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Abstract

Fragaria hayatae Makino is endemic to Taiwan. It was considered asl@species
of F. nilgerrensis Schlecht. in some literature, biat hayatae is characterized with red
fruit and anthocyanin in all parts of the plantdanis significantaly distinct fronf.
nilgerrensis in morphological characteristics. A white-fruitsttawberry population that
is morphologically distinct from typicdf. hayatae but similar toF. nilgerrensis was
found in Shiaoshueshan by our lab, this white-édiiform was never reported in
Taiwan. Morphological characteristics and RAPD measkwere studied to clarify the
relationship amongr. hayatae, the:white-fruited strawberry. nilgerrensis, and some
other Fragaria species. The white<fruited strawberry had greetiolee green runner,
white petal, and cream-white colored -i'i_t}iit Whichrwelistinct from the red petiole, red
runner, white petal with purplish-red blush .at hasel red fruit of. hayatae. Fragaria
nilgerrensis and the white-fruited: strawberry both lack of amtyanin coloration in
petiole, petal, and fruit, buk. niIgeﬁensis had'red runners whereas the white-fruited
strawberry had green runners. Despite the colorthef plants, the white-fruited
strawberry and~. hayatae was similar in size of leaf, petiole, flower, afrdit height.
Fragaria nilgerrensis was significantly larger thak. hayatae and the white-fruited
strawberry in size of leaf, petiole diameter, arm ©f flower. RAPD marker analysis
indicated closer relationship between the whitéddi strawberry withF. hayatae
(similarity index = 0.94) rather thaR. nilgerrensis (similarity index = 0.43). We
suggested that the white-fruited strawberry shdaélch mutant oF. hayatae and notF.
nilgerrensis from China.

For the need of interspecific hybridization, thefeets of temperature and

photoperiod on growth and flowering i hayatae were studied. Cool temperature
\Y



slowed down the vegetative growth rate during tnemit, but accelerated the growth
after transferring the plants into warm temperatmedition for several weeks. Flowers
were initiated in plants treated under 15¢10r 10/5C under 10 hour day length for
6-10 weeks, and plants treated under 1%/104 hour day length, 15/X0 10 hour day
length, and 15/& 10 hour day length for 6 weeks. The rate of pldinwering was
8.3% to 50% under the above condition, and thera@dtinductive condition for flower
initiation in F. hayatae awaits further investigation.

Reciprocal cross was made between hayatae (diploid) and the cultivated
strawberry ‘Taoyuan No. 3’ (octoploid) to study theterspecific hybridization
compatibility. 34% of seeds fronk. xananassa ‘Taoyuan No. 3’ xF. hayatae
germinated while no seed germinated-in fhe othembooation. Seven out of the 21
survived hybrid seedlings bloemed.and bere friitse fruits were usually misshaped,
which should result from partial po.llilr;-i:ﬁ.tion, orght be the evidence of obtaining

pentaploids from successful Hyb_ridi_zatidh.
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Introduction

Fragaria hayatae Makino, also called aB. nilgerrensis Schlecht. ex J. Gay subsp.
hayatae in some studies, is the only endenficagaria species in Taiwankragaria
hayatae is characterized with anthocyanin in all partstloé plant (Hancock, 1999),
which results in brownish red petiole, brownish radner, red fruit, and purplish-red
blush at the base of white petal. In a field trgdlecting F. hayatae, one population of
strawberry with green petiole, green runner, credrite fruit and white petal was
found by our lab in Shiaoshueshai £ .1:). We called the newly found strawberry
“white-fruited strawberry”.

Fragaria hayatae was recorded_in“Flora of Taiwan” (Ohashi, 1993bwever, it
was classified as a subspecie§ohi|g_erf¢nsis' by Staudt (1989; 1999), and in Flora of
China (Li et al., 2003). According to tﬁg'(’:haraisltdar_s described by Staudt (1999),
nilgerrensis was characterized With.yell&vish, brownish or eveddish petiole, runner
with or without anthocyanin, white to cream-.colorﬁadit, and white petal, which is
significantly different fromF. hayatae. We considereé. hayatae to be distinct front.
nilgerrensis. It may be that the white-fruited strawberries everought by birds from
China or they might be a mutant Ief hayatae or even a new species Bfagaria. In
order to solve this problem, morphological chamasties of the white-fruited
strawberry,F. hayatae, F. nilgerrensis andF. vesca were observed and surveyed, and
the DNA marker of some diploidrragaria species was analyzed to unravel the
relationship and taxonomic position &f hayatae and the white-fruited strawberry
population.

Fragaria hayatae, being the only endemi€ragaria species of Taiwan, was never
used in commerce despite its useful horticultufsracteristics such as good taste
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(Hayata, 1908) and significantly different odorrfrghe cultivated strawberry. In order
to understand the growth habit I6f hayatae, the effects of a series of temperature and
photoperiod were studied.

Incorporation of traits from lower ploidyragaria species to the cultivated
strawberry (octoploid) could be accomplished byifierlly doubling chromosome
numbers following interspecific hybridization (Hak and Luby, 1993; Harbut and
Sullivan, 2004). Hence reciprocal crosses were nieti@eenF. hayatae (diploid) and
the cultivated strawberry ‘Taoyuan No. 3’ (octoplpito study the interspecific

hybridization compatibility.
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Literature Review

1. Taxonomy and Distribution of the Strawberry Species

Strawberry belongs to the family Rosaceae, subfjaRulsoideae, tribe Potentilleae
and genu$ragaria L. Among tribe Potentillead)uchsnea Smith andPotentilla L. are
the closest to the gendsagaria. Over 20 species (Table 1) are recognized in the
Fragaria genus, which is divided into four fertility groupsainly associated with
ploidy levels including diploid (2n = 2x = 14), taploid (2n = 4x = 28), hexaploid (2n
= 6x = 42), and octoploid (2n = 8x = 56) speciearfPw, 1966; Hancock, 1999; Folta
and Davis, 2006). The basic chrqmosome numbEragaria is x = 7 (Staudt, 1989).

Fragaria species are distributed txhroug,hout the holaratizezwith a few species
spread into the tropics (Fig. 1). W'itﬁ:_fihe. exceptiaf the diploidF. vesca that is
distributed in both Eurasia and Americg;' all specaiée confined to a single continent.
Central Asia and the Far Easf .are. the two: centietBversity for the diploid species.
The tetraploid species are limited to east andheastern Asia. The only hexaploid
species is originated in Europe. The octoploid Eseare mainly distributed in North
and South America, but one species is endemic d¢oFdr East (Southern Kuriles)
(Staudt, 1989).

Six diploid Fragaria species were used in this study. Their charatiesisre
described as follow.

1.) Fragariavesca L.

There are four subspecies in this group: subiega is distributed in woods of

Europe and Asia; subsamericana is distributed in woods of eastern North Ameriga t

British Columbia; subsphbracteata is distributed in woods of western North America;



and subspcalifornica is distributed in California (Hancock, 1999).

Fragaria vesca is a perennial herbaceous plant. The plant heag-30 cm.
Leaves are green and 3-foliolate, rarely pinnatglfpliolate. Shape of leaflets is
obovate, elliptic or broadly ovate and 1-5 cm lomflorescences are corymbiform,
with 2-4 (or 5) flowers. Inflorescences are abdwe same or taller than leaf petioles.
Flowers are bisexual and hermaphroditic, approxetgdt.3 cm wide, white, and with 5
petals. Ovoid fruits are highly aromatic and flestsoft. Although some white fruits
form, most of the plants have red fruits when matéichenes are raised or superficial.
Runnerless forms exist (Hancock, 1999; Li et &03.

2.) Fragariaviridis Duch.

This strawberry is distributed in Eurdpe, eastend aentral China and Canary
islands.

Fragaria viridis is a perennial héréﬁi”:’Pl-ants are 15-25 cm tallvesare ternately
compound, dark green, with 6\_(ate to el'l}'btic Iemﬁléﬁflorescences are erect with 4-10
flowers, and are often exserted ‘above than ledlesvers are hermaphroditic and
petals overlap. They are yellowish green when blagnthen turn white. Fruits are
obloid or globose, and the color is light green wheature. Fruits have firm texture and
are fragrant. Achenes are yellowish green, in ehalpits or level with surface or
superficial (Deng and Lei, 2005; Lei et al., 2006).

3.) Fragaria mandschurica Staudt

This species of strawberry is distributed in thes®an Far East, extending
westward to Lake Bajkal, Mongolia, Manchuria, anaitN Korea.

Fragaria mandschurica is a perennial herb. Plants are 5.0-26.0 &m:( 14.9) tall.
Leaves are ternately compound, bright green, anth wiombic-ovate to obovate

cuneate leaflets. Terminal leaflets are 32.0-6820 (rﬁ =49.1) long, and length-width
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index is 1.24-2.14>_( = 1.54). Inflorescences mostly surpass leaves, %iih12.0 &
= 4.9) flowers. Flowers are bisexual, hermaphrodand 13.0-29.0 mm;<( = 20.5) in
diameter with 5-7 petals;<( = 5.2) which are white with yellow claw. Fruits aseoid
to broadly ovoid, 9.0-23.0 mm;<( = 12.6) long, 8.0-26.0 mm;<( = 11.2) wide, and

color only in skin (Royal Horticultural Society (Rl. S.) Color Chart Red 45B-A to
46A when ripe). This strawberry has juicy flesh ltméexture, slightly acidulous with
pleasing, and sometimes strong fruity flavour aaste. Achenes are yellow to light
brown when mature, and they are in shallow pitsuprerficial.Fragaria mandschurica
closely resembles the tetraploi&. orientalis (Staudt, 1989), but it can be
morphologically distinguished by that the formerhisrmaphroditic and the latter is
dioecious and trioecious (Staudt, 2003). |

4.) Fragaria pentaphylla Lozinsk

This species is distributed in thé é%o-Himalayagimn.

Fragaria pentaphylla is a.perennial-th.erb. Planfs are 2.3-29.0 6m=( 12.3) tall.
Leaves are ternately compound, and dark gréenpﬂ'chémal part of petiole is mostly
with two or rarely up to four accessory leaflet$iat are smaller and less toothed than
ternate ones. Shape of leaflets is elliptic to aaly elliptic. Terminal leaflets are
1.0-5.0 cm Q_< = 2.9) long and the length-width index is 1.1092.6( = 1.59).
Inflorescences are mostly shorter than leaves, tvhflowers (?( = 2.1). Flowers are

bisexual, hermaphroditic, and 13.0-27.0 mm € 21.4) in diameter, with 5 -7 white

petals. Fruits are ovate to widely ovate, 7-24 rang| 8-18 mm wide, and color only in
skin (R. H. S. color chart: Red 44A and B and RBdB4when ripe). Fruits are slightly
juicy, with spongy texture, but nearly without prioient smell and taste, somewhat
acidulous. Achenes are reddish brown when mateeplg imbedded or in shallow pits.

There is a forma alba distributed on Mt. Gyala Rerd North of Tsangpo Gorge,
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southeast Tibet. The fruits of this form have wyddkpressed ovoidhape, and the
color is white to cream colored (R. H. S. Color @h&ellow-white 158 B-C when
ripe). The taste of fruits is quite pleasant, svebetaramel-like. Other characteristics
vary in the range of the typical forma (Staudt &ickoré, 2001).

5.) Fragarianilgerrensis Schlecht.

This strawberry is mainly distributed in the temraderzone of mountainous regions
of the Nilgiri Hills, southwestern India, the Khaslills, northeastern India, East
Himalaya, northeastern Burma, northern Vietham Smdthwest and Central China.

Fragaria nilgerrensis is a perennial herb with 2.2-23.5 cm in heightaves are
ternately compound, dark green. Terminal leafleés subcircular or broadly obovate,
17.0-54.0 mm long, length-width.index 0.61-1.7?(4 € 1.17). Inflorescences are below,
equaling or above the leaves; with 1=13 floyve_rs:é 8.5). Flowers are hermaphroditic,
13-20 mm (?( = 16.4) in diameter, v.vi.tlzlf-‘i%S'(occasional 6-7 innpary flowers) white
petals. Fruits are subglobos.e_. fo depréésed sutsjiobo slightly conoidal, white to
cream colored skin and flesh"(R." H.''S. Color Chetiow 4D, Yellow 8D, Yellow
11D), slightly hairy, distinctly fruity, of a somédwat sweetish taste and strong fruity
flavor. Achenes are yellowish brown, usually deephpedded. Runners are with or
without anthocyanin (Staudt, 1999).

6.) Fragaria hayatae Makino

This species is not recorded from outside Taiwan.

Fragaria hayatae is a perennial herb with 2.5-15.7 cm in heightales are
ternately compound, terminal leaflets are 10.5-3@u® long, 10.0-23.5 mm wide,
length-width indices are 1.05-1.46((: 1.18). Inflorescences are with 2-5 flowers,

which are bisexual, 7-16 mr&( = 14.2) in diameter with 5 petals. Petals are evhitd

clawed with anthocyanin. Fruits have pinkish to s&th (R. H. S. Chart: Orange Red
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31 D, Orange Red 32 D, Orange Red 33 C and D)aaadlightly hairy. The cortex
and pith are white to cream colored. Fruits havelistinct taste and smell. Achenes are
yellowish brown to reddish brown, and imbedded. s are usually with

anthocyanin (Staudt, 1999).

2. Brief History of Strawberry Domestication

Fragaria vesca, the alpine or wood strawberry, was the first wbarry
domesticated in the Old World. It was originallyitarated in gardens by Romans and
Greeks. This strawberry was cultivated all acrossofe by the 1300s and had reached
its widest popularity in 1500s and 1600s beforeititieoduction of strawberry species
from the New World. It is now generally restricttsl home gardens and most of the
varieties grown are everbearers (Darrow, 1966; Bealcl999; Hancock et al., 2008).

Fragaria moschata, the musky-_fl_z‘la_\_/_ored strawberry was planted in pesn

"
=

gardens by the late tj]5:entury. Its fruit':iz.};.—d's used by English, Germand Russians.

Fragaria viridis, the green strawberry, waslalso“cultivated foraorental use across
Europe at that time. Neithdf. mbschata nor F. viridis is of current commercial

importance (Darrow, 1966, Hancock, 1999, HancoaK.e2008).

Fragaria virginiana, the Virginian or scarlet strawberry, was introeldcfrom
Canada and Virginia to Europe, possibly by Jac@ieesier, and it had thus replaced the
dominant role ofF. vesca in the 1600s. All clones imported to Europe wefendd
origin as the North American aboriginals did nottigate strawberries. The firdt.
virginiana imported from Canada often bear small fruit andeagreen where the fruit
was under shading. Those imported from Virginia enad impact in the horticulture
industry. Because of their large fruit size, higelgs and deep red cold¥, virginiana
was known as the scarlet strawberry (Hancock, 1999)

Fragaria chiloensis was domesticated 1000 years ago by indigenouse&hil
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Mapuches and was spread widely by the Spanish giuthe colonization period
(Hancock et al., 2008). One Chilean clond-othiloensis was brought to Europe in the
early 1700s by Captain Amédée Frézier, a French bpy the strawberries he
introduced were all female and had insufficientdira@ss to be widely growiragaria
chiloensis became more import aftér xananassa was accidentally born. It is currently
grown in a small extent in Chile, although it wasce grown widely, and it was
replaced byr. xananassa since the late 1800s (Hancock, 1999; Hancock. e2@08).
Unusual seedlings appeared in Brittany (a formewipce of France) and other
gardens in Europe with unique combinations on malqaical characteristics after
introduction ofF. chiloensis. The French botanist Antoine Nicholas Duchesn&g)7
determined that they were hybridsl-'ofchiloerisis x.F.virginiana and named them &s
xananassa due to the fragrant /of fruits similar to: pineapghnanas). The dessert
strawberry,F. xananassa, now domiﬁ;t%s--cultivation of the strawberries r{etack,

1999).

3. Strawberry Species in. Taiwan

Fragaria hayatae, the Hayata's strawberry or Taiwan strawberryths only
species ofragaria native in Taiwan (Ohashi, 1993). It is endemic doés not belong
to any threatened category of the IUCN list (Nagliat al., 1999). Taiwan strawberry
is distributed at 2,000 to 3,700 m altitude in thentral Mountain Region, and it is
usually found in somewhat moist, open places sscbhxposed slopes along road cut,
hiking trails or mountain meadow (Naruhashi et 99).

