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Abstract: Cultivated yam (D. rotundata) is a staple tuber crop in West Africa whose sexual reproduc-
tion control remains largely unknown despite its importance for plant breeding programs. In this
paper, we compared self-pollination, intracultivar cross-pollination and intercultivar cross-pollination
in three monoecious cultivars (Amoula, Heapala and Yassi). Results showed that pollen viability
(49%) and stigma receptivity (40%) were similar in monoecious and dioecious plants, suggesting
that autogamy could occur in monoecious plants. However, fruit and seed sets were significantly
lower after self-pollination compared to cross-pollination. Overall, autogamy reached 11% and pollen
lability was almost zero (<1%). The low percentage of pollen grains germinating on the stigma (37%)
and pollen tubes reaching the ovules (25%) after self-pollination partly explained the low seed set.
Strong inbreeding depression was observed after self-pollination and almost all fruits and about
75% of the seeds resulting from self-pollination showed malformations. Seed germination was also
20 times lower after self-pollination compared to cross-pollination. Sexual reproduction remained
low in D. rotundata even after cross-pollination as fruit and seed set did not exceed 18% and 13%
respectively. Moreover, comparison between intracultivar cross-pollination and self-pollination
revealed intravarietal genetic diversity inside the analyzed yam cultivars. Overall, our results showed
that D. rotundata has a very low tolerance to autogamy in monoecious cultivars and has developed
pre- and postzygotic mechanisms to limit selfing.

Keywords: Dioscorea rotundata; allogamy; autogamy; inbreeding depression; monoecy; pollen viability;
sexual reproduction; stigma receptivity

1. Introduction

Root and tuber crops play an essential role in food agriculture in many regions of
the world, particularly in Sub-Saharan Africa. Main root and tuber crops cultivated in
Africa are yam (Dioscorea spp.), cassava (Manihot esculenta), taro (Colocasia esculenta), and
sweet potato (Ipomoea batatas). Highly prized, yam is grown in tropical regions, and West
Africa is its main breadbasket with more than 95% of the world production [1]. The largest
producing countries are Nigeria, Ghana, Cote d’Ivoire, Benin, Togo, and Cameroon, and
they are referred to as the yam belt [2,3]. Yam cultivation constitutes an important source
of food [4-6] and income [7-9] for the rural producing populations. It is an integral part of
sociocultural life in West African populations [4,10]. In Benin, one of the most cultivated
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species is white Guinea yam Dioscorea rotundata Poir. [11]. This species is also named
Dioscorea cayenensis—D. rotundata species complex, depending on the authors [12-16]. Its
cultivation is confronted with phytosanitary problems [17-23], with heavy consequences on
yield [17]. Despite this, the plant benefits from little scientific research partly due to the com-
plexity of its reproduction that limits the development of breeding programs. Recognized
as a long-cycle plant, it has adopted a mainly vegetative mode of reproduction [24,25].
However, studies have shown that some cultivars of D. rotundata flower and produce seeds
capable of a complete reproductive cycle [26-33]. The species D. rotundata is essentially
characterized by dioecy and allogamy although monoecious plants bearing both male
and female flowers on the same plant are encountered [15,24,31]; which would allow self-
pollination within monoecious cultivars. However, male flowers usually flower before
female flowers in D. rotundata [34], which can naturally limit self-fertilization. Sex identity
is genetically controlled in yam with either a female heterogametic (ZZ/ZW) or a male
heterogametic (XX/XY) system depending on the species [34-38]. However, spontaneous
variations in sex could be observed from year to year [16].

In root and tuber crops, the reduced ability of sexual propagation is directly in-
herited from domestication and diversification processes and traits related to sexual re-
production are no longer highly maintained [38,39]. However, control of the plant re-
productive biology is essential for efficient plant breeding [38,39]. Self-pollination is a
key element in the creation of varieties in cross-pollinated plants and is of particular in-
terest for root and tuber crops that reproduce vegetatively. Understanding the sexual
reproduction of root and tuber crops is thus fundamental for the improvement of these
species [40]. Autogamy and self-compatibility have been observed in monoecious root crops
such as cassava (Manihot esculenta) and taro (Colocasia esculenta) [41-43]. In D. rotundata
yams, the few studies that focused on hybridization have mentioned the problems of
pollen viability, the low receptivity of female flowers and, above all, the problems of
cross-incompatibility [27,28,43,44]. None of them has really addressed the issue of the
possibility of autogamy within the species. While the use of improved varieties is the most
effective way to increase yields and make yam production sustainable [45], it is more than
necessary to move towards understanding its sexual reproduction. The aim of this paper is
thus to characterize the breeding system of monoecious D. rotundata yam cultivars and to
compare autogamy and allogamy in this species. We are first interested in whether, apart
from natural dispositions (separation of the male and female flowers), D. rotundata has
established a particular form of male or female sterility in monoecious plants. Secondly,
we will analyze whether autogamy is possible in this species and whether there are pre-
and/or postzygotic barriers to autogamy.

