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Introduction

In just 30 years, nine billion humans will have to compete for the limited available resources on our
planet. Hopefully we can find and implement sustainable solutions to this crisis that incorporate
curbing population growth, reducing income inequality, preserving biodiversity and promoting
human well-being and health. The 2018 report of the FAO on the state of food security and
nutrition in the world highlights that the prevalence of malnourished people in the world has
been on the rise since 2014 increasing from 10.7 to 10.9% of the world population. At the same
time, obesity is worsening with more than one in eight adults in the world being currently obese.
Food insecurity contributes to malnutrition, including both obesity and undernutrition, with
high rates coexisting in many countries. The higher cost of nutritious foods, the stress of living
with food insecurity, and physiological adaptations to food restriction partially explain why food
insecurity leads to increasing risks of overweight and obesity (FAO 2018). Moreover, overweight
and obese individuals can also be affected by micronutrient (vitamin and mineral) deficiencies,
often referred to as “hidden hunger” because there may be no visible signs of it. It is estimated
that over two billion people in the world are affected by one or more forms of micronutrient
deficiency (von Grebmer et al. 2014). Feeding the world will therefore not only be about quantity,
but critically about ensuring a diversified diet with micronutrient rich crops. Such crops are too

often overlooked in the evaluation of everyone’ diet.

We currently rely on just thirty staple crops to provide 90% of food calories, while the global
flora includes over 12,000 edible plants, including many fruits and leafy greens (Ozturk et al.
2018). In Africa alone, the Plant Resources of Tropical Africa Foundation listed approximately
8,600 edible species (Prota 2010). Khoury et al. (2014) analysed the evolution of global change
in spread and abundance of fifty-two commodity crops over fifty years (1961-2009) and
found that there was an increasing homogeneity in national food supplies. Oil commodities
such as soybean, sunflower, palm oil, and rape/canola oil were among the crops showing the
greatest average increase in relative abundance in national food supplies whereas “minor” crops

including millets, rye, sorghum, yams, cassava, and sweet potato showed the largest declines.

L LTS

Several locally important crops are often referred to as “minor”, “underutilized”, or “orphan”
crops. They provide multiple benefits to local communities including nutrition and food, income
and medicinal uses. Furthermore, they are often suitable for low-input agricultural systems and
adapted to local and marginal environments. The paradox of poverty in tropical areas of the
wortld, where the bulk of plant diversity is present, calls for smarter and more sustainable ways
to use the local flora to attain food and nutritional security. During the last decades, orphan
crops have increasingly become a focus of interest and research around the world. Minor staple
crops, including cereals (e.g. sorghum, tef, fonio; Chanyalew et al. 2019; McCormick et al. 2018),
legumes (e.g. cowpea, Bambara groundnut, pigeon pea; Bonthala et al. 2016; Spriggs et al. 2018;
Varshney et al. 2017a) and roots/tubers (e.g. cassava, yam species; Umber et al. 2014; Wang et al.
2014b) are increasingly studied for breeding purposes (e.g. nutritional quality, yield, resistance to
pests and diseases). However, several minor vegetables and fruits that remain the main sources
of micronutrients in tropical regions of the world are still largely overlooked by agricultural

research agendas.
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Promoting orphan leafy vegetables to help achieve food security
and climate -resilient agricultural systems

Most traditional dishes in Africa and other tropical areas of the world are composed of staple

crops accompanied with vegetable preparations, either fresh or in soups, sauces and condiments

(Figure 1). These vegetables are a main source of micronutrients and are important in curbing
hidden hunger (Cernansky 2015).
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Figure 1. Mix of leafy vegetables cooked with egusi (Citrullus

micosospernms) to be accompanied with starchy preparations, here

% 4| yam dough (“telibo”) and rice cakes (“ablo”). ©Photo credit: E. G.
| Achigan-Dako

Most of these species are also used in local medicines as cures against various ailments from
skin diseases to viral infections (Grubben and Denton 2004), suggesting that they are untapped
reservoirs of metabolites with health-promoting benefits (Neugart et al. 2017). While most
crops require several months from sowing to ripening of the edible parts (i.e. grains, pods, roots
or floral parts), leafy vegetables can first be harvested within weeks after sowing. These crops
can also be harvested multiple times during their cycle or planted multiple times per year, for
example in West African vegetable production systems (Pasquini et al. 2009). Moreover, leafy
vegetables are usually grown on small plots and are sometimes combined with other crops with
a longer cycle, allowing an optimal utilization of available land resources. Given their short
cycle and high planting densities, orphan leafy vegetable production is resilient to pockets of
drought whereas plants can be easily watered in such situations. Marketing of orphan leafy
vegetables is usually carried out by women, thus providing an additional source of income for
their families. The low external inputs and labor costs required for leafy vegetable production
also makes it both profitable for farmers and affordable for consumers (Weinberger and Pichop
2009). The volume of African vegetables sold in Kenya between 2004 and 2006 was estimated
at 9,000 tonnes, with cash income of Ksh 80 million (UK/ 0.63 million) in informal and Ksh
150 million (UK/ 1.19 million) in formal markets (Muhanji et al. 2011).

Generating scientific information on leafy vegetables for their effective promotion and upscaling
should build on existing traditional bodies of knowledge. However, the modernization process
in many societies worldwide has led to the erosion of traditional local communities’ knowledge
on these species (Albuquerque et al. 2016; Cruz et al. 2014). Such a loss of knowledge and
failure to pass information onto younger generations has been attributed to several factors
including urbanization, migration and cultural changes (Cruz et al. 2014; Kidane et al. 2015;
Leal et al. 2018). Therefore, there is an urgent need to preserve traditional knowledge through

systematic documentation. Making relevant information on plant species knowledge and use
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publicly available will help to preserve such knowledge. Moreover, patents cannot be applied on
published data. Thus, dissemination of traditional knowledge through publications contributes
to reduce cases of biopiracy and prevent the use of such knowledge for commercial purposes

without access and benefit sharing with local communities.

In Africa, several recent initiatives to promote indigenous vegetables include, among others: (i)
various small grants projects initiated by the International Plant Genetic Resources Institute (now
Bioversity International) together with the Netherlands Ministry of Foreign Affairs, Development
Cooperation and the Natural Resources Institute of the United Kingdom (NRI) to organize
series of workshops and publish working documents to promote African Indigenous vegetables
(Chweya and Eyzaguirre 1999); (i) the EU programme IndigenoVeg, which drew together a
network of leading EU and Sub-Saharan African researchers in order to promote the production
of local vegetables in urban and peri-urban areas by coordinating and integrating current research
efforts on the role played by local vegetables varieties in food security and livelihoods, and
research conducted in the field of urban and peri-urban agriculture (Pasquini et al. 2007); (iii)
the World Vegetable Center, Regional Center for Africa (AVRDC-RCA) which works in close
collaboration with National Agricultural Research and Extension Systems (NARES), Regional
and International organizations, Non-governmental Organizations (NGOs), the private sector,
and farmers in Africa for research, development, training and information on local vegetables
(Dinssa et al. 2016); (iv) the Darwin Initiative programme led by a consortium of stakeholders
from Benin, Mali and the United Kingdom that conducted the inventory of the diversity of
traditional vegetables in Benin and Mali (Achigan-Dako et al. 2010); (v) The Recipes for Success
project funded by GlobalHort to promote selected leafy vegetables in Benin, Kenya and Tanzania
(https:/ /www.agropolis.fr/pdf/actu/2011-globalhort-recipes-for-success-Montpellier.pdf) ; (vi)
the MicroVeg project implemented by the International Development Research Center (IDRC),
the International Plant Nutrition Institute (IPNI) in Benin, Nigeria and Kenya (www.microveg,
org); (vii) the African Orphan Crops Consortium which is committed to (re-)sequencing for free
the genome 100 accessions for each of 101 crops used on the continent, including 20 vegetable
crops and provide training in plant breeding/bioinformatics to African researchers involved in
orphan crops breeding (Hendre et al. 2019); and (viii) the Cleome project with Benin, Kenya and
the Netherlands that will be developed further in another paragraph.

Traditional knowledge and use of orphan crops can be leveraged to inform innovation of
derived food products. However, such efforts need to go hand-in-hand with omics-assisted
breeding projects targeting improved crop yield and quality. That begins with baseline
information about the natural variation of key-traits, followed by the downstream discovery
of functional molecular markers or candidate genes for the traits of interest. This approach
can be greatly accelerated by exploiting and utilizing recent advances in -omics technologies

and particularly by leveraging comparative approaches.

This thesis aims at developing a breeding program for Gynandropsis gynandra, an orphan leafy
vegetable widespread in tropical and subtropical Africa and Asia. The species belongs the
Cleomaceae, the sister family of the Brassicaceae which includes the well-studied model and
crop species such as Arabidopsis thaliana and diverse Brassica crops. While G. gynandra has
become a model for studying C, photosynthesis (Kiilahoglu et al. 2014; Marshall et al. 2007),

12
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there has been a lack of research into crop-related traits such as the production of carotenoids

(pro-vitamin A) and tocopherols (vitamin E), or their improvement by molecular breeding;

The key-aspects and aims for establishing a breeding program for orphan crops are introduced
and discussed in detail in Chapter 2. Thus, in the remaining following sections of this General
Introduction, we explain why we chose the orphan crop G. gynandra for our research project and

present the overall methodological framework of the thesis.

Gynandropsis gynandra, an orphan leafy vegetable and more

Taxonomy, origin, and botanical description

Gynandropsis gynandra belongs to the Cleomaceae family which encompasses eighteen genera
and 150-200 species (Patchell et al. 2014). The genus Clome and other genera of the family
have been traditionally considered as the subfamily Cleomoideae of the family Capparaceae
(Inda et al. 2008). In recent phylogenetic studies, Cleomoideae were found to be more closely
related to the Brassicaceae than Capparoideae (Hall 2008; Hall et al. 2002; Iltis et al. 2011). Thus,
three monophyletic families were delineated: Capparaceae, Cleomaceae, and Brassicaceae. The
morphological characters specific to the Cleomaceae include their mostly herbaceous habit,
compound leaves and dry and dehiscent capsules with a replum. Seeds are uniformly strongly
curved, reniform or horseshoe-shaped to conduplicate with a deep invagination of the testa, an
incurved embryo with always strictly incumbent cotyledons (Iltis et al. 2011).

Gynandropsis gynandra (1..) Briq (1914) was also known as Cleome gynandra 1. (1753), Cleome
pentaphylla 1. (1763) and Gynandropsis pentaphylla (1..) DC. (1824). Cleome gynandra was reclassified
as the sole member of the monotypic genus Gynandropsis based on the presence of a long
androgynophore, the characteristic from which its name was derived (Iltis 1960). However, such
a structure has also been observed in Cleome speciosa and Podandrogyne. Many authors considered,
therefore, this character as questionable and the species was renamed Cleomze gynandra (Iltis 1960;
Sanchez-Acebo 2005). Recent molecular studies, however, supported the reestablishment and
conservation of Gynandropsis as a separate monotypic genus (Feodorova et al. 2010; Hall 2008;
Patchell et al. 2014). Partially because of its wide-distribution range and diverse phenotypes, the
species has an astounding forty-five synonyms used in literature (GBIF 2019). This plethora of

names desperately calls for a taxonomic revision of the genus Gynandropsis.

The vernacular names of the species are noteworthy as they tell a story about how enslaved
Africans migrating to the New World kept generic plant names from their communities of
origin (van Andel et al. 2014). For example, G. gynandra is called “Sambo” or “Somboé” in Ewe
and Mina communities of the coastal areas of West Africa while the same name “Sambo” has
been reported by Iltis (1960) in Barbados. Likewise, the vernacular name “Akaya” in Fon and
Mahi communities of Benin is declined by people in Martinique, Suriname and French Guiana
as “Akaja”, “Akafa” or “Caia”. The name “Mozambue” or “Mozembue,” used in Angola, have
their equivalent in “Massambee” and “Mozambe” in Guadeloupe, Barbados, and several other
Pacific Islands (Iltis 1960). While the plant was reported as a popular vegetable in French
Guiana and Suriname in the 18th century, it is nowadays considered as a weed in these countries
(van Andel et al. 2016).

13
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The origin and dispersal of G. gynandra are still uncertain. Feodorova et al. (2010) suggested
that the origin of the entire Cleomaceae family could be Central Asia with subsequent dispersal
to southern Africa, Australia and North, Central and South America. The speciation event
leading to G. gynandra likely occurred in southern Africa (Feodorova et al. 2010). However,
the phylogeographic analysis of the latter authors was based on a single I'TS region and with
only four accessions of G. gynandra from Australia and South Africa, raising the need for
further studies integrating more diverse germplasm collections and the use of whole-genome

sequences to reconstruct the demographic history of the species.

G. gynandra occurs throughout the tropics and subtropics. In Africa, it is mainly found near
human settlements, possibly feral escapes from earlier cultivation. It is often found in cultivated
or fallowed fields, along roadsides, in fence rows, and along irrigation canals and ditches. G.
gynandra occurs from sea level up to 2400 m altitude and requires warm conditions; growth
is hampered below 15°C, which is typical of C, species. It thrives on a wide range of soils,
mostly on sandy to clayey loam, provided they are deep and well-drained with a pH 5.5-7.0. It
prefers soils with high organic matter and adequate mineral reserves (Mnzava and Chigumira
Ngwerume 2004). The species tolerates some drought, but drought stress hastens maturity and
senescence (Onyango et al. 2013b).

G. gynandra is an erect annual herb up to 150 cm tall that is strongly branched (Figure 2A), with
a long taproot and few secondary roots. The stem is glandular-pilose or rarely glabrous. Leaves
are alternate, palmately compound with 3, 5 or 7 leaflets with many observers describing the
leaves as cannabis-like (Figure 2B). Stipules are absent and the petiole is 2—10 cm long and with
glands. Leaflets are almost always sessile, obovate to elliptical or lanceolate, 2—10 cm X 1-4 cm,
cuneate at base, rounded to obtuse, acute or acuminate at apex, margins finely toothed, sparsely
to distinctly hairy. The inflorescence is a terminal raceme up to 30 cm long and bracteate
(Figure 2C). Flowers are bisexual, with petals being white or tinged with purple. The pedicel
is 1.5-2.5 cm long, with four sepals that are free, ovate to lanceolate and up to 8 mm long. It
also has four petals that are elliptical to obovate, up to 1.5 cm long and clawed. There are six
staminal filaments, that are purple and fused basally with the gynophore and thus produce an
androgynophore 5-22 mm long (Figure 2D), the free filaments 8-22 mm long. The ovary is
superior and is stalked and 2-celled. The fruit is a long, narrow, cylindrical capsule up to 12 cm
X 1 cm, stalked and beaked, usually green or yellow, dehiscing from below when dry (Figure
2E). Seeds are subglobose, 1-1.5 mm in diameter, grey to black and irregularly ribbed (Figure
2F) (Grubben et al. 2004b; Iltis 1960).

A source of livelihoods for vegetable growers

G. gynandra is harvested in the wild in some communities, while in others the species is
cultivated and sold at local markets. In Kenya, uprooted whole plants put together in bunches,
are mainly sold in open-air markets but can also be found in supermarkets and greengrocer
stores as a result of recent efforts to revalorize the crop in urban settings (Onyango et al.
2013a). The IndigenoVeg project reported that the selling price in 2006 was 0.30 USD/kg
on average in Uganda with an average profit margin of 44.3%; while in Kenya, the selling
price was 0.41 USD/kg on average with an average profit margin of 39.6% (Weinbetger and

14
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Figure 2. Morphology of Gyuandropsis gynandra: (A) Plant at flowering stage; (B) Leaf with five leaflets; (C) Inflorescence with opened flowers. (D)
Blooming flower with petals and bracteates at the base, inserted stamens on the androgynophore and the gynoecium at the tip. (E) Immature
fruits; (F) Subglobose seed with ribbed coat. ©Photo credit: Deedi Sogbohossou & Jelila Blalogoe

Pichop 2009). The species contributed 15-40% of the total income of the farmers producing
and selling it.

A survey conducted in Southern Benin in 2015 with 150 growers over two rainy seasons revealed
that the selling price varied between 0.2 USD/kg to 0.6 USD/kg whereas the average profit
margin varied between 170% in the beginning of the rainy season and around 24% at the end
of the rainy season when lots of other vegetables were available (Matro et al. in prep.). The low
production supply of the vegetable and its limited shelf life which results in important post-
harvest losses were the main constraints for vegetable sellers. The longest period of storage was
two days in the outlets. Post-harvest losses due to wilting, rotting and lesions during harvesting
and transportation contributed to profit losses (Onyango et al. 2013c). A possible solution
was found by Gao et al. (2011) who isolated and characterised a polyphenol oxidase from G.
gynandra that could retard the browning reaction of the leaves and thus extend shelf-life.
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A nutritious leafy vegetable

G. gynandra is a rich source of nutrients including vitamins, minerals (calcium and iron) and
protein (Yang and Keding 2009). G. gynandra leaves, young shoots and occasionally flowers are
eaten boiled as potherb, relish, stew or side dish (Grubben et al. 2004b; Mnzava and Chigumira
Ngwerume 2004). The leaves can also be blanched, made into small balls and sun-dried for
preservation (Flyman and Afolayan 20006). In some countries, the leafy vegetable is particularly
sought for during extreme drought or famine periods, and, therefore plays a significant role in
maintaining household food security (Ekpong 2009). The consumption of G. gynandra leaves can
significantly contribute to the Recommended Nutrient Intake (RNI; WHO 2004) of vitamin A,
ascorbic acid, folate and iron (Abukutsa-Onyango et al. 2010; Schonfeldt and Pretorius 2011,
Steyn et al. 2001b; Uusiku et al. 2010; van Jaarsveld et al. 2014). However, variability was high
in reported levels of vitamin A, ascorbic acid, riboflavin, iron, calcium and magnesium across
studies. This is potentially due to differences in harvesting and storage conditions, sample
preparation, analytical methods, stage of maturity, as well as the cultivars/genotypes used. A
comparative study between G. gynandra, Brassica oleracea and Beta vulgaris revealed higher levels of
phosphorus, potassium, calcium, iron, zinc, ascorbic acid, total phenolics, and flavonoids in G.
gynandra than in the two other vegetables (Moyo et al. 2018). Moreover, the species had ratios of
phytate:iron and phytate:calcium below the critical thresholds and could therefore be considered
as a good source of bioavailable iron and calcium. In contrast, the phytate:zinc ratio was much
higher than the critical threshold and thus zinc bioavailability was compromised (Gowele et al.
2019). The assessment of the levels in provitamin A carotenoids, tocopherols, ascorbic acid,
minerals, and phytate in 13 different African leafy vegetables revealed that G. gynandra had
average levels of carotenoids and tocopherols, and high levels of ascorbic acid (Gowele et al.
2019). Thus, improving the levels of carotenoids and tocopherols should be a key target for the

improvement of Gynandropsis cultivars.
Uses in folk medicine and pharmacological properties

Leaves and seeds of G. gynandra are used in indigenous medicine in many countries (Bala et al.
2010). In India, a decoction of the root is used as febrifuge. Additionally, leaves are used as a
wound disinfectant. Inhaling the aroma of the grinded fresh leaves is believed to relieve headache,
whereas leaf juice and oil are used to treat earaches, stomachaches, epileptic fits and as an eye
wash (Bala et al. 2010). Seeds have been reported to have anthelmintic properties and the oil is
used as a fish poison. In rural Kenya, G. gynandra is believed to improve eyesight, provide energy
and cure marasmus (Chweya and Mnzava 1997). Nandi people in Kenya also use a decoction of
the whole plant to cure malaria, facilitate childbirth and relieve stomach congestion (Jeruto et al.
2008). In Uganda, leaves are used to treat snake bites (Namukobe et al. 2011). In Benin, uses for
the treatment of malaria (Yetein et al. 2013) and anaemia (Allabi et al. 2011) were reported.

Secondary metabolites discovery in the leaves of G. gynandra corroborated the diverse uses of
the species in health care. The leaves exhibit high concentrations of alkaloids, steroids (Ajaiyeoba
2000), glucosinolates, flavonoids, gallotannins, iridoids and other phenolic compounds (Moyo et
al. 2013). Methanol extracts of G. gynandra had moderate antifungal and antibacterial activities
(Muchuweti et al. 2007). Bala et al. (2010) reported on the anticancer properties of G. gynandra.
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The main flavonoids found in the leaves of the species include quercetin, kaempherol and
traces of isorhamnetin (Omondi et al. 2017b; Yang et al. 2008). Quercetin and kaempherol have
been shown to have antithrombogenic activities (Nijveldt et al. 2001). G. gynandra also contains
glucosinolates, sulfur-compounds that confer to Brassicales their pungency and ate also involved
in plant defense mechanisms against herbivores (Neugart et al. 2017; Omondi et al. 2017b).

A model to study whole-genome duplication and C, photosynthesis

For a long time, the interest of the scientific community for G. gynandra was not due to its
importance as a crop but rather as a model to study eudicot C, photosynthesis (Kiilahoglu
et al. 2014; Marshall et al. 2007). The knowledge generated in fundamental studies related to
polyploidy and C, photosynthesis can be mainstreamed into molecular breeding efforts. A
good example would be that carotenoids (pro-vitamin A) and tocopherols (vitamin E) are all
photosynthetic pigments that contribute to photosynthesis efficiency in the plant.

Multiple and independent polyploidy events have occurred throughout plant evolution, often
correlating with lineage diversification and the appearance of novel traits (Schranz et al. 2012;
Soltis et al. 2009). Recent polyploidy events are detectable at the karyotype level for many crop
species including for example wheat (Triticum aestivum 1..), cotton (Gossypinm birsutum 1..), oilseed
rape (Brassica napus 1..), peanut (Arachis hypogaea 1..), potato (Solanum tuberosum 1..), sweetpotato
(Ipomoea batatas 1..) among others. However, when polyploidy occurred in ancestral species, traces
of these ancient whole-genome duplication events were difficult to identify in their descendant
lineages as most plants would reduce their genome back to a more stable diploid state through gene
loss (or fractionation), chromosomal rearrangements and overall a reduced chromosome number
(Barker et al. 2009). Therefore, detecting and dating ancient polyploidy events is a challenging
task. In the absence of fossil records in the taxa of interest, the most common approach would
be to infer timing of polyploidy events using synonymous: non-synonymous substitution ratios in
whole-genomes or Expression Sequence Tags (ESTs). The rationale behind the molecular dating
approach is that nucleotide substitutions that do not result in a change in a protein sequence and
hence do not induce a change in phenotype (synonymous) are less likely to be subject to natural
selection than substitutions that result in a change in protein sequence or alter the protein function
(non-synonymous) (Hu and Banzhaf 2008). Synonymous substitutions are therefore expected to
accumulate at a constant rate over time and hence genes that “appeared” at the same evolutionary
time-point are likely to have similar Ks values. A peak in the number of duplicate genes with Ks
values in a narrow interval would therefore be a signal of a polyploidy event. Most flowering plant

lineages underwent one or more rounds of ancient polyploidy (Jiao et al. 2011).

For example, the Brassicaceae and the Cleomaceae shared at least four ancient polyploidy events:
C which occurred near the origin of seed plants; ¢ which was shared by the angiosperms; the
ancient hexaploidy At-y which was shared by almost all eudicots and At-§ restricted to part of
the Brassicales as it was not detected in the papaya genome (Jiao et al. 2011). An ancient whole-
genome duplication event At-u is restricted to Brassicaceae while in Cleomaceae, evidence of
a triplication Th-o (Cheng et al. 2013) shared by Tarenaya hassleriana and G. gynandra was found
based on transcriptome analysis (van den Bergh et al. 2014). The occurrence of independent
ancient polyploidy events in these closely related lineages provide an opportunity to analyse the
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relative timing of polyploidization, patterns of gene retention and loss, and genome evolution
(Schranz and Mitchell-Olds 2006).

The whole-genome triplication in the Cleomaceae could be linked to the occurrence of C, plants
in this family (van den Bergh et al. 2014). C, plants are among the most successful species in
terms of biomass production in warm climates (Sage and Stata 2015). They exhibit higher water,
radiation and nitrogen use efficiency than C, species resulting in higher yields (Ding et al. 2015). C,
photosynthesis is therefore considered as an important trait which could potentially help to cope
with the adverse effects of climate change on food production. Despite several studies undertaken
to dissect the C, pathway using systems biology and comparative omics (Covshoff et al. 2016;
Kumar et al. 2015; Wang et al. 2014a), many questions remain unresolved. For example, regulatory
and interaction networks underlying specific C, anatomical features such as venation patterns,
differentiation between bundle sheath and mesophyll cells, plasmodesmatal abundance, are still
poorly understood (Ding et al. 2015; Nelson 2011). C, studies have been interested in a few genera
including but not limited to Sorghum, Zea, Flaveria and Setaria (Heimann et al. 2013; Mallmann et al.
2014; Schulze et al. 2013; Wang and Gao 2015).

G. gynandra has been used as a eudicot C, model species because it is the closest C, relative of the C,
model species A. thaliana, allowing for easy comparisons to the tremendous molecular and genetic
knowledge base of Arabidopsis (Brown et al. 2005; Marshall et al. 2007). Three biochemical
subtypes of C, plant species have been identified based on the predominant decarboxylase used
during the C, cycle: the NADP-malic enzyme (NADP-ME), the NAD-malic enzyme (NAD-ME)
or the phosphoenolpyruvate carboxykinase (PEPCK). Unlike most C, model species which are
NADP-ME, G. gynandra is a photosynthetic NAD-ME subtype (Koteyeva et al. 2015 and 2011;
Marshall et al. 2007; Muhaidat et al. 2007). Two sister species of G. gynandra, Cleome angustifolia and
C. oxalidea also show & .C values characteristic of C, photosynthesis. C, photosynthesis evolved
many times in the Cleomaceae, twice with atriplicoid-type anatomy in compound leaves with flat,
broad leaflets in the pantropical species G. gynandra and the Australian species C. oxalidea, and once
by forming a single Kranz unit in compound leaves with narrow leaflets in the African species
C. angustifolia (Koteyeva et al. 2011). Comparing G. gynandra and its sister C, species, Tarenaya
hassteriana (previously known as Cleome bassleriana and sometimes confused with Cleome spinosa),
Kocacinar (2015) observed, as one would expect, about two times higher net assimilation rates
in the C, than the C, species, more efficient use of high irradiation use and an increase of 14%
of the net photosynthetic rate in the C, and a decrease of 15% in the C, species in response to
an increased leaf temperature from 30 to 40°C. Also, water use efficiency (WUE) in G. gynandra
was 3.5 times higher than in I. hassleriana. T. hassleriana has been considered as a C, model species
for comparative transcriptomics analysis with G. gyrandra (Brautigam et al. 2011; Kiilahoglu et al.
2014; van den Bergh et al. 2014). Both species were compared to investigate the contribution of
the whole genome triplication event in the Cleomaceae to evolution of photosynthesis within the
family. In absence of a higher retention of C, related orthologs in G. gynandra compared with T,
hassleriana, van den Bergh et al. (2014) concluded that the shift to C, photosynthesis in G. gynandra
was triggered by recruitment of existing genes through regulatory modifications. Some Cleomze
species including C. foliosa, C. africana and C. paradoxa have been characterised as intermediate C.-
C, species (Marshall et al. 2007) and could be included in further comparative studies in order to
clucidate the evolutionary history of C, photosynthesis in the genus. The genome of G. gynandra
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could significantly propel research on C, photosynthesis and allow clarifying whether polyploidy
events favoured the occurrence of C, photosynthesis in the Cleomaceae family. An analysis of the
Gynandropsis genome would also be invaluable for identifying candidate genes related to key crop-
related traits and accelerate the development of a molecular breeding program. However, it is first
critical to establish the traits of interest for the most important users: farmers and consumers.

The Cleome project: farmers’ preferences and definition of breeding objectives

G. gynandra is mainly cultivated for home consumption, although in some regions the plant
has a commercial value. Understanding consumers’ perceptions on the species and farmers’
constraints will contribute to defining meaningful breeding objectives. The present thesis was
initiated as part of a project entitled “Utilizing the genome of the vegetable species Cleomze
gynandra (spider plant) for the development of improved cultivars for the West and East African
markets” (in short: The Cleome project). The consortium involved in the project included
Wageningen University and Research (WUR) in the Netherlands, the Faculty of Agronomic
Sciences of the University of Abomey-Calavi (FSA/UAC) in Benin, the World Vegetable
Center based in Taiwan, the African Orphan Crops Consortium (AOCC) based in Kenya, the
Kenyan Resource Center for Indigenous Knowledge (KENRIK), and the NGO Hortitechs
Development in Benin. The project ran from January 2015 to December 2017.

At the inception meeting of this project in Benin, we discussed with women organizations from
Dogbo, Southern Benin, an area where the species is cultivated in home gardens and used since
centuries both as a vegetable and a medicinal plant. Their main concerns were: (1) low leaf
yields associated with eatly flowering of the plant and reduced leaf size; and (2) incidence of
pests and diseases (Cleome Consortium 2016). Similar concerns were raised by farmers in Kenya
where the lack of seeds and the poor germination were also mentioned (Onyango et al. 2013c).
Other constraints for women in Benin were related to the lack of financial and institutional
support to expand their activities. When asked about the reasons why the species was preferred
over other vegetables, farmers in both Benin and Kenya mentioned: (1) the nutritional value of
the crop; (2) the medicinal properties of the plant, especially the antibiotic ones and the fact
the regular consumption of the crop by elderly people kept them healthy; and (3) the rapid
growth of the vegetable which could be harvested already four weeks after sowing. In Benin, it
is common to harvest the vegetables two to three times through successive cuttings every two
weeks, a practice that provides quicker returns than other commonly cultivated crops such as
cereals and tubers (Cleome Consortium 2016). Building on farmers’ concerns and priorities, the
project team considered the development of late-flowering varieties with improved nutritional
and nutraceutical values as well as good seed germination and resistance to pests and diseases
as the main breeding objectives. It was also important to further investigate farmers’ traditional

knowledge on the species and to charactetise existing production/management systems.

From January 2018 until the end of our PhD study, our research was financially supported by
a personal grant from the Faculty for the Future Fellowship of the Schlumberger Foundation.
This funding allowed us to expand our research to the molecular level and create a connection
between farmers’ preferences, phenotypic data and more fundamental knowledge about the

genome of the species and the potential genes involved in our traits of interest.
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Research questions and objectives of this thesis

This thesis started within the Cleome project and aimed overall at generating baseline information
about G. gynandra in order to facilitate subsequent breeding efforts for improved yield and
nutritional quality. To contribute to achieving this goal, we particularly focused on answering the
following research questions:

i) What would be the pathways to tackle the challenges inherent to orphan leafy vegetable
breeding?

i) How much do drivers of the management of the species affect the selection of use and

conservation options by local communities?

iif) What is the extent of natural variation in morphological traits and vitamin content of the
species and how are nutrient and morphological traits related to geographical provenances?

iv) To which extent is the morphological vatiation in the species correlated with variation of the

metabolome and genome?

v) What are the molecular mechanisms underlying flowering time and vitamin biosynthesis in the

species?

To address these questions, we followed a multidisciplinary research approach which is detailed

below.

Research approach

Germplasm collection and documentation

The regions of diversity of G. gynandra include Africa and Asia (Zeven and Zhukovsky 1975).
At the start of the Cleome Project in January 2015, germplasm collections of G. gynandra were
available in a number of local, regional and international gene-banks. For example, a total of
295 accessions were maintained at the World Vegetable Center including 112 from East and
Southern Africa and 183 from Asia. Thirty-one accessions from Southern Africa were recorded
at United States Department of Agriculture (USDA) genebank. Thirty-one accessions from
Southern Africa were recorded at United States Department of Agriculture (USDA) genebank.
Germplasm collections are also maintained in Botswana, Kenya, Namibia, Tanzania, Zambia
and Zimbabwe (Mnzava and Chigumira Ngwerume 2004). However, there was an obvious gap
in accessions from West Africa. As the region was part of the target market for G. gynandra
breeding programs, we conducted germplasm collection missions in Benin, Togo, Ghana
and Niger in collaboration with local researchers (Figure 3). A total of 164 new accessions
from these countries were collected and are now maintained at the Laboratory of Genetics,
Horticulture and Seed Science of the Faculty of Agronomic Sciences, University of Abomey-
Calavi (Benin). In addition to collecting and geo-referencing plant material, we also discussed
with local communities about the uses and management of the species after requiring their
prior informed consent. Our observations on the variation in management practices and relative
importance of the species for local communities from harvest in the wild to full stand cultivation

in irrigated intensive vegetable production systems led us to further investigations reported in
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Chapter 3 of this thesis.

Assessment of the genetic variation in traits of interest using a
multidisciplinary approach

Breeding a crop for specific traits requires comprehensive knowledge about these traits. In this research,
we combined different sets of data derived from morphological characterisation, targeted analysis of
vitamins, untargeted metabolomics and genome-wide diversity analyses to treconstruct the origin and
diversification of G. gynandra with an emphasis on important traits of interest for breeders.
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Figure 3. Map showing locations of germplasm collections in Benin, Togo, Ghana and Niger. Hach red diamond represents a location where

accessions were collected between 2015-2016.

The germplasm collection used in this thesis was a set of 76 accessions including accessions from
East/Southern Africa, West Aftica and Asia. The morphological charactetisation of the collection
allowed us to assess the variation in a range of quantitative and qualitative traits including leaf,
flower, stem related traits as well as flowering time. The study was conducted from December
2016 to April 2017 under greenhouse conditions at Wageningen University. Our results were
consistent with those of Wu et al. (2017), which included accessions from East/Southern Africa
and Asia. Phenotyping of national or regional collections for morphological traits were also
extensively performed including Fast Africa (Omondi et al. 2017b) and the Upper East region of
Ghana (Kwarteng et al. 2018).

We also explored the variation in vitamin content in the collection through a targeted analysis of
carotenoids, tocopherols and ascorbic acid which are respectively provitamin A, vitamin E and
vitamin C related compounds. The choice of these compounds was dictated not only by their
importance for human health but also by their contribution to the protection of the plants against
oxidative damage. They are also important targets for molecular breeding;
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Apart from the targeted analysis of vitamins, we were also interested in getting a broader view
of the secondary metabolites synthetized in the plant. Secondary metabolites differ across
plant lineages and biosynthetic pathways can often be lineage-specific (such as glucosinolates
in Brassicales). This amazing chemical diversity emerged during the radiation of plant lineages
in terrestrial habitats, most probably from a simple ancestral metabolism (Weng et al. 2012).
Various types of genome rearrangements occurring during plant evolution, including local and
whole-genome duplications, contributed to the extant diversity in plant secondary metabolites
(Hofberger et al. 2013; Scossa et al. 2016). Secondary metabolites play an ecological function
in plants and are involved in defense against herbivores, microbes, viruses and all kinds of
predators (Saito and Matsuda 2010). Several secondary metabolites are also involved in plant-plant
interactions (allelopathy) (Wink 2008) and responses to abiotic stresses such as drought stress
cold or high salinity (Akula and Ravishankar 2011). From the human perspective, secondary
metabolites in plants affect their taste and aroma and are also important for human health.
Some of these metabolites are toxic for humans including oxalates, phytates, nitrates, tannins,
saponins and alkaloids. In vegetables, the presence of oxalic acid is particulatly detrimental to
humans as this compound binds to minerals and decreases their bioavailibity (Lo et al. 2018).
Other secondary metabolites play a key-role in preventing and treating chronic diseases such as
cardiovascular diseases, diabetes mellitus, atherosclerosis, Crohn’s disease, cancer, ulcerative colitis
(Shayganni et al. 2016) and neurodegenerative disorders (Apetz et al. 2014). Although it might
seem impossible to capture all the secondary metabolites produced in a plant, metabolomics is
an analytical approach focused on generating the least biased and most comprehensive qualitative
and quantitative overview of the metabolites present in a tissue, organ or whole plant (Hall
2018). Metabolomics appeared as the missing link in -omics technologies including genomics,
transcriptomics and proteomics. We conducted the metabolomic fingerprinting of a subset of 48
accessions of G. gynandra from our three target regions for a more comprehensive assessment of
the occurrence and natural variation in semi-polar and volatile compounds levels in the species.
We discuss the potential metabolites involved in the taste and aroma of the leaves as well as the

presence of metabolites that could play a role in human nutrition and defense against herbivores.

A hybrid assembly of the genome of G. gynandra was generated by combining Illumina sequencing
and 10X Genomics technology. Genome annotation was petformed combining ab initio gene
prediction with comparative annotation using well-studied Brassicaceae. The genome also served
as a critical starting point for analyzing natural variation and for molecular breeding. we analysed
the whole-genome re-sequencing with Ion Proton and Illumina of 53 accessions (including
the 48 ones used for the metabolic analyses). Subsequently, we performed SNP discovery and
analysis. This included identifying and utilizing SNP markers for genetic mapping and subsequent
quantitative trait loci (QTL) detection in a bi-parental population.

Association studies of traits of interest can be performed based on the analysis of the associations
between markers, such as SNPs, across the genome and phenotypes in distinct plant accessions
and/or vatieties sampled to represent the natural variation in the trait of interest. However, this
approach makes it difficult to detect rare variants unless the sampling size is adequate at the local
level is large enough for that purpose. Moreover, looking for associations with single markers can
mask the effects of multiple major loci in linkage disequilibrium (LD) with each other (Korte
and Fallow. 2013). The confounding effect of population structure could make true causative
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SNPs difficult to identify because they are in linkage disequilibrium with many loci in the genome
(Brachi et al. 2011). Because of the low sample size and the high level of population structure (e.g
Asia vs. Africa) in our collection, we adopted a linkage mapping approach.

Linkage mapping consists in genotyping bi-(or multi-)parental populations using a pre-defined set
of markers or sequencing the individuals directly and determining the marker set subsequently.
Based on the co-segregation of markers in the population, the markers can be clustered
together into linkage groups and spaced according to the genetic distances between them. Thus,
associations are detected between traits and regions or intervals of linked markers which are often
located near candidate genes (Kulwal et al. 2018). In our study, an I, population for which the
patental lines had been re-sequenced was used for the genetic mapping and QTL detection. A
targeted Genotyping-by-Sequencing approach was used for the genotyping of the population in
an attempt to circumvent the low reliability of genotyping-by-sequencing data in F, populations
(van den Bergh 2017) and the potentially high costs associated with other genotyping platforms
(e.g. KASP, Hybrid capture next-generation sequencing).

Thesis outline

Our thesis aims at providing baseline knowledge on G. gynandra to inform breeding strategies
for improved nutritional quality in the species using a multidisciplinary approach. The thesis is
organized in eight chapters (Figure 4). Chapter 1 (this chapter) provides background information
about orphan crops and G. gynandra as well as a short presentation of the research framework of
this thesis. Chapter 2 presents a conceptual framework for orphan leafy vegetables breeding from
the documentation of end-users preferences to the value chain development and mobilization
of funding for sustainable breeding programs. Emphasis is put on leveraging modern -omics
technologies to accelerate the breeding process. G. gynandra is used to illustrate how the devised
strategies could be successfully applied considering the specificities of each crop. Chapter
3, the first step of the development of the breeding program, dives into the current state of
knowledge and use of G. gynandra in seven socio-linguistic groups in Benin and Togo. The drivers
of management of the species and the interventions needed in these communities to better
promote the species are discussed. In Chapter 4, we examine the variation in morphology and
nutrient content in a collection of 76 accessions of G. gynandra. Our analyses revealed differences
in flowering time, plant height, leaf area but also levels of carotenoids and tocopherols between
accessions from East/Southern Africa, West Africa and Asia. We also found a six-fold variation
in ascorbic acid which is independent from the geographic origin of the accessions. In Chapter
5, we investigate the metabolic variation in the leaves of 48 accessions of G. gynandra from East/
Southern Africa, West Africa and Asia. Semi-polar metabolites were detected using a liquid-
chromatography mass-spectrometry platform while volatile metabolites were detected using a
gas-chromatography mass-spectrometry approach platform. Semi-polar metabolites confirmed
differences between accessions from East/Southern Africa, West Africa and Asia in terms of
metabolic profiles. Volatile compounds were likely linked to the taste and aroma of the leaves.
Obur results are discussed in the light of their implications for human health, taste preferences and
plant defense against herbivores. Chapter 6 describes the draft reference genome of G. gynandra
and provides an overview of the genetic diversity of 53 accessions based on resequencing
data from the three abovementioned regions with demonstrated differences in morphological
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features and metabolic profiles. We analyse the genetic diversity in the collection, revealing
strong population genetic structure in the germplasm and association between metabolic profiles
and genome wide nucleotide diversity. The genome of the species also provides insight in
ancient polyploidy events that occurred in the Cleomaceae family. We discuss the implications
of the results for breeding and from an evolutionary perspective. Chapter 7 presents the first
linkage map in G. gynandra using a segregating I, population. We identified QTLs associated
with flowering time, plant height, leaf area and the biosynthesis of carotenoids, tocopherols
and vitamin C and possible candidate genes undetlying those traits. We also make suggestions
for improving the quality of the genetic map and for validating the candidate genes. Finally, in
Chapter 8, we discuss our findings and their contribution to current scientific knowledge on G.
gynandra, highlight the limitations and challenges encountered during this research project and
provide recommendations for further research aiming at improving specific traits in G. gynandra
and orphan vegetable species in general.

