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interest of breeders to have adequate tools for initiating the improvement program through crosses among
high performing genotypes. To contribute to this, we examined the flowering phenology, pollen biology,
stigma receptiveness at bud dehiscence and anthesis phases, and the in-vitro germination of the pollens in
horsegram (Macrotyloma uniflorum). Pollens of horsegram were found to be either tricolporate or triporate,
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echinates in all accessions except in the collections from Benin. Ovaries in horsegram showed great variation

Keywords: in the number of ovules and activities of peroxidase indicated the receptiveness of stigma at bud dehiscence
s:))ﬁ:lgram phase and during anthesis. A high number of ovules per ovary was found in accessions from Australia (Lei-
Stigma receptivity chardt 1 and 2), Mali (LeichardtMali) and India (CPI22679). Pollen viability analysis implies the possibility of
Cultivars better results when pollinating during the day and immediately after the flower opens. The study provides
Dehiscence information on the reproductive biology of horsegram for future hybridization program in order to enhance

the performance of the crop and increase production. It also reveals differences in accessions from Benin
compared with all other accessions from Mali, India or Australia.
© 2023 SAAB. Published by Elsevier B.V. All rights reserved.

Macrotyloma uniflorum

1. Introduction global research network (Cullis and Kunert, 2017). Recent effects of

climate change on major crops has driven the attention of scientists

The legume family (Fabaceae) contain 1300 species and is tagged
as the second most important food crop family. Legumes are abun-
dantly rich in proteins and bioactive compounds necessary for the
proper daily intake of nutrients. Many of them are orphan and propa-
gated by smallholder farmers who use them as a source of income
and nutrients (Prasad and Singh, 2015). Orphan or underutilized
legume crops are staple food crops in most developing countries, but
their economic importance in global markets is limited. They also
attracts inadequate attention from development organizations and
are mostly cultivated in marginal areas for local economy and con-
sumption. Furthermore, those crops are also poor attractors of the
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towards minor species due to the high tolerance to most of the biotic
and abiotic stresses (Bhartiya et al., 2015).

Legumes with global production and consumption quantities,
include common bean (Phaseolus vulgaris L.), chickpea (Cicer arieti-
num L.), dry pea (Pisum sativum L.), lentil (Lens culinaris Medik.),
broad bean (Vicia faba L.), soybean (Glycine max L.), pigeon pea (Caja-
nus cajan L. Millsp.), and cowpea (Vigna unguiculata (L.) Walp).
Orphan legumes with little attention from the mainstream research
network include for instance, moth bean (V. aconitifolia L.), dolichos
(Lablab purpureus (L.) Sweet.), Marama bean (Tylosema esculentum
(Burch.) A. Schreib), black bean (Vigna mungo (L.) Hepper), Kersting’s
groundnut (Macrotyloma geocarpum (Harms) Maréchal and Baudet),
Bambara groundnut (Vigna subterranea (L.) Verdc.), and horsegram
(Macrotyloma uniflorum (Lam.) Verdc.). Horsegram was cultivated for
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food and was mainly used as fodders in feeding horses in the prehis-
toric era of Asia and African continents (Aditya et al,, 2019). Har-
vested area and production statistics are poorly documented around
the world. However, India is regarded as the center of production of
horsegram whereas Africa remain the gene-rich region for this spe-
cies due to the availability of large number of wild species of horse-
gram and other species in the genus Macrotyloma (Aditya et al.,
2019). Horsegram exhibits notable levels of minerals and has excel-
lent antioxidant characteristics that are capable of neutralizing free
radicals, which is crucial in the fight against chronic diseases (Morris,
2008; Tsamo et al., 2020). Horsegram has been used for its therapeu-
tic properties in addressing a range of health conditions, such as the
common cold, fevers, renal calculi, leucorrhoea, vascular disorders,
and constipation (Choudhary et al.,, 2022). Lectin-rich protein and
myricetin content in horsegram showed an anti-hyperglycemic
effect, which improved diabetic conditions by reducing elevated
sugar levels in induced rats (Aditya et al., 2019; Lalitha et al., 2020;
Tiwari et al., 2013).

Horsegram exhibits wider adaptability with tolerance to several
biotic and abiotic stresses. The crop thrives well in dry land as several
reports has confirmed their resistance to drought. Several genes char-
acterized as drought resistance genes were identified in horsegram
which place the species as an important crop in breeding for drought
tolerance (Choudhary et al., 2022; Reddy et al., 2008).

The crop is fifth mostly grown legume in India for consumption
and also for folders use in feeding animals. The yield is very low even
in India which is less than 500 kg.ha~! as compared to other legumes
such as pigeon pea, chickpea and Lentil (Aditya et al., 2019; Fuller
and Murphy, 2018). Improved varieties with resistance to stresses
would speed up productivity in regions where this crop is already
consumed, to sustain crops diversification.

Already identified accessions of horsegram was stated clearly to
be facing improvement challenges which include very low yield,
small seeds size, and absence of desirable traits (Chahota et al., 2020).
Owing to this, breeding for desirable traits would be feasible through
proper knowledge of the reproductive biology of diverse accessions
of horsegram from the different eco-geographical regions.

The knowledge of floral biology is a prerequisite for any hybrid-
ization and genetic improvement of crops through conventional
breeding (Douglas and Freyre, 2010; Kaur et al., 2011). Understand-
ing the pollen biology and stigma receptivity phases is useful to suc-
cessful crossing of genotypes (Gan et al., 2013). The recent success in
the pollen and stigma compatibility study of some underexploited
legumes such as Bambara groundnut (Vigna subterranea (L.) Verdc.)
(Chandra et al., 2017), Pigeon pea [Cajanus cajan (L.) Millspaugh] (Kar
and Datta, 2017) and Kersting’s groundnut (Macrotyloma geocarpum)
(Kafoutchoni et al., 2020) have contributed to the recent interest of
breeders in the improvement of these species.

Despite the potential of horsegram, little is known about its floral
biology. According to the available information, there is scanty
knowledge of floral biology in this crop. In brief, a study on the vari-
ability level of floral attributes of horsegram was reported (Bhave
and Dhonukshe, 1991); however, floral development phases, pollen
biology and stigma receptive remain less documented. Consequently,
more investigations are needed to characterize the diverse collec-
tions of horsegram to reveal the phases involved in floral develop-
ment of it, unravel the pollen viability level at different time, stigma
receptivity, variations in ultra-structures of the pollen, pollen in-vitro
germination and the number of ovules per ovary which will pave the
way for the initiation of proper hybridization pattern.

