ABSTRACT

Title of Dissertation: TRANSCRIPT PROFILING AS A METHOD
TO STUDY FRUIT MATURATION, TREE
RIPENING, AND THEROLE OF “TREE
FACTOR” IN ‘GALA’ AND ‘FUJI' APPLES
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Landscape Architecture

‘Gala’ and ‘Fuji are two highquality apple falus domestica Borkh) cultivars. Their
fruits mature ad treeripen over a long periodf time,and araesistat to preharvest
drop. “Tree factor” a putative inhibitor of system 2 ethylene production is hypothesized
to account for differences in ethylene production between attached and detached apple
fruits. Threeyeas of field data revealed two distinct patie of maturation and ripening
behavior in theetwo cultivars. ‘Gald an early cultivardemonstrated typical positive
“tree factor” Studies othe ripening pattern of ‘Fuji’ applevhich isa latematuring
cultivar, did not. ‘Fuji’ data wereonfourded by cold weathen the late fall.The

natural progression of tregening did notead tothe highconcentratios ofinternal



ethylene routinely measured in stored frultise stimulation of ethylenéundin picked
‘Gala’ fruits ripened in the orchdmight beexplained bywoundingstressoupled with
a loss ohutriens andthewaterstress Our alternative explanation for “tree factor” is
the effect of continuetermination of thgghloem and xylenconnection The strenth of
the “tree factor” decliad as‘Gala’ fruit maturity progresse Therefore, the “tree factor”
tends to be more obvious in fruits wghorter growing period that mature durimgrm

weather

To investigate differential gene expression that accompanies maturation and tree
ripening, we used cDNAAFLP (Amplified Fragment Length Polymorphism) to
identify changes in transcript profiling during trepening andin theripening of
harvested friis. Two hundred differentiallgxpressed transcriolerived fragments
were isolated fromGala.’Ripeningrelated genes includirthose known to function
in thekey processesf defense and stress, cell wall degradation, pigment production
and aroma biosynthesis were identifi@ones similar to housekeeping genes
involved inprotein biosynthgls and degradation, intracellular trafficking and sorting,
cell structure and mobility, and metabolis®sociated genes waksoisolated.
Expression patterns dfiesetranscriptderived fragments were verified by using a
different‘Gala’ sample set on itroarrayandbr Northern blotsOur study supports
the hypothesighat many ripening processes are under transcriptional contrdhand

most of these differentilgl-expressed genes are highly conserved in fruits.
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Chapter 1. Studiesof the“Tree Factor” and itsRolein the
Maturation and Ripening of ‘Fuji’ and ‘Gala’ Apples
ABSTRACT:

‘Gala’ and ‘Fuji’ are two appleMalus domestica Borkh) cultivars that are
resistant to prarvest fruit dropgduring maturation, allowingommercial larvest
can be delayed until they attain optimum qualiyfferences in ethylene production
between the athed and detached apple fruits is hypothesized to involved system 2
ethylene production which maybe modulated by a putative inhibitor termed “tree
factor.”

Threeyearss offield data revealed two distinct patterns of maturatiahrgrening
behaviorbetweernthesewo cultivars. Field treatments such ggdling plus
defoliation were applied to study plant effects in maturation and ripe@atp’
apples demonstrated the expected, positive “tree faaerattached fruits produced
lowest ethylene than detachedgindling plusdefoliation fruits.The ripening pattern
of ‘Fuji’ apple was confounded by cold weather in the late &t did not displang
the expected tree factoBtarch degradatiowas enhancenh both cultivars by
girdling plusdefoliation.Fruits from the girdling plusdefoliation treatment responded
differently thanfruit harvested and ‘stored’ in the tree candpgftening ofdetached
and girdled+defoliatetFuji’ fruits was delayed compared to attached friuit
contrast to ‘Fuji’, ‘Gala’ fruit softenedapidly regardless of treatment

From gudies of the maturity indiceg is inferred that botlnternal ethylene
concentrabn (IEC)andthestarch inéx value were suitable for the assessment of

harvest maturity ithesecultivars. The IECmeasured durintgeeripe apple occurred



withoutthe expectethigh ethylendevelsas storedo-ripe applesThisindicated that
the natual progression of ripening does not require the high levels of ethylene
routinely meaured in stored fruits. The greatevels of ethylenéoundin harvested
fruits appeato be a stress response caused by detachments.

An alternative explanation for “trfactor” isthe effects of continueghloem and
xylem flow. The strength of the “tree factawas found to decline as frunaturity
progresses. Trefore, the “tree factor” tendéd be more obvious in fruits with

shorter growing period that grow rapidind mature during hot weather.

INTRODUCTION:

Fruit Ripening

Theripening of fleshy fruitorresponds to tlireterminal stage of development.
In the natural wod, it is facilitated by manprogressivelaltered biochemical,
physiological, and structal changes that attract seed vectors and /or allow the
breakdown and decay of the fruit (Giovannoni, 2004). Fadrorticulturalpoint of
view, fruit ripening represents a complex program of genetic, hormonal, and
environmental events that leads to dramehanges in color, texture, flay, and
aroma of the fruit Many of these changesake fruitdesirable for human
consumptionOneobjective of horticultural industries is to harvest fruit at the
appropriate maturity ant apply postharvest technologit control the rates of

these changes in order to provide the consumer with an acceptablepalgeduct.



Climacteric vs. Non-Climacteric

Fruits are divided into two categorjetimacteric and nowtlimacterig based on
fundamental differences in tingipening patternsThey are divided into theshat
demonstrag a peak in respiratiowith ripening and thge that do not (McMurchiet
al., 1972). The ripening of climacteric fruit is accompanied by a lofirsispiration
and a concomitant upsurgeethylene biosynthesis. Ethylene, a singdseous
hydrocarbon which ianimportantplant hormone, isequired for ripening climacteric
fruits. Climateric fruits include tomato, applegriana, and most stone fruithe
existence andble of the climacted rise in respiration iafruit while it remains
attache to the plant is still debateHowever,the increase of respiration of detached
fruits is broadly accepted to be necessary for providing emereged for ripening
related process€iknee, 1983).

Non-climacteric fruits, such as grape, citrus, and strawberry show no dramatic
change in respiration during ripening. Ethylene produaisaremains at a very low
level duringtheripening of norclimacteric fruits.Somebiochemical and molecular
eventsunderlying climacteric andon-climacteric ripening appear to be conserved in
tomato (Giovannoni, 2004), melon (Leliéwateal., 1997), and strawberry (Alexander
and Grierson, 200Xuch ashe putative common regulators and the MADS box
genes in this latstage of floral development

It appears that climacteric fruit ripening is regulated by developmental factors
and iscoordinatedy ethylenebiosynthesis (Adam®hillips et al., 2004; Giovannoni,
2004). Many physiologicakvents includingthe modificaion of texture, &rch

degradation and the changeskin color in apple fris have been reportéd be



uncorrelatedvith the ethylene upsurd®eEll, et al., 2001; Blanpied, 1993; Laai

al., 1986). Instead theywerecorrelated with development and maty. The
examination othe molecular basis of ethyler®osynthesis and regulation has also
demonstrated that ethyleb®synthesislone is not sufficient for ripening. A
developmental competent®respondo ethyleneappears to be necessamnyomab
for ripeningto occur(Giovannoni, 2001 and 2004).

The triggers of ripening in nedmacteric fruits are not as well know har
maturity and ripening stagaretypically based on qualities such as sugar/acid
balance, soluble solids concentratiomd ground color (Fillioret al., 1999) A small
amount of ethylenenay berequiredhowever for certain processes such as

chlorophyll degradation and sefting in norclimacteric fruits(Leliévreet al., 1997).

Apple Botany and Cultivation

Appleis an eonomicallyimportanttemperatdruit crop. Apples contain
beneficial nutrients including vitamins, minerals, and phytochemiaatihavea
delightful taste.Commercial pplescultivarsare members of the genhialus
(Miller) of the subfamilyMaloideae, andthe familyRosaceae. TheMaloideae are
characterized by a hypanthium and gynoecium that remain fused to fonfiei@or i
ovary with many closehassociated parts. The fleshy, indehiscent fruit tissue derived
from the cortex of receptacle is calledase’ (pseudocarpic) fruit, or pome
(Watkins, 2003) Apple Malus domestica), pear Pyrus communis) and melon
(Cucumis melo) werefirst classified as climacteric frgby Kidd and West itheir

classic research 924 (Watkins, 2003) Commercial cultiars arecharacterized by



havinga large diversityn their seasoand rate of ripening. Global markeg anda
long storage life make apple fruits available for consunmeighout the year.

The responsef fruit to postharvedtandlingtreatments areffected bycultivar
preharvestveatherconditions, ad production systems Cultivars can influence
postharvest management through effects on ripenindramdjuality. For example,
early-maturing cultivars usually produce hgghlevels of ethylene thdate-maturing
cultivars resulting inshortstorage life. Gnversely, lowethyleneproducing cultivars
generally havalonger storage potential (Watkins, 2003). Several controlled
environment studielsave showrthat higher temperatures duriagrly fruitgrowth
acceleratdruit-maturity, resulting in lsanges in starch content, firmness loss,
development of ad blush and ethylene production (for review, Dennis, 2003).
Late-season temperaturatsoinfluence fruit maturation and ripeninand
enhancementf theethylenebiosynthetic pathwagluringthelatter stages of
development haeenreportedn ‘Granny Smith’, ‘Fuji’, ‘Royal Gala’ and ‘Starking
Delicious’ apples (Jobling and McGlasson, 1995; Jackson, 2003)

Horticulturalmanagementechniques inclding rootstock/ interstockelection,
girdling andplant growth regulatorsanalsoaffect fruit maturation and ripening
Rootstocks with desirable qualities such as dwarfing, disease and pest resistance, and
theadaptation to varied soil and climaticnehitions are used commerdia(Kaushal
and Sharma, 1995Rootstocksaffect tree precocityfruit soluble solidsontent leaf
and fruitmineral composition, fruit sizéquit susceptibilityto physiological
disorders andthedateof fruit ripening(Autio 1991; Schechteat al., 1991).

Rootstocks can affeetppletree vegetative growth and tpartitioning of



photosynthetically produced dry matter between fruit and waatio 1991;
Schechteet al., 1991). Confanding variables such as growthbit, cop load, light
penetrabn, and environmental stresses have mad#fitult to demonstratéhe
direct effects of rootstock on ripening and storage quality (Autio, 1991; Brake

1988).

‘Gala’ and ‘Fuji’ AppleCultivars

‘Gala’, is aselection fronthecross of ‘Kidd’'s Orange Red’ x ‘Golden Delicious’
made in 1934Hampson and Kemp, 2003Kidd’s Orange Red’ was itself a cross of
‘Cox’s Orange Pippink ‘Red Delicious. The apple was named ‘Gala’ in 1962,
released for commercial planting in 196fMmpson and Kemp, 2003), and
introduced to US in 1970’ his precaious, highquality cultivaris highly aromatic
with a very sweet flavogndhas &irm crisptexture while ripeMature fruitis
typically yellow with red stripesindit matures from mid- to late August in
Maryland.

‘Fuji’ is a selection from the crosRall s Janet’ x ‘Red DeliciougHampson and
Kemp, 2003) This sweet, flavorful introductiois currentlythe leading cultivar in
Japan and Chin@. It was introducedhto the U.S.m the 1980s. ‘Fuji’ applesiature
horticulturallywith a reddishpink skin color from mid to late October in Maryland.
Comparedo other cultivars, ‘Fuji’ has a slow rate of firmness loss and a long storage
and shelf life andthis may beassociated witlhow ethylene productioand low
respiration rateHampson and Kemp, 2003Cool temperaturemaybe needed to

stimulate'Fuji’ ripening (Jobling and McGlasson, 1995fuji’ alsolacksa classic



climacteric ethylene burgtno cold exposure occurretliring maturatior{fFellmanet
al., 1997)

It has been weltlocumented that a coftbeningrequirement exists in pears
(Kneeet al., 1983) Unlike most applegeardfail to produce significant amounts of
ethylene for several months if they are left to mipaturally. Without chilling,
exogenous ethylerfails toinducethe expression of ethylene biosynthetic genes in
peargLelievreet al., 1997).0therapple cultivardesides ‘Fuji’have been also
posulated to be chillingsensitive(Jobling and McGlassgri995) Thelongseason
cultivars,’Lady Williams,” and‘Granny Smith’have also been reportedrespond to
chilling with aclimacteric rise irethylene productiofJobling and McGlasson,
1995) In summary,dw temperatures appear to hasten homogengmersing and
inducethe competency to synthesize autocatalytic ethyleleng-season apple
cultivars(Kneeet al., 1983; Jobling and McGlasson, 1995).

‘Gala’ and ‘Fuji’ were chosen for this studigr their treeripening characterists;
lack of preharest drop, and the neéallearn more about the effeabweather and

orchard managemeann theirfruit maturation andreeripening

Physiological Changesduring the Maturation and Ripening of Apple Fruits

Ethylene evolution and respiration rate

Apple fruit is considered to be a classic climacteric faiiiceautocatalytic
ethylene production (system 2 ethylene) entdeasd respiration is associated with
ripening.Since a logarithmic change @thylene evolution occurs/hich is far greater
than the dferences of respiratiormeasured duringnhaturation and ripening, it has

been suggested that ethylene productionternal ethylene concentratioleC) can



beused as determinant afipening(Lau, 1985). Alternatively, high egytene has
alsobeen suggsted to be thendicator fortheend point of harvest, rather than a
maturityindexper se (Watkins, 2003). Ethylene production is greatly affected by
cultivar, environmentgrowing region, and nutritional supply during fruit
development. Thereforsite specificethylene production recoraguldoe necessary

to useethyleneeffectivelyas amaturity indexfor predicting harvest

Star ch degradation and increases in soluble carbohydrates

Sorbitol, a sugaalcohol that is the maimanslocateghotosynthatén apple is
transportedrom the leaf to théruit. During early development sorbitol is converted
mainlyinto fructose and starchtéchthataccumulatesn apple fruit flesh eventually
breaks down into sucrose, glucose and fructasa series of hymlyses in the laér

stages of fruit development (Latal., 1995; Blanpied, 1993).

Change of skin color

Chlorophyll concentratiom the apple fruit peajives fruits their characteristic
immaturegreen ground color. Mature fruit color invos/@combination of
chlorophyll breakdowiby chlorophyllasainmaskingcarotenoids, and the
biosynthesis of phenolic pigments such as anthocyéamim®duceared color. These
changes depermh cultivarand clonenutritional supply and lighpenetration into the

tree canopyWatkins, 2003).

Aroma biosynthesis

The aromatic profile of apple fruit guitecomplex(Plottoet al., 1999) Over

three hundred compounds have been reported to contribute to thechnaamaus



applecultivars(Plottoet al., 1999) Thesevolatile compounds of highly diverse
structures (alcohols, aldehydes, esters, ketones, terpenes) participate in our aromatic
perception. Butyl acetate, hexylacetate, butanol amethylbutyl acetate are some

major volatile substances that emanate frqpa dpple fruits, andave been used as
subjects for monitoring qualitgnd aromdPlottoet al., 1999) Their synthesis is
influencedby factors such asuit temperature and internakygenconcentration

The production of aroma volat#an ‘Golden Delicous’ and ‘Fuji’ appleshowedthat
volatile production is maturitgdependent, anid closely related to changes in

respiration rate and ethylene production (Song and Bangerth, 1996; &atiell

2000).

Firmnessloss

The textural characteristics of aitrare governed by cell size, cell wall thickness
and integrity, intercellular volume, turgor pressure and the manner in which cells bind
together(Knee, 1993; DeEM#t al., 2001). Binding is controlled by celio-cell
adhesion, cell shape and packingEDet al., 2001). Thus softeningccurs in
response t@s a series of complex processleat occurduring cell wall degradation.

DeEll et al., (2001) suggested that apple fruit firmness tends to be influenced by
series ofpreharvest factors, such as gieos, cultural practices amdaturity at harvest
andcompleted witlpostharvest factors, such as cooling, postharvest dips, and storage
conditions. Postharvest fact@ase thought tdhvave a muclgreater effect on firmness
thanpreharvest factors. Kne&993)studiedcell wall chemistry extensively, and
concluced that the decline of flesh firmsgduring storage or ripening wasmarily

due to an increase in air space in apple fesithe climacteric risen ethylene



Predicting Optimum Harvest Date

Maturity at harvest ia critical factor determining consumer acceptability el
potential of storge andshelf life of an appleToincreasestora@ life andreduce
yield losesthrough abscission, senescerar@] pathoges preclimacteric
physiologic#ly mature fruits are recommended for commercial/bst. As they are
physiologicaly maturethesefruits are capablef fully ripening Fruit harvested prior
to commercial maturity isncapableof ripening to anacceptable qualityPredicting
harvest maturityis still challengingand requires auitable compromise between two
competing factordruit quality and storageability (Abdi al., 1997).

Froma practical perspectivepscific levels ofa series ofraitsmay beused to
determine maturitmeede for different product streams:.g fresh pack, longerm
storagegxport or processing. Usindpe calendar as thieasis tdforecastharvest date
and theradjustingthe harvest window othe dateof bloomand postloom
temperaturess a simpleschemdor predicting harvest datdackson, 2003).
Monitoring maturity indices ialsouseful tofollow the actual ripening proceasd
thenadjust that predictioduring harvest Defining apple maturity involves the
measurement of specific physiological andigtural traits such as fruit firmness,
starch conversion, soluble solids content, chlorophyll degradation, aroma volatile
synthesis and ethylene productiédm assessment giround color isalsoconsidered
asimple andusefulharvest index for manlyicolo apples, such as ‘Gala’, ‘Braeburn’

and ‘Fuji’ (Watkins, 2003).
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The Role of Ethylenein Apple Fruit Ripening

The gaseous hormone ethylene affects a diverse group of medessg the
plants life cycle. These include seed germination, sex determmaticess
responsessenescencandfruit ripening(Yang and Hoffman, 1984; Johnson and
Echer, 1998)A review ofthe roleof ethylene biosynthesiahibitors and perception
(Giovannoni, 2001), anids reversibilityin antisense fruits during ripening
contributedour recenbiochemical understanding ethylengOelleret al., 1991).

Ethylene is synthesized in plant tisswesthe conversions of-8denosy
metalothionindSAM) to 1l-aminocyclgropanel-carboxylic acid (ACCYAdams ad
Yang, 1979) This iscatalyzed by ACC synthase (ACS) (Adams &ang, 1979; see
appendix 1)1-aminocyclgropanel-carboxylic acid synthase regarded as the rate
limiting enzyme in the ethylene biosynthetic pathWésng and Hoffman, 1984).
The conversion of ACC to ethyle is then catalyzed by ACC oxidase (ACO) (Yang
and Hoffman, 1984)Preclimacteric and climacteric stages of development are
dividedby the patterns of ethylene production amdulationthat exist The transition
from the ethylenautoinhibitiory preclinaceric stage to the autocatalytsimacteric
stage of ethylene productios presumably based on changesexpression ofhe
system 2 ACS genes and system 2 ethylene recdftetiker and Yang, 19951-
aminocycl@ropanel-carboxylic acid synthags the critical step in the transition of
the ethylene feedback mechanism from negative to positive, and its activity can be the
indicator of stage of maturation in climacteric fruiisr review, Oetiker and Yang,

1995).
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Both ACO and system 2 ACS are dewtentally upregulated in pre&limacteric
fruit (Lelievreet al., 1997), whereathe ACO protein was undetectakitethe pre
climacteric period (Lara and Vendrell, 2000a). Later, a rapid, greater increase in ACO
transcriptsandactivity occurred before theimacteric rise thadid the surge iACC
content (Yanget al. 1986).The sensitivity of fruit tissue to endogenous and
exogenous ethylene was shown to increase ptiyfsiologicalage (Lara and
Vendrell, 2000b).

Signalsthat havealsobeen postulated ®witch fruits from the prelimacteric to
climacteric stages aabscisic acidABA) (Lara and Venctll, 2000), jasmonate (Fan
et al., 1998) andchuxin (AA) (Tingwa and Young, 1975; Mousdale and Knee, 1981)
Applying a high level of ABA to prelimacteric‘Granny Smith’ apple fruits two
months before commercial maturity could induce the onset of the climacteric at that
time, but not when applied to fruits harvested later. A considerable inevaaatso
measuredn endogenousBA levels during ripening (lara and Vendell, 2000).
ExogenouABA causedheinduction of ethylene biosynthesis in both pulp and peel
of very immature (2 months before commercial harvest) ‘Granny Smith’ apple fruit
by inducing ACO. This was accompanied by an increase of ethyledegbian The
same treatment failed to enharethylene biosynthesis in mameature fruit (Lara
and Vendell, 2000b)YJasmonatesave been shown to incredasansienty in apple
and tomato fruitatthe onset otheclimacteric ethylen@roduction(Fanet al. 1998).
Auxin (IAA) concentratioralso increases 3 teféld in apple fruits jusbefore the
onset of ethylenproduction but therreturrs to its original level (Mousdale and

Knee, 1981). Tingwa and Young (19&)died parerplant effects on ripeningi
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avocado.They indicated thatigh concentration(100 and 1000uM) of exogenous
IAA stimulated ripeningvia auxininduced ethylene, whillwer levek (1 and
10uM) delayedvocado fruitipening.

During ripening ethylene response pathway genes inclgthose ofACC
biosynthesis: ACS and ACO, ethylene perception: ethylene recaeptuging
LeETR4 (EThyleneReceptod), ERSL (EthyleneResponsé&ensof), Nr (Neverripe,
similar toERS receptor) signal transduction: signaling kinagegogensactivated
protein kinase kinase kinas€TR1, (ConstitutiveTriple Responsesland
downstream components of ethylene signairagscription factor€IN3 (Ethylene
INsensitive3) and relatdelL (EIN3-Like) as well as E8 dioxygenase which
contributes to the maintance of ethylene receptor activaseallinduced in tomato
(Johnson and Echer, 1998; Ciardi and Klee, 2@&vannoni, 2004 Both ACS and
ACO belong to multigene familiesThe differential expression of individual
members of th&CS andACO gene fanliesthat occurs with the transition from pre
climacteric to climacteric staggsovides the explanation for McMurchie’s
hypotheses that ethylene mediates that transition (Oetiker and Yang, 1995; letlievre
al., 1997).ACS genes isolated from pear haveodbeen categorized into system 1,
(i.,e.Le ACS andPc-ACS3) and system 2 ACS2, Le ACHA andPc-ACS5, Pc-
ACH) ACS alleles (Alexander and Grierson 2002 SBhrkawyet al. 2004). In
apple ACS gene family membeasealso differentially expressed dugimipening.
The expression d¥ld-ACSL was induced during ripening, whid-ACS3 was
expressed constitutively irrespectiveripiening stag€Sunakoet al. 1999). The

increasing accumulation of ACC in AC&htisense fruit anth nontipeningnor
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tomato mutatsindicated that system 2 ACS is under developmental cohiebévre
et al., 1997). Ciardi and Klee (2001) suggested that the rapid induction of an ethylene
responséy a burst of ethylene synthesizguring fruit ripening is followed bg

dampening ofhat responseith an increase ireceptor levels, such #soselLeETR4.

Respiration vs. |[EC

Many investigators havguestioned whetheherespiratory climacterits a
responsehat occurs imipening of detached fruit, but not in attached fr8iudies
usingexternal gas samgin saskatoons (Rogiers and Knowles, 1999), purple
passion fruit (Shiomét al., 1996) and charantais melon (Boweeal., 2002)found
that theincrease in climacteriethyleneproductionwas not accompanied by a
corresponding se in respiratiom attachedruit. Respiration rateemaired constant
in saskatoonAmelanchier alnifolia Nutt.), tomato, and purple passifoait (Rogiers
and Knowles, 1999; Saltveit, 1993; Shicghal., 1996). Enploying internal
measuremest andthenexpressing thesdataon the wholéfruit basis, respiration on
the tree (or vinedlemonstrated elimactericincrease irbothethylene andespiration
(Knee, 1995; Rogiers and Knowles, 1998e rise in autocatalytic ethylene
production is logarithmigit is of amuch greatescalethan changgin respiration
associateavith ripening of climacteric fruits. It has been suggestedthtigincrease
in respiratim associated with ripening canly be demonstrated on a whdfeit
basis ifsaskatoorfiruit remainedattached tdhe plant (Rogiers and Knowles, 1999).
Eliminating possible confounding factors, such as continuing photosynthesis of fruit
anddifficulties in gas samplingdifferent patterns of respiration ratksoexist

between cultivars in theame species. Andrew (1995) postulated that the typical
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respiration patteroccurred in dtachedindeterminate” salad tomatultivars
‘Countet and*Sweet 100 It did notexist in the*determinate” processing tomato
‘Castlemart(Saltveit, 1993).The actualrole of the extremely high levels of ethylene

andrespirationfoundin climacteric frut ripening is still under study.

Tree Factor

Many fruits ripen more rapidly whdahey aredetachedrom the tree thawhen
theyareattachedThese include avaclo, melon, plum, and apple(Abele, 1973)is
commonly believed that an inhibitor entering the fruit from the parent plant inhibits
ripening througlaneffect onethylenebiosynthesigBurg and Burg, 1965; Smock
1972; Abdiet al., 1997; Sfakiotakis anDilley 1973a; Lawet al., 1986).Avocado is
the classic illustration of pareptant inhibition of ripening.Avocado fruitsfail to
ripenor show climacteric ethylene productiaile attached to treeApple fruit
demonstratesthylene climacteric one two months after commercial harvésthe
fruit remains attached to the treBRéd Delicious’ ofSfakiotakis and Dilley 1973a
‘Golden Delicious’ inLauet al., 1986). Abeles (1973) coindlde term “tree factor”
to describe the putative inhibitor oftagatalytic,system 2 ethylene production in
fleshy fruit tissue. Theree factor is hypothesized to be produced in the leaves and
transportedia the phloem to the fruits. Sfakiotakis and Dilley (1973a) observed that
thedefoliation and girdling of spuggromoted the onset of climacteathylene
productionin attached apple fruits by nearly a montHartpied (1993) reported that
this delay in ethylene production was positively correlated with leaf/fruit ratios on
ringed limbs. The increase in both A@Gd ethylene production occurred earlier in

detached, preclimateric ‘Golden Delicious’ apple fruit, than in attached fruitse{Lau
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al., 1986). Attached fruit subsequently attained a higher concentration of ACC and a
lower level of ethylene than detacheudit. It was suggested by Latial. (1986) that
tree factordelayed both theonversion of ACC to ethylene catalyzed by ACO and the
conversion oSAM to ACC catalyzed by ACACO wasalsomoresensitive to
inhibition bytree factor thamvas ACS. Once thelimacteric wa initiated,the
development of ACO preceded the enhameet of ACS.

On the other hand, Knee (1993) suggested that detachment might have little effect
on enhancing ethylene biosynthedite postulated thatassdiffusion of ethylene
amory fruits during storagewoul@xplain arearlier upsurge in ethylerieundin
detached fruits. Additionally, the sensitivity of attached apples to ethylene seems to
be no differenthan the sensitivity oletached fruits. Nevertheless, Knee’s
suggestiordoes not explain the incidenoéincreasedthylene production of

attached apptegrownon girdled defoliated spurs (Sfakiotakis and Dilley, 1973a).

An alternate hypothesis to describe this phenomenitie &imuation of
ethylene that occunsith wounding Woundingcoupled with thenutrientand water
deficienciesalsooccurat harvest Since the sensitivity of fruit tissues to either
endogenous or exogenous ethylene increases as maturation progresses (Liu, 1978;
Lara and Vendrell, 2000)ow amountof system 1 ethylene caused by wounding
might be sufficient to induce system 2 ethylaséruits mature The lag period
before climacteric ethylene increase \wasitivdy correlated withthe leaf/fruit ratio
on girdledlimbs in Blanpied’s study (1993Y.he inhibiting effect ofree factorcanbe
overcome by exogenous ethylene while fruits remained attached in avocader (B

andCutting,1988), apple (Knee, 1993) and plAbdi et al., 1997).
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In conclusionas the appléruit approaches physiological maty, the
autocatalytic ethylene biosyntheaisdsystem 2 ethylene perception and signal
transductiorpathwaybecome competemd respond to the finaignalprovided by

either exogenous or endogenous ethylene.

Objective

The aim of this studwasto expar our understanding tfetree factonn apples.
We adoptedfakiotakis and Dilleys (19738 hypothesis that tree factor, a small
molecule, is produced in the leaves and transported through phloem toliouks.
this we applied treatments block potertial signals fromeaves to fruitia the
phloemover the periodspanning commercial harvest. In thigaptera comparative
study of the physiological changes which occurred during the ripeni@alaf and

‘Fuji’ is presented

MATERIALS & METHODS:

Plant Material and Treatments

Gala:

Experiments wereonductedat the Western Maryland Research and Education
Center in Keedysville, MD anithe USDAAFRS in Kearneysville, WV. Experiments
were conducted in 2002 and 200Bwelveyearold ‘Gala’ trees on thir own roots
(produced in tissue cultur&D) or budded ontd1.9 rootstock (WY were chosen for
this study. Apple fruits(Malus domestica Borkh. cv Gala) wre harvested and

analyzed a8 to 12 day intervals duringevelopmentangedfrom July 31to
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Sepember 20 in 2002, and August 6 to September 25 in 26@38.detachment
studies three fruits werselected based amiformity and absence of defeftsm
each of twelve replicate tredsringstage I~ lli(seeTable 1) This corresponded to
July 31 toAugust 19 in 2002 and August 6 to 25 in 20@xtached applg®ne from
each replicate tree, 12 in totalerethenhungin nylon stockings fronimbs in the
canopyin attempt teensure a similar environmetat thatof attached fruits fot0, 20
and 30 dgs. Onelimb of uniform size and crop load each treavas girdled (bark
was removedanddefoliated during stage- 11l in 2003, and fruitsfrom the treated
limbs were sampled at the same interasldetached treatment.

Table 1. The defined developmental stages of ‘Gala’ applesin this study.

Stage Harvest date Definition

Stage | July 31, 2002 Mature-green, about 20 days before commercial harvest
August 6, 2003 100-110 days after full bloom (DAFB)

Stage Il  August 8, 2002 Early mature, about 10 days before commercial hgrvest

August15, 2003 110120 DAFB

Stage Il August 20, 2002  Commercidly mature, tarch index value=3-~4
August 25,2003 120130 DAFB

Stage IV August 29, 2002 Late mature
September 4, 2003 130140 DAFB

Stage V September 12, 2002Tree ripe
September 15, 2003140-150 DAFB

Stage VI September 26, 2002Ripe to overripe, starch index value close;to 8
September 25, 2003150160 DAFB

On eachsample datetwelve fruitsfrom each treatment were held overnight at
roomtemperature (20 °C) before determination of the internal ethylene concentration

(IEC) and maturity indicesMaturity evaluationsncludedcolor ratings freshweight,
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diameter, soluble solids content, flesh firmness, and a visual assessment of the starch
index.
Fuji :
Year 1

Twelve teeswere mature, having been planted 991at the Western Maryland
Research and Education Center Keedysville, &fid selected for this studirees
werehandthinned andnelimb of uniform size and crop load each treevas
girdled plus defoliatedboutone month before commercial harvest ontSeyber7,
2001, 140 days after full bloom (DAFB)Detached apples pield at commercial
harvest period m October©, 170 DAFB,were hung in nylon stockingeged tothe
controllimbs until the end othe experiment oMovemberl9. Stainless needles were
inserted into theandomly selectettuits on the treated daand remained in those
fruits until the end of the experimeninternal ethylene concentration, fruit diameter
andpercent red skin colaf theselectedruits weremonitoredweeklyfrom one
week after treatment date Novemberl9. One applavaspicked biweeklyfrom
eachtreatedimb for laboratory measurements of soluble solids content, firmness,
and visual starcmdex Flesh samples were also sav¥eamn these fruit§-80°C) for
measurement of ACC amdACC contents
Year 2

A similar experimental desigand proceduras‘Gala’ 2003 wasapplied to
twenty four‘Fuji’ trees budded onto M9 rootsto¢kuitswere haveded and
analyzed bweekly across thiperiod,rangng from September 12, 2002 until

November 21, 2002These were organized 6 blocks at Keedysvill&irdling plus
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defoliation and detachment treatments were applied four timesctooffour
individual treesn each blockrom early mature to commercial mature stages (Sep.
12, Sep. 26, Oct. 10, and Oct. 24, 2002he @uit from each replicate liménd tree

(6 in total) was sampled at subsequent interobta/o, four andsix weeks. The same

maturty indicesused in 200Ivereagainmeasued one day after harvest.