Chapter 1. General Introduction and thesis
outline

Chapter 2. Development of a breeding
strategy

Chapter 3. Management and uses of the
species by local communities in West Africa

Chapter 4. Variability in morphology and Chapter 5. Variability in semi-polar and
nutrient content volatile secondary metabolites

Chapter 7. QTL mapping for morphological Chapter 6. Draft genome, genetic diversity,
traits and nutrient content demographic history and polyploidy

l

Chapter 8. General Discussion

Figure 4. Outline of this thesis.
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Chapter 2

Abstract

Despite an increasing awareness of the potential of “orphan” or unimproved crops to
contribute to food security and enhanced livelihoods for farmers, coordinated research agendas
to facilitate production and use of orphan crops by local communities are generally lacking. We
provide an overview of the current knowledge on leafy vegetables with a focus on Gynandropsis
gynandra, a highly nutritious species used in Africa and Asia, and highlight general and species-
specific guidelines for participatory, genomics-assisted breeding of orphan crops. Key steps
in genome-enabled orphan leafy vegetables improvement are identified and discussed in the
context of G. gynandra breeding, including: (1) germplasm collection and management; (2)
product target definition and refinement; (3) characterisation of the genetic control of key
traits; (4) design of the ‘process’ for cultivar development; (5) integration of genomic data to
optimize that ‘process’; (6) multi-environmental participatory testing and end-user evaluation;
and (7) crop value chain development. The review discusses each step in detail, with emphasis
on improving leaf yield, phytonutrient content, organoleptic quality, resistance to biotic and

abiotic stresses and post-harvest management.

Keywords: Orphan crop, leafy vegetables, Gynandropsis gynandra, food security, nutrients,
genomics-assisted breeding
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l. Introduction

One of the main challenges for agriculture in the coming decades is to meet the nutritional
requirements of the nine billion people expected by 2050 (Kahane et al. 2013). World population
growth, coupled with the effects of climate variability and increasing competition for water and
land resources, makes achieving nutritional security an even more daunting task. While over
5,000 plant species are recorded as food plants (RBG Kew 2010), less than 20 species provide
most of the world’s food; and three cereals — rice, wheat, and maize — account for ~60% of
calories and ~56% of proteins that humans consume directly from plants (Jacobsen et al. 2015;
Lenné and Wood 2011). The bulk of edible species in the world are therefore non-commodity
crops that are mostly overlooked by research and development initiatives. Thus, they are often
referred to as orphan, minor, neglected, underutilized and/or unimproved crops. Orphan
crops are also often indigenous, native species or those introduced centuries ago that are still
used locally or even regionally, with much untapped potential to increase nutritional security
(Gahukar 2014; Mayes et al. 2012). Such species contribute to regional diets, are often adapted
to local environmental stresses, and may already be integrated into existing production systems.

Yet, there is little investment to improve their productivity or quality.

Adding value to orphan crops can lead to better livelihoods and improved income generation,
especially for smallholder farmers. Such species may also contribute to enhanced climate
change mitigation via increased hardiness, reduced external inputs, and subsequent reduction
of the carbon footprint of agriculture (Barbieri et al. 2014; Jacobsen et al. 2015; Padulosi et
al. 2014). Despite this potential, orphan crops improvement has largely been absent from the
global agricultural research agenda, presumably because the relevance of any given orphan
crop species is highly geographically and culturally specific. Public agricultural funds are rarely
allocated to enable orphan crop research and development, leaving farmers often unsupported
in their quest for better use of local agrobiodiversity. Several challenges impede the utilization
and conservation strategies of orphan crops, including low productivity, limited variety
development, lack of consumer awareness, absence of a value chain, and loss of knowledge.
Ongoing efforts in Africa and Asia to overcome such bottlenecks include the documentation
of knowledge by the Plant Resources of Tropical Africa (PROTA) and the Plant Resources
of South-East Asia (PROSEA) Programmes (protadu.org; proseanet.org); the germplasm
conservation and improvement efforts at the World Vegetable Center; the assembly and
definition of genetic diversity of 101 orphan crop genomes and training of plant breeders by
the African Orphan Crops Consortium Initiative (AOCC, africanorphancrops.org) and the
Alliance for the Green Revolution for Africa (AGRA) to accelerate improvement of neglected
and unimproved species of importance for local communities in Africa. How to translate these
efforts into tangible breeding outputs for African markets remains an important issue that
requires thorough attention. The urgent need to reduce malnutrition and hunger triggers the
consideration of orphan leafy vegetables as a viable strategy recommended by FAO and WHO
(Smith and Eyzaguirre 2007) to nourish the overgrowing world population. Strategies adopted
to develop orphan leafy vegetables value chains should be aligned with the needs of local
populations for access to nutritious and affordable food crops, well adapted to local conditions

and available year-round.
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This chapter serves both as a review of current knowledge and as a roadmap for the genome-
enabled development of orphan leafy vegetables. These nutritious, short-cycle crops represent
the bulk of African orphan crops (Maundu et al. 2009) and substantially contribute to local
communities’ safety nets during food shortage. The demand for these crops is increasing in
urban areas of Africa as affordable and available sources of nutrients. Thus, they constitute a
significant share of local vegetable markets. The diversity of these species across the continent,
including the wide variation in production and consumption patterns, calls for the development
of appropriate breeding strategies to meet both farmer and consumer preferences. However,
for most of these species, basic knowledge is still lacking related to their reproductive biology,
physiology, tresistance/tolerance levels to biotic and abiotic stresses, the degree of natural
variation, and genetic basis underlying traits of interest. Genomic resources are also lacking
for leafy species, which have received less attention than other groups of orphan crops such as
legumes (Varshney et al. 2009; Varshney et al. 2012), grain crops, millets (Cannarozzi et al. 2014;
Varshney et al. 2017b), and root and tuber crops (Doungous et al. 2015; Utsumi et al. 2012).
Additional considerations are therefore required for breeding of these species to highlight
knowledge gaps and direct future efforts.

Throughout this review, the following questions are addressed: Why do we need to improve
orphan leafy vegetables? What are the research gaps hindering production and promotion
of these species? What would be the key components of a successful breeding program for
orphan leafy vegetables, taking advantage of modern advances in genomics? To showcase ways
and processes to develop cultivars of useful orphan leafy vegetables for Africa, we used spider

plant (Gynandropsis gynandra (1..) Briq. syn. Cleonze gynandra 1..) as an example.
2.Why breed orphan leafy vegetables?

Orphan leafy vegetables play a significant role in livelihoods, nutrition and health in marginal areas
of Africa. These crops are mostly grown and commercialized by women and contribute to income
generation (Diouf and Ba 2014; Olabode et al. 2017; Weinberger and Pichop 2009). Urban and
peti-urban orphan vegetable production employs vulnerable groups, often migrants who came to
cities in search of jobs. In Senegal, the contribution of these species to the income of households
can be as high as 100% (Diouf and Ba 2014; Oluoch et al. 2009). In East Africa, these species
are most commonly cultivated and sold in local markets, supermarkets or green grocery stores,
providing income to various stakeholders along the value chain (Onyango et al. 2013a). The average
profit margin is estimated to be 30-45% of the selling price (Olabode et al. 2017; Weinberger and
Pichop 2009). For example, G. gynandra contributes as much as 15-40% of the total income of some
small-scale farmers in Kenya. The price for fresh leaves ranges from 0.40-0.50 USD/kg during the
rainy season but can double in value during the dry season when vegetables are less readily available
(Onyango et al. 2013a; Weinberger and Pichop 2009). A survey conducted on 861 indigenous
vegetable retailers sampled in seven Affican countries revealed an annual turnover of 5.5 million
USD. Weinberger and Pichop (2009) estimated that African indigenous vegetables market is worth
billions of USD across Sub-Saharan Africa.

Orphan leafy vegetables can provide affordable and locally available sources of nutrients
including vitamins, minerals and proteins (Abukutsa-Onyango et al. 2010; Chweya and Mnzava
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1997; FAO 1990; Jiménez-Aguilar and Grusak 2015; Schonfeldt and Pretorius 2011; Steyn et
al. 2001a; Uusiku et al. 2010; van Jaarsveld et al. 2014). Beyond their nutritional value, orphan
leafy vegetables are also used as medicinal plants in various communities (Achigan-Dako et al.
2010; Grubben et al. 2004a; Kimiywe et al. 2007; Mensah et al. 2008). For instance, various
parts of G. gynandra are used to strengthen the immune systems of women and children, as
well as to cure wounds, diverse inflammations, digestive disorders, epileptic fits, and malaria
(Allabi et al. 2011; Namukobe et al. 2011; Shanmugam et al. 2012). Its high vitamin (e.g.
provitamin A, vitamin C) and micronutrient content (e.g. iron) makes the species particularly
important in expecting and lactating mothers as well as in child development. Pharmacological
studies revealed high concentrations of glucosinolates, flavonoids, tannins, iridoids and other
phytochemicals in the leaves (Moyo et al. 2013; Yang et al. 2008), conferring to the plant proven
antifungal, antibacterial, antiviral, anticarcinogenic, analgesic, febrifuge and anti-inflammatory
properties (Bala et al. 2014; Ghogare et al. 2009).

Besides their great potential as both food and medicine, local landraces of orphan leafy vegetables
are an asset to cope with climate variability. They are resistant to adverse environmental factors
and can be easily grown in drought-prone areas with low rainfall (Capuno et al. 2015). However,
attempts to breed more productive cultivars have been limited so far despite many features
which make these species conducive to genetic improvement. Most of these species have a
short cycle from 3 to 5 months and are predominantly self- or out-crossing with a certain
rate of out- or self-pollination, which makes them amenable to different breeding strategies
(Grubben and Denton 2004; Jansen van Rensburg et al. 2015). For example, G. gynandra has a
short life cycle of 3 to 4 months, with plants tending to flower very early, within 4-6 weeks from
planting. The species also shows substantial variation in reproductive characteristics relevant to
domestication and crop improvement. Flowering is gradual, starting with the terminal shoot
and followed by the axillary shoots, and may last for more than two months (K’opondo et
al. 2005). The species is both self- and cross-pollinated (K’opondo et al. 2005), where cross-
pollination is facilitated by wind or insects (e.g. honeybees, thrips and butterflies) (K’opondo et
al. 2005; Raju and Rani 20106). Two types of flowers are commonly observed in G. gynandra: 1)
a staminate type consisting of a residual ovary devoid of ovules, which can contribute to cross-
pollination; and 2) a hermaphroditic type consisting of a functional ovary and stamens, which
permit self-pollination (Chigumira Ngwerume et al. 1998; Raju and Rani 2016). Under stress,
individuals bearing flowers with infertile reduced stamens were also observed. The species is
self-compatible and facultative autogamous, with allogamy occurring occasionally (Raju and
Rani 2016). Such characteristics are advantageous for the species, as they allow fruit set whether
or not pollinators are available and additionally offer flexibility in breeding methods that can be
applied to improve G. gynandra.

During the last thirty years, the World Vegetable Centre released 13 cultivars of orphan leafy
vegetables obtained by single seed descent or mass selection in Tanzania, Uganda, Kenya and
Mali. These include five African nightshades (Solanum scabrum), five amaranths (Amaranthus spp.),
two Ethiopian mustards (Brassica carinata) and one jute mallow (Corchorus olitorius) (Afari-Sefa et
al. 2012; Dinssa et al. 20106). Leveraging genomics-assisted breeding strategies to sustain current
breeding efforts in orphan leafy vegetables in a concerted manner would therefore be beneficial

for the development of commercial value chains for these species.
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3. Developing breeding programs for orphan leafy vegetables

Developing breeding programs for orphan leafy vegetables begins with cultivar development
based on consumer preferences and adequate adaptation to various ecological conditions,
with precise product targets being dictated by individual market regions. Typically, smallholder
farmers seck full-season varieties with high leaf yield, resistance to diseases and pests, and
abiotic stress resistance (e.g. drought, heat and salinity tolerance). Retailers and consumers
seck good appearance, long shelf-life, superior taste and aroma, high nutritional value, and
affordability (Afari-Sefa et al. 2012). As both growers’ and consumers’ preferences are important
in defining breeding objectives and product targets, they should be investigated at an early stage
of the breeding program to guide germplasm collection and characterisation strategies, and
then prioritized in later stages once information on genetic diversity and breeding constraints
becomes available. Cultivar development with diverse stakeholder participation (including
farmers, retailers, and consumers) can enable breeders to create vatieties with desired traits,
reduced adoption bottlenecks, and broad acceptability (Adeniji and Aloyce 2013). Furthermore,
genomic tools have the potential to accelerate the entire cultivar development process, provided

the product target is stakeholder-driven and well-defined.

In the next section, we propose a breeding framework based on a multi-disciplinary approach
which takes advantage of modern advances in genomics and breeding to guide concerted,
inclusive efforts by researchers to ensure improved nutritional outcomes for consumers. The
following steps are identified as milestones for achieving a successful improvement program
for orphan leafy vegetables: (1) germplasm assembly, characterisation, and management; (2)
definition of product targets, (3) characterisation of the genetic control of key traits; (4) design
of the process of cultivar development; (5) integration of genomics data to optimize that
process; (6) multi-environment participatory trials and end-user evaluation; and (7) crop value-

chain development (Figure 1).

3.1. Germplasm assembly, characterisation, and management

Knowledge of the taxonomy, distribution, and ecology of a crop species is a prerequisite for
proper germplasm assembly. Such information is available for most orphan leafy vegetables
(Grubben and Denton 2004) and should be sought for in species with such knowledge gaps.

With information of the taxonomy and distribution of the species, regions can be prioritized
and germplasm collection strategies developed. All collections should be accompanied by
detailed passport data, including accurate geo-referencing, habitat characterisation, and
sampling methods, in order to facilitate the downstream interpretation of genetic data of
genebank accessions (Volk and Richards 2011). Sampling strategies must be defined that
ensure an optimal coverage of habitats relevant to key traits of interest (Brown 1989; Odong
et al. 2013). Ethnobotanical data related to the importance, cultivation, and utilization of the
species should also be recorded at each collection site, as such data help bring function-related
structure to the collection of genetic diversity. Orphan leafy vegetables are usually conserved
ex sitn. Ex sitn germplasm collections of some orphan leafy vegetables already exist in local,
regional, and international genebanks but need to be expanded. For example, 295 accessions
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Figure 1. Schematic of an integrated breeding program for orphan leafy vegetables.

of G. gynandra are currently maintained at the World Vegetable Center, including 112 accessions
from Eastern and Southern Africa and 183 from Asia (http://seed.wotldveg.org/). Thirty-one
accessions from Southern Affrica are held within the National Plant Germplasm System of
the USDA (http://www.ars-grin.gov/). Collections are also maintained in Botswana, Kenya,
Namibia, Tanzania, Zambia, and Zimbabwe (Mnzava and Chigumira Ngwerume 2004). More
recently, we assembled accessions from Benin, Togo, Ghana, Niger, Burkina Faso, and Kenya,
resulting in a collection of 164 accessions from West Africa and 52 from Kenya. This new
collection is currently maintained at both UAC and KENRIK and will soon be integrated into
larger genebanks, such as that at the World Vegetable Center. In building this important new
germplasm collection from West Africa and Kenya to support G. gynandra breeding programs, a
standardized collection form was developed for the species (Supplemental File 1). Leveraging
this initial work, future collection missions in South and Central America as well as Australia
could help enhance the global collection of G. gynandra diversity. Available germplasm of
orphan leafy vegetables must be continually enriched with purified lines, cultivars developed
by research institutions, collections from farmers, as well as plant material collected from the
wild. Conservation strategies to maintain genetic diversity depend on the mode of reproduction
and fecundity of materials. Self-pollinated accessions are maintained as single plants when they
are pure breeding lines but also as populations in the case of landraces and diverse materials.
Cross-pollinated species are mainly maintained as populations paying attention to inbreeding
depression and genetic drift. Collections should be performed and distributed in accordance
with the national and international germplasm exchange policies such as the International
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Treaty on Plant Genetic Resources for Food and Agticulture.

Germination and dormancy can be an important constraint for the successful conservation and
utilization in orphan leafy vegetables germplasm as is the case for G. gynandra and S. scabrum
(Oluoch et al. 2009). In G. gynandra, germination percentages between 25 - 65% were reported for
seeds collected from research organisations in Kenya, compared with 15% from farmers’ fields
(Oluoch et al. 2009); and light exposure has been shown to inhibit seed germination (Muasya et al.
2009). Furthermore, a variable after-ripening period, ranging from three months (Ekpong 2009)
to two years (Ochuodho and Modi 2005), has been shown to increase the germination rate up to
90%. Various pre-germination treatments, including imbibition with potassium sulfate (IKSO,)
or gibberellin (GA,), and germination at 30°C in the darkness, also improved germination rates
(Motsa et al. 2015; Muasya et al. 2009; Ochuodho and Modi 2005; Zharare 2012). Protocols for
proper seed conservation and efficient germination, without need for an extended after-ripening
period, are needed to shorten the breeding cycle of G. gynandra and avoid the unintended erosion

of ex situ genetic diversity due to selection against poor germination.

Linking genotypic and phenotypic variation to socio-ecological contexts is one means of
gaining insight into the adaptation processes under different climatic conditions as well as the
impacts of domestication on the species (Glaszmann et al. 2010). The long-term perspective
should combine phenotypic and genotypic characterisation data for the development of core
collections to be shared among genebanks for regionally-specific breeding goals (Glaszmann et
al. 2010). However, the development of molecular markers for characterisation of the genetic
diversity in orphan leafy vegetables should be pursued. To date, mainly second-generation
molecular markers including random amplification of polymorphic DNA (RAPD), amplified
fragment length polymorphisms (AFLPs), and microsatellite or simple sequence repeats (SSR)
have been used to investigate genetic diversity in orphan leafy vegetable species (Omondi et
al. 20106) such as Corchorus olitorins (Benor et al. 2012; Mir et al. 2008; Roy et al. 20006), Brassica
carinata (Teklewold and Becker 2006; Warwick et al. 2000), Solanum scabrum (Manoko et al.
2008) and G. gynandra (Omondi et al. 2017a). Although these preliminary studies gave base
information, the markers used are not economical for breeding. Discovery of single nucleotide
polymorphisms (SNPs), insertions/deletions (indels) and copy number variation is yet to be
exploited for most orphan leafy vegetables, although some exceptions have been reported for
genetic characterisation of Vigna unguiculata (Huynh et al. 2013), Brassica carinata (Zhang et al.
2017) and Amaranthus spp. (Maughan et al. 2011; Maughan et al. 2009) which are also valued as
pulse, oilseed and pseudo-cereal respectively.

3.2. Definition of breeding goals and objectives

The type of cultivar to be developed is a critical decision, based on the reproductive system of
the crop, the presence of hybrid vigour and access to male sterility systems, as well as the seed
distribution systems either already in place or to be developed in the market region. The aim is
to develop a uniform, reproducible product that stably expresses all the target traits of interest
and can be produced at low cost. Such a product can take the form of a pure line variety, an
open-pollinated variety, a hybrid (e.g. single cross, 3-way cross, or double cross), or, in some

cases, a clonally propagated cultivar. In Africa, where farmers may choose to save seed rather
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than purchase seeds each year, a pure line variety may be preferred, if reproductive mechanisms
allow it, although, maintaining performance and purity of cultivars through well-managed seed

production is essential to gain the value of improved cultivars.

As is true for most crops, important target traits for orphan leafy vegetables include increased
yield, higher nutritional content, resistance to pests, and tolerance to relevant stresses such as
heat, drought and salinity. In addition, the maturity of any improved cultivar must be aligned
with individual market regions; and consumer preferences must be honoured. For example,
our recent investigations of farmers’ preferences in Benin and Kenya revealed distinct regional
flavour preferences for G. gynandra: no bitterness in East Africa and slight bitterness and
spiciness with strong aroma in West Africa. Baseline data, together with ethnographical studies,
are therefore essential in identifying not only promising breeding populations but also the

environments and methods required for the meaningful evaluation of target traits.
3.3. Characterisation of the genetic control of key traits

Although some information on farmer and consumer preferences is available, little is known
about the genetic control of key traits of interest; yet such knowledge is critical for designing
a breeding program. Factors such as the number of genes controlling trait expression, the
type of gene action involved (e.g. additive, dominant, epistastic), the magnitude of genetic and
phenotypic variances, the possible interactions with the environment, and the heritability of key
traits can influence the design of the ‘process’ by which improved cultivars will be developed.
That such information is scarcely available for orphan crops implies that knowledge of
genetic variances (additive, dominant, and epistatic) and heritability of traits of interest should
be generated. Genetic variances are commonly estimated using procedures such as diallel,
nested, and factorial designs; and the phenotypic evaluation of traits must take into account
environmental and matket specificity. Detailed descriptions of common estimation procedures
are provided by Dudley and Moll (1969) and Fehr (1987).

Furthermore, other characteristics correlated with key traits may be utilized to devise more
efficient and cost-effective breeding strategies. For example, simply-measured traits of an
individual plant, such as height or total leaf number, may serve as reliable proxy metrics for
a key system-level trait like leaf yield per area. Typically, the product target includes a balance
of traits related to yield potential (e.g. resource partitioning and traits to protect that potential
including defensive traits such as pest resistance and stress tolerance). It is important to
understand as much as possible the genetic architecture of target traits from the start of a
breeding program. For example, in the very early stages of a breeding program, association
mapping using natural populations can be performed to explore population structure and the
genetic control of the target traits, once phenotypic and genotypic data become available (Xu
et al. 2017). Such preliminary results can guide subsequent efforts of molecular dissection of
complex key traits; and more will be learned as strategic mapping populations are developed
and genomic technologies are employed to map genes and estimate the magnitudes of their
effects (Moose and Mumm 2008).

The phenotypic characterisation of selected traits in orphan leafy vegetables should be
achieved using a set of standardized protocols, developed and shared among research institutes

33




Chapter 2

in an effort to facilitate meaningful data comparison across environments. Morphological
characterisation data is available in some species including Amaranthus spp. (Erum et al. 2012;
Gerrano et al. 2015b; Sogbohossou and Achigan-Dako 2014), G. gynandra (Wu et al. 2017), S.
scabrum (Stoilova et al. 2015), 1. unguiculata (Gerrano et al. 2015a) and C. o/itorius (Denton and
Nwangburuka 2012; Ghosh et al. 2013). A standard list of morphological descriptors has been
developed for G. gynandra by researchers at the World Vegetable Center and revised by the
Cleome Consortium (Supplemental File 2). Gene banks and other institutions working on
G. gynandra are encouraged to use and participate in the ongoing refinement of such a list of
phenotypic descriptors. Descriptors used by the World Vegetable Center for some genera of
importance including Basella, Celosia, Cleome |Gynandropsis|, Corchorus, Ocinum, Solanum, Talinum
and 17gna are available (http://seed.wotldveg.org/download) and could be used for large-scale
characterisation of target species.

Affordable techniques for high-throughput phenotyping (Araus and Cairns 2014; Pereyra-Irujo
et al. 2012) should also be considered, especially as such methods are developed for other
species with similar plant architecture. For example, the phenomics software Tomato Analyser
(Rodriguez et al. 2010) developed for tomato was used to characterise other Solanum species
including S. macrocarpon (Plazas et al. 2014). These methods are useful if objective data can be
collected efficiently with high correlation to targeted phenotype.

3.3.1. Leaf yield-related traits

Leaf yield is the first and foremost target trait in leafy vegetables breeding. Breeding leafy
vegetables requires proper characterisation and strong correlations between phenotypic traits
and leaf yield. Such studies were undertaken for some species including G. gynandra (Omondi
1990), A. #ricolor (Sarker et al. 2014; Sarker et al. 2015) and B. carinata though not extensively. In
G. gynandra, Omondi (1990) estimated low heritabilities for leaf yield and yield-related traits,
including plant height, number of leaves, leaf length, and leaf width, but a high heritability
for days to flowering, a measure of maturity. Chweya and Mnzava (1997) reported a negative
correlation between days to flowering and leaf dry weight in the species, indicating that
leaf yield in G. gynandra may be maximized with full-season varieties. Further investigations
including several genotypes and locations ate required to validate these observations and assess
other important traits. High heritabilities and genetic advances were estimated for leaf yield
and positively correlated traits such as plant height, number of leaves, and stem diameter in
A. tricolor (Sarker et al. 2014; Shukla et al. 2006). Therefore, leaf yield in A. #ricolor could be
significantly improved through direct selection for these traits. Further studies are required to
document and better understand farmers’ preferences in this respect. For instance, farmers who
adopt a multiple harvesting strategy could be interested in plants developing many branches in
a short amount of time, while late-flowering plants may not have this feature. Indeed, Chweya
and Mnzava (1997) reported that good moisture supply at the eatly stages of plant growth
promotes fast vegetative growth with reduced branching, while plant stress promotes early
branching. Harvest index should also be considered, as late-maturing types may exhibit a high
total biomass while the proportion of edible biomass may be low. The ability to regenerate after
cuttings and the cost-effective number of cuttings should also be considered when selecting for
leaf yield in regions where farmers adopt multiple cuttings (Figure 2). For example, in Kenya,
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where whole plants of G. gynandra are uprooted 4-5 weeks after sowing, emphasis should be
more put on fast vegetative growth rather than cutting ability. Finally, to date, there is little
information available on the potential for hybrid vigour in leafy vegetables. A diallel crossing
scheme could be used to develop materials to evaluate general and specific combining abilities,
which could be exploited in cultivar improvement.

3.3.2. Phytonutrient content and consumer preferences

The significant impact of micronutrient deficiencies on human health, especially in developing
countries, is gaining recognition (Afari-Sefa et al. 2012). Breeding for high-yielding varieties
of orphan leafy vegetables that are both nutrient-rich and low in anti-nutritional factors may
be an effective means of achieving biofortification, while simultaneously contributing to diet

diversification and rural livelihoods.

; : AI RS {I’ // 1

Figure 2. Farmers harvesting Gynandropsis gynandra in a peti-urban garden (Benin). ©Photo credit: Edgar Deguenon
In a collection of one hundred accessions of G. gynandra from West Africa, East Africa, and
Asia, nutritional content is being assessed by the Cleome Consortium using a multi-platform
metabolomics approach able to provide a comprehensive characterisation of qualitative and
quantitative variation in a wide range of metabolites. Analytical platforms include, but are not
limited to: High Performance Liquid Chromatography-Photodiode Array-Fluorescence for
apolar compounds (e.g. carotenoids, tocopherols, and ascorbic acid); Liquid Chromatography-
Mass Spectrometry for semi-polar compounds (e.g alkaloids, glucosinolates, flavonoids, and
gallotannins); and Gas Chromatography-Mass Spectrometry for volatile compounds (e.g; amino
acid derivatives, fatty acid derivatives, and terpenes). The results of such untargeted metabolomics
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methods may be combined with proximate and mineral analyses to finely characterise nutrient
content variation in germplasm collections and guide selection. Results from such analyses will
therefore provide rational nutritional targets in G. gynandra as well as a basis for meeting them. With
proper passport data, intraspecific variation in metabolic profiles may also be linked with cultural
and/or geographical information. Moreovet, the discovery and identification of metabolites with
health-promoting properties could motivate further pharmacological studies on the species and
provide incentive for utilisation of G. gynandra as a nutraceutical food. While there is available
information on the nutritional value of orphan leafy vegetables (Schoénfeldt and Pretorius 2011;
Uusiku et al. 2010), such comprehensive analyses on natural variation in nutrient contents on wide

germplasm collections are scarce and should be considered.

To help ensure adoption of improved varieties, the development of nutritional traits and
nutrient-rich lines must be pursued with full knowledge of consumers’ preferences. It is
therefore essential that country- and/or region-wide organoleptic tests be petformed, taking
advantage wherever possible of existing partnerships and prioritizing areas of extant demand
for target species. For example, the bitterness of G. gynandra is not desired in eastern African
countries, as evidenced by the various cooking methods used to attenuate it. In Botswana, the
leaves are initially blanched in water and the water discarded and replaced with a fresh supply
(Flyman and Afolayan 2006). In Kenya, milk is added to the leaves in a pot and left overnight to
improve the taste. Leaves are also mixed with those of other species, including Amaranthus spp.,
Solanum spp., Basella alba and Brassica carinata (Onyango et al. 2013b). In contrast, in West Africa
and especially in Benin, bitter taste is more tolerated and even appreciated. In this region, bitter
leaf (Gymmanthemum amygdalinum) is a popular vegetable and hence the bitterness in G. gynandra
is not perceived as a negative trait. Such regional differences should be taken into account in
breeding programs, especially given the objective of actively promoting and increasing the use
of orphan crops. For G. gynandra, organoleptic tests may be conducted in West Africa and East
Africa based on standard criteria selected with trained tasting panels (e.g. bitterness, spiciness,
odour, texture). For instance, established correlations between bitterness or odour and specific

metabolites could allow the early selection of G. gynandra lines with preferred taste profiles.

Cooking methods have a significant impact on the realized phytochemical content and
antioxidant capacity of vegetables (Kunyanga et al. 2012; Palermo et al. 2014). Across sub-
Saharan Africa, leafy vegetables are usually boiled (Mnzava and Chigumira Ngwerume 2004),
blanched, or made into small balls and sun-dried for preservation (Flyman and Afolayan
20006). The differential effects of these and other cooking practices on nutrient content is
not well studied in orphan leafy vegetables. Given the diversity of cooking methods used, it
is important to assess the impact of common preparation methods on the bioavailability of
specific phytonutrients and total antioxidant capacity in order to identify and recommend best
cooking practices. Wide dissemination of results and open dialogue with consumers will be
needed to understand and influence changes in traditional cooking practices while preserving
culinary diversity. Progress in traits associated with phytonutrient content and flavour will also
benefit from improved knowledge of their underlying genetic control, their relevant metabolic
pathways, and the physiological processes involved. There is an opportunity to leverage
comparative genomics between orphan leafy vegetables and well-studied relatives as well as

metabolomics strategies toward this end.
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3.3.3. Resistance to biotic stresses

Orphan crops are generally well-adapted to their environment and some species have developed
chemical defences against specific pests. For instance, methanol extracts and volatile emissions
of aerial parts of G. gynandra have been shown to have a strong acaricidal effect, especially on
the two-spotted spider mite Tetranychus urticae (Kapsoot et al. 2015; Nyalala et al. 2013) as well
as on both Rhbpicephalus appendicnlatus and Amblyomma variegatum, two livestock ticks occurring in
Africa (Lwande et al. 1999; Malonza et al. 1992). The use of G. gynandra as a companion crop
in plots of snap bean (Phaseolus vulgaris) significantly reduced the incidence of thrip species
Megalurothrips and Frankliniella occidentalis (Waiganjo et al. 2007). Volatile compounds with
significant repellent activity include aldehydes, terpenes, and isothiocyanates (Lwande et al.
1999; Nyalala et al. 2013), the latter being breakdown products of glucosinolates which occur
after foliar disruption (Fahey et al. 2001).

Perhaps unsurprising, given the close relationship between G. gynandra and the Brassicaceae,
most of the pests reported for the species also cause damage to cruciferous crops. For example,
Bagrada hilaris (Palumbo et al. 2015) and Phy/lotreta spp. (Soroka and Grenkow 2013) are serious
economic pests of Brassica species, and such invasive species can be expected to have a stronger
incidence in vegetable production systems where both G. gynandra and cruciferous crops are
grown. Other pests commonly affecting orphan leafy vegetables production include caterpillars
(e.g. Helicoverpa armigera, Plutella xylostella, Spodoptera spp.,), nematodes (Meloidogyne spp.), thrips,
aphids (Aphis spp.) and whitefly (Bewisia tabaci). Judicious crop associations by leafy vegetable
growers can therefore reduce the incidence of some pests and diseases.

Several insect pests of Brassica spp. are reported to be preferentially attracted to genotypes with
specific metabolic profiles, related to levels of glucosinolates, amino-acids, and sugars (Kim
et al. 2013; Nikooei et al. 2015), a result indicating both opportunities and difficult trade-offs.
Indeed, innate chemical defences may be enhanced by orphan leafy vegetable breeders via
direct selection under insect pressure or indirectly via metabolomics analyses. In either case, the
factors affecting expression of insect resistance must be taken into account (Fritsche-Neto et al.

2012). Development of pest resistance must be prioritized on a regional basis.

With sufficient information on economically important diseases in orphan leafy vegetables
and prioritization in terms of impact, effective field and greenhouse screening, and laboratory
techniques can be developed for identifying tolerant and resistant genotypes. To the extent
that such pests and pathogens are shared with more studied crops (e.g. economic Brassica spp.),
such methods may already be well established. As with insect pests, resistance to pathogens is
often associated with specific metabolites in plants. Thus metabolomics approaches may also be
useful in detecting resistance-related compounds, particularly for use as biomarkers for selection.
In general, morphological and molecular differentiation of pathogenic races and biotypes is a
prerequisite for the efficient breeding of durable forms of resistance; and breeders must remain
vigilant about the potential impacts of resistance to specific diseases on desired agronomic traits.

Strategies for biotic stresses should integrate both management and breeding technologies.
3.3.4. Resistance to abiotic stresses

In the tropics, high-temperature conditions are often prevalent during the growing season and,
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with a changing climate, crops in such areas will be subjected to increased temperature stress during
developmental and productive phenostages (Kunchge et al. 2012). Phenotyping for drought and
heat tolerance under controlled conditions can be used to pre-screen lines for further verification
in the field. Even though field expetiments are subject to variation, it is possible to closely monitor
environmental parameters or design semi-controlled conditions using specific methods (e.g. rain
shelters, irrigation, and enclosures) (Cattivelli et al. 2008; Langridge and Reynolds 2015; Lopes et
al. 2014). The developmental stages at which these stresses occur, their duration, and their severity

are also key factors for tolerance/resistance evaluation.

Besides yield evaluation under abiotic stresses, an understanding of the physiological
processes underlying tolerance of abiotic stresses is needed to determine the physiological and
morphological traits to include in selection criteria. For example, variation across genotypes in
water uptake, photosynthetic efficiency, and water use efficiency traits like leaf conductance,
photosynthetic assimilation rate, chlorophyll content, leaf thickness, leaf nitrogen content, and
stable carbon isotope ratio could be investigated, particularly as they relate to leaf yield (Hall
et al. 2005; Kumar et al. 2012). Leaf relative water content, wilt, and differential plant growth
following drought-stress have been suggested as indicators of water stress in lettuce screening for
drought tolerance (Knepper and Mou 2015); and such parameters could be considered to develop
screening methods tailored to each vegetable species. C, species such as G. gynandra, A. cruentus
and A. #ricolor would develop different drought escape mechanisms compared with C, species.
The available information on the genetic control of drought and heat tolerance in well-studied
sister species, including A. #haliana (Bechtold et al. 2013; Bouchabke et al. 2008; Liang et al. 2011),
Brassica spp. (Wu et al. 2012; Zhang et al. 2014) (e.g, Brassica rapa, B. oleracea, B. napus, B. juncea and
B. nigra) for G. gynandra or Chenopodium quinoa (Jacobsen et al. 2003; Ruiz-Carrasco et al. 2011) for
Amaranthus spp., should be used to facilitate the genetic characterisation of these traits.

3.4. Design of the process of cultivar development

Thorough knowledge about the reproductive biology of the targeted species will be a
prerequisite for cultivar development. For predominantly self-pollinating species with some
amount of outcrossing, one sensible product target would be pure line varieties (Figure 3).
Controlled crosses can be performed via manual emasculation and outcrossing during breeding
can be controlled by covering flowers. Later, varieties can be scaled up for seed distribution
in isolated plantings to prevent outcrossing. If evidence is found for hybrid vigour in terms
of leaf yield, hybrid cultivars could be pursued as a means to significantly increase leaf yield
in the short-term. This can be specifically pursued for species like G. gynandra and Solanum
spp. which are both self- and out-crossing. However, as mentioned before, for such a strategy
to be commercially viable, seed production and distribution systems must be able to support
hybrid seed production. Very likely, some mode of male sterility would need to be developed to
facilitate hybrid seed production.

Once the form of the product has been decided (e.g. pure lines vs. hybrids), the critical elements
of a breeding program focus on the choice of parents and the evaluation of progeny vis-
a-vis well-defined trait targets. Pairs of lines that perform well for all of the key traits (high
phenotypic value) yet offer diverse favorable alleles (high genotypic variance) represent ideal
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parental combinations for crosses. Often referred to as a ‘good-by-good’ cross, such an ideal

situation is rarely possible when breeding efforts are first initiated in a crop species.
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Figure 3. A breeding pipeline for the development of pure line varieties of Gynandropsis gynandra.

Instead, potential sources of favorable alleles for all the key traits of interest in available
germplasm (e.g. leaf yield, time to maturity, resistance to pests and diseases, tolerance to
heat and drought) should be identified and a plan for efficiently combining them set out.
To begin, a testing system to evaluate the progeny of breeding crosses should be devised to
accurately and precisely estimate the heritiabilities of and correlations among the traits in the
refined product target, as well as to identify any related traits that could be a basis of selection
toward the product target. The choice of parents will be based on the results of germplasm
characterisation, as discussed in section 3.3, and the progeny selected based on performance
for key traits will be tested at multiple locations representative of the range of agro-climatic
conditions under which the final product will be cultivated (see section 3.6. for further details).
Some orphan leafy vegetables (e.g. G. gynandra, S. macrocarpum, Amaranthus spp. and C. olitorins)
are fast-growing plants and the whole production cycle (seed to seed) takes from four to six

months, thus allowing two to three selection cycles per year.

Because product targets are never about a single trait, an approach to multi-trait selection must
be determined. Such a strategy must take into account the relative importance of the traits
for end-users, the nature of those traits (qualitative vs. quantitative), the complexity of their

genetic control (e.g. additive, dominant, epistatic, additive x dominant, etc.), their degree of
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heritability (low vs. high), their correlations to one another, and the selection intensity imposed
by the breeder. One efficient means of breeding species of interest for multiple traits (e.g
maturity, leaf yield, and vitamin content) could involve the use of selection indices, particularly
if significant negative correlations are found among target traits. To maximize gain via multiple
selection cycles per year, it is likely that some selection will need to be done in off-seasons,
when phenotypic data may be less reliable. In such cases, marker-assisted recurrent selection
using markers with significant effects (Beyene et al. 2016) or genomic selection (Guo et al.
2012; Massman et al. 2013) with dense, genome-wide sets of markers could be pursued. In
the latter case, training populations could be developed based on available association panels;
and indeed, genomic selection methods have been used in other crops for accurate phenotypic
prediction of a wide range of traits (Lipka et al. 2014; Schmidt et al. 2016; Schulthess et al.
2016). Such genotype-based approaches will increase in their efficacy as deeper knowledge
about target trait-related gene function and variation is attained. When dealing with specifically
known, single genes, marker-assisted backcrossing could be explored for cultivar development
(Feng et al. 2015; Iftekharuddaula et al. 2016; Vishwakarma et al. 2016). Such an approach
seems particularly promising for introgressing disease resistance genes in species of interest and
pyramiding them in high-yielding, nutrient-rich cultivars.

3.5.Integration of genomic data

Molecular markers associated with traits or as a tool for whole-genome selection are a
valuable asset for efficient breeding. Key genomic resources available in G. gynandra include a
draft reference genome (Schranz ez al, unpublished) and a transcriptome atlas of the species
(Kalahoglu et al. 2014). Building upon these research efforts will provide opportunities for
increasingly detailed analysis of genetic diversity within the species as well as accelerated trait

development in breeding programs.

To facilitate the development of a dense, genome-wide set of molecular markers, 100 diverse
G. gynandra accessions are being sequenced by the AOCC; and their sequence data will be
aligned to the reference genome for global variant calling. Other orphan leafy vegetables on the
agenda of AOCC include Awmaranthus blituns, A. cruentus, A. tricolor, Basella alba, Brassica carinata,
Celosia argentea, Corchorus olitorius, Crassocephalum rubens, Moringa oleifera, Solanum scabrum and
Talinum fruticosum. On the basis of both genotypic and phenotypic data, divergent parents can
be identified and Recombinant Inbred Lines (RIL) populations developed to generate genetic
linkage maps, enable QTL analyses, and highlight genomic regions of particular interest to
breeding programs. They also enable marker-assisted backcrossing programs for foreground
selection of traits and background selection for quick recovery of the recurrent parent genotype.
In addition to bi-parental populations and association mapping panels, Multi-parent Advanced
Generation Inter-Cross (MAGIC) lines could also be used to dissect traits of interest (Platt
et al. 2010; Sallam and Martsch 2015). The multiple cycles of inter-crossing among multiple
founder lines in MAGIC populations give greater opportunities for recombination, permitting
both greater precision in QTL location (Huang et al. 2015) and an increased probability of
favourable combinations of alleles from the multiple parents. MAGIC populations have been
successfully used for QTL mapping in durum wheat (Milner et al. 2015), barley (Sannemann et
al. 2015) and rice (Bandillo et al. 2013), to name a few. As developing MAGIC lines is time- and

40



Roadmap for orphan leafy vegetables breeding

resource-intensive, this approach could be used to complement classical linkage and genome-

wide association mapping.

Genotyping services such as DNA extraction and Kompetitive Allele Specific PCR (IKASP)
genotyping for single nucleotide polymorphisms (SNPs) and insertions/deletions (indels) are
provided for AOCC-designated orphan crops by the LGC Group (wwwlgcgroup.com), a member
of the AOCC. For orphan crops with no reference genome, recent whole-genome analyses and
de novo SNP calling pipelines like GBS-SNP-CROP (Melo et al. 2016) present highly cost-effective
alternatives for immediate implementation. Services for such whole-genome analyses are available
through the Biosciences East Central Africa (BecA) hub in Nairobi. In the case of G. gynandra,
the draft reference genome enables variant calling and genotypic characterisation via a number of

open-source pipelines and complementary bioinformatics tools.