Horsegram is papilionaceous, hermaphroditic, and zygomorphic.
The calyx has five sepals and is gamosepalous. The calyx is short and
grows in size till anthesis. As the flower opens, its size reduces. The
corolla, on the other hand, is polypetalous with five petals. The horse-
gram flower has a big and broad standard that covers the rest of the
flower parts. The androecium of the flower is made up of 10 stamens
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that are diadelphous in nature which surround the stigma to enable
self-pollination (Bhave and Dhonukshe, 1991).

The present study intends to unlock knowledge on floral biology
to contribute to harnessing the breeding efforts efficiently. It depicts
the variation among the accessions of horsegram based on the floral
traits. Therefore, we investigated the pollen pistil compatibility range
and analyze the correlation between the floral traits. The study
addressed the following research questions: are there variation
among horsegram accessions with respect to floral traits? Is there
any significant correlation among the pollen and ovary structure
within species? Can floral traits be used in characterizing the acces-
sions of horsegram? To contribute to these research questions, we
hypothesized that (i) there are significant variations among M. uniflo-
rum accessions in terms of floral structure and reproductive architec-
ture; (ii) stigma receptiveness and pollen viability occur only at
anthesis stage.

2. Materials and methods
2.1. Pant materials and experimental design

Twenty-five (25) accessions (Table 1) of horsegram from Australia,
Asia, and Africa were collected from the genebank of the Genetics,
Biotechnology and Seed Sciences Unit (GBioS), at the Faculty of Agri-
cultural Sciences, University of Abomey-Calavi, Republic of Benin.
Two experiments were implemented in Nigeria and Benin from
March to September 2020. The first experiment was carried out in
Benin at the Genetics, Biotechnology and seed sciences Unit (6°
25'00.8"N, and 2°20'24.5”E) in Abomey-Calavi. The Abomey-Calavi
site has a bimodal rainfall with an annual rainfall and average tem-
perature of 1000 mm and 27 °C respectively (Houdegbe et al., 2018).
The second experiment was conducted at the experimental farm of
the Faculty of Agriculture and Natural Resources Management, Ebo-
nyi State University (EBSU), Abakaliki, in the South-eastern region of
Nigeria (6°151 N latitude and 8°100E longitude). The Abakaliki site

Table 1
List of accessions of horsegram (Macrotyloma uniflo-
rum) and their country of origin.

Accession code Origin Source
AKEO1 Benin GBioS
AKEO02 Benin GBioS
AKE04 Benin GBioS
AKEO5 Benin GBioS
AKEO7 Benin GBioS
AKEO8 Benin GBioS
AKEQ09 Benin GBioS
AKE10 Benin GBioS
AKE11 Benin GBioS
AKE12 Benin GBioS
AKE13 Benin GBioS
AKE14 Benin GBioS
AKE15 Benin GBioS
AKE16 Benin GBioS
AKE17 Benin GBioS
AKE18 Benin GBioS
AKE19 Benin GBioS
AKE20 Benin GBioS
LIECHARDT1 Australia GBioS
LEICHARDT2 Australia GBioS
LIECHARDTMALI Mali GBioS
CPI52592A Tanzania GBioS
CPI52592B Tanzania GBioS
HORSEGRAM250E Nepal GBioS
CPI22697 India GBioS

*GBioS: Genetics, Biotechnology and Seed Science
Unit, Faculty of Agronomic Sciences, University of
Abomey-Calavi, Republic of Benin.
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has a bimodal rainfall with the main rainfall pattern occurring from
April to October, with its first peak often occurring in July and the
second in September with an annual rainfall and average tempera-
ture of 1100 mm and 26.7 °C respectively (Njoku et al., 2017).

Prior to the experiments, physical and chemical properties of soil
samples from O to 20 cm depth were analyzed at the Laboratory of
Soil Science at the Faculty of Agronomic Sciences, University of Abo-
mey-Calavi and at the Laboratory of Biochemistry of Alex Ekweme
Federal University, Nigeria respectively for the GBioS experimental
site and the Campus of Agricultural Sciences (CAS) of the Ebonyi
State University (EBSU) experimental site. The CAS-EBSU experi-
mental site was characterized by hydromorphic soil with sandy
loam texture whereas the experimental site of GBioS was character-
ized by ferralitic soil type (Volkoff and Willaime, 1976) with sandy
loam texture.

The soil of the two experimental sites were slightly acid with good
permeability and drainage. The soil of the site in Benin contained
23.06 mg.kg~! of available phosphorus, 811.2 mg.kg~! of available
potassium, 287.95 mg.kg~! of magnesium and 126 mgkg™! of cal-
cium (Houdegbe et al., 2018). The soil of CAS, in Ebonyi State Univer-
sity contain 28.4 mg.kg-1 of available phosphorus, 84.06 mg.kg-1 of
potassium; 680.68 mg.kg-1 of Magnesium, 1523.04 mg.kg-1 of cal-
cium.

Incomplete block design (alpha lattice) with three replicates was
laid out at these two locations. Each experiment plot consisted in a
1.5 m long row with 0.3 m spacing between plants; the distance
between plots was 0.8 m and the distance between replicates was
1 m. Each plot had 6 plants giving a total of 18 plants per accession
and per replicate. The randomization of the design was done using R
package “Agricolae” with an efficiency factor of 0.75. The descriptors
list used in this study was developed in 2015 by the World Vegetable
center for Macrotyloma species (AVGRIS, 2015). The floral data was
assessed on fully opened flowers of all accessions considered. Flowers
were randomly collected and dissected to describe different parts of
the flower. We measured the stamen length, pollen diameter, ovary
length and width, sepal length and width, standard length and width,
peduncle length, bud length and considered the maturity trait (days
to flowering).

