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Abstract Robusta coffee (Coffea Canephora) is an
important source of income and employment, contrib-
uting significantly to the economies of many devel-
oping countries. This species is split into two genetic
groups: Guinean and Congolese. Cote-d’Ivoire is the
primary diversification center of the Guinean pool,
which offers great potential for genetic improve-
ment. However, genetic erosion of this group is cur-
rently a threat in this country because of the massive
introduction of Congolese accessions done in the
previous decades. In this work, we analyzed the prog-
enies of isolated population of C. canephora com-
posed of a mix of Guinean and Congolese using SNP
markers. The analysis is focus on the male parents’
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contribution in open pollination. The results show
that the introduction of cultivars from the Congolese
gene pool threat the genetic integrity of wild popula-
tions from the Guinean gene pool. Indeed, this analy-
sis showed that Congolese pollens have more ability
to pollinate the Guinean group than the Guinean pol-
len perform on Congolese trees. We recommend that
a program be put in place to ensure the conservation
of wild population of C. canephora through in situ or
ex situ conservation.

Resume Le café Robusta (Coffea Canephora) est
une source importante de revenus et d’emplois, con-
tribuant de manicre significative aux économies de
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nombreux pays en voie de développement. La Cote
d’Ivoire est le centre de diversification primaire du pool
Guinéen qui offre un grand potentiel d’amélioration
génétique. L’érosion génétique de ce groupe est ac-
tuellement une menace dans ce pays. Cependant, ce
pool génétique court un risque plus élevé d’érosion
génétique en raison de I’extinction locale. Dans ce tra-
vail, Nous montrons comment I’introduction des cul-
tivars du pool génétique Congolais, menace I’intégrité
génétique de populations sauvages du pool génétique
Guinéen. En effet, les analyses ont montré que les pol-
lens des arbres Congolais sont plus aptes a féconder
les arbres Guinéens que les Guinéens le sont pour les
Congolais. Ce qui nous fait suggérer la mise en place
d’un programme de toute urgence pour la conserva-
tion in situ et ex situ de ce pool génétique.

Keywords Coffea canephora - Genetic resources -
Genetic erosion - Crop wild relative

Mots clés Ressources génétique - Coffea
canephora - érosion génétique - Caféiers sauvages

Introduction

Coffee (Coffea sp) is a perennial plant originated
from the tropical and intertropical areas of Africa,
Comoros, Mascarene Islands (Mauritius and Reunion
Island), Asia and Australia (Davis et al. 2006). Coffee
trees are split into 130 species (Davis and Rakoton-
asolo 2021), all belonging to the genus Coffea and the
family Rubiaceae (Davis et al. 2011). In all producing
countries, the economic and social interest of coffee
is no longer in question. Indeed, the income gener-
ated by its cultivation are estimated at over 200 bil-
lon dollars (US) for the entire coffee value chain (ICO
2019). This represent a major export product, with
more than 13 million tons of green coffee produced
or 169.6 million bags of 60 kg green coffee for the
year 2020/2021 (ICO 2021), and its cultivation cov-
ers more than 10 million hectares of cultivable land
in 80 countries (FAOSTAT 2019). In addition, cof-
fee production and processing employs over 125 mil-
lion people in the production chain (Van Der Vossen
2016). In Cote d’Ivoire, the coffee cultivation area
represents over 400,000 hectares (FAOSTAT 2018).
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Coffee therefore presents an important economic and
social challenge for producing countries.

Among the 130 described species, Coffea
canephora is the main species cultivated in Cote
d’Ivoire because of it adaptation to the local envi-
ronment (Coste 1989). This species is diploid
(2n=2x=22), strictly allogamous and self-incompat-
ible (Berthaud 1986; Devreux et al. 1959; Coulibaly
et al. 2002). Phylogenetic studies carried out within
the species C. canephora, have allowed a structuring
into two distinct genetic groups with contrasting mor-
phological traits for architecture, resistance to orange
rust, bean size and caffeine content (Berthaud 1986;
Leroy et al. 1993, 1997; Montagnon et al. 2008).
These are the early flowering Guinean pool, origi-
nating from West Africa, especially the mountainous
western area of Ivory Coast and East Guinea as are
considered to be the primary center of diversification;
while the late flowering Congolese pool is originated
to Central Africa (essentially the Congo Basin). The
Congolese pool is subdivided into two subgroups
named SG1 and SG2 (Montagnon et al. 1992a, b).

