ABSTRACT
TODD, STEVEN MICHAEL. Application of Near Infrare8pectroscopy to Study
Inheritance of Sweetpotato Composition Traits. delnthe direction of Dr. G. Craig
Yencho.)

As interest in new sweetpotaipdmoea batatafl..) Lam.) markets such as starch
feedstocks, anthocyanin production, chips and Frémes, and other processed food
products have increased, breeders have begun gevgkweetpotatoes with unique
compositions. This dissertation describes a tpreeged strategy to understand the genetic
control of sweetpotato composition and modify iingsnear infrared spectroscopy (NIRS),
guantitative inheritance studies, molecular markans exotic germplasm.

In our first experiment, a 5 x 5 NCII crossing koeith 25 full-sib families was
designed to study the inheritance of sweetpotaieistand anthocyanin content. Linear
regression modeling was used to determine thetedfegeneral combining ability (GCA)
and specific combining ability (SCA) on dry mattertal monomeric anthocyanin (TMA)
concentration, fresh yield, and total dry mattest anthocyanin yield. All five traits were
moderately to highly heritable with significant geal combining abilities. Yield and dry
matter yield had significant specific combiningldigis and significant differences among
parents were discovered for all traits. Yield, drgtter, dry matter yield, and TMA yield
were significantly impacted by spatial gradientthw the field, but TMA concentration was
not. Phenotypic and genotypic correlations amoaigstindicated that many traits of interest
shared either genotypic and/or phenotypic coreahasti

In our second experiment, a nested crossing blakuwged to estimate the
heritability of sweetpotato yield and storage romtnposition traits in a population

incorporating exotic germplasm obtained from thedw®etpotato germplasm repository and



a core set of elite US sweetpotato lines crossednmodification of the NCI design. Yield
traits were recorded in the field and biochemi@ahposition was phenotyped using NIRS.
Heritability was measured on a half-sib family Isaend a full-sib family basis to allow
comparison between the commonly used polycros®nassand paired crossing blocks.
Parent offspring regression, which has been comynasdd by sweetpotato breeders, was
also used to provide another heritability estimé&éarch and sugar contents had relatively
high heritabilities on both a GCA3#0.32) and SCA basis{#0.77). Yield traits had low
heritability on a GCA basis th0.16), but moderate heritability on an SCA bakfs 0.21 —
0.51). Heritability trends suggested that polysrosrseries could be effective for modifying
sweetpotato composition, while paired crosses wbaldore effective for the modification
of sweetpotato yield. Based on the performanaewide range of crosses between exotic
and heirloom varieties, we hypothesize that théglsweetpotato germplasm base contains
many useful alleles for continued sweetpotato imenoent.

Our final study involved a previously described stpetato quantitative trait loci
(QTL) mapping population developed from a TanzaniBeauregard cross (Cervantes-Flores
2006). This population was phenotyped using Ni&REBlentify QTL for sugar and starch
content. In Beauregard, six QTL were associateld decreased starch and dry matter
content and eight QTL were associated with increéasgar content. One QTL in
Beauregard was associated with decreased yiel@lanimania, two QTL were associated
with increased starch and two QTL were associatdddecreased starch; there were also
two QTL associated with decreased sugars and @oeiagsed with increased sugar content;
one QTL was associated with decreased culls. Ist cases, newly identified QTL co-locate

with those previously described.



Collectively, this research represents a signitiedfort in sweetpotato to merge
molecular markers with NIRS phenotyping, and it bpsned the doorway to further

developments that merge these two new technoldgiesveetpotato improvement.



© Copyright 2013 by Steven Michael Todd

All Rights Reserved



Application of Near-Infrared Spectroscopy to Stuilyeritance of Sweetpotato Composition
Traits

by
Steven Michael Todd

A dissertation submitted to the Graduate Faculty of
North Carolina State University
in partial fulfillment of the
requirements for the degree of
Doctor of Philosophy

Horticultural Science

Raleigh, North Carolina

2013

APPROVED BY:

Van-Den Truong Mari S. Chinn

James B. Holland Kenneth V. Pecota

G. Craig Yencho
Chair of Advisory Committee



BIOGRAPHY

Steven Michael Todd was born on May 19, 1981 inrfgfield, IL. He is the middle
child of James and Jean Todd. When he was fogifahily moved to the small town of
Auburn, IL. There he attended school, ran track@ods-country, and participated in Boy
Scouts. It was in this town, surrounded by corth soybean fields, that he first learned his
love of science and saw agriculture in action.

After graduation from Auburn High School in 199%&n went on to Bradley
University, majoring in Biochemistry. At Bradlelye got his first job in agricultural
research, working at the USDA-ARS’s National CemberAgricultural Utilization Research
facility just a few blocks from campus. Here harteed he could turn his interests in science
and agriculture into a career.

From Bradley University, he moved on to Texas A&Milersity for a master’s
degree under Dr. David Stelly. Here, while workorgcotton genomics, he first learned
about plant breeding. After earning a master'seleghe went to work for the Monsanto
cotton breeding program in Leland, MS.

After working for a time in MS, Steven made a diexighat would lead him to this
day: he would take a major next step in his caaedrearn a PhD in plant breeding. After
applying to multiple graduate schools, he madealdasion to attend NC State University
due to its desirable location in Raleigh and waddewned plant breeding faculty. He spent
the next few years learning about plant breedinggding sweetpotatoes and potatoes, and
making professional contacts. As is traditionahvgraduate school work, the compilation

of these activities is now recorded in this disst@h. | hope that the results of this work



may result in better sweetpotato varieties whiaghmavide a livelihood to NC farmers and
foodstuffs to an evergrowing world and that thdlskilearned here can make a positive

contribution to the world through agricultural déey@ment.
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CHAPTER 1: INTRODUCTION

|. Importance of crop composition

In recent years, the impact of crop compositiarbfmh nutritional value and
industrial use has become an issue of increasipgrit@nce in the agricultural industry. This
interest has resulted in numerous agriculturalaneseteams giving increased attention to
genetic modification of crop composition. The mostable of these efforts has been that of
the Consultative Group on International AgriculttResearch’s (CGIAR) HarvestPlus
initiative to increase the nutritional value of psogrown by farmers in underdeveloped
countries as a measure to alleviate malnutritideiffier and McLafferty 2007). Other
groups have also begun to focus on modificatioorop composition to improve human
health or processed products. Soybean breedeesdeaeloped soybeans with modified
fatty acid content that increases shelf-life, retugsaturated fat content, or eliminarasis
fats in vegetable oil (Fehr 2007). Multiple crdmsse drawn attention for their potential as a
cellulosic biofuel source, and breeders of thespshave begun efforts to improve
processing efficiency by lowering lignin contenthiiyga 2007). Sugarcane and sugarbeet
breeders have long focused on increasing sugaembint new varieties (Jackson 2005,
Biancardi et al. 2010).

Modification of crop composition can also affectpiontant industrial feedstocks such
as starch. Different starch physical and chengbatacteristics can have significant impacts
on the quality and final application of starch. nyatarch characteristics including amylose

content, crystal size and shape, amylopectin brpatierns, and lipid content vary across



species, cultivars of species, and environmenkes@ characteristics affect physical
properties of starch such as gelatinization tentpegaretrogradation, taste, and color, which
in turn impact the quality of the final product. hifé starch properties are often chemically
modified after harvest to improve quality for sgecapplications, genetic improvement (via
both traditional breeding and transgenics) mawatievelopment of improved starchas
planta thus reducing the need for post-harvest moditoaiBertolini 2010).

Studies have shown a direct, significant effedieefistock composition on enzyme
digestibility, biofuel yields, and processing inpatuirements from a given feedstock. While
overall starch content is clearly a major factod@termining biofuel yield, starch feedstock
composition can cause significant changes in ftiahnol yield and therefore, economic
viability. It has been shown that susceptibilifysaveetpotatolpomoea batatgsstarch tau-
amylase digestion is proportional to amylose cantgnang and Oates 1999). Since the
sweetpotato starch conversion process is heavignten starch digestion byamylase
(Duvernay 2008), increasing the amylose conteth®feedstock is likely to improve
ethanol yields, thereby improve the economics efdbnversion process. In common
biofuel feedstocks such as maize and grain sorghbhanges in amylose content have
resulted in significant changes in total ethanelds (Wang et al. 2008, Sharma et al. 2006,
Wu et al. 2006). Starch modification in sweetpamtathas been shown to reduce energy
requirements for ethanol production. Japanese nds&ra have demonstrated that by using
sweetpotato cultivars with low gelatinization temrgiares, input requirements for ethanol
production can be significantly reduced (Srichuwengl. 2012). While these case studies

demonstrate the potential influence of feedstockmasition on final bioproducts yield, the



differences between grain and root starches alswdstrate the need to avoid a one size fits

all approach to feedstock modification.

II. Application of NIRSto breeding programs

Improvement of crop composition through breedirgurees high-throughput, highly-
reproducible technologies to determine crop contjposi Near infrared reflectance
spectroscopy (NIRS) has been successfully usedaiyze starch quantity and composition
in multiple crops including sweetpotato (Katayarhale1996, Ishiguro and Yamakawa
1998, Lu et al. 2006, Zum Felde etl al. 2009, Lediatl. 2011). NIRS has been widely used
to determine amylose content in ri€gryza sativain which starch structure plays a major
role in cooking quality (Wu and Shi 2004). NIRS&ms have also been developed to
determine a wide range of constituents in pot&tignum tuberosunincluding starch
content, starch composition, sugar content, antepraontent (Blining-Pfaue et al. 1998,
Hartmann and Blning-Pfaue 1998, Haase 2006). ASNHi&stem has been developed at the
International Potato Center (CIP) that is usedi@yze starch conterfi;carotene content,
anthocyanin content, and mineral content in sweatpes. Furthermore, continued
development of the system by CIP researchers Ba#ied in incorporation of NIRS data
into the breeding program (CIP 2011, Zum Feldd.2G09, Tumwegamire et al. 2011).
More recent proof-of-concept work has produced spgato NIRS models for several traits
using a system comparable to the one describethi&ebot et al. 2011).

In many crops, NIRS has begun to play a valuabiimhelping breeders meet

important objectives for modification of crop consgion. Wheat breeders have developed a



system to use NIRS to identify seeds subject tly g@rmination, thus allowing selection
against this critical trait (Smail et al. 2006)heToil quality traits of rapeseed cultivars have
been successfully measured with NIRS (Font etG62 and sugar content has been

measured in tomato using NIRS (Peiris et al. 1998).

[11. Sweetpotato: diversity of uses

In the United States, sweetpotatoes have traditiohaen used primarily as a
holiday side-dish, but around the world, they drkkzed in a wider variety of ways. Many
areas of the world utilize sweetpotato as a stap, and farmers grow starchy high-dry
matter sweetpotatoes. In other areas, especiallyaCwhich grows ~75% of the world’s
sweetpotatoes (FAO-STAT 2008), the crop is commashkd as an animal feedstock
(Woolfe 1992). The viability of sweetpotatoes as¢ghanol source has been demonstrated in
China, and Japan. Chinese sweetpotato breedezgdlaased varieties of high-starch
sweetpotato such as YanShu22 (Lin et al. 2008)arahshu9 (Yu et al. 2008) for fuel
ethanol production. China has significantly differeweetpotato production systems than the
US, but Japan, which has a similar production systethe US, has successfully grown
sweetpotatoes for industrial use. Leading Japaverseties such as ‘Konahomare’ and
‘Koganesengan’ have been grown for starch prodadtodecades, providing a source of
sugar syrups in Japan, similar to high-fructose @yrup in the US (Woolfe 1992, Kumagai
et al. 2002).

There is an increasing need in the US to develpamxed resources for use in

industrial starch, biofuels, and other bio-prodyétaghes and Qureshi 2010). Driven by an



increasing world population, improved standardbvarig in many regions, and
environmental and national security concerns afusdil fuels, US and global demand for
fuel and industrial starch has increased, leadimgcord prices for oil and agricultural
commodities. To meet this increasing demand, ér@wables are becoming a more
important part of the energy and industrial produnairket meaning new feedstock supplies
must be developed (Henry 2010). To date, modtefiS biofuel and industrial starch
supply has relied on maize grain. While the Uesworld’s top producer of maize, with
39% of global production (FAO-STAT 2006-2010), ieasing demand, and competition
with the animal and human food needs has madentitations on maize production for
biofuels apparent. Further, sufficiently high lsvef maize production required for biofuel
economic feasibility are only achieved in limite@as of the US, primarily the Midwestern
Corn Belt, and the high input requirements for reagsult in a low net energy gain when
used as a biofuel (Shapouri and McAloon 2004).

Alternative biofuel feedstock sources may be viableertain regions of the United
States (Shapouri and Salassi 2006). Because sviateip® provide a high starch yield per
acre, and they can grow on poor soils and are caryngmown in the Southeastern US,
sweetpotatoes may provide a starchy feedstoclctirabe easily incorporated into existing
biofuel infrastructure. (Woolfe 1992, Ziska et2009). Most sweetpotato production in the
US occurs in the Southeast, a corn deficit regietl autside of the Midwestern Corn Belt.
The largest sweetpotato producing states are Neathblina, California, Mississippi, and
Louisiana (NASS 2007-2011). Sweetpotatoes perfwethin the warm southern

environments, where high summertime temperaturgsnmagatively impact maize yields,



and in relatively low fertility soils (Woolfe 1992)in addition to biofuels, many chemicals
(such as polymers and solvents) in everyday usdeaieed from petroleum, however as the
era of cheap petroleum comes to an end, the rismbésed chemicals and fuels will play an
important role in the future of energy and chempralducts. Starch can provide an
important source of six-carbon sugars, which cahrbk&en into smaller organic molecules
and formed into a range of polymers that eithela@ptraditional petrochemicals or
compose completely new classes of chemicals (vaerda et al. 2008). These can be used
to make bioplastics, industrial solvents, and agdditives (Drumright et al. 2000, Werpy and
Petersen 2004).

Starch is also a critical ingredient in many foagls;h as baked goods, batters,
artificial flavorings, and thickeners for variousofl products, sauces, and dressings. With
such a broad range of needs for texture, stabditg, processing, no individual starch can
meet all the needs of various industries. To adigpth to different applications, processors
use physical, chemical, and biochemical modificaito improve starch for specific
applications. Such chemical modifications altarch gelatinization temperatures, freeze-
thaw stability, gelling properties, and film stréingBertolini 2010). By breeding
sweetpotatoes with different starch structurescaredevelop better starches for particular
applications with less chemical modification. Farmore, starch can be hydrolyzed into
sugars, which can be used either directly or teebtigva variety of chemicals. Development
of sugar syrups for artificial sweeteners is ailegdise of sugars derived from starches
(Bertolini 2010).

In addition to sweetpotatoes as a potential soofsgarch, purple-fleshed



sweetpotatoes can be developed as a potentialesofiamthocyanins. Anthocyanins are
phenolic compounds that have been shown to havedmdtoxidant properties and
applications as natural colorants. Purple-fleshweéetpotatoes provide a potential source of
the anthocyanins, cyanidin and peonidin (Suda.&Qfl3). In Japan, a successful industry
has arisen based on using purple-fleshed sweetpgstas sources of anthocyanins as natural
food colorants. This industry has been supporiethé efforts of Japanese sweetpotato
breeding teams to develop purple-fleshed sweetmegavith high concentrations of
anthocyanins such as ‘Ayamurasaki’ (Yoshinaga 199&)rasakimasari’ (Kumagai et al.
2002),and ‘Akemurasaki’ (Sakai et al. 2009). Anthocyaname often used as natural
colorants in drinks and foods, and the ability mfhecyanins to change color according to
pH allows them to be applied to food products teguire various colors (Suda et al. 2003).
While use as an industrial feedstock provides pgatkenew uses for sweetpotatoes,
new developments in the food market have evengreatential to affect the sweetpotato
industry. In recent years, consumers have becoare noncerned about the quality and
nutritional content of food (Grunert 2013), and ih@ustry has successfully marketed the
health aspects of sweetpotatoes (Loebenstein 2@8)ances in food technology have
facilitated the rise of new sweetpotato processmmgpanies such as Yamco
(http://www.yamco.net) and new investments in spe&tto by established food companies
such as ConAgra LambWeston, McCain Foods, and $infkplods (Yencho, personal
communications). These new markets have led toentexpansion of US sweetpotato
acreage as growers endeavor to meet expanding deorasweetpotatoes. However,

processing of sweetpotatoes involves challengasectto final product quality that may be



partially met through modification of sweetpotatongposition.

V. Increasing farm diversity

The global agricultural industry is changing rapidhd farmers need new options for
product diversity that can allow them to better triee needs of customers and respond to
changing market conditions. Farmers employ maragesgies for farm diversification
including crop diversification, market diversifica, and agritourism. Diversification brings
potential benefits to farmers including risk redoictassociated with potential market
fluctuations during the course of the season awdtiadal income streams to improve farm
economic viability (Harwood et al. 1999, Paul anehking 2005).

Farm diversification is not a monolithic action tblie result of individual decisions
by many farmers. Many factors influence an indiridfarmer’s decision to diversify
including risk reduction, emergence of new markietprovement of revenue streams, and
personal motivation (Barbieri and Mahoney 20099teRtial roadblocks to diversification
include lack of suitable crops, additional requiesnts for capital equipment, the need for
new production knowledge, and minimal market awdiky (Harwood et al. 1999). A
grower’s individual decision to diversify is madiea considering the impact of these and
many other factors.

The large sweetpotato industry already in Northobaa indicates that the needed
cultural knowledge and capital equipment is alreayilable in growing regions of the state.
By developing new sweetpotato types adapted tohN@arrolina, our breeding team is

working to provide suitable crops. We are alsokiay with private companies to encourage



development of new markets for sweetpotatoes. &Hylno means a panacea, further
development of sweetpotato potential may meet deels of a subset of growers seeking
options for diversification, allowing them to matkes “diversification leap” into new crops

and markets.

V. Industrial sweetpotato breedingin theU.S.

Earlier sweetpotato breeding efforts in the US Haeeased on development of high-
starch sweetpotato lines for use in domestic engrgguction resulting in the release of
named cultivars such as ‘HiDry’ (Hamilton et al.85) and ‘Sumor’ (Dukes et al. 1987).
However, such breeding efforts have not been ctamlg maintained, being developed
primarily in response to national energy crisehhsagWorld War 1l or the 1970’s oll
embargo. Since achievement of plant breeding geglsires a continued focus of breeding
teams and consistent funding support, this inteéemitsupport is one reason no viable
sweetpotato starch and biofuel industry existheus.

The North Carolina State University (NCSU) SweedpoBreeding and Genetics
program has developed several high starch sweébdotas that have potential to contribute
to new markets. Many sweetpotato varieties grorenrad the world contain much higher
starch than the traditional orange-fleshed vaget@mmonly grown in the United States.
While the leading orange-fleshed US cultivars Cgton and Beauregard each have 18% dry
matter, experimental white- and cream-fleshed loeseloped by the breeding program
contain 30-34% dry matter (Yencho, unpublished JdaBecause starch content is closely

correlated with dry-matter content, sweetpotat@tees often use dry matter as a substitute



measurement for starch content. About 70% of stiyge sweetpotato dry matter is starch,
with the rest consisting of sugars, proteins, asl, other minor components (Woolfe 1992).
In recent years, our team has focused on develdpohdéngh-yielding, high-starch
sweetpotato lines. We have developed experimgatadties that have produced higher
starch yields than ‘HiDry’ or the high dry matteotean sweetpotato line ‘Suwon 122’
(Yencho, unpublished data). By maintaining a foouslevelopment of high-dry matter
sweetpotato clones, we propose to develop an atteenstarch feedstock supply for use in

the Southeast.

V1. Exotic Germplasm and Heritability

Genetic diversity and heritability form the basigymbal breeding efforts in every
crop. As our program begins efforts to modify sipe&ato composition to meet various
industrial and nutritional needs, the need to deftee heritability and diversity for important
new traits is paramount. A critical componentho$ tdissertation research is to determine
both the available genetic diversity and herit&pilor amylose content. While previous
efforts to increase starch content in US sweetpataltivars have been successful, we are
unaware of efforts to modify more detailed compdse&i sweetpotato such as sugar or
amylose content in US sweetpotato germplasm. Xtemeof variation in traits such as
amylose and sugar content in US germplasm in unknbwt is likely to be fairly narrow
within the elite germplasm pool due to a significlounder effect and highly directional
selection fo} -carotene content and taste. However, studieseas have shown a broad

range of composition traits in broader germplaswi{Collado et al. 1999). More recent

10



breeding efforts in Japan have resulted in theldpweent of ‘Quicksweet’, a sweetpotato
with short branched starch and low gelatinizatemperature (Katayama et al. 2002,
Katayama et al. 2006). These results clearly detnate that breeding efforts can modify
sweetpotato starch to have desirable propertiesh Breadth suggests that it will be possible
to modify sweetpotato composition by incorporatexgtic germplasm into varieties adapted
to US cultivation.

In addition, Japanese breeding programs have studeel breeding and production
methods such as inbred-hybrid sweetpotato breettitryggression of exotic germplasm, cut
seed piece planting, and true seed planting. Bwilimg production costs and/or raising
productivity, these technologies may prove usefld changing industry. The Japanese
approach shows that useful sweetpotato traits edound in ex-US germplasm and that
non-traditional market development can be succegstsearch programs and industry

work together (lwama et al. 1990, Komaki et al. & %umagai et al. 2002, Taniguchi 2004).

VI1I. Proposed research

The studies in this dissertation were designeceterchine the potential to modify
sweetpotato composition through breeding. Ourarehing hypothesis was that we could
use the breeding techniques described below terhatderstand the range of traits that exist
in sweetpotato germplasm, determine their reldtsatabilities, and begin to systematically
improve these traits for the newly emerging procgsmdustries in sweetpotato. We
developed a 3-pronged approach to achieve this dgoedt, we determined the combining

ability for anthocyanin and dry matter content gsam NCII mating experiment. Second, we
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implemented an NCI experiment to test study thédlslty of sweetpotato composition
traits and the potential of exotic germplasm to ifyoslveetpotato composition. Third, we
used newly developed NIRS models of key traitshentype a genome mapping population

to identify QTL for sugar, reducing sugar, starahg dry matter.

Analysis of anthocyanin and dry-matter content gsin NCII design

In our first experiment (Chapter 2), our team depel an experimental sweetpotato
population using an NCII crossing pattern with péseof varying flesh colors and dry matter
contents. Preliminary results indicated high lswalsegregation for numerous important
sweetpotato traits including anthocyanin, dry-nragedp-carotene content, and yield
(Teow et al. 2007, Yencho unpublished data). W&l limear modeling and standard
guantitative genetic statistical procedures avalabJMP (SAS Institute, Cary, NC) and
SAS (SAS Institute, Cary, NC) to determine the conmlg abilities for the 10 lines included
in the experiment. These analyses enabled ugéond@e the importance of general and
specific combining ability for dry-matter contegiteld, and anthocyanin content. The results
of this research are enabling us to develop immtawethods for developing high-
anthocyanin purple-fleshed sweetpotato clonesppat a developing natural colorants

industry in NC.

NCI experiment to estimate trait heritability

In our second experiment (Chapter 3), we condugtiatige-scale NCI breeding study

on the inheritance of yield, starch, and sugarexntelated traits in sweetpotato. This
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experiment allowed our team to estimate heritabdftnew composition traits, study the
effects of exotic germplasm, and compare the benefipaired crosses and polycross
nurseries. This experiment also describes our’sefrst application of NIRS into our
genetic studies.

As the work described in Chapter 2 demonstratechemaus incompatibilities,
sterility issues, and flowering difficulties oftamhibit crossing of sweetpotato genotypes and
reduce the size of breeding populations. By usingsted design with re-randomization, we
were able to reduce the impact of incompatibiljited®wing us to develop a final mating
population of 105 parents.

Since most US sweetpotato varieties trace theesincto a handful of ancestral
lines, they likely have a narrow genetic base, Wimay limit our ability to modify
sweetpotato quality in new directions (Jarrett 198dcota personal comments). This
population allowed us to estimate heritability f@w traits and study the effects of exotic
and heirloom germplasm on US sweetpotato breediioghelp overcome this challenge, the
population described in Chapter 3 not only contégasiing US tablestock orange-fleshed,
but also high dry-matter white, yellow, and credesiied lines from the US as well as
overseas sweetpotato varieties from Asia, the SBatific, Latin America, and Africa.

Such a broad array of germplasm is more likelyowtain alleles that may benefit emerging
sweetpotato markets than the relatively narrow lod$éorth American tablestock
germplasm.

While incorporation of new germplasm is one critigart of developing sweetpotato

for new markets, development of phenotyping tootsnew traits is its indispensable
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counterpart. By further developing and applyingyously described NIRS tools (George,
personal communication), we have developed a systatrallows identification of the
genetic basis of new traits such as sugar andhstarttent and determine the best crossing

approaches to improve our germplasm base.

