


73

LIBRARY
Michigan State
University

This is to certify that the
dissertation entitied

- QTL ANALYSIS OF FRUIT COLOR AND ESTIMATION OF

GENETIC DIVERSITY USING DNA MARKERS IN SWEET
CHERRY (Prunus avium L.)

presented by

SUNETH SITHUMINI SOORIYAPATHIRANA

has been accepted towards fulfillment
of the requirements for the

Ph.D degree in Plant Breeding, Genetics and
Biotechnology

Maijér’| Profeééfz’s’ Signature
ety 17, 2007

Date

MSU is an Affirative ActionVEqual Opportunity Employer



PLACE IN RETURN BOX to remove this checkout from your record.
TO AVOID FINES return on or before date due.
MAY BE RECALLED with earlier due date if requested.

DATE DUE DATE DUE DATE DUE

6/08 K:/Proj/Acc&Pres/CIRC/DateDue.indd




QTL ANALYSIS OF FRUIT COLOR AND ESTIMATION OF GENETIC
DIVERSITY USING DNA MARKERS IN SWEET CHERRY
(Prunus avium L.)

By

Suneth Sithumini Sooriyapathirana

A DISSERTATION

Submitted to
Michigan State University
in partial fulfillment of the requirements
for the degree of

DOCTOR OF PHILOSOPHY
Plant Breeding, Genetics and Biotechnology

2009



ABSTRACT
QTL ANALYSIS OF FRUIT COLOR AND ESTIMATION OF GENETIC
DIVERSITY USING DNA MARKERS IN SWEET CHERRY
(Prunus avium L.)

By

Suneth Sithumini Sooriyapathirana

Fruit color is an important indicator of sweet cherry fruit maturity and
distinguishes two major market classes, e.g. yellow skin and fruit with a pink blush on
the skin, and dark mahogany colored skin and flesh. Yet, within these extremes, there is
a continuum of flesh and skin color types. The genetic control of skin and flesh color in
sweet cherry was investigated using a QTL approach with a population derived from a
cross between parents representing the two color extremes. Skin and flesh colors were
measured from the progeny using a qualitative color card rating in 2006, 2007 and
2008. In 2008, color was also evaluated quantitatively for lightness (L*), redness (a*),
and yellowness (b*). The skin and flesh color card ratings for the three years were
significantly correlated (P<0.0001) and therefore only the 2008 data were used in the
genetic analyses. Progeny segregations for the color measurements (card, L*, a*, b*)
did not fit normal distributions; instead the distributions were skewed towards the skin
color of the dark-skinned parent. A major QTL for skin and flesh color was identified
on Linkage Group (LG) 3 and three other QTLs for skin and flesh color were identified
on LG5, LG6 and LG8. However, the consistent significance of the QTL identified on
LG3 suggests the presence of a major regulatory gene for fruit color development.

The genetic diversity of sweet cherry (Prunus avium L.) germplasm historically

used in the breeding programs of Pacific North West region in North America was



studied in comparison to a subset of European sweet cherry landraces and a wild cherry
(P. avium) selection to test the hypothesis of genetic founder effect that occurred when
early settlers brought selected subset of sweet cherry germplasm from Europe to the
New World. Pacific North West sweet cherry germplasm was defined as a set of 28
landraces, parents and released cultivars. A subset of seven European sweet cherry
landraces and a single wild cherry selection were used for the comparison. The
genotypic data for all 36 sweet cherry selections were recorded for 77 DNA markers. A
total of 300 alleles were detected for 77 markers with an average of four alleles per
locus. A total of 52 unique alleles were identified and 40 of them were not present in the
Pacific North West sweet cherry germplasm. The 50% of the total alleles detected were
rare alleles and 30% of the total rare alleles were not detected in the Pacific North West
sweet cherry germplasm. The European landraces were distantly related at 25% of
genetic dissimilarity value but Pacific North West sweet cherry parents and cultivars
were separated only at 8% of genetic dissimilarity value showing the low level of
diversity compared to European sweet cherry landraces and the wild cherry selection.
This study shows that Pacific North West sweet cherry germplasm had been subjected
to genetic founder effect and implies that the introduction of new germplasm from
Europe is necessary to broaden the genetic diversity in the Pacific North West sweet

cherry germplasm.
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LITERATURE REVIEW