Maturity Indices

ThelEC was measured by takigl ml gas samplby inserting a stainless
hypodermic needle fitted with a serum stopper into the fruit core from the calyx
basin. A 20 gauge 50.8 mm stainless hypodermic needle fitted with a serum stopper
was insertednto thefruit corein the field studies A small stainless stewire
plunger was used to remove any encldsei tissue for gas samph. Ethylene
concentration waddermined by injection into &C fitted with a flame ionization
detector The GC (Model 6890, Hewlett Packard Co., Palo Alto) @As equipped
with activated alumingacked into a stainless steel coluniine minimum detectable
level of ethylene with tis gas chromatograph was about 20Ln Flesh firmness was
measured using a penetromet@A(Systems, Norfolk, VAafter removing a small
section of the peel from three locations around the dautator

Starch disappearance was estimated by stainingutrequatorial surfaces with
iodine staining @KI) solutionfollowed by avisual rating Patterns were compared
with Cornell generictard-iodine index chart for@ples (Blanpied and Sisby, 1992)
which approximated changésundin ‘Gala’ and ‘Fuji’. Ths chart describes starch
indexvalues (SIV) on a scke from one to eight. A SIV scoreof“on€ means that

thefruit is filled solidly with starchwhile “eight” means that thiteshis devoid of
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starch. The concentration of soluble solids content vessured with a
temperaturecompensatedefractometer (Leica Mark Il Plus).

About 4 g of pulp was taken per sampling date to analyze for both free ACC and
bound @-malonylamino cyclopropankecarboxylic acidMACC) contents. Samples
were extracted witB0% methanol, which was removed under vacuum aC4éfter
centrifugingfor 10 min at 10,00QgFree ACC was measuradthe aqueous extract
according to methods of Lizada and Yang (1979) and &italt (1988). The ACC
concentration was determined thre aqueous extract after hydrolysis with 7.2 M HCI
at 100C for 3 hous, following the procedures described by Aflyet al. (2000).

MACC was taken as the difference between total and free ACC contents. ACC

results are presented msol/g fresh weigh

| EC vs. Ethylene Evolution Rate

IEC andexternal ethylene evolutions (headspace volatile analysd3)ji’ apple
fruits harvested during commercial harvest period in 2001 were monébnetgrvals
during storageInternal ethylene assays werefpemed as described abovéhe
external ethylenevolutionrateswere obtained byneasuring ethylene concentration
of gas sampléakenfrom headspace of sealed jars with an individual appteal
250 pairs of data were generated from this study. A segne test was takdn

analyze their correlation.

Statistical Analyses

‘Gala’ studies wera randomized complete block design (RCBEgch tree was

treated as a blocEach apple was treated as an experimental unit in the ‘féala’
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both years. FoiFuji’ Year 1,the experimental design wasandomizeccomplete
block split plot design withrepeated r@asursin time. Experimental structure was a
two-rootstock (M 7a and MM 111) ihreetreatment factorial. Rootstockserethe
main plotswith 6 repliates in 6 blocks. Treatmergsrved as subplots with 12
replicatemested withinl2 individual treesEach‘Fuji’ limb was treated as an
experimental unit.For ‘Fuji’ Year 2, the experimeat design was also a RCBD
Analysis of variance (ANOVA), and meaeparations by least significant differences
(LSD) andyses P <0.05 were carried out using timeixed procedure of the
Statistical Analysis System program package (version 8.2, SAS Institute Inc, NC,
USA). For internal ethylene concentration, both oradiand log transformed

values were tested for significande. ‘Fuji’ (2001 the interaction of rootstock and
treatment was not significgrthesum of squares for the treatment ywasled within

rootstocks.
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RESULTS:

General Comparison of attached ‘Gala’ and ‘Fuji’ during maturation and ripening

In general, maturity indices in attached ‘Gala’ and ‘Fuji’ behaved similarly during
maturation and ripening. Besides the significant difference of fruit size, the major
difference found between these two atdtis was the relative level of the first plateau
of IEC that was measured in apples harvested at commercial maturity, and the fruit
softening rateln both cultivars, the first plateau of IEC in attached fruits appeared to
coincide with the local commertiharvest period. The IEC increased dramatically
again with later harvests. Similar ethylene production pattern has been reported
previously in ‘Golden Delicious’ (Walsh, 1977) and ‘Gala’ (Wadshl., 1992). The
primary increase of IEC on ‘Gala’ occudrgn August 20 in 2002 and August 25 in
2003. This was ten times the level measured in mahaen fruit and one tenth that
measured in tregpe fruits. The IEC change duringnaturation 6‘Gala’ is shown in
Figure 1 There was lessoticeable changef IEC duringcommercial maturity of
‘Fuji’ (October 9, 2001 and October 10, 20QR)gure 3. The firmness of tree
ripened ‘Gala’ apple was about haffthat measured in matuggeen ‘Gala’ apple
(Figure 3). In contrast, there was less than a 20% |Id&srofess in ‘Fuji’ (Figure 4)
harvested from onmonth before commercial maturity until about one month

afterwards.
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Figurel. Internal ethyleneconcentration (IEC) in ‘Gala’ applefruit attached
to thetree, detached in the orchard (2002 and 2003), and attached to the girdled
plus defoliated limbs (2003 only).
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Figure 2. Internal ethylene concentration (IEC) in ‘Fuji’ applefruit attached to
thetree, detached in the orchard, and attached to the girdled plus defoliated
limbs during 2001 (a) and 2002 (b and c).
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Starch Indices Value (SIV)
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Figure 3. Changes measured in maturity indicesof ‘Gala’ applefruitsin 2002
and 2003.
Fresh weight (a) lésh firmness (b), percent red skin (c), starch indices value (d), and

soluble solid contents (e) in ‘Gala’ apple fruits attached to the tree, detached+hung in
the orchard (2002 and 2003), and attached to the girdled +defoliated limbsd2@p3
Vertical bars represent SE (n=12).
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Figure4. Changes measured in maturity indices of ‘Fuji’ applesin 2002.
Changes of (a) firmness (b) starch indices value in ‘Fuji’ apple fruit during

maturation and ripening in 2002. Vertical bars represent SE (n=6).

The Effects of Detachment and Girdling plusdefoliation

Ethylene evolution by detached, girdled +defoliated (2003 only) and attached

‘Gala’ apple fruitsdiffered (Figure 1) The upsurge dEC occurredearlier in
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detached fruit than iattachedruit. Based on data(TableZjom these two yearsat
two locations, we concludethatethyleneproduction is triggered by detachment in
‘Gala’ apple fruit. The IEC in #&ached fruit eventually increasdaut never to the
levelmeasured inletached fruit.

Table2. ANOVA tableof internal ethylene concentration, firmness, and starch
index value (SIV) on ‘Gala’in 2002 and 2003, in which six treatments dates
(stagel to VI) and two treatments (attached and detached) or threetreatments
(additional girdling plus defoliation) were applied.

Degree of
Effect DF of residue F value Pr>F
Freedom (DF)

‘Gala’ 2002
Treatment dates on IEC 5 164 0.80 0.5478
Treatment 1 164 11.75 0.0008
Date*Treatment (interaction) 4 164 0.69 0.6021
Treatment on firmness 1 169 0.53 0.4674
Treatment on SIV 1 163 44.13 <0.0001

‘Gala’ 2003
Treatment on IEC 2 252 74.26 <0.0001
Treatment on firmness 2 240 2.95 0.054
Treatment on SIV 2 251 24.12 <0.0001

Ethylene concentratioalsodiffered considerably from fruit to fruit. We ala not
discern consistent trends on the effeagiodling plusdefoliation among harvests in

2003(P=0.63) Due to the large standard deviation among IEC samples, the effect of
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girdling +defoliation was showto bestatistically significanbnly after logarithmic

transformation of IEC dat@.SD, P=0.0028) Fellmanet al. (2003) proposed that the

increase of standard error (SE) demonstratéseaking point signalingthe onset of

climacteric. The effect ajirdling plusdefoliation on IEC in this studgould be seen

in Figure 5.The threshold of first twgirdling plusdefoliationappeared to bleroken

faster thann theattached control.

SE of IEC
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Figure5. Standard error (SE) of internal ethylene concentration (IEC) in ‘Gala’
applefruit attached to the tree, detached on thetree, and attached to the girdled

plusdefoliated limbs.

The increase in the SE at the date where the “threshold” was broken demonstrates the

ethylene climacteric more clégthan it in the IEC.
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On the other hand, tH&C remained low until late in fruit developmant'Fuji.’
IEC appeared to beroducedas fruits treaipened(Figure 3. Thesetreatments did
not markedly alter the ethylene production during ripenirgjtirer year (P=0.69)
One exception to thhonsignificance vas observed on October 10, 2002 (P=0.02).
On that dateattached fruits had higher IEC levels ttadinothertreatmentgLSD,
P=0.009 between attached and detached fruits, and P=0.01&é&breattand girdled
plus defoliated fruits)

The IEC of all tagged fruits in the orchammainedow (<500 ./L; Figure 2. It
increased dramaticallyne month later, o@ctober9. The IEC fluctuatd between
that date anthe end of th@bservations fortgdays later on November 19 (Table 3)
In conclusion, there was no significant difference of IEC taken on site between
treatments, rootstock effect or interaction in ‘F{giata not shown)

Table 3. Changesof IEC of ‘Fuji’ applefruitsand ambient temperaturein 2001.

Date IEC (nl/l) Temperature
[Max/ Min; °C (F)]

9/17 355.4+44.9 26/ 4(78/39
9/25 263.4+21.0 18/ 7(64/49
10/01 261.1+34.3 22/ 3(72/38
10/09 669.4+110.1 16/-5 (61/23
10/15 1211.3+217.2 20/ 6(68/42
10/22 1500.1+261.2 26/ 8(78/47
10/29 618.3+97.6 156 (59/22
11/04 1929.3+286.4 21/ 2(69/34
11/13 628.2+90.3 1417 (57119
11/19 801.7+152.0

19/-1 (66/3)

A gradual decrease in flesh firmness occurrdabth detached and attached

‘Gala’ apple fruitgFigure ®). There was no significant difference in softening
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among treatmentsSoluble solids contents (SSC) increased as ripening progressed in
attached and detached ‘Galkiqure %) andin ‘Fuji’ apples (data not shown).

The detached and girdlgdus defoliated ‘Fuji’ apples showed a rapid loss of
starch Figure 41 and 4b2P<0.000} and a steady increaserefl skin color (data
not shown).Better firmness retention was found in detached and girdled plus
defoliated ‘Fuji’ applegFigure 4; LSD, P<0.03 on Oct 10 and Oct 24, 200 ree
ripened fruits had a sloweate ofstarch hydrolysis, flesh softenirg;cumulation of
SSC, anan increasegercenbf red skincolor duringon4reematuration and
ripening.

Rootstockaffectedthefruit size of ‘Fuji’ apples harvesteoh 2001 Eigure §.
Fruit size poth freshweight and diameter) frotnees orM.7awasgreaterthanin
fruits harvestedrom trees budded orMM.111. Rootstockhad no effect ofirmness

in this study(data not shown)
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Figure 6. Changein fruit diameter of ‘Fuji’ applesin responseto rootstock and
detachment from thetree.

32



The ACC content measuredattached fruits wasonsistently greatehan that
measured in fruitsdrne ongirdled+defoliated ‘Fuji’ applédmbs (Figure 7. Sincea
lower IEC wasalsomeasured in those samples, #fiect onACC content was not
surprising.A statistical separation of ACC content among treatments was only found
in early to midOctober n 2001. Taken together, the information of IEC and ACC
content indicated that there was no triggering effect of detachmgitting plus
defoliation in ‘Fuji’ appleln contrast, there might actualhe arequirement of

attachment foripeningpromotion
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Figure 7. Change of 1-aminocyclopropane-1-carboxylic acid (ACC) in ‘Fuji’
apples.
Using 250 paired IEC and external ethylevelutionrate data obtained from
stored'Fuji’ applesin 2002 a regression equation wealculated to compare
ethylene rate and internal concentratidBC (nl/)=-49.59X+6689X (X=ethylene

rate,nl/g/hr); R'=0.994 (Figure 8. This correlatiorappeared to bknear whilethe
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ethylene ratevasless than 25 nl/g/HtEC less than 140,000 nl/l Beyond that point,

the rate of increase in ethylene rate was higherttiteameasuredhange inecC, so

the regressiofit a quadratic function.
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Figure8. Quadratic regression of internal ethylene concentration (IEC) and

ethylene evolution rate.

DISCUSSION:

TheRole of IEC in Ripening
Internal ethylene concentration (IEGas been used axasuref ethylene rate
for manyyears. The IEC data were presertedeusing a logarithmic transformation

in this study, since IEC increases cdimearly anda high variance of system 2
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ethylene among samplesuldreduce theignificanceamongtreatmens. A
logarithmic (logg) conversion of étylene concentration mdeter enablethe
comparisorto linear changes thatrecommonly usedo gaugeruit quality
(Kingston, 1991). Fellimadt al. (2003) suggested that using the increase in the
percentage standard error of the mean (SEM) of IEC at each stage of maturity could
clearly demonstrate the onset of the climacténith maturity, a shorter lag period
existsbefore the onset of autocatalytic ethylene production (Sfakiotakis and Dilley,
1973b; Knee, 1993)This lag periods thought tanvolve a progressive increase in
receptivity to ethyleneeventuallyreaching a thresholdhereendogenous ethylene
triggers the climacteric. Thimaydepend on AC®iosynthesigMcGlasson, 1985;
Lara & Vendrell, 2000). In addition thelEC, the lag period before the onset of the
ethyleneclimacterichas also been usefl represenng physiological maturity

In conclusion, using transformed data to normalize the data and minimize the
variance is statistically acceptable. Applythg SE to detect the onset of climacteric
as suggested yellman (2003)s an easy way to handi¢hylene datahut might be
a risky statistical approach if replications are low. There is currently no uniform
thresholdavailable to determintthe onset othe climacteric in apple fruits. In this
study, we emplged the normal logarithmic transformed IEC to represent our data
and usedhe SE of IEC to illustrate the effect gfrdling plusdefoliationin ‘Gala’
apples.

There was a good correlation between IEC and the ethylene production rate
‘Fuji’ apples(R*=0.9946, P<0.05, n=250). These data confirm that IEC is indicative

of the ethylene production ratetims applecultivar. This waseporedpreviouslyby
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Lauet al., (1986). Theeonstant relatingeC andethylene evolutiomatewas 3270

nl/l IEC pernl/l/g/hr in ‘Golden Delicious’ appldn this study we found guadratic
relationshipdue to an apparent change in gltipat occurred as IEC increased

‘Fuji’ apples A lower constantate was obtaineia fruits with IECgreater than
140,000 nl/l(ethyleneevolutionrate greater than 29.A_/g/hr). The detected
external ethylenevolutionrate is not dependent on the rate of biosynthesis in fruit
tissueandalso ongasdiffusion rates The positive correlation between cuticular wax
and internal ethylene fibelicious’ apples has been reported previously (Ju and
Bramlage, 2001). However, theduction in IEC expectedundat higher ethylene
productionrates suggesthat thewaxy cuticle may not be a barrigry ethylene

diffusion.

Tree Factor

Theethyleneclimactericin gpple fruits has been shown to blelayedfor oneto
two months after commercial harvésthe fruit remains attached to the tree
(Sfakiotakis and Dilley 1973a; Laati al., 1986). The tree factavasthoughtto be
produced in the leaves atrdnsportedia the phloem to the fruits (Sfakiotakis and
Dilley, 19739. Theirhypothesis was based on the stimulatory effect of defoliation
and girdling of spurbadon ethylene concentratian attached apple fruit3.o
determine the existence oféw factor” in apple, ripening processes of two cultivars
with girdled+defoliated, detached, and attached treatments were followed throughout

the period of maturation and ripening on the tree.
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1. The effects of detachment and attachment on fruit ripening

The physiology of an attached fleshy fruit differs from detached fruit in several
respects. Continuous import of ghsynthate from the plant occurred, though this
may decline as ripening proceeds. In addition, pimotvthregulators and other
substrates aralso transported to fruit. Consequently, the ripening behavior of
attached fruits might also be mediatéa a response of the treeite ambient
environmentDetachment from the pareptant has been suggested to trigger the
onset of system 2 ethyleneduring ripening in avocado (Bower and Cutting, 1988),
apple fruits (Wilkinson, 1963; Sfakiotakis and Dilley, 1973a; leh@J., 1986),
purple passionfruit (Shiomiet a) 1996), saskatoomiRpgiers and Knowles, 198%nd
plum (Abdiet al., 1997).

Our resllts indicated thathie autocatalytic ethylene production of attached ‘Gala’
apples waslelayed and of lower magnitude than in detached apples. The delay in the
onset of massive ethylene production in attachedripeaing ‘Gala’ applesupporéed
the exisence ofatree factor. Lawt al. (1986) reported the same stimulatory effect of
detachmenbccurredn ‘Golden Delicious’apples harvested and hahdthe
laboratory at 28C. Sincethe field environmentvasusedfor all treatmentsn this
study, our reglts provided solid evidence to support thastence of differences in
IEC between attached and detached figitsot a response to differei@imperature

However, tweyear results in ‘Fuji’ apple did not show simitage factoresults.
‘Fuji demonstratedheslightly-oppositeeffect tothat reported irRed Delicious’
(Sfakiotakis and Dilley, 1973a), ‘Golden Delicious’ (Letal., 1986), ‘Jerseymac’

(Blanpied, 1993) and ‘Gala’ (this study). There was no difference in IEC detected
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among ‘Fuji’ tratments excemn one datat the starting point of commercial
harvest. Attached fruits actualyeldedthe highest measured IED that dateA
similar negative effect of detachment has been reported on Charantais melon, where

detached fruits produceddsethylenethan attached fruits (Bowet al., 2002).

It is worth mentionng that the detached fruiis this studywere hung in thizee
canopy This wouldnot only to mimic the environmental condition of attaemt
(Wilkinson, 1963), but also teeduce thepotentialfor cross contamination by
ethylene that occurs in storage (Knee, 1998uere environmental stresses such as
waterand heat stresses could still affect detached fruits in the canopy. Consequently,
the possibility of stressxduced syst@ 1 ethylene that then stimulated the onset of

autocatalytic system 2 ethylene upon detachment can not be eliminated.

2. Theeffect of girdling plusdefoliation on fruit ripening

Smock (1972) pointed out the defoliation and phloem removal dfuligoedcel
caused stimulation in the climacteric respiration resar(easured b0,
production) in onéalf of hisexperiments involving seven cultivars of apple fruits.
The dramatic stimulation ofgirdling plusdefoliation treatment on ethylene
productionwas based ofimited datg from onlyfour ‘Red Deliciousreplicatefruits
(Sfakiotakis and Dilley, 1973aJheirreportof increasing ethylene production in
attached apples borne on girdled and defoliated spaysbesuspect due to limited
replication Blanpied (1993)ater reportedhat the lag periods ethylene caused by
limb ringing to >1 ppm IEC or tapplefruit drop werepositively related to leaf area

perfruit in ‘Jerseymac’ and ‘Paulared’ apple fruits. Blanpied’s research (1993)
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supportedhe exstence of tree factan apple fruitsandsuggested positive
correlationexisted between leaf area and the amoutreeffactor. In this study, we
applied girdling to whole limbs instead of pedicels or spurs to allow long term
observation of treated fits. Girdling limbsin that manneis easier to perforprand

is less likely to cause undetected pedicel damageeadily removes the phloem.

The reduction of fruit growth and the rapid loss of starch on girdled+defoliated
applesof both cultivars sugested thathis technique was effectivén theory, the
detachment of fruits or the girdling and defoliation of limbs wdadth blocksignals
transportedia phloem from the ‘parertee’ to the fruit Althoughgirdling plus
defoliation successfully bloekl the carbohydrate supply from paraees, its effect
on ethylene concentration did not equal the effect of detachment. Only a partial
enhancement djirdling plusdefoliation on IEC was found in ‘Gala’ and no efféat
perhapsan inhibitory effectwas observed in ‘Fuji Eventually, all fruitsnitiated
the climacteric regardless of treatmenErom hese resulta/e inferred that other
variables, such as environmental conditianaybe more important itriggering

‘Fuji’ apple ripening

3. Conclusion

Our results revealed thdte difference in ethylene production between the fruits
on and off the tree may be related to a tree factor. As no other ripeteabed
processes such as firmness and color chatgelatedoy detachment, attachment
mayonly serve tasuppress ethylene productiand starch degradatiorsimilar

patterns have been indicated previously in ‘Golden Delicious’ apple fruits i alu,
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1986), and plum (Abdit al., 1997). Treefactor may also onlipe more likely tdoe
foundto exist in earlyapplecultivars This researchmplies that there may not be a
tree factor in ‘Fuji’ applesan extremelyate-maturingcultivar. The partial
stimulatory effect ofjirdling plusdefoliationin ‘Fuji’ actuallysuggested that thece
factor might also be transporteth the xylem as postulated by Smock (1972)may

act to suppres8CO and delay the biosynthesis of AQ&wu, et al., 1986)

Most hypotheses abotltetree factor have emphasized the role of an inhibitor
suppressing ethyte production of attached fruits until theyature However, the
modulation of ethylene production asltifts from system 1 to system 2 is from one
of suppression to promotion. The existence of enhancer stimulating system 2 ethylene
productionin detachd or girdled+defoliated fruits in some apple cultivars magie
equally tenable hypothesis Theoundingstress caused by harvesupled with
nutrient and water deficiency shacikducingsystem 1 ethylene carot be
eliminated (P®giers and Knowles, 1999 Thesamight be sufficient to promote

system 2 ethylen@ mature fruitLiu, 1978; Knee, 1988; Lara and Vendrell, 2000).

With thatnutritional shortage, the lag period before climacteric ethytened be
explained bya positive correlation witthe leaf/fruit ratio on girdledimbs in
Blanpied’s study (1993Petached fruitslike newborn babieseed to establish their
own survival mechanisnThe upsurgén ethylene, just like the first crgan not only
help fruits produce more energy by incregdimeir respiratory activities but also

coordinatethatripening.
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This wouldcomplete thie fruits’ natural missior- becoming attractive to seed
vectors. Ovemature attached fruits can be stimulated toward system 2 ethylene
production by simple stresssuch as insect attacks (personal oberservation) or
pathogen invasion (Rogiers and Knowles, 1999). The eventual rise in ethylene
production that occurs during treipening may be interrelated to fruit senescelitce
occurs at the onset of system 2 ethgleTo fitthisinto the parenplant hypothesis
phloem and xylem flow would be viewed tag alternativeree factors. As the fruits
becomemore mature, thesink strengthcould becomeaveaker. As thé&ree factor
alsogets weakerand the climacteric igitiated. A similar concept wasuggestedy

Burg and Burg (1965).

Avocado fruitsarethe clasgal parertplant study of tree factor. Attached
avocado fruithave been shown to lequallysensitive to exogenous ethylene as
detached fruits. An alterexthylene evolution pattern in attached avocadoalss
affected by longerm preharvest stress(Bower and Cutting, 1988)This hypothesis
of a stimulatoryeffect ofstress withdetachment could also to explain tesponses to

attachment and detachmemtavocado.

Comparing the pattesof detachment angirdling plusdefoliation, it is possible
to classify apple cultivars into two groups. These were stimulated by the treatment or
those had no effect. Most early and m@hsorcultivars arestimulatedoythese
treatmerd. Late varieties were not. The availability of photosynthates, water and

mineral nutrients tends to be more critical for the shor@wvigng periods in early and
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mid-season cultivars. In these cultivars, the sink stredigtimg maturdon would be

greaterduring maturatiorthanin late-season cultivars.

Sunakoet al. (1999) surveyed many apple cultivars and divided them into three
categories based on the combination for the ACS1 alleles. The parents of ‘Gala’
(‘Cox’s Orange Pippin’,Delicious’ and ‘Golden Delicious’) were either AGR1
homozygous or ACS1/ACS12 heterozygouslheywere able to producehigher
amount of ethylene during ripening than mutated AQ3bmozygotes. Late
cultivars that hadhe slowest rats of softening ad good, longerm storage
properties and/or produced little system 2 ethylene were homozygous forACS1
‘Fuji’ and its female parent, ‘Rall Janet’ are examples of that genotype (Haeada
al., 2000; Oraguziet al., 2004). It was also concluded tha€81-2 homozygous
fruits produced lower levels of ethylene at the climacteric stage and had less fruit
dropthanACS1-1/1 or ACS11/2 genotypegSunakoet al., 1999; Satet al., 2004).
Oraguzieet al. (2004) indicated that ‘Gala’ was also one of A&Stionozygous

cultivars according tds PCR banding profile.

Our IEC data revealed that ‘Gala’ and ‘Fuji’ were not likely to be classified into
the same category except in one valuable horticultlvalacteristicreduced
preharvesftruit drop. Therefore, sting differential IEC among cultivars solely by
ACS1 alleles may nalways be appropriat@here is aneed for additional
information about ACS alleles in appl@sdhow this affectslifferencesin quality

and abscissiohetween ‘Gala’ and ‘Fuiji’.
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Other Changesthat Occurred during Ripening

Ripening processes took place gradually in-tngening apples. Aoughhe
higher ethyleneoncentratiorof earlydetached fruit might coordinate some ripening
processes, the quality of gefruits has been deciddxforeharvest. Ethylendoes
not actequally on all ripening process@he onset oftarch hydrolysis precedebe
large increasseenin ethyleneconcentration Similar findings were reported for
‘Golden Delicious’ (Lawet al., 1986), ‘Jerseymac’ (Bigied, 1993) andh cultivars
such asDelicious’, ‘R.l. Greening’, and ‘Macintosi{Blanpied 1993). Flesh
softeningis not necessarily associated with the onset of climacteric ethgitbee
(DeEll et al., 2001) Red skin color doessot dependolelyon ethylene bulso is
underdevelopmental contrpbndis affected by solaradiationand temperature On
the other hand, Wang and Dilley (2001) reported that application of
aminoethoxyvinylglycine (AVGappliedas ReTaipsignificantly delayed red color
development, starch conversion and slightly reduced firmness loss in ‘Gala’ apple. In
conclusion, the progress of maturity indices of nalyrgbened fruitsdoesnot
appear to benediated by thé&nal (climacteric)rise in ethylene synthesisut by a
lower critical level of ethylenéhat is present earli@n maturation Detachmenand
girdling plusdefoliation stimulated starch degradatiarmetheror notIEC was
affected. ‘Gala’ applealsosoftened equally among treatmer@®nversely, detached
and gidled+defoliated ‘Fuji'appleswere firmer in comparison to attached fruits
although nasignificantlIEC differencesveremeasureé@mong treatments. Tree
ripening ‘Gala’ apple had thehighest percentage of red skiolor. No suchresponse

was found in ‘Fuji
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Soluble solids content (SSC) increased and starch content decreased steadily as
natural ripening progressed in bathltivars Detachment andirdling plus
defoliation triggered dramaticncreasan SSC in the early stage of maturibut had
only aminimal effect at end dahe seasarn ‘Fuji,” the first detached ah
girdled+defoliated treatmenshowedatransiently highelevel of SSC than attached
fruits. The stimulation of starch hydrolysis would be gnenary sourcefor increased
SSC in detawed and girdled+defoliated apple frui®nce respiration also uses
carbohydrate as substrates, it also affé&€.The highest SSC as measured in
treeripened ‘Gala’ apples. The continutednsport of photosynthate from tharent
tree tothefruit coupled with starch hydrolysisontributed to this high levelof SSC.
Detachment andirdling plusdefoliationtreatments affectestarch patternsimilarly
in both cultivarsStarch hydrolysis proceeds from the core tovde skin based on
the staining paern found byl,-KIl. Fanet al. (1995) postulated that amylose reacts
more intensely with,bKI solutions thardoesamylopectin. Therefore, it is possible
that achange irstarch index may indicate a changeha relativeproportion of
amylase hydrolysior in total starcHevel This might be the case of ‘FujiFan’s
group (1995) reported that most of the stardbusid asamylopectin during late
maturation period. The higher portion of amylopectin in ‘Fuji’ apple might explain
thelack of perfect orrelationbetween the starch index values and SSC readings.
Sinceresidual amylopectin exisis ripening‘Fuji’ apple, the values of starch
degradatioommeasuredby I,-KI woulchot account for total increasm SSC. In
conclusion, starch pattern and S®@pple fruits during maturation and ripenarg

associated with basic carbohydrate metabolism, but thegifanamong cultivars
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Acceleration of the onset of ethylene production by detachment was cultivar
dependent. The difference of ethylene produrchetween ‘Gala’ and ‘Fuji’ fruits did
not affect starctfor amylosehydrolysis. In both cultivars, starch was degraded more
rapidly in detached and girdled+defoliated treatments than in attached fruit. These
data indicated that starch degradation cabeattributed solely to the increase in

ethylene production that occurs during maturation and ripening.

Field datameasuringirmness loss during ripening indicated that fruit firmness
mayto be under genetic and environmental controls. Although einyle
concentrationn detached ‘Gala’ apple fruits was 10 to 40@l greaterthan in
attached apple fruits, a steady loss of firmmesseededndependentlyf treatment.

On the other hand, attached ‘Fuji’ fradappeared to softenore rapidlythandid

detached fruis. Reports of a similar reduction in softening rate in harvested fruits vs.
in attached fruit have been postulated in ‘Golden Delicious’ @tali, 1986). ‘Fuji’
fruits hada betterretentionof firmness than ‘Galafruits. The original fesh firmness
measured irFuji’ was lower tharthatmeasuredn ‘Gala’. ConsequentlyGala’

fruits showed anuchmore dramatic change in firmness during maturation and
ripening. Leliévreet al. (1997) reviewed the rate of fruit softening in transgenic
tomato fruitswith different residual ethylene production rat@fiey concluded that

fruit softening wagjuitesensitive to ethylene. However, those data also revealed that
fruits with a low amount ofesidual ethylen€3-10 % of wildtype production) were

able to softersteadilyduring ripening. Those transgenic tomato fruits were unable to

demonstrate the typical rapdecline of firmness when ovapen. Our research
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demonstrates that apple fruit firmness loss appearscir ata low IEC threshold

thatinitiates softeningduring maturation and tregpening

The onset of climacteric ethylene did not directly affect red skin color
development itheseapplecultivars Similar findings have been reported on purple
passion fruit by Shiomat al. (1996). tis well-documented that anthocyanin
accumulation iprimarily degendent on environmental factord/arm, sunny days,
and cool nights before harvesthance red color development in the ardh The
degree of red blush ®ot a suitable maturity indicatas its development can vary
between fruit position in the tree, orchard, season, and geographic location.

