ABSTRACT

YADA, BENARD. Genetic Analysis of Agronomic Traits and Resistance to Sweetpotato
Weevil and Sweet Potato Virus Disease in a Bi-parental Sweetpotato Population. (Under the
direction of Dr. G. Craig Yencho).

Modern breeding tools for sweetpotato improvement are needed to address
impediments to the production of this important crop. This research was conducted to
improve our knowledge of the inheritance of sweetpotato storage root yield, dry matter,
starch and B-carotene content, and resistance to sweetpotato weevil (SPW) and sweet potato
virus disease (SPVD). The study also sought to identify simple sequence repeat (SSR)
markers associated with these traits to enhance future genomic sweetpotato improvement.

We developed a bi-parental mapping population of 287 progeny by crossing the
Ugandan landrace, ‘New Kawogo’ with ‘Beauregard’, a major US cultivar. A total of 405
SSR markers were screened for polymorphism on the parents and selected progeny of which,
250 markers were polymorphic, and 133 were informative and used for population diversity
analysis. The pairwise genetic distances among the progeny and parents ranged from 0.2-0.9,
and were grouped in to five main clusters, an indication of moderate diversity in the cross.

A total of 284 progeny and the parents were evaluated for two seasons at three sites in
Uganda for storage root yield, dry matter, starch and B-carotene content and genotyped with
the 250 polymorphic SSR markers. Estimates of broad sense heritability for storage root
yield, dry matter, starch and B-carotene content were 0.24, 0.68, 0.70 and 0.90, respectively.
Storage root -carotene content was negatively correlated with dry matter (r=-0.59, P<0.001)
and starch content (r=-0.93, P<0.001). Storage root yield was positively correlated with dry

matter (r=0.57, P=0.029) and starch (r=0.41, P=0.008) content. Twelve SSR markers were



associated with storage root yield, while four, six and eight SSR markers were associated
with dry matter, starch and p-carotene content, respectively.

Sweetpotato weevil resistance was assessed on the basis of field storage root damage
severity and total hydroxycinnamic acid (HCA) ester concentration, which have previously
been associated with resistance to SPW feeding and oviposition. A moderate broad sense
heritability estimate (H?=0.49) for weevil resistance was observed. Mean genotype SPW
severity ranged from 1.0-9.0, with severity across sites and seasons slightly skewed to the left
or susceptibility. However, a total of 25 progeny exhibited transgressive segregation for
field-based SPW resistance suggesting that breeding for resistance to SPW is a realistic goal.

The total HCA ester concentrations of genotypes were different (P<0.0001), with the
distribution of genotype mean HCA concentrations skewed to the left. We observed a weak
but significant correlation (r=0.103, P=0.015) between total HCA ester concentration and
SPW severity. A total of five and seven SSR markers were significantly associated with
storage root SPW severity and total HCA ester concentration, respectively.

Genetic studies showed SPVD resistance to be a heritable trait (H?=0.51). The overall
mean genotype SPVD severity scores across sites and seasons were normally distributed.
Two progeny showed transgressive segregation for overall genotype mean SPVD severity. A
total of seven SSR markers were associated with SPVD resistance in this population.

This series of studies has examined the nature of inheritance of storage root yield, dry
matter, starch and p-carotene content, and resistance to SPW and SPVD in sweetpotato. SSR
markers linked to the inheritance of these key traits will be useful for sweetpotato genomic
improvement, and they provide useful information as the sweetpotato research community

continues to develop improved genomic tools for sweetpotato improvement.
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CHAPTER 1

Introduction

Modern crop improvement techniques are needed to address the production
constraints of sweetpotato (Ipomoea batatas (L.) Lam.). Sweetpotato is a key food, and
health and income security crop in the developing world. Despite being the world’s seventh
most important food crop after rice, wheat, barley, maize, potato and cassava (FAOSTAT
2012), sweetpotato genomic improvement has lagged behind other important crops. This is
attributed partly to the scarcity of molecular markers to facilitate genetic analyses,
appropriate specific statistical procedures due to its polyploid nature, and lack of user-
friendly computer software to implement the statistical procedures for genetic analyses of the
important agronomic traits.

Sweetpotato belongs to the Convolvulaceae family. It is a clonally propagated, highly
heterogeneous, out-crossing autohexaploid (2n=6x=90) crop with complex genetics
(Cervantes-Flores et al. 2008a). Sweetpotato genotypes also exhibit high levels of self- and
cross-incompatibility (Martin 1965; Gurmu et al. 2013). These attributes have been reported
to be major genetic barriers for sweetpotato improvement (Mcharo et al. 2005a; Cervantes-
Flores et al. 2008a; Chang et al. 2009). Sweetpotato has been recognized as an “orphan crop”
with private investment in the development of sweetpotato genomics infrastructure virtually
nonexistent, leaving all these efforts in the hands of the scantly funded public sector.

With a total global annual production of 175,900,000 metric tons, sweetpotato is still

one of the key crops of global importance (FAOSTAT 2012). Most of this production takes



place in the developing world with China as the leading producer followed by Nigeria and
Uganda (FAOSTAT 2012).

In China and some parts of Asia, sweetpotato is mainly grown as an animal feed
(FAOSTAT 2012). In the United States (US), sweetpotato is mainly grown in North Carolina
and consumed as a nutritious desert, baked sweetpotato in restaurants, and also as fries and
chips. In the US, sweetpotato has also been developed into an ornamental crop (Winslow
2012). Sweetpotato leaves and roots rich in biologically active anthocyanin are also used for
production of natural food colorants mainly in Asia, but with a growing interest in the US
(Islam 2006; Troung et al. 2007).

Sweetpotato is regarded as one of the most nutrient rich among the root and tuber
crops in sub-Saharan Africa (SSA), and the consumption of orange-fleshed sweetpotato
(OFSP) varieties has been shown to significantly increase vitamin A intake in children and
pregnant women in SSA (van Jaarsveld et al. 2005; Low et al. 2007; Hotz et al. 2012).
Sweetpotato is also rich in in carbohydrates, vitamin C, fiber, and minerals such as iron, zinc
and potassium (Woolfe 1992). Currently, sweetpotato is a major food, feed and income
security crop for resource poor farmers in SSA (Aritua and Gibson 2002).

Though regarded as a key crop, sweetpotato production is severely constrained by a
number of pests and diseases that, coupled with environmental factors, results in substantial
yield reduction (50-100%).

Sweet potato virus disease is one of the most devastating global constraints to
sweetpotato production. This disease is the result of a co-infection complex of whitefly

transmitted Sweet potato chlorotic stunt virus (SPCSV; Crinivirus) and the aphid transmitted



Sweet potato feathery mottle virus (SPFMV; Potyvirus). Yield losses of up to 98% occur
under severe SPVD infections in SSA (Gibson et al. 1998; Gibson et al. 2004).

The sweetpotato weevils (SPW), Cylas spp. are the single most devastating insect
pests of sweetpotato in the world (Sutherland 1986). Though Cylas formicarius elegantulus
(Summers) is the predominant global species, C. puncticollis (Boheman) and C. brunneus,
(Fabricius) are the main species causing yield losses, of between 67% and 100% in SSA
(Smit 1997). The concealed feeding and oviposition behaviors and larval development of the
weevils in the storage roots makes their detection and management difficult. Therefore, the
application of modern breeding techniques to enhance SPW resistance in this crop will
greatly contribute to mitigating the unwanted yield losses (Stathers et al. 2003b).

Presently, sweetpotato breeding is required to address the emerging changes in the
global sweetpotato industry. Changing agricultural practices require the development of
sweetpotato varieties with specific agronomic characteristics, for instance the development of
table-stock and processing types for specific purposes in the US and Japan. Breeders also
need to develop SPW and SPVD resistant, high dry matter and high B-carotene content
varieties for SSA (Fuglie 2007), yet Cervantes-Flores et al. (2011) and Grlneberg et al.
(2005) showed that dry matter and p-carotene content are negatively correlated in
sweetpotato. Also, as sweetpotato production in SSA increases, the crop is being grown in
new land areas, exposing the plants to altered growing environments and new pathogens and
pests warranting use of modern technologies to breed varieties to meet these challenges.

To maximize the success rate in developing sweetpotato varieties, genomic tools have

become critical for this as in other crops (Ortiz 1998; Mwanga et al. 2011). Genomic tools



are needed for sweetpotato improvement because most of the important agronomic traits in
sweetpotato are quantitatively inherited (Cervantes-Flores et al. 2008a; Chang et al. 2009).
Genomic tools will also enhance the understanding of the genetic basis and facilitate more
efficient introgression of important traits for producing desirable sweetpotato varieties.

Some progress has been made in sweetpotato molecular genetic studies in the past
two decades. The first linkage maps were developed from a bi-parental cross of ‘Vardaman’
and ‘Regal’ using random amplified polymorphic DNA (RAPD) markers (Ukoskit and
Thompson 1997). Thereafter, amplified fragment length polymorphism (AFLP) maps for
crosses between ‘Tanzania’ and ‘Wagabolige’ (Mwanga et al. 2002a), ‘Tanzania’ and
‘Bikilamalia’ (Kriegner et al. 2003) and ‘Tanzania’ and ‘Beauregard’ cultivars (Cervantes-
Flores et al. 2008a) were developed. Sequence-related amplified polymorphism (SRAP)
marker based maps were constructed from cultivars ‘Luoxushu 8” and ‘Zhengshu 20’ (Li et
al. 2010). Recently, AFLP and simple sequence repeat (SSR) based sweetpotato linkage
maps from crosses of ‘Xhushu 18’ and ‘Xu 781’ cultivars were developed (Zhao et al. 2013).

Few quantitative trait loci (QTL) have been identified in sweetpotato to date. Some
QTL of yield-related traits have been mapped in sweetpotato (Chang et al. 2009). QTL for
storage root dry matter, starch and -carotene content (Cervantes-Flores et al. 2011; Zhao et
al. 2013; Yu et al. 2014) and root-knot nematode resistance have been mapped (Cervantes-
Flores et al. 2008b). The published sweetpotato QTL have not been used to enhance
sweetpotato breeding to date as most of them are AFLP-based with limited utility for marker-

assisted selection (MAS) and genomic selection.



Discriminant analysis and logistic regression have also been used for associating
sweetpotato traits with molecular markers to overcome the lack of molecular markers and
high density genetic linkage maps in sweetpotato (Mcharo et al. 2005a). It was revealed that,
discriminant analysis, logistic regression and QTL analyses linked AFLP marker e41m33.a
to SPFMV and RAPD marker S13.1130 to SPCSV resistance (Mcharo et al. 2005a).
Discriminant analysis and logistic regression at the same time identified two markers linked
to these traits that were not detected by QTL analysis (Mcharo et al. 2005a). After these
findings, discriminant analysis and logistic regression gained some importance in
sweetpotato marker trait association analysis and has been used to identify AFLP markers
associated with root-knot nematode resistance (Mcharo et al. 2005b), SPVD resistance
(Miano et al. 2008) and B-carotene content (Mcharo and LaBonte 2010) in sweetpotato.

In this study, we generated a mapping population from a bi-parental cross of ‘New
Kawogo’ x ‘Beauregard’ cultivars. ‘New Kawogo’ is a white-fleshed, high dry matter and
starch content, SPW resistant and SPVD tolerant released landrace in Uganda (Mwanga et al.
2001; Stevenson et al. 2009), while ‘Beauregard’ is a popular US cultivar that is orange-
fleshed, with low dry matter and starch content, and susceptible to sweetpotato weevils and
SPVD (Rolston et al. 1987). This population is segregating for storage root yield, dry matter,
starch and B-carotene content, SPVD and SPW resistance. We had proposed to map the QTL
of these traits using co-dominant SSR markers. This approach was needed as no SSR-based
sweetpotato QTL have been reported to date to the best of our knowledge. This would also

solve the inherent limitations of the dominant markers in downstream breeding applications.



However, the anticipated QTL analysis of these traits was limited by cost and time
considerations and the relatively low numbers of sweetpotato SSR markers available.
The objectives of the present study were to:

1. Develop a mapping population segregating for SPW and SPVD resistance and
agronomic traits from crosses of ‘New Kawogo’ x ‘Beauregard’ and genotype this
population using SSR markers

2. Phenotype the mapping population for storage root yield, dry matter, B-carotene and
starch content, and field SPVD and weevil resistance, and hydroxycinnamic acid ester
production

3. Identify the markers associated with the inheritance of storage root yield, dry matter,
B-carotene and starch content, and field SPVD and weevil resistance, and
hydroxycinnamic acid ester production through the use of logistic regression

analyses.



Literature Review

Sweetpotato improvement

Sweetpotato breeding techniques are largely dictated by the complex genetics and
polyploid nature of the crop. Cultivated sweetpotato [Ipomoea batatas (L.) Lam] and its
close wild relatives belong to the Convolvulaceae family (Martin 1970; Huaméan and Zhang
1997). From morphological, cytogenetic and molecular evidence, I. trifida is considered the
closest relative and putative progenitor of sweetpotato (Austin 1988; Jarret et al. 1992;
Buteler et al. 1999; Srisuwan et al. 2006).

The wild relatives of sweetpotato have mainly been used in genetic studies (Freyre et
al. 1991; Nakayama et al. 2010). Interspecific hybrids made between I. batatas x I.
grandifolis and I. batatas x I. purpurea did not yield edible roots thus limiting the use of
interspecific hybridization in classical sweetpotato breeding (Cao et al. 2009). However, a
single plant out of 176 somatic hybrids produced from I. batatas cv. Kokei no. 14 and I.
triloba through protoplast fusion successfully yielded storage roots offering some possibility
of the use of interspecific breeding in sweetpotato (Yang et al. 2009).

The genome constitution of sweetpotato was postulated to be B;B;B,B,B,B, with
high homology between the B; and B, genomes (Shiotani and Kawase 1989; Austin and
Huaman 1996). Sweetpotato was initially reported to be an allopolyploid species based on
cytogenetic studies (Jones 1965; Magoon et al. 1970). However, molecular studies later
showed that sweetpotato is probably functionally an autopolyploid species with high levels of

preferential pairing (Nishiyama et al. 1975; Ukoskit and Thompson, 1997; Kriegner et al.



2003; Cervantes-Flores et al. 2008a). High levels of sporophytic self- and cross-
incompatibility occur in sweetpotato (Martin 1965; Gurmu et al. 2013). Sweetpotato is a
highly heterozygous hexaploid crop (2n=6x=90) (Jones 1965; Purseglove 1991) with a large
genome size of between 2,200 Mbp and 3,000 Mbp (Varshney et al. 2010).

The linkage map size for sweetpotato from the ‘Tanzania’ x ‘Beauregard’ mapping
population was estimated as 5792 cM, with an average distance between markers of 4.5 cM
for the ‘Tanzania’ map, while the ‘Beauregard’ map size was estimated as 5276 cM, with an
average marker distance of 4.8 cM (Cervantes-Flores et al. 2008a). Zhao et al. (2013)
estimated the linkage map size for the ‘Xushu 18’ x ‘Xu 781’ mapping population as 8184.5
cM with average between marker distance of 3.9 ¢cM for the ‘Xushu 18’ map, and 8151.7 cM
with average between marker distance of 4.2 ¢cM for the ‘Xu 781’ map. This large and
complex genome of sweetpotato makes sweetpotato genomic studies complicated.

Though sweetpotato is thought to have originated from either South America (Austin
1988; Huang and Sun 2000) or Central America (Zhang et al. 1998; Zhang et al. 2000a;
Zhang et al. 2000b; Zhang et al. 2004), it is now being produced in the tropical, subtropical
and temperate regions of the world (Woolfe 1992). This covers the regions between latitudes
40°N and 32°S of the equator and from sea level to 3000 m.a.s.I (Purseglove 1991; Woolfe
1992). The wide latitudinal and longitudinal range of sweetpotato production affects the

flowering and seed set and the sweetpotato breeding approach.



Classical sweetpotato breeding

Flowering in sweetpotato is rare, or occurs very late in the crop season as the day
length changes in areas outside the tropics with long day lengths. The ability to induce
flowering in sweetpotato under long day conditions has accelerated progress in sweetpotato
breeding over the years (Miller 1939; Hsia and Chen 1956). Yet, the high level of self- and
cross-incompatibility in sweetpotato greatly reduces the number of true seed generated for
breeding. The average number of true seed from successful bi-parental crosses has been

reported to be three (Griineberg et al. 2009a).

Hybridization

The main hybridization scheme for generating variability in sweetpotato
improvement globally is the use of open pollination in the polycross breeding nurseries
(Martin and Jones 1986; Yencho et al. 2008). Breeding programs generate between 20,000
and 100,000 true seed from polycross nurseries depending on the number of parental
genotypes being recombined (Griineberg et al. 2009b). Though controlled crosses are
considered to be more efficient theoretically, few breeding programs use this approach due to
high levels of self- and cross-incompatibility among genotypes and seed set abortions.

Breeding programs at North Carolina State University, Louisiana State University,
the International Potato Center (CIP) in Peru, the National Crops Resources Research
Institute in Uganda, and in China and Japan use controlled crosses primarily for genetic
studies and population improvement (Mwanga et al. 2002b; Griineberg et al. 2009a; Mcharo

et al. 2005a; Cervantes-Flores et al. 2008a; Zhao et al. 2013).



Sweetpotato breeding objectives vary among the various world production regions.
Presently, the primary breeding objectives in SSA are the development of high yielding, low-
sweetness, high dry matter and high p-carotene content varieties that are weevil and SPVD
resistant (Fuglie 2007; Gruneberg et al. 2009b). In the USA and Asia, the objectives of
sweetpotato breeding are: developing high p-carotene content varieties for table stock use,
developing high dry matter and extractable starch for processing, breeding purple-fleshed
varieties for table-stock and processing markets (Gruneberg et al. 2009b). North Carolina
State University also breeds ornamental sweetpotato varieties for the annual bedding

landscape industry (Winslow 2012).

Selection and evaluation

Mass selection has been widely used for sweetpotato breeding (Jones et al. 1987).
The typical classical sweetpotato breeding cycle from hybridization to variety release takes
7-8 years (Laurie et al. 2004; Yencho et al. 2008; Griuineberg et al. 2009a). Each F; seedling
has the potential to become a new variety as all the genetic variances are fixed through clonal
propagation. The seed is treated with concentrated sulfuric acid to break seed dormancy due
to the hard seed coat and then germinated for evaluation in a seedling nursery. The number of
clones selected is reduced as the materials are evaluated from seedling nursery through
observation trials, preliminary yield trial, intermediate yield trial, advanced yield trial and on-
farm trials to variety release in the sixth to the eighth year (Griineberg et al. 2009b).

The breeding programs in SSA and CIP have adapted the accelerated breeding

scheme characterized by the replacement of temporal variation in the test environments with
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spatial variation (Gruneberg et al. 2009a; Griineberg et al. 2009b). A large number of clones
from the seedling nursery stage are evaluated at multiple sites and stable clones are advanced
to the remaining selection cycles. Here varieties can be released after 3-4 years (Griineberg et
al. 2009a). The flow of materials through the selection cycles of the two breeding schemes is

shown in Fig. 1.

Classical quantitative genetics in sweetpotato

Plant quantitative genetic analysis has been used to understand the genetic basis of
key traits in sweetpotato. The use of heritability estimates in sweetpotato improvement was
reviewed by Jones (1986). Heritability estimates have been determined for resistance to
chlorotic leaf distortion in sweetpotato (Kim et al. 1996) and SPVD resistance (Hahn et al.
1981). Heritability for sweetpotato root dry matter (H?=0.93), zinc (H?=0.82) and iron
(H*=0.74) content were estimated from full-sib families of sweetpotato (Courtney et al.
2008). High broad sense heritability (H?=0.73) estimate for storage root dry matter content
was also reported from Ugandan germplasm (Shumbusha et al. 2014). Through a diallel
analysis, the inheritance of SPCSV and SPFMV was hypothesized to be controlled by two
recessive alleles (Mwanga et al. 2002a).

Quantitative genetics methods have also been used to compute variance component
estimates for allocation of breeding resources (Grineberg et al. 2004). Genotype x
environment (G x E) interactions for storage root yield, dry matter, p-carotene, starch
content, and harvest index were reported in sweetpotato to inform breeding decisions (Ngeve

1993; Griineberg et al. 2005; Adebola et al. 2013). This information has been useful for
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guiding breeders’ decision to screen genotypes at multiple sites for traits with high G x E
interactions and in a single site for traits with no or low G x E interactions as they minimize
costs. Knowledge on G x E for traits has also guided in the development of broad and

specific adapted varieties.

Major biotic constraints of sweetpotato production

Sweet potato virus disease (SPVD)

Sweet potato virus disease is the main global sweetpotato production disease
constraint, but it causes the most severe damage and yield losses in SSA (Karyeija et al.
1998a; Tairo et al. 2005; Valverde et al. 2007). SPVD is a synergistic disease complex of the
dual infection by the whitefly transmitted SPCSV and the aphid transmitted SPFMV (Gibson
et al. 1998; Karyeija et al. 2000). SPVD infection is characterized by overall plant stunting,
leaf narrowing, chlorosis and mosaics or vein-clearing (Gibson et al. 1998).

In SSA, yield losses of up to 98% can result from very severe SPVD infections
(Karyeija et al. 1998a; Gibson et al. 1998; Gibson et al. 2004), whereas 30-50% yield losses
can occur in the US farmers’ fields (Clark and Hoy 2006). The areas around the Lake
Victoria crescent in East Africa are the most severely impacted by SPVD (Aritua and Gibson
2002; Mukasa et al. 2003a; Ndunguru et al. 2009). Clonal propagation enhances the
accumulation and spread of SPVD inoculum (Karyeija et al. 1998a).

Some East African cultivars like ‘Tanzania’ and ‘New Kawogo’ are moderately

resistant to most strains of SPFMV as they show mild initial symptoms in the field and also
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recover from infection (Aritua et al. 1998; Mwanga et al. 2013). However, the mechanism of
this virus elimination is not yet understood. These East African sweetpotato cultivars are able
to eliminate SPFMV, but co-infection with SPCSV interferes with recovery (Mukasa et al.
2003a) and also enhances resistance breakdown (Mukasa et al. 2006; Kreuze et al. 2008).
Therefore, the co-infection of SPFMV and SPCSV causes SPVD, even in the most resistant

clones of sweetpotato to SPFMV (Aritua et al. 1998; Gibson et al. 1999; Kreuze et al. 2008).

Detection of SPVD

SPVD can be detected by phenotypic field evaluation of symptoms and use of
nitrocellulose membrane enzyme-linked immunosorbent assay (NCM ELISA) in most
laboratories (Abad and Moyer 1992). Virus indexing by graft inoculation on indicator plants
like 1. setosa has also been used for virus detection of SPVD infection in sweetpotato (Moyer
and Salazar 1989). Mechanical inoculation of indicator plants such as Nicotiana
benthamiana, Nicotiana clevelandii and Chenopodium quinoa with isolates from infected
plant material has been widely used for virus diagnostics (Moyer and Salazar 1989).

The more sensitive and accurate SPVD diagnosis methods in plants include; reverse
transcription polymerase chain reaction (Colinet et al. 1998), real time polymerase chain
reaction (Kokkinos and Clark 2006a), sequencing of PCR products for virus identity
(Mukasa et al. 2003b) and deep sequencing of viruses of small RNAs (Kreuze et al. 2009).
Microarray analysis has also recently been applied to analyze virus expression at molecular

level in sweetpotato (McGregor et al. 2009).
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Management of SPVD

The mechanism of field resistance to SPVD is unknown. Mwanga et al. (2002a)
proposed the spfmvl and spcsvl genes in cultivars ‘Tanzania’ and ‘Bwanjule’ as the major
genes mediating resistance to SPFMV and SPCSV, respectively. ‘New Kawogo’ and Sowola
were also identified as sources of resistance to SPFMV and have been used as parental
material for developing cultivars in SSA (Mwanga et al. 2001). Several wild Ipomoea spp. in
East Africa, a secondary center of sweetpotato diversity, such as I. acuminata, I. aquatica, 1.
blepharophylla, 1. cairica, I. cordofana and I. crepidiformis among others, are highly
resistant to SPFMV, SPCSV or both viruses (Karyeija et al. 1998b). However, the
incorporation of such resistance from the wild diploid species into cultivated sweetpotato is
difficult due to cross-incompatibility.

