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Summary

e Diversematural products are synthesized in plants by specialized metabolic enaiiobs
are often lineagspecific and derived from gene duplication followed by functional
divergence. However, little is known about the contribution of primary metabdadistime
evolution of specialized metabolic pathways.

e Betalain pigments, uniquely found in the plant order Caryophyllales, are synthesizetidrom
aromatic™amino acid L-tyrosine (Tyr) and replaced the otherwise ubiquitous
phenylalaninederived anthocyans. This study combined biochemical, molecukard
phylogenetic analyses and uncoveoedrdnated evolution of Tyr and betalain biosynthetic
pathways.in.Caryophyllales.

e We found thatBeta vulgaris which producs high levels of betalains, synthesizes Tyr via
plastidicsaregenate dehydrogenases (JWABH) encoded by twaADH genes Bv4DHo. and
BvADH/)."Unlike BVADHf and other plant ADHs that are strongly inhibited by Tyr,
BvADHu,exhibited relaxed sensitivity to Tyr. Also, Tyr-insensitive BvADHa orthologs arose
during " the evolution of betalain pigmentation in the core Caryophyllales and later
experienced relaxed selection and gene loss in lineages that reverted from betalain to
anthecyanin pigmentation, such as Carydiglceae.

e Theseresults suggest that relaxation of Tyr pathway regulation increased Tyr produndtion a
contributed to the evolution of betalain pigmentation, highlighting the signifcanfc

upstream primary metabolic regulation for the diversification splecialized plant
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metabolism.

Key words: anthocyanins, arogenate dehydrogenase (ARiA,), betalains, Caryophyllales,

metabolic pathway evolution, tyrosine biosynthesis.

Introduction

Plants synthesize numerous specialized metabdl#ls® known assecondary metabolitgs
which play crucial roles in plant adaptation. In contrast to-detlumented diversification of
plant enzymes directly involved in specialized metaboli@menet al, 2011;Mizutani & Ohta,
2010; Pichersky & Lewinsohn, 2011; Wer2Q14 Moghe & Last, 2015)relatively little is
known about“the evolution of primary metabolic enzymes firavide precursors tdhe
production of various specialized metabolites.

L=Tyrosine (Tyr) is aressentiaaromatic amino acid required for protdiiosynthesis in
all organisns;;however, itis synthesizedle novoonly in bacteria, fungiand plants, but not in
animals. Consequentlyanimals have to consume Tgr L-phenylalanine (Phe) that can be
hydroxylated=te. Ty(Pencharzt al, 2007) Besidesprotein biosynthesis,lants also use Tyr to
produce a diverse array of specialized metabolites that are important doselée.g. dhurrjn
Gleadow..& Mgller, 2014)stress tolerancée.g. tocophero|sMene Saffraneet al, 2010) and
pollinator attracon (e.g., betalainganakaet al, 2008) Notably, humans hava long history of
utilizing Tyr=-derivedspecializd metabolitessuchasthe psychedelic alkaloid mescalimerived
from ther€actud.ophophora williamsii(lbarraLacletteet al, 2015)and theanalgesic morphine
derived fromPapaver somniferunfopium poppy Beaudoin & Facchini, 202Millgate et al,
2004).

Tyr is synthesized fronprephenate, which is convertéwm the final product of the
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shikimate pathway, chorismaf®laeda &Dudareva, 20125iehl 1999; Tzin, V. & Galili, 201

In most bacteria and fungi, prephenate is oxidatively decarboxylated by prephenate
dehydrogenase_TYyrA,/PDH, hereafter referred only as PDH; EC 1.2].1to
4-hydroxyphenylpyavate (HPP), which is transaminated to {Bentley, 1990Fig. 18). On the

other hand, most plants first transaminate prephenate into arogenate and sulgsequentl
decarboxylate=intolyr by arogenate dehydrogenaSBrrA/ADH, hereafter referred only as
ADH; EC 1.3.1.78Rippert &Matringe, 2002a,b), botsteps ocurringin the plastid¢Dal Cinet

al., 2011;Rippertet al, 2009 Fig. 1a). The Tyr pathway is usually highly regulated at PDH and
ADH. These hamologous enzymes are stroriggdback inhibgd by Tyr and control carbon

flow betweenthe two competing Tyr and Phe pathwafGaineset al, 1982; Bentley, 1990;
Rippert & Matringe, 2002a;b-ig. 1b). A recent report showed that, in additiorptastidic ADH
enzymessome plants possess a PDH enzyme(s) thabtisnhibited by Tyr ands localizedto

the cytosel(Rubin & Jensen, 1979; Schenek al, 2015;2017; Siehl, 1999. Clearly, there is
evolutionaryvariation inthe Tyr pathway(s) in different planiineages that warrants
investigaton.

