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ABSTRACT

Pollination regulatesasyndromeof developmental responsesthat contributesto
successful sexual reproduction in higher plants. Pollination-regulated develop-
mentaleventscollectively preparetheflowerfor fertilizationandembryogenesis
whilebringing about thelossof floralorgansthat havecompleted their function
in pollen dispersalandreception. Components of this process includechanges
in flowerpigmentation, senescenceand abscissionof floral organs, growth and
development of the ovary, and, in certain cases,pollination alsotriggers ovule
andfemale gametophyte development in anticipation of fertil ization. Pollina-
tion-regulateddevelopment is initiatedby theprimary pollination event at the
stigma surface, but because developmental processes occur in distal floral
organs,the activity of interorgan signals that amplify and transmit theprimary
pollinationsignal to floral organsis implicated. Interorgansignaling and signal
amplifi cation involvesthe regulation of ethylenebiosynthetic geneexpression
andinterorgantransport of hormonesandtheir precursors. Thecoordination of
pollination-regulated flower developmentincluding gametophyte, embryo,and
ovary development; pollination signaling; themolecular regulationof ethylene
biosynthesis; andinterorgan communicationarepresented.
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INTRODUCTION

Pollination regulatesa complexsyndromeof developmentaleventsin many
flowers.Becauseperianthsenescenceis themostvisible manifestation of this
pollination-regulatedflower developmentandbecauseof its horticultural im-
portance,a preponderanceof the researchfocusedon this phaseof flower
developmenthas beenon wilting and abscissionof the corolla and calyx.
However,this review focuseson the broadercontextof pollination-regulated
developmentalresponsesthat collectively leadto thesheddingof somefloral
organsthathaveservedtheir function in pollendispersalandreceptionwhile
simultaneouslypreparingother organsfor fertilization, embryogenesis, and
fruit development.Thus,pollinationdelineatesprepollination flower develop-
ment—during which the flower is specializedfor pollen dispersalandrecep-
tion—from postpollination development—wherebythe flower becomesspe-
cializedto ensurefertilization andnourishmentof thedevelopingembryoand
seed.Developmentalprocessesassociatedwith this functional transition in-
clude senescenceof the perianth,pigmentation changes,ovary maturation,
ovule differentiation,andfemalegametophyte development.It hasbeenpro-
posedthat perianthsenescenceand color changesof floral organsserveas
signalsfor insectpollinatorsto discriminatereceptiveflowers from thosethat
haveadvancedto later stagesof reproductivedevelopment, whereaspollina-
tion regulationof ovule maturationservesto coordinatedevelopmentof the
male and femalegametophyteafter a point wherefertilization is all but as-
sured.In additionto theproposedecologicalsignificanceof pollination-regu-
lated flower development, processesassociatedwith pollination-regulated
flower developmentareimportant horticulturally andoften result in a reduc-
tion of the commercialquality of flowers. Severalprevious reviews have
addressedsenescenceandpostharvestphysiology of flowers(13, 50,51), and
pollination-regulatedflower developmenthasrecentlybeenreviewedfrom a
horticulturalperspective (116).
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The transition from prepollination to postpollinationdevelopment canoc-
cur in the absenceof pollination as part of a temporalprogramof flower
development.However,in manyflowersthisdevelopmentaltransitionis either
strictly regulatedby pollinationor is acceleratedby pollination. Flowersthat
demonstratestrict pollination regulationhaveservedasexcellentmodelsys-
temsto dissectthesignalsthat regulatethedevelopmental transition. A major
researchgoalhasbeento understandthesignalsthatcoordinatediversedevel-
opmental responses set in motionasthe flowerundergoes the transitionfrom a
primary role in pollen dispersaland receptionto that of  fertilization and
nurturing the developingembryoand seed.Becausethesediversedevelop-
mentalprogramsoccurin distinct floral parts,interorgansignalsthat coordi-
natetheoverallprocessareimplicated.This reviewfocusesonthecurrentstate
of knowledgeof the processesand signalsthat coordinatepollination-regu-
lated flowerdevelopment.

POLLINATION REGULATESA SYNDROMEOF
DEVELOPMENTAL EVENTS

In manyflowers,pollinationregulatesa syndrome of developmenteventsthat
collectivelypreparetheflower for fertilizationandembryogenesiswhile shed-
ding organsthat havecompletedtheir function in pollen dispersalandrecep-
tion. Components of this pollination-regulatedsyndromeinclude changesin
flower pigmentation, senescenceandabscissionof floral organs,andgrowth
anddevelopmentof theovary.Pollination-regulateddevelopmental eventsare
initiated by a single event—pollination—but becausethey occur in distinct
floral organsthe activity of interorgansignalsthat amplify and transmit the
primarysignalto distalfloral organsis alsoimplicated.

PollinationRegulationof Perianth Senescence

A predominantfeatureof pollination-regulateddevelopmentis perianthsenes-
cence,  althoughthis process  isstrictly regulatedby  pollination in  only  a
minority of species.More typically, senescenceoccursgraduallyaspart of a
temporalprogramof flower developmentthat may beacceleratedby pollina-
tion, although thereareextremeexamples,suchasdaylily flowers, in which
the perianthsenesceswithin 12–18h after flower openingregardlessof their
pollination status(79,85). In flowersthatexhibit eitherpollination-dependent
or pollination-acceleratedsenescence,pollination leadsto a rapid increasein
ethyleneproductionresembling theclimactericresponseobservedin ripening
fruits (16,53, 117).In theseflowers,which includePetunia,carnation,cycla-
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men,andorchids,perianthsenescenceoccursin concertwith the increasein
endogenousethyleneproduction andcanbe preventedby treatmentsthat in-
hibit ethyleneproductionor perception(18, 53,54, 106,107,111,124,159).

