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ABSTRACT OF THE DISSERTATION

Genetics of Consumer-Related Traits in Cowpea (Vigna unguiculata [L.] Walp.)

by
Ira Ashri Herniter

Doctor of Philosophy, Graduate Program in Plant Biology
University of California, Riverside, December 2019
Dr. Timothy J. Close, Chairperson

Cowpea (Vigna unguiculata [L.] Walp.) is a crop with a rising profile. Today,
cowpea is mostly grown as a subsistence crop by smallholder farmers in marginal
conditions. Over 90% of cowpea production occurs in a sub-Saharan Africa, where it
serves as an important source of calories, protein, and micronutrients. Despite its
importance in developing countries, few resources have been invested in researching the
genetic control of consumer- and agronomic-related traits in cowpea. Long considered an
orphan crop, as new genetic and genomic resources are developed, new opportunities
arise for research into genetic control of traits. Research into the genetics of cowpea dates
to the early twentieth century when researchers made crosses to identify factors
controlling various traits. New resources made available in recent years facilitate
examination of the mechanisms of control over these traits. In this dissertation, I present
findings demonstrating mapping of black seed coat and purple pod color, seed coat
pattern, and leaf aspect ratio. The mapping of these traits identifies the physical locations
of genetic factors identified over the past century, including the Black Color (BI), Color

Factor (C), Holstein (H), Watson (W), and various leaf shape loci. Further, genetic

vii



markers have been developed for use in marker assisted selection for these traits. Adding
insight into how the seed coat develops, | present a system following seed coat
development which explains some of the observed variation in seed coat patterns. Finally,
to assist breeders in determining what traits should be focused on for breeding purposes, |
present a consumer-preference analysis performed in Ghana during August and
September 2018. In combination, the findings presented in this thesis will facilitate

breeders’ efforts to develop new varieties for changing conditions.
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INTRODUCTION



Cowpea is a diploid (2n = 22), warm season legume which serves as a major
source of calories and protein for many people, especially in developing countries. The
bulk of cowpea production and consumption is in sub-Saharan Africa, especially in the
Sahel Zone (Boukar et al. 2019). About 95% of global production reported in FAOSTAT
is in West Africa, with Nigeria being the largest producer and consumer of cowpea,
producing 3.4 million tonnes in 2017 (FAOSTAT 2019; Samireddypalle et al. 2017).
Other areas of production include Southeast Asia, the Mediterranean Basin, Latin
America, and the United States of America. Just over 7.4 million metric tonnes of dry
cowpeas were reported worldwide in 2017 (FAOSTAT 2019), though these numbers do
not include Brazil, Ghana, and some other relatively large producers. Most of the
production in sub-Saharan Africa is by smallholder farmers in marginal conditions, often
as an intercrop with maize, sorghum, or millet (Ehlers and Hall 1997). Due to its high
adaptability to both heat and drought and its association with nitrogen fixing bacteria,

cowpea is a versatile crop (Boukar et al. 2019; Ehlers and Hall 1997).

Almost the entire aerial section of the cowpea plant is edible and regularly
consumed. Most commonly, the dry grain is used. The fresh grains are often consumed
during the harvest season, and immature pods are eaten as a vegetable, especially in
Southeast Asia. In addition, the tender leaves are consumed as a pot herb, mostly in East
Africa (Boukar et al. 2019). The dry haulms are harvested and sold as fodder for
livestock (Samireddypalle et al. 2017). Beyond direct consumption, cowpea provides
important agronomic services. As a legume, the plants form root nodules in cooperation

with nitrogen-fixing bacteria and are used as green manure (Fatokun et al. 2002; Singh et



al. 2017). Spreading varieties are also utilized as cover crops to prevent soil erosion and

reduce the incidence of weeds (Wortman and Dawson 2015).

Cowpea is a valuable species for cultivation as the effects of global climate
change become more pronounced. Regions where cowpea is highly cultivated, such as
sub-Saharan Africa, overlap with areas predicted to suffer from increased food insecurity
due to climate change (Met Office 2015). Among the expected effects are more extreme
weather events, including deeper and longer droughts and increased heat in many locales.
Cowpea is well-suited for targeted breeding efforts addressing drought and heat tolerance
as it produces high yields under terminal drought conditions and requires less water than

other commonly cultivated legume species (Agbicodo et al. 2009).

Cowpea is an important crop for food security. According the World Food
Program, some of the countries most vulnerable to food insecurity can be found in sub-
Saharan Africa (Met Office 2015). This includes many countries where cowpea is grown
as a major crop (FAOSTAT 2019). Cowpea is highly adaptable to heat, drought, and poor
soils (Ehlers and Hall 1997), making it very important as climate change advances. As
such, it is imperative that breeding programs focus on cowpea as a crop that can be used

to ensure a stable food supply in a changing climate.

Cultural importance of cowpea

Cowepea is an important food in a wide cross-section of cultures. In many cultures
it is eaten traditionally as part of celebrations of the New Year. In the American South, a

dish called “Hoppin’ John” is eaten. This dish generally consists of cowpeas with a black



eye pattern, rice, and often bacon. The origin of this tradition is not clearly established,
but may have come from Sephardic Jews, who have a similar tradition based on a tractate
from the Babylonian Talmud, still part of the modern celebration of the Jewish New Year
(September/October; Aviya Amir, personal communication, 2 November 2019) The
Aramaic word for cowpea, transliterated as “rubiyia,” is bolded in the following

quotation.

RO27191 XP XN 07 907% WK 9737 R RO RN K10 NINRT RNWST 2R 0K

1IN RPD°0 N0

“Abaaye said: Now that you should have a sign, a person should eat at the

beginning of the year, a gourd, cowpea, beets, and dates.” (b.Keritot.6a)

Description and nutrition

Cowpea is botanically classified as an annual herb. It demonstrates a wide range
of growth habits, ranging from prostrate to erect, can be spreading, climbing, or bushy,
and can be determinate or indeterminate. Cowpea is cultivated in a wide range of
environments. The specific growth habits of a cultivar or landrace are generally
associated with the particular environment and uses. For example, the common black-eye
varieties popular in the United States grow on short bushy plants with determinate growth
with raised racemes on which the pods grow above the foliage, facilitating mechanical
harvesting. Long bean varieties exhibit climbing and indeterminate growth, allowing for
continuous harvesting of green pods over the growing season. Other varieties used as

cover crops and green manure to prevent erosion fertilize fields are spreading and have



indeterminate growth. Some also are day length sensitive, requiring short days to flower.
Some varieties grown in Africa are dual purpose, grown both for seed and animal fodder,

providing farmers with additional income, on the order of 25% (Dugje et al. 2009).

Cowpea is grown under a range of cultivation methods. In developed countries, it
is mostly grown commercially under irrigation and with fertilizers and applied pesticides,
while in developing countries it is mostly grown on smallholder farms as a rainfed
subsistence crop, with little to no fertilizer or insecticide input. The differences are
notable in terms of yield rates: in the United States the 2017 yield rate for cowpea was
17,007 hg/ha compared to 9,015 hg/ha in Nigeria and just 4,640 hg/ha in Uganda

(FAOSTAT 2019).

As a food crop, cowpea is an excellent source of protein, fiber, and a wide range
of micronutrients. Cowpea grains are 20-30% protein by dry weight (Boukar et al. 2011,
Bressani 1985), and the leaves have a similar protein content (Nielsen et al. 1997). In
addition, cowpea is a good source of folic acid, a nutrient of particular importance for
pregnant women, and other micronutrients (Boukar et al. 2011; Bressani 1985; Nielsen et

al. 1997).

There has historically been some confusion about the taxonomy of cowpea.
Historically, cultivated cowpea was separated into a number of different species,
including V. catjang, V. sinensis, and others. Fuller and Murphy (2018) note that cowpea
has also been confused with other species, such as horsegram, Macrotyloma uniflorum.

Further confusion has resulted from the transferal of the terms “phaselus” and



“phaseolus" in Latin and “frijoles” in Spanish, which had referred to cowpea, to the New
World common bean, Phaseolus vulgaris (see Origin and global spread section for more

information).

Cowpea taxonomy has been firmly established by Pasquet and Padulosi (2012) as
Dycotyledonea belonging to the order Fabales, family Fabaceae, subfamily Faboideae,
tribe Phaseoleae, subtribe Phaseolinae, genus Vigna, and section Catjang. All cultivated
cowpea is grouped under Vigna unguiculata subspecies unguiculata. There are five wild
subspecies as well: ssp. dekindtiana, ssp. protracta, ssp. pubescens, ssp. stenophylla, and
ssp. tenuis. V. unguiculata ssp. dekindtiana var. spontanea, is commonly found
throughout sub-Saharan Africa and is believed to be the progenitor of domesticated

cowpea (Pasquet and Padulosi 2012).

Origin and global spread of cowpea

Historical linguistics and domestication

Vavilov (1926) was the first to propose a center of domestication for cowpea,
proposing China and India as minor centers and Ethiopia as a major center. Later
research showed that wild relatives of cowpea are restricted to Africa, ruling out China
and India as primary centers of diversity. V. unguiculata ssp. dekindtiana var. spontanea
is believed to be the wild progenitor to cultivated cowpea and is found spread over sub-
Saharan Africa (Pasquet R.S. and Padulosi S. 2012). It is a weed, often found on the
margins of cultivated fields, is completely interfertile with cultivated cowpea, and occurs

all over Africa between the Sahara and Kalahari deserts (Coulibaly et al. 2002; Feleke,



Pasquet, and Gepts 2006; Rawal 1975). Most relevant for determining the center of
domestication, spontanea is known to be particularly interfertile with West African

cowpea (Rawal 1975).

Domesticated cowpea in both West and East Africa shows the relatively high
levels of diversity compared to other populations worldwide, leading to competing
proposals as to whether cowpea was domesticated in West (Ba et al. 2004) or East Africa
(Xiong et al. 2018). Earlier studies using AFLP (Coulibaly et al. 2002) and RAPD
markers (Ba et al. 2004) support domestication in West Africa despite noting that the
Vigna genus is believed to have evolved in East Africa. More recently, Huynh et al.
(2013) and Xiong et al. (2016) analyzed the population structure of cultivated and wild
cowpea using single nucleotide polymorphism (SNP) markers, both showing that
cultivated cowpeas in both East and West Africa are most closely related to local wild
cowpea. This suggests two independent domestication regions, paralleling the
domestication of common bean in both Mesoamerica and the Andean highlands (Kwak et
al. 2009), likely with a combining of gene pools, such as is believed to have occurred in

Asian rice (Fuller 2011; Vaughan et al. 2008)

Further support for the spread of cowpea cultivation out of West Africa comes in
the form of linguistic evidence. In the reconstructed proto-Bantu language from circa
3,000 BCE the word for cowpea can be reconstructed as “*-kunde” (Ehret 1974, 1998;
Vansima 1990). Around this time, Bantu-speaking groups began migrating out from the
original homeland in modern-day Cameroon and Nigeria (Ehret 1998). From that point

forward, it is likely that the word refers to the domesticated plant as wild cowpea is not



found wild in the equatorial rainforest area that the Bantu moved into. Interestingly, the
Bantu-speaking groups which migrated east to the area of modern South Sudan, Sudan,
Kenya, and Ethiopia did not bring the term “*-kunde” with them and instead adopted the
Southern Cushitic term “*salakw-"" (Ehret 1974, 1998). This could indicate that cowpea
cultivation in East Africa predated Bantu arrival, and could further support the hypothesis
of independent domestication in East Africa, with the two gene pools mixing.
Archeological remains of cowpea have been discovered in central Ghana dating to
between 1830 and 1595 BCE (D’Andrea et al. 2007). The linguistic evidence also rules
out domestication in Southern Africa as the common root word for the bean in the area is
“*-emba,” but which is only believed to date to the arrival of Bantu speakers in the
region, who likely brought cultivated cowpea with them (Christopher Ehret, personal
communication, 7 October 2019). Further, agriculture was not practiced in the region
until the arrival of the Bantu speaking groups, making an independent domestication less

likely (Blench 2003).

Mediterranean Basin

Cultivated cowpea had spread to Egypt by ~2500 BCE as evidenced by its
presence in royal tombs from the Fifth dynasty, as identified by the prominent German
botanist Georg August Schweinfurth (Blench 2003; EI-Din Fahmy 1997). The Egyptian
priesthood had rituals attested to by Plutarch (trans. 1927) in which beans were offered to
the gods in the month of Mesore (August-September) (Isis and Osiris, 378, 68) and that
priests avoided eating beans (Isis and Osiris, 353, 5). The prohibition on legume

consumption is also attested to by Pliny the Elder (trans. 1938) in his Natural History



(XVIIL.XXX.119). In addition, Pliny notes that the Pythagoreans abstained from eating
beans, possibly because they believed the souls of the dead to be contained within
(XVIIL.XXX.120). It has even been suggested that the prohibition on consuming beans

was to avoid farting, which was regarded as impure (Darby et al. 1977).

Cowpea has been known in the Mediterranean Basin since at least the time of the
Ancient Greeks. Cowpea was seen as a humble food, both for humans and livestock. In
Georgics, Virgil writes: “si uero uiciamque seres uilemque phaselum...” (“If truly you
would sow the lowly kidney bean and vetch...”) (1.227), describing the proper time to
sow beans. Traditionally, the word “phaselum” has been translated as “kidney bean”
(Virgil trans. 1947). However, “Phaseolus” was the genus name assigned to the common
bean, native to the Central and South America, and so Virgil’s “phaselum” can be better
understood as simply “bean,” and to specifically refer to cowpea, since during the Roman
era, this was the kind of bean commonly grown around the Mediterranean (Albala 2007).
Athenaeus (trans. 1927), in a list of foods, mentions that the Spartans “serve as dessert
dried figs, beans, and green calavances” (I1.56). The term calavance (or carauance
elsewhere) is an old name for cowpeas and may be a corruption of the Spanish
“garbanzo,” referring to Cicer arietinum, the chickpea. Later, quoting from the lost book
Unhappy Lovers by Antiphanes: “All the other common desserts are a sign of poverty —
boiled chickpeas, beans, apples, and dried figs” (I11.101). He even recounts a fart joke
regarding a bean-boiling festival in Greece, writing “it is plain that Telemachus
constantly fed off pots of beans, and celebrated Bean-Festival as a windy holiday”

(1X.407). In each case, Atheneus is using the term “phaselus” as Virgil does.



The authors of antiquity regarded beans as part of a healthy diet. Plato (trans.
1991) writes, in a section discussing what makes a city distinct from a collection of
dwellings, that with eating beans “...they will live out their lives in peace and health [...]
dying as old men...” (I1.371d). Galen (trans. 2003), writes about the role of cowpeas in
diet twice, calling them both “phaselus” (1.25), as Virgil does, and “dolichos” (I.28) and
noting that the whole pod as a vegetable goes by the name “lobio” (I1.28), which appears
to be the source of the term “lubiya,” the term in modern Arabic, Farsi and Hebrew for
cowpea (Wiktionary 2019). Galen mentions cowpeas as part of diet of a man practicing
medicine in Alexandria (1.25), likely as a way of indicating that even the simplest of

foods could be part of a healthy diet (Albala 2007).

South and Southeast Asia

The earliest definite evidence of cowpea in the Indian sub-continent dates to
between 1500 and 1200 BCE at Daimabad, in the Western Zone, with earlier
controversial evidence at Hulas, in the Central Zone, dating between 2200 and 1500 BCE
(Fuller 2003). This is roughly contemporary with the earliest confirmed cowpea remains
in Africa (D’Andrea et al. 2007). This issue is common with other African domesticates,
which often first appear in the archaeological record outside Africa. This may be due to
fewer digs being conducted on the continent or simply that fewer archaeobotanical
remains have survived, possibly due to specific soil conditions (Blench 2003; Neumann
2005). Beans are also generally less likely than cereal grains to survive in the
archaeological record than grains due to the way they are prepared and cooked. Beans are

generally boiled, and so are less likely to fall into the fire and be carbonized or have the

10



hulls pressed into bricks (Caracuta et al. 2017). Additionally, legumes are known to
produce very few phytoliths compared to grains, and so are less likely survive in the

archeological record (Caracuta et al. 2017; Tsartsidou et al. 2007)

Blench (2003) proposed three possible routes for how African domesticated

cowpea could have arrived in India:

1. From Egypt to the Near East, then across the Iranian plateau towards
northwest India

2. The “Sabaean lane,” through modern Yemen, carried on the yearly monsoonal
transports to India

3. Directly across the open ocean from East Africa to India

Trade routes across central Asia have long played a role in the movement of
goods, technologies, and peoples. Most famous is the Silk Road, which connected China
to the Eastern Mediterranean. Population genetics data from Mufioz-Amatriain et al.
(2019) show that Mediterranean and Southeast Asian varieties of cowpea are closely
related, which could indicate gene flow overland. However, the authors are unaware of
any archaeological evidence identifying cowpea in central Asia in a time frame that

would support spread via this route.

The importance of the Sabaean lane in ancient trade is well attested. Sabaea, in
modern Yemen, was a major trade hub through which the Mediterranean world accessed
products from India and the Far East (Bowen and Albright 1958). The Romans were

highly aware of the region’s importance for the flow of trade and even attempted to

11



capture it at one point. The unknown author of The Periplus of the Erythraean Sea relates
how a pilot named Hippalus discovered that the locals made use of the monsoonal winds
to travel to India (Schoff trans. 1912). Indeed, trade between Rome and India is well-
attested, with Roman coinage being found in Indian trading cities on the west coast of the
subcontinent (Bowen and Albright 1958). This is the scenario Blench (2003) identifies as

the most likely.

The third proposed route, directly across the Indian Ocean from East Africa is the
most unlikely, as regular trade across the Ocean did not begin until the early first

millennium CE, long after the arrival of cowpea in India (Sinclair et al. 2012).

The arrival of cowpea in Southeast Asia is much less well-documented. The

earliest known reference to cowpea is from the 16" century CE, when it was included in

the Ming Dynasty Compendium of Materia Medica (Bencao Gangmu XEHNEH),

compiled by Li Shizhen (trans. 2003) at the end of the 16" century CE, where it is listed
as being effective in treating kidney issue as well as part of a treatment for excessive
flatulence. Interestingly, Li Shizhen commented that it was oddly not included in the 3™
century CE Classic of Herbal Medicine (Shennong Bencao Jing ## 24 E#L). This could
indicate that cowpea had not arrived in China by 200 CE or it could simply be that it was

not used in traditional medicine at the time.
New World
Cowpea was one of the many plants brought to the New World as part of the

Colombian Exchange. As noted by Carney (2001), the transportation of foodstuffs was

12



dependent on the movement of people, and so necessarily came alongside systems of
social and cultural importance. This is most obvious in the methods of food preparation.
African slaves brought to the New World brought along with them their knowledge of
how to prepare food, including cooking methods, and these methods have become
standard in areas where Africans were brought. One example of this phenomenon is rice
preparation. In West Africa, rice is cooked in water, as opposed to the cooking in fat
before boiling as is common in the Mediterranean. This method of food preparation was
brought with Africans to the Southeast United States (Carney 2001). Similarly, in the
case of cowpea, the consumption of the whole dry bean boiled together with rice, or
cooked separately and combined before serving to create a meal, is common between
West Africa and areas settled by Africans during the colonial period, including modern

Mexico, the Southeastern United States, the Carribbean, and South America.

Cowpea may have been brought to the New World as early as 1500 CE, possibly
on the same ships that brought slaves from West Africa (Carrier 1923). Cowpea was
likely included in the food served to slaves on the Middle Passage as part of something
called “slabber sauce,” a concoction of vegetables, beans, and often spoiled meat poured
over rice (Covey and Eisnach 2009; Harris 2011). Other authors make claims that cowpea
was brought by the enslaved, secreted away on their persons on the Middle Passage,
though those claims have no direct evidence and should not be taken as definitive. These
sorts of claims are common in oral tradition of maroon communities, communities of
escaped slaves and their descendants, such as the Djuka of French Guiana, who claim that

female slaves smuggled rice seeds in their hair (Carney 2001). If this were the case, this

13



source would at most be a minor source of germplasm compared to the more regular

imports used to feed slaves on the Middle Passage.