In terms of genomic analysis, including functional characterisation, advantage should be taken of
the significant synteny among orphan species and well-studied crops. Genomics-assisted breeding
in G. gynandra and B. carinata could tap into available information on Brassica spp., and Arabidopsis
thaliana genomes (Schranz and Mitchell-Olds 2006; van den Bergh et al. 2014), S. macrocarpon, .
aethiopinm and S. scabrum on S. lycopersicum and S. tuberosum genomes; vegetable amaranths (A. blitum,
A. eruentus, A. tricolor and A. dubins) on the recently published A. hypochondriacus (Clouse et al. 20106)
and Chenopodinm quinoa genomes (Jarvis et al. 2017). Exploiting the available comparative data on
physiology, genetics, and “omics” in well-studied crops is an attractive avenue for candidate gene
identification in orphan leafy vegetables. In addition, reverse genetics approaches such as Targeting
Induced Local Lesions IN Genomes (TILLING) can be used as a high-throughput approach
for functional genomics based on well-characterised genes in closely-related species. Gene editing
techniques could also be utilized if needed.

3.5. Multi-environment testing and end-user evaluation

3.6.1. Locations and seasons

Multi-location evaluations must be carried out throughout the breeding process, with emphasis
on the end-user acceptability of resulting advanced lines of the vegetables of interest. During the
cultivar development process, decisions on the number and locations of testing sites for evaluation
of populations and developed lines should take into account the range of agro-climatic conditions
under which the species is cultivated, the existing breeding stations or experimental farms, and
the available resources to allocate to such experiments. For example, in West Africa, G. gynandra
is cultivated in both semi-arid regions (e.g. southern regions of Niger and Burkina Faso, northern
Benin, Togo and Ghana) and sub-humid areas (Central and Southern Benin, Togo and Ghana),
under both rain-fed and irrigated cultivation systems. The suite of testing sites should therefore
be representative of the target market region, and the selection process should account for region-
specific breeding targets; and running multi-year trials would help ensure accurate evaluation of
variety performance. Importantly the sites selected should reliably and effectively differentiate
lines for their target environments. Many different tools are available to assist breeders throughout
the selection process (e.g. GGE Biplot, R package “selectiongain) (Mi et al. 2014; Yan et al. 2007).
These can be used to optimize the selection and testing environments. The Breeding Management
System software developed by the Integrated Breeding Platform (wwwintegratedbreeding,
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net) is particularly noteworthy, as it facilitates the statistical analysis of genotype x environment
interactions, employs mixed model analysis to compute estimates of heritability, and offers Best
Linear Unbiased Predictors (BLUPs) and Estimates (BLUES) to facilitate selection. The platform
also serves as an efficient repository for the vast amount of phenotypic, genotypic, and genomic
data generated by a breeding program.

3.6.2. Agronomic practices pertaining to optimal performance of cultivars

A breeding program secks to develop new high-yielding cultivars adapted to the range of
environments in the target region; therefore, investigating the impact of agronomic practices on
desired traits is a critical aspect of multi-environment testing of both breeding lines and products
destined for release. Whenever possible, the agronomic practices utilized in testing should reflect
existing cropping systems in the market region. More generally, the various impacts of different
fertilization schemes (organic or chemical fertilizers, doses and frequencies of applications), soil
tillage regimes (tillage vs. no tillage), irrigation practices (doses and frequencies of water supply,
waterlogging), planting densities, and harvesting modes (e.g. rooting, cutting, leaf picking) on
growth, regrowth (when applicable), and overall yield are important factors to take into account
throughout the breeding process. Once genetically improved varieties are created, a final step
before release involves identifying agronomic practices to maximize cultivar performance and
productivity.

3.6.3. End-user evaluation

The foremost goal of a breeding program is the wide adoption of released cultivars that
satisfy the needs of both producers and consumers. End-users should therefore be involved
at different stages of the breeding process, including the up-front definition of breeding
objectives, the selection of populations or lines with superior characteristics, and the evaluation

of final products which also serve as starting points for further breeding efforts.

The outputs of the breeding program should be first presented to target producers for
evaluation and selection in coordinated structured trials. The “mother and baby” trial design
(Snapp 2002), which consists of within-site replicates of a set of cultivars/accessions on
research stations (mother) and single replicate satellite trials of subsets of cultivars (babies) in
larger plots on farmers’ fields, could be adopted as an integrated way to involve farmers, local
seed companies, as well as research institutes. Such a design allows elicitation of the evaluation
criteria of growers, assessment of the impact of farmer practices on cultivar performance,
and development of guidelines for farmer field schools. Consumer preferences may be
determined based on tasting panels and/or test cultivars brought to points-of-sale to assess
their marketability and storability. End-user preferences may differ according to socio-cultural,
ecological, and economic contexts; therefore, these dimensions should be taken into account to

define the geographical areas for such exercises.
3.7. Orphan leafy vegetables value chain development

Translating the research efforts for orphan leafy vegetables breeding into concrete outputs
for end-users requires the creation of sustainable collaboration frameworks for stakeholders

along the value chain. Analysis of constraints and opportunities for the development of these
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species as commercial crops should involve researchers, farmer organizations, seed companies,
traders, policy-makers, and consumers. Outreach activities could include promotional campaigns
highlighting the nutritional benefits and commercial opportunities provided by the species,
in partnership with restaurants, schools, and the media. Other key components of value chain
development for orphan crops include the development of cropping systems with agronomic
practices that facilitate maximum productivity; the creation of post-harvest management best
practices, addressing such issues as appropriate harvesting time, drying, and packaging methods
to ensure optimal shelf-life; and the provision of adequate resources for farmer training.
Concerted and coordinated effort for the improvement of vegetable seed systems by researchers,
seed companies, and farmers is needed to ensure the development of standardized seed quality
control regulations and the release and distribution of readily-available, high-quality seeds. A
well-established seed production system using established techniques including a controlled seed
multiplication system with isolation, genetic and purity checks as well as a seed distribution system
is essential. Outreach about the value of improved cultivars is critical through extension and early
adopter farmer trials. The importance of good seed stewardship cannot be overstated. To this
end, AGRA has created over 114 seed companies through its programs to address these needs in
Affica. This includes training of growers to produce high quality seed.

Ultimately, the ongoing funding of breeding programs should rely on collaboration between
local seed companies and other stakeholders involved in orphan leafy vegetables value chain
development. Financial and technical support provided by international organizations involved
in orphan crop breeding, such as the Consultative Group for International Agricultural Research
(CGIAR) and the African Orphan Crops Consortium, among others, is also critical for capacity
building and strengthening of local plant breeding capacity.

4. Conclusion and the road forward

Large-scale cultivation and increased commercialization of orphan leafy vegetables is desirable
given their excellent nutritional properties and economic potential to stabilize nutritional food
security in developing countries. Large-scale production cannot, however, be achieved without
concerted efforts from stakeholders across the value chain, from research to production to
marketing to end-use. This review highlighted the recent efforts for catalysing the systematic
breeding and promotion of large-scale cultivation of these species in West and East Africa.
The synthesis emphasized the need for (i) raising awareness of the potential of orphan leafy
vegetables to contribute to food and nutritional security in Africa; (i) increased and coordinated
germplasm collection and characterisation of the species; (iii) investigation of the genetic,
physiological, biochemical, and molecular processes underlying key traits of interest; (iv)
traditional genetics and genome-enabled research targeting trait development; (v) breeding
efforts taking advantage of the advances in “omics” disciplines and the available comparative
resources in related species; and (vi) expanded collaboration among local researchers, value chain
stakeholders and international organizations interested in orphan crops to sustain technical and

financial support for orphan crops breeding programs.
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Abstract

We investigated the relationships between the cultural importance of spider plant (Gynandropsis
gynandra), a neglected leafy vegetable in West Africa, and the different management regimes
of the species among six socio-linguistic groups in Benin and one in Togo. Semi-structured
interviews were conducted with 428 respondents. Cultural significance and management indices
were used to quantify the importance of the species for each respondent. In addition to food
uses, G. gynandra was used to cure 42 different diseases. Regression tree analysis revealed that
the cultural importance and level of management of the species were strongly associated
with ethnicity and gender, and to a lesser extent to age, education, income and land tenure.
Socio-linguistic groups with similar cultural background had convergent perceptions of the
cultural importance of the species and described similar management practices. An analysis
of farmers’ willingness to change their current management practices revealed that migration,
market opportunities and external intervention might significantly affect future management
decision-making processes. We discussed community-oriented approaches to upscale the species
cultivation in the region. Our study highlights how cultural importance influences current and
future management intensity and illustrates how ethnobotanical research can guide research for
development strategies to enact positive changes in communities” management of traditional

leafy vegetables.

Key-words: neglected and underutilized species, traditional knowledge, management, ethnicity,
West Africa.
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Introduction

Wild edible plants constitute an essential food source used around the world and contribute to
diet diversification and livelihoods in several communities (Ong and Kim 2017; Pawera et al.
2017). New trends in nutrition and the rising popularity of functional foods led to a regain of
interest for these species and documentation of their utilization (Luczaj et al. 2012; Romojaro
et al. 2013). Some studies reported a decrease in the knowledge and consumption of wild
edible plants associated with modernization of communities’ lifestyles (Menendez-Baceta et al.
2017) and urbanization (Leal et al. 2018; Reyes-Garcia et al. 2005). Among the Ati Negrito
community in Philippines, knowledge and use of wild edible plants was positively correlated
with age, past experience of hunger, houschold size, but negatively affected by education
and access to media and social services (Ong and Kim 2017). However, in some contexts,
modernization and acculturation enriched plant knowledge and use through interaction with
different communities and diversification of the sources of knowledge. Plant knowledge and
use was rather greatly influenced by personal experiences, degree of interest for plants, age and
occupation (Mathez-Stiefel and Vandebroek 2012; Quinlan and Quinlan 2007; van den Boog
et al. 2017). Participation in wild food collecting also differs regionally and may vary according
to the income level, age, gender, opportunities to collect wild food, and cultural factors (Schulp
et al. 2014). Cruz et al. (2013) found that while knowledge about wild edible plants was related
to age, their current use was not associated with age, gender or occupation. Migration patterns
also play an important role in dynamics of plant knowledge and use, and induced changes vary
depending on differences in social, cultural, economic, institutional and ecological contexts
between migrants’ home country/region and their host country/region (Medeiros et al. 2012).
Knowledge exchange and significant cultural interactions may occur and migrant communities
may adapt to the flora, knowledge and traditions of the host country (Ceuterick et al. 2008;
Volpato et al. 2009). This process is illustrated by the case of Tyrolean migrants and their
descendants who migrated from Austria to Australia, Brazil and Peru, 50 years, 80 years and 150
years ago, respectively. Investigation of their knowledge of medicinal plants revealed that in all
three countries they abandoned specific medicinal plants and related practices from the original
pharmacopoeia when the plants were neither available nor cultivated in the country of arrival
(Pirker et al. 2012). Migrants might also actively preserve the flora and knowledge from their
home country or region as an attempt to conserve their cultural identity, as for example the case
of the Dominicans living in New York City (Vandebroek and Balick 2012) or the Surinamese in
the Netherlands (van Andel and Westers 2010).

Associations between the body of knowledge developed by local communities and the
harvesting strategies adopted have been increasingly investigated for informed conservation and
management strategies of those useful plants. Typologies of plant management types take into
account a gradient of complexity of practices and artificial selection (Vodouh¢ and Dansi 2012).
Gonzalez-Insuasti and Caballero (2007) described different management strategies including
gathering from the wild, incipient non-selective management, incipient selective management
and occasional cultivation as a gradient of manipulation of plant resources. The intensity of
management of a plant is determined not only by its biological characteristics but also its

cultural and/or economic importance and its availability (Blancas et al. 2013; Gonzélez-Insuasti
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et al. 2008; N’Danikou et al. 2015). Many plant resources are managed in a variety of incipient
forms and these forms may coexist for populations of the same species (Blancas et al. 2010;
Gonzalez-Insuasti and Caballero 2007). For example, local resources management decisions in
the Raramuri community in Mexico wete based on a culturally embedded understanding of
ecological processes. Different management regimes including selective harvesting, pruning and
favourable environmental modifications were applied to different groups of wild edible plants
to ensure their sustainable use (LaRochelle and Berkes 2003).

Human cultural values and traditional ecological knowledge of plant resources are therefore
crucial for making management decisions in order to ensute ot increase the availability and/or
quality of desired plant resources (Blancas et al. 2013). However, despite good ethnoecological
knowledge and awareness of sustainable harvesting practices, market forces might bring
communities to abusive harvesting of wild plant resources to meet both market demand and
their immediate economic needs (Ghimire et al. 2004; Sundriyal and Sundriyal 2004). Gonzalez-
Insuasti et al. (2011) suggested a quantitative approach to investigate the determinants of
management intensity tested for 20 edible plants under different management forms within a
rural community of the Tehuacan Valley, Mexico. Management forms were influenced by socio-
cultural variables such as age, education and occupation as well as food preferences. The type
of land tenure was also important, as commercially important species tended to be managed in
communal areas whereas non-commercial food species were managed more intensely in private

areas (Gonzalez-Insuasti et al. 2011).

Gender is also a decisive factor influencing management practices in communities where there
is a gender differentiation of farm activities (Ekué et al. 2010; Vodouhe and Dansi 2012).
Cruz et al. (2013) found that the degree of management of native wild edible plants in a local
community in Brazil could be mainly explained by age and occupation. Younger respondents
had lower motivation to tolerate wild edible plants than older ones. Farmers were also more
incline to manage the species than non-farmers. Blancas et al. (2013) developed an index to
quantify management intensity of plant species based on eleven indicators related to energy
invested, types of tools used, complexity of regulations and institutions, artificial selection
intensity and plant species biology. Investigation of management motives revealed that risk
indicators on plant resource availability including life cycle, reproductive system, distribution,

number of uses and regulation of uses significantly influenced management intensity.

The existence of various human cultures, their distinct culinary costumes, the variable range of
socio-economic situations, the differential availability and forms of access to resources, help to
understand that management of plant resources at cach location depends on multiple factors
that need to be analysed particulatly for species and communitarian contexts (Arellanes et al.
2013). Cross-cultural studies of plant use and management described different scenarios with
emphasis on the interconnections between socio-cultural and ecological systems. Traditional
communities with a strong connection with their environment and who depend on natural
resources for livelihood had deeper plant knowledge and frequently used these species compared
with urban communities (Monteiro et al. 2000; Soares et al. 2017). Communities sharing the
same cultural background are also likely to have convergent patterns of plant knowledge and use.

Exceptions arise when communities of the same socio-cultural background live in contrasting
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phytogeographical areas. Migrant communities are obliged to adapt their management practices
to the flora of their new environment and domestication may become a strategy to ensure
availability of the culturally important species (Kujawska and Pardo-de-Santayana 2015; Segnon
and Achigan-Dako 2014). Likewise, communities with different cultural backgrounds may share
the same uses of wild food plants when living in the same environment (Ghorbani et al. 2012).

The way complex interactions between local context, cultural values, and traditional knowledge
might affect wild edible plant resources management in the future has been given less attention.
Moreover, drivers of such change need to be carefully investigated to determine leverage
actions and enhance sustainable utilization. A comparison of records of wild edible plants uses
in Belarus between the 19th and the 21th centuries revealed a conservation of edible fruits
use but a decrease in knowledge and use of wild edible vegetables (fuczaj et al. 2013). Taste
appreciation is likely to have played a crucial role in the preservation of some wild vegetables
over time (Fuczaj et al. 2013; Ong and Kim 2017). Urbanization coupled with increased
knowledge exchange between different communities (Georgian and Emshwiller 2013),
communities’ migration and adaptation to new environments, market opportunities (Arellanes
et al. 2013; Reyes-Garcia et al. 2005), education and patterns of knowledge transmission
within communities (van den Boog et al. 2017) are all factors which can affect decision-making

processes related to wild edible plants management.

The current management spectrum of spider plant (Gynandropsis gynandra (L.) Briq.), a neglected
leafy vegetable in Benin and Togo (West Africa), offers a good example to study current
management intensity of the species and understand how its management and use could change
in different communities to inform strategies for sustainable utilization and conservation. Spider
plant is cultivated in some communities in East and West Africa (Abasse et al. 2007; Oluoch et
al. 2009) as well as Asia (Arora 2014). The species is rather found wild or feral in other parts of
Africa (Dovie et al. 2007; Kidane et al. 2015; Segnon and Achigan-Dako 2014). Initiatives for
promoting the species in commercial farming systems are rapidly emerging, especially in East
Africa (Onyango et al. 2013c) as a result of increased recognition of its multiple nutritional and
health benefits (Omondi et al. 2017b).

The present study aims at documenting the current management practices on Gynandropsis
gynandra in local communities of Benin and Togo to explore drivers for future positive
change. Using quantitative ethnobotanical data, we: 1) examined the variation in the
traditional knowledge and management practices of G. gynandra; 2) identified factors that
influenced such traditional knowledge and management practices; 3) analysed farmers’
willingness to improve their current management practices, i.e. collectively moving
the current practices to a higher management level in the process of domesticating G.
gynandra. We hypothesized that: (1) current management practices are shaped by factors
including ethnicity, economic and cultural values of the species, and existence of local
market-oriented vegetable production systems; and (2) willingness to improve the species’

management in the future is influenced by ethnicity and cultural importance of the species.
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Materials and methods

Study area and sampling strategy

Based on information available on G. gynandra distribution and use in literature (Achigan-
Dako et al. 2010; Akoégninou et al. 2006) and preliminary observations made during
germplasm collection missions conducted from April to June 2015 in Benin and Togo
(Cleome Consortium 2016 ), six socio-linguistic groups were selected in Benin: the Fon
(17.6% of the country’s population), Adja (8.7%), Holli (1.4%) in southern Benin and
Waama (1%) Gourmantche (0.5%) and Zerma (0.1%) in the North (Figure 1). These
six socio-linguistic groups use G. gynandra as a food plant and were chosen to represent
the different management regimes. The Ewe, Adja and Fon are the three most important
communities of the Gbe language group (Hounkpati 1991) while the Holli belong to
the Ede language group (CENALA 2003). Both Gbe and Ede linguistic groups form the
Kwa language family (CENALA 2003). The Waama and the Gourmantche belong to the
Gur language family (CENALA 2003). The Zerma living in Northern Benin are migrants
from Southern Niger (Dosso, Tillaberi), engaged in the trade of cereals and manufactured
products (Walther 2014). The Zerma belong to the Songhay language group which is
considered to be unrelated to any other known language or language group (Muhammad
2016). Ewe farmers in Togo cultivate G. gynandra for commercial purposes. Thus, the
Ewe community was selected as a reference group for the comparison of management

practices in Benin.

From July to August 2016, semi-structured interviews were conducted with 57 to 68
respondents per socio-linguistic group, using purposive sampling (Albuquerque et
al. 2014; Tongco 2007). This sampling method allowed us to select respondents who
know the species and consume it or used to consume it in each socio-linguistic group
and to obtain a reasonable compromise between sample size and available resources to
conduct our study. Although our sampling is biased because not representative of the
whole community, this method was proved to be the most adequate for ethnobotanical
studies which require respondents with specific qualifications for hypothesis testing
(Albuquerque et al. 2014; Tongco 2007). The surveyed localities were chosen with the
help of extension services agents in each municipality, while the local authorities at each
site helped us establish the first contact with consumers of the species. We shared full
disclosure on the nature of the research, received authorization from local authorities
in each locality in Benin and Togo, explained the objectives of the study and requested
prior informed consent from all participants, and ensured participants’ confidentiality by

anonymizing their identities in databases and publications.
Interviews

Our questionnaire (Appendix 1) contained general socio-demographic characteristics (age,
gender, ethnic group, education level, occupation, number of years of local residency, area
of origin (if migrant), monthly income, land ownership). Other questions were related to the

economic importance of G. gynandra. In areas where the vegetable was sold on local markets,
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Figure 1. Map of the surveyed districts and socio-linguistic groups interviewed in Benin and Togo.

informants were asked about its market price. A contingent valuation was used when the
species was not commercialized. Respondents were asked how much a given amount of G.
gynandra would be worth in the market or for how much they would be willing to sell it. Local
measurement units such as baskets and bunches were weighted to determine the average price
of G. gynandra leaves per kilogram.

Cultural importance of the species

We modified the cultural significance indices (CSI) (Blancas et al. 2013; Pieroni 2001) to
quantify the cultural importance of G. gynandra. The CSI was calculated based on eleven
variables (Table 1) according the following formula:

CSI=RUxSxAIxFUXxLCxPPUxFPxTAxHxCxMVx10*

The CSI was considered as a quantitative measure of the knowledge and use of G. gynandra.

Higher CSI values indicated a greater cultural importance of the species.
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Drivers of Gynandropsis gynandra management

Current management practices

The management practices were described and categorized based on a management intensity
index modified from Blancas et al. (2013) and Gonzalez-Insuasti et al. (2011). Indicators used to
compute the management index are presented in Table 2. When several modalities of a variable
were adopted by the same informant, the scores were summed. Individual management indices

were summed to calculate the Management Index:

MI = ML+AS+RH+PC+MF
Farmers’ intention to improve current management forms

In order to assess farmers’ intention to improve current management practices through higher
investment of energy, intensive artificial selection and land allocation (Blancas et al. 2013;
Gonzalez-Insuasti et al. 2008), the interview included the following questions: are you satisfied
with your current level of exploitation of G. gynandra? 1f not, what would you like to improve
and how? What are the perceived constraints related to the implementation of your decisions?
These questions allowed better understanding of the motivation underlying farmers’ intentions
to modify their management schemes in the future. In order to avoid the willingness to please
biasing farmers’ responses, it was well explained to them that we would not provide a reward
in kind or in cash in response to their motivation to cultivate the species. Social desirability bias
may lead to a tendency to provide positive answers to environmental questions, especially in
studies related to behavioural intention (Floress et al. 2018). Information provided by farmers
was used to compute an expected management scheme based on management forms' typology
adapted from Gonzalez-Insuasti et al. (2008) based on our observations during the exploratory
survey. Five steps were identified including: simple collection with no selection (1); tolerance,
protection or promotion without selection (2); transplantation of selected spontaneous

individuals (3); rainfed cultivation (4); intensive irrigated cultivation all-year round (5).
Data analysis

The seven socio-linguistic groups were compared for their number of reported uses and the
frequencies of uses of the species based on Kruskal-Wallis tests. A regression tree analysis
was performed using the R packages “tree” (Ripley 2016) and “maptree” (White and Gramacy
2012) to predict the variation in Cultural Significance Index based on both quantitative and
qualitative socio-demographic variables. The most significant variables among the dependent
variables gender, age, education level, ethnicity, land tenure, land area, and level of income
were selected. A generalized linear model with Poisson distribution allowed us to investigate
the socio-demographic factors influencing the management intensity in each community. The
deviance explained by the model (D?) was determined using the R package “modEvA” (Barbosa
et al. 2016). As ethnicity was the main factor explaining the variation in the CSI and the
management intensity, a principal component analysis was performed using the components
of the CSI, the management intensity and the economic value of the species to better describe
the characteristics of the socio-linguistic groups. The Kendall’s rank correlation (t) was used to
test the association between current and expected management regimes. To model the projected

changes in management practices according to time (current and expected management forms)
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and socio-linguistic groups, a generalized estimating equation was fitted to the management
forms [simple collection with no selection (1); tolerance, protection or promotion without
selection (2); transplantation of selected spontancous individuals (3); rainfed cultivation
(4); intensive irrigated cultivation all-year round (5)]. Generalized estimating equations ate
commonly used in epidemiology and social sciences for multivariate logistic regression of
ordinal longitudinal outcome variables (Nooraee et al. 2014; Parsons et al. 2009).

Results

Characteristics of respondents

Women represented 72.0% of the respondents and were dominant across all socio-linguistic
groups except for the Ewe, of which 73.0% of respondents were male (Table 3). G. gynandra
users were between 14 and 90 years old, with an average age of 44.9 £ 15.7 years. A high
proportion of the Beninese respondents were illiterate (73.0%), while for the Ewe ethnic group
in Togo, this was only 33.0%. Literate male producers dominate the G. gynandra production
system in the Ewe community, while female illiterate producers were more involved in wild
hatrvesting and home gardening, The main occupation of all respondents was farming and/ot
trading agricultural products. Landowners represented 66.0% of the respondents, except in the
Ewe group, where most of the market gardeners leased their land (62.0%).

Knowledge and diversity of uses of G. gynandra

Gynandropsis gynandra was used by all socio-linguistic groups as food (100.0% of respondents)
and medicine (50.7% of respondents). Spiritual uses of the species were mentioned by less
than 5.0% of respondents in all groups, except for the Gourmantche and Waama communities
who did not mention these uses at all. The number of reported uses varied significantly among
the groups (Kruskal-Wallis x> = 124.6, df = 6, p < 0.001). The highest number of uses was
reported by Zerma respondents (3.2 £ 1.5). The Ewe (1.7+0.8), Gourmantche (1.5%0.8), Holli
(1.4£0.6) and Waama (1.3+0.7) stated the lowest number of uses.

In addition to food, G. gynandra was used to cure 42 different diseases, classified in 12 disease
categories according to the International Classification of Diseases and related health problems
(WHO 2016) (Appendix 2). General symptoms and signs not elsewhere classified were grouped
in “general health” category. Most of the Adja (81.0%) and Zerma (81.0%) respondents were
aware of the medicinal uses of the species followed by the Fon (56.0%). Only 9.0% of the Waama
reported medicinal uses for the species. The most cited diseases treated with G. gynandra included
malaria, headache, earache, anaemia, stomach-ache and malnutrition. The citation frequency of

medicinal uses per disease category and socio-linguistic group are presented in Figure 2.

The categories of diseases cured, and their relative importance vatied across the communities.
Most respondents (88.0%) obtained their knowledge on G. gynandra uses from their parents,
7.0% from community members other than their parents and 5.0% from people from other
communities. Among the Fon respondents, 61.0% received their knowledge from their parents,
28.0% from community members other than their parents and 10.0% from people from other

communities.
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Figure 2. Frequency of citations of categories of diseases treated with Gynandropsis gynandra in each socio-linguistic group.
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Factors influencing cultural importance of G. gynandra

The regression tree of the cultural significance index based on the respondents’ socio-economic

characteristics explained 37.1% of deviance in the cultural significance index and revealed

that ethnicity was the main factor explaining the cultural importance attributed to the species

(19.3% of deviance) (Figure 3). The splits based on other variables resulted in much lower

deviance (<4%) and therefore poorly contribute to explaining the variation in the index. The

socio-linguistic groups were split into two categories: the Adja and Ewe who gave a higher

cultural importance to the species were in the first category and other socio-linguistic groups in

the second.

Ethnicity <> ab
3.6 ; 428 obs; 19.3%
Age <> 57.5 Income <> ab
9.5; 122 obs; 2.9% 1.3 ; 306 obs; 1.6%
Land_tenure <> bcde Ethnicity <> a 8 Age <> 41.5
8.3 ; 104 obs; 1.4% 15.9; 18 obs; 1.7% - 42; 47 obs; 1.1%
’—‘ ’—‘ 259 obs ’—‘
1 Education <> abe 6 7 Ethnicity <> cde
10.7 ; 45 obs; 3.2% 6.6 ; 26 obs; 1.3%
6.5 20.7 9.9 1:2
59 obs ,—\ 100bs  8obs 21 obs ,—\
Age <> 36.5 Income <> a Ethnicity <> f
8;340bs; 1.7% 18.9; 11 obs; 1.8% 11.2; 11 obs; 1.1%
3.3
15 obs
2 3 4 5 1 12
3.4 112 26.6 12.5 17.3 6.1
140bs 200bs 5obs 6 obs 5 obs 6 obs

Total deviance explained = 37.1 %

Figure 3. Regression tree of cultural significance index as a function of demographic vatiables for use of Gynandropsis gynandra.

Terminal nodes display from top to bottom: terminal node number, average CSI for the subsample and the number of observations in

the subsample. Categorical predictors include: Ethnicity (a=Adja; b= Ewe; c=Fon; d=Gourmantche; e= Holli; e= Waama; f= Zerma);
Income (a= < 50 USD; b= 50 -170 USD; ¢=170-330 USD; d= > 330 USD; 1 USD=590 F CFA on average, July 2016 ); land tenure (a=no

access; b= purchase; ¢= lease; d = loan; e=gift; f=heritage); education (a=illiterate; b=ptimary school; c=secondary school; d= university;

e=literate (local language).

Among the Adja and Ewe, the species had a higher cultural importance for older respondents

(> 57 years) than for younger respondents (< 57 years). Moreover, the older Ewe respondents

had a CSI twice lower than their Adja counterparts. Among younger Adja and Ewe respondents,

land tenure, education and income were also important factors of differentiation (Figure 3).

Respondents who inherited family land or had no access to land gave a higher cultural importance

to G. gynandra than those who bought or leased the land (mostly Ewe market gardeners).

Non-schooled respondents and those who only attended primary school had also a higher CSI

than respondents with higher education levels. In this latter category, respondents with low
monthly income (less than 50 USD) had a higher CSI than those with higher monthly income.
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Among the other socio-linguistic groups, most of the respondents (85%) had low monthly
income (less than 140 USD) and fell into one category with a low CSI. Among respondents
with higher income (only 15%), older respondents (> 41 years) had a higher CSI than younger
ones. The older Fon, Gourmantche and Holli respondents had a lower CSI than their Waama
and Zerma counterparts.

Variation in the management intensity, cultural and economic importance of G.
gynandra

Four management regimes of G. gynandra were observed during the survey: (1) wild collection
with no selection, (2) tolerance, protection or promotion of plants around houses; (3) rainfed
cultivation in home gardens and (4) intensive irrigated cultivation all-year round. The significant
factors explaining the variation in management intensity were ethnicity (D*=65.9%, p<0.001)
and land tenure (D*=17.6%, p<0.05).

The species was intensively cultivated by Ewe market gardeners in Southern Togo (96.0% of Ewe
respondents; management intensity index (MI): 14.9  1.4) (Figure 4), where the price of the leaves
varied between 0.25 USD per kilogram in the rainy season and 1.1 USD /kg in the dry season (1
USD=590 F CFA on average, July 20106). Seeds were also sold on local markets; prices varied from
5 to 16.7 USD/kg, depending on the season.

| § \: IR y e ta X,/
Figure 4. Ewe woman harvesting spider plant leaves (Gynandropsis gynandra) in a market garden in Vogan County (Togo). ©Photo
credit: Deedi Sogbohossou
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Rainfed cultivation in home gardens was common among the Adja (93.0% of respondents; MI:
11.0 + 2.7). Leaves were sold in bunches with a price that varied between 0.2 and 0.5 USD/kg; Seeds
were occasionally sold but most of the farmers spared some of their own plants to harvest the
seeds. The Gourmantche (90.2%; MI: 4.2£1.3) and the Fon (80.7%; MI: 4.11+3.1) mainly harvested
the plant in the wild at the beginning of the rainy season along roadsides or in fallow lands.

Among Waama people, simple collection (46.7%) and tolerance or protection of spontaneous
populations (48.3%) were the most common management practices (MI: 5.7£2.5). Simple
collection in the wild (63.3%) and rainfed cultivation (23.3%) were the dominant management
practices among the Holli (MI: 4.8 £2.9). Our Zerma respondents pointed out that as they
recently migrated from Niger to Northern Benin, they had limited access to agricultural land.
They said that G. gyrandra was not popular among the other socio-linguistic groups living near
them in Northern Benin. Therefore, 54.0% of our Zerma informants harvested the plant in the
wild and only 20.0% cultivated it in home gardens (MI: 5.0 £2.7).

Land tenure had a significant influence on the MI (D?*=17.6%, p<<0.05) with the highest average
value observed for lease (11.3 £ 4.8) mainly adopted by Ewe (61.6%) respondents. Other land
tenure regimes including purchase (7.0 £4.9), inheritance (6.6 * 4.1), loan (6.1 * 3.5), gift (4.6
t 3.2) were associated with lower MI scores. People with no land had the lowest MI (4.6 £ 3.0).

A significant variation was noticed in the perceived availability of the species across socio-
linguistic groups (Kruskal-Wallis y* = 194.3, df = 6, p < 0.001). While in Fon, Adja, Ewe,
Gourmantche and Waama communities, G. gynandra was regarded as a common species, the
Holli and Zerma noticed that it was becoming rare in their region. The reasons cited to explain
this rarity included: (1) increasing urbanisation, intensive crop production and use of herbicides,
which reduced the natural habitat of the species (34.0% of respondents); (2) lack of knowledge
about the reproductive biology (33.0%); (3) erosion of knowledge (10.0%); (4) low economic
value (8.5%); (5) low germination ability of the seeds (8.0%) and (6) grazing by goats, pigs and
other animals (7.0%). No selection of phenotypes was reported for the species.

The principal component analysis revealed that the variables related to the use of the species,
the economic importance, and the management intensity were correlated with the first principal
component (33.2% of variation explained) while the number of reported uses and the medicinal
value of the species were correlated with the second principal component (12.9% of variation
explained) (Table 4). The frequency of uses and the last day of consumption were also significantly
correlated with the third principal component, which explained 10.0% of the variation.

The projection of the respondents on dimensions 1, 2 and 3 (Figure 5) supported the
differences in knowledge, uses and management of G. gynandra among socio-linguistic groups.
The species had both high cultural and economic importance for the Adja and Ewe, which
presented positive coordinates on the first dimension. The difference between both groups
lies in the fact that the Adja also had a strong knowledge on the uses of the species (positive
coordinates on dimension 2), while for the Ewe the species was mostly a vegetable. For all other
groups, the species was both culturally and economically less important, apart from the Zerma,
who showed a significant knowledge on the vegetable that they brought with them during their

migration from Niger to Benin.
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Table 4. Scores of 14 variables related to cultural importance, management intensity and economic importance on 3 first

principal components for use of Gynandropsis gynandra.

Dim1 Dim2 Dim3
Cultural importance indicators
Commercialization possibilities  0.85 -0.02 -0.17
Harvest type 0.08 0.04 0.11
Frequency of uses 0.61 0.01 0.04
Last day of consumption 0.61 0.03 0.58
Perceived availability 0.60 -0.18 0.20
Plant parts used 0.37 0.03 -0.36
Taste appreciation 0.37 0.23 0.28
Source of knowledge 0.20 0.09 0.09
Medicinal value -0.01 0.90 -0.07
Number of reported uses -0.01 0.93 -0.06
Food Preparation -0.18 0.18 0.44
Management index 0.85 0.05 -0.24
Economic value of leaves 0.83 -0.04 -0.27
Economic value of seeds 0.78 0.01 -0.21
% of variance explained 33.16 12.96 10.04
Cumulative % of variance 33.16 46.12 56.16
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Figure 5. PCA scores plot of 428 respondents from the different socio-linguistic groups based on knowledge and use and
economic importance of Gynandropsis gynandra. (A) Projection on principal components 1 and 2. (B) Projection on principal components
1and 3.
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Willingness to improve current management practices

A significant and positive correlation was found between current and projected management
regimes of G. gynandra (1=0.52, p<0.001). Among the Adja, who cultivated the species in home
gardens, 73.0% were willing to shift from rainfed cultivation to intensive year-round cultivation.
The Ewe would not significantly change their practices over time as they already intensively
cultivated the species. In all the other socio-linguistic groups, rainfed cultivation was considered
as an interesting option for the future. The variation in management forms across socio-

linguistic groups is depicted in Figure 6.

The generalized estimating equation computed on the management forms used as repeated

measures revealed a significant variation across socio-linguistic groups and across time as well as
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Figure 6. Frequencies for current and expected management forms in each socio-linguistic group for use of Gynandropsis gynandra.
Management forms: (1) wild collection with no particular selection, (2) tolerance, protection or promotion of plants around

houses; (3) rainfed cultivation in home gardens and (4) intensive irrigated cultivation all-year round.
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for the [time x socio-linguistic groups] interaction (Table 5 and Figure 7).

Table 5. Association between current and future management schemes across socio-linguistic groups (CI: confidence interval).

Estimates Standard Odd ratios  95% CI Z-value P>|Z|
error

81 -2.17 0.16 0.11 0.08 - 0.15 -13.85 < 2e-16%+*
82 -1.20 0.12 0.30 0.24-0.38 -9.98 < 2e-16%F*
83 1.19 0.11 3.29 2.66 - 4.06 11.08 < 2e-16%+*
Current (reference)
Future -1.87 0.23 0.15 0.10 - 0.24 -8.11 < 2e-16%+*
Adja (reference)
Ewe -4.60 0.74 0.01 0.01 - 0.04 -6.23 < 2e-16%+*
Fon 3.73 0.41 41.53 18.46 - 93.44 9.01 < 2e-16%F*
Gourmantche 4.65 0.52 104.99 37.52-293.78  8.86 < 2e-16%+*
Holli 2.65 0.30 14.18 7.85 - 25.60 8.79 < 2e-16%F*
Waama 2.44 0.23 11.49 7.33-18.03 10.63 < 2e-16%+*
Zerma 2.40 0.26 10.97 6.63 -18.15 9.33 < 2e-16%F*
Future: Adja (reference)
Future: Ewe 1.87 0.23 6.51 4.14-10.23 8.11 < 2e-16%F*
Future: Fon -1.18 0.46 0.31 0.13-0.76 -2.55 0.013*
Future: Gourmantche -1.44 0.62 0.24 0.07 - 0.79 -2.33 0.019*
Future: Gourmantche -1.44 0.62 0.24 0.07 - 0.79 -2.33 0.019*
Future: Holli -1.05 0.39 0.35 0.16 - 0.75 -2.69 0.007%*
Future: Waama -0.54 0.36 0.58 0.29-1.18 -1.49 0.136ns

#k: p<0.001 5 *#*: p<0.01; * :p<0.05; ns: non-significant

The significant negative regression coefficient (Z-value=-8.1, p<0.001) for the projected management
practices suggested that the level of these practices would overall increase compared with the
current management practices. The Adja were used as a reference for comparison with other socio-
linguistic groups. The interaction between time and socio-linguistic groups suggests that the Ewe
(Z-value=8.1, p<0.001) would show significantly less change in management practices over time
than the Adja. The negative interaction regression coefficients for the Fon, Gourmantche and Holli
suggested significantly higher rate of change in these groups compared to the Adja respondents.
The non-significant interaction for the Zerma (Z-value=0.6, p=0.537) and Waama (Z-value=-1.5,
p=0.130) indicated that the management practices in these groups would not significantly change in
the future compared to the Adja. However, the model suggested a higher change rate for the Waama
than the Adja and a lower change rate for the Zerma than the Adja.
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Figure 7. Current and expected future management intensity (t = 0.52, p < 0.001) of G. gymandra by socio-linguistic groups
as main drivers (D? = 65.9%) in Benin and Togo. Ewe = Ewe community, Adj: Adja community, Waa: Waama community, Gou:
Gourmantche community, Zer: Zerma community, Fon: Fon community, Hol: Holly community. The greener area is where the leverage

activities should be intensified.

Discussion

Factors influencing the use and management of G. gynandra

We hypothesized that the variation in use and management of the species would be influenced
by ethnicity, cultural and economic importance as well as the presence of market-oriented
vegetable production. Our results indeed demonstrated strong ethnicity-driven patterns of
knowledge, use, and valuation of spider plant. Ethnicity was also raised as an important factor
in previous studies investigating variation in indigenous plant species knowledge (Ekué et al.
2010; Kidane et al. 2015). We observed that the cultural and economic importance varied across
socio-linguistic groups and could be also explained by ethnicity.

The economic importance of the species was high among Adja and Ewe socio-linguistic
groups. Both socio-linguistic groups are closely related and sometimes considered as the same
ethnic community (Landoh et al. 2016) which may explain these similarities. While in the Ewe
community, the species was only found among market gardeners who cultivate a wide diversity
of vegetables, in the case of the Adja, the species was cultivated in rainfed home gardens in pure
stands and sold on local markets. We can therefore speculate that even in the absence of market-
oriented vegetable production, local communities would domesticate the vegetable as soon as
it becomes a popular and valued species. The differences noticed between both socio-linguistic
groups in terms of cultural importance of the species suggested that urbanization could have
resulted in less attention for the medicinal and cultural value of the species. Urbanization may

jeopardize, increase or have no effect on traditional knowledge transmission and conservation
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(Gaoue et al. 2017; Junior et al. 20106). In our case, further comparison of traditional plant
knowledge among urban and rural Ewe farmers would be required to test how urbanization

affected their knowledge of the species.

Even though spider plant was perceived as abundant among the Fon, Gourmantche and Waama
groups — with strong awareness of usefulness — these communities did not consider the species
as economically important and would only harvest it when needed for consumption or medicinal
uses. The differences observed between knowledge and use among the different communities
could be explained by discrepancies between their theoretical ethnobotanical knowledge and
their practical uses of the species (Godoy et al. 2009; Reyes-Garcia et al. 2006). Albuquerque
(2000) distinguished the notions of “mass knowledge” and “stock knowledge” which refer
respectively to the total number of useful plants known by a community and the species actually
used by them. In other words, some communities have a good knowledge of the species but
would only use it as a last resort and prefer using other species with similar functions (e.g. food,
medicine). This situation might change if there is an increasing market demand for the species.

Other communities have a high preference for the species which, in the case of the Ewe and
Adja led to its cultivation and commercialization probably due to an increasing demand in the
species. As previously reported by N’Danikou et al. (2011), the market importance of wild
edible plants is also a main incentive for species’ use and conservation. For example, our Zerma
respondents, who originate from Niger, where the species is used and cultivated, cited the
highest number of uses compared with any other socio-linguistic group. However, because of
the low popularity and the lack of marketing opportunities for the species in Northern Benin,
they used the species less frequently than the others and were less interested in its cultivation.
Similar trends were observed for Artemisia absinthinm, a plant species cultivated in Haiti for food,
medicinal and spiritual uses and with a high economic value. The species lost popularity over
time among migrant Haitians in Cuba and its cultivation in home gardens declined substantially.
Moreover the species which was the main ingredient of the T7fey, a local beverage used for
multiple purposes, was progressively replaced by other species more abundant in the host
country (Volpato et al. 2009).