2.2. Data collection

Five hundred flowers (with a minimum of 20 flowers per acces-
sion) were selected and tagged for studying the in-depth floral devel-
opmental phases of horsegram and clear pictures were taken. The
data collection was initiated from sowing to the budding stage and
finally till after flower senescence ended. Quantitative traits such as
length and width of standard, length of the stamen, pistil length and
width of calyx, length and width of the ovary were collected. Fresh
flowers were also collected from all accessions at a different time
range of 7 h AM, 11 h AM, 15 h PM and 19 h PM for pollen viability
analysis applying the method of Rathod et al. (2018) through the use
of 2% acetocarmine solution (Sigma Aldrich). In-vitro germination
was also assessed through the use of 10% sucrose solution (Rathod et
al., 2018). Variation in ultra-structures of pollen was evaluated in the
palynology unit of the Laboratory of Botany and Plant Ecology where
the flower samples of horsegram were collected and dissected with a
magnifying glass to look for pollen grains. Once mounted between
slides and coverslips, they were observed and described using the
Jeulin®[J light microscope with integrated camera at X400 and
X1000 magnifications. The characters considered were symmetry,
shape, size, apertures (pores or furrows) and ornamentation of the
exine.

Stigma receptivity was carried out at bud dehiscence and anthesis
stages using the modified method of Monika and Parihar (2017).
The dark-red coloured grains of pollen were counted as viable
pollens while unstained ones were counted as non-viable or aborted

South African Journal of Botany 161 (2023) 444—453

pollens. The pollen viability rate was calculated using Rathod et al.
(2018) with:

Pollen viability (%) = 100 (Number of stained pollen grains/
Total number of pollen grains on slide)

The maturity data, days to flowering was also recorded accurately.
Stigma receptivity was examined in horsegram following the modi-
fied method of Monika and Parihar (2017). Pollens with tube longer
than the diameter of the pollen are considered as germinated pollens
(Gupta et al.,, 2017). Ultra-structures of pollen were assessed when
pollen was collected from fresh flower, placed on a clean cavity slide.
Glycerine jelly was prepared and added to the slide. The slides were
heated for a few seconds and covered with a slip. The slide was then
sealed with jelly and then heated for some seconds before viewed
under a light microscope using X100 with immersion oil. Also, vari-
ability in the number of ovules per ovary was observed. The ovary of
all accessions evaluated in this study were dissected longitudinally
using scalpels and dissecting microscope. Ovules number were
counted for each accession.

2.3. Statistical analysis

The data collected was subjected to analysis using R software ver-
sion 3.6.3 (R Core Team, 2019) and Sigma plot version (12.0). Chi-
square test for independence was carried out to analyze the variation
among the twenty-five accessions of horsegram based on floral and
other morphological traits. Data were subjected to the Kruskal Wallis
test to ascertain whether the difference observed among the acces-
sions was significant (p < 0.05) for various traits. The coefficient of
variation was analyzed for all the traits using CV (%) = x/o * 100
(Kozak et al., 2013). A correlation test was performed to detect the
relationship among the quantitative floral variables. Boxplot was
used to illustrate the variation of floral traits across the origin of the
accessions. Bar plots were adopted to differentiate the performance
of the group of accessions with similar pollen type.

3. Result
3.1. Phenology, pollen viability and ultrastructure

Regardless of the accessions’ origin, the developmental phases of
the floral organ of horsegram have been grouped into four phases.
The first stage involved the initiation of the primordial bud. This stage
opens the development of the reproductive organ of this species. The
primordial bud protrudes after the range days of 33 to 35 from sow-
ing (Fig. 1A and 1E). The structure developed into full bud after four
days of the initiation. At the budding phase, the petal is distinctly
shown, having the standard as white in accessions from Benin and
yellow in accessions from other countries. Wings and keels were
enfolded and remain compacted with the androecium and gynoe-
cium; the flower bud remains in an enclosed form prior to the incep-
tion of bud dehiscence (Fig. 1B and 1F). The third stage (anthesis)
showed the opening of the flower. This stage showed the distinct
separation of the petal (standard, wings and keels), pubescent sepal
in all accessions evaluated (Fig. 1C and 1G). Stigma is highly receptive
and the pollen revealed a high degree of viability. This stage lasted
for three days before proceeding to the phase where there is degen-
eration of the perianth (senescence). This phase involved the degen-
eration and decolouration of the petals (white to orange in
accessions from Benin and yellow to orange in other accessions)
(Fig. 1D and 1H). The petal color is white in all accessions from Benin
(Fig. 1C) whereas accessions from Australia, India, Nepal and Tanza-
nia and Mali exhibits greenish-yellow flower with a purple dot on
standard (Fig. 1G). Besides the variation pointed, the arrangement
pattern exhibited a high degree of similarities across all Horsegram
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Fig. 1. Flower developmental stages in horsegram (Macrotyloma uniflorum); accessions from Republic of Benin (A to D) and from other countries (E to H). A/E- Primordial/Initiation
of bud, B/F-Budding/prior Dehiscence, C/G- Anthesis, D/H-Senescence. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of

this article.)

accessions. All horsegram reproductive organ exhibits estivation
which refers to the arrangement of different parts of the flower. The
innermost part of the petal is very small and the outermost part is
large having a structure called standard. Petals are arranged into
three distinct patterns having a standard (Fig. 2A and 2E), two wings
(Fig. 2B and 2F) and two keels (Fig. 2C and 2G).

The size of the standard varies across the accessions; the wings
cover the keels that houses the anther and the stigma. The wings and
keels are of smaller sizes compare to a broad, large standard clearly
shown in Figs. 1 and 2. The keels serve as a protector to the anther.
Easy separation of these keels can be done in accessions sourced
from all countries except accessions from Benin whose keels could
result in the breaking of the androecium structures due to the coiled
pattern of the keels around the androecium. The flower exhibit deter-
minate flowering (plants flowers till they fully wilted).