GENETICS OF FRUIT SKIN AND FLESH COLOR IN SWEET CHERRY

Importance of fruit color in cherry industry

Fruit color is one of the most important traits in determining consumer demand in
sweet cherry (Prunus avium L.). Dark mahogany colored sweet cherries are preferred in
North America (Turner 2008) and Europe (Wermund and Fearne 2000) and blush colored
sweet cherries are preferred in Asia (Miller et al. 1986). The color of fruit skin and flesh
is also important to determine the maturity level of fruits (Facteau et al. 1983). Breeding
for sweet cherry cultivars with desired fruit colors is challenging, because, the underlying

genetics of skin and flesh color traits have not been studied in detail.

Variability of fruit color in sweet cherry

The phenotypic diversity of fruit skin and flesh color of sweet cherry is very high.
Fruit skin and flesh colors range from dark mahogany skin and flesh (e.g. cultivar
“Bing”) and yellow skin and flesh (e.g. cultivar “Gold”). There are blushed fruit cultivars
with red/mahogany shades in yellow background and yellow flesh (e.g. cultivar
“Rainier”). The classification of sweet cherry skin and flesh into color classes is
dependent upon the level of fruit maturity. Dark skinned fruits get darker with time and
their flesh follows the same pattern of the color development in skin. In blushed fruits,
the red shades get more prominent in the skin and the flesh color remains unchanged with

maturity.



Genetics of fruit color in sweet cherry

Classical genetic approaches were used to understand the genetics of fruit color in
sweet cherry and postulated that the skin color is controlled by one major factor (4a) and
one minor factor (Bb) and incomplete dominant epistasis was also suggested for the
interaction between 4 and B. Factor 4 was also proposed to be responsible for
controlling the flesh color (Fogle 1958 and Schmidt 1998). The data from European
breeding populations supported this genetic model (Hedtrich 1985; Georgiev 1985;

Rodrigues et al. 2008; and Tobutt and Boskovic 1996).

Fruit color pigments in sweet cherry

The color of cherries, either sweet or tart (P. cerasus L.) is mainly due to
anthocyanins. Red sweet cherry cultivars mainly contain Cyanidin-3-O-rutinoside (95%
of total anthocyanin) and cyanidin-3-O-glucoside. Red sour cherry cultivars such as
‘Balaton’ and ‘Montmorency’ have mainly Cyanidin-3-O-glucosylrutinoside and
cyaniding-3-O-rutinoside and minor quantities of cyanidin-3-O-glucoside. The blush

cultivars have carotenoids such as beta-carotene (Mulabagal et al. 2009).

Factors affecting color development in sweet cherry
Fruit skin and flesh color is affected by environment to a certain degree. The
environmental effect on the color development is higher in blush cherries than in dark

mahogany colored cherries. Application of gibberellic acid has no significant impact on




the fruit color in cherry (Horvitz 2003). In blush sweet cherries, UV light stimulates the
anthocyanin synthesis (Arakawa 1993). This explains the fact that the blush cherries that
are located inside the canopy are less colorful than the cherries on the outer canopy, as

leaves absorb most of the UV light before reaching the interior canopy.

Variability of fruit color in apple

The fruit color of apple (Malus x domestica) is well studied, and as apple and
cherry belong to the same family, Rosaceae, the recent advancements of fruit color
genetics in apple are applicable to study the fruit color genetics in sweet cherry. Apple
skin color has a wide array of phenotypic diversity ranging from green, yellow and dark
purple. The shaded combinations of different colors can also be seen. Lancaster (1992)
reported that combinations of carotenoids, chlorophyll and anthocyanins determine the

various skin colors in apple.

Genetics of fruit color in apple

The postulated mechanisms for genetics of skin color in apple are not in common
agreement. A single dominant gene model was suggested for dark red skin (Brown 1992
and Crane and Lawrence 1933). Klein (1958) found that anthocyanin stripes of apple skin
color are controlled by one major gene. White and Lespinasse (1986) suggested two

complementary genes, 4 and B. Later Lespinasse et al. (1988) proposed a three major



gene model for determination of apple skin color. Schmidt (1988) postulated additional

modifying factors.