Cowpeas were identified by an English traveler in India, Thomas Herbert, who
had traveled there as part of an embassy to Persia in 1634. He wrote about a town: “The
people ... came aboard us in their small canoes, and sold us for other trifles, Coco-nuts,
Mangoes, lacks, greene Pepper, Carauances or Indian Pease, Hens, Eggs, and Buffols,
which because rare are deere” (Herbert 1634). The reference by Herbert to “Indian
Pease” [sic] is significant as he had traveled to the West Indies as well, and so was

identifying the beans as the same as those in the West Indies (Carrier 1923).

Cowpeas were established as a crop in Jamaica by 1687-8 CE, as a book
published by Hans Sloane recounts (Sloane 1707). Sloane visited Jamaica in 1687-8 CE
as personal physician to the English governor of the island, Christopher Monck, 2nd
Duke of Albemarle. Section XXI discusses cowpeas, called "calavances." Sloane
specifically notes the presence of a black eye and a noticeably sweet taste, a common
comment about cowpea in early modern writings. Section | may also refer to cowpea
varieties with climbing habits, and Sloane notes that these beans first came to Jamaica
from Africa. Sections XII through XX discuss other beans called “Phaseolus,” but it's
unclear whether they are different varieties of cowpea or another species altogether (if so,

these would likely be common bean, which is native to the New World).

The earliest definitive mention of cowpeas on the North American continent

comes from a 1666 CE Virginia law which set the value of various agricultural goods
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when used as in-kind taxes (Hening 1823). It seems that the English colonists considered
cowpea to be a native crop, indicating its arrival prior to the English colonists. Cowpea is
attested to by archaeological findings in the Upper Creek village of Fusihatchee, in
modern Alabama, by 1670 CE (Gremillion 1993). Cowpea was identified in North
Carolina around 1700 CE by the Surveyor General of the colony, John Lawson (1714).
By 1755 CE cowpea was being grown in Virginia for export to other colonies (Douglass
1755). Cowpea had spread to French Louisiana by 1734 CE, as attested to by the writings
of Antoine-Simon Le Page du Pratz, who lived in Louisiana for sixteen years and among
the Natchez for eight of those years. From his writing it is clear that at least some
Europeans were aware of the provenance of cowpea in the Southeast modern United
States as being ultimately from Africa, which he refers to as “Guinea,” an older term for
the west coast of the African continent preserved in some country names, such as Guinea

and Guinea-Bissau. Le Page du Pratz writes:

“The first settlers found in the country French-beans of various colours,
particularly red and black, and they have been called beans of forty days, because
they require no longer time to grow and to be fit to eat green. The Apalachean
[sic] beans are so called because we received them from a nation of the natives of
that name. They probably had them from the English of Carolina, whither they
had been brought from Guinea. Their stalks spread upon the ground to the length
of four or five feet. They are like the other beans, but much smaller, and of a

brown colour, having a black ring round the eye, by which they are joined to the
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shell. These beans boil tender, and have a tolerable relish, but they are sweetish,

and somewhat insipid.” (Le Page du Pratz 1774).

The first known written mention of the term “cowpea” in the English language is
from a letter written by Thomas Jefferson to an acquaintance, John Taylor, on October 8,
1797: “I have...received all the good kinds of field pea from England, but I count a great
deal more on our southern cowpea. If you wish any of them, I will send you a part,”
(Jefferson and Holmes 2002). The Spanish word “caupi” is believed to be a borrowing of
the English term, while the traditional name “frijole” was transferred to the New World

common bean (Phaseolus vulgaris) (Cubero 1994).

Cowpea was a base food crop in the American South from the colonial period
forward. Black slaves grew cowpea in their vegetable gardens throughout the area
(Covey and Eisnach 2009; Morgan 1998; Mrozowski et al. 2008; Sutch 1976). Oral
histories of former slaves, collected by the Works Progress Administration during the
1930s, make regular mention of cowpea as part of the diet of the enslaved (Covey and

Eisnach 2009).

Cowpea also has a long history in the American Southwest. However, when and
how cowpea arrived in the area is unclear. The commonly accepted narrative, put forward
by Castetter and Bell (1942), is that Eusebio Francisco Kino, an Italian Jesuit missionary
in service to the Spanish Crown, brought cowpea with him from Spain along with a
variety of other crops in 1683 CE. However, neither Kino (trans. 1919) nor his traveling

companion, Juan Mateo Manje (trans. 1954), make mention of any such action in their
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accounts, merely commenting on the presence of beans in the fields of the missions and
the local indigenous peoples. Further, while both authors hailed from cowpea-growing
regions in Europe (Kino from Italy and Manje from Spain), when they mention the
presence of beans they are generally not specific. In a few cases, Manje specifies the type
of bean he is referring to, but it is tepary bean (Phaseolus acutifolius), not cowpea. In any
case, it appears that the introduction was so long ago that the folk memory of the
introduction was forgotten (Castetter and Bell 1942). All efforts by the authors to obtain
any record from the native communities identified in the writings of the Jesuits and
Spaniards were unsuccessful. It appears that no records from either the Tohono O’odham
or the Pima Yacqui exist regarding cowpea introduction. Some evidence, however, can
be found in linguistics. A term for cowpea, common across several related Uto-Aztecan

languages, is “yorimuni.” The term can be rendered a number of different ways,

99 <6 29 ¢

including “yori muni,” “yori muuni,” “orimuni,” and others. “Muni” simply means
“bean” in general sense (Miller 1996; Robert Valencia Jr., personal communication, 11
September 2019) “Yori” can mean mestizo, Mexican, white, or non-Indigenous people,
and generally indicates an “other,” pointing to the introduction of the crop from
elsewhere (Miller 1996; Savor Blog Partners 2018). Cowpea was certainly established as
crop by 1775, when an expedition led by Juan Bautista de Anza travelled up the Colorado

River. During that expedition, the travelers were given cowpea by a local chief referred to

as Captain Palma (Font, trans. 1930).

The first Spanish explorer to sail up the Colorado River was Hernando de Alcorén

in 1540. The available information about Alcorén’s trip is limited to a long letter he sent
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to the viceroy of New Spain following his return. A full account of the trip was promised,
but there is no indication that this report was ever submitted (Elsasser 1979). In the letter,
Alcordn wrote that he “showed them wheat and beans, and other seeds, to see whether
they had any of those kinds: but they showed me that they had no knowledge of them,
and wondered at all of them.” As other kinds of bean, such as teparary bean, were already
in cultivation in the area, Alcorén is likely referring specifically to cowpea (Elsasser
1979). If so, this would indicate the arrival of cowpea to the southwest occurred in 1540
CE, brought by Alcoron. However, Alcoron does not specify whether the beans were
brought directly from Spain or had been grown in Spanish New World holdings, though
the dominance of common bean in Central America suggests that the cowpea had come

from Spain.

Dual introduction to the United States

The dual introduction of cowpea to the New World has resulted in great
confusion. For example, Perrino et al. (1993) sought to elucidate the spread of cowpea
using phenotypic data, expecting American cowpea to match West African varieties due
to the slave trade. The study did not distinguish where in the United States various lines
came from (i.e. Southeast or Southwest). This resulted in confusion as in some cases, the
average of the American varieties better matched West African varieties, but in many
cases best matched Mediterranean varieties. However, utilizing the Cowpea iSelect
Consortium Array (Mufioz-Amatriain et al. 2017) and the University of California,
Riverside (UCR) minicore (Mufioz-Amatriain et al. 2019), we can show the two distinct

introductions of cowpea to the USA using both genetic and textual sources. Further
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genetic evidence from Carvalho et al. (2017) supports this theory, showing linkages
between Cuban and Mediterranean varieties, and between sub-Saharan African and South

American varieties.

Additionally, Asian longbean (sesquipedalis) varieties also came to the United
States at some point, but the origin is less clear. They may have been brought by the
Spanish from their holdings in East Asia, such as the Philippines, or perhaps Chinese
laborers brought it to the Southwest while working on the transcontinental railroads. For
example, Native Seeds/SEARCH has a variety of longbean which genetically matches
Asian varieties, but which was collected from the village of Ahome in Sinaloa.
Documentation of the origins of the varieties collected in the Native Seeds/SEARCH
collection is overall sparse and, in some cases, the seeds obtained from the collection do
not have visual characteristics matching the photographs on the seed packets. It is

possible that the stories attached the collection of varieties are inaccurate.

Summary

Utilizing the above data gathered from genetic, textual, and archeobotanical
sources, a proposal of the spread of cowpea from its origin of domestication can be made.
Cowpea had two domestication regions, a major one in West Africa and one in Eastern
Africa. From the West African domestication, cowpea was spread by the Bantu
migrations south into the equatorial rainforest and east across the Sahelian zone to the
area of modern Sudan, South Sudan, and Ethiopia. From there, three branches emerged.

One branch led down to southern Africa, which merged with the East African
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domestication. Another branch moved north, likely up the Nile, to Egypt, where it was
present by 2500 BCE, and then spread across the Mediterranean Basin, where it was
established enough to be considered a basic food crop by 400 BCE. This Mediterranean
population was brought to Spain’s colonial holdings in the New World, including to the
modern American Southwest. The third branch went east, most probably via the
“Sabaean lane” in modern Yemen, from which it reached the west coast of India by 1500
BCE, and from there spread to southeast Asia, where the sesquipedalis cultivars were
selected for. During the 16" century CE, cowpea was brought from West Africa to the
New World, mostly on slaving ships to colonial slave societies, including modern Brazil,
the Caribbean, and the American South. At the same time, Spanish colonists and
explorers brought Iberian cowpea to the southwest United States and northwestern
Mexico. A map showing the proposed spread can be found in Figure 1.1 and a phylogeny

of cultivated cowpea can be found in Figure 1.2.

Similar proposals regarding the spread of cowpea have been made previously,
most notably by Steele and Mehra (1980) and Ng and Maréchal (1985). However, such
older proposals lack the depth of evidence to support their claims and instead make
conjectures with more limited data. For example, both above publications contend that
there was a spread of cowpea from India towards the Mediterranean through the Iranian
plateau, but this is not borne out by available archaeological data. Additionally, these
publications put the date of arrival to India around 150 BCE and to the Mediterranean

Basin around 300 BCE, far later than the archaeological evidence attests.
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Genetic Resources

In order to preserve crop genetic diversity, germplasm collections have been
established in many cowpea producing countries. The largest collections are in Nigeria, at
the International Institute for Tropical Agriculture (IITA), a CGIAR center, which
consists of about 15,000 accessions (http://my.iita.org/accession2/), at the USDA station
in Griffin, Georgia, which consists of about 8,000 accessions (https://npgsweb.ars-
grin.gov/gringlobal), and at the University of California, Riverside, which consists of
over 5,000 accessions. Additional collections are maintained around the world, including
in Botswana, Sudan, Uganda, Zambia, Zimbabwe, China, India, Vietnam, Germany,
Greece, Italy, Norway, and elsewhere. There is no single, comprehensive collection of
cowpea germplasm, and so international cooperation is standard in cowpea research with
regular contact between breeding programs across the globe. Populations are regularly
developed in one country and tested or used for mapping efforts in another. For example,
a biparental population used in Chapter 1 was developed in Nigeria at the International
Institute for Tropical Agriculture but scored for the traits mapped in this publication at
the University of California, Riverside. Another example is the Partner Favorites
population assembled at UCR from the favored breeding lines of partners in several West
African countries (Burkina Faso, Ghana, Nigeria, and Senegal) which was disseminated

to all the participating countries to allow coordination of the research efforts.
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The role of consumer preference

The efforts of breeders are generally focused on improving yields, both by
improving the resistances to biotic and abiotic stresses and increasing the maximum
obtainable yields. However, cowpea is also a consumer good, bought and sold along a
supply chain stretching from the original producer to the end-use consumer (Langyintuo
et al. 2003). Consumers are generally unaware of the constraints on production, and are
thus focused on other traits, usually visible ones, termed consumer-related traits. This
disconnect between producers and consumers regarding the preferred characteristics can
result in breeders, who mostly interact with producers, developing new varieties which do
not match the preferences of the consumers. This can lead to new varieties not being
accepted by the public, resulting in lower adoption rates. For example, it is well-known
that no market exists for beans with a black Full Coat pattern in West Africa. Indeed, no
such samples were found in Ghanaian markets (Chapter 4). As such, it behooves breeders
to understand the genetic control of the consumer-related traits so that they can be
accounted for by the breeding programs. This would enable the development of new
varieties which have improved yield and biotic and abiotic resistance characteristics and

which are acceptable to consumers.

It is important to consider the end-use utilization of the information generated.
Understanding the genetic basis for consumer-related traits allows for the utilization of
the information in breeding programs. Consumers are known to have strong preferences
for certain traits and are willing to pay more dearly for them (Ladd and Suvannunt 1976).

For example, in the United States generally the only cowpeas in the market are those with
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a black Eye 2 pattern (see Chapter 2 for discussion of seed coat patterns), resulting in the
common name of “black-eyed peas.” Additionally, it has been established that visual
traits play an outsized role in product quality evaluation. For example, Jaeger et al.
(2018) found that minor blemishes in the skin of an apple result in a major loss of
perceived quality. Consumers make decisions on the acceptability, quality, and presumed

taste of a product depending on appearance, and especially on color (Kostyla et al. 1978).

What this consumer preference issue indicates is that it is of great importance to
both understand consumer preference and the genetics of the consumer-related traits. It’s
all well and good for the various breeding programs to be creating new cowpea varieties
with improved resistances to pests and pathogens, increased maximal yields, or improved
nutritional qualities. However, all the effort and expense will be for naught if the
resulting product is not widely adopted. To this end, it is imperative that breeders have a
comprehensive understanding of preferences down the entire supply chain. This includes
the primary producers, everyone from smallholder farmers to large commercial
operations, the merchants who purchase from farmers and process the grain, and the end-

use consumer. Each of these groups have distinct preferences.

Trait mapping methods

The main thrust of the work contained in this dissertation is classic forward
genetics. Forward genetics is a research method which phenotypic traits are examined
and then correlated to specific areas on the genome. The mapping process involves

making use of genetic markers whose relative genetic and physical positions are known.
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Mapping for traits presented in this thesis was done with four different types of

populations:

1) Diversity collection. The accessions in these types of population
are not necessarily related, and so linkage disequilibrium cannot be
determined. However, these populations are much more diverse than other
populations, allowing for highly precise mapping. The diversity collections
used in the present work include a 368 accession minicore representing
worldwide diversity of cultivated cowpea developed at UCR (Mufioz-
Amatriain et al. 2019) and a collection of 18 cowpea landraces obtained from
the Native Seeds/SEARCH (NS/S; https://www.nativeseeds.org) collection.

2) Biparental Recombinant Inbred Line (RIL) population. The lines in
these types of populations are the result of a hybridization (F1) which is then
allowed to self-pollinate (F2), and then taken through single seed descent for
eight to ten generations. Five such populations were used for mapping in the
present work.

3) 8-parent Multi-parent Advanced Generation InterCross (MAGIC).
This population also consists of RILs which are selfed to the tenth generation.
However, the population is derived from more than two parents, in this case
eight. This results in greater diversity than in the biparental RIL populations.
The MAGIC population used in the present work was developed at UCR
(Huynh et al. 2018) according to the method described by Cavanagh et al.

(2008).
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4) F2 population. This population is similar to a biparental RIL
population, except that the lines are not selfed, and phenotypic data collection
is done at the F2 generation instead of at the F8 or later generations. This
population type is the least precise, narrowing the region of interest only down
to half a chromosome or so. However, it is also the cheapest and fastest
method. In addition, this population allows for determination of allelic

dominance.
To do mapping, four distinct methods are used, one for each type:

In the diversity collection, Genome Wide Association Studies (GWAS) were
performed using the TASSEL program (www.maizegenetics.net/tassel). In GWAS each
marker is tested independently for association with the trait in question and the QTL is
determined as the area between all of the significant markers. Notably, the markers are
arranged by physical position rather than genetic position as is the case for mapping in
the MAGIC and biparental RIL populations; this is because the accessions are not
necessarily related and so linkage disequilibrium cannot be determined. The significance
cut-off for GWAS is generally determined using a Bonferroni correction of a/n for
single-locus traits, where a is the significance cut-off of a single test (0.05) and n is the
number of tested markers. For multi-locus traits, a modified Bonferroni correction of 1/n
is used instead. The marker effect was determined by taking the average of the MarkerR2

values of the significant SNPs multiplied by 100%.
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In the biparental RIL populations, the R packages “qtl” and “snow” were used.
Marker effects were calculated first by using a hidden Markov model to simulate missing
genotype data and to allow for genotyping errors. Then the effects were estimated across
the genome. Percent variation explained by the identified QTL was determined by fitting
the data to the putative QTL. A Markov model uses a chain in which objects have a range
of probabilities to switch states. A hidden Markov model, by contrast, is a Markov model

assumed to have hidden states.

In the MAGIC population, the R package “mpMap” (Huang and George 2011)
was used as described by Huynh et al. (2018). The significance cutoff values were
determined through 1000 permutations, resulting in a threshold of p = 8.10E-05 [-
l1og10(p) = 4.09]. Due to the high number of markers in the genotype data, imputed

markers spaced at 1 cM intervals were used.

In the F2 populations, bulked segregant analysis was used for trait mapping. To
accomplish this, each population was examined for phenotypes which segregated in a 3:1
Mendelian ratio, indicating control by a single locus with a simple dominance
relationship between the segregating alleles. The genotype calls were filtered to leave
only the markers which were known to be polymorphic between the two parents and
these were sorted based on physical positions on the pseudochromosomes. The genotype
data was then examined visually in Microsoft Excel for areas where the recessive bulk
was homozygous and the dominant bulk was heterozygous. This then defined the position

of the trait locus, usually narrowing down to a chromosome arm.
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In addition to identifying QTL and regions of interest, these populations can also
be used to determine allelic series. This is most apparent in the F2 populations which
demonstrate dominance in the seeds collected off the F1 plant and in the ratio of observed
phenotypes in the F2 plants. In addition, early crosses from the development of the
MAGIC population, similar to F1 individuals, allow for the determination of dominance

at specific loci.
Genotyping

The markers used for trait mapping in all tested populations are SNP markers. In
all cases, DNA was extracted from young leaf tissue using the Qiagen DNeasy Plant Mini
Kit (Qiagen, Germany). A total of 51,128 SNPs were assayed in each sample using the
Illumina Cowpea iSelect Consortium Array (lllumina Inc., California, USA; Mufioz-
Amatriain et al. 2017). Genotyping was performed at the University of Southern
California Molecular Genomics Core facility (Los Angeles, California, USA). The same
custom cluster file as in Mufioz-Amatriain et al. (2017) was used for SNP calling. In the
minicore, biparental RILs, and MAGIC populations each line or accession was genotyped
independently. For the F2 populations the extracted DNA was bulked by phenotype, with

DNA from 20 individuals combined in equal proportions for each genotyped sample.
Candidate gene identification

Once the QTL and regions of interest were identified, candidate genes were
identified using a fairly simple process. In short, the overlapping regions identified
through trait mapping were examined for candidate genes. Gene models from the

reference genome sequence of cowpea were available through Phytozome (Lonardi et al.
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2019; https://phytozome.jgi.doe.gov). Candidate genes for seed coat colors and patterns
were identified through similarity to genes known to be involved with the traits in
question, usually in the flavonoid biosynthesis pathway, based on studies in other species,
including common bean, soybean, Arabidopsis, grape, citrus, and others. Further, cowpea
transcriptome data from the reference genome was used to determine if the candidate
genes showed high levels of expression in the tissue where the phenotype manifests (Yao

et al. 2016; https://legumeinfo.org/).
Identifying potentially causative variations

Potentially causative variations were identified primarily through observed
sequence variations. To this end, two main methods were used. The first made use of the
sequences of six cowpea accessions which were sequenced in addition to the reference
genome (Mufioz-Amatriain et al. 2019). The second method involved amplifying sections
of DNA in the candidate genes via PCR and sequencing the amplicons with Sanger
sequencing in both directions at the University of California, Riverside 1IGB Genomics
Core. The amplicon sequences were aligned using A plasmid Editor (ApE;
jorgensen.biology.utah.edu/wayned/ape/) with the mismatch, gap, and gap extension
penalties set to -1. Complete gene sequences and predicted amino acid sequences were
compared to one another and to the reference genome using the pairwise alignment
function of NCBI BLAST (https://blast.ncbi.nlm.nih.gov/Blast.cgi) and examined for

possible causative variations.