Very  early studiesfirst  noted  the  sensitivity  of the  perianth  ofcertain
flowersto ethylene (26).In thesestudies,treatmentof Cattleyaflowerswith as
little as 2 ppb of ethylenefor 24 h inducedsenescencesymptoms that were
identicalto “dried-sepalinjury,” a physiologicaldisorder thatdevelopedin the
perianthof orchid flowers.This disorderwasinferredto becausedby exoge-
nousethylenein greenhouses.Theassociationof endogenousethyleneproduc-
tion with perianthsenescencewas madesomewhatlater during study of the
floral color changesthataccompanypollination-regulateddevelopmentin an-
other orchid species,Vandacv. Miss AgnesJoaquim(2). It was notedthat
theseflowersproducedethyleneendogenously, andit wascorrelatedwith the
floral color changes.Furthermore,the floral color changewasacceleratedby
exogenousethylene,suggestingthatendogenousethyleneproduction triggered
color fading and, by inference,also triggeredperianthsenescence(2). The
effectsof exogenousethylenein this Vandacultivar could be mimicked by
emasculationor by pollination, and this further indicatedthat this initial de-
scriptionof ethylene-regulatedflower senescencereflecteda pollination-regu-
latedprocess(SD O’Neill, unpublishedobservations). It is now well known
that ethyleneplays an important  rolein coordinatingpollination-regulated
perianthsenescencein manyflower species,anda numberof orchid species
havebeenparticularlywell characterizedin this regard.For example,emascu-
lation, pollination, auxin treatment,or woundingof orchid flowersstimulates
ethyleneproductionandinducesperianthsenescencein severalorchidgenera,
includingArachnis, Aranda,Cattleya,Cymbidium,Dendrobium,Paphiopedi-
lum, Phalaenopsis, andVanda(2, 7, 20, 26, 27, 43, 58, 102–104,117, 118,
165,168,175).Comprehensivestudieshavedemonstratedlargevariability in
sensitivity to ethyleneamongdifferent orchid specieswith Vandacv. Miss
Joaquimreportedto be the mostsensitive to ethylene(43). Cymbidium,Cat-
tleya,andPaphiopedilumweremoderatelysensitiveto ethylene,whereasDen-
drobiumandOncidiumwere relativelyinsensitive. Manyother flowerspecies,
such as carnation,are also similarly sensitive to ethylene,with exogenous
propylene(an  ethyleneanalog) promoting a pattern  of  sustained  ethylene
productionandsymptomsof perianthsenescencesimilar to endogenousethyl-
eneproductionandsenescencesymptomsinducedby pollination (110).These
resultssupporttheconclusionthatethyleneis sufficientto promotethepattern
of pollination-regulatedperianthsenescencethat is observedin a numberof
flowers, including orchid,carnation,andPetunia.

550 O'NEILL

A
nn

u.
 R

ev
. P

la
nt

. P
hy

si
ol

. P
la

nt
. M

ol
. B

io
l. 

19
97

.4
8:

54
7-

57
4.

 D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
by

 I
L

L
IN

O
IS

 S
T

A
T

E
 U

N
IV

E
R

SI
T

Y
 o

n 
11

/2
5/

12
. F

or
 p

er
so

na
l u

se
 o

nl
y.



Perianthsenescenceis anactiveprocessthat is accompaniedby changesin
geneexpression(13, 77, 78, 170).ThreecDNAs (SR5,SR8,andSR12)were
initially isolatedfrom senescingcarnationpetals.Two wereregulatedby eth-
ylene andthe thirdby bothethylene andby temporalcues(77, 78). Twoof the
senescence-relatedcDNAs are likely to encodeβ-galactosidase(SR12)and
glutathione S-transferase(SR5)(90). The potential role of β-galactosidasein
senescingflower petalsis likely to be in cell wall disassemblythataccompa-
nies most senescenceprocesses.The role of glutathione S-transferasewas
suggestedto bein thedetoxificationof lipid andDNA hydroperoxidesassoci-
atedwith senescence-inducedoxidativeprocesses(146).As discussedbelow,
genesencodingkey ethylenebiosynthetic enzymesarealsoregulatedby polli-
nationandassociatedpollinationsignalsin severalflower species,thusprovid-
ing the signaling linkagebetweenpollination,ethylene,andthe regulationof
genesthat contributeto perianthsenescence(101,117,119,147,149).Over-
all, theseresultsindicatethat specificbiochemical eventsareregulatedat the
level of geneexpressionduringperianthsenescenceandthat thesegenes,like
the overallprocess, are regulatedby ethylene.

PollinationRegulationof Floral PigmentationChanges

It hasbeenreportedthat over 74 angiospermfamilies exhibit floral pigment
changesin responseto pollination or flower agingandproposedthatpollina-
tors recognizecolor changesand preferentiallyvisit previouslyunpollinated
flowers (44, 157). Pollination can induce diversepatternsof pigmentation
changesincluding color fading, enhancedpigmentation, or intensification of
pigmentation in discreetspots.In Cymbidium orchid flowers, pollination in-
ducesanthocyaninformation, and this processhasbeenwell studiedas the
first visible manifestation of pollination-regulatedflower development that
alsoleadsto perianthsenescence(4–9,166,167).The changein Cymbidium
lip colorationcanbeacceleratedby pollination,emasculation,or treatmentof
thestigmawith auxin(7).Subsequentstudiesin Cymbidiumalsodemonstrated
that a small incision at the baseof the lip preventedemasculation-induced
colorationand that treatmentof completelyexcisedlips with 1-aminocyclo-
propane-1-carboxylicacid (ACC) or ethylenepromotedanthocyaninaccumu-
lation,suggestingthat lip colorationresultedfrom thetranslocationof ACC to
thelip whereit wasconvertedto ethylenein situ (167).Pigmentationchanges
in Vanda orchid flowers are also associatedwith pollination and ethylene
productionbut, in contrastwith Cymbidium, Vanda flowers undergorapid
color fading (2). In lupine flowers, thecolor of thebannerspotchangesfrom
yellow to magentaasthe flower ages(140).This changein bannerspotcolor
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also appearsto be regulatedby ethyleneand is most likely acceleratedby
pollination. The changein bannerspotcolor precedesflower wilting by sev-
eraldaysandmayserveto maintain theattractivenessof a largefloral display
from a distancebut still provide a signalfor pollinatorsat close range.

Relatively litt le is knownaboutthespecificbiochemical eventsthatunder-
lie the processof floral pigmentation changes,althoughcertainfloral organ
pigmentation changeshavebeenassociatedwith carotenoidor anthocyanin
biosynthesis (95),anthocyanindegradation(126),or changesin tissuepH (10).
Becauseof thediversity in patternsof pigmentationchangesthatarepollina-
tion regulated,it is likely thatdifferentbiochemicalmechanisms contributeto
the changesobservedin different flowers. It hasbeensuggestedthat pollina-
tion-regulatedcolor changesevolvedindependentlyin angiospermsmanydif-
ferenttimes (157),suggesting thattheunderlying biochemicalmechanismsare
likely to differ amongtaxa.

PollinationRegulationof FemaleGametophyteDevelopment

The endresultof pollination is fertilization, which leadsto zygoteformation
andsubsequentembryogenesis, all of which havebeenreviewedextensively
(14, 62, 68, 86, 88, 94, 114,128,130). In somespecies,femalegametophyte
developmentis incompletebeforepollination, andthe pollination eventitself
regulatesovule and gametophyte initiation, development,and maturationin
preparationfor subsequentfertilization. In certainorchidssuchas Cattleya,
Sophronitis, Epidendron, Laelia, Phalaenopsis, Dendrobium,and Doriti s,
ovulesarecompletelyabsentin unpollinatedovaries,andtheirdevelopmentis
triggeredby pollination(29,30,65,133,173,174,176).In manyotherorchid
genuses,suchasCypripedium,Paphiopedilum,Phragmipedium,Herminium,
Epipactis,andPlatanthera,ovuleprimordiaarepresentbeforepollination but
remainsuspendedat a premeioticstageuntil pollinationtriggersfurtherovule
development(29, 36, 37, 138). In still otherorchid species,immature ovule
primordiaarepresentat anthesisthat havenot yet progressedto the stageof
archesporial celldifferentiation(38,76).