In this study, we observed that the fggtdling plusdefoliation treatment on
maturegreen ‘Gala’ fruits accelerated flesh softening and inec#se perceage of
red skin in comparison to detached or attached fatit®-20 days after treatment.
There was no difference after 30 days. Without the protection of adjacent leaves and
evaporative cooling, the exposure to sunlight would increadeuihéemperatures.
This transient “side effectdf enhanceded color (other than IEC) fourad the
earliestgirdling plusdefoliationtreatmentvas also seen in ‘Fuji’ appled:he peel at
the “maturegreen” stag@appears to bmore sensitive teolarradiation penetration
thanlatter stagef development Even so, in ‘Gala’, the percentage of red skin
measuredn detached andirdled plusdefoliatedfruits was less than in attached
fruits. This did not occur in ‘Fuji’.Ilt appears that some cultivdependenkeaf
products are required fanthocyanin biosynthesand red color development

Aroma volatile synthesis uite maturitydependent. ltisuallyoccursasthe

respiration and ethylene productites increasim apple fruits (Song and Banger
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1996; Rudelkt al., 2000). It has been reported that fruits harvested long before
attaining optimum maturity produce far few&vor-imparting volatiles than those
harvested latefSong and Bangerth, 1996alel et al., 2003). Rudellet al. (2000)
reported that the production m¥dlavor volatiles, butyl acetate and-thethylbutyl
acetate, increased as the IBCreasedrom the low level found in immature fta to
30004000 nl/l in maturéFuji’ apples. It appears that an increase in autocatalytic
ethylene production and respiratory activity may be essentitldéasptimum
increase in aroma volatile production. The upsurge of climacteric ethylene as a
coordinator of ripening likely serves to facilitateapid and synchronized synthesis

of aroma ompounds.

Predicting Optimum Harvest Date

Maturity at harvest is the most important factor that determines sthi@ge
postharvest quality angbftening rate during storagéo ensure optimal fruit quality,
suitable indicators of harvest maturéseneeded. In thisrief study, calendar date
appeared to beralativelyreliable guide t®electinghe optimum harvest date.
Calendar dateppeared to bevenmore appropriate for ‘Fujithan ‘Gala.’
Considering that environmental and cultural conditionstdiate between seasons,
andthatcanopy position affects maturity, standardized sampling techniques are
recommendedbr harvest date prediction (Kingston, 1991). He suggested that the
best prediction of harvest date should select an optimum numbertsffifoun each
tree. Thirtyfruits per treeappeared to be optimal Ims study. We deteetla very
large variancén IEC with only twelve replicationsper treatmendith non

significant difference between treatmemimes it was possible to sum all
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expermental units (36)Interestingly, the significant levef treatment effect on IEC

before and after pooling samples vga#l similar.

Forboth‘Gala’ and ‘Fuji’ appleslEC couldbeused as very suitable maturity
indicator forpredictingcommercial harest. The prirary plateau of the IEC
indicatedthatcommercial maturity hatleen achieved ithesecultivars.Taken
together, the first increase and plateau of IEC could be used as a maturity marker
which apparently predictthe onset of system 2 ethykehiosynthesis iattached

apple fruit.

In conclusionpptimum harvest periods of ‘Gala’ and ‘Fuji’ apples in Maryland
are readilypredicted by calendar date. IEC and starch patimbe the suitable
indices to allow maturity to be determined with gregisecision.Thefirst plateau/
increase of IEC may give the best prediction of the approach of commercial maturity
and harvesand correlated with Fellman’s hypothe&t®03)of harvesting as IEC

variability increased

The Quality of Tree-Ripened Fruits

During maturationfruit flavor and aromancrease while theistorage potential
decreasedidarvest decisions are a compromise between quality andjstbiiay of
fruit. “Dessert quality” is sed to describe appearance andntegral aspect along
with the flavor perception of a frusindis greatly influenced by the stage of fruit
maturity at harvest (Fellmaat al., 2003). Treeipened fruit has a relatively low

IEC. It has a superior organoleptic dessert quality including the aroma and texture

48



neeckd for immediate consumptiolVitithe potential loss of aroma volatiles that
happens during storage, trepening is preferred for direct marketing (Fellnehml .,
2003; Song and Bangerth, 1996). Quality of-ipening fruits is influenced by tire
communication with parent treandenvironmental conditions. Tregened fruits
are exposed to sunlight and day/night fluctuaiontemperaturefor tento thirty
days longer than fruits harvested at commercial mattaitgtorage. In the case of
treeripened'Gala’ and ‘Fuji’, thefull develgoment of red skin color, high SS(th

residualstarch, andhehighest aroma volatiles adesirable

Is Chilling Required in ‘Fuji’ Apples?

The IEC measurements made on site at ambient orchard temperature2@0fear
weregenerallylower than IEC taken from fruits stored overnight &t year
2002. All maturity indices progressed as expeuiitd the exception ofEC in 2001.
That fall, the first frost occurred o@ctober 9 Following that,fluctuatiors of IEC
appeared to correlapmsitivelywith ambient temperatus€Table 1) ‘Fuji’ applehas
been reported to ke chilkrequiring variety andconsequentlyEC would be affected
by ambient temperature. In the following yeagtare ‘Fuji’ appleharvestedn late
August, 2002 were capable of respondingropylene exposure beforeceiving any

chilling in the field(see Appendix)

Jobling and McGlasson'’s study (1995) reported that 32 days of stordifziat O
preclimacteric ‘Fuji’ apples harvested at 3 w&e@rior to commercial maturity could
induce an increase in IEC timeir return to 26C. They suggested that ‘Fuji’ apples

are susceptible to rapid ripening if stored at tempemteowl0°C. Fruit cultivars
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with a chilling requirement for induction ethylene synthesisanactuallyremain
preclimacteric for several weeks at@0(Kneeet al., 1983). Fochill-requiring

pears, theold requirementannot be replacday exogenous propylene or ethylene
treatment. For intermediate pears, cold treatnsenoi required for ripening but may
be helpful for promotingrapid andcoordinatedipeningon their return to a higher
temperaturdEl-Sharkawyet al., 2004). EISharkawyet al. (2004) proposed that the
differential expression of alleles the ACS gae family could be a critical marker
differentiatng between coledlependent andold-independent cultivars.

Our data suggested that ‘Fuji’ apple may be classifiemblasintermediate
cultivar that is capable of ripening without a cold pretreatmidrg.gystem 2 ACS
genes might have developed as ealdethykeneinducible by evolution andy
selection Chilling canpromote uniform ripening of ‘Fuji’ as reported bgbling and
McGlasson (1995)

In the field,fruit size was the only variable influenced loptstock. Most fruits
harvested at commercial maturity from M.7a treadinitiated theethylene
climacteric but fruitharvested at the same tifrem MM.111 treedhiadnot.
Differences in fruit quality such as fruit firmness, SSC, and fruitcarebegttributed
to growth habit, crop loadingndtree size, whiclwerethought to causehanges in
mineral composition (Draket al., 1988; Autio, 1991).The onset timing of
climacteric ethylene and storability of apple fruitsve been affectduly rootstock
(Drakeet al., 1988; Autio, 1991; Fallalet al., 1985). Our data demonstrate that
rootstockdid affect‘Fuji’ ripeningby delaying the autstimulatory effecof ethylene

production
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Concluding Remarks

Detachmentlearly stimulated ‘Gala’ system 2 ethylkemiosynthesis. It was
difficult to ascertain whether the loss of “tree factor” influenced IEC directly or
indirectly by inducingstresses in these fruits. Plamgans typically maintain a low
level of ethylene production throughout their life. Fruit nipgy on the tree can occur
at alower ethylene concentratighanoccursafterthe fruit has beenigked. The
evolutionary function othefruit is in seeddispersal Greaterethylene productioby
fruits removed from the tremayinitiate defense systemandcoordinateheripening
processeseeded to attraceedvectors.Unstressed fruitazould maintain a lower
ethylene production as long as they remained attached to th&€hesdiagram in
Figure 9summarizes thgeatment effectiound in this study

A ripeningsummarycomparing ethylene production and horticultural maturation
among developmental stages ranging from magoeen, commercial maturity and
treeripened fruits was used to establish a general physiological backdvetwelen
IEC and othematurity indicesA summary of the major developmental changes in
‘Fuji’ and ‘Gala’ apples during the commercial harvest window is shown in Figure
10. Thesavere drawn by summarizing two years of observation at Keedyssilhg
SgmaPlot 8.02(SPSS Inc)

Like pears, lateseason apple cultivars such as ‘Fuji’ and ‘Granny Smith’ require a
chilling treatment for ripenin@Jobling and McGlasson, 1993 hisdoes not appear
to affectearly and mieseason cultivars, such as ‘Gala,’ ‘Red Delicious’ and ‘Golden
Delicious’. Thesecultivarshave ncapparentold requirementCold tolerance andn

extendeddevelopmentagberiod may be needed ftire maturationand ripeningpf
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long-season apple&-uji’ apple and ‘Pass€rassane’ pear have bdenndto
possess differdrACS alleles and differential gene expressionomparisorto non

cold-requiring varieties (EEharkawyet al., 2004).

Attachment:
d Fruit continuous growth
Increasing steadily soluble solids and
starch slowly hydrolyzed
Ethylene production increased in a

sigmoid pattern

T T Girdling plusdefoliation:
Enhancing starch degradation

Partial triggering of ethylene production

I Detachment:

Enhancing starch degradation
Triggering ethylene production

Figure9. A summary of treatment effects on ‘Gala’ applefruits.
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Figure 10. Developmental changesduring ‘Gala’ (a) and ‘Fuji’ (b) applefruit
maturation and tree-ripening.

Relative changes in internal ethylene concentration)(IEi@rch indices value
(SIV), percent red color of skin (% red), weight, soluble solids contents (SSC, %),
and firmness are shovirefore, during and aftéhe commercial harveperiod In

‘Gala’, six time pointsat 10 day intervals are shown. Thepreent stage | to stage
VI, respectively.

53



REFERENCES:

Abdi, N., P. Holford, W.B. McGlasson, and Y. Mizrahi. 1997. Ripening behaviour and
responses to propylene in four cultivars of Japanese type dhastisarvest Biology
and Technology. 12:2134.

Abeles, FB. 1973. Ethylene in plant biologgcademic Press, New York.

Adams, D.O. and S.F. Yang. 1979. Ethylene biosynthesis: Identificatien of 1
aminocyclopropané-carboxylic acid as an intermediate in the conversion of
methionine to ethylendroc. Natl. Acad. Sci. 76:170174.

AdamsPhillips, L.,C. Barry, and J.J. Giovannoni. 2004. Signal transduction systems
regulating fruit ripening. Trendsin Plant Science9:331338.

Alexander L. and D.Grierson. 2002. Ethylene biosynthesis and action in tomato: a
model br climacteric fruit ripeningd. Experimental Botany. 53(337):2032055.

Atta-Aly, M.A., J.K. Bretit and D.J. Huber. 200Ethylene feedback mechanisms in
tomato and strawberry fruit tissues in relation to fruit ripening and climacteric
patternsPostharvest Biology and Technology. 20(2):151162.

Autio, W.R. 1991. Rootstock affects ripening and other qualities of ‘Delicious’ apples.
J. Amer. Soc. Hort. Sci. 116(3):378382.

Blanpied, G.D. and K.J. Sisby. 19%2edictingharvestdate wndows forapples.
Information Bulletin 221. Cornell Cooperative Extension.

Blanpied, G.D. 1993. Studies of the “tree factor” that inhibits the ripening of attached

applesActa Horticulturae. 343:611.

54



Bower, J.P. and J.G. Cutting. 1988. Avocado fruit development and ripening
physiology. In: J. Janick (edqorticultural Reviews: 10:229271. Timber Press,
Portland, OR.

Bower, J., P. Holford, A. Latché,-C. Pech2002. Culture conditions and detachment
of the fruit influence the effect of ethylene on the climacteric respirat
melon. Postharvest Biology and Technology. 26:135146.

Burg, S.P. and E.A. Burd.965. Ethylene action and the ripening of fruigence.
148(3674):11901196.

Ciardi, J., H.R. Klee. 2001. Regulation of ethylenediated responses at the level of
the receptorAnnals of Botany. 88 (5): 813822.

DeEll, J.R., S. Khanizadeh, F. Saad, and D.C. Ferree. 2001. Factors affecting apple
fruit firmnessa review. J. American Pomological Society. 55(1):827.

Dennis F. Jr. 2003. Flowering, pollinati@and fruit set and developmerApple:
Botany, Production and Uses. CAB International. 15366.

Drake, S.R., F.E. Larsen, J.K. Fellman and S.S. Higgins. 1988. Maturity, storage
guality, carbohydrate, and mineral content of ‘Goldenspur’ apples as icdididxy
rootstockJ. Amer. Soc. Hort. Sci. 113(6):949952.

El-Sharkawy, I., B. Jones, L. GentzbittetM. Lelievre, J. C. Pech and A. Latché.
2004. Differential regulation of ACC synthase genes in-deldendent and
independent ripening in pear frulant, Cell & Environment. 27(10):11971210.

Fallahi, E., D.G. Richardson and M.N. Westwood. 1985. Influence of rootstocks and
fertilizers on ethylene in apple fruit during maturation and stothgener. Soc.

Hort. Sci. 110(2):149153.

55



Fan, X. J.P. Maheis, M.E. Patterson, and J.K. Fellman. 1995. Changes in amylase and
total starch content in ‘Fuji’ apples during maturatidiort. Sci. 30(1):104015.

Fan, X. J.P. Mattheis, and J.K. Fellman. 1998. A role for jasmonates in climacteric fruit
ripening.Planta. 204:444449.

Fellman, J.K., D.R. Rudell, D.S. Mattinson, and J.P. Mattheis. 2003. Relationship of
harvest maturity to flavor regeneration after CA storage of ‘Delicious’ apples.
Postharvest Biology and Technology. 27:3951.

Fillion, L , A. Ageages, SPicaud, PCoutosThévenot, RLemoine, CRomieu, and
S.Delrot. 1999. Cloning and expression of a hexose transporter gene expressed

during the ripening of grape berilant Physiol. 120 (4): 10831094.

Giovannoni, J. 2001. Molecular biology fofiit maturation and ripeninginnu. Rev.
Plant Physiol. Plant Mol. Biol. 52:725749.

Giovannoni, J.J. 2004. Genetic regulation of fruit development and ripétamy.Cell.
16:5176S180.

Hampson, C.Rand H. Kemp. 2003. Characteristics of importammercial in apple
cultivars. In: Apple: Botany, Production and Uses. CAB International 61-89.

Harada, T., T. Sunako, Y. Wakasa, J. Soejima, T. Satoh, and M. Niizeki. 2000. An
allele of the 1Iaminocyclopropané-carboxylate synthase gene WVAICSL) acounts
for the low level of ethylene production in climacteric fruits of some apple cultivars.
Theor. Appl.Genet. 101:742746.

Jackson, J.E. 2003. Biology of apples and p&zasibridge University Press. 341-383.

56



Jensen, P.J., J. Rytter, E.A. Detwiler, JMAvis and T.W. McNellis. 2003. Rootstock
effects on gene expression patterns in apple tree s€l@ams Molecular Biology.
493: 493511.

Jobling J.J. and McGlassof995. Chilling at 8C in air induces ethylene production in
Fuji and Lady Williams apgls.Australian J. Experimental Agriculture. 35: 651655.

JohnsonP.R. and J.R. Ecker. 1998. The ethylene gas signal transduction pathway: a
molecular perspectivénnu. Rev. Genet. 32:227254.

Ju Z. and W.J. Bramlage. 2001. Developmental changes alarticonstituents and
their association with ethylene during fruit ripening in ‘Delicious’ apples.
Postharvest Biology and Technology. 21:247263.

Kingston, C.M. 1991. Maturity indices for apple and pétarticultural Reviews
13:407432.

Knee, M., N.E. looney, S.G.S. Hatfield and S.M. Smith. 1983. Initiation of rapid
ethylene synthesis by apple and pear fruits in relation to storage tempekature.
Expt. Bot. 34:12071212.

Knee, M. 1988. Effects of temperature and daminozide on the induction of ethylene
synthesis in two varieties of appldsPlant Growth Regul. 7(2):1111109.

Knee, M. 1993. Pome Fruits. In G.B. Seymour, J.E. Taylor, and G.A. Tued#ter)(
Biochemistry of fruit ripening. 325346. Chapman and Hall, London.

Knee, M. 1995. Do tomatoes dmetplant behave as climacteric frui®/siologia

Plantarum 95:211216.

57



Lalel, H.J.D., S. Zora. and S.C. Tan 2003. Maturity stage at harvest affects fruit
ripening, quality and biosynthesis of aroma volatile compounds in 'Kensington
Pride’ mangoJ. Horticultural Science & Biotechnology. 27:225233.

Lara, I. and M. Vendrell. 2000a. Changes in abscisic acid levels, ethylene
biosynthesis and protein patterns during fruit maturation of ‘Granny Smith’ apples.
J. Amer. Soc. Hort. Sci. 125(2):183189.

Lara, l.and M. Vendrell. 2000b. Development of ethyleayathesizing capacity in
preclimacteric apples: Interaction between abscisic acid and ethyldmaer. Soc.
Hort. Sci. 125(4):505512.

Lau, O.L., Y. Liu and S.F. Yang. 1986. Effects of fruit detachmergtbylene
biosynthesis and loss of flesh firmness, sdotor, and starch in ripeningsolden
Delicious’ applesJ. Amer. Soc. Hort. Sci. 111:731734.

Leliévre, J.M., A. Latche, B. Jones, M. Bouzayen and J.C. Pech. 1997. Ethylene and
fruit ripening.Physiologia Plantarum. 101:727739.

Liu, F. W. 1978. Effects of harvest date and ethylene concentration in controlled
atmosphere storage on the qualityMtintosh’ applesJ. Amer. Soc. Hort. Sci.
103:388-392.

Lizada, M.C.C., Yang, S.F., 1979. A simple andssiéve assay for-1
aminocyclopropané-carboxylic acidAnal. Biochem. 100, 140-145.

McGlasson, W.B. 1985. Ethylene and fruit ripeniHgrtScience. 20:5154.

McMurchie, E.J., McGlasson, W.B., and Eaks, I.L. 194 2atment of fruit with

propylene givesformation about the biogenesis of ethyleNature. 237:235236.

58



Mousdale, D.M.A. and M. Knee. 1981. IndeBdacetic acid and ethylene levels in
ripening apple fruits]. Expt. Bot. 32:753758.

Oeller, P.W., L. MinWong, L.P. Taylor, D.A. Pike, and Aheologis. 1991.
Reversiblenhibition of tomato fruit senescence by antisense R&tfence. 254
437-439.

Oraguzie, N.C., H. lwanami, J. Soejima, T. Harada and A. Hall. 2004. Inheritance of
the Md-ACSL gene and its relationship to fruit softening in agpalus x
domestica Borkh.). Theor. Appl. Genet. 108:15261533.

Plotto, A., McDaniel, M.R. and Mattheis, J1299.Characterization of ‘Gala’ apple
aroma and flavor: Differences between controlled atmosphere and air sforage.
Am. Soc. Hort. Sci. 124:416423.

Rogiers S.Y. and N.R. Knowles. 1999. A comparison of preharvest and
postharvest ethylene production and respiration rates of SaskAtodarfchier
alnifoloa Nutt.) fruit during developmentCan. J. Bot. 77:323332.

Rudell, D.R., D.S. Mattison, J.K. Fellman and J.P. Mattheis. 2000. The progression
of ethylene production and respiration in the tissues of ripening ‘Fuji’ apple fruit.
Hort. Sci. 35(7):13001303.

Sato, T., T. Kudo, T. Akada, Y. Wakasa, M. Niizeki and T. Harada. 2004. Allelotype
of a ripeningspecific aminocyclopropané-carboxylate synthase gene defines
the rate of fruit drop in appld. Amer. Soc. Hort. Sci. 129(1):3236.

Schechter I, D.C. Elfving and J.T.A. Proctor. 1991. Rootstock affects vegetative
growth characterists and productivity of ‘Delicious’ applélort.Sci. 26(9):1145

1148.

59



Sfakiotakis, E.M. and D.R. Dilley. 1973a. Internal ethylene concentrations in apple
fruits attached to or detached from the tdledmer. Soc. Hort. Sci. 98(5):501503.

Sfakiotakis, E.M. and D.R. Dilley. 1973b. Induction of autocatalytic ethylene
production in apple fruits by propylene in relation to maturity and oxydy&mer.

Soc. Hort. Sci. 98(5):504508.

Shiomi, S., L.S. Wamocho and S.G. Agong. 1996. Ripening characteristiapla pu

passion fruit on and off the vinBostharv. Biol. Technol. 7:16%170.

Sitrit, Y., J. Riov, and A. Blumenfeld. 1988. Interference of phenolic compounds with
the aminocyclopropané-carboxylic acid assaylant Physiol. 86:00130015.

Smock R.M. 192. Influence of detachment from tree on the respiration of apples.
Amer. Soc. Hort. Sci. 97(4):5009.

Song, J. and F. Bangerth. 1996. The effect of harvest date on aroma compound
production from ‘Golden Delicious’ apple fruit and relationship to respinaind
ethylene productiorRostharvest Biology and Technology. 8:259269.

Sunako, T., W. Sakuraba, M. Senda, S. Akada, R. Ishikawa, M. Niizeki and T.
Harada. 1999. An allele of the ripeniagecific aminocyclopropané-carboxylic
acid synthase gene (ACkin apple fruit with a long storage lifélant Phylsiol.
119:12971303.

Tingwa, P.O. and Young, R.E. 1975. Studies on the inhibition of ripening in attached
avocado Persea americana Mill.) fruits. J. Amer. Soc. Hort. Sci. 100: 447449.

Walsh, C.S. 197. The relationship between endogenous ethylene and abscission of

mature apple fruitsl. Ameri. Hort. Soc. 102(5):615619.

60



Walsh, C.S., B. Statler, T. Solomos, and A. Thompson. 1992. How to determine
harvest maturity on Gala apples for different stonaggmes. Washington State
Horticultural Association Proceedings of Eigisixth Annual Meeting. 18992.

Wang, Z. and D.R. Dilley. 2001. Aminoethoxyvinylglycine, combined witiephon
can enhance red color development without w\@ning applesHort.Sci.
36(2):328331.

Watkins, C.B. 2003. Principles and practices of postharvest handling and Biress.
Apple: Botany, Production and UseGAB International. 585614.

Wilkinson, B.G. 1963. Effect of time of picking on ethylene production of apples.
Nature. 199(489):715.

Yang, S.F. and N.E. Hoffman. 1984. Ethylene biosynthesis and its regulation in
higher plantsAnnu. Rev. Plant Physiol. 35:155189.

Yang, S.F., Y. Liu and O.L. Lau. 1986. Regulation of ethylene biosynthesis in

ripening apple fruitsActa Horticulturae 197:711710.

61



Chapter2: Transcript Profiling During the Transition from Maturation
to Ripening in ‘Gala’ apples.

ABSTRACT:

To investigate differential gene expressturing fruit maturation and ripening,
cDNA-AFLP (Amplified Fragment Lenth Polymorphismjvas used fotranscript
profiling. Thirty five primer combinationsveredone Two hundred and four
differentially expresed transcriptlerived fragment§T DFs) were isolated from
‘Gala’ apple. One hundred sixteefDFsrepresented upegulated geneswenty five
were downrregulated, and the others were induoeduppressettansiently during
fruit development and ripeninglhe majority ofTDFshad significant similarity to
genes in other species and included genes identifiéef@mseand stressesponses
cell wall hydrolysis andlegradation, pigment production and aroma biosynthesis.
Additional transcripts associated wihotein biosynthesis/ degradation, intracellular
trafficking and sorting, cell structure and mobility, aratbdydrate, lipid, and
proteinmetabolism were also isolate8ixty cDNA-AFLP fragmentdad similarity
with genes of unknown functionpvel apple ES3or represemd novel sequensdan
the public GenBank database. The expression pattesubsétTDFs wes verified
using mcroarrays and Northern blot&lore than half of differential expression
patternsobserved by cDNAAFLP were confirmed byNorthern and microarray
assag. Apart from providing observation on gene expression profiles and related
metabolicpathways during apple fruimaturation andipening, this study has

developed candidate genesfigiure study
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INTRODUCTION:

Apple (Malus domestica) fruits undergo many biochemical, physiological, and
structural changes during maturation and ripenifiglit maturation is defined as the
process of transforming from juvenile stage to ripening. It is the adult phase of fruits
where enclosed seeds are ripetf@continuing of generationsApple fruits are
classified as climacteric fruits. The ripeningeess of this annual pome fruit crop is
regulated by genetic, developmental, hormonal and environmental signals that lead to
dramatic changes in color, texture, flavor, and aroma of the fruit flesks.gdherally
accepted that ethylendaht fruitripening hormone”, regulates climacteric fruit
ripening. Howeverexogenougthylene did not induce normal ripening in transgenic
tomato fruits that lacked the capacity for ethylene biosynthesis or ethylene perception
(Giovannoni, 2001 and 2004). A devathoental competence to respond to ethylene
appears to also beeeded for ripening in tomatanotherclimacteric fruit. It has
been suggested that climacteric fruit ripening is regulated by developmental factors
whichis coordinatedbyethylene synthesisAdamsPhillips et al., 2004; Giovannoni,
2004).

Changes in gene transcript levels during development, maturation and ripening of
a variety of fruit species including tomatrabidopsis, grape and strawberry are
well-documented (Giovannoni, 2001 and20Davies and Robinson, 2000; Aharoni
and O’Connell, 2002). Due to the availability of ripening mutants and a short
growing cycle Arabidopsis and tomato have been used as model plant species for dry
dehiscent fruits and fleshy fruits respectively (Modiral., 2002). The progressive

developmenbf genomics tools hdead to an enhanced understanding of the
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molecular basis of ethylergerived ripening. Studies of cell wall hydrolases and
wall metabolism (polygalacturonase, pectin methyl esteraselasallang—
galactosidase), arttie role oflight in fruit carotenoid accumulation hateen
reported (White 2002, Giovannoni, 2008n examination ofhebiochemical and
molecular changes in climacteric (tomato) and-olimacteric (strawberry) ripening
suggests that a common regulatory cascade may opethéséafruits (White 2002;
Giovannoni 2000 and 2004). Although some gaps between certain ripening
connections remaiandiscovered (Giovannoni 2000, 2004), knowledge from tomato
hasled tahe use ofdifferential screening techniques to improve our understanding of
ripening in many other plant species.

cDNA-AFLP (Amplified Fragment Length Polymorphisis)an efficient tool for
gene discovery, and for the systematic analysis of genev@uvinl a particular
process (Behem,et al. 1996; Breyne and Zabeau 2001; Josiest. 2000; Reijanst
al., 2003). This PChased technique combines high sensitigitgd specificity, and
hasproven useful for genomaide expression analysis in species where préegis
biological or sequece information desnot exist (Bahem,et al. 1996; Breyne and
Zabeau, 2001; Jonesal. 2000). The distinctive feature of cDNRFLP is that it
ensures referential amplification of a limited number of fragments with fully
complanentary sequences. Moreover, cDRAELP has been shown to provide
polymorphic transcripts as genetic markers specifically targeted to transcriptionally
active regions in mapping (Brugmagisal. 2002). The enormous amount of

sequence information found ithe expressed sequence tags (ESTs) and whole
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genome databases are providing researchers with new tools such asA¢éIDRAO
dissect developmental processes.

‘Gala’ is a precocious, highquality cultivar with a sweet flavorandcrisp, firm
texture whik ripe. Fruit ground color is yellow witlared-striped surface colas it
matures and ripens This occurs in midto late August in Maryland. As little fruit
abscission occutsetween the beginning of harvest dhd end of the growing
season, commeial harvest can be delayed until fruits attain optimum size and
quality. This extremely popular cultivar can be indutedpenreadilyand produce
high levels of ethylene production by detachment. Since it is not prone hanwest
drop, it was selcted to study the role of detachment and attachment to the mother

treeduringtheperiod of maturation and ripening

Limited studieshave characterized gene expression @a@me fruitsproceed
from preclimacteric to postlimactericdevelopment Thisis in part due to the lack
of genetic mutationthat can be studieshd the tree’s annual fruiting cycle. Lay
Yeeet al. (1990)first reported that a rapid accumulation of transcripts and proteins
took place in the early stages of ripening. During tilme the IEC increased from O
0.1uL/L to 1-5uL/L. A relationship between fruit ripening and chaaxgemRNA
and protein levels wademonstrated in ‘Golden Delicious’ apple frlitay-Yeeet
al., 1990) However, no further studies maturatiorwerereported It is
worthwhile to construct a ripening model based on identified transcriptional profiles
to gain a greater understanding of the mechanisnodved Knowing the associated
gene expressiopattern is helpful to connect the relationstgom transcripts to

known physiological changesnterestingraits obtained can bexpected to facilitate
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more putative predicin to regulate fruit maturation and ripening, and also provide

additional candidates for the fruit qualitgprovement.

In this prgect, an investigation of differential gene expression at various stages of
fruit development using cDNAFLP wasusedo study the processes of apple fruit
maturation and tree ripeningl DFsidentified by usingcDNAAFLP were

sequenced amabundance durg ripening verifiedoy cDNA microarray.

This chapterdescribes the application of RNigerprinting,usingcDNA-AFLP
from ripening apple fruit Using this method?04 cDNA gene tagaere discovered
and characterizedThese were derived from geneattiveredifferentially-regulated
during ‘Gala’ fruitmaturation and ripeningThese techniques revedla number of
novel, ripeningrelated genes. Most expression patterns of these genes were
confirmed by cDNA microarray, araifew by Northern blot anadis. The ptential
roles for these gene products provide valuable insights in the processes that underpin
fruit ripening. Surprisingly, their putative functions ealed that these differentially
expressed genes were highly conserved among speciessgrape (Davies and
Robinson, 2000), strawberry (Aharoni and O’Connell, 2@0@)apple (this study).
Functional groups that have been associated with differential screening profiles
during ripening, such as cell wall disassembly, production of arochfauor
compounds, stress responses, and the enhanced turnover of nucleotides, proteins and
primary and secondary metabolitgsre found It is worth mentioning thahany
similaritiesthought to be involved in stresslated responses also accumularted

ripening‘Gala’ apples. This may indicate that the ripening process represents a type
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of stress, or that genes involved in response to stresses dnatsan during

ripening.

MATERIALS & METHODS:

Plant Material and Treatments

Apple treegMalus domestica Borkh. cv Gala) grown in the Western Maryland
Research and Education Center in Keedysville, MDtaadJSDAAFRS in
Kearneysville, WV were selected for this study. Fruits wenvested and analyzed at

8 to 12 days intervals during developmdrdm “mature green{marketable sized,

unripe fruit with mature seedg) tree ripe and overripe. These are presented as stage
| to stage VI ranging from July 31 to September 20, 2002, and from August 6 to
September 25, 2003 (s€able4). Additional fuits of maturegreen, early mature to
commercial mature stages (stag#l)lwere detached and thémngin nylon

stockings on the limbs the canopyn attempt to ensure a similar environment to

that of attached fruitkr 10, 20, and 30 days which ared#dd as 1+10, [+20, 1+30

and 11+10...etc. in this studydr example, se@able4). Thesaletached and

untreated contrdlattachedjruits werebrought back to the laboratory aheld

overnight at room temperature (20 °@yuit maturity indicesncludinginternal

ethylene concentration (IEC), visual red color percentage, fresh weight, fruit
diameter, soluble solids content, flesh firmness, and a visual assessment of the starch
index (Chapter 1yvere monitoredhe day after harvesCortical tissue of fraiwas

frozen and in liquid nitrogen and stored-&®°C for RNA extraction
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Table 4. Thedefined developmental stages of ‘Gala’ applesin this study.