In order to improve the productivity, numerous
accessions from SG1 and SG2 were introduced in
Cote-d’Ivoire at the beginning of the cultivation of C.
canephora (Berthaud 1986; Montagnon et al. 1992b).
Thus, due to the contrasting characters of the Guin-
ean and Congolese groups, they were use in a recipro-
cal recurrent selection breeding scheme (Leroy et al.
1993, 1997; Montagnon 2000). The genetic resources
involved in this selection scheme were conserved as
ex situ genebanks. Most of these resources are located
at the Centre National de Recherche Agronomique
(CNRA) station in Divo (Cote d’Ivoire). This gene
bank held about 1900 accessions of C. canephora,
from various origins (Labouisse et al. 2020).

The geographic range and reproductive system of
C canephora, as well as the impact of past climates,
have resulted in high genetic variability within the
species and the formation of unselected populations
obtained from seeds from open pollinations (Gomez
et al. 2009; Eskes and Leroy 2012). In addition, other
factors such as the lack of pollens and female flow-
ers, flowering synchronicity, number and density of
trees, and their spatial distributions, act to alter the
genetic diversity and structure of natural populations
(oddou-Muratorio et al. 2011; Sagnard et al. 2011). In
addition, population size and the levels of gene flow
in C. canephora, may have long-standing effects on
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the genetic composition of current gene pools in the
wild. These threats are to be consider with the impact
of climate change (Bunn et al. 2015), bushfires, and
heavy deforestation of natural forests in Cote d’Ivoire
and Guinea (Brou et al. 2000). Besides, the introduc-
tion of the Congolese pool into Cote d’Ivoire has
helped foster genetic exchanges with the Guinean
group in local plantations (Montagnon et al. 1993). Is
the shift between early and late flowering a sufficient
barrier to prevent mass pollination of the wild popu-
lations by pollens from the cultivated trees?

The objective of this study is to evaluate the
impact of the introduction of the Congolese pool on
the genetic integrity of the Guinean pool endemic to
Cote d’Ivoire, and mostly distributed in natural areas
where coffee growing is important.

Material and methods
Site of study

The study was conducted at the Centre National de
Recherche Agronomique (CNRA) research station
of Divo, located between 5°46’ north latitude and
5°17" west longitude. The relief is characterized by
plains with an altitude of between 100 and 200 m.
The soils are ferralitic, deep, acidic and desaturated
in exchangeable bases (Kassin 2009). The Average
annual temperatures varies between 24 and 28 °C,
with an average rainfall of 1218 mm/year (Ehounou
2021). Rainfall is the most important limiting cli-
matic factor after the outside temperature. There are
two notions to be considered: the height of monthly
and annual rainfall and their distribution, mainly
weekly. This distribution will explain the duration
and the severity of the dry season, a period of veg-
etative rest and floral induction: limited to three-four
months for Canephora. Coffee trees generally thrive
in regions reaching 1500 to 1800 mm/year, with some
less rainy months favorable to fruit ripening. Below
800 to 1000 mm of rainfall per year, coffee growing
can become problematic. Canephora does well with
1,200 to 2,000 mm of rainfall, well distributed with
less than five consecutive months of dry period. The
flowering of the coffee trees is triggered by a rain-
fall of at least 10 mm and when this quantity is not
reached, the coffee trees turn pink, resulting in a star-
like flowering. This starry bloom does not allow the

release of pollen from the anther which will lead to
a bad bloom and even a bad coffee production at the
end of the year.