In the case of the Holli, spider plant was overall considered as rare and this community
subsequently also had a low number of reported uses as well as frequency of uses and overall
cultural importance. The link between species availability, knowledge and actual use is therefore
not straightforward but rather context specific. In our case, the availability of the species was
evaluated by the respondents based on how they perceived the balance between their demand
and the abundance of the species in their community. To better account for the complexity
of the concept of species availability, Gaoue et al. (2017) suggested a multi-dimensional index
incorporating ecological, socio-cultural, economic, and political aspects and drivers of availability.

Patterns of plant species uses and management often arise from complementarity between socio-
cultural attributes and biogeographical factors. Communities sharing the same environment but
different cultural background may have convergent plant uses (Segnon and Achigan-Dako 2014;
van Andel et al. 2015). We observed patterns of convergence in use and management between
communities sharing a same cultural background and belonging to the same geographical area.
For the Gourmantche and the Waama who belong to the Gur language family (CENALA 2003)
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and live in the Sudanian semi-arid region, the species has a lower cultural importance and is less
intensively managed compared with the Adja and Ewe who belong to the Kwa language family
and live in the Guineo-Congolian humid region. Although our data supports the hypothesis that
management and uses are shaped by ethnicity and geographical proximity, an exception is that
among the Fon who also belong to the Kwa language family and are geographically close to the
Adja and Ewe (CENALA 2003), the species is much less popular as a vegetable, but more as
a medicinal plant, and thus managed less intensively. The name of the species is also the same
among Ewe and Adja suggesting strong cultural affinities, and different for the Fon who might
be more culturally distant from those socio-linguistic groups. Wartena (2006) explained that the
Fon and the Adja shared their climate, geological conditions, trade opportunities, and cultural
origins of their populations. However, divergences between the two socio-linguistic groups was
traced back to pre-colonial times, first in trade- and culture contacts with neighbours and then in
the socioeconomic and cultural practices of the slave raiding and trading Fon on the one hand
and of the agrarian Adja hiding from slave raiders on the other. The author also described in
details current differences in the traditional beliefs, agricultural practices and food preferences
between these communities.

A commonality between all the surveyed socio-linguistic groups is the knowledge about the
medicinal uses of the species. The use of the species to cure malaria and anaemia respectively by
the Fon and the Mahi were previously reported in southern Benin (Allabi et al. 2011; Yetein et
al. 2013). Medicinal uses of the species were also reported in other parts of the world including
India (Bala et al. 2010; Shanmugam et al. 2012), Uganda (Oryema et al. 2010) and Kenya (Jeruto
et al. 2008). The use of the species as a medicinal plant across several socio-linguistic groups
in Benin suggests its proven efficacy. Its occurrence in anthropogenic areas as an herb which
grows at the onset of the rainy season makes it easily available when needed. Such characteristics
are in accordance with the “availability” and the “ecological apparency” hypotheses commonly
used to explain the predominance of weeds in medicinal flora. The availability hypothesis
states that accessible or locally abundant plants are more likely to be used as medicinal plants.
The ecological apparency hypothesis speculates that species with short lifespan (non-apparent
species) develop “inexpensive” qualitative defence compounds against herbivores (secondary
metabolites) (Albuquerque 2006; Gaoue et al. 2017). Those compounds also have beneficial
health-promoting properties. Spider plant leaves are indeed rich in glucosinolates and flavonoids
which are involved in response against environmental stresses (Omondi et al. 2017b) but also

have pharmacological properties (Bala et al. 2014; Moyo et al. 2013).

During our sampling, we noticed that the management of the species was gender-specific.
Most of our respondents were female. However, in the Ewe community, with a high economic
orientation to the cultivation of spider plant, producers were predominantly males. In the other
socio-linguistic groups, women managed the species for houschold consumption in rainfed
cultivation in home gardens and sold it occasionally on local markets. In Benin, it was reported
that women are typically involved in the domestication of leafy vegetables and medicinal plants
while fruit domestication is controlled by men (Vodouhe and Dansi 2012). The predominance of
males in commercial production is explained by the fact that commercial vegetable production
requires important financial resources for land lease, irrigation and purchase of various inputs.

For male Ewe respondents, vegetable production was a full-time job. Only few women were

67




Chapter 3

encountered during our survey in Togo and they were much more involved as hired labourers
and vegetable traders. Several studies conducted in urban areas of West Africa reported the
male dominance in vegetable production, while women lead vegetable marketing (Drechsel
et al. 2013; Gockowski et al. 2003). However, peti-urban and rural vegetable production is
often dominated by women who mainly grow African leafy vegetables as these require lower
amounts of external inputs and financial resources than non-indigenous vegetables (Dinssa et
al. 2016). Adja women who lived in peri-urban and rural areas were considered by their male
counterparts as more knowledgeable about the uses and growth of the species. The same
behaviour was noticed for all the other socio-linguistic groups in Benin, where male farmers
considered that “only women manage the species for culinary purposes”. These trends suggest
an increasing interest from men when the species becomes economically important. Research
for development initiatives aiming at promoting African leafy vegetables should therefore put
an emphasis on ensuring women’s access to key agricultural production factors including land,

labour and financial asset.

In the Adja community, we observed a strong willingness to shift towards intensive year-round
cultivation of the species, which would require higher investment of resources from women.
The commercial cultivation of the species by the Ewe in Togo is a unique opportunity to
identify and address the main constraints related to agronomy of the species. Rainfed cultivation
of the species in home gardens was considered as an attractive option among the Fon, Holli,
Gourmantche and Waama. These groups have access to land but external factors including
farmers’ training on adequate cultivation practices and leverage activities should also be taken
into account to support their efforts. Strategies for integration of wild edible plants in the
market should take into account the issues of production, storage and processing, organization
of wild edible plants supply chains and negative perceptions of their consumption, often
associated with poverty and low social status (Leal et al. 2018). The promotion of Moringa oleifera
in several African countries is an example of successful diffusion of innovation consistent
with existing social and cultural practices (Thurber and Fahey 2009). Intensive cultivation of
the species year-round in the surveyed communities would require interventions to create
public awareness about the nutritional and health benefits of the species and other wild leafy
vegetables. Potential consumers including women, youths, and elite class citizens with high
income in urban and peri-urban areas should be targeted in order to increase the demand in the
vegetable. Participatory breeding efforts to provide farmers with high-yielding and nutritious
varieties as well as investigation on optimal seed storage and conservation are also necessaty to

sustain the species cultivation.
Limitations of our study

The purposive sampling method in ethnobotany has been often criticized as the results cannot
be generalized to the whole community (Tongco 2007). In our study, this method was however
the most convenient as we needed to identify people who knew the species and were willing to
participate in the study. Another unavoidable bias in our study was the gender skewness of our
sample. In most households visited, men directed us to women who are in charge of collecting
or cultivating vegetables for cooking and commercialization. Because of the subjective character

of some of the variables collected, repeated interviews in time would allow better triangulation
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of our data. However, this approach would be time-consuming and costly.

The Cultural Significance Index and the Management Index were both adapted to the context
of our study. The choice of the Cultural Significance Index was guided by the need to
analyse the perceptions of our respondents. Other cultural importance indices developed in
literature were used to compare species and were limited to comparisons between the number
of respondents who mentioned some uses of a species in defined use-categories (Tardio
and Pardo-de-Santayana 2008). However, we do not pretend to have exhaustively taken into
account all the aspects to consider when evaluating the cultural significance or the management
intensity of a plant species. The selection of different variables and codifications might lead
to different results. For example, determining the relative cultural importance of spider plant
compared with other leafy vegetables in the surveyed communities would have allowed to better
assess the species availability, use and management. Such information coupled with a discrete
choice experiment (Espinosa-Goded et al. 2010; Schulz et al. 2014) and an analysis of market
opportunities could also improve our evaluation of respondents’ willingness to integrate the

species in their home gardens.
Conclusion

Our study provides insight in the knowledge, use and management of G. gynandra in seven
socio-linguistic groups in Benin and Togo. Communities had a good knowledge of the
nutritional and medicinal value of the species. However, cultural importance of the species
and management practices across these communities were diverse and strongly influenced by
ethnicity and gender, and to a lesser extent by age, education and access to land. We observed
overall a convergence of knowledge and management practices between communities with
similar socio-cultural and ecological contexts. Migration and available market opportunities also
significantly influenced the management practices adopted by our respondents. In areas where
G. gynandra is still harvested from the wild, promotion of the species among consumers and
farmers’ training, especially women, are expected to trigger the species’ cultivation. Efficient
selection of neglected plant species to promote in a given region for successful commercial
cultivation should take into account not only their nutritional value and pharmacological
properties but also communities’ willingness to intensify management of these species with
a particular emphasis on potential socio-cultural and economic constraints which could arise

during such an intensification process.
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Abstract

We examined the variation in carotenoids, tocopherols, chlorophylls and ascorbic acid as well as
morphological traits in a worldwide germplasm of 76 accessions of the orphan leafy vegetable
Gynandropsis - gynandra (Cleomaceae) simultaneously grown under controlled greenhouse
conditions. The levels of carotenoids and tocopherols in the leaves varied significantly across
the accessions analysed and were linked with their geographical origin and morphological
variation. The main carotenoids included lutein, B-carotene, a-carotene and violaxanthin. A two
to three-fold variation was observed for these pro-vitamin A compounds. The main tocopherols
detected were a-tocopherol and y-tocopherol, with a twenty-fold variation. A nine-fold variation
in vitamin C level, independent of geographical origin, was observed. Overall, accessions
were grouped into three clusters based on variation in nutrient content and morphology. West
African accessions were short plants with small leaves, with relatively high tocopherol and low
carotenoid contents; Asian accessions were also short plants but with broad leaves and with
relatively low carotenoid and high tocopherol contents; while East/Southern African plants
were tall with high contents of both carotenoids and chlorophylls and low tocopherol contents.
Carotenoid levels were positively correlated with plant height as well as foliar and floral traits
but negatively correlated with tocopherols. The absence of a significant correlation between
vitamin C and other traits indicated that breeding for high carotenoid or tocopherol content
may be coupled to both improved leaf yield and vitamin C content. Our study provides baseline
information on the natural variation available for traits of interest for breeding for enhanced

crop yield and nutrient content in G. gynandra.

Key-words: Gynandropsis gynandra; leafy vegetable; vitamins; morphology; natural variation;

geography.
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Introduction

Tropical areas of the world are endowed with a rich diversity of edible plant species with
tremendous potential to contribute to food security, human health and poverty alleviation (Cullis
and Kunert 2017; Pinela et al. 2017). However, most of those species are niche or orphan crops
with a regional or local importance and often overlooked in breeding programs (Sogbohossou
et al. 2018a). With the recent impetus for improved food quality, there is an increasing interest
in diet diversification and breeding for highly nutritious crop cultivars. A critical step of this
process is to understand the natural variation in phytochemical profiles in the crop of interest.
Plant species with broad geographic distributions experience a wide range of biotic and abiotic
conditions which thus can drive the evolution of variation in morphology, phytochemical
profiles and interactions with other organisms (Millett et al. 2018). A broad sampling of
accessions representative of the distribution and environment of the crop is important for
maximizing the potential morphological and biochemical (nutritional content) variation. Broad
diversity is also needed to understand the potential genetic and environmental effects on the
observed phenotypes. Such wide-scale studies are particularly critical for emerging orphan crops
which have an untapped potential for improved human nutrition and health. Orphan vegetables
are particularly important for local communities as they can easily cultivated year-round and are
affordable sources of nutrients (Yang and Keding 2009). Moreover, they substantially contribute
to local economies. For example, in Sub-Saharan Africa, the market of indigenous vegetables is
worth billion of USD (Weinberger and Pichop 2009). Unfortunately, most studies that analyse
the nutritional value of these species often focus only on local germplasm collections (Kengni
et al. 2003; Kumssa et al. 2017).

Gynandropsis gynandra (syn. Cleome gynandra) is an orphan leafy vegetable belonging to the
Cleomaceae family, the sister family of Brassicaceae. The species is a C, plant that is widespread
in tropical areas of the world (van den Bergh et al. 2014). In several communities in Africa and
Asia, the plant is harvested in the wild or cultivated in home gardens. Leaves, young shoots and
occasionally flowers are eaten boiled in sauces or stews, but leaves can also be blanched and
dried for preservation (Flyman and Afolayan 2006; van Den Heever and Venter 2007). There is
an increasing awareness of the health benefits of the regular consumption of indigenous leafy
vegetables which is enhanced by their availability and affordability. Thus, G. gyrandra and other
orphan leafy vegetables are increasingly cultivated and sold in urban areas of several African
countries. To keep pace with the growing demand in these vegetables, value chain development
for these species should go together with breeding efforts. Providing farmers with high-yielding
and nutritious leafy vegetable cultivars which meet consumers’ requirements is therefore an
overriding challenge for breeders (Sogbohossou et al. 2018a).

Important nutrients in orphan leafy vegetables that can be improved and bred for include
carotenoids (pro-vitamin A), tocopherols (vitamin E) and ascorbic acid (vitamin C). Carotenoids
and some of their metabolites play a protective role in many Reactive Oxygen Species (ROS)
mediated disorders, such as cardiovascular diseases, several types of cancer and neurological,
photosensitive or eye-related disorders (Fiedor and Burda 2014). Tocopherols have vitamin E
activity in mammals, with a-tocopherol and y-tocopherol exhibiting the greatest effects. These

activities involve protecting membrane lipids from ROS damage, acting as anti-inflammatory
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agents, and protecting against degenerative diseases (Miyazawa et al. 2011; Usoro and Mousa
2010). The intake of vitamin E is generally low and very similar in both developing and
industrialized countries (Jiang 2014). Ascorbic acid plays a critical role in cancer treatment, in
the prevention and/or therapy of asthma, allergic rhinids, atopic dermatitis, cardiovascular
diseases, obesity, neurodegenerative diseases, hypertension and autoimmune diseases (Combs Jr
and McClung 2017). For improving crops such as G. gynandra, it is important to establish their
nutritional qualities and variation in these and other morphological traits in a broad collection
of germplasm.

Previous studies on individual accessions have demonstrated that G.gynandra leaves can be rich
in nutrients including carotenoids, vitamin C and minerals (Neugart et al. 2017; Odhav et al.
2007b; Omondi et al. 2017b; Schoénfeldt and Pretorius 2011; Uusiku et al. 2010; van Jaarsveld
et al. 2014). A set of thirty accessions of G. gynandra originating from East and Southern Africa
showed variation in levels of minerals and health-related compounds including flavonoids and
glucosinolates, as well as in 14 morphological traits (Omondi et al. 2017b). A two-fold variation
in glucosinolate content and a six-fold variation in total flavonoid content in the leaves was
observed while the most notable variation in minerals levels were observed for iron (five-fold)
and manganese (six-fold). A more extensive set of 24 morphological characters assessed on
a germplasm of 242 accessions from Asia and East-Southern Africa at the World Vegetable
Center revealed differences in morphology between African and Asian accessions (Wu et al.
2017). A set of nine accessions of G. gynandra from East Africa, West Africa and Asia was used
to analyse variation in C, photosynthesis related traits coupled with a phylogenetic analysis based
on sequences of the Internal Transcribed Spacer region and demonstrated trait variation that
clustered according to geographical origin. The accessions from Asia and West Africa were more

closely related to each other than with East African accessions (Reeves et al. 2018).

The aim of the present study was to investigate the natural variation in both morphological
features and nutrient content, with focus on vitamins, within G. gynandra, in order to provide
baseline information for multiple traits breeding strategies in the future. The plant material used
included 76 accessions that cover a wider geographic distribution than the aforementioned
studies, including accessions from West Africa, East and Southern Africa as well as Asia. By
dedicated nutrient analysis, we investigated the variation in carotenoids, tocopherols (vitamin E)
and ascorbic acid (vitamin C) and their association with morphological variation. We specifically
addressed the following questions: What is the extent of variation in morphological traits
and levels of nutrients in the collection? Is there a relationship between the morphological
characteristics of the species and the production of nutrients? Can both morphological traits
and nutrient content discriminate the accessions according to their geographic origin? We also
discuss the significance of our results for G. gynandra towards breeding for improved nutritional

value and leaf yield.
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Materials and methods

Plant material

A total of 76 diverse accessions of G. gynandra were selected from germplasm collections of the
World Vegetable Center; the Laboratory of Genetics, Horticulture and Seed Science in Benin;
the University of Ouagadougou in Burkina Faso and the Kenya Resource Center for Indigenous
Knowledge. The selection of these accessions considered the variation in plant architecture
and geographical origin in each collection. The detailed list of accessions and their provenance
are presented in Table 1. The plants were grown under irrigated conditions with a defined
light petiod (16h day/8h night) and temperature (24°C day/20°C night) in a greenhouse at
Wageningen University from December 2016 to April 2017. The seeds were germinated on coco
peat and three seedlings per accession were selected one week after sowing and transplanted on
rockwool blocks. Three to five leaves per individual were harvested 8 weeks after sowing, pooled
per accession, immediately frozen in liquid nitrogen, ground into a fine powder and stored at
-80°C until nutrient analysis. A pooled sample of powder of all accessions was prepared and

used as technical replicates for determining analytical variation during the biochemical analyses.

Table 1. List of accessions of Gynandropsis gynandra and their countries and region of origin.

Country  of

Code Accessions origin Region Source

AS1 Gyn Malaysia Asia Wageningen University
AS2 TOT1048 Thailand Asia World Vegetable Center
AS3 TOT1480 Thailand Asia World Vegetable Center
AS4 TOT3514 Laos Asia World Vegetable Center
AS5 TOT3527 Laos Asia World Vegetable Center
AS6 TOT3534SC Laos Asia World Vegetable Center
AS7 TOT3536 Laos Asia World Vegetable Center
AS8 TOT4935 Thailand Asia World Vegetable Center
AS9 TOT4937 Thailand Asia World Vegetable Center
AS10 TOT4976 Thailand Asia World Vegetable Center
AS11 TOT5799 Thailand Asia World Vegetable Center
AS12 TOT7196 Malaysia Asia World Vegetable Center
AS13 TOT7197 Malaysia Asia World Vegetable Center
AS14 TOT7198 Malaysia Asia World Vegetable Center
AS15 TOT7199 Malaysia Asia World Vegetable Center
AS16 TOT72008C Malaysia Asia World Vegetable Center
AS17 TOT7441 Laos Asia World Vegetable Center
AS18 TOT7449 Laos Asia World Vegetable Center
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AS19
AS20
AS21
AS22
ESA1
ESA2
ESA3
ESA4
ESA5
ESA6
ESA7
ESA8
ESA9
ESA10
ESAT1
ESA12
ESA13
ESA14
ESA15
ESA16
ESA17
ESA18
ESA19
ESA20
ESA21
ESA22
ESA23
ESA24
ESA25
ESA26
ESA27
ESA28
ESA29
ESA30

ESA31

TOT7462
TOT7486
TOT7505
TOT8996
BAR 1807B
BGM 2107
ELG 19/07A
GA-01
HBY/2307b
KF-14
KRC/2507a
KSI 2407A
KTI/0602
KW-01
NRK-2007A
RW-SF-10
TNZ 2107B
TOT6420
TOT6421
TOT6439
TOT6440
TOTG6441
TOTG6442
TOT8887
TOT8888
TOT8889
TOT8890
TOT8891
TOT8892
TOT8915
TOT8916
TOT8917
TOT8918
TOT8925G

TOT8931

Laos

Laos

Laos

Taiwan
Kenya
Kenya
Kenya
Kenya
Kenya
Kenya
Kenya
Kenya
Kenya
Kenya
Kenya
Rwanda
Kenya
Tanzania
Tanzania
Zambia
South Africa
South Africa
South Africa
Uganda
Uganda
Uganda
Uganda
Uganda
Uganda
Malawi
Malawi
Malawi
Malawi
Kenya
South Africa

Asia

Asia

Asia

Asia

East and Southern Aftica
East and Southern Africa
East and Southern Africa
East and Southern Africa
East and Southern Africa
East and Southern Africa
East and Southern Africa
East and Southern Africa
East and Southern Aftica
East and Southern Africa
East and Southern Africa
East and Southern Africa
East and Southern Africa
East and Southern Africa
East and Southern Africa
East and Southern Africa
East and Southern Africa
East and Southern Africa
East and Southern Africa
East and Southern Africa
East and Southern Africa
East and Southern Africa
East and Southern Africa
East and Southern Africa
East and Southern Africa
East and Southern Africa
East and Southern Africa
East and Southern Africa
East and Southern Africa
East and Southern Africa

East and Southern Africa

76

World Vegetable Center
World Vegetable Center
World Vegetable Center
World Vegetable Center
National Museums of Kenya
National Museums of Kenya
National Museums of Kenya
National Museums of Kenya
National Museums of Kenya
National Museums of Kenya
National Museums of Kenya
National Museums of Kenya
National Museums of Kenya
National Museums of Kenya
National Museums of Kenya
World Vegetable Center
National Museums of Kenya
World Vegetable Center
World Vegetable Center
World Vegetable Center
World Vegetable Center
World Vegetable Center
World Vegetable Center
World Vegetable Center
World Vegetable Center
World Vegetable Center
World Vegetable Center
World Vegetable Center
World Vegetable Center
World Vegetable Center
World Vegetable Center
World Vegetable Center
World Vegetable Center
World Vegetable Center
World Vegetable Center
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ESA32 TOT8933 Zambia East and Southern Africa  World Vegetable Center
ESA33 TOT8998 Uganda East and Southern Africa World Vegetable Center
ESA34 TT-00 Kenya East and Southern Africa National Museums of Kenya
WA1 INC-04-015 Burkina-Faso ~ West Africa University of Ouagadougou
WA2 INC-006-015 Burkina-Faso ~ West Africa University of Ouagadougou
WA3 INC-08-015 Burkina-Faso ~ West Africa University of Ouagadougou
WA4 ODS-14-008 Benin West Africa University of Abomey-Calavi
WAS5 ODS-15-002 Benin West Africa University of Abomey-Calavi
WAG ODS-15-013 Benin West Africa University of Abomey-Calavi
WA7 ODS-15-020 Benin West Africa University of Abomey-Calavi
WAS ODS-15-033 Benin West Africa University of Abomey-Calavi
WA9 ODS-15-038 Benin West Africa University of Abomey-Calavi
WA10 ODS-15-044 Benin West Africa University of Abomey-Calavi
WA11 ODS-15-045 Togo West Africa University of Abomey-Calavi
WA12 ODS-15-065 Togo West Africa University of Abomey-Calavi
WA13 ODS-15-068 Togo West Africa University of Abomey-Calavi
WA14 ODS-15-084 Togo West Africa University of Abomey-Calavi
WA15 ODS-15-094 Togo West Africa University of Abomey-Calavi
WA16 ODS-15-100 Togo West Africa University of Abomey-Calavi
WA17 ODS-15-104 Ghana West Africa University of Abomey-Calavi
WA18 ODS-15-111 Ghana West Africa University of Abomey-Calavi
WA19 ODS-15-114 Ghana West Africa University of Abomey-Calavi
WA20 ODS-15-121 Ghana West Africa University of Abomey-Calavi

Morphological characterisation

The morphological characterisation of the accessions was conducted using a set of 27
descriptors including 15 quantitative and 12 qualitative scores (Supplemental Material 1).
Quantitative traits assessed included: days to germination, flowering time, plant height, stem
diameter, leaflet length, leaflet width, leaf area, petiole length, filament length, gynophore
length, androphore length, pedicel length, pod length, pod width and 1000-seeds weight.
Qualitative traits observed included: plant habit, branching habit, stem colout, stem hairiness,
leaf blade lobbing, leaf colour, leaf pubescence, leaf oiliness, leaflet shape, petiole colour,
flower colour and leaf margin shape. The flowering time was recorded as the number of days

from germination to flowering,
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Extraction and analysis of lipid-soluble isoprenoids

Five hundred milligrams fresh weight of ground leaves were freeze-dried overnight and extracted
with 4.5 ml of methanol/chloroform (1:1, v/v) containing 0.1% butylated hydroxytoluene
(BHT) as antioxidant and 10 pM Sudan 1 as internal standard. After vortexing, samples were
sonicated for 15 min and centrifuged at 2500 rpm for 10 min. Then, 2 ml of the supernatant
was transferred to a new tube and dried under a gentle nitrogen flow. The dried samples were
dissolved in 1 ml of ethanol containing 0.1% BHT, sonicated for 5 min and centrifuged at 2000
g for 5 min. The clear supernatant was transferred to amber vials for high-performance liquid
chromatography (HPLC) analysis.

HPLC analysis was performed according to Wahyuni et al. (2011) using a YMC Pack
reverse-phase C30 column (250 x 4.6 mm; 5 pm) coupled to a 20 x 4.6 mm C30 guard
(YMC Inc. Wilmington, NC, USA), maintained at 35 °C. Chromatography was carried out
on a Waters system consisting of a No. 2890 quaternary pump, No. 2996 photodiode array
detector (PDA) and No. 2475 fluorescence detector. The mobile phase used was methanol,
tert-methyl butyl ether and water:methanol (1:4, v/v) containing 0.2% ammonium acetate.
Flow rate was 1 ml/min. Data were collected and analysed using the Waters Empower
software. Carotenoids and chlorophylls were detected by setting the PDA to scan from 220
to 700 nm. Quantification of compounds was based on their chromatographic peak areas
at specific wavelengths: both B-carotene, a-carotene and lutein at 478 nm, violaxanthin at
440 nm, chlorophyll b at 470 nm, and chlorophyll a at 665 nm. Tocopherols were detected
by excitation at 296 nm and emission at 340 nm (Supplemental Material 2). Quantitative
determination of compounds was conducted by comparison with dose-response curves

constructed from authentic standards.

Extraction and analysis of ascorbic acid

The extraction and analysis of ascorbic acid (vitamin C) was as described by Wahyuni et al.
(2011). An extraction solution of 5% metaphosphoric acid in purified water containing 1 mM
diethylenetetriaminepentaacetic acid (a metal chelator) was prepared. Three hundred milligrams
of frozen and ground material were weighed in 2 ml Eppendorf tubes and 1.2 ml of ice-cold
extraction solution added. The extracts were vortexed, sonicated for 15 minutes and centrifuged
at 14,000 g for 20 minutes. The supernatants were filtered through 0.2 um polytetrafluoroethylene
filters and pipetted into amber vials for HPLC-PDA analysis using the same Waters HPLC system
as described above. Separation was made at 30°C using a YMC-Pro C, column (YMC Europe
GmbH; 150 x 3.9 mm) with 50mM KH,PO, buffer (pH 4.4) as eluent at a flow of 0.5 ml/min.
Quantification was made based on absorbance at 260 nm, using a calibration curve of an authentic
L-ascorbic acid standard from Merck. Retention time of chromatographic peak of ascorbic acid in
plant extracts was verified by co-clution with the authentic standard (Supplemental Material 2).

Statistical analysis

Multivariate analysis of variance (MANOVA) followed by univariate analysis of variance (ANOVA)
were performed to test variations among regions of origin for all the quantitative variables. The

p-value < 0.05 was used to denote significant differences between mean values of regions and
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determined by one-way analysis of variance (ANOVA). The Bonferroni post hoc test was used
to denote statistically significant values at p = 0.05. Factorial analysis of mixed data (FAMD)
combined with a hierarchical cluster analysis (HCPC) from the package “FactoMineR” (Husson
et al. 2013) were performed on both quantitative and qualitative data to identify discriminating
traits and group the accessions. The correlations between analysed variables were assessed using

Pearson correlation coefficient and their significance was evaluated by Student t-test.

Results and discussion
Morphological variation in the collection

We found significant levels of variation for all our morphological traits in our collection of G.
gynandra that includes 22 accessions from Asia, 34 from East and Southern Africa and 20 from
West Africa (Table 1). The variability in quantitative morphological descriptors in the collection
is summarized in Table 2.

Table 2. Descriptive statistics for the morphological quantitative descriptors in the collection of Gynandrpsis gynandra.

Morphological Standard Coefficient of

Mean L. L. Range
characters deviation variation (%)
Days to germination 6.30 1.62 25.65 4-14
Flowering time (days) 53.95 7.48 13.86 42-73
Leaf area (cm?) 32.74 17.24 52.64 3.72-125.16
Plant height (cm) 80.61 31.43 38.98 19.00-168.00
Stem diameter (mm) 9.44 2.04 21.62 2.81-15.43
Leaflet length (cm) 5.72 1.50 26.19 2.15-12.09
Leaflet width (cm) 2.55 0.69 27.20 0.70-4.63
Petiole length (cm) 8.42 2.99 35.49 1.43-26.00
Filament length (mm) 15.45 3.32 21.51 7.18-29.43
Gynophorte length (mm) 12.82 3.96 30.92 4.95-24.31
Androphore length (mm)  14.46 3.50 24.21 5.96-31.47
Pedicel length (mm) 15.39 3.69 23.98 7.97-26.83
Pod length (mm) 74.02 20.49 27.69 39.54-142.59
Pod width (mm) 7.63 2.60 34.06 1.85-17.15
1000-seed weight (mg) 1.17 0.28 23.54 0.54-1.99

All the quantitative traits showed significant variation among accessions. The coefficient of
variation among the traits was greater than or equal to 25% except for flowering time (14%),
filament length (22%), androphore length (24%) and 1000-seeds weight (24%). The highest
coefficient of variation was obtained for leaf area (52%). Despite the low coefficient of
variation observed for flowering time, this trait ranged from 42 days in ODS-15-144 (WA19)
to 73 days after germination in TOT8915 (ESA20), providing significant variation for potential
changes within a breeding program. Overall, all accessions in our study flowered later than
reported in previous studies: for different sets of accessions from Eastern and Southern Africa,
flowering time varied between 31 and 40 days in the field in Kenya (Omondi et al. 2017b) and
between 20 and 48 days in the field in Taiwan (Wu et al. 2017). The shorter flowering time
in these studies might be explained by the variation in growing temperature, day-length and

fertilization schemes used but could also be due to the fact that different sets of accessions

79




Chapter 4

were used in these studies.

All the quantitative morphological traits showed significant differences with geographical origin
except stem diameter and androphore length (Figure 1). For example, East-Southern African
accessions germinated earlier than West African (p<<0.01) and Asian (p<0.001) accessions
(Figure 1a). Early flowering occurred in West African accessions while late-flowering accessions
were from East and Southern Africa (Figure 1b). West African accessions had lower leaf
dimensions compared with accessions from the other regions (p<0.001) (Figure 1d-g). East
and Southern African accessions had flowers with longer gynophores (p<0.001) and filaments
(p<0.05) compared with accessions from the other regions (Figure 1h) and similar trends
were observed for pod length (p<<0.001) and seed weight (p<<0.001) (Figure 1 k,m). Asian
accessions had shorter (p<0.001) but wider pods (p<<0.001) than African accessions (Figure 1
k). Wu et al. (2017) used the same set of quantitative descriptors excluding leaf area and days
to germination to characterise a collection of 242 accessions of G. gynandra from East-Southern
Africa (n=174) and Asia (n=44). Overall, the authors found that accessions from East and
Southern Africa had significantly higher average values than Asian accessions for all quantitative
descriptors except leaflet width. In our case, even though Fast-Southern African accessions had
higher average values than Asian accessions for leaf area, flowering time, petiole length and
filament length, there was no significant difference between both regions for those traits. The
30 accessions from East and Southern Africa characterised in Kenya (Omondi et al. 2017b)
had shorter plants (66.6£7.2 cm) compared with our results (109.1+£25.0cm) and those of Wu
et al. (2017) (115£27 cm). Similar to the case of flowering time, the differences in plant height
could also be explained by a difference in environmental conditions, cultivation practices and
the germplasm collections used. The variation in 1000-seed weight was comparable between
all the studies and ranged from 1.44 to 1.71 g in Kenya (Omondi et al. 2017b), 1.0 and 2.2 g in
Taiwan (Wu et al. 2017) and 0.7 to 1.8 g in our study.

The collection exhibited a wide variation in qualitative morphological descriptors. The
geographical origin of the accessions was significantly associated with plant habit, leaflet shape,
leaf colour and stem hairiness. Accessions with a spreading growth habit originated from West
Africa (35%) and Asia (4.5%) while all accessions from Hast-Southern Africa had an upright

(17.6%) or intermediate (82.4%) habit.

Most Asian accessions (77.3%) had deltoid leaflets while African accessions had either elliptic or
lanceolate leaflets. Only East African accessions had dark green leaves (44.1%) while accessions
from the other regions had green or light green leaves. None of the accessions from Asia had
a glabrous stem and all exhibited various levels of stem hairiness from moderately hairy to
densely hairy. In contrast, West African accessions had a high percentage of glabrous stems
(65%) and none of them had a densely hairy stem.

Variation in carotenoids, tocopherols and ascorbic acid

The carotenoids detected in the leaves included lutein, violaxanthin, «- and [-carotene.
Chlorophylls a and b were also quantified and provided a reliable measure of the “greenness”
of the leaves. Total carotenoid concentrations varied from 36.9 pg/g FW in ODS-15-094
(WA15) to 95.8 pg/g FW in BAR1807B (ESA1). The ptedominant carotenoids wete lutein
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(21-56 ng/g FW with a coefficient of vatiation of 19.7%) and B-carotene (11.8-34.9 pg/g FW
with a coefficient of variation of 19.5%), accounting for an average of 56% and 35% of total

carotenoids, respectively. Overall, East and Southern African accessions had higher levels of
carotenoids and chlorophylls compared with West African and Asian accessions except for
violaxanthin for which no significant differences were observed among regions (Figure 2a-f).
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Figure 1. Box plots showing natural variation in morphological descriptors among Asian (n=22), East-Southern Aftican (n=34)

and West African accessions (n1=20) of Gynandropsis gynandra.
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Previous studies on the species reported higher levels of B-carotene: 41.2 ng/g FW (Schonfeldt
and Pretorius 2011), 59.4 ug/g FW (van Jaarsveld et al. 2014), 57.1 and 64.7 pg/g DW (Neugart
et al. 2017), though analyses were performed on single genotypes.

Such differences in absolute levels of metabolites between studies can be explained by the
differences in growing conditions and developmental stages of leaves, the exact genotype

analysed, as well as in the specific procedure and method used for analysis.

The main forms of tocopherols determined in all accessions were a- and y-tocopherols (vitamin
E). Of the many different forms of vitamin E, a-tocopherol is the most abundant form in
nature and is the form preferably retained in human body (Jiang 2014). The concentration
of a-tocopherol, the predominant form in G. gynandra leaves, ranged from 1.8 ng/g FW in
TOT8889 (ESA22) to 37.2 ug/g FW in ODS-15-013 (WAG) with a coefficient of variation
of 56.6% while the concentration in y-tocopherol ranged from 0.02 pg/g FW in TOT6421
(ESA15) and TOT8892 (ESA25) to 0.4 pg/g FW in TOT7198 (AS14) with a coefficient
of variation of 73.5%. West African accessions had higher average levels of a-tocopherol
compared with accessions from the other regions (Figure 2g). In contrast, Asian accessions
had the highest levels of y-tocopherol (Figure 2h). To our knowledge, this is the first report
of vitamin E quantification in G. gynandra. Levels of a-tocopherol comparable with our results
were reported in other vegetables including lettuce (1.5-3.6 pg/g FW), watercress (7.2 ug/g FW)
(Cruz and Casal 2013) and broccoli (27.2 pg/g FW) (Granado-Lorencio et al. 2007).

A nine-fold variation in ascorbic acid (vitamin C) was observed in the collection, ranging from
173.7 pg/g FW in TOT7197 (AS13) to 1556.8 ug/g FW in TOT4935 (AS8) with an average
of 849.1 ug/g FW and a coefficient of vatiation of 31.9%. No geographic pattern of variation
was associated with ascorbic acid levels in this collection (Figure 2i). Jiménez-Aguilar and
Grusak (2015) also indicated high levels of ascorbic acid in G. gynandra, ranging from 1060 to
1400 pg/g FW in eight accessions collected in Zambia. The large variability in the levels of the
selected nutrients in the collection provides an important opportunity for breeding towards
cultivars with higher levels of these compounds. However, correlations between nutrients and

morphological traits are critical for the design of appropriate breeding strategies.
Relationships between accessions and trait correlations

Accessions were classified in three main clusters based on the factorial analysis of mixed
data including the 27 morphological descriptors and the levels of nutrients (Figure 3a).
The first cluster included only accessions from West Africa (100%) (Figure 3a). Cluster 2
predominantly consisted of accessions from Asia (92%) with few accessions from East and
Southern Africa (8%). Accessions in cluster 3 were mainly from East and Southern Africa
(97%) with some accessions from West Africa (3%) (Figure 3c). Overall, clusters 1 and 2
made of accessions from West Africa and Asia respectively were closer than cluster 3 which
encompasses mainly accessions from East Africa. Similar patterns of relationships between
G. gynandra accessions from the 3 regions were revealed by Reeves et al. (2018) based on
Internal Transcribed Spacer sequences. Wu et al. (2017) previously compared morphological
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Figure 2. Box plots showing natural variation in levels of carotenoids, chlorophylls, tocopherols and ascorbic acid among Asian

(n=22), East and Southern African (n=34) and West African (n=20) accessions of Gynandropsis gynandra.
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Figure 3. Clustering of the 76 accessions of Gyuandropsis gynandra based on morphological desctiptors and levels of nutrients. (a)
Dendrogram based on hierarchical clustering of both quantitative and qualitative data; (b) Correlation circle based on Principal Component
Analysis; only variables significantly represented on the principal components (cos2 > 0.5) are displayed. (c) Score plot of accessions based

on hierarchical clustering on principal components.
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Table 3. Description of clusters of accessions of Gynandropsis gynandra according to regions and qualitative descriptors.

Descriptors Modalities Cluster 1 Cluster 2 Cluster 3
Hast Africa 0% 8% 97%
Region West Africa 100% 0% 3%
South-East Asia 0% 92% 0%
Upright 50% 42% 80%
Growth habit Intermediate 23% 54% 17%
Spreading 27% 4% 3%
Sparse 73% 12% 33%
Branching habit Intermediate 23% 88% 60%
Abundant 4%% 0% 7%
0 45% 12% 20%
1 9% 4% 7%
Stem colour (0= entirely 2 23% 21% 13%
green to 5= entirely purple) 3 13% 42% 7%
4 5% 17% 20%
5 5% 4% 33%
Glabrous 64% 0% 4%
Scantly hairy 27% 29% 53%
Stem hairiness
Moderately hairy 9% 33% 33%
Very hairy or woolly 0% 38% 10%
Light green 10% 4% 0%
Leaf colour Green 90% 96% 50%
Dark green 0% 0% 50%
Deltoid 4% 76% 0%
Terminal leaflet shape Elliptic 41% 20% 83%
Lanceolate 55% 4% 17%
Entire 68% 42% 80%
Leaf margin Ondulate 23% 54% 20%
Serrate 9% 4% 0%
White 95% 75% 80%
Pink 5% 4% 4%
Flower colour
Purple 0% 4% 16%
Yellow 0% 17% 0%
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features between African and Asian accessions of G. gymandra and showed differentiation
based on geographic origin. However, their study included only accessions from East and
Southern Africa and none from West Africa. All the qualitative traits except leaf blade
lobbing, leaf pubescence and leaf oiliness contributed to classify the accessions (Table 3).

Morphological quantitative traits including plant height, leaflet length, leaflet width, filament
length and pedicel length as well as levels of B-carotene, lutein, chlorophyll a and a-tocopherol
were the most important variables which contributed to the differentiation of the accessions
(Figure 3b). Cluster 1 was characterised by short plants with small leaves, high levels in
a-tocopherol, and relatively low levels in carotenoids. Cluster 2 included accessions with short
plants, broad leaves and long pedicels and relatively low levels of carotenoids and high levels

of tocopherols while Cluster 3 was made of accessions with tall plants and high levels of

carotenoids and chlorophylls (Figure 3c; Table 4).

Table 4. Average value (mean sd) of quantitative morphological desctiptors and nutrient content in the clusters of Gynandropsis

gnandra and the entite collection.

