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ABSTRACT

Polination reguates asyndromeof dewelopmentd reporsesthat cortributesto
sucessfu sexud reproductionin highe plans. Polinaion-regulated develop-
mentlevenscollectively preparetheflowerfor fertilizaion and emlryogenesis
while bringing abaut theloss of floral organstha have completed ther function
in pollen dispersalandrecepion. Compamerts of this process includechanges
in flower pigmentation, senesenceard atscisson of floral organs growth ard
dewelopment of the ovaly, ard, in certain cases, pollinaion alsotriggers ovule
andfemde gamebphyte development in anicipation of fertilization. Polina
tion-regulated developmentis initiated by the primary pollination event at the
stigma suface, but beawse dewelopmentd processes ocaur in distd floral
organs, the ativity of interorgan signds tha ampify and transnit the primary
pollination signd to floral organsis implicated Interorgansignding and signd
ampifi caion involvesthe regulation of ethylene biosynhetic gene expression
andinterargantransport of hormones andtheir precursors The coardinaton of
pollinationreguated flower developmentincluding gamebphyte, embryo, ard
ovay dewelopment; pollinaion signding; the molecular regulaion of ethylene
biosynthess; andinterargan canmuncaion arepreerned
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INTRODUCTION

Pollination regulatesa complexsyndromeof developmentakventsin many
flowers. Becauseerianthsenescencis the mostvisible manifestatio of this
pollination-regulatedlower developmentind becausef its horticultural im-
portance,a preponderancef the researchfocusedon this phaseof flower
developmenthas beenon wilting and abscissionof the corolla and calyx.
However,this review focuseson the broadercontextof pollination-regulated
developmentatesponseshat collectively leadto the sheddingof somefloral
organsthat haveservedtheir functionin pollen dispersabndreceptionwhile
simultaneouslypreparingother organsfor fertilization, embryogenesjsand
fruit developnent. Thus,pollinationdelineategrepollinaton flower develop
ment—durirg which the flower is specializedor pollen dispersalandrecep
tion—from postpollnation developnent—wherebythe flower becomesspe
cializedto ensuréfertilization andnourishnentof the developingembryoand
seed.Developmentaprocessesssociatedvith this functional transitionin-
clude senescencef the perianth, pigmenation changesovary maturaton,
ovule differentiation,and femalegametopkite developmentlt hasbeenpro-
posedthat perianthsenescencand color changesof floral organsserveas
signalsfor insectpollinatorsto discrimnatereceptiveflowers from thosethat
haveadvancedo later stagesof reproductivedevelopmentwhereaspollina-
tion regulationof ovule maturationservesto coordinatedevelopmenbf the
male and female gametophyteafter a point wherefertilization is all but as
sured.In additionto the proposedecologicalsignificanceof pollination-regu
lated flower developnent, processesassociatedwith pollination-regulated
flower developmentireimportant horticulturally and oftenresultin a redue
tion of the commercialquality of flowers. Severalprevious reviews have
addressedenescencandpostharvesphysiolay of flowers(13,50,51), and
pollination-regulatedlower developmenhasrecentlybeenreviewedfrom a
horticulturalperspective (116).
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The transiton from prepollinatian to postpollhationdevelopnent canoc
cur in the absenceof pollination as part of a temporalprogramof flower
developmentHowever,in manyflowersthis developnentaltransitionis either
strictly regulatedby pollinationor is acceleratedby pollination. Flowersthat
demonstratestrict pollination regulationhaveservedas excellentmodel sys
temsto dissectthe signalsthatregulatethe developmerdl transition A major
researclgoalhasbeento understandhe signalsthatcoordinatediversedevet
opmental responses set in motawthe flowerundergoes the transitidrom a
primary role in pollen dispersaland receptionto that of fertilization and
nurturing the developingembryo and seed.Becausethesediversedevelop
mentalprogramsoccurin distinctfloral parts,interorgansignalsthat coordk
natetheoverallprocessareimplicated.Thisreviewfocuseonthecurrentstate
of knowledgeof the processesnd signalsthat coordinatepollination-regu
lated flowerdevelopment.

POLLINATION REGULATESA SYNDROMEOF
DEVELOPMENTAL EVENTS

In manyflowers, pollinationregulatesa syndrone of developnenteventsthat
collectivelyprepareheflower for fertilizationandembryogenesighile shed
ding organsthat havecompletedtheir functionin pollen dispersalandrecep
tion. Componert of this pollination-regulatedsyndromeinclude changesn
flower pigmenation, senescencand abscissiorof floral organs,andgrowth
anddevelopnentof the ovary.Pollination-regulatedievelopmeral eventsare
initiated by a single event—padlination—but becausehey occurin distinct
floral organsthe activity of interorgansignalsthat amplify andtransmt the
primarysignalto distalfloral organgs alsoimplicated.

Pollination Regulationof Perianth Senesoee

A predominanfeatureof pollination-regulatedievelopnentis perianthsenes
cence, althougtthis process isstrictly regulatedby pollination in only a
minority of speciesMore typically, senescenceccursgraduallyaspartof a
temporalprogramof flower developmenthat may be acceleratedby pollina-
tion, althoudh thereare extremeexamplessuchasdaylily flowers,in which
the perianthsenescewithin 12—18h after flower openingregardlesof their
pollination status(79, 85). In flowersthatexhibit eitherpollination-dependent
or pollination-acceleratedenescenceollinationleadsto a rapid increasen
ethyleneproductionresembliig the climactericresponsebservedn ripening
fruits (16,53, 117).In theseflowers, which include Petunia,carnation cycla
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men,and orchids, perianthsenescenceccursin concertwith the increasen
endogenougthyleneproductian and canbe preventedby treatmentghatin-
hibit ethyleneproductionor perceptior{18, 53,54, 106,107,111,124,159).