Identification of sweetpotato QTLs using NIRS

Our third and final experiment (Chapter 4) took @uhage of a genome map
developed from a cross between a white East Afli@adrace ‘Tanzania’ and an orange-
fleshed American cultivar ‘Beauregard’. An AFLPskd map was developed and QTL for
starch, dry matter, beta-carotene, and nematodsdarese have been previously identified
using this genetic resource (Cervantes-Flores 20864antes-Flores et al. 2008a, Cervantes-
Flores et al. 2008b, Cervantes-Flores et al. 20B})maintaining the TB (Tanzania x
Beauregard) mapping population, our team has etaoletinued study of sweetpotato
genomics. By merging previously described linkaggping data with the NIRS tools
described in this dissertation, we have confirntediocation of previously described QTL
for starch and dry matter content and identified/ QETL for sugar and reducing sugar
content. The research in this chapter advancearaerstanding of basic sweetpotato
genomic architecture in the United States and sewseanother step toward marker assisted

selection in sweetpotato.
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Conclusion

The research presented in this dissertation dematestseveral complementary steps
forward for sweetpotato breeding. It demonstrétas sweetpotato composition can be
readily modified using traditional cross-breedimgl dnas resulted in development of multiple
new technologies that are being incorporated imtoprogram’s overall breeding effort. The
NIRS technologies described are allowing our teamadve into a new generation of
sweetpotato phenotyping and the broad germplasemdmgloped as part of chapter 3
provides new genetic resources, allowing us to rieeheeds of both growers and

downstream users of sweetpotatoes.
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Abstract

Interest in the potential of sweetpotatoes forgraduction of industrial products is
increasing. As part of our efforts to develop stpetatoeslipomoea batataél..) Lam.) for
starch and anthocyanin production in the SouthdSstwe developed a 5 x 5 NCIl mating
design resulting in 25 full-sib families consistiofj20-25 offspring each to estimate the
relative importance of general and specific conmgrabilities for dry matter, total
monomeric anthocyanin (TMA) concentration, fresél@j total dry matter and anthocyanin
yields. All five traits had significant generalmabining abilities. Yield and dry matter yield
had significant specific combining abilities. Siggant differences among parents were
discovered for all traits. Yield, dry matter, dnatter yield, and TMA vyield were
significantly impacted by spatial gradients witlie field, but TMA concentration was not.
Many trait pairs of interest had either genotypid/ar phenotypic correlations. Genotypic
and phenotypic correlations among yield, dry matad dry matter yield; as well as among
yield, TMA, and TMA yield suggested that improviage trait will not negatively impact

other traits of importance.
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Introduction

Increasing demand for bioproducts and rising irsteirethe development of
alternative crops to promote farm diversificatiavé stimulated research on alternative
feedstocks for production of starch, sugars, ahdratatural plant-derived products
(Harwood et al. 1999, Henry 2010). By developiegvrieedstock crops, breeders can
simultaneously help achieve these goals. Swedt@stavith higher starch content may
allow farmers to produce sweetpotatoes for indaisstarch production, which can be used
directly in the food and paper industries or todquee a number of biobased chemicals
including biofuels and bioplastic precursor molesulEllis et al. 1998, Werpy and Petersen
2004), thus opening new markets. In addition tepial markets for sweetpotato starch,
sweetpotatoes may also have potential as a sotiesglmcyanins for use as a natural food
colorant. Anthocyanins can be used as a functimeal ingredient due to their recognized
antioxidant and anti-cancer properties (PhilpotleR004, Teow et al. 2007). In some
regions of the world, purple-fleshed sweetpotatmescommonly consumed as tablestock
sweetpotatoes, while in others, notably Japan dndaCpurple-fleshed varieties are also
used as a source of industrial anthocyanins (Sudia 2003).

Sweetpotatoes may be suitable as an industriatdmiojet feedstock because they can
be grown on marginal soils with low inputs of fezeér and pesticides, thus reducing
competition with food and feed crops and reduchgrieed for chemical inputs which
require fossil fuels in their production (Woolfe2®. Increased farm diversity reduces risk
over specialized farms because at times when amencdlity has lower prices, another may

have higher prices. However, a grower’s decistodivtersify is impacted by additional
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factors including management knowledge, requirgutabinvestments, and availability of
suitable crops and/or livestock (Harwood et al99)9 As interest in bioproducts and
biofuels increases, plant breeders have diversifiett efforts to include development of
new crops for bioproduct development (White el@P4). Breeders’ ability to develop new
suitable crops is likely to meet the needs of d@ipof growers, allowing them to diversify,
reduce risk, and meet rising demand for bioprodantksbiofuels.

Development of regionally-adapted, high-starch anglrple-fleshed sweetpotatoes
may allow development of new sweetpotato-basedsimids in North Carolina and the
Southeast US. In response to the rising neededaoistocks and crop diversification, our
program has begun intensive breeding efforts teeame biomass and anthocyanin
production from sweetpotatoes. To date, most ¢&tio breeding efforts in the US have
focused on development of orange-fleshed, low dayten, tablestock varieties. As a result,
little information is available for critical biopduct production traits such as dry-matter and
starch content, total fresh yield, and anthocyéewels. To further understand the genetic
basis of these critical traits for bioproduct progion, an NCII design (Comstock and
Robinson 1948) experiment was undertaken to ideatimbining abilities and genetic
variances underlying these traits.

In sweetpotatoes, most heritability studies rembttedate have relied on parent-
offspring regression (Jones et al. 1969, Zhang 1 96ith relatively few using intra-class
designs (Qiwei et al. 1988, Mwanga et al. 2002)rtlkermore, previous studies have focused
on traits of importance for tablestock varietiegjahh may have little relevance for industrial

sweetpotato production (Jones et al. 1969, Zhafg)19NCII designs have been widely
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used to estimate heritability components in dipliops (Yu et al. 1991, HaoChuan et al.
2009). They allow partitioning of variance compotsefor a given trait into additive and
dominance effects. Identification of additive ataiminance components is important for
breeding because it allows crossing and selectioceplures to be better optimized for a trait
of interest. The autohexaploid, clonally propadatature of sweetpotatoes changes the
interpretation and application of heritability infioation from that of the traditional sexually
propagated diploid crops; however, it is stillical for development of appropriate breeding
schemes. Because each parent passes on threg abgéeeh allele to its offspring, half-sibs
in autohexaploids share a dominance variance coemp@g@allais 2003). The clonally
propagated nature of sweetpotatoes allows bre¢alengintain dominance and epistatic
variance in ways that breeders of sexually progabetops cannot.

In this paper, we report on an NCIlI experimentdenitify combining abilities of
potential sweetpotato parents for dry matter andaayanin production. These two
components may allow development of new sweetp@iaioessing industries in the
Southeastern US. Dry matter is closely correlatg starch content (Hall and Smittle
1983). The relative ease of measuring dry matiatent has allowed breeders to use it as an
estimate of relative starch content. While manspfaifleshed varieties have low
anthocyanin concentrations and/or are unadaptBidtin Carolina, our efforts are showing
that adapted varieties with high anthocyanin cotreéions can be developed through

breeding. We report on this progress herein.
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Materialsand Methods
Crossing Block Development

In 2003, a diallel mating design was carried ouegi compatibility of sweetpotato
lines to aid in selection of parents for furtherdst. Parents were selected to represent high
dry matter clones and purple fleshed clones thalddoe used in a breeding program to
increase dry matter content, starch, and anthooyaeid. Twenty-two parents were crossed
in all possible combinations to determine comphtybi From this crossing block, five
female and five male parents were found to be cdibvipan all needed combinations and

used to develop the NCII mating block describethis paper (Table 1).

Field Trials

Twenty-five offspring of each full-sib family weevaluated in the field at the
Horticultural Crops Research Station (HCRS) in ©@im NC during the 2004 growing
season. Each seed was planted and sprouted gnetbighouse in 6 x 12 cell seedling trays
and the seedling was transplanted to the fieldexAal propagation allowed five vegetative
cuttings to be obtained from each entry, which vikes transplanted into the field in a
modified randomized complete block experimentalgle§RCBD) with five-plants per plot.
The plants were spaced 30 cm in the row and rows ae 1.06 m centers. Inorganic
fertilizer (N-P-K) was applied per NCSU's sweetgotarop production recommendations
(Wilson et al. 1989). The trial was cultivated deviand irrigation applied once as needed.
For the modified RCBD, the five blocks (i.e. reglions) in the experiment consisted of 5

offspring from each full-sib family. Therefore gtl25 siblings were planted out as five plants
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per plot, with the first five siblings in replicatame, siblings 6-10 in replicate two, siblings
11-15 in replicate three, etc. The crop was plaote June 29, 2004 and harvested on

November 1, 2004, 125 days after planting (DAP).

Data Collection

Sweetpotatoes were harvested with a one-row chggedand weighed in the field
to determine total fresh yield. Storage root s@mmere collected and brought to the
laboratory to determine their percent dry matteMjadnd total monomeric anthocyanins
(TMA) content. Samples between 125 and 2509 weregssed and lyophilized to remove
moisture and then weighed to determine dry weidbké.was calculated as freeze-dried
weight/fresh weight. TMA, expressed as mg cyanBhgiucoside /100 g FW, was
determined as previously described (Teow et al720The color of the freeze-dried
powders was measured using a tristimulus colorim{&edel D25/DP9000, Hunter
Associate Laboratories, Inc., Reston, VA, USA) arpressed as L*, a*, b* values. The
instrument (45°/0°geometry, D25 optical sensor) ealbrated against a standard white tile
(L* =92.75, a* = -0.76, b* = -0.07). Freeze-dreminples were placed into a 35 mm petri
dish and covered,. L*, a*, and b* values were aidiby averaging three readings per

sample. Hue angle in degree (H*) and chroma (G#excalculated as arctan (b*/a*) and

J@)+ @), respectively (Hutchings, 1994).
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Data Analysis

Data were analyzed using JMP v.9.0 (SAS InstitQtey NC). Tests were carried out for
general combining ability (GCA) and specific comhbapability (SCA), for each of 5 traits:
fresh yield, DM, TMA, dry matter yield (=fresh yeek DM), and TMA yield (=fresh yield x
TMA). The linear model Yz + 1F + oM + p3(F*M) + S4B + €. In this model, Y
represents the phenotypic traitepresents the intercept (population meAnjepresents the
coefficient of regression for females and F repneséhe females, represents the coefficient
of regression for males and M represents the migle*M) represents female*male
interaction and its coefficieng,B is the in-field block effect and its coefficiematnds is the
error term. All factors were considered fixed effe GCA was considered significant for a
trait if the female and/or male parents had adtedlly significant effect. SCA was
considered significant if the parents demonstratethtistically significant female*male
interaction for the trait. Trait correlations wenealyzed using the multivariate option in
JMP v.9.0 (SAS Institute, Cary, NC). Phenotypiaelations were calculated on the raw
data from individual plots. Family mean correlasovere calculated based on the LSMean

of each full-sib family.

Results
Family Diversity

Twenty-five full-sib families with 20-25 membersobawere generated in the
crossing block. The families showed extensive ity for storage root shape, color, and

size. Offspring flesh colors included white, creamange, white with purple, purple and
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purple with orange. Intensity of orange and pufjgsh color varied widely even among
full-sibs. Most families contained offspring witilors and/or coloring patterns that were
not present in either parent. Such diversitykislli due to the highly heterozygous,
autohexaploid nature of sweetpotatok86-117 x NC415, a cross of an orange parent by a
purple, generated one of the most diverse fulfaihilies in the trial, with offspring bearing
orange, purple, and cream flesh (Figure TEDMO01-192 x NC415 a cross between the
two darkest purple parents in the population, pcedwffspring ranging from dark purple to
cream, with diverse color patterns (Figure 1b).sbul8 x NC415 shows that dark purple
offspring can still be obtained in a white x purptess (Figure 1c). A cross of 2 white
sweetpotatoes (Xushul8 x NCFTA94) shows that whiige sweetpotatoes produce
predominantly white offspring, traces of purple caxcasionally be found in some white x

white crosses (Figure 1d).

Fresh Yield

The model for total fresh yield included femalesl@s, interaction, and block effects.
Male and female parents both had a significantetfa offspring yield, indicating a
significant general combining ability. The sigondnt female*male interaction indicated that
specific combining ability significantly influenceaffspring yield. The significance of the
replication effect indicated that within field vation had a significant impact on fresh yield
of sweetpotatoes.

The R value of the model was 0.38. Comparing the meaares of each

component in the model suggests the relative inapod of each component in the model.
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In-field blocks showed the largest mean squarecatishg it had the largest impact on fresh
yield in this experiment. This was followed closelyfemales, with males and SCA having
much smaller effects (Table 2).

Both male and female parents showed significaf¢rdihces in the yield of their
offspring. Among females, the Chinese cultivarsiwl8, produced offspring with the
highest fresh yield weight. These were signifibahtgher yielding than the offspring of any
other parent. Following Xushul8 were the North Aican lines NCDMO01-192 and L96-
117 with no significant differences between thebkinawa, a landrace from the Pacific, and
NC1650-8N produced the lowest yielding offspringcle with less than half the yield of
Xushul8 (Table 3).

The fresh yield range for paternal parents was rgdigenarrower than for female
parents, in agreement with the larger mean sqaargdld associated with females. The
highest yielding male parents were the North Anariines NCFTA94 and O’Henry,
followed by the landrace Camote Morado (Pl 531G88) the purple-fleshed line NC 415.
The male parent with the lowest yielding offsprimgs NC1554, which produced offspring
with significantly lower yields than either NCFTA®@4 O’Henry, but not significantly lower
than Camote Morado or NC415 (Table 3).

Since yield was significantly impacted by specdamnbining ability, full-sib families
were analyzed to identify those that exhibited icgmt SCA. Six families were found to
have significant SCAs, as their yields were differgnan expected based on the GCAs of the
two parents. Of these, four families had yieldsdothan expected from the parental GCAs,

while two families had yields higher than expedf€dble 4).
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Dry matter content

Significant specific combining ability effects fBM content were not observed in
this studyhowever, it was influenced by both male and fengaleeral combining abilities
and block effects. The?Ror the model was 0.57, indicating that parentahbining ability
together with in-field variation was a good indmatf offspring DM in this set of genetic
materials. The mean squares of female, male,epictation indicated that their impact on
dry matter content was approximately equal, althhomgles appeared to have a slightly
larger effect than females (Table 2).

Both female and male parents were ranked by tidityato produce high-dry matter
offspring. Among female parents, NCDMO01-192 andmawa produced offspring with the
highest dry matter content with 38.7% and 38.2%rdagter respectively. These were
followed by NC1650-8N, Xushul8, and L96-117 respety; with L96-117 being
significantly lower than any other female parent8&3% dry matter (Table 3).

Among male parents, NC1554 produced the offspriitly the highest dry matter
content at 39.2%. This was followed by C. Moradd AICFTA94 at 38.2% and 37.8%,
respectively. The male parents that producedawesdt dry matter were NC415 and

O’Henry (Table 3).

Dry matter yield
Dry matter yield from each plot wasceééted by multiplying fresh yield by DM.
Dry matter yield was influenced by general combgraility, specific combining ability,

and block variation. The mean square suggestsdhmtles had the largest impact on dry
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matter yield, followed by block variation, speciiombining ability, and male parents (Table
1). The R value for this model was 0.35, suggesting that Wiis set of materials, parental
combining ability plus block effect was a modenatedictor of offspring dry matter yield.

Both males and females were ranked by their aliifgroduce offspring with high
dry matter yield. Among females Xushul8 and NCDM®2 produced offspring with the
highest dry matter yield, but they were not sigmaifitly different from each other. L96-117
and Okinawa offspring produced the third and folitfhest dry matter yields, without a
significant difference between them, while NC1630pboduced offspring with the lowest
dry matter yields (Table 3).

The difference among dry matter yields for maleepts was much narrower than for
female parents. NCFTA94 and Camote Morado prodoffsgdring with the highest dry
matter yields, with no significant difference beame¢hem. However, NCFTA94 produced
progeny with significantly higher dry matter yielttan all parents except Camote Morado.
O’Henry, NC415, and NC1554 produced offspring wita third, fourth, and fifth highest
dry matter yields, respectively. There were naicant differences among any of the four
lowest dry matter yielding parents (Table 3).

Analysis of female*male interactions revealed salvimilies with significant
specific combining abilities for dry matter yielt96-117 x C. Morado produced
significantly higher dry matter yields than predttoy GCAs of the two parents. NC1650-
8N x NC415, L96-117 x O'Henry, Okinawa x C. Moradond Xushul8 x NCFTA94 all
produced offspring with significantly lower dry ntet yields than would be expected from

parental GCAs (Table 5).
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Anthocyanin content

As part of our breeding efforts to develop purpéstied sweetpotatoes for both
tablestock use and industrial anthocyanin produogtiee also studied the inheritance of TMA
concentration in the populations. Our model ineldithe impact of females, males, female x
male interactions (SCA) and block variation andittesl in an R of 0.21, suggesting low to
intermediate heritability. Both males and femalad kignificant effects on anthocyanin
concentration, but neither specific combining @pitior block variation had a significant
impact on anthocyanin concentration (Table 2).

Both males and females were ranked by the anthatgantents of their offspring.
Among the female parents, NCDMO01-192, Okinawa, N8N, and L96-117 produced
the offspring with the highest anthocyanin conteatpectively, with no significant
differences between them. Among males, NC415 medithe offspring with the highest
anthocyanin contents at 96 mg anthocyanins/108t.fld his was followed by Camote
Morado and NC1554. O’Henry and NCFTA94, two whiéshed parents, produced the

offspring with the lowest anthocyanin concentrasighable 3).

TMA Yield

Because the total amount of anthocyanins is affdayeboth the total fresh yield and
the anthocyanin concentration, we also undertockreatysis to determine the effect of
general and specific combining ability of TMA yieldThe R value for a model including
females, males, females*males, and block variatias 0.18, indicating that, in this set of

genetic materials, TMA yield was not highly heriabFemales, males, and blocks had
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significant effects on TMA yield. Mean squareslgs@s indicated that TMA yield was
primarily influenced by GCA (Table 2).

Both male and female parents were ranked by tihdityato produce offspring with
high TMA yield. Among females, NCDMO01-192 produastspring with the highest TMA
yield. Its TMA yield was more than double any atf@male parent and significantly higher
than every other female parent. Female parentsllig6 Xushul8, Okinawa, and NC1650-
8N ranked 2-5, with no significant differences fduretween any of the four parents.
Among male parents, NC415 produced offspring vhthhiighest TMA yield, although not
significantly higher than Camote Morado or NC15&#jch ranked 2 and 3 for TMA vyield,
respectively. The male parents with the lowest Tii&d were O’'Henry and NCFTA94

(Table 3).

Trait Correlations

Phenotypic and family mean correlations amongsaéscribed in this article
revealed several correlations relevant to sweetpteeding. Both phenotypic and family
mean correlations provide information relevantpiovement of our key traits of interest:
dry matter yield and TMA yield.

Phenotypic and family mean correlations among yiétg matter, and dry matter
yield indicate that improving fresh yield wouldéilly have a positive impact on dry matter
yield. The family mean correlation between yietdl @ry matter yield was strongly positive
(0.96). Yield had a negative phenotypic correlattih storage root dry matter content (-

0.21) but there were no statistically significaatrelations between dry matter content and
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dry matter yield. Strong positive correlations evéwund between yield and dry matter yield.

TMA concentration and TMA yield possessed significamily mean correlations
with dry matter (Table 6), but their phenotypicretations with dry matter were much
weaker. TMA and TMA yield both had weak family mezorrelation with yield, and a weak
phenotypic correlation (0.12) was found between TéMA dry matter content. TMA yield
had a strong phenotypic correlation with TMA (0.8@4 a positive correlation with yield
(0.25).

To evaluate the potential of colorimetry for evadiola of anthocyanin content,
phenotypic relationships between CIE colorimetatues and TMA concentration were
calculuated. TMA correlations with CIE color vatughowed negative correlations with L*
and b* and a positive correlation with a* (Table TMA also had a strong logarithmic

relationship with hue {= 0.87).

Discussion

We studied combining abilities for five traits ofiportance to sweetpotato breeding.
Total fresh yield was influenced by both general apecific combining abilities. Maternal
parents had the greatest impact on fresh yieltef bffspring, followed by males and
specific combining abilities, respectively. ThefBr the combining ability model of fresh
yield was 0.38, suggesting that fresh yield is seha difficult to predict via parental
combining abilities. The relative difficulty in @dicting total fresh yield agrees with past
experience of our program as we have found thatlaoted (first year) full and half sib

families vary widely for total fresh yield. Becauasll traits have significant GCAs, it is
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likely that all traits can be improved via polycsasurseries, which are used by many
sweetpotato breeding programs today. Polycrossenes have the advantage of producing
large numbers of seed that are difficult to develah paired crosses by hand because of the
breeding behavior of sweetpotato.

The different effects of females and males on yoeldld be the result of two
potential reasons. There may indeed be a signifitaternal effect on total yield, or due to
the small sample size, there is a possibility gnaater diversity among the female parents
causes them to have a larger variance componehtle Wevious studies on maternal effects
have been undertaken in sweetpotato, results heere mnixed. Lin et al. (2007)
demonstrated significant maternal effects on yieldne population, but not in another. In
other clonally propagated crops, significant madeaffects on yield have been found in
potato Solanum tuberosungiSanford and Hanneman Jr. 1980).

The significant SCA for fresh yield suggests that program may need to adjust our
polycross nursery breeding approach. Polycrossens have been common in sweetpotato
breeding since they were first proposed by in ©@01s (Jones 1965). Polycross nurseries
have provided breeders with the ability to genelaige numbers of seed with minimal
amounts of labor. However, because they allow dirlgct control of the female in a given
cross, their ability to take advantage of SCA faits of importance is reduced. While
within family selection followed by asexual proptiga can take advantage of SCA, the
number of seed produced by well-performing fullfsilmilies is unknown and likely reduced
in a polycross nursery as compared to paired csosBkis limitation has led to the

suggestion that sweetpotato breeding programs dloomisider using more paired crosses
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which are more efficient in terms of genetic gaBryneberg et al. 2009), but in breeding
programs that have limited technical resourcesl@l®or for manual crossing), the limited
seed that can be obtained from paired crosses nieairthie primary means of generating
genetic variability for these programs will continto be polycross nurseries. However, it
may be possible to combine the attributes of patredses and polycrosses using a
“modified polycross nursery”. Typically, parents fmolycross nurseries are selected based
on the phenotypic qualities of the parents and taeadomly ordered within a nursery. To
improve traits with significant SCA such as yidldnay be advantageous to first identify
high SCA crosses through smaller scale paired cr@experiments. Then, to generate
larger numbers of seedlings, parents could be teeldrased on the performance of their
offspring and located in polycross nurseries shel parents with favorable SCA were
closer to each other in the nursery than may hafipengh standard randomization. This
“modified polycross format” may increase the likelod of combining desirable parents and
could take advantage of the strengths and alletha&teveaknesses of polycross nurseries
(i.e., large seed numbers, but uncertain parentage)

Dry matter content is often used in sweetpotatses substitute for starch content
due to the correlation between the two traits (ldatl Smittle 1983) and the relative ease of
measuring dry matter. Our model, which includedendemales, female*male interaction
and blocking by rep explained 57% of the variatiodry matter. We found no significant
SCA for dry matter content. Previous studies Haved inbreeding to be an effective
method of increasing dry matter (Komaki et al. 9@8discovery which suggests dry matter

is primarily controlled by additive effects, asigrsficant dominance effect would result in
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inbreeding depression. The high GCA and non-dicamt SCA for dry matter content in this
experiment also support the hypothesis that dryanabntent is primarily influenced by
additive effects. As such, dry matter content ddiklely be effectively improved using
polycross nurseries.

For development of industrial sweetpotatoes, fygsld and dry matter content
should both be considered as components of dryemgatld. To further study this primary
trait, dry matter yield was calculated for eacht jpip multiplying fresh yield by DM. Since
dry matter and fresh yield are negatively correlatewas necessary to calculate combining
abilities for dry matter yield independently. Matal parents had the largest impact on dry
matter yield of their offspring, followed by patatrparents and then specific combining
abilities. It is likely that females had such sgaimpact on dry matter yield primarily
through their impact on fresh yield.

Interest in sweetpotato anthocyanins for industaatl colorants and anti-oxidant
additives is rising as demand for natural prodacis health foods increase (Shahidi 2000).
Purple-fleshed sweetpotatoes have significant ye@potential as a source of cyanidin and
peonidin (Odake et al. 1992). The anthocyanins fparple-fleshed sweetpotatoes have
shown significant anti-oxidant activity, which issiciated with anti-cancer and other health
promoting properties (Teow et al. 2007). To depdlas potential market in the US, we are
developing purple-fleshed varieties adapted tollguawing conditions. Since few purple-
fleshed varieties are native to the US, we areldpugy varieties by crossing purple-fleshed
lines from other parts of the world and selectiogddaptation to our region and for high

concentrations of anthocyanins. To better undedsitaheritance of TMA, we included
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several purple-fleshed varieties from differentrses in our crossing block and measured
TMA in the offspring. Our model of TMA includedrfeale parents, male parents,
female*male interactions, and block variation, explained only 21% of TMA variation.
This relatively low R value is likely because even purple x purple @sssten produce
significant numbers of white offspring (Figure 1B)he discovery that white-fleshed by
white-fleshed crosses can occasionally yield puoffigpring (Figure 1d) provides further
explanation as to the low’Ralue for this trait. We found that O’Henry proed white
offspring at a higher frequency than FTA94, but ey had several offspring with much
higher TMA concentration than those of FTA94. TRuklenry would be a better parent for
producing offspring with high TMA concentration evéhough the frequency of purple
offspring would likely be lower, the frequency dfspring with higher anthocyanin content
would likely be higher. Based on these observatiare hypothesize that the frequency of
purple offspring a parent produces is not necdgsatated to the TMA concentration of the
purple offspring produced.

Continued breeding experience by our team has slioege two situations (i.e.
presence of purple offspring in families from whi@ents and presence of white offspring
in families from purple parents) are the generkd rather than the exception (data not
shown). Biosynthesis of anthocyanins is determimgethe presence of all necessary steps in
the biochemical pathway (Holton and Cornish 199Bie to the highly heterozygous,
autohexaploid breeding nature of sweetpotatoes/éegs et al. 2008), clones may have a
complete anthocyanin pathway even if they haveipialtopies of null alleles for a

particular step in the pathway. Independent assot and reduction of ploidy during
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meiosis can result in gametes that do not contaiueaalleles for particular steps in the
pathway. When these gametes are combined dunitigztgion, two purple-fleshed parents
can produce offspring with no anthocyani@n the other hand, genetic recombination can
produce offspring with a complete anthocyanin payheven in cases in which neither or
just one parent has a complete anthocyanin patkigure 1d) (Ishiguro et al. 2001, Mano
et al. 2007).In this population, males had a much larger impact MA than females. This
was likely due to the small population size. Imtjgalar, NC415 is known to have very high
TMA and its use as 20% of the males may have it an outsized effect. While other
clones in the experiment range from white to purpteclone in this population had TMA
levels as high as NC415.