Cultivars with high levels of SPVD field resistance typically yield less than the
susceptible ones (Aritua et al. 1998; Valverde et al. 2007). This implies that there is a fitness
cost associated with resistance. However, more research is needed to understand if the
genetic factors mediating field resistance are linked to those conferring low yield in
sweetpotato (Valverde et al. 2007).

The production of moderately resistant varieties and use of clean planting material
has been suggested as the most effective approach to reduce SPVD levels in SSA (Aritua et
al. 1998; Byamukama et al. 2004). These methods have not been successful in SSA because
of a lack of an effective seed system for production of virus-free planting material and

resistance breakdown through unidentified synergistic viruses (Mukasa et al. 2003a; Tairo et
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al. 2005). However, the use of virus-free planting material was shown to increase
sweetpotato yields by over 30% in China (Fuglie et al. 1999).

Virus resistant transgenic sweetpotatoes were developed by the transformation of
some East African cultivars with the coat protein gene from the russet crack strain of SPFMV
and evaluated in Kenya as another approach for SPVD management (Wambugu 2003).
However, most of the plants succumbed to SPVD in the field due to the synergistic co-

infection of the plants by SPCSV (Okada et al. 2002; Tairo et al. 2005).

Molecular mechanism of SPVD infection

Recent studies have led to a mechanistic understanding of the synergistic interaction
of SPCSV and SPFMV at molecular level. Cuellar et al. (2009) identified the viral class 1
RNase 111 enzyme from SPCSV as a key factor behind the severe disease and yield losses to
which SPCSV predisposes sweetpotato plants. With the progress in sequencing of virus
strains from various regions (Kreuze et al. 2002; Cuellar et al. 2009) and the molecular
understanding of the synergistic interaction of SPCSV and SPFMV, it may be possible to
engineer SPVD resistance in sweetpotato through the suppression of the virus RNase Il
enzyme activity through ribonucleic acid interference (RNAI). This could be a successful
transgenic approach for SPVVD management.

The AFLP markers associated with SPVD resistance have been identified (Mcharo et
al. 2005a; Miano et al. 2008). However, future breeding of SPVD resistance will need the
identification of QTL of SPVD resistance based on co-dominant SSR markers and single

nucleotide polymorphism markers (SNPs). These co-dominant markers will enable the
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mapping of allelic effects in the autohexaploid sweetpotato. When the QTL are fine mapped
and markers validated, marker assisted selection for SPVD resistance could be implemented

for the timely release of high yielding and SPVD resistant varieties.

Sweetpotato weevils (SPW)

The sweetpotato weevils, Cylas spp. are the most important global insect pests of
sweetpotato (Horton and Ewell 1991; Sutherland 1986). C. formicarius is the most widely
spread species in Asia, South America, northern and eastern Australia, the Caribbean and
parts of Africa and North America (Chalfant et al. 1990; Snook et al. 1994). The common
SPW species in SSA are C. puncticollis, Boheman and C. brunneus, Fabricius (Smit 1997).
Wild Ipomoea species are the alternate hosts for sweetpotato weevils (Smit and van Huis
1998).

Weevil damage is normally greatest in areas with low rainfall or severe drought. The
cracking of the soil surface under these conditions facilitates access by adult weevils for
oviposition at the bases of stems and storage roots near the soil surface (Jansson et al. 1990;
Stathers et al. 2003a).

The predominant SPW in Africa; C. puncticollis and C. brunneus both have similar
life cycles. Their development from egg through larva, pupa and adult normally takes 20-28
days and 32-41 days for C. puncticollis and C. brunneus, respectively. Adult C. puncticollis
and C. brunneus live for an average of 140 and 92 days, respectively (Smit and van Huis

1998).
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The adult weevils typically feed at night and mainly oviposit on the sweetpotato
crown and roots (Jansson et al. 1987). The major damage to the storage roots is through
feeding by the larvae (Cockerham et al. 1954; Jansson et al. 1987). Larval feeding also
enhances access of sweetpotato roots for pathogenic attack and secretion of defense
sesquiterpenes by the plants making the roots bitter and unacceptable for consumption
(Uritani et al. 1975; Sato and Uritani 1981). Yield losses of 67-100% have been reported in
Uganda in the form of reduced quality and quantity of marketable storage roots (Smit 1997).

Weevil damage escalates 80-100 days after planting (DAP) when the plant stems
have thickened to enhance oviposition (Sutherland 1986). Varieties with long thin vines are
less likely to develop severe damage. Early maturing and high dry matter content varieties
have been observed to suffer reduced weevil infestations (Hahn and Leuschner 1981; Jansson
et al. 1990; Stathers et al. 2003b). Deep rooting varieties also experience lower weevil
damage (Hahn and Leuschner 1982). The lower weevil damage in early maturing and deep

rooting varieties has been attribued to an escape resistance mechanism.

Sweetpotato weevil management

The management of sweetpotato weevils globally has been attempted through the use
of sex pheromones, cultural practices, insecticides, natural enemies, transgenic varieties and
host plant resistance.

The synthetic forms of sex pheromones formulated from decyl (E)-2-butenoate and
dodecyl (E)-2-butenoate, identified as components of the female sex pheromones of C.

puncticollis and C. brunneus, respectively at the Natural Resources Institute (NRI),
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University of Greenwich, UK were used to trap male weevils in Uganda. This experiment
resulted in an 89% reduction in the male weevil populations in the experimental plots
compared to the plots that were not mass-trapped (Smit et al. 2001). However, no significant
differences in storage root infestations between the mass-trapped and untreated plots were
observed in these trials, limiting the application of this approach.

Several cultural practices have been attempted for weevil management in SSA (Smit
1997; Talekar 1983). These include: the use of clean planting material, removal of volunteer
plants and crop debris, crop rotation, use of barrier crops, planting of new crop away from
weevil-infested fields, hilling-up to fill soil cracks and timely planting and harvesting before
onset of the dry season (Smit and Matengo 1995; Smit 1997). Although hilling-up
significantly increased sweetpotato yields in Uganda (Odongo et al. 2003), the application of
these integrated pest management (IPM) practices has not produced the desired yield gains.

Pre-plant and post-plant insecticides such as bifenthrin, phosmet, carbaryl, endosulfan
and beta-cyfluthrin have been used widely to control weevils especially in the developed
world and Asia (Sutherland 1986). Application of chlorpyrifos 5% granules resulted in lower
weevil damage in Taiwan (Hwang 1994). However, the concealed feeding and oviposition
behaviors of the SPW makes chemical control difficult as the weevils feed and oviposit
inside the roots in the soil (Nottingham and Kays 2002).

Sweetpotato weevils have many natural enemies including predators, parasites and
pathogens. The fungal pathogen Beauveria bassiana has been isolated and used for
management of C. puncticollis and C. brunneus in East Africa (Allard 1990) and for C.

formicarius in the US (Cockerham et al. 1954) and Asia (Sherman and Tamashiro 1954).
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This method is mainly limited by the absence of the favorable conditions for fungal
dissemination like high humidity at the peak of weevil infestation that typically occurs during
drought periods (Ignoffo 1985).

Transgenic Bacillus thuringiensis var. tenebrionis Berliner (Bt) has been expressed in
sweetpotato with limited success in weevil management (Moran et al 1998). Bt acts by
interfering with insect digestion through the creation of holes in the insect gut membrane,
leading to the leakage of gut contents and eventually the death of susceptible weevils (Gill et
al. 1992). Recent efforts in implementing transgenic weevil resistance in Uganda have not
been successful. Seven Bt Cry proteins from Bayer Crop Science and Monsanto were tested
for toxicity against C. puncticollis and C. brunneus on an artificial diet at NaCRRI. The Cry
proteins Cry7Aal, ET33-34, and Cry3Cal were identified to be the most lethal with potential
for Bt mediated resistance in sweetpotato (Ekobu et al. 2010).

Ten transgenic events expressing Cry7Aal, Cry3Cal, and ET33-34 proteins were
developed, but none were effective against C. puncticollis because of low expression of Cry
proteins in storage roots (Rukarwa et al. 2013a). However, the Cry7Aal gene segregated in
the population of crosses with non-transgenic cultivars in a 1:1 ration with a stable
expression in the F; progeny demonstrating the possible future application of transgenic
breeding for SPW resistance in SSA (Rukarwa et al. 2013b). The regeneration and
transformation protocols for some Ugandan cultivars were optimized to enhance genetic
transformation of African cultivars for SPW resistance (Sefasi et al. 2012).

Host plant resistance has not been successful in SPW management over the last four

decades mainly because of lack of an understanding of the genetic basis of resistance and
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limited sources of resistance (Talekar 1987; Stevenson et al. 2009). Most of the resistance in
sweetpotato has been associated with escape (Barlow and Rolston 1981; Stathers et al.
2003b) and high dry matter content (Hahn and Leuschner 1981). Though some weevil
resistant lines were identified in the US (Jackson and Bohac 2006), classical breeding has not
delivered weevil resistant varieties for the farming community in the US or SSA to date
(Stevenson et al. 2009).

The identification of the chemical basis of resistance against C. puncticollis presents a
new opportunity for SPW management in SSA. The high level of octadecyl and hexadecyl
esters of hydroxycinnamic acid esters from the root latex was recently demonstrated as the
chemical basis of resistance to sweetpotato weevils in ‘New Kawogo’, a Ugandan landrace
variety (Stevenson et al. 2009; Anyanga et al. 2013). Hydroxycinnamic acid esters are
phenolic compounds contitutively synthesized in plants and play a role in plant defense
against pathogens and herbivory. Earlier research showed that sweetpotato latex contained
hexadecyl, octadecyl, and eicosylcoumaric acid esters that are associated with sweetpotato
resistance to C. formicarius (Snook et al. 1994; Data et al. 1996).

Selecting for increased levels of hydroxycinnamic acid esters in breeding populations
has been proposed as a method to enhance the levels of resistance to SPW for population
improvement and variety development programs in SSA. These efforts will be enhanced by
mapping of the QTL associated with the production of hydroxycinnamic acid esters in
sweetpotato and the use of the markers from these QTL for MAS of weevil resistance and

variety release in SSA.
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Molecular marker applications for sweetpotato improvement

Molecular markers have not been widely used in sweetpotato genetic studies
compared to other staple crops probably because of the complex sweetpotato genome and
segregation patterns (Chang et al. 2009). As a result, most of the molecular genetic studies in
sweetpotato have mainly been done with dominant markers that are relatively easy to score

(Zhang et al. 2000D).

Random amplified fragment length polymorphism markers (RAPDs)

The RAPDs are polymerase chain reaction (PCR)-based markers that have been used
for genetic diversity analysis among sweetpotato genotypes (Connolly et al. 1994; Komaki et
al. 1998; Zhang et al. 1998; Gichuki et al. 2003; Soegianto et al. 2011; Moulin et al. 2012).
Ukoskit et al. (1997) used RAPDs for linkage and QTL analysis of root-knot nematode
resistance in sweetpotato using a mapping population of ‘Vardaman’ and ‘Regal’ cultivars.
RAPDs have not been used much in sweetpotato genetic studies due to their lack of

reliability and reproducibility.

Amplified fragment length polymorphism (AFLP)

Amplified fragment length polymorphism (Vos et al. 1995) markers are dominant
PCR-based markers that are easy to score in the hexaploid sweetpotato genome. They are
also easy to assay and generate a large number of markers per assay (Majer et al. 1996). As a

result, they have been used for most of the genetic studies in sweetpotato, especially in
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germplasm diversity analysis (Zhang et al. 2000b; Fajardo et al. 2002; Zhang et al. 2004;
Elameen et al. 2008; Liu et al. 2012).

Most of the genetic linkage maps of sweetpotato and wild progenitors have been
constructed with AFLPs (Mwanga et al. 2002a; Kriegner et al. 2003; Cervantes-Flores et al.
2008a; Nakayama et al. 2010; Zhao et al. 2013). The QTL of root knot-nematode resistance,
yield, dry matter, starch and p-carotene content mapped in sweetpotato are based on AFLPs
(Cervantes-Flores et al. 2008b; Cervantes-Flores et al. 2011; Zhao et al. 2013). Due to their
dominant inheritance and inability to detect alleles (Semagn et al. 2006), AFLPs are not

useful for marker-assisted selection in sweetpotato.

Simple sequence repeats markers (SSRs)

Simple sequence repeats (SSR) markers or microsatellites are PCR-based co-
dominant inherited markers that are more amenable to automation, transferability between
laboratories and genetic studies (Roder et al. 1995; Semagn et al. 2006). Hundreds of SSRs
have been developed for sweetpotato from expressed sequence tag (EST) and bacterial
artificial chromosome (BAC) libraries (Buteler et al. 1999; Hu et al. 2004; Schafleitner et al.
2010; Wang et al. 2011). Due to their high discriminatory power, SSRs have been widely
used for diversity analysis in sweetpotato (Zhang et al. 2000a; Veasey et al. 2008; Karuri et
al. 2010; Yada et al. 2010b; Koussao et al. 2014).

A major limitation of SSR markers in highly out crossing, heterozygous and

polyploid species is the occurrence of null alleles (Powell et al. 1996). Buteler et al. (1999)
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reported insertions, deletions and base substitutions in microsatellite flanking regions as the
major limitation for the use of microsatellites in sweetpotato.

SSR makers were used in addition to AFLPs to develop genetic linkage maps and
identify QTL of storage root dry matter content in sweetpotato (Zhao et al. 2013). To date,
there are no exclusively SSR-based genetic linkage maps for sweetpotato though SSRs would

be suitable for sweetpotato breeding through MAS.

Single nucleotide polymorphisms (SNPs)

Single nucleotide polymorphisms are DNA variations in the genomes of organisms
due to a single nucleotide base A, T, C or G changes. SNPs are the most abundant DNA
sequence variations in genomes of most organisms and are suitable for mapping genes
(Drenkard et al. 2000; Nasu et al. 2002). SNPs are the latest markers of choice because of
their extremely high polymorphic information content (Jehan and Lakhanpaul 2006).

The general application of SNPs in plant linkage analysis and QTL discovery
involves the in silico mining and detection of SNPs by sequence comparisons of available
EST sequences for the plant species available in the public databases or using molecular
biology techniques such as mini-sequencing (Somers et al. 2003).

Another robust approach for SNP mining in high diversity species such as
sweetpotato that lack a reference genome sequence is the use of genotyping by sequencing
(GBS) approach (Elshire et al. 2011). In GBS, restriction enzymes (RES) are used to reduce
genome complexity and construct GBS libraries that are barcoded and then sequenced by

Next-Generation sequencing platforms like the Genome Analyzer 1l (lllumina, Inc., San
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Diego, CA). SNP discovery in plants lacking a genome reference can be done using the
universal network enabled analysis kit (UNEAK) approach that has been successfully
implemented in switch grass (Lu et al. 2013).

Though SNPs have been widely used in plant genetic studies and crop improvement
(Gupta et al. 2001), no sweetpotato SNPs have been developed to date. There is also no
reference genome map for hexaploid I. batatas or its close diploid progenitor, | trifida to
date. This makes SNP discovery in sweetpotato difficult. It may be possible however, to use
GBS to sequence mapping populations and mine single dose SNPs for linkage and QTL
analysis in sweetpotato. A comprehensive SNP based genetic linkage will be a step forward

in sweetpotato breeding and genetics.

Sweetpotato improvement in the genomics era

Next-Generation phenotyping

Phenotyping is becoming the most expensive and biggest limitation to the accurate
mapping of traits for crop improvement as sequencing and genotyping costs continue to fall
(Cobb et al. 2013). Next-Generation phenotyping is aimed at increasing accuracy, precision
and throughput of acquisition of phenotypic data in a timely and low cost manner, and also
improving data integration and experimental designs (Cabrera-Bosquet et al. 2012).

Many imaging platforms and computer software have been developed for automated
screening of root architecture (Armengaud et al. 2009; Clark et al. 2011), leaf architecture

and turgor pressure for drought screening (Backhaus et al. 2010; Berger et al. 2010; Bartlett
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et al. 2012). Plant ontologies and databases are a major component of modern phenotyping
(Avraham et al. 2010). High-throughput plant chemistry analysis using near-infrared
reflectance spectroscopy (NIRS) is being implemented in many breeding programs (Cobb et
al. 2013).

Most of these modern phenotyping platforms have not been implemented in
sweetpotato. Morphological characterization has been widely used in sweetpotato diversity
analysis and evaluation in Uganda (Yada et al. 2010c). Sweetpotato storage root and biomass
yields are normally determined at harvest. Storage root dry matter content is typically
determined through drying of sliced root samples for 72 hours in an oven. Normally, p-
carotene content is visually assessed using a color chart. Genotype resistance of SPVD,
Alternaria blight and SPW is measured by visual assessment of damage symptoms on plants
(Yada et al. 2011).

Sweetpotato storage root chemical analysis is being automated at North Carolina
State University and CIP, Lima, Peru. NIRS platforms have been calibrated to concurrently
scan and predict storage root p-carotene, dry matter, starch, glucose, sucrose, fructose, iron,
zinc and protein contents in sweetpotato (Lu et al. 2006; Zum Felde et al. 2009; CIP 2011,

Tumwegamire et al. 2011).

Molecular marker trait associations in sweetpotato
Molecular markers are critical in the genetic analysis of complex traits (Sankar and
Moore 2001). Most sweetpotato traits of agronomic and economic importance are

quantitative in nature; controlled by many genes and also have high environmental plasticity
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(Lin et al. 2007; Chang et al. 2009). This makes conventional breeding to improve these traits
difficult.

Associating these complex traits to genomic regions can be done through linkage and
QTL analysis (Collard et al. 2008). The first step in QTL analysis is the development of a
mapping population from crosses of selected parental genotypes typically differing in the
expression of the trait to be mapped. These parental genotypes are usually inbred lines used
to constitute mapping populations such as recombinant inbred lines, backcross populations,
and F, populations (Collard et al. 2005).

In sweetpotato, parental genotypes consist of highly heterozygous genotypes that
differ in traits being mapped and are crossed to generate an F; mapping population (Kriegner
et al. 2003; Cervantes-Flores et al. 2008a; Zhao et al. 2013). Large size mapping populations
of more than 200 progeny provide better estimation of QTL and effects (Collard et al. 2005;
Collard and Mackill 2008).

The next phase is QTL analysis, which involves the genotyping of the mapping
population with thousands of molecular markers, and phenotyping of the mapping population
for the traits to develop a genetic linkage map and identify QTL using the appropriate
computer software (Collard et al. 2005).

The next step is QTL validation, which involves confirmation of QTL position and
effects, fine mapping of the QTL to positions less than 5 cM, and verification of QTL in
independent populations and different backgrounds. The markers are then validated by
testing them in a different breeding material to select the set of polymorphic markers for use

in marker assisted selection (Collard and Mackill 2008).
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Few linkage and QTL analysis studies have been reported in sweetpotato so far.
Ukoskit et al. (1997) developed a low-density linkage map for sweetpotato using RAPDs
from which they reported a polysomic inheritance of root-knot nematode resistance.
Recently, a number of AFLP-based linkage maps were constructed from bi-parental crosses
of cultivars ‘Tanzania’ x ‘Bikilamaria’ (Kriegner et al. 2003), ‘Tanzania’ x ‘Beauregard’
(Cervantes-Flores et al. 2008a), ‘Nancy Hall’ x ‘Tainung 27’ (Chang et al. 2009), ‘Luoxushu
8’ x ‘Zhengshu 20’ (Li et al. 2010) and ‘Xhushu 18’ X ‘Xu 781’ (Zhao et al. 2013)

Chang et al. (2009) mapped QTL of top weight, storage root weight, skin color, flesh
color, shape and number from the ‘Nancy Hall’ x ‘Tainung 27’ population. From the
‘Tanzania’ x ‘Beauregard’ mapping population, QTL of storage root dry matter, starch and -
carotene content (Cervantes-Flores et al. 2011) and root-knot nematode resistance
(Cervantes-Flores et al. 2008b) were identified. The QTL of storage root dry matter content
(Zhao et al. 2013) and starch content (Yu et al. 2014) were mapped from the ‘Xhushu 18’ x
‘Xu 781’ mapping population.

To date, it is still impossible to use these sweetpotato QTL for MAS due to the
limited utility of AFLP and RAPD markers that were used to map them. The sweetpotato
breeders and genomicists will need to invest more effort in developing SSR and SNPs for
mapping these key traits in sweetpotato. No QTL of SPW and SPVD resistance have been
reported despite the devastating yield loss they cause.

As the core genomic tools for sweetpotato improvement are being developed,
discriminant analysis and logistic regression can be useful for selecting co-dominant markers

linked to highly heritable traits for use in sweetpotato improvement. Discriminant analysis,
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logistic regression and QTL analyses linked AFLP marker e41m33.a to SPFMV and RAPD
marker S13.1130 to SPCSV resistance (Mcharo et al. 2005a).

Surprisingly, discriminant and logistic regression analysis identified two markers
associated with SPCSV resistance, which were not mapped to SPCSV resistance through
QTL analysis in the same population (Mwanga et al. 2002a; Mcharo et al. 2005a). This
suggests that discriminant and logistic regression analysis might complement QTL analysis
to uncover additional or new QTL associated with a trait. Association of AFLP markers with
root-knot nematode resistance (Mcharo et al. 2005b), SPVD resistance (Miano et al. 2008)
and [-carotene content (Mcharo and LaBonte 2010) has been done through discriminant and
logistic regression analysis. This approach is becoming useful for marker-trait association
studies in sweetpotato in the absence of dense genetic linkage maps. However, replicated
experiments to determine their reliability have yet to be conducted.

Sweetpotato breeders can use the SSR markers linked to these traits for genotyping
their breeding populations and selecting progeny on the basis of hybridization of DNA to
these molecular markers. In the long run, the QTL of key traits in sweetpotato will need to be
fine mapped with SSR and SNPs to enhance sweetpotato breeding through MAS and the

markers can be used for implementing genomic selection for key traits in sweetpotato.
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Fig. 1 The general classical and accelerated breeding schemes for sweetpotato breeding from

hybridization through seedling nursery, clonal evaluation, preliminary yield trial (PYT),

intermediate yield trial (I'YT), advanced yield trial (AYT), on-farm trials and variety release

as conducted through year (Y) 1 to 8
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Abstract

Genetic diversity is critical in sweetpotato improvement as it is the source of genes for
desired genetic gains. Knowledge of the level of genetic diversity in a segregating family
contributes to our understanding of the genetic diversity present in crosses and helps breeders
make selections for population improvement and cultivar release. Simple sequence repeat
(SSR) markers have become widely used markers for diversity and linkage analysis in plants.
In the present study, we screened a total of 405 sweetpotato SSR markers for polymorphism
on the parents and progeny of a bi-parental cross of ‘New Kawogo’ x ‘Beauregard’ cultivars.
Thereafter, we used the informative markers to analyze the diversity in this population. Two
hundred and fifty markers were polymorphic on the parents and selected progeny. Of these
polymorphic markers, 133 were informative and used for diversity analysis. The
polymorphic information content (PIC) values of the 133 markers ranged from 0.1-0.9 with
an average of 0.7, an indication of high levels of informativeness. The pairwise genetic
distances among the progeny and parents ranged from 0.2-0.9, and they were grouped in to
five main clusters. The 133 SSR primers were informative and are recommended for further

diversity and linkage analysis in sweetpotato.
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Sweetpotato (Ipomoea batatas (L.) Lam) is a vegetatively propagated, highly
heterozygous and outcrossing dicotyledonous crop (Woolfe, 1992). The outcrossing nature of
sweetpotato has led to the development of a number of landraces due to chance seedlings and
the propagation of spontaneous mutations in secondary centers of diversity. Over 80% of
global sweetpotato production occurs in the developing world, particularly in Africa and
Asia. The importance of sweetpotato as a food, feed, and nutrition and income security crop
is widely recognized (FAOSTAT, 2012). The ability to grow under marginal conditions and
high nutrition value endears sweetpotato to resource poor farmers (Karyeija et al., 1998a).

Sweetpotato breeding has relied on the ability of breeders to identify parental
genotypes possessing desirable traits and to combine these parents through hybridization
schemes such as the polycross and controlled cross nurseries (Griineberg et al., 2009a). It has
been hypothesized that, crosses of genetically diverse parents result in high levels of
heterosis in sweetpotato and this approach can be employed to enhance genetic gains. Studies
to evaluate this hypothesis are ongoing at the International Potato Center (CIP), Lima, Peru
(Griineberg et al., 2009a). However, such anticipated genetic gains could be limited by the
high levels of self- and cross-incompatibilities in some of the diverse parental genotypes
(Martin, 1965; Gurmu et al., 2013).