3.2. Variability of floral traits in Horsegram

Pollen diameter varied from 30.50 m to 68.0 «m with an aver-
age of 43.78 + 8.65 um. The mean value of stamen length was
8.07 & 0.83 mm; it varied from 4.78 mm to 9.14 mm. Peduncle length
mean value was 16.30 + 7.55 mm; it varied from 6.01 mm to
34.63 mm. Bud length varied from 4.64 mm to 14.53 mm with an
average value of 7.50 + 3.26 mm. Ovary length ranged from 4.10 mm
to 8.75 mm with an average value of 5.80 £+ 1.17 mm; ovary width
varied from 0.58 mm to 1.32 mm with a mean value of
0.94 4+ 0.18 mm. Sepal length mean value was 4.83 4 1.85 mm); a var-
iation of 2.74 mm to 10.10 mm was observed; average sepal width
was 1.35 4+ 0.45 mm; it varies from 0.75 mm to 2.21 mm. Days to
flowering mean value ranges from 33 days to 157 days (Table 2).
Kruskal-Wallis test was performed for all floral traits observed for all
accessions of Horsegram. Traits such as pollen diameter showed sig-
nificant variability (x? = 45.75, p < 0.001, df = 24) across horsegram
accessions collected from different countries (Table 2).

3.3. Ovule and pollen number, size and morphology

The flower is hermaphroditic with the following flower formula:
55 +5P + (9 + 1) E + 1C. In accessions from Benin we found in each
carpel five ovules of the same shapes and size (Fig. 3A). In contrast,
Horsegram 250E collected from Nepal (Asia) showed a different num-
ber of ovules per ovary. In each carpel, there were six ovules of differ-
ent sizes (Fig. 3B). Accessions from Australia and Indian
(Liechardt1—-3 and CPI22679) showed a different number of ovules.
In each carpel, there were seven ova of different sizes (Fig. 3C).

Pollen types also varied according to the origin. Type A pollen
was found in accessions from Benin and were highly similar except
in size. Type A is sub-spheroidal or circular, triangular in polar and
elliptical in equatorial view. The pollens are tricolporate (3 complex
aperture) in nature. The exine has a reticulate structure and the tec-
tum is rugulate (or scabrous) and thick without spines (Fig. 4A). The
average diameter of type A pollen is 39.8 um ~ 40 um. Horsegram
250E also showed pollens which are sub-spheroidal or circular, sub-
triangular in polar view and elliptical in equatorial view. However,
this accession possesses the type B pollen which consists of tri-
porate pores, an echinulate structure with tuberous spines (Fig. 4B).
The tectum is ornamental because of the presence of spines (pollens
are supratectate). The average diameter of the pollen is 55.5 pum.
Accessions from Australia and Indian (Liechardt1-3 and CPI22679)
also exhibit sub-spheroidal or circular pollens, subtriangular in
polar and elliptical in equatorial view. The pollens are found to be
type B (Fig. 4b), triporate in nature and the exines are echinulate
with spines.

3.4. Pollen viability and stigma receptivity
Pollen viability was considered based on the pollen type observed.

During the day (7 h, 11 h and 15 h), the viability of accessions with
type A pollen is significantly high (Fig. 5) but reduced at 7 pm (Fig. 5).
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Fig. 2. Variation in different organs of horsegram flower collected from Benin, Mali, Tanzania, Australia, Nepal, and India. A-E-Standard, B-F-Wings, C-G-Keels and D-H-Gynoecium
and Androecium. Organs A to D are found in accessions from Benin. E to H are found in accessions from other countries. (For interpretation of the references to color in this figure

legend, the reader is referred to the web version of this article.)

Table 2
Descriptive statistics and Kruskal-Wallis test for floral traits in horsegram (Macrotyloma uniflorum).
Pollen Stamen Pistil length Ovary Ovary Sepal Sepal Standard Standard Peduncle Bud Days to
diameter length (mm) length width length width length width length Length flowering
(pm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (days)
(Mean+SD 4376 +8.65 8.07+0.83 11.744+089 580+1.17 094+0.18 483+1.85 135+045 892+246 782+1.09 1630+7.55 7.50+3.26 50.38+30.05
Min 30.50 4.78 8.79 4.10 0.58 2.74 0.75 5.41 525 6.01 4.64 33.00
Max 68.00 9.14 13.33 8.75 1.32 10.10 221 13.91 11.20 34.63 14.53 157.00
X2 (df=24) 4575 34.05 35.69 40.71 3348 42.13 41.49 45.25 35.07 42.41 44.38 39.30
p-value 0.009 0.133 0.097 0.033 0.148 0.024 0.027 0.011 0.110 0.022 0.014 0.045
CV (%) 19.77 10.29 7.58 20.17 19.15 38.30 3333 27.58 13.94 46.32 43.47 59.65

Degree of freedom: 24, x? = Chi-square value, CV: Coefficient of variation%, SD: Standard deviation, Min: Minimum value, Max: Maximum value.

A similar situation was experienced in accessions of type B pollen. In
this case, pollen viability reduced drastically as compared with other
time ranges. A high percentage of pollen viability was observed dur-
ing the daytime; however, at 7 pm the viability is slightly lower for
both pollen types (Fig. 5). The in-vitro germination of pollen was also
observed and estimated based on the pollen types. Type A and Type B
showed close performance in the germination when subjected to 10%
sucrose solution as substrate. The germinability of the pollen were
further examined by accessing the percentage growth of pollen tubes
from the pollens of both type A and B. It was observed that the pollen
types showed similar pollen tube growth rate. This indicated the uni-
form pollen growth in Horsegram.

Introduction of 3% hydrogen peroxidase on stigma and other
components of gynoecium found in accessions with Type A and
Type B pollen revealed the presence of bubbles during dehiscence of
bud (Fig. 6A) and immediately the flower entered anthesis phase
(Fig. 6B).

448

3.5. Variation and correlations among quantitative traits of
reproductive organs

Pollen diameter in the accessions from Australia was wider than
other accessions from another geographical region (Fig. 7b). Acces-
sions having type A pollen mature early than others (p < 0.001). Pistil
length was lengthier for Australia accessions compared to other
accessions from other eco-geographical regions (Fig. 7d). Accessions
from India and Tanzania had flower with longer ovary (p < 0.001),
whereas flower of accessions from Republic of Benin had the shortest
ovary (Fig. 7e).