Similar to dry matter yield, fresh yield and TMAahd both be considered as
component traits for TMA yield in industrial sweetptoes. We calculated TMA vyield by
multiplying TMA by fresh yield to estimate the tbenthocyanins that could be produced per
plot. For this population, anthocyanin yield ismadeavily influenced by anthocyanin
content than fresh yield. This trend is likelyeafied by the diverse nature of the population,
which contained several white and purple parent&eéshon-purple by non-purple crosses
produced several families with almost no TMA, nocaimt of fresh yield in these families
would overcome the complete lack of TMA in theifspking. Similar to TMA, males had a
much larger effect than females for TMA vyield, vehiemales had a much larger effect on
total fresh yield, but this was not the case in TM&ld. TMA yield also had a lowRvalue,
more closely resembling that for TMA than for frggéld. Trait correlations also showed

that TMA yield was much more closely correlatedhwitMA than with fresh yield. While
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this conclusion is likely to hold for crossing bkscsimilar to this one, its potential impact on
our purple breeding program is currently unknowmvaswill not attempt to develop purple
varieties by crossing only white sweetpotatoesesthese families are unlikely to be
productive in a concentrated effort to develop HighA yielding cultivars.

One significant discovery from this experiment twdt impact our breeding efforts
is that crossing two purple sweetpotatoes generadlylts in offspring with significantly
higher TMA than crossing a white by a purple swettfm. In recent years we have
significantly expanded our collection of purple sfy@tato germplasm beyond that described
in this experiment. In order to improve adaptatiwe will be crossing less adapted purple-
fleshed lines with highly adapted white and orafigshed varieties. During the first
generation of these crossing efforts, we may expaatr average TMA concentrations in
purple offspring from purple x non-purple crosdest purple x purple crosses. This
suggests that recurrent selection will be requicedevelop adapted varieties with high
TMA, as even the purple offspring from purple byitetcrosses will likely have lower TMA
than would be obtained from purple-fleshed by peHffdshed crosses.

The trait correlations we found will also have siigant impacts on our breeding
program (Table 6). We have found that dry matteldyis much more significantly impacted
by total yield than by dry matter content. Thiggests that our efforts will be better spent
improving fresh yield in relatively high dry matt@mes than attempting to increase their dry
matter further. We have also found the TMA yieldsafeetpotatoes is more closely
correlated with the TMA content than with freshiglien this population. However, since

this population contains several high-yielding pdsevith no anthocyanin content, this
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correlation may change in another population ossira block. Another interesting
discovery from this experiment was that TMA concatidn is closely correlated with the
L*, a*, and b* values on the CIE color scale, ftimore, TMA concentration of purple
clones had a logarithmic relationship to hués@87) (Table 7). These results suggest
colorimetric quantification of TMA may be a validgh-throughput means of selecting for
higher anthocyanin content, although the presenabsence of beta-carotene in purple-

fleshed clones may impact colorimetric readingsnpredictable ways.
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Figure 1: An example of the digital images taken of eachresgagfing family. Each
storage root slice represents a single membefdf-sib family consisting of 20-25
siblingsa. L96-117 x NC415, an orange parent crossed by dguippNCDMO01-192 x
NC415, the two darkest purple parents in the pdjomac. Xushul8 (white parent) x

NC415 (purple parent).d. A cross of 2 white sweetpotatoes (Xushul8 x NCHI)A9
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Table 1. Female and male parents. Parents represent &apopuhat could be used to increase dry mattdraathocyanin
content in North American cultivars. Parents waassed in a 5x5 factorial crossing block to estimt@mbining abilities for
yield, anthocyanins, and dry matter related traiach parental clone is named and its dry mattetenit, flesh color and origin

are listed.

Female Dry Matter Flesh color Origin
NC1650-8N 22 cream with purple USA
NCDMO01-192 30 cream with purple USA
L96-117 19 orange USA
Okinawa 29 purple with cream Japan
Xushu 18 26 cream China
Male

NC1554 30 medium purple USA
C. Morado P1 531093 30 medium purple South Americd
NC415 26 dark purple unknown
NCFTA94 32 white USA
O'Henry 20 cream USA
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Table2: ANOVAs for traits of interest. Fresh yield is mae=d in kg / plot, DM represents dry matter con{@tfresh weight),
DM Yield represents dry matter yield (kg / plot\MA represents total monomeric anthocyanin contery { 100 g fresh weight),

and TMA yield represents anthocyanins per plot (pigt). The mean square of each parameter is sladony with its degrees of
freedom. The effect of female parents, male par&S€€A, and field variation is included in the falbdel. *, **, and ***

indicate significance at the 0.05, 0.01, and 0le@#ls respectively.

ANOVAsfor Traitsof Interest

Fresh Yield DM DM Yield TMA TMA Yield

df MS df MS df MS df MS df MS
Full M odéel 28 58*** 28 263*** 28 5.7%** 28 25629*** 28 54964040***
Female 4 159%** 4 457 4 18.7%** 4 20459* 4 93194170*
Male 4 26%+* 4 662**+* 4 2.6% 4 127368** 4 176243624
FxM 16 14x+* 16 17 16 1.6%* 16 6137 16 14731196
Block 4 185%** 4 635*** 4 13.8%** 4 2589 4 46154930*
Error 485 5 485 12 485 0.6 434 6142 434 16611643
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Table 3: LSMean values of half-sib families for each tddiinterest. DM represents dry matter content (@stirweight), DM
Yield represents dry matter yield (kg / plot), TMépresents total monomeric anthocyanin content/(h@§ g fresh weight), and
TMA yield represents anthocyanins per plot (mgotpl *, **, and *** indicate family is significarly different from the
population mean with a significance of 0.05, 0&id 0.001 respectively. Parents with the samerlgttlicator are not

significantly different from each other for theitrspecified.

Half-sib family LSMeansfor Traits of interest

Fresh yield DM DM Yield TMA TMA Yield
(kg/ plot) (% fresh wt) (kg/ plot) (mg/ 100 g FW) (mg/ plot)
Females
NC1650-8N 1.5xC 37.F 0.6%x* 40.7F° 303**P
NCDMO01-192 3.8+ 38.7%x*2 1.4%%x2 72.24%xxR 2992%x2
L96-117 3.4 33.3%x%C 1.0 40.56" 1353°
Okinawa 2.3#xxC 38,2l 0.9%x* P 48.09° 753
Xushul8 4, 7% 36.9 1.7%%x2 33.69 1292
Males
NC1554 2. 4xxwD 39, 2%x*2 1.0%P 57.27 1708
C. Morado Pl 531093 4 38.2%xxab 1.2° 62.89*° 2183+
NC415 3.6° 36.4 1.7 96.24%xx2 2999**x2
NCFTA94 3.7+ 37.8%*P 1.4%%x2 8.63%x*C -203%*+ P
O'Henry 38 32.6%+* 1 1.7 10.20%+*¢ 10%x* P
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Table 4: Specific combining abilities for families with $itgtically significant combining
abilities for yield. Estimates are the differenf@sn the expected value based on the
GCA of each parent. Positive estimates indicapezific combination that yields higher
than would be expected from the combined GCA oftwweparents while negative
estimates indicate a lower than expected yield. pations not listed did not have a
statistically significant SCA. *, **, and *** indiate significance at the 0.05, 0.01, and

0.001 levels respectively.

Specific Combination Estimate
NC1650-8N*NC415 -0.8*
L96-117*C. Morado 1.2%*
L96-117*NCFTA94 0.9*
L96-117*0O-Henry -1.8%**
Okinawa*C. Morado -0.9*
Xushul8*NCFTA94 -1.4%*
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Table5: Specific combining abilities for full-sib familiesith statistically significant

combining abilities for dry matter yield. Combirmats not listed did not have a

statistically significant SCA. Positive estimatedicate a specific combination with

higher dry matter yield than would be expected ftbemcombined GCA of the two

parents while negative estimates indicate a lotvan expected dry matter yield.

Combinations not listed did not have a statistycaignificant SCA. *, ** and ***

indicate significance at the .05, .01, and .00&levespectively.

Specific Combination Estimate
NC1650-8N*NC415 -0.3*
L96-117*C. Morado 0.4**
L96-117*O'Henry -0.6%**
Okinawa*C. morado -0.3*
Xushul8*NCFTA94 -0.4%**
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Table 6: Phenotypic (top) and family mean (bottom) traitretations. *, **, and *** indicate significancet éhe .05, .01, and .001
levels, respectively. TMA represents total monomarithocyanins (mg/ 100g fresh weight) and TMA iedpresents anthocyanins

per plot (mg/ plot). Phenotypic correlations weadculated based on individual plot data. Famigamcorrelations were calculated

based on the LSMean values of full-sib families.

Dry Matter | Dry Matter Yield | TMA | TMA Yidd

Yield -0.21%** 0.97*** -0.08 0.25%**
-0.14 0.96*** -0.18 0.19
Dry Matter 0.00 0.12* 0.04
0.13 0.37 0.33

Dry Matter Yield -0.06 0.27***
-0.07 0.29

TMA 0.80***
0.89***
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Table7: Linear correlations of CIE colorimetric values véinthocyanin concentration
(TMA) in sweetpotato storage roots. The strongeadations between TMA and the L*, a*,
and b* values suggest the possibility of using Goletry to screen for sweetpotatoes with
increased anthocyanin levels. *, ** and *** indie a p-value of >0.05, 0.01, and >0.001,
respectively. While not shown in the table, TM#parple clones had a logarithmic

relationship with hue = 0.87).

L* ar b* b*/a* Hue Chroma
TMA -0.81*** 0.74*** -0.75*** 0.02 0.01 0.19%**

62



CHAPTER 3: USE OF AN NCI DESIGN TO ESTIMATE EFFECTS OF EXOTIC
GERMPLASM ON A NORTH AMERICAN SWEETPOTATO POPULATION

Steven Todd, Jarred Driscoll, Nicolas George, Kémive Pecota, and G. Craig Yencho*
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Abstract

A nested mating design was used to estimate thiabisity of yield and chemical
composition traits in sweetpotato. A populatiocarporating exotic germplasm obtained
from the US sweetpotato germplasm repository acaf@ set of elite US sweetpotato lines
was crossed using a modified NCI mating experim@&arents and offspring were planted in
2010 and 2011 in Kinston, NC. Yield traits were swgad in the field and biochemical
composition was phenotyped using near infraredtspgmpy. Heritability was calculated
on both a half-sib and full-sib family basis, enaf)lcomparisons of heritability for the
polycross and paired cross breeding strategies amymsed in sweetpotato. Starch and
sugar contents (glucose, fructose, sucrose, aablsiogars) had relatively high heritabilities
on both a GCA (f+0.32) and SCA basis{#0.77). Yield traits exhibited low heritability on
a half-sib basis @«0.16), but moderate heritability on a full-sib sagf= 0.21 - 0.51).
Heritability was also calculated using parent-ofiisg regressions to compare with sibling
covariance methods and we observed that compositida had high heritabilities and
resulted in similar estimates with sibling analyssswith parent-offspring regression.
However, yield traits produced heritability estiestvith smaller standard errors using sib-
analysis than using parent-offspring regressioercéht culls had a highly skewed
distribution and more accurate heritability estiesatvere obtained using parent-offspring
regression. Heritability estimates suggest thatqross nurseries made of parents with
desirable phenotypes can be effective for modifgwgetpotato composition while the use

of exotic germplasm to improve yield will likelygaire paired crosses with progeny testing.

64



Introduction

Sweetpotato breeding programs have been activeit$ since the early 90
century (Hernandez et al. 1959). Due to the neetbvelop varieties that would set storage
roots in the temperate zones of the US, early limggatograms relied heavily on a small
number of varieties that were able to develop g@raots and flowers to allow genetic
recombination under such conditions. This resuhegignificant genetic bottlenecking.
Since that time, highly directional selection fowker-dry matter (ca. 18 -20%) orange-
fleshed varieties and the loss of breeding prograrnsss the US have narrowed the
germplasm base even further (Jarrett 1987, Peersmpal communications). The effect of
these factors on yield, disease resistance antidémoical diversity in US sweetpotato
germplasm is unknown, but has likely resulted Iatreely narrow ranges among elite US
cultivars for most of these traits.

The emergence of new value-added processing opyiesIin the sweetpotato chip,
French fry and natural colorant market sectors metjuire development of varieties with
unique biochemical compositions. While dry matientent has long been measured in
sweetpotato breeding programs (Jones 1986), tittnovides only one component of
sweetpotato composition, and it is insufficientrieet the needs of emerging markets. To
modify sweetpotato biochemical composition, a nmexise, high-throughput method of
screening sweetpotato biochemical composition ésled. Near-infrared spectroscopy
(NIRS) screening has been widely applied to crageding in recent years as breeders in
many crops have begun efforts to modify crop contipms(Osborne 2006, Lee et al. 2011).

While sweetpotato breeding technology lags behiadyrother crops, breeders are
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beginning to incorporate NIRS into their selectmyograms (Katayama et al. 1996, Lu et al.
20064, Lu et al. 2006b, Tumwegamire et al. 20 .advance sweetpotato breeding to the
next-generation and meet the needs of new markath, as processing for chips and fries
and industrial uses such as starch and anthocyaha8lCSU sweetpotato breeding and
genetics program has begun incorporating NIRS t@olgres to screen experimental lines
for storage root composition.

In addition to phenotyping, estimating the heriligpodf key processing traits is also
important because this information can be incongorato sweetpotato crossing decisions.
While there are several different methods of dafjrheritability (Holland et al. 2003), it can
be broadly defined as the ability to modify a giveait through breeding. Many methods of
measuring heritability have been developed inclggiarent offspring regression, diallels,
and the North Carolina (NC) designs (Comstock aobifson 1948, Griffing 1956, for
review see: Hallauer and Miranda 1988). The NGigiehas been a staple of plant
guantitative genetics for decades and for sweeipbt@eding it can serve two
complementary purposes. First, it enables swedtpbtaeders to avoid sexual
incompatibility barriers that commonly occur inwsttured mating designs of sweetpotato.
Second, it enables breeders to theoretically coenter rate of genetic gain that would be
expected for traits using polycross nurseries arghloed crosses for sweetpotato genetic
improvement.

Most published studies of sweetpotato heritablidye relied on parent-offspring
regression (Jones et al. 1969, Jones 1986), big¢ bawe also used half-sib families

(Thompson et al. 1994, Kim et al. 1996). While N@d#signs have been implemented in
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sweetpotatoes before (Qiwei et al. 1988), prevexyserience with them in our laboratory
showed that incompatibilities can create signiftaa@rallenges for factorial crossing blocks
(Chapter 2). Due to low seed set and high incoiitit rates, paired crosses with
sweetpotatoes require significant investment adueses. To overcome these difficulties,
polycross nurseries have been commonly used dwecate 1960’s (Jones 1965). These
have allowed screening increased numbers of geestyjut resulted in selection on half-sib
families rather than specific combinations of p&akehines. As a result, it has been suggested
that sweetpotato breeders would improve breedifigjexicy and progress if they used
paired-crossing mating strategies (Griineberg &0&l9). While each method has potential
advantages, the best approach depends on breesiifsgagd available resources. Since
paired cross nurseries require far more resouh@spolycross nurseries, programs with
limited resources must balance the benefits frome@arossing with the need to apply
resources to other stages in the breeding proddss best approach may also depend on
project goals and traits of importance, sincegraihich are heavily influenced by additive
effects can be efficiently modified with polycrassrseries, while those with significant
dominance and epistatic effects should be modthieaugh paired crosses.

While use of an NCI mating design allowed comparief a large number of families
to better estimate heritability, screening largenbars of genotypes while controlling for
field variation is a significant challenge in swaahto, as it is a bulky commodity that
produces a crop of storage roots that are relgtivetd to harvest, handle and grade. To
allow phenotyping of the large number of genotypletsined through the mating design, an

augmented design was adopted for the first timeurybreeding program. The augmented
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design was proposed in the 1950s (Federer 196@r&rednd Raghavarao 1975) but it has
received limited application in sweetpotato bregginograms (Marchese et al. 2010).
Augmented designs use replicated check varietiesttmate variance across a set of
incomplete blocks, while unreplicated experimehtads are spread throughout the set of
incomplete blocks (Arellano 2007). This designwablaoscreening of larger numbers of
genotypes with fewer resources than would be plesgiith more traditional designs.
Augmented designs have the potential to increaseiginput of genotype screening in
breeding programs, particularly in early generatraals where breeders have must screen
large numbers of genotypes with wide genotypicateon. They are likely to be especially
useful in efforts to incorporate exotic germplasnoielite breeding populations, as genetic
variation will generally be greater than with adappopulations and a higher percentage of
the population will be poorly adapted, necessitptiareening larger numbers of progeny.
In this experiment, development of NIRS providextitical ability to screen
experimental varieties while expansion of the gdasip base maximized genetic variation
to improve the ability to produce genotypes withgue compositions. By merging high
throughput NIRS phenotyping with an augmented desigvas possible to screen large
numbers of new genotypes. The merger of thesatdoties created an improved system

that facilitates the breeding of sweetpotatoesaetrthe needs of new markets.

Materials and Methods
Germplasm

A diverse set of germplasm, consisting of 141 ckomeas selected for the experiment

68



(Table 1). The germplasm contained a core setgekmplasm including experimental
lines from the NCSU breeding program, current majad historic US cultivars, and
germplasm from around the world contained withia /& sweetpotato germplasm
repository. Lines from NCSU included orange ankbyefleshed tablestock varieties, high
dry matter white varieties, and purple-flesheddifa industrial anthocyanin production.
Additional genotypes were selected from major negiof the world including Asia, Africa,
Latin America, and the South Pacific to maximize garental variation sampled. Genotypes
with white, cream, yellow, orange, and purple flesdre included. While information on
many genotypes was limited, efforts to maximizegjenvariation were based on

information available at the outset of the experitne

Crossing block

During the winter of 2009-2010, a nested crossiogkbmodeled after the traditional
NCI design was established in the greenhouses &iN(Parents were randomized using
Microsoft Excel and families were developed usirgydical mating pattern with 4 females
per male. The only initial adjustment to the ordeas to move “Covington”, which was
known to be female sterile, to become the malésineispective half-sib family.

Previous experience in sweetpotato crossing hasrstiat numerous
incompatibilities are likely to be found in any stotato crossing block (Chapter 2).
During crossing, incompatibilities were discoveradd females from incompatible crosses
were grouped together and randomly assigned tohadfvsib families. This process was

repeated multiple times during the crossing seasih,the total number of compatible

69



crosses increasing after each re-randomizationhisnwvay, the number of crosses in the
experiment was maximized with minimal impact on ¢éxpectation of random mating
(Appendix A). Crossing continued until 15 true d@esre obtained from each family or until
changing environmental conditions in the springle¥ad further crossing efforts ineffective,

whichever came first.

Field Trials

In spring 2010, true seeds from the crossing bleete planted in 72 cell flats at the
NCSU greenhouses in Raleigh, NC and then trangptwtthe greenhouses at the
Horticultural Crops Research Station (HCRS), CintdC. Parents of the crossing block,
including parents in the original crossing bloasnfr which offspring could not be obtained,
were produced in the greenhouses in Clinton, N@erAan initial growing period in the
greenhouse, seedlings were transplanted in trekifigClinton, NC, and five cuttings per
clone were obtained after several weeks of growthteansplanted into the experimental
field.

The offspring and parents of the crossing blockenggown in an augmented design
with check lines (which consisted of the parentthefNCI crossing block plus 36 additional
lines) replicated in three incomplete blocks toneate within-field variation and a single
replication for each offspring at the Lower Coatakearch Station, Kinston, NC
(35°22'31" N, 77°33'28” W) during the 2010 and 20dtbwing seasons. Each clone was
planted into a five-plant plot with 30 cm spacirgveen plant and 1.2 m break between

plots on rows 1.06 meters apart. Variation in Bagalevelopment required two plantings
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with an early planting on July 8, 2010 and a ldéafing on July 19, 2010. Both plantings
were harvested November 8-9, 2010. Prior to hathessweetpotato vines were removed
using a flail mower. The plots were then dug wittiva-row chain digger and the storage
roots harvested by hand. Plots were sorted in&b yeeld (TY) and culls for rot and/or
cracking and weights were taken for each classsiFBiomass was calculated as TY + cull
weight and Dry Biomass was calculated as Fresh Bssm % Dry Matter.

During harvest of the 2010 trial a three-root sagileach clone was collected and
saved for seedling production for the 2011 seas@udition to a sample for NIRS analysis
described below. In 2011, all test entries (batrept and offspring) were bedded in the
greenhouses at HCRS, Clinton, NC. Five plantogstiwere taken from each offspring entry
and 15 cuttings were taken from each parental entr2011, an early planting was carried
out on May 18, 2011 and a late planting was donéume 28, 2011. Both early and late

plantings were harvested October 25-26, 2011.

Sample Collection and Preparation

During harvest in both 2010 and 2011, a sampléreiet US #1 size roots (roots ~4.5
- 8.8 cm diameter and ~7.6 — 22.8 cm long) was catefrom each plot for later NIRS
analysis. Samples were cured at ~29 °C and 85%0RH days in storage rooms at the
HCRS, Clinton, NC. On January 9, 2011 (samplesf26010) and January 11-12, 2012
(samples from 2011), samples were washed, chopgeedaly using a food-processor, and
weighed to obtain fresh sample weights at HCRS shered at -4°C until freeze drying.

Samples were freeze dried until warm to the tobetween 1 and 13% moisture), weighed
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to obtain dry sample weights, and milled on a Cydd 093 sample mill (FOSS Hillergd,

Denmark) with a Imm screen.

NIRS Phenotyping

Milled samples were scanned using a FOSS XDS Rapident Analyzer (FOSS
NIRSystems, Inc, Laurel, MD) near-infrared specteten with 1SIScan v4.0 software
(Infrasoft International LLC, State College, PAMlilled samples (~5 mL) were placed in a
quartz bottom cup (part number IH-0386, FOSS NIRSwys, Hillerad, Denmark) and
scanned at wavelengths from 400 t@2500 nm using 2 nm increments (Infrasoft
International 2008, Drapcho, personal communicaion

After scanning, a subset of 10% of each populatias selected for analysis by wet
chemistry using the “Expand Product Library” fulectin WinISI software (Infrasoft
International LLC, State College PA). This functiolentified samples with spectra that
complemented samples previously scanned (Georgegmed communications) to develop a
more complete NIRS model and ensure that the solbsgiectra selected for wet chemistry
was representative of the total population of sje@hfrasoft International 2005, Drapcho,

personal communications).

Wet chemistry
Amylose content analysis was conducted using aneaglssay similar to that
described by Jarvis and Walker (1993). Sampleg warshed with ethanol, dissolved in

NaOH, pH adjusted with citric acid and reacted vaith% Lugol’s solution. The absorbance
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of the blue product was measured on a Perkin-Elragtbda Bio20 UV-Vis spec at
wavelengths of 504, 548, 580, 630, 700, 720, ad0. A standard curve was developed
using purified potato amylose from Sigma-Aldrich0&4.2) (Sigma-Aldrich, St Louis, MO)
and purified potato amylopectin from Sigma-Aldrid®118) (Sigma-Aldrich, St Louis,
MO). Absorbance standard curves for both amylose arytbaerctin showed peaks in
comparable ranges to those identified by earligeaechers (Jarvis and Walker 1993).

Sugar analysis was conducted with the MegazymeoSecD-Fructose, D-Glucose
kit (Megazyme, Wicklow, Ireland). Total starch &rsas was done with the Megazyme Total
Starch Kit (Megazyme, Wicklow, Ireland). For eaddit, protocols provided by Megazyme
were followed. Megazyme kits were adopted forahalysis because they provide a simple
affordable method that can be performed by perdomitie minimal training.

Residual moisture was measure by weighing ~0.%ogamicrocentrifuge tube,
allowing the tube to oven dry at 37 °C for 3-5 dagrsd taking the oven dried weight.
Residual moisture was calculated as: (1- (overddsieight / freeze dried weight). Dry
matter of the sweetpotato was calculated as: @&eeied weight *(1- residual moisture)) /

fresh weight)).

Data analysis

Following wet chemistry, dry-matter based statadtroodels for prediction based on
NIRS were developed for each trait of interest gshe “Develop Equation with Full
Spectrum” option in WinISI v4.0 (Infrasoft Intermatal LLC, State College, PA) (Infrasoft

International 2005, Drapcho, personal communicadiofartial least squares regression was
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used to develop models for each individual tr@ptimal equations were selected by
comparing all available combinations of scatterections and derivative treatments. Two
outlier passes were used with the default criflcahlues set at 2.5, critical H values set at
12.0, and critical F values set at 8.0. The emfrectrum from 400-2500 nm was used to
develop the model. After the best model was idiedtusing the all available function, the
complete dataset was divided into a calibratiorageta validation set (Table 2). An
equation was developed from the calibration setguie same mathematical treatments as
for the complete data set. This calibration equetvas then used to estimate phenotypic
values for each component in the validation s@rtwide an estimate of the accuracy of the
model (Lebot et al. 2011). The dry-matter basddesof all samples were then predicted
with the best model using the “Compare PredictetiReference Values” function in
WinISI. Percent amylose was calculated by dividimgamylose content of the sample by
the starch content of the sample (Williams et 8b8). Fresh weight basis traits were
calculated by multiplying the dry weight basis \edwy the dry matter content.