Betalains area class ofTyr-derived pigmentghat, within the flowering plants, occur
exclusively “in" the order Caryophyllale where they replace the otherwise ubiquitous
anthocyaningMabry, 1964; Tanakat al, 2008) Within Caryophyllales, the majority of families
are betalain pigmentedIn two families, Molluginaceae and Caryophyllace&®wever,
evolutionary=reversions from betalain to anthocyanin pigmentation have oc¢Brosdington
et al, 2015), highlighting the fact thalhese two classes of watgnluble pigments have never
been found in the same organig¢Bate Smith, 1962; Mabry, 1964; Clement & Mabry, 1996;
Brockington et al, 201). Betalainsand anthocyaningre synthesized from Tyand Phe

respedtvely, buthave similar physiological functions pollinator attradbn andstress tolerance
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(Tanakaet al, 2008) Betalains are also used as a natural food dye (E162) and have anticancer
and antidiabét properties (Neelwarne & Halaguyr2012 Lee et al, 2014; Khan, 2015
Furthermore, intermediates in the betalain pathway are important pharmace(#icals
L-dihydroxyphenylalanineL¢DOPA) for the treatment of Parkins@diseasg or are substrates

for other pharmaceutical agents (e.g. the production of dopamine and isoquinolioelsi&ath

as morphine)==Consequently, understanding the coordinated regulation of Tyr and betalain
biosynthesis has the potential to enhance the production of Tyr, and the yieledefiVed plant
natural praducts important for human health and nutrition.

Betalain biosynthesis starts with hydroxylation of Tyr t@®OPA by at least three
closely relateccytochrome P450 enzymes (CYP76AD1, CYP76ABSICYP76ADE Fig. 1a)
(Polturaketal,;"2016; Sunnadeniyet al, 2016) L-DOPAIis further coverted into betalamic acid
or cycloDOPA by L-DOPA dioxygenase¢DODA, Christinetet al, 2004; Gandidlerrero &
GarciaCarmona, 2012)r CYP76AD1(Hatlestacet al, 2012) respecirely (Fig. 1a). Betalamic
acid then.spontaneously reacts with cyDIOPA or amines to produce various forms of
betacyanins or betaxanthins, respectively, which are usually further glycosylated. Recent studies
found thatsthe two key enzymesithin the betalain pathway, DODQAand CYP76AD1,
duplicated just before the emergence of betalain pigmentatirockington et al, 2015)
Subsequentlyone of the duplicated copies (DORANnd CYP76A0aq) in both genedbecame
specialized for Dbetalain biosynthesis and were lost or downregulated in the
anthocyanimpreducing families such as Molluginaceae and Caryophylla@aekingtonet al,

2015). Despite recent and rapid progress in understanding the bepaldiway enzymes and
their evolution, little is known about the regulation of prim@yy metabolism in relation to the
evolution of this novelyr-dependent betalain pathway.

Herewe first investigated the Tyr biosynthetic pathway and its regulation in table beet
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(Beta vulgari3, which produces high levels of betalaif@doldman, 1996). Using comparative
genomics, biochemical, and cellular analyses, we found plastidic ADH enzymeB.frargaris

that exhibit relaxed sensitivity to Tyr inhibitiom vitro andin vivo. Phylogenetic analysi
combined «withy, recombinant enzyme characterization further demonstrated thegutided
ADH enzymes emergedduring the evolutionof Dbetalain pigmentations in the core
Caryophyllales=and were lost or downregulated following disappearance of betalains
Furthermore, transient expression of thereigulated ADH irNicotiana benthamianked to high
accumulation of Tyin planta The results revealed thmportart contributionof primary Tyr
pathway regulation to thaniqueevolution ofa plant specialized metabolic pathwagtalain

biosynthesis.