Stage Harvest date Definition

Stage | July 31, 2002 Maturegreen, about 20 days before commer:
August 6, 2003 harvest 100-110 days after full bloom (DAFB)

Stage Il  August 8, 2002 Early mature, about 10 days before commercial
August 15, 2003 harvest; 110120 DAFB

Stage Il August 20, 2002 Commerciallymature, sarch index value=3~4;
August 25, 2003 120130 DAFB

Stage IV August 29, 2002 Late mature;
September 4, 2003 130140 DAFB

Stage V September 12, 2002 Tree ripe;
September 15, 2003 140150 DAFB

Stage VI September 26, 2002 Ripe to overripe, starch indexhe close to 8;
September 25, 2003 150160 DAFB

Stage I+1Metacted on July 31, 2002; Picked at Maturgreen stage and hung in the
Harvestedn August 8 canopy for ten days before harvested
Detachedn August 6, 2003;

Harvestedn August 15

Stage I+2Metachedn July 312002; Picked at Maturgreen stage and hung in the
Harvesedon August20 canopy for twenty days before harvested
Detachedn August 6, 2003;

Harvesedon August 25

Stage [+3Metachedn July 31, 2002; Picked at Maturgreen stage and hung in the
Harvesedon August 29 canopy for thirty days before harvested
Detachedn August 6, 2003;

Harvesedon September 4

Extraction of Total RNA

Total RNA was extracted from frozen apple cortical tissue using a modification of

the method described by Chast@l. (1993). Ten gramoffrozen tissue was ground
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to a powder in liquid nitrogewith amortar and pestle, and suspended in 30 ml of
suspension solution | (85% ethanol, 0.05% SDS, and 0.05%s84. Following
centrifugation at 14,000 rpm for 15 min, thelgewas resuspended in 30 ml of
suspension solution 1l (75% ethanol, 0.05% SDS, and 0.05%s84. After a
second centrifugation, the pellet was dissolved & 6® 15 ml extraction buffer2¢o
CTAB, 2% PVP, 100 mM Tri$iCI, 25 mM EDTA, 2.0 M NaCl, an@.5g/|
spermiding Changet al., 1993). An equal volume of chloroform was added and
mixed vigorously then centrifuged at 10,000 rpm for 20 min & Zbe aqueous
phase was removedndthe chloroform extraction was repeate®NA wasthen
precipitatedoythe addition of a quarterolume of10 M LiCl at 4 @vernight .
Precipitated RNA was recovered by centrifugattri0,000 rpm at’€ for 30
minutes, and thBNA pellet was dissolved in 5Q0L SSTE (1.0 M NacCl, 0.5% SDS,
10mM Tris HCI, and 1mM EDTA). After solubilizationthe solutionwas extracted
twice using an equal volume of chlorofornirollowing chloroform extraction,ra
equal volume of isopropyl alcohol was added to precipitat&Nwe overnight at
either-20°C or-80°Cf ollowed bycentrifugation at 14,000 rpm at@ for 30
minutes. The pelleed RNAwasthenwashedwice with 70% ethanol, dried in a
speed vacuurand dissolvedn 50ul water. RNAconcentrationvas determined
spectrophotometrically at 260 nrRNA purity was determinedy meauring the
absorption ratio at 260/ 280 nm, aRNA integrity was assesség electrophoresis

in a denaturing 1.4% formaldehydgrose gel (Sambroak al., 2001).
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MRNA Isolation and cDNA Synthesis

Poly (A)'RNA was isolated from 98g of total RNA usingAmbion Poly(A)Purist

Mag kit (Ambion Inc, TX, USA). First strand cDNA synthesis was carried out with
SuperScript 11l FirstStrand Synthesis System for ®CR (Invitrogen Corp.,

Carlsbad, CA, USAxt 50C for 3060 min Second strand cDNA was syntizesi

using RNase H and DNA polymerase I. After phenol/chlorofexinaction(pH=
8.0),the resulting doublstranded cDNA wassed for PCRvith PCR primers
designed for apple ADH (alcohol dehydrogenase) and poplar &ajur¢ 1) to

verify the suitabiliy of the cDNA for PCR amplificatianThe cDNA was then

subjected to theDNAFLP procedure (Vos et al., 1995; Bachem, 2002).

-
)0 by—»> ==

SRR SRR e e .-

Ladder | 1+01+30 Il 11+10 11+30 I 111+10 +20 +30 v v

Figure11. Amplification of apple actin using cDNA synthesized from apple fruit
MRNA. Applefruit cDNA was amplified using primers designed from poplar
actin (accession # AB025795) and amplified 25 cycles.

cDNA-AFLP

Apol- Msel combination was chosén bethe optimal enzyme combination for
template productiobased on thi silico testresultsof two restriction enzyme
combinationgApol- Msel andAsel- Tagl). These combinations were tested foirthe
genomic coverage and ftreir possibility to generatesaze range of efficient
fragmentsof 100 to 650 nucleotiddsy performingNEBcutter V2.0

(http://tools.neb.com/NEBcutter2/index.phgm apple gene sequences available in
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GenBank in June to July, 200&ala’ applecDNA was digested witMsel (10 U;
New England Biolabs, Beverly, MA) at 37for 1 hour in a 4@l reaction volume.
Apol (10U, New England Biolabs) buffer and enzyme were then ati#tk first
digestion mix and incubated at"&0for 1 hr. Furtheamplifying steps to provide
template for cONAAFLP were carried out as describmeviously(Durrantet al.,
2000). Apol andMsel adaptor primer§s0 pmoleeach Table5) were ligated to the
digested cDNA in a total volume of pfhwith T4 DNA ligase New England
Biolabs) at 37C for 2 hr. The ligated produatvas used directly forng-amplification
using primers withouselective nucleotide(for sequence, sékable5). PCR cycle
parameters were: 92 denaturation, 30 s; 55°C amtiag, 30s; 72C extension, 60s.
This was repeatefbr 25 cycles, followed by 5 min at 7€. The saples werehen
diluted about 250eld to a concentration of 1ng/ul. All amplification reactions were
carried out on a PE600 thermocycler using TaKaRa Ex Taq Hot Start DNA
polymerase (Takara Bio Inc., Shiga, Japa®lective amplifications were cardi@ut
with Apol andMsel primers (for sequence, see Talgcontaining two selective
nucleotides. Those two selective nucleotides were chosépdbprimers
containing AG, TC, CA, GT, AA, TT and GA, and fulsel primerscontaining AT,
TG, CA, GC and GT Apol primers were labeled using {*P] ATP and T4
polynucleotide kinase as suggested by &tad., 1995 and Bachem, 2002. PCR
reactiong10 pl reactionsused2.5 ul of templatewith an anneal temperature @6°C
that was reducetb 56°Cin 0.7 Gteps for the first 11 cyclegtouchdown PCR)and
then anneal temperatumgaintained at 5&or the additional 24 cyclesfor a total of

35 cycles
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Table5. Thelist of primer sequences

Primer Sequence

Apol adaptor 5'-CTCGTAGACTGCGTACGZ’
3-CATCTGACGCATGGTTAAS’
Msel adaptor 5'-GACGATGAGTCCTGAG3’

3’ TACTCAGGACTCATS’

PreamplificationApol primer 5-GACTGCGTACCAATTGZ
PreamplificatiorMsel primer 5-GATGAGTCCTGAGTAA-3
Amplification Apol primer 5-GACTGCGTACCAATTCNN*-3’
Amplification Msel primer 5-GATGAGTCCTGAGTAANN*-3’

*N represents selective nucleotide

The amplification products werdendenatured at 38or 5 minutes after the
addition of equal amount of formamide dye (98% formamide, 10mM EDTA, 0.025%
bromophenol blue and 0.025% xylene cyanol. FH)ey were heldn ice until
loading. Samples were separated on a 5% polyacrylamide sequencing get{BioRa
Gels were run at 110 W, 8D until the bromophenol blue dj®nt reached the
bottom of the gel Gels were dried directly onto Whatman 3M paper, using a slab gel
dryer. A phosphoemmager screen was exposed to the dried gel overnight, and
scanned vth the phosphemager (STORM 860, Amershartg generate digital
image of the gel. Gels were positionally marked prior to exposingr&y XIms
(Kodak Biomax film) for 34 days after which they were developed and used for band

recovery.
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I solation and Sequencing of Fragments

The developed film and gel were aligned, and the bands that revealed a significant
visuatdetectablehange in expression at one or more time panusiding
differences between attached and detached treatments, and betwedeprdental
stageswereidentified. Bandswerecut from the gel by hand using a razor blaGel
slices were soaked in Dwater and incubated at 37 overnight. An aliquot of the
elutedcDNA was reamplified with 30 cycles of PCR under the same conditie
described previously using the same primer combinaéindthe amplification
products were visualized % agrose gelstained with ethidium bromide. Those
confirmed amplifiedporoductswvere cloned int@vector with TOPO TA cloning
system (Invitogen Corp., Carlsbad, CA, USA). An aliquot of the cloning reaction
was used to transform TOPEOcali cells flowingthe manufacture’s recommended
conditions for tragformation and cloning Plasmid DNA was extracted with
GenElute plasmid miniprep kiS{gma). To checkheseclones, an aliquot of the
plasmid DNA was digested wittcoR (1) endonuclease enzyme (NEB Biolabs). The
size of the cloned fragments wa@stermired ona 1% agrose gedtained with
ethidium bromide cDNAs were then selected andysenced by th&equencing
Facility, at theUniversity of Maryland using BigDye terminator technology.
Sequencsimilarity was determined by comparison with Hikeavailabledatabaseat

the National Center for Biotechnology Informatianmafw.ncbi.nim.nib.gov/BLAS)

usingBasic Local Alignment Search To@I(AST) network service The databases
‘nr' (al GenBank+RefSeq Nucleotides+tEMBL+DDBJ+PDB sequengesno EST,

STS, GSS, ophase 0, 1 or 2 HTGS asenceyand ‘est’'(database of
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GenBank+EMBL+DDBJ sequences from dbE®/Eye usedor Blastn, Blastx and
tBlastx (for dbestanalyese Any similarity with a score of over 46 or arvBlue of

less than 18 was considered to be a significahtt”.

cDNA Microarrays

After sequencing, the cloned cDN®FLP fragments were reamplified 139
cycles of PCRusing the same primer combinationdescribed above. Two hundred
twenty transcripts were diluted to 150 and 25Quhigy 3X SSC. They were then
spotted ontsilanecoated slidesvith twelve replicates using GMS 417 arrayer
(Affymetrix) by the microarray service provided of UMBI CBR Center
(www.umbi.umd.edu/~cbr). Two individual sets of total RNA8hof green
maturation (stage |, twenty days before comuiad harvest) and treepenedapple
fruits (stage VI, thirty days after commercial harvésiin 2003 were used as probes
to confirm differential expression discovereddiyNA AFLP. In addition, a
comparison between treggening (stage VI) and detachntenduced ripening (stage
I+30) was also performeaasing35ug of total RNA as probes fahis second
microarray analysisThe microarray analysis of gene expression was analyzed using
the TIGR microarray software suitéM4-
(http://www.umbi.umd.edu/~cbr/macore/macorestart)htiihe TM4 suite of tools
consists of four major applicationdjcroarray Data Manager (MADAM)
TIGR_Spotfinder Microarray Data Analysis System (MIDASIndMultiexperiment
Viewer (MeV), plus the Minimal Information About a Microarray Experiment

(MIAME )-compliantMySQL database To determine the significance of differential
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expression profiles in microarray, the pauiset-testcomparison on the ratios with
thethresholdsetat 40%(on the basis of signal intensgityetweemmaturegreen (stage
) andtreeripened (stage VI) or between trapened (stage VI) andetachment

induce ripeningsamplegstage 1+30) was applied.

Northern Hybridization

25ug of total RNA from the different stages of ripening apple fruits collected in
2003 were denatured and separated by electrophoresis on a 1.4% formaldehyde
agrose gel These wererénsferred onto Zeta Probe nylon membranes-{@d) by
the modified gravitycapillary technique (Ambion). After immobilization by baking
for 30 minutes at 8T, blots were stored at room temperatumél used for
hybridization. Selected cDNAs with confined pattern in cDNAAFLP and in
microarrays were labeled witIffP]-dCTP usingandompriming (Ladderman
Labeling Kit, Takara Bio Inc., Shiga, JapanHybridization was carried out
according to the membrane manufacturer’s instruc{{dakara Bio Inc.Shiga,
Japan. Hybridization signals were detected by exposing the membrares

phosphor screeto obtain digital gel images.

RESULTS:

Genes differentially expressed during apple fruit maturation and ripening were

discovered using cDNAFLP from the fleshy tissue of ‘Gala’ apple harvested in
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2002. The majority ofTDFswere amplified to approximately equal levels among

different apple developmental stagégure ).

Wiieastans
R & i
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Figure 12. cDNA-AFLP results.
A: Templates were derived from ‘Gala’ apple harvested at various stages from

maturation to ripening. Lanes are in group oSafhplesand total four groups were
amplified using different primer combination with two selective nucleotiges.
Enlarged vew of the boxed region from left. Different expression patterns can be
seenduring ripening. From topf B: Empty star mark showing transiently expressed
band; triangle indicating decreasiagincreasing patterns; solid star pointing

transient suppressdéands.
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Transcript abundandéat differed during natural tregening or detachment
induced ripeningvere identified byisual inspectiorandselected for analysesTwo
hundredand four TDFswere isolated, cloned and sequenced in this study. Among
thes clonespne hundred sixteen TDFs increased in abundance during fruit
maturation and ripening. Twenty five TDFs abundance declined during fruit
maturation and ripening and the abundance of sixty three transcripts varied. Most
transientdifferences happe betweematuregreen gtage ) andthelater stages,
i.e.thoseTDFs were present in all sampksceptmaturegreen stagegr vice versa.
These TDFs were subsequently screened using cDNA made from independent ‘Gala’
apple RNA samplem 2003from different treesas a probeScreening was done by
microarray and Northern hybridizatiofwo hundred and four clonegere
reamplifiedandthen spotted in triplicate onto coated slil@smicroarraystudies
Microarray slides were hybridized witluorescatly labeled probes derived from
various ripening stagescluding mature green (stage |), tireége stage (stage VI),
and detachmennhduced ripening (stage 1+30Raw hybridization data were
statisticallyanalyzed and thiéareshold for a significant chge in expressiowas set
as 40% difference between hybridization intensiie®(05). We reduced the
significant threshold of the array ratio from 2.0 (common ratio) due to only a dozen of
TDFs had over thanld difference The comparison between matueen (stage
) and tree ripe (stage Wa microarray wagsonfirmed thecDNA-AFLP expression
patterns of one hundred and fifty five TDFs. The microarray data (listeé in
“Array ratio” column inTable8, 9, 10 and lindicated that there was a consistent

change in the accumulation of transcripts of seventy two gene fragycthamntg
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ripening in both years. A considerable number (eighty five) of these TDFs did not
show significant difference in abundance in the microarray analyses, and two clones
even exhibited an opposite pattern (Ta#)leOnly a few differences of transdrip

level between treepening fruit and detachmeiriduced ripening were detected by

the third microarray (Tablé).

Table6. Summary of expression profiles of cONA-AFLP and microarray during

maturation and ripening using different ‘Gala’ apple samplesharvested in 2002
and 2003 respectively.

cDNA-AFLP Microarray

Total cDNA-AFLP fragments observétend to be confirme®04 155
Fragments with increasing abundance 116 55
Fragmentswith declining abundance 25 3
Transiently expresedor suppressedNontsignificant 63 85
Fragments with reverse pattern - 2
Non-detectabldragments from cDNAAFLP - 10

Gene fragments obtained from cDMNLP were analyzed by BLAST and then
submitted to GenBank. The differentiabxpressed cDNA sgiences were assigned
to broad functional categories based on the database similarity search Eesalts(
cutoff = 1e-5). Figure B shows the breakdown into broad functional groups of

differentially-expressed genes identified from all samples.
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Table 7. Differentially expressed genes between tree-ripening and detachment-
induced ripeningin ‘Gala’ applefruit using microarray analysis.

cDNA-AFLP Annotation Microarray
Fragment ratio*
(GenBank
accession #)
Higher in treeripening fruits
CN544841 Dynamin, cell mobility related 2.01+0.06
CN544882 Metallothioneinlike protein, metal metabolism and 4.23+0.13
detoxification, associated with fruit ripening and responses
to stresses
CN544896 Adenine phosphoribosyltransferase dripe salvage 1.62+0.03
CN544901 26S Ribosomal RNA, protein biosynthesis 1.80+0.03
CN544915 28S Ribosomal RNA, protein biosynthesis 1.81+0.08
CV102307 Subtype 25S ribosomal RNA, protein biosynthesis 1.67+0.05
CV102312 Apple EST, unknown function, pratebiosynthesis 1.92+0.26
CV102317 1-acyksnglycerot3-phosphate acyltransferase, lipid 1.86+0.07
metabolism
CV102320 subtype b 25S ribosomal RNA, protein biosynthesis 2.08+£0.03
Higher in detachmerihduced ripening
CN544902 Ribulose 1,5hisphosphatearboxylase small subunit, 0.43+0.01
photosynthesis related
CN544908 Apple EST, unknown function 0.55+0.04
CN544911 Submergence induced protein, stress related 0.61+0.02
CV102294 Putative pyruvate kinase, glycolytic pathway and carbon 0.48:0.03

metabolism

* Array ratio wascalculated afybridization intensity of treépening fruit (stage

VI1)/ detachmeninduced ripened fruit (stage I+30pata represent average of 12

replicationst SE.
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Figure 13. Classification of all the differentially expressed gene fragmentsto

broad functional categories.

The classification of cDNAs associated with different developing stages to functional
categories based on theimilarity to genes in the GenBank databases.

These includgenesnvolvedin protein biosynthesis and degradation, signal
transduction, intracellar trafficking and sorting;ell cycle, structure and mobility
categories The second most abundant group was clonessivitiarity to genes
associated with plant stresspenses. Mangforty four) genesshared significant
similarity to ESTsfrom an abiotic stress grape database, and have been labeled as
potential defense/ stress responses. Thesmaotated“(DS)” in the “Group”
columnin the tables As expected, wdso identified a number of clones with

similarity reported previously istudies of fruitdevelopment and ripening. Seventy

six unique clones showing differential expression during ripening could not be
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assigned to any functional category becausheif similarity to genes with an

unknown function, othey werenovel genes in the database.

These clones were further divided into three groups on thedidbis
relationship with maturation and ripening of th&milar genes found iBLASTN
and BLASTXdaabase which includegenomic DNA, transcrigt(mRNA, cDNA),
and protein productsThirty nine clonesvereidentified as maturation and ripening
associated proteir(3able8). The putative proteins derived from one hundred and
fourteen transcripts weraled candidate ripeningelated gene fragment3heseare
shown inTable9. Some of these clones magt have any recognized relationship to
ripeningbut were similar to many ESTs obtair@éviouslyfrom apricot, peach and
grape during developmen®heremaining gene fragemts with unknown functions
were similarto novel apple ESTsI@ble10), putative hypothetical proteingable

11), human genomic DNAT@ble12), orto unidentifiedgene fragments (TablS)L

In this present study, we focused oueation on eighty cONAAFLP fragments
whose expression wadtered during ripening. These were selected for their
consistent expression pattern in successive years of this study, and/or for their
similarity to genes known to be associated with riperfhgummary of these

fragmentsand their functions is summarized on the following pages.
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Table 8. Differentially expressed cDNAsfound at different stages of ripening as
determined by cDNA-AFLP analysis.
Each cDNA was annotated aecding to the definition and accession of the nucleotide

sequence of the BLASSimilarity from the NCBI database. TB® AFLP fragments
that matchedimilar genes associated with growth and development or ripening are
listed.

Grougd' GenBank Expressio Annotation’ BLAST
~ Lengtr Array :
Accessior Patterfi ~ (GenBank accession number) Scoré
(bp) Rati
numker
A CV102301 122 Up*  1.76Alcohol acyl transferase from pear, 4e37
Pyrus communis (AY534530)

A CV102255 305 Up  0.96 Palmitoyl protein thioesterase family 2e-17
protein fromArabidopsis thaliana
(NP_191593)

CM CNb544845 398 Up*  1.44Hexose transporter from grapétis  4e-49
vinifera (Y09590)

CM CN544867 126 Up*  1.85Glucose6-phosphate/ phosphate 7el7
translocatotrelated fromArabidopsis
thaliana (NM_106409)

CM CN544886 117 Up*  1.73NAD-dependent sorbitol 1le58
dehydrogenase (SDH1) from apple,
Malus domestica (AB016256)

CM CV102275 251 +Detachedl.27Putative isoamylase frodrabidopsis 1e32
thaliana (AAM98123)

CM (CN544859 230 Up 0.80Sucrose phosphate synthase from
mistletoe Viscumalbum (AY331261) 4e26

CW CNb544830 97 Up 1.00Putative cinnamyl alcohol 6e-07
dehydrogenase (CAD) from apple,
Malus domestica (AF053084)
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Table 8. Continued.

Groud* GenBank Expressio Annotatiorf BLAST
~ Lengtfr Array )
Accessior Patterfl ~ (GenBank accession number) Scoré
(bp) Ratid”
number
CW CN544874 196 +1, 11,11l 0.81 Endcl,4betaD-glucanase, encodes 2e27

membranespanning domain from pear,
Pyrus communis (AB084463)

CW CN544898 193 Up*  2.96 Puative cinnamoylCoA reductase 5e-19
(CCR) from sweet cherryrunus avium
(AF298828)

CW CV102337 160 Up 0.89 Alpha-L-arabinofuranosidase (AFasel) 4e-84
from apple Malus domestica

(AY309436)
DR/ CN544829 257 Up* 1.44 DEM protein from tomata,ycopersicon 3e-18
(DS) esculentum (AY323822)
DR/TTCN544834 319 +Detached0.72 C2H2 zincfinger protein (SE1A) 3e-12
(DS) precursor from corrZea may (AF311223)
DR (CNb544852 459 Up* 1.40 SEUZ protein from snapdragon, lel2

Antirrhinum majus (CAF18248)
DR CNb54499 288 Up 1.05 Small GTRbinding protein from lotud,. 7e93
japonicus (Z73937)

DR CN544914 170 Up ND GAIl-like protein from tomato, 6e24
Lycopersicon esculentum (AAP2236)
DR CV102271 145 -1V,V 0.91Ripeningresponsive protein from lell

Arabidopsisthaliana (NP_175184)
DR/DSCN544882 355 Down* 0.05 Metallothioneinlike pratein from sand pear, e-130
Pyrus pyrifolia (AB021790)

DR/DSCV102257 248 Up* 1.50 Serine/threonine protein kinase pk23 5e19
from tomato Lycopersicon esculentum
(AAL87457)
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Table 8. Continued.

Groug GenBank Expressio Annotatiorf BLAST
~ Lengtfr Array )
Accessior Paterr? ~ (GenBank accession number)  Scoré
(bp) Ratid®
number
DS CN544889 109 Down 1.12 Phosphoglyceromutase from apple, 2e-44
Malus domestica (AJ004915)

DS CNb544907 327 Up 1.32 Putative copper/zinc superoxide  7e28
dismutase copper chaperone
precurso from tomato L ycopersicon
esculentum (AAK01931)
DS/ CV102251 545  Up* 2.17 Aspartic proteinase (apl gene) from 3e-41
PD cacao,Theobroma cacao (AJ313384)
GM CN544875 191 Down 1.01 Hydrolase, alpha/beta fold family 2e-15
protein fromArabidopsis thaliana
(NM_180484)
GM CNb544876 177 +1I,1lIl, 3.24 Hydrolase, alpha/beta fold family 2e-07
\Y, protein fromArabidopsis thaliana
(NP_187698)
GM CNb544888 78 Up 1.04 Putative 3beta hydroxysteroid 6e-06
dehydrogenase/ isomerase protein
from rice,Oryza sativa (AAU44198)

GM CV102294 240 +11 1.31 Putative pyruvate kinase from rice, 2e-06
Oryza sativa (AAP03381)

GM CV102336 474 +l 1.26 Glyoxysomal bet&etoacyithiolase 1e23
precursor fronBrassica napus
(X93015)

GM/ CN544835 324 Downin 0.87 3-ketoacytCoA thiolase from 7e-10

(DS) Il cucumberCucumis sativus (X67696)

GM/A CN544903 425 Up 0.98 Similar to auxinindependent growt 7e-57
promoter fromArabidopsis thaliana
(BAD37235)
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Table 8. Continued.

Groud* GenBank Expresson Annotatiorf BLAST
~ Lengtfr Array )
Accessior Patterfi _ (GenBank accession number) Scoré
(bp) Ratid”
number
LM CN544871 176 Up 0.93 l-acytsnglycerol3-phosphate 7e24
CV102317 190 +Attachec 1.00 acyltransferase from almonBrunus  8e-24
dulcis (AF213937)

PB CV102282 288 Up 0.65 Dehydroquinate dehydratase, putati 3e-33
shikimate dehydrogenase from
Arabidopsis thaliana (NP_187286)

PD/CCCN544893 146 Up* 1.42 Skpl fromMedicago sativa 4e-28
(AF13536)

PG CN544846 659 Up* 1.50 Plastid quinol oxidase from tomato, 1e59
Lycopersicon esculentum (AF302932)

PG CV102284 159 Down 1.20 Glycosyltransferase proteA from leb9
peachPrunus persica (AY354512)

PG CV102299 142 Up ND Leucoanthocyanidin dioxygenabke 2e16
protein fromArabidopsis thaliana
(T49209)

PS CNb544902 256 +1,1ll, 0.95 Ribulose 1,%isphosphate carboxyle 4e-14

+30, IV small Subunit fron creosote bush,
Larrea tridentata (AF326774)

ST CNb544892 329 Down 1.34 Phosphatidyl glycerol specific 1e08
phospholipase ke from pearPyrus
communis (AY436779)

ST CV102316 284 Up 1.28 Seventransmembranrdomain protein 7e-13
1, a type of receptqrotein from
tomato,Lycopersicon esculentum
(AJ583669)

#Functional classes: A, Aroma biosynthesis; CC, Cell cycle/ division; CM,

Carbohydrate metabolism; CW, Cell wall degradation; DR, Development and ripening;
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DS, Defense/ stress response; GMn€ral metabolism; IT, Intracellular trafficking

and sorting; PB, peptide and protein biosynthesis; PD, Protein degradation; PG,
Pigment biosynthesis; PS, Photosynthesis; ST, Signal transduction; TT, Transcription
& translation; U, Unknown. (DS): similaotESTs from abiotic stressed grape database.
b Expression pattern was verified by microarray probed by different RNA samples
from stage | (mature green) and stage VI (tipening), verified pattern is labeled with
ar.

+, Transiently expressed;transientlysuppressed

¢ Array ratio was hybridization intensity of trgipe fruit/ gree mature fruit, the

threshold was set as 40%, p<Q.0l: nondetectable

9 Definition and accession of nucleotide sequences of the best BLASTN or BLASTX
similarity.

®Scaes were either BLASTN or BLASTX corresponding to their representing

similarity; sequences with an E value >Q® are not included in this table.

Table 9. Candidate AFL P fragments associated with development and ripening
found in other EST databases.

GenBank _ _
~ LengtrExpressio Array Annotatiorf BLAST
Groug' Accessior _ _
(bp) PatterR Ratio (GenBank Accession Number)  Scoré
Number
CC CNb44847 645  Up* 1.50 Putative microtubial binding le07

protein from riceQOryza sativa
(BADO5 590)
CC (CV102281 304 +Attached0.96 Microtubule associated protein  2e-13

from carrot,Daucus carota

(AJ520103)

CC CV102343 280 -I~IV  0.80 Betatubulin 6 from ZinniaZ. 2e47
elegans (D63136)

CC CV102349 212 Up 1.31 Histone 1 (MdH1) from apple, 9e24
Malus domestica (AB099931)

CS CN544841 126 Down 0.83 Dynamin, putative fronfArabidopsis 7e-12
thaliana (AAM61645)
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Table 9. Continued.

GenBank

LengthExpressio Array Annotatiorf BLAST

Groug' Accessior

b
Number (bp)

Patterfi Ratio

(GenBank Accession Number)  Scord

CS CNb544895 81

CS CV102348 145

CS/ CV102277 198

(DS)

DS CN544833 347

DS CNb544851 566

DS CNb544911 195

DS CV102279 340

DS CV102293 291

DS CV102333 149

Down

Up

+ 1, 11 1,

\Y,

Up

Up*

Up

Up

1.02

0.93

1.23

Allergen profilin (pf2 gene) from 4e11
apple,Malus domestica

(AJ507458)

Microsatellite from strawberry, 6e27
Fagaria x vesca (AJ508252)

Myosin heavy chattike protein ~ 1e-09
from rice, Oryza sativa

(NP_917041)

0.99 Phytochelatin synthetadike proteir 2e-32

1.22

1.89

1.21

1.69

1.06

from strawberryFragaria x
ananassa (AY642687)

Universal stress protein (USP)  3e-23
family protein fromArabidopsis
thaliana (NM_115259)
Submergence induced protein 2A 2e-18
from Arabidopsis thaliana
(AAM63805)
Na'/H" antiporter from Antarctic 3e-08
hairgrassPeschampsia antarctica (
AAM22753)
Heat shock transcription factor 9e-34
family protein fromArabidopsis
thaliana (NM_102966)
Cytochrome P450 family protein 1e-05
from Arabidopsis thaliana
(NP_566628)
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Table 9. Continued.

GenBank

Lengtt Expressior Array Annotatiorf

Groug' Accessior

Number

(bp)

Patterl

Ratio

BLAST
(GenBank Accession Number)  Scoré

DS CV102344 251

DS

DS

GM

GM

GM

GM

GM

CV102345

CVv102347

CV102292

CN544848

CN544896

CVv102248

CV102253

CV102267

246

182

296

624

500

344

385

368

Upin

Detachmer

Up

Up*

Up*

Up*

Down

Down

+lI

1.02

1.09

1.15

1.45

1.99

35.75

1.38

1.13

1.60

Putative disease retsice protein 3e-13
from Arabidopsis thaliana
(Q9LRR5)
Cytochrome P450 family protein 2e-32
from Arabidopsis thaliana
(NP_198460)
Acid phosphatase survival protein5e-06
SurE, putative fromi\rabidopsis
thaliana (NP_567449)
NADH-ubiquinone oxidoreductas 7e-44
mitochondrial (TYKY) from
Arabidopsisthaliana (NM_106551)
Putative symbiosiselated protein 2e-08
from Arabidopsis thaliana
(CAB79153)
Adenine phosphoribosyltransferasbe-12
1, APT fromArabidopsis thaliana
(BT0O00370)

Peroxisomal biogenesis factor 112e-25
family protein/ PEX11 family
protein from tomatol.ycopersicon
esculentum
(BT013358)

UDFD- xylose 4epimerase from 1e27
Arabidopsisthaliana (AY195742)
Type 2 peroxiredoxin (PrxlIl) from 3e-31
napa,Brassica rapa subsp.
pekinensis (AF133302)
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Table 9. Continued.

GenBank

LengttExpressio Array Annotatiorf

Groug' Accessior

Number

(bp)

BLAST

Patteri Ratio (GenBank Accession Number)  Scoré

GM CV102270 153 -111-10,201.24 T-complex protein 11 fro 7e08

GM

GM

GM/
DS

IT/

(DS)

IT

CVv102288

CV102326

CV102332

CVv102304

CN544883

CVv102254

CV102285

CV102266

CVv102287

303

217

136

362

337

325

404

465

306

Up

+ 1, 1l

+ 1l

Down*

Down

131

1.23

1.19

1.12

0.38

1.37

1.62

+Attached 1.37

Up

0.84

Arabidopsis thaliana (NP_192654)
Mitochondrial substrate caer 6e-14
family protein fromArabidopsis

thaliana (NP_190962)

Glutaredoxin family protein from  3e-20
Arabidopsisthaliana (NP_196885)
Putative purple acid phosphatase 4e-14
precursor (or ACP5)from swee

potato, |pomoea batatas

(AAF60315)

Kinesin light chaiarelated from lel2
Arabidopsisthaliana (NP_192822)
Vacuolar protein sortingssociated 1e-08
protein 28 family protein (VPS28)

from Arabidopsis thaliana

(NM_202784)

Kinesin motor proteinelated from 1e-05
Arabidopsisthaliana (NP_564696)
Leucinerich repeat family protein / 5e-44
protein kinase family protein from
Arabidopsis thaliana (NP_564904)

ABC transporter fronArabidopsis 1e-34
thaliana (BK001010)

Probable ABC transporter from 6e-15
Arabidopsis thaliana (D84680)
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Table 9. Continued.