In the case of identifying the possible causative variation for black seed coat color

and purple pod tip, an additional method was used. In this method, the list of nearly one

28



million SNPs developed for the purpose of designing the Cowpea iSelect genotyping
platform (Mufioz-Amatriain et al. 2017) was examined for evidence of possible
presence/absence variation. This was accomplished by counting the number of reads
mapped to each SNP design sequence, with no reads mapped considered as the region
being missing. This defined segments of the genome which were missing in some

accessions and present in others.
Development of markers for breeders

A major goal of mapping consumer-related traits is the development of genetic
markers. The purpose of these markers is to enable marker-based selection by breeders.
This enables breeders to make selections on which lines to carry forward without needing
to wait for the life cycle of the plant to be completed. This is especially important for
seed characteristics, as those traits cannot be assessed visually until the plant has
completed its life cycle. Using genetic markers allows breeders to eliminate extraneous
lines as soon as DNA can be extracted from the plants, greatly increasing the efficiency
of breeding efforts, as less time is needed to tend to or process plants which will

ultimately be discarded.

There are a number of marker types available and the specific type developed and
used is dependent on a range of factors, including the type of variation and the resources
available. Since the main tool used for trait mapping is a SNP iSelect panel, a ready-made
pool of variations is available. The mapping identifies SNPs which vary in the population
correlated with the trait in question, and the known physical position of the SNP allows

for the determination of the candidate genes. In the best-case scenario, the variation falls
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within the candidate gene, but often it falls outside, but near the gene. The variation can
be a simple SNP, such as identified for controlling aspects of pattern and red seed coat
color (unpublished data), or a presence/absence variation as identified for black seed coat

color and purple pod tip (Chapter 1). From this point, PCR primers are developed.

The simplest method is a presence/absence marker, such as developed for black
seed coat and purple pod tip color in Chapter 1. In this case, successful amplification
indicates presence of a trait while failure to amplify indicates absence. However, this
method can be unreliable, as PCR amplification can fail for a wide variety of reasons
including issues with temperature, the targeted DNA, or with the reagents. To ensure
accuracy, proper safeguards need to be in place, including using both positive and

negative controls.

Another method in common use is restriction fragment length polymorphism
(RFLP). In this method the DNA with the variation is amplified and then cleaved with a
restriction enzyme which either cleaves the DNA or does not, depending on the variant
present. The DNA is then separated by gel electrophoresis. An advantage this has over
the presence/absence test is that it can identify heterozygous individuals. However, it is
still vulnerable and can give misleading information if the restriction enzyme is

compromised.

A more in-depth method is to utilize a haplotype block. In this method a block of
specific SNP calls are associated with a trait rather than a single marker. While this
method is more reliable than using a single marker, it is also more expensive as each

marker used adds to the price. Haplotype blocks were identified for pattern traits.
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Conclusion

Utilizing a wide range of populations and methods, the findings presented in this
document identify regions of interest believed to control a range of consumer-related
traits in cultivated cowpea. This information will assist breeders in developing new

varieties with greater consumer acceptance.
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Figure 1.1. Proposed spread of cowpea from its origins of domestication.

Pop. 1: West Africa, smaller and soft-coated seeds
K=1 Pop.1+2+3+4+5+6 (Sanzi type).

Pop. 2: Breeding lines developed by IITA, probably
crossing West African accessions from Pop.5 with
south/east Africa ones.

=2 Pop. 3: Accessions from Egypt, Portugal, Italy and
Pop.6 Pop.3+5+4+1+2 California.

Pop. 4: Accessions of ssp. sesquipedalis (yarldlong
bean).
Pop. 5: Accessions from West Africa (many landraces,

=3 Pop.3+4 Suvitaz, Mou_ssa Local, etc.). _
Pop. 6: Accessions from south and east African
countries.
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Figure 1.2. Phylogeny of cultivated cowpea, data from Mufioz-Amatriain et al. 2017,
figure by Timothy J. Close.
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CHAPTER 1

Identification of Candidate Genes Controlling Black Seed Coat and Pod Tip Color in

Cowpea (Vigna unguiculata [L.] Walp)
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ABSTRACT

Seed coat color is an important part of consumer preferences for cowpea (Vigna
unguiculata [L.] Walp). Color has been studied in numerous crop species and has often
been linked to loci controlling the anthocyanin biosynthesis pathway. This study makes
use of available resources, including mapping populations, a reference genome, and a
high-density single nucleotide polymorphism genotyping platform, to map the black seed
coat and purple pod tip color traits, with the gene symbol Bl, in cowpea. Several gene
models encoding MYB domain protein 113 were identified as candidate genes. MYB
domain proteins have been shown in other species to control expression of genes
encoding enzymes for the final steps in the anthocyanin biosynthesis pathway. PCR
analysis indicated that a presence/absence variation of one or more MYB113 genes may
control the presence or absence of black pigment. A PCR marker has been developed for
the MYB113 gene Vigun05¢g039500, a candidate gene for black seed coat color in

cowpea.

INTRODUCTION

Cowpea (Vigna unguiculata [L.] Walp) is a diploid (2n = 22) warm- season
legume, mostly consumed as a grain, but also as a vegetable and often used as fodder for
livestock. The seeds are used for cooking as whole beans or ground into a flour, while the
immature pods and leaves are consumed as green vegetables (Singh 2014; Tijjani et al.
2015). Most cowpeas are grown by smallholder farmers under marginal conditions in

sub-Saharan Africa, often as an intercrop (Ehlers and Hall 1997). In the United States,
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cowpeas are part of the traditional cuisine of the Southern states and are consumed as
both fresh and dry beans (Fery 1985). Cowpea is a versatile crop due to its high
adaptability to heat and drought, and its association with nitrogen fixing bacteria (Ehlers
and Hall 1997). Over eight million tons were produced worldwide in 2013, with most of
that production in Africa (http://www.fao.org/faostat/en/#data/QC). Seed coat color is an

important consumer-related trait in cowpea.

Previous research has indicated that consumers make decisions on the
acceptability, quality, and presumed taste of a product depending on appearance,
especially color (Kostyla et al. 1978; Simonne et al. 2001). Color preferences vary across
and within markets as consumers prefer specific seed coat traits for different uses
(Mishili et al. 2009). Newly developed cultivars will be much more easily integrated into
markets if the seeds are more visually similar to presently accepted cultivars. As such, it
behooves breeders to understand both the genetic basis of various seed coat traits and the
consumer preferences in the markets to assist in breeding. Improved cultivars often
increase farmer income, which is frequently used for quality of life improvements,
including education (Odendo et al. 2011). Numerous genetic resources have been

developed for use in cowpea.

Among these are mapping populations including biparental recombinant inbred
line (RIL) populations, an eight-parent Multiparent Advanced Generation InterCross
(MAGIC) population, and a minicore population representing worldwide diversity of
domesticated cowpea. Additionally, a genotyping array for 51,128 single nucleotide

polymorphisms (SNP) was developed (Mufioz-Amatriain et al. 2017) and a reference
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genome sequence of cowpea has been produced (available in Phytozome
[https://phytozome.jgi.doe.gov/]). Using these resources, consensus genetic maps of
cowpea have been developed (Muchero et al. 2009; M. Lucas et al. 2011; Mufioz-
Amatriain et al. 2017) and major quantitative trait loci (QTL) for various traits have been
mapped, including domestication-related traits (Lucas et al. 2015; Lo et al. 2018) and
disease and pest resistance, among others. Research on the inheritance of seed coat traits
in cowpea began in the early 20th century (Harland 1919; reviewed in Fery 1980). A
factor called Black seed color (Bl) was identified through the study of F2 populations and
found to also control sepal and pod tip color (Harland 1919, 1920). However, previous
mapping efforts were hampered by the lack of high resolution mapping technologies and
a reference genome. Here, we make use of these genetic and genomic resources to unveil

the genetic basis of black seed coat and purple pod tip color and propose candidate genes.

MATERIALS AND METHODS

Plant materials

Four populations were used for mapping: two biparental populations of RILS, an
eight-parent MAGIC population (Huynh et al. 2018), and a minicore population
representing the worldwide diversity of cultivated cowpea (Mufioz-Amatriain et al 2019).
One biparental population consists of 94 Feg RILS developed at the University of
California, Riverside, derived from a cross between “California Blackeye 277 (CB27),
which has a medium-sized black eye seed coat and purple pod tips, and “IT82E-18,”

which has a solid brown coat and green pod tips (Muchero et al. 2009). The other
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biparental RIL population was provided by the International Institute for Tropical
Agriculture and consists of 121 Fe.g RILs derived from a cross between “Sanzi,” a
landrace with a speckled black and purple seed coat and purple pod tips, and “Vita 7,”
which has a solid tan coat and green pod tips (Omo-lkerodah et al. 2009). The seeds of
each of these four parents are shown in Figure 1.1A. The MAGIC population consists of
305 Fg RILs and was developed at the University of California, Riverside (Huynh et al.
2018). One of the eight parents of the population is CB27, which, as noted above, has a
medium-sized black eye seed coat and purple pod tips. All three of the RIL populations
segregate for black seed coat and purple pod tip color. The minicore population consists
of 367* accessions and was developed at the University of California, Riverside (Mufioz-
Amatriain et al. 2019) Accessions within the minicore population show great phenotypic

diversity, including in seed coat color traits.
SNP genotyping and data curation

DNA was extracted from young leaf tissue using the Qiagen DNeasy Plant Mini
Kit (Qiagen, Germany) per the manufacturer’s instructions. The Cowpea 1Select
Consortium Array (Illumina Inc., California, USA), which assays 51,128 SNPs (Mufioz-
Amatriain et al. 2017), was used to genotype each DNA sample. Genotyping was

performed at the University of Southern California Molecular Genomics Core facility

! At the time of the original publication of this chapter the minicore collection had 367 accessions.
Presently, it contains 368.
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(Los Angeles, California, USA). The same custom cluster file as in Mufioz-Amatriain et

al. (2017) was used for SNP calling.

For the two biparental RIL populations, SNP data and genetic maps were
available from Mufioz-Amatriain et al. (2017). The CB27 by IT82E-18 genetic map
included 16,566 polymorphic SNPs in 977 genetic bins, while the Sanzi by Vita 7 genetic
map contained 15,619 SNPs in 1,275 genetic bins (Mufioz-Amatriain et al. 2017). For the
MAGIC population, SNP data and a genetic map were available from Huynh et al.
(2018). The map included 32,130 SNPs in 1,568 genetic bins (Huynh et al. 2018). For the
minicore population, a total of 41,514 SNPs were used after removing those with high
levels of missing data and/or heterozygous calls (>20%), and with minor allele
frequencies <0.05. SNPs in both the MAGIC and minicore populations were ordered
based on their physical position in cowpea pseudomolecules

(https://phytozome.jgi.doe.gov).

Phenotyping the populations

Phenotypic data for seed coat color were collected through visual examination of
the seeds. Both biparental RIL populations and the MAGIC population segregated for
black seed coat color. In the CB27 by IT82E-18 population lines were scored as “black”
or “brown.” 21 lines were excluded due to missing seed coat data (Table S1). In the Sanzi
by Vita 7 population lines were scored as “purple-black” or “tan” (Table S2). In both the
MAGIC and the minicore populations lines were scored as “black™ or “non-black” (Table

S3, Table S4). Four lines in the MAGIC population were excluded due to missing seed
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coat data. Ten accessions in the minicore that had no seed coat coloring were not
included in the analysis as it is expected that this phenotype is due to a separate gene,
known as Color factor (C) (Fery 1980). In all four populations black-seeded lines were
given the score “1” while non-black-seeded lines were given the score “0.” Segregation
distortion of the phenotypic data were assessed through chi-square tests. Pod tip color
was examined through visual examination of immature seed pods in both biparental RIL
populations and the MAGIC population; in every case, pod tip coloration was associated

with black seed coat color.

QTL and Genome-Wide Association (GWAS) analyses

QTL mapping in the biparental RIL populations was performed with the R
packages “qtl” (Broman et al. 2003) and “snow” (https://CRAN.R-
project.org/web/package=snow). In “qtl” the function “read.cross” was used, which links
the information from the phenotype and genotype files. Since the genetic map included
many SNPs which mapped to the same cM position, the function “jittermap” was used,
which randomly assigned each SNP a new map position by adding or subtracting a
random value in the sixth decimal place. This enabled the use of all the SNP data in the
QTL analysis. The probability value of each SNP was determined with the function
“cal.genoprob(data, step=1),” from the “snow” package. Afterward, to map the QTL
probabilities, both a standard interval mapping using the EM algorithm: “scanone(data)”
and a Haley-Knott regression: “scanone(data, method = “hk”, n.cluster = 2)” were used.

Both algorithms showed similar results. To test for significance, 1000 permutations were
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performed on the Haley-Knott regression: “scanone(data, method="hk”, n.perm =

1000).”

Marker effects were calculated first by using a hidden Markov model to simulate
missing genotype data and to allow for genotyping errors: “sim.geno(cross = effectdata,
n.draws = 16, step = 0, off.end = 0, error.prob = 0.001, map.function = “kosambi”,
stepwidth = “fixed”)”. Then the effects were estimated across the genome:
effectscan(cross = sim, get.se = FALSE)”. Percent variation explained by the identified
QTL was determined by fitting the data to the putative QTL first by defining the QTL
using the function “makeqtl(data, 5, 15.15, qtl.name = “bl”, what = “prob”)” (for the
Sanzi by Vita 7 population 15.15 was replaced by 13.59), then using the function

“fitqtl(data, qtl = bl, covar = NULL, method = “hk”, model = “binary”)”.

QTL mapping in the MAGIC population was performed using the R package
“mpMap” (Huang and George 2011) with a protocol modified from that of Huynh et al.
(2018). In short, the “mpIM” function was used with a step-length of 1 cM and a
significance threshold of 8.096679e-05, as determined through 1000 permutations of a
null distribution: “mpIM(object = mp, ncov = 0, responsename = trait, step=1, mrkpos =
F, threshold = 8.096679e-05, dwindow = 20” (Huynh et al. 2018). This function
determined both the QTL probability and the effects from each parent as compared to one

of the eight parents, IT93K-503-1.

GWAS was performed in the minicore population to identify SNPs associated

with the black seed coat and purple pod tip color phenotype. The mixed-linear model
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(MLM) function (Zhang et al. 2010) implemented in TASSEL v.5
(www.maizegenetics.net/tassel) was used, with a principal component analysis (3
principal components) accounting for population structure in the dataset. The -log10(p)
values were plotted against the physical coordinates of the SNPs, available from
Phytozome (https://phytozome.jgi.doe.gov). A Bonferroni correction was applied to
correct for multiple testing error in GWAS, with the significance cut-off set at o/n, where
a is 0.05 and n is the number of tested markers (41,514). The marker effect was
determined by taking the average of the MarkerR2 values of the significant SNPs

multiplied by 100%.

Candidate gene identification

Results from QTL and GWAS analyses were compared to identify the region
containing overlap between significant regions in all four populations. The gene-
annotated sequence of the overlapping QTL region was obtained from the reference
genome sequence of cowpea (https://phytozome.jgi.doe.gov). The list of genes in the
overlapping region can be found in Table S5. Candidate genes were identified through
similarity with genes responsible for similar traits in other species, including Arabidopsis,
grape, citrus, and soybean, as determined by a review of the literature (see Discussion), as

well as use of cowpea transcriptome data (Yao et al. 2016, [https://legumeinfo.org/]).

PCR amplification

Primers were designed to amplify fragments at 5 kb and 1 kb intervals from the

gene model Vigun05g039500 to determine the size of the missing region in IT82E-18
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(see Results). Further primers were designed to narrow the upstream and downstream
edges of the deletion to ~1 kb and to amplify the MYB113 gene models affected by the
deletion (see Results). All primer pairs, along with annealing temperatures, are listed in
Table S6. PCR was performed using the Thermo Scientific DreamTaqg Green PCR Master
Mix (Thermo Scientific, Massachusetts, USA) per the manufacturer’s instructions.
Primers were developed using Primer3 v0.4.1 (bioinfo.ut.ee/primer3) and ordered from
Integrated DNA Technology (Coralville, lowa, USA). PCR was run for 25-45 cycles with
an annealing temperature compatible with the primer pair and an extension time of 60-75
sec. PCR was performed on CB27 and IT82E-18 to determine the edges of the deleted
region. Amplification to determine the presence or absence of affected MYB113 genes
was performed on both a panel of lines from the CB27 by IT82E-18 population and in a
set of ten diverse accessions with black and non-black seed colors from the minicore
population (see Results). In the CB27 by IT82E-18 panel, the reference genome, IT97K-
499-35, was used a positive control and water was used as a negative control. In the
minicore panel, IT97K-499-35-1 was used both as a positive control and as a
representative of one of the six major subpopulations identified in the minicore
population by M. Mufioz-Amatriain, M., S. Lo, and T. J. Close (unpublished) using
STRUCTURE v2.3.4 (Pritchard et al. 2000). In brief, STRUCTURE was run 3 times for
each hypothetical number of subpopulations (k) between 1 and 10, with a burn-in period
of 10,000 and 10,000 Monte Carlo Markov Chain (MCMC) iterations. LnP(D) values
were plotted and Ak values were calculated according to Evanno et al. (2005) to estimate

the optimum number of subpopulations. Then a new run using a burn-in period of
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100,000 and 100,000 MCMC was used to assign accessions to subpopulations based on a
membership probability greater than 0.80. Amplicons were confirmed by gel

electrophoresis.

Data and material availability

The GSA Figshare portal has been used to upload supplemental Tables and
Figures. Genotype data for the biparental RIL populations can be found in the supporting
information Data S3 of Mufioz-Amatriain et al. (2017). Genotype data for the MAGIC
population can be found in the supporting information Data S1 of Huynh et al. (2018).
Transcriptome data are available at https://legumeinfo.org. Genotype data for the
minicore population is pending publication. Phenotype data for each population can be
found in Table S1 (CB27 by IT82E-18), Table S2 (Sanzi by Vita 7), Table S3 (MAGIC),
and Table S4 (minicore). The list of gene models in the shared significant region can be
found in Table S5. Primer data can be found in Table S6. SNP LOD scores can be found
in Table S7 (CB27 by IT82E-18) and Table S8 (Sanzi by Vita 7). cM LOD scores for the
MAGIC population can be found in Table S9. SNP -log10(p) values for the minicore
population can be found in Table S10. The overlapping SNPs with the highest
significance can be found in Table S11 while the allele effects of the peak SNPs in the
minicore can be found in Table S12. Supplemental material available at Figshare:

https://doi.org/10.25387/93.6965729.
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RESULTS

The genetic control of black seed coat and purple pod tip

In the CB27 by IT82E-18 population 47.3% (36) of tested lines had black seed
coats while 52.7% (37) had brown seed coats (Table 1.1; examples in Figure 1.1B). In the
Sanzi by Vita 7 population 57.0% (69) of tested lines had black seed coats while 43.0%
(52) had tan colored seed coats (Table 1.1). In the MAGIC population 12.6% (38) of
tested lines had black seed coats while 87.4% (263) had non-black seed coats. In the
minicore population 28.3% (101) of tested accessions had black seed coats while 71.7%
(256) had non-black colored seed coats (Table 1.1). Pod tip color was also scored in the
CB27 by IT82E-18, Sanzi by Vita 7 and MAGIC populations, in all of which there was a

perfect correlation with black seed coat color.

