group PV was 62.7%. In BCl­
1, there were no differences between C3C3 and C3c3 ge­
notypes (29.3% vs 31.9%, respectively).

Discussion

Pollen viability in C. canephora

The variability in pollen viability that we observed with­
in C. canephora was similar to Louarn's (1992) results
in terrns of the mean and range. The PV heritability sen­
su lato was high (90%), but our results were based only
on one flowering, and climatic conditions are also
known to influence PV - the best viability is recorded
when anthesis occurs just after the wet season (Louam
1992). The heritability s.l. could be lower in more unset­
tled environmental conditions.

Pollen viability restoration and chromosome unpairing

In Coffea FI hybrids, PV ranged from less than 5% in
the C. racemosa x C. canephora cross to 80% in C.

Identification of pollen viability QTLs in BC 1

Pvl and pv2 could be the two expected Mendelian loci
(or chromosomal regions) involved in the BC1 bimodal
distribution. The two QTLs are physically linked but ge­
netically independent in terrns of the recombination rate
(80 cM). According to a chromosomal sterility hypothe­
sis, this means that for genotypes (AABb), (AaBB) and
(AABB), partial homology of LG2 would be sufficient to
reduce univalent emergence. This is in accordance with
the non-occurrence of segregation distortion at Cl and
C2 loci and the assumption of sterility arising from aneu­
ploid gametes having, or missing, two chromosomes.

There is not full agreement between the Mendelian
model involving loci A and B and the QTL model in­
volving loci Cl and C2. In the first mode!, genotypes
AABb, AaBB and AABB give the same phenotype,
whereas in the second mode1, genotypes ClC1C2C2,
C1c1C2C2 and ClC1C2c2 lead to two different pheno­
types. The first model should be retained, except if we
consider the two modes of the BC1 distribution as a sarn­
pling artefact. Consequently, QTL markers would not
match loci A and B, and the discrepancy would result
from the QTL identification method based on an additive
mode!. Nevertheless, no absolute co-localization did not
mean complete independence of the two mode1s: loci A
and B should be localized on the same LG2 and probably
not very far from se1ected markers AAGCAC13 and
AAGCAA14.

Concerning pv3, this QTL could explain the slightly
lower viability (72%) of the sub-fertile group (BCl-2)
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with regards to the parental mean value (81 %). The ab­
sence of segregation distortion suggests that a lack of
fertility due to pv3 could also be of chromosomal origin
(unpairing).

Two points should be discussed about pv3: (1) why
did it not show any effect in the BC1-l population; and
(2) why was it detected only within the BCl-2 popula­
tion, although the two points are not independent. The
lack of detection in BC 1-1 could be explained by the low
sample size (12 hybrids), coupled with the lower effect
of pv3 (the C3c3/C3C3 PV ratio was 79%). The absence
of detection of Pv3 using the whole BC1 population
could also be artefactual and related to the QTL method.
Indeed, with an additive model, C1c1C2C2 and
ClC1C2c2 hybrids presented pollen fertility close to that
of the C3c3 group.

Lastly, the lower effect of pv3 relative to pvl and pv2
could have resulted from the presence of only one point
of unpairing on linkage group 13, leading to a higher
probability of bivalent emergence at metaphase-I.

Impact on breeding

As often reported, the sterility of coffee interspecific hy­
brids has limited the use of diploid genetic resources of
wild species for cultivated C. canephora improvement
(Capot 1972a, b; Yapo et al. 1991; Louarn 1992). The
present investigation highlighted two major points: (1)
fertility might be improved by selection, and (2) molecu­
lar markers could potentially be used in interspecific
breeding schemes for fertility restoration. Indeed, se­
lection at the plantlet stage within BC1 of the
C1C1C2C3C3 genotypes could lead to field plaI1ting of
only hybrids with high pollen viability.

Nevertheless, selection for pollen viability should not
have negative effects on the efficiency of the autogamy
introgression process. As the S locus is localized on the
LGll linkage group (Coulibaly et al. 2002), pollen via­
bility appears to be independent of the S locus. Hence,
using AFLP markers, including that of the S locus, hy­
brids could be selected at the plantlet stage for the four
independent loci.

Prospects

The present study should be complemented by: (1) an in­
vestigation to identify univalent chromosomes using an

in situ hybridisation method during meiosis_ This would
require pre-identification of sorne repeat sequences in­
volved in chromosome differentiation between CAN and
HET; (2) a follow-up of female fertility restoration in re­
lation to male fertility restoration during FI, BC 1 and
BC2 generations. Indeed, pollen viability restoration
does not imply hybrid fertility restoration. Although pol­
len viability could be restored as early as the second
backcross, female fertility is still known to be weak
(Louarn 1992; Coulibaly, unpublished data). This indi­
cates that chromosome unpairing would have a greater
effect on female fertility than on pollen viability. Why?
In addition, are the same QTLs responsible for variations
in female fertility?
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