Very early studiesfirst noted the sensitiyi of the perianth ofcertain
flowersto ethylene (26)ln thesestudiestreatmenof Cattleyaflowerswith as
little as2 ppb of ethylenefor 24 h inducedsenescenceympbmsthat were
identicalto “dried-sepalnjury,” a physiologcal disorder thatlevelopedn the
perianthof orchid flowers. This disorderwasinferredto be causedyy exoge
nousethylenan greenhouse§.heassociatiorof endogenousthyleneprodue
tion with perianthsenescenceas madesomewhatater during study of the
floral color changeghataccompanypollination-regulatedievelopmentn an
other orchid species,Vandacv. Miss Agnes Joaquim(2). It was notedthat
theseflowers producedethyleneendogenousl andit wascorrelatedwith the
floral color changesFurthermorethe floral color changewasacceleratedby
exogenougthylene suggestinghatendogenousthyleneproduction triggered
color fading and, by inference,also triggeredperianthsenescenc€?). The
effectsof exogenousethylenein this Vandacultivar could be mimicked by
emasculatioror by pollination, andthis further indicatedthat this initial de-
scriptionof ethylene-regulatetlower senescenceeflecteda pollination-regu
lated process(SD O'Neill, unpublshedobservatios). It is now well known
that ethyleneplays an important rolein coordinatingpollination-regulated
perianthsenescenci many flower speciesand a numberof orchid species
havebeenparticularlywell characterizeth this regard.For exampleemascu
lation, pollination, auxin treatmentor woundingof orchid flowers stimuates
ethyleneproductionandinducesperianthsenescencia severalorchidgenera,
including Arachnis Aranda, Cattleya, Cymbidium Dendrobium Paphiopedi
lum, Phalaenopsisand Vanda(2, 7, 20, 26, 27, 43, 58, 102-104,117,118,
165,168,175). Comprehensivstudieshavedemonstatedlargevariability in
sensitivty to ethyleneamongdifferent orchid specieswith Vandacv. Miss
Joaquimreportedto be the mostsensitie to ethylene(43). Cymbidum, Cat
tleya,andPaphiopedilumweremoderatelysensitiveto ethylenewherea®Den
drobiumandOncidiumwere relativelyinsensiive. Manyother flowerspecies,
such as carnation,are also similarly sensitve to ethylene,with exogenous
propylene(an ethyleneanalog) promoting a pattern of sustained ethylene
productionandsymptams of perianthsenescencgimilarto endogenousthyt
eneproductionandsenescencgympbmsinducedby pollination (110). These
resultssupportthe conclusionthatethyleneis sufficientto promotethe pattern
of pollination-regulatedperianthsenescencthat is observedn a numberof
flowers, including orchid,carnationandPetunia.
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Perianthsenescencis anactiveprocesghatis accompaniedy changesn
geneexpression(13,77,78,170). ThreecDNAs (SR5,SR8,andSR12)were
initially isolatedfrom senescingarnationpetals.Two wereregulatedby eth
ylene andhe thirdby bothethylene andby temporakues(77, 78). Twoof the
senescence-relatedNAs are likely to encodef-galactosidas€SR12)and
glutathine S-transferas¢SR5) (90). The potental role of (3-galactosidasé
senescindlower petalsis likely to bein cell wall disassemblyhataccompa
nies most senescenc@rocessesThe role of glutathbne S-transferasavas
suggestedo bein the detoxificationof lipid andDNA hydroperoxide®ssoci
atedwith senescence-inducexidative processe$146). As discussedelow,
genesncodingkey ethylenebiosynthett enzymesrealsoregulatedy polli-
nationandassociategollination signalsin severaflower speciesthusprovid-
ing the signaling linkage betweenpollination, ethylene andthe regulationof
geneshat contributeto perianthsenescenc€l01,117,119,147,149).Over
all, theseresultsindicatethat specifichiochemcal eventsareregulatedat the
level of geneexpressiorduring perianthsenescencandthatthesegenes]ike
the overallprocess, are regulateg ethylene.

Pollination Regulationof Floral PigmentatiorChanges

It hasbeenreportedthat over 74 angiospernfamilies exhibit floral pigment
changesn responseo pollination or flower agingand proposedhat pollina
tors recognizecolor changesand preferentiallyvisit previouslyunpollinated
flowers (44, 157). Pollination can induce diverse patternsof pigmentatbn
changedncluding color fading, enhancecigmentaion, or intensificaton of
pigmentatdn in discreetspots.In Cymbidum orchid flowers, pollinationin-
ducesanthocyaninformation and this processhasbeenwell studiedas the
first visible manifestatbn of pollination-regulatedflower developnent that
alsoleadsto perianthsenescencé-9, 166, 167). The changein Cymbidium
lip colorationcanbe acceleratedby pollination,emasculationor treatmenbf
thestigmawith auxin (7). Subsequergtudiesn Cymbidiumalsodemonstrated
that a small incision at the baseof the lip preventedemasculatiofinduced
colorationand that treatmentof completelyexcisedlips with 1-aminocycle
propane-1-carboxyliacid (ACC) or ethylenepromotedanthocyaniraccumu
lation, suggestindhatlip colorationresultedirom thetranslocatiorof ACC to
thelip whereit wasconvertedo ethylenein situ (167). Pigmentatiorchanges
in Vanda orchid flowers are also associatedwvith pollinaton and ethylene
productionbut, in contrastwith Cymbidum, Vanda flowers undergorapid
color fading (2). In lupine flowers, the color of the bannerspotchangedrom
yellow to magentaasthe flower ages(140). This changein bannerspotcolor
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also appearsto be regulatedby ethyleneand is mostlikely acceleratedy
pollination. The changein bannerspotcolor precededlower wilting by sewv
eraldaysandmay serveto maintin the attractivenessf a largefloral display
from a distancéut still provide a signalor pollinatorsat close range.

Relatively little is known aboutthe specificbiochemcal eventsthatunder
lie the processof floral pigmentatbn changesalthoughcertainfloral organ
pigmentatbn changeshave beenassociatedvith carotenoidor anthocyanin
biosynthess (95),anthocyanirdegradatior{126),or changesn tissuepH (10).
Becauseof the diversity in patternsof pigmenation changeghatare pollina
tion regulatedit is likely thatdifferentbiochemicalmechanisra contributeto
the changesobservedn different flowers. It hasbeensuggestedhat pollina-
tion-regulatedcolor changesvolvedindependentlyn angiospermsnanydif-
ferenttimes (157)suggesting thahe underlying biochemicahechanismmare
likely to differ amongtaxa.

Pollination Regulationof FemaleGametophyt®evdopment

The endresultof pollination is fertilization, which leadsto zygoteformation
and subsequenembryogenesi all of which havebeenreviewedextensively
(14,62,68, 86, 88,94, 114,128,130).In somespeciesfemalegametophyte
developments incompkte beforepollination, andthe pollination eventitself
regulatesovule and gametoplite initiation, developmentand maturationin
preparationfor subsequentertilization. In certainorchids suchas Cattleya,
Sophronits, Epidendran, Laelia, Phalaenopsis Dendrobium, and Doritis,
ovulesarecompletelyabsenin unpollinatedovaries,andtheir developments
triggeredby pollination(29, 30,65, 133,173,174,176).In manyotherorchid
genusessuchas Cypripedium,Paphiopedilim, Phragmipedim, Herminium,
Epipactis,andPlatanthera,ovule primordiaarepresenbeforepollination but
remainsuspendeat a premeioticstageuntil pollinationtriggersfurtherovule
developmen{29, 36, 37, 138). In still otherorchid speciesjmmatue ovule
primordiaare presentat anthesighat havenot yet progressedo the stageof
archesporial celflifferentiation(38, 76).