. Entire

Descriptors Cluster 1 Cluster 2 Cluster 3 R P-value
collection

Morphological descriptors
Days to germination 6.51£0.9 7.0t1.5 5.6%1.9 6.3%1.6 0.002
Days to flowering 50.4£7.1 55.4£6.1 55.4+8.1 53.9£7.5 0.029
Leaf area (cm?) 16.5+7.7 4231171 37.0+1441 32.7+17.2 <0.0001
Plant height (cm) 71.3£20.5 53.6£11.9  109.1£25.0  80.0%£31.4 <0.0001
Stem diameter (mm) 8.7+2.8 9.5%+1.3 9.9+1.8 9.4%2.0 0.121
Leaflet length (cm) 4.2%1.0 6.2%+1.1 6.4%12 5.7%15 <0.0001
Leaflet width (cm) 1.8£0.5 3.0%0.5 2.7+0.5 2.620.7 <0.0001
Petiole length (cm) 4.9%1.7 9.4%+1.6 10.22.3 8.413.0 <0.0001
Filament length (mm) 13.5+2.9 14.8+1.4 17.4+3.7 15.4£3.3 <0.0001
Gynophore length (mm) 10.7£2.2 10.6%2.1 16.2£3.8 12.8%£4.0 <0.0001
Androphore length (mm) 14.0£3.2 13.9+2.2 15.2+4.4 14.5+3.5 0.336
Pedicel length (mm) 13.8+2.4 18.9£2.6 13.7£3.2 15.4£3.7 <0.0001
Pod length (mm) 72.5%16.7 59.1%+8.1 87.3121.5 74.0+20.5 <0.0001
Pod width (mm) 6.0%2.1 9.312.6 7.512.1 7.6%£2.6 <0.0001
1000 seeds weight (mg) 1.1£0.2 0.9+0.1 1.4%+0.2 1.240.3 <0.0001
Nutrients
Lutein 31.1+4.8 30.1£3.2 39.0+6.9 33.9+6.7 <0.0001
a-carotene 4.210.5 43103 5.2%0.8 4.610.8 <0.0001
B-carotene 18.8+3.1 19.1+1.8 24.0%4.2 20.9+4.1 <0.0001
Violaxanthin 0.8+0.2 0.8+0.1 0.940.2 0.910.2 0.032
Chlorophyll a 338.0+47.5 347.0+£27.3  421.8166.8  373.9104.1 <0.0001
Chlorophyll b 78.2£11.0 79.9£7.2 100.5£17.8  87.6%16.8 <0.0001
a-tocopherol 16.318.1 10.9+2.9 6.9%2.5 10.9£6.2 <0.0001
y-tocopherol 0.08£0.04 0.2%+0.1 0.07£0.03 0.1£0.07 <0.0001
Ascorbic acid 827.4%179.6 938.81341.5 793.2%257.5 849.11272.8 0.136

The Pearson correlation matrix indicated significant positive correlations between lutein,
a-carotene, B-carotene, chlorophyll a and chlorophyll b (Figure 4). Significantly positive
correlations were observed between levels of carotenoids and chlorophylls and plant height,
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Figure 4. Correlation plot based on Pearson correlation between quantitative morphological descriptors and nutrient levels in 76

accessions of Gynandropsis gynandra.
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leaflet length, petiole length, filament length, gynophore length, pod length and 1000 seeds
weight, suggesting that taller and bigger accessions with dark green leaves are likely to have
higher carotenoids content. In contrast, strong negative correlations were observed between
a-tocopherol and plant height, stem diameter, leaflet length, leaflet width, petiole length, leaf
area, filament length, gynophore length and androphore length, carotenoids and chlorophylls.
No significant correlation was found between ascorbic acid (vitamin C) and other nutrients. The
summary of the differences between the three clusters of accessions is presented in Figure
5. Both carotenoids and tocopherols are derived from the plastidic isoprenoid biosynthetic
pathway (DellaPenna and Pogson 2006). Since carotenoids, tocopherols and chlorophylls
are photosynthetic pigments, we expected positive correlations among those compounds.
However, Reeves et al. (2018) observed variation in photosynthesis related traits in G. gynandra
which corroborate the differences that we observe in terms of carotenoids and tocopherols
content. The authors found that, compared with East African accessions, both Asian and West
African accessions had higher water use efficiency, lower density of stomata and veins, and
larger bundle sheath areas and cell sizes. Moreover, the Asian and West African accessions had
increased expression of genes encoding C, enzymes. Such genetic variation could be induced by
geographic or environmental isolation of different populations adapted to local conditions and
with limited gene flow among them (Kleessen et al. 2012; Prunier et al. 2017). Several studies
documented the geographical patterns of intraspecific differentiation in plant morphology
(Pucher et al. 2015; Upadhyaya et al. 2017) and phytochemical profiles (Bellomo and Fallico
2007; da Silva et al. 2017; Masetti et al. 2017; Shepherd et al. 2017). We hypothesize that the
observed trade-off between carotenoids and tocopherols associated with geographical origin
could be also explained by differential expression of the specific genes involved in either
carotenoid or tocopherol synthesis. Another explanation can be that isoprenoid levels are
dependent on plant developmental stage, with higher levels in the late-flowering accessions
from East Africa as compared to the early flowering West African and Asian accessions. The
effect of developmental stage on the levels of these compounds in the leaves should therefore
be investigated. For example, Ma et al. (2016) reported a decrease in the levels of carotenoids
in Chrysanthemum morifolinm leaves during flower development. Tracing back the origin and
colonization routes of the species could also be helpful to elucidate the differences observed
in the populations from the three regions. Feodorova et al. (2010) hypothesized that the
speciation event leading to G. gynandra occurred in South Africa but their sampling was limited
to accessions from South Africa and Australia. The absence of correlation between vitamin C
and the other nutrients will facilitate breeding for high levels of both vitamin C and carotenoids
or tocopherols in the species.

Conclusions

Our results show that morphological traits and levels of nutrients analysed varied significantly
among accessions of G gynandra, depending on geographic regions of origin. We also established
correlations between morphological traits and some of the targeted nutrients. Such information
is critical to design breeding programs aiming at improving the nutritional value of the species
with emphasis on pro-vitamin A, vitamins C and E. The negative correlation observed between

carotenoid and tocopherol levels requires further investigation of the genetic regulation of
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the biosynthetic pathways underlying these metabolites in G. gynandra. Moreover, differences
in these nutrients across plant developmental stages should be assessed. The large vatiation
in vitamin C between accessions and the absence of correlation between this compound and
the other nutrients specifically provides a great opportunity for breeding towards new varieties
with improved nutrient compositions. Based on the present results, lines with contrasting
morphology and metabolite contents from East Africa and Asia have been selected and crossed
for the development of mapping populations to accelerate breeding efforts in the species.
Moreover, we are currently analyzing the variation in the global metabolome of this species
using a subset of 48 accessions and such information would be valuable to determine anti-
nutritional factors and their potential correlation with health-promoting compounds in the
species. Analyzing the variation in the collection at the metabolome and the genome levels could
also allow determining whether the geographic patterns of variation observed in the collection
at the morphological and biochemical levels are simply due to environmental plasticity or indeed
driven by genetic differentiation due to isolation by distance. Last but not least, since G. gynandra
is usually eaten as a cooked vegetable, the impact of cooking on the levels of the nutrients in
this species and the potential contribution of the different compounds to recommended daily
intakes should also be investigated.
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Chapter 5

Abstract

Leafy vegetables are sources of health-promoting secondary metabolites and are often
used as both food and medicine. However, limited data are available on the occurence and
abundance of these secondary metabolites to promote the utilization of those resources for
food and nutrition. In the present study, we investigated the global metabolite variation in the
leaves of 48 accessions of Gynandropsis gynandra using two complementary analytical platforms:
liquid-chromatography mass spectrometry (LC-MS) for an untargeted comparison of semi-
polar metabolites and gas-chromatography mass spectrometry (GC-MS) for an untargeted
comparison of volatile organic compounds. Our results revealed large variation in 936 semi-
polar compounds including flavonoids, terpenoids, glucosinolates and hydroxycinnamic acid
derivatives. Unsupervised multivariate analysis indicated that the variation in relative levels of
semi-polar metabolite profiles was mainly driven by geography, suggesting incipient speciation
in G. gynandra, with the accessions from both West Africa and Asia forming a group clearly
separated from the East/Southern Aftican accessions. Volatile organic compounds detected
included different sesquiterpenes, aldehydes, ketones, and sulfur-containing isothiocyanates.
The variation in these volatiles was however not location-specific, but most likely linked to
the taste and odour of the accessions. The relative abundance in glucosinolates and associated
volatile sulfur compounds in the leaves allowed to cluster the accessions in three main
groups that could be used for further plant-herbivore interaction studies. This study showed
large diversity in phytochemical composition of G. gynandra accessions and provides a basis
for towards improvement of human health or plant defense-related compounds in this leafy
tropical vegetable.

Key-words: Spider plant; phytochemicals; health; plant defense; geography.
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Introduction

Spider plant (Gynandropsis gynandra) is a leafy vegetable belonging to the Cleomaceae family,
the sister family of Brassicaceae. Although it is considered a major leafy vegetable in several
communities in Africa and Asia, G. gynandra has been for a long time understudied. The
recent surge in demand for diversified and nutrient-rich diets in both advanced economies
and developing countries has led to an increasing interest for “orphan” or “neglected” crops.
These species are not only nutritious but may also be an important source of income for local
communities. Moreover, such species are adapted to local climates: they are more tolerant to
harsh conditions including heat, drought, flood, and pests and diseases. Re-introducing these
so-called orphan crops in agri-food systems in developing countries could reduce rising food
insecurity in these regions and contribute to more resilient agricultural ecosystems (Baldermann
et al. 2016; Chiurugwi et al. 2019). Hence, G. gynandra may be referred to as a “super” leafy
vegetable with a tremendous potential to contribute to food and nutrition, especially in regions
where it is cultivated (Cernansky 2015; Sogbohossou et al. 2018a).

G. gynandra leaves are rich in nutrients including carotenoids, vitamin C and minerals (Odhav
et al. 2007a; Omondi et al. 2017b; Sogbohossou et al. 2019; Uusiku et al. 2010). The leaves,
young shoots and flowers are boiled and eaten in sauces/stews ot can be blanched and dried
for preservation (Flyman and Afolayan 2006; van Den Heever and Venter 2007). G. gynandra
is also used as a medicinal plant in several African and Asian countries. The leaves are used
as disinfectants on wounds and taken as medicine for body aches and pains, eye infections,
malaria, typhoid fever, anaemia and skin disorders (Bala et al. 2010; Chweya and Mnzava
1997; Shanmugam et al. 2012; Sogbohossou et al. 2018b; Yetein et al. 2013). Pharmacological
investigations of the plant species identified several compounds with confirmed medicinal
properties: the leaves contain high concentrations of alkaloids, steroids, glucosinolates,
flavonoids, tannins, iridoids and other phenolic compounds (Moyo et al. 2018; Moyo et al.
2013). Quercetin and kaempferol are the main flavonoids while traces of isorhamnetin are also
present in the leaves of G. gynandra (Omondi et al. 2017b; Yang et al. 2008). Glucosinolates:
glucocapparin, glucobrassicin and 3-hydroxypropylglucosinolate, were detected in the plant,
and have been reported to play a role in plant defence against herbivores. Upon disruption
of the leaf tissues, the hydrolysis of glucosinolates by myrosinases releases volatile sulfuric
compounds, mainly isothiocyanates that have repellent properties against pests (Neugart et al.
2017; Omondi et al. 2017b; Songsak and Lockwood 2002). These studies however only target
specific compounds or classes of compounds, and the studies were mostly limited to accessions
collected in East and Southern Africa.

Consumers’ preferences in terms of taste and odour are variable depending on the countries or
regions. In the West African countries Benin and Togo, bitterness of the leaves is considered
as an indicator of the healing properties of the species. Bitter and odorous leaves are therefore
preferred for both food consumption and medicinal use (Sogbohossou et al. 2018a). East African
communities prefer sweeter varieties and use various methods to reduce the bitterness of the
leaves (Flyman and Afolayan 2006; Sogbohossou et al. 2018a). Taking consumers’ preferences
into account in breeding programs, requires an extensive knowledge on the secondary metabolites

influencing taste and odour of the leaves as well as their health-promoting properties.
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In this study, we investigated the natural variation in the global metabolite composition of
48 G. gynandra accessions originating from both Asia and Africa (East/Southern and West
Africa), using an untargeted metabolomics approach based on mass spectrometry. These kind
of untargeted approaches are useful for detecting new and confirming previously identified
secondary metabolites in plants. We specifically focused on: (1) assessing the occurrence
and variation in semi-polar and volatile organic compounds in our collection; (2) identifying
potential compounds that may be associated with taste, aroma and plant defence in the leaves.
We hypothesize that: (1) the natural variation in secondary metabolites in G. gynandra is linked to
the geographical origin of the accessions; (2) the use of untargeted metabolomics approaches
allows detection of novel compounds related to human health, taste, aroma and plant defense
in the leaves of G. gynandra.

Materials and methods

Plant material

A total of 48 accessions of G. gynandra that represented the geographic distribution and
morphological diversity of seed collections from the World Vegetable Center and the Laboratory
of Genetics, Horticulture and Seed Science in Benin were selected. The detailed list of accessions
and their provenance is presented in Table 1. Three replicates per accession were grown on
rockwool under irrigated conditions in a greenhouse at Wageningen University for 5 months
(August to December 2015). Leaf samples were taken at 8 weeks: 3-5 leaves per plant were
harvested and leaf samples pooled per accession, resulting in a total of 10-15 leaves per accession.
Harvested leaves were frozen in liquid nitrogen, ground and stored at -80°C for further analysis.

Metabolite data acquisition and processing

Extraction and analysis of semi-polar secondary metabolites

Semi polar metabolites were extracted and analysed using the protocol described in van Treuren
et al. (2018). A total of 500 mg fresh weight of ground leaf material was extracted with 1.5
ml of 99.87% methanol containing 0.13% formic acid (final concentrations of 75% methanol
and 0.1% formic acid). Frozen samples were vigourously vortexed immediately after adding the
extraction solution to the frozen material, sonicated for 15 min and centrifuged at maximum
speed for 15 min. The resulting extracts were passed through a 0.2 pm polytetrafluoroethylene
(PTFE) filter. To check the total technical variation including extraction, sample analysis and
data-processing, five quality control samples were prepared from the pooled leaf material of

several randomly selected accessions.

A liquid chromatography system (Water Acquity) coupled to a photodiode array detector
(Waters, 240-600nm) and a high-resolution mass spectrometry (Orbitrap FTMS, Thermo
Fisher Scientific), with a C18-reversed phase chromatography system (Luna C18 column,
2.0x150 mm; Phenomenex) and negative electrospray ionization system (m/z 95-1350),
were used for the analysis. Five pl of the plant extract was injected and separated using
a binary gradient of ultrapure water (A) and acetonitrile (B). Solvents A and B were both
acidified with 0.1% formic acid, with a flow rate of 0.19 ml/min. The initial solvent was
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Table 1. List of accessions used in this study and their countries/regions of origin.

# Accession Region Country
name
1 Gyn Asia Malaysia
2 TOT1048 Asia Thailand
3 TOT1480 Asia Thailand
4  TOT3514 Asia Lao People’s Democratic Republic
5  TOT3527 Asia Lao People’s Democratic Republic
6 TOT3534 Asia Lao People’s Democratic Republic
7 'TOT3536 Asia Lao People’s Democratic Republic
8  TOT4935 Asia Thailand
9  TOT4937 Asia Thailand
10 TOT4976 Asia Thailand
11 TOT5799 Asia Thailand
12 TOT7196 Asia Malaysia
13 TOT7197 Asia Malaysia
14 TOT7198 Asia Malaysia
15 TOT7199 Asia Malaysia
16 TOT7200 Asia Malaysia
17 TOT7441 Asia Lao People’s Democratic Republic
18 TOT7462 Asia Lao People’s Democratic Republic
19 TOT7486 Asia Lao People’s Democratic Republic
20 'TOT8996 Asia Taiwan
21  RW-SF-10 East/Southern Africa Rwanda
22 TOT6420 East/Southern Africa Tanzania
23 TOT6421 Fast/Southern Africa Tanzania
24 TOT6422 East/Southern Africa Tanzania
25 TOT6435 Fast/Southern Africa Kenya
26 TOT6439 East/Southern Africa Zambia
27 TOT6440 Fast/Southern Africa South Africa
28 TOT6441 East/Southern Africa South Africa
29 TOTG6442 Fast/Southern Africa South Africa
30 TOT8888 East/Southern Africa Uganda
31 'TOT8889 Fast/Southern Africa Uganda
32 TOT8890 East/Southern Africa Uganda
33 TOT8891 Fast/Southern Africa Uganda
34 TOT8915 East/Southern Africa Malawi
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35 TOT8916 Fast/Southern Africa Malawi
36 TOT8917 East/Southern Africa Malawi
37 TOT8918 Fast/Southern Africa Malawi
38 TOTS8925 East/Southern Africa Kenya
39 TOT8926 Fast/Southern Africa Kenya
40 TOTS8931 East/Southern Africa South Africa
41 TOT8933 Fast/Southern Africa Zambia
42 'TOT8997 East/Southern Africa Uganda
43 TOT8998 Fast/Southern Africa Uganda
44 ODS-15-020 West Africa Benin
45 ODS-15-044 West Africa Benin
46 ODS-15-045 West Africa Benin
47  ODS-15-061 West Africa Togo
48 ODS-15-117 West Africa Ghana

composed of 95% A and 5% B, increased linearly to 35% A and 65% B at 45 min and was
maintained for 2 min. The column was washed with a solution of 25% A and 75% B for
5 min and equilibrated to 95% A and 5% B for 2 min, before the next injection. Xcalibur

software (Thermo) was used to regulate the instruments and for data acquisition.
Extraction and analysis of volatile secondary metabolites

Volatile metabolites were extracted based on the protocol described by Wahyuni et al.
(2013). An extraction solution (5 M CaClI2 + 25 mM Tris + 25 mM EDTA) was prepared,
and 1.7 ml of the solution was added to 100 mg of frozen ground leaf material in a 10-ml
standard headspace (DHS) vial with screw-cap. The tubes were vortexed and sonicated at
30 °C for 10 min and 1 ml of the extract was transferred into a 10 ml crimp vial (Waters),
capped and directly used for headspace SPME-GC-MS (davinci) analysis. As for LC-
MS, quality control samples consisting of a pool of leaf samples of randomly selected
accessions were prepared and injected after eight accession samples to assess the analytical

variation.
Mass spectral alignment, filtering and clustering

MetAlign software package (www.metalign.nl) was used for baseline correction, noise
estimation, and ion-wise mass spectral alignment. The software output for the GC-MS and
LC-MS data sets were subsequently processed with MSClust software (Tikunov et al. 2012),
that combines mass signals derived from the same molecule (natural isotopes, adducts and

fragment ions) resulting in reduction of data redundancy and reconstruction of mass spectra.
Putative identification of semi-polar and volatile metabolites

The identification of selected semi-polar metabolites was based on UV/Vis light absorbance
spectra and molecular weight. Putative identification of these metabolites was obtained using
different databases such as the Dictionary of Natural Products (http://dnp.chemnetbase.com),
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KNApSAcK (http://kanaya.naist.jp/ KNApSAcK) and in-house metabolite databases. Putative
identification of volatile metabolites was performed by automatic matching of mass spectra
compiled by the MSClust program, with the National Institute of Standards and Technology
(NIST) mass spectral library entries, using the NIST MS Search v2.0 software (http://chemdata.
nist.gov/mass-spc/ms-search/). The compound hit that showed the highest matching factor
(MF) value (=800) and the lowest deviation from the retention index (RI) value was used for the
putative metabolite identity.

Multivariate analysis

Metabolites were coded with their centrotype numbers obtained from the MSClust software,
that were preceded by either LC or GC depending on whether they resulted from LC-MS or
GC-MS analysis. Multivariate statistical analyses were performed on the semi-polar and volatile
metabolite data sets containing the intensity levels of all centrotypes for all accessions. Pre-
treatment of the data was performed by log2 transformation and mean centering using the R
package “RFmarkerdetector” (Palla and Armano 2016). The pre-treated data were subjected to
analysis of variance followed by a post-hoc Fisher LSD test and principal component analysis
(PCA) with the R package “mixOmics” (Le Cao et al. 2019). Heatmaps and hierarchical cluster
analysis using the UPGMA method were performed using the “heatmap.2” function of the R
package “gplots” (Warnes et al. 2010).

Results

Natural variation in semi-polar metabolites

The relative intensity of 936 metabolites were extracted from leaf samples using the untargeted
LC-MS approach (Supplemental Table 1). PCA on the 48 accessions revealed a separation
of the accessions according to their geographic origin (Figure 1). The first component (PC1)
explained 28.8% of the total variation and separated accessions from East/Southern Africa
from those from West Africa and Asia. The second principal component (PC2) explained 10.9%
of the variation and separated accessions from West Africa from those from Asia. The third
principal component (PC3) which explained 6.8% of the variation, separated accessions from
West Africa from those from both East/ Southern Africa and Asia. Of the 936 metabolites, 626
(66.9%) had significantly different abundance levels between East/ Southern Africa and Asian/
West African accessions (p<<0.05). From these 626 differential metabolites, 270 (43.1%) were
more abundant in East/Southern African accessions than in West African/Asian accessions,
with a fold variation of the average values between 2 (compound LC1645) and 78 (compound
LC2379). On the other hand a total of 228 (36.4%) metabolites were more abundant in West
African/Asian accessions compared with East/Southern African accessions, with a fold
variation average between 2 (LLC2896) and 425 (I.LC1917). Comparing metabolite levels in West
African and Asian accessions revealed 444 (47.4%) significantly different metabolites out of the
initial 936. Of these metabolites, 243 (54.7%) were more abundant in Asian accessions with a
fold-variation from 2 (LC6772) to 793 (LC5806) while 195 (43.9%) were more abundant in West
African accessions with a fold-vatiation from 2 (LC2622) to 556 (LCG6401).
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Figure 1. Principal component analysis of relative levels of 936 semi-polar compounds detected in the leaves of 48 accessions of
Gynandrapsis gynandra. (A) Projection of individuals on principal components 1 and 2. (B) Projection of individuals on principal components

2 and 3. Confidence ellipses at 0,95 level were drawn around points from the same geographical region of origin.

A heatmap (Figure 2) based on extremely differential metabolites among accessions with PCA
loading scores > 0.7 on both PC1 and PC2, revealed the relationships amongst the accessions and
metabolites in more details. Two main clusters of accessions (Al and A2) and three major clusters
of metabolites (B1, B2 and B3) were identified (Figure 2). Cluster Al included the 20 accessions
from Asia and 5 accessions from West Africa while the 23 accessions from East Africa were all in
cluster A2. The metabolite cluster B1 comprised of compounds mainly present in East/Southern
Affican accessions. Cluster B2 included compounds abundant in West African accessions and in
most Asian accessions, that were also present at moderate levels in some East/Southern Aftican
accessions. Compounds in cluster B3 were highly abundant in Asian and West African accessions

but were present at very low levels in East/Southern Aftican accessions.
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Figure 2. Heatmap of the log2-transformed and mean-centered abundance values of the top 107 significant semi-polar

metabolites obtained from PCA loadings in 48 accessions of Gyuandropsis gynandra.

Classes of metabolites that were abundant in Asian and West African accessions but in low levels
in East/Southern Affican accessions (Figure 3, a-e) were: hydroxycinnamic acid detivatives
(e.g LC2540: 1,2-Dihydroxy-1,2,3-propanetricarboxylic acid 1-O-Caffeoyl(E) and LC3607:
1,2-Dihydroxy-1,2,3-propanetricarboxylic  acid =~ 1-O-Feruloyl(E)), terpenoids (e.g. 1.C3341:
1,15-Dihydroxy-11(13)-eudesmen-12,6-olide and 1.C2765: 2,3-dihydroxy-4-megastigmen-9-one)
and flavonoids (e.g. LC3830: 5,7-Dihydroxy-4'-methoxyflavanone). East/Southern Aftican and West
Aftican accessions (Figure 3f) exhibited high levels of quercetin-3-rutinoside (I.LC3890), a flavonoid,
while glucocapparin (ILC880; methylglucosinolate) was abundant in Asian accessions (Figure 3g).

Classes of metabolites with high levels in East/Southern African accessions (Figure 3, h-k)
included flavonoids (1.LC2021: 5,6,7,8-tetrahydroxy-2H-1-benzopyran-2-one and LC2468:
5,7,8-trihydroxy-2H-1-benzopyran-2-one), and phenolic compounds (L.LC2400: ellagic
acid and LC2749: 2-trans-O-feruloylglucaric acid). In West African accessions, specific
compounds with high levels included 1,3-dihydroxy-12,6-cudesmanolide (I.C5323), a
sesquiterpenoid, and methylsyringin (I.LC3291), a phenyl glycoside. Glucobrassicin (I.C3829;
3-indolylmethylglucosinolate) was rather present at low levels in West African accessions, when
compared to East/Southern Aftrican and Asian accessions (Figure 3, I-n).
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Figure 3. Box plots showing the variation in relative levels of 14 selected semi-polar metabolites in the leaves of 48 accessions of
Gynandropsis gynandra. Putative identities: LC2540: 1,2-Dihydroxy-1,2,3-propanetricarboxylic acid,1-O-Caffeoyl(E); L.C3607: 1,2-Dihydroxy-
1,2,3-propanetricarboxylic acid, 1-O-Feruloyl(E)]; LC3341: 1,15-Dihydroxy-11(13)-eudesmen-12,6-olide; L.C2765: 2,3-dihydroxy-4-
megastigmen-9-one; LC3830: 5,7-Dihydroxy-4*-methoxyflavanone; 1.C3890 quercetin-3-rutinoside; L.C880: glucocapparin; LC2021:
5,0,7,8-tetrahydroxy-2H-1-benzopyran-2-one; 1.C2468: 5,7,8-trihydroxy-2H-1-benzopyran-2-one; 1.C2400: ellagic acid; LC2749: 2-trans-O-
Feruloylglucaric acid; 1.C5323: 1,3-dihydroxy-12,6-eudesmanolide; L.C3291: methylsyringin; 1.C3829: glucobrassicin.
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The geographic patterns of clustering of semi-polar metabolites suggests that the variation in
these metabolites results from genetic adaptation processes of this species. Since our analyses were
performed on accessions collected in their natural habitat and self-pollinated in controlled conditions
for 4 to 6 generations, we hypothesize that the metabolic profiles are mostly under genetic control.
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Figure 4. Principal component analysis of relative levels of 130 volatile compounds detected in the leaves of 46 accessions of
Gynandropsis gynandra. (A) Projection of individuals on principal components 1 and 2. (B) Projection of individuals on principal components

2 and 3. Confidence ellipses at 0,95 level were drawn around points from the same geographical region of origin.
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Natural variation in volatile metabolites in Gynandropsis gynandra

A total number of 130 volatile metabolites was detected in the leaves of our accessions
(Supplemental Table 2). Accessions TOT6440 and ODS-15-117 were detected as outliers and
removed from the analyses. PCA on the remaining 46 accessions revealed no clear separation of
the accessions based on their geographic origin (Figure 4).
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Figure 5. Heatmap of the log2 transformed and mean-centered abundance values of the 130 volatile metabolites detected in the

leaves of 46 accessions of Gynandrapsis gynanda.

A heatmap generated based on the log2 transformed and mean-centered metabolite levels
indicated three clusters of accessions (C1, C2 and C3) and two main clusters of metabolites
(D1 and D2) (Figure 5). Cluster C1 consisted of 4 accessions (2 from Fast Africa and 2
from Asia) with overall low levels of volatiles. Cluster C2 consisted of 30 accessions (19 from
East Africa, 7 from Asia and 4 from West Africa) with high levels of D1 compounds but low
levels of D2 compounds. Cluster C3 on the other hand, was made up of 12 accessions (11

from Asia and one from East Africa) with moderate to high levels of volatiles.

Of the 132 volatiles detected, 60 were putatively identified. Volatile metabolites present in cluster

102



Natural variation in secondary metabolites production

D1 mainly included aldehydes (e.g. GC987: (E)-2-Pentenal; GC1235: (Z)-3-hexenal, GC1482:
(E)-2-hexenal, GC2713: (E,E)-24,-heptadienal and GC4069: 1-, 2,6,6-trimethyl-cyclohexene-1-
carboxaldehyde), ketones (e.g. GC3119: 3,5-Octadien-2-one and GC2492: 6-methyl-5-hepten-2-
one), monoterpenes (e.g. GC2858: 1,8-cineole, syn. eucalyptol) and alcohols (e.g. GC1074: (Z)-2-
penten-1-ol and GC2784: 2-ethyl-1-hexanol).

The metabolite cluster D2 mainly included esters (e.g. GC2148: propyl 2-methylbutanoate;
GC2528: 2-Methylpropanol 3-methylbutanoate; GC2667: Isobutyl isovalerate and GC3365:
2-Methylbutyl 2-methylbutanoate), sesquiterpenes (e.g, GC4862: alpha-humulene; GC4956:
bicyclosesquiphellandrene; GC5093: (E,E)- alpha-Farnesene and GC5277: cis-Calamenene) and
sulfuric compounds (e.g. GC798: methyl thiocyanate; GC843: methyl isothiocyanate; GC931:
dimethyl disulfide, GC1447: isopropyl isothiocyanate and GC1784: 2-ethylthiophene).

Natural variation in glucosinolates and other plant defense related compounds
in Gynandropsis gynandra

In our study, the glucosinolates putatively identified were: glucobrassicin or indolylmethyl
glucosinolate (I.LC3829) and glucocapparin or methylglucosinolate (I.LC880). Volatile sulfuric
compounds identified included dimethyldisulfide (GC931), methylisothiocyanate (GC843),
isopropylisothiocyanate (GC1447), methylthiocyanate (GC798) and 2-ethylthiophene (GC1784).
A closer look at the metabolic profiles (Figure 6) indicated 5 clusters of accessions (E1 to E5),
and 2 clusters of metabolites: the volatile sulfuric compound cluster (F1) and the glucosinolate
cluster (F2).

Accessions in clusters E1 and E2 have low levels of volatile sulfuric compounds overall. Cluster
E1 included accessions with high levels of the two glucosinolates while cluster E2 consisted
of accessions with high levels of glucobrassicin and low levels of glucocapparin. In cluster E3,
accessions were all from West Africa and, had moderate levels of volatile sulfuric compounds
and low levels of the glucosinolates. Accessions in cluster E4 had moderate levels of volatiles,
high levels of glucobrassicin and low levels of glucocapparin. Cluster E5 was composed of

accessions with moderate to high levels of all volatile sulfuric compounds.

Accessions from clusters E2 and E5 may be interesting for genetic studies on both volatile
sulfuric compounds and glucocapparin content while accessions from cluster E3 may possibly
be combined with accessions from clusters E2, E4 or E5 to study the genetic basis of

glucobrassicin biosynthesis in the species.
Discussion

G. gynandra leaves contains different classes of semi-polar metabolites. The overall variation
in semi-polar metabolites including phenylpropanoids, flavonoids, glucosinolates and terpenes,
positively correlated with the different geographic regions of the accessions in our collection.
Accessions from West Affica and Asia were more similar and cleatly distinct from East/
Southern African accessions which had unique metabolite signatures. A similar geographical
pattern of differentiation in G. gynandra was previously demonstrated using a combination

of morphological traits and isoprenoid levels (Sogbohossou et al. 2019) and a set of
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Figure 6. Heatmap of the log2 transformed and mean-centered abundance values of glucosinolates and volatile sulfur

compounds in 46 accessions of Gynandropsis gynandra.

photosynthesis related traits (Reeves et al. 2018). The similarity between the various studies
suggest that geographical-specific patterns may also be reflected at genome level. Wahyuni et al.
(2013) found comparable patterns of species-specific profiles of semi-polar metabolites in the
fruits of Capsicum spp. The authors suggested that differences in the regulation of metabolic
pathways, the activity of rate-limiting enzymes or the substrate specificity of specific modifying
enzymes could explain the observed differences in metabolite levels. In our study, the differences
between accessions possibly indicate an on-going speciation event in G. gynandra. Another
hypothesis is that these patterns in metabolite profiles may be due to accessions’ selection based
on consumers’ preferences in different geographical locations. Further genomic analyses on
the observed genetic patterns, genomic signatures of selection between populations, structural
variation and demographic history reconstruction, using a broader collection of accessions

could help unravel this question.

The potential benefits of G. gynandra leaf consumption in human health, especially in relation
to its potential antibiotic and anti-inflammatory activities (Sogbohossou et al. 2018b; Yetein et
al. 2013), were confirmed by the presence of different flavonoids, terpenoids, hydroxycinnamic
acid derivatives as well as various other phenolic compounds known for their antioxidant, biocide
or anti-inflammatory properties (Baron 2018; Maurya and Devasagayam 2010). Flavonoids
were previously identified in two accessions of G. gynandra (Neugart et al. 2017) and the present
study confirmed the presence of quercetin-3-rutinoside, kaempferol and hydroxycinnamic acids.
Hydroxycinnamic acid reportedly possess potent antioxidant and anti-inflammatory properties,
and may potentially be used for diabetes and hyperlipidaemia prevention (Alam et al. 2016).
Coumatin derivatives including 5,6,7,8-tetrahydroxy-2H-1-benzopyran-2-one and 5,7,8-trihydroxy-
2H-1-benzopyran-2-one ate known for their pharmacological properties (Dandriyal et al. 2016;
Witaicenis et al. 2014). Coumarin derivatives also have interesting anticancer properties: they
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have minimum side effects and multi-drug reversal activity (Dandriyal et al. 2016). Ellagic acid
and derived metabolites have antioxidant, estrogenic and/or anti-estrogenic, anti-inflammatory
and anti-carcinogenic properties (Bell and Hawthorne 2008; Landete 2011; Vattem and Shetty
2005). It should be noted that most metabolites detected by the LC-MS analysis are not currently
annotated, but may include other flavonoids or health-related phenolics.

The profiles of volatile organic compounds did not positively correlate with the geographical
origin of the accessions. However, compounds abundant in cluster C3 including isobutyl
isovalerate (GC2667), butanoic acid, 2-methyl-, 3-methylbutyl ester (GC3301), butanoic acid,
2-methyl-, 2-methylbutyl ester (GC3365), isobutyl isobutyrate (GC1858), propanoic acid,
2-methyl-, 3-methylbutyl ester (GC2685) and propanoic acid, 2-methyl-, 2-methylpropyl ester
(GC2011) were characterised by a sweet fruity flavour (The Good Scents Company 2019).
Cubenol (GC5447: spicy), linalool (GC3327: floral, citrus scent), trans-beta-Ocimene (GC2893:
green, tropical, woody), caryophyllene (GC4609: spicy, woody) (The Good Scents Company
2019) were other abundant compounds with specific flavour and taste in the C3 cluster. Volatile
compounds abundant in cluster C2 were characterised by pungent and spicy smells. Some of
these compounds include 1-Penten-3-ol (GC600: pungent, horseradish-like), 2-Pentenal, (E)-
(GCY87: pungent, green, fruity apple-like), (E,E)-2,4-hexadienal (GC2033: pungent fatty green),
decanal (GC3974:sweet, waxy, orange peel), 3,5-octadien-2-one (GC3284: fruity green grassy),
2-Penten-1-ol, (Z)- (GC1074; mustard horseradish) and 2-Hexenal, (E)- (GC1576: sharp,
penetrating fresh leafy green, spicy) (The Good Scents Company 2019).

Of the 31 volatiles in G. gynandra previously reported (Nyalala et al. 2013), 16 were identified
in our study and they were mainly isothiocyanates, terpenes and aldehydes. Nyalala et al. (2013)
highlighted the inactivity of spider mites exposed to 2,4-heptadienal or B-cyclocitral, (Z)-2-
pentenol, or methyl isothiocyanate, all compounds detected in our study. Natural variation in
glucosinolates and their catabolic sulfur-containing volatile compounds also provides a basis
for further investigation of herbivore interactions with G. gynandra. All glucosinolates share a
common chemical backbone: an S-glycosylated thiohydroximate sulfate ester, with a variable
side chain (Fahey et al. 2001). In our study we identified an aliphatic glucosinolate: glucocapparin
and an indole glucosinolate: glucobrassicin. Omondi et al. (2017) identified 3-hydroxypropyl
glucosinolate as the main glucosinolate present in the different plant organs of 30 accessions of
G. gynandra collected from various East/Southern African countries while Neugart et al. (2017)
observed mainly glucocapparin and only traces of indole glucosinolates (glucobrassicin and
4-methoxyglucobrassicin) in G. gynandra leaves. Glucosinolate levels are also strongly influenced
by plant developmental stages as was shown in Aethionema arabicum for which glucosinate levels
in the leaves drastically decreased after flowering (Mohammadin et al. 2017). The discrepancies
between the studies mentioned above may be explained by differences in accessions analysed,
and possibly also due to differences in growth conditions and plant developmental stages. The
relative low levels of glucosinolates observed in West African lines at the time of sampling may

be as a result of relatively eatly flowering in these lines (Sogbohossou et al. 2019).

Overall, our results provide clear evidence of genetic diversity in leaf phytochemicals, specifically
in non-volatile compounds. This information can be applied in crop breeding for the selection
of parental accessions that may produce lines with beneficial characteristics such as: medicinal
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value, taste, odour, and for plant defence against herbivores or other biotic stresses. Further
annotation of leaf metabolites and investigating natural variation of key metabolites in different
developmental stages, food processes and in response to different environmental stresses, may

also contribute to breeding for improved quality in G. gyrandra.
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Abstract

Orphan crops are plant species used around the wotld for food, medicine and/or fuel which
contribute to users’ livelihoods, but have not been included in mainstream agricultural research
and development agenda. Rapid advances in -omics technologies provide an unprecedented
opportunity to accelerate breeding of new and orphan crops which hold the potential in
addressing food and nutritional insecurity in the world. Here, we present the draft genome and
the whole-genome resequencing of 53 accessions of Gynandropsis gynandra (Cleomaceae), a leafy
vegetable and medicinal plant used in Africa and tropical Asia. G. gynandra, one of the target
crops of the African Orphan Crops Consortium, is an important source of vitamins and health-
promoting secondary metabolites and is readily used as a model crop to study C, photosynthesis.
The reference genome of the species was assembled into 1693 scaffolds with an N50 of 1.38
Mb. A survey of the genome for ancient polyploidy events revealed that G. gynandra underwent
a whole-genome duplication instead of a whole-genome triplication as previously hypothesized.
SNP calling based on the re-sequenced diversity panel yielded 10.8 million SNPs. Genetic
diversity analyses showed that variation at the genome level was associated with the geographic
origin of the accessions, and a strong differentiation between populations was identified,
consistent with morphological characterisation and metabolome profiling. Accessions from
West Africa and Asia exhibited a higher level of linkage disequilibrium suggesting that these
populations diverged more recently than those of East/Southern Aftica. Thus, our results
suggest an African origin for the species, a hypothesis that should be further tested with a
more comprehensive set of accessions. The high genetic diversity in East/Southern Aftican and
Asian populations constitute a tremendous opportunity for breeding programs. The reference
genome coupled with SNP markers developed will facilitate the investigation of the genetic
basis of agronomic and quality traits in G. gynandra and accelerate the development of high-

yielding and nutrient-rich cultivars.

Key-words: genome, resequencing, origin, whole-genome duplication, breeding, Gynandropsis
Qynandra.
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Introduction

With the evident challenges of sustainably feeding the growing world population, there is an
urgent need for more diverse and nutrient-rich diets to achieve food security (Khoury et al.
2014). Crops used by diverse communities around the world at local or regional scales, often
referred to as “orphan” or “neglected” are largely overlooked by the mainstream scientific
community. Nonetheless, such species constitute important sources of nutrients, have
numerous therapeutical properties, provide income to local communities, are adapted to harsh
environments, and ate increasingly sought for (Chiurugwi et al. 2019; Hendre et al. 2019).
The global flora includes over 12,000 edible plants including many fruits and leafy greens
(Ozturk et al. 2018). In Africa alone, the Plant Resources of Tropical Africa Foundation listed
approximately 8,000 edible species (Prota 2010). Hence, several research teams are developing
breeding programs targeting orphan crops, especially cereals, legumes, and fruit trees (Chang
et al. 2018; Chanyalew et al. 2019; Debieu et al. 2017; Varshney et al. 2009; Varshney et al.
2017b). Recent advances in omics technologies made possible an accelerated breeding of
emerging crops for improved yield, quality and resistance to pests and diseases (Chiurugwi et al.
2019; Ribaut and Ragot 2019). For example, the African Orphan Crops Consortium (AOCC)
offered to sequence one hundred accessions of each of 101 priority crops for Africa, including
20 vegetable species, selected based on their importance and potential contribution to food
security and livelihoods on the continent (Hendre et al. 2019). Vegetables are an important
group of orphan crops requiring more attention. They are affordable and easily available
sources of nutrients given their short cycle. They can be cultivated on small plots, requiring low
inputs and thus present low capital risks, and provide income to small-scale farmers, especially
women (Conti et al. 2019). This article is focused on Gynandropsis gynandra (spider plant), one of
the most common “orphan” vegetable species in the tropical world and a target species of the
AOCC initiative (Hendre et al. 2019).

G. gynandra (2n=34) is a plant species that belongs to the Cleomaceae family (Chweya and Mnzava
1997; Iltis et al. 2011). The plant is a leafy vegetable cultivated in Africa and Asia and also used as
a medicinal plant in these regions. Spider plant is generally found to be distributed all over Africa
near agricultural land and human settlements but grown in drier zones of South Africa, Zimbabwe,
Niger and Burkina Faso (Mnzava and Chigumira Ngwerume 2004; Sogbohossou et al. 2018a).The
species is an economically important leafy vegetable in several communities around the wotld and a
source of provitamin A, vitamins C and E, calcium and iron (Sogbohossou et al. 2019; van Den Heever
and Venter 2007) and diverse health-promoting compounds including glucosinolates, flavonoids and
phenylpropanoids (Neugart et al. 2017; Nyalala and Grout 2015; Omondi et al. 2017b). Despite the
wide geographical distribution of the species, G. gynandra has for a long time been considered as
an “orphan” or “neglected” species because of a lack of research efforts to develop genetic and
genomic resources for the crop. Developing genomic resources for G. gynandra will open diverse

research avenues.

First, the genome of the species is an important resource for breeding programs targeting various traits
from higher leaf yield to increased secondary metabolites production and disease resistance.

Second, G. gynandra is a C, plant and the Cleomaceae family spans both C, and C, plants (Bayat et
al. 2018; Feodorova et al. 2010; Koteyeva et al. 2011; Marshall et al. 2007). G. gynandra has been used
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in several studies as a C, model plant and compared with its sister species Tarenaya hassleriana, a C,
plant for which the draft genome was recently released (Briutigam et al. 2011; Cheng et al. 2013).
Further comparative studies based on the genomes of G. gynandra and sister species will shed light
on evolution of C, photosynthesis in plants.

