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SUMMARY

Detrimental effects of yperaccumulation othe aromatic amino acid phenylalanine (Phe)
animals known as phenylketonuriaremitigated by excretion of Phe derivatives; however, how
plants endurePhe acumulating conditions in the absence of excretion systerourrently
unknown.Te-achieve Phéyperaccumulation in a plant system, simultaneousiecrease in
petunia flowers expression of all threke anmonia yase(PAL) isoforms thatatalyze the non
oxidative deamination of Phe tmans-cinnamic acid, the committed step the major pathway

of Phe metabolisnTotal decrease in PAL activity byl894% led to an 18fold expansiorof the
internal Phe pool. Phaccumulationhad multifaceted intercompartmental effects on aromatic
amino acid metabolism. It resett in a decrease ithe overall flux through the shikimate
pathway, anc'redirecton of carbonflux toward the shikimatelerivedaromatic amino acids
tyrosine and tryptophan. Acumulation of Phe did not lead tan increase influx toward
phenylacetaldehyde, for which Phe is a direct precursor. Metabolic flux analysikedetes to

be due ¢ the presence of a distinct metabolically inactive pool of, Hkely localizedin the
vacuole. Werhave identified avacuolar cationic amino acid transportdPhCAT2) that
contributes'tossequestering excess of Phe in the vadooldro assays confirntePhCAT2 can
transport'RPhe, andedreasedPhCAT2expression irPAL-RNAI transgenic plants resulted in 1.6
fold increase in phenylacetaldehyde emissidmeseresults demonstrate mechanisms by which
plants maintain intercompartmental aromatic amino dedheostasis, and provide critical

insight forfuture phenylpropanoid metabolic engineering stratg@4ég)

INTRODUCTION

In mammals, hyperaccumulation of phenylalanine (Rbajls tophenylketonuria (PKU), a
degenerative'neurologicdlsorder thatrises from a loss of phenylalanine hydroxylase activity
(Williams et al. 2008) The buildup of Phe to toxic levels PKU results in its conversion to
phenylpyruvic acid and its derivatives, which are excreted with urine. Miciotee®nt such

accumulations through catabolism back to central carbon metab(fisohs et al. 2011)
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However, how plants tolerate higihélevels in the absence arialogousexcretionor catabolic
systensremains unknown.

Under normal growth conditiopplants direct 2€80% of photosynthetically fixed carbon
towards the shikimate pathway (Haslam 1988) subsequently to biosynthesis of aromatic
amino acids=with the highest flux to Phe. In addition to being a building block for protein
biosynthesis, Phe serves as a precursorafonultitude ofphenolic compounds that have
prominéent,“and often vital, roles in plant growth and developmer. lignin, suberin),
reproduction“€.g. phenylpropanoids, benzenoids) and defersg. Galicylic acid, tannins,
flavonoids). Constituting approximately -3®% of plant organic matter (Razal et al. 1996),-Phe
derived produects are primarily synthesized in the cytosol byt petdominantly onPhe
biosynthesis in‘and its export out of plastids (Widhalm et al. 2015; Maeda & Dudareva 2012).

In plants, Phehyperaccumulatiorcould be achieved by mutations iRPhe ammonia
lyase (PAL, EC 4.3.1.5) (Rohde et al., 2004), whizttalyzes the first committed stejhe
nonoxidative _deamination of Phe toanscinnamic acid, in the general phenylpropanoid
pathway. PAl=controls the carbon flux toward phenylpropanoid compounds and is often encoded
by a small"mulitigene family with four membersAmabidopsis thaliangRaes et al. 2003nd
Nicotianastabacun{Reichert et al. 2009)and three members Petunia hybrida(Colén et al.
2010) Expression oPAL genes is differentially and developmentally regulated, and is induced
by biotic and abiotic stress€8hang & Liu 2015) Over the last decade, it has been shown that
disruption“of PAL activity leads to a decrease in downstream phenylpropanoid metabolis
(Rohde etqal*2004; Huang, Gu, Lai, Fan, Shi, Y. Zhou, et al. 2010; Cas261%.Kim &
Hwang 2014;+Shi et al. 2010; Song & Wang 20HgJwever, the effect of accompang Phe
hyperaccumulation on Phe homeostasis is currently unknown.

Here we, limited Phe utilization iR. hybrida cv Mitchell flowersby decreasing?AL
activity via,RNAIi technology and investigated its effects on upstream and downstream Phe
metabolism. o avoid possible detrimental effects on plant vitality, a problem previously
encounteredrupon systemic PAL perturbations in Arabidopsis (Huang, Gu, Lai, Fan, Shi, Y.
Zhou, et al*2010), etabolic marpulationswereachieved specificallyn the flowers by using a
petatspecific promoter. Petunia flowers have high carbon flux through the phenylpropanoid
network and emit high levels of exclusively Rierived volatiles (Boatright et al. 2004;
Verdonk et al. 2003)They alsocontain phenylacetaldehyde synthase (PAAS) that catalyzes

This article is protected by copyright. All rights reserved



phenylacetaldehyde formatialirectly from Pheand thuscompetes with PAL for Phe utilization
(Kaminaga et al. 2006Y he current results show that Pingperaccumulatiomaffects carbon flux
through the shikimate pathway and towards aromatic amino &widsaintain cytosolic Phe
homeostasisSimilar flux redistribution occurén Arabidopsis quadrupleal mutants, suggesting
that these_metabolic changase not unique to petunia flowernsloreover,excessPhe is not
redirectedtowards phenylacetaldehyde formation, lrendered metabolically inactivéy
sequestration’in the vacuol@ecreasing the expressiohanewly identifiedP. hybridavacuolar
cationic amino-acid transporter (PhCAT@unteract$he sequestration in the vacuofePAL-

RNAI plantsand makes it available to cytosolic enzymes.