Biochemistry and molecular genetics of fruit color in apple

The molecular studies on apple color genetics had started in the late 20™ century.
A RAPD marker was found to be linked to apple skin color (Cheng et al. 1996). Apple
has Cynidin 3- O-galactoside as the major form of anthocyanin (Lancaster 1992, Tsao et
al. 2003). Many genes associated with the anthocyanin biosynthetic pathway have been
cloned from apple fruit skin; flavonone 3-hydroxylase (F3H), dihydroflavonol reductase
(DFR), anthocyanin synthase (ANS) and UDP-glucose flavonoid 3-Oglucosyltransferase
(UFGT) (Honda et al. 2002, Kim et al. 2003). These genes have found to be light induced
and highly expressed in red apple skins. Takos et al. (2006), Espley et al. (2007) and Ban
et al. (2007) have shown that one or two MYB transcription factors are playing the
central role in apple fruit skin color genetics. MdMYBA, a cDNA encoding a putative
R2R3-MYB protein (Ban et al. 2007), regulated anthocyanin biosynthesis in apple skin,
has a huge similarity to MAMYBI1 which was independently discovered by Takos et al.
(2006). The only marked difference is that these two genes are differentially expressed at
young stages of the fruit growth. Another MYB gene, MdMYB10 found by Espley et al.
(2007) that has some significant differences in expression relative to MdMYBA or
MdMYBI. Ban et al. (2007) speculated that there would be at least two MdMYB loci
active in anthocyanin biosynthesis in apple skin. Polymorphism at the MdMYBa has been

mapped to Linkage Group 9 in apple ‘Delicious’ (Ban et al. 2007). Chagne et al. (2007)




found that red flesh and foliage color of apple co-segregated. The allele controlling the
red color has been named as Rni, has been mapped along with MdMYBI0 to a single
locus Linkage Group 9 in apple. The expression of these MYB genes are UV light
defendant and low temperature induced. Espley et al. (2009) showed that a rearrangement
in the promoter region of MdMYBI0, a microsatellite like structure with tandem repeats
of 23-bp sequence caused red phenotype in apple flesh and foliage. This motif is a target
for the MAMYB10 protein itself and hence provides an autocatalytic regulation. This
autocatalytic regulation ensures the accumulation of MdAMYB10 protein and
accumulation of anthocyain throughout the plant. The MAMYB transcription factor
closely interacts with bHLH, another transcription factor that regulates anthocyanin
biosynthetic pathway genes. The specific genes targeted by transcription factor
complexes in apple have not been found. In Arabidopsis and grapes, such targets have
been reported (Borevitz et al. 2000, Tohge et al. 2005, Kobayashi et al. 2002). The
molecular genetic information of these studies has an immense importance in studying

the fruit color genetics of sweet cherry.

Fruit color studies in other rosaceous crops

Compared to the color work in apple, the skin color of peach and other rosaceous
fruits has not been studied in detail. Fruit skin and flesh color of peach has very high
phenotypic diversity; yellow to red skin and white to red flesh. Connors (1920) described
that an allele, Y, that controls white flesh is dominant to yellow (y) flesh in peach.

Beckman et al. (2005) found allele, A, (highlighter) suppresses red color. The genetic



correlation between Y and 4 is not known. Beckman and Sherman (2003) showed full red
phenotype is controlled by fr. Dark red flesh is determined by a single gene, f (Werner et
al. 1998). Skin color trait has been mapped to linkage group six (Dirlewanger et al. 2004,
Yamamoto et al. 2001). Peach color is mainly due to carotenoids and beta carotene is the

main form of carotenoid followed by beta-cryptoxanthin (Gil et al. 2002).

The correlation between carotenoid accumulation and the expression of
carotenogenic genes in Japanese Apricot (P. armeniaca L.) has been established (Kita et
al. 2007). Phytoene synthase-1 and lycopene fB-cyclase expression is required for
carotenoid accumulation. Decrease in lycopene e-cyclase expression and increase in
lycopene B-cyclase causes a metabolic shift from synthesis of B-g-carotenoid to synthesis
of B, P carotenoid with ripening progresses. Ethylene is important for the primary
induction of Phytoene synthase-1. Kassim et al. (2009) mapped the polymorphisms of
several transcription factors and candidate genes of anthocyanin biosynthetic pathway to

QTLs in raspberry, Rubus idaeus L., another important rosaceous fruit species.