The application of molecular approaches will be critical for exploiting the use of
heterosis in sweetpotato improvement as genetic markers will be required for analysis of
genetic diversity among parental genotypes and selection of diverse parents for use in

population improvement on the basis of their genotypic and phenotypic profiles.
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Because of self-incompatibility and severe inbreeding depression in sweetpotato,
heterotic groups in sweetpotato are currently based on the long-term geographic adaptations
of breeding lines such as the African, Asian and South and North American heterotic groups
(Griineberg et al., 2009a). Molecular markers will enable identification of potential heterotic
gene pools within the populations of the breeding programs.

The molecular markers for use in analysis of heterotic groups in polyploid crops such
as sweetpotato should have the ability to detect multiple, co-dominant alleles, have uniform
genomic distribution, be easily generated and scored, and have the ability to easily
differentiate closely related genotypes such as an F1 progeny (Buteler et al., 2002). Simple
sequence repeat (SSR) markers are currently the most suitable markers for paternity analysis
and identification of heterotic gene pools in sweetpotato as they occur throughout the
genome and are co-dominantly inherited and are relatively easy to score (Jarret and Bowen,
1994). SSR markers have been used for paternity analysis (Buteler et al., 2002) and diversity
sweetpotato analysis in sweetpotato (Zhang et al., 2000a; Veasey et al., 2008; Karuri et al.,
2010; Yada et al., 2010b; Koussao et al., 2014).

Presently, one major obstacle to the use of SSR markers for sweetpotato improvement
is the limited development of core sweetpotato genomic tools. Currently, there are a total of
23,406 expressed sequence tag (EST) sequences of I. batatas deposited at the National
Center for Biotechnology Information (NCBI) database, http://www.ncbi.nlm.nih.gov/nucest,
as accessed in May, 2014. Sweetpotato genomics is in the early stages with slightly over 600
published EST-based SSR markers (Buteler et al., 1999; Hu et al., 2004a; Schafleitner et al.,

2010; Wang et al., 2011). Most of these markers have not been used for genetic studies and
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so have limited information on their utility for sweetpotato improvement. The lack of a
reference genome sequence for sweetpotato or its closest progenitor has made it difficult to
mine sweetpotato single nucleotide polymorphism (SNP) markers for use in sweetpotato
genomic improvement.

In our quest to identify SSR markers for genetic improvement of key traits in
sweetpotato, we developed a trait mapping population from a bi-parental cross of diverse
cultivars ‘New Kawogo’ and ‘Beauregard’. We expected that this population had the
potential to exhibit high levels of genetic diversity and heterosis for storage root yield, dry
matter, starch and (-carotene content as the parents were from diverse gene pools. The
objectives this present study were to assess the level of polymorphism of the SSR markers;
assess the genetic diversity among the progeny and parents of this putatively diverse cross so

as to identify useful SSR markers for future diversity and linkage studies in sweetpotato.
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Materials and Methods

Plant material

The population used in this study consisted of 287 F; progeny from a bi-parental
cross between ‘New Kawogo’ (NK) and ‘Beauregard’ (B). These crosses were made in 2010
at the National Crops Resources Research Institute (NaCRRI), Namulonge in Uganda. ‘New
Kawogo’ (female) is a weevil resistant (Stevenson et al., 2009) and SPVD tolerant, high dry
matter content and white-fleshed released Ugandan landrace cultivar (Mwanga et al., 2001).
‘Beauregard’ (male) is a weevil and SPVD susceptible, low dry matter content and orange-

fleshed (high B-carotene content) popular US cultivar (Rolston et al. 1987).

Genomic DNA extraction

Genomic DNA was extracted from young leaves of each progeny at the NaCRRI
Biosciences laboratory using a modified C-TAB method (Doyle and Doyle, 1990). A piece
of leaf (ca. 100g) of each progeny was put in labelled 2 ml microfuge plastic tubes. A total of
800 pl of 2x CTAB buffer (2ml mercapto ethanol:700ml CTAB 2x) was added to submerge
the leaf samples. An autoclaved porcelain bead was put inside each microfuge tube. The
tubes were shaken using the FastPrep-24 instrument (FastPrep system, Solon, Ohio) to crush
the leaf samples. After incubation at 45 °C for 20 minutes, 800 pl of chloroform:isoamyl
alcohol (24:1) was added to the homogenates. The tubes were vortexed briefly, inverted
several times and then spun at 14000 rpm for 10 minutes in a micro centrifuge. The aqueous

phases were transferred in to new sterile tubes. Then, 50 pl of 10X CTAB was added to
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samples and vortexed gently. Thereafter, 800 ul chloroform:isoamyl alcohol (24:1) was
added to each sample, followed by brief vortexing and spinning at 14000 rpm for 5 min. The
aqueous phases were transferred in to new sterile tubes. To each tube, 600 pl of isopropanol
was added and stored over night at -20°C.

The samples were then spun down at 14000 rpm for 20 minutes. The supernatants
were discarded as the pellets were retained. Thereafter, 500 pl of 70% ethanol was added to
each pellet containing tube. The tubes were inverted several times and then centrifuged at
14000 rpm for 15 minutes. The pellets were recovered after discarding the supernatant. After
that, 500 pl of 95% ethanol was added to the tubes. The tubes were inverted several times
and centrifuged at 14000 rpm for 15 minutes. The supernatant was discarded. The pellets
were then dried using a Speed Vac Concentrator (Thermo Fisher Scientific, Waltham,
Massachusetts) for 10 minutes. The dried pellets were finally suspended in 100 pl of TE

buffer.

SSR Genotyping

Genomic DNA samples were shipped from NaCRRI to North Carolina State
University through the DHL Express Courier Service for genotyping. The DNA
concentrations were measured using a NanoDrop ND-1000 spectrophotometer (NanoDrop
Technologies, Wilmington, Delaware).

A total of 405 published expressed sequence tag (EST) SSR markers (Buteler et al.,
1999; Hu et al., 2004a; Schafleitner et al., 2010; Wang et al., 2011) were used in this study.

The primers were redesigned by addition of an M13 tail universal primer sequence
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(TGTAAAACGACGGCCAGT) to the 5’ end of the forward primer sequence and
synthesized by Eurofins Genomics (Huntsville, Alabama). The complementary M13
sequences were fluorescently labeled with VIC (green), 6FAM (blue), NED (yellow) and
PET (red) tags from Applied Biosystems (Foster City, California) for automated detection of
the polymerase chain reaction (PCR) amplified products.

The PCR for DNA amplification was performed in a 10 pl reaction volume. The
reaction consisted of 3.0 pl (20-40 ng/pl) DNA template, 1.0 pl of 10X PCR buffer, 1.0 pl of
15mM MgCl;, 0.8 pl of 20mM DNTPs mix, 0.2 ul forward primer (1.0 uM), 1.0 pl reverse
primer (1.0 pM), 0.5 pl M13 primer (1.0 uM), 0.1 pl Taqg polymerase (50 U/ul) and 2.4 pl
PCR water. The PCR conditions were as follows; one hold at 94.0°C for 4 min, followed by
15 cycles of 94.0°C denaturation for 30 sec, 55.0°C annealing for 30 sec, and 72.0°C
extension for 1 min, plus 25 cycles of 94.0°C for 30 sec, 50.0°C annealing for 30 sec, and
72.0°C extension for 1 min, finalizes with two holds at 72.0°C for 7 min, and at 4.0°C for
infinite time.

The PCR amplifications were performed using an Eppendorf Mastercycler
(Eppendorf AG, Hamburg, Germany). We amplified each of the DNA samples using each
SSR marker independently, but pooled PCR products of 2-3 reactions for genotyping by
capillary electrophoresis using an automated ABI3730 Sequencer (Applied Biosystems,
Foster City, California). The allele data was then analyzed using GeneMarker 2.2.0
(SoftGenetics, State College, Pennsylvania). The allele scores were converted to binary data,

that is 1 (allele present) and O (allele absent).
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Data analysis

The SSR marker allele frequencies were computed as the sum of a particular allele at
a given locus divided by the number of individuals in the mapping population. These
frequencies were used to determine the level of informativeness of each SSR marker using

the polymorphic information content (PIC) estimates (Weir, 1996) as:

1

PIC=1—Z 2

i=1
where p; is the frequency of the ith allele among a total of Ith alleles within a locus.

Pairwise Jaccard genetic distances among the progeny and parents were calculated to
generate a triangular matrix. This matrix was subjected to cluster analysis and
multidimensional scaling for graphical display of genetic relationships. The dendrogram was
constructed using the unweighted pairgroup method of arithmetic averages (UPGMA)
algorithm. All the analyses were conducted using the Numerical Taxonomy and Multivariate
Analysis Systems (NTSYS-pc) version 2.2 (Rohlf, 2005) and SAS 9.4 (SAS Institute, Cary,
North Carolina).

The storage root yield of progeny and parents was evaluated in Uganda for two
seasons at three sites; National Crops Resources Research Institute (NaCRRI), Ngetta Zonal
Agricultural Research and Development Institute (NgeZARDI) and National Semi-Arid
Resources Research Institute (NaSARRI) in 2012. Storage root yield (tons/ha) of the progeny
(F1) and high parent (Hp) were determined. High parent heterosis (HpH) for storage root
yield was calculated as, HpH = (F1-Hp)/Hp, and used to analyze the relationship between

high parent heterosis and genetic diversity in the bi-parental cross.
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Results

Upon screening of the 405 SSR markers for polymorphism on the parents and 10
randomly selected progeny, a total of 250 markers were polymorphic, while 113 were
monomorphic. The remaining markers did not amplify the test DNA samples even after
several adjustments of the PCR conditions and concentrations of the PCR reactants. The
DNA of the 287 progeny and the parents were amplified using the 250 polymorphic markers.
However, out of the 250 markers used, 76 markers gave ambiguous and difficult to score
electropherogram peaks with allele profiles differing by one base pair. As a result, they were
not included in the final analysis as they could lead to erroneous results.

Of the remaining 174 potentially useful SSR markers, 41 markers had very few
alleles, with a total number of fragments of less than 10 per marker for all the genotypes. The
markers characterized to have high levels of rare alleles (ca. less than 10 fragments per
marker) were dropped from the analyses as they would not significantly account for
variability in this population. For the final diversity analysis and subsequent analyses, we
selected 133 SSR markers based on their polymorphic information content and allele
composition (Appendix B).

The polymorphic information content (PIC) values for the 133 markers used in the
analysis ranged from 0.1 to 0.9 (Fig. 1) with average PIC value of 0.7. Primers IbE34 and
IBS107 had the lowest and highest PIC values, respectively. The majority of the SSR
markers had PIC values >0.5 and so were informative. The number of alleles per marker for

the primers ranged from 2 to 6. Of the primers used, 25 had two alleles per marker, 41 had
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three alleles per marker, 30 had four alleles per marker, 20 had five alleles per marker, and
17 had six alleles per marker.

The pairwise genetic distances among the progeny and parents ranged from 0.22-0.90
with an average of 0.43 (Fig. 2). The pairwise genetic distances distribution was slightly
skewed towards the left though two main groups are observed. Since this was a bi-parental
cross, a low range of pairwise genetic distances would typically be expected.

The progeny and parents were grouped in to five major clusters with the number of
genotypes per cluster ranging from 13 (cluster 3) to 132 (cluster 1) (Fig. 3). ‘New Kawogo’
was grouped in cluster 1 that had the largest number of genotypes; whereas, ‘Beauregard’
was grouped in cluster 4, which had the second largest number of genotypes. A total of 73
progeny were grouped in different clusters from the clusters in which the parents were
grouped.

A similar pattern in the relationships among the progeny and parents was observed in
the multidimensional scaling plot (Fig. 4). The genotypes were grouped in to four main
clusters with most of the genotypes grouped in one main cluster. However, some genotypes
did not fall in any of the four major groups. This showed that these genotypes were
genetically different from the rest of the sibs in this family.

Fifty one progeny exhibited high parent heterosis for storage root yield. The
magnitude of heterosis exhibited by progeny ranged from 0.01-0.61. Progeny NKB216
exhibited the highest amount of heterosis in this population. Pairwise genetic distances were
not correlated with the magnitude of high parent heterosis exhibited by progeny in this

population. From the pairwise genetic distances, NKB216 was not the most distantly related
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to ‘New Kawogo’, the higher parent. The most distantly related progeny to the higher parent

was NKB5, but had a low heterosis estimate of 0.18.

Discussion

SSR markers are currently the most useful molecular markers for genetic studies in
sweetpotato. However, most of the EST-SSR markers developed (Buteler et al., 1999; Hu et
al., 2004a; Schafleitner et al., 2010; Wang et al., 2011) and used for this study had not been
tested on other populations. Some 99 cDNA SSR primers that were published by Wang et al.
(2010) were not used in this study.

The low levels of SSR marker polymorphism observed in our study was similar to the
levels of polymorphism reported at the development of these EST-SSR markers. For
instance, out of the 120 EST-SSR primers designed, 75 were reported to be polymorphic (Hu
et al., 2004a). Likewise, only nine out of 63 designed EST-SSR primers were observed to be
polymorphic (Buteler et al., 1999). Schafleitner et al. (2010) identified 1,661 microsatellite
sequences from the mining of sweetpotato ESTs from which, they designed 233 primers but
found only 195 to be polymorphic. Recently, 816 EST-SSR primers were designed and only
195 exhibited polymorphism between parental cultivars, ‘E Shu 3 Hao” and ‘Guang 2k-30" of
a mapping population (Wang et al., 2011).

A polymorphic information content value of less than 0.25 is considered as low, and
between 0.25 and 0.5 as medium, while that greater than 0.5 is considered as high (Xie et al.
2010). Most of the 133 SSR markers used in our study had high PIC and so were useful for

diversity analysis and linkage analysis. However, close to 50% of all the SSR markers
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initially screened were not polymorphic. This overall low polymorphism of EST-SSR
markers may be due to the intense selection against variation in the conserved EST-SSR
regions of the genome (Scott et al., 2000). The recalcitrance in polymorphisms of EST-SSR
markers in sweetpotato could be solved by developing markers from within the intron
regions of candidate genes that show more polymorphism instead of ESTs as more
sweetpotato genomics tools are developed. Sweetpotato SSR markers developed from introns
of candidate carotenoid genes of Ipomoea and other species showed high levels of
polymorphism and across species transferability (Arizio et al., 2014).

Since there is no reference genome sequence of hexaploid sweetpotato or it close
diploid progenitor, ESTs will still remain a vital source of SSR markers. EST-SSR markers
still have the advantage of being transferrable across species (Mian et al., 2005; Zhang et al.,
2014). Hu et al. (2004b) reported that SSR markers developed from ESTs of I. trifida could
be 100%, 83.3%, 75% and 66.7% transferable in I. batatas, I. tiliacea, | triloba and I.
lacunose, respectively. As a result, EST-SSR markers are amenable for use in trait mapping,
and functional genomic analysis and diversity analysis across species.

The observed wide genetic distance range in this bi-parental cross is attributed to the
diverse gene pools from which ‘New Kawogo’ and ‘Beauregard’ were drawn. Griineberg et
al. (2009a) hypothesized that crosses of parents of wide gene pools could result in high levels
of diversity in the progeny and potential heterosis.

The number of progeny exhibiting high parent heterosis for storage root yield in our
study was 51 (18%) though the magnitude of high parent heterosis was low in most of the

progeny. There was no direct relationship between pairwise genetic distances of the progeny
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and the higher parent and the level of hig parent heterosis exhibited by the progeny in this
study. Based on the pairwise genetic distances, we expected the most distantly related
progeny from ‘New Kawogo’, the higher parent for storage root yield to have exhibited the
highest amount of heterosis, but this was not the case. This could be attributed to the random
reassortment of multiple alleles in the diverse cross. From this study we suggest that, a
combination of several diverse genotypes in a breeding scheme could result in a critical
number of progeny exhibiting heterosis for storage root yield and other traits to enhance
breeding.

Studies in India showed that sweetpotato breeding families generated from more
diverse parents exhibited higher levels of progeny diversity and heterosis than families
generated from closely related parents. Dominance gene action was observed in these high
heterosis families (Chaurasiya et al., 2013). Hybrids between diverse parents were reported
to exhibit high levels of heterosis in allohexaploid wheat (Birchler et al., 2003). To date,
there is no concrete explanation of the molecular basis of heterosis (Chen, 2013).

Both cluster and multidimensional scaling results indicated that some progeny were
genetically different from the parents in this population. This was expected due to the
random reassortment of alleles in the diverse bi-parental cross. Studies on the diversity
analysis of families of sweetpotato breeding populations at molecular level have not been
reported to the best of our knowledge. However, the robustness of SSR markers in
sweetpotato germplasm diversity analysis has been demonstrated in collections in Brazil
(Veasey et al., 2008), Kenya (Karuri et al., 2010), Uganda (Yada et al., 2010b) and Burkina

Faso (Koussao et al., 2014). SSR markers were also used to analyze diversity among
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cultivated sweetpotato and its progenitors in the recent studies to disentangle the origins of
cultivated sweetpotato. This study proposed multiple origins of cultivated sweetpotato from
at least two autopolyploidization events from a single progenitor that I. batatas shared with I.
trifida (Roullier et al., 2013).

In the future, breeding programs could genotype the compatible parental genotypes
with SSR markers to select the diverse parents for constituting new populations for selection.
This could result in populations exhibiting substantial amounts of heterosis for key traits.
Breeders could also select the best performing progeny (clones) for various agronomic traits,
genotype them with SSR markers to select the potential diverse and superior parents for the
next cycle of population improvement. This could minimize the chances of recombining
closely related parents and enhance genetic gains in sweetpotato breeding as core genomic
tools are being developed.

In conclusion, out of the 405 SSR markers designed for use in this study, only 133
(33%) were finally used in all the subsequent analysis. This was due to low SSR marker
polymorphism levels in this population, amplification of markers that gave ambiguous allele
profiles and presence of rare alleles in some markers. It is worth noting that, the 133 SSRs
used had high levels of polymorphism and effectively revealed the level of diversity in this
bi-parental mapping population. These markers can be useful for tagging agronomic traits
using logistic regression and quantitative trait loci (QTL) analysis. SSRs are abundant in
plant genomes, are easily transferable across-species and across-laboratories, are co-
dominantly inherited, and are amenable for automation making them useful for genetic

studies in hexaploid sweetpotato.
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We therefore recommend that the 133 SSR markers be used for sweetpotato genetic
diversity and marker-trait association analysis of key traits in sweetpotato. We also
recommend that, more sweetpotato SSR markers should be developed in future for enhancing
genetic studies in sweetpotato. Ultimately, the sweetpotato genomics and breeding
community needs to develop a reference genome sequence for mining SNPs and developing

SSR markers for maximum exploitation of genomics assisted sweetpotato improvement.
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Abstract

The development of improved sweetpotato cultivars with a wide range of new production
and commercially important traits is needed for improving the utilization of this critical crop
in the developing world. Molecular markers are needed for enhancing the selection of
promising lines with high storage root yield, dry matter, starch and -carotene content in sub-
Saharan Africa (SSA) breeding programs. This study was conducted to estimate the
heritability and determine trait correlations of storage root yield, dry matter, starch and (-
carotene content and identify SSR markers associated with these traits in a cross between
‘New Kawogo’ x ‘Beauregard’, a cultivated Ugandan landrace and a major US cultivar,
respectively. The 284 progeny and the parents were evaluated for two seasons at three sites in
Uganda and genotyped with 250 SSR markers. Broad sense heritability estimates (H?) for
storage root yield, dry matter, starch and B-carotene content were 0.24, 0.68, 0.70 and 0.90,
respectively. Storage root [3-carotene content was negatively correlated with dry matter (r=-
0.59, P<0.001) and starch (r=-0.93, P<0.001) content, while storage root yield was positively
correlated with dry matter (r=0.57, P=0.029) and starch (r=0.41, P=0.008) content. Through
logistic regression, a total of 12, 4, 6 and 8 SSR markers were associated with storage root
yield, dry matter, starch and B-carotene content, respectively. Markers IBCIP2 and 1BS62
were associated with storage root yield, starch and -carotene content. The SSR markers used

in this study may be useful for quantitative trait loci (QTL) analysis of these traits in future.

Key words: Sweetpotato, SSR marker, heritability, yield
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Introduction

Sweetpotato (Ipomoea batatas (L.) Lam) is a key food, feed, nutrition and income
security crop in the developing world (FAOSTAT 2012). Sweetpotato can be produced under
marginal conditions with minimal input requirements (Karyeija et al. 1998a). As a result, it is
considered one of the most affordable sources of carbohydrates, vitamin A, vitamin C, fiber,
and minerals particularly in the sub-Saharan Africa (SSA) region (Woolfe 1992; Low et al.
2007; Hotz et al. 2012). Vitamin A deficiency (VAD) and related diseases account for 1.8%
of deaths globally that occur mainly in the developing world (Black 2003).

Unfortunately, farmers in the SSA region predominantly grow low yielding, white- or
cream-fleshed landrace varieties of sweetpotato that are typically less nutritious (Yada et al.
2010a). The average storage root yields in this region are less than 5.0 metric tons/ha, far
below the global average root yields of 13.3 metric t/ha (FAOSTAT 2012). The landraces
and released orange-fleshed sweetpotato (OFSP) varieties have lower -carotene content than
those varieties being produced in the developed world (Yencho et al. 2008; Mwanga et al.
2009).

Genetic improvement of sweetpotato for storage root yield, dry matter, starch and -
carotene content has been difficult. This is partly attributed to the complex genome of
sweetpotato, which makes breeding very difficult (Chang et al. 2009). Sweetpotato is a
highly heterozygous autohexaploid (2n=6x=90) crop (Nishiyama et al. 1975; Cervantes-
Flores et al. 2008a) with high levels of sporophytic self-incompatibility (Martin 1965; Gurmu

et al. 2013). High levels of cross-incompatibility also occur in this clonally propagated crop
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(Martin 1970; Gurmu et al. 2013), and this limits the levels of hybridization that can be
exploited for crop improvement.

Another limitation to attaining genetic gains in sweetpotato is that yield, dry matter,
starch and [-carotene content and other important agronomic traits are quantitatively
inherited (Chang et al. 2009; Cervantes-Flores et al. 2011). These traits are controlled by
multiple genes with high levels of genotype x environment interactions that further
complicate variety development (Griineberg et al. 2005; Adebola et al. 2013). Also, storage
root dry matter and B-carotene contents are negatively correlated, making it difficult to select
for high levels of both traits in the same background (Grilineberg et al. 2005).

Sweetpotato improvement has typically been done by mass selection (Jones et al.
1987). This method, though simple to implement, has not been effective for the improvement
of complex sweetpotato traits. The development of new genomics tools to facilitate
sweetpotato improvement would enable breeders to overcome some of the inherent genetic
barriers to sweetpotato breeding. Though sweetpotato genomics research has lagged behind
compared to other crops (Cervantes-Flores et al. 2008a), modern breeding methods will be
critical to unlock its full potential.

Most molecular genetic studies in sweetpotato to date have utilized amplified
fragment length polymorphism (AFLP) markers (Vos et al. 1995) and random amplified
polymorphic DNA (RAPD) markers. These dominant markers (i.e. only amplify the
dominant allele and cannot differentiate between dominant homozygous and heterozyogous
individuals) have been used in sweetpotato genetic linkage analysis (Mwanga et al. 2002a;

Kriegner et al. 2003; Cervantes-Flores et al. 2008a; Zhao et al. 2013). These dominant
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markers have also been used in quantitative trait loci (QTL) analysis of root-knot nematode
resistance, and storage root dry matter, starch and [3-carotene content (Cervantes-Flores et al.
2008b; Chang et al. 2009; Cervantes-Flores et al. 2011; Zhao et al. 2013). However, none of
these QTLs have been used for sweetpotato improvement by marker assisted selection
(MAS) due to the inherent limitations of the marker technology.

In the absence of high density genetic linkage maps for sweetpotato, discriminant
analysis and logistic regression has been employed to identify molecular markers linked to
key traits. AFLP markers linked to root-knot nematode resistance (Mcharo et al. 2005b),
sweet potato virus disease (SPVD) resistance (Mcharo et al. 2005a; Miano et al. 2008) and
storage root p-carotene content (Mcharo et al. 2010) were identified by breeders. However, to
the best of our knowledge, none of these markers are being used in a MAS breeding program.