RESULTS

Phe Hyperaccumulation Perturbs not Only Phenylpropanoid Metabolism but Also
Aromatic Amino Acid Biosynthesis. Previously we shoved that petuniaflowers which
produce high levels of phenylpropanoid/benzenoid volaestesghreePAL isoforms(Colén

et al. 2010)While all three isoforms arkighly similar in sequencé-igure S1)PAL1 displays
the highlestexpresson in petuniapetals 2 days postanthess stage of development with the
highest levels ofolatile phenylpropanoidendPAL3 exhibitsthe lowestranscriptievel (Colén

et al. 2010)To achievePhehyperaccumulation ana tidentify the role of PAL in regulation of
Phe metabolism, we simultaneously decreased the expressadirttobe PAL genes in petunia
by usinga'single RNAI construdiFigure S2a) under control of petal specific promotdiCseke
et al. 1998)0Out of multiple independent lines, two lines1(and26) showng the greatest
reduction InPAL expression were seled for further metabolic profilingBased orguantitative
RT-PCR @RT-PCR with genespecific primersin line 11 expression oPALI, PALZ, and
PAL3were reduced by 984, 92.0%6 and 93.5%, respectively, while their levels were decreased
by 97.%%, 89.26 and 96.6%, respectivelin line 26 relative to control wild type flower@-igure
S2b),which were metabolically indistinguishable from empty vector corffigure S3. RNA-
PAL suppression reduced PAL activiby 94% and 81% for lines 11 arieh, respectively
relative to“econtrd (Figure ). Flowers of the transgenic linescha slight but statigcally
significant decrease in fresh weigtalative to wildtype (igure ), otherwisethe plants

appeareanorphologically unchanged.
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Transgenic petal®f both lineshad 18fold higher levels of Phe than wild type and
drastically diminished emission of volatiles derived fran@nscinnamic acid Figure 1.
Emission of allphenylpropanoids/benzenoidgs reduced in both transgenic lines relative to
control including a 85 to 99.5% reduction in emission benzaldehyde, benzylalcohol,
benzylbenzeate, phenylethylbenzoate, methylbenzoate, eugenol and isoe{kigad 1).
Methylsalicylate emission was rezkd by 47 to 65% in transgenic lines (Figure 1).

Reductionin PAL activity in boti#AL-RNAI lines led to accumulation of Tyr and Txgith
levels increasig'on average by 6.3 and 5&ld, respectivelyFigure 1).Unexpectedly, the level
of shikimic acid was significantly reduced in both transgenic lines relatigertrols (by 74 to
88%), while phenylpyruvate level remained unchandgégufel).

Reduction in PAL Activity Decreases Carbon Flux Through the Shikimate Pathway. To
determinechanges in flux through the shikimate pathway, wild type and line 11 petunia flowers
were fedwith_uniformly **C-labeled ([U'Cs]) glucoseand ol sizes and isotopigbundances
of glucoseshikimate andaromatic amino acidsere analyzedat different time points ovex 4h
period Theglucose labeling pattern was nearly identical in both control and transgeai&c pet
(Figure 2=ln both genotypeglucoseabeling always exceeded labeling of shikimate, consistent
with a simple precurseproduct relationship betweesucrose and shikimat&igure S4. Over
this time course, the shikimate pool was significantly reduced in transgenic petals relative to the
control, while there walttle difference inits isotopic labelingKigure S4) We haveconstructed
a dynamicsmodebf thearomatic amino acid biosynthetic netwadkreproduce the observations
from **C-labeled glucose feeding for botfild type andPAL-RNAi flowers. Shikimate pathway
flux estimated by the modelasfoundto be50.9% less inPAL-RNAI than wild type (Table 1).
There is a corresponding decrease @8% in flux towards Phe, while the fluxes toward Tyr
and Trp are.increased [#8.6% and 75%, respectively.

To assesswhether the observed changes in flux through the shikatiatey is the result
of decrease@Xxpression of3-deoxyb-arabino-heptulosonate -phosphate synthase (DAHPS),
which catalyzes the first committed step in the shikimate patii@egtley 1990; Herrmann &
Weaver 1999)DAHPStranscriptlevels wereanalyzed in petals of two transgenic petunia lines
and control plantdn addition we examined thexpression of gemsalownstream of shikimate
(e.g., 5enolpyruvylshikinate 3phosphate synthase, EPSR®&) thosenvolved in Pheand Tyr
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biosynthesis (chorismate mutasdyil, and arogenate dehydratases, ADT1, ADT2 and ADT3)
as well asthe expression of the shikimate pathwianscriptional regulatorODORANT1
(ODOJ) (Verdonk et al. 2005No statistically significanthanges iDAHPS EPSPSCM1 and
ODOLl1transcript levels were observed in transgenic flowers relative to coraitbisghODO1
expression.exhibited an apparent decreasingl t(Eilgure S5a).Transcript levelf the most
highly expressegetuniaADT gene,ADT1, remained unaffected in flowers of transgenic lines,
while ADT2'and ADT3 expression was increased only in line Fig(re S58. However,total

ADT activity'was unaltered in either transgenic likg(re S5p.