Third, the Cleomaceae and the Brassicaceae are sister clades and underwent separate whole-
genome duplication or triplication events which are thought to have been involved in the birth
of novel traits in both families (Schranz and Mitchell-Olds 2006; van den Bergh et al. 2014). So
far, evidence of the whole-genome triplication (Th-a) in Cleomaceae was found in T. hassleriana,
the only species from the Cleomaceae family with a full genome sequence available (Cheng et
al. 2013). With the genome of more Cleomaceae species becoming available, the impact of

polyploidy on species and trait evolution can be investigated at a broader scale.

The origin of G. gynandra is still unknown. Recent phylogeographical analysis of the Cleomaceae
suggests that the family originated from Central Asia while the speciation event leading to G.
gynandra likely occurred in South Africa (Feodorova et al. 2010). However, the study only relied
on two G. gynandra accessions from Australia and two from South Africa. The natural variation
in morphology, vitamin content and leaf secondary metabolites in a germplasm collection of
accessions revealed clusteting of accessions according to their tegions of origin: East/Southern

Africa, West Africa and Asia (Sogbohossou et al. 2019; Chapter 5).

Here, we present the draft genome of G. gynandra and an analysis of whole-genome re-
sequencing data of 53 accessions from East/Southern Africa, West Africa and Asia. This study
provides the first comprehensive analysis of molecular variation in this important orphan
crop. We hypothesize that: (1) the genome of G. gynandra bears evidence of the whole-genome
triplication Th-o detected originally in the sister species T. bassleriana; (2) the genome-wide
diversity in the species reveals patterns of geographic differentiation of accessions; (3) there is a

congruence between classifications of accessions based on genomic data and metabolome data.

Materials and methods

Draft genome sequencing and assembly

The reference line ‘GYN’ from Malaysia was inbred by hand-pollination for four generations
and then used for draft genome sequencing. A first version of the genome (v1.0) was generated
using Illumina sequencing, We constructed 8 different insert-size paired-end (PE) libraries of
250bp, 350bp, 500bp, 800Kb, 2Kb, 5Kb, 10Kb, and 20Kb. After library construction, we used
HiSeq2000 to sequence paired ends reads for each library and generated in total 209.57Gb raw
data. Low quality reads, reads with adapter sequences and duplicated reads were removed and
corrected reads were used to complete assembly of the genome by SOAPdenovo software (Li
et al. 2010). In addition, SSPACE software (Boetzer et al. 2010) was used to build scaffolds.

Draft genome annotation

Repeats and transposable elements in the genome were masked with Repeat modeler/repeat
masker and RepeatProteinMask (Tarailo-Graovac and Chen 2009). Firstly, ab initio prediction
program RepeatModeler (version 1.1.0.4) was employed to build the de #ovo repeat library based
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on genome, then contamination and multi-copy genes in the library were removed. Using
this library as database, RepeatMasker was ran to find homolog repeats in the genome and
classify them. Three approaches were used for gene prediction: homology search with closely
related species including Arabidopsis thaliana, A. lyrata, Brassica rapa, Thellungiella parvula and
Tarenaya hassleriana; de novo prediction using AUGUSTUS(Stanke and Morgenstern 2005), SNAP
(Korf 2004) and GlimmerHMM (Majoros et al. 2004); and evidence-based annotation using
transcriptomes from 15 different tissues of G. gynandra. Consensus gene sets were combined
using the program GLEAN (Mackey et al. 2005).

Hybrid genome sequencing and assembly

An improved version of the genome (v2.0) was generated by combining 10X and Illumina
sequencing. High molecular weight genomic DNA extraction, sample indexing, and barcoded
libraries preparation were performed by 10x Genomics (Pleasanton, CA, USA) according to
the Chromium Genome User Guide and as published elsewhere (Weisenfeld et al. 2017). The
libraries were sequenced with Illumina HiSeq 2500 with 125 bp PE reads and the raw reads
were assembled using the 10X Genomics Supernova software (version 1.0) (Weisenfeld et al.
2017). For scaffolding of the already assembled v1.0 genome, ARCS (Yeo et al. 2017) was used
to add barcodes to read identifiers, map reads against the reference genome, use the barcode

information to find the reads linking contigs and assemble them in scaffolds.
Hybrid genome annotation

Annotation from the initial genome described above was carried over to the new hybrid
10X/Ilumina assembly using flo (same species annotation lift over pipeline - https://github.
com/wurmlab/flo). The hybtid genome (v2.0) (fasta and annotation) is available at https://
genomevolution.org/coge/Genomelnfo.plrgid=52885. This last version of the genome was

used in all subsequent analyses.
Synteny analysis for detection of ancient polyploidy signals in Cleomaceae

We used the genomes of T. bassleriana, G. gynandra and Cleome violacea available on CoGe
(respectively 1D 34654; 52885 and 33141) for our analyses. Using the SynMap tool (Lyons et
al. 2008) on CoGe, we plotted the self-self synteny dotplots for each species as well as the
associated Ks plots coloured according to the value ranges of the detected syntenic gene pairs.
To illustrate the effect of ancient polyploidy events on the number of gene copies in each
species, we identified regions syntenic to the gene AT5G15840 (CONSTANS) of _Arabidopsis
thaliana in the Cleomaceae species using the SynFind tool in CoGe and syntenic regions were
further visualized with the GEvo tool in CoGe (Tang et al. 2015). The CONSTANS gene is
involved in regulation of flowering under long days (Yoo et al. 2005).

Whole-genome re-sequencing

A set of 48 accessions of G. gynandra from Asia and East/Southern Africa were provided by the
World Vegetable Center, Arusha, Tanzania. DNA for resequencing was extracted using Isolate
II Plant DNA extraction kit from Bioline Meridian Biosciences, Memphis, TN, USA (https://
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www.bioline.com/us/downloads/dl/file/id/879/isolate_ii_plant_dna_kit_product_manual.
pdf) . Fresh leaves (~100 mg) were ground in liquid nitrogen and 400 pL lysis buffer was added
followed by thorough vortexing. Ten nL of RNase A (1 mg/mL) was added to this mix and
incubated at room temperature for 30-45 minutes. The mixture was filtered by centrifuging for
2 min at 11,000 g. To the filtrate, 450 pl. of binding buffer was added and mixed by pipetting
for 5-8 times. This solution was loaded into a binding column and centrifuged for 1 min at
11,000 g, flow-through was then discarded and the column was washed using 700 pL of wash
buffer followed by centrifuging for 1 min at 11,000 g. The DNA was finally eluted in 100 mL
TE (Tris-Cl, pH 7.8 and EDTA, pH 8.0).

The library of Ion Proton runs was prepared using lon Express Plus gDNA Fragment Library
Preparation kit (ThermoFisher Scientific, Life Technologies Corporation, Frederick, MD, USA,
Catalogue No. 4471269) as follows. Initially 1 ug DNA was fragmented in a reaction volume
of 50 pL. using 10 ul. Ton Shear Plus 10X Reaction Buffer, 10 uL. Ion Shear Plus Enzyme Mix
IT and the remaining amount of deionized water (MilliQQ), mixed thoroughly by rapid pipetting
and incubated for 15 minutes at 37°C. To stop the reaction, 5 pl. of Ion Shear Stop Buffer was
added and mixed by continuous vortexing or pipetting for 5-10 seconds and then the reaction
mix was stored on ice. The fragments were then purified by adding 99 ul. of Agencourt
AMPure XP Reagent (Beckman Coulter, Brea, CA, USA, Catalogue No. A63880) incubated at
room temperature for 5 minutes followed by separation of beads on a magnetic separator. The
clear supernatant was then discarded, and the bead pellet was washed by rinsing with 500 ul. of
fresh 70% ethanol. The ethanol wash was repeated once again. Finally, the separated bead pellet
was air dried at room temperature for 5-10 minutes, finally the fragmented DNA bound to the
beads was eluted in 25 pl. of TE buffer.

The purified DNA fragments were further ligated to bar coded adapters using lon Xpress Plus
Fragment Library Adapters 1-16 kit (Thermo Fisher Scientific, Life Technologies Corporation,
Frederick, MD, USA, Catalogue No. 4471250). In brief it was done as follows. In a reaction
volume of 100 pL, 25 ul. of the fragment elute was mixed with 10 pLL Ligase buffer, 2 uL. Ton
P1 Adapter, 2 pL. of Ton Xpress Barcode X, 2 pl. of dNTP mix, 2 pl. of DNA ligase, 8 uL.
of Nick Repair Polymerase and remaining volume adjusted using deionized water (MilliQQ) and
incubated at 25 °C for 15 minutes. The reaction was stopped by denaturation at 72 °C for 5
minutes followed by immediate transfer to ice bath. The ligated fragments were then purified
using 120 uLL of Agencourt AMPure XP Reagent followed by two washes of 500 ul. of 70%
ethanol and final elution in 20 pul. of TE. The barcoded adapter ligated DNA fragments were
then passed through Pippin Prep System (Sage Science, Catalogue No. PIP0001) using Pippin
Prep Kit CDF 2010 (Sage Science, Catalogue No. CDF2010) to elute library size of 200 base-
read, which had a target base pair setting of 270 bp. After the elution, the library was once again
purified using 90 ul. of Agencourt AMPure XP Reagent followed by two washes with 500 plL
of 70% ethanol and finally eluted in 50 ul. of TE. The library was quality checked on Agilent
2100 BioAnalyser system (Agilent Technologies, Santa Clara, CA, USA, Part No. G2939BA)
to confirm the library size and Qubit fluorometer (ThermoFisher Scientific, Life Technologies
Corporation, Frederick, MD, USA, Catalogue No. Q33226) for quantity. The libraries that
passed quality check were loaded into Ion Chef (ThermoFisher Scientific, Life Technologies
Corporation, Frederick, MD, USA, Catalogue No. 4484177) using the Ion PI Hi-Q Chef kit
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(ThermoFisher Scientific, Life Technologies Corporation, Frederick, MD, USA, Catalogue No.
A27198) for library amplification, Ion Sphere Particles (ISP) recovery, enrichment, and chip
loading. The ready to use chips were loaded into the Ion Proton System for Next-Generation
Sequencing (Thermolisher Scientific, Life Technologies Corporation, Frederick, MD,
USA, Catalogue No. 4476610) for a run length of 200 bases on PI chip using Ton PI Hi-Q
Sequencing 200 Kit (ThermoFisher Scientific, Life Technologies Corporation, Frederick, MD,
USA, Catalogue No. A26772).

Young leaves were sampled for DNA extraction from five accessions from West Africa grown
in Unifarm, Wageningen in May 2019. DNA extraction was performed using a modified CTAB
method (Allen et al. 2006). An amount of 1.0 pug DNA per sample was used as input material
for the DNA sample preparations. Sequencing libraties were generated using NEBNext® DNA
Library Prep Kit following manufacturer’s instructions and indices were added to each sample.
Genomic DNA was randomly fragmented to a size of 350bp by shearing, then DNA fragments
were end polished, A-tailed, and ligated with the NEBNext adapter for Illumina sequencing, and
further PCR enriched by P5 and indexed P7 oligos. The PCR products were purified (AMPure
XP system) and resulted libraries were analysed for size distribution by Agilent 2100 Bioanalyser

and quantified using real-time PCR. Libraries were sequenced using Illumina Novaseq.
SNP calling and annotation

The raw reads generated for each accession were checked for quality and trimmed using
Trimmomatic (Bolger et al. 2014). The reads were aligned to the reference genome using the
BWA MEM algorithm (Li 2013) and Samtools (Li et al. 2009). Duplicate reads were filtered and
read groups added using GATK (version 4.1.2.0). Variant calling and filtering was performed
with the HaplotypeCaller, VariantFiltration and SelectVariants tools of GATK (Van der Auwera
et al. 2013). Variant quality scores were extracted from the vcf file using the VariantToTable
tool and quality score distribution plotted in R to define filtering cutoffs. SNPs distributions
and filtering thresholds per quality score are presented in Supplemental Figure 1. Moreover,
clusters of 3 or more SNPs in 10 bp windows were also filtered. SNP annotation was performed
based on genomic locations and predicted coding effects based on the genome annotation using
snpEff 4.4 (Cingolani et al. 2012).

Linkage disequilibrium estimation

The pair-wise linkage disequilibrium between genome-wide SNPs based on allele
frequencies correlations was estimated and visualized with the software PopLDdecay
(Zhang et al. 2018). Only SNPs with pairwise distance less than 1000 kb of each scaffold
were considered for the average LD decay plot.

Population structure and genetic differentiation

After pruning for linkage disequilibrium (MAF > 0.05; LD > 0.5) using PLINK2 with a window
size of 50 SNPs and a step size of 5 SNPs, population structure was estimated based on the
remaining SNPs using ADMIXTURE (v1.23) software (Alexander and Lange 2011). Like the
popular software STRUCTURE, ADMIXTURE uses a model-based algorithm to estimate
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the ancestry of unrelated individuals. The number of underlying population groups (K) was
estimated from 2 to 10 using the maximum likelihood estimation approach with a fast numerical
optimization algorithm. The cross-validation method of Alexander and Lange (2011) was used
to determine the most likely number of population group (K). The admixture plots were plotted
using the R package PopHelper (Francis 2017). A principal coordinate analysis was performed
using PLINK (Slifer 2018) and plotted in R. A maximum likelihood tree was computed with
SNPhylo (Yang et al. 2018a) to better visualise the genetic distances between our accessions.
The genetic differentiation between different populations was assessed by calculating FSt values
between populations with VCFtools (Danecek et al. 2011).

Comparison between clustering of accessions based on genomic data and
metabolomics data

A subset of 42 accessions were included in a previous study aiming at investigating the natural
variation in secondary metabolites in the leaves of G. gynandra (Chapter 5). Two categories of
secondary metabolites were detected: semi-polar metabolites using a liquid-chromatography
mass spectrometry platform (LC-MS) and volatile metabolites using a gas chromatography-mass
spectrometry (GC-MS) as previously described by Wahyuni et al. (2013).

A distance matrix based on combined, log2 transformed and scaled, LC-MS and GC-MS data
was computed in R. The genetic distance between accessions was computed using the package
"VCEF2Dis" (https://github.com/BGI-shenzhen/VCEF2Dis). The cottelation between distance
matrices was assessed with the mantel test function from the R package "ade4" (Dray and Dufour
2007). Similarities between clustering of accessions with both datasets were compared using the
Fowlkes-Mallows index and the baker correlation computed with the R package "dendextend
"(Galili 2015). The same package was used to plot dendrograms based on both datasets.

Results

Genome assembly and annotation

An inbred line (GYN) of G. gynandra was used for genome sequencing combining Illumina and 10X
platforms. Compared with sister species from the Cleomaceae family (1. hassleriana: ~290 Mb; C.
violacea: ~280 Mb), the genome of G. gynandra is relatively large (~750 Mb, 2n=34). While the first
version of the genome (v1.0) had 3219 scaffolds with an N50 of 447.2 kbp, the improved genome
(v2.0) had 1693 scaffolds with an N50 of 1.4 Mbp (Table 1).

Integration of the various gene prediction approaches resulted in 27,154 well supported gene models
classified in 15,955 gene families with an average transcript length of 2,137 bp and on average 5 exons
per gene. Of the identified gene families, 79% were shared with 1. hasskeriana and the Brassicaceae
A. thaliana and B. rapa, 14% were shared only with T. hassleriana and 7% were unique to G. gynandra
(Figure 1). A total of 87.7% of gene models matched with conserved motifs or homologs in at
least one of the public protein databases including 67.3% in Swissprot, 67.9% in InterPro, 86.8% in
TrEMBL, 52% in KEGG and 50.9% in GO.

114



Draft genome, ancient polyploidy and genetic diversity

Table 1. Summary statistics of the genome assembly and annotation

Genome version v1.0 v2.0
Assembly

Number of scaffolds 3219 1693
Genome size 739,804,406 739,819,666
Longest scaffold 3,513,483 5,871,673
Shortest scaffold 180 180
Average scaffold size 229,824.29 436,987.39
Median scaffold size 135,052 100,592
N50 of scaffolds 447,194 1,376,588
GC content 33.94 33.94
Annotation

Genes 27154 27154
CDS 196,140 195,914
Exon 185,218 184,983
Five-prime UTR 25812 25791
mRNA 34701 34383
Three-prime UTR 22703 22680

..A.rﬁaiiann'
2083(2410)

T hassleriana

455(978)

Figure 1. Venn diagram illustrating the shared and unique gene families from Gynandropsis gynandra, Tarenaya hassleriana

(Cleomaceae), Arabidopsis thaliana and Brassica rapa (Brassicaceae). The number of genes in shared gene families are in

patentheses.
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Figure 2. Polyploidy events in Tarenaya hasslerianay Gynandropsis gynandra and Cleome violacea. (a) Syntenic dotplot of self-self Tarenaya

bassleriana genome comparison. Horizontal and vertical gray lines separate scaffolds. Coloured dots are syntenic gene pairs. Red and black

dashed lines band and red and black arrows point to 3:3 syntenic signals. (b) Histogram of Ks values of syntenic gene pairs in Tarenaya

bassleriana. Ks values are coloured by range and the same colours apply to syntenic gene pairs on the dotplots (c) Syntenic dotplot of

self—self Gynandropsis gynandra genome comparison. Horizontal and vertical gray lines separate scaffolds. Coloured dots are syntenic gene

pairs identified through collinearity. Red dashed lines band and red arrows point to an example of 2:2 syntenic signals. (d) Histogram of Ks

values of syntenic gene pairs in Gynandropsis gynandra. Ks values are coloured by range and the same colours apply to syntenic gene pairs on

the dotplots (e) Syntenic dotplot of self-self Cleome violacea genome compatison. Coloured dots are syntenic gene pairs identified through
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pairs in Cleomse violacea. Ks values are coloured by range and the same colours apply to syntenic gene pairs on the dotplots.
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Evidence of a whole-genome duplication event in Gynandropsis gynandra

Based on the version v2.0 of the genome, we generated synteny dotplots to determine whether
the Th-a whole-genome triplication event that occurred in T. hassleriana was shared with G.
gynandra. We included Cleome violacea, another species from the Cleomaceae family for which
whole-genome sequence was available, in the analysis. The Th-a triplication was detected with a

synteny dotplot based on the self-comparison of the 1. hassleriana genome with three pairs of

aligned genes in the same regions (Figure 2a).

Our results showed however, that there is no evidence of a triplication in G. gynandra but rather
of a duplication that we called Gg-a (Figure 2c) although the event occurred at the same time
as T. hassleriana (similar Ks values) (Figure 2b,d). Comparison of Ks plots in T. bassteriana and
G. gynandra reveals a larger peak in T. bassleriana which suggests that an additional genome was
added to the species after the Gg-a shared by both species. In C. violacea, gene pairs resulting from
the more ancient A% duplication were detected (Figure 2e,f ). Elucidating ancient polyploidy
events in sister species of G. gynandra allows a better understanding of evolutionary relationships
between these species. Such information can facilitate translational genomics between G. gynandra
and well-studied plants such as Brassica crops and A. thaliana. The phylogenetic relationships
between Brassicaceae and Cleomaceae and the polyploidy events which occured in both lineages
are presented in Figure 3. The synteny analysis between A. #haliana and our three Cleomaceac
genomes for the CONSTANS gene AT5G15840 revealed two syntenic regions in C. violacea, two
in G. gynandra and three in T. hassleriana (Figure 4).

Brassicaceae Cleomaceae
A.thaliana  Brassicarapa Aethionema C.violacea T. hassleriana G. gynandra

2x 6x 2x 1x 3x 2x

Figure 3. Phylogenetic relationships between Brassicaceae and Cleomaceae species/genera and ancient polyploidy events
detected in both lineages: the At-§ (in green) shared by Brassicaceae and Cleomaceae; the At-o shared by all Brassicaceae in
brown, the Br-o event (in yellow) in Brassica spp.; in Cleomaceae, the Gg-« shared by G. gynandra and T. hassleriana (in blue) and a

potential genome addition (in pink) in T. hasslriana explaining the Th- triplication observed in the species.
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A Organism Genome Type Name Chr Synteny Score SynMap
Arabidopsis thaliana  (VTAIR10 unmasked) query AT5G15840.1.TAIR10 5 o Dotplot
Cleome violacea (v1 unmasked) syntelog Clevi.0012s0752.1.v1.1 scaffold_12 27 Dotplot
Cleome violacea (v1 unmasked) proxy for region pos 1136081 scaffold_42 4 Dotplot
Gynandropsis gynandra (vw4_10X_included unmasked) syntelog Cg01801.1 scaffold32 20 Dotplot
Gynandropsis gynandra (vv4_10X_included unmasked) syntelog Cg03703.1 scaffold86 14 Dotplot
Tarenaya hassleriana  (v5.1, WeberBrautigam corrected unmasked) proxy for region pos 972007 scaffold00030 18 Dotplot
Tarenaya hassleriana  (v5.1, WeberBrautigam corrected unmasked) proxy for region pos 7489111 scaffold00006 9 Dotplot
Tarenaya hassleriana  (v5.1, WeberBrautigam corrected unmasked) syntelog Th2v18633 scaffold00015 7 Dotplot
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Figure 4. SynFind analysis of CONSTANS gene (AT5G15840) across A. thaliana, C. violacea, G. gynandra and T.
bassleriana. (A) SynFind table output illustrating eight matching regions in the selected species. Result can be
regenerated: https://genomevolution.otg/1/190df. (B) GEvo visualization of the compiled syntenic regions.
Each panel represents a syntenic region in _A. thaliana, C. violacea, G. gynandra and T. hassleriana, from top to bottom.
Green arrows in each panel represent gene models, and boxes on top of the gene models are sequence matches. For the
top A. thaliana panel, there are seven tracks of sequence matches, two for C.vivlacea, two for G. gynandra and three for T.

hassleriana, respectively. Result can be regenerated: https://genomevolution.org/r/190dp.

Variant calling and annotation in the Gynandropsis gynandra collection

We re-sequenced the genomes of 53 accessions of G. gynandra including 24 accessions from
Asia, 24 accessions from East/Southern Aftrica and five from West Affica, the most important
regions of diversity of the species. The average sequencing coverage depth per sample (Table
2) was 6x when aligned to the reference genome (v2.0) (https://genomevolution.org/coge/
Genomelnfo.plrgid=52885). The variant calling procedure yielded a total of 29,537,715
SNPs. After filtering SNPs for quality and removing SNP clusters of 3 or more SNPs in 10
bp windows, 10,874,872 SNPs were left and distributed over 1473 of the 1693 scaffolds of
the genome, corresponding on average to 15 SNPs per kb. About 54.8% of the SNPs were in
intergenic regions, 31.5% in exons, 11.2% in introns, 2.5% in UTRs and 0.1% in splice sites.
Coding SNPS included 57.3% synonymous, 42.0% missense and 0.7% nonsense.
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Table 2. Accessions, country and region of origin and genome coverage.

Lab . . . Output per Coverage
Accession Country Region Genome Size .
ID accession X
1 TOT3527 Laos Asia 0.7 2.3 3.3
2 TOT3514 Laos Asia 0.7 2.3 33
3 TOT6441 South Africa East/Southern Africa 0.7 2.3 33
4 TOT6439 Zambia FEast/Southern Africa 0.7 14 2.0
5 TOTG6435 Kenya East/Southern Africa 0.7 18.6 26.6
6 TOT6421 Tanzania Fast/Southern Africa 0.7 3.7 5.3
7 TOT5799 Thailand Asia 0.7 1.1 1.6
8 TOT3534 Laos Asia 0.7 3.3 4.7
9 TOT1480 Thailand Asia 0.7 2.8 4.0
10 TOT1048 Thailand Asia 0.7 3.6 5.1
11 TOT6440 South Africa Fast/Southern Africa 0.7 3.1 4.4
12 TOT6422 South Africa East/Southern Africa 0.7 3.3 4.7
13 TOT6420 Tanzania East/Southern Africa 0.7 2.9 4.1
14 TOT4976 Thailand Asia 0.7 32 4.6
15 TOT4937 Thailand Asia 0.7 1.3 1.9
16 'TOT4935 Thailand Asia 0.7 1.3 1.9
17 TOT3536 Laos Asia 0.7 1.3 1.9
18  TOT4447 Bangladesh Asia 0.7 2.4 3.4
19 TOT4728 Bangladesh Asia 0.7 1.9 2.7
20 TOT4489 Bangladesh Asia 0.7 1.18 1.7
21 TOT8917 Malawi East/Southern Africa 0.7 3 4.3
22 TOT8916 Malawi East/Southern Africa 0.7 3.9 5.6
23 TOT8915 Malawi Fast/Southern Africa 0.7 3.4 4.9
24 'TOT8892 Uganda East/Southern Africa 0.7 2.7 3.9
25 TOT8891 Uganda East/Southern Africa 0.7 4.2 6.0
26  'TOT8890 Uganda East/Southern Africa 0.7 4 5.7
27  TOT8889 Uganda East/Southern Africa 0.7 2.4 34
28  TOT8888 Uganda Fast/Southern Africa 0.7 2.9 4.1
29  TOT8887 Uganda East/Southern Africa 0.7 2.9 4.1
30  TOT7505 Laos Asia 0.7 3.4 4.9
31 TOT8918 Malawi Fast/Southern Africa 0.7 4.4 6.3
32 TOT8925 Kenya East/Southern Africa 0.7 4.1 5.9
33 TOT8926 Kenya East/Southern Africa 0.7 3.9 5.6
34 TOT8931 South Affrica East/Southern Africa 0.7 2.6 3.7
35  TOT8933 Zambia Fast/Southern Africa 0.7 3.3 4.7
36 TOT8996 Taiwan Asia 0.7 2.6 3.7
37  RW-SF-10 Rwanda Fast/Southern Africa 0.7 2.3 3.3
38  RW-SF-04 Rwanda Fast/Southern Africa 0.7 2.3 3.3
39 TOT7197 Malaysia Asia 0.7 1.7 2.4
40  TOT7198 Malaysia Asia 0.7 3.6 5.1
41 TOT7199 Malaysia Asia 0.7 2.7 9.0
42 TOT7200 Malaysia Asia 0.7 2.9 9.7
43 TOT7441 Taos Asia 0.7 3.1 4.4
44 TOT7449 Laos Asia 0.7 3.5 5.0
45 TOT7462 Laos Asia 0.7 4.5 6.4
46 TOT7486 Laos Asia 0.7 10.1 14.4
47  TOT6442 South Africa Fast/Southern Africa 0.7 3.8 5.4
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48 TOT7196 Malaysia Asia 0.7 1.3 1.9

49 ODS-15-020 Benin West Africa 0.7 13.3 19.0
50  ODS-15-044 Benin West Africa 0.7 18.7 26.7
51 ODS-15-045 Benin West Africa 0.7 16.3 233
52 ODS-15-061 Togo West Africa 0.7 16.9 24.1
53  ODS-15-117 Togo West Africa 0.7 16.1 23.0

Linkage disequilibrium decay

Linkage disequilibrium was estimated between all SNP matkers for the 53 accessions and was
plotted pet tegion of origin of the accessions. The East/Southern African population group
showed lower average maximum LD (0.62) than the West African (0.78) and Asian (0.9), and
the LD decayed more rapidly in the Asian and East/Southern African populations. The squared
correlations of allele frequencies 1 of the West African accessions decreased to half of the
maximum value at approximately 200 kb physical distance, in contrast in the East/Southern
African and Asian accessions this had occurred by 50 kb (Figure 5).

Population structure

After pruning SNPs for linkage disequilibrium based on correlation threshold of 0.5 in SNP
windows of 50 SNPs and a step of 5 SNPs, 752,305 SNPs were used to examine the relationships
between the 53 accessions. We combined three different complementary approaches: principal
component analysis, neighbour-joining tree building, and admixture analysis. Principal component
analysis separated the three populations. The first dimension explained 24% of variation and
partially separated accessions from East/Southern Africa, and West Africa and Asian accessions.
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Figure 5. Average linkage disequilibtium decay (1?) over pair-wise distance in West African, East/Southern African and Asian

accessions of Gynandropsis gynandra.
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The second dimension (7.6% variation explained) separated West African accessions from East/
Southern African and Asian ones (Figure 6a) while the third dimension (4.1% variation explained)
clustered together accessions from West Africa and Asia (Figure 6b). The neighbour-joining tree
(Figure 6¢) also revealed clear patterns of clustering with accessions from West Aftrica and Asia
more closely related with each other than accessions from East/Southern Aftrica. Within Asian and
West Aftican clusters, branches wete shorter compared with the East/Southern Aftican cluster,
suggesting more genetic diversity in this latter cluster. Results from ADMIXTURE corroborated
results obtained from the previous two approaches. The optimal number of clusters was three
(Figure 6d; Supplemental Figure 2).

Five accessions from Asia, TOT3534 (Laos), TOT3514 (Laos), TOT3527 (Laos), TOT4447
(Bangladesh) and TOT7486 (Laos) had the same genetic background as East/Southern Aftican
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Figure 6. Population structure in 53 accessions of Gynandropsis gynandra. (a) Projection of accessions on dimensions 1 (24.0%)

and 2 (7.6%) resulting from principal component analysis. (b) Projection of accessions on dimensions 1 (24.0%) and 3 (4.1%) resulting
from principal component analysis. (c) Unrooted maximum likelihood tree showing the distances between accessions. Asian accessions
are in red, Fast/Southern African ones in black and West African ones in green. (d) Cross-validation error plot for admixture plots for

K values from 1 to 10. (¢) Admixture plot (K=3) showing the proportions of admixture in the 53 accessions. Asian, East/Southern

African and West African accessions are separated by a dotted white line.
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Figure 7. Dendrograms of 42 accessions of Gynandropsis gynandra based on (a) genetic distances computed
with 752305 SNPs; (b) distance matrix of metabolite levels in the leaves of the accessions from both LC-MS
and GC-MS analyses. Accessions from East Africa are in black, accessions from Asia in red and accessions from West
Africa in green. The thickness of the branches denotes the level of confidence in the clustering,

accessions, as also shown on the PCA plots and the neighbor-joining tree (Figures 6 a-e). One
accession from Hast/Southern Aftica, TOTG6439, had the same admixture group with accessions

from Asia. West African accessions were in a separate cluster (Figure 6e).

The genetic differentiation between populations revealed that there was a higher genetic
differentiation between accessions from West Africa and Asian populations (0.77) than between
East/Southern African and West African on one hand (0.58) and East/Southern African and
Asian (0.51) on the other. The high Fst values between all the populations suggests an ancient
split between these populations and a high differentiation between them. East/Southern African
accessions had a higher genetic diversity (1=0.07) than Asian ones (n=0.02) while surprisingly, the
highest genetic diversity was observed in West Africa accessions (1=0.15) for this region despite
the low sample size (5 accessions com+pared with 24 in East/Southern Aftica and 24 in Asia).
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Comparison of classification of accessions based on genome and metabolome data

We compared dendrograms based on genetic distance between accessions and dissimilarity between
accessions based on secondary metabolites data generated previously for 42 of the 53 accessions
(Chapter 5). Different tests were applied to assess the level of relatedness between the two the
datasets. The Mantel test applied on both distance matrices revealed a positive and significant
correlation between them (£=0.28; p=0.001). The tests of Fowlkes-Mallow index (FM index=0.81;
p<0.01) and the Baker correlation between dendrograms (*=0.52) supported the existence of
similarities between clustering of accessions based on both datasets. However, there were differences
in the topologies of the dendrograms resulting from both datasets (Figure 7). The genomic data
clustered West Aftican accessions separately from East/Southern African and Asian accessions
(Figure 7a) while the metabolite data clustered together accessions from West Africa and Asia
(Figure 7b). Moreover, three Asian accessions wete clustered with East/Southern Aftican accessions
as previously shown by the population structure analyses even though the metabolite data clustered
them with the other Asian accessions.

Discussion

Whole-genome sequencing, especially of orphan crops, provides new perspectives of genome
evolution, population evolution, trait genetics, and genic information, which can be applied to
develop modern and efficient breeding programs. The present study presents the genome of the
orphan leafy vegetable G. gynandra and the assessment of the genetic diversity and population

structure in a set of 53 re-sequenced accessions of this species.
Signature of a whole-genome duplication event in Gynandropsis gynandra

In the Cleomaceae family, evidence of an ancient genome triplication (T)-a) was previously
found in T. hassleriana, a sister species of G. gynandra (Cheng et al. 2013). The triplication was
found to be independent of the Brassicaceae-specific duplication (At-o) and nested Brassica
triplication (Bt-a) (Cheng et al. 2013; Schranz and Mitchell-Olds 2006). In the absence of
multiple genome sequences for Cleomaceae species, it was impossible to adequately place this
putative Cleomaceae-specific polyploidy event. However, previous transcriptome analyses in 7.
bassleriana and G. gynandra suggested that both species shared the T)-a polyploidy event although
surprisingly, the C, G. gynandra had 16% less C, genes than the C, T. Jassleriana (van den Bergh
et al. 2014). Our synteny analysis on the genome of G. gynandra here presented and the draft
genome of C. violacea (Edger et al. in prep) revealed that the Th- o triplication is not present in
C. violacea and appears as a duplication event in G. gynandra (Gg-o). Based on our observations,
we hypothesize that both G. gynandra and T. hassleriana first underwent the same the Gg- a and
that T. hassleriana subsequently acquired an additional genome copy. As new genome sequences
become available for the Cleomaceae, it will be possible to clarify the evolutionary history of
the family.

Genetic diversity, population structure and origin of Gynandropsis gynandra

The natural variation in morphology, vitamin content and leaf secondary metabolites

production in G. gynandra accessions from East/Southern Africa, West Africa and Asia revealed
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geographic patterns of differentiation (Sogbohossou et al. 2019; Chapter 5). Re-sequencing
of 53 accessions from those three regions of diversity of the species confirmed a high level of
genetic differentiation between accessions driven primarily but not exclusively by geography.
The low level of genetic diversity in Asian accessions and the presence of Asian samples with an
East/Southern African background suggested a relatively recent flow of accessions from East/
Southern Africa to Asia. The slower linkage disequilibrium decay in Asian and West African
accessions could be an indicator of a strong founder effect in these populations, whereby a
small number of accessions from FEast/Southern Africa contributed to the establishment of
West African and Asian populations. This hypothesis is further supported by the low Fst values
between East/Southern African accessions and both West African and Asian accessions and
the high Fst value between Asian and West African accessions. The lower extent of LD in the
East/Southern Affican accessions could be an indicator of a higher rate of recombination due
to the older age, larger population size and greater diversity in that population. Our findings
corroborate the biogeographical study of Cleomaceae which considered South Africa as the
origin of the speciation event of G. gynandra (Feodorova et al. 2010). A similar pattern of out-
of-Africa migration was found in A. #haliana (Durvasula et al. 2017).

Genome and metabolome congruence for accessions clustering

The existence of patterns of geographic differences between accessions was established
with both genomic and metabolome data. Apart of the presence of three Asian accessions
in the East/Southern African clade, the high level of similarity between the clustering results
provides an indication that genome-wide association studies for secondary metabolites,
morphological traits and vitamin content could be highly prone to population structure
biases. Correcting for population structure or using Random Forest for selection of
markers associated with traits of interest has proven efficient in genome-wide association
studies in populations of Brassica rapa with high levels of population structure (Pino Del
Carpio et al. 2011). The use of linkage mapping would be an efficient approach which
will allow us to improve the current genome assembly and to map genes involved in traits
of interest including leaf-yield related traits and secondary metabolites (e.g. carotenoids,
tocopherols, glucosinolates, flavonoids) production.

The fact that G. gymandra always occurs near human settlements makes it hard to clearly
distinguish cultivated populations from wild ones, which sometimes, escaped from earlier
cultivation (Chweya and Mnzava 1997; Sogbohossou et al. 2018b). The maximum likelihood
phylogenetic tree was consistent with the morphological and metabolic data which suggested
that accessions from West Africa and Asia were more similar to each other than they were to
the East/Southern Aftrican ones. Moreover, we also noticed during several crosses in full diallel
designs between accessions that reproductive barriers are present between accessions from the
different regions. For example, reciprocal crosses between Asian and West African accessions
resulted in fertile | populations. In contrast, crosses with East/Southern African accessions as
maternal parent and West African or Asian accessions resulted in sterile I, while the opposite
resulted in fertile F| populations and F, populations with high levels of male sterility (reduced
or aborted stamens). A similar case of unilateral intraspecific incompatibility was reported

between Brassica rapa accessions from Turkey and Japan and was due to recognition between a
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pistil receptor SUIT and a pollen ligand PUI1, two cryptic incompatibility genes (Takada et al.
2017). Overall the tremendous genetic diversity in G. gynandra in Africa provides an opportunity

for the development of improved cultivars for different markets/environments.
Conclusions

The genome presented here provides a better understanding of the polyploidy history in the
Cleomaceae and sheds light into the possible scenarios of step-wise ancient polyploidy events of
T. hassteriana and G. gynandra. A set of 10.8 million SNPs developed based on the 53 resequenced
accessions provides a valuable resource for genotyping. We also achieved a better understanding
regarding population structure of germplasm and suggest that the East/Southern African
region is the center of origin of G. gynandra with subsequent dispersion in West Africa and Asia.
Moreover, the consistency between the genome and the metabolome data confirms a previous
hypothesis that the variation in the metabolome of the species is highly driven by genetic
differences. Further studies with more extensive sets of accessions are required to elucidate
the origin and migration routes of the species. The high genetic differentiation between
regions combined with the observations of reproductive incompatibilities between accessions
from different regions suggests an incipient speciation event in the species. Investigating the
existence of structural variation in the genome and potential cross-incompatibility genes in
accessions from the East/Southern African accessions vs. West African/Asian accessions could

help clarifying the molecular mechanisms driving our observations.
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Supplemental Figure 1. SNP distribution per quality parameter.

Supplemental Figure 2. Population structure for K values from 2 to 5 of 53 accessions of
Gynandropsis gynandra from Asia, East/Southern Africa and West Africa.
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Chapter 7

Abstract

Spider plant (Gynandropsis gynandra) is a leafy vegetable valued in Africa and Asia for its
nutritional and medicinal properties. While the species has recently become a model to study C,
photosynthesis, less is known about the genetic basis controlling traits of interest for farmers
and consumers such as yield and nutrition. There is extensive variation in morphology and
metabolic profiles in the broad germplasm collection that can be utilized for breeding, The
objective of this study was to construct the first genetic map in G. gynandra and identify SNPs
associated with leaf-yield related traits and nutrient content in the species. An F, population
derived from a cross between TOT7200 from Malaysia and TOT8917 from Malawi, two
accessions with contrasting morphological features and metabolite profiles, was phenotyped for
plant height, leaf area, flowering time, and for levels of carotenoids, tocopherols and ascorbic
acid. A set of 1309 SNPs selected based on the re-sequenced genomes of the parental lines
was used for targeted genotyping-by-sequencing in the I, population. The genetic map was
constructed with a final set of 269 segregating SNPs. A total of twelve quantitative trait loci
were identified for leaf area, plant height, flowering time, carotenoid content, tocopherol
content and ascorbic acid content. QTLs with pleiotropic effects were identified on linkage
groups 3, 7, 9 and 16. Candidate genes identified based on homology with Arabidopsis included
genes for flowering time (FTIP1, CDKG2, MRF1, AGI.24), carotenoid biosynthesis (CRTISO,
CYP97B3), tocopherol biosynthesis (ABC7K1, CHLP, TAT1, V'TE2), leaf area (DOT3) and
plant height (AGIL.24). No obvious candidate gene for ascorbic acid content was identified.
Further validation of the QTLs will facilitate marker-assisted breeding for higher leaf-yield and

nutrient content in the species.

Key-words: Breeding; genetic map; nutrient content; leaf yield; spider plant
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Introduction

There are thousands of crops which have been used for centuries at local or regional scales
as sources of food, fibre, fodder, gums & resins, medicine, housing and which continue to
provide livelihood options to farmers and communities (Hendre et al. 2019). Many of these
crops have slowly faded from traditional and commercial farming landscapes due to the rise
of monoculture-based high-input agriculture and are not included in the mainstream research
agenda (Tadele 2019). Such crops are thus are called orphan or neglected crops. However,
they continue to contribute to maintaining agrobiodiversity and provide livelihood options to
smallholder and subsistence farmers. Recent advances in -omics combined with an increasing
need to promote crop genetic diversity to mitigate climate change effects and attain food security
led to a revived interest in these neglected species. In Africa, leafy vegetables are important
components of local diets and provide nutrients and alternative sources of income for local
farmers, particularly women (Gowele et al. 2019; Olabode et al. 2017). Scaling up cultivation
and developing value chains for these species requires research in the development of new

cultivars meeting consumers’ expectations.

Among the traditional leafy vegetables with rejuvenated interest in Affrica, spider plant
(Gynandropsis gynandra) (2n = 2x =34) stands out as source of health-promoting compounds
(Omondi et al. 2017; Sogbohossou et al. 2018; Sogbohossou et al. 2019) but also as a model
crop to study C, photosynthesis (Brown et al. 2005; Marshall et al. 2007). The species belongs
to the Cleomaceae, the sister family of the Brassicaceae, and genetic studies of the crop could
therefore make use of comparative genomics approaches with well-studied Arabidopsis and
Brassica crops. The germplasm of G. gynandra exhibits significant variation in the amounts of
minerals, vitamins and secondary metabolites such as glucosinolates and flavonoids (Neugart
et al. 2017; Omondi et al. 2017b; Sogbohossou et al. 2019). Current -omics resources available
for the species include a transcriptome atlas (Kilahoglu et al. 2014), the draft reference genome
of the species (Chapter 6), metabolomics data and resequencing data of 53 diverse accessions
(Chapters 5 and 6) as well as a set of Simple Sequence Repeat (SSR) markers developed and
validated by Omondi et al. (2017a). Recent studies on a worldwide germplasm of the species
revealed geographic patterns of variation at the morphological level but also in terms of
vitamins, secondary metabolites and photosynthetic efficiency (Reeves et al. 2018; Sogbohossou
et al. 2019). The collection exhibited a two-fold variation in carotenoid content, a 20-fold
variation in tocopherol content and a nine-fold variation in ascorbic acid content.