Seed coat color phenotypes for the four tested populations

Included for each population are the number and percentage of lines with black

seeds, the number with nonblack seeds, and those with no color or missing data

The biparental RIL populations and the MAGIC population demonstrated a seed
coat color trait segregation not significantly different from the expected ratios of 1:1 in
the biparental populations and 1:7 in the MAGIC population. The CB27 by IT82E-18
population had a chi-square value for a 1:1 ratio of 0.01 with a p-value of 0.92. The Sanzi
by Vita 7 population had a chi-square value for a 1:1 ratio of 2.39 with a p-value of 0.12.
The MAGIC population had a chi-square value for 1:7 of 0.004 with a p-value of 0.95.

The near 1:1 segregation in the biparental RIL populations and the near 1.7 segregation in
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the MAGIC population indicate that there is likely a single region which controls black
seed coat color and purple pod tip color in the populations, consistent with the findings of

Harland (1919, 1920).

Black seed coat and purple pod tip mapping

Following phenotypic characterization of the seed coat color, QTL were identified
using the R package “qtl” (Broman et al. 2003) for the biparental RIL populations, the R
package “mpMap” (Huang and George 2011) for the MAGIC population, and the MLM
method in TASSEL v5 (maizegenetics.net/tassel) for the minicore (see Methods for more
details). These methods determined a QTL interval of 30.92 cM (corresponding to
8,689,246 bp in the cowpea reference sequence) in the CB27 by IT82E-18 population
with a LOD score of 1132 (Figure 1.2A), 39.23 cM (16,358,257 bp) in the Sanzi by Vita
7 population with a LOD score of 1800 (Figure 1.2B), an interval of 2 cM (607,087 bp)
in the MAGIC population with a -log10(p) value of 156 (Figure 1.2C), and 1,087,245 bp
in the minicore population with a -log10(p) value of 23 (corresponding to 1.81 cM in the
consensus map by Mufioz-Amatriain, et al. [2017] [Figure 1.2D]). Significant regions and
flanking markers can be found in Table 1.2. All four QTL mapped to the same region on
Vu05, allowing a narrowing of the QTL region to the size of the region contained within
all four QTL, between the SNPs 2_12036 and 2_15997, a range of 273,283 bp. The
percent variation explained by the QTL in both biparental RIL populations was 75%. The
QTL effect was 0.50 in the CB27 by IT82E-18 population and 0.48 in the Sanzi by Vita 7
population. In the MAGIC population, the QTL explained 72.2% of the variation, with

most of the effect coming from the black parent (0.93, CB27). In the minicore population,
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the QTL explained was 14.6% of the variation. The overlapping SNPs with the highest
significance can be found in Table S11 while the allele effects of the peak SNPs in the

minicore can be found in Table S12.

Identification of candidate genes

The overlapping QTL region of 273,283 bp contains thirty-five gene models in
the reference genome (Table S5). Upon further examination of the peak region in the
minicore population, it was noted that between the two SNPs with the highest -log10(p)
values (2_19309 and 2_15182) there are only thirteen gene models. Among the thirteen
gene models are five coding for MYB domain protein 113, hereafter referred to as
“MYB113”: Vigun05g039300, Vigun05g039400, Vigun05g039500, Vigun05g039700,
and Vigun05g039800. Based on previous studies, the MYB gene family has been
identified as being a regulator of genes involved in the anthocyanin biosynthesis pathway
and in pigmentation in a wide range of other plants (see Discussion), and so the MYB113
genes were considered strong candidates. The expression profiles of the five gene models
were examined at the Legume Information System portal (http://legumeinfo.org), using
data from Yao et al. (2016) (Figure S1). Of the five, Vigun05g039400 and
Vigun05g039500 showed high expression levels in the developing seeds, with
Vigun05g039500 showing much higher expression than Vigun05g039400,
Vigun05g039300 showed high expression in the developing pods, flowers, and in leaves,
while Vigun05g039800 showed high expression in the leaves and lower expression in the
stem. Vigun05g039700 showed no expression in any of those tissues. Between

Vigun05g039500 and Vigun05g039700 is another gene model, Vigun059g039600.
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However, that gene model encodes an EXS family protein, which is mostly expressed in
root tissue. There is no prior literature associating such a gene with pigmentation, so it
was not considered to be a candidate gene. The expression data suggest that
Vigun05g039400 and Vigun05g039500 control the black seed coat color, while

Vigun05g039300 controls the purple pod tip color.

Amplification of candidate genes

Due to its high expression level in the seed (Figure S1), Vigun05g039500 was the
first candidate gene chosen for further analysis by amplification and sequencing to search
for allelic differences. PCR was performed on segments of Vigun059g039500 in a panel of
parents and lines from the CB27 by IT82E-18 population. The results showed a
consistent successful amplification in all black-seeded lines and a similarly consistent
failure to amplify in brown-seeded lines, indicating a possible presence/absence variation

(Figure 1.3C).

A list of nearly one million SNPs developed for the purpose of designing the
Cowpea iSelect genotyping platform (Mufioz-Amatriain et al. 2017) was examined for
evidence of a possible presence/absence variation consisting of a deletion between black-
and non-black seeded lines (Figure 1.4). The SNP list showed a clear distinction between
the two groups, with a block of failed SNPs in most of the non-black seeded lines
extending from 3,137,965 bp to 3,176,886 bp in chromosome Vu05, supporting a
presence/absence variant. There was one exception to the pattern, 24-125-B-1, which has

a brown eye, but has successful SNP calls in the missing section. PCR was performed on
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small DNA segments about every 5 kb in both directions from Vigun05g039500 in both
CB27 and IT82E-18 until amplification was successful in both lines. Then PCR was
performed in about 1 kb intervals to further narrow the edges of the deletion, and then in
smaller intervals to determine the edges more precisely. It was determined by doing so
that a segment of about 40 to 42 kb in length, beginning between 3,142,209 and
3,143,232 bp (1,023 bp range) and ending between 3,183,152 and 3,184,076 bp (924 bp
range) on VuO05, is present in the reference genome and in CB27 and is absent in IT82E-
18 (Figure 1.3A). This puts the edges of the missing region inside the genomic sequences
of Vigun05g039300 and Vigun059039700, indicating that three genes are missing entirely
(two MYB113 genes, Vigun05g039400 and Vigun05g039500, and an EXS gene,
Vigun05g039600) and two are truncated (two MYB113 genes Vigun059g039300 and

Vigun05g039700) in IT82E-18 (Figure 1.3A).

The five MYB113 gene models in the cluster were compared via BLAST to one
another to determine levels of similarity. The e-scores of the pairwise comparisons
ranged from 0.0 to 3.00e-%. Based on the results, Vigun05g039300 and Vigun05g039700,
are the most similar (e-score = 0.0, 97% identity), followed by Vigun059g039300 and

Vigun05g039800 (e-score = 0.0, 96% identity).
Validation of candidate genes

To clarify which MYB113 gene/s might be required for the expression of black
seed coat and purple pod-tip color, PCR amplification was performed on two panels, one

of lines from the CB27 by IT82E-18 population and one of diverse accessions from the
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minicore, using primers developed to uniquely amplify each MYB113 gene affected by
the deletion. The CB27 by IT82E-18 panel consisted of the parents and three lines each
with black or brown seeds. The minicore panel consisted of ten lines, representing the 6
subpopulations identified by Mufioz-Amatriain et al (2019), (Figure 1.3B). Included as a
positive control in both panels as well as a representative of one of the subpopulations in
the minicore panel was the cowpea reference genome, IT97K-499-35. Whole gene
amplification was performed in Vigun05g039300 and Vigun05g039700, while segments
of the largest exon were amplified in each of both Vigun059g039400 and
Vigun059039500. Amplification of all four tested MYB113 genes succeeded in all black-
seeded lines of the CB27 by IT82E-18 panel and failed in all brown-seeded lines (Figure
1.3C, Figure S2). Amplification of Vigun05g039300 and Vigun059g039400 was successful
in only two of the five tested black-seeded accessions, indicating that the presence of
either of these genes is not required for black seed coat color. Amplification of
Vigun05g039500 was successful in all black-seeded accessions, as was amplification of
Vigun05g039700. Amplification failed for all tested primer pairs in all non-black-seeded
accessions in the minicore panel (Figure 1.3D, Figure S2). The inconsistent amplification
of Vigun05g039300 and Vigun059g039400 indicates possible variability in the size of the

deleted region.

DISCUSSION

Anthocyanins are plant pigments which are produced in numerous plant organs,
including flowers, fruits, and seeds and are known to be a major source of coloring in

seed coats, with different molecules known to be responsible for various colors (Petroni
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and Tonelli 2011). The candidate genes identified in this analysis, the MYB113 genes on
chromosome Vu05, belong to the R2R3 MYB class of transcription factors. The MYB
transcription factor family, and especially the R2R3-MYB subfamily has been implicated
in plant pigment production in various tissues (Liu et al. 2015). R2R3 MYBs, so named
for their two MYB DNA-binding domains, function as part of a modular complex in
conjunction with a helix-loop-helix protein and a WD-repeat protein (Liu et al. 2015).
This modular function, and especially the interchangeability of the R2ZR3 MYBs, is
consistent with observations in Arabidopsis (Liu et al. 2015), grape (Kobayashi, Goto-
Yamamoto, and Hirochika 2004; Walker et al. 2007) and citrus (Butelli et al. 2012).
Proteins which have been shown to be regulators of genes involved in the anthocyanin
biosynthesis pathways include the products of Arabidopsis genes AT1G66370,
AT1G66380, and AT1G66390 (Liu et al. 2015), grape genes VVMYBA1 and VVMYBA2
(Walker et al. 2007), and the soybean gene Glyma.09G235100 (Yan et al. 2015). These
genes are homologous to the MYB113 genes and, similar to the cowpea MYB genes, the
genes in other systems are clustered together, lending further credence to the similarity
between systems. Interruption of these R2R3-MY Bs, often caused by an transposable
element insertion, can result in a change in the observed color, as in grape (Kobayashi,
Goto-Yamamoto, and Hirochika 2004; Walker et al. 2007), citrus (Butelli et al. 2012),

and soybean (Yan et al. 2015).

The expression data of the MYB113 genes showed that Vigun05g039400 and
Vigun05g039500 were relatively highly expressed in developing seeds while

Vigun05g039300 was most highly expressed in the pods, flowers, leaves. Additionally,
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the inconsistent presence of the Vigun05g039300 and Vigun05g039400 in the minicore
panel (Figure S2) indicates that the presence of either of these genes is not required for
black seed coat color. It is possible that when either Vigun05g039400 or
Vigun05g039500 is involved in the complex it causes upregulation of genes encoding
enzymes in the anthocyanin biosynthesis pathway in the seed coat while when
Vigun05g039300 is involved upregulation of the pathways in the seed pod tip. The
physical closeness of the genes would explain the observed perfect correlation between
black seed coat and purple pod tip coloring. Further research on the MYB113 genes is
needed to confirm the genes’ roles in seed coat and pod tip color through transient or

stable expression in lines that normally do not express the pigmentation.

In the present analysis it was determined that the deletion in IT82E-18 begins
between 3,142,209 and 3,143,232 bp and ends between 3,183,152 and 3,184,076 bp on
Vu05. Wild cowpea accessions tend to have black pigmentation in the seed coat. This
suggests that IT82E-18 carries an abnormal mutation, in this case a deletion, which may
have been selected for by cultivators who noticed unusual seed colors. BLAST results
comparing the genomic sequence of the MYB genes indicate that Vigun05g039300,
Vigun05g039700, and Vigun05g039800 are highly similar, with Vigun05g039300 and
Vigun05g039700 the most similar among the five gene models. The deletion appears to
begin in Vigun059g039300 and end in Vigun05g039700, and it could have arisen through
non-allelic homologous recombination, an unequal crossover between highly similar
DNA sequences, as described by Gu et al. (2008). Other accessions may have a different

number of MYB113 genes than the sequenced reference genome, IT97K-499-35
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(https://phytozome.jgi.doe.gov/). Similarly, it is possible that in other accessions, the size

of the deletion may vary.

One of the lines used for determining the size of the missing region from the SNP
design panel, 24-125-B-1, has a small brown eye. However, unlike the rest of the non-
black seeds in the panel, it has alignment data in the region missing in the other
accessions (Figure 1.4). This indicates that while Vigun05g039500 is required for black
pigmentation, it is not sufficient. R2R3 MY Bs proteins are known to function in a
regulatory complex with proteins encoded by other genes (Liu et al. 2015), mutations in
which could be responsible for the lack of black pigmentation in the seed coat of 24-125-

B-1.

A recently assembled reference genome was used to determine the sequence of
the MYB113 gene models (https://phytozome.jgi.doe.gov/). This reference genome was
assembled using DNA from 1T97K-499-35, which is a black-eye seeded cultivar. Had the
reference genome sequence been developed from a cultivar with a non-black seed coat,
such as IT82E-18 or Vita 7, it would have been more complicated to identify the
candidate gene, to design the primers used to determine the size of the deletion, or to
develop as a PCR marker for black seed coat color. Additionally, the list of nearly one
million SNPs that were identified during development of the Cowpea iSelect Consortium
Array (Mufioz-Amatriain et al. 2017) was instrumental in determining the edges of the
deleted region, as well as to show that the deletion is widespread among cultivated

cowpeas. Current efforts to gain insights into the cowpea pan-genome by sequencing
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additional accessions could shed further light on the variation of this region in cultivated

cowpea.
CONCLUSIONS

Advances in genomics over the past several years have enabled the elucidation the
genetic basis of black seed coat and purple pod tip color, traits first described nearly one
hundred years ago (Harland 1919, 1920). This study maps black seed coat and purple pod
tip color in several independently generated populations and provides candidate genes.
Using high-throughput SNP genotyping and whole genome sequencing, previously
impossible levels of mapping precision have been achieved. The presence of a deletion is
supported by PCR evidence and sequence alignment from thirty-seven accessions. The
identification of MYB transcription factors as candidate genes is supported by prior
literature on homologous genes performing similar functions in other species, including
Arabidopsis, grape, citrus, and soybean. The PCR-based markers developed here provide
a useful tool for breeders engaged in marker-assisted selection for seed coat color in

cowpea.
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Figure 1.1. Seed coat color. (A) Images of the parents of the two biparental RIL
populations. (B) A variety of seed coat color and patterns among the RILs from the CB27
by IT82E-18 population. From the left these are: black Holstein pattern, black eye, and
brown full coat.

54



1

10

70

09

08
60

07

06
50

05
40
L]
L]
!

04
30

03

02

03
10 20

vuol 02
Vuo1

50

40

8 8 8 8 < o © N © < o
N N H N sanjea-d 9'goj
o« ao1 !
3 I#
] & ég
8 ] i3
|
8 R (8
‘h
S 2 j"
E E
_Js BE

{
3 . | /
|2
3 8
% \
\
'8 ==
\a e {= C\"T
g (g
o o =) = 2 > \k
g 8 g g °© 8 8 8 ° 88 8 °
< aol 3 sanjea-d °'3o|-

Figure 1.2. Mapping of the black seed coat trait. (A) QTL mapping in the CB27 by
IT82E-18 population. (B) QTL mapping in the Sanzi by Vita 7 population. (C) QTL
mapping in the eight-parent MAGIC population. (D) GWAS analysis of the minicore
population.
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Figure 1.3. Gene identification. (A) Diagram of the peak significance region, including
SNPs from the iSelect SNP genotyping platform (black lines), genes encoding MYB113
(black boxes), other local gene models (gray box) and the extent of the deletion in the
IT82E-18 (bar with block ends). Other notations are indicated in the figure. (B)
Information of minicore accessions used for validation. Subpopulations were determined
using STRUCTURE v2.3.4 (Pritchard et al. 2000) (C, D) PCR results from the marker
primers designed to amplify a 278 bp segment in the largest exon of Vigun05g039500 in
the CB27 by IT82E-18 population (C) and the minicore panel (D).
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Figure 1.4. Assessing the
deleted area with data
from the SNP discovery
panel. SNPs that were
identified from 37
diverse accessions
(Mufioz-Amatriain et al.
2017) are arranged by
physical position.
Accessions are arranged
based on seed coat color.
Absence of the DNA
sequence in the SNP
position is indicated by
black color. Black areas
therefore represent
missing DNA sequence
regions. Tic marks
indicate SNP markers
included in the iSelect
Cowpea Consortium
Array.
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Population # Black-seeded lines | # nonblack-seeded lines | # lines showing no
(% of tested lines) (% of tested lines) color or missing data
CB27 by IT82E-18 36 (49.3%) 37 (50.7%) 21
Sanzi by Vita 7 69 (57.0%) 52 (43.0%) 0
MAGIC 38 (12.6%) 263 (87.4%) 4
UCR minicore 101 (28.3%) 256 (71.7%) 10

Table 1.1 Seed coat color phenotypes for the four tested populations. Included for each
population are the number and percentage of lines with black seeds, the number with
nonblack seeds, and those with no color or missing data.
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Table 1.2. Significant QTL identified in the RIL and minicore populations. For each
population the marker interval of significant SNPs (LOD > 3.22 in the RIL populations, -
10g10(p)>5.92 in the minicore population), the chromosome the QTL on which the QTL
is located, the peak SNP, the position of the peak SNP (on the genetic map used for the
RIL populations and on the physical map for the minicore population), the score of the
peak SNP (LOD in the RIL populations, -log10(p) in the minicore, the phenotypic
variation explained by the QTL, and the QTL effects are shown.
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CHAPTER 2

Seed Coat Pattern QTL and Development in Cowpea (Vigna unguiculata [L.] Walp.)
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ABSTRACT

The appearance of the seed is an important aspect of consumer preference for
cowpea (Vigna unguiculata [L.] Walp.). Seed coat pattern in cowpea has been a subject
of study for over a century. This study makes use of newly available resources, including
mapping populations, a reference genome and additional genome assemblies, and a high-
density single nucleotide polymorphism genotyping platform, to map various seed coat
pattern traits to three loci, concurrent with the Color Factor (C), Watson (W), and
Holstein (H) factors identified previously. Several gene models encoding proteins
involved in regulating the later stages of the flavonoid biosynthesis pathway have been
identified as candidate genes, including a basic helix-loop-helix gene (Vigun07g110700)
for the C locus, a WD-repeat gene (Vigun09g139900) for the W locus and an E3 ubiquitin
ligase gene (Vigun10g163900) for the H locus. A model of seed coat development,
consisting of six distinct stages, is described to explain some of the observed pattern

phenotypes.

INTRODUCTION

Cowpea (Vigna unguiculata [L.] Walp.) is a diploid (2n = 22) warm season
legume which is primarily grown and serves as a major source of protein and calories in
sub-Saharan Africa. Further production occurs in the Mediterranean Basin, southeast
Asia, Latin America, and the United States. Just over 7.4 million metric tonnes of dry
cowpeas were reported worldwide in 2017 (FAOSTAT 2019), though these numbers do

not include Brazil, Ghana, and some other relatively large producers. Most of the
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production in sub-Saharan Africa is by smallholder farmers in marginal conditions, often
as an intercrop with maize, sorghum, or millet (Ehlers and Hall 1997). Due to its high
adaptability to both heat and drought and its association with nitrogen fixing bacteria,

cowpea is a versatile crop (Ehlers and Hall 1997; Boukar et al. 2018).