Analysis of floral traits such as sepal length and width showed
that accessions from India had longer and wider sepal as compare to
other accessions from other country. Accessions from the Republic of
Benin exhibited longer peduncle (p < 0.001) as showed in (Fig. 7i).
Accessions from India had longer bud (p < 0.001), followed by acces-
sion from Nepal; small bud was observed in accession from the
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Fig. 3. Variation in the number of ovules per ovary in horsegram. A- Number of ovules in accessions from the Republic of Benin; B-Number of ovules in accessions from Nepal and C-
ovules found in accessions from Australia, Mali and Tanzania. Jeulin®[] light microscope with integrated camera at X400 and X1000 magnifications. (For interpretation of the refer-
ences to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 4. Variation in pollen structure in horsegram accessions. A : Type A (Pollen structure found in accessions from Republic of Benin). B: Type B (Pollen structure found in accessions
from Nepal, India, Australia, Tanzania, and Mali). Jeulin® [J light microscope with integrated camera at X400 and X1000 magnifications. (For interpretation of the references to color

in this figure legend, the reader is referred to the web version of this article.)

Republic of Benin (Fig. 7j). Smaller standard length was observed in
accessions from Benin (p < 0.001).

Significant positive correlations were between sepal length and
ovary length (r = 0.84), pollen diameter (r = 0.78), days to maturity
(r=0.64) and the maturity traits; days to flowering (r = 0.69). Correla-
tion between pollen diameter and all other traits were highly signifi-
cant except for stamen length, pistil length, ovule width and sepal
width (Fig. 8). Standard length exhibited highly significant correla-
tion with sepal length (r = 0.91), ovary length (r = 0.86), pollen diame-
ter (r=0.83), days to 50% flowering (r = 0.64).

4. Discussion
4.1. Floral behavior

Horsegram exhibits indeterminate flowers. Floral and maturity
traits are variable among different group of accessions. The study
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also revealed the different phases ranging from young primordial
bud initiation to the anthesis phase. Knowledge of floral biology has
been a very crucial step to achieving a successful hybridization in
legumes and particularly in horsegram. As reported by Bhave and
Dhonukshe (1991), the use of hybridization is very limited in horse-
gram and the challenges were attributed to the small sizes of its flow-
ers. Bhave and Dhonukshe (1991) dwelled into variability study of
floral attributes, then suggested a proper study of the floral attributes
such as the pollen biology and the stigma receptiveness. Detailed
information regarding pollen morphology and behavior, stigma
receptivity and in-vitro pollen germination of horsegram was pro-
vided to in this study.

Successful pollination and accomplishment of higher yield
depends on the quality of pollen (Gupta et al., 2017). We found that
the architecture of the estivation of petal in horsegram accessions
collected from Benin could make the emasculation and pollination
process more difficult than in accessions from other regions. The
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whorl arrangement of the keels with the androecium and gynoecium
makes it difficult to separate them; these could lead to the breakage
of the structure and eventually lead to the loss of the flower. These
findings suggest that accessions from the Republic of Benin should be
incorporated into the breeding program as the male parent line and
other accessions or cultivars from other ecological regions should be
emasculated. However, there is a high difference between the Benin
accessions and the other ones suggesting that there might be hybrid-
ization barriers between the two types.

Floral and maturity traits exhibit a high degree of positive correla-
tion which could be used in the diversity study of this species. A
highly positive correlation between pollen diameter and days to
flowering denotes the importance of pollen diameter in the selection
of early flowering accessions of horsegram. This implies an increase
in the yield harvest of the early flowering accessions since the plant
flowers all through the development phases.

4.2. Pollen ultra-structure, viability and stigma receptivity
Pollen viability is a major prerequisite to successful pollination

and seed set in angiosperm (He et al., 2017). This study depicted the
pollen viability at different time range and state the receptivity of
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stigma in horsegram accessions. Pollen viability result showed that
accessions with type A and type B pollens revealed highly viable pol-
lens from 7 h am till 3 pm but reduced viability as they approached
night around 7 h pm. This showed that breeders should concentrate
on the pollination process during the day. Further study will focus on
considering fewer interval hours and extension around the hours of a
day during anthesis to understand the behavior of horsegram pollen
throughout those hours of the day.

We found that most accessions of horsegram evaluated for pollen
viability performed more than 70% during the day but showed mod-
erate in-vitro germination rate during anthesis. This study also
authenticates the importance of the 2% acetocarmine stains and the
10% sucrose solution as a highly discriminating reagent for testing for
pollen viability and in-vitro germination respectively. Although,
other diverse discriminating reagents have been adopted in recent
reports and included Tetrazolium stain, Aniline blue, Alexandra stain
and lodine potassium iodide test (I2KI). Recently, 15% sucrose + 0.25%
Boric acid + 300 mg calcium nitrate was authenticated by Rathod et
al. (2018) as the best medium for pollen germination in Momordica
spp. He et al. (2017) also suggested the use of controlled pollination
but Kumar et al. (2020) identified acetocarmine to be effective for
wild marigold. In accordance with the recent report of Kumar et al.
(2020), acetocarmine exhibited a high degree of discriminating
power and this result will significantly promote breeding of horse-
gram through hybridization.

The study revealed pollen structure as one of the discriminating
factors for horsegram. The variability in the pollen structure suggests
two taxa within the crop. The first pollen type is found in accessions
collected from Mali, Tanzania, Australia, Nepal, and India. It was
referred to as type B pollen with echinate attribute; that trait can be
used as a marker to characterize horsegram from other regions of the
world. Pinheiro et al. (2018) emphasized on the importance of echi-
nate pollen as a defense mechanism that evolved for preventing high
loss of pollen during the activities of pollinators. Also, Konzmann et
al. (2019) stated that some species of Fabaceae has developed protec-
tive mechanisms which includes pollen and transformed petal. As
reported by Balan et al. (2016) who regarded pollen grain as a biolog-
ical entity that deserves special attention in making taxonomic deci-
sions because pollens are subject to less environmental variations.
Pollen morphology have hugely contributed in solving the mystery of
phylogenetic lineage in groups like Rosaceae based on traits such as
pollen shape, aperture structure, aperture number and exine sculp-
turing pattern (Elisens and Skvarla, 2010). Those traits are known to
be important lineage markers among genera (Elisens and Skvarla,

Fig. 6. A. Stigma receptivity during budding and anthesis phases. B. Stigma receptive image at dehiscence bud phase (Arrow to stigma). (For interpretation of the references to color

in this figure legend, the reader is referred to the web version of this article.)
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2010). We then suggest the use of pollen structure in the taxonomic
study of diverse collection of horsegram for differentiation.