Perturbatiengin Aromatic Amino Acid Biosynthesis Following Phe Hyperaccumulation in
Arabidopsis” Stems Mirror Those of Petunia Petals. To determine whether the observed
changes in the shikimapathwayflux and Phe biosyntlsesas a result oPhehyperaccumulation
are unique_to petunia petabr if this might be a more general property of plants, we peddrm
metabolic \profiling of Arabidopsis stem from previously generated dophlépal2 and
guadruplepaldpal2pal3paldknockout mutantHuang, Gu, Lai, Fan, Shi, Y. Zhou, et al. 2010)
Similar to petunia petals, there is a higrbonflux toward phenylpropanoids e Arabidopsis
inflorescencestem, since it represents a major site of lignin biosynthesis. AlFAurgenes are
expressedsin Arabidopsis stem WALPAL-3 displaying tle lowest expressiofRaes et al. 2003;
Rohde et al. 2004Metabolic profiling revealed thatimilar to PAL-RNAI petuniapetals in
Arabidopsis_quadruplpallpal2pal3paldknockout mutants the internal pools of three aromatic
amino acids'were drastically increased while shikimate level was decréapae @. The same
trend was ebserved in doulpallpal2zmutants andhe degrees of changes weneermediate of
wild type and the quadruple mutant (Figuje 3

Decreased.. .PAL Expression Leads to the Accumulation of Phe that is Metabolically
Inactive. Previously we have shown that petunia flowpreducephenylacetaldehydby the
action of _asingle cytosolicenzyme PAAS, which catalyzes Phedecarboxylatioramine
oxidation andcompetes with PAL for Phe utilizatigikaminaga et al. 2006)Ve also showed
that feeding of petunia flowers with a gEnof concentrations 6Hs-Pheled to a proportional
increase in the internal pools of phenylacetaldehyde and its derig2gplrenylethano{Colon et
al. 2010) Subsequentha kinetic model of the petunia phenylpropanoid/ benzenoid netwask
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developedo simulate the network responses to different concentrations of suppli€€®ibe

et al. 2010). Using this modele predicted thatalthough although kinetic constraints do not
enable PAAS activity to prevent Phe accumulatitve, observed increase in Phe levelshe
PAL-RNAI lines_shouldresult inup to a 4fold increase in phenylacetaldehyde emisskigyre
S69. However, no statistically significantchanges wre observed in phenylacetaldehydad
phenylethanol.emission ratestimansgenidines relative tocontrols(Figure 1). his resultwas
not due“to"a‘decrease in PAAS activaty it remained unchanged in transgenic plakigyre
S6b), suggestinthat accumulated Phe is not accessible by PAAS in cytosol.

Moreover, feeding of petunia flowefsom PAL-RNAI line 11 with uniformly labeled
3c-glucose resulted in more rapid incorporation of label into the prophetylacetaldehyde,
thanin its“substratePhe (20.2% and 11.7%n 2 h, respectively)(Figure 4a).The observed
labeling patterngurther suggestd that within the cellthere is arinaccessible largely unlabeled
Phe poal which based onconstructed dynamidlux model of the aromatic amino acid
biosynthetic_networkwvas increased by 341% in thRAL-RNAI line 11 relative to wild type
(Table ). Fordetermine the turnover of the metabolically inactive Phe pool, petunia petals w
preloaded with‘rindabeled"*Cs-Phe for 2 Hpoint 0 inFigure 4B followed bya 6-h chase with
unlabeled-Pheandintracellular Phe waanalyzed for retention of tHabel. The **Cs-Phe pob
was depleted by 61% after hchaseand remained unchanged thereafidis lack of turnover
furtherdemonstratethatPhe is sequestered to a metabolically inagiva.

Previous studies showed tHlteis present in vacuoles #rabidopsis andbarley plants
(Krueger etaln2011; Tohge et al. 201Thus, we hypothesized thatetmetabolically inactive
Phe is locatedrin the vacuole. To test this hypothesisnalyzed Phe levels in vacuoles isolated
from 1 dayold control and transgenic petunia floweY&acuole purity was verified by Western
blot analysis with antibodies recognizing proteins specific to different subcellular compartments
(Figure S/).Indeed,PAL-RNAI line 11 vacuolesexhibiteda nearly2-fold expansion in Phe
content relative to wild type vacuoléBigure 53 In addition,we lookedfor petunia vacuolar
transportes.that mightbe involved in amino acid homeostasi3during our recent study to
identify and«characterize a plastidial Phe expof®dhalm et al. 2015)we alsoidentified a
contig, Ph18042 whose expression exhibited -@ld increasein petunia petals on day 2
postanthesis relative to buds, the tissues with highestlamest Phe levels, respectively
Ph18042was predicted tde localized to the vacuole ardisplays 71%81% identity/similarity
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to Arabidopsis vacuolar cationic amino acid transporter, AtCAT2 (Yang et al. 3ud14f al.
2004).In the current investigatiorihe fulklength sequence d?h18042was fused to the N
terminus of the GFP reporter protein anansformedin A. thalianaexpressing the tonoplast
marker VAMP71ImCHERRY (Geldner et al. 2009)n order to experimentally determine its
subcellular_lecalizationGreen fluorescence of tih18042GFPin Arabidopsis leaf epidermis
was colocalized with the red fluorescenceof the tonoplast mCherry markdéFigure S8),
suggestinghat'similar to ArabidopsiatCAT2, Ph18042 (designated as PhCApcalizedin
the tonoplast:.