The genetics of fruit color in rosaceous crops is a fast developing area and the
advancements in apple, peach, apricot and raspberries could be applied to understand the

fruit color genetics of other rosaceous crops such as sweet cherry.



Chapter One: Goal

The aim of the Chapter One was to identify the genomic regions that are
associated with fruit skin and flesh color in sweet cherry. This study was the first attempt
to utilize the Quantitative Trait Loci (QTL) approach to dissect the genes related to fruit
color in cherry. The expected results would enable us to understand the genetic
mechanisms of fruit color in cherry and will be useful in marker assisted breeding for
sweet cherry varieties with desired fruit colors and to further unravel the molecular

genetic basis of fruit color in sweet cherry.




LITERATURE CITED

Arakawa O (1993) Effect of ultraviolet light on anthocyanin synthesis in light-colored
sweet cherry, cv. Sato Nishiki. J Japan Soc Hort Sci 62:543-546

Ban Y, Honda C, Hatsuyama Y, Igarashi M, Bessho H, Moriguchi T (2007) Isolation and
functional analysis of a MYB transcription factor gene that is a key regulator for the
development of red coloration in apple skin. Plant Cell Physiol 48:958-970

Beckman TG, Rodriquez AJ, Sherman WB, Werner DJ (2005) Evidence for qualitative
suppression of red skin color in peach. HortScience 40:523-524

BeckmanTG, Sherman WB (2003) Probable quantitative inheritance of full red skin color
in peach. HortScience 38:1184-1185

Borevitz JO, Xia Y, Blount J, Dixon RA, Lamb C (2000) Activation tagging identifies a
conserved MYB regulator of phenylpropanoid biosynthesis. Plant Cell 12:2383-2394

Brown SK (1992) Genetics of apple. Plant Breed. Rev. 9:333-366.

Chagne D, Carlisle CM, Blond C, Volz RK, Whitworth CJ, Oraguzie NC, Crowhurst RN,
Allan AC, Espley RV, Hellens RP, Gardiner SE (2007) Mapping a candidate gene
(MdMYBI0) for red flesh and foliage colour in apple. BMC Genomics 8:212

Cheng FS, Weeden NF, Brown SK (1996) Identification of co-dominant RAPD markers
tightly linked to fruit skin color in apple. Theor Appl Genet 93:222-227

Connors CH (1920) Some notes on the inheritance of unit characters in the peach. ] Am
Soc Hortic Sci 16:24-36

Crane MB, Lawrence WIJC (1933) Genetical studies in cultivated apples. J Genet 28:265—
296



Dirlewanger E, Graziano E, Joobeur T, Garriga-Caldere F, Cosson P, Howad W, Arus P
(2004) Comparative mapping and marker-assisted selection in Rosaceae fruit crops.
Proc Natl Acad Sci 101:9891-9896

Espley RV, Brendolise C, Chagne D, Kutty-Amma S, Green S, Volz R, Putterill J,
Schouten HJ, Gardiner SE, Hellens RP, Allan AC (2009) Multiple repeats of a
promoter segment causes transcription factor autoregulation in red apples. Plant Cell
1:168-83

Espley RV, Hellens RP, Puterill J, Kutty-Amma S, Allan AC (2007) Red coloration in
apple fruit is due to the activity of a MYB transcription factor, MdAMYBI10. Plant
Journal 49:414-427

Facteau TJ, Chestnut NE, Rowe KE (1983) Relationship between fruit weight, firmness,
and leaf/fruit ratio in Lambert and Bing sweet cherries. Can J Plant Sci 63:763-765

Fogle HW (1958) Inheritance of fruit color in sweet cherries { Prunus avium). J Heredity
49:294-298

Georgiev VS (1985) Some results with sweet cherry breeding in the research institute for
fruit growing in Kustendil, Bulgaria. Acta Hortic 169:73-78

Gil M1, Tomas-Barberan FA, Hess-Pierce B, Kade, AA (2002) Antioxidant capacities,
phenolic compounds, carotenoids, and vitamin C contents of nectarine, peach and
plum cultivars from California. J Agric Food Chem 50:4976-4982

Hedtrich RT (1985) Sweet cherry breeding at the Swiss Federal Research Station I.
Results of fruit characters and flowering period inheritance. Acta Hortic 169:51-62

Honda C, Kotoda N, Wada M, Kondo S, Kobayashi S, Soejima J, Zhang Z, Tsuda T,
Moriguchi T (2002) Anthocyanin biosynthetic genes are coordinately expressed
during red coloration in apple skin. Plant Physiol Biochem 40:955-962

Horvitz S, Godoy C, Lopez-Camelo AF, Yommi A (2003) Application of gibberellic acid
to ‘Sweetheart’ sweet cherries: effects on fruit quality at harvest and during cold
storage. Acta Hortic 628:311-316.