Activities of enzymes such as 3% hydrogen peroxidase are effec-
tive in indicating the receptiveness of the stigma which is crucial in
an hybridization program (He et al., 2017). Information on the stigma
receptivity of horsegram was still unknown and this study is the
first-ever to reveal that knowledge. High stigma receptivity before
(budding at dehiscence phase) and during anthesis is a sign of proper
ability and readiness of the stigma to accommodate the pollen for a
successful pollination process. We found that stigma was receptive at
the bud dehiscence phase and during anthesis. This clue denotes the
access to pollinate immediately the flower opens (at anthesis). Fur-
thermore, diversity in the number of ovules per ovary can also be
used as an important selection criterion in selecting parents during
the breeding program. Bhave and Dhonukshe (1991) underlined the
variation in the number of ovules per plant but none of the horse-
gram accessions used in his study had more than five ovules per
ovary. That fact is in contrast with the findings in this study where
six and seven ova per ovary were observed. This crucial information
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revealed accessions that produce more ovules which is equivalent to
the number of seed to be produced. Incorporating accessions sourced
from Australia (Leichardt 1 and 2) and India (CPI22697) which have
seven ova will eventually lead to the improvement of horsegram
yield.

5. Conclusion

In this study, we generated new knowledge about the different
stages of floral development, the structure of the androecium and
gynoecium, the morphology of the pollen, and the right time for
emasculation and pollination. The study clarified the discrepancies in
floral traits observed among accessions from various origins. This
knowledge will rightly help breeders build up a program for cultivar
development.

The accessions of horsegram used in this study were collected
from six countries namely Australia, Nepal, India, Tanzania, Mali, and
Benin. The hypothesis of the existence of significant variations among
those accessions in terms of floral structure and reproductive
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architecture held true. Those accessions exhibited two major floral
and pollen types. For instance, all accessions from Benin showed
white standard, white petal and carpel with five ovules of similar
shape and size. The pollen of Benin accessions are sub-spheroidal or
circular, triangular in polar and elliptical in equatorial view and tri-
colporate in nature. Pollen diameter is 39.8 um ~ 40 pm. Accessions
from other countries exhibited the second type of floral and repro-
ductive architecture. They have a yellow standard with a purple dot,
green-yellow petals, and carpel with six to seven ovules with differ-
ent sizes. The pollen consists of tri-porate pores, an echinulate struc-
ture with tuberous spines. The average diameter of the pollen is
55.5 pwm.

In general, pollens were highly viable from 7 h am till 3 pm but
reduced viability was observed at night time around 7 h pm. Stigma
receptiveness occur not only at anthesis stage; this contradicts our
second hypothesis. Stigma was receptive at the bud dehiscence phase
and during anthesis. Crosses between accessions from Benin and
accessions from other regions would result in promising hybrids.
However, two taxa are suspected in the plant materials studied.

Authors’ contributions

IAl, COAA and EGAD: Conceptualization. IAl and COAA: Investiga-
tion, Methodology, Data curation, Formal analysis. CAOA:

452

Investigation, Methodology. IAl: Writing — Original draft; JOA, CAOA,
NFH and EGAD: Writing — review and editing. EAD: Funding acquisi-
tion, Supervision; Validation; Project administration.

Funding

This study was supported by the Education, Audiovisual And Cul-
ture Executive Agency (EACEA) of the European Commission under
the “Mobreed Intra-Africa Mobility scheme” (2016—-2988). The
authors also acknowledge the Genetics, Biotechnology and Seed Sci-
ence Unit, University of Abomey-Calavi, Republic of Benin for provid-
ing the accessions and other equipment used in this research.

Consent for publication

Not applicable.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influ-
ence the work reported in this paper.



Al Isiaka, C.0.A. Agossou, J.O. Agbolade et al.
Acknowledgements

We are sincerely grateful to Guillaume Bodjerenou, Christel Azon,
Azonhoumon Leocade, Soulemane Nouroudine, Sonon David, Sossou
Belchrist Eliel, Yasmin, Salaou Mouizz of the Genetic, Biotechnology
and Seed Sciences Unit (GBioS) and Dr Iwuala Emmanuel, Mr Idowu
Jeremiah of the Department of Plant Science and Biotechnology labo-
ratory, Federal University Oye EKkiti for their wonderful contribution
during this research.

References

Aditya, ]., Bhartiya, A., Chahota, R, Joshi, D., Chandra, N., Kant, L., Pattanayak, A., 2019.
Ancient orphan legume horse gram: a potential food and forage crop of future.
Planta 250 (3), 891-909. https://doi.org/10.1007/s00425-019-03184-5.

AVGRIS, 2015. Avrdc-Grsu Characterization Record Sheet. 1-8. http://seed.worldveg.
org/public/download/descriptors/I[pomoea_2015.pdf.

Balan, A.P., Udayan, P.S,, Sala, A.V., Kottakkal, P.0., 2016. Pollen morphological studies
of 10 endemic legumes from India. Int. J. Adv. Res. 4 (6), 597-605. https://doi.org/
10.21474/]JARO1.

Bhartiya, A., Aditya, J.P., Kant, L., 2015. Nutritional and remedial potential of an underu-
tilized food legume horsegram (Macrotyloma uniflorum): a review. J. Anim. Plant
Sci. 25 (4), 908-920.

Bhave, S., Dhonukshe, B., 1991. Variability in floral attributes of horsegram (Macroty-
loma uniflorum (Lam.) Verdc.). Indian J. Genet. Plant Breed. 51 (2), 179-182.

Chahota, R, Sharma, V., Rana, M., 2020. Construction of a framework linkage map and
genetic dissection of drought- and yield-related QTLs in horsegram (Macrotyloma
uniflorum). Euphytica 216 (4), 1-11. https://doi.org/10.1007/s10681-020-02583-0.

Chandra, K., Nandini, R., Gobu, R., Kumar, C.B., 2017. Studies on Emasculation and Polli-
nation in Underutilized Legume-Bambara Groundnut- (Vigna subterranea (L .)
Verdc .). Int. J. Curr. Microbiol. Appl. Sci. 6 (3), 266-275. https://doi.org/10.20546/
ijcmas.2017.603.029.

Choudhary, S., Isobe, S., Chahota, R., 2022. Elucidation of drought tolerance potential of
horsegram (Macrotyloma uniflorum Var.) germplasm using genome wide associa-
tion studies. Gene 819 (April 2022), 146241. https://doi.org/10.1016/j.
gene.2022.146241.