2. Materials and Methods
2.1. Plant Material and Growing Conditions

Three yam (D. rotundata) cultivars (cv. Amoula, Heapala and Yassi) were used in this
study. These cultivars produced monoecious, male and female plants. Tubers of 90 plants
(30 monoecious, 30 male and 30 female) of each cultivar were harvested in December 2018
in a field located at Ouaké, Benin (9°39'42” N, 1°23/5” E). Tubers were kept on site in a bute
for one month before being dug up and transferred to the attic of the ‘Centre de Recherche,
de Formation, d'Incubation et d'Innovation pour le Développement Agricole’ (CREFIISDA,
Zogbodomey, Benin, 6°56'08” N, 1°58'24” E) where they spent a further 3 months of
dormancy. The tubers were planted at the CREFISDA site in three blocks separated by
about 700 m, according to the sex of the parent plant (male, female or monoecious). In
each block, cultivars were aligned on a line of 10 ridges; each repeated 3 times (fisher block
design). Sowing took place on 27 April 2019 for tubers issued from monoecious and female
plants and on 11 May 2019 for tubers issued from male plants in order to synchronize the
flowering. The germination rate, sex ratio and flowering time of the investigated plants are
reported in Table 1. The germination rate was 93.3%, 88.9%, and 90.0% for the cv. Amoula,
Heapala, and Yassi, respectively. All the plants flowered. Monoecious plants produced
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either male and female flowers inside the same inflorescence (mixed inflorescence) or
male and female flowers on separated inflorescences (male and female inflorescences)
(Figure 1A).

Table 1. Germination rate, sex ratio and flowering time of the yam (D. rotundata) plants used in the
study.
. Flowering Time
o, a
Cultivar Parental Sex?  Germination (%) Sex Ratio (%) (Days after Germination) ?
M F Mo M F Mo
93.3 100 0 0
Amoula F 86.7 15.4 84.6 0 71+4 87 +5 80+£2
Mo 100 53.3 333 13.3
M 86.7 92.3 0 7.7
Heapala F 83.3 0 100 0 68 £5 90+ 4 82+ 4
Mo 96.7 34.8 20.7 44.8
M 96.7 96.6 0 34
Yassi F 73.3 0 86.4 13.6 69 +£3 92+5 80+ 4
Mo 100 60 33 36.7

a2 M: male, F: female, Mo: monoecious.

Figure 1. Dioscorea rotundata inflorescences and crossings methods. (A) Different types of inflores-
cences found in monoecious plants: i.f = inflorescence-bearing female flowers; i.mx = inflorescence-
bearing male and female flowers; and i.m = inflorescence-bearing male flowers—the yellow and red
arrows indicate male and female flowers respectively. (B,C) Different crossing methods used in this
study: (B) inflorescence bagging for bagged intraindividual self-pollination and (C) pollen collection
for manual pollination.

2.2. Flower Fertility Measurements

To investigate flower fertility, stigma receptivity and pollen viability were assessed
on female and male flowers, respectively, of both unisexual and monoecious plants for
the three cultivars. The investigated female plants were offspring of female plants, the
investigated male plants were offspring of male plants, and the investigated monoecious
plants were offspring of monoecious plants.

Stigma receptivity was estimated by the peroxidase activity using a colorimetric test
as described by [46] on 500 flowers per cultivar (5 flowers per inflorescence and 5 in-
florescences per plant for 10 monoecious and 10 female plants). After dissection under
stereomicroscope, pistils were immerged for 5 min in a solution consisting of 25 mL acetate
buffer, 16.5 mg CaCl,.2H;0, 12.5 mg 3-amino-9-ethylcabaole (previously dissolved in 1 mL
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N-N-dimethylformamide), and 0.125 mL HyO,. Stigmas were observed under stereomicro-
scope and classified as receptive (brown coloration) or not receptive (no coloration).
Pollen viability was estimated by in vitro pollen germination test (Figure 2A) on
400 flowers per cultivar (10 flowers per inflorescence and 2 inflorescences per plant for
10 monoecious plants and 10 male plants). After dissection under stereomicroscope, the
anthers were crushed between two microscope slides to release the pollen grains (often
very sticky). The pollen was then transferred to microscope slides covered with a culture
medium. The culture medium was composed of 4 g sucrose, 1 mg boric acid, 5 mg calcium
nitrate, 0.46 g agar in 20 mL distilled water. After boiling, the medium was autoclaved and
spread over the slides. The slides containing the pollen grains were then placed in sterile
petri dishes containing filter paper soaked in distilled water to saturate the chamber with
moisture. The whole set was placed in an oven at a temperature of 28 °C, for 24 h [15].
The slides were then observed under an optical microscope. The number of germinated
pollen grains and nongerminated pollen grains were counted on five different microscopic
fields per slide and the pollen viability was calculated as the ratio between the number of
germinated pollen grains and the total number of pollen grains, expressed as a percentage.