GenBank
~ LengtrExpressio Array Annotatiorf BLAST
Groug' Accessior _ _
(bp) Patterl Ratio (GenBank Accession Number) Scoré
Number
IT CV102323 314 Up 1.00 Clathrin heavy chain, putative from2e-44
Arabidopsisthaliana (NM_111950)
IT/ CN544863 466 Up 1.14 Synaptobrevin/vesictassociated 1e64
(DS) membrane protein frorrabidopsis
thaliana (NM_121153)
IT/ CN544884 310 Down 0.86 Protondependent oligopeptide 2e07
(DS) transport (POT) family protein
from Arabidopsis thaliana
(NM_105528)
IT/ CV102273 355 +Detachedl.42 VHS domaincontaining protein/ 2e-36
(DS) GAT domainrcontaining protein
from Arabidopsis thaliana
(NP_187491)
IT/ CV102308 313 Up 0.91 VHS domaincontaining protein/  1e-27
(DS) GAT doman-containing protein
from Arabidopsis thaliana
(NP_564138)
IT/ CV102324 302 +1lI ND Putative nucleoside transporter frorie-14
(DS) Arabidopsisthaliana (AAF26446)
PB CNb544880 314  Up* 1.93 Aspartate aminotransferase from 2e10

PB CNb544897

PB CNb544918

281 +IlI-10 1.62

132 +Attached 2.23

lotus, L. corniculatus (AF029898)
Cysteine protease inhibitor cystatine-113
from apple Malus domestica
(AY173139)

Putative cleavage and 7ell
polyadenylation specifity factor fro

rice, Oryza sativa (XP_470435)
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Table 9. Continued.

GenBank

~ LengtrExpressio Array Annotatiorf BLAST
Groug' Accessior _ _
Number (bp) Patterfi Ratio (GenBank Accession Number) Scord
PB CV102249 579 +1li 1.28 Eukaryotic peptide chain release 1e-09
factor subunit 11 (ERF*1) from
Arabidopsisthaliana (NM_124162)
PB CV102265 498 -1l 0.80 High mobility group (HMG1/2) 2e-28
family protein fromArabidopsis
thaliana (NP_565788)
PB/ECV102291 314 +1 0.94 Pyridoxat5-phosphatalependent 2e-34
S enzyme, beta family protein from
Arabidopsisthaliana (NM_104465)
PD CN544872 144 Up 0.94 Putative cathepsin-Bke protease 1lel5
from peaPisum sativum (AJ251536)
PD CN544919 107 Up 1.12 Zinc metalloproteinasike from 1le06
rice, Oryza sativa (BAD08898)
PD CV102256 258 Down 1.69 Insulin degrading enzyme from 1e08
tomato,Lycopersicon esculentum
(CAC67408)
PD CV102303 577 Up 1.29 Aspartyl protease family protein  1e-09
from Arabidopsis thaliana
(NM_129222)
PD/CCN544839 183 Up 1.06 U-box domaincontaining protein  3e14
C from Arabidopsis thaliana
(NP_196542)
PD/CCN544853 403 Up* 1.97 Ubiquitin-protein ligase 1 from rice, 8e-09
C Oryza sativa (XP_450304)
PD/CCN544865 226  Up* 1.56 21D7 antigen from carroDaucus  2e-25
C carota (D13434)
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Table 9. Continued.

GenBank

Grougd* Accessior

Lengtt ExpressioArray Annotatiorf

Number

(bp) n Patterfl Ratio (GenBank Accession Number)

BLAST
Scoré

PD/CCCN544869 442 +1II, IV 1.87 Polyubiquitin (RUBQZ2) from rice, e-125

PD/CCCN544917

PS/ CV102322
(DS)

ST CV102259

ST CV102298

ST CV102309

ST CV102316

ST CV102340

TT CN544856

134

416

194

196

289

284

361

209

Up

+ 111-20

+ 1

Up

+1

Up

Up

Up

0.93

1.02

1.28

1.13

1.13

1.28

1.02

1.20

Oryza sativd AF184280)
20S proteasome subunit from 2ell
soybean(Glycine max (AF255338)
Chloroplast phosphoglycerate kini 6e-79
from poplar,Populus nigra
(AB018412)
Calmodulinbinding protein 8e27
(TCB60) from tobaccad\icotiana
tabacum (U58971)
Timing of CAB expression-like 9e19
protein from Chinese cabbage,
Brassica rapa subsp. pekinensis
(AAO27295)
Calmoduin-binding family protein 2e-15
from Arabidopsis thaliana
(NP_193211)
Seventransmembrandomain 7e-13
protein 1, a type of receptor protein
from tomato Lycopersicon
esculentum (AJ583669)
Transducin famy protein / WBD40 3e53
repeat family protein from
Arabidopsisthaliana (NP_188434)
Zinc finger family protein from 9e 06
Arabidopsisthaliana (NP_175132)
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Table9. Continued.

GenBank

LengtrExpresson Array Annotatiorf BLAST

Groug Accessior

Number (bp) Patterf Ratio (GenBank Accession Number)  Scoré

TT CN544858 166  Up* 3.09 rRNA processing protetrelated 5e-06
from Arabidopsis thaliana (Q9LUJ5)

TT CN544890 86 Up* 1.59 Eukaryotic translation initiation le04
factor 3 subunit 11 (E3k) from rice
Oryza sativa ( Q94HF1)

TT CN544891 677 Up 0.79 Putative CRS1 from ric&ryza 4e-35
sativa (XP_481944)

TT CN544901 84 Up 1.17 26S Ribosomal RA from water 1e-38
speedwellVeronica anagallis-
aquatica (AF479169)

TT CN544905 371 + 1.11 Putative ERG6 protein from rice, 3e05
Oryza sativa (BAD45043)

TT CN544906 324 +1-10, Il 1.18 Ribosomal protein L1-Tike protein 3e-28
from tobaccoNicotiana tabacum
(AB010880)

TT CN544915 168 Up 0.92 28S ribosomal RNA from vampire 2e-11
squid,Vampyroteuthisinfernalis
(AY145422)

TT - 41 Down 1.26 26S rRNA fromBeauveriabassana 4e12
(AB044638)

TT CV102278 194 - 1l 1.04 G-box-binding protein from fava  2e-09
bean,Vicia faba (T12092)

TT CV102295 288 Up 0.95 Subtype g 25S ribosomal RNA  4e14

gene from Candid&. albicans
(AY441789)
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Table 9. Continued.

GenBank ) )
~ Lengtt ExpressioArray Annotatiorf BLAST
Groug' Accession _ _
Nurmb (bp) n Patterfl Ratio (GenBank Accession Number)  Scord
umber

TT CV102297 202 +1 1.31 Eukaryotic release factor 1 family 2e-24
- 1.31 protein / eRF1 family protein from
Arabidopsisthaliana
(NM_115701)
TT CV102286 387 +Attached0.82 Ribosomal protein S28 (rps28.2) 4e58
from peachPrunus persica
(AJ012656)
TT CV102289 254 Up 1.21 Acidic ribosomal protein Rgelated 3e-26
from Arabidopsis thaliana
(NP_564226)
TT CV102290 511 +1, 1l 1.89 Homeoboxleucine zipper protein 7 4e-22
(HB-7)/ HD-ZIP transcription factor
7 from Arabidopsis thaliana
(AY091364)
TT CV102315 392 Up 0.80 tRNA pseudouridine synthase le21
family protein fromArabidopsis
thaliana ( NP_198390)
TT CV102320 119 Up 1.18 Subype b 25S ribosomal RNA fromd4e-12
Candida albicans (AY441784)
TT CV102329 302 Up 0.96 Ribosomal protein PETRP from 8e-32

hot pepperCaps cum annuum

(AY496096)
TT/ CN544862 583 -1,1V,V, 0.86 Elongation factor ER2 from pea, e-147
(DS) Vi Pisum sativum (AB082376)
TT/ CV102302 597 Up 0.77 Transcription elongation factor 2el4
(DS) related fromArabidopsis thaliana

(AP003974)
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Table 9. Continued.

GenBank

Grougd* Accession

LengthExpressio Array Annotatiorf BLAST

(bp) Patteri Ratio (GenBank Accession Number)  Scoré
Number
TT/ CV102307 319 Up 0.94 Subtype g 25S ribosomal RNA genBe-14
(DS) from Candida albicans (AY441789)
TT/ CNb44873 429 Up 1.20 Zinc finger(C2H2 type) family 1le-39
(DS) protein fromArabidopsis thaliana
(NP_565271)
TT/ CV102263 122 +1, 1l 1.30 Putative valytRNA synthetase fror 3e-13
(DS) rice, Oryza sativa (BAC83606)
TT/ CV102274 312 Up 1.21 N-terminal domaircontaining 2e20
(DS) protein / zindinger (C3HC4type
RING finger) family protein from
Arabidopsisthaliana (NP_974183)
U CNb544836 224 Down 1.16 Apple,Malusdomestica EST 1le35
(CN862294)
U CNb44840 153 Up 1.15 Unknown protein fromArabidopsis 2e-36
thaliana (AY142650)
U CNb544860 125 Up 1.36 Unknown protein from ricelQryza  1e07
sativa (NP_922869)
U CNb44877 133 Up* 1.52 Apple,Malusdomestica EST 6e-67
(CV129646)
U CNb44900 86 Up 0.87 PeachPrunuspersica EST 4e-30
(BU041277)
U CV102327 416 Up* 1.40 Unknown protein fromArabidopsis 1e06
thaliana (BT005503)
U CV102335 503 Up ND Expressed protein fromrabidopsis le-44
thaliana (NP_850197)
U CNb44908 290 -11-30 1.25 Apple,Malusdomestica EST 2e13

(CN888668)
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Table 9. Continued.

GenBank _ _
~ LengtrExpressiol Array Annotatiorf BLAST
Groug Accessior _ _
(bp) Patterl Ratio (GenBank Accession Number) Scoré
Number
U CN544912 189 +Attached 1.27 Apple,Malusdomestica EST 9e-98
(CO066940)
U CNb44925 76 Up* 1.53 Unknown protein fronArabidopsis  3e-27
thaliana (CN920633)
U CV102252 463 +1,V 1.36 Brassinosteroitegulated protein 8e57

from soybeanGlycine max (L22162)

U CV102258 238 + 1 1.00 Apple,Malusdomestica EST e-126
(CN934335)

U CV102269 153 Up ND Apple,Malus domestica EST le77
(CN579000)

U CV102321 364 Up 0.95 Expressd protein fromArabidopsis 5e-46
thaliana (NP_182051)

U CV102338 304 Up 0.97 Pentatricopeptide (PPR) repeat 3e30
containing protein fronArabidopsis
thaliana (NP_177623)

U CV102341 251 Up 1.37 Farred impaired responsive family 2e-21
protein (FAR1) fromArabidopsis
thaliana (NP_567085)

U CV102346 196 Up 0.91 Unknown protein fronArabidopsis 3e10
thaliana (AAN72189)

U/ CN544910 197 +Attached 1.27 Expressed protein froMrabidopsis 6e-28

(DS) thaliana (NM_118836)
U/ CN544916 142 Up 0.94 Apple,Malus domestica EST 2e54
(DS) (CO753861)

U/ CVv102283 195 Up ND Expressed protein frorabidopsis 2e43
(DS) thaliana (NM_114973)
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Table 9. Continued.

GenBank _ _
~ LengtrExpressio Array Annotatiorf BLAST
Groug Accessior _ _
(bp) PatterR Ratio (GenBank AccessioniNnber) Scoré
Number
U/ CV102310 254 Up 1.10 Chloroplast casein kinase Il alpha 5e-26
(DS) subunit(cpck2a gene) from white

mustard Snapis alba (AJ420786)
U/ CVv102328 314 Up 1.19 Unknown protein fromArabidopsis 2e08

(DS) thaliana (AY114086)
U/ CV102350 237  Up* 1.42 Putative UPF0183 (uncharacterized 2e-31
(DS) protein family) protein from

Arabidopsis thaliana (AAM63377)

@Functional classes: A, Aroma biosynthesis; CC, Cell cycle/division; CM, Carbohydrate
metabolism; CS, Cell structure and motilityMCCell wall degradation; DR, Development
and ripening; DS, Defense/ stress response; GM, General metabolism; IT, Intracellular
trafficking and sorting; PB, peptide and protein biosynthesis; PD, Protein degradation; PG,
Pigment biosynthesis; PS, Photosyntksis; ST, Signal transduction; TT, transcription and
translation; (DS): similar to ESTs from abiotic stressed grape database.

b*Expression pattern was verified by microarray probed by different RNA samples from
stage | (mature green) and stage VI @rpening), verified pattern is labeled with a *.

ND: non-detectable

+: Transiently expressed; transientlysuppressed.

“Definition and accession of nucleotide sequences of the best BLASTN or BLASTX
similarity.

dSequences with an E value >0% are nbincluded in this table.
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Table 10. Homologies of differentially expressed cDNA-AFL P fragments
exclusiveto apple (Malus domestica) dbEST

GenBank
AccessionLengtr

number  (bp)

CN544831 70

CN544837 208

CN544838 204

CN544842 104

CN544843 102

CN544844 75

CN544850 176

CN544854 275

CN544866 133

Array BLAST  BLASTN
Expression Pattefn ratic®  Hit® Score
L 1.00 CN851543 1e07
1] H+10  111+20
e — 1.82* C0901312 e-108
I I+10 1+20 +30

L e ———— 1.52* CO576138 e-109
I +10 1+20 +30

R 1.55% CV082917 2626
I I+10 1+20 +30

| oo ot
Il 1+30 1 HI+10

e il 1.12 CO067953 4e49

[ 1430 1l HI+10

e — 1.51* CO0417498 8e-34

I +10 1+20 +30

pu— e 0.99 CN915293 6e77

1430 1l 11+10 111420
— —— — 1.41* CO415699 e-152

| 1+10 1+30 1l
T | 1.50* CO0418070 3e-32

[+10

< |
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Table 10. Continued.

GenBank Array BLAST BLASTN
AccessionLengtr Expression Pattefn ratio® Hit® Score
number  (bp)
CN544870 180 A s it b 1.50* CN874743 2e92
[ +10 1 1 v
CN544877 133 — ———— = 1.52* CV129646 6e67
I +10 [1+20 1430
CN544878 87 il s v s 1.14 CN898171 2e19
| 1+10 1420 1+30 I
CN544879 74 Wi A 1.51* CV129297 1e29
| 1+10 1420 1+30 |
[1+30 11l 111+10 +20 11+30 IV
CN544887 87 |[ENEF W s 1.70* CN851679 7e41
| 1+20 +30 I 11+30
CN544908 290 s EEGEE il Tl NS 1.25 CNB888668 2e13
1430 1l 1I+10+20 +30 IV V
CN544912 189 swaESSENEEE oEmam 1.27 CO066940 9e98
| 1+10+20+30 11 +30 Il +10 +20
CN544916 142 wwsmmmmmwe w094 CO753861 2e54
| +10+20+30 11+30 Il +10+20+30 IV V
CN544923 92 e T T 1.15 CNB876558 2e29
I +10  1+30 Il
CN544924 84 |,V 1.53 CV083013 6e38
CVv102258 238 e s 0.98 CN934335 e-126
I 1 v v Vi
CV102269 153  * ND CN579000 1e77
N -—
[+10 +20 +30 Il +10
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Table 10. Continued.

GenBank Array BLAST BLASTN
AccessionLengtrExpression Pattefn ratio” Hit® Score
number  (bp)
CV102280 319 @R S 140 CNO9®70 e-l74
[ [+101+30 1+30 I [1+10 [11+20
Cv102296 178 1 . B E = 0.98 CN996633 7e95
I I vV VvV Vi
CV102305 237 Up 1.45 CN488774 1e04
CV102306 422 Up 1.45 CN926177 e-126
CV102312 181 Up 1.03 CN880800 3e32
CV102314 119 Up 1.23 CN919367 8e60
CV102318 216 -1,1+30 0.90 CO066680 491
CV102325 175 [ 70 T " 1.56 CN881804 3e88
Il +10+2 +30 IV V VI
CV102330 401 e T 073 COS541186 O
I 1+101+30 11+30 I 11l +10 111+30
CV102339 193 | Ml . o 1.00 CO723632 4e38
I I IV V Vi

@Expression pattern was verified by microarray probed by different RNA samples from
stage | (mature green) and stage VI @ripening), verified pattern is labeled with a *.

P Array ratio was hybridization intensitf treeripe fruit/ gree mature fruit, the

threshold was set as 40%, p<Q.0M®: Non-detectable

“GenBank accession number of the BLASSiilarity.

**Additional similarities of dbEST other than apple were also found

+Transiently expressed:Transientlysuppressed
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Table 11. Similarity of cDNA-AFLP fragmentsto unknown proteins and
hypothetical proteins.

GenBank Expressior
] Array .
Accession Length Pattern Rat BLAST Hit BLASTX
atio
number  (bp) (GenBank accession number)  Score

CNb544819 487 Down 1.48 Hypothetical protein fronsorghum 3e-10
bicolor (AAL73525)

CN544864 380 + 1l 1.00 Hypothetical protein fronArabidopsis 1e-09
thaliana (AAM61389)

CN544885 248 Down* 0.48 Expressed protein frorArabidopsis 2e09
thaliana (NM_124492)

CN344904 380 Down 1.20 Expressed protein frovrabidopsis 2e-11
thaliana (BAB10284)

CN544921 96 Up 1.10  Unknown protein fromArabidopsis 3e-06
thaliana (NM_112963)

CVv102272 138 Up* 1.50 Expressed protein frorabidopsis 3e-05
thaliana (NP_194941)

CV102276 266 Up 1.27 Expressed protein frosrabidopsis 1e26
thaliana (NP_190915)
CVv102311 203 Up 1.30 Unnamed protein product from 6e17
Arabidopsisthaliana (BAB10771)
CVv102331 254 Up ND Hypothetical protein from 6e-15

Arabidopsis thaliana (T00919)

*Expresson pattern was verified by microarray probed by different RNA samples from
stage | (mature green) and stage VI @npening), verifed pattern is labeled with a *;
ND: nondetectable

+Transiently expressed
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Table 12. Differentially expressed cDNA-AFL P fragmentswith solitary
similarity to human (Homo sapiens) genomic DNA

cDNA- Length Expression Pattern Array BLAST BLAST
AFLP  (bp) Ratio Hit Score
Fragment
EST0010 238 @& . BB 0.65 AC00941( e-126
I 1+10 143011 +10 +30 lll +10 +20 +30 IV VI
EST0055 167 dmis L& 0.88 AC00931: 1e-83
| 1410 1430 Il +10 +30 Il +10 +20 +30 IV
EST0095 458 +4 0.78 AC01122!  (
I 1+10 143011 +10 +30 Il +10 +20 +30 IV
EST0165 94 I 1.04 AC10374( 4e-45
EST0224 164 e N 2.04 AC00734. 1e-86

| +10 +30 11+30 Il +10 +20 +30
EST0226 113 T T T 1.25 AL354803 3e56
| 1+10+30 +30I11l +10+20+301V V VI

EST0228 119 e gt g0 T
[ 1+10+30 11+30 Il +10 +20 +30 IV V VI

1.33 AL354803 1e27

EST0281 363 el i 1.98 AL358372 0
I [+10 1+30 11+30

ESTO367 495 H-—-Wemw - 0.90 M93287 0
I1+10 +30 [1+30 Il +10 +20+30 IV V VI

EST0369 243 1.24 AJ549502 3e-64
| 1+10+30 11+30 1l +10 +20 +30 IV V

EST0382 389 .=z 090 AL450425 O
| others

EST0400 237 w 0.99 AC00941( e-123
| 1+10 [+30 1I+30 Il +10 +20

EST0410 217 =T ND AL353581 e-105
I others

EST0430 147 s 0.87 AC02108¢ 2e-76

I 1410 1+30 1+30 I 1+10

EST0440 384 WW L BRI, ek 1.33 AC10083: e-149
| 1+10 1+30 11430 Il +10 +20 +30 IV V VI

EST0443 143 "= 0.92 AL390920 4e-74
| 1+10 1+30 11+30 1l +10 +20+30 IV V VI
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Table 13. Differentially expressed cDNA-AFL P fragments representing novel
sequences on the basis of GenBank database.

GenBank Length (bp) Expression Array

Accession number Pattern Ratio
CN544855 271 Down 1.23
CN544861 109 Up 1.10
CN544868 81 Up 1.13
CN544894 100 Down 1.35
CV102262 136 Down 0.99
CV102264 160 Down ND
CVv102268 228 Up ND
CVv102300 129 Up* 1.52
CVv102313 143 + 1.23
CVv102319 131 Up 0.91
CVv102342 144 + 1.11

*Expression pattern was verified by microarray probed by different RNA samples from
stage | (mature green) and stage VI @npening), verifed patten is labeled with a *;
ND: nondetectable

+Transiently expressed or suppressed.
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DISCUSSION:

Transcriptome analyses were used in this study to determine the temporal
expression of ripeningelated candidate genes'@®ala’ apple fruit. This anaysis
significantchanges in transcript lewsdccurred in apple fruits during maturation and
ripening. Thegreatest differences wedetected betwednuits harvested in mature
green (early mature) stage and later stagjaslar to a reporby Lay-Yeeet al.

(1990). This indicatethat major changdn gene expression occlr apple fuits as
the IEC increased from twenty 1000rh./L. Similar differences in steadtate
MRNA levels have been observed between gne postipening states in many
otherfruits such as tomat@iovannoni, 2001 and 2004; White, 2002pple(Lay-
Yeeet al., 1990) grape(Davies and Robinson, 200@aspberryJonest al., 2000)

and strawberryAharoni and O’Connell, 2002)

Differentially expressed sequence tags (ESTsinbt from cDNAAFLP were
isolated, cloned, sequenced amanpared for similarity usingBLAST in the NCBI
database These ESTs were divided into grolgased on the proposed functioin
similar genes identified by BLASTThesdunctionalgroups includeoles in aroma
biosynthesis, carbohydrate metabolism, cell structure and motility, cell wall
degradation, defense/ stress responses, general metabolism, intracellular trafficking
and sorting, protein biosynthesisddegradation, pigment biosynthesis, signa
transduction, transcription and translation. These diverse funatidicatethat

during fruitripeningextensive changes in gene expression occur

104



Studying thesgatterns of differential gene expresshaghlights a common issue
in postgenomic scie@. How does one relasggene sequence to cellular function
and to physiological effecis tissues and orga®s Here, we have attempted to
connect the relationships from the-speam precursors to the dowtream products,
andfrom transcrips to known physiological changesvestigatinggenes with

differenial expression patterns identifieldiring maturation and ripening.

Aroma Biosynthesis

Aroma volatiles are secondary metabolites that play a major role in fruit quality.
Volatile esters are majdlavor componentgn manyfruits, includingapple
(Beekwilderet al, 2004). As ester production is closely linked to the onset of the
climacteric and ripening, Knee (1993) suggested that the appearance of esters (mainly
palmitate and oleate) is one oétharliest events in ripening. In this present study,
two differentiallyexpressegenes involved in aroma biosynthesis were identified.
The palmotoyl protein thioesterasengilarity of EST0215 and EST0218; EC
3.1.2.2.) reversibly catalyzes the hydradysf palmitoytCoA or other lonegchain
acyl CoA compounds to yield CoA and palmitate or other acyl esters. EST0215 and
EST0218 have a nearly identical sequesno@99%similarity. They weranitially
isolated after noting their increasexpression pattn on cDNAAFLP. That pattern
was not verified in the following year using microarray analysis. Whether this result
was due to the year to year difference or the variance of sensitivity or specificity
between these two genomic tools is not known. lEeuasdtudies are needed to verify

the pattern of changes that occur in this interesting gieeting aroma
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Of particular interestvas the fragmerfor apple alcohol acyl transferase (AAT;
EST0379). This catalyzes the final step in ester formatiothdtyansacylation of an
acytCoAinto an alcohol. Due to its key role in ester biosynthésesctivityof
AAT has been studied in a variety of fruit species. Using ciARAP, the greatest
expression of AT was detected in tregpened fruit. However that fruit did not
produce the highestvel ofethylene in this study. The lowest expression was found
in fruits harvested in the matugeeen stage, ch hadthe lowest IEC. This pattern
was verified by microarray. The expression of ESTO322i0g90% identity to
apple AAT2) may be moderatég ethylene production and fruit maturity. This was
reported previously by Yahyaosial. (2002) in melon fruits. The encoded product
for this genealso plays &ey role in fatty acidiosynthesispxidation, ad
esterification to form triglyceridesConsequently, imay notbesolely involvedin
aroma generation (Beekwildetral, 2004).

A greater expression ofdcylsnglycerol3-phosphate acyltransferase (EST0079
and ESTO0401) was detected in trgeening fruit than indetached fruitThisgeneis
also associatei lipid metabolism. Teeripenedfruit may have a greater capacity to
produce aroma volat#ghan harvested fruits. These aroma volatile and ester/ lipid
biosynthesigelated gene fragmentsolatedn this studywere allup-regulatedand
thar greatest expressiamasmeasured in tregpening fruits. These expression
patterns are in agreement with previous repgbdsaroma volatile production is
maturity-dependent, ancklated to ethylenproduction (Song and Bangerth, 1996;

Rudellet al., 2000).
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Carbohydrate M etabolism

The expression ajenes involved in carbohydrate biosynthesis, degradation and
translocatiorincreased during ripeningrhese transcripts were expected on the basis
of the dramatic changebserved in starch hydrolysis and soluble solids cbnte
during apple fruit ripening Theglucose6-phosphate/phosphate translocator (GPT)
related proteifEST0073) has been hypothesized to facilitate both starch and fatty
acid biosyntleses as well as the plastidial oxidative pentose phosphate pathway in
sink tissues (Kammeret al., 1998). It also has been shown to have a role in the
transition of chloroplasts into chromoplasts during pepper and tomato fruit
development (Batet al, 1995; Bukeret al, 1998). The increasing expression
pattern of GPT during ripening may indicate that4goeen heterotrophic apple fruits
continue accumulating starch or fatty acids in which most carbon is imported from
the leaves or plastids in fruitdlonosaccharide (hexose) transporter and sucrose
phosphate synthasamilarity of EST0037 and EST0057 respectively, have been
suggested to be associated with an autocatalytic sugar accumulation in grape berry
(Fillion et al, 1999) and the increase in svse concentration in muskmelon
(Hubbardet al, 1989) during ripening.

Isoamylase (EST0287) has been shown to be involved in both amylopectin
synthesis as well as debranching in banana fruits. This occurs without any significant
change in transcript lev (Bierhalset al, 2004). Its elevated activity in that study
was attributed to the role of isoamylase in the hydrolysis of dlplBdinkages of
amylopectin. Its slight increase in expression detected in this study supgésts

different control cacadesccur among specied.he general kinetic activity of
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isoamylase increases during fruit ripening in both spe@esbitol dehydrogenase 1
(SDH1; EST0101) which catalyzése first step in the breakdown of transported
carbohydrate from the paretee plays a crucial relin the l&er stages of fruit
maturation, but not in early fruit development (Petrll, 2002). Knee (1993)
indicated that SDH is predominant enzynezded fotheapplefruit to utilize the

major translocated carbohydrate, stmihto synthesize fructose. The gene fragment
identifiedasup+egulated during ripening appear to correlate well with observed
changes in maturity indicdsading totheobservedncrease irsolble solids

concentration and decrease in starch conten

Firmness L oss

Fruit texture and firmness are determined by cell turgor pressure and by cell wall
biochemistry. Modification and turover of the primary cell wall is required for
growth & well assoftening of fruits during maturatn and ripening. Ezymes acbn
the petin fraction of the cell walteduce the molecular weight of pectic polymers by
depolymerization. This raises the solubility of pectic polysaccharidbeanges in
enzymes such as begalactosidase, pectin lyase, pectin methylesteeasis and

exo-polygalacturonase (PGs) haveen weldocumented.

Another group of enzymes thalay a role insoftening catalyzethe disassembly
of the cellulosehemicelllose matrix in ripening fruits.These arendoel,4-betaD-
glucanase (EST008%xpansinsg -L-Arabinofuranosidases (AFase , EST0437), and
xyloglucan enddransglycolase. Transgenic studies on tomato and strawberry

indicated that most hemicellulases help to increase enzyme access to the cell wall in
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the early stage of fruit develommt and that pectinases and expansins affect ripening

related softening (DeEll et al., 2001).

The differential role of three isoforms efL-Arabinofuranosidases{Afs) in
fruit softening of tomato has been reported. In tomaiis is likely to be enaded
by a gene family. This isuggested sincéeir functions are not completely mediated
by ethylene, and the release of neutral sugars from the cell wall misprecedes
the ethylene climacteric (Brummell and Harpster, 2001). The existenca®timan
two members oé-Afs in apple fruits was postulated based on the resuiit §fico
alignments of twelve accabte similar ESTs with AFase AFasel is the only-Af
which has been characterized in apple fruits (Brummell and Harpster, Zx@ime
and Zabeau (2001) reported that microarray has difficulty discriminating among
different transcripts from genes belonging to the same gene f&@miyjlar toa report
of three homoloues in tomat@;Af I, a-Af Il, and a-Af 111, the non-significant
difference of hybridization intensity of the-uggulated EST0437 in matuggeen
and tree ripeGala’ applefruit microarray could beaused byross hybridization.

Our cDNA-AFLP result with endd,, 4betaD-glucanase (EST0085) was similar
to the finding ofSalentijnet al. (2003). Greater expression levels were observed in
firmer cultivars andn firmer fruits. On the other hand hagher activity of endd., 4-
betaD-glucanase was found by Harpsteal.(2002) during pepper fruit ripening.
These resudt support the hypothesis that eridat-betaD-glucanasés under post
transcriptional contradluring ripening. The transcript level was higher in the early
stage of apple ripening (cDNAFLP) but no significant difference was found among

stages in the mioarray study. Since no sequersa@ilarity to this enzyme haseen
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found in plantscrosshybridization may not explain theonsignificanty different

expression pattedfoundin our microarray.

Another novel candidate gene associated with cell walladiagjion is an up
regulated cinnamoyl Coa reductase (CCR; EST0114). This is involved in lignin
metabolism. CCR can influence variations in lignin content and has been postulated
to play amajor role in the genetic manipulatiohstrawberry cultivarg¢Salentijn et

al., 2003).

Other Developmental and Ripening-Related Processes

Several upregulated gene fragments associated with other aspects of growth and
development were observed in this study. Those were EST0001 with significant
similarity to Defective embryo and meristems (Dem) of tomato, EST004&imilar
with SEU2 protein, and EST0217 which encodssalarity of calcium/calmodulin
dependent protein kinase (CaMK1). CaMK1 is an enzyme in the serine/ threonine
protein kinase family. The novel geridgm has been shown to be essential for the
correct organization, and development of shoot apical tissues in developing embryos.
It is also required for correct cell division patterns and the maintenance of root
meristems (Keddiet al., 1998). SEUSSis chaacterized as a basic fundamental gene
in the negative regulation of AGAMOUS and has been proposed to encode a co
regulator ofLEUNIG (Franks, et al. 2002). This gene is currently assigned to a
family of plant regulatory proteinsindgiventhe role of repessing homeotic

transformation of floral organs. The extent of organ loss in floral whorls was verified
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by in situ hybridization, and using double and triple mutant analyses (Fehaks

2002).