Plant material

The plant material is composed of 94 genotypes
among which, 34 genotypes from the Guinean
group, 44 genotypes from the Congolese group and
16 hybrid genotypes between the Guinean and Con-
golese groups. Each genotype has been pollinated by
a mixt of pollens from others genotypes. The prog-
enies were planted in an experimental plot named
Cil/11/93 which is split into six blocks. Each bloc
is composed by 51 lines of 15 trees. In each line, the
genotype is planted at location 8 and the others loca-
tion in the line are composed by its progenies. The
plot Cil/11/93 is established in 1993 and isolated by
an area of primary forest to prevent any involvement
of genotypes from other plots in the pollination. All
the 94 genotypes and their planted progenies were
considered as mother trees and were subject of open
pollination. Offsprings from block 1 were used in the
present study. As regard the study of flowering phe-
nology, only block 1 was considered. The plant mate-
rial in this block is composed of 62 genotypes of 34
from the Congolese group or 55%, 25 from the Guin-
ean group or 44% and 3 Guinean-Congolese inter-
group hybrids or 1% of the population.

Plant material used for the phenology study

Flowering phenology parameters were monitored on
139 trees out of the 276 trees in block 1. The 139 are
composed of 79 trees from 12 Guinean genotypes and
60 trees from 11 Congolese genotypes.

Plant material used for the paternity study

All 94 parental genotypes of 34 genotypes from
the Guinean group, 44 genotypes from the Congo-
lese group, and 16 hybrids genotypes from the cross
between the Guinean and Congolese were considered
for paternity analysis. The progenies are composed of
1361 seedlings obtained from open pollination of 79
mother trees in Block I. The paternity of the differ-
ent genetic groups (Guinean, Congolese and hybrids)
was determined and the contribution of the paternal
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parents in the progeny under open pollination condi-
tions was evaluated (Table 1).

Methods
Phenology study

In coffee plants under the climatic conditions of Cdte-
d’Ivoire, flowering is generally triggered by a rainfall
of at least 10 mm (Louarn 1992) during the dry sea-
son, which extends from December to March in Cote
d’Ivoire. The study of flowering phenology consisted
of noting the time between the rainfall trigger and
anthesis on the one hand, and evaluating the flower-
ing intensity of the plants on the other, using the fol-
lowing rating scale:

0: no flowering;

1: very weak flowering (at least 20% of the crown

covered with flowers, about ten);

e 2: weak (between 20 and 50% of the crown cov-
ered with flowers, about twenty);

e 3: medium (at least 50% of the crown covered
with flowers). From this score, flowering is con-
sidered satisfactory (Maalouf et al. 2011);

e 4: abundant (between 50 and 80% of the crown
covered with flowers);

e 5: very abundant (more than 80% of the crown

covered with flowers).

Paternity study
Discovering SNP markers through data mining

SNP data mining was performed using sequence data
of 14 C. canephora genotypes which were deposited
in the NCBI Sequence Read Archive (SRA) database.
These SRA reads were downloaded from the database

Table 1 Genotypes used for the study of phenology and paternity

and mapped on the C. canephora reference genome
(Denoeud et al. 2014) using BWA program. The
Genome Analysis Toolkit (GATK) package v 3.520
was used for SNP calling using HaplotypeCaller with
default parameter.

Then the hard filters (parameters: QD <2.0 I
FS>60.0 I MQ<40.0 II MQRankSum<—-12.5 1
ReadPosRankSum < —8.0) were applied to the fil-
ter low-quality alleles. To select high-quality SNPs
for experimental validation, any SNPs that had other
possible adjacent SNP sites 80 bp upstream or 80 bp
downstream were eliminated. From the discovered
putative SNPs, a subset of 288 putative SNPs was
selected for validation test using the nanofluidic
array genotyping system (Fluidigm Co, South San
Francisco, CA). The primers of the selected 288
SNPs were designed by Fluidigm and applied on the
selected jujube cultivars for validation. Based on the
validation result, the top 200 SNPs with high repeat-
ability were used for further analysis of genetic diver-
sity. then the 90 most polymorphic SNPs were used
for paternity analysis.

DNA isolation and SNP genotyping

SNP genotyping DNA was isolated from 3 discs of
dry leave collected from each tree in the field and each
progeny seeding. SNP genotyping was performed at
USDA-ARS, Sustainable Perennial Crops Lab, Belt-
sville, MD, USA, using the Fluidigm 96.96 Dynamic
ArrayTM (Fluidigm, San Francisco, CA). Each 96.96
Dynamic Array can run 96 samples against 96 SNP
assays generating a total of 9.216 data points in a sin-
gle experiment. One key feature of this protocol is the
inclusion of a specific targeted amplification (STA)
reaction (Wang et al. 2009), which allows the enrich-
ment of template molecules for each individual Inte-
grated Fluidic Circuit® (IFC) reaction that facilitates
the multiplexing during genotyping. An advantage to
STA is that it allows the use of limited or low-quality