Pollinaion-regulatedovule initiation and developmenthas beencharae
terizedin detailin Phalaenops (176). Within two daysafter pollination and
beforepollentubegerminaton, cell proliferationis initiatedalongthe placen
tal ridgesof theovary.The placentatidges contine to elongatand brancho
form thousand®f finger-like ovule primordiaby approximate} 40 daysafter
pollination, a time still well in advanceof fertilization. At this stage theinner
integumentappearssacollarlike growth neathetip of the primordia, andthe
outerintegunentis initiated shortly thereafterThe archesporiatell enlarges
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further to form the megasporocyt¢hat, following meiosis,givesrise to the
expandingnegasporeSubsequentitotic divisionsresultin the development
of a Polygonumtype embryosacin this orchid species(14, 163, 176). The
elapsedime betweerpollination andmaturationof the ovule andfinal fertili-
zationis approximately80 daysin PhalaenopsisThe progressiorof pollina-
tion-regulatedovule developmenin Phalaenopsiss illustratedin Figure 1.
The initial stagesof ovule differentiation, namely cell proliferation in the
placentalridge, occursbefore pollen tube germination,suggestig that the
initial signalsfor ovule initiation arisefrom the pollination eventandarenot
dependenobn pollengerminationor tube growth. Thetrictregulation ofovule
developmenby pollinationresultsin the synchronouslevelopmenof thou
sandsf ovulesin thePhalaen@sisovary (176). Thesynchronousvuleshave
providedthebasisto dissectheproces®f ovuledevelopmenatthemolecular
level and to isolatea numberof geneswhoseexpressions correlatedwith
discrete stagesf ovuledifferentiation(100).

The uniqueregulationof megagametophg developnent by pollination in
a numberof orchid specieshasbeenrelatedto their reproductiveecology.A
generallyheld view is that orchid ovule developnent is not initiated before
pollination becauseof the low probability of pollination by highly specific

Weeks after Pollination: Q 1

OVULE DEVELOPMENT

ENT DEVE

QR i T
Ovule Primordia Meiosis Fertilization

L Grow and Branch m O X

Perianth Senescence Megasporocyte  Embryo Sac Formation
L] L
Ovary Growth Archesporial Cell
Initiates w Differentiates
Pollen Tubes O
First Enter Ovary Integument Development

Figure 1 Pdlination regdation of ovule dewelopmert in Phdaen@sis. The timeline of owule
dewelopmert begnning with the even of palinationandendng with fertili zationis presented The
spanof time during which various devebpmentl chargesoccur is indicatedbelow the timeline.
Anatomicaldiagramscrosghetop defct thedeelopmerial stageof the ovule primordia,immature
owule, andfinally, the matue owle cortaining the femalegametghyte (modfied from Refeence
100).
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pollinatars, compoundedby the large investmentrequiredfor megagameto
phyte and ovary maturation.The orchid reproductivestrategyonly investsin

femalereproductivedevelopmenafter pollination,whenfertilizationis all but
assuredThe variationobservedn the stageof ovule developmenat thetime

of anthesisin different orchid taxa has also beenproposedto relateto the
environmentin which they grow (144). For example,epiphytc orchidsthat
grow in areaswherethe growing seasoris long canafford the extendedime

necessaryor completepostpolination ovule developmentwhereagerrestrial
species growing in temperae regions with a short growing seaon must

achievepartialfemaledevelopmenbeforeanthesido completethe reprodue

tive cycle withinthe season.

Pollinaion regulationof megagamefghytedevelopments not confinedto
orchidsbut is a featureof many higher plant reproductivesystemsin many
speciesnegagametophgtdevelopments almostcompletebeforepollination,
andthe final differentiationof cells of the megagametopltg is triggeredby
pollination. For example,in Prunus dulcis (almond), ovule developmentis
arrestedcat the megasporocytstagebeforeanthesiswith furtherdevelopment
and enlargementof the megagametophg occurring only after compatible
pollination (123). Studiesof ovule developmentn other Prunus speciesin
which the megagametdpyte is immature at anthesisindicatesthat the polar
nuclei donot fuse beforg@ollination andthatthis evenis pollination regulated
(31, 32, 123). Experimentswith cotton ovule culture have shown that the
additionof 5.0 uM IAA to the culture mediacaninducepolar nucleifusion,
suggestinghatauxin supplied by the pollen may be a naturalsignalinducing
polar nuclei fusion and perhapsother biochemicaleventsin preparationfor
fertilization (66).

Recently,andunexpectedlyit wasshownthatthe eggcell of mostovules
in Zeamaysis not morphobgically matureat thetime of pollination (96). The
final eventsof eggcell maturationarecompletedn themajority of ovulesafter
pollination but beforefertilization, suggestinghatpollensignalsareresponsi
ble for inducing the final stagesof megagametdp/te developmentin this
species as well.

In barley,pollination triggerssynergiddegeneratiotefore the polletubes
reachedhe ovule,which allowsthe pollentubeto penetratehe megagameto
phyte during fertilization (93). It hasalso beenshownthat calciumaccumu
latesin the synergidsn responseo pollination.It hasbeensuggestedhatthis
playsa role in establishimg a chemotropicgradientto attractthe pollen tube
and/orin causingthe pollentubeto burstafterit entersthe synergidto release
the spermcells (22, 23, 56). It hasalsobeensuggestedhata signalfrom the
pollen tube is commigated over ashort range to the ovule promote
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synergiddegenerationn Nicotiana (63). A possiblecandidatefor the pollen
tube—derivedsignal in this casewas suggestedy experimentausing cotton
ovule culturein which 0.5 uM gibberelln inducedsynergiddegeneration a
mannersimilar to that after pollination (66), althoughotherhormonesassoci
ated withthe pollentube mayalsocontributeto this signalingfunction(89).

Pollination Regulationof Embryo Deviepment

Several studie®iave demonstrated thapomictic embryodevelopmentin
some speciesis dependenbon pollination. For example,in the orchid Zy-
gopetalumpollen from anincompatibé speciesOncidium,thatwasineffec
tive in fertilization, neverthelesdriggeredapomicttc seedproductian (143).
This requirement fopollinationto induceapomictt embryodevelopment was
confirmedin anotherorchid speciesOrchis (49). A seriesof theseandrelated
observationded to an early interpretationthat pollen-bornechemical sub>
stancesnducedovary growth thatthenindirectly promotedembryodevelop
mentevenin the absenceof fertilization (48). Other examplesof apomictic
embryodevelopnent that are dependenbn pollination include the apomictic
grassPennisetin setaceumwhich increaseghe set of apomictc embryos
whenpollinatedwith P. ciliare pollen,eventhoughthis pollendoesnot result
in fertilization (12, 136). Gamma-irradiategollenthatis inefficient at fertili -
zationinducesa low percentag®f haploid embryosto developin applethat
arepresumedo be apomictic(177). Overall, theseobservationsndicatethat
while pollinationis not sufficientto induceembryogenesis all speciesit is
requiredfor apomictc embryodevelopnentin severalplant specieshat are
predisposedo produce apomictiembryos.