Pollination-regulatedovule initiation and developmenthas beencharac-
terizedin detail in Phalaenopsis (176).Within two daysafterpollination and
beforepollentubegermination, cell proliferationis initiatedalongtheplacen-
tal ridgesof theovary.The placentalridges continue to elongateand branchto
form thousandsof finger-like ovuleprimordiaby approximately 40 daysafter
pollination,a time still well in advanceof fertilization.At this stage,theinner
integumentappearsasacollarlikegrowth nearthetip of theprimordia,andthe
outerintegument is initiated shortly thereafter.The archesporialcell enlarges
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further to form the megasporocytethat, following meiosis,gives rise to the
expandingmegaspore.Subsequentmitotic divisionsresultin thedevelopment
of a Polygonum-type embryosacin this orchid species(14, 163, 176). The
elapsedtime betweenpollination andmaturationof theovuleandfinal fertili -
zationis approximately80 daysin Phalaenopsis. Theprogressionof pollina-
tion-regulatedovule developmentin Phalaenopsisis illustratedin Figure 1.
The initial stagesof ovule differentiation, namely cell proliferation in the
placentalridge, occursbefore pollen tube germination,suggesting that the
initial signalsfor ovule initiation arisefrom the pollination eventandarenot
dependentonpollengerminationor tube growth. Thestrict regulation ofovule
developmentby pollinationresultsin the synchronousdevelopmentof thou-
sandsof ovulesin thePhalaenopsisovary(176).Thesynchronousovuleshave
providedthebasisto dissecttheprocessof ovuledevelopmentat themolecular
level and to isolatea numberof geneswhoseexpressionis correlatedwith
discrete stagesof ovuledifferentiation(100).

Theuniqueregulationof megagametophyte developmentby pollination in
a numberof orchid specieshasbeenrelatedto their reproductiveecology.A
generallyheld view is that orchid ovule development is not initiatedbefore
pollination becauseof the low probability of pollination by highly specific

0 1 4 5.5 6.5 7 11

OVULE DEVELOPMENTFLOWER
DEVELOPMENT

SEED
DEVELOPMENT

Weeks after Pollination:

Meiosis

Embryo Sac FormationPerianth Senescence

Fertilization

Pollen Tubes
First Enter Ovary

Archesporial Cell
Differentiates

Integument Development

Ovule Primordia
Grow and Branch

Ovary Growth
Initiates

Megasporocyte

Figure 1 Poll ination regulation of ovule development in Phalaenopsis. The timeline of ovule
development beginningwith theevent of poll inationandending with fertilizationis presented. The
spanof time during which various developmental changesoccur is indicatedbelow the timeline.
Anatomicaldiagramsacrossthetopdepict thedevelopmentalstageof theovuleprimordia,immature
ovule,andfinally, the mature ovule containing the femalegametophyte (modif ied from Reference
100).
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pollinators, compoundedby the large investmentrequiredfor megagameto-
phyteandovary maturation.The orchid reproductivestrategyonly investsin
femalereproductivedevelopmentafter pollination,whenfertilization is all but
assured.Thevariationobservedin thestageof ovuledevelopmentat thetime
of anthesisin different orchid taxa has also beenproposedto relate to the
environmentin which they grow (144). For example,epiphytic orchidsthat
grow in areaswherethegrowing seasonis long canafford theextendedtime
necessaryfor completepostpollination ovuledevelopment,whereasterrestrial
species growing in temperate regions with a short growing season must
achievepartial femaledevelopmentbeforeanthesisto completethereproduc-
tive cycle withintheseason.

Pollination regulationof megagametophytedevelopmentis not confinedto
orchidsbut is a featureof manyhigherplant reproductivesystems.In many
speciesmegagametophyte developmentis almostcompletebeforepollination,
and the final differentiationof cells of the megagametophyte is triggeredby
pollination. For example,in Prunus dulcis (almond),ovule developmentis
arrestedat themegasporocytestagebeforeanthesis,with furtherdevelopment
and enlargementof the megagametophyte occurring only after compatible
pollination (123). Studiesof ovule developmentin other Prunusspeciesin
which the megagametophyte is immatureat anthesisindicatesthat the polar
nuclei donot fuse beforepollinationandthatthis eventis pollination regulated
(31, 32, 123). Experimentswith cotton ovule culture have shown that the
additionof 5.0 µM IAA to the culturemediacaninducepolar nuclei fusion,
suggestingthatauxinsuppliedby thepollenmaybea naturalsignalinducing
polar nuclei fusion and perhapsother biochemicaleventsin preparationfor
fertilization(66).

Recently,andunexpectedly,it wasshownthat theeggcell of mostovules
in Zeamaysis not morphologically matureat thetime of pollination (96).The
final eventsof eggcell maturationarecompletedin themajorityof ovulesafter
pollination but beforefertilization,suggestingthatpollensignalsareresponsi-
ble for inducing the final stagesof megagametophyte developmentin this
species as well.

In barley,pollination triggerssynergiddegenerationbefore the pollentubes
reachedtheovule,which allowsthepollentubeto penetratethemegagameto-
phyteduring fertilization (93). It hasalsobeenshownthat calciumaccumu-
latesin thesynergidsin responseto pollination.It hasbeensuggestedthatthis
playsa role in establishing a chemotropicgradientto attractthe pollen tube
and/orin causingthepollentubeto burstafter it entersthesynergidto release
thespermcells (22, 23, 56). It hasalsobeensuggestedthata signalfrom the
pollen  tube  is  communicated over  ashort  range  to  the  ovuleto promote
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synergiddegenerationin Nicotiana (63). A possiblecandidatefor the pollen
tube–derivedsignal in this casewas suggestedby experimentsusing cotton
ovuleculturein which 0.5 µM gibberellin inducedsynergiddegenerationin a
mannersimilar to thatafterpollination (66), althoughotherhormonesassoci-
ated withthepollentube mayalsocontributeto this signalingfunction(89).

PollinationRegulationof Embryo Development

Several  studieshave  demonstrated  thatapomictic  embryodevelopmentin
somespeciesis dependenton pollination. For example,in the orchid Zy-
gopetalum,pollen from an incompatible species,Oncidium,that wasineffec-
tive in fertilization, neverthelesstriggeredapomictic seedproduction (143).
This requirement forpollinationto induceapomictic embryodevelopment was
confirmedin anotherorchidspecies,Orchis(49).A seriesof theseandrelated
observationsled to an early interpretationthat pollen-bornechemicalsub-
stancesinducedovary growth that thenindirectly promotedembryodevelop-
ment evenin the absenceof fertilization (48). Other examplesof apomictic
embryodevelopment that aredependenton pollination includethe apomictic
grassPennisetum setaceum,which increasesthe set of apomictic embryos
whenpollinatedwith P. ciliare pollen,eventhoughthis pollendoesnot result
in fertilization (12, 136).Gamma-irradiatedpollen that is inefficient at fertili -
zationinducesa low percentageof haploidembryosto developin applethat
arepresumedto be apomictic(177).Overall, theseobservationsindicatethat
while pollinationis not sufficient to induceembryogenesisin all species,it is
requiredfor apomictic embryodevelopment in severalplant speciesthat are
predisposedto produce apomicticembryos.