Fragaria hayatae was first discovered at Mountain Morrison (Yushdmy) T.
Kawakami and U. Mori during their collection jougnén October 1906. Kawakami
noted “the fruit of thid~ragaria is very delicious” (Hayata, 1908). The morpholags

described, but the species name was not givenaunedmpleteness of specimen (lack
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of flower) at this collection (Chen, 1995). It wkder named as variety minor 6f
vesca by Hayata lf. vesca L. var.minor Hayata) (Kawakami, 1910) and its descriptions
were recorded in “Materials for a Flora of Formosd”1911. The complete Latin
description was given by Makino, who published stFa hayatai Makino (Makino,
1912; Chen, 1995) and this was the scientific naew®rded in “Flora of Taiwan”
(Ohashi, 1993).

The taxonomy and scientific name of the Taiwanvdbexry was controversial.
Staudt (1999) examined herbarium specimens and rhaerials ofF. nilgerrensis
Schltdl. ex J. Gay andr. hayatae cultivated in Berlin, Cologne and Merzhausen,
Germany. He addressed thathayatae should be a subspecies lefnilgerrensis and
made a combination of the Taiwan straWberryFamilgerrensis Schitdl. ex J. Gay
subsp. hayatae (Makino) G. Staudt,~The subspeci¢myatae was distinguished by
having anthocyanin in all parts, of pIarfi“é even hkeies (Staudt, 1989). The Taiwan
strawberry was categorized'f_&s ni_Igerféhsis var: rﬁlgerrensis in Flora of China,
although lkeda and Ohba (two of the three edit(brthFragaria section of Flora of
China) believed that the plants from Taiwan shdiddseparated &s hayatae, because
they differd fromF. nilgerrensisin having 1(-3)-flowered inflorescences and thapss
of petals are obovate to broadly obovate, whitd&itreddish purple base. Wheré&as
nilgerrensis had (1 or)2-5(or 6)-flowered inflorescences and shape of petals were

orbicular, white throughout (Li et al., 2003 ).

4. Breeding Potential of the Wild Strawberries

Since 1960, the majority of the genetic makeuptrdveberry cultivars in North
America came from only seven nuclear and d¢gtoplasmic sources (Sjulin and Dale,
1987; Dale and Sjulin, 1990). This germplasm bal® gredominated in the

international breeding programs (Hancock et al93)9Narrow genetic base may lead
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to lethal inbreeding effects and lack of diversayadapt to new environment (Hancock
and Luby, 1993). The cultivated strawberry cameanfran accidental cross df.
chiloensis andF. virginiana, but little use of the native germplasm has beaderby
breeders until recently (Hancock et al., 1993).eBs® resistance, stress adaptability,
and characteristics in wild strawberries can baluseexpand the germplasm of the
cultivated strawberry and improve its pleasant abtt@ristics (Hancock and Luby,
1993). The key to use native germplasm in plantedirey is to catalog their
horticultural useful traits (Hancock et al., 2008Jild clones ofFragaria species were
collected and evaluated for germplasm conservaéind for utility in strawberry
breeding.

Species with the same ploidy level .can often becessgfully crossed and all
octoploid Fragaria species were completely interfertie (Hancock dndby, 1993).
Fragaria chiloensis and F. virginiaﬁé;%the octoploid species, which were the
progenitors of cultivated straWp_erry, aré\".the shjisteméterials for improving its genetic
base. Although the lower ploidy.strawberries wexendifficult to be crossed with the
octoploid F. xananassa (Hancock and Luby, 1993), they were valuable foldimg
potential to improve modern strawberry cultivarsibioducing traits such as unique
flavors and disease resistance while increasin@tgediversity (Harbut and Sullivan,

2004).

4.1.The octoploid species

The first step of utilizing wild strawberries shdube collection of germplasm.
Possible useful traits could be speculated by tiginal habitat of the collection site.
Staudt (1999) and Hancock et al. (2001a) assunadhbre were horticulturally useful
genes in the nativ&ragaria since they distributed in a broad geographicalgean

covering various biotic and abiotic stress envirent Native F. virginiana was
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collected for representatives of North America frétacific Northwest in 1985 and
Northern Rocky Mountains in 1989 (Luby et al., 1p9he diverse habitat of whidh
virginiana was collected, ranged from dry pine forests to metadows. It suggested
that certain accessions could possess resistamteught or water-saturated soil. Some
F. virginiana accessions were found near timberline where grpweasons were 6-8
weeks, with frost or snow occurring any time of tyear indicating possible cold
hardiness or blossom frost tolerant resource. Cdles from sites with alkaline soils
may be sources of higher pH (Luby et al., 1992milarly, F. chiloensis clones were
collected with representatives of its wide geogregldlrange and important horticultural
traits like very large fruit, resistance .to powdemnyildew, red stele caused by
Phytophthora fragariae, leaf spot,. aphids, ahd two=spotted spider mitesevobserved
(Hancock et al., 2001a). A bulk colleetion reprasenall octoploid strawberry species
in North and South America’ was eQaﬁiﬁted by Hanagckl. (2003). In this study,.
chiloensis was generally supeﬁg_r in_crovi;ﬁ number,.fruit virtjgsoluble solids and seed
set while F. virginiana was superiof:-for ranner production, peduncle lendtuit
number, fruit color, and winter hardiness.

After selecting elite accessions of the wild strawies, the performance test
should be conducted at various sites to affirnméf tharacteristics were truly genotypic
or resulted from interaction between genotype andrenment. The work of Hancock
et al. (2001b) demonstrated that fruit characiegstould be assessed in one single site
since the fruit weight, skin color, flesh color a@minness coincided throughout the five
sites (Maryland, Oregon, Minnesota, Michigan, amtrigylvania). However, multiple
sites were necessary to predict physiological ad@pis and disease resistance since the
percentage bed fill, foliar disease incidence, 30&om date and number of flowering

cycles showed interactions between genotype araditoc(Hancock et al., 2001b).
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A subsequent step was to cross the elite accessfond strawberries with the
cultivated strawberry or another elite wild strawlgeaccession for evaluation of the
hybrid progeny and the transferability of traiterfr the parents. It was reported that
fruits of hybrid from the cross of wilB. virginiana with F. xananassa were generally
too soft and often irregular in appearance, buffiihiés displayed high level of fertility,
high flavor and highly productive behavior (Hancoekal., 2001a). Hancock et al.
(1993) and Luby et al. (2008) considered that retrastion of F. xananassa using
superior clones of. chiloensis andF. virginiana might be more efficient than simply
backcrossing té-. xananassa because the hybrid of wild strawberries possessgch
higher proportion of unique genes that will be &lde for recombination in later

generations.

4.2.The lower ploidy species,

"
==

Fragaria species occupied varioals-.'énvironments and theyldhcarry some
horticultural useful traits (Hancock-et al.42008)agaria vesca (2x) was often found in
the same habitats &s virginiana bui frequently occupied drier and coarser sitesrevh
F. virginiana was absent. It suggests tlkatvesca might be a source of extreme drought
tolerance (Luby et al., 1992). moschata (6x) was found under heavy shade (Hancock
and Luby, 1993). Harbut and Sullivan (2004) indechthat a species adapted to shade
might maintain higher C@assimilation rate, and it could be beneficialgooduction in
greenhouse, low light areas and high plant popdlateas.

Disease resistance can be found in some lowerypkriagaria species. Resistance
to Phytophthora cactorum (crown rot or leather rot on fruit) was found ieveral F.
vesca clones and its hexaploid and decaploid derivativeicated that the wood
strawberry might be a source of crown rot resistaacd this ability was inheritable

(Gooding et al., 1981). Xue et al. (2005) screeptslen non-octoploid-ragaria
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species for resistance Xanthomonas fragaria Kennedy and King, the bacterial angular
leaf spot which may reduce yield for up to 75%. iThresults indicated that some
accessions oF. pentaphylla (2x) andF. moschata (6x) either showed no symptoms
(highly resistant), hypersensitive reactions (tesi, or restricted water-soaked lesions
(moderately resistant) and the two species harbdnegtsified resistant source. Bors
and Sullivan (1997) observed immunity to aphids kead diseases if. nilgerrenss,
and winter hardiness and excellent leaf diseasstaese inF. moschata.

Some useful fruit characteristics can be foundh@ fower ploidy strawberries.
Fruit of F. viridis (2x) had a spicy, cinnamon-like flavor (Bors andli8an, 1997); the
flavour of mature fruit ofF. nilgerrensis (2x) was described as similar to melons or
peaches (Oda et al., 1990 in Noguchi et al.., 208 })eots and/or bananas (Staudt et al.,
1975); F. moshchata tasted like:‘Coneerd’ grape when grown in the gremise (Bors
and Sullivan, 1997). These strawbefrié%‘could agld elements to typical strawberries
and have the potential in arorh_a_ br_eedl?iéagaria penfaphylla had very bright red and
firm fruits (Bors and Sullivan, 1997) which woulce bdeal for strawberry shipping
(Harbut and Sullivan, 2004Fragaria nilgerrensis subsp.hayatae (F. hayatae) was
found to have anthocyanins in all parts of the pl&tancock, 1999), and this unique

characteristic may lead to high antioxidant cagya¢itarbut and Sullivan, 2004).

4.3. Crosshility

1.) Crosses between diploids

Four subspecies &¢i. vesca were used as female parent to cross with fouodipl
Fragaria species K. nilgerrensis, F. nubicola, F. pentaphylla and F. viridis) in the
study of Bors and Sullivan (2005a). Although theeraf fruit set varied from 39%(
vesca x F. nilgerrensis) to 89-100% (other combinations), hybrids wereaotdd from

all combination (Bors and Sullivan, 2005a), indicgt that crosses between these
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diploid species were generally successful.
2.) Crosses between diploids and hexaploids

Interspecific hybridization was administrated byaBs (1974) usindr. vesca, F.
viridis, F. nubicola, F. nilgerrensis, andF. (vesca x viridis) as female plants to cross
with F. moschata (6x) and only two seedlings were obtained from 48epollinated
flowers and the two seedlings died before true dsaformed. This result indicated
crossing barriers between these species. Howdwerditllel crosses df. moschata
with F. nubicola andF. viridis in the study of Bors and Sullivan (2005b) were enor
successful. They got 1.4 healthy plants/ pollimratrothe combination df. moschata x
F. viridis, 3.3 healthy plants/ pollination ia. nubicola x F. moschata and 0.1 healthy
plants/ pollination inF. viridis x F. moschaté. The success rate was raised probably
because the germination ‘technique-was-improvedgusirnvitro culture (Bors and
Sullivan, 2005b). | “"
3.) Crosses between diploid.s_.and_octdSIoids

Interspecific hybridization was ¢onducted in’ numerstudies and clear crossing
barriers were observed (Evans, 1974; Li et al.,020@arta et al., 2004). Ir. x
ananassa ‘Honeoye’ x F. vesca ‘Changsen’, a relative low number of hybrid seegti
(84 hybrid seedlings from 303 seeds) was obtaif&éd. germination rate df. vesca
pollen onF. xananassa stigmas was low, some germinated pollens did eoepate
the stigma. Elongation of pollen tubes in the stylas irregular and the growth of
embryos and endosperms was aberrant (Li et al0)200 the study of Marta et al.
(2004), pollen tube growth was observed to armeghe first-third of the styland it
produced only two aborted seeds in the cros§.otananassa and F. vesca. In the
reciprocal cross, 35 seeds were obtained, but ¢éneigation rate was only 14% (5

seeds) and seedlings died shortly after germingtarta et al., 2004). The work of Li
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et al. (2000) and Marta et al. (2004) revealed zygntic and post-zygotic barriers
between the interspecific hybridization of octodband diploids.

The above studies suggest that crosses in the phndy level are much easier
than interploidy hybridizations. Although specidgsl@awver ploidy levels were more
difficult to cross withF. xananassa, they had not been ignored by plant breeders
(Hancock and Luby, 1993). Incorporation of trarsnh lower ploidyFragaria species
into the cultivated strawberry had been accomptishi®y artificially doubling
chromosome numbers and making numerous crossesdtlaand Luby, 1993).

Evans (1977) came up with the system called syictloetoploid (SO system) in
which germplasms of 2x, 4x, and Bxagaria species were incorporated into octoploid
hybrids. In this systemi-ragaria species of. the lower ploidy were crossed to obtain
tetraploid hybrids and the hybrids-were furtherateel with colchicine resulting in
octoploid hybrids that contained varibl;si"germplaﬁﬁmns, 1977; Harbut and Sullivan,
2004). It bypassed ploidy Ievél_.c_lifferenc';éls andlitatéd Introgression of 2x, 4x and 6x
species into the cultivated strawberries (Evan?Y:LBors and Sullivan, 2005).

The use of this method has led to two SO cloneg|gBuSO1 (Evans, 1982a) and
Guelph SO2 (Evans, 1982b). Guelph SO1 originatech fcolchicine treated tetraploid
hybrids betweerF. moschata (6x) andF. nubicola (2x). It was a staminate clone
possessing late flowering, upright flower stalkgghhnumber of flower stalks and its
flavor, aroma and flesh color of fruit were distiwe to F. moschata (Evans, 1982a).
The origin of Guelph SO2 came from crossing the ladiploid (4x) hybrid ofF. vesca
(2x) and F. viridis (2x) with F. moupinensis (4x) and the chromosome of the
interspecific hybrid was doubled again to form flyathetic octoploid strawberry. SO2
was a staminate clone and had a reasonable resst@mpowedery mildew, leaf scorch

and leaf blight (Evans, 1982b). SO1 and SO2 weatuated by means of outcrossing

15



(recurrent selection) for their potential to comdiie horticultural useful traits in
strawberry improvement. The yield and berry weightsome hybrid progenies were
improved to be as good as or greater than the gearithe check cultivars within 3-5
generations (Sangiacomo and Sullivan, 1994).

Fragaria xananassa ‘Toyonoka’ (female parent) an#. nilgerrensis ‘Yunnan’
(male parent) were crossed, their hybrid chromosaomaber was doubled and then
backcrossed t&. xananassa ‘Pajaro’ in the study of Noguchi et al. (2002)arder to
breed a new aromatic strawberry. This hybrid stexwbperformed aroma of peach,
light pink skin and soft flesh and was registeresdkairume IH No.1 in Ministry of
Agriculture, Forestry and Fisheries of Japan at2@bme decaploid strawberries had
been produced and released from crosée$:.o>ﬁananassa and F. vesca, namely
‘Spadeka’, ‘Annelie’ and ‘Sara’ (Bauer, 1979 ancjkovski, 1997).

The works of Bauer (1979), E.v.éf;rir.”s-(1982a, 1982bphgBaomo and Sullivan
(1994), Trajkovski (1997) and _.I\_Ioguchi';’ét al. (ZOOé)ified possibility to incorporate
germplasms of lower ploid¥ragaria‘into the cultivated strawberries via using the
species of higher ploidy level as female parentrwpessible, or try to increase the
chromosome complement of the species at lower,leveb use means such as embryo

culture mentioned by Evans (1974).

5. Application of Morphological Traits ifragaria Species

It was reported that morphological characteristes be used for determining
interspecific relationship (Harrison et al., 199argent et al., 2004), intraspecific
relationship (Catling and Porebski, 1998) and eattidentity (Dale, 1996; Nielsen and
Lovell, 2000). The guidelines of International Umifor the Protection of New Varieties
of Plants (UPQV) provide detailed descriptions e¢og general habit, leaf, flower and

fruit characteristics of strawberries (Annonymol895; Annonymous, 2008) which all
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are useful for plant breeders.

Forty-four morphological traits were evaluated bree subspecies &t virginiana
(subspglauca, subspplatypetala and subspvirginiana) andF. chiloensis subsplucida
collected in North America. The results of prindimmponent analysis based on
genetic distances successfully separated the fgspecies into four distinct groups
(Harrison et al., 1997). Sargent et al. (2004) erath quantitative and qualitative
morphological characteristics of eight diploktagaria species K. daltoniana, F.
iinumae, F. nilgerrensis, F. nipponica, F. nubicola, F. pentaphylla, F. viridis andF.
vesca). After summarizing the 14 quantitative charactgers by the principal
component analysis, the diploktagaria species were separated into three distinctive
groups, F. vesca, F. nilgerrensis_and the .rest ofFragaria species. Although the
guantitative morphological characteristics did gnge clear resolution to some species,
they could be distinguished by qualifééf?e chanastieS such as bright pink fruit ¢f.
daltonia and tertiary leaflets dEIF._.pent_aphy'I;i'é (Sargenf et al., 2004).