Intensive studiebave shown that CaMK is highly regigd, both temporally and
spatially This occursn both reproductive and vegetative tissaEmanyspecies
(Zhang and Lu, 2003). A diverse number of responses includinggabisbgen
interactions, cold stress, gravitropism, ligagulated gene expréss, flowering and
hypo-osmotic shock have been shown to be mediated by CaMKs (for review, see
Zhang and Lu, 2003)Thedifferentiall-accumulated transcriptsof CaMK indicated
that this gene product is not only involved in developmiaumt also in respa@es to

numerous environmental stresses.

None of thedifferential expression patterns described above has been reported to
occur during fruit development and ripening. The consistent incredise of
transcripts detected in this study implicates themeagly crucial functions during
maturation and ripeningoth EST0001 and EST0020 were highly matched (both
83%) with two ESTs from an abioticly stressed grape library. Based on their
functional characteristicsecent data of their involvement with deyaieentand
ripening and their responses to environmental cues, it is possible thattasts ad
ripening can induce similagene expression (Davies and Robinson, 2000; Aharoni

and O’Connell, 2002).

The physiological aspect afienine phosphoribosyltrdesase 1 (APRT; encoded
product of EST0112) inecycling of nucleotidebas been well documented. This has

been studied in mammals, but itsstpeam molecular basis remains poorly
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understood. APRT was thought to be expressed constitutively, althougihztyrae
activity which was shown to be higher in treelg stages of seed development
(Guranowski and Pawelkiewicz, 197&)d breaking dormanciRpbert and Pétel,
2000). A molecular role of APRT has not been reported during fruit ripening. Here,
we provide the first evidence of an increasing transcript level of APRT, which is
under distinct regulatory control during fruit development and ripening. Its
increasing expression pattern may support the suggestion that a rajpaauof
nucleotide pools oces as ripening progresseBurther studies of the role of this
interesting and important enzyme ARPT are needed to clarify its role in the fruit
ripening processes.

Our results also suggest that the EST0096 (Metallothidikeirgene, MFlike) is
a downregulated gene fragment in either detachrneahiced ripening or in attached
apple fruit ripening. A similar decrease in the tBIT transcript has been reported
in ripeningbanana fruit (Litet al., 2002, Clendennen and May 1997). However, the
closestsequencsimilarities in sand pear and apple h&een reported to be up
regulated as ripening progressed (#aal., 2000; Reid and Ross, 1997). An
increasing pattern of MT expression during grapeyripening was implicated in
fruit senescence (Das and Robison, 2000). This enzyme functions to control metal
metabolism and detoxification, as wellthscellular redox potentiallhe
physiological implications of this developmentadiyecific MT-like proteiris

function needs additional research.

112



:

ESTO09¢
| +10+20 +30 Il +10 +30 I +10+20 IV V VI
s B & »
- T . e
ESTO11. == o

$

N —

Figure 14. Northern blot analyses confirming differential expressed AFLP

fragments, EST0096 and EST0112.
Their expression were suppressed or induced respectively during ripeoial.

RNA (25ug) extracted from different set of apple fruit pulp tissue harvested in
succeeding yeawas used for RNA gddlot analysis. The bottom panel is a
photograph of an ethidiwioromidestained formaldehyde gel to show the intactness
and relatie loadings of the RNA samples used in the northern analysis. EST 0096
(A, similarity of a metallothioneitike protein) and EST0112 (B, similar to adenine
phosphoribosyltransferase 1) wéferadiolabeled and used as probes.

Defense/ Stress-Related Responses

During ripening, a range of transcripts were identified with homologies to
detoxificationproteins, protection and defengroteins antb stress related proteins.

Many isolated genes have been found to be involved with defense and stress
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response. Genes responsible for normal physiological functions are also prone to
play a role in responding to stress. In total, more than 20% of gemggied could

be connect to stress responses, based on the putative functions softihaiity. A
similar finding regarding the wideange of streseelated cDNAs with enhanced
expression with ripening have also been repaedntlyin grape and strawberry
(Davies and Robinson, 2000; Aharoni and O’Connell, 2008 differencein
stressrelated gene expssionfound heranay reflectthe possibilitythat attached

fruits can be under stress from drought, heapathogesi Osmotic stress also

occuss during ripeningjn response to thepidaccumulation ofugar accumulation
(Davies and Robison, 2000)The activation of stres®lated genes is also considered
to be a survival mechanism by the fruit to gain more stress toleaanteatures
Ripeningis a series ofeactions which change the physiological condition of the fruit
as it movesowards serszence.This followsripeningand leads teventuafruit
breakdown.Therefore, the ripening process may lead to the production of various
chemicalghat induce the expressions of stresdated genedn turn, thosestress

related genes could enhance thlerance of fruits toward abscission and senescence.

A few up-regulated genes encoding for stresisited products, includingheeat
shock transcription factor (EST0359), aspartic proteinase (AP, EST020/ 'Na
antiporter (EST0309), and a putativeper/zinc superoxide dismutase copper
chaperone precursor (EST0128) have been shown to mediate various survival
responses to stresses caused by senescence, salinity or dangerous levels of superoxide
(Wu 1995; Mathevet al., 2001; Simdes and Faro, 2004; 8hal., 2002). Though

Na'/H" antiporters have been shown to have roles in salt tolerance, they also function
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to regulate cell turgor and hormonal responses (Seaatq 1999). Our discovery
of aslightrising accumulation of transcripts for the W4 antiporter during ripening
may indicate that itnay haveanother feature: firmness retention through

maintenance of cell turgor.

Two translated products of EST0428 and EST0456 encoded for cytocRAa®e
This is utilized in plant biosynthetic and deimative pathways, and is particularly
crucial in biochemical pathways that respond to a number of chemical, developmental,
and environmental cues (Schuler and WeRehchhart, 2003). The pathway from
activation ofP450 toward ethylene production and themtein degradation mediated
by auxin, ACC synthase to ubiquitin was proposed by del Pozo and Estelle (2000).
They suggested that a relationship existed betWwdb@ and ripening. The
differential accumulation of cytochron50 transcripts during ripeng in this
paper supports that hypothedsdistinctly upregulated EST0142, encoded a
similarity of the submergeneaaduced protein 2A. Though the function of this
encoding product is still poorly understood, its association with stress and ripening
can be seen from its name and by the proposed stimuli that enhance the expression of
its similar genes in the EST database.

Some defense and stress associated gene products had incongstssian
patterns. Theseere an acid phosphatease survival pre#SurE similarity of
EST0459), a disease resistance protein (EST0455), a phosphoglyceromutase
(ESTO0104), and a phytochelatin synthethise protein, EST0019. They have also
been proposed to be involved in stressponse, disease resistance or thragetlular

detoxification of metal§Muraet al, 2003; Gutermaret al, 2002).
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Protein Biosynthesis and Degradation

The accumulation of transcripts related to protein synthesis and turnover during
ripening suggests that the fruit cell maintaan®ogressive and dynamic protein
metabolism. Similar findings have been reported previously in thelimoacteric
strawberry by Aharoni and O’Connell (2002). Genes putatively encoding
biosynthesigelatedproteirsincluded transcription factors (EST0020, 008356,

0082, 0284, 0352), ribosomal proteins (EST0127, 0147, 0170, 0328, 0363, 0405,
0421), an endoreticulum protein (EST0056), an elongation factor (EST0064), a
translation factor (EST0105), aminotransferases (EST0094, 0112), and eukaryotic
release factor@EST0202, 0371, 0372). These are vkelbwn for their essential roles

in transcription, and translation and in synthesis of amino acids, polypeptides, and
protein biosynthetic pathways. Several proteins such as the aspartyl protease family
of proteins (E5T0381), Zinc metalloproteinasike protein (EST0161), putative
cathepsin Bike protease (EST0080) and the large Addpendent 26S proteolytic
complex (EST0026, 0048, 0071, 0076, 0108, 0153) were found. It is likely that
several independent protein dedgtion pathways exist in apple fruiiThe 26S
proteasome is known to function in the selective removal of various|sreatt

proteins. These are first covalently linked to ubiquitin and subsequently degraded by
the 26S proteasome compl@rschner, 199). Genes putatively associated with

the ubiquitine26Sproteasome machinery included subunits of the 26S proteasome
(21D7 and 20S proteasome subunit), three different typaisigditin protein ligase

(E3, U-box domaincontaining protein, and SKPandpolyubiquitine (ESTO0076).

These relatedimilaritieswereup-regulated as ripening progressed. Taken together,
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the ripening processes appear to be one of the most intensive stages of protein
biosynthesis and degradation in either4sbmacteric fruit, sich as strawberry

(Aharoni and O’Connell, 2002 in climacteric fruitssuch as apple

Among housekeeping genes, eighteen were considered to be metakisa,
and were induced during ripening. These genes were primarily associated with
carbon metbolism (i.e. TCA cycle, glycolysis, pyruvate metabolism) which is known
to provide metabolites such as ATP, NAD(P)H. Maintaining ripenahated
processes in the fruit requires increased respiration and energy consumption. An
elevated expression of tleegenes was also found in ripening strawberry fruitsey
may produceheenergy and precursors needed for ripemlgted processes such as

aroma formation, and amino adaiérived products (Aharoni and O’Connell, 2002).

Calcium Signals: A Central Paradigm in Stimulus-Response Coupling

Certain C4" involved gene fragments were observed in this study. These
includes calmodulibinding proteins (EST0222 and EST0396e Appendix and
CaMK (calmodulindependent protein kinase; EST0217). Recent studigigcate
free calcium inthecytosol as a secondary message during the transduction of a very
wide variety of abiotic signals. These includgt, low and high temperatures, touch,
hyperosmotic stress, oxidative stress, liadic stimuli from theplant hormones
abscisic acid (ABA) and gibberellingungal elicitors, and nodulation (Nod) factors
are also mediateda C&" (reviewed by Sanders al., 2002). In plant cells,
calmodulin (calciurvbinding protein) is considered as one of the primary sensors

relaying a signathroughchangeshat occuiin cellular free C& levels. Kinases such
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as CaMK appear to represent an important pathway by which calcium signals are
decoded and then propagated into changes in protein structure and enzyme activity.
Interestingly, Aharoni and O’Connell (2002) obtained similar gene clusters associated
with the C&"molecule transport pathway and a Rikfated small GTP binding

protein which were induced in achene maturation process using microarray analysis
in strawberry. These authors proposed that these were connected to the ABA signal
transduction pathway. Both studies appear to indicate that the change of calcium
signal is involved in the fruit ripening process. This may oguthe control of

transcript level of almodulin related proteins.
The Role of Ethylenein Apple Fruit Ripening

The changes observed in the mRNA accumulation during ripening are thought to
be influenced by changes in the levels of plant hormones, such as etlQtéee.
hormonessuch afABA (L ara and Vendell, 2000), jasmonate (leaal.1998) and
IAA (Tingwa and Young, 1975; Mousdale and Knee, 1981) have also been
implicated in ripening.The effects of ethylene in plant development are mediated by
changes irtoordinated mechanismstae trascriptional level and by post
transcriptional and translational acddsch as proteolytic processing or protein

phosphorylation/dephosphorylati@cker, 1995Sunako et al., 1999).

We did notmake anyattempt to isolate known ethylene biosyntheslated gene
families by using the selective primers employed in this study. We did however
obtain two gene fragments from the same families as an ethylene receptor, as well as

an ACS. Thesimilarity of EST0217, PK23, belongs to a gene family of
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serine/threome protein kinasesthylene receptor CTRQnstitutive triple response)
which wasidentified in a mutant that shows the triple response, even in the absence
of ethylene. The highest match to EST0355 was a member in the family of
pyridoxal5’-phosphatalegpendent enzymes closely related to (and often designated
as) putative examples of ACC deaminase or ACC synthase. Members of this family
have been shown to be less well conserved. On the other hand, most differential
expression patterns of these gene fragts obtained in this study were ateported

to occurin nonclimacteric fruits such as strawberry (Aharoni and O’Connell, 2002)

and grape@avies and Robinson, 2000)

The treeripe fruit (stage VI, attached) and detachmieduced ripe fruit (stage
[+30, 11+30, and I11+30; detached) shared a lot of commonality in gene expression
patterns although some physiological differences were observed in this study. The
greaterEC, firmer texture, and lower soluble solids contents in detached fruits were
not rdlected at the transcript leved this study Our data suggest that the most

differential transcriptional levelserenot solely related to ethylene.

Human Genomic DNA

Several gene fragments highly identical to human genomic DNA were found in
this stug, andbyJones et al. (2000). Inour study, some of these appehtearise as
contaminatiorin cDNA preparationas their expression wasly observed
transiently in onespecific sample (stage I). However, all ofdgbgene fragments
showed hybridizatioal intensities in the microarray studies with a different set of

‘Gala’ appleRNA samples. EST0010, EST0055, EST0226, EST0228, and EST0367
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are not likelyto becontaminated humageneclones since they hadultiple
expression patternandwereverified by microarray hybridization data. Does our
study provide an evidence for a clgpssonservedelation between apple and human

genome® Further studies are needed to clarify this concern.

Technical | ssues of These Genomic Tools

RNA isolation constitutes &hbasis of gene expression studies. Extracting high
guality RNA from apple pulp is a tirr@nsuming complex processes with relatively
low yields (see Appendix for details). Both cDM¥LP and microarray methods
were chosen as they provided the opponyutaitrapidly identify changes in gene
expression in the developmentally stapecific patternandwith a relatively small

amountof mMRNA.

Specifity and sensitivity are both considered to be important characteristics of
expressiordetection technologieddoheisel and Vingron (2000) pointed out the
sensitivity of PCRbased techniques, such as cDNRLP, are considered to be
higher than hybridizatichased techniques such as microarrays. cENFAP is
thought to be the most powerful tool availabéeausef greatersensitivity than
other genomic techniques including microarrays, GeneChip analysis, and Northern
blot analysis (Reijaneat al., 2003; Bachenat al, 1996). Reijanst al.(2003)
proposed that cDNAFLP analysis would allow the identificatiortwveen genes
with a92%similarity. On the other hand, crebgbridization may occur to their
targets with high degree (>89%) of sequencgmilarity in microarray. Microarray

does however, provide a fast way to scrieerifferential expression of tusands of
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geneqBreyne and Zabeau, 2001; Reijahal, 2003). Consequently, some
unidentified patterns in our microarray studies were likely in part due to these

differences in specifity and sensitivity between these two techniques.

This research wadirected at gaining a better understanding of the molecular
events associated with apple fruit ripening. Identifying ripemnatgted transcripts
that are differentially expressed in apple pulp was thought to enable a ru@atin
understanding of conaently physiological events. It will be possible to use these
isolated cDNA clones in future experiments to investigate patterns ofgtagiic
gene expression in response to physiological and environmental changes, or to
determine which novel genesspond to ethylene. With additional information about
their relative abundance and tempesapression patterns, the potential roles of the

translation products can be examined in depth.

Concluding Remarks

The enhanced expression of defense/ strekged proteins and DNA, RNA and
protein metabolispassociated proteins found during ripening in climacteric and non
climacteric species indicates ttwate highly-conserved genetic mechanisegulating
ripening is not totallycontrolledby ethylene. Moreovethis study demonstrated that
the similar biochemical changes of fruit ripenargd plant senescence requires the
strong support of many housekeeping genes. Most of these are under transcriptional
control. A number of genes associated with key ripenatgt such as
metallothioneidlike protein, enddl,4- betaD-glucanase, alcohol acyl transferase

have been identifiedereand studiegbreviouslyin both climacteric and nen
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climacteric fruits. They play a role in stress response, cell wall disassemdlgre
major enzymes in the formation of volatile esters affecting fruit qualities such as

flavor and aroma.
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Appendix

Appendix 1: Biosynthetic Pathway and Regulation of Ethylene (Wang et al., 2002).
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Appendix 2: Propylene Treatment vs. Fruit Maturity

Propylene, an ethylene analogue, is the next most active compound to show
ethylenelike action. It can be readily separated from ethylene by gas
chromatography. The equivalent concentration of propylene to causadsdathum
ethylene response was found to be 130 times that of ethylene (Burg and Burg, 1967).
The fruits’ potential for autocatalysis can be determined by its response to propylene
(McMurchieet al., 1972). The shorter the lag period to the onset of climacteric the

higher the maturity would be (Sfakiotakis and Dilley, 1973a).

To evaluate the role of ethylene and chilling exposure in the ripening processes, storage study with
shorttermapplication of propylene or cold temperatur&Q)0on ‘Fuji’ apple was achieved.

Materialsand Methodsfor Storage Study of ‘Fuji’ apple
1. 2001

The experimental design was complete randomized design with 12 replications.
Experimental structure was adwootstock by thredarvest interval factorial. Six
‘Fuji’ apple trees were on M 7a or MM 111 and two fruits of each were picked
periodically prior to and during fruit ripening (on 1, 15, 29 Oct. 2001) and then held
individually in an ethylendree labat 20C. Internal ethylene concentration and
external ethylene evolutions (headspace volatile analyses) were measured at intervals
for 2 months after harvest. Internal ethylene assays were performed as described
above.
2. 2002

‘Fuji’ apples, obtainedrom trees budded on rootstock M 7a at the Western
Maryland Research and Education Center Keedysville, MD, were harvested on Aug.

20, 29, Sep. 12, 26, anatD10, 24, 2002. Forty similaized apples were divided
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into five treatments on each harvest daigo groups of fruits were treated with 500

uL/L propylene for 3 or 7 days in chambers maintained ‘&.2@nother two groups

were stored at’C for 3, and 7 days before being transferred and held at 20°C.
Untreated controls were held in an ethyléreelab at 20C. Ethylene andther

maturity indices were monitored one day, two weeks and 1 month after harvest. Eight
replicates were used in all treatments for d&€ly four replicates were sacrificed for
flesh firmness, soluble solids, and starch measenésraeach ofthree intervals

duringstorage

Resultsfor Storage study

‘Fuji’ apple fruits of different maturities were held af 20n an ethylendree lab
immediately after harvest showed a change of IEC in succeeding years. Only trace
amounts of étylene were detected in most fruits harvested in -eamgmercial
maturity even after one month at’'@)(Tables # and15). The number of fruits that
underwent climacteric after one month storage decreased in fruits harvested in
commercial maturity from ées on MM.111 in 2001 and M.7a in 2002. Later,
significant quantities of ethylene were produced by fruits harvested later than
commercial maturity in both years and in both rootstocks.

Propylene and cold treatments were applied continuously after harvesji’
apple fruits in 2002. With the exception of the thdeg propylene treatment to fruit
harvested on August 20, 2002, all propylene treatments induced system 2 ethylene
productions in two to four weeks after harvest. Not surprisingly, in propyteated
fruits, the later the harvest dates the shorter the lag periods postharvest before

ethylene increased.
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Table 14. |EC of stored ‘Fuji’ applefruits.
Fruits were picked on 1, 15, 29 Oct. 2001 from trees budded onto Mvid.ad 1

and stored at 2€ for 1 month a, b= mean separation as determineduiey’s
protected LSD, $0.05.

Harvest Time Rootstock IEC (uL/1)
10/1/2001 M. 7a 32.24+28.89 a
10/1/2001 MM. 111 33.42 +28.89 a
10/15/2001 M. 7a 183.48+31.62 b
10/15/2001 MM. 111 0.69+0.14 a
10/29/2001 M. 7a 157.89+53.13 b
10/29/2001 MM. 111 117.33+480 b

Table15. 1EC of stored ‘Fuji’ applefruits.
Fruits were picked on 12, 26 September, and 10, 24 October 2002 from trees budded

onto M 7a and stored at© for 0, 3, and 7 days or treated by 500 ppm propylene
and then tansferred to 2TC for a total duration of 1 month. a, b= mean separation as

determined by Tukey’s protectegb, p<0.05.

Harvest Time (DAFB) Treatments (days) IEC (uL/L)

8/20/2002 (120) Control 0.046+0.006a
8/20/2002 (120) Propylene 3 0.054+0.005a
8/20/2002 (120) Propylene 7 60.87+28.09b
8/29/2002 (129) Control 0.068+0.006a
8/29/2002 (129) Propylene 3 146.78+%.92b

8/29/2002 (129) Propylene 7 245.27+91.89b
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Table 15. Continued.

Harvest Time (DAFB) Treatments (days) IEC (uL/L)
9/12/2002 (143) Control 0.24+0.065 a
9/12/2002 (143) Propylene 3 161.24+92.43b
9/12/2002 (143) Propylene 7 120.58+71.82b
9/12/2®M2 (143) Cold 3 103.46+63.22 b
9/12/2002 (143) Cold 7 0.46+0.14 a
9/26/2002 (157) Control 36.84+15.86 a
9/26/2002 (157) Propylene 3 55.51+47.01a
9/26/2002 (157) Propylene 7 181.89+140.85a
9/26/2002 (157) Cold 3 28.87+25.54 a
9/26/2002 (157) Cold7 53.31+42.04 a
10/10/2002 (171) Control 2.03+1.46 a
10/10/2002 (171) Propylene 3 101.02+65.71b
10/10/2002 (171) Propylene 7 202.53+128.35b
10/10/2002 (171) Cold 3 68.62+60.67 a
10/10/2002 (171) Cold 7 295.8+76.9 b
10/24/2002 (185) Control 82.15+2 .38 a
10/24/2002 (185) Propylene 3 283.87+182.54a
10/24/2002 (185) Propylene 7 18.92+13.74a
10/24/2002 (185) Cold 3 68.91+42.30 a
10/24/2002 (185) Cold 7 15.88+4.52 a
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Our data infer that ‘Fuji’ apples grown in Maryland need more than 120 DAFB
(April 20, 2002 to August 20, 2002) to attain physiological maturity as fruits
harvested in 120 DAFB were not able to responddayBexternal propylene
treatment. No fruits harvested during 1280 DAFB were found to produce
autocatalytic IEC after storagat room temperature for a month although some were
capable of responding to ethylene or propylene. The increased IEC in untreated
control fruits harvested at 150 DAFB (September 26, 2002) was initially detected
after 1 month storagea-owever, fruits harested at 16470 DAFB were not able to
ripen after one month storage. Interestingly, both cold and ethylene treatments could
induce ripening of fruits harvested at this stage. Finally, fruits harvested at 180 DAFB
later ripened rapidly, in less than tweeks. It appears that cold treatment can induce
climacteric ethylene production of fruit harvested after 150 DAFB. Three da}s at 0
were generally more effective than 7 days cold exposure in this limited trial.

Most fruits harvested in two weeks before and two weeks after commercial
maturity regardless of treatments appeared competent to produce ethylene after one
month storage. Hoewer, 3day or Z#day period of chilling completely accelerated

ethylene production in ‘Fuji’ apple only at about 165 DAFB.

Discussion for Theripening behavior of postharvest ‘Fuji’ applefruits

Our storage results indicated that the later the fruite wieked, the shorter the
lag period for the climacteric and the higher IEC average. This has been reported by
many researchers previously (Letwal., 1986, Blanpied, 1993). Most of eagicked

‘Fuji’ apple fruits that maintained at low levels of etimdeat 20C were not capable
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of selfinduced ripening on their own, although they could be triggered by exogenous
ethylene and propylene. Fruits harvested after commercial maturity did not respond
to propylene, since high level of endogenous ethylene deguate to induce the
logarithmic increase in ethylene production. Tipening behavior of fruits

harvested around commercial maturity wagxpected. The ethylene production
decreased in fruits harvested from trees on MM.111 (2001) and M.7a (2002) at
commercial maturity after-inonth of storage. Togetheuroresults indicated that

‘Fuji” apple required 12130 DAFB to be physiological mature in Maryland, but

fruits were not competent to accomplish autostimulated ripening if harvested before
150160 DAFB The ripening behaviasf ‘Fuji’ apple was also found to be affected

by genetic control (maturity), rootstock and environmental factadurther study

this interactiorcontrolling temperatures using a growing chamber could elucidate
‘Fuji” apple ripenng. Ripening sensitivity of apples to a given ethylene level has been

shown to increase as maturation progresses (Liu, 1978).

On the other hand, ‘RieDelicious’ apples have been shown to respond to external
propylene when relatively immature. Based o&-days posbloom growth period
they responded at only about 75 days after full bloom (Sfakiotakis and Dilley,
1973b). ‘Fuji’ is a latamaturing cultivar which needed -B®% maturity based on

150-160 DAFB to respond to exogenous propylene.

Appendix 3: Techniqual issues

Many different protocols including commercial RNA extraction kits were tested (data

not shown). The one described by Cheing. (1993) with preceding ethanol
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cleaning steps was found to be the most efficient for RNA isolation from pplpe

The application of ethanol cleaning procedures was needed to remove considerable
amounts of polysaccharides, polyphenol and other secondary metabolite compounds
that limit RNA extraction yield and purity. The general yield of high quality total

RNA from ‘Gala’ apple was -5 ng RNA /g of fleshy tissue.

The restriction enzymes used for cOM#LP wereApol andMsel (Durrantet al .,

2000) which provided most appropriate size and number of fragments baseshon an
silico review of the available apple &IAs in June, 2003 (see Appendix 3). The
majority of analyzed cDNAs ha#jpol and additionaMsel cutting sites. This was

not the case for thasel andTagl combination which the rare cuttsel limit the
availability of suitable sized fragments and cansepotentiallyinvisible fragments

(two ends ofTagl sites).

Amongthe approximatel\3500 fragments inspected in cDN¥ELP displaying
gels mostof themRNAs appeared to be constitutively expressed. Less than ten
percent of total fragments of sizesging from 100 to 600 bp were found to be
differentially expresseduring ripening. Wo hundred and twenty clones with
altered levels of TDFs were successfully isolated, cloned and sequenced. BLAST
results indicatethatsixteenthat werecloned were portion ofthe same gene
fragment owerehighly similar. For example, in the caee thetwo adjacent bands,
EST0371 and ESTO0372, the expression patterns were transiently expressed in stage |
and transiently suppressed in stage | respect{(\dyrel5). However, they shared

exactly the same sequence.
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Figure 15. False differential gene expression in cDNA-AFLP.

Some gene fragmengse expressed continuallyfowever, we did get few
constariy-expressed@eneswith adifferential expession pattern during ripening.
One wasEST0460, aimilarity of wild strawberry microsatelliter SR (simple
sequence repedDNA, with repeat motif as (GTgjJameset al., 2003). In
microsatellites or SSRanalysis short tandem repesabf one to six base pa have
been used in cultivar @htification and genetic analyseThese can be usedreveal
identities, genetic diversity and relationships in a core subset colleditmeyare co
dominant, multiallelic markers which are geradly highly polymorphic (Brown and

Maloney, 2003).

Appendix 4: Partial resultsof In Silico study (Gene fragments with * are visible on

sequencing gels).

GenBank accession #: AY 062129

# Ends Coordinates (tg;gth Ends Coordinates (IE)S;]gth
Apol-Apol * 25202922 403 | Tag-Tagl 11762400 1225
Apol-Msel * 8941194 301 /&;ft End- 1717 717
Apol-Msel * 19502183 234 | Asel-Tagl* 7181175 458
Apol-Msel * 33213551 231 EAr?;"(Right 50935470 378
Msel-Apol * 17341949 216 | Asel-Tagl* 37144088 375
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GenBank accession #: AJ011518

. Length , Length
# Ends Coordinates Ends Coordinates
. (bp) (bp)
1 Qﬁg)"(R'ght 10921633 542 Tagl-Tagl 181793 613
2 Msel-Msel 352715 364 gﬁg)"(R'ght 11611633 473
3 Msel-Apol *  776-1012 237 Taql-Taql 79441160 367
4 Msel-Msel 71219 149 Asel-Tagl * 49-180 132
5 Msel-Msel 220342 123 (LeftEnd-  4g 48
Asel
GenBank accession #: X98627
# Ends Coordinates L ength Ends Coordinates L ength
(bp) (bp)
1 I\(AL;F End- 1433 433 Tagl-Tagl 8304203 374
2 Apol-Msel * 876-1284 409 Taql-Taql 151460 310
Taqgl-
3 Msel-Apol * 12851508 224 (Right 13714579 209
End
4 Msel-Msel 434595 162 Tagl-Taql 120441370 167
5 Apol-Apol * 763875 113 Tagl-Tagql 671829 159
GenBank accession #: U89156
# Ends Coordinates L ength Ends Coordinates L ength
(bp) (bp)
1 Apol-Msel * 34103977 568 Tagl-Taql 24963111 616
2 Msel-Msel 47615237 477 Taql-Taql 34794029 551
3 Mseal-Msel 26672912 246 Asel-Asel * 19002363 464
4 Msel-Apol * 30943330 237 Taql-Taql 40304447 418
5 Apol-Msel * 127357 231 Asel-Tagl * 520895 376
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GenBank accession #: U73815 (single cutting site of Asel without Tagl cutting

site)
. Length

# Ends Coordinates

(bp)
1 Apol-Msel* 146514 369
2 Msel-Msel 515-799 285
3 Apol-Apol * 838975 138
4 Msel-Apol *  38-145 108
5 Mse(Right 10351004 60

End

GenBank accession #: L 31347 (no Asel cutting site)

# | Ends Coordinates L ength
(bp)

1 Apol-Msel 8711438 568

2 Msel-Msel 303554 252

3 Msel-Apol 555791 237

4 Msel-Msel 92-302 211

5 Apol-Msel 160941780 172

GenBank accession #: U03294 (no Asel cutting site)

# | Ends Coordinates (IBS;]gth
1 Apol-Msel 7451312 568
2 Msel-Apol 429665 237
3 Msel-Msel 3-176 174
4 Msel-Msel 13131472 160
5 Apol-Msel 276428 153
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Appendix 5: Functions of a few gene fragments with non-verified expression
patterns
Aroma Biosynthesis-Related Gene Fragments:
EST0379 alcohol acyl transferase (AAT1); up-regulated

The upregulated EST0379 encodes a key enzyatehol acyl transfese (AAT,;
91% identity at the protein level) which is involved in the synthesis of a variety of
esters.Aroma volatiles are secondary metabolites that play a major role in fruit
quality. Volatile esters form the majority thfe flavor components in applpgear, and
banandruits (Beekwilderet al., 2004). AATs linkaliphatic, branched and aromatic
alcohols to acyl moieties, leading to the formation of a variety of esters in different
fruit species (Beekwildeat al., 2004). Yahyaougt al. (2002) reportedhat the gene
encoding AAT1 was increasingly expressed in melon fruit in the early ardlemid
phases of ripenindut did not ocur in vegetative tissues. h& requirement of
ethylene on the capability of AAT appears to be speabdgendent as ethylenenses
as an inducer in melon but has no effect in strawberry (Fébe#s2002; Aharoniet
al., 200Q. Our data agreed with the finding of Yahyaeual. (2002) as the highest

expression was found fruit harvested at the trege stage.

Carbohydrate M etabolism-Related Gene Fragments:

ESTO0037 Hexose transporter (Hxt); up-regulated

The closest sequence match for ESTOO3héndatabases is ¢wapehexose

transporter (Hxt)This is a protein encoded by a multigene family of up to 12
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memberdoundin various specieslt transports glucose across the plasma membrane.
The protein deduced from the EST0037 sequen8&%identical to a series of
sugarcarrier proteins. This group includdse glucose transporter, hexose transport
protein, monosacchateH" symporter, and monosaccharide transporter (MST1).
MST1 has been reported to be strongly expressed in sink tissues, such as roots,
flowers, and young leaves in tobacco (Sauer and Stadler, 1993). The gene encoding
for thehexose transporter (Vvhtl) grape berries was shown to have biphasic

pattern of expression. An early peak was found shortly after fertilizatiofohoaed

by a stagespecific increase later in development (Filleral., 1999). Since sucrose
boxes are found in the promoter semgesof Vvhtl, Fillion’s group suggested the
expression of this gene is induced by sugar level. Consequently, sugar accumulation
would occur as an autocatalytic process in grape berry development. The putative
function and expression pattern of EST0037gested itsmay also playrale in

sugar accumulation &Sala’ applefruits ripened.