PollinationRegulationof OvaryDevelopment

Ovary developmentafter pollination dependsupona supply of auxin that is
typically derivedfrom developingovulesand seeds(47). In the absenceof
pollinationandembryogenesis,certainsolanaceousspeciessuchastomatoand
Petuniacould be inducedto form matureseedlessfruit by treatmentof the
ovarieswith auxin (45). Extractsof pollen could mimic the effect of auxin,
leadingto theproposalthatpollencontainedauxinandthatcontributedto the
initiation of ovarygrowth (46, 72–74).Unlike therole of developingseedsin
promotingovarygrowth, therole of pollination asa primaryeventregulating
ovaryandfruit developmentis lessfirmly established.Earlystudiesof pollina-
tion-regulatedorchid developmentidentified changesin the curvatureof the
ovaryto beoneof theearliestpollination-regulateddevelopmentalevents(29).
More recently,pollination regulationof cell division in theplacentalridgehas
beenimplicatedin the formation of hair cells that expandthe centralovary
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cavity (176). Thesemorphological changesoccur approximatelythreedays
beforepollengerminationandclearlydemonstratethatpollination itself, rather
than fertilization, triggers the initial stagesof ovary development. Exo-
genouslyappliedauxin and inhibitors of ethylenebiosynthesisdemonstrated
thatthe elaborationof ovarywall haircells,the earliestmorphological change,
wasdependenton bothauxinandethylene(176),suggesting thatpollen-borne
auxin can be translocatedto the ovary (141). Pollination effects on ovary
developmentarenot restrictedto orchidsandhavebeenreportedin manyother
plant species, includingmuskmelon ovaries,whichdoubled insizewithin 48h
after pollination (80), as well as in Brodiaea and carnation,  whereovary
expansionwaspromotedby ethylenetreatment,which alsopromotedperianth
senescence (55,108,109,112, 113).It is possible that ovarygrowthresponses
weredirectly relatedto mobilization of carbohydratefrom thesenescing petals
to theovary andwerethusonly indirectly related topollination.

POLLINATION SIGNALS

Pollinationis first perceivedat thestigmatic surface, andpollination-regulated
developmentaleventsareinitiatedbeforepollengerminationor penetrationof
the style by the growing pollen tube. This suggeststhat a physical event
closely associatedwith the pollen-stigma interactionor a pollen-bornesub-
stanceis responsiblefor initiating pollination-regulatedflower development.
In mostspecies,the primary pollination eventis accompaniedby an increase
in ethyleneevolutionin thestigmaandstylewithin hoursafterpollination and
well beforepollengermination (39,40,42,82–84,97,110).In self-incompat-
ible species, pollinationresponsesdiffer betweencompatibleandincompatible
pollinations,andthis hasprovidedsomeinsight to theprimaryandsecondary
signalsthat operatein pollination-regulatedflower development.Compatible
pollination in Petunia results in two distinct phasesof ethyleneevolution
occurringafter approximately3 and20 h, respectively,whereasself-pollina-
tion triggersonly the first phaseof ethyleneproduction(81, 137). The early
phaseof ethyleneevolution wasattributedto directconversion ofpollen-borne
1-aminocyclopropane-1-carboxylic acid (ACC) to ethyleneand the second
phaseof ethyleneevolution to endogenoussynthesisof ACC in floral organs
distalto thestigma.Theseresultsimplicatetheinvolvementof aprimary anda
secondarysignalin thepollination response,thefirst of which is perceivedin
the stigma followed by a subsequentsecondarysignal that transmitsand
amplifiestheprimarypollination signalto distal floral organs(115).Although
it is likely thattheprimaryandsecondarypollination signalsaredistinct, they
arebothlinked to ethyleneevolution.
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Primary PollinationSignals
The primary pollination signal has beenproposedto result from physical
contactbetweenthe pollen and stigma, from pollen tube penetrationof the
stigma(40, 41), or from pollen-bornechemicalmessengers(60, 137,159).In
Petunia,carnation,and orchid flowers, the initial responseto pollination is
rapidethyleneevolution by thestigma.In eachcase,pollination-inducedethyl-
eneevolution precedesgerminationof thepollentube, suggestingthatpenetra-
tion of the stigmaticsurfaceby thepollentube isnot requiredfor theinduction
of ethylenebiosynthesis (20,42,54,59,110,117).Furthermore,mockpollina-
tion of orchidflowerswith latexbeads,apollensurrogatethathasbeenusedto
study the role of the stylar matrix in pollen tube extension(135), failed to
triggerethyleneproductionor anyotherpollination responses,indicating that
physicalcontactaloneis insufficientto induceanycomponentsof thepollina-
tion-regulateddevelopmental syndrome (176). The preponderanceof results
suggeststhat physicalcontactbetweenthe pollen and stigma, or wounding
reactionsassociatedwith pollen tubegrowth, arenot the primary pollination
signals,andconsiderableexperimentalattention hasthusfocusedon theiden-
tification of a pollen-bornechemicalthat may serveasa primary pollination
signal. Chemicalsthat have beenidentified in pollen include ACC, auxin,
pecticoligosaccharides,brassinosteroids,andmethyl jasmonate,all of which
are known inducersof ethylenebiosynthesis,making them attractivecandi-
datesfor the primary pollen signalmolecule (3, 28, 33, 67, 71, 92, 131,134,
151,152, 154,156,162,172).

Shortly after the identification of ACC asthe immediatebiochemicalpre-
cursor of ethylene(1), severalreportsidentified its presencein pollen and
suggestedthatACC maybe theprimarypollensignal(127,158).Therole of
pollen-borneACC in triggeringtheinitial burstof ethyleneproductionandits
potentialtranslocation toother floral organs hasnow beenextensivelystudied,
especiallyin modelsystemssuchasPetuniaandcarnation(158–161).In spite
of its presence in relativelylargequantitiesin some pollen (127, 137, 158), the
role of ACC in supportingthe initial ethyleneproduction in the stigma has
beencontroversial.For example,Hoekstra& van Roekel (60) reportedthat
ACC contentof pollen from varioussourcesis not well correlatedwith the
level of pollination-inducedethyleneproduction, andseveralreportsindicated
that treatmentof thestigma with aninhibitor of ACC synthase,aminoethoxy-
vinylglycine (AVG), beforepollination preventedpollination-inducedethyl-
eneproduction(61,117,169,176).Thus,thesereportssuggestedthatpollina-
tion-inducedethyleneproductionis derivedfrom endogenousproductionof
ACC ratherthanfrom exogenouspollen-borne ACC. In contrast,Singhet al

POLLINATION-REGULATED DEVELOPMENT 557

A
nn

u.
 R

ev
. P

la
nt

. P
hy

si
ol

. P
la

nt
. M

ol
. B

io
l. 