Fourteen morphological characteristics Were used nmeasure 95 plants
representing the four subspecied-othiloensis (subsplucida and subsppacifica from
North America, subspchiloensis from South America and subsgandwicensis from
Hawaii) in order to provide a better resolutionth® intraspecific relationship. The
Hawaiian subspecies;. chiloensis subsp.sandwicensis was entirely distinct from the
other subspecies in having longer leaflets anddorngirs on the undersurface of the
leaflets and more numerous leaflet veins. The SdAtherican subspchiloensis
differed from the North American subspecies in hgunostly 6-10 petals whereas the
latter have 5-6 (rarely 7) petals (Catling and Bskg 1998).

To distinguish 32 common strawberry cultivars grawmorth America, a key of

mostly vegetative characteristics was developedale (1996) based on observation
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and the UPOV guideline. The key was aimed forahitilentification of varieties when
fruits and flowers are not available. Nielsen amdéll (2000) indicated that vegetative
characteristics (leaf blistering, length: breaditia;, base shape and teeth shape of the
terminal leaflet) and reproductive characteris(mstal spacing, length : breadth ratio of
petal, calyx : corolla ratio, fruit size, fruit lgth : breadth ratio, fruit shape, width of
band without achenes on fruit, insertion of achemedruit and insertion of calyx on
fruit) could be used for identifying strawberry tvrs cultivated in Auckland, but it is
insufficient to use the vegetative or reproductth@racteristics alone for identifying

cultivars since they may share either floral of tdearacteristics.

6. Application of RAPD Markers.ifrragaria Species

Expression of morphological traits could.be affddby environmental factors such

as climate conditions or cultivation pr_‘ggeddres ,(B001; Kuras, et al., 2004). While

"
=

traditional identifications of cultivars Werebased morphological traits, Nielsen and
Lovell (2000) had pointed outithe necessity 'of gsafternative method for definitive
identification such as molecular rharkers becausead difficult to put together a key
based only on morphological markers. The dendrogyamerated from morphological
traits and molecular traits of strawberry culticht® Argentina were not correlated
(Garcia et al., 2002) also demonstrated morphoddgiaits alone was not sufficient in
differentiating cultivars.

Analysis of molecular markers could be assesseahyatdevelopmental time and
any organ, only few samples are needed for mulaplaysis, DNA samples could be
conveniently kept for long term use and procedaresstandardized (Lin, 2001).

The technique of random amplified polymorphic DNRAPD) was first reported
by Williams et al. in 1990. The DNA fragments wemaplified by polymerase chain

reaction (PCR) using short synthetic primers (galhefO bp) of random sequence. The
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amplified products were separated by gel electroggi® and polymorphisms were
detected as the presence or absence of particahar $ize. RAPD is quick and easy to
assay. Only low quantities of template DNA is reqdisince PCR is involved. No
sequence data is needed because the random pareetemmercially synthesized and
available. The primer length is short and the alimgéemperature is relative low which
might result in mismatch of primer and sequencenvtmmplementary sequence does
not exist, therefore the experiment should be repeao check consistency.
Standardized experimental procedures are requarqatdvent the low reproducibility
nature of RAPD. The markers of RAPD are dominawt mon locus-specific, the bands
can not be interpreted in terms of loci and alletéesl fragments of similar size may not
be homologous (Lin, 2001; Hu, 2001; Spodner eal0b).

RAPD markers were reported te-be useful for deteation of genetic relationship
in the genera level or the species. Iéﬁel In aystadalyzing relationship between
Fragaria, Potentilla and Duchépea of nd}fhwest Argentina, the phenogram obtained
from RAPD characteristics revelaed: tifatvesca and F. xananassa cluster together,
whereasPotentilla tucumanensis and Duchesnea indica form a separate cluster. These
results were identical to the phenogram generatad morphological and anatomical
characteristics (Ontivero et al., 2000). Three pabres ofF. chiloensis were evaluated
for their varation and genetic relationship by RAIRRhe study of Porebski and Catling
(1998). The results indicated a clear division festwthe North American subspecies
and the South American subspecies by the similardgx of 0.16, on the other hand,
the two North American subsfucida and subsppacifica were less separated from the
similarity index of 0.64-0.88.

There were reports about application of RAPD makesed for cultivar

identification in Fragaria species. Thirteen RAPD primers generating 37
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genotype-specific bands could be used for cultigantity for six main varieties df.
xananassa (‘Camarosa’, ‘Sweet Charlie’, Selva’, Iskli Tudla’, ‘Chandler’, and
‘Pajaro’) cultivated in Argentina (Garcia et alQ02). When RAPD and ISSR (Inter
Simple Sequence Repeat) were assessed for siytabilidetermining strawberry
relationship, cultivars sharing the same pedigreeswusually clustered together in the
dendrogram generated from both of the moleculakerar(Kuras et al., 2004). In the
study of Milella et al. (2006), 65 genotypes ofsiberry collected from Etna mountain
of Italy and one cultivar ‘Madane Moutot’ which wpasssibly the ancestral genotype of
the Etna strawberries were evaluated and theiedesetic relationship was assured via
RAPD markers.

RAPD markers were found.to be Iinke.d to.specifinggeand these markers could
facilitate the breeding process’ (marker-assistegbding). Two Japanese culativars
‘Ever Berry’ (everbearing type) and.‘féi.f/onoka’ (éearing type) and thein [Eross
hybridization progeny were ah_a_lyzed fo';'.RAPD méa;ldé‘rked to the everbearing gene
(controlled by a single dominant gene), and fiverkess were found to construct a
likage map, with OPEO7-1 and OPBO05-1 being clogdestthe everbearing gene
(Sugimoto et al.,, 2005). Seven RAPD markers wenendoto be linked to the
Phytophthora fragariae resistant geneRpfl) in the cultivated strawberry by bulk
segregant analysis, with OPO-08A and OPO-16A bailogest to theRpfl gene

(Haymes et al., 1997).

7. Growth and Development of Strawberry

Strawberry is a perennial plant usually describetherbaceous but was actually a
true woody plant by the evidence of secondary xyilemoots and crowns (Darnell et al.,
2003). The plant body is comprised of a rosettearaestem or crown from which

leaves, roots, runners (stolons) and inflorescerossrge (Hancock, 1999). The crown
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is terminated by a bud generally containing 5 teVeloping leaves enclosed within the
stipules of the last emerged leaf (Guttridge, 198&)the top of each leaf along the
crown is an axillary bud (Hancock, 1999) which proe runners under long day
conditions and develop into branched crowns or nmentbrmant under short day
conditions (Konsin et al., 2001). Inflorescencesrya from the apical meristem of the
crown while the uppermost axillary bud continues viegetative extension of the crown
(branched crowns). Flower initiation may occur lie branched crowns when there are
more than two leaf primordia and the environmeffikoiwer-inductive (Guttridge, 1985;
Hytonen et al., 2004).

The cultivated strawberry was traditionally categed by fruiting behavior as
Junebearers and everbearers. J_unebearefs progungeaflush of flowers every year
(single cropping). Everbearers: produce severah@gof flowers in the growing season
(multiple cropping). The flowering of ;iihwberry geeatly influenced by temperature
and photoperiod. Photoperiod_.r_equirerh;'ént for ﬂciﬁgarin strawberry can be divided
into three groups which were long day planté, sbast plants and day-neutral plants.
Junebearers are considered as facultative shorpldays, with flower initiation under
short day if the temperature is above abouf 16r irrespective of the day length if the
temperature is below 18 (Guttridge, 1985; Hancock, 1999; Taylor, 2002).
Everbearers are considered as long day plants $edheir flowers initiate under long
day conditions when temperature is moderate (Hancb@899; Darnel et al., 2003).
Day-neutral plants were introduced by Bringhurst &oth (1980) (in Taylor, 2002) to
describe multiple cropping cultivars derived fromosses between Junebearing types
and F. virginiana subsp. glauca (everbearing type). Day-neutrals are relatively
insensitive to day length for flower initiation (beel et al., 2003). Strict categorization

is difficult due to the continuum of photoperiodiesponses observed in different
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genotypes (Darnell et al., 2003).

The physiology of the perennial cycle in June-bepnstrawberry was described by
Battey et al., (1998). The temperature was cool taedday length was short after
August, hence vegetative growth gradually slowedvrd@and flower initiation was
triggered. While the temperature got colder in Nober, strawberry plants underwent a
dormant period until next spring, when the tempermtvas warm and the day length
was long, the vegetative growth was recovered hedlower buds which were already
differentiated bloomed and set fruit through MatcAugust.

Wen (1984) had reviewed that strawberry seedlingsable to accept the stimulus
of short day and low temperature for_flower diffgration when there are more than
four true leaves and for runner plants, theré ghoel more than four to five expanded
leaves. In the study of Verheul et-al. (2006). ‘conmopthe performance oF. x
ananassa ‘Korona’ at 4, 8 or'12 Weék;fiif)f-plant age aftemfdw inductive treatment,
flowers were induced in 4-wégl_<-ol_d ru'r;i'her pIant&Mnly three to four leaves. The
number of inflorescence and total Aumbet of flowieeased as the plant age was
increased.

Sgnsteby and Nes (1998) investigated the criticahbrer of short day cycles
necessary to induce flower in four cultivars oagtberry (‘Korona’, ‘Elsenta’, ‘Bounty’
and ‘Senga Sengana’) under three temperature rg@@n 15C and 21IC). For
‘Korona’ and ‘Elsanta’, 16 short day cycles wergquieed for flower initiation when the
temperature was 15, while longer short day cycles were required éavér and higher
temperatures. In ‘Bounty’ and ‘Senga Sengana’, éisvwere inducted almost
irrespective of short day treatment. Twelve daysndiuctive cycle was required for
‘Chandler’ under 9 hours of short day andCL6while a longer inductive cycle of 19

days was required under night interruption (Zhangle 2000). Verheul et al. (2006)
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investigated the optimum short day cycles (14, 24 28 days) for flower induction in

‘Korona’ and found that 28 short day treatment kesu in highest number of
inflorescences and flowers per plant.
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Materials and Methods

1. Morphological Variations among Fragaria hayatae,
White-fruited Strawberry and othEragaria Species

1.1.Plant materials and management

Ten accessions &f. hayatae (H1, H2, H4-8, H10, H12 and H13), one accession of
white-fruited strawberryF. nilgerrensis, F. vesca, F. xananassa were used in this
experiment. F. hayatae and white-fruited strawberry were collected froraniral
mountain regions of Taiwan during. 2006-2008 (TaBle All strawberries were
obtained as runner plants excépivaca, which'was grown from seeds purchased from
Known-You Seed Company (Kaohsidgg, faiwan). Thentglavere cultivated in the
outdoor bench of Department of I—i}fyrfiéulture, NasibriTaiwan University. All
strawberries were planted in-3 in, redsplastic.puth King Root Plant Medium #1 :
peat moss =1:1 as medium. Bagésse compost (Taiuger £o., Tainan, Taiwan) was
mixed in the medium in 1:10 by volume. Slow reledssdilizer Hi-Control No. 1
(N:P:K=14:12:14, Taiwan Horticultural Co., Ltd, pa&i, Taiwan) was used one month
after the runner plants rooted. The plants wergliferd with 1000x soluble fertilizer
Wonder Grow (N:P:K=20:20:20, Taiwan Horticulturab.CLtd, Taipei, Taiwan) every
week and irrigated with tap water when needed. S@ftassium bicarbonate (KHGO
AG168 Co., Ltd., Taipei, Taiwan) and 500x narrowga oil (paraffin oil, AG168 Co.,
Ltd., Taipei, Taiwan) were sprayed when neededrevent powdery mildew, spider

mites and aphids.

1.2.Characteristic measurement
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Morphological characteristics and conduction methade referred from UPOV
document TG/22/9 (1995), TG/22/10 (2008) and Sdrgenh al. (2004). The
characteristics and standards of measurement veted in Table 3 and 4. More than

ten plants from each collection were used for olzdem.

1.3.Data analysis

The means of the characteristics were comparedstofdr significant difference
using General linear model (GLM program) and Durganultiple range test (SAS
version 8.01, SAS Institute Inc., Cary, N.C., USRdr clustering analysis, these data
were first standardized by subtracting the accessiean from the grand mean for each
characteristic then divided by the:characteristandard deviationEuclidean distant
coefficient matrix was derived frem the “standardiz@orphological characteristic

means. The matrix was analyzed using the unweighted paitqg method with

"
=

arithmetic mean (UPGMA) (SAHN ci:r:g-s-'t'ering programT3¥ S-pc version 2.11L,

Applied Biostatistics Inc.,” NY, USA).For'-principle coordinate analysis, the
standardized morphological chéracteristic matrixreveused to derive Pearson
product-moment correlation coefficient matrix fromhich the principle components
were extracted and projected in two or three dinogiss(EIGEN, PROJ, MXPLOT and

MOD3D programs, NTSYS-pc version 2.11L, Applied &atistics Inc., NY, USA).

Euclidean distant coefficient:

Eij = \/Z k(xki - ij )2

Eij : the taxonomic distance between individuahd g

Xki: the value of the kth variable of individual i

Xkj: the value of the kth variable of individual j

2. Molecular Variations amongragaria hayatae, White-fruited
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Strawberry, and Othdiragaria Species

2.1.DNA samples

Fourteen accessions &% hayatae Makino and one accession of white-fruited
strawberry collected from central mountain regiohg aiwan during 2006-2008 were
listed in Table 2.F. vesca L. seedlings were sown from the seeds, which were
purchased from Known-You Seed Co. (Kaohsiung, Tajwg. xananassa ‘Taoyuan
No. 3’ was purchased from Shen-Neng Chang’s farnmHsinchu, Taiwan. DNA
samples of. nilgerrensis Schlecht.,F. mandschurica Staudt,F. pentaphylla Lozinsk.
and F. viridis Duch. were provided by Institute of Horticultutdangsu Academy of
Agricultural Science, Nanjing; “ChinaPotentifla. matsurae was gathered from
Hohuanshan and included in thié study as ogtgroup.
2.2.DNA Extraction (=i

DNA samples were extrégted_ by é;".modified CTAB mdtiidorres et al., 1993;
Lin, 2004). One or two young leaves-(ca. 0.1 ghfregight) were cleansed with RO
water and pat dried by paper towel and fixed wilitl nitrogen. Liquid nitrogen fixed
leaves were grounded into fine powder with ceramactar and pestle. 1 ml of grinding
buffer (2% (w/v) CTAB, 0.1 M Tris-HCL pH 8.0, 20 mMa-EDTA pH 8.0, 1.4 M
NaCl, 0.4% (w/v)p-mercaptoethanol) was added into the mortar betloeesample
thawed and continued grinding until material becaery. The slurry was transferred
into 1.5 ml eppendorf, inserted into Styrofoam flaad incubated in 60 water bath
for one hour, then removed from water bath anddet to room temperature. Sufficient
(ca. 800uL) chloroform: isoamyl alcohol solution (24:1) wadded into the eppendorf.
The eppendorf was vortexed until color of mixturpp@ared uniform, and was

centrifuged at 10,000 x g for 5 minutes to sepaphi@ses. The upper (aqueous) phase
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was transferred into a new 1.5 ml tube and the iqaldoroform) phase was discarded.
The CI extraction steps were repeated until theeags solution became clear.

Ice-cold 95% ethanol was added to the sample tadekapt in a freezer for 10
minutes. When white precipitate appeared at theesblinterface, the tube was inverted
gently several times to allow complete mix of tldvents. DNA should appear as a
vitreous blob. The tube was centrifuged in 10,008 for 5 minutes. The supernatant
was discarded with caution not to lose the DNAgiell ml of ice-cold 70% ethanol
was added to the tube and kept in freezer for Ifutes. The tube was centrifuged in
10,000 x g for 5 minutes. The supernatant was dischand residual ethanol was
removed by pipette. The DNA pellet was dried inil@mn flow for 20 minutes and then
dissolved in 5Qul TE (Tris-EDTA,; 10°mM Tris-HCI, 1 mM Na-EDTA, pH.8) in a
refrigerator overnight.

50 ul RNase solution was added;é*'each sample tubewasdyently pipetted up
and down 10 times. The tub'e.s_ were i'r;i'.cubated él 3vater bath for 30 minutes to

allow digestion of RNA.