Cullis, C., Kunert, KJ., 2017. Unlocking the potential of orphan legumes. J. Exp. Bot. 68
(8),1895-1903. https://doi.org/10.1093/jxb/erw437.

Douglas, A.C,, Freyre, R., 2010. Floral development, stigma receptivity and pollen viabil-
ity in eight Nolana (Solanaceae) species. Euphytica 174 (1), 105-117. https://doi.
0rg/10.1007/s10681-010-0145-8.

Elisens, K.C.W.]., Skvarla, ].J., 2010. Pollen morphology and its phylogenetic significance
in tribe Sanguisorbeae (Rosaceae). Plant Syst. Evol. 285, 139-148. https://doi.org/
10.1007/s00606-009-0262-9.

Fuller, D.Q., Murphy, C., 2018. The origins and early dispersal of horsegram (Macroty-
loma uniflorum), a major crop of ancient India. Genet. Resour. Crop. Evol. 65 (1),
285-305. https://doi.org/10.1007/s10722-017-0532-2.

Gan, X., Cao, L, Zhang, X,, Li, H., 2013. Floral biology, breeding system and pollination
ecology of an endangered tree Tetracentron sinense Oliv. (Trochodendraceae). Bot.
Stud. 54 (1), 1-9. https://doi.org/10.1186/1999-3110-54-50.

Gupta, AK, Singh, M., Marboh, E.S., Nath, V., Pongener, A., Anal, AK.D., 2017. Pollen
Quantity, Viability and in vitro Pollen Germination of Longan (Dimocarpus longan
Lour. Int. J. Curr. Microbiol. Appl. Sci. 6 (7), 270-278. https://doi.org/10.20546/ijc-
mas.2017.607.032.

He, G., Huy, F,, Ming, J., Liu, C,, Yuan, S., 2017. Pollen viability and stigma receptivity in
Lilium during anthesis. Euphytica 213 (10), 2-10. https://doi.org/10.1007/s10681-
017-2019-9.

453

South African Journal of Botany 161 (2023) 444—453

Houdegbe, C.A., Sogbohossou, E.O.D., Achigan-Dako, E.G., 2018. Enhancing growth and
leaf yield in Gynandropsis gynandra (L.) Briq. (Cleomaceae) using agronomic prac-
tices to accelerate crop domestication. Sci. Hortic. 233 (2), 90-98. https://doi.org/
10.1016/j.scienta.2018.01.035.

Kafoutchoni, KM., Agoyi, E.E., Dassou, G.H,, S, HS., Ayi, S., Glele, C.A., Assogbadjo, A.E.,
2020. Reproductive biology, phenology, pollen viability and germinability in Ker-
sting’s groundnut [Macrotyloma geocarpum (Harms) Maréchal and Baudet]. S. Aft.
J. Bot. 137 (12), 440-450. https://doi.org/10.1016/j.sajb.2020.11.015.

Kar, S., Datta, B., 2017. Floral biology of Cajanus cajan (L .) Millsp . [ Leguminosae] in
Tripura (India). East Himal. Soc. Spermato. Taxon. 11 (1), 104-115.

Kaur, K., Dhillon, G.P.S., Gill, R.LS., 2011. Floral biology and breeding system of jatropha
curcas in North-Western India. J. Trop. For. Sci. 23 (1), 4-9.

Konzmann, S., Koethe, S., Lunau, K., 2019. Pollen grain morphology is not exclusively
responsible for pollen collectability in bumble bees. Sci. Rep. 3, 1-8. https://doi.
org/10.1038/s41598-019-41262-6.

Kozak, M., Bocianowski, J., Rybinski, W., 2013. Note on the use of coefficient of varia-
tion for data from agricultural factorial experiments. 19(4), 644—646.

Kumar, A., Gautam, R.D., Kumar, A., Bisht, A., Singh, S., 2020. Floral biology of
wild marigold (Tagetes minuta L.) and its relation to essential oil composition.
Ind. Crops. Prod. 145 (11), 111996. https://doi.org/10.1016/j.indcrop.2019.
111996.

Lalitha, N., Sadashivaiah, B., Talahalli, R.R,, Singh, S.A., 2020. Lectin rich horsegram pro-
tein and myricetin activates insulin signaling — A study targeting PTP1p. ]. Fun.
Foods. 67 (April 2020), 103845. https://doi.org/10.1016/j.jff.2020.103845.

Monika, A., Parihar, A., 2017. Stigma receptivity test in diverse species of tomato. Int. J.
Agric. Sci. Res. 7 (5), 1-8. https://doi.org/10.24247[ijasroct20171.

Morris, J.B., 2008. Macrotyloma axillare and M. uniflorum: descriptor analysis, antho-
cyanin indexes, and potential uses. Genet. Resour. Crop. Evol. 55 (1), 5-8. https://
doi.org/10.1007/s10722-007-9298-2.

Njoku, C., Agwu, ].O., Uguru, B.N,, Igwe, T.S., Ngene, P.N., Igwe, O.F., Ajana, AJ.,
Obijianya, C.C., 2017. Soil chemical properties and yield of cucumber as affected by
rice husk dust, biochar and woodash applications in Abakaliki, Southeastern
Nigeria. IOSR J. Appl. Chem. 10 (7), 61-66.

Pinheiro, M., Lourenco, V., De Brito, G., 2018. Pollination biology of melittophilous
legume tree species in the Atlantic Forest in Southeast Brazil. Acta Bot. Brasilica 32
(9), 410-425. https://doi.org/10.1590/0102-33062018abb0078.

Prasad, S.K., Singh, M.K,, 2015. Horse gram- an underutilized nutraceutical pulse crop:
a review. J. Food Sci. Technol. 52 (5), 2489-2499. https://doi.org/10.1007/s13197-
014-1312-z.

R Core Team, 2019. An tntroduction to dplIR. Ind. Commer. Train. 10 (1), 11-18. http://
www.r-project.org/.

Rathod, V., Behera, T.K., Munshi, A.D., Durgesh, K., Jat, G.S., 2018. Pollen viability and in
vitro pollen germination studies in Momordica species and their intra and inter-
specific hybrids. Int. J. Chem. Stud. 6 (6), 32-40.