Study Guinean genotypes Congolese genotypes Hybrides genotypes Total relative
Phenology 12 [79] 11 [60] 23 [139]
Paternity 34 (501) 44 (656) 1(202) 79 (1361)

[1: Number of plants per genetic pool

(): Number of offspring per genetic pool
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DNA samples and reduces bias that may occur when
samples are loaded to the 96 sample wells of the IFC.
Since coffee leaf tissues contain high levels of polysac-
charides and polyphenolic compounds that can poten-
tially inhibit PCR amplification, the STA step was
strongly recommended. The STA reaction was per-
formed as described in the Fluidigm SNP Genotyping
User Guide, PN 68,000,098 Rev I1 (Fluidigm 2013).
The STA master mix consisted of 2.5 uL. of TagMan®
Taq polymerase (Life Technologies, Carlsbad, CA),
PreAmp Master Mix (2X), 1.25 pL of Pooled assay
mix (0.2X), and 1.25 pL of genomic DNA for a total
reaction volume of 5.0 pL.

PCR was performed with an initial denaturation
step of 95 °C for 10 min, followed by 14 cycles of a
2-step amplification profile consisting of 15 s at 95 °C
and 4 min at 60 °C. The resulting amplified DNA was
then diluted 1:5 in TE buffer in order to reduce the
concentration of any remaining PCR by-products.
Samples were then genotyped using the nanofluidic
96.96 Dynamic ArrayTM IFC (Integrated Fluidic
Circuit; Fluidigm Corp.). The 96.96 Dynamic Array
IFC for SNP genotyping was described by Wang et al.
(2009). End-point fluorescent images of the 96.96
IFC were acquired on an EP1TM imager (Fluidigm
Corp.). The data was recorded with Fluidigm Geno-
typing Analysis Software (Fluidigm, San Francisco,
CA).

Data analysis
Paternity analysis

CERVUS 3.0.6 software (Marshall et al. 1998;
Kalinowski et al. 2007) was used to assign related-
ness with SNPs genotype data. The method used is
based on the maximum likelihood approach (Thomp-
son 1976; Meagher 1986). For each descendant, a
measure of the probability that each potential father
is the actual father is calculated as a logarithmic score
LOD (logarithm of odds). In CERVUS, the male par-
ents of each offspring are determined using the "sex
unknown" option. The list of candidate parents is
composed of all genotypes in the trial. Paired parent
analysis was applied to assign the two parents of each
individual. The female parent serves as a control for
the applied test. In CERVUS, the proportion of input
errors is used as the error rate in the likelihood calcu-
lation during the simulation that precedes the parent

pair assignment operation. An error rate of 0.2% was
used for this analysis. The simulation was done with
10,000 cycles of replicates with discount assuming
that 80% of the potential parents were listed. The
critical likelihood value (LOD score) was considered
with a percentage of 95% in the strict sense and 80%
in the broad sense during the simulation, respectively.

The contribution of a male progenitor or group of
male progenitors to the pollination of a tree or group
of trees in the plot is determined by the percentage
of the number of paternal progenies observed for the
tree or group of trees. The Mann—Whitney U test was
used to compare the contribution values of Guinean
and Congolese progeny. This test was performed
using the XLSAT 2014 software.

Phenology analysis

Flowering data were analyzed with R v 3.6.2 soft-
ware. The normality of the data and the homoge-
neity of the Fisher variances were verified by the
Shapiro—Wilk test (Shapiro and Wilk 1965). Thus,
non-parametric one-criteria classification tests were
performed to compare the genetic groups and geno-
types of canephora studied. For the twenty-three gen-
otypes, the Kruskal-Wallis test was used and the Wil-
coxon-Mann—Whitney test for the 2 genetic groups.
These tests allowed multiple comparison of means at
the 5% threshold when significant differences were
observed.

Pollen dispersal in the plot

The distances between pollinated trees and pollinator
trees are calculated by the Pythagore theorem. The
relationship between the pollination distance and the
importance of the contribution to pollination is esti-
mated by linear regression.