Neither PhCAT2 nor itsnorestudiedhomolog AtCAT2 have previously been directly
tested for the=ability to transport Phe. To testdbility of PhCAT2to transport Pheif was
overexpressed-iibaccharomyces cerevisiamutantswith gene deletiongor the endogenous
vacuolar aminoracid transporters AVT1, AVT3, and AVV4é&cuolar microsomegrepared from
uncomplemented mutants wedleamatically impaired in their ability to import Phe. However,
PhCAT2 expressiotargely alleviatedhis impairmen{Figure 5b).Ommitting ATP in the assay
abolished gsthey transportFigure 9), similar to the situation previously shown for yeast
transporter§Russnak et al. 2001and for Phe uptake hgolatedplant vacuolegfHomeyer &
Schultz "1988) Together, these results confirm that PhCAT2 is a bonafide vacuolar Phe
transporter

To examine whether PhCAT2 cotinites to sequestering excédse in the vacuole and
thereby precluding its availability in the cytbdor phenylacetaldehyde productioRhCAT2
expressiopswas transienttiecreasedh wild-type andPAL-RNAI line 11 petunia flowerausing
PhCAT2RNAi=construct A 70% reduction irPhCAT2expressionn wild-type flowers(Figure
5¢) resulted inno increase irphenylacetaldehyde emission, indiogtlittle, if any, change in
cytosolic Phe availabilityunder normal conditian(Figure 5§l In contrast, a similar reduction in
PhCAT2expression irm PAL-RNAI line 11resulted ina 1.6fold increase in phenylacetaldehyde
emission, providingn vivo evidencethat PhCAT2 transportthe excess Phé&om the cytosol

into the vacuole.
Phe Hyperaccumulation Leads to Accumulation of New Phe-derived Compounds. GC-MS

metabolic profilingof trimethylsilyl derived extractsevealedthree peak$or which levelswere
increased12-14 fold in the PAL-RNAI flowers relative to controls(Figure S10).ESI
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fragmentation patterng/ere nearly identical for two of théhreeunknown peaksand all three
contain fragmentsconsistent with the presence of the benzyl moigtyz 179 and 193)

Furthermorefeeding with ringlabeled®Hs-Phe resultedn a +5 mass shift in the/z 179 and

193 ions,indicating that these compounds containuasubstitutecaromaticring derived from

Phe. However, neither fragmentatipatternsnor total masssmatchedwith known compounds
cataloged'in the NIS@atabase¢Figure S10)Additional attempts tadentify these compounds
by MALDI-TOF and LCTOF were unsuccessful. The levels of each of titlesecompounds

were estimatedbased on total ion current relative to internal standessuming a similar
response factor for Praerived compounds. Their levels radgrom 3 to 3% of the elevated

Phe content ilPAL-RNAI flowers

DISCUSSION

In petunia flowers, as in lignifying plant tissues, a substantial portion ofdatabnmetabolic

flux is directed through PALwhich catalyzes the entry step into the phenylpropanoid pathway.
While in lignifying tissuesPAL activity sustains lignin formatiorand production of other
phenylpropaneids in petunia flowers it enables the extensive production of
phenylprepanoid/benzenoidolatiies and in some cultivars anthocyaningr pollinator
attraction.Previously,it has been showm Arabidopsis that decreased PAL activigsults in a
buildup of Phe (Huang, Gu, Lai, Fan, Shi, Y. Zhou, et al. 2010; Rohde et al. 2@b4)is
analogous.to natural conditions in which aromatic amino acids accuriul@gponse to stress
(Brouguisse“et,al. 1992; Kim et al. 2007; Saeed Saeedipour.20&25how here thgplants
could activate“mitigating mechanisrtts prevent potential detrimaadteffects of sich buildup.

Our results indicatethat decreased e utilization in the cytosol has multifaceted
intercompartmentaffects on aromatic amino acid metaboligrat, & discussed belgwccur in

four ways,(i).by. redirecting flux toward other aromatic amino acids, Trp and Tyr, which share
common biosynthetic precursors in plastifls; by decreamg production ofPhebiosynthetic
precursorgesg. shikimate) in plasts (iii) by sequestringPhe into a metabolically inactive pool

in vacuole;andiy) by converting Phe to unknown Phe-derived compounds.

Accumulation of Phe leads to decreased shikimate pathway flux and an increase in Tyr and

Trp levels. The redirection of carbon flux towards Tyr and Trp as a result of feedback inhibition
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by Phe of brancipoint enzymes (g, chorismate mutase and arogenate dehydratase) within the
plastidic aromatic amino acid network has been well documéwiethalm et al. 2015; Goers &
Jensen 1984; Maeda & Dudareva 2012; Eberhard et al. .198é)efore, ti is likely thatthe
redirection observeth the petuniaPAL-RNAI plantsis due to expansion of the plastidial Phe
pool, suggesting thaPheaccumulabn in the cytosol led to decreasén its export from plastids

via thePhpCAT transporteTheobservedower shikimatdevelsin PAL-RNAI plants relative to
controls(Figure' 3 occurredwithout changes in transcript abundances of shikimate pathway
biosynthetic“genesF{gure S5), suggeshg that posttranscriptional mechanisms regulétex
throughthe shikimate pathway{owever, to date, little is known about how the carbon flow into
the shikimatespathway is regulatedplants While in microbesDAHP synthasewhich catalyzs

the entry step“in the shikimate pathway, is subject to feedback reguigt aromatic amino
acids such a secenaribas not yet been describedplants.Given thatplant DAHP synthases
belong tothe type Il class andcontainaromatic amino acibinding elementgfWebby et al.
2010) it is,possiblethat the correct conditions and/or combinationsamatic amino acids
underwhichyplant DAHP synthase activity is affectbdve notyet been foundOn the other
hand, it is"knewn thgprotein turnovernf plant DAHP synthase and chorismate synthase can be
regulated=by the Clp protease systéMdishimurma et al. 2013; Nishimura & van Wijk 2015)
Recently-a“similar mechanism was shown to be involved in controlling accumulation of
phenylpropanoid¢Zhang et al. 2015and flavanoids (Feder et al. 2015yia Kelch domain
containing .Fbox proteinsThus,the precise mechanism{®sponsible fothis observediecrease

in flux throughsthe shikimate pathwayhen PAL activity is decreasedmain to be determide