Presently, there is no reference genome sequence for sweetpotato or its closest
progenitors 1. trifida or I. triloba. In addtition, other genomic resources for sweetpotato
improvement such as the more versatile co-dominant simple sequence repeat (SSR) and
single nucleotide polymorphism (SNP) markers are also limited. While some SSRs have
been used in sweetpotato diversity analysis (Zhang et al. 2000a; Veasey et al. 2008; Yada et
al. 2010b; Koussao et al. 2014), no SSR-based linkage maps and QTL of sweetpotato traits
have been reported. To date, no sweetpotato SNP discovery or mapping studies have been
reported.

This study was conducted to understand the genetic basis of storage root yield, dry
matter, and starch and B-carotene production in sweetpotato and to identify SSR markers

linked to these traits for future use in sweetpotato genetic improvement.
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Materials and Methods

Plant material

The population used in this study consisted of 287 F; progeny from a bi-parental
cross between ‘New Kawogo’ (NK) and ‘Beauregard’ (B) developed at NaCRRI in Uganda
(0° 32°N, 32° 35°E, 1,150 m.a.s.l). ‘New Kawogo® (female) is a weevil resistant, SPVD
tolerant, high dry matter content and white-fleshed released Ugandan landrace (Mwanga et
al. 2001; Stevenson et al. 2009). ‘Beauregard’ (male) is a weevil and SPVD susceptible, low
dry matter content and orange-fleshed (high B-carotene content) popular US cultivar (Rolston

et al. 1987).

Genomic DNA extraction and SSR genotyping of mapping population

Genomic DNA was extracted from the young leaves (ca. 100 g) of each progeny at
the NaCRRI Biosciences laboratory using a modified C-TAB method (Doyle and Doyle
1990) as described in Chapter 2.

Genomic DNA samples were shipped from NaCRRI to North Carolina State
University for genotyping through the DHL Express Courier Service. DNA concentrations
were measured using a NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies,
Wilmington, Delaware). A total of 405 published expressed sequence tag (EST) SSR primers
(Buteler et al. 1999; Hu et al. 2004; Schafleitner et al. 2010; Wang et al. 2011) were used in
this study. The primers were redesigned by addition of an M13 tail universal primer sequence

(TGTAAAACGACGGCCAGT) to the 5° end of the forward primer sequence and then
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synthesized by Eurofins Genomics (Huntsville, Alabama). The complementary M13
sequences were fluorescently labeled with VIC (green), 6FAM (blue), NED (yellow) and
PET (red) tags from Applied Biosystems (Foster City, California) for automated detection of
polymerase chain reaction (PCR) amplification products.

The PCR was performed in a 10 pl reaction volume. The reaction consisted of 3.0 pl
(20-40 ng/ul) DNA template, 1.0 pl 10X PCR buffer, 1.0 pl MgCl; (15mM), 0.8 pl DNTPs
(10mM) mix, 0.2 pl forward primer (1.0 uM), 1.0 pl reverse primer (1.0 uM), 0.5 pl M13
primer (1.0 uM), 0.1 pl Taq polymerase (50 U/ul) and 2.4 pl PCR water. The PCR
conditions were as follows; one hold at 94.0°C for 4 min, followed by first 15 cycles of
94.0°C denaturation for 30 sec, 55.0°C annealing for 30 sec, and 72.0°C extension for 1 min,
then followed by 25 cycles of 94.0°C for 30 sec, 50.0°C annealing for 30 sec, and 72.0°C
extension for 1 min, followed by two holds at 72.0°C for 7 min, and at 4.0°C for infinite
time.

The PCR amplifications were performed using an Eppendorf Mastercycler
(Eppendorf AG, Hamburg, Germany). The PCR products were sized by capillary
electrophoresis using an ABI3730x| Genetic Analyzer (Applied Biosystems, Foster City,
California) and data were analyzed using GeneMarker 2.2.0 (SoftGenetics, State College,
Pennsylvania). The allele scores were converted to binary data, that is 1 (allele present) and 0

(allele absent).
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Field trials and storage root yield determination

The phenotyping trials were conducted for two seasons at three sites during 2012. In
Uganda, there are typically two rainy seasons in a year. For both seasons, the 287 NKB
progeny and parents were planted in a randomized complete block design with 3 replications.
The clones were planted on 1.5 meter long ridged rows (plots) on 1.0 m centers. Each plot
contained five plants spaced 30 cm apart within the row. The trials were conducted under
rain fed conditions and weeded three times.

The three trial sites in Uganda were located at the National Semi-Arid Resources
Research Institute (NaSARRI) (1° 32°N, 33° 27’ E), the Ngetta Zonal Agricultural Research
and Development Institute (NgeZARDI) (2° 202°N, 33° 62’ E), and the National Crops
Resources Research Institute (NaCRRI) (0° 32°N, 32° 35°E). NaSARRI is located in eastern
Uganda with altitude of 1,140 meters above sea level (m.a.s.l), annual mean temperature
26.0°C, receives mean annual bi-modal rainfall of between 800 mm and 1,150 mm, and has
sandy loam soils, pH 5.2-6.0. NgeZARDI is located in northeastern Uganda, has an altitude
of 1,180 meters above sea level, annual mean temperature of 30.4°C, and mean annual
rainfall of 1,319 mm, and has sandy loam soils, pH 5.5. NaCRRI is located in central Uganda
and has an altitude of 1,150 meters above sea level, annual mean temperature of 22.2°C, and
mean annual bimodal rainfall of 1,270 mm and has sandy clay loam soils, pH 4.9-5.0.

The first (2012A) trials were planted in June, 2012 and harvested in November, 2012,
while the second (2012B) trials were planted in November, 2012 and harvested in May,
2013. The trials were harvested at 5-6 months after planting to ensure ample time for pest

and disease infestation.
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During harvest, data were collected on vine weight, marketable storage root weight
(MRW) and non-marketable storage root weight (NMRW). Total stoarage root yield in tons

per hectare RY Tha = (MRW + NMRW)/Net plot area in m?) x 10.

Dry matter, starch and p-carotene content analyses

Storage root samples were brought to NaCRRI and a sub-sample from each plot were
washed and processed. For the oven method of storage root dry matter determination,
approximately 100 g of fresh storage root samples of each clone were sliced and weighed
(DMF) and then dried in paper bags in an oven at 65°C for 72 hrs to a constant weight. The
samples were immediately weighed after drying (DMD). Storage root dry matter content was
calculated as DM = (DMD / DMF) x 100.

Another sub-sample of the fresh storage roots were cut transversely into 2-3 discs,
weighed and freeze-dried using a vacuum freeze dryer (True-Ten Industrial Co., Taichung
City, Taiwan). The freeze-dried samples were weighed and then milled using a Thomas
Wiley Mini-Mill (Thomas Scientific, Swedesboro, New Jersey). The milled samples were
sent to the International Potato Center (CIP), Ghana for storage root chemistry profiling
using near-infrared reflectance spectroscopy (NIRS).

The NIRS calibration equations for f-carotene, dry matter, starch, iron, zinc, protein,
and glucose and fructose contents were developed at CIP, Lima, Peru (Zum Felde et al.
2009). For the scanning, approximately 2.0 g of each milled sweetpotato sample was
transferred into a small quartz window-clad cylindrical cell (internal diameter; 35mm, and

depth 9 mm). The samples were scanned in the Rapid Content Analyzer (RCA) of the NIRS
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instrument (FOSS NIRSystems, HoOgands, Sweden). Spectral data were collected by
measurement of diffuse reflectance from the samples in the near-infrared region of the
electromagnetic spectrum using a monochromator (XDS 1000, H6gands, Sweden).

Samples were scanned and the results recorded as log (1/R) at 2 nm increments and
averaged. The results were processed using ISscans, version 4.2.0 (FOSS NIRSystems,
Hoganas, Sweden), with the average spectrum of each sample used for analysis. The spectral
data were then analyzed with Win ISI 1l software, version 1.04 (FOSS NIRSystems,
Hoganas, Sweden) using calibration equations developed by Zum Felde et al (2009). The
calibration equation and cross validation employed had strong positive correlations with the
reference data of 216 to 422 sweetpotato samples. The calibration coefficients of
determination (ch) values were 0.98, 0.97, 0.95, 0.95 and 0.82 for B-carotene, starch,
fructose, glucose and sucrose respectively. The verification process also yielded high

coefficients of determination (R.) of 0.8 to 0.96 for the traits.

Data analysis

The trait means and ranges were obtained through PROC MEANS and analysis of
variance (ANOVA) for the traits was conducted by the generalized linear mixed model
procedure, PROC GLIMMIX (SAS 9.4, SAS Institute, Cary, North Carolina). The analyses
were done using 284 progeny and the 2 parents as some progeny were lost in the field. The
parents and progeny were treated as fixed effects while block, site and season were random
effects. For each trait, the overall least significant (LS mean) of parents was compared with

that of progeny (Gtype) across sites and seasons. The trait LS mean of individual progeny
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and individual parents (Gen(Gtype)) across sites and seasons were also compared. All the LS
means were compared using the Turkey-Kramer grouping (alpha=0.05). The genotype LS
means were plotted to assess the level of transgressive segregation for each trait in the
population. Trait LS means were later ranked to select the best performing progeny that have
cultivar release potential.

The trait phenotypic and genotypic variances were analyzed by PROC MIXED and
PROC IML and used to compute broad sense heritability estimates of storage root yield, dry
matter, and starch and B-carotene content. For estimating the genotypic trait correlations
among storage root yield, dry matter, starch and B-carotene contents, we first computed
restricted maximum likelihood (REML) based covariance estimates between traits by PROC
MIXED, followed by calculation of the genotypic covariance (CovG) and variance
components (VG1 and VG2) for pairs of traits using PROC IML (Holland 2006). Then
pairwise trait genetic correlation (RG) was calculated as:

RG = CovG/sqrt(VG1*VG2)

Marker trait association was done using regression analysis of best linear unbiased
predictions (BLUPS) values of storage root yield, dry matter, starch and f-carotene content
against SSR allele profiles for the genotypes. Trait BLUPs were predicted using PROC
MIXED. Then, marker loci and trait BLUP regression analysis was implemented by PROC
GLIMMIX with genotypes as fixed effects. Marker selection was based on a probability level
(alpha=0.05). A marker locus was considered to have significant association with a trait if

p<0.05 for the regression analysis.

92



Results

ANOVA of storage root yield, dry matter, starch and [3-carotene content

Individual progeny and parents (Gen(Gtype) differed significantly in their mean
storage root yields (Table 1). Mean storage root yield ranged from 2.0-48.4 t/ha in progeny
NKB285 and NKB216, respectively. The overall mean storage root yields of ‘New Kawogo’
and ‘Beauregard’ were 30.2 t/ha and 18.6 t/ha, respectively. Site storage root yield means
were also significantly different. The mean storage root yields per site were 22.1 t/ha, 29.2
t/ha and 19.4 t/ha for NaCRRI, NgeZARDI and NaSARRI, respectively. However, the
overall mean storage root yield of progeny was not significantly different from the overall
mean storage root yield of the parents (Gtype) (P=0.4139). The overall mean root yield of the
parents was 24.4 t/ha, while the overall mean root yield of the progeny was 22.7 t/ha. For
storage root yield, there was a significant genotype by environment interaction (P<0.0001).

The mean storage root dry matter contents of individual progeny and parents differed
significantly (Table 1) and ranged from 24.0-35.7% in NKB254 and NKB275, respectively.
The mean storage root dry matter content of ‘New Kawogo’ was 31.6% whereas that of
‘Beauregard’ was 21.4%. The overall parental mean storage root dry matter content and that
of progeny (Gtype) were significantly different and were 26.5% and 29.1%, respectively. Site
main effects were not significant for dry matter content.

The individual progeny and parents had significantly different mean storage root
starch contents (Table 2). The mean starch content (%) of ‘New Kawogo’ and ‘Beauregard’

was 73.8 and 53.2, respectively. The mean starch content of parents was not significantly
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different from that of the progeny. Just like for dry matter, the mean storage root starch
content was not different at the sites as mean starch contents (%) of 65.1, 66.1 and 64.1 for
NaCRRI, NgeZARDI and NaSARRI, respectively were observed. There was no genotype by
environment interaction for starch content in this population (P=0.0814).

The mean storage root B-carotene contents of individual progeny and parents were
significantly different (Table 2). The mean [-carotene contents of the progeny ranged from
4.2-30.5 mg/100g in NKB221 and NKB92, respectively. The mean storage root p-carotene
content of ‘New Kawogo’ was 4.3 mg/100g while that of ‘Beauregard” was 31.7 mg/100g.

Mean storage root B-carotene contents at sites were not significantly different.

Heritability and trait correlation analysis

The trait heritability estimates are shown in Table 3. High broad sense heritability
(H*=0.90) was observed for p-carotene content. The broad sense heritability estimate of
starch content was 0.70 and that of dry matter content was 0.68. As is expected, the broad
sense heritability of yield was low (H?=0.24). Genotypic trait correlations of storage root
yield, dry matter, starch and B-carotene content are shown in Table 4. We observed high
positive genetic correlation between storage root starch and dry matter content (r=0.77,
P<0.001). Storage root 3-carotene content was negatively correlated with dry matter (r=-0.59,
P<0.001) and starch content (r=-0.93, P<0.001). Storage root yield was positively correlated

with dry matter (r=0.57, P=0.029) and starch (r=0.41, P=0.008) content.
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Transgressive segregation

A number of progeny exhibited transgressive segregation (progeny that fall beyond
parental phenotypes for a trait) for storage root yield, dry matter, and starch contents. Many
progeny performed better than the higher parent for these traits. Mean genotype storage
yields for the three sites were normally distributed. Similarly, the overall mean genotype
storage root yields across sites and seasons were also normally distributed. A total of 51
genotypes showed transgressive segregation for root yield (Fig. 1).

The overall mean root dry matter content of genotypes was also normally distributed
(Fig. 2). The mean dry matter content for most of the genotypes was in the range of 21-30%.
A total of 21 genotypes had higher mean dry matter contents than ‘New Kawogo’ (31.6%),
the higher parent. A similar distribution was observed for starch content and a total of 14
genotypes showed transgressive segregation for starch content (data not shown). The mean
genotype [-carotene content distribution was skewed to the left for sites and the overall mean
(Fig. 3). The mean PB-carotene content of most genotypes was below 20.0 mg/100g. No
genotype had a higher overall mean B-carotene content than ‘Beauregard’ (31.7 mg/100g),
the higher parent. However, two and three genotypes outperformed ‘Beauregard’ for f-

carotene content at NaSARRI and NaCRRI, respectively.

SSR marker trait association
The marker trait regression analysis associated several marker loci with storage root
yield, dry matter, and starch and B-carotene content (Table 5). A total of 12 SSR markers

were highly associated with variation in storage root yield and explained 69.6% of the
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storage root yield variance in this mapping population. Whereas, four SSR markers were
significantly associated with storage root dry matter content and explained 15.8% of total dry
matter variance in the population. The level of marker trait association was slightly lower for
the dry matter content markers (P=0.05).

A total of six (explaining 32.3% variance) and eight (explaining 37.8% variance)
markers were significantly associated with variation in starch and p-carotene content,
respectively. Some SSR markers were associated with multiple traits and could be useful for
future selection of multiples traits in a genotype when fine mapped. SSR markers IBCIP2
and 1BS62 were associated with variation in storage root yield, starch and B-carotene content.
Marker 1BS56 was associated with storage root dry matter, starch and p-carotene content. On
the other hand, IBSSRO1 was associated with storage root yield and dry matter content.
Marker IbJ175 was associated with storage root yield and starch content, and 1BS48 was
associated with variation in starch and -carotene content.

From the ranking of the trait LS means of progeny, we identified a total of 16
progeny that had high performance for these traits and have been advanced for variety trials
(Table 6). Progeny NKB3 and NKB15 were of special interest for their high storage root
yield, dry matter, and starch and f-carotene contents. The dry matter contents for these
orange-fleshed genotypes were 28.0% and 29.5%, respectively, which is slightly lower than
the preferred 30% and above in SSA. NKB135 and NKB254 had high storage root yield and

[3-carotene contents but had relatively low dry matter contents.
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Discussion

The improvement of storage root yield, dry matter, B-carotene content, and pest and
disease resistance are the key priorities for sweetpotato research in SSA (Fuglie 2007). This
research is addressing four of these key traits for enhancing food security in the region. The
yield of the progeny is typical of a segregating population of a diverse bi-parental cross.
‘New Kawogo’ is a white fleshed, high yielding, high dry matter and starch content released
landrace from Uganda (Mwanga et al. 2001). In contrast, ‘Beauregard’ is a popular low dry
matter and starch content, orange-fleshed US cultivar (Rolston et al. 1987). The low yield of
‘Beauregard’ under Ugandan conditions could be attributed to the diverse climatic conditions
and a host of biotic pressures such as sweet potato virus disease and sweetpotato weevils in
Uganda relative to the US where the cultivar was developed. Similarly, the Ugandan released
landrace cultivar ‘Tanzania’ produced very low storage root yield in North Carolina but high
foliage growth probably due to day length difference and higher soil fertility (Cervantes-
Flores et al. 2011).

The range in progeny performance in storage root yield, dry matter, starch and -
carotene content is typical of a segregating population of a wide cross. The F1 progeny in
sweetpotato generated from controlled and polycross nurseries segregate in a similar pattern
due to the heterogeneous nature of sweetpotato genotypes (Griineberg et al. 2009a). Similar
trait ranges in progeny performance have been observed from breeding trials in Uganda
(Mwanga et al. 2009). Tumwegamire et al. (2011) observed genotype starch content range of
30.0-73.3% and dry matter content range of 5.5-36.7% in the east African sweetpotato

germplasm evaluated in Uganda.
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Sweetpotato is highly sensitive to variations in environmental conditions (Ngeve
1993). Our study showed a significant (P<0.0001) genotype x environment interaction for
storage root yield. Earlier studies have also showed high amounts of genotype x environment
interaction for storage root yield of nine clones of diverse origin and a local check evaluated
in Peru (Grineberg et al. 2005). Similarly, significant genotype x environment interactions
were reported for sweetpotato storage root yields of selected landrace varieties in Uganda
(Osiru et al. 2009) and in 28 breeding lines in South Africa (Adebola et al. 2013).

Just like in other sites, significant genotype x environment interaction was observed
for storage root yield performance of nine introductions and two local genotypes in Turkey
(Caliskan et al. 2007). This means that, selection for storage root yield should be done in
multiple sites and in high and low yielding environments for the benefit of SSA sweetpotato
farmers who grow their crop with minimal inputs. Storage root yield in these environments
could be influenced by soil type, nutrient levels, prevailing pests and diseases and genotype
photo-sensitivity. The advantage of selecting for yield in both low and high yielding
environments was demonstrated in wheat selection (Ud-Din et al. 1992), where they found a
low genetic correlation coefficient (r=0.20+£0.16) for yields between irrigated and non-
irrigated wheat fields and recommended testing at both environments.

In contrast to storage root yield, just like in our study, a relatively small amount of
genotype x environment interactions were observed for storage root nutritional traits when
dry matter, starch and p-carotene content for nine clones of diverse origins and a local check
was evaluated at multiple sites in Peru (Gruneberg et al. 2005). No genotype x environment

interaction was observed for B-carotene content as well for 42 orange-fleshed hybrids and a
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local check evaluated in advanced yield trials at multiple sites in India (Vimala et al. 2011c).
Therefore, selection for dry matter and p-carotene content can be done in one or two
locations in the early stages of breeding to save breeding resources for screening other
environmentally sensitive traits in multiple locations.

Broad sense heritability estimates in this study were high for storage root p-carotene
content, moderate for starch and dry matter content and low for root yield and are in
agreement with other findings. Heritability estimates for storage root yield, dry matter
content, starch and B-carotene content in the east African sweetpotato germplasm were 0.5,
0.64, 0.44 and 0.94, respectively (Tumwegamire et al. 2011). A lower heritability estimate of
0.25 was reported for sweetpotato storage root yield (Jones 1986). Afuape et al (2014)
reported the heritability of B-carotene content to be 0.98 close to what has been found in our
research. The high heritability estimate is in agreement with inheritance of p-carotene that
was reported to be controlled by about six genes acting in an additive mode (Hernandez et al.
1965). Therefore, it is possible to breed for high B-carotene content cultivars since -carotene
is a highly heritable trait in sweetpotato.

Moderately high heritability estimates for starch and sugar contents of greater than
0.33 and 0.77 on general combining ability and specific combining ability basis, respectively
were reported in a North Carolina 11 (NCII) design population (Todd 2013). The broad sense
heritability for storage root dry matter content from full-sib families evaluated in Louisiana,
USA was 0.9 (Courtney et al. 2008) and the broad sense heritability for dry matter content
from a diallel cross population in Uganda was 0.7 (Shumbusha et al. 2014). Jones (1986)

reported the broad sense heritability of dry matter content in sweetpotato of 0.65, close to
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what we observed in this research. Thus, significant genetic gains can be made in root dry
matter and starch content through breeding.

Negative correlations observed between f-carotene and dry matter and starch content
in our study are consistent with other findings. Storage root dry matter and starch content
were reported to be negatively correlated with [3-carotene content in sweetpotato in earlier
studies (Grineberg et al. 2005; Cervantes-Flores at al. 2011; Vimala et al. 2011b). This
negative correlation has been a major challenge in the development of desired orange-fleshed
cultivars in SSA. Sweetpotato farmers and consumers in SSA mostly prefer high dry matter
cultivars (ca. >30%), yet it has been difficult to breed deep orange fleshed cultivars with high
dry matter content. The recently released orange-fleshed cultivars in Uganda; NASPOT90
(DM = 30.1% DM) and NASPOT100 (DM = 30.5%) have lower (-carotene contents of
314.5 ng/g and 246.1 pg/g, respectively compared to those released in the US (Mwanga et al.
2009). The exact biochemical mechanism for the negative correlation between starch and f-
carotene biosynthesis in sweetpotato needs to be investigated. Despite this negative
correlation, Cervantes-Flores et al. (2011) identified AFLP-based QTL (e46m6015,
€32m3724 and e42m3812) linked to storage root dry matter, starch and B-carotene content in
‘Beauregard’.

However, just like in our study, strong positive correlations were found between
sweetpotato storage root starch and dry matter content (Hall and Smittle 1983; Ma et al.
2009; Cervantes-Flores et al. 2011). This would be expected since 60% of root dry matter in
sweetpotato consists of starch (Woolfe 1992). While it is possible to select clones for high

yield, dry matter and starch content at the same time, the negative correlation of these traits
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with B-carotene content makes it difficult to develop high dry matter and high yielding
orange-fleshed cultivars, the preferred types in SSA. The positive correlation of storage root
yield with starch and dry matter content can easily be exploited to develop high starch
content and high yielding industrial cultivars as the utilization of sweetpotato is diversified in
SSA with time.

We observed significant transgressive segregation for storage root yield, dry matter
content and starch content. The distribution of progeny means demonstrated the quantitative
nature of the inheritance of these traits. No single genotype exhibited transgressive
segregation for all the four traits in this study. This means that most of these transgressives
will be used as parents for specific traits for population improvement. Transgressive
segregation was reported for storage root dry matter, starch and B-carotene content in the
‘Tanzania’ x ‘Beauregard’ population (Cervantes-Flores et al. 2011). Transgressive
segregation has been attributed to the accumulation in an offspring of complementary alleles
at multiple loci inherited from parents (Rick and Smith 1953; Tanksley 1993). Transgressive
segregation observed in our study could therefore be due to the accumulation of favorable
alleles in the progeny from this diverse bi-parental cross.

Since index selection is superior to selection in successive stages by tandem and
independent culling (Wricke and Weber, 1986), the rank based selection of the top
performing genotypes in our study is useful. The top 16 genotypes, with medium to high
storage root yield, dry matter, starch and B-carotene content will be advanced for possible
variety release and use as parental genotypes for population improvement. From our study,

progeny NKB3 and NKB15 had high storage root yield, dry matter, and starch and f-
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carotene contents (Table 6). These orange-fleshed genotypes NKB3 (DM = 28.0%, BC =
17.8 mg/100g) and NKB15 (DM = 29.5%, BC = 20.7 mg/100g) had slightly similar trait
attributes to those preferred by farmers in SSA. Progeny NKB135 and NKB254 had high
storage root yield and B-carotene contents, but low dry matter and starch contents and could
be potential parental genotypes for future population improvement of storage root yield and
[-carotene content.