2.3.Quality check and guantification of DNA samples

10 ul DNA was mixed with 99Qul of sterilized deionized water, after transferted
a quartz cuvette, absorbance at wavelength 26@8thnm and 320 nm were measured
using a UV photospectrometer. Samples withy/A g0 fallen between 1.7-2.0 represent
high purity of DNA and were further checked foregtity.

10 pl of DNA was loaded on 2%.) agarose gel with 0.5x TBE buffer and
electrophoresis was conducted under 100 V for 3Qutes. Samples occur at high
molecular weight representing intact DNA were uegolymerase chain reaction.

Concentration of DNA was determined with followimgjuation: [OD260x 50

pg/mL x 1 mL] / 10 @ug/uL) and was adjusted to 10 pg/and then kept in ‘¢ for
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later use.

2.4.RAPD-PCR

A set of 100 random 10-mer UBC set # 1 primers Y@rsity of British Columbia,
Vancouver, B.C., CA) were used for PCR reactior@RRamplifications were carried
out in 25ul reaction mixtures containing 25 ng of DNA templalx PCR buffer (20
mM Tris-HCI pH 8.4, 50 mM KCI), 3 mM MgG] 200uM dNTPs (Applied Biosystems,
Forster, CA, USA ), 0.M primer, and 2 units ofaqg DNA polymerase (Invitrogen,
Life technologies, Carlsbad, CA, USA). Each reactias overlaid with about 2d of
mineral oil to prevent evaporation. The reactionsrevperformed in thermocycler
(GeneAmp PCR System 2700, Applied Biosystems, Eor&lA, USA) programmed
for initial denaturation at 9¢ ~for-3 min, followed by 40 cycles of denaturatidrod’C

for 30 sec, annealing at 88 for 30 sec_,‘l:(_e_xtehsion at ‘@2 for 1 min and finished with

.
=

a final extension at 7@ for 5 miny The gtfn'blified products were kept i@ 4until use.

Two replicates for all plants'were repeated folhgaemer to check consistency.

2.5.Electrophoresis analysis

Following amplification, 151l of amplified products were mixed with il of 6x
loading dye and separated by electrophoresis i {viv) agarose gel with 0.5x TBE
(44.5 mM Tris Base, 45 mM Boric acid, 1 mM Na-EDTgl 8.0) buffer under 100 V
and 400 A for 120 min. The gel was then stainecttydium bromide (0.5 pg/ml) for
20 min, destained in RO water for 20 min and thbotpgraphed under illumination

with ultraviolet radiation.

2.6.Data analysis

A DNA fragment was judged a scorable band if it wasufficient intensity and

differed from neighboring bands. Only reproducibdads were chosen for data analysis.
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RAPD markers were used to build a binary matrixsbgring as present (1) or absent
(0). The scorable amplification products were useckvaluate genetic similarity by
estimating Jaccard coefficient. Cluster analysiss wa&rformed using the UPGMA
method (SAHN clustering program, NTSYS-pc versiahl?, Applied Biostatistics
Inc., NY, USA.). For principle coordinate analysithe similarity matrix was
transformed by double center method, from which pheciple components were
extracted and projected in two dimensions (DECENTERSEN, MXPLOT programs,
NTSYS-pc version 2.11L, Applied Biostatistics IndY, USA).

Jaccard coefficient:

Sij = Nij / (Ni + Nj + Nij)

Ni: No. of bands which individual i poséess butiwndual j doesn’t

Nj: No. of bands which individualj possess butiudual i doesn’t

Nij: No. of bands which individuél.lif-%ij-both poSsR
3. Effects of Temperature and Photoperiod on Growtld an

Flowering ofFragaria hayatae

3.1.Plant materials

Mother plants of. hayatae were collected from Meifung, Highland Experimental
Farm, NTU and cultivated in outdoor bench of Depamt of Horticulture, NTU. The
runner plants were cut off from the mother plamig sooted in 3 in. red plastic pots two
months before the experiment. They were taken oaras described in section 1.1.

Runner plants that had more than four fully expdndaves were used in the study.

3.2.Experimental design

Two experiments were conducted. The purpose ofrerpat 1 was to understand

the effects of temperature and duration of treatnoengrowth and flowering irf.
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hayatae. Experiment 1 started from the end of January8200this experiment, runner
plants were treated under 10 hour light and 14 kouatinuous dark at two temperature
condition that were day/night temperature 15/1@Gnd 10/5C, and five treatment
duration which were 2, 4, 6, 8 and 10 weeks. Tlamtsl were cultivated in 6000 lux
growth chamber. Totally there were 10 treatmemtduding 2 day/night temperature x
5 duration of treatment, each treatment containqua8its. Following the treatment,
runner plants were moved to a growth chamber watanal day light in 20/1% .

The purpose of experiment 2 was to understand tteete of day length and
day/night temperature on vegetative and reprodearowth of the Taiwan strawberry.
Experiment 2 started from mid January,.2009. Rumphents were treated under 15/10
‘C and 14 hour day length, 15/€0 and 10 h.our day length, and 1%/5and 10 hr day
length for 6 weeks. The plants were eultivated 000 lux growth chamber.
Following the treatment, 12 runner plaﬁfs for emehtment were moved into a growth
chamber under 20/15 and 14 hout day';"llength. A éontrol group was mageuiting
the plants in the out door bench of Departmenfanltiblulture, NTU.

At start of the experiments, all runners were reesbWWumber of leaves, petiole
length, terminal leaflet length and width of thetléully expanded leaf were recorded.
Leaf area was predicted from a regression formfitarminal leaflet lengthx terminal
leaflet width, and the method was followed by W&884). Growth was monitored by
weekly observations on number of leaf, number @inar, number of flower, petiole
length, terminal leaflet length and width of thetléully expanded leaf. In experiment 1,
growth was monitored throughout the experiment,ibw@xperiment 2, growth was not
recorded in the duration of treatment to preveainfinterference of flower formation.
Petiole length was measured from the base to ifodigte attachment zone. Runners

were removed weekly after they were recorded.
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3.3.Data analysis

Data was analyzed with the GLM program of SAS (S&Swindows version 9.1;
SAS Institute, Cary, N.C.). Comparison of means wmasomplished by Duncan’s

multiple range test at tHe= 0.05 level of significance.

4. Interspecific Hybridization betweelfragaria hayatae and F.

xananassa

Reciprocal crosses were performed Fn xananassa ‘Taoyuan No. 3’ andF.
hayatae during January to April, 2008. More than 10 flosevere pollinated in each
combination. Three flowers of eachragaria species were left unpollinated to
determine the effectiveness of emasculatidn. Palles collected by detaching flowers
from the plants, removing sepals and-.petals, aacepl overnight in small dishes. After
the anthers dehisced, pollen*was shélgéiﬁ-off, sealddtored in the inner chamber of a
glass dish with desiccant in the_ quter C'Fi.amber"cai ﬁemale plants were emasculated
at the ‘white bud stage’ using a pair ‘of tweezergefnove the ring of sepals, petals and
anthers surrounding the receptacle. Pollination masde right after emasculation and
24 hr later with a small paint brush. The pollimhteceptacle was covered by paper bag
to prevent foreign pollen. Once the receptacle betgaswell, the paper bag was
removed to allow normal development of the fruit.

Seeds from crosses were collected by tweezers,edasitiowed to dry in room
temperature before storing in PE bag ‘@t.45eeds were sown on a petri dish which was
covered with moistened filter paper. The germimatiest was conducted in a growth
chamber with day/night temperature at 15¢1@nd light was provided from 8:00 to
20:00. Germinated seeds were transferred to 3lastip pots containing peat moss as

substrate and were planted 5 inch plastic pots Miilg Root medium # 1: peat moss =
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1:1 as substrate when transference was necessary.
The number of fruit set, average number of seed$rpié, germination rate of the

seeds and survival rate of the seedlings were dedor
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Results and Discussion

1. Native Habitat ofFragaria hayatae and Discovery of the

White-fruited Strawberry

Collection of F. hayatae in this study was from central mountain range het t
altitude between 2200-3100 m (Table 2 and Fig.F2agaria hayatae was found in
Tianchih (% # ), Yakou ¢ r ) and Shianyang+ I#) on the South Cross-Island
Highway (% # < ), Kuanshanlingshan B . £ 1), Shiaoshueshan ]( £ .11),
Hohuanshan £ g .l), Meifung Farm, &%), Yushan @ .:) and Alishan ¢ 2 .I)
(Table 2 and Fig. 2). It was not-found in. Taipingsh~ - .,) although there was
record of specimens in Herbarium of National Taiwhamversity, nor in Guanwugf. 7% )
Forest Recreation Area. Taiwan strawt:;:g'r'ry was ly;d'aitributed by open places such
as roadside or traffic lane, |n sunny or partiahddd environment as mentioned by
Chen (1995) and Naruhashi et al.. (1999). The. naiam@tat ofF. hayatae was shown in
Fig. 3 and it could be grown on loamy soil, desitor cracks between rocks. The
Taiwan strawberry was found to form independentutettpons or was accompanied by
other herbaceous or shrubs suchPhantago asiatica, Potentilla matsumurae, and
Rubus taiwanicolus.

White-fruited strawberry was found in a field trip collect F. hayatae in
Shiaoshueshan by our lab. It was distinct fromThavan strawberry in having green
petiole (Fig. 4B), green runner (Fig. 4B), whitetgle(Fig. 5B left and 5D) and
cream-white colored fruit (Fig. 6Cly.. hayatae was characterized by having red petiole
(Fig. 4A), red runner (Fig. 4A), white petal witlhinplish red blush at base (Fig. 5A left
top, 5B right, and 5C), and red fruit (Fig. 6A rigand 6B). The white-fruited
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strawberry was found to form independent populatonwas found to be mixed with
the Taiwan strawberry. This strawberry was not tbefsewhere and was not recorded

in “Flora of Taiwan”.

2. Morphological Characteristics of Fragaria hayatae,

White-fruited Strawberry and OthEragaria Species

The means of the morphological characteristicsFofhayatae, white-fruited
strawberry, and othefragaria species compared by ANOVA and Duncan’s multiple
range test were presented in Table 5, 6 and 7clilieated strawberry had an average
leaflet length of 5.81 cm, average leaflet width5080 cm and average leaf area of
52.26 cmi and was the largest leaf amongthe other tdstagaria species. The wood
strawberry,F. vesca, with leaflet Iéngth of 4.50 cm,. leaflet width 8f43 cm and leaf
area of 26.41 cfy was the second Ia@g _Iéaf among the fivagaria species. The
average leaflet length, width,7and leaf a'?reﬁaﬁilgerr'ensis was 3.39 cm, 2.63 cm and
15.23 cm, respectively, which ;/\./as.significantly larger tHanhayatae (?( = 2.42 cm,

2.14 cm and 9.08 cmrespectively) and white-fruited strawberr} (= 2.17 cm, 1.93

cm and 7.50 ch respectively). Although the leaf size charactissof F. hayatae
were slightly larger than the white-fruited strawtyethe difference was not significant
(Table 5).

The average leaflet length/ width ratioFafvesca andF. nilgerrensiswas 1.31 and
1.29, respectively, which was significantly largean the cultivated strawberr);((:
1.11), F. hayatae (;( = 1.13), and white-fruited strawberr§<(: 1.12), indicating a
longer leaf shape of the former two and a more dednshape of the latter three
strawberries (Table 5). The serrate ratio amongveéd strawberry;( = 0.74),F.

nilgerrensis (?( = 0.72),F. hayatae (?( = 0.70), and white-fruited strawberr§<(=
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0.72) was not significantly different and was evithg larger tharF. vesca (;( = 0.60).
The average of widest length ratio among the firagaria species ranged within
0.44-0.49 and was not significantly different (Tebl).

Terminal leaflet shape d¥. hayatae was usually obovate (84%), some orbicular
(15%), and occasionally broadly elliptic (2%). Wftuited strawberry had a similar
component of leaflet shape ko hayatae as 89% obovate and 11% orbicular. Terminal
leaflet shape of. nilgerrensis was obovate (100%)-. vesca was mostly obovate
(69%), some broadly elliptic (23%), and a few oubér (8%); the cultivated strawberry
was obovate (60%) to orbicular (40%). Shape of ieamleaflet base was acute to
obtuse forF. hayatae (62% and 38%) and white-fruited strawberry (46% &4%). It
was all obtuse foF. nilgerrensis (100%), 92% acute and 8% obtuse Forvesca, and
80% obtuse with 10% of ‘acute and-rounded for thévated strawberryFragaria
hayatae and white-fruited strawberry. Hlé?t-similar shapdeatfflet apex as emarginated
(65% and 56%) to rounded (3_1_% to 41':%) with océaﬂi«nbtuse (4% and 3%). Shape
of leaflet apex was rounded (60%) to emarginatél?Vo()Mor F. nilgerrensis; obtuse
(62%) to rounded (31%) and a few emarginated (86)~f vesca; obtuse (30%) to
rounded (40%) to emarginated (30%) for thecultidagawberry (Table 5, continued
1).

The angle of leaflet base among the fir@garia species arranged in descending
order was, the cultivated strawberry (54.4°)F> hayatae (45.6°) = white-fruited
strawberry (45.3°) F. nilgerrensis (45.7°) >F. vesca (40.8°). Those with larger angle
at the leaflet base had higher percentage of oltuseunded base, and those with
smaller angle usually had higher percentage ofedoase. The index of leaflet shape in
cross section was between 1.1 and 1.4 amonBréwaria species, which indicated the

leaflet shape in cross section was usually contagé&aight (Table 5, continued 1). The
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number of serrate on the terminal leaflet arrangeddescending order was.
nilgerrensis (?( = 21.4) >F. hayatae (?( = 19.7) = white-fruited strawberr)&( =18.8)
= cultivated strawberryX = 17.6) >F. vesca (x = 14.3) (Table 5, continued 2).

Average petiole length and longest petiole lendtthe cultivated strawberry was
13.18 cm and 14.84 cm respectively, which was S#aamtly longer than other
strawberries. Average petiole Iengtﬁ (= 10.47 cm) and longest petiole Iengb_h E
11.45 cm) ofF. vesca ranked second and was significantly longer thast of the
strawberries. These two characteristics were natisstally different amongF.
nilgerrensis, F. hayatae, and the white-fruited strawberry, but the formeo was
slightly larger than the latter. Petiole diametérthe Fragaria species arranged from
large to small was the cultivated_strawberiy € 2.39 mm)F. nilgerrensis (?( =1.58
mm), F. hayatae (?( = 1.43 ‘mm),F= v&eca_(i ='1:36 mm) and the white-fruited
strawberry Q_( = 1.31 mm). Petiolet Ienéfh of the cultivated wtvarry (;( = 0.55 cm)
andF. vesca (?( = 0.49 cm) Wa_s signific-;ntly Ionge.r than thatFomilgerrensis (?( =
0.41 cm) andr. hayatae (?( = 0.37 cm), and thé latter two were statisticihger than
white-fruited strawberry;( =0.26 cm) (Table 5, continued 2).