10



Kassim A, Poette J, Paterson A, Zait D, McCallum S, Woodhead M, Smith K, Hackett C,
Graham J (2009) Environmental and seasonal influences on red raspberry
anthocyanin antioxidant contents and identification of quantitative traits loci (QTL).
Mol Nutr Food Res 53:625-634

Kim SH, Lee JR, Hong ST, Yoo YK, An G, Kim, SR (2003) Molecular cloning and
analysis of anthocyanin biosynthesis genes preferentially expressed in apple skin.
Plant Sci 165:403—413

Kita M, Kato M, Ban Y, Honda C, Yaegaki H, Ikoma Y, Moriguchi T (2007) Carotenoid
accumulation in Japanese apricot (Prunus mume Siebold & Zucc.): molecular
analysis of carotenogenic gene expression and ethylene regulation. J Agric Food
Chem. 55:3414-20

Klein LG (1958) The inheritance of certain fruit characters in apple. J Am Soc Hortic Sci
72:1-14

Kobayashi S, Ishimaru M, Hiraoka K, Honda C (2002) MYB related genes of the Kyoho
grape (Vitis labruscana) regulate anthocyanin biosynthesis. Planta 15: 924-933

Lancaster JE (1992) Regulation of skin color in apples. Crit Rev Plant Sci 10:487-502

Lespinasse Y, Fouillet A, Flick JD, Lespinasse JM, Delort F (1988) Contributions to
genetic studies in apple. Acta Hortic 224:99-108

Miller DC, Casavant KL, Buteau RJ (1986) An analysis of Japanese consumer
preferences for Pacific Northwest and Japanese sweet cherries. Research Bulletin XB
Washington State University, Agricultural Research Center. pp1-15

Mulabagal V, Lang GA, DeWitt DL, Dalavoy SS, Nair MG (2009) Anthocyanin content,
lipid peroxidation and cyclooxygenase enzyme inhibitory activities of sweet and sour
cherries. J Agric Food Chem. 57:1239-46

Rodrigues LC, Morales MR, Fernandes AJB and Ortiz JM (2008) Morphological
characterization of sweet and sour cherry cultivars in a germplasm bank at Portugal.
Genet Resour Crop Evol 55:593-601

11




Schmidt H (1988) The inheritance of anthocyanin in apple fruit skin. Acta Hortic 224:89—
97

Schmidt H (1998) On the basis of fruit color in sweet cherry. Acta Hortic 468:77-81

Takos AM, Jaffe FW, Jacob SR, Bogs J, Robinson SP, Walker AR (2006) Light-induced
expression of a MYB gene regulates anthocyanin biosynthesis in red apples. Plant
Physiol 142:1216-1232

Tobutt KR, Boskovic R (1996) A cherry gene database. Acta Hortic 410:147-154

Tohge T, Nishiyama Y, Hirai MY, Yano M, Nakajima J, Awazuhara M, Inoue E,
Takahashi H, Goodenowe DB, Kitayama M, Noji M, Yamazaki M, Saito K (2005)
Functional genomics by integrated analysis of metabolome and transcriptome of

Arabidopsis plants over-expressing an MYB transcription factor. Plant Journal
42:218-235

Tsao R, Yang R, Young JC, Zhu H (2003) Polyphenolic profiles in eight apple cultivars
using high-performance liquid chromatography (HPLC). J Agric Food Chem
21:6347-6353

Turner J, Seavert C, Colonna A, Long LE (2008) Consumer sensory evaluation of sweet
cherry cultivars in Oregon, USA. Acta Hortic 795:781-786

Wermund U, Fearne A (2000) Key challenges facing the cherry supply chain in the UK.
Acta Hortic 536:613-624