Our study has demonstrated the possibility of combining high storage root yield, dry
matter content and p-carotene content in to one background by utilizing diverse parents. It
has always been difficult to develop high dry matter content orange-fleshed cultivars because
of the negative correlation of these traits. To succeed, breeding programs could combine
many (20-50) diverse parental genotypes varying in f-carotene content, dry matter and starch
contents and pest and disease resistance in polycross nurseries to generate populations for
selection.

The development of diverse novel products from sweetpotato will need cultivars that
combine multiple traits in one background. A good example is the high dry matter and starch
content purple-fleshed Japanese sweetpotato cultivars for production of alcoholic beverage
‘Pa-Puru’ (Saigusa and Ohba 2006). The development of such multiple trait cultivars will
require the application of genomics tools as some of the traits are complex and negatively
correlated. SSR markers are still pivotal in the genomic improvement of sweetpotato.

The marker trait association through regression in our study identified 30 SSR
markers significantly associated with storage root yield, dry matter, starch and p-carotene

content. One major limitation of SSR markers in this study was the amplification of one
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locus at a time resulting in to fewer marker allele points compared to AFLP markers that
normally analyze large numbers of polymorphic loci simultaneously and generate many
markers for analysis. Secondly, the level of marker trait association was low for most of the
markers that showed significant association (P=0.05).

None the less, we have demonstrated that, SSR markers are associated with variation
in these key traits in sweetpotato. These SSR markers may not be used for selection of
progeny for these traits at this point as more research is needed to map the QTL of these
traits. However, these 30 SSR markers could be used by breeders to genotype their
sweetpotato germplasm for selecting diverse parents for improvement of storage root yield,
dry matter, starch, and -carotene content.

Earlier marker trait associations of dry matter, starch and -carotene content was done
through QTL and discriminant analysis with dominant markers (Mcharo et al. 2010;
Cervantes-Flores et al. 2011; Zhao et al. 2013. Cervantes-Flores et al. (2011) mapped 12
QTL of storage root starch content, 13 QTL of dry matter content and 8 QTL of B-carotene
content using AFLP markers. Meanwhile, 27 QTL of storage root starch were also mapped
using a combination of AFLP markers and SSR markers (Zhao et al. 2013). These AFLP
markers were highly significantly associated with the above traits due to the high density of
AFLP markers on the linkage maps. However, a major limitation of the AFLP markers is
their dominant inheritance in genomes, making it impossible to differentiate between
heterozygotes and homozygotes, thus limiting the utility of these QTL in the improvement of

autohexaploid sweetpotato.
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Finally, our study demonstrated that genetic gains in sweetpotato improvement for
storage root yield, dry matter, starch and -carotene content can be achieved with diverse
crosses. SSR markers can be accurately used to tag traits in sweetpotato. However, we
recommend that, more sweetpotato SSR markers be developed and associated with storage
root yield, dry matter, starch and B-carotene content in this ‘New Kawogo’ x ‘Beauregard’
population using QTL analysis. We also recommend that, through genotyping by sequencing
(GBS) of the ‘New Kawogo’ x ‘Beauregard’ population, single nucleotide polymorphism
(SNP) should be mined and used for developing high density SNP and SSR based linkage
maps for fine mapping of QTL of storage root yield, dry matter, starch and [-carotene
content. This will pave the way for marker assisted breeding (MAB) in sweetpotato for
developing high storage root yielding cultivars with high dry matter, starch and p-carotene

content for improved nutrition and incomes in SSA.
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List of Tables
Table 1 ANOVA of storage root yield and dry matter content of the progeny and parents of the ‘New Kawogo’ x

‘Beauregard’ mapping population

Yield Dry matter content
Source DF SS MS F Pr>F DF SS MS F Pr>F
Value Value
Site? 2 4713.4 2356.7 7.4 0.0016 2 459.6 2298 1.04 0.3735
thpeb 1 100.4 1004 0.7 0.4139 1 204.0 2040 8.78 0.0031
Gen(Gtype)* 284 299719.0 10554 7.0 <.0001 284 140340 494 2.13 <.0001
Site*Gtype d 2 1254.7 627.4 4.2 0.0155 2 59 3.0 0.13 0.8807

Site*Gen(Gtype)® 567 180847.0 319.0 2.1 <.0001 565 21328.0 37.7 1.63 <.0001
Block(Site*Season) 15 59178.0 39452 26.2 <.0001 15 56347.0 3756.5 161.71 <.0001
Residual' 3965 596194.0 150.4 3328 77306.0 23.2

Trials were planted at three sites (NaCRRI, NgeZARDI and NaSARRI) and two seasons in a randomized complete
block design (RCBD) with three replicates in Uganda in 2012

DF = degrees of freedom, SS = sum of squares, MS = mean sum of squares (SS/DF)

& Mean squares tests the significant effect of locations

® Tests the significant effect of overall least significant mean of the parents vs that of the progeny across sites and
seasons

“ Tests the significant effect of least significant means of individual genotypes (parents and progeny) across sites and
seasons

9 Tests the significant effect of site on overall parent and progeny least significant means

¢ Test the significant effect of genotype x environment interaction

" Used in ANOVA to test significant effect of extraneous factors
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Table 2 ANOVA of storage root (3-carotene and starch content of the progeny and parents of the ‘New Kawogo’ x

‘Beauregard’ mapping population

[-carotene content Starch content
Source DF SS MS F Pr>F DF SS MS F Pr>F
Value Value
Site® 2 326.6 163.3 2.7 0.0770 2 198.6 99.3 0.4 0.7100
Gtype” 1 978.0 978.0 31.3 <.0001 1 317.0 317.0 33 0.0700
Gen(Gtype)* 284 117739.0 4146 13.3 <.0001 284 98799.0 3479 3.6 <.0001
Site*Gtype® 2 4.6 2.3 0.1 0.9285 2 145.4 72.7 0.8 0.4708

Site*Gen(Gtype)® 566 263010 465 15 <0001 567 59709.0 1053 11  0.0814
Block(Site*Season) 15 90865  605.8 19.4 <0001 15 60377.0 40251 417  <.0001
Residual’ 3420 106708.0 31.2 3650 352270.0 96.5

Trials were conducted at three sites (NaCRRI, NgeZARDI and NaSARRI) and two seasons in a randomized complete
block design (RCBD) with three replicates in Uganda in 2012

DF = degrees of freedom, SS = sum of squares, MS = mean sum of squares (SS/DF)

& Mean squares tests the significant effect of locations

b Tests the significant effect of overall least significant mean of the parents vs that of the progeny across sites and
seasons

¢ Tests the significant effect of least significant means of individual genotypes (parents and progeny) across sites and
seasons

9 Tests the significant effect of site on overall parent and progeny least significant means

¢ Test the significant effect of genotype x environment interaction

"Used in ANOVA to test significant effect of extraneous factors
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Table 3 Broad sense heritability estimates for storage root yield, dry matter, starch and f-

carotene content in the progeny of the ‘New Kawogo’ x ‘Beauregard’ mapping population

Trait H’ SE?
Root yield 0.24 0.02
Dry matter content 0.68 0.08
Starch content 0.70 0.03
[-carotene content 0.90 0.02

Trials for evaluating storage root yield, dry matter, starch and B-carotene content were
conducted in Uganda at three sites (NaCRRI, NgeZARDI and NaSARRI) and two seasons in

2012 using a randomized complete block (RCBD) design with three replicates

4 Standard error

H? = Broad sense heritability estimate
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Table 4 Genetic correlation analysis of storage root yield, dry matter, starch and -carotene

content in the progeny of the ‘New Kawogo’ x ‘Beauregard’ mapping population

Yield Dry matter ~ Starch p-carotene
Yield 1.00 0.57* 0.41* -0.06"
Dry matter 1.00 0.77* -0.59*
Starch 1.00 -0.93*
[-carotene 1.00

Trials for evaluating storage root yield, dry matter, starch and p-carotene content were
conducted in Uganda at three sites (NaCRRI, NgeZARDI and NaSARRI) and two seasons in
2012 using a randomized complete block (RCBD) design with three replicates

*Significant at p<0.05

"Not significant at p<0.05
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Table 5 Association of SSR markers with the best linear unbiased predictions (BLUPS) of
storage root yield (YLD), dry matter (DM), starch (STCH) and pB-carotene (BC) of

genotypes, highlighted markers are associated with multiple traits

Trait  Marker Number Most significant R® BLUP_Trait F ProbF

of alleles allele Mean Value
YLD IBS62 5 IBS62NK132 0.091 0.138 5.47 <.0001
1bJ175 5 IbJ175NKB140 0.073 0.132 4.27 0.0009
IBS72 4 IBS72NKB201 0.069 0.218 4,98 0.0007
1bJ263 4 IbJ263NK182 0.064 0.101 442 0.0018
IBSSRO1 3 IBSSROINKB196 0.060 0.138 5.85 0.0007
IBS103 5 IBS103B139 0.058 0.141 3.35 0.0060
IbE4 4 IbEANK161 0.052 0.114 3.75 0.0055
IbJ10a 4 IbJ10aNKB218 0.052 0.126 3.55 0.0076
IbU4 4 IbU4NKB182 0.051 0.180 3.59 0.0071
IbU10 3 IbU1ONKB137 0.042 0.138 4.08 0.0074
IBR19 3 IBR19NK?226 0.042 0.165 4,06 0.0076
IBCIP2 4 IBCIP2NK286 0.042 0.138 3.04 0.0179
DM IBS56 3 IBS56NKB209 0.044 0.006 4,17 0.0066
IbL16 5 IbL16NK183 0.042 0.002 2.42 0.0364
IBS126 4 IBS126NKB153 0.041 0.005 2.83 0.0251
IBSSRO1 3 IBSSROINKB202 0.031 0.002 2.98 0.0319
STCH IBCIP2 4 IBCIP2NK286 0.069 0.011 5.06 0.0006
IBS56 3 IBS56NKB209 0.060 0.051 5.8 0.0007
IBS62 5 IBS62NK132 0.056 0.011 3.25 0.0072
IBS48 3 IBS48NK223 0.050 0.033 4,76  0.0030
IBS109 2 IBS109NKB146 0.045 0.015 421 0.0062
1bJ175 5 IbJ175NKB136 0.043 0.011 2.41 0.0369
BC IBS62 5 IBS62B120 0.074 0.006 4,39 0.0007
IBS56 3 IBS56NKB205 0.058 0.048 5,54 0.0011
IBS85 4 IBS85NKB188 0.050 0.108 3.48 0.0087
1b242 4 Ib242B155 0.050 0.006 3.64 0.0066
IBS48 4 IBS48B206 0.046 0.050 4.34  0.0052
IBSSR02 3 IBSSR0O2NKB166 0.044 0.006 4,25 0.0059
IbY58 2 IbY58B170 0.036 0.006 5.12 0.0065
IBCIP2 4 IBCIP2NKB283  0.020 0.009 3.48 0.0085
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Table 6 Performance of the top 16 progeny with cultivar release potential across sites and
seasons ranked using mean storage root yield (YLD), dry matter (DM), starch (STCH) and f3-

carotene (BC) content, highlighted clones are candidate clones for cultivar release

Genotype Mean Rank®

YLD* DM" STCH® BCY YLD DM STCH BC
NKB216 484 290 719 9.7 1 138 30 187
NKB9 41.0 304 702 7.4 2 63 68 250
NKB254 404 243 524 291 3 285 285 3
NKB177 401 306 723 9.3 4 55 23 200
NKB168 388 291  70.8 8.7 5 134 50 218
NKB93 385 309 715 6.2 6 44 37 272
NKB21 383 294 726 9.7 7 112 22 188
NKB153 381 295 712 100 8 105 45 175
NKB105 379 285 686  14.0 9 178 113 94
NKB114 368 252  68.3 6.8 10 282 120 263
NKB15 365 281 622 207 11 208 235 31
NKB193 364 303 709 115 12 69 46 131
NKB3 36.1 280 635 17.8 13 213 219 56
NKB201 359 304 682 120 14 60 121 122
NKB5 358 297 731 5.5 15 100 19 280
NKB135 357 256 616 209 16 277 239 29

Trials were conducted at three sites (NaCRRI, NgeZARDI and NaSARRI) and two seasons
in a randomized complete block design (RCBD) with three replicates in Uganda in 2012
2YLD = Genotype least significant mean storage root yield (t/ha) averaged over three sites
and two seasons

DM = Genotype least significant mean storage root dry matter content (%) averaged over
three sites and two seasons

©STCH = Genotype least significant mean storage root starch content (%) averaged over
three sites and two seasons

IBC = Genotype least significant mean storage root -carotene content (mg/100g) averaged
over three sites and two seasons

¢ Ranking of 286 genotypes (284 progeny and 2 parents) in descending order for storage root
yield, dry matter, 3-carotene and starch content
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Abstract

The development of sweetpotato weevil (SPW) resistant cultivars has been unsuccessful over
the last four decades due to limited sources of genetic resistance and a lack of biochemical
and/or genomic resources to facilitate phenotyping and genotyping for SPW resistance.
However, in 2009, the African landrace, ‘New Kawogo’ was found to be highly resistant to
two species of SPW, Cylas puncticollis and Cylas brunneus. To determine the genetic basis
of this resistance, a bi-parental sweetpotato population from a cross between ‘New Kawogo’
x ‘Beauregard’ was evaluated for SPW resistance and genotyped with simple sequence repeat
(SSR) markers to identify loci associated with weevil resistance. SPW resistance was
measured on the basis of field storage root SPW damage severity and total hydroxycinnamic
acid (HCA) ester concentrations, which have been associated with resistance. A moderately
high broad sense heritability was estimated (H?=0.49) for weevil resistance in the population.
Genotype means of SPW severity scores ranged from 1.0-9.0 and 25 progeny exhibited
transgressive segregation for SPW resistance. The total HCA ester concentrations of
genotypes were significantly different (P<0.0001) and the distribution was skewed to the left.
A weak significant correlation (r=0.103, P=0.015) was observed between total HCA ester
concentration and SPW severity. A total of five and seven SSR markers were associated with
storage root SPW severity and total HCA ester concentration, respectively. Markers 1BS11,
IbES and IbJ544b showed significant association with both field and HCA-based resistance.
These markers will be useful for future genomic improvement of sweetpotato weevil
resistance.

Key words: Sweetpotato weevil, SSR markers, hydroxycinnamic acid
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Introduction

Sweetpotato [Ipomoea batatas (L.) Lam] is a rich source of carbohydrates, vitamin A,
vitamin C, fiber, and minerals (Wolfe 1992). As a result, it is one of the most affordable and
nutrient rich root and tuber crops in the developing world, particularly in sub-Saharan Africa
(SSA) (Low et al. 2007). The consumption of orange-fleshed varieties that are rich in B-
carotene has been shown to improve the vitamin A status of children and women in SSA (van
Jaarsveld et al. 2005; Hotz et al. 2012). This, coupled with its ability to yield under marginal
soil conditions, with minimal input requirements makes sweetpotato a key crop in the food
systems of many SSA countries (Karyeija et al. 1998a).

Despite the importance of the crop, average sweetpotato storage root yields in SSA
are low, about 4.0-10.0 metric t/ha compared to the average root yield of 21.5 metric t/ha in
China, the leading global producer of the crop (FAOSTAT 2012). Apart from poor crop
management practices, another major reason for the low storage root yields in SSA is the
sweetpotato weevil (SPW). Sweetpotato weevils can cause between 60% and 100% vyield
losses in SSA during dry spells (Smit 1997).

The sweetpotato weevil species, Cylas puncticollis (Boheman) and Cylas brunneus
(Fabricius) predominantly occurring in Africa, severely reduce the production and market
value of sweetpotato in SSA (Stathers et al. 2003a). The major damage is inflicted on the
storage roots by larval feeding (Cockerham et al. 1954; Jansson et al. 1987). Secondary
pathogen infection and ensued induction of defense sesquiterpenes in the plant in response to
sweetpotato weevil feeding makes the storage roots bitter and unacceptable for consumption

(Uritani et al. 1975; Sato and Uritani 1981).
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The concealed feeding behavior of SPW’s makes their management difficult
(Nottingham and Kays 2002; Odongo et al. 2003). Host plant resistance is a major
component of any integrated pest management (IPM) program, but to date, the development
of weevil resistant varieties has not been successful in SSA. This is attributed to the complex
nature of sweetpotato genome, limited sources of resistance and lack of knowledge on the
genetics of inheritance of sweetpotato weevil resistance (Stevenson et al. 2009).

Recently, Stevenson et al. (2009) and Anyanga et al. (2013) screened putatively
weevil resistant sweetpotato genotypes along with the highly susceptible cultivar; ‘Tanzania’
as a control to identify the biochemical basis of SPW resistance. They showed high
differences in the concentrations of hydroxycinnamic acid (HCA) esters among the screened
genotypes with the highest concentration observed in ‘New Kawogo’, a Ugandan landrace.
The five HCA esters associated with SPW resistance are shown in Fig. 1. The constitutive
production of hydroxycinnamic acid esters in sweetpotato was identified as the quantifiable
chemical basis of SPW resistance. Hexadecyl, octadecyl, and eicosylcoumaric acid esters
were associated with resistance to C. formicarius in the US sweetpotato genotypes (Data et
al. 1996; Snook et al. 1994). Development of a rapid chemotyping method for
hydroxycinnamic acid esters (HCA), and/or molecular markers linked to them can be used
for selecting SPW resistance using marker-assisted selection (MAS) or biochemistry-assisted
selection.

Our knowledge on the inheritance of field and biochemistry-based resistance to SPW
is very limited. Though linkage and QTL analysis of storage root yield, dry matter, starch, -

carotene content and root-knot nematode resistance have been reported in sweetpotato
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(Cervantes-Flores et al. 2008a; Cervantes-Flores et al. 2008b; Chang et al. 2009; Cervantes-
Flores et al. 2011; Zhao et al. 2013), none has been reported for SPW resistance.

Modern sweetpotato improvement for SPW resistance will require the development
of biochemical and genomic tools to unravel the chemical and genetic basis of resistance to
SPW in ‘New Kawogo’. The application of functional genomics in insect ecology has been
widely reviewed by Tittiger (2004). Next-Generation sequencing will be critical in SSR and
single nucleotide polymorphism (SNP) marker discovery for use in MAS and genomic
selection for developing SPW resistant varieties. With the fewer number of sweetpotato SSR
markers published today compared to other major crops (Buteler et al. 1999; Hu et al. 2004;
Schafleitner et al. 2010; Wang et al. 2011), and no SNPs at all, genomic improvement of
SPW resistance is still in infancy stages.

In this study, we used published SSR markers (Buteler et al. 1999; Hu et al. 2004;
Schafleitner et al. 2010; Wang et al. 2011) and logistic regression to associate SSR markers
to SPW resistance in a bi-parental population of ‘New Kawogo’ x ‘Beauregard’ segregating
for SPW resistance and other agronomic traits. This is the first time that co-dominantly
inherited, robust and automation amenable SSR markers have been used to identify SPW
resistance loci in sweetpotato. As more sweetpotato SSR and SNP markers are developed,

genomic SPW resistance breeding might be implemented in the future.
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Materials and methods

Plant material

The population used in this study consisted of 287 F; progeny from a bi-parental
cross between ‘New Kawogo’ (NK) and ‘Beauregard’ (B). The crossing was done at
NaCRRI in Uganda (0° 32°N, 32° 35’E, 1,150 m.a.s.l). ‘New Kawogo’ (female) is a weevil
resistant, SPVD tolerant, high dry matter content and white-fleshed released Ugandan
landrace cultivar (Mwanga et al. 2001; Stevenson et al. 2009). ‘Beauregard’ (male) is a
weevil and SPVD susceptible, low dry matter content and orange-fleshed (high B-carotene

content) popular US cultivar (Rolston et al. 1987).

Genomic DNA extraction and SSR genotyping

Genomic DNA was extracted from the young leaves (ca. 100 g) of each progeny at
NaCRRI Biosciences laboratory using a modified C-TAB method (Doyle and Doyle 1990) as
described in Chapter 2. Genomic DNA samples were shipped from NaCRRI to North
Carolina State University for genotyping through the DHL Express Courier. DNA
concentrations were measured using a NanoDrop ND-1000 spectrophotometer (NanoDrop
Technologies, Wilmington, Delaware).

A total of 405 published expressed sequence tags (EST) SSR primers (Buteler et al.
1999; Hu et al. 2004; Schafleitner et al. 2010; Wang et al. 2011) were used in this study. The
primers were redesigned by addition of an M13 tail universal primer sequence

(TGTAAAACGACGGCCAGT) to the 5° end of the forward primer sequence and then
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synthesized by Eurofins Genomics (Huntsville, Alabama). The complementary M13
sequence was fluorescently labeled with VIC (green), 6FAM (blue), NED (yellow) and PET
(red) tags from Applied Biosystems (Foster City, California) for automated detection of
polymerase chain reaction (PCR) products.

The PCR for amplification of genomic DNA was performed in a 10 pl reaction
volume. The reaction consisted of 3.0 pl (20-40 ng/pl) DNA template, 1.0 pul 10X PCR
buffer, 1.0 pul 15mM MgCl,, 0.8 pul 210mM DNTPs mix, 0.2 pl forward primer (1.0 uM), 1.0
pl reverse primer (1.0 uM), 0.5 pl M13 primer (1.0 uM), 0.1 ul Taq polymerase (50 U/ul)
and 2.4 pl PCR water. The PCR conditions were as follows; one hold at 94.0°C for 4 min,
followed by first 15 cycles of 94.0°C denaturation for 30 sec, 55.0°C annealing for 30 sec,
and 72.0°C extension for 1 min, then followed by 25 cycles of 94.0°C for 30 sec, 50.0°C
annealing for 30 sec, and 72.0°C extension for 1 sec, followed by two holds at 72.0°C for 7
min, and at 4.0°C for infinite time.

The PCR amplifications were performed using an Eppendorf Mastercycler
(Eppendorf AG, Hamburg, Germany). The PCR product sizing was done by capillary
electrophoresis using an ABI3730x| Genetic Analyzer (Applied Biosystems, Foster City,
California). The allele data was then analyzed using GeneMarker 2.2.0 (SoftGenetics, State
College, Pennsylvania). The allele scores were then converted to binary data, that is 1 (allele

present) and O (allele absent).
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Field trials and SPW resistance screening

The 287 progeny and parents were evaluated for SPW resistance at three sites and
two seasons in Uganda during 2012. All experiments were arranged in a randomized
complete block design with 3 replications per line per site. Each experimental plot consisted
of 5 plants spaced 30 cm apart and the ridges were separated by 1.0 m.

The trials were conducted at the National Semi-Arid Resources Research Institute
(NaSARRI) (1° 32°N, 33° 27’ E), the Ngetta Zonal Agricultural Research and Development
Institute (NgeZARDI) (2° 202°N, 33° 62’ E), and the National Crops Resources Research
Institute (NaCRRI) (0° 32°N, 32° 35’E).

The trials were artificially infested with 20 weevils per plot (7 female and 3 male
sweetpotato weevils each of C. puncticollis and C. brunneus) at 90 days after planting to
increase the weevil population and minimize chances of escape as opposed to resistance. The
weevils were reared on storage roots in the laboratory.

During the first season (2012A), the trials were planted in June, 2012 and harvested in
November, 2012. The second season trials (2012B) were planted in November, 2012 and
harvested in May, 2013. The harvesting of both trials was done at 5-6 months after planting
to allow ample time for SPW infestation. We assessed SPW severity by inspection of
harvested storage roots and scored severity using a 1 to 9 scale, where 1 = no weevil damage
symptoms, 2 = unclear weevil damage symptoms, 3 = clear weevil damage symptoms < 5%
of roots per plot, 4 = clear weevil damage symptoms at 6 to 15% of roots per plot, 5 = clear
weevil damage symptoms at 16 to 33% of roots per plot, 6 = clear weevil damage symptoms

in 34 to 66% of roots per plot (more than 1/3, less than 2/3), 7 = clear weevil damage
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symptoms in 67 to 99 % of roots per plot (2/3 to almost all), 8 = clear weevil symptoms in all
roots per plot, 9 = severe weevil damage symptoms in all roots per plot (rotting).
Hydroxycinnamic acid (HCA) ester profiling

Storage root samples were brought to NaCRRI and a sub-sample of storage roots
from each plot were washed and processed. We selected two hundred eight nine genotypes
(287 progeny and 2 parents) from NaCRRI and NgeZARDI for HCA analysis. Fresh roots
were cut transversely into 2-3 root discs, weighed and freeze-dried using a vacuum freeze
dryer (True-Ten Industrial Co. Taichung City, Taiwan). The freeze-dried samples were
weighed and milled at NaCRRI using a Thomas Wiley Mini-Mill (Thomas Scientific,
Swedesboro, New Jersey). For HCA extraction, 50 mg of the powdered samples were
immersed in methanol (1 ml) in 1.5 ml Eppendorf tubes for 24 h. The crude mixture was
spun using a mini-centrifuge (BIO-RAD, Hercules, California) at 13000 rpm for 5 min and
the supernatant collected for liquid chromatography-mass spectrometry (LC-MS) analysis as
described by Anyanga et al. (2013). The profiling of HCA ester concentration was done at

the Natural Resources Institute (NRI), University of Greenwich, UK.