19
97

.4
8:

54
7-

57
4.

 D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
by

 I
L

L
IN

O
IS

 S
T

A
T

E
 U

N
IV

E
R

SI
T

Y
 o

n 
11

/2
5/

12
. F

or
 p

er
so

na
l u

se
 o

nl
y.



(137) reportedthat wide variationsin pollen-borneACC contentin different
Petuniagenotypeswerewell correlatedwith theinitial peakof pollination-in-
ducedethyleneproductionand that this early ethyleneproductionwas not
inhibited by a diff erent inhibitor of ACC synthase, aminooxyacetic acid
(AOA). Thus,thesedatasuggestedthat pollen-borneACC wasthe substrate
for initial pollination-inducedethyleneproduction in Petunia (137). Other
reportshavesuggestedthatthequantityof pollen-borneACC would bevastly
insufficient to supporttheamountof ethyleneproducedin thestigma follow-
ing pollination (139),andtwo reportsindicatethatdiffusion of ACC from the
pollen is likely to be restrictedunderconditions that prevail in vivo, which
would further restrict its availability to supportethyleneproduction in the
stigma(60,121).Although theconflictingdataindicatethatpollen-borneACC
cannotaccountfor the initial pollination-inducedethyleneproductionin the
stigmaof all flowers, it is possible thatexogenouspollen-borneACC maybe
responsiblefor initiating ethyleneproductionin the stigma of at leastsome
flowers,andthis earlyethyleneproductionmaybesubsequentlyenhancedby
autocatalyticproductionof ACC in the stigma.

The contribution of pollen-borneACC to pollination regulationof flower
developmenthasalso beentestedby exogenousapplication of ACC to the
stigma(61,117,127).In eachcase,ACC promotedaninitial burstof ethylene
productionbut did not acceleratewilting or perianthsenescenceunlessex-
tremelyhighconcentrations wereused.ACC isnotdetectablein orchidpollen,
yet pollination inducesrapid and high levels of ethyleneproductionin the
stigma(117). In Petunia,compatiblepollination elicited two phasesof ethyl-
eneproductionandcausedrapidperianthsenescence,whereasself-pollination
only triggeredthe first phaseof ethyleneproduction,andperianthsenescence
wasdelayedeventhoughboth compatibleandincompatible pollencontained
ACC (137). Collectively, the data suggestthat pollen-borne ACC is not a
universalprimary pollen signal that is sufficient to elicit the full pollination-
regulateddevelopmental response.Nevertheless,evensmallamounts of ACC
maytriggerautocatalyticethyleneproductionin thestigma andthusmayplay
a role intriggeringtheinitial burstof ethyleneproductionin someflowers.

A numberof potentialprimary pollen signalshavebeentestedfor their
capacityto induceethyleneproductionandstigma closure,two earlypollina-
tion-regulatedresponsesin Phalaenopsisorchid flowers (JA Nadeau& SD
O’Neill, unpublishedobservations).Pollen-derivedproteins,systemin (120),
pollen-derivedlipids, flavonoids,methyl jasmonate,and jasmonicacid were
all eliminatedaslikely candidatesbecausethey failed to elicit eitherethylene
productionand/orstigmaclosureover a time frameconsistentwith a role in
pollination signaling.Only auxin (both IAA andNAA) wasactivein trigger-
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ing ethyleneproductionandstigmaclosurein this orchidbioassay(176).This
result is consistentwith very early reportsof a substance,termedpollenhor-
mon, that waspresentin orchid pollen that causedwilti ng of the flower and
waslater shown tobe auxin (34,35, 99). Even beforeauxin wasidentified asa
componentof orchidpollen,it wasdemonstratedthatexogenousapplicationof
auxincouldmimic pollination andinitiatemostpollination-regulateddevelop-
mentalevents(25, 64). Sincethen,the capacityof auxinsto initiate pollina-
tion-regulateddevelopmentaleventsin orchidshasbeenrepeatedlydemon-
strated(4, 7–9,20, 21, 25, 142).Auxin wasproposedto serveastheprimary
pollination signal by the direct transferof pollen-borneauxin to the stigma,
from where itdiffusedto distalfloral organs andpromotedautocatalytic ethyl-
ene productionthroughoutthe flower, leading to perianthsenescence(20).
Auxin hasbeenidentified asa componentof Nicotiana, Antirrhinum,Cycla-
men,Petunia,and Datura pollen, as well as of germinatedpollen of Pinus
radiata, suggestingthat this putative primarypollination signalis presentin a
wide rangeof higherplantpollen(11,89,98,145).While therole of auxinas
theprimarypollensignalhasbeenconsistently supported,otherreportsargue
againstthe ideathatauxindiffusesto theperianthwhereit directly stimulates
ethyleneproduction,suggesting that a distinct signal transmitsthe primary
pollination eventto distalorgans (141).

Although auxin is presentin orchid pollen and may act as the primary
pollensignal,thelevelsof auxinin orchidpollenmaybeinsufficientto bethe
sole primary pollen signal. It is possible that pollen containsother forms of
auxin, such as auxin conjugates,or other pollen-bornefactors,which may
participatesynergistically with auxin to elicit pollination-regulatedresponses
in orchid.Arditti (4) suggestedthat the “pollenhormon” describedby Fitting
may be a mixture of biologically active molecules.A numberof candidate
signalmoleculesshouldbe examinedmoreintensivelyin this regard,includ-
ing pecticcell wall fragmentsthathavebeenshownto elicit ethyleneproduc-
tion (150) andthat arepotentially producedby pollen-derived polygalacturo-
nase and pectatelyase (17,164).

SecondaryPollinationSignals

Developmentalchangessuchasovule initiation andfloral color changesare
initiatedin floral organsdistal to thestigmashortlyafterpollination,implicat-
ing the  role of  secondarysignals that  transduce  and  amplifythe primary
pollination signal. The interorganregulationof the pollination-regulatedre-
sponsesuggeststhatthesecondarysignalis transmissible andmovesfrom the
stigma, through the style, to other floral organs.Early evidencefor sucha
secondarypollination signal camefrom surgicalexperimentsdemonstrating
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that a mobile wilting factor is transmittedthroughthe style to the corolla of
Petuniaflowerswithin 6 h afterpollination(42).Stylarexudatesalsopromote
perianthsenescencein Petuniaandcarnation,implicating therole of a chemi-
cal messengereitherproducedin thestyleor translocatedthroughit (42,132).
Becauseauxin, ethylene,and ACC havebeenimplicated in primary pollen
signaling,thesesamemoleculeshavebeenextensivelyevaluatedaspotential
transmissible signalsin pollinated flowers.