Reddy, P.C.0., Sairanganayakulu, G., Thippeswamy, M., Reddy, P.S. Reddy, MK,
Sudhakar, C., 2008. Identification of stress-induced genes from the drought toler-
ant semi-arid legume crop horsegram (Macrotyloma uniflorum (Lam.) Verdc.)
through analysis of subtracted expressed sequence tags. Plant Sci. 175 (3), 372-
384. https://doi.org/10.1016/j.plantsci.2008.05.012.

Tiwari, A.K., Manasa, K., Kumar, D.A., Zehra, A., 2013. Raw horse gram seeds possess
more in vitro antihyperglycaemic activities and antioxidant properties than
their sprouts. Nutrafoods 12 (2), 47-54. https://doi.org/10.1007/s13749-013-
0012-z.

Tsamo, A.T., Mohammed, M., Dakora, F.D., 2020. Metabolite Fingerprinting of Kersting’s
Groundnut [Macrotyloma geocarpum (Harms) Maréchal & Baudet] Seeds
Using UPLC-qTOF-MS Reveals the Nutraceutical and Antioxidant Potentials of the
Orphan Legume. Front. Nutr. 7 (December), 1-14. https://doi.org/10.3389/
fnut.2020.593436.

Volkoff, B., Willaime, P., 1976. Carte pédologique de reconnaissance de la République
Populaire du Bénin a 1/200 000: feuille de Porto. ORSTOM.


https://doi.org/10.1007/s00425-019-03184-5
http://seed.worldveg.org/public/download/descriptors/Ipomoea_2015.pdf
http://seed.worldveg.org/public/download/descriptors/Ipomoea_2015.pdf
https://doi.org/10.21474/IJAR01
http://refhub.elsevier.com/S0254-6299(23)00484-2/sbref0003
http://refhub.elsevier.com/S0254-6299(23)00484-2/sbref0003
http://refhub.elsevier.com/S0254-6299(23)00484-2/sbref0003
http://refhub.elsevier.com/S0254-6299(23)00484-2/sbref0004
http://refhub.elsevier.com/S0254-6299(23)00484-2/sbref0004
https://doi.org/10.1007/s10681-020-02583-0
https://doi.org/10.20546/ijcmas.2017.603.029
https://doi.org/10.20546/ijcmas.2017.603.029
https://doi.org/10.1016/j.gene.2022.146241
https://doi.org/10.1016/j.gene.2022.146241
https://doi.org/10.1093/jxb/erw437
https://doi.org/10.1007/s10681-010-0145-8
https://doi.org/10.1007/s00606-009-0262-9
https://doi.org/10.1007/s10722-017-0532-2
https://doi.org/10.1186/1999-3110-54-50
https://doi.org/10.20546/ijcmas.2017.607.032
https://doi.org/10.20546/ijcmas.2017.607.032
https://doi.org/10.1007/s10681-017-2019-9
https://doi.org/10.1007/s10681-017-2019-9
https://doi.org/10.1016/j.scienta.2018.01.035
https://doi.org/10.1016/j.sajb.2020.11.015
http://refhub.elsevier.com/S0254-6299(23)00484-2/sbref0017
http://refhub.elsevier.com/S0254-6299(23)00484-2/sbref0017
http://refhub.elsevier.com/S0254-6299(23)00484-2/sbref0018
http://refhub.elsevier.com/S0254-6299(23)00484-2/sbref0018
https://doi.org/10.1038/s41598-019-41262-6
https://doi.org/10.1016/j.indcrop.2019.111996
https://doi.org/10.1016/j.indcrop.2019.111996
https://doi.org/10.1016/j.jff.2020.103845
https://doi.org/10.24247/ijasroct20171
https://doi.org/10.1007/s10722-007-9298-2
http://refhub.elsevier.com/S0254-6299(23)00484-2/sbref0025a
http://refhub.elsevier.com/S0254-6299(23)00484-2/sbref0025a
http://refhub.elsevier.com/S0254-6299(23)00484-2/sbref0025a
http://refhub.elsevier.com/S0254-6299(23)00484-2/sbref0025a
https://doi.org/10.1590/0102-33062018abb0078
https://doi.org/10.1007/s13197-014-1312-z
https://doi.org/10.1007/s13197-014-1312-z
http://www.r-project.org/
http://www.r-project.org/
http://refhub.elsevier.com/S0254-6299(23)00484-2/sbref0028
http://refhub.elsevier.com/S0254-6299(23)00484-2/sbref0028
http://refhub.elsevier.com/S0254-6299(23)00484-2/sbref0028
https://doi.org/10.1016/j.plantsci.2008.05.012
https://doi.org/10.1007/s13749-013-0012-z
https://doi.org/10.1007/s13749-013-0012-z
https://doi.org/10.3389/fnut.2020.593436
https://doi.org/10.3389/fnut.2020.593436
http://refhub.elsevier.com/S0254-6299(23)00484-2/sbref0032
http://refhub.elsevier.com/S0254-6299(23)00484-2/sbref0032
http://refhub.elsevier.com/S0254-6299(23)00484-2/sbref0032
http://refhub.elsevier.com/S0254-6299(23)00484-2/sbref0032
http://refhub.elsevier.com/S0254-6299(23)00484-2/sbref0032
http://refhub.elsevier.com/S0254-6299(23)00484-2/sbref0032

	Phenology, floral organs ultra-structure, traits correlation, stigma receptiveness, pollen viability and germinability in horsegram (Macrotyloma uniflorum Lam.) Verdc.
	1. Introduction
	2. Materials and methods
	2.1. Pant materials and experimental design
	2.2. Data collection
	2.3. Statistical analysis

	3. Result
	3.1. Phenology, pollen viability and ultrastructure
	3.2. Variability of floral traits in Horsegram
	3.3. Ovule and pollen number, size and morphology
	3.4. Pollen viability and stigma receptivity
	3.5. Variation and correlations among quantitative traits of reproductive organs

	4. Discussion
	4.1. Floral behavior
	4.2. Pollen ultra-structure, viability and stigma receptivity

	5. Conclusion
	Authors´ contributions
	Funding
	Consent for publication
	Declaration of Competing Interest
	Acknowledgements
	References