Pollination Regulationof OvaryDevdopment

Ovary developmengfter pollination dependsupon a supply of auxin thatis
typically derivedfrom developingovulesand seeds(47). In the absenceof
pollination andembryogenesigertainsolanaceouspeciesuchastomatoand
Petuniacould be inducedto form matureseedlesdruit by treatmentof the
ovarieswith auxin (45). Extractsof pollen could mimic the effect of auxin,
leadingto the proposalthatpollen containedauxin andthat contributedto the
initiation of ovary growth (46, 72—74).Unlike therole of developingseedsn
promotingovary growth, the role of pollination asa primary eventregulating
ovaryandfruit developments lessfirmly establisled.Early studiesof pollina
tion-regulatedorchid developmenidentified changesn the curvatureof the
ovaryto beoneof theearliestpollination-regulatedevelopnentalevent29).
More recently,pollination regulationof cell division in the placentakidge has
beenimplicatedin the formation of hair cells that expandthe centralovary
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cavity (176). Thesemorphologcal changesoccur approximatelythree days
beforepollengerminaton andclearlydemonstatethatpollination itself, rather
than fertilization, triggers the initial stagesof ovary development Exo-
genouslyappliedauxin andinhibitors of ethylenebiosynhesisdemonstrated
thatthe elaboratiof ovarywall haircells,the earliesmorphologcal change,
wasdependenbn bothauxinandethylene(176),suggestig thatpollen-borne
auxin can be translocatedo the ovary (141). Pollination effects on ovary
developmenarenotrestrictedto orchidsandhavebeenreportedn manyother
plant species, includinguskmelm ovaries which doubled insizewithin 48h
after pollination (80), as well as in Brodiaea and carnation, wherevary
expansiorwaspromotedby ethylenetreatmentwhich alsopromoted perianth
senescence (5%08,109,112, 113)lt is possibé that ovangrowthresponses
weredirectly relatedto moblization of carbohydratBom thesenescing petals
to theovary andwverethusonly indirectly related tgoollination.

POLLINATION SIGNALS

Pollinationis first perceivedat the stigmatt surface, angollination-regulated
developmentagventsareinitiated beforepollen germinationor penetratiorof
the style by the growing pollen tube. This suggeststhat a physical event
closely associatedvith the pollen-stgma interactionor a pollen-bornesub
stanceis responsibleor initiating pollination-regulatedlower developnent.
In mostspeciesthe primary pollination eventis accompaniedy anincrease
in ethyleneevolutionin the stigmaandstyle within hoursafterpollination and
well beforepollengerminaton (39, 40, 42,82—-84,97,110).In self-incompat
ible species, pollinatin responsediffer betweercompatble andincompatble
pollinations,andthis hasprovidedsomeinsightto the primary andsecondary
signalsthat operatein pollination-regulatedlower developnent. Compatble
pollination in Petuniaresultsin two distinct phasesof ethyleneevolution
occurringafter approximately3 and 20 h, respectivelywhereasself-pollina
tion triggersonly the first phaseof ethyleneproduction(81, 137). The early
phaseof ethyleneevolution wasattributedto directconversion opollen-borne
1-aminocyclopropane-1-carboxylacid (ACC) to ethyleneand the second
phaseof ethyleneevolution to endogenousynthesisof ACC in floral organs
distalto the stigma. Theseresultsimplicatetheinvolvementof aprimary andca
secondansignalin the pollination responsethefirst of which is perceivedn
the stigma followed by a subsequensecondarysignal that transmitsand
amplifiesthe primary pollination signalto distalfloral organs(115). Although
it is likely thatthe primary andsecondaryollination signalsaredistinct, they
arebothlinked to ethylenesvolution.
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Primary PollinationSignals

The primary pollinaton signal has beenproposedto result from physical
contactbetweenthe pollen and stigma, from pollen tube penetrationof the
stigma(40, 41), or from pollen-bornechemicalmessengerg0, 137,159).In

Petunia, carnation,and orchid flowers, the initial responseo pollination is

rapidethylenesvolution by thestigma. In eachcase pollination-inducecdethyk

eneevolution precedegerminaton of the pollentube, suggestinthatpenetra
tion ofthe stignatic surfaceby thepollentube isnot requiredor theinduction
of ethylenebiosynthess (20,42,54,59,110,117).Furthermoremockpollina-

tion of orchidflowerswith latexbeadsa pollensurrogatehathasbeenusedto

study the role of the stylar matrix in pollen tube extension(135), failed to

trigger ethyleneproductionor any otherpollination responsesdndicating that
physicalcontactaloneis insufficientto induceany component®f the pollina-

tion-regulateddevelopnental syndrone (176). The preponderancef results
suggestghat physical contactbetweenthe pollen and stigma, or wounding
reactionsassociatedvith pollen tube growth, are not the primary pollination
signals,andconsiderablexperimentabttenton hasthusfocusedon theiden

tification of a pollen-bornechemicalthat may serveasa primary pollination
signal. Chemicalsthat have beenidentified in pollen include ACC, auxin,
pecticoligosaccharidedyrassinosroids,and methyl jasmonateall of which
are known inducersof ethylenebiosyntlesis, making them attractivecandk

datesfor the primary pollen signalmolecuk (3, 28, 33,67, 71, 92,131,134,
151,152, 154156,162,172).