Heritability analysis was conducted using Proc Mixe SAS v9.2 for Linux (SAS
Institute, Cary, NC). The linear model used was:

Y = p+ BoG +S1IM(G) + BF(M*G) + B3C(F*M*G) + BaY + BsP(Y) +BeR(Y) +
BY*M(G) + BgY*F(M*G) + BoY*C(F*M*G) +¢

Y represents the phenotypic trait of interastepresents the interceptG represents
the generation (parents or offspring) and its cokeffit, 51M(G) represents the effect of the
male parent nested within generation and its caefit, 5,F(M*G) represents the effect of

female parent nested with male par@gg€(F*M*G) represents the effect of clone nested
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within full-sib family and its coefficien{},Y represents the effect of year and its coeffigient
SsP(Y) represents the effect of planting time witligar,fsR(Y) represents the effect of rep
within year, and represents the errof;Y*M(G) represents the interaction of years and
males within generationggY*F(M*G) represents the interaction of years anch&es within
males and generations, giyY*C(F*M*G) represents the interaction of years wdlones
within females, males, and generations. All eBemtcept generation were considered
random and the ‘group’ option in the random stat@mmas used to separate the genetic
effects and GxE effects of parents and offspribge to half-sib basis heritability estimates
for some traits that were not significantly gredtemn zero, a likelihood ratio test was
performed for dry biomass, fresh biomass, and y@ldetermine the significance of the male
effect in the above model by eliminating the malmeffect in the model above and
comparing the models using the -2 log likelihoaatistic provided by SAS.

Proc IML (Interactive Matrix Language) was useddomvert the covariances into
heritability estimates. Heritability of each traiis calculated on a family means basis for
both independent half-sib families and non-indepandull-sib families (Holland et al.
2003). Estimators of heritability are shown below:

Half-sib families:

2 _ 2
he = O™

oM + GZF(M)/ f+c%uy ly+ GZF(M)Y yf+ err/ yfr
Full-sib families:

h = o?rowy+ ((F(M-1))/(ME1)) 6%

(€(m-1))/((MF1)) o + (FM-1))/(MEL)) 0%y 1y + 0wy + S Fwyvly + S7enr /YT
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Heritability is represented byhs” represents the variance attributable to a factor
listed in its respective subscript. F, M, and ¥resent females within males, males, and
years, respectively; while m, andy represent the harmonic mean of females within syale
males, and years. Sample SAS code used for cafgulzeritability of fresh weight basis
biomass is contained in Appendix A. Phenotypeshetk clones, half-sib families, and full-
sib families were calculated using best linear aséd predictors (BLUPS). Parent-offspring
regressions were calculated using LSMeans obtdimedgh Proc Mixed in SAS (Stadler
and Saxton 2004) and regressing the LSMeans diillk&ib or half-sib offspring within
each year on the parents of the other (Thompsah €994, Kim et al. 1996), this corrected
for GxXY but since the experiment was grown at e location each year, it did not
eliminate potential bias caused by GxL effectsrr&udion factors for environmental effect
on phenotypic variance were included by calculativegstandard deviation of the 36 non-
parental check clones each year then dividing thedsaird error of one year by that of the
other. This produced two correction factars v 62010 was multiplied by the regression
slope for the 2010 offspring on the 2011 parentsaagd 62011 Was multiplied by the
regression slope of the 2011 offspring on the 28dr@nts (Falconer 1989, Nyquist and
Baker 1991). Heritability estimates are presentsidg Kys (half-sib families) representing
the half-sib heritability obtained when a sweetpmia crossed with an unselected
population; Rsp (selected polycross) representing twice the Halferitability and would be
obtained when crossing in a polycross nursery iithvthe breeder has selected all parents
within the nursery; and?gs (full-sib families) representing the heritabiliy full-sib families

as would be obtained with paired crosses. Becidwse traits: dry biomass, fresh biomass,
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and yield did not have heritabilities significangyeater than zero, maximum likelihood ratio
tests were performed to test the significance eftfale effect by eliminating it from the full
model and comparing the log-likelihoods of the aalld reduced models using a chi-square

test.

Results
NIRS

Development of the NIRS standard curves allowedigkaneous estimation of 7 traits
of interest for sweetpotato breeding (Table 2): matter (% fresh weight), fructose (g/100g
dry weight), glucose (g/100g dry weight), sucragd@0g dry weight), total sugar content
(9/100g dry weight), starch content (% dry weight)d amylose (% dry weight). The NIRS
standard curves were adjusted for the residualtoreipresent in the samples. This was done
because small amounts of residual moisture wehergiresent in the sample after freeze-
drying or absorbed from the atmosphere during ngland processing. This differential
moisture accumulation was likely due to variatinrhandling of samples and the different
dry matter contents observed in each genotypetrenddjustment enabled more accurate
final dry matter calculations as a quality contr@asure. The NIRS models predicted
glucose (R = 0.96, relative percent difference (RPD) = 3.28)st accurately. Starch was
also predicted with high accuracy?(R 0.96, RPD = 2.90) although this prediction was
based on a relatively low sample number (N = 132)e NIRS predictions for fructose {R
0.93, RPD = 2.59), sucrose{R 0.87, RPD = 1.89), total sugar contentt £%0.90, RPD =

2.23), dry matter (R= 0.82, RPD = 1.72) and amylose conterft£M.89, RPD = 2.14) were
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also highly significant though not as accuratel MRS estimates of the above traits were

adjusted for residual moisture content €R0.92, RPD = 2.46).

Trait Correlations

Significant correlations (r) were observed for manyhe traits studied (Table 3).
Traits related to fresh yield included dry biomdsssh biomass, TY, cull weight, percent
culls, and dry matter. Comparisons among thes#s tfamonstrated that both culls and
percent culls were negatively correlated with yi@kl-0.22 and -0.54) while culls and
percent culls were positively correlated with eater (r= 0.73). Both dry biomass and
fresh biomass were positively correlated with bg#id and cull weight but negatively
correlated with percent culls. No correlation i@snd between dry matter and TY or fresh
biomass.

Correlations related to dry matter and storage sagars and starch represented
another important group of correlations (Table S)gnificant negative correlations were
found between dry matter and dry weight based (QWgose (r=-0.75), DW sucrose (r= -
0.43), DW fructose (r=-0.75), and DW total sugars-0.82). Dry matter content was
positively correlated with both DW starch contant ©.83), and sample amylose content (r=
0.85). Dry matter content was also negativelyaated with fresh weight basis (FW)
glucose content (r=-0.62), FW fructose content-(r84) and FW total sugar content (r= -
0.54). However, dry matter content showed no ¢aticen with FW sucrose content (r=
0.022). Dry matter content also showed signifiqaoditive correlations with FW starch

content (r= 0.96) and starch amylose content (82)0.
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Among the sugars tested, DW sucrose content shawedrrelation with DW
fructose content or DW glucose content. While DWtfose and DW glucose content were
closely correlated with each other (r= 0.98). DM¥cgse, DW sucrose, and DW fructose
content all showed significant positive correlagamth total sugar content (r= 0.76, 0.64,
and 0.74). On a fresh weight basis, both glucoseflaictose showed significant negative
correlations with sucrose (r=-0.42 and -0.44)\WV §lucose and FW fructose were closely
correlated with each other (r= 0.97) and on a fsesight basis, glucose, sucrose, and
fructose were all significantly correlated with Rétal sugar content (r= 0.50, 0.51, and
0.47). DW and FW content of individual sugars welasely correlated for fructose, sucrose,
glucose, and total sugars (r= 0.94, 0.87, 0.94,0a84d).

Among correlations related to amylose content, sammylose content was most
closely correlated to starch content (r= 0.91). yfose content of the sample and starch
percent amylose also showed a highly significantetation (r= 0.53). Dry weight starch

content and percent amylose in the starch weréfisigmtly, but weakly, correlated (r= 0.15).

Heritability Estimates

Yield traits (dry biomass, fresh biomass, TY, cullsd percent culls) tended to have
very low heritabilities on a GCA basis with estiemtanging from 0.08 to 0.16 using sib
analysis (Table 4) and from 0.02 to 1.05 using mpaoéfspring regression (Table 5). Most
h%sca and KBspvalues were not significantly different from zeexcept for those related to
culls. Yield traits had moderate heritabilitiesamSCA basis, ranging from 0.39 to 0.51

with sib analysis (Table 4) and 0.16 to 0.77 ugagent-offspring regression (Table 5).
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Genetic variances of yield traits were also geherait significantly greater than zero (Table
6), furthermore, likelihood ratio tests indicatdéadt dry biomass, fresh biomass, and yield did
not have half-sib genetic effects significantlyajes than zero (Table 7).

Dry matter content, dry weight starch content,Hregight starch content, amylose
content, and percent amylose content were anotbepgf important traits. Heritabilities
for dry matter, starch, and amylose were high ah BdGCA and SCA basis (Table 4, Table
5). Percent amylose had a lower GCA heritabilif(.13) but moderate SCA heritability
(h?*=0.39). Heritability estimates were similar foese traits using either sib analysis or
parent-offspring regression.

Reducing sugar traits included fructose and gluooskoth a fresh weight and dry
weight basis and have an impact on quality of pgsed products. These traits had high
heritabilities on both a GCA t80.51-0.54) and an SCA basi$$h.84-0.87). Estimates for
h%sca were slightly higher using parent-offspring regiea than using sibling analysis while
estimates for fyp were similar for the two methods (Table 4, Table 5

Sucrose and total sugar content are an importanipgof traits because of their
impact on taste and sweetness of sweetpotatoede Wit identical, these traits were related
as sucrose is one component of total sugar confidmse traits had significant heritability
on both a GCA and SCA basis. Total sugar contért@.45-0.53) was slightly more
heritable than sucrose content<{0.32-0.37). Estimates for sugar heritability wsirailar

using parent offspring-regression as using sibyaiea(Table 4, Table 5).
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Discussion

The emergence of new processing markets in thetpatago industry requires the
development of varieties with new traits. This expent provides initial insight into the
potential opportunities and impediments to be etqukas breeders seek to incorporate new
germplasm into North American breeding populatidnalso improves our understanding of
the potential trade-offs between polycross nursarel paired crosses in sweetpotato
breeding. NIRS screening protocols allowed higlotighput screening of important
processing and culinary quality traits includingiguand starch content. The incorporation
of germplasm from around the world ensured higregeriversity for the traits of interest
and use of an augmented design allowed field secrgerf more genotypes than would
otherwise be possible.

The NCI design used for these experiments has @leadvantages and provides a
valid estimate of heritability, but it is also litad by certain assumptions. The traditional
analysis and interpretation of an NCI design resgirandom selection of parental lines from
a population. However, this is ineffective to studtegration of exotic and heirloom
germplasm for improvement of US sweetpotato brepdopulations. Also, the traditional
NCI analysis is based on assumptions of diploi@iiténce, no environmental correlation
among relatives, no maternal effects, no linkagedgliilibrium, a non-inbred population,
random sampling of a reference population, andaanadhating within the selected
population sample. These assumptions allow statilt valid analysis of quantitative
inheritance and heritability estimates; howeve@ggtual breeding populations, none of these

conditions are likely to occur (except for diplantheritance, which is dependent on the crop
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species of interest). For example, rather thagctiely and mating plants at random, breeders
select parents with particular desirable traiteetp meet program goals and mate them in
desirable combinations. Breeders then interpeetélults of experiments in a limited
manner that accounts for various degrees of vanladf these assumptions. The resources
required to develop cross-pollinating sweetpotahsaries prevent many breeding programs,
which are focused on cultivar development, fromedeping and maintaining large, random-
mating, unselected populations for genetic studtasthermore, the germplasm in the US
sweetpotato germplasm repository is not a randopulption of sweetpotato clones, and
random selection of parents from it would almostasely exclude many lines, such as
developed cultivars from Asia, that would be in@ddn an effort to expand US sweetpotato
germplasm. Such an effort is likely to rely onngsa main base of elite US germplasm and
supplementing it with exotic lines, especially thasat may have desirable traits despite
poor adaptation (Steinhauer 1948), and would natdlemodeled by random selection of
clones available within North American breeding plagions and/or the sweetpotato
germplasm repository.

The NCI population described in this paper is repn¢ative of a sweetpotato
population that incorporates exotic germplasm w&sweetpotato germplasm. It includes a
core of elite US germplasm crossed randomly wittu&xvarieties from around the world.
During selection of ex-US germplasm, efforts wemto maximize genetic diversity and
weight the population toward clones considered rhlosly to contain traits of interest for
North America. However, information on many lineasatimited, reducing the ability to

identify the lines most likely to have beneficigdits.
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The quantification of glucose, fructose, starchg angars and by NIRS enabled
reasonably accurate, high throughput screeningbaigtgg Table 2) across a broad range of
sweetpotato phenotypes (Table 1). This made iaBl@tfor screening of populations such as
the NCI design described here, since genetic vamnidbr several traits was high and
genotypes could be quantified for each trait. Ténvel of screening allowed identification of
genotypes that may produce offspring with desirablapositions, as was illustrated by the
relatively high heritability for most compositioraits, values which could not have been
obtained with our conventional phenotyping method$ie NIRS model developed with this
work is comparable to other recently developed spatato NIRS models. The International
Potato Center has developed a more comprehenstensynd has obtained more accurate
measures for traits than our system (Zum Feldé 8089). Our model estimates were
similar to those developed by Lebot and colleagis&sg similar protocols (Lebot et al.
2011).

Phenotype distributions (Appendix B) demonstrated for several traits, the total
range for North American germplasm was similatiat for the ex-US lines. However,
notable differences were found in the distributiohenany traits. The North American
germplasm tended to have higher biomass than ekrg§ although some ex-US lines had
very high biomass. North American cultivars alsowsed a bifurcated distribution for dry
matter, likely caused by historical selection effecdMost selection in North America has
tended toward low dry matter, however, during tBédks and 1980s there were efforts to
develop biofuel types and in recent years, the NG&Eetpotato breeding program has made

concerted efforts to develop higher dry matterdjmaany of which were included in this
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experiment. North American lines also showed gresutigar content and greater reducing
sugar content, which were also likely due to tHeafof historical selection for sweet, low
dry matter, orange lines in North America, and nreeent selection for high dry matter
industrial type sweetpotatoes.

Rankings of full-sib families suggested that genbbttlenecks, drift, and/or
inbreeding depression could be decreasing yieldorgment potential in North American
breeding populations. TY heritability via half-gamilies was not significantly greater than
zero, but was moderate on a full-sib basis (TablEadle 5). This data agreed with previous
studies showing that SCA for yield is much grettan GCA (Jones 1969, Martin and Jones
1986, Komaki et al. 1998). Some of the highedtyng (fresh weight basis) full-sib families
were developed from crosses of adapted x exotenpaincluding: “TIS 3017 x
“Covington” (rank = 1), “CN1345-8" x “DM04-197” (rek =3), and “KalmeghS-30” x “W-
250" (rank = 9). We noted that this did not reflgield of US #1 roots; but rather TY, the
total root weight less culls for gross misshapet,and severe growth cracks. Increasing root
biomass through exotic germplasm may be correlatédlower pack-out in early generation
crosses. This possibility was further illustratebugh analysis of cull weight and cull
percent. Rankings of check clones for cull wesgjidwed that adapted and unadapted clones
were spread throughout the ranking of 139 clowile unadapted clones might have been
expected to produce higher cull weights, the resslibwed clones with a low cull weight
were often so unadapted that they had almost nd gteall, neither TY nor culls, while high
yielding clones produced both more TY and more mdbks. Percent culls complemented the

cull weight for measuring clone productivity. Cémwith low percent culls were either so
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poorly adapted they produced almost no storages iatadll, or were the most highly adapted
North American cultivars. Families with the low@gtrcent culls were often those that had at
least one highly adapted parent. However, peradig did have much higher heritability
estimates using parent-offspring regression, perbapause the phenotypic distribution of
the population was highly skewed to the left fas tinait.

The low relationship of yield with half-sib parehpdnenotype was likely partially due
to the random nature of the crossing block, whesulted in families developed from
adapted by adapted parents, adapted by unadaptstgand unadapted by unadapted
parents. These results suggested that additisalett exotic lines into the population via
paired crossing may have the long-term benefihofaasing yield through increasing genetic
diversity and heterosis (lwanaga 1988). The yiadtability estimates obtained here agree
with those previously estimated of 0.21-0.60 (Jd#89), and 0.25-0.57 (Jones 1986,
Martin and Jones 1986).

Sugar and reducing sugar heritability in the popotawas very high withh> 0.77
for SCA heritability and h> 0.32 for GCA heritability. These high heritaids are in
agreement with high sugar heritabilities observedther crops such as apricot (Bassi et al.
1996), sugarcane (Cox et al. 1994), and soybeaarn($yaw and Hadley 1981). The
rankings of check clones, half-sib families, ankt$ib families showed that several families
on the extremes (both low and high values for @ividual trait) were produced from at least
one exotic parent, indicating that exotic germpldigely contains genes that can modify
sweetpotato composition beyond that present irelikee North American germplasm,

although not always in the desired direction (Feglly. Rankings of full-sib and half-sib

85



families showed that while efforts to increase sgercontent would be unlikely to benefit
from incorporation of overseas germplasm (notakéeption “KalmeghS-307), several
heirloom varieties and non-NC lines produced offgpwith very high sucrose contents.
These lines included “Oklamar”, “W-250" and “W-392Efforts to decrease reducing sugar
content would not be likely to benefit as much frimmworporation of exotic germplasm or
heirloom varieties due to strong negative corretadf reducing sugar content with high dry
matter. In this experiment, several families Wity reducing sugar contents also had very
high dry matter content, including “Tinto” x “DM0280” and “Kyushul100” x “DM02-180".
These staple-type sweetpotatoes are desirableria sggions, such as Africa and parts of
Asia, but their dry matter content may be unacdsptaigh for the processing industry in
North America. However, if efforts to incorpordteirloom varieties were undertaken to
increase sucrose content in processing variehesgsultant population is likely to be
different enough from the population described fasréo render predictions of reducing
sugar and dry matter in the offspring unreliable.

While North American clones did show a broad raofgstarch contents, the rankings
of full- and half-sib families indicated that fuethefforts to increase starch content could
benefit from inclusion of high-starch exotic lirasch as “Kyukei-97” and “Yukimusume”.
Families produced from these clones tended to tiemehigh starch content. The
performance of these parents reflects the preferemerseas for staple-type sweetpotatoes.
In particular, Japanese sweetpotato breeders bausdd heavily on developing high starch
lines since World War Il (Komaki et al. 1998).

Trait correlations suggested that most traits tdrgst did not have correlations that
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would inhibit breeding. Fresh yield traits werd haghly correlated with any composition
trait, suggesting the possibility of breeding hygélding clones with any desired
composition. Very strong correlations were fourtileen starch and dry matter content, in
agreement with earlier studies (Hall and Smittl83)9 Close correlations were also found
between glucose and fructose, matching biochemmoalels showing the two reducing
sugars are produced by the breakdown of sucrosa&loon sinks.Sugar traits were
negatively correlated with starch content, in agreet with earlier biochemical studies
showing that once carbon is transported to a sirtke form of sucrose, subsequent
biochemical pathways can result in production tifezi starch or sugar (Fernie et al. 2002).
On a fresh weight basis, reducing sugars were ivefjatorrelated with sucrose content,
suggesting opportunities for breeding the low réayisugar, high sucrose lines desired by
the processing industry. Development of procesgargeties for the chip and fry industries
calls for varieties with low reducing sugar, higltse content, and moderate dry matter
content. These results showed that some varisties, as “Oklamar”, and some families,
including “Oklamar” x “W-392”, had compositions thaould likely meet these
requirements, indicating that such varieties cindaleveloped through a concentrated
selection program.

Comparisons of family and parental performance ved a few families in which
offspring outperformed the high parent (for redgcsugars offspring were compared to the
low parent rather than high parent because lowkraiag sugars are more desirable) on a
family mean basis, but individual offspring thatperformed either parent were more

common (Figures la-d). Improved performance cffhg family means usually occurred
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for families developed from parents with averagbalow average performance. While
these families often exhibited improved performaaseompared to their parents, they were
generally not the best performing families. Tmdicates that even poorly performing
parents can contain alleles for improved perforrear®f greater relevance to sweetpotato
breeding was the ability to develop individual pfigig that outperformed even well-
performing parents for individual traits. The asatky propagated nature of sweetpotatoes
enables breeders to capture and fix additive, dande, and epistatic effects at the F1 and
perpetuate them through clonal propagation. Theldpment of offspring that outperform
well-performing parents indicates that sweetpobsgeeding has not reached a plateau.
While for low heritability traits, the applicatiasf this information to a breeding program is
much more difficult, each trait investigated showteel potential selecting improved clones,
and the trend was especially apparent for improvemiesucrose and reducing sugars. Dry
biomass was a relatively low heritability trait,tivfew clear trends of well-performing
families, but individual clones did show improveetformance. Comparisons of parents and
offspring indicated that even parents with high argtter such as “DM02-180" could
produce offspring with even higher dry matter tlglowerossing with other high dry matter
lines. For increasing sucrose content, “NC03-007V-250" and “KalmeghS-30” x “W-
250" both produced individual offspring that outieemed “W-250", the male with the
highest sucrose content and the high parent indofses. While several clones with low
reducing sugar were able to produce offspring witen lower reducing sugar.

Application of the NCI design in combination withnent-offspring regression

allowed comparison of parent-offspring regressiath wib analysis for sweetpotatoes.
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Sweetpotato breeders have often used parent offspgression to study heritability (Jones
et al. 1969, Jones 1986) and at times have apipiifesib analysis (Thompson et al. 1994,
Kim et al. 1996). To our knowledge, this is theffitime that an NCI design has been used in
sweetpotatoes. In this experiment, high heritghitaits, including sugars and starch
content, could be estimated equally well usingegithethod (Table 4, Table 5). However,
for low heritability traits, such as yield, the sibalysis method was more effective,
producing estimates with much lower standard errtmghis experiment, traits with low
heritability often did not have half-sib genetiocvaciance components that were significantly
greater than zero (Table 6). However for one,tpatcent culls, parent-offspring regression
outperformed sib analysis. This may have beendatiee highly skewed distribution of the
trait as discussed above.

Crossbreeding of sweetpotatoes has historically béécult due to the complex
nature of the genome, large number of incompatidslj and low seed set. To overcome
these hurdles, sweetpotato breeders have deplogedative technologies such as grafted
plants to induce flowering (Hernandez et al. 194®) polycross nurseries (Jones 1965).
While these technologies have often been necefmasyeetpotato breeding, they have not
come without costs. In particular, the widesprese of polycross nurseries in sweetpotato
breeding has resulted in limited knowledge of tedigrees of most modern cultivars and
reduced the ability to take advantage of speciimlgining ability and the possible
exploitation of heterotic effects gained from geradty diverse crosses. Incorporation of
exotic germplasm and heterosis have played an taporole in improving potato; another

autopolyploid, asexually propagated, highly hetggozis crop that also underwent a severe
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genetic bottleneck upon transport to temperatez@endoza and Haynes 1974, Cubillos
and Plaisted 1976, Luthra et al. 2005). As suakstions have arisen within the sweetpotato
breeding community regarding the trade-offs betwgsared crosses and polycross nurseries
(Griineberg et al. 2009). As a nested designgttperiment offered an opportunity to
compare half-sib families, similar to those develbpising polycross nurseries, with full-sib
families, as would be obtained with paired crossHsese results indicated high heritabilities
for all composition traits investigated can be aldd using polycross nurseries (Table 4),
indicating that they would be satisfactory to mgdifveetpotato composition. However,
yield traits had relatively low heritabilities orhalf-sib family basis, even when accounting
for control of both parents as could be obtained polycross nursery in which the breeder
has direct control of all parental lines (Table Zhese traits had much higher heritability on
a full-sib family basis, indicating significant SG#ér the traits. This suggested that yield
could be more efficiently improved using pairedss®s than polycrosses. Given these
results, an inbred-hybrid system such as that destby Komaki and colleagues (1998)
could be worthy of investigation. In such a systpoiycross nurseries could be used to
develop populations with desirable compositiongigocrosses could then be used to
increase yield in the selected offspring.

This article describes the first step in effortbtoaden sweetpotato germplasm to
meet the emerging needs of the sweetpotato processlustry and showed that many traits
of interest for improving North American lines cddde found in exotic or heirloom
germplasm sources. The high heritability estim&desugar and starch traits indicated that

polycross nurseries consisting of parents withrdbg phenotypes would be satisfactory for
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improving these traits. Yield traits showed low &@eritability and moderate SCA
heritability, suggesting that efficient incorpomatiof yield genes from exotic sources would
likely require use of paired crosses with progessfihg. Use of exotic and/or heirloom
germplasm to develop populations with novel comjpmss may be accomplished by
crossing the exotic/heirloom germplasm in a polgsmursery. Early generation selection
pressure should focus on overall yield and biockkahdomposition, while pressure for shape

and uniformity should increase in later generations
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Table1l: Parental clones selected for inclusion in the N€dign. While initial information
about many clones was limited (note “-” indicatungknown origin), efforts were made to
maximize diversity by including clones from mangians of the world. Clones written in
italics were selected for initial inclusion in tegperiment but could not successfully produce
offspring so were used only as checks, two closesl unitially as parents were unable to

produce storage roots in the field (note “-“ forD in table).

Clone Origin %DM flesh color
Taihaku Saitama No.1 Japan 24 cream-yellow
6618-001 Africa 24 cream
6625-001 Africa 26 cream
Beauregard LSU 15 orange
Batata Blanca Venezuela 22 cream
Benihayato Japan 21 orange
BM85-42 NC 28 white-cream
BP1SP2 USDA 23 white-cream
Centennial LSU 22 orange
CN1345-8 AVRDC 29 orange
CN1489-43 AVRDC 28 white-cream
Cordner TX & OK 18 orange
Covington NC 19 orange
Darby LSU 15 orange
NCDMO01-158 NC 29 white
NCDMO02-105 NC 27 cream
NCDMO02-180 NC 30 white
NCDMO03-035 NC 25 cream
NCDMO03-092 NC 27 cream
NCDMO04-001 NC 29 yellow
NCDMO04-051 NC 28 white
NCDMO04-146 NC 27 cream
NCDMO04-197 NC 26 orange
NCDMO04-226 NC 28 cream
NCDMO05-090 NC 23 white
Evangeline LSU 19 orange
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Table 1 continued.