EST0073 Glucose-6-phosphate/phosphate translocator-r elated; Up-regulated

The low abundance of EST0073 at the early stage of ripening in ‘Gala’ apple was
detected in 202 andagain in2003. The most closely related database sequence
EST0073, glucosé-phosphate translocator (GPT), has been shown to occur as
chloroplasts differentiate into chromoplasts in developing pepper and tomato fruits
(Batzet al., 1995; Bukeet al., 1998). GPT has been postulated as one of the major
enzymes that facilitate the supply of carbon skeletons for starch or fatty acid

biosynthesis and/@s the substrate for the plastidial oxidative pentose phosphate
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pathway in heterotrophic plastidvarious sink tissues. This has been reported to
occur in different species including maize, oilseed rape embryos, and cauliflower
inflorescencesammeretret al., 1998; Eastmond and Rawsthorne 2000). The
diagram belowKigure 16§ shows raw starch accwlation in noaphotosynthetic sink
tissues can occur in response to a variety of soluble carbon sources (sucrose and
hexose) imported from source tissues. These are converted to ebdqolbesphate

(G6P) in the cytosol which is transportad GPT into tle plastid Kammereret al.,

1999.
_ﬁ
Plastid
Oxidative ' .
Pentose Phosphate TrioseP Triosel
Fathway
Ru5P
C0; GleoP GPT = Giegp o= = DUcTose
Hexoses
NADIPH
Nitrite Reduction | ) P;
Glutamate Synthesis *
Starch Biosynthesis
~ J  Cytosal
- i’

Figure 16. Proposed Function of the GPT Protein in Heterotrophic Tissues
(Kammerer et al., 1998).

EST0101 NAD-dependent sorbitol dehydrogenase (NAD-SDH, MdSDH1); up-
regulated
The transcript derived fragment EST0101 encoding N®{IH has coriderable

similarity to NAD-SDH fromreported irhuman, rat and shedigsues. Itvas highly
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expressed at the late stages of maturation and ripening of ‘Gala’ apple. The same
patternin ‘Fuji’ apple has been reported by Pagtkal. (2002). They found that

MdSDH1 and three other isoforms were not detectable in early fruit development (30
60 days after full bloom), but gradually increased as fruit matured. MdSDH1 was
also detected in source leaves as well as ysimkjeaves. SDH activity has been

shown toincrease with the onset of the climacteric ethylene and respiratios peak
(Marlow and Loescher, 1985). However, a different expression pattenepased

by Nosarszewsket al. (2004). They reported th&DH was only expresseuith

significantactivitymmediately after apple fruit growth was initiated.

Sorbitol wasoundby Bieleski (1969) to be the primary photosynthetic product
and the major translocated form photosynthate in many spedresankae. These
include apple, pear and peach. Sorltohprises about 80% of the total soluble
carbohydrate in apple leaves (Loesaodia., 1982). NADPdependent sorbite-
phosphate dehydrogenase (S6PDH, EC 1.1.1.200) is thought to be the major enzyme
regulating sorbitol biosynthesis (Loescleeal., 182). In the fruit, sorbitol must be
converted to fructose by SDH before any conversion to other compounds can occur.
It is likely that SDH plays a critical role in modulating sink strength during the fruit
growth since sink organs utilize sorbitol maimig NAD-SDH activity (Parlet al.,

2002). Like many of these tricarboxylic acid cycle (TCA) enzymes, the increase of
SDH activity begins prior to the onset of the climacteric. A good relationship was
observed by Marlow and Loescher in 1985. Takenthegeboth transcript level and

enzyme activity of SDH appear to increase during fruit ripening.
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EST 0287 Putative isoamylase; transiently expressed in detached fruits

The EST0287 was only amplified in detach@dla’ applesamplesisingcDNA-

AFLP. This EST is similar to the deducedebranching enzymes thagdrolyze 1, 6
alphaglucosidic branch linkages in glycogen, amylopectin, and in theitlineta
dextrins(Hussainet al., 2003) Biochemical and molecular evidence have reported
thatthree distinct isform classes of plant isoamylagegstin potato tubers anith
other plant species (Hussaial., 2003). Since starch granules are composed of
amylose and amylopectin, several enzymes appear to be involsiadh
solubilization during banana ripeiy. The necessary participation of one starch
debrarching enzymas hypothesized to hydrolyze the algh&-ranches of
amylopectin.

The role of isoamylase during ripening has only been reported to occur in banana
(Bierhalset al., 2004) although it idikely that isoamylase is involved in both
amylopectin synthesis and debranching as banana fruit develops. skmificant
change irisoamylase gene expression were observed during banana fruit ripening, the
authors suggested that the high activity waissed by a prexisting isoamylaséype

debranching enzyme goncertwith other amylolitic enzymes (Bierhadsal., 2004).
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Cell Wall Degradation-Related Gene Fragments:

EST0114 Cinnamoyl CoA reductase (CCR) ; up-regulated

EST0002 cinnamyl alcohol dehydrogenase 2 (CAD2); up-regulated

A similarity of cinnamoyl Coa reductase (CCR; EST0114) encoding an enzyme
active in lignin metabolism was consistentlynggulated during ‘Gala’ ripening.
CCR catalyzes the reduction of cinnamic acid CoA esters intodbreesponding
aldehydes. This is the first step of the phenylpropanoid pathway specifically
dedicated to monolignol biosynthesis. The corresponding protein of CAD was
localized specifically in immature xylem cells undergoing active lignification
(Aharoro et al, 2002). Another gene, cinnamyl alchohol dehydrogenase (CAD;
EST0002), encoding the enzyme which catalyzes the subsequent step in the lignin
pathway and the biosynthesis of flavor compounds (Mitchell and Jelenkovic, 1995)
was increasinghexpresse in 2002 but was not significantly expressed in 2003.
Interestingly, these two genes, CCR and CAD, have been showliféelnentially
induced in soft and firafruited strawberry cultivars, respectively (Salenéjral.
2003). Thus, CCR has been gagted to be as a novel candidate gene associated
with cell wall degradation. Our results are in agreement with their viewpoint that
CCR is a possible new candidate gene affecting fruit firmness. CAD may also play a
role modulating the flux of hydroxydinnamic acids or aldehydesd have a
potentialeffect on flavoy or on cellwall bound hydroxycinnamates (Kroon and

Williamson, 1999).

154



EST0437 a -L-Arabinofuranosidases (AFasel); up-regulated

The upregulated fragment af -L-Arabinofuranosidase gene (As&l)is
believed to release terminal arabinofuranosyl residues from cell wall matrix polymers
and otheglycol-conjugates. In tomata,-L-Arabinofuranosidases{Afs) are a
divergent family of enzymes of at least three isoforms (Saati, 2002). Isobrms
were reported to have different properties, activity profiles during fruit ontogeny,
activities against cell wall fractions, atwrespondlifferentially to plant hormones
Since these arabinosidases overlap during ripening, it has been poshatated t
specificity of function on different substrates cell wall microstructural domains
exists. It ishypothesizedhata-Afs | and Il could promote discrete modifications of
cell wall architecture during growth and expansion, winlf 111 may be involved in
the major cell wall breakdown that takes place during ripening. Thus, Brummell and
Harpster, (2001) proposékat tomatax-Afs are likely to be encoded by a gene
family, similar to other cell walmodifying enzyme. One tomata-Af gene,
LeARF1 was expressed during tomato fruit development but decreased after the onset
of ripening (Itaiet al, 2003). The resiration of LeARF1transcripts in ripe fruit by
applying Emethylcyclopropene (MCP, an ETR binding inhibitor) supports the
concept that LeARF1 expression is negatively regulated by ethylene. There is no

reported informatiom appleabout the functionalenomics othegene AFasel.
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Developmental/ Ripening-Related Gene Fragments:

EST0096 M etallothionein-like protein; down-regulated

The deduced protein sequence encoded by a 355 bp gene fragmentablosed
similarity to the type2 metallothionein (MTJike proteins from sand pear. This was
downregulated in both 2002 and 2003 dYNA-AFLP, microarray hybridizatign
andbyNorthern blot analysisKigure ¥). Members otheMT like group encode
small cysteingich polypeptides that may be also involvadnetal detoxification and
in homoestasisMTs are found in a wide variety of organisnmeludinganimals,
plants, and fungi (Robisast al., 1993). In addition to their induction by metal ions
such as Cii, zr?*, and Cd*, MT-like proteins are known tbebiologically induced.
Ethyleneevolution during leaf abscissi@nd senescence, wounding styeg§sis
infection, heat shock, and cold storage of appleinduce MT¢Reid and Ross,
1997). Several studiesportedthat MTs were associated with fradievelopment ah
ripening in bananéLiu et al., 2002, Clendennen and May 199&pple(Reid and
Ross, 1997)sand pear (Itaat al., 2000), kiwifruit (Ledger and Gadner, 1994), and

black currant (Woodhead al., 1998).

A decliningexpression patterrf a type2 Ml ike protein MT2A, pBAN 3-23(6)]
was reported during banana fruit ripening (Eiwl., 2002, Clendennen and May
1997). The transcript was barely detectable in the puarseased to a high level in
young fruis, and then gradually decéd (Liuet al., 2002). In apple, the transcript
of type 2 MTFlike protein, AMT1, was abundant in flowers and during the early

stages of development but declined whipplefruit maturedReid and Ross, 1997).
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In ripe fruits and leaves, however, itgoeession wasagainup+egulated. Irsand
pear the expression pattern of the most abundanilarity, PPFRU16 (GenBank
accession number: AB021790) was reported to beegplated as ripening
progressed (ltagt al., 2000). They also proposed that gxpression of PPFRU16
was subject to ethylene control during fruit ripenifithis wasbased on its reduced
expression following treatment withMICP.  Although our knowledge about the
type-2 MT-like protan is still somewhat fragmenteds connectiorto ripeningwas

not unexpected.

EST0112 Adenine phosphoribosyltransferase 1; up-regulated

The EST0112 cDNA clone encoded adenine phosphoribasgierase 1 (APRT,
EC 2.4.2.7).APRT is known to catalyzéne Md¢*-dependent transfer of the
phosphoribosyl grup from5-phosphorylribosyl pyrophosphatéPRPP) to adenine.
Thisthenforms the nucleotide adenine monophosphate (AMRY(zo et al., 1995.
APRT was first isolated from yeast in 1955 by Kornberg and his colleagues. It has
sincebeen isolated from wide variety of organisms includifigcteria, invertebrates,
mammals and higher plants (Schomberg and Stephan 19T is the key
enzymenvolved ina onestep salvageathway where the direct recycling of free
adenine into purine nucleotide poolscars. APRT is encoded by constitutively
expressed singleopy genegAllen, et al., 2002) The activity of APRT has been
found to be high during the early phasé&/ofca rosea cell growth, and to increase as
strawberry plants trease theirapacityto synthesize nucleotidéRobert and Pétel,
2000) These authors algwoposed that the change of APRT activity could be

assayed@sa possible indicator of dormancy releas@erennial plants
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In this study, the ripening induced transcript of APRT wadiedrbycDNA -
AFLP, bymicroarray, andhenNorthern analysisHigure 14. This protein may play
an important rolén, or serve as possible maturity marker during fruit development
and ripening. The expression pattern corresponded with measured cimaliges i
which infersthat arelationship exists between tl@azyme and the ripeninglated

hormonegthylene.

EST0217 serine/ threonine protein kinase PK 23; up-regulated

The upregulated fragment EST0217 was closely relatedsimdarity of the
proteinkinase PK23. This is a novel fruipening and woundegulated serine/
threonine protein kinase from tomdtat issimilar tothe calcium/calmodulin
dependent protein kinase from tobacCalK1) and maize.CaMK has been shown
to be highly regulated tegporally and spatially in reproductive and vegetative tissues
during development (Zhang and Lu, 2003). This transadptimulatesn tissues
undergoing rapid growth and metabolic activity, sucthasoot apical meristem,
flower primordia, sporogenousliseand anther tetrads flowers,and in developing
embryos(Zhanget al., 2002) Calcium ionregulated protein phosphorylation has
been implicated in a range of responses including-patftogen interactions, cold
stress, gravitropism, lightegulated gne expression, flowering and hypsmotic
shock. CaMKs are hypothesized to mediate these responses (for review, see Zhang

and Lu, 2003).
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Carotenoid Biosynthesis-Related Gene Fragments:

EST0039 Plastid-localized ter minal oxidase (PTOX); up-regulated

Thesimilarity of plastidlocalized terminal oxidase (PTOX) appeared te up
regulated during ripening. It participates in chlororespirattimomo regirationand
carotenoid desaturation. Chlororespiration is defined as an electron transport process
from endogenous reductant(s), through parts of the photosynthetic electron transport
chain that leads to consumption of oxydpgohloroplasts. Chromorespiration can be
defined as a NAD(P)+ependent redox pathwagading to membrane energization.

It is utilized for chemiosmotic ATP synthesis and carotenoid biosynthesis.
Carotenoid desaturation consistaadferies oflehydrogenation reactions which

convert the precursor phytoene into colored carotenoids. The identification of PTOX
in pepper chromoplasts, a&ll as the clear increase in PTOX gene expression during
pepper and tomato fruit ripening (Jostal., 2000) suggested itsle ininvolvement

in chromorespiration. Its complenteractions with metabolic and electryansport
pathways matches thatt its mitochondrial counterpart, the alternative oxidase (Josse

et al., 2003).
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Stress-Related Gene Fragments:

EST 0204 Aspartic proteinase; up-regulated

The increased accumulation of transcripts during fruit development suggested that
the encoding produdf EST0204, Aspatrtic proteinase (AP), was involved in apple
fruit maturation. Microarray analysis confirmed the same pattex@ripening fruit
accumulated higher transcript levels than gmeexturefruits. APs, which are widely
distributed among prayotic and eukaryotic organisms have been extensively
studied and characterize@heir biological functions are still unclear in plants,
although theyare thought to control protein processing and aldafion to release
nitrogen. APsnay be associateditlv stress responses, leaf and petal senescence,

programmed cell death, and reproduction (Simdes and Faro, 2004).

EST0045 Universal stress protein (USP); up-regulated

The EST0045 cDNA sequence was found to be 81% identical to the universal
stress proteiflUSP) sequence irabidopsis. The USP superfamily encompasses an
ancient and conserved group of proteins that are found in bacteria, Archea, fungi, flies
and plants. Several matching fruit ESTs have been extpacteduslyfrom half
ripe apricot fruif developing peach fruit, and nearlpe peach fruit. This was similar
to E6 ethylene responsive EST (AB026636). This strelssed TDF could
potentiallyplay a role in apple fruit ripeningThis TDF was isolated due to its
increasing presence in thegaiencing gel. However, its-upgulation could not be

verified by microarray.
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EST0309 Na'/ H™ antiporter; up-regulated

The tanslation product of EST0309 is similar to a stresated enzymehe
Na'/H" antiporter, reported in Antarctic hgiass Plasma membrane exchange
glycoprotein transporters catalyze the exchange 6fdiaH" across membranes. As
such they serve a variety of functions, regulating intracellular pH, sodium levels, cell
turgor and cellular responses to hormones and mitogensr{Setral., 1999). lon
transporters selectively transport ions and maintain them at physiologically relevant
concentrations TheNa'/H" antiportersalsoplay a crucial role in mainitaing cellular
ion homeostasis, pernptant survival and growth underise conditions.
Overexpression of the vacuolar 4" antiporter AtNHX1 inArabidopsis, napas and
tomato plants promoted their growth and development in potting media irrigated with
200 mM sodium chloride. This salinity tolerance was positively coeehaith
elevated levels of the AtNHX1 transcript, and with protein and vacuoldHNa
antiporter activity (Apset al., 1999; Zhangt al, 2001; Zhang and Blumwald 2001).
Although thesdransgenidomato leaves accumulatachigh sodium concentratipn
thetomatofruits had a very low sodium content, demonstrating {hatential to
maintain fruit yeld and quality in plants grown saline conditions TheArabidopsis
plasma membrane N&™ antiporter, encoded by the SOS1 gepgearedo be
essentialdr salt tolerance (Slat al, 2002). Shiet al. (2003) reported thahe
overexpression of SOS1 improvsadlt tolerance in transgemeabidopsis. These
authors also reported that the increased salt tolerance was correlatadeditbed

level of sodiun in these plants
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EST0359 Heat shock transcription factor family protein; up-regulated

The lower expression of EST0359 was discovered in stage | in ‘@aiées
duringboth years of this study. Its encoding product closely matitigeldeaishock
trangription factors (HSF8) idrabidopsis and tomato (CAA4786%charfet al,

1993. The rapid accumulation of stresdated gene expressipnoductsand the
structure and function of the hesitess proteins is highly conseniagrokaryotic

and eukaryat cells(Parsell and Lindquist, 1993 he heatshock response serves as
a cellular defense against the deleterious effects of stifessekeat, cold and

drought. Thes stresses are mediated by ksdaick transcription factors (HSFs).

Upon activationHSFs trimerize and function as transcriptional activators that bind
with conserved specificities to the heat shock elenagrt,manipulate heahock

gene transcription. This affects the expressioadiVerseseries ofheat shock

proteins and moleculahaperones with many important functions. Not only do they
protect proteins against stress damage, but also affect their folding, intracellular
distribution and degradatiaf proteins(Wu 1995; Mathevet al., 2001). Other
similarity to EST0359 such dka found in‘Chardonnay’ grape berries (CB913941)
and ‘Japanese’ rice (NP_921505) have also been induced by abiotic stress and auxin
respectively. Overall, the EST0359 appaarencode a protein that modulates stress

responses ia variety ofplants.
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EST0428 and EST 0456 cytochrome P450; up-regulated

The translated products of EST0428 and EST0456 were both members of a large
superfamily of hem&ependent oxidases of cytochroR¥s0. In plans, cytochrome
P450 monooxygenase$450s) constitute the largegroup of enzymes associated
with the synthesis of secondary metabolites, such as hormones, flavonoids, and
lignin. These occur during development or in response to environmental cues
affectingwound healingpest resistance and herbicide toleraiBmwel et al.,

1994). Plant systems utilize a diverse array of P450s in their biosynthetic and
detoxicative pathways. In biosynthetic pathwd450s play critical roles in the
synthesis of lignins, UV protectants, pigments, defense compounds, fatty acids,
hormones, and signaling molecules. In catabolic path®45@s participate in the
breakdown of endogenous compounds as well as toxic compounds from the
environment. Due to their roles manymetabolic processes, pldP450 proteins

and transcripts canse as downstream reporters for many different biochemical
pathways (Schuler and Wergkeichhart, 2003). A banana cytochroR#50 cDNA
(MAP450-1, related phylogenetically to the avocdb0 CYP71A1) has been
reported to have elevated transcripts in p@el pulp during ripening, reaching a
maximum in postlimacteric fruits. It was not found in unripe fruit tissue or in roots,
leaves, or flowers (Pua and Lee, 2002). Ethylene and sucrose appear to play an up
and downrregulatory role irP450 expression ifbanana, respectively. Exogenous
ethylene application induced transcripts of MAP450ut exogenous sucrose

decreaseds transcription (Pua and Lee, 2002). Although the role4%0 in plans
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has been well documented in defense and stesg@nsesuncion during ripening

still remains poorly understood.

EST 0459 Acid phosphatase survival protein SurE; transiently expressed at stage |

The closest matcto the translated product encoded by EST0459 cDNA sequence
was an acid phosphatase survival proteiArabidopsis The SurE family was
discovered by Clarke and his colleagdesing the stationarphase survival of
Escherichi coli bacteriaand in various repaand stressesponse phenotype$that
speciefMuraet al, 2003). These genes may fornbiistronic operon essential for
E. coli viability under stresses, such as elevated temperatures, osmotic stress, or high
cell density. 8rE has also been shown to play a significant physiological role in
stressresponses. EST0459 was cloned as ittveassientlyexpressed in apple fruit
harvested in stage |. However, the microarray study did not cotifatiransient

pattern.

Céell Structure and Mobility (transport)-Related Gene Fragments:

EST 0028 Dynamin, putative; down-regulated but expressed at higher levelsin

attached fruitsthan in detached ones

The downregulated EST0028 encoded to dynamin. This has been proposed as a
possible surface protein responsible for-t@itell interactiors. Dynamin interacts
directly with several proteins that regidactin assembly, including profilin and
cortactin. The mechanism of dynamin in remodeling membranes has been suggested
via regulating actin filaments, coordinating its activities during endocytic traffic, cell

morphogenesis and cell migratifdchaferet al., 2002). Recent data reviewed by
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McFadden and Ralph (2003) suggest that dynamins in plants are involved with
chloroplast division andith themechanechemical proteins involved with pinching

off of vesicles.

EST0293 Myosin heavy chain-like protein; up-regulated

The function of thesimilarity of EST0293, myosin heavy chdike protein in
plantsis poorly understood. The myosin family of molecular motors has been
characterized to move cargo on actin filaments. The actin cytoskeleton in plants has
been shown to be involved in processes such as transportation, signaling, cell division,
cytoplasmic streaming and morphogenesis (Reddy and Day, 2001). The specific role
of themyosin heavy chattike protein with advancing age and physical frailty in
humans has been shown to contribute to muscle protein wabkgn@ccursvith
advancing ageA similar EST for abiotic stress ‘Chardonnay’ grape leavegas
obtained in the BLASTN search. This may eventually be found to have a relationship

with stress omging in plants, awaspreviously shown in animals.

EST 0040 Putative microtubial binding protein; up-regulated

EST0313 Microtubule associated protein; transiently expressed at attached fruits

EST 0454 Beta-tubulin 6; up-regulated

Tubulin moleculegndther beadlike structures are a component of the
protofilament. EBtatubulin (EST0454) may bindith GTP or GDP, and it can
hydrolyze its bound GTP to GDP plus Rlease tht P, andthenexchange the bound

GDP for GTP (se®iwan’s webpage) An alfa, bea-tubulin heterodimeformsthe
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basic structural unit of microtubules (ESTOQ£ST0313). Microtubules function as
conveyer belts inside plant cells. They move vesicles, granules, mitochondria, and
chromosomesia special attached proteins. Microtubuddso serve a cytoskeletal

role. Structurally, they are linear polymers; salled protofilaments, of the globular
protein tubulin. hese three putative microtubtdesociated proteins were-up
regulated durin@ppleripening although not all patterns seefound in thesecond

yearof the study SimilarESTSs isolated from ripening grape may also provide a hint

of the differential transcriptional control for these cytoskeletdated proteins.

Signal Transduction-Related Gene Fragments:

EST 0399 Seven-transmembrane-domain protein; up-regulated

The EST0399 was ugegulatedn cDNA-AFLP, and its nearest database match
was to a receptdike protein. Seventransmembrardomain proteins are a type of
receptor protein containing 7 hydrophobic domainssimgle polypeptide chain.

These cross the cell membrane lipid bilayer. The characteristic analyses of proteins
coupled to Aransmembrane proteins suggested their function as redietor

proteins to mediate signal transduction such as the ethylen¢éare@@RS1) andhe
G-proteins. Gproteins are a family of signabupling proteins that act as
intermediaries between activated cell receptors and effectors. For extimaple,
function to convey hormonaignals from the ce#l surface to the cell intem. G

protein is thought to be embedded in the cell membrane with parts exposed on the

outside and inside surfac@or review, seeMombaerts, 1999).
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EST similarity of signal transduction proteitgve also been reported in fruits
Climacteric peach mesarp (AJ631553)s well asmmature ovaries (CF508161)
and developing fruits (CK939616) from fietwllected Valencia’ sweet orange have
been shown to express similar ESTs. Its putative function and presence in fruits
implies that EST0399 may be an@sal signal transductieprotein related to fruit

developmenand/ or ripening

Protein Biosynthesis-Related Gene Fragments:

EST0056 ProbablerRNA processing protein; up-regulated

The closest match to the translated product of EST0056 using BLASTKevas
rRNA processing protein EBP2milarity found inArabidopsis. The transcript of
this TDF increased durirgppleripening inour study. The function of itsimilarity,
prerRNA processing protein is thought to yield a functional rRiAmMethylation
and ribosome assembly. This includes cleaesgeell aother modifications.
Since ripening requisenew proteirsynthesis, isolation of this fragment is not
unexpected.
EST0094 Aspartate aminotransferase (AAT2); up-regulated

Thesimilarity of the upregulated EST0094, aspartate aminotransferase (AAT),
plays a significant role in plant nitrogen assimilation and transport, and in carbon
metabolism. AAT is encoded by a small gene family; only five genes have been
reported inArabidopsis to date. It idelieved to catalyze the asparagines and
methionine biosynthesis catabolism of aspartate and several other essential amino

acids such as Asn and Met (Silvestal., 2003). In addition tattachingnewly
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formed organic nitrogen to the nitrogen cagj&lu and Asp, and the conversion of
TCA cycle intermediates to amino acids, this enzyme also regulates nitrogen and
carbon poolsn the cytoplasm and vacuole. One isoform, AATisinvolved in the
assimilation of nitrogen compounds in bean nodules (S#wet al., 2003). The
mutation study of Miesak and Coruzzi (2002) on cytosolic AAT2 demonstrated a
nonredundant role for AAT2 for the bulk assimilation of nitrogen into aspartate and

derived amino acids in the cytosol of leaves drnydfruits Siliques.

ESTO0105 Eukaryotic tranglation initiation factor 3 subunit 11 (el F-3 p25)

(el F3k); up-regulated

The upregulated EST0105 encodesimilarity of elF3 which may be involved in
novel pathways controlling protein homeostd$ierihacet al., 1997) Protein
synthesis plays a major role in cell cycle regulation in eukaryotic cells. Eukaryotic
initiation factor 3(elF3), a multiprotein compleof at least eight subunits, is the
largest factor for the process of protein synthesis initiai@nlijacet al., 1997)

Many roles have been assigne@lie3 in the translational initiation pathway in
mammalian cells.elF3e/Int6, which might be necessary for the translation of
specific transcripts by elF3, and for the degradation of specific targets by the
proteasme, has been shown in regulating protein turnover through binding to the
regulatory lid of the 26S proteasoifw®n Arnim and Chamovitz, 2003). Numerous
differentialy-expressed sequence tagsi various stages of developmentpricot
(CV049426; CV04542pand peacliruits (BU047076) which appeared be similar

to EST0105andmay suggedhatthe associatiobetweerEST0105 transcripts and

manyripening processes.
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EST 0352 homeobox-leucine zipper protein 7 (HB-7)/ HD-ZIP transcription

factor 7; transiently expressed at stagel and I11

Homeodomain proteins are involved in the control of gene expression during
morphogenesis and development (NCBI NLM MeSH webpage). Homeodomain
proteins are encoded by homeobox gerldsese genes exhibit structural similasti
to certain prokaryotic and eukaryotic DNAnding proteins.Reports of apricot
(CB820875)and peacliBU040588)EST similarity existingat various stages of fruit
developmentendssupport to the idea that homeoHexcine zipper protein 7 is
associateavith the regulation of gene expression, or that its gene expression is

differentially regulated during fruit development.

Protein Degradation-Related Gene Fragments:

Protein degradation is a key regulatory component of many vital cellular
processes thaegulate the growth and development of eukaryotic organRrotein
degradations involved with processes such as cell cycle control, transcription,
receptor desensitization, and antigen processing (Kirschner, 19B8juitin-26S
proteasom mediateggulatoryprotein degradation is the predominant form of
intracellular proteolysis. In this system, a target protein that is destined to be
destroyed is tagged by the covalent attachmhta polyubiquitin chairbefore
degradation by the 26S proteasome.

Ubiquitin attachment involves four successive steps, catalyz#aree enzymes.

These are ubiquitin activating enzyme (E1), ubiquitin conjugating enzyme (E2) and
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ubiquitin protein ligase (E3).This process is repeated until several ubiquitin
moietiesare attached to the target protef polyubiquitin chainformedfacilitated

by a multiubiquitin chain assembly factor (E4Benerally, the specificity of this

pathway is determined by the E3. Many types of&fwear to b@resent in an

organism to allow the ubiquitination ofheir diverse array of protein®barmasiri

and Estelle, 2004) We isolated three forms of E3 in this study: EST0048
(ubiquitine-protein ligase), EST0026 (box domain containing protein), and

EST0108 (Skpl). These differ ingir subunit organization and/or their mechanism of
ubiquitin transfer (see below). Ubiquitinated proteins are recognized and degraded by
the 26S proteasome, a multiprotein complex comprising a 20S core unit (EST0153)
and two 19S regulatory particles. élolyubiquitinated substrates might be
recognized, and then subsequently degraded by the 26S proteasome. However, the
link between polyubiquitination and this proteasome is still poorly understood

(Azevedoet al, 2001).

EST0108 SKP1; up-regulated

Diff erential EST reported from developing peach and apricos riasely
matched EST0108. This was-tggulated during ‘Gala’ apple ripenin@KP1
(kinetochore protein), encoded by gimilarity of EST0108, is of central importance
to a number of cellulgrrocesses. SKP1 has been proposed to be involved in cell
cycle regulation and the ubiquitin proteolysis process by combining Cullin (or Cdc53)
and Fbox into a complex SCFSCF isa type of E3. The regulation of proteolysis in

different stages has besuggested by the behaviors of differskil mutant cells
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duringG1 or G2 stages of the cell cycle (Baal., 1996; Azevedat al, 2001).
Numerous studies hawasoshown that SKP1 is capable of binding to several
proteins whose common features aregresence of an-box, or another motif
involved in proteirprotein interaction. For example, bindivig WD 40- or Clink or
ORE®9 to an Fbox proteinhas been shown tegulate leaf senescence (Baal.,

1996; Aronsoret al, 2000; Wooet al, 2001).

Subunits of 26S proteasome complex:

EST0153 20S proteasome subunit; up-regulated

Differentially expressed sequence tag 20S proteasome sshitérity from
developing peach, apricot, and citrus were found in the EST database. The 20S
proteasome is ond the subunits of the 26S proteasome complex involved in protein
degradation by the ubiquitin pathwayhe 20S proteasomeaa ATRindependent
protease consisting stack of four sevemembered rings. Each of the two outer rings
is formed by seven subusj and the two inner rings are also formed by seven
subunits Previous research demonstrated that the suppression of gene which encodes
for the 20S proteasome subunit expression led to spontaneous programmed cell death
in N. benthamiana. This was accormamied by reduced proteasome activity and the

accumulation of polyubiquitinated proteirse€Kim et al., 2003).

EST0071 21D7 antigen; up-regulated

The 21D7 protein is a subunit of the plant 26S proteasome, thought to belong to the
proteasome regulatory complé&mithet al., 1997). The 21D7 protein is expressed

only in plant tissues, and may participate in the control of cell divisiaeduylating
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the activity or specificity of the 26S proteasome in the nucleus. The function of 21D7
is conserved during evolution. It is thought to be essential for cell proliferaased

on its complementary effect in a yeas2 mutantstudy(Smithet al., 1997). The

yeast gene SUNEGWpressor ohinl-1) encodes polypeptide with 32% identity to

the plant 21Dprotein.

EST0080 Putative cathepsin B-like protease; up-regulated

This ha been previously reported as a defense rel®adsimilarity from cacao
leaves. It is also present in green apricot fruit. Cathepsin B is from an ancient family
of eukaryotic cysteine proteases. Cysteine proteases are a group of enzymes
identified in bacteria, yeast, animals, and plants. They play an importait role
intracellular protein dgradation (Barrett, 1986). Theaee synthesized as preproteins
that are processed autocatalytically or with the aid of a processing enzyme. These
proteases are stored in the vacuole, in lysosomes, exenetedrom the cell
Among the cysteine proteases, the H and L cathepsins have been widely studied in
mammals, and recentigvestigatedn plants (Martinezt al, 2003). The cathepsin
B-like cysteine protease (CatB) gene has been reported to be involved in proteolysis
during germination of barley seeahd incold stressesponsén barley tissues
(Martinezet al, 2003). It wasalsoinducedin Nicotiana rustica leaves in response to
wounding (Lidgetet al, 1995). Since CatB mRNA expression increases during
germinaton, it is thought to play a significant role solublizing amino acids needed for

development before that plantlet can survive autotrophidirtfnezet al., 2003). It
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is hypothesizedo degradestorage proteins in the barley seed aleurone during

germinaton.