Shortly after the identification of ACC astheimmedate biochemicalpre-
cursor of ethylene(1), severalreportsidentified its presencdan pollen and
suggestedhat ACC may be the primary pollen signal(127,158). Therole of
pollen-borneACC in triggeringtheinitial burstof ethyleneproductionandits
potentialtranslocaibn toother floral organs hasow beerextensivelystudied,
especiallyin modelsystemssuchasPetuniaandcarnation(158—-161)In spite

of its presence in relativellargequantitesin some pollen (127, 137, 158), the

role of ACC in supportingthe initial ethyleneproductio in the stigna has
beencontroversial.For example,Hoekstra& van Roekel (60) reportedthat
ACC contentof pollen from varioussourcesis not well correlatedwith the
level of pollination-inducedethyleneproductian, andseverakeportsindicated
thattreatmenbf the stigma with aninhibitor of ACC synthaseaminoehoxy-
vinylglycine (AVG), beforepollinaton preventedpollination-inducedethyt
eneproduction(61,117,169,176). Thus,thesereportssuggestedhatpollina
tion-inducedethyleneproductionis derivedfrom endogenougproductionof
ACC ratherthanfrom exogenougollen-bane ACC. In contrast,Singhet al
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(137) reportedthat wide variationsin pollen-borneACC contentin different
Petuniagenotypeaverewell correlatedwith theinitial peakof pollination-in-

ducedethyleneproductionand that this early ethyleneproductionwas not

inhibited by a different inhibitor of ACC synthase aminooxyacdic aadd

(AOA). Thus,thesedatasuggestedhat pollen-borneACC wasthe substrate
for initial pollination-inducedethyleneproductionin Petunia (137). Other
reportshavesuggestedhatthe quantityof pollen-borneACC would bevastly
insufficientto supportthe amountof ethyleneproducedn the stigma follow-

ing pollination (139), andtwo reportsindicatethatdiffusion of ACC from the

pollenis likely to be restrictedunderconditions that prevail in vivo, which

would further restrict its availability to supportethyleneproduction in the

stigma(60, 121).Although theconflicting dataindicatethatpollen-borneACC

cannotaccountfor the initial pollination-inducedethyleneproductionin the

stigmaof all flowers, it is possibe thatexogenougpollen-borneACC may be

responsiblefor initiating ethyleneproductionin the stigma of at leastsome
flowers, andthis early ethyleneproductionmay be subsequentlygnhancedy

autocatalytigroductionof ACC in the stigna.

The contributon of pollen-borneACC to pollination regulationof flower
developmentas also beentestedby exogenousapplicaton of ACC to the
stigma(61,117,127).In eachcase ACC promotedaninitial burstof ethylene
productionbut did not acceleratewilting or perianthsenescencenlessex-
tremelyhigh concentrations wenesed ACC isnotdetectablén orchidpollen,
yet pollination inducesrapid and high levels of ethyleneproductionin the
stigma(117).In Petunia,compatiblepollination elicited two phasesf ethyl
eneproductionandcausedapid perianthsenescenceyvhereasself-pollinaton
only triggeredthe first phaseof ethyleneproduction,andperianthsenescence
wasdelayedeventhoughboth compatibleandincompatble pollen contained
ACC (137). Collectively, the data suggestthat pollen-bane ACC is not a
universalprimary pollen signalthatis sufficientto elicit the full pollinaton-
regulateddevelopmeral responseNeverthelessevensmallamouns of ACC
may trigger autocatalyticethyleneproductionin the stigma andthusmay play
a role intriggeringtheinitial burstof ethyleneproductionin someflowers.

A numberof potential primary pollen signalshave beentestedfor their
capacityto induceethyleneproductionand stigma closure two early pollina-
tion-regulatedresponsesn Phalaenopsisorchid flowers (JA Nadeau& SD
O'Neill, unpublshedobservations)Pollen-derivedproteins,systemin (120),
pollen-derivedlipids, flavonoids,methyl jasmorate, and jasmonicacid were
all eliminaed aslikely candidatedecauseaheyfailed to elicit eitherethylene
productionand/orstigmaclosureover a time frame consistentwith a role in
pollination signaling.Only auxin (both IAA andNAA) wasactivein trigger
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ing ethyleneproductionandstigmaclosurein this orchid bioassay176). This
resultis consistentwith very early reportsof a substancetermedpollenhor

mon, that was presentin orchid pollen that causedwilti ng of the flower and
waslater shown tdoe auxin (3435, 99). Even beforauxin wasdentified asa
componenbf orchidpollen,it wasdemonstatedthatexogenouspplicationof

auxincouldmimic pollination andinitiatemostpollination-regulatedievelop

mentalevents(25, 64). Sincethen,the capacityof auxinsto initiate pollina

tion-regulateddevelopmentakventsin orchids hasbeenrepeatedlydemon

strated(4, 7-9, 20, 21, 25, 142). Auxin wasproposedo serveasthe primary
pollination signal by the direct transferof pollen-borneauxin to the stigma,
from where idiffusedto distalfloral organs angromotedautocatalytic ethyl
ene productionthroughoutthe flower, leadingto perianthsenescenc€20).
Auxin hasbeenidentified asa componenbf Nicotiana, Antirrhinum, Cycla

men, Petunia,and Datura pollen, as well as of germinatedpollen of Pinus
radiata, suggestinghatthis putative primary pollination signalis presenin a
wide rangeof higherplantpollen(11, 89, 98, 145). While therole of auxinas
the primary pollen signalhasbeenconsistentf supportedptherreportsargue
againstthe ideathatauxin diffusesto the perianthwhereit directly stimuates
ethyleneproduction,suggestig that a distinct signal transmitsthe primary
pollination evento distalorgans (141).

Although auxin is presentin orchid pollen and may act as the primary
pollensignal,thelevelsof auxinin orchid pollen may beinsufficientto bethe
sole primary pollen signal. It is possibe that pollen containsother forms of
auxin, such as auxin conjugatesor other pollen-bornefactors, which may
participatesynergisically with auxinto elicit pollinaton-regulatedresponses
in orchid. Arditti (4) suggestedhatthe “pollenhormm” describedby Fitting
may be a mixture of biologically active molecules.A numberof candidate
signalmoleculesshouldbe examinedmoreintensivelyin this regard,includ-
ing pecticcell wall fragmentghathavebeenshownto elicit ethyleneproduc
tion (150) andthatare potentialy producedby pollen-derived polygalacture
nase and pectalgase (17164).

Secondaryollination Signals

Developmentathangessuchas ovule initiation andfloral color changesare
initiatedin floral organsdistalto the stigmashortly afterpollination,implicat
ing the role of secondarysignalsthat transduce and amplifhe primary
pollination signal. The interorganregulationof the pollination-regulatede-
sponsesuggestshatthe secondangignalis transmissike andmovesfrom the
stigma, through the style, to other floral organs.Early evidencefor sucha
secondarypollination signal camefrom surgical experimentsdemonstratig
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that a mobile wilting factoris transmittedthroughthe style to the corolla of

Petuniaflowerswithin 6 h afterpollination(42). Stylarexudateslsopromote
perianthsenescencie Petuniaandcarnationjmplicating the role of a chemi

cal messengeeitherproducedn the style or translocatedhroughit (42,132).
Becauseauxin, ethylene,and ACC have beenimplicatedin primary pollen
signaling,thesesamemoleculeshavebeenextensivelyevaluatedas potential
transmisdile signalsn pollinated flowers.