It should besnote that for nearly two decades it has been proposed that plants syrimdize s
acid via (two parallel pathways: Pdependent (via benzoate) and midependent (via
isochorismate) Jpathway@Huang, Gu, Lai, Fan, Shi, Y. Zhou, et al. 2018) PAL mutant
approachwas_usedto distinguishthe contributionof these twopathwaysto salicylic acid
biosynthesis. However, our results show that such approaghead to misleadingonclusions,
since inPAlmutants not only the flux through the Ptependent pathway is reshd, butalso

via the Phe=independent isochorismate pathway, for which shikimaténsreatiate precursor

Some accumulated Phe is sequestered in the vacuole. Reduction of PAL activity irthe plant
cellis similar toPKU in mammalgaused by a loss of Phe hydroxylase activity thedresulting
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inability to convert Phe to Tyr (Williams et al. 2008) both cases the loss of a dominant
pathway forPheconsumptiorleads to its hyperaccumulatioAnimals eliminate excess of Phe
by conveting it predominantly tophenylpyruate followed by its excretiorin the urine In
contrast, _plants lack the secretory systemithough they contain phenylpyruvate
aminotransferase, PhPPAT, which catalyzes the reversibt®nversion of phenylpyruvat®
Phe (Yoo et als 2013)Phenylpyruvatdevels in PAL-RNAI plants were unchanged relative to
wild-type (Figure 1) indicating thataccumulated Phe is likely unavailable fBPPY-AT.
Similarly, no'significant differencesvere observedn the amounbf Phederived metabolites,
phenylacetadehydand phenylethanolemitted from the wild type anBAL-RNAI transgenic
lines (P>0.05), despite the pronounced effect on cinragitt derived compounds
Significantly, phenylacetaldehyde was labeled to a higher degree thannitsdiate substrate
Phe, after feeding with *C-glucose Figure 4a), further suggestingthe presence ofa
metabolically inactivi’he poal Pulse chase experiments wifiCs-Phe indicated a low turnover
of this pool Eigure 40, whichis likely located in the vacuol@~igure 6).The presence afmall
but measurabl®he pool in the vacuole waseviously shown invild-type Arabidopsis plantby

a nonraqueos«fractionation(Krueger et al. 2011and in barleyby metabolomic analysis of
isolated vacuole§Tohge et al. 2011), and confirmed in petunia here (FigureFPb@ihermore
we show.that the vacuol@ationic amino acid transport@hCAT2is capable of transporting
Phe, and thadlecreasng PhCAT2expressionn PAL-RNAI petuniaflowers, achieved via RNAI
strategy led to anincreasein the levels of thecytosolic Phe pool andubsequentlyin
phenylacetaldehyde productioRidgure 5c-d. Overall, the demonstration of this metaboligall
inactive poelef Phén the vacuolerovides insight into the fate of excess Phe under conditions
in which its accumulation is stimulateld alsosuggests @otential source of Phe for metabolic

engineering strategies.

Some accumulated Phe is converted to unknown metabolites. We also noted the accumulation
in petuniaPAL-RNAI lines of three unknown copounds whosemass spectra and isotopic
labelingindicatethat theywere derived from Ph&hese compounds wepgesentn wild-type
petunia flowersat very low levelslt is not yet clearwhether tleir accumulationis due to
activation of a physiologically relevant Phe catabolic route, or menelyction of “silent
metabolism”(Lewinsohn & Gijzen 2009py the high Phe levels. Howevdrpth possibilities
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must be considered in future metabolic engineering strategies which seek teampmaguction
of Phe andraluable downstream metabolites

EXPERIMENTAL PROCEDURES

Vector construction

RNAI mediated knockdown of all three PAL genes was achieved by targeting coding regions
specificto'PAL1 (nucleotides 923-1453, including an intron), PAL2 (nucleotides 81-440), a
PAL3 (nucleotides 498-829) with a synthetic cDNA hairpin construct, generated assfolldwe
1223 bp synthetic cDNA containing PAL isoforms specific regions described above was
introducedsinteya modified pUC57 vector (pUC&iiple, GenscriptNJ) to create pUC57ConA.
Using pUC57ConA as a template, a shorter fragment corresponding to nucleotides 1-1019
without intron was generated by PCR with primers RN1 and RN2 (see Supplementarylable S
The amplicon was cloned between the Ascl and Basitd$ of pUC57ConA in an antisense
orientationy.thus completing the hairpin construct targeting all three PAL gdreesedulting
hairpin fragment was released from pUC57ConA by Xhol/BamHI digestion anedigdb the
correspondingssites of the modified pPRNA69 vector (Orlova et al. 28fié)een the Clarkia
breweri linalool synthase (LIS) petspecific promoter and ocs terminator. The entire cassette
was released by Sacl/Notl digestion and ligated into the correspon@is@fite binary vector
PART27.

Forithe PhCATZRNAI construct, DNA containing two spliced PhCAT2 cDNA
fragments.ofthe coding region corresponding to nucleotides 42-590 and 42-381, the latter in
antisense orientation to create a hairpin structure, was synthéSieascript, NJ)."s2coRI and
3-BamHI sites were added for directional subcloning into pRNAG9 containing LISopeom
The resulting cassette containing th& lgromoter and the synthetic®AT2 hairpin fragment
was released b$acl/Speldigestion and subcloned into the corresponding sites of the binary
vector pARI27.