The modelof Burg & Dijkman (20) proposedthat the primary pollination
signal,auxin, diffusedto thelabellum whereit triggeredethylenebiosynthesis.
Althoughearlyexperimentsdemonstratedthat14C-IAA appliedto thestigma
wasmobilizedto thecolumnandlabellum, subsequentresearchindicatedthat
14C-IAA applied toAngraecumandCattleyastigmas was largelyimmobilized
at thepoint of applicationwith sometranslocationto theovary(141).Because
the pollination signalspreadsto distal floral organs(petalsandsepals)much
fasterthanexogenously applied14C-IAA, it wasconcludedthat auxin is un-
likely to bethesecondarypollinationsignal thatregulatesperianthsenescence.
However,thedatathatauxinis translocatedprimarily to theovaryis consistent
with otherevidencethat auxin translocatedfrom the stigmamay specifically
contributeto the regulationof the initiation of ovule differentiation in that
organ (176).

Ethyleneitself is a potentialtransmissible signalto floral partsdistal from
thestigma,andit hasrecently been suggestedthat diffusionof ethylenewithin
the intercellularspaces(interstitialethylene)may function in interorgancom-
munication(75, 166,168). Internalethylenein theCymbidium flower central
column was measuredat levels up to 15 ppm, and treatmentof the column
with exogenous  ethyleneincreasedethyleneconcentration  inthe perianth,
consistent with the proposal that interstitial ethylenefrom  the column is
translocateddirectly to theperianth(75). In contrast,Reidet al (127)demon-
stratedthat aspirationof ethyleneproducedin the gynoeciumdid not delay
petal senescencein carnation,indicating that volatile ethyleneproducedbe-
causeof theprimarypollinationsignalwasnot thetransmissible signalrespon-
sible for regulatingperianthsenescence.Although theseresultssuggestthe
possibility that interstitial ethyleneactsasthe secondarytransmissible signal
between floralorgans, thisdoesnotappear to be thecase in allflowers.

In spiteof the suggestionsthat ethylene,ratherthanACC, is translocated
betweenfloral organs,thereis a largebody of researchimplicating theethyl-
eneprecursor,ACC, asanimportantsecondarypollinationsignalthatcoordi-
natesinterorganpollination-regulatedresponses.Translocationof ACC was
first demonstrated in waterlogged tomato plants(15).This result illustrated the
potential for transportof this water-solublehormoneprecursorto effect in-
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terorganregulationof growth responses ratherthantransportof ethyleneitself,
which is lessamenableto targetedtranslocationprocessesbecauseof its gase-
ousstate.Similarly, ACC translocation in pollinated flowersprovidesa poten-
tial mechanismfor thetargetedtranslocation of a secondary pollinationsignal.
Following pollination of carnationflowers,ACC levelsincreasedin all flower
parts,which was proposedto result from ACC translocation(111). It was
subsequentlyshownthat 14C-ACC appliedto thestigma of carnationflowers
resultedin theproductionof 14C-labeledethylenein thegynoeciumandperi-
anth,whichprovidedcompellingevidencethatACC wastranslocatedfrom the
stigma to the gynoecium  andperianth,where it servedas a substratefor
ethylenebiosynthesis(127).Emasculation-inducedsenescenceof Cymbidium
flowers demonstratedthat changesin lip coloration,an early morphological
markerof ethylene-regulatedsenescence,weretriggeredby ACC translocated
from thecentralcolumn(166). In Phalaenopsis orchid flowers,ethylenepro-
ductionby the intact flower significantly exceededthe sumof ethylenepro-
ductionby excisedfloral organs,which wasinterpretedto indicatethatethyl-
eneproductionby somefloral organsis dependenton ACC import from other
floral  parts (117).  Collectively,  thereis  strongexperimental  supportfrom
severalflower systemsthatACC is translocatedbetweenfloral organs,where
it servesasa substratefor ethylenebiosynthesis. This translocation of ACC
alsoimplicatesit asa secondarypollinationsignalin the interorgancoordina-
tion of pollination-regulateddevelopmentalresponses.

A very earlyresponseof floral tissuesto pollinationis increasedsensitivity
to ethylene(125). Substantialresearchhas focusedon the identification of
transmissible“sensitivity factors”that renderthefloral tissuemoresensitive to
senescence-inducingeffectsof ethylene.Following pollination of Phalaenop-
sis flowers, there was a significant increasein the endogenouscontentof
short-chainsaturatedfreefatty acidsin thecolumnandperianth.Furthermore,
exogenousapplication ofthesefreefatty acidsto thestigmaincreasedsensitiv-
ity of the flower to ethylene,leadingto the suggestion that theseshort-chain
fatty acidsmaybeethylenesensitivity factors(52). It is likely thatelucidation
of themolecularcomponentsinvolvedin ethyleneperceptionandsignaltrans-
ductionwill contribute to betterunderstandingthis phenomenon.

REGULATION OF ETHYLENE BIOSYNTHESISIN
POLLINATED FLOWERS

Ethyleneis centralto thecontrolof pollination-regulatedflower development,
and the regulationof its endogenoussynthesis appearsto be an important
component oftheinterorgancoordinationof discretedevelopmentalprocesses.
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Examination of the regulationof expressionof genesencodingthe major
biosynthetic stepsin ethylenebiosynthesishasprovidedthe basisfor analyz-
ing thetemporalandspatialregulationof ethylenebiosynthesisin flowersand
in responseto bothprimaryandsecondarypollination signals.In addition, the
cloning of ethylenebiosynthetic geneshasprovidedthe meansto genetically
engineer flowers for enhancedlongevity(91).

The penultimateenzymein the ethylenebiosynthetic pathway,ACC syn-
thase,is widely regarded  as  therate-controllingstep. This step is highly
regulatedat the level of enzymeactivity andat the level of geneexpression
(69, 70). In addition,while consideredto be constitutive in manytissues,the
final enzymein ethylenebiosynthesis,ACC oxidase,is alsoregulatedat the
level of enzymeactivity and at the level of geneexpression(69, 70). The
spatialand temporalexpressionof both ACC synthaseand ACC oxidasein
responseto pollination haveprovidedsignificant insight into the interorgan
coordinationof pollination-regulated flowerdevelopment.