(B)

Figure 2. Pollen germination. (A) Invitro pollen germination for pollen viability assessment;
(B) pollen tube growth in the style and pollen-reaching ovule. The white, yellow, red, and black
arrows show, respectively, an ungerminated pollen grain, a germinated pollen grain, a pollen tube,
and ovules.

2.3. Self and Cross Pollination Crossings

For each cultivar, 10 monoecious plants (offspring of monoecious plants) and one
male plant (offspring of male plant) were selected for crossings. The plants were chosen
according to the quantity of flowers available. Monoecious plants were used as female
parent and monoecious or male plants were used as male parent depending on the crosses.

Four types of crosses were performed for each cultivar: (1) bagged intraindividual self-
pollination (A1); (2) intraindividual manual self-pollination (A;); (3) intracultivar manual
cross-pollination (C;); and (4) intercultivar manual cross-pollination (C,). Details of the
different crosses are presented in Table 2. It has to be mentioned that strict autogamy
(pollen coming from the same flower) is not possible in unisexual flowers and that what we
consider in this paper as autogamy is in fact geitonogamy (pollen coming from other flowers
of the same plant) [47]. For bagged intraindividual self-pollination, mixed inflorescences
(bearing both male and female flowers) or close male and female inflorescences of a same
plant (Figure 1A) were bagged together with a mesh to avoid insect pollination (Figure 1B).
For manual pollination, a needle and magnifying glass were used to access the anthers
and collect the pollen grains (Figure 1C) that were then deposited on the stigmas of the
female flowers. The flowers were bagged before anthesis and after pollination with a mesh
to avoid insect pollinations. The cross-pollinations were carried out during the period of
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the day when the male flowers are open according to [48]. For each of the 21 cross types, a
total of 110 female flowers, from an average of 10 inflorescences, were randomly selected
and pollinated.

Table 2. The different types of crosses carried out.

Type of Crosses

b

Parents (Female x Male) 2 Number of Pollinated Flowers

bagged intraindividual self-pollination (A)

Amoula (Mo) x Amoula (Mo) -
Heapala (Mo) x Heapala (Mo) -
Yassi (Mo) x Yassi (Mo) -

Amoula (Mo) x Amoula (Mo) 110

intraindividual manual self-pollination (A;) Heapala (Mo) x Heapala (Mo) 110
Yassi (Mo) x Yassi (Mo) 110

Amoula (Mo) x Amoula (M) 110

intracultivar manual cross-pollination (C;) Heapala (Mo) x Heapala (M) 110
Yassi (Mo) x Yassi (M) 110

Amoula (Mo) x Heapala (M) 110

Amoula (Mo) x Heapala (Mo) 110

Amoula (Mo) x Yassi (M) 110

Amoula (Mo) x Yassi (Mo) 110

Heapala (Mo) x Amoula (M) 110

intercultivar manual cross-pollination (Cp) HESE:;ZI(:/I(K/)IJ; fr;lgsilia(% ) ﬂg
Heapala (Mo) x Yassi (Mo) 110

Yassi (Mo) x Amoula (M) 110

Yassi (Mo) x Amoula (Mo) 110

Yassi (Mo) x Heapala (M) 110

Yassi (Mo) x Heapala (Mo) 110

2 Mo—monoecious plant, M—male plant, >—no manual pollination.

2.4. Pollen Tube Growth, Fruit Set, Seed Set, and Seed Quality Assessment

For manual pollinations, 10 female flowers per cross and cultivar were harvested
48 h after pollination and fixed in FAA (ethanol 70%; formaldehyde 35%; acetic acid;
8:1:1) to investigate pollen germination on the stigma and pollen tube growth in the style
(Figure 2B). The pistils were stained with 0.1% (w/v) aniline blue solution according to [49].
Flowers were dissected under stereomicroscope, the pistils were water rinsed and softened
in IN NaOH for 4 h before staining with aniline blue for 1 h. The pistils were gently
squashed on a microscope slide in a drop of water and observed by means of fluorescence
microscopy. Pollen grain germination was calculated as the ratio between the number
of germinated pollen grains and the number of deposited pollen grains, expressed as a
percentage. The fertilization rate was calculated as the ratio between the number of pollen
tubes that reached the ovules and the number of pollen grains that germinated on the
stigma, expressed as a percentage.

The remaining pollinated female flowers were left for fruit set and seed set assessment.
The fruit set was calculated as the ratio between the number of fruits per inflorescence and
the number of flowers per inflorescence (for treatment A;) or the number of pollinated
flowers per inflorescence (for treatments Ay, Cq, Cy), expressed as a percentage. A minimum
of 5 inflorescences (average of 100 flowers) was followed per plant for each cultivar and
cross type. The seed set was calculated as the ratio between the number of seeds per fruit
and the number of ovules per flower (6 ovules per flower), expressed as a percentage. A
total of 100 fruits per cross type and cultivar were analyzed for seed set assessment. As
some fruit and seed malformations were observed, the proportion of misshaped fruits
and seeds was also assessed for each type of cross. Fruit quality was assessed based on
their three-lobed structure and seed quality was assessed based on finger palpation [15].
Moreover, seed germination was evaluated for each type of cross. Seeds were sown in
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germination boxes in a mixture of compost and sand (2/3:1/3) and cultivated in a tropical
greenhouse (28 °C, 90% relative humidity, 16 h/8 h photoperiod, watering 3 times a week).
A total of 450 well-formed seeds were selected at a rate of 50 seeds per cultivar and type
of cross. Germination was monitored for 60 days. Germination rate was calculated as the
ratio between the number of germinated seeds and the number of sown seeds, expressed
as a percentage [50-52].