Plant material,and transfor mation

Petunia Petunia hybridacv Mitchell, Ball Seed, http://www.balleed.com/) was used for the
generation of transgenic plants. Plants were grown under a 16-h photoperiod in standard
greenhouse conditiorfgoeduka et al. 2008; Maeda et al. 2010). Transgenic plares w
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obtained via Agrobacterium tumefaciens (strain EHA 105 carrying plasmid pAR®2A) leaf
disk transformation (Horsch et al. 1985). Plants, rooted on kanamycin selection, werelscr
NPTII ELISA (Agdia Inc, Elkhat, IN, USA http://www.agdia.com) for neomycin
phosphotransferase Il and by PCR for the presence of the LIS promoter with fie &paard

and reverse.primers, LIS and LISR (Table S1). TO and T1 transformants were-gelfinated

and analyzed for segregation by germinating seeds on half-strength MS medium supplement
with kamamyein' (200 mg/L). Untransformed petunia plants were used as a control in al
describedexperiments. Transient transformation was carried out by floral infiltration as
describé previously (Yoo et al. 2013).

Arabidopsis were grown in growth chambers at 22°C and 120 uE m-2 s-1 light under a 12-h-
light photoperiod. Arabidopsis pal mutants were generated previously (Huang, Gu, LahiFan, S
Y.-H. Zhou, et al. 2010) and were kindly provided to us by Dr. Z. Chen (Purdue University).
Homozygous pal quadruple mutants were identified by PCR using PAL2 specificgnrak2-
2-RP and pal 2-3-RP, andONA-specific primers, pal-2-LB and @l 2-3-LB (Table S1).

RNA extragction, cDNA synthesis, and quantitativereal time PCR

Total RNA.was isolated from petal tissue using RNeasy Plant Mini Kit (Qiagene, Hilden,
Germany)«~Each biological replicate contained a minimum of #@wl& corollas harvested at 8
PM and immediately frozen in liquid nitrogerotél RNA was treated with DNase | using
TURBO DNA-free kit (Ambion, MA), and 1 pg of DNAree RNA was reversieanscribed
using the HighnCapacity cDNA transcription kit (Applied Biosystems, CA). Gpeeific
primers foreach PAL ger{@able S1)were designed using PrimerExpress (Applied Biosystems,
CA) and showed 90 to 100% efficiency at a final concentration of 300 nMR{FR was
performed as described previously (Maeda et al. 2010). For relative quantificafiéh bf
PAL2, and AL3 transcript levels, UBQ10 was used as a reference (désmeda et al. 2010).
Each data point represents an average three independent biological samples.

Enzyme assays
PAL, PAAS and ADT activities were measured in crude protein extracts prepared from petunia
petals of control and transgeiplants harvested at 8 PM, day 2 after anthesis as described

previously (Maeda et al. 2010)DT activity was analyzed in the petunia petal plastidial fraction
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isolated as described befd¥oo et al. 2013)Plastids were suspended in 500 pL of ADT assay

buffer (250mM sodium phosphate buffer, pH 8.2, 1ImM EDTA), soluble crude protein extract
wasdesalted into ADT assay buffer with Sephadex G50 to remove metabolites, and amsayed f
ADT as previously describgilaeda et al. 2010)

Analysis of\volatiles, organic acids, and aromatic amino acids

Volatile"compounds were collected from control and PAL-RNAI petunia floveersZ hours
starting at"8'pm' 2 days poaitthesis using the closémbp stripping method (Orlova et al. 2006)
and analyzed by GGAS (Agilent, CA) as descriloepreviously (Maeda et al. 201@a organic
and aromaticcamino acid analysis, approximately 0.5 g of frozaretess extracted overnight at
4°C with 10°‘mlkof 100% methanol. A100 ul aliquot of methanol extract was analyzed at the
Metabolomic Center of the University of lllinois at Urba@hampaign for aromatic amino
acids, benzoic acid, phenylpyruvic acid and shikimic acid. Chromotographic separaion wa
achieved by HPLC using a Phenyl column (100 x 4.6 mm, 3um) witimiaa @near gradient of
1-95% acetonitrile in 25 mM ammonium acetata &4 ml/min flow rate. Quantification was

performed-using calibration curves generated from individual authentic standards.

Stable isotope labeling experiments

Corollas excised from flowers 2 days pasthesis were placed on filter paper moistened %vith
ml of the requisite labeled compound, as described in results. Emitted andlipteols of
volatiles werecollected as described above. Phe was extracted and analyzesl$yatC
described previously (Yoo et al. 2018lucose and shikimate were analyzed as described
previously (Maeda et al. 201@xcept that shikimate was extracted frossuie in 70% (v/v)
methanol. . The fractional labeling percentage of each compound was determined bysmmpari

of the intensity.of the shifted molecular ions and corrected for the natuagesabundance.

| solation of Petunia Vacuoles

Protoplasts'were isolated from petal limbs of petunia flowataylpostanthesis as described
previously (Faraco et al. 201Brotoplasts were lysed and vacuoles were purified as described
previously (Robert et al. 2007), except protoplast lysis buffer contained 250 mitohan
Western blot analysis was performed using petal crude extracts and lyophilized vacuoles
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resuspended in 1baemmlibuffer. Immunodetection was perfomed using rabbit primary
polyclonal antibodies raised agdiasganellespecific markers (Agrisera, SwedeAntigen
bands were visualized usitgmun-Blot Goat AntiRabbit IgG (H + L)AP Assay Kit (BicRad)

according to the manufacturer’s protocol.