Results

Spreading of the flowering

Flowering onset was synchronous between the Guin-
ean and Congolese genetic groups over the four years
of observation. However, analysis of the flowering

spread curves shows a shift between the anthesis
peaks of each group. Thus:
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e In 2018, the peak of anthesis was observed on
the 6th day after which 54.43% of the trees flow-
ered in the Guineans. The peak for the Congolese
was observed on day 7, with 81.96% of the trees
flowering. From these two peaks, a continuous
inflection of flowering in both genetic groups was
observed until day 8 (Fig. 1a).

e In 2019, 97.68% of the trees in the Guinean group
flowered on day 6, showing their peak anthesis.
The peak anthesis of the Congolese trees was
observed one day later with 51.66% of the trees
flowering. From these two peaks, a progressive
decrease in flowering of both genetic groups was
observed until day 8 (Fig. 1b).

e Observations of the February 2020 flowering indi-
cate that the peak of anthesis of the Guinean was
reached on day 6 with 51.41%. One day later, the
peak of the Congolese group was reached with
59.32% of trees in bloom. A continuous inflection
of flowering in both groups was observed on day 8
(Fig. Ic).

e In January 2021, the peak of anthesis of Guin-
ean trees was observed on day 6 with 46.62% of
trees in flower. The Congolese peak was observed
2 days later with 91.66% of trees in bloom. From
these two peaks, a gradual decrease in flowering
of the two genetic groups was observed until day 9
(Fig. 1d).

Average flowering time in Guinean and Congolese
coffee trees

The results of the average flowering time recorded
over these four years showed that there was a signifi-
cant difference between the flowering of the Congo-
lese and Guinean coffee groups after the onset of the
first rainfall following the long dry period (Table 2).
Thus, the Guinean genotypes flowered earlier on the
6th day after the first rainfall following the long dry
season, while the Congolese cultivars flowered one or
two days later on the 7th or 8th day in 2018, 2019 and

Fig. 1 Flow;ring spread of 1204 a 1209 b Legend
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in February 2018, February 2 100 4 100 4 w— Congolese
2019, February 2020 and o
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£
g 60
% 40
5 20 4 b
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Table 2 Average values of flowering time in Guinean and
Congolese genotypes during 2018, 2019, 2020 and 2021

Genetic group  Average day of flowering

2018 2019 2020 2021
Guinean 6.57b 6.01b 6.71a 6.44b
Congolese 7.04a 6.83 a 6.77a 7.8a
Average 6.81 6.42 6.74 7
P <0.0001 <0.0001 0.737 <0.0001

@,

Values with different letters are statistically different: “a” is
high and “b” is low value
(): amount in mm of rain triggering flowering

2018: 13 mm; 2019: 14.07 mm; 2020: 99 mm; 2021: 34.4 mm

Guinean
37% Congolese

48%
Hybrid
15%

Fig. 2 Paternal contribution of genetic groups in the offspring

2021. However, observations in 2020 showed synchro-
nized flowering of the two genetic groups on day 7.

Paternity of parents
Paternal contributions in the descendants

After open pollination, progeny analysis revealed that
Congolese sires were the major contributors to prog-
eny with 48%. Guinean progenitors contributed 37%
of the progeny and hybrids contributed 15% (Fig. 2).

Fig. 3 a Contribution of a
Congolese, Guinean and

hybrid progenitors to the

progeny of Guinean mother

plants; b Contribution of

Congolese, Guinean and

hybrid progenitors to the

progeny of Congolese par-

ent plants

Guinean
52%

Congolese

In the free-living progeny, there were 501 plants of
Guinean progenitors, 656 plants of Congolese pro-
genitors and 202 plants of inter-group hybrid pro-
genitors. Thus, there was a very significant increase
(»<0.001) in the proportion of intergroup hybrids in
the progeny, from 1 to 15%.

Contribution of Guinean, Congolese and hybrid
male genotypes in the progeny of Guinean and Con-
golese feet.

The sum of the contributions of the Guin-
ean spawners to the Guinean broodstock set was
52% compared to 40% for the sum of the Congo-
lese spawners (Fig. 3a). The Mann—Whitney test
(»p=0.053) showed that there was no significant dif-
ference between the two proportions.