Materials and Methods

Plantsouree,and growth conditions

B. vulgaris,L.varieties, red beet (W357B), yellow beet (Touch Stone), and white beet
(Blankoma), were provided by Dr Irwin Goldman from the University of Wiscehtdison,
Departmentsof,HorticulturéGoldman, 1996), whereas sugar beet (Big Buck) and sea beet (PI
562585) were comercial sugar beets obtained from the Heirloom Seeds (West FdeySA)

and the National Plarermplasm System (NPGS), respectively. Spin&gin@da oleraceag,
Pigeonberry Rivina humilig, four o'clock Mirabilis jalapa), and common purslan®drtulaca
oleraceg were«grown from seed with a growing mix soil (Fa@ydgawam, MA, USA in a
growth chiimber under 12 h light (100 pmol m? s*) [Author, pE has been altered to pmol m™

s* to fit journal style. Please check,]22°C and 60% humidity. Aftek month of growth, their

leaves were harvested for RNA extraction.
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Identificationand cloningof ADH homologsfrom Caryophyllales

BLASTP searches were performed using the protein sequences of ADH and PDH enzymes from
A. thaliana(AtADH1/At59g34930, NP_173023; AtADH2/At1g15710, NP_198343lycine max
(GmPDH, KM507071)Synechocystisp. PCC6803 (SADH, WP_010872597):scherichia coli
(EcPDH, WP_052912694Aquifex aeolicugAaPDH, WP_010881139) as queries against the
sugar beetsgenomdBé€ta vulgarishttp://bvseq.molgen.mpg.de/sipporting Informatiorfig.

S1b). Potential/ADH candidates weidentified based on a broad phylogenetic analysis that
included various plant ADH and PDH sequendeg.(S19.

Genomic DNA was extracted using Feedium chlorideEDTA/sodium dodecyl sulfate
buffer and precipitated with isopropanol and 200 mM ammoricetate. For RNA isolation, the
method deseribed by Waregg al. (2011) was used with some modifications. The tissues were
ground in‘a mortar with liquid nitrogen and powder polyvinylpyrrolidone (PVP). Aftettiaddi
of 700 ul"fresh prewarmed lysis buffe(2% CTAB, 2 M NaCl, 100 mM Tri$iCl pH 8, 25 mM
EDTA and.5%.B-mercaptoethanol), the samples were shaken vigorously for 2 min and incubated
in a water_bath at 65°C for 5 min. The RNA was converted into complementary DNA jcDNA
using the HighCapacity cDNAReverse Transcription Kit (Applied BiotechnolodySA) and
SuperScript IV Reverse Transcriptase with oligaeddrimer or random primers (Invitrogen
USA).

Cloning primers were designed with the Invitrogemprimer design
(http://toolsslifetechnologies.com/content.cfm?pageid=9716) and the PE&Rslon® primers
designing program (http://bioinfo.clontech.com/infusion/convertPcrPrimersinit@ontech,
Mount View, CA). All ADH candidate genes, except for POARHsee below), were PCR
amplified from cDNA using genspecific primers Table Sl) and Phusion DNA polymerase

(Thermo, Waltham, MAUSA) with the following conditions: initial denaturation at 95°C for 5
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min, 35 cycles of amplification at 95°C for 30 s, 58°C for 30 s, 72°C for 30 s, with a final
extension at 72°C for 10 min. The PCR fragments were purified using QIAquick geadtiexira

kit (Qiagen, Valencia, CA) and were inserted into the p&HEXector (GE Healthcare) at EcoRI

and BamH{'sites using the-Fusion cloning method (Clontech). PoOADHa was gene synthesized
(Biomatik, Cambridge, Ontario, Canada) and directly cloned into the same {2&&Xctor. For
generationof=Higagged proteins, the cloned PCR fragments were inserted into the pET28a

vector (Novagen MadsonWI, USA) at Ndel and EcoRI site.

Recombinant enzyme expression and purification

The Histagged  recombinant protein expression was carried out as we described previously
(Dornfeld et al, ,2014). For GSTagged recombinant protein expression, the cloned p&SEX
vectors wereintroduced into Rose®d. coli competent cells (NovageMadison WI, USA)

and culturedwevernight at 37°C, 200 rpm in 1DUB medium containingAmpicillin (100 pg

mi™). The20"mlof the overnight culture were transferred toLB medium with Ampicillin (100

ug mi™* and further incubated at 37°C and 200 rpm until theg@®@ached 0.3. The temperature

was then e¢hanged to 18°C and, after kdpropyl p-D-1-thiogalactopyranoside (IPTG, 400 mM

final concentration) was added to induce recombinant protein expression. After overnight
incubation“at28°C under constant shaking at 200 rpm, cultures were harvested by centrifugation
at 2,000g for,10 min at 4°C, and the pellet was washed with ON€| solution. The samples

were harvested and resuspended in 25omlysis buffer(phosphatdsuffered saline (PBS) pH