The most common form of consumption is as dry grain. The seeds are used whole
or ground into flour (Singh 2014; Tijjani et al. 2015). Seed coat pattern is an important
consumer-related trait in cowpea. Consumers make decisions about the quality and
presumed taste of a product based on appearance (Jaeger et al. 2018; Kostyla et al.1978).
Cowpea displays a variety of patterns, including varied eye shapes and sizes, Holstein,
Watson, and Full Coat pigmentation, among others (Figure 2.1). Each cowpea production
region has preferred varieties, valuing certain color and pattern traits above others for
determining quality and use. In West Africa consumers pay a premium for seeds
exhibiting certain characteristics specific to the locality, such as lack of color for use as
flour or solid brown for use as whole beans (Herniter et al. 2019; Langyintuo et al. 2003,
Mishili et al. 2009). In the United States consumers prefer varieties with tight black eyes,

commonly referred to as “black-eyed peas” (Fery 1985).

Seed coat traits in cowpea have been studied since the early 20th century, when
Spillman (1911) and Harland (1919), reviewed by Fery (1980), explored the inheritance
of factors controlling seed coat color and pattern. In a series of F2 populations Spillman
(1911) and Harland (1919) identified genetic factors responsible for color expression,
including “Color Factor” (C), “Watson” (W), “Holstein-1” (H-1), and “Holstein-2” (H-

2). A three-locus system controlling seed coat pattern was established by Spillman and
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Sando (1930) and was confirmed by Saunders (1960) and Drabo et al. (1988), though

“0O” was used in place of “C.”

A genotyping array for 51,128 single nucleotide polymorphisms (SNP) was
recently developed for cowpea (Mufioz-Amatriain et al. 2017) which offers opportunities
to improve the precision of genetic mapping. Numerous biparental populations have been
used to map major quantitative trait loci (QTL) for various traits, including root-knot
nematode resistance (Santos et al. 2016), domestication-related traits (Lo et al. 2018), and
black seed coat color (Herniter et al. 2018) and to develop consensus genetic maps of
cowpea (Lucas et al. 2011; Muchero et al. 2009; Mufioz-Amatriain et al. 2017). In
addition, new populations have been developed for higher-resolution mapping including
an eight-parent Multi-parent Advanced Generation Inter-Cross (MAGIC) population
containing 305 lines (Huynh et al. 2018). A reference genome sequence of cowpea
(Lonardi et al., 2019; phytozome.net) and genome assemblies of six additional diverse
accessions (Mufioz-Amatriain et al. 2019) have been produced recently. Here, we make
use of these resources to map a variety of seed coat pattern traits, determine candidate
genes, and develop a model for genetic control of seed coat pattern. Additionally, we
posit a developmental pattern for the cowpea seed coat to explain some of the observed

variation.
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MATERIALS AND METHODS

Plant Materials

Ten populations were used for mapping: an eight-parent MAGIC population
containing 305 lines (Huynh et al. 2018), four biparental recombinant inbred line (RIL)
populations, and five F2 populations. Descriptions of each pattern discussed below can be

found in Section 2.3 and examples can be seen in Figure 2.1.

One biparental population consisted of 87 RILs developed at the University of
California, Riverside (UCR), derived from a cross between California Blackeye 27
(CB27), which has a black Eye 2 pattern, and IT82E-18, also known as “Big Buff” (BB),
which has a brown Full Coat pattern (Muchero et al. 2009). The second biparental RIL
population consisted of 80 RILs developed at UCR derived from a cross between CB27
and 1T97K-556-6 (556), which has a brown Full Coat pattern (Huynh et al., 2015). The
third biparental RIL population consisted of 101 RILs developed at UCR, derived from a
cross between California Blackeye 46 (CB46), which has a black Eye 2 pattern, and
IT93K-503-1 (503), which has a brown Eye 1 pattern (Pottorff et al. 2014). The fourth
biparental RIL population consisted of 76 RILs developed at UCR and at the
International Institute for Tropical Agriculture in Nigeria, derived from a cross between
524B, which has a black Eye 2 pattern, and 1T84S-2049 (2049), which has a brown Eye 1
pattern (Menéndez et al. 1997). The F2 populations were developed at UCR as part of
this work. Two F2 populations, consisting of 176 and 132 individuals, were developed

from independent crosses between CB27 and Bambey 21 (B21), which has the No Color
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phenotype. One F2 population, consisting of 143 individuals, was developed from a cross
between B21 and California Blackeye 50 (CB50), which has a black Eye 2 pattern. Two
F2 populations, consisting of 175 and 119 individuals, were developed from independent
crosses between Tvu-15426, which has a purple Full Coat pattern, and MAGICO014, a line
developed as part of the MAGIC population but not included in the final population,

which has a black Watson pattern.

To temporally describe seed coat development four accessions were examined:
CB27, MAGICO059, Sanzi, and Sasaque. CB27 is described above. MAGICO059 has the
Starry Night pattern in black and purple and is one of the lines included in the MAGIC
population. Sanzi has a Speckled pattern in black and purple. Sasaque has the Full Coat

pattern in red and purple.

SNP genotyping and data curation

DNA was extracted from young leaf tissue using the Qiagen DNeasy Plant Mini
Kit (Qiagen, Germany). A total of 51,128 SNPs were assayed in each sample using the
Illumina Cowpea iSelect Consortium Array (lllumina Inc., California, USA; Mufioz-
Amatriain et al. 2017). Genotyping was performed at the University of Southern
California Molecular Genomics Core facility (Los Angeles, California, USA). The same
custom cluster file as in Mufioz-Amatriain et al. (2017) was used for SNP calling. In the
F2 populations the extracted DNA was bulked by phenotype, with DNA from 20

individuals combined in each genotyped sample.
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For the MAGIC population, SNP data and a genetic map were available from
Huynh et al. (2018). The map included 32,130 SNPs in 1,568 genetic bins (Huynh et al.
2018). For the biparental RIL populations, SNP data and genetic maps for the CB27 by
BB and the CB46 by 503 populations were available from Mufioz-Amatriain et al.
(2017), and SNP data and a genetic map were available for the 524B by 2049 population
from Santos et al. (2018). The CB27 by 556 genetic map was created using MSTMap
(Wu et al. 2008). The CB27 by BB genetic map included 16,566 polymorphic SNPs in
977 genetic bins (Mufioz-Amatriain et al. 2017); the CB27 by 556 genetic map contained
16,284 SNPs in 2604 bins; the CB46 by 503 genetic map contained 16,578 SNPs in 683
bins (Mufioz-Amatriain et al. 2017); the 524B by 2049 genetic map contained 14,202
SNPs in 933 bins (Santos et al. 2018). For each F2 population, SNPs were filtered to
remove non-polymorphic loci between the respective parents. The number of markers
used for each population is as follows: the two CB27 by B21 populations, 8,550 SNPs
(Supplementary Table 1); the B21 by CB50 population, 8,628 SNPs (Supplementary
Table 2); the two Tvu-15426 by MAGIC014 populations, 20,010 SNPs (Supplementary
Table 3). The supplementary tables are available from

https://doi.org/10.3389/fpls.2019.01346.

Seed coat phenotyping

Phenotype data for seed coat traits were collected by visual examination of the
seeds. The scored phenotypic classes consisted of No Color, Eye 1, Eye 2, Holstein,
Watson, and Full Coat (Figure 2.1). No Color indicates no pigmentation present on the

seed coat. Eye 1 consists of a loose eye in the shape of a teardrop with spots of color
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outside the eye on the wider side. Eye 2 consists of a tight eye in the shape of two wings
with no pigment observed outside the edge of the eye. Holstein consists of an eye with a
defined edge and additional spots of pigmentation spread over the seed coat up to almost
completely covering the coat. Watson consists of an eye with an indefinite edge. Full
Coat consists of pigment completely covering the seed coat. Two of the lines used for
observing seed coat development had other seed coat patterns than those mapped.
MAGICO014 had the Starry Night pattern, which consists of incomplete pigmentation
covering the entire seed. Sanzi had the Speckled pattern, which consists of small dots of
pigment covering the seed coat. Seeds with a paler brown color are often difficult to
distinguish between the Eye 1 and Watson patterns. The MAGIC population was scored
for Eye 1, Eye 2, Holstein, Watson, and Full Coat patterns (Supplementary Table 4). The
CB27 by BB (Supplementary Table 5) and CB27 by 556 (Supplementary Table 6)
biparental RIL populations were scored for Eye 2, Holstein, Watson, and Full Coat
patterns. The CB46 by 503 (Supplementary Table 7) and 524B by 2049 (Supplementary
Table 8) biparental RIL populations were scored for Eye 1, Eye 2, Holstein, Watson, and
Full Coat patterns. The CB27 by B21 and B21 by CB50 F2 populations were scored for
the No Color and Eye 2 patterns. The Tvu-15426 by MAGIC014 F2 populations were
scored for the Watson and Full coat patterns. The supplementary tables are available from

https://doi.org/10.3389/fpls.2019.01346.

For mapping purposes, each observed pattern was scored individually and
mapped independently with scores assigned as “1” indicating presence of the trait and a

“0” indicating absence. For example, a line expressing the Eye 1 pattern would be scored
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as “1” for the Eye 1 trait and “0” for all other traits. Pattern phenotypes are mutually
exclusive. As the Eye 1 pattern appears to be epistatic towards the H and W loci, any
lines with the Eye 1 phenotype were scored as missing data for other seed coat
phenotypes to avoid biasing the mapping. This was the case in all populations other than
the MAGIC population, as the mpMap script could not operate with such an extent of
missing data. In the MAGIC population, for traits other than Eye 1 (Eye 2, Holstein,
Watson, and Full Coat), individuals with the Eye 1 phenotype were scored as “0” instead

of as missing data since marking too many lines as missing data caused r/mpMap to fail.

Segregation Ratios

Expected segregation ratios reported in Table 2.2 were determined based on the
type of population, parental and F1 phenotypes. For example, the F2 populations were
expected to segregate in a 3:1 ratio for traits controlled by single genes with complete
dominant/recessive relationships, while the biparental RIL populations were expected to

segregate in a 1:1 ratio. Expected segregation ratios were tested by chi-square analysis.

For the MAGIC population, based on how the population was constructed (Huynh
et al. 2018) it was assumed that each fully homozygous parent had a roughly 1/8
probability to pass its genotype at a particular locus to a given RIL. For example, at the C
locus, three parents (IT84S-2049, IT89KD-288, and IT93K-503-1) express the Eye 1
phenotype and are proposed to have a C1C1 genotype, while the other five parents are
proposed to have a C.C. genotype. Based on this, a given line in the population is

expected to have a 3/8 probability of having a C1C1 genotype and a 5/8 probability of
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have a C>C; genotype. At the W and H loci, one parent (CB27) is proposed to have the
HoHo and WoWo genotypes, while the other seven parents are proposed to have the W1W;
and HiH: genotypes. Based on this, a line should have a 1/8 probability of having the
WoWo and a 1/8 probability of having the HoHo genotype. By multiplying the probabilities
at each locus, the probability of a given genotype can be determined using the following

equation:

Pe x Py * Py = Ppet

Where Pc is the probability of a given allele at the C locus, Pw is the probability
of a given allele at the W locus, P is the probability of a given allele at the H locus, and
Pnet is the probability of a given genotype. For example, the probability of a
C2C2H1H1WoWo genotype, which would have a Holstein phenotype would be 35/512
([5/8]*[7/8]*[1/8]). The above method results in a predicted 192:5:35:35:245 phenotypic
ratio for the Eye 1 (C1Cy), Eye 2 (C2C2HoHoWoWb), Holstein (C2C2H1H1WoWo), Watson

(C2C2HoHoW:1W1), and Full Coat (C2C2H1H1W1W1) patterns, respectively.

Trait mapping

Trait mapping was achieved with different methods for each type of population.
In the MAGIC population, the R package “mpMap” (Huang and George 2011) was used
as described by Huynh et al. (2018). The significance cutoff values were determined
through 1000 permutations, resulting in a threshold of p = 8.10E-05 [-log10(p) = 4.09].
Due to the high number of markers in the genotype data, imputed markers spaced at 1 cM

intervals were used.
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In the biparental RIL populations, the R packages “qtl” (Broman et al. 2003) and
“snow” (Tierney et al. 2015) were used as in Herniter et al. (2018). Briefly, probability
values were assigned to each SNP using a Haley-Knott regression, tested for significance
with 1000 permutations, and marker effects were determined using a hidden Markov

model.

For the F2 populations, the genotype calls of each bulked DNA pool in the
population were filtered to leave only the markers known to be polymorphic between the
parents, and these were then sorted based on physical positions in the
pseudochromosomes available from Phytozome (Lonardi et al. 2019; phytozome.net).
Each population’s genotype was then examined visually in Microsoft Excel for areas
where the recessive bulk was homozygous, and the dominant bulk was heterozygous.

Duplicated populations were examined in conjunction.

Determining haplotype blocks

Once significant regions were established through mapping analysis, the
overlapping area shared between the four biparental RIL populations was examined to
determine the minimal area where all four biparental populations had overlapping
haplotype blocks. SNPs located in the hotspots of pseudochromosomes Vu07, VuQ9, and
Vul0 were examined visually in Microsoft Excel for regions of identity within
phenotypic groups. SNPs located in the hotspots which had been removed during trait
mapping due to high levels of missing data were added back as presence/absence

variations and segregated similar to nucleotide polymorphisms.
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Determining candidate genes

Genes were examined within each minimal haplotype block. Gene expression
data (YYao et al. 2016), from the cowpea reference genome (IT97K-499-35), which has a
black Eye 1 (C1C1) pattern available from the Legume Information System
(legumeinfo.org) were examined for expression in developing seed tissue. Genes
encoding proteins known to be involved in regulation of the flavonoid biosynthesis

pathway were prioritized.

Determining allelic series

Dominance relationships were determined by examining the phenotypes of
several F1 progeny in addition to segregation ratios in the F2 populations. Crosses were
made between CB27 and three lines from the CB27 by BB population (BB-090, BB-113,
and BB-074). Seeds from these F1 plants were visually examined for seed coat patterns.
CB27/BB-090 seeds had a Watson pattern (C2C2HoHoW:1W1), CB27/BB-113 seeds had a
Holstein pattern (C2C2H1H1WoWo), and CB27/BB-074 seeds had a Full Coat pattern
(C2C2H1H1W:W1). An additional cross was available from the early development of the
MAGIC population, where the phenotype of the seed coat on seeds from a maternal C1C;
heterozygote was Full Coat. 1T84S-2246 (Full Coat, C.CoH1H1W1W1) was crossed with

IT93K-503-1 (Eye 1, C1C1H1H1W1W}4) to yield this C2.C1H1H: W1 W1 maternal parent.
Comparing sequence variation
The genome sequences of the candidate genes from each of five genome

sequences (the reference genome sequence and four additional genome assemblies) and
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about 3 kb of upstream sequence were compared using A plasmid Editor (ApE;
jorgensen.biology.utah.edu/wayned/ape/). Transcription factor binding sites were
predicted in the upstream regulatory region of each gene using the binding site prediction
function available from the Plant Transcription Factor Database (Jin et al. 2017;
planttfdb.cbi.pku.edu.cn/). The species input was Vigna radiata (mung bean), as a map of
cowpea was unavailable. The cowpea reference sequence is of IT97K-499-35. Among
the additional sequenced genomes, CB5-2 has the Eye 2 pattern (C2Cz), Suvita-2 has the
Full Coat pattern (C2C2H1H1W:1W1), Sanzi has a Speckled pattern, and UCR779 has the
Full Coat pattern (C2C2H1H1W1W1). See Section 2.3 for pattern descriptions and Figure

2.1 for examples.

A larger set of SNPs (about 1 million), discovered from whole-genome shotgun
sequencing of 37 diverse accessions (Mufioz-Amatriain et al. 2017; Lonardi et al. 2019),
was available from Phytozome (phytozome.net). Among the 37 accessions, 28 had
phenotype data available. These lines were examined for variations in the SNP selection

panel that were in the gene-coding and regulatory regions of the candidate genes.

Correlation test

The 28 lines from the SNP selection panel with phenotype and genotype data
available were tested for correlation in R, using the native “cor.test” function. For input,
the phenotype was recorded as “+1” for accessions with the Eye 1 (C1C1) phenotype and

“-1” for those without. The genotype was recorded as “+1” for accessions matching the
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reference genotype, “-1” for the alternate homozygote, and “0” for the heterozygote

(Supplementary Table 9, available from https://doi.org/10.3389/fpls.2019.01346.).

Seed color development

The four accessions for which pattern development was recorded (CB27,
MAGICO059, Sanzi, and Sasaque) were grown in a greenhouse at the University of
California, Riverside (Riverside, California; 33.97° N 117.32° W) at a constant
temperature of about 32°C from March through May 2018. Three plants were used for
each accession. Upon flowering, each flower was tagged with the date it opened. The
flowers were permitted to self-fertilize. For each day after the flower opened, beginning
on the second day, on each of the three test plants a pod was collected until no more

green pods were observed.

Seeds from each collected pod were photographed using a Canon EOS Rebel T6i
at a 90° angle under consistent lighting conditions. The length of the most advanced seed
within the pod was measured using ImageJ (imagej.nih.gov). A developmental scale from
0 to 5 was designed based on the visual observations of the spread of pigmentation (see

Results). Each photograph was scored using this scale.
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RESULTS

Phenotypic data and segregation ratios

Phenotypic data and proposed genotypes for each parent in the observed
populations can be found in Table 2.1. A summary of the phenotypic data, along with

predicted segregation ratios, chi-square values, and probability can be found in Table 2.2.

Identification of loci controlling seed coat pattern

A total of 35 SNP loci were identified using different methods for each population
type (see Materials and Methods for details) and were concentrated on three
chromosomes: Vu07 (C locus), Vu09 (H locus), and Vul0 (W locus). Mapping results
can be found in Supplementary Table 10 (The supplementary tables are available from
https://doi.org/10.3389/fpls.2019.01346). The overlapping mapping results allowed a

narrowing of the area examined for candidate genes.

Determination of minimal haplotype blocks

Following trait mapping, all called SNPs on chromosomes VVu07, Vu09, and Vul0
were examined for minimal haplotype blocks in the overlapping significant regions in the
four biparental RIL populations. On Vu07 (C locus) the minimal haplotype block was
between 212939 and 2_09638 (228,331 bp) and contained ten genes. On Vu09 the
minimal haplotype block was between 233224 and 2_12692 (166,724 bp) and contained
seventeen genes. On Vul0 the minimal haplotype block was between 2_12467 and

2 15325 (120,513 bp) and contained eleven genes. The list of candidate genes can be
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found in Supplementary Table 11 and on Phytozome (Lonardi et al. 2019;
phytozome.org) The minimal haplotype block regions can be found in Supplementary
Table 12. The supplementary tables are available from

https://doi.org/10.3389/fpls.2019.01346.

Identification of candidate genes

A predominant candidate gene was identified at each locus based on high relative
expression in the developing seeds (Supplementary Figure 2.1) and a review of the
literature on the regulation of the flavonoid biosynthesis pathway (see Discussion for
details). This led to the determination of a single major candidate gene on each of Vu07,
Vu09, and Vul0. Each of the candidate genes belongs to a class which is known to be
involved in transcriptional control of the later stages of flavonoid biosynthesis. No Color,
Eye 1, and Full Coat mapped to an overlapping area on Vu07, where the gene
Vigun07g110700, encoding a basic helix-loop-helix protein, was noted as a strong
candidate gene. Eye 2, Holstein, Watson, and Full Coat mapped to a similar area on
Vu09, where the gene Vigun09g139900, encoding a WD-repeat gene, was noted as a
strong candidate gene. Eye 1, Eye 2, Holstein, Watson, and Full Coat mapped to an
overlapping area on Vul0, where the gene Vigun10g163900, encoding an E3 ubiquitin

ligase protein with a zinc finger, was noted as a strong candidate gene.

Determination of allelic series

Segregation ratios indicated the dominance of Hi over Ho (Holstein locus, Figure 2.2E,

Gii), W1 over Wo (Watson locus, Figure 2.2Gi), C, over Co (Color Factor locus, Figure
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2.2F), and C; over C; (Color Factor locus, Figure 2.2Giv). The dominance relationship

between the C; and Co alleles could not be determined from these data.