The flower morphological characteristics of thetedsstrawberries were listed in
Table 6. Petal Iength;<( = 10.05 mm), Widthi =10.22 mm) and corolla diametex (
= 23.30 mm) of the cultivated strawberry was thgdat,F. nilgerrensis was ranked as
the second Iarge;<( = 8.78 mm, 7.08 mm and 19.65 mm), and the restraalsed as
third with petal length ranging between 5.43-5.6m,npetal width 4.50-4.99 mm and
corolla diameter 13.25-14.12 mm. Petal length/widttio of F. hayatae (?( = 1.21),
the white-fruited strawberry;e( = 1.28),F. nilgerrensis (?( = 1.24), and~. vesca (;( =
1.14) indicated relatively longer petal whereas théivated strawberry;( = 0.98)

possessed relatively shorter petal. Receptacle ef@ntisted from largest to smallest
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was the cultivated strawberryx(= 5.04 mm),F. nilgerrensis (x = 4.66 mm), the
white-fruited strawberry;( = 4.16 mm)F. hayatae (?( = 3.81 mm), andF. vesca (?(
= 2.80 mm), respectively. The order of calyx diaenetvas similar to receptacle
diameter and was 20.57 mm for the cultivated steawyh 17.16 mm foF. nilgerrensis,
16.65 mm for the white-fruited strawberry, 13.28 rfonF. hayatae, and 11.61 mm for
F. vesca. Size of calyx in relation to corolla indicatedaththe calyx was usually about
the same or larger than corolla in the white-fmhiwawberryf( = 2.7) while the calyx
was mostly smaller or about the same size as tr@l@on F. hayatae (?( =1.74),F.
nilgerrensis(i =1.6),F. vesca (;( =1.1), and the cultivated strawberr;y =1.1).
There were usually five petals per flower in theteéedFragaria species, however,
F. nilgerrensis (x = 5.6), the cultivated straWberry;((: 5.5), andF. vesca (X = 5.33)
had higher opportunity to possess maore than fitalpevhile this incidence was lower
in F. hayatae (?( = 5.12) and the whi.télg-ﬂf-:fmted strawber& (= 5.0). Average number
of flowers per inflorescence qu_ 4.9/in t'\ﬁle cut&absfrawberry, 3.11iRk. vesca, 2.52in
the white-fruited strawberry, 1.36 if: nilgerrénsis, and 1.33 inF. hayatae. This
indicated that the latter two species were usustlitary flower whereas flowers were
usually clustered in an inflorescence in the forrtteee species. The average total
number of flowers was 8.3 for the cultivated strawlp, 7.3 for the white-fruited
strawberry, 6.8 foF. nilgerrensis, and 6.5 foi. vesca, and were all significantly more
than F. hayatae (?( = 3.6). Petal arrangement i hayatae and the white-fruited
strawberry was free ;( = 1.0 and 1.0 respectively), usually free but Siommes
touching inF. nilgerrensis(;< = 1.1) andF. vesca (?( = 1.2), and mostly touching but
sometimes overlapping in the cultivated strawbéb_ryz 2.1). Excepf¥. hayatae had
purplish red blush at the base of white petal,rédstFragaria species had white petal.

The inflorescences df. nilgerrensis were above the foliage;<( = 3.0), at the same
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level to above the foliage in white-fruited strawlye(x = 2.7) andF. hayatae (x =
2.2), and mostly at the same level but occasioaakhth the foliage for the cultivated
strawberry k = 1.9) andF. vesca (x = 1.8) (Table 6, continued 1).

The morphological characteristics of fruit in thevestigatedFragaria species
were listed in Table 7. The height, width, and vaeigf berry was largest in the
cultivated strawberry, which were 25.28 mm, 22.2h rand 4.75 g, respectively.
Fragaria vesca was ranked second as 20.10 mm, 11.28 mm and 0.8%pgectively.
Berry height (ranged from 8.42 mm to 10.46 mm) bedy weight (ranged from 0.29¢g
to 0.48 g) in the white-fruited strawberrlf, nilgerrensis, and F. hayatae was not
significantly different while the berry diameter tife white-fruited strawberry;( =
9.68 mm) and-. nilgerrensis (;( =12!57 mrﬁ) was significantly larger thenhayatae
(x = 9.68 mm). The width of'band Wlthout achenes weder inF. vesca (x = 2.6),
moderate in the white-fruited strawbem] (- 2.0) and the cultivated strawberry (=
2.0), and narrower if. hayatae_(_x = 1.0) ancF. nllgerrenSIs (x = 1.0). The rank of
berry ratio arranged in descending-order \Eé&/esca (3( = 1.79) > the cultivated
strawberry & = 1.15) =F. hayatae (?( = 1.09) >F. nilgerrensis (?( = 0.78) = the
white-fruited strawberry;( = 0.71). This coincided with the more slender €hap
fruit in F. vesca and the more flat shape of fruit in the whitefiedi strawberry ané.
nilgerrensis. The berry shape of Taiwan strawberry was obl&id:( 73%) to globose
(?( = 27%), and it was usually 0b|oiJ<(= 71%) and sometimes reniform (= 14%)
or globose (( = 14%) in the white-fruited strawberry ad nilgerrensis. Fragaria
vesca significantly differed from the other investigatdgbloids with usually ovoidi
= 73%), sometimes rhomboi&(z 18%) or globose;( = 9%) shape of berry. The
cultivated strawberry was usually conical (= 50%), sometimes obIoi&( = 25%) or

globose & = 25%). Color uniformity in white-fruited form stwberries was even and

38



between even to slightly uneven in the red-fruifedms. Except a few calyx were
raised inF. vesca, all otherFragaria species had calyx that level with the fruit.

Overall, the cultivated strawberry, being an oabighl was largest among all of the
size-related characteristics (terminal leaflet tengidth, leaf area, petiole length, width,
longest petiole length, petiolet length, petal lngvidth, diameter in corolla, receptacle
and calyx, berry height, width and weight), andsthevere the most distinguishable
characteristics foF. xananassa ‘Taoyuan No. 3'. Nevertheless, the dipldid vesca
usually ranked second in size except the charattayiof petiole diameter, petal length,
petal width, diameter in corolla, receptacle antycaFragaria vesca could also be
easily distinguished from others by its_shortergtenof serrate region on the terminal
leaflet, gracile petiole, slender. leaf and. ovoidrrpeshape. The size and shape
characteristics of leaf, petiole, flewer,~and: ‘thees of fruit were generally
non-significantly different between. tﬁéT aiwan wtberry and the white-fruited
strawberry, yet the white-fruité_d_ str_awbi;rry Wastmbt from the Taiwan strawberry in
its white petal, more flowers, ‘more number of flosve per inflorescence,
cream-white-colored and more flatted shape of frand the Hayata strawberry were
characterized with white petal with purplish redd#l at the base, red-colored and more
rounded shape of fruit. There were some resembldrateeen the white-fruited
strawberry andF. nilgerrensis such as the petal and fruit were both without acyhnin,
the size and smaller height/ diameter ratio oflibey, the length and longest length of
petiole, but the size of leaf, length/ width ratb terminal leaflet, width of petiole,
length of petiolet, and size of petal and coroll@rav significantly larger inF.
nilgerrensis. The Taiwan strawberry differed fronk. nilgerrensis by similar
characteristics that separated the white-fruiteawsierry fromF. nilgerrensis (except

the width of petiole and length of petiolet) anciadcteristics that separated the Taiwan
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strawberry and the white-fruited strawberry.

The results of principal component analysis far hayatae, the white-fruited
strawberry,F. nilgerrensis, F. vesca and F. xananassa ‘Taoyuan No. 3’ using 19
vegetative morphological traits were given in Talde The first three principal
components represented 82.01% of the total vanafitve first principal component
(PC1) accounted for 48.71% of the total variancel had high contributing factors
from morphological characteristics associated wiita size of the leaf and petiole,
which were terminal leaflet width, leaf area, le&flength, leaflet length to the widest
point, longest petiole length, petiole length, pletidiameter, petiolet length and leaflet
length to the first tooth. According. to these nicbharacteristics, the~ragaria
populations were separated into.three groﬁphayatae, the white-fruited strawberry,
andF. nilgerrensis were categorized-in, one-group because they aflgssed relatively
small leaf and short petiol&ragaria xaﬁﬁnas&a ‘Taoyuan No. 3' was categorized in
one group for its large plant é_iz_e, _aﬁdv';eca was cétegorized in a third group as its
plant size was between the two groups.

The second principal component (PC2) accounte@3d31% of the total variance,
and had high contributing factors from charactessmainly associated with the shape
of the leaf, namely serrate ratio, shape of terimlieaflet, number of serrate, length/
width ratio of terminal leaflet, shape of termirahflet apex, and angle of terminal
leaflet base (Table 8). From these six charactesigt. vesca was separated to one
group for its larger leaflet ratio, more slendeash of leaflet, fewer number of serrate,
smaller serrate ratio, and narrow angle of ledikte.Fragaria xananassa ‘Taoyuan
No. 3’ was separated into another group for itsvab® to rounded shape of leaf,
rounded leaflet apex and broader angle of leaflatebFragaria hayatae, the

white-fruited strawberry, anB. nilgerrensis were included in one group due to similar
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serrate ratio, shape of leaflet, shape of leafiexaand angle of leaflet base.

Figure 7 illustrates the accessions distributiothafirst two principal components
and showed the separation of the 14 accessionsedturagaria vesca and F. x
ananassa ‘Taoyuan No. 3’ were most distantly separated frathmer Fragaria
populations whileF. hayatae, the white-fruited strawberry, arfe. nilgerrensis were
grouped together. Although the result indicatedosecrelationship amonig. hayatae,
the white-fruited strawberry, ané. nilgerrensis, the white-fruited strawberry aniel.
nilgerrensis were plotted at two extremes of the group, shovilmgr differences in
some extent. Among the accessiong-ohayatae, those collected from adjacent areas
were generally plotted near by, indicating theaselr relationship, for example H12 and
H13 were both gathered from Alishan, and.Hl andudge gathered from Tianchih and
Yakou on the Southern Cross-Island-Highway. It wasth of notice that, H6 and W
(the white-fruited strawberry), whicﬁ vs?”ére bothlected from Shiaoshueshan, were
plotted close when using thés_e_ 19 veéétative cté{iattcs. H7 (Hohuanshan 1) and
H10 (Yushan) were more distant from other Taiwaavsberry because H7 possessed
the largest plant size while H10 was the smallest.

The result of the clustering analysis was showrFigure 8. Using a critical
dissimilarity coefficient 7.86, th&ragaria populations could be separated into three
groups. The first group contained only one spediesgananassa ‘Taoyuan No. 3’,
which separated with others at the dissimilaritgfoient 10.26. The second group was
F. vesca, which separated at the dissimilarity coefficiér®@6. The remaining group was
comprised ofF. hayatae, the white-fruited strawberry, arfé nilgerrensis. Among the
third group, the white-fruited strawberry was velgsely related with-. hayatae rather
thanF. nilgerrensis, since W (the white-fruited strawberry) was grodipeth H6 (.

hayatae from Shiaoshueshan) at the dissimilarity coeffiti@87 and this confirmed
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with the result of principal component analysis.

A further principal component analysis using 41 rekgeristics including both
vegetative and reproductive were performed on the $trawberry populations and
results were shown in Table 9. The first three @pal components explained 51.58%,
31.40%, and 11.72% of the variances, respectivetych together accounted for 94.7%
of variances. There were eleven contributing factbat had absolute eigenvector over
0.91 for the first principal component (PC1), thegre terminal leaflet length, width
and length to the widest point, leaf area, petadtle/ width ratio, longest petiole length,
berry height, petiole length, arrangement of pethésry weight, and petiolet length.
The second principal component (PC2) had high daritng factors from serrate ratio,
receptacle diameter, position of. calyx attaéhmehape of terminal leaflet base, berry
ratio, berry shape, number of sefrate;.and ealgmdier. The third principal component
(PC3) had high contributing factors fr(;%'leaﬂeigm/ width ratio, widest length ratio,
number of petals, petal color,.s_,.hap_e of i;rmirmﬂéa énd berry color.

The distribution ofFragaria-accessions by the first three principal components
were illustrated in Figure 9. PC1 and PC2 had sé¢pdrthe strawberries into three
groups, one withr. xananassa ‘Taoyuan No. 3’, another witk. vesca, and the third
with the remaining populations, which was similarthe results of Figure 7. However,
the third component had separakedilgerrnsis from F. hayatae and the white-fruited
strawberry for the former leaflet ratio was largjeain the latter, the more petal number
and greater widest length ratiolefnilgerrensis. The white-fruited strawberry was also
separated fromF. hayatae by PC3 since the petal and fruit of the white-fdit
strawberry was without anthocyanin while thoseha Taiwan strawberry were with
anthocyanin.

The results of the clustering analysis were shawigure 10. By the dissimilarity
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coefficient of 7.57, the accessions could be sépdrato four groups, one group with
xananassa ‘Taoyuan No. 3’, one withr. vesca, the third withF. nilgerrensis, and the
last with F. hayatae and the white-fruited strawberry. Althoudh hayatae and the
white-fruited strawberry were clustered in one grandicating their close relationship,
they were separated at the dissimilarity coefficki4 indicating their morphological
differences.

When using solely vegetative traits for PCA andtdting analysis;. vesca andF.
xananassa which were more distantly related to the threeepngtrawberry populations
were easily parted, but separation amBnlgayatae, the white-fruited strawberry, ard
nilgerrensis was unsatisfactory. Nielsen and Lovell (2000) haghtioned that solely
vegetative or reproductive characteristics Weresmrﬁﬂicient for identifying strawberry
cultivars since they might share either fleral eafl characteristics. When analyzing
with both vegetative and reproduc.ti\./lé%'characte:?'.stia more clear separation was
obtained, showing the imbgr_tan_ce of using both tetge and reproductive

characteristics when trying to identify: strawbespecies or cultivars.

3. RAPD Characteristics ofragaria hayatae, White-fruited

Strawberry and Othdfragaria Species

A total of 24 accessions ofragaria species includingF. hayatae, the
white-fruited strawberryi-. nilgerrensis, F. vesca, F. mandschurica, F. pentaphylla, F.
viridis, andF. xananassa ‘Taoyuan No. 3’ were examined by the RAPD markarsj
Potentilla matsurae were included as an outgroup (Table 2). 100 UBQ\Nse 1 primers
were pre-examined on thrde hayatae accessions, and 47 primers which amplified
products were then chosen to be used orfrrabaria species. 35 out of 47 primers
generated 409 clear and reproducible bands whitdreintiated the investigated species.

Except 8 bands were monomorphic, the rest of 4@tibavere polymorphic, and each
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primer generated an average of 11 to 12 bands.

The banding patterns generated from the RAPD psmare shown in Fig. 11.
Fourteen bands from ten primers were specificHohayatae and the white-fruited
strawberry: UBC 4 (1850, 1700 bp), UBC 16 (1450Q4p), UBC 18 (700 bp), UBC
25 (960, 720 bp), UBC 34 (1350, 770 bp), UBC 43(26p), UBC 50 (1750 bp), UBC
63 (1000 bp), UBC 65 (1670 bp), UBC 70 (800 bpgHEibands from four primers
were unique td-. nilgerrensis: UBC 4 (2200, 1650 bp), UBC 16 (1500, 750 bp), UBC
25 (1750, 750 bp), UBC 34 (1900, 1300 bp). Thesediog characteristics could be
used for distinguishingr. hayatae, the white-fruited strawberry, arfel nilgerrensis.
Due to the property that RAPD primers _randomly ahrie the template DNA, the
function of the specific size fragments Weré unknow

The 2D scatter plot from;principal component analymsed on the correlation of
409 bands generated in tieagaria é;éi;cies were presented in Fig. 12. TheFl4
hayatae accessions gathered. gl_osely t(');'éether and the “whited strawberry nested
within this cluster. Among théragaria speciesF. nilgerrensis was the closest to the
Taiwan strawberry and the white-fruited strawbefffyagaria vesca and F. viridis
distributed next to each other with mandschurica plotted close to thenfragaria
pentaphylla distributed close t&. xananassa ‘Taoyuan No. 3’ and was at one extreme
of the 2D scatter plot whilBotentilla matsumurae was at another extreme.

The dendrogram based on UPGMA clustering of Jacoaetficient derived on the
presence-absence data of bands from 35 primeh® ifragaria species were shown in
Fig. 13.Potentilla matsurae was the first to separate from tReagaria species at the
similarity index of 0.14Fragaria viridis, F. vesca, F. mandschurica, F. pentaphylla,
andF. xananassa ‘Taoyuan No. 3’ were the second cluster to sepdiraim others at

similarity index of 0.23Fragaria nilgerrensis departed from the Taiwan strawberry and
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the white-fruited strawberry at similarity index 0f43. The white-fruited strawberry
was separated fronk. hayatae H6, which was collected from Shiaoshueshan at
similarity index of 0.94. Variation of similarityndex among the Taiwan strawberries
was between 0.81 and 0.99. Those collected frosedlegions were generally clustered
in one group, as H1-HY( hayatae from Tianchih, Yakou, Yakou 2, Siangyang, and
Kuanshanlingshan, respectively) were distributear tiee South Cross-Island Highway
and H7-9 F. hayatae from Hohuanshan 1, Hohuanshan 2, and Meifung Farm,
respectively) were distributed near Provincial Higly 14 A.

Combining the results of morphological traits andlecular markers, the Taiwan
strawberry was distinct fror. nilgerrensis and should solely be a specied-oégaria
rather than a subspecies &t _niIgerrensié. Although there were some similar
morphological characteristics between the-whitéddistrawberry ané. nilgerrensis,
RAPD markers evidently departed tI"l.éilir-ifelativeHartdistance compared ko hayatae.
The difficulty of separation bgtweelﬁ. h'z;yatae and.the white-fruited strawberry by
molecular characteristics yet they-were different the aspect of morphological
characteristics, therefore, the white-fruited stsawy should be considered as a mutant
of F. hayatae. The white-fruited strawberry and the Taiwan stvawy should both be

endemic species of Taiwan.