The modelof Burg & Dijkman (20) proposedhatthe primary pollination
signal,auxin, diffusedo thelabellum wherat triggeredethylenebiosynthess.
Although early experimentslemonstratethat 14C-IAA appliedto the stigma
wasmobilizedto the columnandlabellum subsequentesearchndicatedthat
L4c-1AA applied toAngraecunandCattieyastigmas was largelymmobilized
atthe point of applicationwith sometranslocatiorto theovary (141).Because
the pollination signal spreaddo distal floral organs(petalsandsepals)much
fasterthan exogenousl applied 14c-1AA, it was concludedthat auxin is un-
likely to bethesecondarpollinationsignal tharegulateperianthsenescence.
However thedatathatauxinis translocategbrimarily to theovaryis consistent
with otherevidencethat auxin translocatedrom the stigmamay specifically
contributeto the regulationof the initiation of ovule differentiationin that
organ (176).

Ethyleneitself is a potentialtransmissike signalto floral partsdistal from
the stigma, andit hasrecently been suggestttht diffusionof ethylenewithin
theintercellularspaceginterstitial ethylene)may functionin interorgancom:
munication(75, 166, 168). Internalethylenein the Cymbidiun flower central
columnwas measuredt levelsup to 15 ppm, and treatmentof the column
with exogenous ethylenmcreasedethyleneconcentration irthe perianth,
corsistent with the proposd that interstitial ethylenefrom the column is
translocatedlirectly to the perianth(75). In contrastReidetal (127) demon
stratedthat aspirationof ethyleneproducedin the gynoeciumdid not delay
petal senescencen carnation,indicating that volatile ethyleneproducedbe
causeof theprimarypollinationsignalwasnotthetransmisgle signalrespon
sible for regulatingperianthsenescenceAlthough theseresultssuggestthe
possibilty thatinterstitial ethyleneactsasthe secondarytransmisdile signal
between florabrgans, thisloesnotappear to be thease in alflowers.

In spite of the suggestionshat ethylene ratherthan ACC, is translocated
betweerfloral organsthereis alargebody of researchmplicating the ethyk
eneprecursorACC, asanimportantsecondarypollinationsignalthat coordr
natesinterorganpollination-regulatedresponsesTranslocationof ACC was
first demonstrated in waterlogged tomato pldb§. Thisresult illustrated the
potential for transportof this water-solublehormoneprecursorto effect in-
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terorgarregulationof growth responses rathétrantransporiof ethylendtself,
whichis lessamenablédo targetedranslocatiorprocessebecausef its gase
ousstate.Similarly, ACC translocatn in pollinated flowergrovidesa poten
tial mechanisnfor thetargetedranslocatbn of a secondary potliationsignal.
Following pollination of carnationflowers, ACC levelsincreasedn all flower
parts, which was proposedto result from ACC translocation(111). It was
subsequentlghownthat 4c.acc appliedto the stigma of carnationflowers
resultedin the productionof 14C—Iabeledethylenein the gynoeciumandperk
anth,which providedcompellingevidenceghatACC wastranslocatedrom the
stigmato the gynoecium andoerianth,where it servedas a substratefor
ethylenebiosyntlesis(127). Emasculationfiducedsenescencef Cymbidium
flowers demonstatedthat changesn lip coloration,an early morpholaical
markerof ethylene-regulatedenescencayeretriggeredby ACC translocated
from the centralcolumn(166).In Phalaenops orchid flowers, ethylenepro-
duction by the intact flower significantly exceededhe sum of ethylenepro-
ductionby excisedfloral organswhich wasinterpretedo indicatethatethyl
eneproductionby somefloral organsis dependenbn ACC import from other
floral parts(117). Collectwely, thereis strongexperimental supporrom
severalflower systemghat ACC is translocatedbetweerfloral organswhere
it servesasa substratefor ethylenebiosynthess. This translocatio of ACC
alsoimplicatesit asa secondanypollinationsignalin theinterorgancoordina
tion of pollination-regulatedievelopmentalesponses.

A very earlyresponsef floral tissuego pollinationis increasesensitivty
to ethylene(125). Substantialresearchhas focusedon the identification of
transmisdile “sensitvity factors”that rendethefloral tisste moresensitive to
senescence-inducirgffectsof ethylene Following pollination of Phalaenop
sis flowers, there was a significant increasein the endogenousontentof
short-chairsaturatedreefatty acidsin the columnandperianth.Furthermore,
exogenouspplication othesefreefatty acidsto the stigmaincreasedensitiv
ity of the flower to ethylene leadingto the suggestia that theseshort-chain
fatty acidsmay be ethylenesensitvity factors(52). It is likely thatelucidation
of themolecularcomponenténvolvedin ethyleneperceptiorandsignaltrans
ductionwill contribue to betteunderstandinghis phenomenon.

REGULATION OF ETHYLENE BIOSYNTHESISIN
POLLINATED FLOWERS

Ethyleneis centralto the control of pollination-regulatedlower developnent,
and the regulationof its endogenousynthess appearsto be an important
component ofheinterorgancoordinationof discretedevelopnentalprocesses.
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Examination of the regulationof expressionof genesencodingthe major
biosyntheic stepsin ethylenebiosynhesishasprovidedthe basisfor analyz

ing thetemporalandspatialregulationof ethylenebiosyrthesisin flowersand
in responseo both primary andsecondaryollination signals.In addition, the
cloning of ethylenebiosynthetic geneshasprovidedthe meansto genetically
engineer flowers for enhanckxhgevity (91).

The penultimate enzymein the ethylenebiosynthett pathway,ACC syn
thase,is widely regarded as theate-controllingstep. This stepis highly
regulatedat the level of enzymeactivity and at the level of geneexpression
(69, 70). In addition,while consideredo be constitutve in manytissuesthe
final enzymein ethylenebiosyrthesis,ACC oxidase,is alsoregulatedat the
level of enzymeactivity and at the level of geneexpression(69, 70). The
spatialand temporalexpressiorof both ACC synthaseand ACC oxidasein
responseo pollination have provided significantinsight into the interorgan
coordinationof pollination-regulated flowedevelopment.