Cell Division-Related Gene Fragments:

ESTO0053 Zinc finger family protein C3HC4-type RING finger; up-regulated

EST 0284 N-terminal domain-containing protein / zinc finger (C3HC4-type
RING finger) family protein; up-regulated

Both EST0053 and ESTO2&hcoded tsimilarity of the zinc fingerC3HC4
type RING finge) family proteins. Interestingly, the reason for their isolation was
their transient suppression in stagelh a subsequent study, thexpression patterns
were notfound to besignificartly different between stage | and VI in microarray
analysis. The different level of sensitivity between cDNXFLP and microarray
could providean explanatiorior these resultd his proteinis one of the largest gene
families in mammals It containsa mnserved cysteinand histidinerich domain
essential for the binding of zinc ions. The gene encodes a G8E€4inc finger
protein motif (ring finger motif) consistent with a role in pneiotic or posimeiotic
animalsperm development (Zhaegal., 2001) There are not any reports of the role

of the zinc finger family proteins in plants to date.

EST0106 putative CRSL; up-regulated

The closessimilarity of the EST0106 translated product was CRS1, a group I
intron splicing factor. CRS1 may facilite the splicing of mitochondrial group |
introns by stabilizing an epathway folding intermediate, or by stabilizing the fully

assembled intron. It may also function as an RNA chaperone to resolve misfolded
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intron RNAs and increase the yield of catalglig active introns (reviewed by
Herschlag, 1995). Some members of CRS1 family are also thought to be in
mitochondria and chloroplasts. Each of thessmbers of the familwould harbor
multiple group Il introns.Othermembers of the familgnay bind to lhe atpF, a group

Il intron that is needetb straighten and activate splicing with specificity (for review,

Till et al., 2001).

EST0391 Chloroplast casein kinase Il alpha subunit (cpck2a gene); up-regulated

Casein kinase (CKII) is composed of two sulbsjra catalytic alpha subunit and
regulatory beta subunit. Studies in animal systems have shown that this enzyme plays
a central role in the regulation of cell division. EST0391 txaxdsimilarity; onefrom
developing almond seed (BU573036) ambtherfrom the abiotic stress grape library
(CD712200) It may play a physiological role both plantdevelopment and in plant

stress response.

Intracellular Trafficking and Sorting-Related Gene Fragments:

EST0066 Synaptobrevin/vesicle-associated membrane protein; up-regulated

Synaptobrevin/vesiclassociated membrane protein is one of the soNible
ethylmaleimidesensitive factor attachment protein receptor (SNABREDdeins. It is
thoughtto provide specificity for the targeting afusion of vesicles withhe plasma
membrane. It belongs to a classm&@mbrane proteins which lack a signal sequence and
contain a singlaydrophobic segment close to thekté&minus(for review, se&utay,

1995). This leaves most of thpwlypeptide chain tattanchored in th cytoplasm.
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In neuroendocrine PC12 cells, synaptobrevin is not directly incorporatetiento
target organelle, synaptiike vesicles. Rather, it is first insertedo the endoplasmic
reticulum (ER) membrane and is then transpoviathe Golgi appeatus. Its insertion
into the ER membrane in vitro occyssttranslationally, is dependent on ATP and
results in a tranmembran@rientation of the hydrophobic tail. Membrane integration
requires ERprotein(s) different from the translocation compdsereeded for proteins
with signal sequences, thus suggesting that a novel mechanism of insertion exists (Kutay,

1995).

EST0214 Kinesin motor protein-related; down-regulated

EST0383 Kinesin light chain-related; transiently expressed at stage |11

Both theg TDFs were transiently expressed in fruits harvested at commercial
maturityin 2002. In our microarray pattermo differences were found between
stages | and stage ¥ 2003 The EST database searches revealed matches
number of ripe and hatipe apricot ESTs (CB823569; CB821743) as well as an EST
from developing peach fruit (BU039253). The putative protein derivedthem
ESTO0383 translation product was a kinesin light chelated protein from
Arabidopsis. Kinesin is a microtubutassociatednechanical adenosine
triphosphatase, which uses the energy of ATP hydrolysis to move organelles along
microtubules toward the positive end of the microtubule. The kinesin motor protein,
thesimilarity of EST0214, plays a similar role in intracellular spart along
microtubules in many different cells. The kinesin light chain is located in the

presumptivecargebinding domain of kinesirts essential function in mediating the
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interactions of the kinesin motor with intracellular cargo has been propgsed b

Gindhart, Jret al. (1998).

EST0282 & EST0389 VHS domain-containing protein / GAT domain-containing
protein; up-regulated

VHS domaincontaining proteins, derived from its presenc¥ps27,Hrs and
STAM have been implicated in intracellular trafficky and sorting (Lohét al.,
2002). The VHS domain is a 140 residue domain present at theddidihius of at
least 60 proteins. Based on their functional characteristics andiomttodvement
of VHS in cargo recognition in trar@olgi, VHS domains areonsidered to have a
general membrane targeting/cargo recognition role in vesicular trafficking. The VHS
domain can be divided into four groups based on their domain/motif entourage. Both
EST0282 and ESTO0389 are encoding to the protein in the thiug.gfbhese consist
of GGA proteins composed of a VHS domain, a G&GA and Tom1) domain with
high similarity to Tom1 proteinTom1 protein isa flexible hinge region that contains
clathrin boxes, and the-terminal GAE (gammaadaptin ear) domain. GGAsear
ARF-binding proteins. Hence the name GGA for Gadgializing, gammaadaptin
earsimilarity domain. The VHS domains of GGAs interact directly with sorting
receptors that traffic and transfer cargo between TGN and the endosomal
compartment. However,dhinteraction of the VHS domain with the receptor of the
VHS alone is not sufficient to recruit GGA from the cytosol to the TGN (Ebdii.,
2002).

There are no reports on the changes of transcripts of the VHS family during fruit

development.Similarity in the EST database included developing peach fruit
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(BU041034), and in an expressed sequence tag database for abiotic stressed grape

leaves (BM438070; CD71869dp exist, however

EST0467 Md-H1 for histone 1; up-regulated

Apple histone 1 (MeH1), a hghly similar similarityof EST0467, is a DNA
binding protein whichnvolves the regulation of nucleobase, nucleoside, nucleotide
and nucleic acid metaboliswa selective interactiowith DNA. The EST database
search results indicated ttsamilarity of this upregulated gene fragmetEST0467%
have been extracted from developing orange fruit peel (CK935049) and from orange

shoot meristems (CF837836).

Photosynthesis-Related Gene Fragments:

ESTO0119 ribulose 1, 5-bisphosphate car boxylase small subunit; transiently
expressed

Ribulosel, 5bisphosphate carboxylase (Rubisco) is a critical enzyme that
comprises approximately habheamount of the soluble protein in leavdsis
present in much lower levels in other photosynthetic organs of the plantscRugi
composed of eight identical large subits (LSU) and eight identical small subunits
(SSU). The LSU and the SSU proteins are products of the chlordpagiene and
the nuclearbcS genes, respectively. The subunits are found in chloroplagts in t
requisite stoichiometric amounts (Wanner and Guissem, 1991). The biosynthesis of
Rubisco is believed to be regulated by the controbc® gene expression (Rodermel
et al., 1988). ManybcSgenes have been shown to hawdifferent in expressioim

different organsluring developmenfwWanner and Guissem, 1991). In
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photosynthetically active young tomato fruit, onbeS1 and 2 mRNA were found.
Both mRNA decreased to undetectable levels in ripe tomato fewtgwed by
Wanner and Guissem, 1991). Tianscription and stability of individuabcS
MRNASs are alteretlyorgan, organ development and by light. The differential
expression p&rn of EST0119 wadetected in both years of this study. Transient
expression was found in fruits harvested atestdglll, 111+30, IV in the first year,
and higher in stage 1+30 than in stage | and IV in the second Vearmember of
similar ESTs isolatedluring various developing stages of fruit growth supptre
concept thathe synthesis othe Rubisco smalsubunitss related to development.
Our inconsistent expression pattern may suggest that this putative protein may have
been affected by therchardenvironment, as shown previously by Wanner and

Guissem (1991).

Energy/ Respiration-Related Gene Fragments:

EST0357 NADH-ubiquinone oxidoreductase; up-regulated

The mitochondrial NADFubiquinone oxidoreductase is the first of the electron
transfer complexes in the respiratory chain, and is termed complex I. In eukaryotes,
the genes coding for complex | protgiare distributed unevenly between the
mitochondrial and nuclear genomes. Two nuclear genes isolated from potato were
expresseat elevated levels in flowers, and declined with leaf aging (SchBletk
et al., 1997). Differential analysis of floral §ges has yielded significant transcript
differences between individual cell layers for several genes specifying mitochondrial
proteins (Smargt al., 1994). Significant differences occurred with fruit ripening in

this study, where an increase in trangdapel was found.
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General Metabolism-Related Gene Fragments:

EST 0375 L eucoanthocyanidin dioxygenase; up-regulated

The translated product of EST0375 matched a leucoanthocyanidin dioxygenase
(LDOX) gene inArabidopsis. It functiors to convert leucoanthoawidins to
monomeric anthocyanidivia the anthocyanins and polymeric proanthocyanidin
biosynthetic pathway. Abraharesal. (2003) concluded that LDOX consistently
participated in proanthocyanidin biosynthesis during early ripening, and in
anthocyanin sythesis at grap®rseraison.” The transcript level of LDOX was also
enhanced by exogenous treatment with ethephon ktlnoacteric grape berries (El
Kereamyet al, 2003). LDOX has been hypothesized to be a key enzyme in
flavonoid biosynthesjsand its gpression level appears to depend on fruit
development andr ethylene level. The increasing transcript level of EST0375 in
this study and its ESTBimilarity from Medicago truncatula during flower
development (BQ147734) supports the idea that the tiphkavel of this TDF is

ripening related.

EST0103 Putative 3-beta hydroxyster oid dehydr ogenase/isomer ase protein; up-
regulated

The enzyme detahydroxysteroid dehydrogenase regulates progestin and
androgen levels in humans.alsoshares a commomeestor with enzymes involved
in the synthesis of anthocyanins in plants. This evolutionary connection, and the

structural similarities between flavonoids, licorderived compounds, and
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mammalian steroid hormones, provi@esinterestingperspective othe hormone

like activity of flavonoids and other pladerived compounds in humans. Some of

the hormondike activity of plantderived compounds appears to be due to their

binding to steroid and prostaglandin dehydrogenases (see Baker, 1995}béfthe 3

HSD gene family may have evolved to facilitate differential patterns of tissue
cell-specific expression and regulation involving multiple signal transduction
pathways. These could be activated by several growth factors, steroids, and cytokines
(Simad et al, 2002). Therefore, EST0103 is an interestimgregulatedgene

candidate that playarole in fruit ripening, and may also affect the health of fruit

consuming humans.

EST0327 Leucinerich repeat (LRR) protein/ nodulation receptor kinase; up-

regulated

LRR has been suggested as a possible surface protein which is responsible for cell
interaction. It contains cell adhesion domain and @eyéats. Nodulation receptor
kinase (NORK) is proposed to function in the Nfadtor perception/transduction
system that initiates a signal cascade leading to nodulation (Eralte2002). EST
similarity including developing peach fruit (BU040104) and developlegicago

truncatula stem (AW688582¢losely matched this uegulated TDF.
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Lipid Metabolism-Related Gene Fragments:

ESTO0079 (up-regulated), EST0401 (transiently expressed in attached fruits): 1-

acyl-sn-glycerolt3- phosphate acyltransferase (plsC, LPAAT)

Different expression patterns of two identical gene fragments in the region of
massive part aheirsequence (149 /176 or 190 bp) were found in the cINRAP
displaying gel. No expression in stagattached frujtof EST0079 occurred, bat
strong expression of EST0401 in all attached fruits from stage | to VI was found. The
microarray and the Northe analysis verigd the pattern found in EST04(0No
significant difference was observed between stage | and stage VI probes. In addition,
the hybridization intensity of EST0401 to the probe of stage VI was significantly
higher than the 1+30 detached &pfruit in another comparison microarray. In that no
difference was found in EST0079. The different hybridization pattestween these
two identical gene fragments can notdxplainedbased on thesize,asEST0079s
only 14 base pairs shorter thB8T0401. The best match between the deduced
sequences of EST0079 and EST0401 to database sequences is tesaglgcgro
3-phosphate (lysophosphatidic acid, LPA) acyltransferase (LPAAT) from almond.
Lysophosphatidyl acyltransferase (LPAAT) is a pivaatyme controlling the
metabolic flow of lysophosphatidic acid into different phosphatidic acids which has
been reported to be a key intermediate for chloroplast membrane lipid biosynthesis

(Kim and Huang, 2004).

181



EST0019 Phytochelatin synthetase-like protein

The closest match fahe cDNA sequenc&STO0019wvas to a phytochelatin
synthetasdike protein in strawberry. This was investigated because of potesigal
in strawberryfruit ripening AY642687. It has been well documented that plants,
yeast and algaallsynthesize phytochelatins to detoxifytracellular metal ions. The
similarity to EST0019 in the database from other plant speciessoggestthathis
gene fragment is associated with development (p&d047431; grapeCF213680,
abiotic stress respors@rape,CD718171)and also fragrance production (rose,
BQ10440) (Gutermaret al., 2002). Its expression decreased in attached apple fruit
during rpening usinggDNA-AFLP. However, no significant differenagasfound in
the subsequent microarray stumbmparisons o$tage | and stage \dpple fruits

(ratio=0.99).

EST0020 C2H2 zinc-finger protein; down-regulated in detached fruits

Our BLAST search radts for EST0020 revealed that it encodes a protein with
high similarity to the SERRATE (SE) gene of corfihis genesncodes a single,
C2H2-type, zincfinger protein (AF311223). Thgene has been implicatedtade
essentialn normal development ohsot and fbwer meristems, developing leaves,
and embryosMutationalanalyses including ovesxpression and esuppression
studies in Arabidopsis havween used to study this gene (Prigge and Wagner, 2001).
Theyproposed that the SE gene regulates cleaimggene expressioma chromatin
modification, due to its putative zinc finger and nuclear localization motifs. In our
appleresearcha decreasing expression of ESTO@R@urredin detached fruitby

cDNA-AFLP, but no significant difference was obsetve our microarrays. This is
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not, howevey the first report of this EST in fruitdt has also beereported

previouslyin developing peach mesocarp (BU047431).

EST0026 U-box domain-containing protein; up-regulated

PUB proteins have beetown to phy aregulatoryrole in plantsvia the
ubiquitin-dependent protein degradation proceBse upregulated TDF, EST0026,
encodes a Yhox domaincontaining protein. Plantdox (PUB) proteins have been
found to exist in five distinct subclasses. It has meggested that they play diverse
roles. One has been shown to be essential fomaelimpatibility in Brassica species
(Azevedoet al, 2001). PUB proteins function as an E3 ubiquitin ligase with specific
E2 ubiquitinrconjugating enzymes irabidopsis (Anderseret al, 2004), or as an E4

ubiquitination factor in yeast (Azevedbal, 2001).

EST0085 Endo-1,4-beta-D-glucanase

ESTO0085 was expressed only in early stages in 2002 but not significant in 2003,
encoded for a protein, endg4-betaD-glucanae (EGase), with probable influence
on the cell wall. EGases which form a large family of hydrolytic enzymes in
prokaryotes and eukaryotes have been known to act on the hemicellulose or cellulose
fraction of the cell wall. In higher plants, potential stnates in vivo are xyloglucan
and nonrcrystalline cellulose in the cell wall. It has been suggested a role for EGases
in various developmental processes such as leaf abscission, fruit ripening and cell
expansion on the basis of differential gene expoes@tlarpesteet al., 2002).
Salentijinet al. (2003) indicated that higher expression was found in firmer

strawberry cultivar (Holiday) than softer one (Gorella). Thus, Salestiah (2003)
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suggested that this phenomenon gives the reason why tnanstyawberry with
antisense of endb,4-betaD-glucanase did not show firmer texture in Woolley and
colleague’s study (2001). However, Harpstaal. (2002) indicated a different

prospect that higher activity was found during ripening but not duergldpment in
pepper fruit. Further studies should be focused on the expression and activity of this

enzyme before any advanced conclusion to be addressed.

EST0086/0088 Hydrolase, Alpha/Beta-hydrolase fold enzymes

“The alpha/betdnydrolase fold family benzymes is rapidly becoming one of the
largest groups of structurally related enzymes with diverse catalytic functions.
Members in this family include acetylcholinesterase, dienelactone hydrolase, lipase,
thioesterase, serine carboxypeptidase, profimedpeptidase, proline oligopeptidase,
haloalkane dehalogenase, haloperoxidase, epoxide hydrolase, hydroxynitrile lyase
and others. The enzymes all have a NucleogigeAcid catalytic triad evolved to
efficiently operate on substrates with differentroieal composition or
physicochemical properties and in various biological contexts. For example,
acetylcholine esterase catalyzes the cleavage of the neurotransmitter acetylcholine, at
a rate close to the limits of diffusion of substrate to the actigeofitihe enzyme.
Haloalkane dehalogenase is a detoxifying enzyme that converts halogenated
aliphatics to the corresponding alcohols, while haloperoxidase catalyzes the
halogenation of organic compounds. Hydroxynitrile lyase cleaves cadrbon
bonds incyanohydrins with concomitant hydrogen cyanide formation as a defense

mechanism in plants” (refer to Holmquist, 2000).
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EST 0128 Putative copper/zinc super oxide dismutase copper chaperone

precursor; up-regulated

An up+egulated stresassociated enzyme paitative copper/zinc superoxide
dismutase copper chaperone precursor, was encoded siynitegity of EST0128 in
soybean It is an oxidoreductase that catalyzes the reaction between superoxide
anions and hydrogen to yield molecular oxygen and hydrogexiole. The enzyme

protects the plant cell against toxic levels of superoxide.

EST0132 Small GTP-binding (SMG protein)

Up-regulatedEST0132, aimilarity of small GTRbinding (SMG) protein from
lotus (273937, rab2A), showed elevated levels of cEAALP during fruit ripening
process but nesignificant difference of expression intensity found in microarray.
SMGshave been suggested to play an important rabegan developmenhcluding
nodule in the root on the basis of differential expression pgBemy et al., 1997;
O’Mahony and Oliver, 1999 The large catalogue of SM®ath diverse patternsf
transcript accumulation levels have been reported previously. Borg and colleagues
(1997) suggested that most of them have household functions, and aydve m
required for differentiation and formation that are important for specialized cells.
Many EST homoloues isolated from various developing flowers, fruits, and seeds

suggested the connection of small GdiRding protein to fruit development.
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EST0161 Zinc metalloproteinase-like

“Zinc metalloproteinase that functions as part of a regulatory loop controlling local
concentrations of peptide substrates and associated pemdiated signal
transduction processedletalloproteinases or metalloendopeptids (EC subclass
3.4.24)are present across all kingdoms of living organisms; they are ubiquitous and
widely involved in metabolism regulation through their ability either to extensively
degrade proteins or to selectively hydrolyze specific peptide borusy must be
subjected to exquisite spatial and temporal control to prevent this vast potential from
becoming destructive. Theye mostly zincdependent hydrolytic enzymes. Members
target inner peptide bonds of proteins or oligopeptides and catalgresime
processing events like digestion or degradation of intake proteins and tissue
development, maintenance, and remodelisgeGomisRuth, 2003) This unverified

TDF had an ESS&imilarity from developing peach mesocarp.

EST 0222 and EST0390 Calmodulin-binding family protein; transiently

expressed at stage

Two clones encoding for members of proteins of calmoehifding family were
transiently expressed theearly stage of apple maturatisenanalyzed with
cDNA-AFLP. Gene expression analysising a different set of samplaksoindicated
that bothsimilaritieshad asimilar content of transcriptduring maturationand
ripening Calmodulin is a ubiquitous multifunctional calcium receptor, and is one of
the bestcharacterized calcium sensorseukaryotes. There are some similarities in
Cd*/calmodulinmediated signaling in plants and animals. In animals, calmedulin

binding proteins are found in many tissues. They have a variety of functions
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including Factin crosdinking propertiesand thenhibition of cyclic nucleotide
phosphodiesterase and calcium and magnesium ATPases (Yang and Poovaiah, 2003).
Plants possess multiple calmodulin genes, and many calmodulin target proteins,
including unique protein kinases and transcription factors. eSwrthese proteins are

likely to act as ‘hubs’ during calcium signal transductionthéligh these two
differentially-expressed ESTs changed with maturation, they might not be directly

related to ripening as they have not been reported in developirgg fruit

EST 0233 putative valyl-tRNA synthetase; transiently expressed at stagel and 111

EST®33 encoded foa valyl tRNA synthaselt is identified as an enzyme that
activates valine with its specific transfer RNA amt with anothebrancheechain
essentibamino acid that has stutatory activity. It also appears to be needed to
synthesize precursor in the penicillin biosynthetic pathway. The role of this enzyme
in plansis not well documente@d|thoughasimilar ESTwas reported imn abiotic

grape ctabas€CB008322)

EST 0245 ABC transporter; EST0332 probably ABC transporter

These two homologs of AFBinding cassette (ABC) transporters which are
members of a large family of active transport proteins energized directly by ATP
hydrolysis did not showlifferential expression pattern in microarray among stage |,
1+30 and VI. ABC transporters are able to use the energy of ATP hydrolysis directly
to pump organic molecules (especially large anionic molecules) across a membrane.
An ABC transporter has bedound to secrete arftingal terpenes across the plasma

membrane of tobacco cells. More commonly, ABC transporters are found at the
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tonoplast, where they are sometimes referred to as glutathione conjugate pumps, or
GS X pumps, since they often transporblecules that have been covalently attached

to glutathione.

EST0261 Putative ripening-responsive protein

The protein deduced from the EST0261 sequence is a putative ripening
responsive protein from Arabidopsis with similarityrijgening regulated prein
DDTFR18of tomato. This TDF which was cloned due to transiently suppressed in
fruit harvested in stage IV and V exclusively. Therefore, our result suggested that
this putative ripeningesponsive protein may be also regulated by other factors such
asenvironmental or developmental stages because this transiently suppression
occurred in the fruit harvested in late commercial harvest period. Since it has been
characterized as ripening related, more studies should be addressed on the expression

pattern n various fruit developing stages.

EST 0314 Dehydroquinate dehydratase; up-regulated

Most aromatic rings found in natural products are derived from chorismate, a
product of the shikimate (prechorismgtejhway. Chorismate is synthesized in
seven steps dm erythrosd-phosphate and phospmol pyruvate. In plants the
bifunctional enzyme -8lehydroquinate dehydratag®HQaseEC 4.2.1.10)/
shikimate: NADP dehydrogenase catalyzesthird and fourth steps of thadthway
(Bischoffet al., 2001). Aromaticamino acids such as phenylalanine, tyrosine, and

tryptophane arderived from chorismate.
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EST0321 Glycosyltransfer ases
The fragment of glycosyltransferase was isolated due to decreasing expression

pattern in 2002, however, its pattern reversed in 2@i3ce the individual
glycosyltransferases in a polymorphic multigene family play multiple roles in plants,
the different hybridization pattern found might indicate that other physiological
reactions were taken place as well. “These transfer reactigigcosyltransferases
generally use UDflucose or galactose as receptors that include hormones such as
auxins, cytokinins, gibberellins and abscisic acid, secondary metabolites such as
flavonoids, and xenobiotics such as herbicides and pesticides. Beddhs wild
range of substrates, the functions of this enzyme are broadly from the regulation of
developmental and metabolic homeostasis to detoxification pathways. Moreover, the
transgenic plants overexpressing the respective glycosyltransferasdsd eveseful
candidate for phytoremediation” (reviewed by Lim and Bowles, 2004).
EST0336 Acidic ribosomal protein; up-regulated

The verified upregulated EST0336 hauimilarity extracted from developing
fruits of apricot (CV822736) and pea(®U040164 in the EST databasdts
translated product matchadacidic ribosomal protein frorrabidopsis. Acidic
ribosomal protein has bestudied in mammalian systems, and suggested to be the
mostsuitable housekeeping gene for normalizing mRNA levels indmypulmonary
tuberculosistudiegDhedaet al., 2004). The role of acidic ribosomal protein in

plants is poorly documented.
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EST 0355 Pyridoxal-5'-phosphate-dependent enzyme, beta family protein

The inconsistent expressed TDF encodes to a pyriddydiosphate (PLP;
vitamin B6 derivative}dependent enzyme which catalyzes manifold reactions in the
metabolism of amino acids, neurotransmitters (serotonin, norepinephrine),
sphingolipids, and aminolevulinic acid (Alexanaeal., 1994). Most of these PLP
dependent enzymes can be assigned to one of three different fansiied af
proteins, the alpha, beta and gamma families. The beta family includes D
serine dehydratase, threonine dehydratase, the beta subunit of tryptophan synthase,
threonine sgthase and cysteine synthase. These enzymes catalyzeatement
or betaelimination reactions. Becaugse enzymes have intricate evolutionary
relationshipsPercudani and Peracchi (2003) suggested #sajrang the function of
PLP-dependent erymes simply on the basis of sequence criteria is not
straightforward on the basis of the consequence of their common mechanistic features.
Thus, many genes for Ptdependent enzymes remain functionally unclassified, and

several of them might encode undésed catalytic activities (promiscuity).

EST 0362 Putative pyruvate kinase; transiently expressed at stage I 11

Pyruvate kinase is a key enzyme in glycolysisattlyzes the transfer of a
phosphoryl group from phosphoenol pyruvate (PEP) to ADP yieloyngvate and
ATP. The product pyruvate can be converted to acetyl CoA and can enter the TCA
cycle. There are many isoenzymes of pyruvate kinase found in various tissues and in

a range of different species.
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EST0371, EST0372 Eukaryotic release factor 1 family protein / eRF1 family
protein

Eukaryotic release factor 1 (eRF1) abolishes readthrough and competes with
suppressor tRNAs at all three termination codons, UAG, UGA, UAA, in messenger
RNA. It is known from experiments with bacteria and eukaryaticses that
readthrough of termination codons located within the open reading frame (ORF) of
MRNAs depends on the availability of suppressor tRNA(s) and the efficiency of
termination in cells. Consequently, the yield of readthrough products can besused a
measure of the activity of polypeptide chain release factor(s) (RF), key components
of the translation termination machinery. eRF1 is functional towards all three
termination codons located in a natural mMRNA and efficiently competéso with
endagenous and exogenous suppressor tRNA(s) at the ribosomal A site (reviewed by
Janzen and Geballe, 2004). This Developing peach mesocargirgifrity was

found.

EST 0412 Chloroplast phosphoglycerate kinase; transiently expressed at stage

[11+20

Phosphoglgerate kinase is as an enzyme catalyzing the transfer of a phosphate
group from 3phospheD-glycerate in the presence of ATP to yielgl3spheD-
glyceroyl phosphate and ADP. Genes encoding both isoenzymes of tobacco
phosphoglycerate kinase (PGK, EC 2.3)have been shown to be differentially
expressed in a developmental and tisspecific manner in different plant organs

(Bringloeet al, 1996).
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EST 0413 Clathrin heavy chain

The differential expression pattern of EST0413 was not assessed in microarray.
Its homolog encodes to clathrin heavy chain, which is the main structural coat protein
of coated vesicles. Clathrin heavy chains play a key role in the intracellular transport

between membranous organelles as well as the interaction with cytoskeltsalgor

EST 0427 putative purple acid phosphatase precursor (or ACP5)

“Purple acid phosphatases (PAPs) known as the largest group of plant
phosphatases are tartragsistant and contain a binuclear metal site which results of
pink/purple color of its carentrated water solution. The role of PAPs is ascribed to
iron transport, bonde resorption but remains unknown in plant” (for review, Gdtzak
al., 2003). PAPs are thought to be in charge of phosphate acquisition in root and/or
in vacuoles, whereas talg part in utilization of extracellular environment and/or
vacuolar phosphate metabolite. Some PAPs play an auxiliary role in the utilization of
phytate, one of the most important phosphate storage compounds in plants. In
addition, the elevated expressiof genes encoding to PAPs in stressed or senescent
plant organs demonstrates the defensive and antioxidant functions in plant{Pozo,
al., 1999). However, our irregular expression patterns could not match these concepts

as reported.
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EST 0433 Glyoxysomal beta-ketoacyl-thiolase precur sor

“Glyoxysome is microbodies which occur in plant cells, and in some eukaryotic
microorganisms, and which contain enzymes of the glyoxylate cycle-kBttacy}
thiolase catalyzes the final step of fatty acid oxidatiowhich acetylCoA is
released and the CoA ester of a fatty acid two carbons shorter is formed. Thiolases
are ubiquitous and form a large family of dimeric or tetrameric enzymes with a
conserved, fivdayeredababgcatalytic domain. Thiolases can functieither
degradatively, in th@-oxidation pathway of fatty acids, or biosynthetically.
Biosynthetic thiolases catalyze the biological Claisen condensation of two molecules
of acetylCoA to form acetoacetyCoA. This is one of the fundamental categoakes
carbon skeletal assembly patterns in biological systems and is the first step in a wide
range of biosynthetic pathways, including those that generate cholesterol, steroid
hormones, and various energiprage molecules” (reviewed by Modis and Wierenga,
1999). This TDF was transiently expressed in stage Il in CEAFAP with
increasing pattern in microarray. It appeared to be differential expressed in

developing almond seeds (BU574305) due to their nucleotides seumilaeity.

EST 0441 Pentatricopeptide r epeat-containing protein (PRP)

“The pentatricopeptide repeat (PPR) protein is named after the characteristic
tandem array of a 35 amino acid motifs that make up the major part of each of these
proteins. The motif is found in a few animal and furgakeins but the family has

greatly expanded in higher plants and Anabidopsis genome contains more than
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450 members of the PPR family-2% of all Arabidopsis proteins). PPR proteins

make up a considerable proportion (about 6%) of the unknown fartodeins in
Arabidopsis based on sequence similarity. The vast majority of these proteins are
predicted to play constitutive, often essential roles in mitochondria and chloroplasts.
The PPR proteins are considered to have a certain common role indHigation of
specific RNA in organelles and in RNA processing or translatifmmréview, see

Lurin et al., 2004). The upegulated pattern of this TDF in cDNAFLP was not

verified in microarray.

EST 0447 Transducin family protein / WD-40 repeat family protein/ putative

stress protein; up-regulated

This upregulated TDF expression was foundusingcDNA AFLP butwasnot
verified by microarray. WB10 repeats (also known as WD or betnsducin
repeats) are short ~40 amino acid motifs, often ternmigati a TrpAsp (W-D)
dipeptide. WDBcontaining proteins have 4 to 16 repeating units. These are thought to
form circularized betgropeller structures. WHpepeat proteins afeom a large
family found in eukaryotes that are implicated in functicareyng fromsignal
transduction and transcription regulatiorcemtrolling thecell cycle and apoptosis.
The common function of Wibepeat proteins is tirecoordination of multprotein
complex assemblies. In these assemblies the repeating units seriggcascaffold
for protein interactions. Proteins specificity is determined by the sequences outside

the repeats. Examples of such complexesha® proteins (where the beta subunit
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is a betapropeller), TAFII transcription factor, artde E3 ubiquitinligase (see the

EMBL-EBI webpag®
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