The self-compatibility index (SCI) and self-fertility index (SFI) were determined accord-
ing to Lloyd and Schoen [53]. The SCI determines the ability of an individual to produce
fruits or seeds following self-fertilization. It was calculated as the ratio between the fruit set
(or seed set) obtained after intra-individual manual self-pollination (Aj;) and inter-cultivar
manual cross-pollination (Cp). SFI is the ability of an individual to autonomously (without
hand or insect intervention) produce fruits and seeds. It was calculated as the ratio between
the fruit set (or seed set) obtained after bagged intraindividual self-pollination (A1) and in-
traindividual manual self-pollination (A3). SCI values above 0.2 indicate self-compatibility
and SFI values above 0.2 indicate autonomous selfing [53,54].

Inbreeding depression was assessed at different developmental stages (fruit set, seed
set and seed germination). It is the ratio of the relative performance of selfed (Ws) to
cross-pollinated (Wc) progeny (5 = 1-(Ws/Wc) [55]. Here, selfed progeny was assessed by
the intraindividual manual self-pollination (Ay) and cross-pollinated progeny was assessed
by the intercultivar manual cross-pollination (C;). Values near O (for a scale of 0 to 1)
indicate the absence of inbreeding depression [54].

2.5. Statistical Analyses

Statistical analyses were conducted using JMP Pro.16 version 2020. The normality
of the data was graphically checked (box plot and qq plot), and homoscedasticity was
verified using Levene’s tests. Analyses of variance with the ANOVA, Welch’s test or
wilcoxon test functions (according to normality and homoscedasticity) were performed
to measure the effects of the cultivar and the pollination type (for the fruit and seed set,
seed an embryo area, pollen tube growth, SCI, SFI, inbreeding depression) or the effects
of the cultivar and the sex of the plant (for pollen viability and stigma receptivity). Post
hoc comparisons between cultivars and pollination types were done using Tukey’s HSD
test, Welch’s corrected t-test or the Wilcoxon multiple comparison t-test depending on the
normality and homoscedasticity of the data. Data are shown as means =+ standard error.

3. Results
3.1. Flower Fertility Was the Same in Unisexual and Monoecious D. rotundata Plants

Pollen viability and stigma receptivity were compared in monoecious and dioecious
plants. Pollen viability was similar in male and monoecious plants (F = 0.0345; p = 0.8539)
whatever the cultivar (F = 2.61; p = 0.0919, Figure 3A). In vitro pollen grain germination
averaged 49%. Stigma receptivity was also the same in female and monoecious plants
(F=0. 2829; p = 0.5968) whatever the cultivar (F = 0.1364; p = 0.8728) and averaged 44%
(Figure 3B).

3.2. Autogamy and Allogamy in Monoecious D. rotundata Plants

In order to investigate the breeding system of monoecious D. rotundata plants, four
pollination treatments were compared: bagged intraindividual self-pollination; intraindi-
vidual manual self-pollination; intracultivar manual cross-pollination; and intercultivar
manual cross-pollination. For each cultivar, results of the different crosses performed for
intercultivar cross-pollination were grouped since fruit sets and seed sets were similar
whatever the cultivar used as male parent (Table S1).



Agronomy 2022,12, 872

7 of 17

Sex

Il Male

I Monoecious
I Female

60 (A) aA aA

aA =
aA

(B) aA

50
40
30

20

10

Pollen grains viability (%)

0

40

30

20

Stigma receptivity (%)

10

Amoula Heapala Yassi
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Figure 3. Pollen viability and stigma receptivity of 3 cultivars of cultivated yam (D. rotundata).
(A) Pollen viability (in vitro pollen germination) in male (black) and monoecious plants (grey).
(B) Stigma receptivity in female (blue) and mooecious (grey) plants. Values sharing the same lower-
case letter among plant sexes are not significantly different at the 5% level for a same cultivar; values
sharing the same capital letter among cultivars are not significantly different at the 5% level for a
same sex.