Pollination Regulationof ACC Synthase

In all speciesexaminedto date,ACC synthasas encodedby multiple genes
that exhibit differential tissuspecificity and/or differentialegulation byenvi
ronmentalor hormonalstimui (70). Many cDNA clonesencodingACC syn
thasehavebeenisolatedfrom a numberof flowers including tomato,carna
tion, Petunia,geraniumandorchid(24,57,91,117,119,129).Becausef its
potentialrole in the regulationof ethyleneproductionin responseo pollina-
tion, ACC synthaséhasbeenthe subjectof intenseinterestregardingpollina-
tion-regulatedflower developmentACC synthasecDNA cloneshavebeen
isolatedfrom senescingarnationflowers andfrom pollinatedorchid flowers
andtheir expression at tHevel of mMRNA abundancgharacterizeth detail in
relationto pollination and perianthsenescencé7,117,119,171).In carna
tion flowers, ACC synthasemRNA was undetectablén all floral organs
immediatly after harvestbut increaseddramaticallyafter 5—6 daysin petals
andstylescoincidentwith the increasen ethyleneproduction. ACC synthase
activity was approximately sixfold higherin senescingstylesthanin petals,
whereasACC synthasemRNA accumulatedo similar levelsin both tissues
(171). Subsequentlya seconddivergentACC synthasenRNA wasidentified
thatwas predominarly expressedn stylesand may accountfor the apparent
discrepancybetweenstylar ACC synthasemRNA and activity levels (57).
Expressiorof both carnationACC synthasecDNAs (termedCARACC3 and
CARAS1)werethemselesethylene regulated, suggestihat they contribute
to autocatalyit ethyleneproductian. Relativel low levelsof both ACC syn
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thasemRNAs were detectedin ovaries,in spite of high levels of ethylene
productionin this organ, suggestig the existenceof a third ACC synthase
genepredominantf expressedh the ovary. The discrepanciesotedin attrib-
uting ACC synthaseenzymelevelsto the expressiorof particularACC syn
thase illstrate thecomplexiy in understandig the detailed regulatioof
ethyleneproductionby multiple ethylenebiosynthett genesin floral tissues
(57).

Expressionof ACC synthasegeneshasalso beencharacterizedn polli-
natedorchidflowers(117).In this flower systemthreeACC synthase&eDNAS
havebeencharacterizedhat collectively accountfor the observedACC syn
thaseenzymeactivity thathasbeencharacterizedh the variousorgansof the
flower. mRNAs coregponding to two highly homologous ACC synthase
cDNAs (OASl1and OAS2)accumulated to higlevels in the gynoecium
approximatelyl8 h afterpollination,accumulatedlsoin labellumtissueover
thesameperiod,butwereundetectablé the perianth(excludingthelabellum)
evenat 72 h after pollination (117). Theseresultswere consistentwith the
absencef ACC synthaseenzymeactivity in the perianthtissuesgventhough
the perianths the siteof substarial ethylenesvolution (19, 117).

Becauseuxinhasbeenimplicatedasa primary signalin pollination-regu
lated responsesn orchid flowers and becauseauxin has beenreportedto
induce expressiorof certain ACC synthasegenefamily membersin several
plantspecies (105122,153), the regulationf the orchidACC synthase genes
by auxin was carefully evaluated(117). Although exogenousapplication of
NAA to thestigma stronglypromoedaccumulatiorof ACC synthasenRNA,
this inductionwas completelyreversedy pretreatmentvith AVG, aninhibi-
tor of ethylene biosyntheds. This reallt indicaied that OAS1 and OAS2
MRNAs were regulatedby ethyleneand, as with carnationACC synthases,
participatedn autocatalyit ethyleneproduction A third ACC synthase&eDNA
wasclonedfrom pollinatedorchid flowersthatwasdivergentfrom OAS1and
OAS2 andshownto be pollinationregulatedn the stigmaandto be directly
regulatedby auxin (19). Takentogether,in pollinatedorchid flowers there
appearto be at leasttwo distinct typesof ACC synthasegenesthat differ
markedlyin their spatialandhormonalregulation.Thefirst typeis responsive
to a primary pollination signal, auxin; the secondtype is ethyleneregulated
andmay serveto amplify or sustainthe primary pollination signalby regulat
ing autocatalyticethyleneproduction.None of the ACC synthasegenesin
pollinatedorchid flowers are expressedn the perianthdespitehigh levels of
ethylenebiosyntlesisin thosetissues(117). This implies that a sourceof
ACC, otherthanendogenougroductia, existsfor conversionto ethylenein
perianthtissue.
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Pollination Regulationof ACC Oxidase

ACC oxidaseis thefinal enzymein ethylenebiosynhesisthat convertsACC
to ethyleneandin mostinstancess consideredo be constituive (70). How-
ever, increasesn ACC oxidasehave beenreportedin senescingcarnation
flower petals(87),and ACC oxidasemRNA levelsarepollination inducedin
Phalaenops and carnationflowers (101, 155). In carnation,ACC oxidase
MRNA was undetectablén presenescerietals,ovaries,and receptacledut
waspresentat significantlevelsin presenescerstylesandincreasediramati
cally in abundanceollowing pollination (171). Theseresults suggestthat
ACC oxidasemay be presentin carnationstigmas before pollination. Simi-
larly, it wasreportedthat ACC oxidaselevelsin Petuniaflowers were maxk
mal shortly after flower openingandthat ACC oxidaseenzymeactivity was
mostabundanin the Petuniaflower stigmabeforepollinaton (121).Recently,
afamily of PetuniaACC oxidasegeneshavebeencloned andheir expression
in Petuniaflowers studiedin detail (147,148).In agreementith Pechet al
(121), eachof the threeexpressed\CC oxidasemRNAs accumulatedn the
gynoeciumduring early flower developmentreachingtheir maximallevelsat
thetime of flower opening(147).In addition, ethylenetreatmenenhancedhe
accumulatiorof all three ACCoxidase mRNAs$n thepistil, and ACCoxidase
MRNA accumulatio was also inducedin the floral transmiting tissue by
pollination (149).Collectively, theseresultssuggesthatACC oxidaseis likely
to be presentin the stigmaof both carnationand Petunia,andthesestigmas
can likely convertpollen-borneACC to ethyleneas a part of the primary
perceptionof pollen by the stigma.In addition it appearghat ACC oxidase
genesexpressedn flowers are ethyleneregulatedand so are likely to also
participate with ACC synthasejn autocatalyticethyleneproduction in polli-
nated flowers.

ACC oxidaseactivity and ACC oxidasemRNA accumulationhave also
beencharacterized inrchidflowers(101,117).Unlike Petunia,ACC oxidase
activity wasnot detectedn matureflowersbefore pollhationbutwasinduced
rapidly following pollination (101). Following pollination, orchid ACC oxi-
dase(OAO1) mRNA accumulatedo high levels within 48 h in all floral
organs,including the perianth(101). This resultdemonstratec striking dis-
parity betweenthe accumulatn of ACC synthasemRNA, which failed to
accumulaten the perianth,andsuggestedhatthe sepalsandpetalsdeveloped
the capacityto convertACC to ethylenebut could not syntheste ACC endo
genously (101, 117). In light of the high level of ethyleneevolution from
perianthtissuesandthe absencef ACC synthaseenzymeactivity or a corre
spondingmRNA, it hasbeensuggestedhat ACC mustbe translocatedrom



Annu. Rev. Plant. Physiol. Plant. Mol. Biol. 1997.48:547-574. Downloaded from www.annualreviews.org
by ILLINOIS STATE UNIVERSITY on 11/25/12. For personal use only.