4. Relationship between terminal leaflet and actuafl ézea

Relationship among terminal leaflet length, widthd lengthx width with actual
leaf area was linearly correlated at the signifceatevel less than 0.1% (Fig. 14). The
rank of relevance coefficient in descending ordas terminal leaflet lengtlx width (p
= 0.9747), terminal leaflet widtlp(= 0.9710), and terminal leaflet width € 0.9453),
respectively. The regression model was y = 1.66840x1539 for relationship between

terminal leaflet lengthx width and leaf area, y = 6.3716x — 5.2792 for trefeship
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between terminal leaflet width and leaf area, armd5/9752x - 4.7982 for relationship
between terminal leaflet length and leaf areahtdquations, y was the predicted leaf
area and x was the measured terminal leaflet ctemrstac. All of the measured terminal
leaflet characteristics had high relevance withabtal leaf area, and could all be used
to estimate leaf area. In this study, we chosestotarminal leaflet lengtlx width for
estimation of leaf area not only because it hadhigbest relevance among the three
measured characteristics, but also the length adthwf terminal leaflet could be used

as an index of the terminal leaflet shape.

5. Effects of Temperature and Photoperiod-nagaria hayatae

From our observation, the Taiwan strawberry cutédain Taipei thrived from
November to April but the growtgradually"decreased as the temperature get higher

and most of the plants died during_‘l:r_nitho late-swen so the plants should be

"
=

transferred to a cool temperature gr@vvth chamber, ekample under 26, for
maintenance. A few of the Taiwan strawberry coddctrom mountain regions during
October to February flowered aboht two months dftarsplanted in Taipei, but the rate
of plants flowering and number of flowers per plasats low. The flowers of the Taiwan
strawberry was recorded to bloom from April to J{lai, 2004), or June to August
(Chen, 1995), and the fruits bear from August tdoBer (Chen, 1995) in its native
habitat. Thus we assumed that the Taiwan strawlsrould be June-bearers which
require short day and cool temperature for flowération.

We have observed some characteristics such ashewmttiness, aphid tolerance,
and mite tolerance if. hayatae, and these could be useful in commercial strawberr
cultivation. We attempted to cross the Taiwan dbewy with the cultivated strawberry
‘Taoyuan No. 3’ but flowering of the cultivated atvberry was November to March

which did not meet with the Taiwan strawberry. ®iere, finding out the optimal
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growth and flowering condition fdf. hayatae and to force it to flower in time for later

interspecific hybridization was neccessary. Two ezipents were conducted to

understand the effects of temperature and photamghenm growth and flowering in the

Taiwan strawberry.

1.) Experiment 1: effects of temperature and duratibrireatment on growth and
flowering inFragaria hayatae

The plants were treated under short day (10 hoytatayth) and cool temperature
(15/10C and 10/5C) for a period of time (2, 4, 6, 8, and 10 weekad then
transferred to a warm environment (20(Lpfor further observation. Vegetative growth
was restrained when the plants were_cultivated undel temperature. The new leaf
and runner formation was slow during freatment, anfter transferring to warm
temperature (20/16), the growth was.accelerated. This effect was ns@mificant at
10/5C (Fig. 16 and 18) when compar@ﬁ t0| 15¢1qFig. 15 and 17). Evidence was
also supported by shorter pefiql_e Ie_ngthj'.smad!af ar.ea, slower rate of leaf and runner
formation at the end of 15/10 and “10/5 :freatment, while after several weeks of
growth under warm environment, petiole length agaf larea were increased and the
rate of leaf and runner formation were acceleréiadble 11).

At the end of the treatments, temperature had goifsiant influence on petiole
length, but had significant effect on leaf areaunfation rate of leaf, and formation rate
of runner (Table 11)Fragaria hayatae grown under 15/00 had larger leaf area
(13.76 cm), faster rate of leaf formation (0.64 leaf per Weand runner formation
(0.23 runner per week) whereas those grown und&CLthad smaller leaf area (11.08
cn?), slower rate of leaf formation (0.35 leaf per Weeand slower rate of runner
formation (0.13 runner per week). After several kgeef growth under 20/16 with

natural day light, temperature significantly infheed on petiole length, leaf area, and
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rate of formation in leaf, while no significant et was found on rate of formation in
runner. Petiole length and leaf area was signifigagreater when treated in 1075
than 15/1QC, the rate of leaf formation was faster when tr@atel5/10C rather than
10/5C, and the treated temperature had no significdatedn rate of runner formation
after several weeks of growth in warm temperature.

Duration of treatment had no significant effect leaf area and rate of leaf
formation but had significant effect on petiole dém and rate of leaf formation at the
end of treatment (Table 11). As the treatment dumatvas prolonged, petiole length
became short and rate of leaf formation slowed dowlhough there was no
statistically difference among the five durationti@atment on rate of runner formation,
plants which underwent 2 weeks of treatnﬁent formmexte runners than those treated
for 4 weeks or up. After transferring to-warm'temgpere for several weeks, the
influence of treatment duration Waé .Ifsi“.{:]n-ificantlh@ljgh it was difficult to give a
absolute relationship betweeh_.t_he _meaéfﬁred vegeﬁhbracteristics and the treatment
duration, plants treated for 4 or 10 weeks haddhgest petiole (8.41 cm; 8.93 cm) and
largest leaf area (18.19 ém8.41 cm), and the leaf formation rate (1.03 leaf per week;
1.02 leaf per week) and runner formation rate (0l88er per week; 0.69 runner per
week) was fastest in plants treated for 4 or 6 week

The effects of temperature and duration of treatroarflowering was displayed in
Table 12. Flowers emerged in plants treated un8&0C for 6 to 8 weeks and 10(5
for 6 to 10 weeks. The percentage of plants flongewas 25% for those treated under
15/10C condition and 25% to 50% for those treated un@Q . An average of 5.25
flowers emerged in the plants grown under 1%/1@hereas an average of 1.43 flowers
emerged in the plants grown under fO/5It took 9.5 to 12.0 weeks for the Taiwan

strawberry to bloom after 6-10 weeks of treatmevitich totally took 16.5 to 19.3
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weeks for the flower induction and initiation. Thesults were not satisfactory since
only 25% to 50% of plants flowered.

The possibility of the low percentage of floweriptants might result from the
fluctuation of temperature since the plants wekeraout of the growth chamber for
about two hours per week for observation and manage Thus the plants were kept
in the growth chamber during treatment except fecessary management in the
subsequent experiment to avoid interference franpegature fluctuation.

2.) Experiment 2: Effects of day/night temperatanel day length on vegetative growth
in Fragaria hayatae

The results were presented in Table 13. At the adnithe 6-week treatment, the
plants grown outdoor formed most Ieaveé (9.3),0fedld by 15/1@ 14 hour day
length (8.6), 15/1Q@ 10 hour:day length (#4), and:1%/510 hour day length (6.9),
respectively. The plants were transférféeiiﬁ' to| 2Q0/1®ng day (14 hour day length) after
treatment, and after 10 weeks of g_rowth;','l the nurobigaves was 11.8 to 15.1 and had
no significant difference. The control plants' hém fargest leaf area (10.60 Qm
following by 15/10C short day (9.03 cf), 15/10C long day (7.42 cf), and 15/5%C
short day (7.08 cf). After growing under warm temperature and lony fie 10 weeks,
the largest leaf area was 1%/5short day (11.19 cfi following by 15/10C long day
(9.30 cnf), 15/10C short day (8.53 cfi, and control (8.33 cfii At the end of the
6-week treatment, control plants had the longesblgelength (5.21 cm), subsequently
were 15/1QC long day (2.26 cm), 15/10 short day (2.23 cm), and 1575 short day
(2.11 cm). After 10 weeks of growth under 20(1590ng day, the rank of petiole length
from long to short was control (3.94 cm), 1%/5short day (3.16 cm), 15/10 long
day (2.84 cm), and 15/10 short day (2.70 cm). At the™6week of treatment the

controlled plants produced 5 runners whereas therogplants produced 0.1 to 0.7
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runners. After 10 weeks of growth in warm tempeetand long day, the number of
runners produced on the@veek for the four groups ranged from 1.0 to 1.8 ams
not of statistical difference. The growth rate @wnleaf for the plants treated for 6
weeks under cool temperature was about the sarie aontrol group (Fig. 19A). The
growth rate of runner was reduced for the firse¢hweeks of transferring from cool
temperature to warm temperature condition, andgtb&th was restored two to three
weeks later (Fig 19B).

Following to the above mention, vegetative growththe plants was suppressed
during treatment under cool temperature (1%/1@nd 15/5C) when compared to the
control plants, which were grown outdoor, and tesult was similar to experiment 1.
There was no significant difference betwéen thetrobmplants and the treated plants
after 10 weeks of growth under 20i@5long. day, in:number of leaves and petioles.
This suggested that the restrain eff.e.é"cié'-of tentpexaand day length on the treated
plants for leaf and petiole forfr_yation wai; reIea@f area and petiole length of 15/5
‘C short day was the smallest at the end of therfremt but became the greatest after
10 weeks of growth in warm temperature and long tlaig suggested that the growth
was restrained at low temperature and short daywast greatly enhanced when the
environment was optimal for growth.

No plants flowered in the control group grown agddand 8.3% of the treated
plants flowered regardless of the temperature andleingth (Table 14). Among the
three treatments, plants grown under 1%/10ong day bloomed most number of
flowers per plant (10 flowers) and was the earliesiower (7 weeks after treatment),
followed by 15/5C short day (6 flowers; 9 weeks after treatment) 4B 0C short
day (4 flowers; 10 weeks after treatment). Thoughrate of plants flowering was low

in the treated plants, the treatments were relgtiseccessful since the control plants
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did not flower.

The temperature fluctuation from taking plants ofitthe growth chamber for
about 2 hours per week seemed not to be the caundew percentage of flowering
since the flowering percentage was not raised peement 2. We have not mastered
the optimal conditions for flowering in Taiwan stizerry yet we do know that
treatment of temperature lower than'(15for 6 to 10 weeks would be inductive for a

few plants to flower.

6. Interspecific Hybridization betweeRragaria xananassa and

F. hayatae

We thought some characteristics:of the Taiwan steswy such as cold hardiness,
aphid tolerance, mite tolerance,. and distinpt fmagrshould be useful in commercial
strawberry cultivation. Therefore, W‘éﬁ_ri_éd to | penh interspecific hybridization
betweenF. xananassa ‘Taoyuan No. 3’ antF hayatae, hoping to obtain some hybrids
that possessed good characférisficsFomayatae yet retained the merits df. x
ananassa ‘Taoyuan No. 3'.

The receptacles of the emasculafedananassa ‘Taoyuan No. 3’ andr. hayatae
did not swell and were dried out, which verifiedtlemasculation was successful (data
not shown). The results of the reciprocal crossvbehF. xananassa ‘Taoyuan No. 3’
andF. hayatae were presented in Table 15. When the cultivateainvderry was used as
female plant and the Taiwan strawberry used asipalbnor, 41% of the crosses set
fruit. When the Taiwan strawberry was used as femant and the cultivated
strawberry used as pollen donor, 73% of the crosseBuit. The average seed per fruit
was 10 as the cultivated strawberry was used asléemnd 13 when the Taiwan
strawberry was used as female. 34% of seeds frorananassa ‘Taoyuan No. 3'x F.

hayatae germinated while none of the seeds from the recgiroross had germinated.
51



Marta et al. (2004) mentioned that developmentalbryo and endosperm in some
hybrid achenes was poor, and in some achenes,ntheye and endosperm was not
observed in serial microtome sections. In the stfdgors and Sullivan (2005b), brown
shriveled embryos were prevalently observed in mbreized achenes indicating that
embryos might be aborted at a stage after the satt coat had reached maximum size.
Thus the low germination rate in the reciprocalssrbetweerk. xananassa ‘Taoyuan
No. 3" and F. hayatae might be due to abnormal development of embryod an
endosperms. But further studies such as microt@uogos should be conducted before
the conjecture could be confirmed. The low gernmdmatrate in this study might be
improved byin vitro culture as in the work of Miller et al. (1992) aBdrs and Sullivan
(2005b). |

Out of the 44 germinated hybrids, only-21 seedlsgwvived 7 months after sown.
Some of the seedlings died before.t.r;é;%'second taefbrmed, some seedlings were
reddish (Fig. 20 C), and sorhg_dis_playéa rosettw@rc(l:ig. 20 D). The growth was
very slow in the aberrant seedlings (Fig. 20 C Biidvhen comparing with those that
were normal (Fig. 20 A and B). Similar phenomenaaisvobserved in the study of
Marta et al. (2004) and Evans (1974), and thesee Wl evidence of post-zygotic
barrier of cross hybridization.

Seven out of 21 survived seedlings flowered abougt months after they were
planted (Table 15). Some of the fruits from the riybseedlings were irregular
(misshapen fruit) with only a few parts swelledgiF21). Although the chromosome
number was not examined yet, the misshapen frightbe the evidence of successful
hybridization instead of selfing since the growthtee strawberry receptacle relied on
the stimulation of auxin produced from the fergliz achenes (Nitsch, 1950). The

unferitilized achenes probably resulted from abrairpollen or inviable carpel (Carew
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et al., 2003), since the open pollinated fruitd~ofxananassa ‘Taoyuan No. 3’ andr.
vesca cultivated near by were usually normal. The natpentaploids discovered by
Bringhurst and Senanayake (1966) were usuallytifdeonly a single seed was found
on one female flower, and the stainable pollen ednffom 0.6% to 3.3% whereas
stainable pollen was 80% to 98.9% in their progendiploids and octoploids. The
chromosome number of the hybrid seedlings awa@dsnaxation before we can be sure
if the hybridization was successful. Pollen stailigbalso awaits examination to
inspect whether the occurrence of misshapen fragalted from abnormal pollens of

the hybrid seedlings.
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Conclusion

From both the morphological and molecular aspgedbayatae was distinct front-.
nilgerrensis thus the Taiwan strawberry should be an indepdnsfgties rather than a
subspecies oF. nilgerrensis. The white-fruited strawberry was distinguishednirF.
hayatae by having different colored petiole, runner, petaid fruit while it possessed
similar petiole, petal and fruit color ds nilgerrensis. However, the white-fruited
strawberry was very closely relatedRohayatae from the evidence of similarity index
= 0.94, whereas the similarity index between whitgted strawberry andF.
nilgerrensis was only 0.43. Therefore, we.coneluded that théeafiuited strawberry
should be a mutant &f. hayatae, andfit was noE: nilgerrensis from China.

Although the flowering seasons-v&g;e nbt close, 43ses were managed between
F. hayatae and F. xananassa .‘Taoyuan.-:'_’?_l_\l.c.). 3’. The combination df. xananassa
‘Taoyuan No. 3’ xF. hayatae gained-24 survived hybrid seedlings. The fruitsthaf
seven flowered hybrid seedlings; were usually misstia probably resulting from
partial pollination, abortion of pollen grain, amdight be the evidence of gaining
pentaploids from successful hybridization.

According to the growth behavior in its native lahiF. hayatae should be a short
day plant, and a temperature and photoperiod stk performed. This study was
conducted to maintain the plants in Taipei, andges the flowers in time for
hybridization. Temperature lower than C5 with 6-10 weeks of treatment was
inductive for flower initiation inF. hayatae regardless of long day (14 hour day length)

or short day (10 hour day length).
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Fig. 3. Native habitat dfragaria hayatae
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Fig. 5. Flowers of thEragarlaspecm}

i) S.

i\ 3 .