The pollination treatments affected both fruit set (F = 888.73; p < 0.0001) and seed set
(F =718.68; p < 0.0001, Figure 4). Regardless of the cultivar, fruit and seed sets were higher
after intercultivar (18.08% and 12.16%, respectively) and intracultivar (16.35% and 7.23%, re-
spectively) manual cross-pollinations than after intraindividual manual (3.03% and 1.09%,
respectively) and bagged (0.27% and 0.2%, respectively) self-pollinations (Figure 4). Re-
garding intraindividual self-pollination, manual pollination increased both the fruit set
(p < 0.0001) and the seed set (p < 0.0001) compared to bagged inflorescences in the 3 culti-
vars. Regarding intracultivar and intercultivar cross-pollinations, differences were higher
at the seed than at the fruit level (Figure 4). Fruit set was relatively higher after intercultivar
than after intracultivar cross-pollinations (p = 0.0299) although at the cultivar level, the
difference was only significant for cv. Heapala (p = 0.0008, Figure 4A). Seed set was also
higher after intercultivar than after intracultivar cross-pollinations and the difference was
significant for the 3 cultivars (p < 0.0001, Figure 4B). Moreover, Heapala showed a lower
fruit set after both intracultivar (p < 0.0001) and intercultivar cross-pollinations (p < 0.0001)
and a lower seed set after both intracultivar (p < 0.0001) and intercultivar (p = 0.0023)
cross-pollinations compared to Amoula and Yassi while Yassi showed a lower seed set than
Amoula (p = 0.030) after intracultivar cross-pollination (Figure 4).
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Figure 4. Fruit sets (A) and seed sets (B) after bagged intraindividual self-pollination
(A1, blue); intraindividual manual self-pollination (A, green); intracultivar manual cross-pollination
(Cy, dark grey); and intercultivar manual cross-pollination (Cp, light grey) in monoecious yam
D. rotundata plants. Values sharing the same lower-case letter between pollination treatments are not
significantly different at the 5% level for a same cultivar; values sharing the same upper-case letter
among cultivars are not significantly different at the 5% level for a same pollination treatment.

Comparison between intraindividual self-pollination and intercultivar cross-pollination
showed that the self-compatibility index was below 0.2 for both fruit set (5CI¢) and seed set
(SCI;) whatever the cultivar (Table 3). In the same way, comparison between manual and
bagged intraindividual self-pollinations showed that the self-fertility index was also low for
both the fruit set (SFl¢) and seed set (SF) in the three cultivars (Table 3). Overall, autogamy
reached 11% and pollen lability was almost zero (<1%). We observed a high inbreeding
depression when comparing manual self-pollination and intercultivar cross-pollination for
both fruit set (5 > 0.8) and seed set (5 > 0.9) whatever the cultivar (Table 3).

Table 3. Self-compatibility (SCI), self-fertility (SFI) and inbreeding depression (5) index at fruit and
seed set levels in cultivated yam D. rotundata.

Amoula Heapala Yassi ANOVA (A) and Wilcoxon (W) Tests
scpa Fruit Set (SCIy) 0.16 & 0.02a 0.19 + 0.03a 0.16 & 0.03a A F=097,p=0.38
Seed Set (SClIs) 0.10 £ 0.02a 0.08 + 0.02a 0.09 £+ 0.02a A F=0.14;p=0.86
SFI @ Fruit Set (SFIy) 0.01 £ 0.01a 0.02 £ 0.01a 0.02 &+ 0.01a A F=012;p=0.88
Seed Set (SFl;) 0.00 £ 0.00a 0.000 £ 0.00a 0.00 £ 0.00a 4 X2 =6.42;p=0.08
Inbreedin Fruit set 0.84 &+ 0.02a 0.81 + 0.03a 0.84 & 0.03a W F=0.61;p=0.54
de ressionga Seed set 0.90 & 0.02a 0.92 £ 0.02a 0.91 £ 0.02a A F=033,p=0.71
P Seed germination 0.96 £+ 0.01a 0.96 £+ 0.02a 0.95 £+ 0.01a A F=049;p=0.61

2 Values sharing the same lower-case letters between cultivars are not significantly different at the 5% level.
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Fruit and seed set results could be partly explained by the pollen germination on
stigma and the pollen tube growth in the style. Pollen tube growth analyses showed
that the pollination treatment affected both the germination of pollen grains at the stigma
surface (F = 37.45; p < 0.001) and the percentage of pollen tubes that reached the ovules
(x* = p <0.0001) (Figure 5). Pollen germination was lower after manual self-pollination
(37%) than after cross-pollination (76%) (p < 0.0001) but it was similar for intra- and intercul-
tivar cross-pollinations in the three cultivars (Figure 5A). No differences were observed for
the pollen germination percentage among the three cultivars (F = 0.02; p = 0.97, Figure 5A).
Only 25% of the pollen tubes that germinated reached the ovules after self-pollination
while about 75% of the pollen tubes reached the ovules after intra- and intercultivar cross-
pollinations (Figure 5B). However, the percentage of pollen tubes reaching the ovules was
significantly higher after intercultivar than after intracultivar cross-pollinations (p < 0.001)
whatever the cultivar (Figure 5B). As previously observed for seed set, Heapala showed a
lower percentage of pollen tubes reaching the ovules after intracultivar (p = 0.0006) and
intercultivar (p = 0.0017) cross-pollinations compared to Amoula and Yassi, and Yassi
showed a lower percentage of pollen tubes reaching the ovules than Amoula (p= 0.030)
after intracultivar cross-pollination (Figure 5B).
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Figure 5. Pollen germination on stigma and pollen tube growth after intraindividual manual self-
pollination (A, blue), intracultivar manual cross-pollination (Cy, dark grey) and intercultivar manual
cross-pollination (Cy, light grey) in monoecious yam D. rotundata plants. (A) Percentage of pollen
grains on the stigma that initiated a pollen tube. (B) Percentage of germinating pollen grains which
pollen tube reached the ovules. Values sharing the same lower-case letter between pollination
treatments are not significantly different at the 5% level for a same cultivar; values sharing the
same upper-case letter among cultivars are not significantly different at the 5% level for a same
pollination treatment.