PollinationRegulationof ACC Synthase

In all speciesexaminedto date,ACC synthaseis encodedby multiple genes
that exhibit differential tissuespecificity and/or differentialregulation byenvi-
ronmentalor hormonalstimuli (70). Many cDNA clonesencodingACC syn-
thasehavebeenisolatedfrom a numberof flowers including tomato,carna-
tion, Petunia,geranium,andorchid(24,57,91,117,119,129).Becauseof its
potentialrole in the regulationof ethyleneproductionin responseto pollina-
tion, ACC synthasehasbeenthesubjectof intenseinterestregardingpollina-
tion-regulatedflower development. ACC synthasecDNA cloneshavebeen
isolatedfrom senescingcarnationflowers andfrom pollinatedorchid flowers
andtheir expression at thelevel of mRNA abundancecharacterizedin detail in
relationto pollination andperianthsenescence(57, 117,119,171). In carna-
tion flowers, ACC synthasemRNA was  undetectablein all floral organs
immediately after harvestbut increaseddramaticallyafter 5–6 daysin petals
andstylescoincidentwith the increasein ethyleneproduction.ACC synthase
activity was approximately sixfold higher in senescingstylesthan in petals,
whereasACC synthasemRNA accumulatedto similar levels in both tissues
(171).Subsequently,a seconddivergentACC synthasemRNA wasidentified
that waspredominantly expressedin stylesandmay accountfor theapparent
discrepancybetweenstylar ACC synthasemRNA and activity levels (57).
Expressionof both carnationACC synthasecDNAs (termedCARACC3 and
CARAS1)werethemselvesethylene regulated, suggesting that they contribute
to autocatalytic ethyleneproduction. Relatively low levelsof both ACC syn-
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thasemRNAs were detectedin ovaries,in spite of high levels of ethylene
productionin this organ,suggesting the existenceof a third ACC synthase
genepredominantly expressedin theovary.Thediscrepanciesnotedin attrib-
uting ACC synthaseenzymelevels to the expressionof particularACC syn-
thase  illustrate  thecomplexity in  understanding the  detailed  regulationof
ethyleneproductionby multiple ethylenebiosynthetic genesin floral tissues
(57).

Expressionof ACC synthasegeneshasalso beencharacterizedin polli-
natedorchidflowers(117).In this flower system,threeACC synthasecDNAs
havebeencharacterizedthat collectively accountfor the observedACC syn-
thaseenzymeactivity thathasbeencharacterizedin thevariousorgansof the
flower. mRNAs corresponding to two highly homologous ACC synthase
cDNAs  (OAS1 and  OAS2)accumulated  to  highlevels  in  the  gynoecium
approximately18 h afterpollination,accumulatedalsoin labellumtissueover
thesameperiod,butwereundetectablein theperianth(excludingthelabellum)
evenat 72 h after pollination (117). Theseresultswere consistentwith the
absenceof ACC synthaseenzymeactivity in theperianthtissues,eventhough
the perianthis the siteof substantial ethyleneevolution (19, 117).

Becauseauxinhasbeenimplicatedasa primarysignalin pollination-regu-
lated responsesin orchid flowers and becauseauxin has beenreportedto
induceexpressionof certainACC synthasegenefamily membersin several
plantspecies (105,122,153), the regulationof the orchidACC synthase genes
by auxin was carefully evaluated(117). Although exogenousapplication of
NAA to thestigma stronglypromotedaccumulationof ACC synthasemRNA,
this inductionwascompletelyreversedby pretreatmentwith AVG, an inhibi-
tor of ethylene biosynthesis. This result indicated that OAS1 and  OAS2
mRNAs were regulatedby ethyleneand,as with carnationACC synthases,
participatedin autocatalytic ethyleneproduction. A third ACC synthasecDNA
wasclonedfrom pollinatedorchidflowersthatwasdivergentfrom OAS1and
OAS2 andshownto be pollinationregulatedin the stigmaandto be directly
regulatedby auxin (19). Taken together,in pollinatedorchid flowers there
appearto be at least two distinct types of ACC synthasegenesthat differ
markedlyin their spatialandhormonalregulation.Thefirst typeis responsive
to a primary pollination signal,auxin; the secondtype is ethyleneregulated
andmayserveto amplify or sustaintheprimarypollination signalby regulat-
ing autocatalyticethyleneproduction.None of the ACC synthasegenesin
pollinatedorchid flowers areexpressedin the perianthdespitehigh levelsof
ethylenebiosynthesis in thosetissues(117). This implies that a sourceof
ACC, otherthanendogenousproduction, existsfor conversionto ethylenein
perianthtissue.
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PollinationRegulationof ACC Oxidase

ACC oxidaseis the final enzymein ethylenebiosynthesisthat convertsACC
to ethyleneandin most instancesis consideredto be constitutive (70). How-
ever, increasesin ACC oxidasehave beenreportedin senescingcarnation
flower petals(87), andACC oxidasemRNA levelsarepollination inducedin
Phalaenopsis and carnationflowers (101, 155). In carnation,ACC oxidase
mRNA wasundetectablein presenescentpetals,ovaries,andreceptaclesbut
waspresentat significantlevelsin presenescentstylesandincreaseddramati-
cally in abundancefollowing pollination (171). Theseresultssuggestthat
ACC oxidasemay be presentin carnationstigmas beforepollination.Simi-
larly, it wasreportedthat ACC oxidaselevelsin Petuniaflowers weremaxi-
mal shortly after flower openingandthat ACC oxidaseenzymeactivity was
mostabundantin thePetuniaflower stigmabeforepollination (121).Recently,
a family of PetuniaACC oxidasegeneshavebeencloned andtheir expression
in Petuniaflowers studiedin detail (147,148). In agreementwith Pechet al
(121), eachof the threeexpressedACC oxidasemRNAs accumulatedin the
gynoeciumduringearly flower development,reachingtheir maximallevelsat
thetime of flower opening(147).In addition,ethylenetreatmentenhancedthe
accumulationof all three ACCoxidase mRNAsin thepistil, and ACCoxidase
mRNA accumulation was also inducedin the floral transmitting tissueby
pollination(149).Collectively, theseresultssuggestthatACC oxidaseis likely
to be presentin the stigmaof both carnationandPetunia,andthesestigmas
can likely convert pollen-borneACC to ethyleneas a part of the primary
perceptionof pollen by the stigma.In addition, it appearsthat ACC oxidase
genesexpressedin flowers are ethyleneregulatedand so are likely to also
participate,with ACC synthase,in autocatalyticethyleneproduction in polli-
nated flowers.

ACC oxidaseactivity and ACC oxidasemRNA accumulationhavealso
beencharacterized inorchidflowers(101,117).Unlike Petunia,ACC oxidase
activity wasnot detectedin matureflowersbefore pollinationbutwasinduced
rapidly following pollination (101). Following pollination,orchid ACC oxi-
dase(OAO1) mRNA accumulatedto high levels within 48 h in all floral
organs,including the perianth(101). This resultdemonstrateda striking dis-
parity betweenthe accumulation of ACC synthasemRNA, which failed to
accumulatein theperianth,andsuggestedthatthesepalsandpetalsdeveloped
thecapacityto convertACC to ethylenebut couldnot synthesizeACC endo-
genously(101, 117). In light of the high level of ethyleneevolution from
perianthtissuesandtheabsenceof ACC synthaseenzymeactivity or a corre-
spondingmRNA, it hasbeensuggestedthat ACC mustbe translocatedfrom

564 O'NEILL

A
nn

u.
 R

ev
. P

la
nt

. P
hy

si
ol

. P
la

nt
. M

ol
. B

io
l. 