Sequence comparisons of candidate genes

Multiple sequence alignments for each of the three candidate genes and regulatory
regions (~3 kb upstream of the transcription start site) revealed SNPs and small insertions
or deletions (Supplementary Datasets 1, 2, and 3, available from
https://doi.org/10.3389/fpls.2019.01346). None of the variants in the transcript sequence

were predicted to cause changes in the amino acid sequence.

The regulatory region of Vigun07g110700 (C locus candidate gene) showed a C/T
SNP variation between the reference genome and the four other genome sequences on
Vu07 at 20,544,306 bp. The reference genome has a T at this position while the other
four sequences have a C. Transcription factor binding site prediction from the Plant
Transcription Factor Database (planttfdb.cbi.pku.edu.cn/) indicated that this variation
constitutes either a WRKY binding site in the C allele or an ERF binding site in the T
allele. Of the 28 accessions in the SNP selection panel, eleven expressed the Eye 1 (C1)
pattern and 17 did not. Twenty accessions had a CC genotype, six had a TT genotype,
and two had a TC genotype. The correlation test gave an estimated correlation value of
0.75, with a p-value of 3.51E-06, indicating significant correlation between the genotype
and phenotype values such that this SNP is a reliable marker for distinguishing between
the C1 (Eye 1) and the C (Eye 2) alleles. Two of the 28 lines had the No Color (Co)

phenotype, but had the CC genotype, indicating that this SNP is not a good marker for the
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Co allele (for a possible explanation see Discussion). The regulatory region of
Vigun09g139900 (W locus candidate gene) showed a C/T variation between the reference
genome and CB5-2 against the other three genome sequences on Vu09 at 30,207,722 bp.
This SNP was not included in the list from the SNP selection panel and so could not be
examined like the previous SNP. Transcription factor binding site prediction did not
indicate that the site was a target for any transcription factor in either form. The upstream
regulatory region of Vigun10g163900 (H locus candidate gene) did not have any

distinguishing variation.

Stages of color development

A model of seed coat development has been formulated consisting of six stages
based on the spread of pigmentation. In Stage 0, there is no color on the seed coat. In
Stage 1, color appears at the base of the hilum. In Stage 2, color appears around the
hilum. In Stage 3, color begins to spread along the outside edges of the seed. In Stage 4,
color begins to fill in on the edges of the testa. In Stage 5, the color has completely
developed to the mature level. After Stage 5 the pod and seeds begin to desiccate. Of the
observed varieties, only Sasaque and Sanzi completed all six stages. MAGIC059 reached
Stage 4, while CB27 only reached Stage 2. No seeds in Stage 0 were observed for
Sasaque. Images of each tested variety at various stages can be seen in Figure 2.3. Color
development was associated with seed size; the pigmentation spread as the seeds grew

larger.
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DISCUSSION

Segregation ratios and epistatic interaction of seed coat pattern loci

Segregation ratios and dominance data (Table 2.2, Figure 2.2) in the tested
populations were consistent with a three gene system with simple dominance and
epistatic interactions that matches the C (Color Factor), W (Watson), and one of the H
(Holstein) factors identified by Spillman (1911) and Harland (1919). In brief, the C locus
encodes a “constriction” factor while the W and H loci encode distinct “expansion”
factors. The C locus is the primary locus controlling seed coat pattern. Pigmentation may
be not visible (No Color, Co), constrained to an eye (Eye 1, C1), or distributed throughout
the seed coat (Eye 2, Holstein, Watson, or Full Coat, C>). The extent of distribution is
modified by the H and W loci, whose contribution is visible only with an unconstrained
allele (Cy) at the C locus. In the presence of Holstein (H1) and absence of Watson (W), a
Holstein pattern is expressed. Conversely, in the presence of Watson (W1) and absence of
Holstein (Ho), a Watson pattern is expressed. In combination, the Watson (W) and

Holstein (Hz1) factors result in the Full Coat phenotype.

Based on the above proposed allelic series, an individual with the CoCo genotype
will express the No Color pattern, regardless of the genotypes at the W and H loci, and an
individual with the C1C1 genotype will express the Eye 1 pattern, regardless of the
genotypes at the W and H loci. However, when not constricted by a Co or C; allele
(having the C; allele) the “expansion” factors can be observed. An individual with the C»-

-WoWoHj1-- genotype expresses the Holstein pattern, while and individual with the C»--
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Wi1--HoHo genotype expresses the Watson pattern. An individual with the Co--W1--Hj--
genotype, with both “expansion” factors, expresses the Full Coat pattern. An individual
with the C2--WoWoHoHo genotype expresses the Eye 2 pattern. In this latter case the eye
pattern is observed despite the unconstricted C; allele due to the absence of the
“expansion” factors. Based on this model, the CB27 by BB and CB27 by 556 populations
segregate at the W and H loci (Figure 2.2C), while the MAGIC, CB46 by 503, and 524B
by 2049 populations segregate at all three loci (Figure 2.2D). Similarly, the Tvu-15426
by MAGICO014 populations segregate at the W locus (Figure 2.2E) and the CB27 by B21

and B21 by CB50 populations segregate at the C locus (Figure 2.2F).

An additional pattern phenotype of Blue-grey Ring was noted in some of the
tested populations. Blue-grey Ring consists of a pale ring of bluish-grey surrounding the
eye (Figure 2.1). It appears only with the Eye 1 (C1) phenotype but is not always present
when the phenotype is Eye 1 (C1). The Blue-grey Ring phenotype may represent another
(fourth) allele at the C locus, or it may result from a combination of the C; (Eye 1) allele
and other pigmentation genes. However, from other unpublished work on seed coat color
there does not appear to be a strict correlation between seed coat color and presence of
the Blue-grey Ring. Further research is required to clarify the basis of the Blue-grey Ring

phenotype.
Pattern traits QTL overlap

Several regions of the genome are hotspots for seed coat pattern traits

(Supplementary Table 11, available from https://doi.org/10.3389/fpls.2019.01346). These
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correspond to locations of genetic factors identified by Spillman (1911) and Harland
(1919), who identified four factors controlling seed coat patterning: Color Factor (C),
Watson (W), Holstein-1 (H-1), and Holstein-2 (H-2). The present data suggest the
presence of only one Holstein locus or that the two loci are very closely linked in the
tested populations. To avoid possible confusion, the Holstein locus discussed here is

simply termed “H.”

The major QTL and regions of interest for No Color and Eye 1 are clustered in an
overlapping region on Vu07, suggesting that the “constriction” factor at locus C is at that
position with allelism at the locus. Mapping results from the Tvu-15426 by MAGIC014
F2 populations indicate that the H locus is on Vul0. Additional evidence for the H locus
being located on Vul0 comes from Wu et al. (2019), who identified the Anasazi locus
(equivalent to the cowpea H locus) on chromosome 10 of common bean, which is
homologous to Vul0 (Lonardi et al. 2019). While none of the biparental F2 populations
segregated solely for the W locus, the identification of the C locus on Vu07 and the H
locus on Vul0 must, by process of elimination, identify the location of the W

“expansion” locus on Vu09.

Seed coat pattern is due to failure to complete the normal color developmental

program

It was noted that the varieties with the Full Coat pattern at maturity followed the
developmental pattern described in Section 3.7 and shown in Figure 2.3 to completion. In

contrast, varieties which do not display the Full Coat pattern appear to have color
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development arrested at certain points. This is most obvious in CB27 (Eye 2, C.), where
color development proceeds only to Stage 2. It is likely that other varieties which have
distinct eye sizes proceed to varied stages of development. For example, varieties with
the No Color (Co) phenotype would not proceed past Stage 0. However, the three gene
model presented here does not explain every seed coat pattern. An example is the pattern
observed in mature Sanzi seed, which exhibits a Speckled black and purple seed coat (see
Section 2.3 for a description and Figure 2.1). According to this analysis, Sanzi completes
all six stages of seed coat development, indicating that the Speckled pattern is controlled
separately. A biparental RIL population, consisting of lines derived from a cross between
Sanzi and Vita 7, which has a brown Full Coat pattern (C2C2W1W1H1H31), was used for
mapping the black seed coat color; there was a perfect correlation between black seed
coat color and the Speckled pattern (Herniter et al. 2018). This indicates that genetic
control of the Speckled pattern is colocalized with black seed coat color and may be an

allele at the Bl locus, which is located on \Vu05.

Further research is needed to determine if all cowpea accessions follow the
pattern observed in the four tested lines shown in Figure 2.3. It may be that each of the
observed stages of seed coat pigmentation development is controlled by a different gene,
and that failures of normal gene function cause the observed variation in patterning.
Evidence for this model is furnished by the noted developmental pattern of the seed coats
where development appears to be arrested at Stage 2 in CB27, which expresses the Eye 2
(C») pattern, and at Stage 4 in MAGICO059, which expresses the Starry Night pattern (see

Section 2.3 for a description and Figure 2.1). The mechanism by which this occurs is not
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elucidated here and requires further research. Transcriptome data could be gathered for
the seed coat at each developmental stage. The currently available transcriptome data
(YYao et al. 2016; legumeinfo.org) used whole seeds at specific days post flowering and
do not distinguish between transcripts in the seed coat and those in the embryo or

cotyledons, and further do not separate transcripts by developmental stage.

Candidate gene function

The later steps in flavonoid biosynthesis are controlled by a transcription factor
complex composed of an R2-R3 MYB protein, a basic helix-loop-helix protein (bHLH),
and a WD-repeat protein (WD40; Xu et al. 2015). E3 Ubiquitin ligases (E3UL) are
believed to negatively regulate this complex (Shin et al. 2015). The color and location
(leaf, pod, seed coat) of the pigmentation are determined by expression patterns (Wu et
al. 2003, lorizzo 2018). Candidate genes on Vu07 (C locus) and Vu09 (W locus) encode a
bHLH and WDA40 protein, respectively. A candidate gene on Vul0 (H locus) encodes an
E3UL protein. This information lends itself to a model in which Vigun07g110700
(bHLH) serves as a “master switch” controlling the extent of pigmentation constriction
while Vigun09g139900 (WD40) and Vigun10g163900 (E3UL) act as “modulating
switches” controlling the type of expanded pattern, altering the effect of the pathway to
result in the observed Holstein and Watson patterns (Figure 2.4). The R2-R3 MYB
directs the DNA binding of the complex, with expression of different genes in different
tissues resulting in the observed color and location of the pigments. For example, MYB
genes identified by Herniter et al. (2018) are required for black seed coat and purple pod

tip color. Further, Vigun07g110700 (bHLH) was identified as a candidate gene
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controlling flower color in cowpea by Lo et al. (2018), indicating a possible dual function
of the gene. Indeed, Harland (1919) noted that a lack of pigment in the flower was often
associated with a lack of pigment in the seed coat. Finally, homologs of Vigun07g110700
have been identified in other legumes as Mendel’s A gene controlling flower color in
Pisum sativum (Hellens et al. 2010) and as the P gene in Phaseolus vulgaris (McClean et

al. 2018).

Two R2R3 MYB genes (Vigun10g165300 and Vigun10g165400) are located only
110 kb downstream of Vigun10g163900 (H locus candidate gene). However, these fall
outside of the haplotype blocks identified in the CB27 by BB and CB27 by 556
populations, indicating that they are not the source of the observed phenotypic variation.
However, there may be interaction between one or both of these MYBs and the E3UL
responsible for the Holstein pattern; this hypothesis could be investigated through

additional research.

The observed C/T SNP variation in the regulatory sequence of Vigun079g110700
(bHLH) at 20,544,306 bp constitutes a difference between a WRKY binding site in the C;
(Eye 2) allele versus an ERF binding site in the Cy (Eye 1) allele. WRKY proteins are
positive regulators of seed coat pigment biosynthesis in Arabidopsis (Lloyd et al., 2017)
while ERF proteins negatively regulate the same pathway (Matsui et al., 2008). This SNP
could be used as a genetic marker to distinguish between the C; and C; alleles. The lack
of correlation between an observed marker and the Co (No Color) allele may be caused
by other variants, such as a small deletion interrupting gene function, which has been

shown in Phaseolus vulgaris (McClean et al. 2018). Such a variation would not be
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detected by the genotyping platform used for this study. Similarly, the observed C/T SNP
variation in the regulatory region of Vigun09g139900 at 30,207,722 bp could be used as a
marker to distinguish between the Wo (not Watson) and W (Watson) alleles, despite not
necessarily being the cause of the observed phenotypic variation. No single variation was
identified for Vigun109163900 alleles. However, haplotype blocks determined from the
biparental RIL populations can be used for future breeding efforts. Two SNPs which fall
within the genome sequence of Vigun10g163900 segregate with the phenotype in the
biparental RIL populations. At 2_24359, the lines with the Ho (not Holstein) allele have
an A genotype and the lines with the Hi (Holstein) allele have a G genotype. At 2_24360,
the lines with the Ho (not Holstein) allele have an A and the lines with the H1 (Holstein)
allele have a C. Future research is needed to develop more perfect markers for the three

loci.

Contribution to the Field

Seed coat pattern is an important consumer-related trait. Consumers make
decisions about the quality, value, and use of products based on visual traits. As such, it is
important for breeders to understand the genetic bases of these traits to facilitate efforts to
produce improved varieties that meet market preferences. Previous research, dating back
to the early twentieth century, first reported genetic factors controlling cowpea seed coat
pattern. With access to new resources, including genome sequences, mapping
populations, and advanced genetic markers, here we clarify the inheritance of and
interactions between major loci controlling seed coat patterns. Specifically, this includes

three candidate genes for control of seed coat pattern and possible genetic markers that
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can be used for breeding purposes. In addition, we propose a model of seed coat
development to explain much of the observed variation. Our findings advance the
understanding of the genetic control of seed coat pattern in cowpea and provide

actionable results that can be applied in breeding programs.

Data Availability Statement

All datasets [SNPs] for this study are included in the manuscript and the
supplementary files. The supplementary tables are available from

https://doi.org/10.3389/fpls.2019.01346.
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Figure 2.1. Seed coat pattern traits. Images of lines from various populations
demonstrating the phenotypes which were scored as part of this study.
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Figure 2.2. Interaction of seed coat pattern loci. (A) Table displaying the pattern loci
identified in mapping, their locations, the trait encoded, alleles identified, and
phenotypes. (B) Table displaying the allelic series and relative dominance of alleles. (C)
Segregation patterns for the CB27 by BB and CB27 by 556 F8 populations. (D)
Segregation patterns for the CB46 by 503 and 524B by 2049 F8 populations. (E)
Segregation pattern for the Tvu-15426 by MAGICO014 F2 populations. (F) Segregation
pattern for the CB27 by B21 and B21 by CB50 F2 populations. (G) Phenotype of seeds
from the F1 plants resulting from a series of crosses (i) Cross between CB27 and line
from the CB27 by BB population with a Watson pattern, resulting in Watson pattern. (ii)
Cross between CB27 and a line from the CB27 by BB population a Holstein pattern,
resulting in Holstein pattern. (iii) Cross between CB27 and a line from the CB27 by BB
population with a Full Coat pattern, resulting in a Full Coat pattern. (iv) Cross between
IT84S-2246 and IT93K-503-1 from the early development of the MAGIC population,
resulting in a Full Coat pattern in the seed coats on seeds of the F1 maternal parent.
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Figure 2.3. Seed coat color development. Images showing the development the seed and
the spread of pigmentation.
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Figure 2.4. Proposed roles of the C, W, and H genes. Transcription of flavonoid
biosynthesis pathway genes are controlled by a complex composed of three types of
proteins (Xu et al., 2015), a basic helix-loop-helix protein (bHLH; e.g., Vigun07g110700,
C locus), a WD-repeat protein (WD40; e.g., Vigun099139900, W locus), and an R2R3
MY B transcription factor. This complex is in turn negatively regulated by an E3
Ubiquitin ligase (E3UL; e.g., Vigun10g163900, H locus). Sequence comparisons suggest
that bHLH transcription may be controlled by ERF and WRKY proteins. The observed
seed coat pattern phenotypes are a result of different alleles and expression patterns.
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Supplementary Figure 2.1. Relative expression levels of the candidate genes. TPM,
Transcripts per million; dap, days after pollination. Data retrieved from legumeinfo.org.
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Population Population type | Parent Phenotype | Proposed Genotype
California

MAGIC 8-Parent RIL Blackeye 27 Eye 2 C2C2WoWoHoHo
ITOOK-1263 | Full Coat CoCoW1WiH;1H;
IT82E-18 Full Coat C.CoW1WiH1H1
1T84S-2049 Eye 1 C.CiWiWiH;:H;
IT84S-2246 | Full Coat C2C.WiWiHH;
IT89KD-288 | Eye 1 C.:CiWiWiH;1H;
IT93K-503-1 | Eye 1 C1CiWiWiHH;,
SuVita 2 Full Coat C,CoW1WiH1H1

. California

CB27 by BB | Biparental RIL Blackeye 27 Eye 2 C2CaWoWoHoHo
IT82E-18 Full Coat C.CoW1WiH; 1 H;

CB27 by . California

556 Biparental RIL Blackeye 27 Eye 2 C2CoWoWoHoHo
IT97K-556-6 | Full Coat C2CWiWiHH;

CB46 by . California

503 Biparental RIL Blackeye 46 Eye 2 C2C2WoWoHoHo
IT93K-503-1 | Eye 1 C.CiW1WiH;:1H;

524B by .

2049 Biparental RIL 524B Eye 2 C2CaWoWoHoHo
1T84S-2049 Eyel C.CiW1WiH;:1H;

CB27 by California

B21 F2 Blackeye 27 Eye 2 C2C2WoWoHoHo
Bambey 21 No Color CoCoWoWoHoHo

B21 b

CBSOy F2 Bambey 21 No Color CoCoWoWoHoHo
California
Blackeye 50 Eye 2 C2C2WoWoHoHo

Tvu-15426

by F2 Tvu-15426 Full Coat CoCoW1WiH1H;

MAGIC014
MAGIC014 | Watson C2C2W1WiHoHo

Table 2.1. Parental phenotypes and expected genotypes of the examined populations.
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Table 2.2. Phenotypes, segregation ratios, and probability values for the tested

populations.
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CHAPTER 3

QTL Mapping of Leaf Aspect Ratio in Cowpea (Vigna unguiculata [L.] Walp.)
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ABSTRACT

Tender leaves from the cowpea plant (Vigna unguiculata [L.] Walp.) serve an
important role in the diets of many people, especially in Eastern and Southeastern Africa.
As a consumer product, the shape of the leaf can have an impact on product price and
thus on farmer income. Leaf shape in cowpea has been studied since the middle of the
twentieth century. This study makes use of various genetic resources, including mapping
populations, a reference genome, and a high-density single nucleotide polymorphism
genotyping platform to map leaf aspect ratio to five loci, two on Vu01 and three on VVu09.
One of the identified loci overlaps with QTL previously identified for leaf shape in other
cowpea mapping populations. This information can help in further efforts to determine

genetic control of leaf aspect ratio and be of use in cowpea breeding programs.

INTRODUCTION

Cowpea is a diploid (2n = 22), warm season legume which serves as a major
source of calories and protein for many people, especially in developing countries. The
bulk of cowpea production and consumption is in sub-Saharan Africa, especially in the
Sahel Zone (Boukar et al. 2019). About 95% of global production reported in FAOSTAT
is in West Africa, with Nigeria being the largest producer and consumer of cowpea,
producing 3.4 million tonnes of dry grain in 2017 (FAOSTAT 2019; Samireddypalle et
al. 2017). Other areas of production include Southeast Asia, the Mediterranean Basin,
Latin America, and the United States of America. Just over 7.4 million metric tonnes of

dry cowpeas were reported worldwide in 2017 (FAOSTAT 2019), though these numbers
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do not include Brazil, Ghana, and some other relatively large producers. Most of the
production in sub-Saharan Africa is by smallholder farmers in marginal conditions, often
as an intercrop with maize, sorghum, or millet (Ehlers and Hall 1997). Due to its high
adaptability to both heat and drought and its association with nitrogen fixing bacteria,

cowpea is a versatile crop (Boukar et al. 2019; Ehlers and Hall 1997).