Fruit set and seed set evaluation were based on the total number of fruits and seeds
produced. However, misshapen fruits and seeds were also observed (Figure 6). Almost
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(A)

all fruits and about 75% of the seeds resulting from self-pollination (A and A,) were mis-
shaped while 66% of the fruits and 50% of the seeds from intracultivar cross-pollination (C1)
and 50% of the fruits and 37% of the seeds from intercultivar cross-pollination (C;) were
misshaped (Table S2). Well-shaped fruits have 3 lobes (Figure 6A) and well-shaped seeds
have large wings with an ovate and smooth embryo (Figure 6D). Two types of malforma-
tions were observed within the fruits and the seeds. The first type concerned fruits having
only one or two lobes (Figure 6B) and seeds with a rough embryo (Figure 6E). The second
type concerned globular fruits without lobes (Figure 6C) and often without seeds or with
seeds with small wings and small round and dark embryo (Figure 6F). Misshapen fruits and
seeds of the first type were mainly observed after cross-pollination and misshapen fruits
and seeds of the second type were mainly observed after self-pollination. Pollination treat-
ment affected both seed (F = 405.61; p < 0.0001, Figure 7A) and embryo (F = 55.7; p < 0.0001,
Figure 7B) area. Seeds and embryos resulting from self-pollination were smaller than the
ones resulting from intracultivar and intercultivar cross-pollinations (p < 0.0001). How-
ever, the size of seeds (p = 0.058) and embryos (p = 0.46) were similar between intrac-
ultivar and intercultivar cross-pollinations. Furthermore, Yassi produced smaller seeds
than Amoula and Heapala after intra- (p = 0.0141) and intercultivar (p <0.0001) cross-
pollinations (Figure 7A) and smaller embryos than the other cultivars after self-pollination
(p = 0.0011) and intracultivar cross-pollination (p = 0.0218, Figure 7B). Regarding seed
germination (Figure 7C), most of the seeds resulting from self-pollination did not germi-
nate (<4%) compared to intracultivar (62.96%) and intercultivar cross-pollinations (85.16%)
(F =5659.10; p < 0.0001). Strong inbreeding depression (6 = 0.96) was also observed for ger-
mination rate (Table 3). The germination percentage was also higher after intercultivar than
after intracultivar cross-pollinations (p < 0.0001), whatever the cultivar. Although the seed
germination percentage was similar among cultivars for self-pollination and intercultivar
cross-pollination, Heapala had a significantly lower seed germination rate compared to
Amoula and Yassi (p < 0.0001, Figure 7C) after intracultivar cross-pollination.

(€)

1Cm

1mm 1 mm

Figure 6. Structure of well-shaped (A,D) and misshapen (B,CE,F) fruits (A—C) and seeds (D-F).
w = wing; e = embryo; 1 = lobe.
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Figure 7. Quality of seeds after intraindividual self-pollination (A; + A;, blue), intracultivar manual
cross-pollination (Cj, dark grey) and inter-cultivar manual cross-pollination (Cp, light grey) in
monoecious yam D. rotundata plants. (A) Seed area, (B) embryo area, (C) seed germination. Values
sharing the same lower-case letter between pollination treatments are not significantly different at
the 5% level for the same cultivar; values sharing the same upper-case letter among cultivars are not
significantly different at the 5% level for the same pollination treatment.

4. Discussion

Sex determination is not stable in D. rotundata and although it is mainly characterized
by dioecy, monoecious individuals are encountered [15,24,31]. In this paper, we focused
on the reproduction of monoecious plants, investigated their fertility and analyzed their
breeding system. Our results showed that male and female flowers of monoecious indi-
viduals were as fertile as the flowers of male and female individuals. Low pollen viability
was often reported as a limitation to sexual reproduction in yam [43]. In addition to pollen
viability, the timing and limited duration of opening of male flowers during the day is
another factor that may limit the pollination process of D. rotundata yams [15,48]. In our
study, pollen viability was assessed by in vitro pollen germination and averaged 49%. This
value was similar to the pollen viability observed by Zoundjihékpon [15] using the same
method; she showed that the pollen germination rate averaged 45% in West African D.
rotundata cultivars collected in Cote d'Ivoire [15]. Other studies showed very wide ranges
for yam pollen viability among cultivars. For example, pollen viability ranged from 0.3%
to 85% in D. cayenensis from Nigeria [44], from 9% to 62% for cultivars of D. rotundata
from Cote d’Ivoire [56] or from 20% to 98% in D. alata [57]. In contrast to these studies,
pollen viability was quite stable among cultivars in our study. Female fertility was less
investigated than pollen viability in yam. Stigma receptivity averaged 40% in our study
whatever the cultivar. Previous works also reported low stigma-receptivity rates within D.
rotundata cultivars [29,43]. Our results showed that there was no particular male or female
sterility problem in monoecious individuals compared to male or female individuals in
the analyzed cultivars. This contrasts with the observations of Akoroda [44] who rather
observed that pollen from monoecious individuals had a lower viability compared to that
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of dioecious individuals. Although the pollen viability and the stigma receptivity remained
low, our results suggested that monoecious yam plants could be used both as male and
female parents in crosses.