Data analysis

All data analysis was performed using 284 progeny and the parents. Analysis of
variance (ANOVA) of SPW resistance was conducted by the generalized linear mixed model
procedure, PROC GLIMMIX (SAS 9.4, SAS Institute, Cary, North Carolina). We treated the
genotypes as fixed effects and block, site and season as random effects. We compared the

overall SPW least significant (LS) means of parents and that of progeny (Gtype), and also the
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individual progeny and parents LS means Gen(Gtype) across sites and seasons using the
Turkey-Kramer grouping (alpha=0.05). The genotype means were used to assess the level of
transgressive segregation for SPW resistance.

Using PROC MIXED and PROC IML (SAS 9.4, SAS Institute, Cary, North
Carolina), we analyzed the phenotypic and genotypic variances for SPW severity scores,
which we later used to compute the broad sense heritability of SPW resistance in this
population.

For total storage root HCA ester concentration, analysis of variance was done using
PROC GLM with sites as replications. We used the genotype LS means for assessing the
level of transgressive segregation for HCA ester production in the population. The Pearson
correlation analysis of field SPW severity and HCA ester production of genotypes was done
through PROC CORR (SAS 9.4, SAS Institute, Cary, North Carolina).

For the marker and trait association analyses, we used a total 133 informative SSR
markers out of the 405 markers screened. The SSR markers associated with SPW resistance
were identified using regression analysis. We used the genotype best linear unbiased
predictions (BLUPs) of SPW resistance and HCA content to identify SSR markers associated
with sweetpotato weevil resistance. The genotype SPW resistance BLUPs was analyzed
using PROC MIXED (SAS 9.4, SAS Institute, Cary, North Carolina). Then SSR loci and
trait regression analysis was conducted using PROC GLIMMIX with genotypes as fixed
effects. An SSR marker locus was considered to have significant association with SPW

resistance if p<0.05 for the regression analysis.
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Results

Analysis of variance (ANOVA) of SPW resistance

Sites had significant effect on SPW resistance of the genotypes as the mean SPW
severity at NaCRRI, NgeZARDI and NaSARRI were 3.6, 2.1 and 5.4, respectively. The
genotype x environment (G x E) interaction effect was also significant for SPW resistance in
this population. The mean SPW resistance of the parents compared to that of progeny
(Gtype) as estimated by SPW severity scores on storage roots was not significant (p=0.05),
but differences in mean SPW resistance of individual progeny and individual parents

(Gen(Gtype)) across sites and seasons was significant (Table 1).

Genotype performance and heritability

On analyzing the genotypic and phenotypic variances, the broad sense heritability
estimate for SPW resistance in this population was moderate (H?=0.49 + 0.047). The mean
genotype SPW severity scores across seasons at NaCRRI ranged from 1.0-9.0, and averaged
3.6 for both seasons (Fig. 2A), with a mean SPW severity of ‘New Kawogo’ and
‘Beauregard’ of 2.1 and 7.5, respectively. A total of 18 progeny performed better than ‘New
Kawogo’, the resistant parent for SPW resistance at NaCRRI. The top ten most resistant
progeny in terms of mean SPW severity at NaCRRI were; NKB84, NKB52, NKB280,
KNB219, NKB225, NKB77, NKB277, NKB270, NKB250 and NKB94. A total of three
progeny: NKB217, NKB199 and NKB125 had higher severity scores than ‘Beauregard’ at

this site.
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At NgeZARDI, mean genotype SPW severity across seasons ranged from 1.0-7.0
(Fig. 2B) and the mean SPW severity across seasons was 2.1. The mean SPW severity of
‘New Kawogo’ and ‘Beauregard’” were 1.4 and 7.1, respectively. The distribution of
genotype performance was skewed to the left, meaning most genotypes showed low SPW
damage. Twenty-seven progeny exhibited transgressive segregation (perfomed better than the
resistant parent) for SPW resistance at this site. The top ten most resistant genotypes at this
site were; NKB219, NKB225, NKB52, NKB72, NKB115, NKB124, NKB258, NKB21,
NKB49 and NKB180. No progeny had a lower mean SPW severity than ‘Beauregard’ at
NgeZARDI.

The mean genotype SPW severity scores across seasons at NaSARRI ranged from
2.0-9.0 (Fig. 2C) with a mean SPW severity of 5.4. The mean SPW severity of ‘New
Kawogo’ and ‘Beauregard’ were 3.6 and 8.7, respectively. Most progeny had mean SPW
severity scores of greater than 5.4. The total number of progeny exhibiting transgressive
segregation for SPW resistance at NaSARRI was 19. The top ten most weevil resistant
progeny at this site were; NKB219, NKB225, NKB260, NKB84, NKB10, NKB72, NKB279,
NKB158, NKB87 and NKB41. The progeny that performed poorer than ‘Beauregard’ at this
site were NKB17, NKB237, NKB283, NKB282 and NKB127.

Mean overall genotype SPW severity across sites and seasons ranged 1.0-8.0 (Fig.
2D). The mean overall SPW severity of the parents ‘New Kawogo’ and ‘Beauregard’ were
2.5 and 7.8, respectively. The overall genotype mean SPW severity distribution was skewed
to the left and a total 25 progeny showed transgressive segregation for overall SPW

resistance. Progeny NKB152, NKB257, NKB72, NKB59, NKB260, NKB225, NKB108,
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NKB52, NKB158 and NKB279 had the lowest overall mean SPW severity across sites and
seasons (most resistant). Progeny NKB219 and NKB225 had low mean SPW severity across
the three sites having stable performance for SPW resistance. No progeny showed high mean
SPW severity across the three sites.

A total of sixteen high yielding genotypes with cultivar release potential were
identified from this study (Table 2). The highest yielding genotype, NKB216 had high dry
matter content and low SPW resistance. The high yielding genotypes NKB21 and NKB153
had high SPW resistance though they had low [B-carotene contents. The high yielding

genotypes with high B-carotene content had low SPW resistance.

Total storage root HCA ester analysis

Mean storage root total HCA ester concentrations of genotypes (progeny and parents)
were significantly different (P<0.0001). The overall mean total HCA ester concentration of
the genotypes was 69.4 ng/g on dry weight basis. The mean total HCA ester concentrations
of ‘New Kawogo’ and ‘Beauregard’ were 379.6 ng/g and 70.4 ng/g, respectively. Genotype
mean total HCA ester concentrations ranged from 4.9-379.6 ng/g, in progeny NKB175 and
‘New Kawogo’, respectively. The distribution of genotype mean total HCA ester
concentration was skewed to the left and no progeny had higher total HCA ester
concentration than ‘New Kawogo’, the resistant parent (Fig. 3). Over 70% of the progeny
had less than 100 ng/g mean total HCA ester concentrations, an indication of low levels of

SPW resistance.

135



A weak significant positive correlation was observed between genotype total storage
root HCA ester concentrations and field SPW severity (r=0.103, P=0.015). The top ten
progeny with the highest mean total HCA ester concentration were; NKB257 (366.5 ng/g),
NKB152 (357.5 ng/g), NKB108 (268.9 ng/g), NKB256 (254.0 ng/g), NKB265 (237.1 ng/g),
NKB100 (228.8 ng/g), NKB258 (205.1 ng/g), NKB254 (185.5 ng/g), NKB59 (183.5 ng/g)
and NKB60 (181.5 ng/g). On the other hand, the progeny that showed the lowest
concentration of mean total HCA esters were; NKB175 (4.9 ng/g), NKB285 (5.0 ng/qg),
NKB182 (6.3 ng/g), NKB29 (8.1 ng/g), NKB223 (8.7 ng/g), NKB138 (8.8 ng/g), NKB195
(9.2 ng/g), NKB28 (10.3 ng/g), NKB8 (11.9 ng/g) and NKB68 (12.1 ng/qg).

Out of the top ten best performing progeny for mean total HCA ester concentrations
and SPW severities, only five (NKB152, NKB257, NKB108, NKB59 and NKB60) showed
high consistent performance on the basis of SPW severities and total HCA ester
concentrations. Out of the 25 progeny that performed better than ‘New Kawogo’ for field
SPW resistance, only nine had total HCA ester concentrations greater than 140 ng/g.
Interestingly, some highly susceptible progeny to SPW in the field such as NKB80, NKB151
and NKB283 had high HCA ester concentrations of 163.9 ng/g, 160.5 ng/g and 140.6 ng/g,

respectively.

Marker-trait association
Out of the 405 SSR markers screened, 250 were polymorphic on the parents and
selected progeny. However, some of the polymorphic markers later gave ambiguous allele

profiles and were also discarded. This left us with 133 useful markers for marker trait
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association analysis. Marker and mean genotype SPW BLUPs regression analysis showed
that five out of the 133 SSR markers were significantly associated with SPW resistance
(Table 3). However, the amount of variance (R? values) explained by these markers were
low. The most informative SSR marker was J116A that explained 8% of the total variance in
genotype SPW BLUPs.

A total of seven SSR markers were significantly associated with storage root HCA
ester concentrations in this population (Table 4). These markers explained 38.5% of the total
variance in HCA ester concentration in the population. The most highly significantly
associated SSR marker to HCA ester synthesis in this population was marker IbL10, which
explained 7% of the total variance. SSR markers IBS11, IbE5 and IbJ544b were significantly

associated with both HCA ester and field-based SPW resistance in this population.

Discussion

Sweetpotato weevil damage escalates in sweetpotato fields at the onset of dry spells
(Stathers et al. 2003a). Our results are in agreement with this finding as NaSARRI, located in
a semi-arid part of Uganda had the highest mean weevil severity. At NaSARRI, dry spells
typically begin at the end of the each growing season and are characterized by high levels of
soil cracks on the sweetpotato mounds or ridges as the storage roots mature. The soil cracks
create entry avenues for gravid weevils to lay eggs in exposed storage roots, which then
hatch into larvae, the most damaging stage of the SPW (Jansson et al. 1987). Severe damage

by larvae occurs through concealed feeding within the storage roots.
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Another reason for weevil escalation during drought is low the amount of water in the
soil. As a result, limited amount of water is absorbed and transported throughout the plants
and the plants consequently dry up (Mao et al 2004). Therefore, the translocation of plant
defense phytochemicals throughout the plant is also inhibited due to the low amount of water
flowing through the vascular tissues (Ni et al. 2009). The significant G x E interaction for
SPW resistance means that genotypes should be tested from multiple sites for selecting SPW
resistance.

The genotypes (progeny and parents) in our study significantly differed in their mean
weevil infestation across sites and seasons. Our choice of the parental genotypes used in this
study was informed by their published levels of SPW resistance. ‘New Kawogo’ was
reported to have high levels of field and biochemical resistance to SPW (Mwanga et al. 2001;
Stevenson et al. 2009), whereas ‘Beauregard’ was reported to be highly susceptible to a host
of insect pests including sweetpotato weevils (Rolston et al. 1987).

We observed a range of SPW resistance in this population. Progeny that performed
better than ‘New Kawogo’ and have better disease resistance as well as higher dry-matter
content and good storage root yield (Table 2) have become potential candidates for yield
trials and use as sources of genes for future population improvement. The large number of
progeny showing transgressive segregation is attributed to the diverse nature of the parents
selected from different heterotic gene pools (Grineberg et al. 2009a). A moderately high
level of genetic diversity was observed in this population as reported in Chapter 2, which
therefore supports the observation of the large number of progeny exhibiting transgressive

segregation for SPW resistance.

138



The significant differences in the concentrations of mean total HCA esters among the
genotypes could be attributed to random re-assortment of alleles at multiple loci for this trait
in this cross. ‘New Kawogo’ (female) was reported to have high concentrations of HCA
esters and high levels of field resistance to SPW (Stevenson et al. 2009; Anyanga et al.
2013). HCA esters were reported to have effect on the mortality of sweetpotato weevils on
artificial diet in a dose dependent response, which is the reason they were hypothesized to be
the chemical basis of active and quantifiable resistance of ‘New Kawogo’ to SPWs
(Stevenson et al. 2009).

The highly skewed distribution of mean HCA ester concentration of genotypes to the
left (low concentration levels) with a mean genotype HCA ester concentration of 69.4 ng/g
could be an indication of a rare allele that is qualitatively and recessively inherited. However,
with the sample size that was used in this study, conclusive observations are impossible.
Hydroxycinnamic acid esters have been shown to play key roles in the biosynthesis pathway
of lignin, a key mode of plant defense against pathogenic attack and herbivory (Boerjan et al.
2013). Single genes were isolated and shown to encode the enzymes for lignin biosynthesis
including hydroxycinnamate CoA ligase (4CL) in sugarcane (Ramos et al. 2001). The mode
of inheritance of HCA esters in sweetpotato needs to be understood for enhancing their
application in SPW resistance through breeding.

A few clones including NKB152, NKB257, NKB108, NKB59 and NKB60, from our
study showed consistently high levels of field and HCA ester-based weevil resistance. These
clones could be candidate parental genotypes for use in population improvement for SPW

resistance in SSA. We also observed clones that showed high levels of field resistance in
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terms of their weevil damage scores but contrarily had very low HCA ester concentrations
(e.g. NKB72, NKB225, NKB52, NKB158 and NKB279). The resistance in these particular
clones could be attributed other defense mechanisms different from HCA synthesis such as:
deep rooting, presence of physical morphological barriers (i.e., heavy pubescence) and quick
healing mechanisms to insect wounding. Varieties with deep rooting and heavy pubescence
characteristics have been reported to sustain low SPW damage in SSA (Stathers et al. 2003a).

It is noteworthy that, some cultivars; ‘Ruddy’ (Bohac et al. 2002), ‘Regal’ (Jones et
al. 1985) and ‘Sumor’ (Dukes et al. 1987) that are resistant to key insect pests, including the
Wireworm-Diabrotica-Systena (WDS) complex and C. formicarius were released in the US.
However, no SPW resistant cultivar has been bred and released in SSA despite the rigorous
screening for SPW resistance in the global sweetpotato germplasm (Hahn and Leuschner
1981; Thompson et al. 1999; Yada et al. 2011; Jackson et al. 2012; Muyinza et al. 2012).
Apart from the limited sources of SPW resistance for sweetpotato improvement in SSA, dual
infestation by C. puncticollis and C. brunneus is another challenge to these efforts. The
identification of progeny showing high levels of transgressive segregation resistance against
both Cylas sp. could present a positive effort to address SPW damage in the region.

High storage root yield is the most important sweetpotato trait preferred by farmers in
SSA (Fuglie 2007). High yielding genotypes with high B-carotene content and SPW
resistance are important for enhancing sweetpotato productivity in SSA. From our study,
most of the high yielding genotypes (e.g., NKB216 and NKB105) had moderate to high SPW
damage, meaning the observed resistance in them is attributed to tolerance. Many genotypes

that had low SPW damage (resistant) had relatively low storage root yields. This could be
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due to the fitness cost associated with SPW resistance. The high [-carotene content
genotypes had low SPW resistance similar to what is observed in ‘Beauregard’, the male
parent of the cross (Rolston et al. 1987). If some of these superior genotypes perform well in
yield trials, they could be released as weevil resistant cultivars in SSA.

Our study is being complemented by extensive screening of SPW resistance in this
population by choice and no choice SPW feeding bioassays on storage root samples by a
team of sweetpotato entomologists at NaCRRI and NRI, University of Greenwich, UK. This
work will help us ascertain the levels of SPW resistance in the progeny to inform our
decision on the clones to advance for further screening to identify sources of resistance for
future population improvement.

From our study, the broad sense heritability of SPW resistance was moderate
(H*=0.49), meaning a substantial amount of SPW resistance in this population is due to
genetic variance. The inheritance of SPW resistance has been poorly studied. Thompson et
al. (1994) in a set of half-sib families of 19 parental genotypes of varying levels of SPW
resistance estimated the narrow sense heritability of SPW resistance through parent-offspring
regression as 0.35 and 0.52 for number of damaged storage roots and percent of storage
damaged roots, respectively. The moderate heritability estimate in our study means that
selection of increased resistance is achievable, but future families for selecting weevil
resistance should be generated from top performing progeny in this population.

The few number of SSR markers associated with field- and biochemistry-based SPW
resistance in our study could be attributed to the moderate heritability of SPW in this

population. This is the first time SSR markers are being associated with SPW resistance in
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sweetpotato to the best of our knowledge. This study has shown that, SSR loci for resistance
to SPW occur in sweetpotato and can be used to enhance the improvement of sweetpotato for
weevil resistance. The selected SSR markers could be used for genotyping germplasm for
selecting diverse SPW resistant parents. However, there is need to identify QTL linked to
resistance to SPW for use in sweetpotato improvement.

Future sweetpotato improvement in SSA should exploit the use of HCA ester-based
selection (chemotyping) augmented with field phenotyping and laboratory bioassays for long
term population improvement. However, efforts could be put in developing low cost
chemotyping platforms and protocols as HPLC and LC-MS are still expensive. The
calibration of near-infrared spectroscopy (NIRS) for analysis of total HCA ester
concentrations in root samples would enhance throughput screening of breeding materials for
population improvement in the region. This approach could be possible since fourier-infrared
spectroscopy has already been successfully used for quantification of total hydroxycinnamic
acid esters in forages (Allison et al. 2006).

In conclusion, our study showed that sweetpotato weevil resistance is a heritable trait
that can be mapped with SSR markers. More refined studies for estimating narrow sense
heritability for SPW resistance are needed. Field resistance to SPW is significantly
influenced by environment; as a result we recommend further phenotyping of this population
for SPW resistance. The transgressive segregates need to be screened further to confirm the
level of SPW resistance for use in population improvement. Our data needs to be augmented
with the choice and no choice feeding bioassay data on the genotypes to draw informed

conclusions on the level of SPW resistance in this population. More genomic tools should be
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developed using this ‘New Kawogo’ x ‘Beauregard’ population through genotyping by
sequencing of the entire population for SSR and single nucleotide polymorphism (SNP)

marker mining.
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List of Tables
Table 1 ANOVA of sweetpotato weevil resistance in the progeny and parents of the ‘New

Kawogo’ x ‘Beauregard’ mapping population

Source DF SS MS  FValue Pr>F
Site® 2 46.0 23.0 3.6 0.0370
Gtype® 1 3.6 3.6 14  0.2461
Gen(Gtype)* 284 1580.2 5.6 2.1 <.0001
Site*Gtype® 2 9.3 4.6 1.8  0.1733
Site*Gen(Gtype)® 567 1881.3 3.3 1.3 0.0001
Block(Site*Season) 15 1538.2 102.5 38.8  <.0001
Residual’ 3892 10284.0 2.6

Trials were conducted at three sites (NaCRRI, NgeZARDI and NaSARRI) and two seasons
in a randomized complete block design (RCBD) with three replicates in Uganda in 2012
DF = degrees of freedom, SS = sum of squares, MS = mean sum of squares (SS/DF)

& Mean squares tests the significant effect of locations

P Tests the significant effect of overall least significant mean of the parents vs that of the
progeny across sites and seasons

° Tests the significant effect of least significant means of individual genotypes (parents and
progeny) across sites and seasons

9 Tests the significant effect of site on overall parent and progeny least significant means

¢ Tests the significant effect of genotype x environment interaction

" Used in ANOVA to test significant effect of extraneous factors
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Table 2 Performance of the top 16 progeny with cultivar release potential across sites and
seasons ranked using mean storage root yield (YLD), dry matter (DM), B-carotene (BC)
content and sweetpotato weevil (SPW) resistance, highlighted clones are the candidate clones

for cultivar release

Genotype Mean Rank®

YLD?* DM BC®  sPw® YLD DM BC SPW

NKB216  48.4 29.0 9.7 3.2 1 138 187 192
NKB9 41.0 30.4 7.4 2.5 2 63 250 63
NKB254  40.4 24.3 29.1 5.0 3 285 3 270
NKB177  40.1 30.6 9.3 3.5 4 55 200 208
NKB168  38.8 29.1 8.7 2.2 5 134 218 26
NKB93 38.5 30.9 6.2 3.0 6 44 272 59
NKB21 38.3 294 9.7 2.2 7 112 188 22
NKB153  38.1 29.5 10.0 3.6 8 105 175 250
NKB105  37.9 28.5 14.0 6.3 9 178 94 279
NKB114  36.8 25.2 6.8 3.1 10 282 263 159
NKB15 36.5 28.1 20.7 4.1 11 208 31 253
NKB193  36.4 30.3 115 2.7 12 69 131 105
NKB3 36.1 28.0 17.8 3.5 13 213 56 244
NKB201  35.9 30.4 12.0 3.1 14 60 122 180
NKB5 358 29.7 5.5 2.5 15 100 280 74
NKB135  35.7 25.6 20.9 2.9 16 277 29 152

Trials were conducted at three sites (NaCRRI, NgeZARDI and NaSARRI) and two seasons
in a randomized complete block design (RCBD) with three replicates in Uganda in 2012
2YLD = Genotype least significant mean storage root yield (t/ha) averaged over three sites
and two seasons, > DM = Genotype least significant mean storage root dry matter content (%)
averaged over three sites and two seasons

“BC = Genotype least significant mean storage root p-carotene content (mg/100g) averaged
over three sites and two seasons

4SPW = Genotype least significant mean sweetpotato weevil resistance averaged over three
sites and two seasons

® Ranking of 286 genotypes (284 progeny and 2 parents) in descending order for storage root
yield, dry matter, -carotene content and sweetpotato weevil resistance
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Table 3 Association of SSR markers with the best linear unbiased predictions of overall

mean across-sites and seasons sweetpotato weevil severity (SPW_BLUPS) of genotypes

Marker®  Number  Most significant R SPW_BLUP Fvalue ProbF

of alleles allele” mean
J116A 5 J116ANKB210 0.0806 0.0006 4.68 0.000
IbL16 5 IbL16NK183 0.0446 0.0024 2.56 0.028
IBS11 5 IBS11INKB253 0.0443 0.0006 2.48 0.032
IbE5S 3 IbESB218 0.0311 0.0024 2.95 0.033
IbO5 2 IbO5NKB181 0.0233 0.0024 3.31 0.038

#SSR markers that were highly associated with SPW resistance selected out of 133 SSRs
analyzed in the study

® Marker allele that had the highest significant association with resistance and also the allele
that accounted for the highest variance for SPW resistance

R? = Proportion of SPW severity variance explained by SSR markers
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Table 4 Association of SSR marker loci with the best linear unbiased predictions of overall

mean across-sites hydroxycinnamic acid (HCA_BLUPS) concentration of genotypes

Marker®  Number Most significant R’ HCA_BLUP Fvalue ProbF
of alleles allele” mean
IbL10 5 IbL10B197 0.0671 0.00248 8.60 0.004
IBS62 5 IBS62B120 0.0654 0.0023 8.50 0.004
IbE5 3 IbE5B218 0.0580 0.0024 2.84 0.011
IBSSRO03 6 IBSSR03B219 0.0525 0.002386 2.15 0.039
IBS11 5 IBS11NKB253 0.0510 0.0006 2.73 0.023
IbJ544b 4 IbJ544bNKB197  0.0460 0.0032 2.40 0.030
IbL16 5 IbL16NK183 0.0446 0.0024 2.56 0.028

#SSR markers that were highly associated with HCA based weevil resistance selected out of

133 SSRs analyzed in the study

> Marker allele that had the highest significant association with HCA_BLUPS and also the

allele that accounted for the highest variance for HCA based resistance
R? = Proportion of HCA ester concentration variance explained by SSR markers
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Abstract

Sweet potato virus disease (SPVD), a disease complex of Sweet potato chlorotic stunt virus
(SPCSV; Crinivirus) and Sweet potato feathery mottle virus (SPFMV; Potyvirus) causes high
yield losses in sub-Saharan Africa. The development of resistant cultivars to SPVD has been
limited by the complex sweetpotato genetics and high levels of mutations in the causal
viruses. The objectives of this study were to understand the inheritance of SPVD resistance
and identify SSR markers associated with SPVD resistance in a bi-parental mapping
population. A total of 284 progeny and parents of the ‘New Kawogo’ x ‘Beauregard’
population were genotyped with 250 SSR markers and phenotyped for SPVD resistance at
three sites during two seasons in Uganda. Two progeny showed transgressive segregation for
overall genotype mean SPVD severity across sites and seasons. The broad sense heritability
for SPVD resistance was 0.51. A total of seven SSR markers were significantly associated
with SPVD resistance in this population. These markers and other SSRs need to be used to
fine map the QTL of SPVD resistance for future implementation of marker-assisted selection

of SPVD resistance in sweetpotato.