Clone Origin %DM flesh color
Excel USDA 21 orange
Francia Puerto Rico 23 cream
FT4-89 NC 26 white
FTA94 NC 27 white
GA90-16 UGA 21 cream
Georgia Jet UGA 17 orange
Guangshu7 China 21 white
Guangshu70-9 China 20 yellow
Hatteras NC 14 orange
Heart-O-Gold LSU 19 orange
Hernandez LSU 17 orange
HiDry USDA 28 white
HM-145 MS 27 cream
IB.05 Samoa 22 cream
Jewel NC 18 orange
Jishu5 China 26 cream
Julian LSU 24 orange
KalmeghS-30 India 23 cream-orange
Kemb10 Africa 26 cream
Koganesengan Japan 27 cream
Kotopuki Japan 24 cream
Kyukei-63 Japan 29 cream
Kyukei-97 Japan 27 white-cream
Kyushul100 Japan 28 yellow
Bonita LSU 20 cream
L-258 PNG 23 white
L-329 PNG 25 white
Liaoshu40 China 23 cream
Liberty USDA 21 cream
Ma’alau PNG 27 cream
Macana Puerto Rico 22 cream
MD320 MD 23 cream
MD810 MD 20 orange
MD822 MD 16 orange
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Table 1 continued.

Clone Origin %DM flesh color
MDP217-84 MD 25 cream
Merenge Africa 25 white
Minamiyutaka Japan 30 white
Mojave Puerto Rico 27 white
Morada Sombica Venezuela 26 white
Mugande Africa 29 white
Murasaki-29 LSU 28 cream
Nancy Hall Florida 27 cream
NC03-007 NC 22 cream
NC03-030 NC 22 cream
NC03-089 NC 17 orange
NC03-302 NC 23 cream
NCO03-395 NC 18 orange
NC04-097 NC 24 cream
NC04-412 NC 20 orange
NC04-531 NC 20 orange
NC06-185 NC 22 orange
NC1880 NC 24 yellow-orange
NC413 NC 27 purple
NC93-17 NC 16 orange
NonDaHong Asia 19 cream
Norin#2 Japan 24 cream
Norin#4 Japan 20 white
0.4 China 20 orange
Okinawal00 Japan - -
Oklamar osu 22 orange
OK-P-10 OoSsu 27 orange
Papota Puerto Rico 23 white
Patriot USDA 19 orange
PDM P4 NC 26 white
Pelican Processor USDA 28 cream
Perla Puerto Rico 23 white
P1324887 - 28 cream
P1531113 - 26 cream
P1564112 - 29 cream
P1564114 - 22 cream
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Table 1 continued.

Clone Origin %DM flesh color
Porto Rico PR 23 orange
NCPur01-192 NC 26 purple
NCPur04-118 NC 30 purple
NCPur05-028 NC 26 purple
NCPur05-055 NC 27 purple
NCPur05-087 NC - purple
NCPur06-014 NC 29 purple
Regal USDA & TX 20 orange
Resisto USDA 22 orange
Ruddy USDA 17 orange
Seon-mi South Korea 25 white
Sumor USDA 24 cream
Suwonl122 Korea 25 yellow
Suwonl147 Korea 24 cream
Tainung65 Taiwan 23 cream
Tanzania Africa 24 cream
TIB10 Africa 22 cream
TIB11 Africa 17 orange
TIB4 Africa 25 orange
Tinian Tinian 24 cream
Tinto Mexico 29 white-purple
T1S2498 Nigeria 28 cream
T1S2525 Nigeria 23 cream
TIS2532 Nigeria 22 cream
TIS3017 Nigeria 23 cream
T1S3290 Nigeria 25 cream
T1S9232 Nigeria 27 white-purple
Travis LSU 27 orange
UGA204 UGA 15 orange
Vardaman MS 27 cream
Viola Puerto Rico 20 orange
W-241 USDA 18 orange
W-245 USDA 18 orange
W-250 USDA 19 orange
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Table 1 continued.

Clone Origin %DM flesh color
W-392 SC 21 orange
Wagabolige Africa 27 white
Wanmun Large PNG 25 cream
White Bunch USDA 27 cream
Whitestar USDA 28 white
Woksaken PNG 28 white
Won-mi Korea 21 white-purple
Xiangnonhuangpi China 24 cream
Xushul8 China 24 white
YanShul China 23 white
Yukimusume Japan 27 cream
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Table 2: Statistical summary of NIRS prediction modelsaleped using WinISI. The complete model includesamples for
each trait for which both wet chemistry data anectia were obtained. The calibration equation\atidation set were
developed from different subsets of the completa dat to evaluate equation quality. ldentifiees B: number of samples used
to make the calibration equatioMean mean of sample&D. standard deviation of sampléslin.: estimated minimumMax
estimated maximunSEC standard error of calibratiori?: R? value of equationBias prediction bias of equation vs. lab data.
SEP(C) standard error of prediction corrected for biR®2D: SD / SEP(C) #PLS number of terms in partial least squares
regressiorPreTreat scatter correction applied to equation. IMS@erse multiplicative scatter correction. SNV & DEcales
spectrum to standard deviation of 1.0 and remawesil and curvature. ScLin: remove scale anéitinBeriv. derivative
treatment applied to equation. Pretreat and direréreatments were made using options availabWinlSI v.4 software. In the
derivative treatment, the first number is the datiixe, the second is the gap, and the third andfowmbers are smoothing

functions.
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Table 2 continued.

Complete M odel
Congtituent | N Mean | SD Min | Max SEC | R? Bias | SEP(C) | RPD | #PLS PreTreat Deriv
Dry Matter 340 24.34] 5.13 8.9 39.7T 215 082 -1.88 2.99 1.72 10 IMSC 1441
Moisture 352| 5.02| 2.6 0.0 124 069 092 -046 01.0 2.46 11 SNV & DET | 3441
Glucose 347/ 2.85| 291 0.C 116 0p1 096 -041 0.893.28 15 SclLin 1441
Sucrose 35 9.39) 539 0.0 256 195 0|87 -1)31 2.851.89 15 IMSC 2441
Fructose 34 2.05] 2.01 0. 8.1 0654 093 -036 0.F72.59 15 None 2441
Sugar 353 14.82 8.28 0.( 39.Fy 2pb8 090 -1[72 3.722.23 11 None 4441
Starch 132 4450 15.19 0.0 90.1 | 3.11] 0.9 -2.42 5.24 290 9 MMSC 4441
Amylose 227| 16.46| 5.17 1.0 320 169 089 -1012 224 214 11 MSC 1441
Calibration Equation Validation set
Constituent |N [Mean|SD |Est.Min |Est. Max | SEC| R?® |[SECV |1VR| R? |SEP(C) |N
Dry Matter 289| 242 | 4.9 9.4 39.1 2.5 0.74 268 0Fy1 0.79 2.60 50
Moisture 298| 5.0 2.4 0 12.1 0.77 0.89 0.8( 0.49 0.9 1.40 50
Glucose 300 2.8 2.7 0 11.0 1.21 0.80 127 019 0.97 1.40 49
Sucrose 299 9.1 5.1 0 24.3 2.80 0.69 3.02 044 0.56 4.0 49
Fructose 300 2.1 2.0 0 8.2 0.94 0.79 1.05 044 0.714 1.03 49
Sugar 30Y4 148 | 8.3 0 39.7 2.99 0.87 320 0.5 0.83 3.61 48
Starch 102 45.4 | 14.3 2.5 88.3 4.2p  0.91 468 0B9 0.88 6.85 30
Amylose 194 166 | 5.1 1.2 31.9 1.96 0.84 214 0.2 0.84 1.90 37
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Table 3: Phenotypiaorrelations among traits in the NCI populationvgnaat Kinston, NC in 2010 and 2011. *, **, and ***
indicate statistical significance at p-values @5).0.01, and 0.001 respectively. Trait abbresratiareTY: total yield,

DWStarch dry weight basis starckWStarch fresh weight basis starddWFruc dry weight basis fructos&WFruc fresh
weight basis fructos®WGIuc dry weight basis glucosEWGluc fresh weight basis glucoge\WWSuc dry weight basis sucrose,

FWSuc fresh weight basis sucrog2\WWSug dry weight basis total sugaiBWSug fresh weight basis total sugars.

Dry Fresh

Biomass Biomass TY Culls %culls DM DWGluc DWSuc DWFruc DWSug
Fresh Biomass | 0.92***
TY 0.79%** 0.84***
Culls 0.29%** 0.33*** -0.22%**
%culls -0.12%** -0.12%** -0.54%** 0.73%**
DM 0.32%** -0.03 0.02 -0.09*** -0.13%**
DWGluc -0.13%** 0.16*** 0.11*** 0.10*** 0.06* -0.75%**
DWSuc -0.08*** 0.07*** 0.07*** 0.01 0.00 -0.43*** 0.03
DWFruc -0.13*** 0.16*** 0.10%** 0.12%** 0.07*** -0.75%** 0 .98*** 0.00
DWSug -0.15%** 0.16*** 0.11*** 0.09*** 0.05** -0.82%** 0. 76*** 0.64*** 0.74***
DWStarch 0.28** -0.02 0.00 -0.05* -0.07*** 0.83%** -0.68*** | -0.61*** -0.65*** -0.91%**
Am 0.41%** 0.12*** 0.16*** -0.05** -0.14%x* 0.85*** -0 .59*** -0.62%** -0.58*** -0.84***
FWGluc -0.08*** 0.17** 0.11*** 0.10*** 0.05* -0.62%** 0.9 4*** -0.09*** 0.90*** 0.63***
FWSuc 0.07*** 0.06*** 0.08*** -0.01 -0.05* 0.02 -0.35%** 0.87** -0.37*%** 0.27***
FWFruc -0.06 0.17** 0.11*** 0.12*** 0.07** -0.64*** 0.93*** -0.11%x* 0.94*** 0.62***
FWSug -0.01 0.20*** 0.15*** 0.10*** 0.02 -0.54%** 0.51*** 0.70*** 0.48*** 0.87***
FWStar ch 0.33*** -0.01 0.03 -0.07%** -0.11%x* 0.96*** -0.72%* -0.54%x* -0.70%** -0.87*%**
PerAm 0.39*** 0.33*** 0.36*** -0.02 -0.18*** 0.32*** 0.03 -0.25%** -0.07*** -0.18%**
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Table 3 continued.

DW Star ch

Am

FWGluc

FWSuc

FWFruc

FW Sug

FWStarch

Fresh
Biomass

Yield

Culls

%culls

DM

DWGluc

DWSuc

DWFruc

DWSug

DWStarch

Am

0.91***

FWGluc

-0.55%**

-0.47

FWSuc

-0.22

-0.25%**

-0.42%%%

FWFruc

-0.52%**

-0.46™

0.97***

-0.44%*

FWSug

074"

-0.66***

0.50***

0.51***

0.47**

FWStarch

0.94*+*

0.92%**

-0.61***

-0.12%**

-0.60***

-0.67*

PerAm

0.15*+*

0.53***

0.004

-0.15%**

-0.055

-0.13***

0.29**
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Table 4: Heritabilities with standard errors of 18 traitsasered in a sweetpotato
population representing expansion of the North Acaer sweetpotato germplasm pool.
h%ca (general combining ability) is the heritability arhalf-sib family basis if cross-
pollinated with an uncontrolled population’shis twice the GCA heritability and
represents the heritability in a polycross nursemyhich all parents have been selected
with consideration for their effect on the traitioferest. fsca (specific combining
ability) represents heritability on a full-sib fagnbasis, comparable to paired cross
nurseries. Trait abbreviations aBNStarch dry weight basis starckWStarch fresh
weight basis starciyWFruc dry weight basis fructos&WFruc fresh weight basis
fructose DWGIluc dry weight basis glucosEWGlIuc fresh weight basis glucose,
DWSuc dry weight basis sucroseWSuc fresh weight basis sucro$2WSug dry

weight basis total sugas\WSug fresh weight basis total sugars.

h’sca h’s h’sca
Dry Biomass 0.04 +0.05 0.08 +0.10 0.21 +0.12
Fresh Biomass 0.11 £0.07 0.22 £0.14 0.39 £0.11
Yield 0.08 £0.06 0.16 £0.12 0.40 £0.09
Culls 0.16 +0.06 0.32 +0.12 0.48 +0.08
% Culls 0.15 £0.07 0.30 £0.14 0.51 +0.08
Dry Matter 0.46 +0.10 0.92 +0.20 0.83 +0.04
DW Starch 0.41 £0.10 0.82 £0.20 0.77 £0.05
FW Star ch 0.43 +0.10 0.86 +0.20 0.79 +0.05
Amylose 0.44 +0.10 0.88 +0.20 0.80 +0.04
% Amylose 0.13 £0.06 0.26 £0.12 0.39 £0.10
DWFruc 0.54 +0.09 1.08 £0.18 0.86 +0.03
FWFruc 0.52 £0.09 1.04 £0.18 0.85 +0.03
DWGluc 0.54 +0.09 1.08 £0.18 0.87 +0.03
FWGIluc 0.51 £0.09 1.02 £0.18 0.84 +0.03
DWSuc 0.37 £0.10 0.74 £0.20 0.79 £0.04
FWSuc 0.32 +0.09 0.64 +0.18 0.77 £0.04
DW Sug 0.53 £0.09 1.06 £0.18 0.86 +0.03
FW Sug 0.45 +0.09 0.90 +0.18 0.78 +0.05
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Table5: Heritabilities obtained by parent offspring regreas with standard errors.

h%s is twice the regression slope of a half-sib paoéfspring regression in which half-
sib family mean values are regressed on the maémpalfrsis the slope of offspring
family means regressed on the midparent valueseprdsents heritability on a full-sib
family basis, comparable to paired cross nurseidegth parents and offspring were
grown in 2010 and 2011 and offspring from one yeare regressed onto parental values
from the other. See Table 4 for comparison totaleility estimates obtained via

variance-covariance of half-sib and full-sib famedli

hZHS hZFS

Offspring Grown In: 2010 2011 2010 2011

Dry Biomass 0.02 +0.18 0.28 £0.14 0.16 +0.10 0.32 +0.08
Fresh Biomass 0.16 +0.24 0.35 +0.16 0.26 +0.12 0.36 + 0.08
Yield 0.29 £0.23 0.33+0.16 0.38 +0.10 0.33 +0.08
Culls 0.64 +0.26 0.28 £0.11 0.44 +0.11 0.32 +0.05
% Culls 1.05 £0.22 0.46 0.14 0.77 £0.10 0.46 +0.06
Dry Matter 1.03 +0.24 1.03 +£0.16 0.71 +0.09 0.64 +0.07
DW Starch 0.93 +0.19 0.76 £0.15 0.59 +0.09 0.57 +0.06
FWStarch 0.91 +0.20 0.93 £0.17 0.63 +0.09 0.65 +0.07
Amylose 0.96 +0.21 0.75%0.19 0.66 +0.09 0.66 +0.07
% Amylose 0.42 +0.21 0.34 £0.29 0.37 £0.10 0.31 +0.12
DWFruc 0.89 +0.13 1.08 +0.14 0.6 £ 0.07 0.72 +0.07
FWFruc 0.77 +0.15 1.10+0.13 0.63 +0.08 0.77 +0.06
DWGluc 0.89 +0.12 1.07 £0.15 0.59 +0.07 0.7 +0.07
FWGluc 0.72 +0.13 1.04 £0.12 0.57 +0.07 0.77 +0.06
DWSuc 0.80 +0.18 0.51 £0.16 0.57 +0.07 0.65 +0.06
FW Suc 0.69 +0.14 0.5 +0.16 0.52 +0.06 0.61 +0.06
DWSug 1.10 £0.17 0.99 £0.14 0.63 +0.08 0.70 +0.06
FW Sug 0.86 +0.14 0.87 £0.15 0.49 +0.07 0.73 +0.06
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Table6: Genetic covariances with standard errors. Bialiireviations aredWStarch
dry weight basis starckWStarch fresh weight basis starcBWFruc dry weight basis
fructose FWFruc fresh weight basis fructosBWGIluc dry weight basis glucose,
FWGluc fresh weight basis glucodeWSuc dry weight basis sucroseWSuc fresh

weight basis sucrosBWSug dry weight basis total sugailBWSug fresh weight basis

total sugars.

Covariance
GCA SCA
Dry Biomass 0.09 £0.13 0.22 £0.17
Fresh Biomass 4.01 £2.87 7.33 +3.36
TY 2.79 £2.34 7.04 +2.92
Culls 2.42 £1.03 3.51+1.16
% Culls 63.04 +34.88 124.44 +41.40
Dry Matter 5.73 £2.27 9.13 +2.40
DW Starch 25.01 £9.86 37.22 £10.36
FW Star ch 5.12 +2.03 7.74 +2.13
Amylose 3.76 £1.44 5.52 +1.51
% Amylose 0.55 +0.29 0.77 £0.32
DWFruc 1.66 +0.60 2.30 £0.62
FWFruc 0.04 +0.01 0.05 +0.01
DWGluc 2.61 £0.95 3.73 £0.98
FWGluc 0.06 +0.02 0.08 £0.02
DWSuc 3.36 £1.367 6.01 +1.51
FWSuc 0.10 +0.04 0.19 +£0.05
DWSug 16.69 +6.06 24.09 £6.27
FWSug 0.26 +0.09 0.33 £0.09
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Table7: Likelihood ratio tests for select traits. Heritgliestimates for dry biomass,
fresh biomass and yield were not significantly ¢gge¢ghan zero on a half-sib family
basis. To estimate the significance of half-sfie@s, a likelihood ratio test was
performed by eliminating the main effect of malesi the full model to develop a
reduced model. Results indicate that heritabditya half-sib basis for these traits was
not significant. The -2 In likelihood value of bahe reduced model and full model were
obtained from SAS Proc Mixed. The difference bemvthe two models is shown and

the p-value was calculated based on a chi-squave euth 1 degree of freedom.

Trait Reduced model | Full modéel Difference | P-value
Dry Biomass 10878 10877.4 0.6 0.44
Fresh Biomass 18927 18924.2 2.8 0.09
Yield 19152.9 19150.9 2 0.16
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Figure 1. Graphs showing parents and offspring for ead0diull-sib families in which
both parents and offspring were grown at Lower @da®esearch Station, Kinston, NC
in 2010 and 2011. Genotypic values (BLUPSs) aravshior high parent (for reducing
sugar, the low parent value is shown rather tharhigh parent because clones with
lower reducing sugar are preferred), midparent,afspring family mean for each of
four traits: dry biomass, dry matter, dry weightse content, and dry weight reducing
sugar content. Error bars indicate one standartien above and below the mean of
the full-sib family and are included to provide estimate of the range of variation for a
trait that can be expected from a particular crésamilies in which the mean value of

the offspring is greater than the high parent aaeked with an asterisk.
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Dry biomass Parent-Offspring comparisons
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Dry Matter Parent-Offspring comparisons
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Dry weight sucrose Parent-Offspring comparisons
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Reducing Sugar Parent-Offspring comparisons

7 Midparent Low Parent

& Offspring

sib family

Full

|

'YY VY

AAA
AA AAA AAALAL
A

SAO
4 S 2 S 0 © THgEat
+ LX),
yord
(h0OT/B) rebnsg Buionpay S

116



CHAPTER 4: IDENTIFICATION OF SWEETPOTATO QTL USING NEAR
INFRARED SPECTROSCOPY PHENOTYPING

Steven TodY Jarred Driscot| G. Craig Yenchb

S. Todd, J. Driscolt, and G.C. Yencho'Department of Horticultural Sciences, Box 7609,
214 Kilgore Hall., North Carolina State UniversiBaleigh, NC, 27695-7609;

*Corresponding authorcfaig_yencho@ncsu.epu

Abbreviations: QTL, quantitative trait loci; DM, dry matter conteNIRS, near-infrared
spectroscopy; DW, dry weight basis; FW, fresh Wwelzasis; CIM, composite interval

mapping; MIM, multiple interval mapping.

Key Words: exotic germplasm, heritability, NCI dgsi paired crosses, polycross, reducing

sugar, starch, sugar, sweetpotfpomoea batatas
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Abstract

A previously described sweetpotato quantitatieg toci (QTL) mapping population
developed from a cross between Tanzania, an Aftaradirace and Beauregard, a major
USA cultivar, was phenotyped using near infaredtspescopy (NIRS) to identify QTL for
storage root glucose, fructose, sucrose and startient and yield. Transgressive
segregation was observed for all traits. In Began, six QTL were identified that
decreased starch and dry matter content, explaBwréfo of variation. Eight QTL were
associated with increased sugar content, explaiing2 of sugar variation. One QTL in
Beauregard was associated with decreased yielthiekyy 4.8% of yield variation. In
Tanzania, two QTL were associated with increasadtistand two QTL were associated with
decreased starch, explaining 16.6% of variatiowo QTL in Tanzania were associated with
decreased sugars and one was associated withsadrsagar content, explaining 19.3% of
sugar variation. One QTL was associated with desae culls, explaining 4.6% of cull
variation. In most cases, newly identified QTLIlooate with those previously described.
QTL for increased sugar content frequently-colodatéh those for decreased starch and dry
matter content, and vice versa. This research septs the first effort in sweetpotato to

merge molecular markers with NIRS phenotyping.
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I ntroduction

The proliferation of molecular genetics technoésgior plant breeding has opened
the door to faster crop improvement, but it alsespnts new challenges to relate genes to
important phenotypic traits. As DNA sequencing andlysis capabilities have improved,
breeders in many crops have begun to use quavgitagit loci (QTL) mapping to identify
genes linked to traits of importance. Identificataf QTL for key traits provides the first
stage toward marker-assisted selection (Collaad. @005, Shendure and Ji 2008), and
marker-assisted breeding is now being implememtedany major crops (Boopathi 2013)

Significant growth in the sweetpotato processigi@ has resulted in many changes
in the sweetpotato industry, and breeders are re@kirsg to modify the starch and sugar
content of sweetpotato storage roots to meet ndusiny needs. Previous genome mapping
efforts in several crops have identified QTL forieas composition traits, including amylose
and sugar content. Amylose content has long bee@mortant trait in rice breeding due to
its effect on cooking quality. As such, multiptedies have been undertaken in rice and
multiple loci for amylose content have been fouBdd et al. 2002, Aluko et al. 2004).
Similarly, QTL for sugar content have also beemtdied in several crops including
sugarcane (Ming et al. 2001, Aitken et al. 2006get sorghum (Murray et al. 2008, Ritter et
al. 2008), sugarbeet (Weber et al. 2000, Schneidal 2002), tomato (Eshed and Zamir
1995, Fridman et al. 2002), and potato (Menendet 002).

Sweetpotato research teams around the world hexetaped QTL mapping
populations and begun identification of sweetpo@Id. for traits of importance. African

researchers have developed populations from relgiani@ties to map QTL for resistance to
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important sweetpotato diseases (Mwanga et al. 2d0Raro et al. 2005). Studies have also
identified QTL for root-knot nematode resistancablyama et al. 2012). Taiwanese
sweetpotato breeders have developed a QTL mapdiaktyaits in populations of Nancy

Hall x Tainung 27 (Chang et al. 2009). Earlier kvby the NCSU sweetpotato breeding
program produced a QTL mapping population from aZéaia x Beauregard cross, resulting
in a sweetpotato linkage map with QTL identified yeeld, dry matter, beta-carotene, starch,
and root-knot nematode resistance (Cervantes-FRii@8, Cervantes-Flores et al. 2008a,
Cervantes-Flores et al. 2008b, Cervantes-Florak 2011).

Turning the advances in DNA sequencing into imprberops calls for merging the
new DNA sequencing technologies with high-throughghenotyping tools. As a step
toward this goal, scientists have begun to integnatar-infrared spectroscopy (NIRS)
phenotyping and QTL mapping to facilitate the idisdtion of important loci for
composition traits in various crops. NIRS phenatghas been used to help identify QTL
controlling for endosperm color in wheat (Pozniakle2007) and for grain texture in barley
(Beecher et al. 2002), and it has become impottasglection procedures in many crops
including soybean, maize, and wheat (Osborne 2086 et al. 2011).

While NIRS has been used as a breeding tool inyragronomic crops for years, its
application in sweetpotatoes is relatively new. date, research on NIRS phenotyping in
sweetpotatoes has focused on measuring starchnt@me quality traits, nutritional
components, and sugar contents. These studigs|yariven by the International Potato
Center’s Quality and Nutrition Laboratory (Yencipersonal communication;

http://www.cipotato.org/gnlgh have produced initial standard curves that axe being
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used as phenotyping tools during sweetpotato sete@atayama et al. 1996, Lu et al.
2006a, Tumwegamire et al. 2011).

As part of the efforts to incorporate next-generatechnologies into our sweetpotato
breeding program, NIRS phenotyping work to placditeahal quality traits on the previous
sweetpotato QTL map was undertaken (Cervantes4-2066, Cervantes-Flores et al.
2008a, Cervantes-Flores et al. 2008b, Cervantaed-&t al. 2011). This chapter describes
the next phase of QTL mapping efforts in which TiBpopulation was phenotyped using
NIRS and the resulting composition data were amalytp detect QTL associated with these

traits.

Materialsand Methods
Plant Material

The population used for this study was a fullfsimily developed from a cross of
Tanzania x Beauregard (mericlone B94-14). Thesenpswere selected due to their
diversity in a number of traits (Table 1) with Tani being a white-fleshed high dry matter
African landrace and Beauregard being an oranghdieg low dry matter North American
cultivar. Two hundred thirty-eight full-sibs wepbenotyped for this study (Cervantes-Flores
2006, Cervantes-Flores et al. 2008a, Cervantees$lketral. 2008b, Cervantes-Flores 2011).
The population was maintained through vegetatiep@gation in virus-free greenhouses on

the NCSU campus in Raleigh, NC since its develogmen
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Field Seasons

During the 2004 growing season, the TB populatvas grown at the Horticultural
Crops Research Station in Clinton, NC (35°01’30"78;16’35” W) and at the Lower
Coastal Research Station (35°22'31” N, 77°33'28” &/Kinston, NC as described
previously (Cervantes- Flores 2006). During th&@®@rowing season, the population was
planted at the Lower Coastal Research Stationmstkn in five plant plots with 30 cm
between plants, 1.06 m between rows, and 1.22 rakésis between plots. Vegetative tip

cuttings were transplanted on July 1, 2010.