Werner DJ, Creller MA, Chaparro JX (1998) Inheritance of blood flesh in peach.
HortScience 33:1243-1246

White AG, Lespinasse Y (1986) The inheritance of fruit color in apple (Malus pumila
Mill.). Agronomie 6:105-108

Yamamoto T, Shimada T, Imai T, Yaegaki H, Haji T, Matsuta N, Yamaguchi M, Hayashi
T (2001) Characterization of morphological traits based on a genetic linkage map in
peach. Breed Sci 51:271-278

12



GENETIC DIVERSITY IN SWEET CHERRY GERMPLASM

Background

The cherry is one of the most important temperate fruit crops in the world. There
are two types of cherries. Sweet cherry (Prunus avium L.), is eaten fresh and its wild
forms (i.e. mazzards) are used as a timber source and sour cherry (Prunus cerasus L.) is
mainly used in processed food products. 375,000 hectares (Ha) of sweet cherry (with
1,896,000 Metric tons (Mt) of fruit harvest) and 248,000 Ha of tart cherry (with
1,035,000 Mt of fruit harvest) are grown worldwide (FAO 2005). The cost of production
for cherry is quite high and various breeding programs around the world are operating to
produce improved cultivars (Iezzoni 2008). The breeding for improved cultivars is
dependent upon the successful introgression of desired traits from the land races and wild

relatives of cherry.

Origin and geographical range

Sweet and sour cherries were originated in Central Asia (Vavilov 1951) and
slowly spread to parts of Europe. The natural range of cherries includes temperate regions
of Europe and south eastern Russia (Hedrick et al. 1915). Today, sweet cherry is
cultivated in more than 40 countries representing temperate to subtropical climates.
However, sour cherry is less widely spread compared to sweet cherry, and mainly grown

in Europe and U.S.A. (Dirlewanger et al. 2007).
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Genetic diversity

The genetic diversity of sweet cherry is represented by wild forest cherries (i.e.
mazzards), land races, cultivars, plant materials available from the crosses from the
breeding programs, other related species (i.e. sour, ground and duke cherries) and other
wild cherry species in family Rosaceae. Much of the genetic diversity is available from
the wild forms and landraces from the center of origin. The introgression of these exotic
germplasm to Pacific North West sweet cherry breeding is important to produce
improved cultivars. However, understanding the genetic distance between exotic and

Pacific North West sweet cherry germplasms is important for successful introgression.

Sweet cherry is strictly self-incompatible, which promotes 100% out breeding (de
Nettancourt 2001), thus, very high genetic heterozygosity is expected within the
germplasm. However, vegetative propagation through grafting has fixed heterozygosity

within cultivars, limiting the chance events of increasing the diversity in orchards.

The genetic diversity of sweet cherry has been examined for various objectives
but none of the studies were aiming to find the genetic distance between Pacific North
West and European sweet cherry cultivars (Brettin et al. 2000; Dirlewanger, et al. 2002).
The most studied area of the genetic diversity in sweet cherry is the diversity of S-alleles.

Sonneveld et al. (2003), De Cuyper et al. (2005), Wunch and Hormaza (2004) and

Vaughan et al. (2008) reported 31 S-alleles (S1-S7, S9-S32) in sweet cherry.
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Breeding

Breeding is quite slow compared to other rosaceous fruit crops like apple and
peach. The main breeding goals for sweet cherry is large fruit size, high fruit quality,
short juvenile phase, self compatibility, rain cracking resistance and pest and disease
resistance (Dirlewanger et al. 2007). Even though the classical breeding programs are
slow, many cultivars have been made available to the growers and breeders to use them
as parent materials. However, these cultivars are selections from the natural populations
or just one generation away from the wild progenitors (Iezzoni et al. 1990). The long
generation time, self incompatibility and small number of seeds per cross, make cherry

breeding a difficult task.