(A) frqr‘w top to bottom on the |éfthayatae
F. nilgerrensis F. vescaand o the rlghF xananassdTaoyuan No. 3'. (B)
from left to right is white- frwtec{ s}ravyberry aird hayatae (C) isF. hayatae
and (D) is white-fruited strawberry'Each grid be background is 1 dm
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Fig. 6. Fruit of thé-ragaria speciesFragaria hayatae(A right and B), white-fruited
strawberry (C)F. vesca(D), F. nilgerrensis(E) andF. xananassdTaoyuan No.
3’ (A left). Each grid on the background is 1Tm
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Fig. 7. Principal component analysis 2D scatter p&sed on the correlation of 19
vegetative morphological characteristicFtagaria hayatae white-fruited
strawberryF. nilgerrensis F. vescaandF. xananassdTaoyuan No. 3'.
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H1-2, H4-8, H10, H12-13: Accessionskafhayatae W: white-fruited strawberry, N.
nilgerrensis V: F. vescaT: F. xananassdTaoyuan No. 3’
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vescaandF. xananassdTaoyuan No. 3’ clustering by UPGMA method based
on Euclidean coefficient correlation derived froékegetative morphological
characteristics.
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H1-2, H4-8, H10, H12-13: Accessionskafhayatae W: white-fruited strawberry, N=.
nilgerrensis V: F. vesca, T: F. xananassaTaoyuan No. 3’

68



0.49 . N o
o]
0.28
PC3 o6 | 0.92
| Wo.s8 M
PC2 1A}
0.16 1044 4
0.99
DBY T
0.60
0.17 )
0.26
0.69
PC1 112

Fig. 9. Principal component analysis 3D scattet pésed on the correlation of 19
vegetative and 22 reprodu'ctive morphological charastics inFragaria
hayatae white-fruited strawberri. nilgerrensis F. vescaandF. xananassa
‘Taoyuan No. 3. [ s

BlO CHXE 8 SXF g BT A B B2 KB @5 e Fl= 502 195
YABT 2 2202 AZPHEILR gV 2ot 2 BF

H: Combination of. hayataeaccessions; \W:White-fruited strawberry, i:
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vescaandF. xananassaTaoyuan No. 3’ clustering by UPGMA method based
on Euclidean coefficient correlation derived froé\kegetative and 22
reproductive morphological characteristics.
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H: Combination of. hayataeaccessions, W: White-fruited strawberry, i:
nilgerrensis V: F. vescaT: F. xananassdTaoyuan No. 3’
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Fig. 11. Polymorphism amorigagaria hayatae white-fruited strawberry:-.
nilgerrensisand otheFragaria species with primer UBC-4 (A), UBC-16 (B)
and UBC-34 (C).
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1-11, 13, 15-16: Accessions lef hayatae 12: white-fruited strawberry; 14.
nilgerrensis 17: F. vesca 18: F. mandschurical9: F. pentaphylla 20: F. viridis; 21: F.
x ananassdaraoyuan No. 3';22: Potentilla matsuragM: DNA markers from top to
bottom 3kb, 2kb, 1.5kb, 1kb, 900bp, 800bp, 700I00LH, 500bp
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Fig. 12. Principal component analysis 2D scattet phsed on the correlation of 409
bands from 35 primers iRragaria hayatag white-fruited strawberry.
nilgerrensis F. vescaF. xananassaTaoyuan No. 3’ andPotentilla
matsumurae
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H1-H14: Accessions dF. hayatae W: White-fruited strawberry, N=. nilgerrensis V:
F. vesca M: F. mandschuricaP:F. pentaphyllaVI: F. viridis, T: F. xananassa
‘Taoyuan No. 3’, POPotentillamatsumurae
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Fig. 13. Dendrogram d¥ragaria hayatae white-fruited strawberryg. nilgerrensis F.
vescaF. xananassdTaoyuan No. 3’ andPotentillamatsumuraelustering by
UPGMA method based on Jaccard coefficient derivexh foresence-absence
data of 409 bands from 35 primers.
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H1-H14: Accessions dF. hayatae W: White-fruited strawberry, N=. nilgerrensis V:

F. vesca M: F. mandschuricaP:F. pentaphyllaVI: F. viridis, T: F. xananassa
‘Taoyuan No. 3’, POPotentillamatsumurae
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Fig. 17. Effects of temperature and its duratiomwmer formation ifFragaria hayatae
Values are means + S.E. of 8 plants. The arrowhiedisated the ending of
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Table 1.Fragaria ploidy level and geographic distributions.

21 FEHEFAI M GREEELG
Species Ploidy Primary natural geographic range
F. vesca
subspvesca 2X Europe to Siberia as far as Lake Baikal
subspbracteata 2X North America, westward of Rocky Mountains
subspamericana 2X North America, mainly east of Rocky Mountains
subspcalifornica 2X California, Southern Oregon coast
F. viridis 2X Europe to Siberia as far as Lake Baikal
F. yezoensis 2x Japan
F. nipponica 2x Japan
F. nubicola 2X Eastern Himalayan region
F. bucharica 2x Western Himalayan region
F. daltoniana 2X Eastern Himalayan region
F. nilgerrensis 2X Central’Asia into China
F. hayatae ; |
F. nilgerrensis 2x Taiwan
subsphayatae YUl
F. mandschurica 2x + INortheastern Asia
F. pentaphylla 2%~ Southwest China, Himalayan region
F. gracilis 2x + <Northwest China
F. iinumae 2X Southern and central Sahalin, Russia, Japan
F. X bifera 2x, 3x  Europe, hybrid betwedn vescaandF. viridis
F. corymbosa 4x Northern China
F. moupinensis 4x Southwest China
F. orientalis 4x Northeastern Asia
F. tibetica 4x Eastern Himalayan region
F. moschata 6X Europe, eastward to Ural Mountains to Lake Baika
F. chiloensis 8x Western N. and S. America, Hawalii
F. virginiana 8x North America
F. iturupensis 8x Iturup island (Kurile island)
F. Xananassa 8X widely cultivated

F. X bringhurstii

5x, 6X, 9x California coast, hybrid betweén vescaandF. chiloensis

Literature cited from: Folta and Davis, 2006; Oha$B93.
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Table 2. Location oFragaria hayataeand white-fruited strawberry used in this study.

%2, ARRBRWFZ BT ERZ 0 ETEREL R
Accession Collection Administrative Altitude GPS
number site region (m) Position
_ ) Taoyuan Township, N 23° 16’ 39.7”
H1 Tianchih , 2277.0
Kaoshiung County E 120° 54’ 53.8”
Haiduan Township, N 23° 15’ 51.8”
H2 Yakou _ 2743.0
Taitung County E 120° 57’ 42.3”
Haiduan Township, N 23° 15’ 51.8”
H3 Yakou 2 . 2743.0
Taitung County E 120° 57’ 42.3”
i Haiduan Township, N 23° 15’ 51.4”
H4 Siangyang ) 2312.0
Taitung County E 120° 57’ 41.0”
i Taoyuan Township, N 23° 15’ 53.0”
H5 Kuanshanlingshan _ 2850.0
Kaoshiung County E 120° 57’ 33.0”
, Dongshih*Township, N 24° 16’ 49.2”
H6 Shiaoshueshan : : 2586.7
Taichung County E 121° 01’ 33.4”
Ren<al Township; N 24° 07" 4.5”
H7 Hohuanshan 1 . 2771.6
Nantou Gounty E 121° 14’ 13.8"
Ren-ai Township, N 24° 07’ 6.1"
H8 Hohuanshan 2 & 2813.0
Nantou County - E 121° 15’ 3.9”
, Ren-ai| Township;, N 24° 05'13.3”
H9 Meifung Farm : 2157.9
Nantou:County E 121°10°24.4”
Alishan Toewnship, N 23° 27’' 50.0”
H10 Yushan1 . 3096.0
Chiayi County E 120° 55’ 50.0”
Alishan Township, N 23° 28’ 21.0”
H11  Yushan 2 . 3402.0
Chiayi County E 120° 52’ 22.0”
, Alishan Township, N 23° 30’ 56.1"
H12  Alishan 1 . 2263.5
Chiayi County E 120° 48’ 49.0”
, Alishan Township, N 23° 30’ 49.9”
H13  Alishan 2 . 2272.0
Chiayi County E 120° 48’ 36.9”
, Alishan Township, N 23° 31’ 36.7"
H14  Alishan 3 . 2274.9
Chiayi County E 120° 48’ 57.9”
_ Dongshih Township, N 24° 16" 4.77
wW Shiaoshueshan 2592.9

Taichung County

E 121° 01’ 32.2”
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Table 3. Descriptions of vegetative morphologidaracteristics used in this study.
% 3. FAFEEHRBHRZF RV A LERE

Characteristids Descriptions

Terminal leaflet length (cm)
Terminal leaflet Width (cm)
Terminal leaflet length to the widestrom base of the terminal leaflet to the widest

point (cm) width along the mid vein

Terminal leaflet Length to the first From base of the terminal leaflet to first tooth

tooth (cm) along the mid vein

Leaflet length/ width Ratio Ratio of leaflet lengtbaflet width

Serrate ratio Ratio of leaflet length with serrd¢aflet length

Widest length ratio Ratio of length to the widesin: leaflet length

Leaf area (cr) Area of the trifoliate

Shape of terminal leaflet 1 = broadly elliptic, bovate, 3 = orbicular

Shape of terminal leaflet base 1'="acute, 2 = @ht8s rounded

Shape of terminal leaflet apex: T = obtuse, 2 =dedn 3 = emarginated

Shape in leaflet cross section 1 = concave, 2&igstt, 3 = convex

Shape of incisions of margin _1_‘;__serkate, 2= dena

Angle at base (°) an"g”Fe.between mid vein and tise b&terminal
leaflet:

Number of serrate

Petiole length (cm)
Longest petiole length (cm)
Petiole diameter (cm)
Petiolet length (cm)

’All Characteristics were measured on the last fedganded leaf.
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Table 4. Descriptions of reproductive morphologidaracteristics used in this study.
4 FFEHRUTRHAZIAEMSKRZ A RS
Characteristics Descriptions

Petal length (mm)

Petal width (mm)

Petal length/ width ratio

Corolla diameter (mm)

Receptacle diameter (mm)

Calyx diameter (mm)

Size of calyx in relation to corolla 1 = smallers2ame size, 3 = larger
Number of petals

Number of flowers per inflorescence

Total number of flowers

Arrangement of petals 1 = free, 2 = touching, Jrertapping
Petal color 1 = white, 2 = white with pink blushbatse
Relative position of inflorescence to 1'= beheath, 2 = same level, 3 = above
foliage

Berry height (mm)

Berry diameter (mm) ~—

Berry weight (g)

Berry ratio «» 1 Ratio of berry height: berry diameter
Berry shape ' +1 = reniform, 2 = oblate/obloid, 3 =

round/globose, 4 = conical, 5 =
bi-conical/rhomboid, 6 = ovate/ovoid, 7 =
almost cylindrical/cylindrical, 8 = wedged, 9 =
cordiform/cordate

Berry color 1 = without anthocyanin, 2 = with antlyanin

Width of band without achenes 1 = absent or veryomg 2 = narrow, 3 =
broad

Evenness of color 1 = even or very slightly unezea,slightly
uneven, 3 = strongly uneven

Position of calyx attachment 1 = inserted, 2 = levi¢h fruit, 3 = raised
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Table 5. Leaf morphological characteristicd-odigaria hayatagwhite-fruited strawberry. nilgerrensis F. vesca andF. xananassa
25 oBEF AR R FEUAE LRI B I ARBE R FHRR

Terminal leaflet

Length Width Length/ width Serrate Widest length Leaf area
(cm) (cm) Ratio ratio ratio (cn)
F. hayatae
Tianchih 290d*Y A* 256c A 113cd BC 0.63ef E 0.39d C 1254cde A
Yakou 248ef C  220def B 113cd BC 0.68cde CDE 042bcd ABC 9.26ef BCD
Siangyang D8g E 195ef C 107d-. CD 066de DE 041cd BC 704fg E
Kuanshanlingshan 26de C 226d .B 1.13cd ~.BC 0.70bcd BCD 043bcd ABC 9.98def B
Shiaoshueshan g E 191f @ 111d. CD" 0.70bcd BCD 044abcd ABC 7.18fg ED
Hohuanshan 1 85d AB 267c | Al ~107d D 079a A 046abc AB  1296cd A
Hohuanshan 2 22efg CD 224del, B|| “408d| (C€D' 075ab AB 046abc AB  924ef BCD
Yushan 71h F 1439 D/ | 4200 A" 067cde CDE 047abc AB  427g F
Alishan 1 248ef C  2.10def  BC!_119bc- AB * 0.72bc BC 047abc AB 893f BCDE
Alishan 2 258de BC 213def BC=+12¥b A" 072bc BC 048ab A 943ef BC
Average ofF. hayatae 242 2.14 1.13 0.70 0.44 9.08
White-fruited strawberry
Shiaoshueshan Difg DE 1.93f C 112cd CD 0.72bc BC 045abc AB 750fg CDE
F. nilgerrensis 3.39c 263c 129a 0.72bc 049a 1523c
F. vesca 450b 343Db 131a 0.60f 0.46abc 2641b
F. Xananassa ‘Taoyuan No. 3' 5.81la 530a 111d 0.74ab 0.46abc 5226a

“Means in each column not followed by the samerlette significantly different & < 0.05 according to Duncan’s multiple range test.
YStatistical results indicated by lowercase letveese analyzed from aliragaria species
*Statistical results indicated by capital lettersaveestricted td-. hayataeand white-fruited strawberry.
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Table 5. Leaf morphological characteristicd~cdigaria hayataewhite-fruited strawbernf. nilgerrensis F. vesca andF. xananassa
(continued 1)

5. SR E DRI E LR SRR L@ E 2 F Rk R(Y 1)

Terminal leaflet

Shape (%) Shape of base (%) Shape of apex (%)

broadly emarg- Angleat Shape in cros
elliptic obovateorbicular acuteobtuserounded obtuseroundedinated base (°) section
F. hayatae
Tianchih 0 100 0 69 31 0 0 8 92  440cd*YB” 1.3cdeCD
Yakou 0 100 0 40 = 60 0 0 60 40 471bc AB 19ab AB
Siangyang 0 79 21 .87 13 0 0 53 47 439cd B 10e D
Kuanshanlingshan 0 88 12 67 33 0 0 33 67 455bc AB 11de D
Shiaoshueshan 0 82 18 42-,\.58 0 5 36 50 456bc AB 1.7bc BC
Hohuanshan 1 0 61 39, 14 <B6/| HOH° 0 14 8 479b A  10e D
Hohuanshan 2 0 88 Y8, <83 0 7 40 53 461bc AB 10e D
Yushan 18 73 T 84__gil8 0 40 20 40 448bc AB  15bcdBC
Alishan 1 8 92 0 92 8 0 0 14 86 464bc AB 14cdeCD
Alishan 2 0 91 9 1000 0 0 8 92 451bc AB 2la A
Average ofF. hayatae 2 84 15 62 38 0 4 31 65 45.6 1.4
White-fruited strawberry
Shiaoshueshan 0 89 11 46 54 0 3 41 56 453 bc AB 1.4 cdeCD
F. nilgerrensis 0 100 0 0 100 0 0 60 40 45.7 bc 1l1de
F. vesca 23 69 8 92 8 0 62 31 8 408 d 1.3 cde
F. Xananassa ‘Taoyuan No. 3’ 0 60 40 10 80 10 30 40 30 544 a 11de

“Means in each column not followed by the samerlaite significantly different & < 0.05 according to Duncan’s multiple range test.
YStatistical results indicated by lowercase letteese analyzed from alfragaria species.
*Statistical results indicated by capital lettersevestricted td-. hayataeand white-fruited strawberry.
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Table 5. Leaf morphological characteristicd-odigaria hayatagwhite-fruited strawberry. nilgerrensis F. vesca andF. xananassa
(continued 2)
25 SEE G REE FEEE  FHEFZLRBYILFR R 2)

Terminal leaflet Petiole Petiolet Length
Number of serrate Length (cm)  Longest length (cm)Diameter (mm) (cm)
F. hayatai
Tianchih 19.3c C 6.05d B 6.62de BC 1.48cd BC 0.42bcd AB
Yakou 18.3cd CD 5.59de BC 5.79ef CD 1.46cde BC 0.38d B
Siangyang 17.9cd CD 5.17de "BC 5.61ef CD 1.36def CDE 0.30e C
Kuanshanlingshan 18.7cd CD ~ 5.88de BC 5.93ef CD 1.53bc B 0.41cd AB
Shiaoshueshan 175d D 3.86f D 4.84f D 1.26f E 0.23e D
Hohuanshan 1 24.9a A 7,28c [~A 7.64cd AB  167b A 0.41bcd AB
Hohuanshan 2 21.70 B 5.2¢de” BC 556ef CD  1.50cd B 0.39cd B
Yushan 147¢ E 390f+ D | #500f D 111g F 0.30e C
Alishan 1 21.3b B 7.84e, A~ 8.55¢c A 1.43cde BCD 0.46bc A
Alishan 2 22.2b B " 743c YA 8.20c A 1.51cd B 0.42bcd AB
Average ofF. hayatai 19.7 5.83 6.37 1.43 0.37
White-fruited strawberry 4.77ef CD 5.67ef CD 1.31ef DE 0.26e CD
Shiaoshueshan 18.8cd CD
F. nilgerrensis 21.4b 5.39de 6.35e 1.58bc 0.41cd
F. vesca 14.3e 10.47b 11.45b 1.36def 0.49ab
F. Xananassa ‘Taoyuan No. 3’ 17.6cd 13.1€a 14.84a 2.39a 0.55a