Harvest, Sample Collection and Processing

Storage root sample collection for compositionlygsia from the 2004 season was
previously described (Cervantes-Flores 2006). sdmples were freeze-dried and stored in a
freezer at -4°C since processing.

The trial in Kinston 2010 was harvested on Oct@&29, 2010 using a two-row
chain digger. Storage roots from each plot weckgd up by hand, graded into total useable
yield and culls (rot, growth cracks, and/or grosshapes), and weighed in the field. A
sample of three US #1 size roots (roots ~4.5 - Bi&liameter and ~7.6 — 22.8 cm long) was
collected from each plot for later NIRS analys&amples were cured at ~29 °C and 85% RH
for one week then stored at ~13 °C and 85% RH iragirooms at the Horticultural Crops
Research Station (HCRS), Clinton, NC. On Decenb@010, samples were washed and
food-processed at HCRS and then stored at -4°Cfredize-drying. Samples were freeze-

dried to between 1 and 13% moisture and milled @yaotec 1093 sample mill (FOSS
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Hillergd, Denmark) with a 1mm screen.

NIRS Phenotyping

Milled samples were scanned using a FOSS XDS Rapident Analyzer (FOSS
NIRSystems, Inc, Laurel, MD) NIRS with ISIScan sddte (Infrasoft International LLC,
State College, PA), as described in Chapter 3. pBas{~5 mL) were placed in a quartz
bottom cup (part number IH-0386, FOSS NIRSystenilgendd, Denmark) and scanned at
wavelengths from 400 nte 2500 nm using 2 nm increments (Infrasoft Inteomeal 2008,
Drapcho, personal communications).

After NIRS scanning, a subset of 10% of each patpart was selected for analysis by
wet chemistry. Using the “Select Samples from 8peg€ile” function in WinISI software
(Infrasoft International LLC, State College PA)hi3 function identified samples with
spectra that represented the total range of speotrathe population (Infrasoft International

2005, Drapcho, personal communications).

Chemical Analyses

Amylose content analysis was conducted using diméoassay similar to that
described by Jarvis and Walker (1993). Sampleg warshed with ethanol, dissolved in
NaOH, pH adjusted with citric acid and reacted vitigol’'s iodine solution. The
absorbance of the blue product was measured orkanfgmer Lambda Bio20 UV-Vis spec
at wavelengths 504, 548, 580, 630, 700, 720, aGch8@Q A standard curve was developed

using purified potato amylose from Sigma-AldrichD&42) (Sigma-Aldrich, St Louis, MO)
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and purified potato amylopectin from Sigma-Aldrid®118) (Sigma-Aldrich, St Louis,
MO). The standard curve obtained using purified podatglose and amylopectin showed a
peak extinction coefficient for amylose of 16.7430 nm and a peak of amylopectin
absorbance of 3.07 at 548 nm (Fig 1). Absorbataredard curves for both amylose and
amylopectin showed peaks in comparable rangesosetidentified by earlier researchers
(Jarvis and Walker 1993).

Sugar analysis was conducted with the MegazymeoSecD-Fructose, D-Glucose
kit (Megazyme, Wicklow, Ireland). Total starchadysis was done with the Megazyme
Total Starch Kit (Megazyme, Wicklow, Ireland). Feach trait, protocols provided by

Megazyme were followed.

NIRS Model Development

Following wet chemistry, statistical models wesveloped for each trait of interest
using WinISI (Infrasoft International LLC, State l&ge, PA), as described in Chapter 3
(Infrasoft International 2005, Drapcho, personahawunications). All models were identical
to those described in Chapter 3 except for amylosayhich a new formula was developed
due to variation in amylose standards (Sigma-Aldpgmoduct A0512). Protocols for
amylose model development using WinlISI were asrde=itin Chapter 3 (Table 2). A dry-
matter based model was developed using the “De@&ipation with Full Spectrum” option
in WinISI. Optimal equations were selected by carmg all combinations of scatter
corrections and derivative treatments. The drytendtased values of all samples were then

predicted with the best model using the “CompassiRRted and Reference Values” function
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in WinlISlI.

QTL Identification

Analysis of variance was performed for each iraiMP 9.0 (SAS Institute, Cary,
NC) using the model:

Y=U +BoG +B1G*E +¢
In which Y is the trait of interest, p is the pogiidbn meanpoG is the effect of genotypf;
G*E is the genotype by environment interactiord ars the error.

QTL mapping was carried out using QTLCartograph2rs_011 (Wang et al. 2012).
Genotyping and linkage mapping data was describedqusly (Cervantes-Flores 2006,
Cervantes-Flores et al. 2008a, Cervantes-Florak 2008b, Cervantes-Flores et al. 2011).
AFLP markers were used to develop individual lirkkagaps for Beauregard and Tanzania.
The Beauregard map consisted of 726 single-dosePARjrouped into 90 linkage groups
and the Tanzania map contained 947 single-dose akdiffed into 86 linkage groups.

QTL for dry matter, glucose, fructose, sucroseacstaand amylose were identified
using the Composite Interval Mapping (CIM) and Npl& Interval Mapping (MIM)
functions in WinQTL Cartographer v2.5 011 (Wangle012). Correlations within
individual traits across environments (0.12 to D\68re considered too low for reliable QTL
mapping via averaging data across environmentsyfédars-Flores 2006). As such, QTL
analysis was performed on traits within individaalironments. Initial analysis with CIM
was used to screen for possible QTL. Due to thkljsheterozygous polyploid nature of the

genome and the use of single dose markers for @alysis, the cross was analyzed as a B2
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cross (ie. a backcross to parent 2). Model 6 ih Q&rtographer was used with the
‘Forward and Backward Regression’ option. The difsetting of five background markers
and a window size of 10 cM were used. Initial Giveshold levels were set using the
permutation test function with 500 permutationslidwing CIM analysis, MIM was used to
further investigate all traits. Initial MIM modelgere created using peaks from CIM
analysis> 2.0 LOD in instances where the peak was not locatethe end of the linkage
group and> 2.5 LOD where the peak was on the end of the §ekgroup. Initial models
were optimized using the “Optimize model” optiordanitial QTL were tested for
significance. Criteria were set for a minimum amste of 5.0 cM between QTL and a score
statistic equivalent to p<0.05 (Robertson-HoytleP@06, Silva et al. 2012). The “Refine
Model” option was used to detect further main Qitlentify interactions, and perform 1-
dimensional genome scans to identify any additiQhBL with epistatic interactions with
identified QTL, and test the significance of QTLingsthe score test option. Addition of
QTL was continued until no more QTL or interactimosild be added which met the above
criteria.

QTL map images were created using MapChart v2dd(igs 2002). To simplify
trait interpretation, traits were coded as in thiéofving example:

FWStarch10K
FW  (fresh weight basis vs. dry weight basis)
Starch (biochemical component or phenotypic trait)

10K  (environment: Kinston NC 2010 (10K), Kinstoi€004 (04K), Clinton NC
2004 (04C))
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Results
NIRS model

As described in Chapter 3, most variables wererately predicted using NIRS, but
each prediction model required unique scatter cbme and derivative treatments for model
optimization (Table 2). Rvalue, which is the percent variation explainedt®s/model, and
relative percent difference, which is the ratidled measurement error to the samples
standard deviation, were used to determine accwhihye NIRS models. Amylose was

predicted with R= 0.82 and RPD = 1.62.

Correlations

Pearson correlation coefficients (r) were cal@ddbr all combinations of traits using
individual plot data (Table 3). A comparison aésh weight and dry weight basis values for
individual traits indicated strong positive cortedas in all traits (r >0.86). Among sugar
traits, glucose and fructose showed strong postoreelations with each other on both a
fresh weight (r =0.97) and dry weight basis (r 8).9 Sucrose was negatively correlated
with the reducing sugars glucose and fructose viBaight basis sucrose had weak negative
correlations with the reducing sugars (r =-0.14 aneD.11), while fresh weight basis
sucrose showed significant negative correlatiorih thie reducing sugars (r =-0.46 and r =-
0.51). Individual traits exhibited significant fdge correlations across environments in all
cases (data not shown). On a dry weight basisistantent was negatively correlated with
all sugar content traits: fructose (r=-0.53), geedr=-0.56), sucrose (r=-0.44), and total

sugars (r=-0.80). Dry matter content showed pasitorrelations with both fresh weight
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basis and dry weight basis starch content, alth@ogtelations with fresh weight basis starch
content (r =0.83) were higher than those with deyght basis starch content (r =0.61).
Amylose showed positive correlations with both patamylose (r =0.58) and starch (r

=0.75 and r =0.88).

Phenotypic distributions

Phenotypic distributions were calculated for @dits (Figure 2) using LSMeans for
clones. Distributions for individual traits rangiedm normally distributed to highly skewed.
Yield, dry matter and starch traits tended to hamenal to nearly normal distributions,
although starch was slightly skewed to the rigRéducing sugars (glucose and fructose)
tended to be highly skewed distributions with laaids, indicating that most samples had
very little to no reducing sugars and a few hadlmgncentrations of reducing sugars.
Sucrose and total sugars tended to have nearlyah@listributions, although slightly skewed
to the left. Amylose and percent amylose tenddaktaearly normal distributions but
slightly skewed toward higher concentrations. tAdits exhibited transgressive segregation.

Individual traits on a fresh weight and dry weiglsis tended to have similar distributions.

QTL Identification

QTL were identified for glucose, sucrose, fructdséal sugars, and starch on both a
dry weight and wet weight basis as well as for sy (dry weight basis) and percent
amylose (amylose / starch) in each of three enuemts. QTL for total marketable yield

(TMY) (defined as roots that did not show rot, sevgrowth cracks, or gross misshapes that
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would interfere with industrial processing), toyald, cull weight, and percent culls (cull
weight / total yield) were identified from the pdation grown at LCRS, Kinston, NC in
2010. ANOVAs for composition traits (Table 4) shemhstarch and dry matter traits had
significant genetic and genotype by environmerga, while sucrose had only a significant
GXE effect, and reducing sugars had no signifiét component. 149 QTL spread across
44 linkage groups were identified for individuaits within individual environments in the
Beauregard genome map (Table 5, Appendix C) wiiigQTL across 44 linkage groups
were found for individual traits in individual emgnments in the Tanzania map (Table 6,
Appendix C). Furthermore, 30 significant additivadditive interactions were found
between loci in the Beauregard map and 16 sigmificderactions were found in the
Tanzania map (Table 7a, 7b).

While numerous QTL were found for individual tram#thin individual environments
(Table 5, Table 6, Appendix C), they were considesdiable (Table 8a, Table 8b) if QTL
for an individual trait, or for multiple closelyleged traits, were co-localized across multiple
environments. QTL which appeared across multipilerenments were merged into an
integrated genome map to reduce spurious QTL avdlige a more comprehensible picture
of sweetpotato genetic architecture (Figure 3, FEgb).

In the Beauregard map, 14 QTL were identified farch, reducing sugar, and sugar
content, and 1 QTL was identified for yield (Figu,eTable 8a). Linkage group (LG)
B01.03 contained QTL that lowered starch contedtiaoreased reducing sugar content.
LGs B04.23, B05.25, B11.62, B12.70, and B13.7%atitained QTL that lowered starch

content and increased sugar content. Linkage grBap.61 and B11.64 contained QTL that
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increased reducing sugars, while LG B13.73 contha®TL that decreased yield. Together
these QTL explained 27.8% of total sugar variat®&hg % of total variation in starch and
dry matter, and 4.8% of yield variation. No QTltaractions appeared across multiple
environments (Table 7a).

In the Tanzania map, 8 QTL were identified forateand sugar content and 1 was
identified for cull yield (Figure 4, Table 8b). inkage groups T01.05 and T01.06 contained
QTL that increased starch content and decreasea sagtent, LG T03.15 contained a QTL
that increased sugar content, and LG T07.40 casdaanQTL that decreased starch content
and increased reducing sugar content. In comparlgd T72 contained a QTL that
decreased sugar content, while LG T07.41 contaan@d L that decreased culls. Together
these QTL explain 19.3% of sugar variation, 16.6%etal starch and dry matter variation,
and 4.6% of cull variation. No significant QTL @mnactions were found across environments

(Table 7b).

Discussion

In recent years, researchers around the world ima¢ke efforts to identify QTL for
traits of importance in sweetpotato (Mwanga e2802, Mcharo et al. 2005, Cervantes-
Flores et al. 2008a, 2008b, 2011, Chang et al. 208Rayama et al. 2012) and begun efforts
to use NIRS for screening of quantitative traitsweetpotato (Katayama et al. 1996, Lu et
al. 20064, Lu et al. 2006b). This work further eleyps previous work (Cervantes-Flores
2006, Cervantes-Flores et al. 2008a, Cervantegsketral. 2008b, Cervantes-Flores et al.

2011) and to the best of our knowledge, this idfitisé publication to apply NIRS
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phenotyping to identify sweetpotato QTL and alssfitst work to identify QTL associated
with sugar content in sweetpotato.

The TB mapping population was grown in 3 environtag€Clinton, NC, 2004;
Kinston, NC, 2004; and Kinston, NC, 2010) and sa&asfitom each environment were
phenotyped for yield and composition traits. Phgniag and QTL analysis of yield, starch,
dry matter angs-carotene for the 2004 season were previously thestby Cervantes-Flores
(2006) and Cervantes-Flores, et al. (2011); howdkel are discussed here for purposes of
comparison with the new data.

Significant positive correlations were found betwestarch and dry matter content, in
agreement with previous research (Hall and Snii@&3, Cervantes-Flores et al. 2011). This
correlation is likely because starch forms onéheflargest components of sweetpotato dry
matter content. Close correlations were also fduetdreen glucose and fructose, which is in
agreement with previous knowledge that these redgusuigars are produced by the
breakdown of sucrose in carbon sinks (Fernie étGf)2). A negative correlation was found
between sucrose and the two reducing sugars,dhislation is also in agreement with the
biochemical breakdown of sucrose resulting in tirenftion if glucose and fructose and it
suggests opportunities to breed for lower redusimgars and higher sucrose content
simultaneously. All sugar traits were negativadyrelated with starch content, in agreement
with earlier biochemical studies showing that ocasbon is transported to a sink in the form
of sucrose, subsequent biochemical pathways cait neproduction of either starch or
sugar (Fernie et al. 2002).

In our earlier QTL studies, dry matter was deteedivia oven drying and starch
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content was determined by the Megazyme Total Staitctor all samples (Megazyme
International, Wicklow, Ireland) (Cervantes-Flo@2306). During our NIRS studies, these
traits were analyzed again on the same populatisimg our NIRS standard curves. The
correlations between the two analyses of thesetfaits (Dry matter Clinton 2004, Dry
matter Kinston 2004, Starch content Clinton 200wl Starch content Clinton 2004) showed
significant positive correlations of between 0.6% 8.76, with the population from Kinston
showing slightly higher correlations for both tsaitConsidering differences in
methodologies and the potential for sample degiaaalve consider this to be a close
correlation. However, the high GxE influence omsdraits (Table 4) may have been
caused by sample degradation.

The QTL identified in this chapter often colocalizwith those identified previously.
In “Beauregard”, QTL for starch and dry matter dd4.B01.03, B04.23, B11.62, and B12.70
discovered with NIRS correlated with those founevpously (Figure 3). QTL that lower
starch content frequently co-located with those ithereased sugar content (LGs B01.03,
B04.23, B11.62, B12.70, and B13.75). Furthermorel Gs B05.25 and B11.61, QTL that
affected either sugar content or reducing sugatetorappeared to be close to those affecting
starch content (Cervantes-Flores 2006, Cervanta®$-kt al. 2011). Combining these
results with previous knowledge of the biochemmathways associated with carbon sinks
suggests that these QTL may be enzymes in thelegtopc pathways that determine
whether photosynthate is transferred to the amgkigbr conversion into starch or remains
in the cytoplasm as sugars (Fernie et al. 2002).

On the Tanzania map, QTL correlations were alsadaelating sugars and starch to
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each other and to yield (Figure 4). The linkageugrT01.05 was shown to have a QTL that
increased starch and decreased sugar content, atiiotided with those found by
Cervantes-Flores (2006) that increased dry matitgidacreased yield. QTL that decreased
sugar content colocalized with those that decregsdd (Cervantes-Flores 2006) on LGs
T01.05 and T72, while on T07.40, QTL that increasstlicing sugars and yield (Cervantes-
Flores 2006) colocalized. On T07.41, a newly dieced QTL for decreased culls appeared
near a previously discovered QTL for increaseddy{€ervantes-Flores 2006).

Our sweetpotato genetic map research has locatednous QTL derived from both
Tanzania and Beauregard. In many cases, QTL tleat &arious, seemingly unrelated traits
overlap. Lower sugar content is often associatéld igher dry matter (especially in
Beauregard), and higher sugar content is sometasssciated with higher yield (especially
in Tanzania). There are multiple possible explanatfor these QTL correlations on the
Beauregard and Tanzania maps. QTL associatecsugiar content from Beauregard may
represent genes associated with the processinggaf sto starch in the carbon sink (Fernie
et al. 2002). Due to our reliance on single comykars for QTL identification, markers and
associated QTL, which may be present in multipl@ie®within a parent, will not appear in
our map. Tanzania may have multiple copies of sgto-starch genes and the single-copy
QTL associated with sugar content in Tanzania,spetific alleles may be responsible for
converting the products of photosynthesis intodyialNorth Carolina. The correlations
between yield and storage root sugar content nsaylsd caused by overall genotype
adaptation due to the fact that Beauregard wastselén North America to meet the local

needs of high yield and sweet taste while Tanzamamselected for low sweetness and
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adaptation to a much different environment. Al&gively, they may be caused by

physiology since photosynthate in the storage moay be funneled to either starch, thereby
increasing dry matter, or cell division, therebgrgmasing yield. While we do not have
definitive evidence of the mechanisms underlyirgsthcorrelated QTL, we propose that

they form parts of pathways associated with suglated enzymes that allocate
photosynthate along various possible pathways witarbon sinks. Photosynthate (in the
form of sucrose) is transported to carbon sink$ siscsweetpotato roots, from there it can
remain as sugars in the cytoplasm, be transpastachyloplasts to serve as starch, or be used
in cell division and storage root growth (Frommed &onnewald 1994).

This research demonstrates both the advantagdsratadions of our laboratory’s
current stage of development with NIRS phenotypaads. Development of NIRS
phenotyping tools in our program to date has ctedisf developing initial standard curves
and prediction equations for several traits of intgiace to sweetpotato breeding in the US.
Our standard curves for all the traits in this agsk project have acceptablé Bnd standard
errors: SEP (standard error of prediction), SE@n@ard error of calibration), and SECV
(standard error of cross-validation) values to @agle in selection in our breeding program.
Other sweetpotato breeding teams around the waxd Heveloped NIRS standard curves
with somewhat better scores due to their more cehmarsive systems and higher numbers of
scanned samples (Katayama et al. 1996, Lu et @6&2@006b, Zum Felde et al. 2009).
However, the RPD (standard deviation / SEP) valoleseveral traits are relatively low for
the fine scale phenotyping needed for QTL mappWth RPD values ranging from 1.62 —

3.28, our NIRS phenotyping capabilities at thigethave only a rough screening capability
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(Hurburgh and Igne 2010). The low resolution powfethe NIRS system combined with the
possibility of sample degradation over time linotg ability to identify QTL for many traits,
especially those that may have only a small etfegbhenotype or for traits that may have
minimal differences between the two parents (TapleAs our NIRS models improve
through scanning and wet chemistry of more sangolesimproved protocols, we expect
these results to improve, allowing NIRS to playirareased role in both our applied
breeding and basic research. Considering theeafuhe two parents: highly diverse with
one parent, Tanzania, poorly adapted to North @erplhe use of AFLPs, which do not
readily transfer between populations; and the cewxipl of the sweetpotato genome; it is
unlikely that MAS will play a significant role inuv applied breeding in the near future.
However, the valuable role MAS is playing in otlbenps suggests that basic research toward

developing a viable MAS system for sweetpotatoeg neaa worthwhile endeavor.
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Table1l: LSMeans for phenotypic values of each parent: Begard and Tanzania. Yield

trait data was collected at Kinston, NC in 201@n1position traits show ranges obtained

from environments at Clinton NC 2004, Kinston N@20and Kinston NC 2004.

Composition traits are shown on both a fresh weigiit) basis and a dry weight (DW)

basis.

Trait Beauregard Tanzania
Total Yield (lbs/ plot) 22.45 3.86

Total Marketable Yield (Ibs/ plot) 20.87 3.13
Culls (Ibs/ plot) 1.57 0.73

% Culls (% Total Yield) 6.48 17.02

DM (NIRS estimate) (% FW) 15.38 - 21.28 23.86 -658.
DW Fructose (g/ 100g DW) 1.64-4.7 0.0-0.06
DW Glucose (g/ 100g DW) 1.81-5.82 0.0-0.09
DW Sucrose (g/ 100g DW) 4.77 - 13.89 5.06 - 12.45
DW Sugar (g/ 100g DW) 9.64 - 25.56 45-11.6
DW Starch (% DW) 36.25 - 57.89 52.05 - 66.89
FW Fructose (g/ 100g FW) 0.34-0.72 0.0-0.01
FW Glucose (g/ 100g FW) 0.37-0.89 0.0-0.02
FW Sucrose (g/ 100g FW) 1.02-2.14 1.42 - 2.96
FW Sugar (g/ 100g DW) 1.98 - 3.92 1.26 - 2.76
FW Starch (% FW) 5.59-12.38 12.43 - 18.36
Amylose Content (% DW) 9.8-14.45 14.09 - 18.73
% Amylose (% Starch) 23.48 - 27.09 27.07 - 28.65
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Table2: Statistical summary of NIRS prediction model &onylose developed using WinISI. For all othert¢ragfer to Table 2,
Chapter 3. Identifiers ar&t: number of samples used to make the calibratioiatmn. Mean mean of sample&D: standard
deviation of samplesMin.: estimated minimumMax estimated maximunSEC standard error of calibratioi??: R* value of
equation. SECV standard error of cross-validatioh-VR coefficient of determination for cross-validatiowave number of
wavelengths used to make calibration equatBas prediction bias of equation vs. lab dagEP(C) standard error of
prediction corrected for biafRPD. SD / SEP(C).PreTreat scatter correction applied to equatid»eriv: derivative treatment
applied to equation. IMSC: inverse multiplicats@atter correction. Scatter and derivative treatsm@ere made using options

available in WinlISlI v.4 software as described ira@tier 3.
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Amylose Complete M odel
N | Mean | SD | Min | Max | SEC R* SECV 1-VR | wave | bias | SEP(C) | RPD | PreTreat | Deriv.
227| 143 | 45| 0.7 | 280 | 194 | 0.82 2.15 0.77 256 | -1.29 2.80 1.62 IMSC 2441
Amylose Calibration Equation Amylose Validation Set
N |Mean | SD Est. Min | Est. Max | SEC | R? SECV | 1-VR | RSQ: | SEP(C): | N
192 14.1| 438 0 284 21 0.80| 2.28| 0.77 0.57 2.49 36




Table 3: Pearson correlation coefficients for LSMeans atdrealculated on genotypic values across three@mwents (Clinton
2004, Kinston 2004, and Kinston 2010). DM = drytieia(% fresh weight). DWGIuc = dry weight basisapse (g/100g dry
weight). DWFruc = dry weight basis fructose (g/@@by weight). DWSuc = dry weight basis sucrosé@gg dry weight).
DWSug = dry weight basis total sugars (glucoseuttérse + sucrose). DWStarch = dry weight basislst@bo dry weight).
FWGluc = fresh weight basis glucose (DWGluc / (I8N@)). FWFruc = fresh weight basis fructose (DWFf{t00-DM)).
FWSuc = fresh weight basis sucrose (DWSuc / (100)DMWSug = fresh weight basis sugars (DWSug 0{@M)). FWStarch
= fresh weight basis starch (DWStarch / (100-DM))n = amylose (% dry sweetpotato sample). PerApercent amylose (Am

/| DWStarch).

Yield DM DWGluc DWFruc DWSuc DWSug DWStarch
DM -0.18**
DWGluc 0.25*** [ -0.61***
DWEFruc 0.24*** | -0.63*** 0.98***
DWSuc 0.18** -0.22%** -0.11 -0.14*
DWSug 0.29*** [ -0.66*** 0.71%*= 0.69*** 0.56***
DWStarch -0.0z 0.61*** -0.56*** -0.53*** -0.44%** -0.80***
FWGluc 0.25*** [ -0.55*** 0.98*** 0.96*** -0.16** 0.67*** -0.51%**
FWFruc 0.24*** | -0.58*** 0.96*** 0.98*** -0.19** 0.65*** -0.48***
FWSuc 0.0¢ 0.19** -0.46*** -0.50*** 0.86*** 0.18* -0.0¢
FWSug 0.27** | -0.40*** 0.51%** 0.47%* 0.62*** 0.90*** -0.66***
FWStarch -0.0¢ 0.83*** -0.67*** -0.67*** -0.35%** -0.81%** 0.88***
Am -0.12* 0.72%** -0.60*** -0.61%** -0.33*** -0.71%** 0.75***
PerAm -0.14* 0.47*** -0.27** -0.31%** -0.0: -0.20%** 0.0t
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Table 3 continued.