Key words: Sweet potato virus disease, SSR markers, heritability
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Introduction

Global sweetpotato [Ipomoea batatas (L.) Lam] production is severely constrained by
sweet potato virus diseases (Valverde et al. 2007). Devastating yield losses are particularly
experienced in sub-Saharan Africa (SSA) where sweetpotato is grown for food and nutrition
security (Karyeija et al. 1998a; Tairo et al. 2005). Sweet potato virus disease (SPVD) causes
yield losses of up to 98% in SSA (Karyeija et al. 1998a, Gibson et al. 1998; Tairo et al.
2004). Yield losses of 30-50% can occur in the US farmers’ sweetpotato fields if not
managed (Clark and Hoy 2006). Over 20% sweetpotato yield losses occur in China due to
SPVD (Feng et al. 2000).

Sweet potato virus disease is a difficult to manage disease complex. It results from a
synergistic dual infection by the whitefly, Bemisia tabaci (Gennadius) transmitted Sweet
potato chlorotic stunt virus (SPCSV; Crinivirus) and the aphid, Aphis gossypii (Glover)
transmitted Sweet potato feathery mottle virus (SPFMV; Potyvirus) (Gibson et al. 1999;
Karyeija et al. 2000). Though many varieties are resistant to SPFMV, the co-infection of
SPCSV normally leads to resistance break down in putatively resistant varieties (Aritua et al.
1998; Mukasa et al. 2003a; Mukasa et al. 2006; Kreuze et al. 2008).

Recently, SPCSV isolates of similar strains to the ones occurring in East Africa were
reported in farmers’ fields in China, posing further threat to global sweetpotato production
(Qiao et al. 2011). Apart from vector transmission, clonal propagation of sweetpotato also
enhances the spread of SPVD (Karyeija et al. 1998a). The symptoms of SPVD infection
include overall stunting, leaf narrowing and distortion, chlorosis and mosaic or vein-clearing

(Gibson et al. 1998).
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The main approach for SPVD management in the high virus pressure areas like SSA
has been the use of clean planting material of moderately virus resistant or tolerant varieties
like ‘New Kawogo’ and Tanzania (Aritua et al. 1998; Byamukama et al. 2004). The absence
of a functional formal sweetpotato seed system in SSA has made SPVD management using
clean seed lots of resistant varieties difficult (Mukasa et al. 2003a; Tairo et al. 2005). The
lack of resistant varieties to SPVD in SSA despite the efforts of breeding over the years has
made management of SPVD challenging. SPVD resistance has been demonstrated in the wild
relatives of sweetpotato (Karyeija et al. 1998b).

In East Africa, SPVD management was also attempted through the transformation of
some East African lines with the coat protein gene from the russet crack strain of SPFMV,
but this approach did not succeed as the plants succumbed to SPCSV in the field (Wambugu
2003; Okada et al. 2002; Tairo et al. 2005). Recent molecular studies have provided a
mechanistic understanding of the synergistic interaction of SPCSV and SPFMV and these
may offer opportunities for future transgenic virus resistance work (Cuellar et al. 2009). The
viral class 1 RNase Il enzyme from SPCSV has been identified as the key factor behind
SPVD and yield losses to which SPCSV predisposes sweetpotato plants. As virus strains
from various regions are sequenced (Kreuze et al. 2002), future transformation of amenable
lines for SPVD resistance through the suppression of the RNase Il enzyme by RNA
interference (RNAI) method could offer a management option for SPVD.

Breeding for resistance to SPVD is difficult. Mass selection based on observation of
SPVD symptoms in the field has been primarily employed for breeding SPVD resistance in

SSA and other parts of the world where SPVD is a problem (Jones et al. 1987; Mwanga et al.
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2001). This method has relied on the assembly and screening of large numbers of
sweetpotato germplasm accessions and selection of parental genotypes for use in
hybridization schemes (Yada et al. 2010a; Yada et al. 2011). However, this approach, like
other phenotype based screening approaches, is limited by environmental plasticity and has
not led to the development of SPVD resistance in SSA (Yada et al. 2010c).

The application of molecular markers is needed to enhance breeding for SPVD
resistance. The complex and polyploid nature of sweetpotato (2n=6x=90) genome and
limited genomic resources has slowed the use of molecular techniques for sweetpotato
improvement over the years (Chang et al. 2009; Cervantes-Flores et al. 2008a). Another
delay to the application of molecular markers for sweetpotato improvement is the occurrence
of high levels of self-incompatibility in sweetpotato (Martin 1965; Gurmu et al. 2013). Self-
incompatibility and polyploidy genome makes crossing difficult and complicates the
development of inbred lines for constituting the right populations for genomic studies in
sweetpotato.

As a result of the complex genome of sweetpotato, only two quantitative trait loci;
spfmvl and spcsvl have been mapped for SPFMV and SPCSV resistance, respectively from a
bi-parental cross of ‘Tanzania’ and ‘Bwanjule’ cultivars (Mwanga et al. 2002a). These QTLs
were mapped with amplified fragment length polymorphism (AFLP) and random amplified
polymorphic DNA (RAPD) markers that have limited utility for sweetpotato improvement
through marker-assisted breeding (MAB). In a related effort, some AFLP markers associated

with SPVD resistance were identified through discriminant analysis and logistic regression
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(Mcharo et al. 2005a; Miano et al. 2008), but have neither been used for breeding for SPVD
resistance.

Systematic future application of molecular markers for breeding SPVD resistance will
need the identification of QTL of SPVD resistance based on co-dominant simple sequence
repeat (SSR) and/or single nucleotide polymorphism (SNP) markers from high density
linkage maps. This will enable the implementation of marker-assisted selection (MAS) for
SPVD resistance for variety development. However, there are currently limited numbers of
sweetpotato SSRs (Buteler et al. 1999; Hu et al. 2004; Schafleitner et al. 2010; Wang et al.
2011) and no SNPs to enhance sweetpotato improvement for SPVD resistance through MAS.

The present study was conducted to associate the SSR markers with SPVD resistance
using the ‘New Kawogo’ x ‘Beauregard’ mapping population that is segregating for SPVD
resistance using regression analysis. The association of SSR markers with SPVD resistance
in sweetpotato will provide knowledge on the utility of SSR markers for mapping SPVD

resistance in sweetpotato as core genomic tools for sweetpotato are developed.

163



Materials and methods

Plant material

The population used in this study consisted of 287 F; progeny from a bi-parental
cross between ‘New Kawogo’ (NK) and ‘Beauregard’ (B) developed at NaCRRI in Uganda
(0° 32°N, 32° 35’E, 1,150 m.a.s.l). ‘New Kawogo’ (female) is a SPW resistant, SPVD
tolerant, high dry matter content and white-fleshed (very low B-carotene content) released
landrace in Uganda (Stevenson et al. 2009; Mwanga et al. 2001). ‘Beauregard’ (male) is a
SPW and SPVD susceptible, low dry matter content and orange-fleshed (high B-carotene

content) popular US cultivar (Rolston et al. 1987).

Genomic DNA extraction and SSR genotyping

Genomic DNA was extracted from the young leaves of each progeny at NaCRRI
Biosciences laboratory using a modified C-TAB method (Doyle and Doyle 1990) using the
protocol described in Chapter 2. The DNA samples were shipped to North Carolina State
University through DHL Express Courier for genotyping. DNA concentrations were
measured using a NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies,
Wilmington, Delaware).

A total of 405 published expressed sequence tags (EST) SSR primers (Buteler et al.
1999; Hu et al. 2004; Schafleitner et al. 2010; Wang et al. 2011) were used in this study. The
primers were redesigned by addition of M213 tail universal primer sequence

(TGTAAAACGACGGCCAGT) to the 5° end of the forward primer sequence and then
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synthesized by Eurofins Genomics (Huntsville, Alabama). The complementary M13
sequence was fluorescently labeled with VIC (green), 6FAM (blue), NED (yellow) and PET
(red) tags from Applied Biosystems (Foster City, California) for automated and low cost
detection of polymerase chain reaction (PCR) products.

The PCR for DNA amplification was performed in a 10 pl reaction volume. The
reaction consisted of 3.0 pl (20-40 ng/pl) DNA template, 1.0 pl of 10X PCR buffer, 1.0 pl of
15mM MgCl,, 0.8 pl of 210mM DNTPs mix, 0.2 pl forward primer (1.0 uM), 1.0 pl reverse
primer (1.0 pM), 0.5 pl M13 primer (1.0 uM), 0.1 pl Taqg polymerase (50 U/ul) and 2.4 pl
PCR water. The PCR conditions were as follows; one hold at 94.0°C for 4 min, followed by
first 15 cycles of 94.0°C denaturation for 30 sec, 55.0°C annealing for 30 sec, and 72.0°C
extension for 1 min, then followed by 25 cycles of 94.0°C for 30 sec, 50.0°C annealing for
30 sec, and 72.0°C extension for 1 min, followed by two holds at 72.0°C for 7 min, and at
4.0°C for infinite time.

The PCR amplifications were performed using an Eppendorf Mastercycler
(Eppendorf AG, Hamburg, Germany). The PCR product sizing was done by capillary
electrophoresis using an ABI3730x| Genetic Analyzer (Applied Biosystems, Foster City,
California). The allele data was then analyzed using GeneMarker 2.2.0 (SoftGenetics, State
College, Pennsylvania). The allele scores were then converted to binary data, that is 1 (allele

present) and O (allele absent).
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Field trials and SPVD resistance screening

The 287 progeny and parents were phenotyped for SPVD resistance at three sites and
two seasons in Uganda in 2012. The experiments were conducted in a randomized complete
block design with 3 replications per line at each site. Each experimental plot consisted of 5
plants spaced 30 cm apart. The plots were separated by 1.0 m.

The trials were conducted at the National Semi-Arid Resources Research Institute
(NaSARRI) (1° 32°N, 33° 27° E), Ngetta Zonal Agricultural Research and Development
Institute (NgeZARDI) (2° 202°N, 33° 62’ E), and the National Crops Resources Research
Institute (NaCRRI) (0° 32°N, 32° 35°E). The trials in the first season (2012A) were planted in
June, 2012 and harvested in November, 2012. The second season trials (2012B) were planted
in November, 2012 and harvested in May, 2013. The trials were harvested at 5-6 months
after planting to subject the materials to severe SPVD infection.

At harvest, genotype SPVD resistance was measured by scoring the severity of
damage using the disease symptoms on leaves and stems. A disease rating of 1 to 9 was used,
where 1 = no virus symptoms, 2 = unclear virus symptoms, 3 = clear virus symptoms in <
5% of plants per plot, 4 = clear virus symptoms in 6 to 15% of plants per plot, 5 = clear virus
symptoms in 16 to 33% of plants per plot, 6 = clear virus symptoms in 34 to 66% of plants
per plot (more than 1/3, less than 2/3), 7 = clear virus symptoms in 67 to 99 % of plants per
plot (2/3 to almost all), 8 = clear virus symptoms in all plants per plot (not stunted), 9 =

severe virus symptoms in all plants per plot (stunted).
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Data analysis

The analysis of variance (ANOVA) for SPVD severity was done using the
generalized linear mixed model procedure, PROC GLIMMIX (SAS 9.4, SAS Institute, Cary,
North Carolina), with genotypes as fixed effects while block, site and season as random
effects. We used the Turkey-Kramer grouping (alpha=0.05) for comparing the overall SPVD
least significant (LS) means of parents and the overall mean of the progeny (Gtype), and the
individual parent and progeny means Gen(Gtype) across sites and seasons. The genotype LS
means were plotted to assess the level of transgressive segregation for SPVD resistance in the
population. The phenotypic and genotypic variances for SPVD severity in the population
were analyzed by PROC MIXED and PROC IML, and then used for calculating the broad
sense heritability estimate for SPVD resistance.

Marker-trait association was done using regression analysis of best linear unbiased
predictions (BLUPs) of genotype SPVD severities against SSR allele profiles. A total of 133
SSR markers were used for this analysis. The mean SPVD severity BLUPs of genotypes was
analyzed using PROC MIXED (SAS 9.4, SAS Institute, Cary, North Carolina). The mean
genotype SPVD severity BLUPs were associated with the SSR loci by regression
implemented by PROC GLIMMIX (SAS 9.4, SAS Institute, Cary, North Carolina) with
genotypes as fixed effects. We used the probability level (alpha=0.05) for selecting markers

highly associate with SPVD resistance.

167



Results

Analysis of variance of SPVD

Statistical analyses were done using 284 progeny and the two parents as three
progeny had a lot of missing data and were removed from the analysis. Both sites and
seasons had significant effects on mean SPVD severity of the genotypes (Table 1). The
overall mean genotype SPVD severity for NaCRRI, NgeZARDI and NaSARRI were 6.8, 3.4
and 3.8, respectively. The overall mean genotype SPVD severity for seasons 1 and 2 were
4.4 and 5.2, respectively. The mean SPVD severity of parents was compared with that of
progeny (Gtype) and was not significantly different.

However, the mean SPVD severity for individual progeny and parents (Gen(Gtype))
across sites and seasons were significantly different (P<0.0001) and ranged from 2.0 to 8.0 in
progeny NKB216 and NKB225, respectively. The overall mean SPVD severity for ‘New
Kawogo’ and ‘Beauregard’ were 3.2 and 7.5, respectively. Significant genotype by site
interaction for SPVD was observed in this population (P<0.0001) though the other

interaction effects were not significant.

Heritability and transgressive segregation

The broad sense heritability estimate for SPVD resistance in this population was
moderate (H?=0.51+0.046). The distribution of genotype mean SPVD severity across seasons
at NaCRRI was skewed to the right, meaning that most genotypes succumbed to SPVD at

this location (Fig. 1A). Mean genotype SPVD severity at this site ranged from 2.0-9.0 and
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the severities for ‘New Kawogo’ and ‘Beauregard’ were 3.2 and 9.0, respectively.
Interestingly, some three genotypes; NKB216, NKB104 and NKB32 performed better than
‘New Kawogo’ for SPVD resistance at this site. The top ten most resistant clones in terms of
mean SPVD severity were; NKB216, NKB32, NKB252, NKB249, NKB215, NKB104,
NKB135, NKB230, NKB255 and NKB37. The five least resistant clones to SPVD were;
NKB24, NKB271, NKB88, NKB232 and NKB212.

On the other hand, mean across seasons genotype SPVD severity at NgeZARDI and
NaSARRI were normally distributed. Mean genotype SPVD severity at NgeZARDI ranged
from 2.0-8.0 (Fig. 1B). ‘New Kawogo’ and ‘Beauregard’ had mean severities of 2.3 and 7.6,
respectively. A total of 19 progeny exhibited transgressive segregation for SPVD resistance
at NgeZARDI. Only clone NKB104 exhibited transgressive segregation at both NaCRRI and
NgeZARDI. The top ten most SPVD resistant progeny at this site were; NKB18, NKB55,
KNB168, NKB91, NKB249, NKB96, NKB116, NKB259, NKB52 and NKB67. On the other
hand, the least five SPVD resistant progeny were; NKB265, NKB31, NKB84, NKB170 and
NKB256.

At NaSARRI, mean genotype SPVD severities across seasons ranged from 2.0-7.0
(Fig. 1C) and the mean SPVD severities of the parents were 2.1 and 6.5 for ‘New Kawogo’
and ‘Beauregard’, respectively. At this site, two progeny; NKB195 and NKB204 exhibited
transgressive segregation for SPVD resistance. The top ten best performing progeny for
SPVD resistance at this site were; NKB195, NKB204, NKB277, NKB191, NKB241,
NKB277, NKB90, NKB210, NKB11 and NKB278. The worst five performing progeny for

SPVD resistance here were; NKB35, NKB196, NKB38, NKB45 and NKB5.
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The overall mean genotype SPVD severity across sites and seasons ranged from 2.0-
8.0 (Fig. 1D). ‘New Kawogo’ and ‘Beauregard’ had overall mean SPVD severities of 2.5 and
7.7, respectively. Two genotypes; NKB216 and NKB104 exhibited transgressive segregation
for overall mean SPVD severity in this population. The top ten best performing progeny for
overall mean SPVD resistance across sites and seasons were; NKB216, NKB104, NKB32,
NKB249, NKB55, NKB90, NKB277, NKB252, NKB135 and NKB116. The worst five
performing genotypes for overall SPVD resistance across sites and seasons were; NKB265,
NKB130, NKB31, NKB5 and NKB170.

None of the top ten best performing progeny had high performance across the three
sites. In the same way, none of the worst five performing clones had consistent performance
across the three sites. However, progeny NKB249 and NKB252 performed well for mean
SPVD resistance at both NaCRRI and NgeZARDI, but did not perform well at NaSARRI.

The highest yielding genotype, NKB216 was the most SPVD resistant genotype in
this population. However, 15 of the top 16 high yielding genotypes with cultivar release
potential had relatively high SPVD damage ranging from 3.8 to 5.4 (Table 2). The high
yielding and high B-carotene content genotypes from our study such as NKB3, NKB15,

NKB135 and NKB254 suffered high SPVD damage.

Marker-trait association

The SSR markers associated with SPVD resistance were identified by regression

analysis. Out of the 405 SSR markers screened, 250 were polymorphic on the parents and
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selected progeny. However, after genotyping the whole population with the polymorphic
markers, 133 SSR markers were identified to be useful for analysis of SPVD resistance.

The number of SSR markers significantly associated with mean SPVD resistance at
the three sites and with the overall mean SPVD resistance is shown in Table 2. A total of
seven SSR markers were significantly associated with overall mean genotype SPVD
resistance. Three SSR markers were associated with SPVD resistance at NaSARRI and
NgeZARDI, respectively, while five SSR markers were associated with SPVD resistance at
NaCRRI. However, most of these markers were not very highly significantly associated with
SPVD resistance (P=0.05). The amount of total variance in mean overall genotype SPVD
resistance in the population explained by the six selected markers was 24.6%. Marker
IBS166 was the most significantly associated SSR marker with mean genotype SPVD

resistance in this population.

Discussion

Sweet potato virus disease is the most devastating disease of sweetpotato in SSA
(Karyeija et al. 1998a; Tairo et al. 2005). The areas around the Lake Victoria crescent in
Uganda were reported to have the highest incidence of SPVD in SSA (Mukasa et al. 2003a).
Our findings are consistent with this observation since NaCRRI, which is located within the
Lake Victoria crescent showed the highest mean across season SPVD severity (6.8).
However, NgeZARDI and NaSARRI that are located over 300 km away from the Lake

Victoria crescent had lower mean SPVD severities of 3.4 and 3.8, respectively.
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The cool and moist environment around Lake Victoria crescent for the most part of
the year is favorable for enhancing the population dynamics of whiteflies that transmit
SPCSV, the more damaging of the two viruses causing SPVD (Aritua et al. 1998;
Byamukama et al. 2004). On the other hand, NaSARRI and NgeZARDI have two hot dry
spells every year, and this impedes reproduction and survival of whiteflies as most
sweetpotato crop and probable alternate hosts of white flies and aphids dry out during these
dry spells. The dry spells at NgeZARDI are not as severe as those at NaSARRI though, the
reason for the slightly lower mean SPVD severity at this site.

These agroecological differences were reflected in the significant G x E interaction
results observed for SPVD resistance in the different sweetpotato production areas in
Uganda. We observed significant G x E interaction for SPVD resistance from ANOVA. We
also did not observe any genotype either among the top ten or the bottom five that showed
consistent performance at all the three sites. Significant G x E interaction for SPVD
resistance in sweetpotato was also reported in multi-location evaluation of 15 clones that
included Ugandan landraces and introductions from CIP (Byamukama et al. 2002). In
addition to environmental differences, G x E interaction for SPVD resistance is also
attributed to the diversity of sweet potato virus strains present in the different agro ecologies.
Molecular studies have shown the occurrence of different sweet potato virus isolates in
different geographical zones and such diversity was attributed to high mutation rates in the
constituent viruses (Ateka et al. 2007).

Genotype significantly influenced the response to SPVD pressure in our study.

Sweetpotato genotypes have been demonstrated to show differences in response to SPVD
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pressure. ‘Beauregard’ was observed to be highly susceptible to sweetpotato viruses in
Louisiana (Clark and Hoy 2006), while ‘New Kawogo’ was reported to be highly tolerant to
SPVD in Uganda (Mwanga et al. 2001). Studies also demonstrated that significant variation
occurred in the level of SPVD resistance in the Ugandan sweetpotato germplasm (Bua et al.
2006; Yada et al. 2011). The highly significant difference among the progeny in our study is
beneficial and could be exploited for selection of sources of SPVD resistance for use in
population improvement in SSA.

The progeny in our ‘New Kawogo’ X ‘Beauregard’ population was expected to react
differently to SPVD pressure as segregation occurs at F1 in sweetpotato hybrids. This diverse
progeny performance was expected because of the diverse parents selected from different
heterotic gene pools used in this study. Just like in our study, progeny from diallel families
responded differently to SPVD but at NaCRRI most of them succumbed to high SPVD
pressure (Mwanga et al 2002b). Future genetic gains in development of SPVD resistance will
need the selection of diverse parents in terms of SPVD resistance.

The distribution of mean progeny SPVD severity differed with the sites of evaluation.
The distribution of mean genotype SPVD severity at NaCRRI was highly skewed to the right
(susceptible types), but that at NgeZARDI, NaSARRI were normally distributed. The overall
individual progeny mean SPVD severities over sites and seasons was also normally
distributed. This was attributed to the very high SPVD pressure at NaCRRI, a site that has
been used for routine screening of breeding lines for SPVD resistance in Uganda. Over
100,000 clones are routinely screened and discarded at NaCRRI for SPVD resistance before

advancing the promising clones for yield trials (Mwanga et al. 2007).
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We observed less than 10 progeny exhibiting transgressive segregation in this
population at the three sites. The genotypes exhibiting transgressive segregation could have
genetic mechanisms of either restricting infection or suppressing development of the viruses,
or both. Reports have shown that certain plant genotypes suppress virus infection by limiting
virus multiplication and movement through the cells and vascular tissues (Valkonen 1994).
This resistance could also be attributed to tolerance, which is the ability of infected plants to
offset the effects of infection so that storage root yields would not be reduced relative to a
susceptible check clone (Valkonen 1994).

Another reason for the low SPVD severity in these superior progeny could be
reversion from infection after the delayed harvest. Reversion is the ability of plants to
recover from SPVD infection. Reversion was observed in ‘New Kawogo’ (Mwanga et al.
2002a) and this trait could be segregating in the progeny. However, the genetic mechanism
for this phenomenon is not understood.

The high performing progeny may also possess morphological features such as heavy
vine and leaf pubescence that inhibit white fly and aphid feeding. This needs to be confirmed
through morphological characterization. Some Ugandan sweetpotato germplasm with high
levels of vine and leaf pubescence had low SPVD severities and this resistance was attributed
to antixenosis through vector inhibition (Yada et al. 2010c, 2011). As the harvesting of these
trials was delayed, we could rule out escape as the cause of low SPVD severity in these
resistant progeny and consider this reaction as active and heritable SPVD resistance.

Apart from the clone NKB216, which was the highest yielding and SPVD resistant

genotype, the rest of the high yielding genotypes had high SPVVD damage. Resistance in these
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higher yielding genotypes was likely due to tolerance since storage root yield was not
relatively reduced by SPVD infection. The SPVD resistance performance exhibited by the
progeny is similar to that of the female parent; ‘New Kawogo’, which was reported to be
highly tolerant to SPVD infection (Mwanga et al. 2001). Most of the SPVD resistance in the
released high vyielding and orange-fleshed cultivars in Uganda has been attributed to
tolerance (Mwanga et al. 2009). Some of these superior genotypes could as well be released
for production as high yielding and SPVD tolerant cultivars in SSA after yield trials.