Carotenoids carrying at least one unsubstituted §-ionone ring, such as a- and $-carotene, are
vitamin A precursors in humans. Lutein, the most abundant carotenoid in plant leaf tissues along
with zeaxanthin are concentrated in the human retina where they enhance visual performance
and protect eyes from diseases as age-related macular degeneration (Cazzonelli 2011; Esteban
et al. 2015). Both vitamins C and E are increasingly used in cosmetics as photoprotectors to
mitigate skin damage due to exposition to UV light (Aguilera et al. 2012).

In plants, carotenoids are pigments present in plastids where they are involved in photosynthesis,
photoprotection, and attraction of seed dispersers, pollinators or mutualist consumers (Esteban
et al. 2015). They also serve as precursors for two important phytohormones, abscisic acid
(ABA) and strigolactones, which are key regulators for plant development and stress responses
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(Yuan et al. 2015). Tocopherols present in leaves have vitamin E activity and protect plants
against oxidative damage through free radicals scavenging. Ascorbic acid (vitamin C) also plays a
vital role in plants as it can improve tolerance against abiotic stresses by enhancing plant growth,
rate of photosynthesis, transpiration, oxidative defense potential and photosynthetic pigments
(Akram et al. 2017; Wang et al. 2015) Low heritability for vitamin E and moderate heritability for
vitamin C were reported in tomato, making those traits hard to breed for in the species (Schauer
et al. 2008). Since carotenoids, tocopherols and ascorbic acid are involved in stress response
mechanisms in plants, these compounds are sensitive to variation in environmental conditions
and circadian rhythm. Genetic analysis of these traits requires appropriate phenotyping
strategies under controlled conditions.

Besides the significant variation in nutrients in G. gymandra, Sogbohossou et al. (2019)
highlighted plant height, leaf area and flowering time as the most variable leaf yield-related
traits in the species. Flowering time has been extensively studied in plants as a major adaptive
trait and is the result of an interplay between developmental and environmental signals (Jung
and Miller 2009; Li et al. 2016). Flowering time is an important trait in leafy vegetables as
early flowering negatively affects leaf yield and quality (Takada et al. 2019). Farmers pointed
out early flowering in G. gynandra as a major constraint for cultivation (Onyango et al. 2013b).
Breeding for late-flowering varieties with high nutrient content and leaf yield in G. gynandra
requires a thorough understanding of the genetic mechanisms underlying these traits with
emphasis on their heritability, the gene actions involved and the extent of genotype by

environment interaction.

Translational genomics between G. gynandra and Arabidopsis thaliana can help elucidate the
genetic mechanisms underlying flowering time, leaf size and vitamin content in the species. Such
a strategy can be implemented by taking advantage of the Arabidopsis Information Resource
(https:/ /www.arabidopsis.org/) and the recent database of flowering time genes (FLOR-ID)
(Bouché et al. 2016). Given the genetic diversity within G. gynandra, different approaches could
be used for mapping of traits of interest. However, as abovementioned traits are strongly
correlated with the geographic origin of the accessions (Sogbohossou et al. 2019), genome-
wide association mapping will likely give rise to spurious associations and make it harder to
pinpoint genomic regions of interest due to population structure (Brachi et al. 2011). Linkage
mapping could therefore be considered as a preferable option to identify quantitative trait loci
and candidate genes. Other confirmatory approaches, including bulked segregant analysis, gene
expression analysis, and mutation breeding, might be subsequently used either separately or

combined for functional validation of candidate genes.

The present paper aimed to: (1) develop the first linkage map in G. gynandra based on an I,
population resulting from a cross between two contrasting accessions from Asia and Africa;
(2) identify quantitative trait loci for morphological traits as well as vitamin content including
carotenoids, tocopherols and ascorbic acid and (3) identify potential candidate genes underlying
the traits of interest based on homology searches with A. thaliana.
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Materials and methods

Plant material and DNA isolation

We developed an F, population TOT7200 x TOT8917 consisting of 219 individuals, that was
grown along with the parents in the greenhouse of Wageningen University, The Netherlands
from March to June 2018. Seven individuals of each parent were randomized over the
greenhouse. Those two parents were chosen for their contrasting phenotypes in term of height,
flowering time, leaf area and vitamin content (Sogbohossou et al. 2019) and self-pollinated
for five generations. The female parent was derived from selfing TOT7200, an accession
from Malaysia with short and early flowering plants with relatively small leaves that have high
tocopherol content and low carotenoid content (Figure 1A). The male parent was derived
from selfing TOT8917, an accession from Malawi constiting of tall late-flowering plants with
relatively broad leaves, low tocopherol content amd high carotenoid content (Figure 1B). The
plants were grown under irrigated conditions with 24 °C day/20 °C night temperatures and
a defined photopetiod (16 h day/8 h night) using artificial light. Young leaves wete sampled
for each individual and silica-dried for DNA extraction. Ten to fifteen leaves were sampled
on 10-week-old plants between 9.00 and 11.00 am and directly frozen in liquid nitrogen for
subsequent metabolic analyses.

Figure 1. Parental lines crossed to generate the F, mapping population. (A) Individuals of the maternal line TOT7200; (B)
Individuals of the paternal line TOT8917.
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Phenotyping

Morphological characterisation

The morphological traits collected included plant height at 10 weeks and leaf area on three
leaves per plant. Flowering time was measured in number of days from sowing to flowering;
Flowers are hermaphroditic but because of the high number of male sterile plants in the
population (reduced or aborted stamens), male sterility was scored as a binary trait (0: fertile
plant and 1: sterile plant).

Extraction and analysis of carotenoids and tocopherols

Carotenoids and tocopherols detection and quantification was performed as described by
(Sogbohossou et al. 2019). Briefly, 500 mg fresh weight of ground leaves was freeze-dried
overnight and extracted with 4.5 ml of methanol/chloroform (1:1, v/v) containing 0.1% butylated
hydroxytoluene (BHT) as antioxidant and 10 uM Sudan 1 as internal standard. After vortexing,
samples were sonicated for 15 min and centrifuged at 2500 rpm for 10 min. Then, 2 ml of the
supernatant was transferred to a new tube and dried under a gentle nitrogen flow. The dried samples
were dissolved in 1 ml of ethanol containing 0.1% BHT, sonicated for 5 min and centrifuged at
2000 g for 5 min. The clear supernatant was transferred to amber vials for high-performance
liquid chromatography (HPLC) analysis. HPLC analysis was performed according to Wahyuni et
al. (2011) using a YMC Pack reverse-phase C30 column (250 X 4.6 mm; 5 pm) coupled to a 20 X
4.6 mm C30 guard (YMC Inc. Wilmington, NC, USA), maintained at 35°C. Chromatography was
carried out on a Waters system consisting of a no. 2890 quaternary pump, no. 2996 photodiode
array detector (PDA) and no. 2475 fluorescence detector. The mobile phase used was methanol,
tert-methyl butyl ether and water/methanol (1:4, v/v) containing 0.2% ammonium acetate. Flow
rate was 1 ml/min. Data were collected and analysed using the Waters Empower software.

Carotenoids were detected by setting the PDA to scan from 220 to 700 nm. Measurements
for B-carotene and lutein were taken at 478 nm and violaxanthin at 440 nm. Tocopherols
were detected by excitation at 296 nm and emission at 340 nm. Quantitative determination
of compounds was conducted by comparison with dose—response curves constructed from
authentic standards. To check the technical variation, including extraction, sample analysis
and data processing, quality control samples were prepared from pooled leaf material of
several randomly chosen accessions, extracted using the same procedure and injected after

every ten sample extracts.
Extraction and analysis of ascorbic acid

The extraction and analysis of ascorbic acid (vitamin C) was made as previously described by
(Wahyuni et al. 2011). An extraction solution of 5% metaphosphoric acid in purified water
containing 1 mM diethylenetriaminepentaacetic acid was prepared. Three hundred milligrams of
frozen and grinded material was weighed in cold 2-ml Eppendotf tubes and 1.2 ml of ice-cold
extraction solution added. The extracts were vortexed, sonicated for 15 min and centrifuged at
2500 g for 20 min. The supernatants were filtered through 0.2-pm polytetrafluoroethylene filters
and pipetted into amber vials for HPLC-PDA analysis using the same Waters HPLC system as
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desctibed above. Separation was made at 30 °C using a YMC-Pro C18 column (YMC Europe
GmbH; 150 x 3.9 mm) with 50 mM KH, PO, buffer (pH 4.4) as eluent at a flow of 0.5 ml/
min. Quantification was made based on absorbance at 260 nm, using a calibration curve of an
authentic l-ascorbic acid standard from Merck. Retention time of chromatographic peak of
ascorbic acid in plant extracts was verified by co-elution with the authentic standard. As performed
for the previous analysis, quality control samples from pooled leaf material of all accessions were

extracted using the same procedure and injected after every ten sample extracts.
Whole-genome assembly and annotation

The genome of the accession Gyn from Malaysia was sequenced on Illumina and Chromium
10X genomics platforms and a hybrid assembly was performed (Chapter 6). The repeat
masked genome assembly was used for de novo predictions with AUGUSTUS (version
2.03) (Stanke and Morgenstern 2005), GlimmerHMM (version 3.02) (Majoros et al. 2004),
and SNAP (version 2.0) (Korf 2004). The protein sequences from _Arabidopsis thaliana,
Brassica rapa, Carica papaya, Glycine max, Theobroma cacao, and Vitis vinifera were mapped to the
G. gynandra genome using tBLASTn, with an expected value cutoff of 107°, and Genewise
(version 2.2.0) (Birney et al. 2004) was used for gene annotation. RNA reads generated from
a previous transcriptome analysis of the species (Kilahoglu et al. 2014) were mapped back
to the reference genome using Tophat (version 1.0.14) (Trapnell et al., 2009), implemented
with bowtie version 0.12.5, and the transcripts were assembled according to the genome
using Cufflinks (version 0.8.2) (Trapnell et al., 2012). All the predictions were combined using
GLEAN (Mackey et al. 2005) to produce the consensus gene sets.

Whole-genome re-sequencing of parental lines

Genomic DNA was extracted from young leaves of the two parents using a modified CTAB
method. Briefly, approximately 50 mg of frozen young leaves was weighed per plant and placed
into 2 ml tubes containing five glass beads (@ 3 mm). The frozen sample was homogenized
using beads (Retch, type MM2) for 2 minutes at 80 rpm. Liquid nitrogen freezing and
homogenization were repeated until the leaf material had turned into a fine powder. One ml
of CTAB buffer (2% CTAB, 2% PVP-40, 100 mM Tris-HCL, 1.4 M NaCl, 20 mM EDTA)
and 5 ul B-mercaptoethanol were added with subsequent incubation for 30 min at 65°C. 500
ul of 24:1 chloroform:isoamylalcohol was then added, vortexed and centrifuged at 14.000 rpm
for 4 min. The supernatant was removed, and the chloroform extraction was repeated. DNA
was precipitated using 70% isopropanol at —20°C overnight, after which the DNA was pelleted
at 14.000 rpm for 5 min. DNA was then re-suspended in TE buffer and treated with RNAse
(Qiagen). DNA purification was performed using the Wizard DNA clean-up system (Promega
Corp.) in combination with a vacuum manifold (Promega Corp.). The DNA was dissolved in
75 wl of pre-heated elution buffer (Qiagen). DNA extractions were visualized on 1% agarose
gels, and the quantity was measured using a Qubit and Qubit DNA HS kit (Thermo Scientific).

DNA for resequencing was extracted using Isolate II Plant DNA extraction kit from Bioline
Meridian Biosciences, xMemphis, TN, USA (https:/ /www.bioline.com/us/downloads/dl/file/
id/879/isolate_ii_plant_dna_kit_product_manual.pdf) . In brief, the lyophilised (~20 mg) or
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fresh leaves (~100 mg) were ground in liquid nitrogen, 400 pL lysis buffer was added followed
by thorough vortexing, 10 mL of RNase A (concentration of 1 mg/mL) was added to this mix.
The mixture was incubated at room temperature for 30-45 minutes and filtered by centrifuging
for 2 min at 11,000 g To the clear filtered solution, 450 pL of binding buffer was added and
mixed by pipetting for 5-8 times. This solution was loaded into binding column and centrifuged
for 1 min at 11,000 g, flow through discarded and the column washed using 700 mL of wash
buffer followed by centrifuging for 1 min at 11,000 g. The DNA was finally eluted in 100 mL. TE
(Tris-Cl, pH 7.8 and EDTA, pH 8.0).

The library of Ion Proton runs was prepared using lon Express Plus gDNA Fragment
Library Preparation kit (ThermoFisher Scientific, Life Technologies Corporation,
Frederick, MD, USA, Cat. No. 4471269) as follows. Initially 1 pg DNA was fragmented
in a reaction volume of 50 pL using 10 puL Ton Shear Plus 10X Reaction Buffer, 10 pL
Ton Shear Plus Enzyme Mix II and the remaining amount of deionized water (MilliQ),
mixed thoroughly by rapid pipetting and incubated for 15 minutes ate 37° C. To stop the
reaction, 5 pLL of Ton Shear Stop Buffer was added to it and mixed by continuous vortexing
or pipetting for 5-10 seconds and then the reaction mix was stored on ice. The fragments
were then purified by adding 99 puL of Agencourt AMPure XP Reagent (Beckman Coulter,
Brea, CA, USA, Cat. No. A63880) incubated at room temperature for 5 minutes, the beads
separated on a magnetic stand, the clear supernatant discarded by pipetting out, the bead
pellet washed by rinsing in 500 pL of fresh 70% ethanol, the solution separated again on
magnetic stand, and washed once again with 70% ethanol, the separated bead pellet air
dried at room temperature for 5-10 minutes, and finally the fragmented DNA bound to the
beads eluted in 25 pl. of TE buffer.

The purified DNA fragments were ligated to bar coded adapters using Ion Xpress Plus Fragment
Library Adapters 1-16 kit (Thermo Fisher Scientific, Life Technologies Corporation, Frederick,
MD, USA, Cat. No. 4471250). In a reaction volume of 100 plL, 25 puL of the fragment elute was
mixed with 10 pL Ligase buffer, 2 uL. Ton P1 Adapter, 2 pl. of Ton Xpress Barcode X, 2 ul. of
dNTP mix, 2 pL. of DNA ligase, 8 pl. of Nick Repair Polymerase and remaining volume made
using deionized water (MilliQQ) and incubated at 25 °C for 15 minutes. The reaction was stopped
by denaturation at 72 °C for 5 minutes followed by immediate transfer to ice bath. The ligated
fragments were purified using same procedure as described eatlier using 120 pl. of Agencourt
AMPure XP Reagent followed by two washes of 500 pl of 70% ethanol and final elution in 20
pL of TE. The bar code adapter ligated DNA fragments were then passed through Pippin Prep
System (Sage Science, Cat. No. PIP0001) using Pippin Prep Kit CDF 2010 (Sage Science, Cat.
No. CDF2010) to elute library size of 200 base-read, which had a target base pair setting of 270
bp. After the elution, the library was once again purified using 90 pL of Agencourt AMPure XP
Reagent followed by two washes of 500 uL of 70% ethanol and final elution in 50 pL of TE. The
library was quality checked on BioAnalyser system for library size and Qubit for quantity. The
quality passed libraries were loaded into Ion Chef (ThermoFisher Scientific, Life Technologies
Corporation, Frederick, MD, USA, Cat. No. 4484177) using Ion PI Hi-Q Chef kit (ThermoFisher
Scientific, Life Technologies Corporation, Frederick, MD, USA, Cat. No. A27198) for library
amplification, Ion Sphere Particles (ISP) recovery, enrichment, and chip loading. The ready to load
chips were loaded into the Ion Proton System for Next-Generation Sequencing (ThermoFisher
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Scientific, Life Technologies Corporation, Frederick, MD, USA, Cat. No. 4476610) for a run
length of 200 bases on PI chip using Ion PI Hi-Q Sequencing 200 Kit (ThermoFisher Scientific,
Life Technologies Corporation, Frederick, MD, USA, Cat. No. A26772).

SNP calling and selection

The raw reads generated for each individual were checked for quality and trimmed using
Trimmomatic (Bolger et al. 2014). The reads were aligned to the reference genome using the
BWA MEM algorithm(ILi 2013) and Samtools (Li et al. 2009). Duplicate reads were filtered
and read groups added using GATK (version 4.0) Variant calling and filtering was performed
with the HaplotypeCaller and the VariantFiltration tool of GATK (Van der Auwera et al.
2013). In order to select SNPS to be used for the characterisation of the F, population,
heterozygous SNPs and SNPs with no call were discarded. Non-polymorphic SNPs between
both parents were removed using vcffilterjdk (Lindenbaum and Redon 2017) and JEXL
expressions. SNP clusters in 150 bp windows were also removed. We subsequently used a set
of re-sequenced genomes of 48 accessions: 24 from East and Southern Africa and 24 from
Asia to select SNPs that were present in at least 12 accessions from the same region of origin
as the parents. Furthermore, we identified SNPs that were present in genomic regions of
interest for our targeted traits (carotenoids, tocopherols, ascorbic acid biosynthesis pathways
and potential flowering time genes) irrespective of whether they were unique to the parental
lines or shared by other accessions from the same region. The final set consisted of 1309
SNPs that were used for the genotyping-by-sequencing,

Targeted genotyping-by-sequencing

The genotyping of the population was performed using a targeted GBS approach developed by
LGC Group (https://wwwbiosearchtech.com/setvices/sequencing/targeted-genotyping-by-
sequencing-seqsnp). Based on the SNP positions and the assembled reference genome, primers
were designed for each SNP and 75 bp regions were sequenced with 200X coverage using NextSeq
500 v2. All library groups were demultiplexed using the Illumina bcl2fastq 2.17.1.14 software
(Ilumina 2013). Adapter remnants were clipped from all reads and reads with less than 65 bases
were discarded. Quality trimming was performed by removing reads containing Ns and trimming
reads at 3’ end to get a minimum average Phred quality score of 30 over a window of ten bases.
Reads with length less than 65 base pairs were again discarded. Read count per allele per SNP
were then generated for all the samples. Alignment of quality trimmed reads against the reference
genome was performed using Bowtie2 (Langmead and Salzberg 2012). Variant discovery and
genotyping of samples was then performed with Freebayes v1.0.2-16 (Garrison and Marth 2012).
The ploidy level was set to 2 and genotypes were filtered for a minimum coverage of 8 reads.

Genetic linkage map construction

After removing SNPs with MAF<0.05 and SNPs that were ambiguous in parents and those
with more than 10% missing genotype data, 585 SNPs remained from the initial 1309 but
only 269 segregating 1:2:1 or 3:1 were used to build the genetic map. The genetic map was
constructed with JoinMap 5 (van Ooijen 2006) using regression mapping and the Kosambi
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function and visualized with MapChart (Voorrips 2002).

QTL analysis and visualization

A single marker regression followed by a composite interval mapping with 3 covariates were
petformed using R/qtl. The genome-wide significant LOD threshold was set based on the
95 percentile of 1000 permutations with alpha values of 0.01, 0.05 and 0.1. An approximate

95% Bayesian credible interval expanded to the closest markers was computed to assess

the location of the QTLs. The composite interval mapping results were confirmed with a

stepwise analysis using the stepwiseqtl function of R/qtl. The fitqtl function was used to

determine the effect and percentage variation explained for each qtl as well as interactions

between QTLs. A single marker regression on binary traits was fitted using R/qtl to detect

QTLs for presence/absence of male-fertile flowers.

Results

Performance of the population, correlations and heritability in phenotypic traits

The F, population exhibited a wide range of variation and transgressive segregation for all the
measured traits (Figure 2; Table 1). Of the 219 plants, 157 (71.69%) were male sterile. There was
a two-fold variation in flowering time. A four-fold variation was observed for total carotenoids, as

Table 1. Summary of phenotypic traits in parental lines and F, population.

Broad-sense

TOT7200 TOT8917 F, heritability (2
Trait eritability (H?)
Mean Mean Mean Range
Flowering time (days) 332012390 4317+204>  36.62+531° 26.00 - 52.00 0.82
Plant height (cm) 106.82 + 6.13*  179.67 £ 5.01° 129.24 £ 31.53*  57.00 - 204.00 0.97
Leaf area (cm?) 40.96 £7.46*  53.02 £ 8.67* 4297 + 22.10 8.96 - 123.74 0.87
Lutein (ug/g FW) 21.00 £ 1.36* 3030+ 1.83" 2414 £ 4.60° 8.860 - 37.95 0.88
Beta-carotene (ug/g FW) 50.03 +3.81° 6356 £589"  56.65 £ 11.54° 21.53 - 88.25 0.82
Violaxanthin (ug/g FW) 494 £ 1.01° 1211 £2.00°  7.08 £231° 2.59-13.81 0.53
Total carotenoids (ug/g FW) 7597 +4.81* 10597 £5.97° 87.86 £ 16.98 33.82-135.11 0.90
Alpha-tocopherol (ug/g FW) 61.54 £924* 3530+ 9.87°  44.40 £ 2291° 10.83 - 122.05 0.83
Carotenoids/tocopherols ratio 1251014 324+£1.02° 2524135 0.52-6.95 0.71
Ascorbic acid (ug/g FW T RO 42809 +171.98°  73.83-956.88 0.62
scorbic aci .09 +171.98 .83 - 956. .
) bg/g V) 137.71° 6162

*Mean values with different letters in exponent are significantly different at 5% threshold
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Figure 2. Distribution of metabolite levels and leaf-yield related traits in F, population of Gynandropsis gynandra (P1=TOT7200;
P2=TOT8917).

well as lutein and beta-carotene variation when singled-out. Leaf area and ascorbic acid were the
most variable traits with a thirteen-fold variation. As expected, the male parent TOT8917 (Malawi)
had significantly higher values for plant height and carotenoid levels than the female TOT7200
(Malaysia) and a significantly lower tocopherol content. There were no significant differences
between both parents for leaf area and ascorbic acid content although TOT8917 had higher
values on average than TOT7200 for those two traits. The average values of the I, population
for plant height and flowering time were not significantly different from the earlier-flowering and
shorter female parent TOT7200. The population had on average similar values with TOT8917
for B-carotene, a-tocopherol and carotenoids-tocopherols ratio. All traits except violaxanthin
(H?=0.53) and ascorbic acid (H?=0.62) levels had a broad-sense heritability above 0.7 (Table 1).
Leaf-yield related traits i.c. plant height, leaf area and flowering time had a high and significant
positive cortrelation between them as was also the case for all carotenoids (Table 2). There was
also a significant positive correlation between plant height and ascotbic acid (R*=0.16), lutein
(R?=0.23), violaxanthin (R?=0.27) and total carotenoid content (R*=0.18) There was no significant
correlation between alpha-tocopherol and other traits.

The results of the first two principal component analysis on all the traits revealed that
the first principal component explained 34.6% of variation while the second principal
component explained 20.3% of variation. The projections of all the traits on the principal
components are summarized in Supplemental Table 1. The first principal component was
the dimension representing carotenoids while the second principal component represented
leaf-yield related traits.
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Genetic mapping for leaf yield related traits and nutrient content
Linkage map construction and segregation distortion

After removing SNPs with MAF<0.05, SNPs that were ambiguous in parents and those
with more than 10% missing genotype data, 585 SNPs remained from the initial 1309
SNPs. The genetic map was constructed with 269 SNPs segregating 1:2:1 or 3:1 in the
whole population and distributed over 17 linkage groups likely corresponding to the 17
chromosomes of G. gynandra (Supplemental Figure 1). Unfortunately, due to the low
number of SNPs, linkage groups 8, 11, 15, 16 and 17 included only 3 or 2 SNPs. The
linkage map had a total length of 859.1 cM with an average interval size of 3.20 cM. Based
on the genome size of 740 Mbp, 1 cM on the genetic map spanned on average 861.3 kbp.
From the 316 SNPs with high segregation distortion, 136 were skewed towards the female
parent, 55 towards the male parent while 125 had a high heterozygosity.

QTL analysis

Twelve QTLs distributed over 8 of the 17 linkage groups were detected (Figure 3; Table 3). We
found QTLs for all traits except for violaxanthin, beta-carotene and total carotenoid contents
and male-sterility. The phenotypic variation explained ranged from 4.9 to 27.5% for all the QTLs.
One QTL had a major effect (PVE > 25%), six had an intermediary effect (10% < PVE < 25%)
and five a minor effect (PVE < 10%) (Table 3). QTLs additive models resulted in major effects
for flowering time, tocophetols and carotenoids/tocopherols ratio, intermediary effect for plant
height, leaf area and ascorbic acid and a minor effect for lutein content (Table 3).
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Figure 3. Quantitative trait loci detected for plant height and leaf area (green), flowering time (pink),
carotenoids (red), alpha-tocopherol (olive green) and ascorbic acid (orange). QTLs are represented by coloured
boxes on the right of the linkage group (Bayesian 95% credible interval around QTL peak expanded to the closest
markers) and potential candidate genes detected are listed on the left of the QTLs or QTL clusters. QTLs for which the
TOT7200 allele increases the phenotypic value are depicted with solid filled boxes while hatched boxes depict QTLs for
which the TOT8917 allele increases the phenotypic value.
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Genetic mapping for leaf yield related traits and nutrient content

In the following section, we considered as “favorable” alleles, alleles that contributed to higher
values in all our traits of interest. Tall, late-flowering accessions, with broad leaves, high levels
of carotenoids, tocopherols and ascorbic acid would therefore be considered as desirable even

though, the desirable alleles for plant height can vary depending on growers’ preferences.

Two QTLs with moderate effect were found for flowering time (qQFLT07.1; qFLT09.1) on
linkage groups 7 and 9 and together explained 27.9% of phenotypic variation. qFLT07.1
received the favorable allele from the female TOT7200 while qFLT09.1 had the opposite
pattern. Those QTLs had an additive effect (Supplemental Figure 2A) but no significant
interaction (p=0.22). A single QTL for plant height was located on linkage group 3
(qPHTO03.1; 22.2% PVE) with the favorable allele from the male parent TOT8917. Two QTLs
were detected for leaf area: a moderate one on linkage group 3 (qLFA03.1) and a minor
one on linkage group 7 (qLFA07.1) which explained 21.8% of phenotypic variation when
combined. Positive alleles for these QTLs came from different parents: LFA03.1 had the
favorable allele from TOT8917 while the favorable allele of qLLFA07.1 came from the female
TOT7200 (Figure 3). Although there was no significant interaction between these QTLs
(p=0.45), the highest leaf area was obtained from a combination of the male homozygote
genotype for qLFA07.1 and the hybrid genotype for qLFA03.1 (Supplemental Figure 2B).

A single minor QTL related to lutein content was found on linkage group 1 (qLUTO01.1;
9.8% PVE). Three QTLs were detected for alpha-tocopherol on linkage groups 9
(qTOC09.1; 7.7%PVE), 13 (qTOC13.1; 6.1% PVE) and 16 (qTOC16.1; 27.5% PVE) which
combined explained 37.5% of phenotypic variation. The female allele was favorable for
qTOC09.1 and qTOC16.1 while for qTOC13.1, the male one was favorable. Although
interactions between pairs of these QTLs were not significant, the combination of the
female homozygote of ¢TOC09.1 with either the hybrid of qTOC13.1 or the male
homozygote of TOC16.1 yielded the highest tocopherol levels (Supplemental Figure
2C). The carotenoids/tocopherols ratio revealed a first QTL on linkage group 14
(qCAR:TOC14.1; 6.7%) that did not appear for both carotenoids and tocopherols QTL
analyses and a second QTL on linkage group 16 which overlapped with the QTL for alpha-
tocopherol (qCAR:TOC16.1; 24.7% PVE). The two QTLs explained 31.8% of phenotypic
variation when combined and had an additive effect but no significant interaction (p=0.61)
(Supplemental Figure 2D).

Some of the detected QTLs were co-located suggesting the presence of genes with pleiotropic
effects at these locations or tight linkage. On linkage group 3, QTLs for plant height and leaf
area ovetlapped and their favorable alleles were received from TOT8917. A second cluster was
present on linkage group 7 where QTLs for leaf area and flowering time overlapped. QTLs for
tocopherols and carotenoids-tocopherols ratio were co-located on linkage group 16.

Candidate gene identification

A list of known genes related to our traits of interest in Arabidopsis thaliana was retrieved based
on GO terms from TAIR (https://www.arabidopsis.org/) and the Arabidopsis floweting time
genes database (FLOR-ID) (Bouché et al. 2016). Protein sequences for each gene were blasted
against the reference genome of G. gynandra using an expected value cutoff of 10%. Genes
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present within a centimorgan (on average 861.3 kbp) window from a marker were retained as

potential candidate genes.

We identified candidate genes for flowering time (FTIP7, CDKGZ2, MRFT), carotenoid biosynthesis
(CRTISO, CYP97B3), tocopherol biosynthesis (ABCTK7, CHLP, TAT1, IV'TE2), leaf area (DOT3)
and a candidate gene with potential pleiotropic effects (AGL24) co-localized with QTLs for
flowering time and plant height. No candidate gene was detected for ascorbic acid (Figure 3). The

complete list of candidate genes per QTL is presented as Supplemental Table 2.
Discussion

In this study, linkage mapping was proved to be an efficient approach for QTL and candidate
gene identification in G. gynandra. In our F, population, transgressive segregation was observed
in all the measured traits and we identified QTLs for most traits except beta-carotene and
violaxanthin content. A high correlation was found between flowering time, plant height
and leaf area and between the carotenoids as reported in a previous study (Sogbohossou et
al. 2019). However, the negative correlation observed between carotenoids and tocopherols
previously observed in a diversity panel of the species (Sogbohossou et al. 2019) was not found
in this F, population. We therefore hypothesize that this negative correlation was not driven by
antagonistic biosynthesis mechanisms within the plant itself but rather by population structure
probably due geographic adaptation or human selection.

The low number of SNPs used to construct the genetic map (269 SNPs) is an important
limitation to the reliability of the position of the QTLs and the regions they spanned. To
improve the quality of the map, we are currently genotyping a second population with a set
of 9000 good quality SNPs, this time, without considering their presence in other accessions
from the region of origin of the parents. The presence of QTL clusters on linkage groups
3, 7 and 16 suggests the presence of genes with pleiotropic effects or tightly linked genes
influencing our traits of interest at these locations. However, improving the coverage and
resolution of our genetic map using a higher density of markers could further help pinpoint
the genomic regions spanned by those QTLs.

We identified two candidate genes related to carotenoids biosynthesis and particularly lutein
in G. gynandra co-localized with the QTLs: CRTISO and CYP97B3. The carotenoid isomerase
gene (CRTISO) is involved in all-trans-lycopene formation which is later cyclized to carotenes
(8-, y-, a-, B-carotene). Carotenes are then oxygenated to xanthophylls (e.g. lutein, violaxanthin)
(Nisar et al. 2015). While CYP97A4 and CYP97C1 were for a long time reported as the main
genes involved in lutein biosynthesis, CYP97B3, was also identified as an important gene in the
pathway (Kim et al. 2010). Mutants with overexpression of the gene CYP97B3 in A. thaliana
had up to 150% higher levels of zeinoxanthin and lutein than the wild type. Heme-containing
cytochrome P450 (CYP) monooxygenases are known to be involved in secondary metabolite
production in plants, usually in the form of hydroxylases even though many of them have
an unknown function (Kim et al. 2010). We expect the candidate genes here identified in G.

gynandra to have the same functions as in A. thaliana.

Tocopherol candidate genes included ABC7K7, CHLP, TATT and VV'TE2. ABCTKT (activity
of bcl complex kinase 1) and ABC7K3 are involved in the regulation of light-mediated
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development in plants and o-tocopherol accumulation under high-light (Eugeni Piller et al.
2014; Yang et al. 2016). CHLP encodes for geranygeranyl reductase, an enzyme that catalyzes
the reduction of geranylgeranyl pyrophosphate to phytyl pyrophosphate, a critical step on
the biosynthesis pathway of carotenoids, tocopherols and chlorophylls. Plants with low
CHLP expression partially accumulated geranylated chlorophyll a, had lower chlorophyll and
tocopherol levels and hence had an increased sensitivity to prolonged exposition to high light
and a delayed growth (Graf3es et al. 2001; Tanaka et al. 1999). Tyrosine aminotransferases (TATs)
catalyze the reversible reaction between tyrosine and 4-hydroxyphenylpyruvate (HPP) and in
A. thaliana, TATT (or TAT7) was responsible of 33-47% of tocopherols synthetized in the
leaves (Riewe et al. 2012; Wang et al. 2019). I'TE2, also known as HPT, encodes homogentisate
phytyltransferase, an enzyme responsible for the early condensation of homogentisic acid
(HGA) and phytyl diphosphate (PDP) to form 2-methyl-6-phytyl-1,4-benzoquinol (MPBQ)
considered as the committed step of tocopherol biosynthesis (DellaPenna and Pogson 2006;
Wunnakup et al. 2018). Arabidopsis 72 mutants exhibited severe seedling growth defects and
a 4- and 100-fold increase in levels of lipid hydroperoxides and hydroxy fatty acids, respectively,
compared with the wild type (Sattler et al. 2004).

The defectively organized tributaries gene DOT3 was co-localized with leaf area and flowering
time QTLs on linkage groups 7. DOT3 is responsible of leaf vein spacing patterns in .
thaliana, a trait also reported to be variable in G. gynandra between East African and Asian
accessions along with stomatal density and water use efficiency (Reeves et al. 2018). The authors
found similar vein spacing patterns in Asian and West African accessions that had small leaves
compared with East African accessions. We therefore hypothesize that vein spacing and leaf
area are linked in G. gynandra. Arabidopsis doz3 mutants have defects in shoot and primary root
growth and produce an aberrant parallel venation pattern in juvenile leaves. Plants with the
more severe dot3-2 allele were smaller in size throughout development, and less fertile than the
wild type (Petricka et al. 2008). The co-localisation of leaf area and flowering time is most likely
due to the positive correlation between both traits.

Flowering time potential candidate genes included FTIP7 co-localized with qFLT07.1 as well as
MRFT and CDKG2 co-localized with qFLT09.1. Flowering time interacting protein 1 (FTIP7)
regulates the transport of the Flowering Time locus T' (FT) protein, which plays a key-role in
flowering induction, from the phloem to the shoot apical meristem (Abe et al. 2015; Liu et al.
2012). Morn-motif repeat protein regulating flowering 1 (MRF7) is a photoperiod responsive
gene that promotes flowering under long day conditions (You et al. 2019). As our experiments
were conducted under long days, it is expected that MRF7 influenced flowering in the I,
population. Cyclin-dependent kinase G2 (CDKG2) acts as a negative regulator of the salinity
stress response and plant flowering transition in A. thaliana (Ma et al. 2015). Agamous-like 24
(AGL24) was present in the region on linkage group 3 spanning 2 QTLs involved in plant
height and flowering time. AGL24 is a MADS-box transcription factor involved in both floral
induction and floral development (Lee et al. 2008; Sun et al. 2016). The fact that AGL24 is
also involved in apical meristem differentiation into an inflorescence and that flowering time
and plant height are highly correlated in G. gynandra might explain the presence of the gene in
the same region as QTLs for both traits. It was not clear from our different experiments with

the species whether G. gynandra was photo-period sensitive and there was no evidence in the
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literature about day-length sensitivity in the species. However, the presence of two photoperiod
related flowering genes F'TTP7 and MRF7 among our candidate genes suggests that photoperiod

plays an important role in flowering induction in G. gynandra.

The male sterility issue in the I, population hindered the development of a RIL population
and could indicate incompatibilities between the genomes of both accessions and on-going
reproductive isolation. Similar cases of intraspecific incompatibility were reported in other
plant species. In Arabidopsis lyrata, observations of phenotypic male sterility in I, generations
were due to a cytoplasmic male sterility system in the species (Aalto et al. 2013). Negative
epistatic interactions between alleles that have evolved independently in each parental line, a
phenomenon known as Bateson—Dobzhansky—Muller incompatibility (BDMI), are the most
common cause of intrinsic postzygotic isolation (Lafon-Placette and Kéhler 2015). However,
other mechanisms such as underdominance and gene duplication, transposition and gene
loss, or epigenetic mechanisms may also induce intrinsic postzygotic isolation. BDMIs were
long thought to arise from deactivation of gene duplicates or as a by-product of ecological
selection (Lafon-Placette and Koéhler 2015; Sechausen et al. 2014). From our observations,
crosses where the maternal line was East African and the paternal line from West Africa or
Asia resulted systematically in low seed set and sterile F, while the reciprocal crosses provided
fertile Fs. However, in the present F, population, about 75% of the individuals were male-
sterile. In addition, seed set in fertile individuals was low compared with the parental lines.
A deeper analysis of nuclear—cytoplasmic incompatibility in crosses between several African
and Asian accessions could elucidate the phenotypic male-sterility issues in those lineages.
Moreover, besides the possibility to cross different accessions from the same region to develop
RIL populations, elaborating a protocol for Doubled Haploid induction in the species would
be beneficial to fully exploit the natural intraspecific variation in several traits in future genetic
studies and understand their genetic control.

The present study provides QTLs and candidate genes for flowering time, leaf area, plant
height, carotenoids, tocopherols and ascorbic acid content in G. gynandra. Our results need to be
validated with future studies including different mapping populations, bulked segregant analysis,
mutant lines, growth under other environments (such as short-days), fine mapping of traits,
as well as transcript abundance analysis of candidate genes. The presence of QTL clusters
for our traits of interest and positive correlations between some traits indicates the possibility
to breed simultanecously for all of them. Markers identified in this study could be used for
molecular screening of breeding populations and selection of individuals of interest. Future
studies will be focused on refining the genetic map and improving the reference genome of
the species to narrow-down the genomic regions of interest. Functional genomics approaches
will be helpful to validate the functions of our candidate genes and the allelic effects described
in this study. Regarding flowering time genes, photoperiod sensitivity in G. gynandra is a topic
that also requires further investigation. The effect of agricultural practices including irrigation,
fertilization schemes, harvest and storage methods and duration, processing on our targeted
nutrients should also be documented.

While this study represents a first step towards G. gynandra breeding, the path to the
development of nutrient-rich and high yielding varieties is still long and will require transparent
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communication and close collaboration between researchers and other stakeholders of the leafy

vegetable value chain in targeted countties.
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Supplemental Table 1. Coordinates on principal components of phenotypic traits measured in the Gynandropsis gynandra F,
population TOT7200 x TOT8917

Trait PC1 PC2 PC3 PC4
Flowering time 0.06 0.66 -0.42 -0.21
Plant height 0.27 0.76 -0.27 0.02
Leaf area 0.13 0.81 -0.19 -0.01
Lutein 0.90 -0.02 0.10 -0.03
Beta-carotene 0.93 -0.10 0.19 -0.05
Violaxanthin 0.72 0.01 0.15 -0.10
Total carotenoids 0.97 -0.07 0.18 -0.06
Alpha-tocopherol -0.14 0.40 0.84 -0.16

Carotenoids/tocopherols

) 0.45 -0.38 -0.75 0.10
ratio
Ascorbic acid 0.15 0.24 0.18 0.93
Proportion of vatiance
34.7 20.3 17.0 9.6

explained (%)
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Chapter 8

The present thesis aimed to change the status of spider plant (Gynandropsis gynandra) from
“orphan” to “emerging” crop; with an emphasis on generating baseline information on the
species to enable the development of breeding programs for improved leaf yield and nutritional
quality. At the inception of the thesis, efforts to analyse germplasm collections of the species
were scattered and only one more recent study (Wu et al. 2017) characterised the morphology
in a worldwide collection of accessions from East/Southern Africa and Asia. Here, we discuss
the main findings of our research journey which started with documenting local communities’
knowledge on spider plant in Benin and Togo (West Africa) and ultimately allowed us detecting

candidate genes underlying flowering time and vitamin biosynthesis in the species.

Lessons learned for G. gynandra breeding

Promoting orphan crops: cultural context matters

Non-staple crops that serve an important purpose in the diets and livelihoods of local
communities around the world are sometimes referred to as “orphan crops.” Promoting these
species as “‘emerging crops’ requires consideration of their cultural importance for specific
communities. Thorough documentation of traditional knowledge and uses of these crops can
be used to suggest recipes and uses to new consumers and guide pharmacological investigations
on those crops. A potential challenge associated with the promotion of orphan crops is the
existence of food taboos associated with specific crops in some communities. Food taboos go
beyond avoidance of food due to simple preferences. They are often associated with spiritual,
ecological or health related motives, and are also part of the cultural identity of specific groups
(Briones Alonso et al. 2018; Meyer-Rochow 2009). These aspects should therefore be accounted
for in promotion strategies for emerging crops and used to better define target groups, markets
and uses. Consumers’ perceived values and beliefs associated with such crops are important to
understand food choices and preferences. For example, in Micronesia, promoting green leafy
vegetables consumption to alleviate vitamin A deficiency failed because local communities were
not used to consuming green leafy vegetables and considered them as food for pigs (Englberger
2012). In the case of G. gynandra, we did not observe any rejection of the species in the surveyed
areas. However, it was primarily perceived as a medicinal plant in some communities and more
as a vegetable with occasional medicinal uses in others. Such perceptions were also reflected in

the management intensity of the resource (Chapter 3).