Despite the flower fertility of monoecious plants, the observed fruit and seed sets
were lower after self-pollination than after cross-pollination and self-compatibility and
self-fertility index were below the threshold of 0.2 [53] in our study, suggesting that the
cultivated yam D. rotundata had almost no self-fertilization capacity (<1%). However, a low
tolerance to autogamy of 18% for fruit set and 11% for seed set was observed, showing that
autogamy was not completely prevented. Autogamy has been observed in monoecious
cross-pollinated plants such as cassava and taro [41-43]. The low rate of self-compatibility
observed in D. rotundata suggests that there are prezygotic and/or postzygotic barriers
directed against autogamy. Plants have evolved a number of devices to limit autogamy [47].
In yam, autogamy is naturally limited by the development of unisexual flowers and the
delay between the male and female flowering [43]. In addition, our results revealed a
lower pollen germination on the stigma and a lower pollen tube growth in the style after
self-pollination compared to cross-pollination. Indeed, more than 75% of the pollen tubes
failed to reach and penetrate the ovule after self-pollination which may explain the low
seed set. This observation shows that yam develops prezygotic barriers to autogamy.
Nongermination of pollen grains on the stigma and cessation of pollen tube growth in the
style are observed in self-incompatible plants [58]. Self-incompatibility has been reported
in more than 100 plant families and occurs in approximately 40% of species [59]. Genetic
self-incompatibility is a well-described mechanism preventing self-pollination and, in most
angiosperms, it is controlled by a single multiallelic locus, termed S-locus, though systems
controlled by two (or more) loci have also been described in certain species [60]. The genetic
control of prezygotic barriers to autogamy are not known in yam to the best of our knowl-
edge. With the release of yam draft genome sequence, several studies were developed to
better understand the genetic control of sexual reproduction in yam [35,38,61,62]. Genome-
wide association approach in D. alata identified major genetic barriers to reproduction in
yam on chromosomes 1 and 6 [38] and genomic regions linked to sex and cross-compatibility
on chromosomes 1, 6 and 17 [62]. Moreover, Super-SAGE transcriptome profiling in D.
rotundata identified 88 tags differently expressed in male, female and monoecious yam
plants [61]. To the best of our knowledge, no genetic sequence similar to the S-locus has
been described in yam up to now. Despite prezygotic barriers, we observed that some
pollen grains succeeded to germinate on stigmas of the same plant and resulting pollen
tubes reached the ovules. The probability of these two events occurring simultaneously
was about 9.25%, a value close to the degree of autogamy (11%) observed within cultivars
in terms of seed production. This suggests that there are pathways to bypass the prezygotic
mechanisms that prevent autogamy in D. rotundata. Plant species have evolved autoga-
mous self-pollination as a means of reproductive assurance under pollination-uncertain
environments [47]. Such reproductive assurance seems to have evolved across all sexual
and breeding systems including monoecy, dioecy, and self-incompatibility [47].

In addition to prezygotic barriers, we also observed postzygotic barriers to auto-
gamy in monoecious D. rotundata cultivars. Indeed, most of the fruits and the seeds
resulting from self-pollination were misshaped with a high percentage of seedless fruits.
These results suggested that there were problems during seed development. Moreover,
seeds resulting from self-pollination had a very low germination percentage. Our results
also showed a strong inbreeding depression in relation to fruit and seed set and seed
germination (6 = 0.81, 0.87 and 0.95, respectively). Autogamy and geitonogamy lead to
homozygosity and could thus lead to inbreeding depression because of the accumulation
of lethal alleles [58]. Autogamy is observed in monoecious and dioecious species and
often resulted in inbreeding depression [47]. Similar to yam, hemp (Cannabis sativa) is
a dioecious species but there are also monoecious cultivars [63,64]. The control of self-
pollination in monoecious hemp cultivars has allowed the development of self-pollinating
lines that are valuable from an agronomical point of view [63,64]. Monoecious cultivars
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facilitate the harvest of both stems and seeds by reducing crop heterogeneity [65]. However,
self-pollinated progeny may show inbreeding depression [66], resulting from increased
expression of homozygous recessive traits. Self-pollinated progeny are often smaller with
lower yields than cross-pollinated progeny [67]. Similarly, most poplar species are dioe-
cious but andromonoecious and gynomonoecious individuals that showed tolerance to
self-fertilization were observed in some poplar species (Populus. alba, P. davidiana, P. simonii
et P. deltoids) [68]. However, a self-fertilized poplar clone may have little chance to have
progeny and survive because of inbreeding depression [69]. In their study on Bidens sandvi-
censis, Schultz et al. [69] found a high inbreeding depression (6 = 0.94) in hermaphrodite
flowers of this gynodioecious species despite moderate levels of self-fertilization (25-50%).
They hypothesized that selective interference might maintain the high level of inbreeding
depression found in this species [69]. For its part, Sagittaria latifolia exhibited both monoe-
cious and dioecious breeding systems and selfing rates were observed in both systems but
marker-based estimates of inbreeding depression (5 = 0.83-0.84) indicated strong selection
against inbred offspring in both monoecious and dioecious populations [70]. However, it
has to be mentioned that self-pollination did not always lead to inbreeding depression and
that repeated selfing results in purging of deleterious recessive alleles, thereby avoiding
inbreeding depression [47].