FWGluc FWFruc FWSuc FWSug FW Starch Am
DM
DWGluc
DWFruc
DWSuc
DWSug
DW Starch
FWGluc
FWFruc 0.97***
FWSuc -0.46*** -0.51***
FWSug 0.52*** 0.48*** 0.42***
FW Starch -0.61*** -0.62*** 0.1C -0.57***
Am -0.55*** -0.55*** 0.0¢ -0.48*** 0.88***
PerAm -0.24%** -0.29*** 0.17** -0.0z 0.31*** 0.58***
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Table 4: Analysis of variance tables for composition trassimated using NIRS for the

TB population. The model includes clone effect almhe* environment effect.

DM

Source DF MS F P-value
Full Model 661 13.7313 8.7546 <.0001
Clone 158 12.8609 8.1996 <.0001
Clone * Env 404 10.3187 6.5788 <.0001
Error 496 1.5685

DWFruc
Source DF MS F P-value
Full Model 661 1.527 1.4524 <.0001
Clone 157 1.6264 1.547 0.0002
Clone * Env 404 0.7943  0.7555 0.9983
Error 496 1.0514

DWGluc
Source DF MS F P-value
Full Model 661 25044 15191 <.0001
Clone 157 2.7166 1.6478 <.0001
Clone * Env 404 1.3637 0.8272 0.9767
Error 496 1.6486

DWStarch

Source DF MS F P-value
Full Model 661 93.3879 5.0474 <.0001
Clone 157 31.3822 1.6961 <.0001
Clone * Env 404 119.8149 6.4758 <.0001
Error 496 18.5021

DWSuc
Source DF MS F P-value
Full Model 661 24,408 3.5037 <.0001
Clone 157 7.2508  1.0408 0.3698
Clone * Env 404 31.6361 4.5413 <.0001
Error 496 6.9663

DWSug
Source DF MS F P-value
Full Model 661 36.0934 2.7483 <.0001
Clone 157 17.3062 1.3178 0.0139
Clone * Env 404 39.5135 3.0087 <.0001
Error 496 13.133
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Table 4 continued.

FWFruc
Source DF MS F P-value
Full Model 661 0.0537 1.5116 <.0001
Clone 157 0.0671 1.8868 <.0001
Clone * Env 404 0.0311 0.8752 0.9191
Error 496 0.0356

FWGluc
Source DF MS F P-value
Full Model 661 0.0891 1.5845 <.0001
Clone 157 0.1137 2.0234 <.0001
Clone * Env 404 0.053 0.9428 0.7314
Error 496 0.0562

FWStarch

Source DF MS F P-value
Full Model 661 14.8354 4.753 <.0001
Clone 157 7.709 2.4698 <.0001
Clone * Env 404 17.6913 5.668 <.0001
Error 496 3.1212

FWSuc
Source DF MS F P-value
Full Model 661 0.996 2911 <.0001
Clone 157 0.3389 0.9904 0.5208
Clone * Env 404 1.2419 3.6296 <.0001
Error 496 0.3422

Am

Source DF MS F P-value
Full Model 661 9.3366 4.2261 <.0001
Clone 157 4,8533 2.1968 <.0001
Clone * Env 404 11.2899 5.1103 <.0001
Error 496 2.2093

FWSug
Source DF MS F P-value
Full Model 661 1.1129 2.7749 <.0001
Clone 157 0.5225 1.3027 0.0175
Clone * Env 404 1.3392 3.3392 <.0001
Error 496 0.4011
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Table 4 continued.

Source

Full Model
Clone
Clone * Env
Error

DF
661
158
404
496

PerAm

MS
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7.1175
7.7877
5.2141
2.4846

F P-value
2.8646 <.0001
3.1344 <.0001
2.0985 <.0001



Table5: QTL identified in Beauregard genome map usingtiplel interval mapping in
QTL Cartographer. QTL were identified with speciénvironments (Clinton NC 2004,
Kinston NC 2004, and Kinston NC 2010). The traituenn shows the phenotypic trait
within an individual environment. LG and positimentify the location of the QTL
within the genome. Linkage groups are the sambase described earlier (Cervantes-
Flores et al. 2006, Cervantes-Flores et al. 2Q@8i@ct shows if the QTL increased or
decreased the value of the trait. P-Value and #atfan explained show the likelihood
of the QTL and the percent phenotypic variatioexplains for the trait. QTL are

grouped by the trait they affect.

Position % Variation
Trait LG (cM) Effect P-Value Explained

Amylose Content
Am04C B03.15 19.3 + 0.009 3.62
Am04C B04.23 0 - <0.0001 7.89
Am04C B11.62 3.7 - <0.0001 5.16
AmO04K B04.23 0 - 0.01 4.67
AmO04K B09.54 0 + <0.0001 8.86
AmO04K B11.62 0 - 0.003 7.5
AmO04K B12.70 47.4 - <0.0001 8.12
Am10K B01.03 18.3 - 0.012 4.21
Am10K B12.70 36.5 - 0.014 6.4

Percent Amylose

PerAm04C B03.13 7.6 + <0.0001 4.27
PerAm04C B03.15 15.3 + <0.0001 7.55
PerAm04C B04.23 0 - <0.0001 7.35
PerAm04C B05.29 5.7 - 0.007 4.92
PerAm04C B11.62 3.7 - <0.0001 5.41
PerAm04K B02.09 4.8 + 0.017 6.54
PerAmO04K B05.25 39.5 - <0.0001 8.71
PerAm04K B05.25 86.9 + 0.012 6.17
PerAm04K B12.71 6.9 + <0.0001 6.75
PerAm10K B08.43 38.5 - 0.024 2.9

PerAm10K B09.49 34.2 - <0.0001 6.88
PerAm10K B14.81 8 - 0.041 4.47
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Table 5 continued.

Fructose
DWFruc04C BO01.03 17.1 + <0.0001 3.73
DWFruc04C B11.61 42.1 + <0.0001 3.66
DWFruc04C B11.64 49.2 + <0.0001 0.99
DWFruc04C B12.67 35.1 + <0.0001 3.44
DWFruc04C B13.76 0.1 + <0.0001 2.54

DWFrucO4K B03.15 8.1 - <0.0001 4.81

DWFrucO4K B03.16 12.1 + 0.25 -0.18
DWFrucO4K B03.16 51.2 + 0.011 1.97
DWFrucO4K B11.61 42.1 + <0.0001 1.44
DWFrucO4K B12.70 40.1 + <0.0001 3.82
DWFrucO4K B15.87 58.1 - 0.013 7.44
DWFrucl0K B11.61 42.1 + 0.001 3.57
DWFrucl0OK B11.64 49.2 + 0.001 2.49
DWFrucl0OK B13.75 10.1 + 0.001 4.27
FWFruc0O4C B01.03 17.1 + 0.026 3.74
FWFruc04C B11.61 42.1 + <0.0001 3.98
FWFruc04C B11.64 49.2 + <0.0001 1.09
FWFruc04C B12.67 35.1 + 0.002 3.71
FWFruc04C B13.76 0.1 + <0.0001 2.77
FWFrucO4K  B03.15 8.1 - <0.0001 6.07
FWFrucO4K  B04.22 27.1 + 0.025 0.02
FWFrucO4K  B08.45 7.2 - <0.0001 1.01
FWFrucO4K B11.61 42.1 + <0.0001 2.3
FWFrucO4K B13.73 5.2 - <0.0001 2.68
FWFrucO4K  B15.87 58.1 - 0.003 6.9
FWFrucl0OK  B05.27 33.2 + 0.005 5.88
FWFrucl0OK B11.61 42.1 + 0.002 4.37
FWFruclOK B11.64 49.2 + <0.0001 3.27
FWFruclOK B12.69 12.1 + 0.013 2.56
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Table5 continued.

Glucose
DWGIuc04C B01.03 17.1 + <0.0001 3.76
DWGIuc04C B11.61 42.1 + <0.0001 4.27
DWGIuc04C B11.64 49.2 + 0.022 0.73
DWGIuc04C B12.67 35.1 + 0.001 4.39
DWGIuc04K B03.15 8.1 - <0.0001 4,46
DWGIuc04K B11.61 42.1 + 0.01 2.76
DWGIuc04K B12.70 14.1 + 0.001 0.76
DWGIuc04K B13.75 0.1 + 0.009 3.06
DWGIuc10K B11.61 59.4 + 0.009 10.98
DWGIuc10K B11.64 61.1 + <0.0001 8.42

DWGIluc10K B11.66 23.6 - <0.0001 5

DWGluc10K B12.69 12 + 0.047 3.74
DWGIuc10K B13.75 9.4 + <0.0001 4.48
FWGIuc04C B01.03 17.1 + <0.0001 3.74
FWGluc04C B11.61 42.1 + <0.0001 4.39
FWGluc04C B11.64 49.2 + 0.02 0.73
FWGIuc04C B12.67 32.1 + 0.002 4.12

FWGIuc04K B03.15 8.1 - <0.0001 4.62
FWGIluc04K B12.70 14.1 <0.0001 0.72
FWGIluc04K B13.75 0.1 <0.0001 2.87
FWGIuc04K B15.87 51.1 - <0.0001 0.79

+ +

FWGIuc10K B05.27 33.2 + 0.016 5.24
FWGIlucl0K B11.61 42.1 + 0.004 3.14
FWGIlucl0K B11.64 49.2 + 0.018 251
FWGIuc10K B11.66 141 - <0.0001 3.96
Dry matter

NIRDMO04C B04.23 2 - <0.0001 8.34
NIRDMO04C B06.36 31 + 0.002 3.38
NIRDMO04C B07.39 5.6 + <0.0001 5.8

NIRDMO04K B02.07 60.1 - 0.007 6.81
NIRDMO04K B04.23 0 - <0.0001 4.82
NIRDMO4K B05.25 14 - 0.007 14.68
NIRDMO4K B11.62 0 - <0.0001 12.31
DM10K B05.26 30.3 + 0.001 3.95
DM10K B10.59 10.7 - 0.005 8.1

DM10K B12.70 47.4 - 0.013 4.89
DM10K B13.75 2 - 0.001 5.81
DM10K B13.76 0.1 - 0.016 3.03
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Table5 continued.

Starch
DWStarch04C B01.02 23 + 0.019 6.12
DWStarch04C B01.06 0 + 0.038 3.61
DWStarch04C B13.74 2 - 0.003 4.44
DWStarch04K B11.62 2.1 - 0.001 3.66
DWStarch04K B12.70  40.1 - 0.002 7.21
DWStarch10K B01.03 17.1 - 0.019 4.4
DWStarch10K B05.25 26.1 - 0.897 2.37
DWStarch1l0K B11.62 2.1 - 0.135 4.17
DWStarch10K B13.75 0.1 - 0.119 4.84
FWStarch04C B03.16 54.6 + 0.019 3.09
FWStarch04C B04.23 4 - 0.001 5.62
FWStarchO4C B12.70 47.4 - 0.002 4.29
FWStarch0O4K B04.21 13.2 + 0.006 4.17
FWStarch0O4K B05.25 30.3 - <0.0001 8.74
FWStarchO4K B11.62 3.7 - <0.0001 11.87
FWStarchO4K B12.70 454 - <0.0001 9.33
FWStarchO4K B89 4.1 + 0.047 2.56
FWStarch10K B10.59 8.7 - 0.029 5.3
FWStarch10K B12.70 45.4 - 0.001 4.93
FWStarch10K B13.75 0 - <0.0001 5.91
Sucrose
DWSuc04C B05.29 9.7 - 0.013 5.83
DWSuc04C B12.67 35 - 0.005 5.75

DWSuc04K B05.25 713 <0.0001 5.87
DWSucl10K B05.25 311 <0.0001 3.71
DWSucl10K B11.61 421 - 0.001 4.74

+ +

DWSuc10K B11.62 2.1 + <0.0001 6.06
DWSuc10K B12.70 0.1 + 0.253 0.16
DWSuc10K B13.73 13.1 - 0.112 2.29
FWSuc04C B02.07 49.6 + 0.007 4.63
FWSuc04C B12.67 35 - 0.003 5.27
FWSuc04K B05.25 84.9 + 0.032 5.82
FWSuc04K B11.61 124 + 0.006 3.9
FWSuc10K B05.25 56.5 + 0.015 3.47
FWSuc10K B06.33  37.2 + 0.015 5.14
FWSuc10K B11.61 57.4 - <0.0001 8.11
FWSuc10K B11.65 55.6 + 0.003 7.35
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Table5 continued.
Total Sugar

DWSug04C BO05.25 32.3 + <0.0001 5.41

DwWSug04C B15.86 50.9 + 0.01 4.44
DWSug04K B04.23 0.1 + 0.008 5.02
DWSug04K B05.25 60.1 + 0.022 3.76
DWSug04K B06.36 31.1 - <0.0001 4.37
DWSug04K B07.37 0.1 + 0.003 4.47
DWSug04K B11.62 0.1 + 0.001 6.03

DWSug04K B15.88 5.1 - 0.034 -0.06

DWSugl0K B04.23 0.1 + 0.268 1.22
DWSuglOK B05.25 31.1 + 0.019 2.27
DWSugl0K B11.62 0.1 + 0.047 4.93

DWSuglOK B13.73 13.1 - 0.039 4.34

DWSugl0K B13.75 10.1 + 0.145 3.96
FWSug04C BO05.25 44.1 + 0.049 3.88
FWSug04C B15.86 50.9 + 0.005 4.39
FWSugl0K B05.25 53.1 + 0.155 0.77
FWSugl0K B05.28 10.1 - 0.062 4.07
FWSugl0K B11.62 0.1 + 0.003 4.55
FWSugl0K B13.73 13.1 - 0.016 3.77
Yield
TMY10K B15.86 52.9 - 0.004 5.33
TMY10K B89 4.1 - 0.004 3.44
TY10K B13.73 14.7 - 0.002 5.2
TY10K B15.88 15.9 + 0.002 4.67
Culls10K B04.21 53.3 - <0.0001 2.92
PerCulls10K B08.46 50.7 + 0.013 2.9
TMY10K B13.73 14.7 - 0.002 4.3
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Table6: QTL identified in Tanzania genome map using mudtipiterval mapping in
QTL Cartographer. QTL were identified with speciénvironments (Clinton NC 2004,
Kinston NC 2004, and Kinston NC 2010). The traituenn shows the phenotypic trait
within an individual environment. LG and positimentify the location of the QTL
within the genome. Linkage groups are the sambase described earlier (Cervantes-
Flores et al. 2006, Cervantes-Flores et al. 2Q@8i@ct shows if the QTL increased or
decreased the value of the trait. P-Value and #atfan explained show the likelihood
of the QTL and the percent phenotypic variatioexgplains for the trait. QTL are

grouped by the trait they affect.

Position % Variation
Trait LG (cM) Effect P-Value Explained
Amylose Content
AmO04C T05.28 22.1 + 0.005 3.63
AmO04C T06.32 65.4 + 0.027 2.2
AmO4K T02.07 72 - 0.035 4.76
AmO04K T04.20 35.1 - 0.009 5.76
AmO4K T07.40 45 - 0.001 7.01
Am10K T01.05 21.1 + 0.001 2.9
Percent Amylose
PerAm04C T05.28 22.1 + <0.0001 5
PerAm10K T07.40 75.4 - <0.0001 4.56
PerAm10K T07.42 39.6 + 0.013 5.55
PerAm04C T12.67 61.6 - 0.014 2.42
PerAm04K T13.76 58.2 + 0.008 5.67
PerAm04K T77 26 + 0.008 4.34
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Table 6 continued.

Fructose
DWFruc04C T01.05 24.8 - 0.008 4
DWFruc04C T05.25 14.1 - <0.0001 4.24
DWFrucO4K T03.15 39.1 + <0.0001 8.34
DWFruc04K T03.18 12.2 - <0.0001 1.9
DWFrucl10K T01.05 28.1 - <0.0001 4,76
DWFrucl10K T02.10 35.1 + <0.0001 4.14
DWFrucl0K T07.40 48.1 + <0.0001 1.26
FWFruc04C T01.05 21 - 0.008 4.1
FWFruc04K T03.15 39.1 + <0.0001 10.45
FWFruc04K T03.18 74.1 + 0.05 2.73
FWFruc04K T12.70 0.1 - <0.0001 2.37
FWFruclOK T01.05 28.1 - <0.0001 4.19
FWFruclOK T02.10 35.1 + <0.0001 4.78
FWFruclOK T07.40 54.2 + 0.006 2.71

Glucose
DWGluc04K T01.03 70.2 + 0.001 3.9
FWGIluc04C T01.05 24.9 - 0.007 4.97
DWGIucl10K T01.05 28.1 - <0.0001 5.37
FWGIucl10K TO01.05 31.2 - <0.0001 3.93
DWGIluc04K T02.07 16.1 + <0.0001 3.44
DWGIucl10K T02.10 35.1 + <0.0001 4.59
FWGIlucl10K T02.10 35.1 + <0.0001 5.14
DWGluc04K T03.15 36.1 + 0.001 4.36
FWGIluc04K T03.15 40.7 + 0.001 6.49
DWGluc04C T06.36 40.8 - 0.002 3.68
DWGIucl10K T07.40 48.1 + <0.0001 1.37
FWGIucl10K T07.40 48.1 + 0.001 1.07
FWGIluc04C T08.47 58.6 + 0.007 3.35
DWGluc04C T72 17.1 - <0.0001 4.21
FWGIluc04C T72 17.1 - 0.011 4.25
FWGIluc04C T83 26 - <0.0001 8.1

Dry matter

NIRDMO4K T01.05 18.1 + <0.0001 4.6
NIRDMO4K T02.07 49.1 - <0.0001 3.79
NIRDMO04C T03.13 44.6 + 0.032 2.75
NIRDMO04C T04.20 47.8 - 0.005 4.38
NIRDMO0O4K T07.40 48.1 - <0.0001 7.5
NIRDMO0O4K T11.61 49.1 + <0.0001 3.54
DM10K T03.17 12.1 + <0.0001 1.89
DM10K TO07.39 55.1 - <0.0001 5.36
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Table 6 continued.

Starch

DWStarch04C T03.13 76 + 0.021 4.62
DWStarchO4K T11.64 0 + 0.006 4.5

DWStarch10K T01.05 24.8 + <0.0001 7.39
DWStarch10K T01.06 77.7 + 0.002 4.29

FWStarchO4C T03.13 44.6 + 0.023 3.58
FWStarchO4C T04.20 47.8 - 0.003 5.12
FWStarch0O4K T02.07 49.1 - 0.004 4.11
FWStarch0O4K T06.33 0.1 - 0.028 1.99
FWStarch04K T07.40 48.1 - 0.003 6.57
FWStarch1l0K T01.05 24.9 + <0.0001 5.81
FWStarch1l0K T01.06 77.7 + <0.0001 4.48
FWStarch1l0K T07.39 53.1 - 0.002 4.76

Sucrose

DWSuc04C T01.01 31.3 - 0.04 3.5

DWSuc04C T01.06 46.3 - 0.007 3.38
DWSuc04C T71 56.6 + <0.0001 6.1
DWSuc04K T06.31 13.2 + <0.0001 9.39
DWSuc04K T06.31 55.2 - 0.008 0.47
DWSuc04K T08.45 69.1 + 0.001 4.07
DWSuc04K T14.81 65.1 - <0.0001 5.33
DWSucl10K T60 51 - 0.006 3.85
DWSucl0K T72 31.1 - 0.002 2.94
FWSuc04C T01.01 31.3 - 0.014 4.12
FWSuc04C T01.06 46.3 - 0.011 3.31
FWSuc04C T71 56.6 + <0.0001 5.78
FWSuc04K T04.19 61.5 - 0.013 3.32
FWSuc04K T06.31 145 + <0.0001 7.25
FWSuc04K T08.45 70.9 + 0.004 5.04
FWSuc04K T09.49 19 - 0.004 4.66

FWSuc04K T14.81 63 - 0.001 6.02
FWSuc10K T05.29 63.9 <0.0001 5.35

+
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Table 6 continued.

Total Sugar
DWSug04C T04.22 57.1 + <0.0001 3.12
DWSug04C T72 5.2 - 0.011 0.82
DWSug04K T02.07 29.7 + <0.0001 5.33
DWSugl0K T01.05 21.1 - <0.0001 7.24
DWSugl0K T01.06 77.7 - 0.01 3.02
DWSugl0K T03.15 38.3 + 0.002 3.11
DWSugl0K T07.39 70.1 + 0.034 3.93
DWSugl0K T72 34.8 - 0.003 3.73
FWSug04C T01.02 58.5 + 0.005 5.39
FWSug04C T04.22 60.3 + <0.0001 4.44
FWSug04C T72 23.9 - 0.041 3.02
FWSug04K T02.08 74.2 - <0.0001 4.36
FWSug04K T06.35 24.2 - 0.002 3.65
FWSug04K T07.42 26.1 + 0.001 1.57
FWSug04K T14.81 45.1 - <0.0001 2.97
FWSugl0K T01.05 18.1 - <0.0001 4.41
FWSugl0K T72 31.1 - 0.002 3.06
FWSugl0K T83 0.1 - 0.398 0.29
Yield

TMY10K T02.09 19.1 + 0.001 6.47
TMY10K T03.18 47.3 - 0.012 2.92
TY10K T08.43 2 - <0.0001 3.61
TY10K T14.81 52.2 + <0.0001 6.39
TY10K T02.10 31.8 + <0.0001 4.57
Culls10K T02.10 40.1 + 0.107 3
Culls10K T05.25 14.2 - <0.0001 2.19
Culls10K T07.41 2.1 - <0.0001 3.21
Culls10K T09.52 58.1 + 0.139 5.01
PerCulls10K  T07.41 9.7 - 0.001 5.93
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Table7: Loci interactions identified using multiple intat mapping in QTL
cartographer. Trait shows the trait within theiemvment the interaction is associated
with. LG1 and LG2 identify the locations of the DWithin the interaction. Effect
indicates if the interaction increases or decretdsephenotypic value of the trait. P-
value indicates the likelihood of the interactiod&46 Variation indicates the percent
phenotypic variation explained by the interactianLoci interactions in the Beauregard
genome map. b. Loci interactions in the Tanzarr@ogne map. LG refers to the linkage
group in which the QTL for the listed trait canfoend. Refer to tables 4 and 5 for more

information about individual QTL.

a.

Trait LG1 LG2 Effect P-Value % Variation
DWFruc04C B01.03 B12.67 + <0.0001 0.01
DWFruc04C B01.03 B13.76 + <0.0001 0.11
DWFruc04C B11.61 B11.64 + <0.0001 0.01
DWFruc04K B03.16 B15.87 - <0.0001 5.61
DWFrucl0K B11.61 B11.64 + 0.001 0.11
DWGluc04C B01.03 B11.61 + <0.0001 0.49
DWGIluc04K B03.15 B12.70 - <0.0001 0.42
DWStarch04K B11.62 B12.70 - 0.006 0.1

DWStarch10K B05.25 B11.62 - 0.01 1.03
DWStarch10K B05.25 B13.75 - <0.0001 2.05
DWStarch10K B11.62 B13.75 - 0.002 0.05
DWSucl10K B05.25 B13.73 - 0.004 3.37
DWSucl10K B11.61 B12.70 - <0.0001 0.68
DWSug04K B06.36 B15.88 + 0.003 2.25
DWSug10K B04.23 B11.62 + <0.0001 2.61
DWSug10K B04.23 B13.73 - 0.013 1.74
DWSug10K B05.25 B13.73 - 0.013 0.2

DWSug10K B05.25 B13.75 + 0.028 1.37
FWFruc04C B01.03 B11.61 + <0.0001 0.02
FWFruc04C B01.03 B12.67 + <0.0001 0.02
FWFruc04C B01.03 B13.76 + <0.0001 0.08
FWFruc04C B11.61 B11.64 + <0.0001 0.01
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Table 7 continued.

FWFruc04K B03.15 B11.61 - 0.002 0.2
FWFruc04K B04.22 B11.61 + 0.032 0.35
FWFrucl10K B11.61 B12.69 + 0.001 1.85
FWGIluc04C B01.03 B11.61 + <0.0001 0.29
FWGIluc04K B03.15 B12.70 - <0.0001 0.43
FWGIluc04K B13.75 B15.87 - 0.006 0.71
FWGIlucl0K B11.64 B11.66 - 0.012 0.16
FWSug10K B05.25 B05.28 - <0.0001 3.48
b.