“‘Means in each column not followed by the samereitte significantly different & < 0.05 according to Duncan’s multiple range test.
YStatistical results indicated by lowercase letteese analyzed from alfragaria species
*Statistical results indicated by capital lettersaveestricted td. hayataeand white-fruited strawberry.
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Table 6. Flower morphological characteristicd-cdgaria hayataewhite-fruited strawbernf-. nilgerrensis F. vesca andF. xananassa
6. SEETE G RTE  FEEE  GREEFALRBEELTERGR

Petal length Petal width  Petal length/ Corolla Receptacle Calyx Size of calyx in

(mm) (mm) width ratio diameter (mm) diameter (mm) diameter (mm) relation to corolla
F. hayatae 5.43c* 454c 121ab 1325¢ 3.8c 1328c 17b
White-fruited

5.69c 450c 128a 1412¢ 416Dbc 1665b 27a
strawberry :
F.nilgerrensis 8.78b 708b 1243 1965b 466ab 1716b 16b
F. vesca 5.67¢ 499¢ 114b 1380¢ . 280d 1161c 11b

X assa P,

. Xanan 10.05a 1022a 098¢, < 23304 5042 2057a 11b

‘Taoyuan No. 3’

“Means in each column not followed by the samerlette significantly different & < 0.05 according to Duncan’s multiple range test.
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Table 6. Flower morphological characteristicd-cdgaria hayatagewhite-fruited strawbernf. nilgerrensis F. vesca andF. xananassa
(continued)
#6. CEFEAETE S FEEE SHTEZ AR MET 2 TR ()

Petal color (%)

Number Number of Total number Arrangement white with Relative position
of flowers per of of purplishred ©f inflorescence
petals inflorescence flowers petals white blush to foliage
F. hayatae 5.1ab” 1.3c 36Db- 1.0b 18 82 22b
White-fruited
50b 25b 73a 10 b 100 0 Z2la
strawberry \
F. nilgerrensis 56a 14c 684 11 b 100 0 Da
F. vesca 5.3ab 31b Fr SUL_Gaa |} 12 b 100 0 18¢c
X
" Xananassa 55a 49a 83a 21a 100 0 19bc

‘Taoyuan No. 3’

“Means in each column not followed by the samerlette significantly different & < 0.05 according to Duncan’s multiple range test.
Y1 = free, 2 = touching, 3 = overlapping.
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Table 7. Fruit morphological characteristicdoégaria hayataewhite-fruited strawberny-. nilgerrensis F. vesca andF. xananassa
27 SREE G RYE G EHTEELARBETE 2 SBRR

Berry
Shape (%) Color (%) Width of
Height/ band Evennes Position
Height Diametel Weight diamete reni- rhom- without of of calyx

(mm)  (mm) (9) ratio  form obloid globoseconical boid ovoid white red achenes color attachment

F. hayatae 1046c¢* 968c 029c 109b O 73 27 0 0 0 0 100 10c 15ab 20b

White-fruited

842c 1192b 036c 0.71c 147/ 71—~ 14 0 0 0 100 0 10c 10b 20b
strawberry Al JO

—
o

F.nilgerrensis  9.72c  1257b 048c 0.78c 14 - 71 14 0 0 0 100 0 10c 10b 20b

F. vesca 2010b 1128b 089b 179a O 0 9 . 0 18 73 0 100 26a 19a 22a

F. Xananassa
‘Taoyuan No. 3’

2528a 2225a 4.75a 115b O 25 25 50 0 0 0 100 20b 18a 20b

“Means in each column not followed by the samerlette significantly different & < 0.05 according to Duncan’s multiple range test.
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Table 8. Results of principal component analysisgpmed on 19 vegetative
morphological characteristics amoRagaria hayatae white-fruited
strawberryF. nilgerrensis F. vescaandF. xananassaTaoyuan No. 3.

28 MI9BFEVEMRHIBETE S RTE CFLHE L HHRTER R
BRAYFPFIZEEFLS AL R %

Principal component eigenvector

Characteristics PC1 PC2 PC3 PC4
Terminal leaflet length 0.98 0.14 0.00 0.02
Terminal leaflet Width 0.99 -0.02 -0.10 0.00
Terminal leaflet length to the dest point 0.97 0.15 -0.11 -0.04
Terminal leaflet Length to the first tooth 0.80 0.55 -0.12 -0.05
Petiole length 0.93 0.13 0.10 -0.24
Petiolet length 0.79 0.13 0.28 -0.42
Longest petiole length 0.94 0.14 0.11 -0.15
Petiole diameter ©».,088 -0.42 -0.04 -0.10
Angle at base ; 0.60 -0.65 -0.07 0.11
Shape of terminal leaflet 0.41 -0.81 -0.27 0.07
Shape of terminal leaflet base A\ [ 0478-051 -0.09 0.46
Shape of terminal leaflet apex ~=~ | -043 -0.66 0.11 -0.52
Shape of incisions of margin- 0.00  0.00 0.00 0.00
Number of serrate EF N -0.06 =~ -0.74 0.47 -0.34
Shape in leaflet cross section - ".028 0.26 0.24 -0.25
Leaf area 0.99 0.04 -0.10 0.07
Leaflet length/ width Ratio 0.14 0.71 0.59 0.14
Serrate ratio 0.12 -0.87 0.40 0.16
Widest length ratio 0.26 -0.04 0.85 0.41
Eigenvalue 8.77 4.23 1.76 1.17
Contribution (%) 48.71 23.51 9.78 6.51
Cumulative contribution (%) 48.71 72.23 82.01 88.52
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Table 9. Results of principal component analysrégoeed on 19 vegetative and 22
reproductive morphological characteristics ambraggaria hayatage
white-fruited strawberry-. nilgerrensis F. vescaandF. xananassdTaoyuan

No. 3.

29, MI9BHAGHEMEE 2B AUEHREHIRFTE 9 FFE F L
R Y R R B A N R X

Principal component eigenvector

Characteristics PC1 PC2 PC3 PC4
Terminal leaflet length 0.99 0.14 0.08 0.00
Terminal leaflet Width 0.99 0.02 -0.10 0.01
Terminal leaflet length to the widest point 0.99 0.16 0.02 0.01
Terminal leaflet Length to the first tooth 0.79 0.56 0.24 0.05
Petiole length 0.94 0.31 -0.14 0.05
Petiolet length 0.91 0.26 0.18 -0.26
Longest petiole length 095 0.26 -0.14 0.08
Petiole diameter 088 -0.39 -0.23 -0.09
Angle at base 0.63 -0.63 -0.44 -0.06
Shape of terminal leaflet 0.50  -0.64 -0.58 -0.03
Shape of terminal leaflet base 0.39 -0.91 0.14 -0.02
Shape of terminal leaflet apex -0.62 -0.71 -0.29 -0.16
Shape of incisions of margin 0.00 0.00 0.00 0.00
Number of serrate .0.36 -0.86 0.14 -0.33
Shape in leaflet cross section -0.64 0.57 -0.50 0.05
Leaf area 0.99 0.02 -0.12 0.03
Leaflet length/ width Ratio -0.01 0.40 0.91 -0.10
Serrate ratio 0.07 -0.96 -0.29 -0.04
Widest length ratio 0.30 -0.30 0.90 -0.11
Petal length 0.72 -0.61 0.28 0.16
Petal width 0.86 -0.49 0.08 0.12
Corolla diameter 0.76 -0.61 0.21 0.11
Receptacle diameter 0.31 -0.95 -0.02 0.05
Calyx diameter 0.50 -0.84 -0.02 -0.19
Number of petals 0.63 -0.21 0.63 0.40
Number of flowers per inflorescence 0.88 0.02 -0.24 -0.41
Total number of flowers 0.61 -0.31 0.34 -0.64
Relative position of inflorescence to foliage -0.62 -0.64 0.45 -0.04
Arrangement of petals 0.94 -0.26 -0.20 -0.03
Size of calyx in relation to corolla -0.76  -0.36 -0.17 -0.51




Table 9. Results of principal component analysrégoeed on 19 vegetative and 22

reproductive morphological characteristics ambraggaria hayatage

white-fruited strawberry-. nilgerrensis F. vescaandF. xananassdTaoyuan

No. 3'. (continued)

29, MI9BHFRGLEMERE 2B FGEERFORFEE 0 FEE L F L
FE S EHREFZ R BT PFZEFA S0 5452 25 ()

Principal component eigenvector

Characters PC1 PC2 PC3 PC4
Petal color -0.43 0.10 -0.62 0.65
Petal length/ width ratio -0.96 -0.04 0.26 -0.11
Berry height ®5 0.27 -0.13 -0.03
Berry diameter @3 -042 -0.13 -0.14
Width of band without achenes 70. 0.69 0.09 -0.15
Berry weight 3 -0.26 -0.25 -0.06
Berry color 052 0.55 -0.53 0.39
Evenness of color 63 0.67 -0.33 0.22
Berry ratio 043 0.90 0.00 0.12
Position of calyx attachment 1B 0.93 0.29 -0.13
Berry shape ~== a9 0.86 013  -0.10
Eigenvalue 'L 20.63 /1256 469 212
Contribution (%) 51.58% 31.40 11.72 5.30
Cumulative contribution (%) 51.58 82.98 94.70 100.00
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Table 10. Primers and their polymorphism in the RAdhalysis.
% 10. RAPDA& $7#@ % 2 £ 45135 2 52504 & 5 Tl

Primer Sequence No. of No. of No. of
No. (510 3) polymorphic bandsmonomorphic bandsscorable bands
2 CCTGGGCTTG 18 0 18
3 CCTGGGCTTA 14 0 14
4 CCTGGGCTGG 17 0 17
6 CCTGGGCCTA 2 1 3
13 CCT GGG TGGA 16 1 17
15 CCTGGGTITG 13 0 13
16 GGT GGC GGG A 17 0 17
18 GGG CCGTTTA 11 0 11
23 CCCGCCTTCC 15 0 15
25 ACAGGGCTCA 17 1 18
29 CCGGCCTTAC 17 0 17
30 CCGGCCTTAG 16 0 15
33 CCGGCTGGAA 8 1 9
34 CCGGCCCCAA 14 0 14
41 TTAACC GGG G 1~L 0 7
43 AAA ACC GGG C 15 = 0 15
44 TTACCCCGGC 11 0 11
50 TTCCCCGCGC 3R | 0 11
61 TTCCCCGACC 12 0 12
63 TTCCCCGCCC 15 0 15
64 GAG GGC GGG A 10 0 10
65 AGG GGC GGG A 10 0 10
66 GAG GGC GTG A 10 0 10
67 GAG GGC GAGC 1 1 2
70 GGG CACGCGA 14 0 14
72 GAG CACGGGA 16 0 16
77 GAG CACCAGG 6 0 6
81 GAG CACGGGG 8 0 8
82 GGG CCCGAGG 6 1 7
83 GGG CTCGTGG 13 0 13
84 GGG CGCGAGT 15 0 15
88 CGG GGG ATG G 7 0 7
91 GGG TGGTTGC 8 1 9
92 CCTGGGCTTT 4 1 5

96 GGCGGCATGG 8 0 8
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Table 11. Effects of temperature and its duratiometiole length, leaf area, leaf formation ratej eunner formation rate iRragaria

hayatae
211, BREPELEHSFYF2ZEPIH - -EFoff >~ EwEUZE 4 T HAPER
Petiole length (cm) Leaf area (cr) Leaf formation rate Runner formation rate
end of 17" end of 17" end of 17" end of 17"
treatment week treatment week treatment week treatment week
Temperature
15/10C (12 hr/ 12 hr) 3.98a° 7.2% 13.76a 1405b 0.64a 099a 0.23a 068a
10/5C (12 hr/ 12 hr) 3.93a 8.56 11.08b 1713a 0.35b 088b 0.13b 063a
Duration of treatment
2 weeks 5.3 7.1 1194a-\_ /1484b 0.66a 088b 0.28a 063bc
4 weeks 4.98 8.41a 1250a < ~1819a 0.39b 103a 016a  083a
6 weeks 3.49 8.17ab 1223a <> 1380b * 042b 102a 0.17a 069b
8 weeks 2.98 7.14p 1264a 1317b 0.45b 094ab 0.12a 064Dbc
10 weeks 2.96 8.93a 1237a 1841a 0.49b 082b 0.15a 053c
Source of variation
Temperature (A) 0.9186 0.0003  <0.0001 0.0001 <0.0001 0.0032 0.0375 0.1723
Duration of treatment (B) <0.0001 0.0013 0.9128 <0.0001 0.0002 0.0021 0.3369 0.0002
A*B 0.0426 0.7663 0.1774 0.0057 0.1949 0.5114 0.6052 0.0012

“‘Means in each column not followed by the samereitte significantly different & < 0.05 according to Duncan’s multiple range test.
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Table 12. Effects of temperature and its duratiorfl@vering inFragaria hayatae
%12, BREEIDFHHE BT TR THPL

Treatment % of plants No. of flowers No. of weeks
duration flowering per plant to first bloom
(week) 15/10C  10/5C 15/10C 10/5C 15/10C  10/5C
2 0.0 0.0 0.0 0.0 - -
4 0.0 0.0 0.0 0.0 - -
6 25.0 25.0 7.5 1.0 10.5 12.0
8 25.0 25.0 3.0 15 9.5 9.5
10 0.0 50.0 0.0 1.8 - 9.3

Table 13. Effects of day/night temperature andldagth on number of leaves, leaf area,
petiole length, and number of runnerd-nagaria hayatae
213 BREPEFHOIBFTF2ZETER-Eo o Bk 12 LT HOPE
No. of Leaf area Petiole length No. of
leaves (15 (cm) runners
endof 16" . emdof 16" W endof 16" endof 16"
Treatment treatment week treatmeri,t.}_/veek treatment week treatmentweek
Control 93a® 118a 10.60a"":§.'33b 52la 394a 50a 18a
15/10C 14hr 86a 151a’ 742c<930b | 226b 284b 06b 15a
15/10C 10hr 74b 147a.''9.03b.853b.. 223b 2.70b 07b 13a
15/5C 10hr 69b 119a 7.08¢ 1119a . '211b 3.16b 0.1b 10a
Pvalue 0.0002 0.0700 <0.00010.0045 <0.0001<0.0001 <0.00010.1945

“‘Means in each column not followed by the samereite significantly different & <
0.05 according to Duncan’s multiple range test.

Table 14. Effects of day/night temperature andldagth on flowering irfFragaria

hayatae
214, BREBPEHCETFR-OPE
% of plants No. of flowers No. of weeks to
Treatment flowering per plant first bloom
Control 0.0 - -

15/10C 14hr 8.3 10.0 7.0
15/10C 10hr 8.3 4.0 10.0
15/5C 10hr 8.3 6.0 9.0

97



Table 15. Results of interspecific hybridizatiorFragaria hayataeandF. xananassa
‘Taoyuan No. 3'.

%15, SAYFALRBIFPFRZFZRIESE
No. of
No. of No. Totalno. No. of No. of seedlings
pollinated of of germinated survived  that

flowers fruitset seeds seeds seedlings flowered

F. Xananassa

‘Taoyuan No. 3’ 29 12 130 44 21 7
x F. hayatae

F. hayataex

F. Xananassa 15 11 144 0 - -

‘Taoyuan No. 3’
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Appendix

6002 Ae
6002 1dv
6002 e
6002 do4
600 uer
8002 22d
800Z NON
8002 190
800z das
800¢ bny
8002 InC
800z unr
8002 AeN
8002 Jdv
800Z Je
8002 Jo4
800 uer

alnyeladwa) ueaw AJYIUo

Maonth

Fig. Monthly mean temperature during experimeniarmpei.
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(Data from: Central Weather Bureau)
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