POLLINATION-REGULATED DEVELOPMENT 565

other floral organsto the perianthwhereit is convertedto ethyleneby the
activity of residentACC oxidase(117).

MODEL FOR INTERORGAN COORDINATION OF
POLLINATION-REGULATED FLOWERDEVELOPMENT

Ethylenewith auxin plays importantrolesin pollination-regulateddevelop
mentalresponsesnd,in conjunctionwith ACC, participatesn theinterorgan
coordinationof diversecomponent®of pollination-regulatediower develop
ment. The modeloutlinedin Figure2 attemptso summarizedatathataddress
the initiationof ethylenebiosynthess bypollination and the interorgan regula
tion of ethylenebiosynttesisin pollinated flowerdecaus¢hesetwo processes
appearto be centralto the coordinationof pollination-regulatedlower devet
opment.Much of the modelrelieson the recentelucidationof the patternsof
expressionof genesencodingethylenebiosyrthetic enzymesin pollinated
flowers. In this model,a pollen-associatethctoris prominentasthe primary
stimulus in initiating ethylenebiosynthess aswell asthe overall processof
pollination-regulatedflower developnent. In orchid flowers, an important
componentof the primary pollen signal is auxin, whereasin other flowers,
ACC or otheras-yet-unidentifieghollen-bane substancewnayalso participate
in primary pollen signaling The earliestresponseo pollination is the induc
tion of ethyleneproductionin the stigmaand style, which may use pollen-
borneACC directly assubstrater, morelikely, reliesontherapidinductionof
ACC synthasean the stigma.In orchid flowers, expressiorof an auxin-regu
lated ACC synthasas rapidly inducedin the stigmaby pollinaton, andthis is
likely to accountfor the rapid transductionof the putative primary pollen
signal,auxin, to theinitial burstof ethyleneproduction.In otherflowers such
asPetunia,atraceamountof pollen-borneACC may be converteddirectly to
ethylene,which leadsto localized autocatalyticethyleneproductionin the
stigma.Thepresencef ACC oxidasemRNA in presenescemetuniastigmas
andits rapid ethylene-dependemmduction following pollinationis consistent
with this mechanisnof initial pollination-inducedtthyleneproduction
Theinterorgantransmision andamplificationof the primary pollensignal
requiressecondarysignalsthat emanatefrom the stigma, and an important
componenDdf this signalappearso be ACC andits subsequentonversiono
ethylene in distal floral organs. émchidflowers,therole of translocated\CC
was implcated by the failuref petals andepals to accumulate ACC synthase
mMRNA or enzymeactivity, in spite of high levelsof ethyleneproductionby
thesefloral organs,suggestingthat ethyleneproductionin theseorgansis
entirely dependenon translocatedACC. This situaton is lesspronouncedn
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Figure 2 Modelfor the interorganreguation of ethylene biosynthetic geresin pdlinatedflowers,
basedprimariy ondatfrom the Phdaengsis orchid flower,with otherflower sysemsviewedas
variations onthis bast theme(19, 101, 117). The primarysignaing evert for pdlination-reguated
dewelopmer occuswith the trarsferof pdlen-lbmefactas,including auxn, to the stigmasurface,
thesite of initial percepion. An auxin-reguated ACC syrthasegere (AUX-ACS)is inducedby the
primary pdlination sigral(s). ACC syrthesizedin the stigmais corverted to ethyleneby ACC

oxidase,initially presentatalow level but inducedto high levels som afterpdlinationto initiate
aubcaglytic ethylene production in the stigma. Expressim of other ethylene-reglated ACC

syrthasegere(s)(ETH-ACS) arealsoinducedby ethylene to furtheramplfy aubcataytic ethylene
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coadinaing ethylene producton at the molecubr level, ethyleneitself may alsobe transbcated
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lated; ETH, ethylene-egubted
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flowers such as Petuniawhere ACC synthaseis inducedin petal tissues.
However,the Petuniapetal ACC synthasas ethyleneinduced,andtheinitial

productionof ethylenein petalsrequiredto stimulake autocatalyticethylene
productionmay bederived from translocated ACOhe model shown in
Figure 2 is idealizedin that it reflectsthe situationin Phalaenops orchid
flowers, one of the most extremeexamplesof pollination-regulatedlower

developmentDatafrom otherspeciesuggesthattherearevariationson the
themespresented ifrigure 2.

CONCLUSIONSAND FUTUREDIRECTIONS

Pollination regulatesa suite of developmentalesponseghat transformthe
flower from a structurededicatedo pollendispersabndreceptionto onethat
is dedicatedo fertilization, embryogenesiseeddevelopmentandultimately
seeddispersalOneimportant aspectof this processs the sheddingof floral
organs,such as the petalsand sepalsthat have completedtheir servicein
pollinatar attractionIn addition,pollination demandghatcertain reproductive
structuregapidly maturein anticipationof fertilization. Thus,the signalsthat
regulatepollination responsesre involved in simultaneouslycoordinating
processesf programmedtell deathwhile initiating the differentiation and/or
maturationof importantreproductivestructures.

Researcldirectedat understandig the natureof the pollinationsignalshas
a rich histary dating to the beginningsof this century,and it hasrevealed
importantelementsof the interorgansignaling neededo coordinatethe full
syndromeof pollination-regulateddevelopmentabrocessesAlthough it is
clear that auxin, ethylene,and ACC are important actorsin this regulatory
processit is likely thatthis is not the completecast.More researchs needed
to morefully elucidateprimary pollinationsignalsandhow they interactwith
eachotherandwith the stigma andstyleto propagatehe signalto distalfloral
organs.

This review focuseson the early eventsin pollen signaling However,the
growing pollen tube continuesto exchangeinformation with the style and
ovary, and the natureof thesesignalsalso representsa rich areaof further
researchMuch researcthascharacterizeé numberof modelflower systems
thatare physiobgically suitedto studying pollination-regulatedlower deve}
opment,butthesemodelsystemsdo not generallyoverlapwith modelgenetic
systems,such as Arabidogsis thaliana. Despite the recognizeddifferences
betweerplantsin termsof their pollinationresponseduture progressequires
that information fronpowerfulphysiologcal systems béransferredo species
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that are well suitedto geneticdissectbn and transgenicmanipuhtion and
analysis.
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