Trait LG1 LG2 Effect P-Value % Variation
Culls10K T02.10 T09.52 + 0.003 2.08
Culls10K T05.25 T07.41 + <0.0001 1.26
DWFruc04K T03.15 T03.18 - <0.0001 0.33
DWGIuc04K T01.03 T03.15 + 0.002 0.24
DWSuc04K T06.31 T14.81 + 0.001 3.28
DWSuc10K T06.31 T14.81 + 0.05 0.96
DWSug04C T04.22 T72 - 0.01 0.55
FWFruc04K T03.15 T12.70 - <0.0001 0.69
FWFrucl10K T01.05 T02.10 - 0.005 0.14
FWGIluc04C T08.47 T83 - 0.005 0.82
FWGIlucl0K T01.05 T02.10 - 0.001 0.58
FWStarchO4K  T02.07 T06.33 - 0.001 0.88
FWSug04K T02.08 T14.81 + <0.0001 1.41
FWSug10K T01.05 T83 + 0.002 1.23
NIRDMO0O4K T01.05 T02.07 + <0.0001 1.78
NIRDMO0O4K T02.07 T07.40 - 0.014 0.08
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Table8: QTL appearing across multiple environments wiaffbct the same or closely
related traits were merged into an integrated QHp mAppearance of a QTL across
multiple environments is considered as increaséteace of it being real. The trait
affected is shown in the Trait column. Componeaitdrare the number of individual
traits identified in Table 4 and Table 5 that weoenbined to create the integrated QTL
across environments. LG and position identify theation of the QTL and effect
identifies if the QTL increases or decreases trenptypic value of the trait. % Variation
is the average of the percent phenotypic variatixplained by the component traits.
Refer to tables 4 and 5 for more information abodividual QTL. 7a. Summary of
traits appearing on the Beauregard map acrosspteuétnvironments. 7b. Summary of

traits appearing on the Tanzania map across meiipVironments.

a.
Component

Trait Traits LG Position Effect % Variation
Reducing Sugars 4 B01.03 26.6 + 3.7
Starch and Amylose 2 B01.03  26.6-27.8 - 4.3
Sugars 2 B04.23 0.1 + 3.1
Starch, Dry matter,
Amylose B04.23 0-4 - 6.3
Sugars B05.25 31.1-849 + 3.9
Starch and Dry matter B05.25 14 - 30.3 - 8.6
Reducing Sugars B11.61 42.1-594 + 4.1
Sugars B11.62 23.3-25.3 + 54
Starch, Dry matter,
Amylose B11.62 23.2-26.9 - 6.5
Reducing Sugars B11.64 49.2-61.1 + 2.5
Sugars B12.70 0.1-40.1 + 1.4
Starch, Dry matter,
Amylose B12.70 36.5-47.4 - 6.5
Yield B13.73 14.7 - 4.8
Sugars B13.75 0.1-10.1 + 3.7
Starch, Dry matter 13.75 0-2 - 5.5
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Table 8 continued.

b.
Component %

Trait Traits LG Position Effect Variation
Sugars 9 T01.05 37.1-50.2 - 4.8
Starch & Dry Matter 4 T01.05 37.1-43.9 + 5.2
Sugars 3 T01.06 46.3-77.7 - 3.2
Starch 2 T01.06 77.7 + 4.4
Sugars 5 T03.15 44.3 - 48.9 + 6.6
Reducing Sugars 4 T07.40 48.1 - 54.2 + 1.6
Starch, Dry matter,
Amylose 4 T07.40 45 - 48.1 - 7.0
Culls 2 T07.41 13-20.6 - 4.6
Sugars 7 T72 5.2-34.8 - 3.1
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Figure 1l: lodine Standard developed from purified potato lasg/ from Sigma (A0512) and purified amylopectionfr potatoes
from Sigma (10118). Absorbance was measured at3184 580, 630, 700, 720, and 800 nm. Peak ahsoedfor amylose was

at 630 nm while peak absorbance for amylopectinav&8 nm.

164



Figure 2: Histograms of clone LSMean values for traits in Tii@population. Traits
include dry weight basis glucose (g/100g), dry welgasis fructose (g/100g), fresh
weight basis glucose (g/100g), fresh weight basistbése (g/100g), dry weight basis dry
weight basis sucrose (g/100g), dry weight basal satgar content (g/100g), fresh weight
basis sucrose (g/100g), fresh weight basis totgiscontent (g/100g), dry weight basis
starch content (g/100g), fresh weight basis stacctient (g/100g), sample amylose
content (% dried sweetpotato), and starch amyloa&eat (% starch), yield (Ibs/plot),
and dry matter (% fresh weight). The letters ‘TdaB in each histogram identify the

phenotypes of the parents “Tanzania” and “BeautEgar
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Figure 3: Beauregard composite map of QTL that appearezsacnultiple
environments as determined by NIRS phenotypingL @&t had a positive effect on a
particular trait are shown with solid bars and bgjge. QTL that had a negative effect
on a particular trait are shown with bars with diagl lines and italic print. For
comparison purposes, QTL on these linkage grouggiited previously (Cervantes-

Flores et al. 2006) are shown in red.
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Figure4: Tanzania composite map of QTL which appear acossonments as

determined by NIRS phenotyping. QTL which had sifpge effect on a particular trait are
shown with solid bars and bold type. QTL which laagegative effect on a particular trait
are shown with bars with diagonal lines and itplint. For comparison purposes, QTL on

these linkage groups identified previously (CerearfElores et al. 2006) are shown in red.
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CHAPTER 5: SWEETPOTATO BREEDING STEPSINTO THE NEW CENTURY

This dissertation helped chart a path to a neveigdional paradigm for sweetpotato
breeding. The combination of new phenotyping tetbgies, germplasm, molecular
markers, augmented designs, and quantitative taimee studies have provided information
that can be used to design new crossing and setetiethods. As new sweetpotato markets
emerge, such tools will be critical for developmehhew sweetpotato varieties. While
many of the technologies described in this distieridhave existed individually for decades
(Federer and Raghavaro 1975, Hallauer and MiraB88,1Batten 1998, Asins 2002), and
some have been applied to sweetpotato previoushe€11986, Cervantes-Flores 2006, Lu et
al. 2006, Marchese et al. 2010, Tumwegamire &(dl1), their merger opens new
possibilities to advance both basic and appliecetpegato research.

In recent years, the emergence of new markefgrémessed sweetpotato products,
such as chips and fries, and industrial applicatisach as anthocyanins, have created
opportunities and new risks for North Carolina stpetato growers. The technologies
described herein represent a portion of the NCSékfppotato team’s response to these new
developments.

The NCII design described in this dissertationvted a transition step to allow the
NCSU sweetpotato breeding and genetics prograrstiim&e combining ability for dry
matter and anthocyanin content. It allowed theymm to gain experience with quantitative
inheritance studies while using established teaygiet for measuring composition. The

NCII design showed that anthocyanin and dry matetent had significant general
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combining abilities and that yield had a signifitapecific combining ability. The NCII
design also revealed the impact of incompatibgibe quantitative genetics studies in
sweetpotato. The small size of the NCII experin{ériemales and 5 males) was primarily
due to the effect of incompatibilities in a factdrcrossing block. This small size limited the
conclusions that could be drawn from the experimanpossible factors such as maternal
effects cannot be identified through such a snalytation.

Near-infrared spectroscopy (NIRS) was appliedhia tlissertation on a large scale
for the first time by the NCSU sweetpotato breeginggram. Measurement of dry matter
has long been a standard practice in sweetpotatming, however, it gives only a rough
picture of crop composition. New customers, susfoad and industrial processors, need
sweetpotatoes with specific compositions to sapsfcessing requirements. To evaluate
potential sweetpotato cultivars for these trait)} 8| a technology that allowed rapid
screening of composition, was implemented. Prdafemcept work was developed to allow
estimation of dry matter, fructose, glucose, suertstal sugar, starch, and amylose content
of sweetpotato samples (N. George personal commtimns). The application of NIRS in
the two experiments described herein demonstraitddthe benefits and limitations of the
current stage of NIRS development. The NIRS stahdarves were able to predict several
sugar and starch traits with sufficient accurasyrémgh screening, which allowed
experiments with broad diversity, such as the N&3igh, to be screened. However,
development of the QTL map using NIRS demonstrttatithe technology was not fully
capable of the fine scale phenotyping needed tondissh QTL, which tend to explain

relatively little phenotypic variation.
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The NCI design described here developed a methsaidying quantitative
inheritance in sweetpotatoes that overcame thempeatibilities that have plagued many
such studies, and also showed the potential anthtions of polycross nurseries and paired
crosses in sweetpotato breeding. The experimenbdsinated that polycross nurseries
would be satisfactory for modification of compasititraits, but that improvement of yield
traits might be better approached through pairedsas. All composition traits studied in
this dissertation, except percent amylose, showggd lreritabilities through half-sib families,
especially when accounting for selection on bottepts as would happen in a polycross
nursery. However, yield traits showed low heriligibs on a half-sib family basis, but
moderate heritabilities on a full-sib family basis.

Finally, this research included an effort to meljBS phenotyping tools with
molecular markers to step into a new generatigulasit breeding. In recent decades,
molecular markers have made significant impactplant breeding by allowing direct
identification of genes underlying traits and set@cfor genes even in the absence of direct
phenotyping for traits. As DNA sequencing and molacmarkers prices have dropped
exponentially in recent decades, the ability tdigaimolecular data on plants of interest has
increased accordingly. However, to take advantdgleese new molecular tools, improved
phenotyping tools must be developed and appliedeiatify DNA sequences of importance
to agricultural production (Furbank and Tester 20Illhe research described in Chapter 4
merged molecular markers with new NIRS phenotypaads that increased phenotyping
throughput and allowed identification of QTL assded with new traits. Markers associated

with sugar content, reducing sugar content, amgdlstzontent were identified. This work
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confirmed and supplemented earlier work (Cervahkteses 2006, Cervantes-Flores et al.
2008a, Cervantes-Flores et al. 2008b, Cervantagd-&t al. 2011) and provided a more
complete understanding of sweetpotato genomics.

Together, the technologies described in thesetetmprovide an important step
toward a new generation of sweetpotato breedingviéus generational developments in
sweetpotato breeding have included the developofarafting techniques to induce
flowering (Hernandez et al. 1959) and use of palgsmurseries to increase seed numbers
(Jones 1965). The lessons learned here open traalthe merger of NIRS phenotyping,
new germplasm, new crossing methods, and molemadsakers to develop a new generation
of sweetpotato breeding. Merger of these new toatsallow development of new markets
such as those for anthocyanins and chips andtéritge benefit of North Carolina

sweetpotato growers.
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Appendix A: Compatible and Incompatible Crossesin NCI mating design

Compatible Crosses

Incompatible Crosses

Macana x #6

Patriot x #6

TIS2498 x #6
Wagabolige x #6
6618-001 x BM85-42
BP1SP2 x BM85-42
L-258 x BM85-42
Suwonl147 x BM85-42
Minamiyutaka x Centennial
Darby x Covington
Murasaki-29 x Covington
T1S3017 x Covington
6625-001 x DM02-180
Kyushul100 x DM02-180
Tinto x DM02-180

Excel x DM03-035
Tanzania x DM03-035
W-241 x DM03-035
Georgia Jet x DM03-092
Guangshu70-9 x DM03-092
Sumor x DM03-092
Xushul8 x DM03-092
CN1345-8 x DM04-197
NC413 x DM04-197
Batata Blanca x FTA94
Ma'alau x FTA94
NCO04-097 x FTA94
Pur06-014 x FTA94
CN1489-43 x Kyukei-97
Guangshu7 x Kyukei-97
Liaoshu40 x Kyukei-97
Viola x Kyukei-97
NC93-17 x L-329

PDM P4 x L-329

Pelican Processor x L-329
Woksaken x L-329
Kyukei-63 x MDP217-84
NC03-089 x MDP217-84
Suwonl122 x MDP217-84
TIB11 x MDP217-84
Koganesengan x NC04-531

L05-29 x NC04-531
MD810 x NC04-531
T1S2525 x NC04-531
DMO04-001 x NonDaHong
FT4-89 x NonDaHong
Pur05-055 x NonDaHong
Whitestar x NonDaHong
Morada, Sombica x O. 4
Perlax O. 4
TIB4x0O. 4
W-245x 0. 4
Cordner x PI564114
Merenge x P1564114
NC04-412 x P1564114
Regal x P1564114
YanShul x P1564114
B94-14 x Ruddy
DM04-226 x Ruddy
Okinawal00 x Ruddy
DMO05-090 x T1S2532
Norin#4 x TIS2532
Seon-mi x TIS2532
UGA204 x TIS2532
DMO02-105 x T1S9232
NC1880 x TIS9232
Pur01-192 x T1S9232
Pur04-118 x T1S9232
KalmeghS-30 x W-250
NC03-007 x W-250
NC03-302 x W-250
Pur05-028 x W-250
Hatteras x W-392
NC03-030 x W-392
Oklamar x W-392
Resisto x W-392
Francia x Won-mi
Hernandez x Won-mi
Pur05-087 x Won-mi
DMO04-051 x Yukimusume
Liberty x Yukimusume
Mojave x Yukimusume
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Batata Blanca xitNi¥
Cordner x P1564114
DMO01-158 x Covorg
DMO01-158 M@B-035
DMO01-15%/pn-mi
DMO02-18dugande
DM02-291\%250
DMO4&-%4Non-mi
Francla329
GA90-10 x Centennia
Georgiax)dtukimusume
Haymarext€nnial
Heart-Qd&or 1S2532
HiDripk104-197
HM-145 x Cemtiah
Jishu5 x €enial
Jishu5 x Kyitke
Julian x W-250
KotapuRMO03-092
KyuB8ix FTA94
MD320 x DM035)
MD807 x Gumton
MD807 x Yokisume
MD822 x Caylion
MD822 x3P#887
Minamiyutak@entennial
Nancy Hal x4
NC06-1851,824887
Pelicand¢assor x Won-mi
P15311X3oxington
PI1564k1Pukimusume
Picadito x Yolusume
Ruddy x MDP214-8
Suwon 147 x PI 824
TIBAuKimusume
Tinian x Yukisume
TIS 3208Centennial
TIS301W=&n-mi
Vardam BM85-42
Viola x No4
Wanbharge x P1564114
Xiangnonhuangpi x W-392



Appendix B: SAS codefor analysis of heritability for NCI design

options ps=60 Is =80;

PRCC FORMAT;
VALUECc_sign
LOW - < - 3.5 = "CXB95DC1"
- 3.5-<- 2.5= "CX7F87EQ"
- 2.5-<- 1.5= "CXC1BAD3"
- 1.5-< 0 = "CXEOCCDF"
0-< 1.5 = "CXEOCCDF"
1.5-< 2.5 = "CXC1BAD3"
2.5-< 3.5 = "CX7F87EQ"
3.5- HIGH = "CXB95DC1";
VALUEcf_col
LOW - < - 3.5 = "CXF2D010"
- 3.5-<- 2.5= "CXF2D010"
- 2.5-<- 1.5 = "CX2436F4"
- 1.5-< 0 = "CX663031"
0-< 1.5 = "CX663031"
1.5-< 2.5 = "CX2436F4"
2.5-< 3.5 = "CXF2D010"
3.5- HIGH = "CXF2D010" ;
VALUEFW _ratio
LOW -< - 3.5= "BOLD"
- 3.5-< 3.5= "LIGHT"
3.5-HIGH=  "BOLD";
VALUEFS ratio
LOW -<- 3.5= "ITALIC"
- 3.5-< 3.5= "ROMAN"
3.5-HIGH = "ITALIC" ;
run;

PRCC | MPORT OUE WORK.a

DATAFILE= "NC1_hpc_Biomass"

DBMSxIs REPLACE;
DATAROW= 2;
GUESSINGROWSE200;
RUN,;

proc contents data =a;

run;

title "Plots per clone per year" ;
proc freq data =a noprint ;

where Biomass ne . ; /*QC step*/

tables year*male*female*clone / list
run;

missing  out =outfgl
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title "Checking Parents" ;
proc print data =outfql; /*QC step, tells how many offspring are in each
full-sib family*/
where male eq
run;

and female eq ;

titte  "Offspring with extra plots/year " ;
proc print data =outfql; /*QC step. Is there more than one entry per year
listed for any offspring?*/

where count gt 1 and male ne "

run;

title "Total plots per full-sib family" ;
proc freq data =outfql; /*QC step. Tells how many total plots (2010 +
2011) in each full-sib family*/

tables male * female / list  missing out =outfg2 nopercent  nocum;
run;

title "Full-sib families per half-sib family " ;

title2 "For harmonic means" ;

proc freq data =outfg2; /*QC step. Tells how many full-sib families are in
each half-sib family*/

tables male / list  missing out =outfq3 nopercent  nocum;

run;

title "Plots per clone across environments" ;

title2 "For harmonic means" ;

proc freq data =a noprint ;

where Biomassne . ;/*QC step*/

tables  male*female*clone / list  missing out =outfq4 nopercent  nocum;
run;

title "Offspring per full-sib family" ;

title2 "For harmonic means" ;
proc freq data =outfg4 noprint ; /*# of offspring per full-sib family*/
tables female/ list  missing out =outfgs nopercent  nocum;
run;

dat a b; /*adds variable to tell if a particular entry is a parent or an
offspring*/

length var_ p$ 9clone$ 25male$ 25female$ 25;

set a;

if female= "" andmale= "" then do;female= "P"; male= "P"; VAR P=
"Parents" ; end;

else VAR_P="Offspring" ;
run;

title "Plots per half-sib family" ;
proc freq data =b; /*QC step. Number of offspring in half-sib family* /

tables var_p*male / list  missing nopercent nocum;
run;
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title "Plots per full-sib family" ;
proc freq data =b; /*QC step. Number of offspring in full-sib family*
where Biomassne . ;

tables VAR_P *male*female / list  missing out =outfg6 nopercent  nocum;
run;
title "Full-sib families per half-sib family"

proc freq data =outfg6; /*QC step. Number of half- S|bfam|l|es in full-sib
family*/

tables VAR _P*male/ list missing out =outfq8 nopercent  nocum;
run;

dat a see; /*how close is Satterthwaite to sum of all df's*/
set outfg8;

df=count-  1;
run;

title "Verifying Satterthwaite DF"

proc neans data =see sum; /*how close i |s Satterthwaite to sum of all df's*/
var df;
run;

titte  "Entries with missing data" ;

proc print data =b; where Biomass= . orfemale= " ; *(0obs=20);/*QC step.
Entries with missing data*/

run;

title "Heritability matrices with solutions" ;
title2 "Random effects " ;
proc nixed data =b asycov ;

class year clone rep male female planting var_p;

model Biomass =var _p/ outp =outmx3  residual htype =3 solution ;

random rep(year) planting(year) year;

random year*male(var_p) year*female(male*var_p)/ group =var_p;

random male(var_P)/ group =var_p  solution ;

random female(male*var_P)/ group =var_p  solution ;

random clone(male*female*var_p)/ group =var_p solution ;

random clone*year(male*female*var_p) / group =var_p;

parms 0.1918 53. 4688 10. 1146 3.8819 0
5.2364 0 4.0134 0. 000013 3.4912 0. 000013
19. 1000 38. 7850 11. 5508 22.9546 22.8312;

ods output asycov=Biomass_asycov covparms = Biomass_covparm
SolutionR=BLUPs SolutionF=BLUEsS;

run;
title "Outliers" ;
proc print data =outmx3;
where abs(StudentResid) gt 3.5;
var var_P clone male female Year Rep Planting Tier Col Biomass Pred
StdErrPred DF Alpha Lower Upper Resid StudentResid ;
run;
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* * * * *

Title "Heritabilities" ;

proc im;

start seh(V, C, LG, LPg, LS, LPs, Hg, SEg, Hs, SEs);
Vpg = LPg™V;

Vgg = LG™*V;

Vps = LPs™V;

Vgs = LS™*V;

Hg = Vgg/Vpg;

dg=( 1/Vpg)*(LG - (LPg*Hg));
VHg = dg™*C*dg;

SEg = sqrt(VHQ);

Hs = Vgs/Vps;

ds=( 21/VpsS)*(LS - (LPs*Hs));
VHs = ds™*C*ds;

SEs = sqrt(VHs);

finish  seh;
use Biomass_covparm; read all into v; use Biomass_asycov; read all into
* Note that SAS introduces an extra first column in to the matrix which

must be removed;

C=C( Z1:nrow(C), 2:ncol(C)));

/*there were 23 males in the experiment.

Calculate harmonic means of other components: # en vironments, #
females/male, and #entries/full-sib family.*/

[*23 = # of males;*/

[*fsh = harmonic mean of # of full-sib families per half sib family*/
use outfq3 where (Male "=

read all var ( "COUNT")into fuIIS|b

print  fullsib;
fsh = harmean (fullsib);
print  fsh;

/*eh = harmonic mean of # of environments;*/
use outfq4 where (Male "= ")

read all var ( "COUNT")into enviro;
print  enviro;

eh = harmean (enviro);

print eh;
/*ch = harmonic mean of # of clones / full-sib fami ly:*/
use outfg5 where (Female "= "),

read all var ( "COUNT")into clonefreq;
print  clonefreq;
ch = harmean (clonefreq);

print  ch;

*this is genetic variance among HS families (GCA va riance);

LG={o o o0 0 0 O O 1, 0, 0, 0, O, 0, O, O, O}

*Ls is genetic variance among FS families within HS families = GCAf + SCA,;
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LsS= o/ o/ o/ o/ ol o/ 0l ((fsh*( 22))/((fsh* 23)- i on
o/f o/l ol ol o0

*LPs is PHENOTYPIC variance among FS families withi n HS families

*we should have clone * environment interaction spe cified and in this
denominator;

LPs= 0/l 0/l 0Ol ((fsh* 22)I(((fsh* 23)- 1)*eh))// o/ ( 1/eh)lt o/l
((fsh*  22)/((fsh*  23)- 1)/ 0Off 1/ Ol ( Lich)l 0/l ( 1/ch*eh)// o/l

( 1/ch*eh);

*Then we also need a term for LPg for HS family phe no variance:

Vg + Vscalf + Vgele + Vscalfe + Vclone/c + Vclone*E /ce + Verr/fecr

¢ = mean number of clones per full sib family

r = 1 since this is an augmented design and all off spring have just 1 rep;
LPg= 0/f 0/f O/ ( 1leh)/ 0/l ( 1leh*fsh)// o/l 1/l ol ( Lishyl o1/
( L/ich*fsh)// 0/l ( 1/ch*eh*fsh)// 0/ ( 1/ch*fsh*eh);

call seh(V, C, LG, LPg, LS, LPs, Hg, SEg, Hs, SEs);

title "Biomass Heritability on a Family Mean Basis" ;

print ~ "Heritability: Polycross (HS Family Mean-Basis)" , Hg, SEg;

print  "Heritability: Paired Cross (FS family Mean-Basis)" , Hs, SEs;
quit;

dat a randeff1;

set BLUPs;

if effect= 'Rep(Year)' then delete ;

if effect= 'Planting(Year)' then delete ;

if effect= 'Year' then delete ;

if effect= 'Yearrmale(var_p)' then delete

if effect= 'Year*fema(male*var_)' then delete

if effect= 'Yea*clo(mal*fem*var)' then delete ;

if effect= 'male(var_p)' and var_p= 'Parents’ then delete ;

if effect= 'female(male*var_p)' and var_p= 'Parents’ then delete ;

if effect= ‘clon(male*fema*var_)' and var_p= 'Offspring’ then delete ;
if effect= ‘clon(male*fema*var_)' and var_p= 'Parents’ and maler=  'P'
delete ;

if var_p= 'Offspring' and Male=  'P' then delete ;

drop Rep Planting Year DF tValue Probt;

run;

dat a randeffparents;

set randeffl;

if var_p= ‘'Parents' ;
run;

dat a randhalfsib;

set randeffl;

if effect= 'male(var_p)' ;
rename Estimate= MaleEffect;
rename StdErrPred= MaleStderr;
run;

dat a randfullsib;
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set randeffl;

if effect= 'female(male*var_p)' ;
rename Estimate= FemaleEffect;

rename StdErrPred= FemaleStderr;

run;

proc sort data =randfullsib;
by Male;
run;

dat a families;

merge randhalfsib randfullsib;
by male;

run;

dat a families2;

set families;

length fam_effect 6;

length fam_stderr 8;

fam_effect= MaleEffect + FemaleEffect;

fam_stderr= sqrt(MaleStderr** 2 + FemaleStderr** 2);
run;

dat a SolutionF2;

set BLUEs;

if Effect= 'Intercept’ then Effect= 'Parents’
if var_p= 'Offspring' then Effect= 'Offspring' ;
drop DF tValue Probt;

run;

proc transpose data =work.SOLUTIONF2 out =SolutionF3;
run;

dat a SolutionF4;

set SolutionF3;

rename Coll= Parentals;

rename Col2= Children;

length  Offspring_Effect 8;
run;

dat a SolutionF5;

set SolutionF4;

Offspring_effect= Parentals + Children;
run;

Proc transpose data = SolutionF5 out =SolutionF6;
run;

dat a fixPars;

set SolutionF6;

if _NAME_ = 'Parentals' ;
run;
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dat a fixOffs;

set SolutionF6;

if _NAME_ = 'Offspring_Effect' ;
run;

dat a fixPars2;

set fixPars;

rename _NAME_=var_p;
rename Estimate= FixedEst;
rename StdErr= FixedStdErr;
run;

dat a fixPars3;

set fixPars2;

if var_p= 'Parentals’ then var_p= 'Parents’ ;
run;

dat a Parentranks;

merge fixPars3 RANDEFFPARENTS;
by var_p;

run;

dat a Parentranks2;

set Parentranks;

length totalest 8;
length totalstderr 8;
run;

dat a Parentranks3;

set Parentranks2;

totalest= FixedEst + Estimate;
totalstderr= StdErrPred;

run;

proc sort data =Parentranks3;
by descending totalest;
run;

title 'Rankings of check clones' ;

proc print data =parentranks3 label ;

var Clone totalest totalstderr;

label totalest= '‘Biomass' totalstderr= 'Std Err' ;
run;

dat a fixoffs2;

set fixoffs;
rename _NAME_=var_p;
run;

dat a fixoff3;
set fixoffs2;
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if var_p= 'Offspring_Effect' then var_p=
run;

dat a halfsibscomb;
merge fixoff3 randhalfsib;
by var_p;

run;

dat a halfsibcomb?2;

set halfsibscomb;

length halfsibeff 8;
length halfsibstderr 8;
run;

dat a halfsibcomb3;

set halfsibcomb2;

halfsibeff= Estimate + MaleEffect;
halfsibstderr= MaleStdErr;

run;

proc sort data = halfsibcomb3;
by descending halfsibeff;
run;

title 'Rankings of half-sib families' ;
proc print data =halfsibcomb3 label ;
var Male halfsibeff halfsibstderr;

label halfsibeff= '‘Biomass' halfsibstderr=
run;

dat a fullsibcomb;
merge fixoff3 families2;
by var_p;

run;

dat a fullsibcomb2;

set fullsibcomb;

length fam_eff2 8;
length fam_stderr2 8;
run;

dat a fullsibcomb3;

set fullsibcomb2;

fam_eff2= Estimate + fam_effect;
fam_stderr2=fam_stderr;

run;

proc sort data =fullsibcomb3;
by descending fam_eff2;
run;

title 'Rankings of full-sib families' ;
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proc print data =fullsibcomb3 label ;

var Male Female fam_eff2 fam_stderr2;

label fam_eff2= 'Biomass' fam_stderr2=  'Std Err' ;
run;
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Appendix C: Histograms showing distribution of US and ex-US sweetpotato check

clonesfor select traits.
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Appendix D: Comprehensive QTL mapsfor Beauregard and Tanzania
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