Among all Congolese mother plants, the sum of
the contributions of Congolese broodstock was 58%
compared to 18% for the sum of the contributions of
Guinean mother plants (Fig. 3b). The Mann—Whit-
ney test (p=0.002) applied to the contributions of the
Guinean and Congolese broodstock showed a signifi-
cant difference.

Hybrids contributed significantly to the pollination
of Congolese mother trees (24%) and less so to Guinean
mother trees (8%). Thus, the hybrids appear to be more
compatible with the Congolese than with the Guineans.

Average individual contribution of Congolese,
Guinean and hybrid progenitors to the progeny of
Congolese and Guinean mother plants.

The average individual contribution of the pro-
genitors to the progeny of the genetic groups is
shown in Fig. 4, ranging from O to 5.1% in the
Guinean mother trees and from 0 to 4.5% in the
Congolese mother trees. A first group of trees with
a low contribution between 0 and 1% can be seen.
This group represents 43.52% of the trees that made
a low contribution to the pollination of female
trees. An identical proportion of 43.52% shows a

Guinean

Congolese
58%
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Fig. 4 Scatterplot of the average contribution of Congolese
(blue), Guinean (orange), and hybrid (red) male broodstock on
the maternal trees. The small square indicates low-contributing
broodstock [0-1%], the next square indicates broodstock with

contribution between 1 and 3%. Finally, 12.94% of
the trees are ’super-pollinators’ that show a contri-
bution higher than 3% and between 3 and 6%.

Pollen dispersal in the plot

The pollen dispersal results show that the pol-
len spread distance of the trees is between 2 and
94.13 m (Table 3). The maximum dispersal distance
of allopollen, which is 94.13 in blockl of the plot,
is comparable to the diagonal of blockl of the plot
which is 101 m. Thus, the size of the plot could
not be a limiting factor for gene exchange between
trees. It also allowed us to understand that tree pol-
lination occurs in several directions. No direction,
including wind direction, seems to affect pollination
(Fig. 5). At the same time, a very weak positive lin-
ear regression was found between the contribution
of male spawners and the distance between mother
plants (Fig. 6).
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a contribution of 1-3%, and the largest square indicates brood-
stock that contributed the most to the pollination of female
trees [3-5%]

Discussion

Gene flow between genetic groups of the same spe-
cies plays a major role in the spatial organization of
genetic diversity and is a major evolutionary force
(Futuyma 1998). In plants, gene flow results from two
major mechanisms, pollination and seed dispersal.
This study contributes to the analysis of gene flow
between two genetically distant populations of the
same species (C. canephora) (Guinean and Congo-
lese) that co-exist in the same isolated plot. In the
case of the two genetic groups studied here, this is
particularly relevant because these two groups are
known to flower at different dates (Louarn 1992;
Akaffou 2013). Our study shows differences between
the flowering peaks of the Guinean and Congolese
genetic groups in the years 2018, 2019, 2020 and
2021. The anthesis period of a species or hybrid is the
day when more than 50% of individuals flower (Maal-
ouf et al. 2011). We observed a flowering lag between
the Guinean and Congolese genetic groups with an
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Table 3 Minimum and maximum distance of pollen dispersal

Offspring Minimum distance of Maximum distance
pollen dispersal (m)  of pollen dispersal
(m)
882112 A3 2 94.13
8183 L26 A15 2 42.57
8293 L7 A7 2 72
824519 A9 4 76
8069 L49 A3 3.16 90.75
8583 L9 A3 2.23 76
8668 L31 A4 8 60.03
8518 L47 A13 4 88
9477144 A5 3 80
8189 L42 A13 6 80
8159 L30 A12 4.12 58.13
8410L29 A6 2 54
8056 L37 A7 11.18 62.9
8464 L19A3 2 60.2
8411L3 A6 2 88
8121 L5 A14 4 90.19
8105L18 AI5S 2 62.39
8214121 A7 2 56
8387125 A10 4.12 54.62
8477127 A3 2 52.95
8416143 A2 10 82.93
8159145 A14 8.48 78.10
8392 L50 A7 1.41 90.13

earliness of the Guineans and a tardiness of the Con-
golese of about 1 day. Our results are consistent with
those of Berthaud (1986) and Leroy et al. (1993).
However, this time lag seems to vary according to the
year. In 2020, this time lag does not exist.