Our results also showed that even after intercultivar cross-pollination, fruit and seed
set did not exceed 18% and 13% respectively and that 50% of the fruits and 37% of the seeds
were misshaped. This suggests that sexual reproduction remained low in D. rotundata even
after cross-pollination. Mondo et al. [71] reported also pre- and postzygotic barriers in
intra- and interspecific crosses in Dioscorea spp. The reduced ability of sexual reproduction
in root and tuber crops could be directly inherited from domestication and diversification
processes in which traits related to sexual reproduction were no longer maintained or even
counter-selected due to the associated costs [38,39]. Shivana [47] reported that a major issue
during yam hybridization activities is the low cross-compatibility rates among cultivars
(~23 and 31% for D. rotundata and D. alata, respectively). Indeed, Zoundjihékpon [15]
showed very high rates of fruit and seed malformation in D. rotundata, ranging from 0 to
91.83% and even reaching 100% in some cultivars. In the study of Sadik and Okereke [28],
fruit and seed abortions ranged from 38 to 86%. In D. alata, manual cross-pollinations
were performed using 33 parental combinations [72] and the fruit sets ranged from 0%
to 35% with an average of 24% while the seed sets ranged from 0 to 33% with an aver-
age of 30%. We did not observe such variation among intercultivar crosses in our study.
However, in our study, cross-pollinated seeds showed a size similar to that described by
Assaba et al. [52] and a germination rate of 73%, close to the 68% observed by Yolou [32] in
Benin. Furthermore, the results we observed for fruit set, seed set, pollen tube growth, seed
size, and seed germination after intracultivar cross-pollination were closer to the results
obtained for intercultivar cross-pollination than for self-pollination, suggesting an intrac-
ultivar diversity within D. rotundata. Indeed, several studies showed high intracultivar
genetic diversity within D. rotundata cultivars [73-78]. Yolou [32] confirmed intracultivar
diversity in accessions grown in Benin, including the cultivars used in this study. Thus, the
idea that each cultivar is composed of genetically related clones [77] should be rethought in
yam and plant-breeding programs are required to produce homogeneous varieties.

The breeding process of Dioscorea spp. is very long and lasts about 8-10 years because
of the low multiplication rate of propagules and the existence of a juvenile phase during
the seminal generation [71]. Indeed, seed germination is low, and plants issued from
seeds show a low flowering rate and need to be propagated clonally before a reasonable
assessment of their characteristics can be done. A long breeding process is also observed in
other tuber and root crops such as cassava or sweet potato [79-81]. In cassava, the need to
accelerate flowering and improve reproductive cycles has been raised to facilitate breeding
programs [82-87]. The selection of parental plants with good characteristics (i.e., good
tuber quality, pest and virus resistance etc.) is thus essential in breeding programs. Our
study revealed that monoecious plants could serve as both male and female parents in
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D. rotundata, allowing the identification of interesting flowering monoecious genotypes
that could be used as both male and female parents in crossings. Moreover, the use of
monoecious plants could compensate the scarcity of female plants observed in cultivated
yam [27,88,89].

5. Conclusions

The results of this study showed that, although flowers of monoecious plants are as
fertile as flowers of dioecious plants, cultivated yam D. rotundata has a very low tolerance
of autogamy in monoecious cultivars. In addition to separation of male and female flowers
and nonsynchronization of male and female flowering, yam has developed prezygotic and
postzygotic mechanisms to limit autogamy. This is one of the factors limiting the genetic
improvement of the species apart from the low flowering and fruiting rates. More studies
are required to gain a deeper understanding of the reproductive system of this species and
of its genetic control, in order to effectively circumvent the obstacles to self-pollination and
increase the success of breeding programs.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/agronomy12040872/s1, Table S1: Fruit set and seed set for the
different crosses performed; Table S2: Percentage of misshaped fruits and seeds for the different
crosses performed.
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