Nearly the entire aerial portion of the plant is edible, so cowpea serves as an
important source of nutrients over the course of the growing season (Dube and Fanadzo
2013). While the most common form of cowpea consumption is as a dry grain, the tender
leaves of cowpea are also consumed as a vegetable, especially early in the growing
season when other food is less plentiful (Hallensleben et al. 2009). Cowpea leaves are
consumed regularly as a pot herb in sub-Saharan Africa, especially in Eastern and
Southeastern Africa (Ahenkora et al. 1998; Boukar et al. 2019; Hallensleben et al. 2009;
Ibrahim et al. 2010; Matikiti et al. 2012). Dual purpose cowpea, grown both for leaf and
seed consumption, can greatly increase farmer income; over half of surveyed Nigerian
cowpea farmers who grow dual use cowpea report that they do specifically to increase
income (Kristjanson et al. 2005). No reliable figures exist for worldwide production of

cowpea leaves as a vegetable product.

Cowpea leaves are high in protein, iron, zinc, and other macro and micronutrients
(Dube and Fanadzo 2013; Madode et al. 2011; Weinburger and Msuya 2004). Despite the
well-established desire by consumers for cowpea leaves, both for home consumption and
for sale (Alemu 2015; Keller et al. 2005; Kitch et al. 1998), few studies have been done

to identify the underlying genetics controlling leaf shape in cowpea. Cowpea expresses a
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wide range of leaf shapes, ranging from very narrow hastate to globose, with lobes that
range between absence and great prominence (Figure 3.1). Further, while some consumer
preference studies have been reported on cowpea leaf traits (Alemu 2015; Keller et al.
2005; Kitch et al. 1998), none focus specifically on leaf shape, although broader and

larger leaves are generally preferred (Personal communication, P. Ongom, Jan 26, 2017).

Despite the importance of leaf shape, both commercially and as it affects yield
characteristics, to date not much is known about how the genetic control of leaf shape
operates beyond broad strokes. Leaf shape is believed to be controlled by differential
rates of cell division and expansion, controlled by varied hormone ratios (Kessler and
Sinha 2004; Rodriguez et al. 2014; Shleizer-Burko et al. 2011). In addition, leaf shape is
influenced by environmental factors, including light intensity, temperature, humidity, and
pollution, among others (Fritz et al. 2018; Pollicelli et al. 2018; Robertson et al. 1998).
The combination of underlying genetic complexity and environmentally regulated

plasticity makes the study of leaf shape relatively difficult.

Anecdotally, narrower leaves are associated with improved drought tolerance,
though little to no evidence exists to support this position. Scoffoni et al. (2011) reported
that drought tolerance is tightly linked to smaller leaf size across a wide cross-section of
species. This may be due to increased vascular costs in larger leaves as vein volume does
not scale at the same rate as leaf area, so nutrients and water cannot be delivered as
efficiently (Sack et al. 2012). Nicotra et al. (2008) reported an association of leaf shape
with water use and optimal photosynthetic rates. Intriguingly, Scoffoni et al. (2011)

reported that leaf shape does not vary between habitats, while Chitwood and Sinha (2016)
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reported a strong correlation between leaf shape complexity and latitude across Vitis

(grape) species.

Leaf shape traits in cowpea have been studied since at least the middle of the 20™
century, when Kolhe (1970), Krishnaswamy et al. (1945), and Ojomo (1977), reviewed
by Fery (1980), reported on genetic factors affecting leaf shape, especially leaf width.
Pottorff et al. (2012) made use of single nucleotide polymorphism (SNP) markers to map
the hastate versus ovate leaf shape trait in a biparental recombinant inbred line (RIL)
population. Recently, Lo et al. (2018), mapped leaflet length and width independently in

a wild by cultivated biparental RIL population.

A genotyping array for 51,128 SNPs was recently developed for cowpea which
offers opportunities to improve the precision of genetic mapping (Mufioz-Amatriain,
Mirebrahim, et al. 2017). Numerous biparental populations have been used to map major
quantitative trait loci (QTL) for various traits, including root-knot nematode resistance
(Huynh et al. 2016), domestication-related traits (Lo et al. 2018), black seed coat color
(Herniter et al. 2018), and control of seed coat pattern (Herniter et al. 2019) and to
develop consensus genetic maps of cowpea (Lucas et al. 2011; Muchero et al. 2009;
Mufioz-Amatriain et al. 2017). In addition, new populations have been developed for
higher-resolution mapping including an eight-parent Multi-parent Advanced Generation
Inter-Cross (MAGIC) population containing 305 lines (Huynh et al. 2018). A reference
genome sequence of cowpea (Lonardi et al. 2019; phytozome.net) and genome

assemblies of six additional diverse accessions (Mufioz-Amatriain et al. 2019) have been
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produced recently. Here, we make use of these resources to map central leaflet aspect

ratio (AR) in cultivated cowpea.

MATERIALS AND METHODS

Plant materials

Three populations were used for mapping: a minicore population consisting of
368 accessions representing worldwide diversity of cultivated cowpea (Mufioz-Amatriain
et al. 2019), an eight parent Multiparent Advanced Generation InterCross (MAGIC)
population consisting of 305 RILs (Huynh et al. 2016), and a collection of 18 cowpea
landraces obtained from the Native Seeds/SEARCH (NS/S; nativeseeds.org) collection.
The minicore collection was grown in the field at the University of California, Riverside
(33.97°N, 117.33°W) from June to September 2017 and June to November 2019. The
MAGIC population was grown in the field at the Coachella Valley Agricultural Research
Station (CVARS; 33.52°N, 116.15°W) from August to December 2017. The NS/S
collection was grown in the field at the University of California, Riverside (33.97°N,
117.33°W) from June to November 2019. During both growing seasons and in both
locations, central leaflets were chosen from each accession or line, with efforts made to
choose the most symmetrical leaflets. Each central leaflet was photographed using a

Canon EOS Rebel T6i at a 90° angle under consistent lighting conditions.

SNP genotyping and data curation

DNA was extracted from young leaf tissue using the Qiagen DNeasy Plant Mini

Kit (Qiagen, Germany). A total of 51,128 SNPs were assayed in each sample using the
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Illumina Cowpea iSelect Consortium Array (lllumina Inc., California, USA; Mufioz-
Amatriain et al. 2017). Genotyping was performed at the University of Southern
California Molecular Genomics Core facility (Los Angeles, California, USA). The same
custom cluster file as in Mufioz-Amatriain et al. (2017) was used for SNP calling. In the
minicore population, a total of 41,722 SNPs were used for mapping after removing those
with high levels of missing data and/or heterozygous calls (>20%) or minor allele
frequencies <0.05, and those not assigned to a chromosomal position. In the combined
minicore and NS/S population 41,511 SNPs were used for mapping after removing those
with high levels of missing data and/or heterozygous calls (>20%) or minor allele
frequencies <0.05, and those not assigned to a chromosomal position. SNPs were ordered
based on their physical position in cowpea pseudomolecules, available from Phytozome
(phytozome.net). For the MAGIC population, SNP data and a genetic map were available

from Huynh et al. (2016); the map included 32,130 SNPs in 1,568 genetic bins.

Leaf Shape phenotyping

Length and width data were collected for each central leaflet sample from 2017
using measurement tools native to the ImageJ software (https://imagej.nih.gov/ij/). The
AR for each leaflet sample was determined by dividing the value of the length by the
value of the width. AR values of each sample were averaged for each accession or line to

determine a value for mapping.

Images of central leaflet samples from 2019 were analyzed in FIJI

(https://imagej.net/Fiji), a pre-bundled version of ImageJ. For each image, the leaflet was
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first isolated using the native "wand tool"” (threshold=35) to accurately define the leaflet
shape. Using the "Particles8" plugin for ImageJ/F1JI, the AR for the leaflet was
calculated by measuring Feret's diameter and breadth for the defined leaflet, then dividing
Feret's diameter by the breadth (Landini 2008). Briefly, Feret's diameter is the calculated
longest length between two points for a defined region of interest boundary, while the
breadth is the calculated longest width of the region of interest perpendicular to the
Feret's diameter line. Calculated AR values for each sample were then averaged for each

accession or line to determine a value for mapping.

Trait Mapping

For the minicore population, a genome-wide association study (GWAS) was
performed using the weighted mixed-linear model function (Zhang et al. 2010) in
TASSEL v.5 (maizegenetics.net/tassel) with a principal component analysis (three
components) accounting for population structure in the dataset. The -log10(p) values
were plotted against the physical coordinates of the SNPs (Lonardi et al. 2019). A
modified Bonferroni correction (Zhang et al. 2019) was applied to correct for multiple
testing and the significance cut-off was set at 1/m, where m is the number of tested
markers (41,722). This resulted in a cut-off of p = 2.40E-05 [-log1o(p) = 4.62]. Due to the
small population size, the NS/S collection was analyzed jointly with the minicore data
collected in 2019, using a total of 41,511 SNP markers, with a modified Bonferroni
correction setting the significance cutoff to p = 2.41E-05 [-logio(p) = 4.62]. For the
MAGIC population, the R package “mpMap” (Huang and George, 2011) was used as

described by Huynh et al. (2018). The significance cutoff values were determined
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through 1000 permutations, resulting in a threshold of p = 8.10E-05 [-logio(p) = 4.09].
Due to the high number of markers in the genotype data, imputed markers spaced at 1 cM

intervals were used.

Candidate gene identification

Candidate genes were identified by examining the minimal overlapping region of
the identified QTL. The physical QTL region was determined from the reference cowpea
genome v1.1 (Lonardi et al. 2019; phytozome.net). Gene models and annotations were

obtained from the Joint Genome Institute cowpea genome portal (phytozome.net).

Data availability

Genotype data for the MAGIC population can be found in the supporting
information Data S1 of Huynh et al. (2018). Genotype data for the minicore population is
pending publication. Genotype data for the NS/S population can be found in
Supplementary Table S1. Phenotype data for each population can be found in
Supplementary Table S2 (minicore 2017), Supplementary Table S3 (MAGIC 2017), and
Supplementary Table S4 (minicore & NS/S 2019). SNP -logio(p) scores can be found in
Supplementary Table S5 (minicore 2017) and Supplementary Table S6 (minicore & NS/S
2019). cM LOD scores for the MAGIC population (2017) can be found in Supplementary

Table S7.
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RESULTS
Collected leaflets

For the minicore collection, 1,145 central leaflets were collected in 2017 and 6,048
leaflets were collected in 2019. For the MAGIC population, 900 total central leaflets
were collected in 2017. For the NS/S population, 314 leaflets were collected in 2019.

Statistics for collected leaflets can be found in Figure 3.2.
QTL identification and candidate genes

Trait mapping results from the tested populations can be found in Figure 3.3 and
Supplementary Table S8. Five QTL were identified for leaflet AR, two on Vu01 and
three Vu09 (Table 2). On Vu01, analysis in the minicore and NS/S populations identified
two QTL, one about 1 Mb from the centromere (CLar01-1) and one further along the
long arms of the chromosome (CLar01-2). CLar01-2 was also identified in the MAGIC
population. On Vu09, analysis in the MAGIC population identified two QTL, one on the
short arm of the chromosome (CLar09-1) and one on the long arm (CLar09-3). Analysis
in the minicore data from 2017 identified a QTL between those identified in the MAGIC
population (CLar09-2). Additional significant single markers were identified on Vu03,
Vu08, Vul0, and Vull, but these appear only in the analysis of the minicore for a single
field season and so were considered less reliable. The list of genes within the identified

QTL can be found in Supplementary Table S9.
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DISCUSSION

Leaf shape is known to be a highly complex trait, so it is to be expected that
numerous QTL have been identified in the present study. Previous studies by Kolhe
(1970), Krishnaswamy et al. (1945), and Ojomo (1977), reviewed by Fery (1980),
identified five different loci controlling leaf shape. Unfortunately, it is unclear if the
different loci reviewed by Fery (1980) are truly a single locus, each distinct, or in
between. In any case, the parents of the populations used for the studies are likely
missing or if known, may not be genetically identical to accessions which bear the names
currently, complicating efforts to remap the traits with modern tools. More recent studies
have made use of modern genetic resources like SNP markers and have mapped some
leaf shape traits. Lo et al. (2018) mapped leaf length and width using a biparental RIL
population resulting from a cross between wild and cultivated cowpea. Pottorff et al.
(2012) mapped hastate versus ovate leaf shape in a biparental RIL population as well.
CLar01-2 overlaps with both the CLw1 QTL identified by Lo et al. (2018) and the hastate

versus ovate QTL identified by Pottorff et al. (2012), lending confidence to the mapping.

Leaf shape is known to be highly plastic and can be affected by a wide range of
environmental factors, including temperature and humidity (Fritz et al. 2018; Pollicelli et
al. 2018; Robertson et al. 1998). Leaf shape can also be affected by where on the plant
the leaf is located (Baraldi et al. 1994; Dkhar and Pareek 2014; Kidner and Umbreen
2010). The minicore accession 1T97K-461-4 highlights the strength of environmental
effects on leaf shape. In both 2017 and 2019 it had the highest observed AR, but the

observed ratio was markedly different between years: 6.132 in 2017 and 3.343 in 2019.
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Indeed, both populations tested in 2017 had narrower leaves, possibly indicating an
environmental difference between the two years that could affect leaf AR. Future studies
should account for environmental effects, perhaps by growing plants in a controlled

environment.

Clues to the underlying causes of leaf shape variation are pointed to by reported
allelic series for leaf shape in cowpea, which suggest that narrower and hastate leaves are
dominant over the more common ovate leaf shape (Jindla and Singh 1970;
Krishnaswamy et al. 1945; Ojomo 1977). This could indicate that the candidate gene acts
as a negative regulator of cell expansion which is switched off in wider leaves and
switched on in narrower leaves. Future studies should examine the allelic series using

crosses and F2 populations.

107



Hastate

Figure 3.1. Leaf shape among tested populations. A) examples from the minicore of
hastate and ovate leaves. B) Central leaflets from the parents of the MAGIC population.
From left to right: California Blackeye 27, ITOOK-1263, IT82E-18, IT84S-2049, IT84S-
2246, IT89KD-288, IT93K-503-1, and Suvita-2. Images are not to scale.
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Figure 3.2. Leaflet data. A) box and whisker plots of the variation within and between
populations. B) Statistics of the collected leaflet data.

109



&8 MAGIC

Aspect Ratio

20 2017

15

LoD

10

0 MW”\/N"\/W AJ\/».J‘\,. NJ\.-

vuol 02 03 04 05 06 07 08 09 10 1
7 —
Minicore
. Aspect Ratio
2017 .
5 = .
.
=4 :
o
F : e
3 4 :
. . . L H . L]
2 4 ¢ L
} - *

=]
a

X

Vu0l 02 03 04 07

Minicore & NS/S

8 Aspect Ratio
2019
7
6
25
S
: .
3 .
- v - ot .
. . .
2 . o s ‘ o
$ 1
i o
0
vuol 02 03 04 0s 06 07 08 09 10 11

Figure 3.3. QTL plots for Aspect Ratio in the tested populations. The horizontal axis
represents the chromosomes and the vertical access represents probability, as expressed
in LOD score for the MAGIC population and -logio(p) for the minicore and NS/S
populations.
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Population Year Leaflets Accessions in Accessions
collected Population collected
Minicore 2017 1145 368 344
2019 6048 368 361
MAGIC 2017 900 305 299
Native 2019 314 18 17
Seeds/SEARCH

Table 3.1. Data for collected central leaflets from the tested populations.

QTL® Chr Upper Lower Upper Lower # genes in
SNP SNP Position Position region
CLar01-1 | VuOl | 2.50744 | 2_16821 | 17,480,564 | 21,002,699 88
CLar01-2 | Vu0l1 | 222483 | 218422 | 34,947,425 | 35,454,820 45
CLar09-1 | Vu09 | 2.13008 | 2 33113 828,007 5,844,259 470
CLar09-2 | Vu09 | 2_17464 | 2_37769 | 28,779,899 | 28,808,530 2
CLar09-3 | Vu09 | 254681 | 2_37772 | 34,990,705 | 36,217,487 104

Table 3.2. QTL name for leaf aspect ratio, physical position, and number of genes in the
QTL region. *QTL name is designated as follows: “C” to indicate cowpea, followed by
the trait code “Lar” to indicate leaf aspect ratio, followed by the chromosome number,

followed by a dash and a number indicating QTL number.
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CHAPTER 4

Market preferences for cowpea (Vigna unguiculata [L.] Walp) dry grain in Ghana
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ABSTRACT

Cowpea is an important crop in Ghana, serving as a major source of calories and
high-quality protein for many people. An understanding of market preferences is
necessary when targeting research and breeding efforts. This study makes use of data
from 562 samples of cowpea dry grain collected from 91 markets across Ghana, analyzed
using the hedonic model framework, to determine implicit prices of characteristics,
including seed coat color, pattern, texture, the location of purchase, the gender of the
vendor, seed size, and seed quality. The results indicate that market location and seed size
are the most important characteristics regarding pricing. Improvements in infrastructure
to facilitate transport of goods and dissemination of varieties with increased seed size

could improve incomes for the smallholder farmers in Ghana who produce cowpea.

INTRODUCTION

Cowpea (Vigna unguiculata [L.] Walp) (Fabaceae) is a warm-season legume,
most often consumed as a grain, but also as a vegetable in the form of immature pods and
leaves (Boukar et al. 2018). Cowpea is a versatile crop, with high drought and heat
tolerance (Boukar et al. 2018). In Ghana, cowpea is grown across the country, with the
areas of greatest production in the Northern Plains. The majority of production is by
smallholder farmers, often as an intercrop with maize or millet (Ehlers and Hall 1997).
Ghanaian production of cowpea has been increasing: from 2013 to 2016 the volume of
production increased from 200,404 to 206,378 metric tons per year (Ministry of Food and

Agriculture 2016). Early maturing varieties have been developed and disseminated by
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breeding programs to fill the “hunger gap” between June and August, between when
farmers have sown their seeds but have not yet brought in the harvest (Fatokun et al.

2002).

Cowpea is a cash crop for small-holder farmers and a vital source of income,
meaning that growing cultivars with more valuable characteristics could lead to increased
income (Samireddypalle et al. 2017). However, for breeders to know which traits to
target, it is necessary to determine those which are most desired by consumers. Seed coat
color, pattern, and texture traits are important consumer-related traits in cowpea. Previous
research has shown that consumers make qualitative decisions about the acceptability,
quality, and presumed taste of a product based on appearance and color (Jaeger et al.
2018; Simonne et al. 2001). Consumer preference for different cowpea seed coat traits
varies across locations, with different seed coat traits desired in different places and for
different uses: for example, lack of color for use as flour or solid brown for use as whole

beans (Langyintuo et al. 2003; Mishili et al. 2009).

A major cowpea pest is the bruchid (Callosobruchus maculates [Fabricus])
(Coleoptera: Bruchidae), a post-harvest pest which infests stored grains and bores holes
in the seeds. It is understood that consumers prefer seeds with lower levels of damage and
expect discounted prices for damaged seeds (Langyintuo et al. 2004; Mishili et al. 2009).
Until recently, most farmers did not have access to adequate storage methods and so
regularly sold their product for low prices directly after harvest (Murdock and Baoua
2014). The lack of proper storage resulted in high levels of infestation and lower quality

seeds, with the number of holes in seeds available on the market increasing from the time
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of harvest in September (Langyintuo et al., 2004). To address the issues of bruchid
infestation the Bean/Cowpea Collaborative Research Support Program developed the
triple bag technology known as Purdue Improved Cowpea Storage (PICS) which can
protect seeds at low cost (Murdock and Baoua, 2014). It has recently been reported by
Ibro et al. (2014) that 64% of cowpea in the West African countries of Burkina Faso,
Niger, and Nigeria was stored in hermetic containers, including PICS bags, which reduce

the incidence of infestation. Similar levels of adoption in Ghana might also be expected.