The genetic mixing study was conducted on 1361
offspring during 2018, or the average lag between the
two groups was greater than %2 day. Despite this flow-
ering lag, genetic mixing was observed between the
two genetic groups. Our results revealed an increase
in the number of hybrids (from 1% in the parental
population to 15% in the progeny). This increase is
accompanied by a 7% reduction in the frequency of
Congolese (55 to 48%) and Guineans (44 to 37%).
The significant increase in the frequency of hybrids
is evidence of inter-group mixing. This inter-group
mixing seems to depend mainly on a small number
of progenitors (about 12.94%) that contributed to
more than 28% of the pollinations. We have verified

that these "super-spawners" interbreed more with
Guineans (19%) than with Congolese (9%) and this
even when they are Congolese. This imbalance in the
contribution of spawners does not seem to be related
to their position in the plot. It does not seem to be
clearly related to the number of plants either. For
example, the Guinean "super-spawner”" 789 is repre-
sented only once in the plot.

Assuming that the integrity of the concomitant
genetic groups would be maintained, the pollen
involved in the fertilization of both groups would
have to come exclusively (100%) from the same
group. We show in this study that this is not the case.
The anthesis mismatch is not a sufficient barrier for
cross-pollination. Paternity analyses showed that the
contribution of Guinean and Congolese progenitors in
the progeny of Guinean mother trees are equivalent.
However, in the progeny of the Congolese mother
trees, the contribution of the Congolese gene pool is
much higher than the Guinean pool. These differences
can be explained by several factors including the
founder effect, genetic erosion in the Guinean gene
pool (endemic to Ivory Coast) and the type of data
generated by the different markers used in this study.
A recent study carried out on wild populations of
Guinean in their area of diversification, many hybrids
between Guinean and Congolese were found (Laboui-
sse et al. 2020). Our results therefore confirm the
recent findings in wild population in Guinea. Besides,
preferential fathers were also found for the mother
coffee plants of the different genetic groups. This
would be the consequence of gametophyte incompat-
ibilities between certain genotypes (Berthaud 1986;
Coulibaly et al. 2002), discrepancies between flower-
ing periods (Berthaud 1986; Leroy et al. 1993) and
the viability of the pollen produced by each progeni-
tor. Furthermore, the introduction of genotypes from
the Congolese pool into coffee populations in Ivory
Coast most likely represents an evolutionary force.
This is supported by the increase of (1-15%) hybrids
in the progeny population which may be facilitated
by gene flow through pollen (Berthaud 1984). Gene
flow from these domesticated crops to wild Guinean
species represents a threat to the genetic integrity of
the Guinean pool. Indeed, repeated occurrences of
hybridization can lead to the loss of genetic integrity
of the wild species, which becomes assimilated to the
cultivar (Aerts et al. 2013). Therefore, to conserve
the integrity and genetic diversity of the Guinean
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Fig. 5 Pollen dispersal in 1 2 3 4
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pool, in situ and ex situ conservation strategies are
essential.

Conclusion and recommendations

The success of Ivorian coffee growing is largely due
to the introduction of the Congolese pool. This pool

@ Springer

naturally hybridized with endemic Guinean coffee
trees in Ivory Coast to form fertile and sometimes very
productive intergroup hybrids that were empirically
selected by breeders. However, in addition to deforest-
ation, bush fires and climate change, the massive intro-
duction of genes from the Congolese could have con-
sequences for the maintenance of the genetic integrity
of wild coffee trees representing the endemic Guinean
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group in Ivory Coast. Indeed, in our system, flowering
time differences between the two groups do not consti-
tute a sufficient barrier to prevent massive hybridiza-
tion. It is important to verify if this contamination is
already present in the wild coffee trees of Ivory Coast.
It is also necessary to verify that seeds could not have
been dispersed by wildlife in the forests hosting the
Guinean genetic resources. And finally, a compre-
hensive assessment of existing germplasm should be
undertaken, based on which a comprehensive conser-
vation strategy should be developed that includes both
in situ and ex situ conservation and addresses the need
for duplication of germplasm in multiple locations.
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