Recently, marker assisted breeding was introduced to address some of the
difficulties in breeding but it is still in the developing phase. The most important
accomplishment in sweet cherry breeding has been the introduction of self compatibility
through mutational breeding (Lewis and Crowe 1954) and the ability to genotype
cultivars for S-alleles by using DNA fingerprinting to select and grow sufficient number

of polleniser-trees in the cherry orchards.
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Chapter Two: Goal

The aim of the Chapter Two was to assess the genetic diversity of Pacific
North West sweet cherry germplasm in comparison to a set of European sweet cherry
land races and a wild cherry selection which have not been introduced to the Pacific
North West sweet cherry breeding. This study used allele data from 77 DNA markers,
identified unique alleles and constructed graphical genotypes for all the Prunus avium
selections used. The future marker assisted breeding programs and genetic diversity

studies on Prunus will be immensely benefited from the findings of this study.
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CHAPTER ONE

QTL ANALYSIS OF FRUIT SKIN AND FLESH COLOR IN SWEET CHERRY

(Prunus avium L.)
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INTRODUCTION

Sweet cherry exhibits a continuous range of fruit skin and flesh colors from the
dark mahogany color skinned and fleshed types, to those that have yellow skin with a red
blush and yellow flesh. This variation in sweet cherry fruit skin and flesh color is used to
classify different market types and to determine fruit maturity (Facteau et al. 1983). For
example, dark mahogany cherries such as ‘Bing’ are favored in the majority of markets
(Miller et al. 1986; Lyngstand and Sekse 1995; Wermund and Fearne 2000; Crisosto et
al. 2003, Turner et al. 2007); however, blushed skinned and yellow fleshed sweet cherries

such as ‘Rainier’ are preferred in Asia.

Despite the importance of fruit skin and flesh color in sweet cherry, the genetic
control is not well understood. Fogle (1958) and Schmidt (1998) concluded that red skin
color is dominant to yellow and proposed the presence of one major (4/a) and one minor
gene (B/b) that exhibit epistasis. A/a was also suggested to control flesh color where A-
and aa would confer mahogany and yellow flesh, respectively. The dominance of
mahogany over yellow was supported by data from European breeding populations
(Hedtrich 1985; Georgiev 1985; Rodrigues et al. 2008; and Tobutt and Boskovic 1996).
However, collectively these studies also suggested that the genetic control of cherry skin
and flesh color must involve additional minor genes to account for the wide range in

color (from light yellow, pinks, reds, to dark mahogany).
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To further investigate the genetic control of fruit skin and flesh color in cherry, an
existing sweet cherry linkage mapping population that was segregating for these traits,
and the available linkage map (Olmstead et al. 2008) were used for QTL analysis. The
mapping population was a pseudo testcross between the blush and yellow fleshed
Emperor Francis (EF) and dark mahogany skinned and fleshed New York 54 (NY). To
facilitate a QTL approach, fruit color was quantified using L*, a* and b* color metrics
where L* represents lightness, a* represents red/greenness, and b* represents
blue/yellowness. This L*, a* and b* colorimetric system has been used to quantify color
pigments in sweet cherries (Crisosto et al. 2003, Clayton and Biasi 2003, Usenik et al.
2005), other Prunus species (Gil et al. 2002, Kita et al. 2007) and many other plant
samples to include apple (Espley et al. 2007), tomato (Sacks and Francis 2001), and

wheat (Zhang et al. 2008).

The objective of this study was to determine the genetic control of fruit skin and

flesh color in sweet cherry utilizing a QTL approach.
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MATERIALS AND METHODS

Plant material

The QTL analysis was based on a sweet cherry mapping population of 190
pseudo-testcross progeny individuals (~equal numbers from reciprocal crosses) from a
cross between a landrace variety ‘Emperor Francis’ (EF), and a wild ‘mazzard’ sweet
cherry ‘New York 54’ (NY). A subset of 94 progeny individuals from this population

were grafted onto Giesla® 6, a semi-dwarfing precocious rootstock, to provide a clonal

replicate. Both the original seedling population and the grafted subset were planted at the
Michigan State University Clarksville Horticultural Research Station, Clarksville, Mich.,
USA. In 2006 and 2007 all the evaluations were from fruits from the original seedlings.
However, in 2008 a spring freeze killed the majority of the flowers on trees of the
original population, and fruits were only evaluated from a subset of 94 individuals
planted in a grafted plot that did not undergo freeze damage. This entire plot of 94
individuals was netted one week prior to fruit harvest to protect the ripening fruit from
bird damage and an electric fence was installed around the perimeter of the plot to deter

raccoons.