The consumer goods characteristics model, a hedonic pricing model, is a linear
model for estimating consumer demand for specific traits based on quality which was
developed by Ladd and Suvannunt (1976). Using the model, it is possible to determine
the implicit value of the attributes of a good. This model is widely applicable and has
been used to analyze prices of a wide variety of goods, including ecosystems
(Czembrowski and Kronenberg 2016), cloud computing services (Wu et al. 2018), used
cars (Prieto et al. 2015), and origin country of imported meat (Hussein and Fraser 2018).
Previous analyses of the characteristics of cowpea dry grain and how those relate to price
have been done within and comparing between African countries (Faye et al. 2004;
Langyintuo et al. 2004; Mishili et al. 2009; Mundua et al. 2010). However, those which
have included Ghana have only examined markets either in the north (Langyintuo et al.
2004) or south (Mishili et al. 2009) of the country. To date, no country-wide analysis of
market preferences has been performed for Ghana. While it has been reported that
cowpea is transported from inland production regions of West Africa to coastal regions

(Langyintuo et al. 2003), the effects of such movement on consumer prices have not been
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examined. In this study, market preferences of Ghanaian consumers for cowpea dry

grains are examined to determine which traits have the greatest implicit values.

MATERIALS AND METHODS

Sample and data collection

562 samples of cowpea were collected from 91 markets distributed across the ten
regions of Ghana in July and August 2018 (Figure 4.1). In each region, samples were
purchased from vendors in local markets where consumers purchase cowpea for end-use
consumption. At the time of purchase, the location, gender of the vendor, and price paid
were noted. During July and August 2018, the exchange rate was about 4.80 Ghanaian
Cedi (GHS) to 1.00 United States Dollar (USD). In the lab, the price per kilogram of the
purchased seed was determined and seed coat characteristics including color, pattern, and
texture were noted. Color was defined by the presence of a pigment in the seed coat,
including black, brown, red, and purple. Pattern was defined by how the observed
pigmentation was distributed on the seed coat, including eye, solid coat, speckled, and
mottled, among others. Three 100-seed subsamples were taken from each sample. In
these subsamples, 100 seed weight and number of holes per 100 seeds were noted. For
analysis, the average of the three values was used, rounded to the first decimal place. Due
to mixtures in the seeds purchased, for analysis the most prevalent seed coat traits (>75%
of seeds in the sample) were used as when collectors reported the type of seed purchased
they ignored traits held only by a minority of the sample. To determine the latitude and

longitude of each market, Google Maps (maps.google.com) was used.
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Hedonic analysis framework

Implicit values of the observed characteristics of seeds were analyzed through the
use of a hedonic analysis framework, originally developed by Ladd and Suvannunt
(1976). For this analysis, a simplified equation used by Langyintuo et al. (2004) and

Mishili et al. (2009) was used, which takes the form of:

m
PC = ZXCJﬁC] + €
=1

where P is the price of cowpea, X¢; is the quantity of cowpea characteristic j, §;; is the
regression coefficient (implicit price) of characteristic j, and € is a normally distributed
random error. Analysis was done using the linear regression function in R. Tested factors
included seed coat color, pattern, and texture, seed weight, infestation levels, purchase

location, and vendor gender.
RESULTS
Range of characteristics

Statistics of the collected samples can be seen in Table 4.1. Across Ghana, there is
high variability in 100 seed weight, ranging from 7.3 g to 40.1 g, with a mean of 17.4 g
and a standard deviation of 6.4 g. The number of bruchid holes per 100 seeds ranged
from 0 to 69.0, with a mean of 6.3 and a standard deviation of 3.4. The price per kilogram
of seeds ranged from 1.8 Ghanaian Cedis (GHS) to GHS 23.3, with a mean of GHS 6.1
and a standard deviation of GHS 2.7. The most expensive sample, from Nsawam market

in the Eastern region is most likely an outlier. The next most expensive sample had a
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price per kilogram of GHS 18.7. Most cowpea vendors were women. Of those samples
for which the vendor’s gender was recorded 95.9% (493) were sold by women and 4.1%
(21) were sold by men. The most common pattern was the presence of an eye, which was
in 66.7% (375) of the samples, followed by 19.8% (111) of the samples with a solid coat,
5.5% (31) with a speckled coat, 4.1% (23) with a mottled coat, and 3.9% (22) with other
seed coat patterns. Seeds which had a clearly defined eye and additional pigmentation
were considered as having an eye pattern for this analysis. 69.8% (392) of the samples
had rough seed coats, 30.2% (170) had smooth seed coats. 49.3% (277) had black
coloring, 15.8% (89) had brown coloring, 7.1% (40) had red, brown, and purple coloring,
6.9% (39) had red and brown coloring, 6.9% (39) had red and purple coloring, 1.1% (6)
had purple coloring, and 0.4% (2) had purple and brown coloring. The remaining 70
samples consisted of mixed seeds of various colors and so were considered missing data

to avoid biasing the analysis.

Hedonic pricing

The hedonic pricing indicates that 26% of price variability of cowpea in Ghanaian
markets is due to the tested characteristics. Table 4.2 shows the effects of different
characteristics. Table 4.3 shows the analysis of variants table. All price effects are
relative to a rough black seed with an eye pattern sold by a female vendor. The most
significant effects were market location, seed weight, and vendor gender, with a minor
effect by the seed coat pattern. Prices decreased by GHS 0.33 per degree north and GHS
0.90 per degree west. For larger seeds, consumers were willing to pay an additional GHS

0.09 for each gram increased per 100 seeds. Seed coat color, pattern, and texture traits
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were not significant except for a seed with the mottled pattern, for which consumers were
willing to pay an additional GHS 2.07. The price for seeds purchased from a male vendor
was increased by GHS 1.78. The effects of number of bruchid holes per 100 seeds, seed

coat color, the eye pattern, the speckling pattern, and texture were not significant.

DISCUSSION

The price of cowpea was uniform across all markets, with a mean price of GHS
6.1 per kg and a standard deviation of GHS 2.7. However, this finding was skewed by the
much higher prices from the Greater Accra Region, which had an average price of GHS
11.0, a 75% increase over the country-wide average. The increased price in the capitol
follows the trend reported by Mishili et al. (2009), but the difference is much more
marked. The higher prices parallel the higher cost of living in general in Accra compared
to other parts of the country (“Cost of living,” 2018), as well as the fact that cowpea is
not produced in the area and so the supply must be imported. During the collection
period, it was noted by author Ira A. Herniter that street food in Accra cost twice as much
compared to other locations, including both major cities like Kumasi, the capitol of the
Ashanti region, and smaller towns like Bawku, in the Upper East region. Market location
had a large effect on cowpea price. The price decreased in markets further north and
west. The major areas of cowpea production in Ghana are in the north of the country.
Indeed, the lowest average price could be found in the Upper West region, which

produces the most cowpea in Ghana.
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The dominance of women as petty traders in markets observed in this study,
where 95.9% of samples were purchased from women vendors, conforms to previous
research about vendors in Ghana. Both Langyintuo et al. (2004) and Mishili et al. (2009)
reported that women are primarily the market vendors in Ghana. Indeed, in observations
of markets in Ghana by the authors, it was noted that the majority of vendors of any type
were women. Men are much more highly involved in the wholesale business of cowpea

grains.

The two most common patterns observed in samples were the presence of an eye,
where pigmentation is restricted to the area around the hilum, and full coat pigmentation.
Previous studies on consumer preferences for cowpea seed traits have quantified the
value of the eye pattern but make no distinction between types of eye (Faye et al. 2004;
Langyintuo et al. 2004; Mishili et al. 2009; Mundua et al. 2010). Of the observed seed
coat traits, only the mottled pattern had a significant effect on price. This could be due to
the market already accounting for consumer preferences. For example, no samples
consisted of seeds with black color and a full coat pattern. Indeed, it is common

knowledge that no market exists for such seeds in West Africa.

The size of cowpea, as measured by 100 seed weight, averaged 17.4 g, with a
standard deviation of 6.4 g. In contrast, cowpea sold in the United States has a 100 seed
weight of 20-25 g (PA Roberts, personal communication, 28 August 2018). Since cowpea
serves as a cash crop for many farmers, increases in both yield and seed size can have
major positive effects on farmer income. It should be noted, however, that the observed

seed size is higher than previously reported seed sizes of 12.2 g per 100 seeds in the north
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of Ghana (Langyintuo et al. 2004) and 14.4 g per 100 seeds in southern Ghana (Mishili et
al. 2009). The observed increase in seed size could be due to the release and adoption of
improved lines since the previous studies. Almost all the largest seeds, those with 100
seed weight greater than 30 g, for which sources were reported or which had names
indicating the source, came from Nigeria. Nigeria is the largest producer of cowpea in the
world, outputting 58% of worldwide production (IITA 2018). In contrast, seeds which
were purported to come from neighboring countries, such as Burkina Faso and Togo, had

seeds similar in size to those produced in Ghana.

It is common knowledge that consumers are adverse towards bruchid holes in
seeds, seeing those with holes as lower quality. The average number of holes observed
across all of Ghana was 6.3 per 100 seeds, with a standard deviation of 3.4 holes. This
indicates a low tolerance for bruchid holes across Ghana. Indeed, during collection of the
samples, vendors were seen sorting through their stock to remove seeds with holes.
Previous studies reported much higher levels of infestation than observed here:
Langyintuo et al. (2004) reported an average of 13.0 holes per 100 seeds in northern
Ghana while Mishili et al. (2009) reported an average of 12 in southern Ghana. No region
examined in this study had levels of infestation comparable to these levels. The decrease
in infestation levels may be due to the use of improved storage techniques, including the
use of triple bag and chemical storage systems (lbro et al. 2014). It is notable that the
number of holes per 100 seeds was not found to have any significant effect on price. This

may be due to the relatively low incidence of insect damage. Further, the collection
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period was in August and September, before the harvest, so the incidence of holes would

be expected to be the greatest at this time.

While other analyses of cowpea prices were able to describe over 90% of
observed price variation, the present analysis accounts for only 26% of the variability.
One possible cause could be differences in sample collection methods. Previous studies
collected samples at a small number of locations (3-5) over the course of several years,
while the present study collected from many locations over the months of July and
August. This period is referred to as the “hunger period” as it is between when the seeds
have been sown, but the harvest has not yet been brought it. This shortage of supply
causes prices to rise, especially in the south of the country where the supply must be
imported, so it is the time of year with the highest prices. Additionally, the low number of
samples collected for this study (562) compared to previous ones (over 500 per market)
likely contributes to the low R? value. To better understand the national market, future

studies should combine the approaches and collect both widely and over a longer time.
CONCLUSIONS

This study uses samples collected from 91 markets spread across the ten regions
of Ghana in July and August 2018 to estimate the value of certain characteristics to
consumers in Ghana. Consumers prefer large seed size and price is determined mostly by
location of purchase. The specific pigments present on the seed coat, seed coat texture,
and most of the patterns of the pigmentation are of low importance to Ghanaian

consumers. The location effect indicates that increased profits for smallholder farmers
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could be achieved through dissemination of varieties with larger seeds and with more

developed infrastructure to allow smooth transport of goods.
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Figure 4.1. Location of markets at which samples were purchased. Black dots indicate
market locations. Squares indicate regional capitol city locations. Map available from
Wikimedia Commons. 1 = Upper West, 2 = Upper East, 3 =Northern, 4 = Brong Ahafo, 5
= Western, 6 = Ashanti, 7 = Central, 8 = Eastern, 9 = Greater Accra, 10 = Volta.
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Region # Samples | 100 seed weight (g) | # holes/ 100 seeds | Price (GHS/Kg) Vendor
Average c Average c Average c F/M/INR

Ashanti 77 17.4 55 |32 4.0 5.9 1.4 | 75/2/0
(8.9-29.6) (0-23.7) (4.0-10.3)

Brong 83 16.2 6.1 |6.3 2.2 5.2 1.3 79/4/0

Ahafo (8.5-37.1) (0-50.7) (2.9-8.1)

Central 35 19.9 70 |65 8.6 6.9 3.4 | 31/4/0
(9.6-40.1) (0-33.7) (3.7-18.7)

Eastern 80 19.6 75 |58 7.8 7.3 3.5 | 62/3/15
(9.5-36.4) (0-41.0) (2.3-23.3)

Northern 55 15.3 5.7 1.0 2.2 5.4 1.4 55/0/0
(7.3-29.8) (0-11.7) (2.6-8.5)

Greater 38 19.6 6.7 |29 3.8 11.0 2.6 30/8/0

Accra (9.3-35.1) (0-15.3) (7.8-17.5)

Upper East | 75 16.4 4.6 1.7 3.2 5.4 1.7 75/0/0
(9.0-30.1) (0-21.7) (3.1-12.4)

Upper West | 52 15.1 51 |58 3.8 4.3 2.2 19/0/33
(9.2-29.1) (0-30.3 (1.8-12.7)

Volta 47 18.2 65 |54 109 |57 1.5 | 47/0/0
(8.7-35.9) (0-69.0) (2.6-9.7)

Western 20 20.2 9.8 | 4.6 3.9 5.1 1.6 20/0/0
(10.5-38.8) (0-15.7) (3.6-9.5)

Ghana 562 17.4 6.4 |6.3 3.4 6.1 2.7 | 493/21/48
(7.3-40.1) (0-69.0) (1.8-23.3)

Table 4.1. Statistics of quality and price metrics of cowpea in Ghana. The ranges of
values are in parentheses. Mean weight and number of holes per 100 seeds values are
averaged from three subsamples of a market sample. All values are rounded to the nearest

single decimal. GHS = Ghana Cedi, F = female, M = male, NR = not recorded.
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Coefficients:

Estimate Std. Error t value Pr(>|t]) Significance
(Intercept) 7.95 0.84 9.49 <2e-16 faleiaia
Location
North (°) -0.33 0.06 -5.16 3.82E-07 Fokkk
West (°) -0.90 0.13 -6.94 1.46E-11 falaiede
Vendor Gender
Male vendor 1.78 0.59 3.03 2.57E-03 Fkk
Seed coat color
Brown -0.23 0.38 -0.60 5.51E-01
Purple -0.87 1.07 -0.82 4.15E-01
Purple Brown 0.12 1.72 0.07 9.45E-01
Red Brown 0.42 0.45 0.92 3.57E-01
Red Purple 0.28 0.52 0.54 5.91E-01
Red Purple Brown 0.63 0.59 1.06 2.92E-01
Seed coat pattern
Full Coat 0.47 0.82 0.57 5.67E-01
Mottled 2.07 0.91 2.27 2.37E-02 fal
Other -0.92 0.57 -1.62 1.06E-01
Speckling 0.68 0.88 0.77 4.42E-01
Smooth -0.59 0.76 -0.78 4.36E-01
Other seed characteristics
100 seed weight (g) 0.09 0.02 4.07 5.62E-05 faleiaia
Holes per 100 seeds -0.02 0.02 -1.30 1.96E-01

Table 4.2. Estimated coefficients for cowpea seeds. The intercept indicates a sample with
the following characteristics: seeds with black coloring and an eye pattern, purchased
from a female vendor. Probability codes: 0 = **** 0.001 = *** 0.01 = **, 0.05 = *.
System R? = 0.26
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Df Sum Sq Mean Sq | F value Pr(>F) Significance
Gender of Vendor 1 104.64 104.64 19.19 1.49E-05 faleiad
100 seed weight () 1 211.27 211.27 38.74 1.14E-09 ke
Holes per 100 seeds 1 0.00 0.00 0.00 9.79E-01
Seed Coat Color 6 32.70 5.45 1.00 4.25E-01
Seed Coat Pattern 4 44.43 11.11 2.04 8.83E-02 *
Seed coat texture 1 0.50 0.50 0.09 7.63E-01
North 1 166.82 166.82 30.59 5.51E-08 ok
West 1 262.45 262.45 48.13 1.46E-11 faleiad
Residuals 434 | 2366.58 5.45

Table 4.3. Analysis of variants table for cowpea seeds. Significance codes: 0 = ****,
0.001 =*** 0.01 =**,0.05 = *,
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CONCLUSION
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The work presented in this thesis addresses the genetic control of consumer-
related traits in cultivated cowpea. It makes use of a broad range of resources, including
four distinct population types (a variety collection, biparental recombinant inbred lines, a
multiparent population, and F2 populations), and a high-density single nucleotide
polymorphism (SNP) genotyping platform, the Cowpea Consortium Illumina iSelect
panel, for high-precision trait mapping. Chapters 1 through 3 consist of forward genetics,
identifying the loci underlying various traits including black seed coat and purple pod tip
coloration (Chapter 1), seed coat patterning (Chapter 2), and leaflet aspect ratio (Chapter
3). Chapter 4 provides information that can guide the use of the information presented in
the first three chapters as breeders seek to develop new lines with characteristics which

are acceptable to consumers.

The study of consumer-related traits in cowpea dates to the early twentieth
century, when researchers William Spillman and Sydney Harland began tracking
Mendelian traits using relatively simple methods. In their publications, Harland and
Spillman exclusively made use of F1 plants, F2 populations, and F3 families. The chi-
square test was not yet standard, so early tests simply reported segregation ratios and
noted if they seemed close to the ratios expected given Mendelian inheritance. Despite
these handicaps, over the previous century great progress was made in identifying loci
and interactions between said loci and making use of that information for breeding. The
segments of Spillman and Harland’s results most relevant to those presented in this thesis

are the identification of the Black Color locus, which is the basis for the work presented

129



in Chapter 1, and of the three locus system controlling seed coat pattern, which is the

basis for the work presented in Chapter 2.

Through this text, | have been careful to qualify the findings presented. In the
genetics chapters, candidate genes are identified based on probabilities and by the
elimination of incorrect suppositions. None of the candidate genes identified have been
tested through methods which would certifiably confirm them as responsible for the
observed phenotypes. At present, reliable transformation protocols for cowpea have not
become standard, which limits the ability of researchers to definitively determine
causality. Further, the consumer preference study performed in Ghana (Chapter 4) should
be heavily qualified, as it is limited in both time and depth. Future studies should collect
more data and examine the variations in price over the course of the year as well as tease
apart the inter-variable impacts, such as nearly all the male vendors being clustered in the

Greater Accra region where costs are generally higher.

Over the past couple of decades, the availability of information has greatly
increased. Researchers now have access to a variety of genetic markers at a very high
density for relatively low cost. Whereas publications used to rely on a couple dozen to a
couple hundred markers, the research presented in this thesis makes use of more than ten
thousand in each tested population. This allows for far more precise mapping of traits
than previously. Additionally, the availability of the reference genome sequence and gene
models allows for the identification of candidate genes within the loci, and the available

transcriptome data provides further evidence to narrow down the lists of candidate genes.
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In the near future, further resources will become available that will facilitate the
identification of causative genomic variations that affect agronomic and consumer-related
phenotypes. These include the development of the cowpea pangenome, which will add
further depth to the community’s understanding of global diversity within cowpea. Also
of value are further populations in development, such as the International Institute for
Tropical Agriculture core collection, which consists of over 2,000 accessions and has
recently been genotyped on the iSelect platform. This population will allow for even
more precise mapping than has been achieved previously. Finally, transformation
techniques are being developed which will allow for precision overexpression and

knockout experiments.

Today, cowpea is an underutilized and understudied crop. As cowpea emerges
from orphan crop status with the increasing availability of genomic and genetic
resources, more in-depth research can be conducted to elucidate the pathways controlling
consumer-related and agronomic traits. Transformation in particular will allow
researchers to directly test the function and phenotypes controlled by the identified
candidate genes. With the advent of these resources, the potential of cowpea as a crop for

an expanding population and changing climate can begin to be realized.
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