19
97

.4
8:

54
7-

57
4.

 D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
by

 I
L

L
IN

O
IS

 S
T

A
T

E
 U

N
IV

E
R

SI
T

Y
 o

n 
11

/2
5/

12
. F

or
 p

er
so

na
l u

se
 o

nl
y.



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

MODEL FOR INTERORGANCOORDINATION OF
POLLINATION-REGULATED FLOWERDEVELOPMENT

Ethylenewith auxin plays important roles in pollination-regulateddevelop-
mentalresponsesand,in conjunctionwith ACC, participatesin theinterorgan
coordinationof diversecomponentsof pollination-regulatedflower develop-
ment.Themodeloutlinedin Figure2 attemptsto summarizedatathataddress
the initiationof ethylenebiosynthesis bypollination and the interorgan regula-
tion of ethylenebiosynthesisin pollinated flowersbecausethesetwo processes
appearto becentralto thecoordinationof pollination-regulatedflower devel-
opment.Much of themodelrelieson the recentelucidationof thepatternsof
expressionof genesencodingethylenebiosynthetic enzymesin pollinated
flowers. In this model,a pollen-associatedfactor is prominentastheprimary
stimulus in initiating ethylenebiosynthesis as well as the overall processof
pollination-regulatedflower development. In orchid flowers, an important
componentof the primary pollen signal is auxin, whereasin other flowers,
ACC or otheras-yet-unidentifiedpollen-borne substancesmayalso participate
in primary pollen signaling. The earliestresponseto pollination is the induc-
tion of ethyleneproductionin the stigmaand style, which may usepollen-
borneACC directlyassubstrateor,morelikely, reliesontherapidinductionof
ACC synthasein the stigma.In orchid flowers,expressionof an auxin-regu-
latedACC synthaseis rapidly inducedin thestigmaby pollination, andthis is
likely to accountfor the rapid transductionof the putative primary pollen
signal,auxin,to the initial burstof ethyleneproduction.In otherflowerssuch
asPetunia,a traceamountof pollen-borneACC maybeconverteddirectly to
ethylene,which leadsto localized autocatalyticethyleneproduction in the
stigma.Thepresenceof ACC oxidasemRNA in presenescentPetuniastigmas
andits rapidethylene-dependentinduction following pollinationis consistent
with this mechanismof initial pollination-inducedethyleneproduction.

The interorgantransmissionandamplificationof theprimarypollensignal
requiressecondarysignalsthat emanatefrom the stigma, and an important
componentof this signalappearsto beACC andits subsequentconversionto
ethylene in distal floral organs. Inorchidflowers,theroleof translocatedACC
was implicated by the failureof petals andsepals to accumulate ACC synthase
mRNA or enzymeactivity, in spiteof high levelsof ethyleneproductionby
thesefloral organs,suggestingthat ethyleneproduction in theseorgansis
entirely dependenton translocatedACC. This situation is lesspronouncedin
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Figure 2 Modelfor the interorganregulation of ethylenebiosynthetic genesin poll inatedflowers,
basedprimarily ondata from thePhalaenopsisorchid flower,with otherflowersystemsviewedas
variationsonthis basic theme(19, 101,117). Theprimarysignaling event for poll ination-regulated
development occurswith thetransferof pollen-bornefactors,includingauxin, to thestigmasurface,
thesiteof initial perception. An auxin-regulatedACC synthasegene(AUX-ACS)is inducedby the
primary poll ination signal(s). ACC synthesizedin the stigma is converted to ethyleneby ACC
oxidase,initially presentat a low level but inducedto high levelssoon afterpoll ination to initiate
autocatalytic ethylene production in the stigma. Expression of other ethylene-regulated ACC
synthasegene(s)(ETH-ACS)arealsoinducedby ethyleneto furtheramplify autocatalytic ethylene
production. ACC translocatedfrom the stigmato the perianth supports the production of ethylene
in thatorgan,initiating itssenescence.This mechanismof interorganregulation reliesontransloca-
tionof ACCtodistalorganstosupport ethyleneproduction. In additionto itsroleasagaseoussignal
coordinating ethylene production at the molecular level, ethyleneitself may alsobe translocated
within theflowerasatranslocatedsignal.Abbreviations:ACC, 1-aminocyclopropane-1-carboxylic
acid; ACO,ACCoxidase;ACS,ACCsynthase;AdoMet,S-adenosylmethionine;AUX, auxin-regu-
lated;ETH, ethylene-regulated.
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flowers such as Petunia where ACC synthaseis induced in petal tissues.
However,thePetuniapetalACC synthaseis ethyleneinduced,andthe initial
productionof ethylenein petalsrequiredto stimulate autocatalyticethylene
production may  bederived  from  translocated  ACC.The model shown  in
Figure 2 is idealizedin that it reflects the situation in Phalaenopsis orchid
flowers, one of the most extremeexamplesof pollination-regulatedflower
development.Datafrom otherspeciessuggestthat therearevariationson the
themespresented inFigure 2.

CONCLUSIONSAND FUTUREDIRECTIONS

Pollination regulatesa suite of developmentalresponsesthat transformthe
flower from a structurededicatedto pollendispersalandreceptionto onethat
is dedicatedto fertilization, embryogenesis,seeddevelopment,andultimately
seeddispersal.Oneimportant aspectof this processis the sheddingof floral
organs,such as the petalsand sepalsthat have completedtheir service in
pollinator attraction.In addition,pollination demandsthatcertain reproductive
structuresrapidly maturein anticipationof fertilization. Thus,thesignalsthat
regulatepollination responsesare involved in simultaneouslycoordinating
processesof programmedcell deathwhile initiating thedifferentiation and/or
maturationof importantreproductivestructures.

Researchdirectedat understanding thenatureof thepollinationsignalshas
a rich history dating to the beginningsof this century,and it has revealed
importantelementsof the interorgansignaling neededto coordinatethe full
syndromeof pollination-regulateddevelopmentalprocesses.Although it is
clear that auxin, ethylene,and ACC are important actorsin this regulatory
process,it is likely that this is not thecompletecast.More researchis needed
to morefully elucidateprimarypollinationsignalsandhow they interactwith
eachotherandwith thestigma andstyleto propagatethesignalto distal floral
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
research.Much researchhascharacterizeda numberof modelflower systems
thatarephysiologically suitedto studying pollination-regulatedflower devel-
opment,but thesemodelsystemsdo not generallyoverlapwith modelgenetic
systems,such as Arabidopsis thaliana. Despite the recognizeddifferences
betweenplantsin termsof theirpollinationresponses,futureprogressrequires
that information frompowerfulphysiologicalsystems betransferredto species
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that are well suited to geneticdissection and transgenicmanipulation and
analysis.
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