Yeast Transport Assays

AVT1, AM3;andAVT4genes, shown to be involved in amino acid transport at the vacule
(Sekito etal2008)eredeleted fronfaccharomyceserevisiaestran BY4741 MATahis3Al
leu2A0 met1A0 ura3A0) by recombinationvith amplicons of théoxP-KanMX-loxPcassette
(Guldeneret al, 1996lpx2272—natNT2-lox2272ndloxLE-hphNT1{oxRE(Carter & Delneri
2010), respectively, generated by PCR with primers in Table S1. Gene deletionsnieneed
by PCR using primers in Table Sdeast vacuole purificatioandPhetransport assays were
performed acording to(Russnak et al. 2001), using PhCAT2 cloned into the gateway
compatible yeast expression vector pDR196 (Loqué et al. 2007).

M etabolic fluxs-modeling
Aromatictamino acid biosynthesis was simplified as three parallel meaations, each converts
commopn.precursor glucose into Phe, Tyr or Trp. Equations of three reactions focusdzbon car

mass balance were:
1.67 GlucosesmsPhe + CO,
1.67 Glucose 3 Tyr + CO,

2 Glucose 3 Trp + CO,

Aromatics;amine acids were assumed to bentlagor sinks for the shikimate pathway, and
therefore'its flux during the feeding studies was estimated from the sum afxée through

those three reactions. All fluxes were assumed to be constant within four hodrgideeding

time and metaboliteoncentration dynamics in the pathway can be captured by linear functions,
which matched with corresponding timeurse measurements. An empirical function was

applied to simulate glucose labeling percentage dynamics and v1 was constrained byHetxown P
derived volatile emission rates. Inclusion of a metabolically inactive pool parameter for Phe
improved fit with experimental observations. In total, 11 unknown parameters wenatestior

each case. Detailed involvements of these parameters into the meoliktiea below:
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6, — 6,

Pheinteractive,t = 91 + 4 *t
0, — 03
CTyrt = 93 + 4 *t
06 ) 95
CTrpt = 95 + 4 *t
fGlucoset =6z x(1 — e—Gg*t)
0, — 6,
V1 = Vemission T 4
vz - 89
v3 = By

Pheyninteractive ™ 011

For each aromatic amino acid, labeling percentage dynamics were numerically integrated with
following balance equations (Widhalm et al. 20&k%)ode15 solver in Matlab R2013a (The
MathWorks, Inc., Natick, MA):

—_ k
dfpheinteractive,t . ¢ (fGlucoset fpheinteractive,t) Uy

dt Cpheinteractive,t
dnyrt . (fGlucoset - nyrt) * Uy
dt Cryr,
dfTrpt _ (fGlucoset - fTrpt) * VU3
dt Crrp,

To enable_ direct comparison of the model’s outputs with experimae@durements, the

metabolically.inactive Phe pool was integrated into the final outputs as $ollow
Cphet = CPheinteractive,t + CPheuninteractive,t

f _ f » CPheinteractive,t
Phey — JPReinteractivet CPh
et

The objective function was defined as the differences between model predictied piral
experimentally measured profiles, weighed by the measurement variances. Parameters were
estimated by minimizing the objective function through Isgnonlin function in Ma28 Ba

with multi-run approach. The mathematical representation of the optimization prodessims s

below:
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9 = . Z (Profilesimulated B Profilemeasured)z
= arg min >

0 Sprofilemeasured
Parameter uncertainty analysis was also performed as descr{{®dsa 2007). Briefly, 5,000
synthetic datasets were generated based on average and variance for each measurement by
assuming a.Gaussian distribution. Each dataset, same optimization process was performed to
obtain parameter values, and parameter uncertainty as well as model predicted profile variance

was estimated'based on the variance of 5,000 parameter sets.

Subcellular localization of PhnCAT2

The full length=coding sequence of PhCAT2 was amplified using forward and reversesprimer
PhCAT2FandPhCAT2_NSR, respectively (Supplementary Table S1), both of which include
primer extensions for Sfil recognition sites. The resulting fragment was subcloned into Sfil sites
of pPENTR223, sequence verified and transferred into pK7FWG2 via GatewayTM technology,
resulting in.an iframe fusion with the N-terminal end of GFP. The PhCAT2-GFP construct was
stably transformed via Agrobacteriumediated floral dipnto A. thaliana expressing the

tonoplast marker VAMP71iCHERRY (Geldner et al. 2009). T1 plants surviving kanamycin
selection'were imaged. Images were acquired using a Zeiss LSM710 laser spectral scanning
confocal microscope with a-Bpochromat 40 x /1.2W objective (Zeiss, NY). GFP was excited

with an argon laser at wavelength 488 and emissions were collected over a 493-598nm
bandpass..mCherry was excited at wavelength 561 nm and emissions were collected-over 600
680 nm bandpass. Chlorophyll fluorescence was excited by a HeNe laser at wavelength 633

and emissiens‘were collected over a-62471-nm bandpass.

Accession humber
The GenBank/EMBL accession numbers for the sequences mentioned in this article are as
follows: KX817349
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SHORT SUPPORTING INFORMATION LEGENDS

Figure S1. Pretein sequence alignment for the tHPe¢unia hydrida, cv MitchelPAL isoforms.
Figure S2.'Generation of petuniBAL RNAI lines.

Figure S3"Metabolic analysis of empty vector control petunia flowers.

Figure $ArIsoetopic abundances and pool sizes of shikimate in contrd®?AbdRNAI petunia
flowers during feeding with [U2C]-glucose.

Figure S5. Expression levels of genes encoding enzymes involved in aromatic amino acid
biosynthesis and ODOL1 transcription factor in control RA-RNAI petunia flowers.