Our study demonstrated SPVD resistance to be a moderately heritable trait (H=0.51),
meaning that over 50% of the observed SPVD reaction in this population was explained by
genotypic variance. Mwanga et al. (2002b) reported using a diallel cross population that
SPVD resistance is quantitatively inherited with a moderate to high broad sense heritability
(H*=0.73-0.98). In another diallel population, the broad sense heritability estimate for SPVD
resistance was high (H?=0.85-0.98), while narrow sense heritability estimate was low
(h*=0.48) (Hahn et al. 1981). Therefore, substantial amount of SPVD resistance in the
transgressive segregants in this population was inherited. This means that multiple SPVD
resistance can be incorporated in to adaptable sweetpotato genotypes to enhance resistance
through breeding. The moderately high heritability estimate for SPVD resistance in our study
also meant that, it was possible to associate SSR markers with SPVD resistance due to the
high genetic nature of this trait in this population.

The SSR regression analyses led to the selection of seven SSR markers significantly
associated with SPVD resistance in this population. This SSR marker-SPVD resistance

association in sweetpotato in our study though successful, was limited by the low amount of
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variance and significance levels of SSR loci. The amount of variation in SPVD resistance
explained by the selected SSR markers was lower than that was reported with AFLP and
RAPD markers that explained over 70% of resistance to SPCSV and SPFMV (Mwanga et al.
2002a). The low variability in our analysis could have been due to the limitation of the
markers used in this analysis to capture the quantitative nature of the trait. Our study
however, suggests that SSRs are linked to SPVD resistance loci in sweetpotato and could be
used for fine mapping of SPVD resistance to enhance breeding.

Earlier, the AFLP and RAPD markers; e41m33.a and S13.1130 were reported to be
associated with SPFMV and SPCSV resistance, respectively through discriminant analysis
(Mcharo et al. 2005a). Miano et al. (2010) also identified four AFLP markers highly
associated with SPVD resistance in sweetpotato and proposed that they could be used for
selecting SPVD resistance. However, due to the polyploid nature of sweetpotato genome,
these AFLP-based SPVD resistance loci have not been used for sweetpotato improvement.
AFLPs are dominantly inherited and not suitable for differentiating heterozygous and
homozygous alleles that typically occur in polyploid genomes.

The ability to identify and associate alleles within SSR loci with SPVD resistance in
our study makes SSR markers to be a better alternative to AFLPs in enhancing sweetpotato
genomic improvement. In the short term, the highly SPVD associated SSR markers could be
used for genetic diversity analysis of sweetpotato germplasm for selecting diverse parents for
SPVD resistance improvement. This diversity data could be augmented with phenotypic data
to select suitable parents for ensuring better genetic gains in SPVD resistance. In the long

term however, more SSR markers need to be developed to facilitate sweetpotato genomic
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improvement. This coupled with development of sweetpotato SNPs will lead to development
of high density genetic linkage maps for fine mapping of SPVD resistance for use in MAS.

In conclusion, our study demonstrated that wide bi-parental crosses will be useful for
future improvement of SPVD resistance as such crosses generate progeny with high potential
for transgressive segregation for selection of SPVD resistance. SPVD resistance is a heritable
trait in sweetpotato that can be mapped with co-dominant SSR markers to enhance early
selection of resistance. We therefore recommend that the ‘New Kawogo’ x ‘Beauregard’
population be used for developing genomic resources for sweetpotato through genotyping by
sequencing for SSR and SNP marker development. Further phenotyping of this population
for SPVD resistance needs to be done to enhance fine mapping of SPVD resistance with co-

dominant markers for future marker assisted selection of SPVD resistance.
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List of Tables
Table 1 ANOVA of sweet potato virus disease resistance in the progeny and parents of the

‘New Kawogo’ x ‘Beauregard’ mapping population

Source DF SS MS FValue Pr>F
Site® 2 441.0 220.5 88.9 <.0001
Season” 1 24.2 24.2 9.8 0.0018
Site*Season 2 19.3 9.6 3.9 0.021
Gtype* 1 0.4 04 0.2 0.6885
Site*Gtype® 2 27.8 13.9 6.1 0.0023
Season*Gtype 1 4.2 4.2 1.8 0.1774
Site*Season*Gtype 2 2.2 1.1 0.5 0.6162
Gen(Gtype)® 284 1660.3 5.8 2.6 <.0001
Site*Gen(Gtype)' 567 2275.1 4.0 1.8 <.0001
Season*Gen(Gtype) 284 646.6 2.3 1.0 0.5144
Site*Seas*Gen(Gtype) 562 1228.3 2.2 1.0 0.7562
Block(Site*Season) 12 80.6 6.7 2.9 0.0005
Residual® 3137 7180.1 2.3

Trials were planted at three sites (NaCRRI, NgeZARDI and NaSARRI) and two seasons in a
randomized complete block design (RCBD) with three replicates in Uganda in 2012
DF = degrees of freedom, SS = sum of squares, MS = mean sum of squares (SS/DF)
& Mean squares tests the significant effect of sites
b Mean squares tests the significant effects of seasons
¢ Tests the significant effect of overall least significant mean of the parents vs that of the
progeny across sites and seasons
9 Tests the significant effect of site on overall parent and progeny least significant means
® Tests the significant effect of least significant means of individual genotypes (parents and
Progeny) across sites and seasons
Test the significant effect of genotype x environment interaction
9 Used in ANOVA to test significant effect of extraneous factors
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Table 2 Performance of the top 16 progeny with cultivar release potential across sites and
seasons ranked using mean storage root yield (YLD), dry matter (DM), B-carotene (BC)
content and sweet potato virus disease (SPVD) resistance, highlighted clones are the

candidate clones for cultivar release

Genotype Mean Rank®

YLD?* DM BC® SPvD® YLD DM BC SPVD

NKB216  48.4 29.0 9.7 2.0 1 138 187 1

NKB9 41.0 30.4 7.4 5.4 2 63 250 223
NKB254  40.4 24.3 29.1 5.3 3 285 3 217
NKB177  40.1 30.6 9.3 3.8 4 55 200 7

NKB168  38.8 29.1 8.7 4.3 5 134 218 29
NKB93 38.5 30.9 6.2 4.6 6 44 272 62
NKB21 38.3 294 9.7 5.1 7 112 188 165
NKB153  38.1 29.5 10.0 5.1 8 105 175 173
NKB105  37.9 28.5 14.0 5.4 9 178 94 222
NKB114  36.8 25.2 6.8 5.2 10 282 263 187
NKB15 36.5 28.1 20.7 5.4 11 208 31 219
NKB193  36.4 30.3 115 4.7 12 69 131 195
NKB3 36.1 28.0 17.8 4.4 13 213 56 53
NKB201  35.9 30.4 12.0 4.6 14 60 122 75
NKB5 358 29.7 5.5 6.4 15 100 280 279
NKB135  35.7 25.6 20.9 3.9 16 277 29 10

Trials were conducted at three sites (NaCRRI, NgeZARDI and NaSARRI) and two seasons
in a randomized complete block design (RCBD) with three replicates in Uganda in 2012
2YLD = Genotype least significant mean storage root yield (t/ha) averaged over three sites
and two seasons, > DM = Genotype least significant mean storage root dry matter content (%)
averaged over three sites and two seasons

“BC = Genotype least significant mean storage root p-carotene content (mg/100g) averaged
over three sites and two seasons

4SPVD = Genotype least significant mean sweet potato virus disease resistance averaged
over three sites and two seasons

® Ranking of 286 genotypes (284 progeny and 2 parents) in descending order for storage root
yield, dry matter, B-carotene content and sweet potato virus disease resistance
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Table 3 Association of SSR markers with the best linear unbiased predictions of across-sites

and seasons sweet potato virus disease severity of genotypes at sites and overall mean across

sites and seasons

Site Marker®  Alleles® Mostsignificant ~ R? SPVD  ProbF
allele’ Mean
NaCRRI IbU22 5 IbU22NK144 0.037 0.001 0.021
IbY59 3 IbY59NK133 0.026 0.001 0.030
IBS166 3 IBS166NKB294  0.025 0.001 0.011
IbL20 3 IbL20NKB175 0.019 0.001 0.044
IBS82 5 IBS82NKB139 0.017 0.001 0.046
NgeZARDI 1BS166 3 IBS166NKB294  0.028 0.002 0.011
IbE19 3 IbE1I9NKB169 0.016 0.001 0.041
IbE5S 3 IbEBNKB227 0.012 0.001 0.049
NaSARRI IBS45 4 IBS45NK177 0.029 0.000 0.039
IBS166 3 IBS166NKB294 0.024 0.002 0.042
IbY53 3 IbY53B274 0.022 0.001 0.049
Overall IBS118 3 IBS118NK210 0.028 0.001 0.049
IBS166 3 IBS166NKB294 0.050 0.001  0.007
IBS82 5 IBS82NKB139 0.042 0.002 0.043
IbE5 3 IbESNKB227 0.030 0.001 0.039
IbL20 3 IbL20NKB175 0.029 0.001 0.044
IbU4 4 IbUANKB182 0.039 0.001 0.031
IbY53 3 IbY53B274 0.029 0.001 0.046

#SSR markers that were highly associated with SPVD resistance selected out of 133 SSRs

analyzed in the study
b Number of alleles per SSR marker

¢ Marker allele that had the highest significant association with SPVD resistance and also the

allele within the marker that accounted for the highest variance for SPVD resistance

R? = Proportion of variance of SPVD severity explained by SSR markers
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Fig. 1 Distribution of mean sweet potato virus disease (SPVD) severity in the progeny and
parents of the ‘New Kawogo’ (NK) x ‘Beauregard’ (B) mapping population at NaCRRI (A),
NgeZARDI (B), NaSARRI (C), and overall mean across sites and seasons (D), bars represent
the number of clones in each class of mean sweet potato virus disease severity scores

averaged over seasons for sites, and averaged over sites and seasons for the overall mean
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Conclusions and future direction of sweetpotato breeding and genomics research for
SSA
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Conclusions and future direction of sweetpotato breeding and genomics research for
SSA

Genetic improvement of sweetpotato is critical for enhancing food, nutrition and
income security among the heavily sweetpotato dependent communities in SSA. However,
the complex nature of sweetpotato genetics, coupled with severe pest and disease damage
and environmental pressures greatly impede sweetpotato improvement for better livelihoods
in SSA. The lack of core genomic tools also hinders efforts in improving pest and disease
resistance and key nutritional and commercial traits that are critical for farmers to benefit
from the full potential of sweetpotato in the region.

Our study was conducted to understand the genetic basis of the inheritance of
sweetpotato storage root yield, dry matter, starch and p-carotene content and resistance to
SPW and SPVD. The study was also done to identify simple sequence repeat (SSR) markers
associated with storage root yield, dry matter, starch and [3-carotene content and resistance to
SPW and SPVD to enhance the application of genomics for future sweetpotato improvement.
Fig. 1 shows the flow of activities done in this study project to address the above objects.

A bi-parental mapping population of 287 progeny developed from the “New Kawogo’
X ‘Beauregard’ cross was genotyped with 250 SSR markers out a total of 405 sweetpotato
SSR markers screened. This population was phenotyped for storage root yield, dry matter,
starch and B-carotene content and resistance to SPW and SPVD for two seasons at three sites
in Uganda in 2012.

The pairwise genetic distances among the progeny and parents (0.2-0.9) and cluster

analysis showed a moderate genetic diversity in the cross. This confirmed the potential of
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crosses of parents from wide gene pools to produce widely segregating populations for
enhancing sweetpotato improvement.

The broad sense heritability (H?) estimates for storage root yield, dry matter, starch
and f-carotene content were 0.24, 0.68, 0.70 and 0.90, respectively. This means that genetic
gains can be made for storage root yield, dry matter, starch and -carotene content in SSA if
the populations are constituted from the right diverse parents. However, the sweetpotato
breeding community needs to develop novel approaches to overcome the negative correlation
of storage root -carotene content with storage root dry matter and starch content observed in
our study and in the previous ones. Molecular markers will be critical in understanding the
basis of some of these negative correlations. In our study, 12 SSR markers were associated
with storage root yield, while a total of four, six and eight SSR markers were associated with
dry matter, starch and [3-carotene content, respectively

A moderate broad sense heritability estimate (H=0.49) for SPW resistance was
observed in our study, and a total of 25 progeny exhibited transgressive segregation for
weevil resistance. Five SSR markers were significantly associated with field-based SPW
resistance and seven SSR markers were associated with HCA ester-based SPW resistance in
this population. These markers will be useful for future genomic studies of SPW resistance.

Resistance to SPVD was observed to be a moderately heritable trait (H?=0.51) in our
study. Two progeny exhibited transgressive segregation for overall SPVD resistance. A total
of seven SSR markers were significantly associated with SPVD resistance in this population.

The SSR markers tagged to storage root yield, dry matter, starch and B-carotene

content and resistance to SPW and SPVD in our study could be used in characterization of
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germplasm for selecting parental genotypes for improving these key traits. Knowledge on

inheritance of storage root yield, dry matter, starch and -carotene content and resistance to

SPW and SPVD could be useful for making selection decisions by breeders in SSA.

The NKB population is a suitable segregating population for use in further genomic

studies in sweetpotato. A normal distribution was observed for all the traits demonstrating the

potential of this population for use in QTL analysis. To further utilize this population for the

development of sweetpotato genomic tools, we recommend that:

NKB population should be genotyped further through genotyping by sequencing
(GBS) to mine SNPs for developing high density genetic linkage maps for QTL
analysis

NKB population should be phenotyped further for storage root yield, dry matter,
starch and B-carotene content and resistance to SPW and SPVD and other traits like
Alternaria blight resistance

NKB population should be screened in the screen house for SPFMV and SPCSV
resistance as this could not be done in the field trials

NKB phenotypic data should be used for fine mapping of QTL of storage yield, dry
matter, B-carotene, and starch content, and resistance to SPW, SPVD and Alternaria
blight from the high density genetic linkage maps

NKB population should be genotyped and phenotyped along with other populations
segregating for other key global sweetpotato traits in a nested association mapping
model to map key traits of global importance for sweetpotato improvement. Such

populations could be segregating for traits not segregating in NKB population like
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drought and cold resistance. Subsets of these populations could be pooled together
with a subset of NKB population for phenotyping and genotyping by GBS to map
multiple traits captured in the pooled population for use in sweetpotato improvement

across the globe.

A total of 16 clones showed high performance for storage root yield, dry matter,
starch and P-carotene content and have been recommended for yield trials for potential
variety release. The three top clones with variety potential were; NKB3 (36.1 t/ha storage
root yield, 28.0% dry matter content, 17.8 mg/100g B-carotene content), NKB135 (35.7 t/ha
storage root yield, 25.6% dry matter content, 20.9 mg/100g [3-carotene content) and NKB254
(40.4 t/ha storage root yield, 24.3% dry matter content, 29.1 mg/100g B-carotene content).
Some clones had high B-carotene contents and are recommended for evaluation and use as
parental genotypes for population improvement.

Two progeny (NKB216, NKB104) exhibited transgressive segregation for SPVD
resistance. Interestingly, NKB216 was the highest yielding (48.4 t/ha) clone in this
population, though it had lower B-carotene content (9.7 mg/100g). These genotypes are
recommended as sources of SPVD resistance genes to be crossed with deep orange
genotypes for population improvement. For future population improvement of SPVD
resistance, the top performing clones in this population for SPVD resistance should be used
as parents and populations generated from them should be screened to identify better

performing progeny in the next cycle.
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Twenty-five progeny showed transgressive segregation for SPW resistance. Clones
NKB225 and NKB219 had stable performance for SPW resistance across sites. Upon
confirmation of their resistance to SPW through choice and no choice bioassays, these top
performing clones for SPW resistance could be used as parents and crossed among them and
with ‘New Kawogo’. Populations from these crosses could be screened to identify the next
set of parental genotypes for population improvement. Selection of resistance should be
based on field evaluation, choice and no choice bioassays and profiling of hydroxycinnamic
acid ester concentrations in clones.

The findings from our research could help breeders in SSA improve sweetpotato for
both the traditional uses of sweetpotato for food and income security and for the emerging
novel nontraditional uses. These emerging nontraditional uses include: sweetpotato as an
animal and poultry feed; as processed products like cakes, chips, biscuits, flours; as a baby
weaning food; and in juices (Singh et al. 2008; Kiana et al. 2013). Most of these products are
presently being processed by small-scale cottage industries in SSA but have a great potential
for large-scale production. There are also opportunities for investments in the sweetpotato
seed sector SSA.

The breeders and growers in SSA can learn lessons on the great potential of
sweetpotato being demonstrated in the developed world. For instance, sweetpotato is
produced in the US as a table stock, processing, industrial and an ornamental crop (Hamilton
et al. 1985; Winslow 2012), driven by active breeding and a functional formal seed system.

The sweetpotato breeding and genomics community will need to develop a reference

genome sequence for aligning SNPs identified through GBS and the appropriate software for
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phasing and analysis of co-dominant hexaploid molecular data. There is a need to develop
software for diversity, linkage and QTL analysis for hexaploid sweetpotato genomic data.

Novel next generation phenotyping platforms for accurate and timely acquisition of
phenotypic data will also need to be developed and used for enhancing the quality of
phenotypic data collected in SSA. Near-infrared reflectance spectroscopy (NIRS) analysis of
root chemistry composition is being scaled out in SSA through the Sweetpotato Action for
Security and Health in Africa (SASHA) project for throughput screening of breeding lines
for storage root chemistry composition (Zum Felde et al. 2009). Breeders need to be
equipped with low cost sample processing and drying platforms so that they can send
processed samples for storage root chemistry analysis to partners having NIRS facilities.

Breeder friendly platforms for acquisition of disease and pest damage data are
needed. Advances will need to be made in the use of plant biochemistry for revealing the
basis of pest and disease resistance in sweetpotato. Plant biochemistry is now being used by
our group for screening sweetpotato weevil resistance. However, low cost analysis of plant
chemistry through platforms such as NIRS are needed since chemical profiling of resistance
by wet chemistry platforms such as liquid-chromatography mass spectrometry (LC-MS) is
still expensive for the breeders in SSA who screen large numbers of clones.

All the advances in sweetpotato genomics, phenomics and biochemistry will pave
way for use of novel approaches for future sweetpotato improvement. This will include the
application molecular markers, biochemistry and phenotypic data for selection of key traits
for variety development in SSA. Finally, a functional collaboration between the breeding

programs in SSA with the breeding programs in the developed countries and other advanced
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laboratories will be critical to enhance the quality of research to unleash the full potential of

sweetpotato in the region.
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Fig. 1 Work flow chart for the genetic analysis of agronomic traits and resistance to
sweetpotato weevil and sweet potato virus disease in a bi-parental sweetpotato population
project, YLD = Storage root yield, screened at three sites in Uganda, DM = Storage root dry
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weevil resistance, screened at three sites in Uganda, HCA = Root hydroxycinnamic acid
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three sites in Uganda
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Appendix A: Storage root flesh color in the progeny of ‘New Kawogo’ and ‘Beauregard’

some selected progeny

Beauregard

NKB212 NKB266
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Appendix B: List of 133 SSR markers used in marker-trait association analysis

Marker Alleles fragments Number of alleles
Ib-225 174 176 2
IbE30 188 190 2
IbJ67 191 212 2
IbL18 156 160 2
IbL24 156 159 2
IbO5 181 185 2
IB-R14 177 180 2
IBS15 163 166 2
IB-S18 246 250 2
IBS1 248 251 2
IBS204 171 175 2
IBS38 193 195 2
IBS3 198 212 2
IBS95 135 14 2
IBS97 197 199 2
IBSSR03 217 219 2
IbUul 155 160 2
IbU28 120 157 2
IbU34 170 182 2
IbU37 124 128 2
IbU5 196 198 2
IbY54 159 169 2
IbY58 170 178 2
J27 228 251 2
IbY41 173 176 2
1b-297 150 156 163 3
1B297 151 158 183 3
IbE19 160 166 169 3
IbE33 103 120 123 3
IbE5 215 218 227 3
IbJ162E 381 387 391 3
IbL14 117 119 128 3
IbL20 170 173 175 3
IbL31 174 177 179 3
IbL7 164 168 171 3
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Appendix B continued

Marker Alleles fragments Number of alleles
IbL9 180 183 186 3
IbN22 195 197 199 3
IbN24 165 175 181 3
IB-R0O3 262 271 276 3
IB-R12 336 345 357 3
IB-R13 224 227 233 3
IB-R19 214 217 226 3
IBS100 179 183 186 3
IBS109 146 154 158 3
IBS118 210 213 216 3
IBS137 148 154 157 3
IBS13 202 208 214 3
IBS145 129 137 142 3
IBS185 136 145 150 3
IBS186 202 207 213 3
IBS23 302 305 312 3
IBS48 206 213 223 3
IBS4 172 175 178 3
IBS56 205 209 213 3
IBS63 156 159 162 3
IBS64 178 186 190 3
IBS99 196 199 203 3
IBSSRO1 191 196 202 3
IBSSR02 157 166 169 3
IbU10 137 139 205 3
IbU18 192 196 209 3
IbU25 186 190 194 3
IbY47 173 178 181 3
IbY50 186 189 192 3
IbY53 274 286 308 3
IbY59 127 130 133 3
1bJ263 177 179 182 185 4
Ib-242 136 145 150 155 4
IbE4 124 144 155 161 4
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Appendix B continued

Marker Alleles fragments Number of alleles
IbJ10a 192 202 213 218 4
IbJ544b 192 197 202 208 4
IbL2 184 191 193 199 4
IbL33 179 187 190 193 4
IbL34 182 185 187 191 4
IbL43 140 144 154 157 4
IbN35 203 205 207 215 4
IB-R16 211 219 223 229 4
IB-S01 224 230 232 235 4
IBS110 143 167 170 176 4
IBS126 136 140 153 157 4
IBS132 196 199 202 205 4
IBS133 171 174 177 180 4
IBS166 280 283 289 294 4
IBS169 125 146 156 162 4
IBS40 106 109 115 118 4
IBS45 165 168 171 177 4
IBS72 193 200 203 205 4
IBS80 117 119 128 131 4
IBS84 168 180 185 188 4
IBS85 180 188 192 197 4
IbU12 155 168 170 172 4
IbU23 118 123 134 138 4
IbU4 182 192 195 211 4
J175 136 142 145 147 4
J303 200 202 204 206 4
P144 245 248 256 268 4
IBCIP-2 280 283 289 295 298 5
IBCIP2 280 283 286 289 294 5
I1bJ175 138 140 142 145 147 5
IbL10 165 168 171 184 187 5
IbL16 174 180 183 192 195 5
IbL35 117 145 153 159 162 5
IBS103 130 132 134 136 139 5
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Appendix B continued

Marker Alleles fragments Number of alleles
IBS104 145 149 159 162 171 5
IBS108 189 204 207 210 220 5
IB-S11 241 244 247 250 253 5
IBS30 208 214 217 220 223 5
IBS62 116 120 124 128 132 5
IBS82 139 142 185 161 163 5
IBSSRO7 177 187 191 195 201 5
IbU22 136 138 140 144 151 5
IbU33 162 164 170 172 174 5
J10A 190 200 211 212 215 5
J116A 208 210 216 236 239 5
J1809 142 146 149 152 155 5
J315E 249 253 255 257 260 5
IBS22 183 190 205 211 214 220 6
IBC-12 108 111 115 118 121 124 6
IbL23 202 204 207 219 223 233 6
IbL32 165 171 174 177 180 183 6
IbL46 177 179 182 185 188 191 6
IB-S10 286 289 291 293 296 300 6
IBS107 206 213 215 218 261 268 6
IBS10 182 205 209 212 216 220 6
IBS117A 119 121 125 127 130 133 6
IBS11 130 138 142 147 152 156 6
IBS12 278 282 285 292 298 302 6
IBS28 188 191 194 200 221 224 6
IBS44 128 134 137 140 143 146 6
IBS50 126 129 135 142 148 152 6
IBS74 173 176 190 198 199 206 6
IbU13 165 168 170 173 178 183 6
IbU14 132 135 138 141 144 146 6
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