Besides investigating knowledge, utilization and cultural acceptance of orphan crops, traditional
production techniques and their impact on crop diversity and livelihoods ate also relevant for
mainstreaming of good existing practices into modern production systems designed for the crops
of interest. Key elements to take into account for leafy vegetables include for instance nursery
practices, planting density, harvesting time, number of harvests (Houdegbe et al. 2018), crop
protection (Francisco 2018), seed viability and seed distribution systems (Blalogoe 2019; Sohindji
2018). An example is the uprooting of G. gynandra in Kenya and the harvest through successive
multiple cuttings in Benin and Togo. These differences call for the adoption of tailored production
practices and the development of specific cultivars with good performance in each type of
production system (Houdegbe et al. 2018). Our thesis highlights the importance of putting any
orphan crop promotion project in the appropriate socio-economic and cultural context (Chapter
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3) to make sure that farmers and consumers’ preferences and needs are prioritised.

Untargeted metabolomic profiling of orphan crops to inform breeding
strategies for health-benefits, taste and plant defence mechanisms

Plants produce a diversity of phytochemicals that are involved in defence against biotic agents
and responses to environmental stresses; which also constitute a wide range of natural products
with benefits for human health (Wink 2015; Yang et al. 2018b). The latest developments in
metabolomics has allowed for comprehensive surveys of diverse metabolites produced in
various plants (Carreno-Quintero et al. 2013). Detecting specific secondary metabolites can
contribute to the development of biomarkers and health-promoting compounds. It can also
help identifying plant defence mechanisms against pests and diseases.

The detection and analysis of diverse secondary metabolites in G. gynandra (Chapter 5) provided
scientific support to back up claims by users in various parts of Africa and Asia about the
medicinal antibiotic, anti-inflammatory and nutritious properties of the species (Allabi et al. 2011;
Imanirampa and Alele 2016; Jeruto et al. 2008; Neugart et al. 2017; Sogbohossou et al. 2018b). We
putatively identified different classes of semi-polar secondary metabolites in G. gynandra including
terpenoids, sesquiterpenoids, glucosinolates, flavonoids and diverse phenolic compounds. Many
of these compounds have been investigated in drug development programs for human health.
Specifically, hydroxycinnamic acid (e.g ferulic acid, caffeic acid) derivatives were detected in
high levels in the leaves of West African and Asian accessions. These compounds reportedly
possess potent antioxidant, anti-inflammatory properties and have potential therapeutic benefits
for diabetes and hyperlipidaemia prevention (Alam et al. 2016). Coumarin derivatives including
5,6,7,8-tetrahydroxy-2H-1-benzopyran-2-one and 5,7,8-trihydroxy-2H-1-benzopyran-2-one were
abundant in East African accessions. Coumarin derivatives are known for their pharmacological
properties including antioxidant and anti-inflammatory activities (Dandriyal et al. 2016; Witaicenis
et al. 2014). Coumarin derivatives have also been explored as anticancer agents and they possess
minimum side effects (Dandriyal et al. 2016). Ellagic acid and related derived metabolites, were
abundant in East African accessions, and have been reported to have diverse activities including
antioxidants, estrogenic, anti-inflammatory and anti-carcinogenic (Bell and Hawthorne 2008;
Landete 2011; Vattem and Shetty 2005). Glucosinolates, sulfur-containing compounds found in
the order Brassicales (Fahey et al. 2001) were as expected identified in G. gynandra (Neugart et al.
2017; Chapter 5). Degradation products of glucosinolates (isothiocyanates) have demonstrated
anti-cancer properties and also can prevent cardio-vascular diseases (Cartea and Velasco 2008;
Traka and Mithen 2009).

Volatile compounds identified in G. gynandra included aldehydes, ketones, alcohols, esters and
sesquiterpenes. Some of these compounds are potentially associated with a sweet and fruity
flavour while others were rather associated with spiciness and pungency (Chapter 5). Further
sensory evaluations of accessions are required to evaluate the impact of the presence of these
metabolites on the perceived taste and odour of the leaves. Such results could inform breeding
programs aimed at selecting cultivars with strong odours for consumers in Benin and Togo, and
cultivars with a sweet fruity flavour for East African countries. The claims by Beninese farmers

that bitter accessions with a strong odour are healthier could find an explanation based on our
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results. Pungency in the species correlated with the presence of sulfur-containing compounds
including glucosinolates and isothiocyanates. The bitter taste of the leaves could be triggered by
the presence of flavonoids (Roland et al. 2013) and hydroxycinnamic acids (Jiang and Peterson
2010). Volatile metabolites are also involved in plant defense mechanisms and the natural
variation in volatile sulfur-containing compounds in the species provided some indication about

the accessions to select for future analysis of plant-insect interactions.

Based on the semi-polar and volatile metabolite composition and relative levels in the
germplasm collection of 48 accessions, we also found evidence of geographical patterns of
clustering of accessions (Chapter 5) suggesting a link between genetic diversity and secondary
metabolites production. This is a hypothesis which we confirmed in Chapter 6. Thus,
secondary metabolites can also be used to provide a reliable assessment of the genetic diversity
in a germplasm collection, elucidate molecular networks in G. gynandra and potentially be used
to classify accessions of unknown geographic origin.

Integrative omics for Gynandropsis gynandra breeding for nutritional quality
and yield

Breeding programs for conventional crops benefit from extensive published knowledge on
phenotypes, genome data, gene action and mode of inheritance of key-traits. The lack of
such knowledge for orphan crop breeding requires rapid generation of information about the
natural variation in traits of interest as well as the genetic mechanisms undetlying those traits.
As exemplified in this thesis, genome sequencing opens the avenue to diverse investigations
including the evolutionary history of the target species/family, rapid marker discovery and
genetic mapping of traits of interest (Chapters 6 and 7). Moreover, knowledge on closely related
well-known species such as A. thaliana and Brassica crops (i.e. comparative genomics) facilitated
the identification of candidate genes in G. gynandra which need to be further validated. We also
demonstrated that integrating different datasets including phenotypic, metabolic and genomic
data provides a helicopter view of the overall variation in traits of interest, the genetic diversity
in the studied germplasm and downstream genetic mapping and candidate gene identification.
In this thesis, the low sample size of the collection hindered the use of association mapping
approaches. To overcome this, we adopted a linkage mapping approach. However, a weakness
of this study was the low number of markers used in building the genetic map (Chapter 7). A
second I, population genotyped with a higher marker density (nine thousand SNPs) has been
generated but remains to be analysed.

QTL analysis for carotenoid and tocopherol production allowed the identification of candidate
genes present at critical steps of these respective pathways (Chapter 6). Developing stable
populations such as Recombinant Inbred Lines, Doubled Haploids or Back-cross populations
could be used to validate the QTLs and to investigate the interactions between QTLs and
environment. Gene silencing and gene expression analyses under different conditions should
also be considered for QTL validation. Biofortification in crops have been implemented
using classical breeding strategies or genetic engineering (Jiang et al. 2017). Whether this latter
approach effectively met consumers’ requirements and reduced malnutrition in the socio-
economic and cultural context of Africa remains debatable (de Valenga et al. 2017; Hummel et
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al. 2018; Schnurr et al. 2018). Recent developments in genome editing using the CRISPR-Cas9
system provide exciting avenues for crop quality improvement as exemplified with the high-
amylose rice (Sun et al. 2017) or the lycopene-rich tomato (Li et al. 2018).

Appropriate breeding strategies following QTL validation should be defined taking into account:
(1) farmers’ perspectives in terms of other important traits to breed for besides nutrient
content; (2) the cost-efficiency of adopting hybrid varieties vs inbred lines and the existing seed
systems in the target countries; (3) GMOs and genome editing regulations in target countries;
(4) the impact of biofortified varieties on human health; (5) consumers’ taste preferences and
willingness to pay for the biofortified varieties.

Regarding leaf yield, appropriate phenotyping platforms to accurately monitor plant growth
and development would tremendously improve genetic mapping of traits of interest. In our
case, we took a snapshot of the populations at one time-point which only partially reflects
the total variation between individuals in an F, population. The link between flowering time,
leaf area and plant height established in the diversity panel and the F, population provides the
possibility to breed for those traits simultaneously as late-flowering plants are desired in G.
gynandra. Other traits needing further investigation include branching patterns, internode length

as well as the ability to regrow after cutting.

Breeding for orphan crops should go hand in hand with appropriate data management and there
is a need for data publication, storage and sharing. The breeding management system (BMS) is
an example of platform supporting day-to-day breeding activities for most crops, making it a
very attractive option for digitalising breeding programmes at an institutional level (Ribaut and
Ragot 2019). Making generated data on orphan crops publicly available will facilitate collaboration
between researchers and the generation of relevant information for promotion of those crops
among potential end-users. In the case of this thesis, open-access publications and availability of

the data fostered new collaborations with other research groups that are further discussed below.
Is there an on-going speciation event occurring in Gynandropsis?

Gynandropsis is a monotypic genus in the Cleomaceae family. Differences in morphological
traits (Sogbohossou et al. 2019), secondary metabolites (Chapter 5), genome-wide nucleotide
diversity (Chapter 6) and Internal Transcribed Spacer sequences (Reeves et al. 2018) illustrated
differences between accessions from Fast Africa, West Africa and Asia. The strong geographic
differentiation between accessions suggested ongoing isolation by distance in the species
with post-zygotic reproductive batriers between East/Southern African accessions and West
African/Asian accessions, especially when the East/Southern African accessions were used as
maternal line (Chapter 7). Geographically isolated populations experience divergent selection
owing to differences in local abiotic and biotic environments. Adaptations to these distinct
environments contribute directly or indirectly to reproductive isolation and speciation (Maron
et al. 2019). Whole-genome duplication (Chapter 6) could contribute to reproductive isolation
and eventually speciation with fixation of one gene copy via genetic drift in one population and
neofunctionalization/sub-functionalization of the other copy in the second population (Ouyang
and Zhang 2018). Further investigation of the reproductive mechanisms leading to male sterility
in hybrids and F, individuals coupled with high quality genome assembly of selected accessions

157




Chapter 8
displaying reproductive isolation could help elucidate the incipient speciation.

The roadmap for Gynandropsis gynandra breeding: how far have
we come?

In Chapter 2, we devised a roadmap for orphan crops breeding (Figure 1). In this section,
we discuss the contribution of this thesis to the implementation of the roadmap, present an
overview of on-going efforts at different institutions based on the research results described in
this thesis, and provide recommendations for future research.

Contribution of this thesis

At the inception of this thesis, farmers’ priorities and consumers’ preferences were investigated in
the target markets in Benin and Kenya. In Benin, as the species was mainly cultivated and sold in
Adja communities and farmers and consumers were the same people. Emphasis was put on late-

flowering, resistance against pests and diseases, taste and odour, as well as medicinal properties.

Germplasm collection and documentation in G. gymandra was facilitated by the elaboration of
a standardized germplasm collection form and a list of morphological descriptors (Chapter 2;
Sogbohossou et al. 2018a) publicly available for use. The germplasm collection missions conducted in
West Africa (Benin, Togo, Ghana and Niger) filled the gap in the region and could be further extended
to other countries in the region and other parts of the world such as South America and Australia.

The need to provide farmers with stable cultivars that can be easily propagated led us to consider

1. Stakeholder input
(preferences/evaluation)

* Farmers
* Processors
8. Value chain development * (R:etaliers 2. Germplasm collection and
* Outreach activities ONSUMErs management

* Passport data

* Local/regional importance,
utilization, and cultivation of
the species

« Cropping system design
Post-harvest management
Seed system development
Sustainable funding
mechanisms

w

. Definition of product targets
* Product type (e.g. inbred, hybrid)
* Agronomic traits (e.g. leaf yield)
* Phytonutrient content
 Resistance to (a)biotic stresses
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7. Multi-environment evaluation
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analysis (e.g. IBP)
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user evaluation

4
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« Development of mapping “ » . Leaf yield and related traits
populations (e.g.  Phytonutrient content
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candidate gene detection
« Gene function analysis

* Resistance to (a)biotic stresses
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Figure 1. Proposed integrated breeding pipeline for orphan leafy vegetables (Sogbohossou et al. 2018a)
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inbred lines as the best product target for promotion of G. gynandra (Chapter 2; Sogbohossou
et al. 2018a). Hybrid cultivars would be an option once the species is well established as a
commercial crop and once we better understand the potential genomic incompatibilities

between lines from different geographical regions.

The measured variation in leaf-yield related traits and vitamins (carotenoids, tocopherols,
ascorbic acid) in the germplasm collection (Chapter 3; Sogbohossou et al. 2019) informed the
choice of parental lines we used for QTL detection and candidate gene identification (Chapter
7). Despite the low number of markers used, linkage mapping yielded preliminary results that
can be used as a start point for further QTL validation. However, the sterility issues observed
in the I, population hindered the development of inbred lines. Further studies could use a

doubled haploid approach or prioritize crosses between accessions from the same region.

The draft genome of G. gynandra and the resequencing of 53 accessions allowed detection
of 10.8 million good quality SNPs (Chapter 6) that will facilitate omics-assisted breeding in
the species. Genotyping of mapping populations, candidate gene detection and functional
genomics are therefore possible. The combination of morphological, metabolic and genomic
data pointed to a strong geographic differentiation of accessions with reproductive barriers
between accessions from East Affica and West Africa/Asia. The hypothesis of an on-going
speciation event in the species could be further tested with a more comprehensive set of

accessions to inform future breeding strategies.

Additional research outside of the scope of this thesis, included the testing of different
agronomic practices for high yield production (Houdegbe et al. 2018), the description of
the pollination biology (Zohoungbogbo et al. 2018) and characterizing natural variation
in C, photosynthesis-related traits (Reeves et al. 2018) in G. gymandra. Many C, related traits
were variable such as bundle sheath size, vein density, gas-exchange parameters and carbon
isotope discrimination, which together suggest natural selection for water use efficiency
of the considered accessions (Reeves et al. 2018) and thus potential targets for future crop

improvement.
Short/medium term research perspectives: what is being done?

This thesis provides a picture of research achieved after 4 years after the start of our PhD.
However, publications from this thesis opened the road to new collaborations with various
research teams that are either using G. gynandra as a model species for fundamental research
or contributing to the development of a breeding program for the species. The activities listed

below are based on the germplasm collection presented in this thesis:
At Wageningen University:

- The re-sequencing and Hi-C assembly of the genome of four accessions including the
reference line and one accession from each region of interest (East Africa, West Africa and Asia)

to improve the quality of the reference genome and detect potential large structural variations;

- A second F, population is being genotyped/phenotyped with nine thousands SNPs for the
exact same traits described in Chapter 6.
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At the University of KwaZulu-Natal (South Africa) and the University of Abomey-Calavi
(Benin)

- Multi-location trials are on-going in Benin and South Africa using a diallel mating system
to assess the heritability of flowering time and other leaf-yield related traits as well as the
general and specific combining ability of several G. gynandra lines. However, the same issues
of reproductive barriers between accessions from different regions (West Africa x East Africa;
East Africa x Asia; and East Africa x West Africa) also arose.

- Optimal temperatures for seed germination and long-term storage of G. gynandra are being

assessed;

- The natural variation in seed structure and mineral content was assessed in the same collection
described in Chapter 4 of this thesis.

At Hibberd Lab, Cambridge University:

- The natural variation in photosynthesis-related traits is being investigated in order to identify
candidate genes responsible for specific C, phenotypes;

- The spectrum of regulatory networks governing the evolution of C, photosynthesis is also
being analysed.

Long-term research perspectives: what is needed?

Research gaps remaining to be addressed for G. gynandra breeding include but are not limited
to: (1) the taxonomic revision of the species; (2) assessing metabolite accumulation during
plant growth and development; (3) annotating more secondary metabolites detected in the
leaves and resolving the molecular pathways involved in the biosynthesis of such metabolites
using genome-wide association mapping or linkage mapping; (4) assessing the pharmacological
properties of the novel compounds identified in the species; (5) assessing the impact of harvest,
storage and cooking practices on the bioavailability of vitamins and secondary metabolites; (6)
investigating relationships between resistance to pests and diseases and glucosinolates content;
(7) developing speed breeding protocols for uniform flowering of the accessions and to
safeguard late-flowering accessions; (8) developing efficient germination and seed conservation

protocols; (9) identifying cost-efficient and accurate genotyping approaches.
Implications of this thesis for development and capacity building

The Cleome project that funded the first two years of this thesis contributed to the promotion
of G. gynandra among farmers and consumers in urban settings in Benin and Kenya. Scientific
evidence of the presence of a wide range of health-promoting compounds in the species
coupled with the utilization of the species in local pharmacopeia can strengthen campaigns
to raise consumers’ awareness on the importance of consuming spider plant and other local
leafy vegetables. Farmers’ evaluation of identified late-flowering accessions grown in various
environments was a first step in the cultivar development process and will contribute to
refining breeding goals. Seed companies should also be associated to ensure appropriate seed

multiplication, seed germination and distribution to farmers.
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Knowledge about the nutrient content of the species is of important value for industries.
Production of vitamin C and other health-promoting compounds from a short cycle plant is
a phytochemical avenue to embrace. As more genetic information will be generated, it may
be possible in the future to directly produce vitamins and other health-promoting compounds
from spider plant. The species might also have applications in cosmetics for skin protection and

regeneration as indicated by its traditional use to cure skin diseases.

The Cleome project also prompted other complementary research and capacity building
actions including the training of six MSc students in Benin, one in Kenya and one in South
Africa. Students explored various topics related to G. gynandra such as the reproductive
biology of the species (Zohoungbogbo et al. 2018), appropriate agronomic practices for
cost-effective production and high leaf-yield (Houdegbe et al. 2018), effects of genotypes
and pre-treatments on seed germination (Sohindji 2018), the variability in seed morphology
and seed mineral content in accessions from diverse origins (Blalogoe 2019), pests and
diseases associated with G. gymandra and farmers’ pest management practices in Benin
(Francisco 2018). Moreover, two students in Namibia and in South Africa are currently
doing their PhD, one of them pursuing our efforts towards genetic analysis of flowering
time and other leaf yield-related traits in a multi-parental population and the second
focusing on unravelling the genetics of anthocyanin production in the species. These
capacity building actions opened the door to generate more knowledge towards accelerating
spider plant breeding to enable adequate cultivar development.

Concluding remarks

This thesis presented a strategy for orphan leafy vegetables breeding with preliminary results
related to the genetic variation in leaf-yield related traits and secondary metabolites production
in G. gynandra. The different analyses at the morphological, metabolic and genomic levels
pointed to an on-going speciation event in the species. The draft genome provides a basis for
functional genomics of G. gynandra and accelerated breeding, The genetic map constructed
and the QTLs and candidate genes identified for target traits in breeding programs constitute
an important step towards varietal development in G. gynandra. The knowledge generated
in this thesis raised several research questions related to G. gynandra breeding requiring the
integration of different fields of expertise including plant and seed physiology, biochemistry,
bioinformatics, pharmacology, taxonomy, and plant breeding;
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Summary
Summary

Orphan crops have been used for centuries around the world as food, medicines and as sources
of income. They also have ensured diversified and nutritious diets to local communities.
However, these species have been largely absent from agricultural research agendas compared
to the only a handful of commercial crops which cover 90% of human food demand. Reducing
malnutrition and food insecurity in the world requires promoting novel and orphan crops. This
thesis focused on developing a breeding strategy in the orphan leafy vegetable spider plant

(Gynandropsis gynandra) for improved leaf yield and nutrient content.

The thesis starts with a reflection on the appropriate strategies for orphan leafy vegetable
breeding using spider plant as a model (Chapter 2). G. gynandra belongs to the Cleomaceae
family, the sister family of the Brassicaceae and is used as a vegetable and medicinal plant in
Africa and Asia. A breeding program for the species should take into account the following
components: (1) investigation of end-users preferences for the definition of breeding goals; (2)
germplasm assembly, characterisation, and management; (3) the definition of product targets;
(4) characterisation of the genetic control of key traits; (5) design of the process of cultivar
development; (6) integration of genomics data to optimize that process; (7) multi-environment

participatory trials and end-user evaluation; and (8) crop value chain development.

During germplasm collection in West Africa, observations of striking differences in the
management systems of spiderplant, wild in some areas and cultivated all-year round under
irrigated systems/fields/plots in others, led to an investigation of the variation in knowledge and
management in seven communities in Benin and Togo (Chapter 3). Semi-structured interviews
conducted with 428 respondents using cultural significance and management indices revealed
that in addition to food uses, G. gynandra was used to cure 42 different diseases. The cultural
importance and level of management of the species were strongly associated with ethnicity and
gender. Socio-linguistic groups with similar cultural background had comparable perceptions of
the cultural importance of the species and described similar management practices. An analysis
of farmers’ willingness to change their current management practices revealed that migration,
market opportunities, and external intervention might significantly affect future management
decision-making processes. The study highlighted how understanding socio-economic and
cultural context can contribute to efficient design of research for development strategies aiming
at inducing changes in local communities’ management practices. Furthermore, the documented
traditional knowledge on the species in surveyed areas will substantially contribute to promoting

the species among potential consumers in urban areas.

Breeding programs require a good knowledge in the natural variation in traits of interest.
Therefore, in Chapter 4 variation in carotenoids, tocopherols and ascorbic acid as well as
morphological traits in a worldwide germplasm of 76 accessions were investigated under
greenhouse conditions. The levels of carotenoids and tocopherols accumulating in the
leaves varied significantly across accessions and were linked with geographical origin and
morphological variation. The main carotenoids included lutein, 8-carotene, a-carotene and
violaxanthin. A two-fold to three-fold variation was observed for these compounds. The main

tocopherols detected were a-tocopherol and y-tocopherol with a 20-fold variation. A nine-fold
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variation in vitamin C concentration and independent of geographical origin was observed.
Overall, the accessions were grouped into three clusters based on variation in nutrient content
and morphology. West African accessions were short plants with small leaves and with high
tocopherol contents and relatively low carotenoid contents; Asian accessions were short plants
with broad leaves and with relatively low carotenoid and high tocopherol contents; while East/
Southern African plants were tall with high contents of both carotenoids and chlorophylls and
low tocopherol contents. Carotenoids were positively correlated with plant height as well as
foliar and floral traits but negatively correlated with tocopherols. The absence of a significant
correlation between vitamin C and other traits indicated that breeding for high carotenoids or
tocopherols content may be coupled with improved leaf yield and vitamin C content.

To further investigate the variation in secondary metabolites in the species, metabolite profiling
was performed on 48 accessions using liquid-chromatography mass spectrometry to detect
semi-polar metabolites and gas-chromatography mass spectrometry for volatile compounds
(Chapter 5). Results revealed large variation in 936 semi-polar compounds including flavonoids,
terpenoids, glucosinolates and hydroxycinnamic acid derivatives. The variation in relative
levels of semi-polar metabolite profiles was mainly driven by geography, suggesting incipient
speciation, with the accessions from both West Africa and Asia forming a group clearly
separated from the East/Southern Aftrican accessions. Volatile organic compounds detected
included different sesquiterpenes, aldehydes, ketones, and sulphur-containing isothiocyanates.
The variation in these volatiles was however not geography-specific, but likely linked to the taste
and odour of the accessions. The relative abundance in glucosinolates and associated volatile
sulphur compounds in the leaves allowed to cluster the accessions in three main groups that

could be used for future plant-herbivore interaction studies.

Chapter 6 presents the current draft genome of G. gynandra coupled with ancient polyploidy
event detection and the whole-genome re-sequencing of 53 accessions from East/Southern
Africa, West Africa and Asia. The genome was assembled into 1693 scaffolds and SNP
calling based on the resequenced diversity panel yielded 10.8 million SNPs. Genetic diversity
analyses showed that variation at the genome level was associated with geographic origin of
the accessions, and identified a strong differentiation between populations, consistent with
morphological characterisation and metabolome profiling. Accessions from West Africa and
Asia exhibited a higher level of linkage disequilibrium suggesting that these populations diverged
more recently than East/Southern African ones. Thus, the results suggest an African origin for
the species, a hypothesis that needs to be further investigated with a more comprehensive set

of accessions.

In Chapter 7, SNPs called between two accessions with contrasting morphological and
metabolic profiles re-sequenced in Chapter 6 allowed genotyping of 219 I, individuals using a
targeted genotyping-by-sequencing approach. The high level of segregation distortion reduced
considerably the number of SNPs effectively used to build the genetic map. However, twelve
quantitative trait loci were identified for leaf area, plant height, flowering time, lutein content,
tocopherol content and ascorbic acid content. QTLs with pleiotropic effects were identified on
linkage groups 3, 7, 9 and 16. Candidate genes identified based on homology with Arabidopsis
included flowering time (FTIP7, CDKG2, MRFT), carotenoid biosynthesis (CRTISO, CYP97B3),
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tocopherol biosynthesis (ABC7K1, CHLP, TATI1, IVTE2), leaf area (DOT3) and plant height
(AGL24). No obvious candidate gene for ascorbic acid content was identified. Further validation
of the QTLs is required for marker-assisted breeding for higher leaf-yield and nutrient content
in the species. Finally, Chapter 8 discussed the main findings in this thesis putting them in the
broader context of orphan crops breeding, presented an overview of on-going collaborative
research on G. gynandra by different institutions and defined research avenues for G. gynandra
breeding, This thesis is expected to be a starting point for omics-assisted breeding in G. gynandra
and promotion of the species in Africa and beyond.
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Résumeé

Les cultures orphelines sont utilisées depuis des siecles dans le monde entier comme aliment,
médicament et source de revenus. Elles assurent également aux communautés locales des
régimes alimentaires diversifiés et nutritifs. Cependant, ces espéces ont été largement absentes
des agendas de la recherche agricole et seule une poignée de cultures commerciales couvre 90%
de la demande alimentaire humaine. La réduction de la malnutrition et de I'insécurité alimentaire
dans le monde nécessite donc la promotion des cultures orphelines. La présente these a porté
sur le développement d'une stratégie d’amélioration du rendement en feuilles et de la teneur en

éléments nutritifs chez le Caya blanc (Gynandropsis gynandra).

La these débute par une réflexion sur les stratégies appropriées pour la sélection des légumes-
feuilles orphelins avec comme exemple principal le Caya blanc (Chapitre 2). Le Caya blanc
appartient a la famille des Cleomaceae, la famille soeur des Brassicaceae, et est utilisé comme
légume et plante médicinale en Afrique et en Asie. Les éléments-clés dont nous suggérons la
prise en compte pour le développement d’un programme d’amélioration pour les légumes-
feuilles incluent: (1) une enquéte sur les préférences des utilisateurs finaux pour la définition
des objectifs d'amélioration; (2) 'assemblage, la caractérisation et la gestion du matériel
génétique; (3) la définition des types de variétés recherchés; (4) la caractérisation du contrdle
génétique des caracteres d'intérét; (5) la conception du processus de développement des
cultivars; (6) lintégration des données génomiques pour optimiser ce processus; (7) les essais
participatifs dans divers environnements et I’évaluation par les utilisateurs finaux; et enfin (8) le
développement de chaines de valeur pour ces cultures.

Au cours de la collecte de matériel génétique en Afrique de 'Ouest pour suppléer aux collections
existantes dans d’autres régions du monde, I'observation de différences marquantes dans les
systemes de gestion du Caya blanc, récolté a I’état sauvage dans certaines zones et cultivé toute
I'année dans des systemes irrigués dans d’autres, a conduit a une enquéte sur la variation des
connaissances sur les modes de gestion de I'espece dans sept communautés au Bénin et au Togo
(Chapitre 3). Des entretiens semi-structurés menés aupres de 428 personnes interrogées et
Iutilisation d’indices d’importance culturelle et de gestion ont révélé qu’en plus des utilisations
alimentaires, G. gynandra était utilisé pour soigner 42 différentes maladies. Iimportance
culturelle et le niveau de gestion de I'espece étaient fortement associés a 'appartenance ethnique
et au genre. Une analyse de la volonté des agriculteurs de modifier leurs pratiques de gestion
actuelles a révélé que la migration, les opportunités de marché et les interventions externes
pouvaient influer considérablement sur les processus de prise de décisions liées la gestion de
la plante. I’étude a montré comment la compréhension du contexte socio-économique et
culturel pouvait contribuer a la conception de stratégies de développement efficaces visant a
induire des changements dans les pratiques de gestion des communautés locales. En outre, les
connaissances traditionnelles documentées sur 'espéce dans les zones étudiées contribueront
considérablement a la promotion de I'espece parmi les consommateurs potentiels des zones

urbaines.

Les programmes d’amélioration des plantes exigent une bonne connaissance de la variation

naturelle des caracteres d’intérét. Par conséquent, au Chapitre 4, la variation de la teneur en
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caroténoides, tocophérols et acide ascorbique ainsi que de 27 divers caractéres morphologiques
au sein d'une collection mondiale de 76 accessions a été analysée en serre. Les teneurs en
caroténoides et en tocophérols accumulées dans les feuilles ont varié de manicre significative
selon les accessions et étaient liées a lorigine géographique et a la diversité au plan
morphologique. Les principaux caroténoides détectés incluent la lutéine, le B-carotene, I'a-
carotene et la violaxanthine. LLa concentration en vitamine C était quant a elle indépendante de
origine géographique. Globalement, les accessions ont été classées en trois groupes en fonction
de la teneur en éléments nutritifs et de la morphologie. Les accessions d’Afrique de I’Ouest
étaient des petites plantes ayant de petites feuilles, une teneur élevée en tocophérols et une
teneur en caroténoides relativement faible; les accessions asiatiques étaient de petites plantes a
feuilles larges et a teneur relativement faible en caroténoides et en tocophérols; tandis que les
plantes d’Afrique orientale et australe étaient hautes avec des teneurs élevées en caroténoides
et en chlorophylles et de faibles teneurs en tocophérols. I’absence de corrélation significative
entre la vitamine C et les autres caracteres étudiés indique que 'amélioration de la teneur en
caroténoides ou en tocophérols peut étre associée a une amélioration du rendement en feuilles

et de la teneur en vitamine C.

Afin d’étudier plus en détail la variation en métabolites secondaires chez l'espece, un profilage des
métabolites secondaires a été réalisé sur les feuilles de 48 accessions en utilisant la spectrométrie
de masse par chromatographie en phase liquide pour détecter les métabolites semi-polaires
et la spectrométrie de masse par chromatographie en phase gazeuse pour les composés
volatils (Chapitre 5). Les résultats ont révélé une grande variation chez 936 composés semi-
polaires, notamment les flavonoides, les terpénoides, les glucosinolates et les dérivés de I'acide
hydroxycinnamique. La variation des niveaux relatifs des profils de métabolites semi-polaires
était principalement due a la géographie, ce qui suggére une spéciation naissante, les accessions
d’Afrique de ’Ouest et d’Asie formant un groupe clairement séparé des accessions d’Afrique
de IEst. Les composés organiques volatils détectés comprenaient différents sesquiterpenes,
aldéhydes, cétones et isothiocyanates. Ia variation de ces composés volatils n’était toutefois
pas spécifique a la géographie, mais probablement liée au gott et a 'odeur des accessions.
I’abondance relative des glucosinolates et des composés soufrés volatils associés dans les
feuilles a permis de regrouper les accessions en trois groupes principaux qui pourraient étre
utilisés pour de futures études sur les interactions plantes-herbivores.

Le Chapitre 6 présente le génome de G. gynandra, 1a détection de paleopolyploidie et I'analyse
de la diversité génétique au sein de 53 accessions d’Afrique de I'Est, d’Afrique de 'Ouest et
d’Asie. Le génome a été assemblé en 1693 scaffolds et la détection de SNP avec les données de
reséquencage des 53 accessions a généré 10,8 millions de SNP. Les analyses de diversité génétique
ont montré que la variation au niveau du génome était associée a l'origine géographique des
accessions et ont mis en évidence une forte différenciation entre les populations, compatible
avec la caractérisation morphologique et le profil métabolomique. Les accessions d’Afrique
de 'Ouest et d’Asie ont présenté un déséquilibre de liaison élevé, ce qui laisse supposer que
ces populations ont divergé plus récemment que celles d’Afrique de Est. Ainsi, les résultats
suggerent une origine africaine pour I'espece, une hypothése qui doit étre approfondie avec une

plus grande collection d’accessions.
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Au Chapitre 7, les SNP détectés entre deux accessions présentant des profils morphologiques
et métaboliques contrastés et reséquencés au Chapitre 6 ont permis le génotypage de 219
individus d’une population F, en utilisant une approche ciblée de génotypage par séquencage. Le
niveau élevé de distorsion de la ségrégation a considérablement réduit le nombre de SNP utilisés
pour établir la carte génétique. Cependant, douze loci associés a des caracteres quantitatifs ont
été identifiés, notamment, pour la surface foliaire, la hauteur de la plante, la période de floraison,
la teneur en lutéine, en tocophérols et en acide ascorbique. Des QTL ayant des effets pléiotropes
ont été identifiés sur les groupes de liaison 3, 7, 9 et 16. Les genes candidats identifiés sur la base
de leur homologie avec Arabidopsis incluent FTTP1, CDKG2, MRF1 pour la floraison, CRTISO
et CYP97B3 pour la biosynthése des caroténoides, ABCTK7, CHLP, TATT et I'TE2 pour la
biosynthese des tocophérols, DOT3 pour la surface foliaire ainsi que la hauteur de la plante
(AGL24). Aucun gene candidat évident pour la teneur en acide ascorbique n’a été identifié. La
validation des QTL est nécessaire pour la sélection assistée par marqueurs afin d’obtenir un

rendement en feuilles et une teneur en éléments nutritifs plus élevés chez espece.

Enfin, le Chapitre 8 a examiné les principales conclusions de cette these en les placant dans le
contexte plus général de la sélection de cultures orphelines, a présenté un apercu de la recherche
collaborative en cours sur G. gynandra avec différentes institutions et a défini des pistes de
recherche pour la sélection de G. gynandra. La présente these constitue un point de départ pour
la sélection assistée par «omiques » chez G. gynandra et la promotion de I'espece en Afrique et
dans le monde.
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program for the emerging leafy vegetable Gynandropsis gynandra. She is currently looking for the
next challenging project that will meet both her passion for neglected crops breeding and her
thirst to learn.
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Education statement

Education Statement of the Graduate School e Grudatesco]
Experimental Plant Sciences

Issued to: Eurydice Olga Déédi Sogbohossou
Date: 16 December 2019

Group: Biosystematics Group

University: ~ Wageningen University

1) Start-Up Phase date o
»  First presentation of your project
Ethnobotany and functional genomics of Cleome gynandra for improved nutritional value: a proposal 4 Nov 2015 1.5

»  Writing or rewriting a project proposal
Ethnobotany, metabolomics and functional genomics in Cleome gynandra for increased consumption in
West Africa Dec 2015 3.0
»  Writing a review or book chapter
A roadmap for breeding orphan leafy vegetable species: a case study of Gynandropsis gynandra
(Cleomaceae). Hort. Res. 5:2 (2018). doi: 10.1038/s41438-017-0001-2 Jan 2016 6.0
» MSc courses

Subtotal Start-Up Phase 10.5

2) Scientific Exposure date o
»  EPS PhD student days

EPS PhD Get2gether 9-10 Feb 2017 0.6

EPS PhD Get2gether 11-12 Feb 2019 0.6
»  EPS theme symposia

EPS theme 4 'Genome biology', 15 Dec 2015 0.3

EPS theme 4 'Genome biology' 16 Dec 2016 0.3

EPS theme 4 'Genome biology' 25 Sep 2018 0.3
>  Lunteren Days and other national platforms

Annual Meeting Experimental Plant Sciences Lunteren 9-10 Apr 2018 0.6

Annual Meeting Experimental Plant Sciences Lunteren 8-9 Apr 2019 0.6

»  Seminars (series), workshops and symposia
Seminar: WEES Seminar, Prof Tinde van Andel 'Can the belief in magic plants lead to rainforest

conservation?', WUR 17 Dec 2015 0.1
Seminar: Dr. Teemu Teeri ‘Pelargonidin in flowers - why not?', WUR 14 Mar 2018 0.1
Seminar: Dr Casper van der Kooi "Evolution and optics of flower coloration” 20 Mar 2019 0.1
Seminar: Dr Enrico Scarpella 'Control of vein patterning by auxin’, WUR 19 Jun 2019 0.1
Symposium: Genotype to phenotype modelling of plant adaptation, WUR 16 Nov 2017 0.3
Symposium: WUR PhD Symposium 2018 17 May 2018 0.3
»  Seminar plus
Ethnobotany masterclass, Prof Tinde van Andel 17 Dec 2015 0.1
» International symposia and congresses
Annual Cleonomics Project Meeting, Wageningen, The Netherlands 30 Sep - 1 Oct 2016 0.5
Tropentag 2017, Bonn, Germany 20-22 Sep 2017 0.9
Annual Cleonomics Project Meeting, Nairobi, Kenya 28-29 Nov 2017 0.5
Plant Genome Evolution, Sitges, Spain 1-3 Oct 2017 0.9
Plant and Animal Genome, 2018, San Diego, California, USA 17 Jan 2018 0.2
European Plant Science Retreat, Utrecht, The Netherlands 3-6 Jul 2018 0.9
Plant Genetics and Breeding Technologies, Vienna, Austria 12-13 Jul 2018 0.6
Schlumberger Foundation Faculty for the Future Fellows and Alumnae Forum, Abu Dhabi, UAE 18-21 Nov 2018 0.9

»  Presentations
Talk: Diversity and uses of Cleome gynandra, an underutilized vegetable in Africa, Annual Cleonomics

Project Meeting, WUR 30 Sep - 1 Oct 2016 1.0
Talk: Metabolic diversity in Gynandropsis gynandra and implications for breeding, EPS theme 4 'Genome

biology', WUR 16 Dec 2016 1.0
Poster: Effect of agronomic practices on growth and leaf yield in spider plant (Gynandropsis gynandra),

Tropentag 2017 20-22 Sep 2017 1.0
Talk: Orphan no more: combining ethnobotanical and omics-assisted breeding approaches for improved

nutritional quality in Gynandropsis gynandra , Annual Cleonomics Project Meeting, Nairobi, Kenya 28-29 Nov 2017 1.0
Talk: Gynandropsis gynandra, a model for orphan crops. Plant and Animal Genome, USA 17 Jan 2018 1.0
Talk: Developing resources for omics-assisted breeding in Gynandropsis gynandra (Cleomaceae), an

orphan leafy vegetable, WUR PhD symposium 2018 17 May 2018 1.0
Poster: Genetic variation in morphology and nutrient content in the orphan crop Gynandropsis gynandra

(Cleomaceae) associated with geographical origin, European Plant Science Retreat, Utrecht, NL 3-6 Jul 2018 1.0
Talk: Genetic variation in morphology and nutrient content in Gynandropsis gynandra (Cleomaceae), an

orphan leafy vegetable, Plant Genetics and Breeding Technologies, Vienna, Austria 12-13 Jul 2018 1.0

Poster: Developing resources for omics assisted breeding in spider plant (Gynandropsis gynandra), an
orphan leafy vegetable. Schlumberger Foundation Faculty for the Future Fellows and Alumnae Forum, Abu

Dhabi, UAE 18-21 Nov 2018 1.0
Talk: Genetic mapping of leaf yield and nutritional quality traits in the orphan crop Gynandropsis gynandra,
Annual Meeting Experimental Plant Sciences Lunteren 8-9 Apr 2019 1.0

»>  IAB interview
»  Excursions

Company Visit TomatoWorld 14 Oct, 2016 0.2
Subtotal Scientific Exposure 20.0

CONTINUED ON NEXT PAGE
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3) In-Depth Studies date o
»  Advanced scientific courses & workshops
Postgraduate course 'Bayesian Statistics' , WUR 17-18 Oct 2016 0.6
EMBL-EBI course 'Analysis of High-Throughput Sequencing Data', Hinxton, UK 7-10 Nov 2017 1.2
The Power of RNA-Seq, WUR 11-13 Jun 2018 0.9
Genome-wide signatures of selection and association studies, Physalia Courses, Berlin, Germany 22-26 Oct 2018 15
»  Journal club
Biosystematics Group Journal Club 2015-2019 3.0
» Individual research training
Individual training at the Wageningen Plant Research Metabolomics laboratory, NL 1 Sep - 15 Oct 2015 3.0
Subtotal In-Depth Studies 10.2
4) Personal Development date o
»  General skill training courses
Project and time management 22 Sep - 3 Nov 2016 15
PhD Competence Assessment 10 Nov 2016 0.3
Reviewing a scientific paper 23 Nov 2017 0.1
Scientific artwork with Photoshop and lllustrator 19-20 Mar 2017 0.6
WGS PhD workshop carousel 2018 25 May 2018 0.3
Bridging across cultural differences 28 Nov, 12 Dec 2018 0.7
WGS PhD workshop carousel 2019 24 May 2019 0.3
»  Organisation of meetings, PhD courses or outreach activities
> ip of EPS PhD Council
Subtotal Personal Development 338
TOTAL NUMBER OF CREDIT POINTS* ‘ 445
Herewith the Graduate School declares that the PhD candidate has complied with the educational requirements set by the Educational Committee of EPS
with @ minimum total of 30 ECTS credits.
* A credit represents a normative study load of 28 hours of study.
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The research described in this PhD thesis was funded by the Applied Research Fund of
the Netherlands Organization for Science under the Project “Utilizing the genome of the
vegetable species Cleome gynandra for the development of improved cultivars for the West
and East African markets” (Project Number:W.08.270.350); the Schlumberger Foundation
Faculty for the Future Fellowship and the LEB Foundation.

Financial support from Wageningen University & Research for printing this thesis is gratefully
acknowledged.
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