Figure S6. Model simulated and experimentally determined phenylacetaldehyde emission in
transgaic PAL-RNAI flowers.

Figure S7.'‘Representative western blot analysis of purity of isolated vacuoles.

Figure S8..Subcellular localization of PhCAT?2.

Figure S9."ATP‘dependence of Phe transport by yeast vacuolar microsomes.

Figure S10.Representative GMS chromatograms of trimethylsilyl (TMSJerived extracts
obtained.from control andAL-RNAI petunia flowers.

Table S1. Sequences of primers used for cloning, genotyping, andR{ER -
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Biosynthetic Fluxes (nmol/gFwW/h) Inactive Phe

Phe Tyr Trp Shik (nmol/gFw)

Wild type 456.6+91.4 0.14+0.02 0.04+0.01 456.8491.4 188.5+26.8

PAL-RNAI 224.2+37.2 0.25+0.05 0.07+0.03 224.5+37.2  830.9%+71.7
Relative Change -50.9% +78.6% +75.0% -50.9% +340.8%

Table 1. Medél-pr edicted metabolic fluxes within the aromatic amino acid biosynthetic
network. Allsparameter means and variances were obtained based on the values estimated from
5,000 synthetic datasets fit to experimentally determined label incorporatioeXagenously

supplied[U=2’C¢]-glucose over 4 hours, as described in supporting methods.

FIGURE LEGENDS

Figure 1. Effect of PAL-RNAI Suppression on flower morphology and aromatic amino acid

and phenylprepanoid/benzenoid metabolism. Emitted volatilegorange backgroundyere
collectedfrom,20:00 to 08:00 and internal pools of organic (blue backgroundrantatic

amino acidgpurple backgroundyere extracte@at 20:00 from control (black bars) and

transgenic petuniBAL- RNAI lines 11 (gray bars) and 26 (white bars) flowers 2 days
postanthesis. Results are presented as nmol/gFW/hr for emitted volatilesafyFwifor

internal pools. Data are means = SE of a minimum of three biological replicates. Inset:
Representative flowers of i-type andPAL-RNAI lines 11 and 26 show a discernable decrease
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in flower size in RNA: lines relative to WT (Barl cm). PAL activity and corolla fresh weights
are given as the average + SEP<.05, ** P<.01, *** P<0.001.

Figure 2. Dynamic model ssmulation and experimentally obtained pool sizes and labeling
patter ns for.aromatic amino acids and glucosein wild type and PAL-RNAI petunia flowers.
Isotopic abundances and pool sinese analyzedvera 4h time periodstarting at 18:0) of
[U-C¢]eglucose feeding tllowers of control (blue lines and symbols) amansgenid®AL-

RNAI line 11%(red lines and symbolglants.Lines represent simulatiaesultswith shaded area
reflecting 95% confidence area for model’s outpDista points are the averagi3 biological

replicateserranbars represent standard deviation.

Figure 3. Levelsof aromatic amino acids and shikimate in pal1pal2 double and

pal 1pal2pal 3pal4 quadruple Arabidopsis mutants. Black bar,wild type control; grey bar,
pallpal2double mutantswhite barpallpal2pal3paldquadruple mutantata areneanst SE
(n> 4 Dbiologieal replicates)* P<0.05, ** P<0.01, Shik, shikimate.

Figure 4.sotopic labeling of Phe and phenylacetaldehyde from [**C]-glucose and
pulse/chaseféeding of [**C]-Phe/[**C]-Phe to PAL-RNAI petunia flowers. (a) Labeling
kinetics of Phe and phenylacetaldehpder a 6h time period beginning at 18:0®f feeding
PAL-RNAiline 11flowers with[U-'*Cg]-glucose Labelincorportation ito Phe is shown with
black diamends anitito phenylacetaldehydeith white circles(b) Results opulsechase
experimentsklowersof PAL-RNAI line 11 were prded for2 h with 75 mM {3C¢]-Phe before
being transferred to 75 mM unlabelebe at time=§18:00). Internal pools of labeled (black
triangles) and unlabeled (black squares) Biayell as its isotopic abundan@éhite diamonds)
were analyzed.overb period All data are means = SE (n=3 biological replicate$)<0.05 as
deternined by unpaired twdailed Student’s-tests between phenylacetaldehyde and Phe
labeling.

Figure 5. Phe accumulatesin vacuoles, and downregulation of vacuolar Phe transporter

PhCAT2 incr eases phenylacetaldehyde emission in petunia flowers. (a) Phecontent of
vacuoles purified from protoplasts that were isolated from wild type (WT) @ohé AL-RNAI
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line 11 flower petals on 1-day paatithesis. (bPhe transport assays in vacuole microsomes

from wild type BY4741 yeast (squares), the corresponding avt1/3/4 triple mutant canthen
empty vector (circles) and the avt1/3/4 mutant expressing PhCAT2 (triangles), in presence of
ATP. Significance indicated relative to the avy1/3/4 triple mutg)tPhCAT2expression in

wild type andRAL-RNAI line 11 flowes infiltrated with the empty vector (black baes)d the
PhCAT2RNAI eonstruct (grey bars). (d) Phenylacetaldehyde emission from flowers shown in
(b) overthe'period from 16:00 to 20:00. Absolute value of empty vector control emission is 2.9
and 3.2 nmol'h=1 g FW for wild type arfdAL-RNAI line 11, respectivelyi-or all panels, ata

are means + SE ¥8 biological replicates). P<0.05, ** P<0.011, *** P<0.001as determined

by unpaired@we-tailed Student’s-tests.

Figure 6: Proposed model of subcellular inter-compartmental Phe fluxesin petunia

flowers.
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