Fruit sampling and evaluation

Five fruits (one to four on the original seedlings if fewer fruit were available)
were sampled from the trees. Fruit maturity was judged by observing the luster or
dullness of the appearance of cherry fruit skin. However, because of the difficulty in

judging maturity, each progeny individual was harvested multiple times, approximately
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twice a week for a maximum of four harvest times. The data from the multiple harvests
of each tree were compared using ANOVA to identify the maximum color potential to be

used in QTL analysis.

In all three years, color card readings were recorded from the darkest location of
the fruit skin (skin color 1, SC1), lightest location (skin color 2, SC2) and flesh color
(FC). Nine (0-8) and five (1-5) color card categories were used to qualitatively measure
skin color and flesh color respectively (Tablel.1 and Table 1.2). Color card categories for
skin color were defined according to colors previously identified for the Sweet Cherry
Maturity Index which was manufactured by Colorcurve Systems, Inc (, East Lansing,
Mich.) and color chips from The Flower Council of Holland (FCH), Leiden, The Royal
Horticultural Society (RHS), London. Color card categories for flesh color were defined
according to Washington State University’s Sweet Cherry Flesh Color Index and The

FCH Leiden, The RHS, London.

SC1, SC2, and FC were quantitatively evaluated for lightness (L*), redness (a*),
and yellowness (b*) using a spectrophotometer (CM-2002, Minolta, Tokyo, Japan). L*
measures the range from black (lower values) to white (higher values), a* measures the
range from red (higher values) to green (lower values), and b* measures the range from

blue (lower values) to yellow (higher values).
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Table 1.1: Description of the color card categories for fruit skin color in sweet cherry

used for QTL analysis
Correspondent
Color card Color Color classification in RHS
color category
category‘l description ) Color Chart”
in sweet cherry
maturity index"
0 Translucent - White — 155 D
1 Pale yellow - Yellow - 10 A
2 Orange - Grayish orange — 170 D
3 Light red - Red -39 A
4 Red 1 Grayishred - 179 A
h) Dark red 2 Grayishred - 181 A
6 Light mahogany 3 Grayish purple — 183 A
7 Mahogany 4 Grayish purple — 187 B
8 Dark Mahogany 5 Grayish purple- 187 A

Sweet Cherry Maturity Index, Agricultural Engineering Department, Michigan State

University, East Lansing, MI 48824. Manufactured by Colorcurve Systems, Inc. Color
card categories 1-3 were not included as this Index was developed for dark colored

cherries.

bThe flower council of Holland, Leiden; The Royal Horticultural Society (RHS), London
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Table 1.2: Description of the color card ratings for fruit flesh color in sweet cherry used

in the QTL analysis
Color card category in the Color classification in RHS
sweet cherry flesh color Color description Color Chartb
index”
1 Clear to pale yellow  Yellow-11 A
2 Pale pink Red -37 A
3 Red Grayish orange — 170 D
4 Mahogany Grayishred — 182 A
5 Dark mahogany Grayish purple — 187 A

ELWashington State University’s Sweet Cherry Flesh Color Index

bThe flower council of Holland, Leiden; The Royal Horticultural Society (RHS), London
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Statistical analysis for color measurements

The descriptive statistics of the color data were calculated using the Univariate
procedure of SAS version 9.1 (SAS Institute 2006). The differences in color
measurements between the two parents were compared using a t-test (P < 0.05). Pearson
correlations for SC1, SC2, and FC using the color card data for 2006, 2007 and 2008 and
the L* a* and b* data from 2008 were calculated using the CORR procedure of SAS
version 9.1 (SAS Institute 2006). In 2008, estimates of broad-sense heritability were
calculated from those seedlings for which measurements were taken from both the
original seedling and the grafted replicate using an analysis of variance (ANOVA) Broad-

sense heritability was estimated by using variance components with the formula,
2 2 2 2 2, . . 2.
H =Og¢ / (Gg +6gxr / I‘), where Oy is the genetic variance of progeny, Ggx, is the

interaction variance between progeny and plot, and r is the number of plots (i.e. seedling

plot and grafted replicate).

QTL analysis

A consensus map of the two individual maps, NY and EF (Olmstead et al. 2008)
was used for the QTL analysis. The consensus linkage map has a total of 197 markers,
including 102 simple sequence repeat (SSR) markers, 61 amplified fragment length
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