7.4, 1 'mM phenylnethylsulfonyl fluoride (PMSF), 1 mM dithiothreitol (DTT) and plant
proteases inhibitor cocktaih(nrescq Solon, OH, USA). The resuspended cells were sonicated

for periods of 20 s for 5 min. The cell lysate was centrifuged at 1@,8®030 min at 4°Cand

the supernatant was applied to Fast Protein Liquid Chromatography (FPLC, AKPApkiPLC
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system, GE Healthcare) equipped with GSTtY& (GE HealthcareUSA). Prior and after
injection, the column was washed with five times bed volume wash buffer A (RBS,&)
followed by five times bed volume of wash buffer B (10 mM glutathione, 1.54 g of reduced
glutathionerdissolved in 500 raf 50 mM TrisHCI, pH 8). The recombinant enzymes containing
GSTtag were eluted with tebed volumes of the elution buffer B and collected Bppendorf
tubes containing 5001. Recombinant enzymes eluted in the fraction five and six, which were
combined'and desalted using a gel filtration column (Sephadex8G&8sin, SigmaAldrich, St
Louis, MQ, USA) in the reactiorbuffer (200 mM HEPES (pH 7.6), 50 mM KCI, 10ethylene
glycol). Enzyme concentrations were measured using Bradford assaRR@B8iDes Plaines, IL,
USA) and theenzymepurity was estimated by running on SIPEGE gel and analyzing with

ImageJ Kttp:/fimagej.nih.gov/ij/).

ADH and PDH, activity assayn vitro

ADH and“PDH"activity from beet tissueBig. S2a,b) were analyzed by using the leaves and
stem/root erude protein extract of red b&¥867B. The beets were grown ingéasshouséor 12

wk with astemperature of 225°C and 16 h of ambient and supplemented lights. Protein
extraction was_performed by grinding 1 g of tissues in liquid nitrogen and resuspending the
powder’in‘the“extraction bufféd200 mM HEPES (pH 7.6), 50 mM KCI, 10% ethylene glycol, 1
MM PMSEl.mMDTT and plant proteases inhibitor cocktalinfjeresc9). The extracts were
desalted using the gel filtration column (Sephadex-8®0esin, Sigmaldrich, St Louis, MO,
USA) into,the reaction buffer. The ADH or PDH assays were performed by mixing théedesal
protein extract with 1 mMNADP" and 1 mML-arogenate or prephenate in a total volume of 10
ul or 25 ul, respectivelyl-Arogenate was prepared by enzymatic conversion fsogphenate

(SigmaAldrich, St Louis, MO, USA), as previously described (Schenek al, 2015). The
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reactions were started by adding the enzyme (crude extract or recombinant enagme) a
incubated at 37°C for 45 min. The reaction was stopped with two times volume of metinanol.
same ADH and PDH asgaprotocols were used for initial characterization of purified
recombinant'BvADH enzymes

For detection of Tyr product from the ADH assays, 10 ul of the reaction mixture was
first derivatized with the equal volume of the 40.26 mM OPA solutibdt mg OPA
(SigmaAldrich, St Louis, MO, USAmixed in 100 pl methanol, 5 ul 2-mercaptoethanol and 900
ul 0.4M bari¢ acid)for 3 min, injected to high pressure liquid chromatography (HPLC, Agilent
1260) equipped with the Eclipse XBEI8 column (5 um, 3.0 x 150 mm, Agilent USA), and
separated by a 30 min linear gradient fra@+45%methanol in 0.1%@ammonium acetate at a
flow rate '©f*0"8 mimin™®. The substrate and product of ADH assays (Tyr and arogenate,
respectively) were detected byluorescence detectgAgilent, USA) with excitation at 360 nm
and emission of 455 nm. For PDH assays, the reactions were stopped by addieBHaf
which converts,the reaction produdPP intohydroxyphenyllactic acid (HPLA), followed by
neutralization with 100 ul of 6 N HCI asdescribed bySchencket al. 2015. The HPLC was
equipped withoeZORBAX SBC18 column Agilent, USA) using a 6 min isocratic elution at 25%
methanol in'0.1% phosphoric acid, followed by a 20 min linear gradient 6026-methanol at a
flow rate.ofil.0.shmin™. The HPLA were monitored by absorption at 270 nm.

To test the electron donor and substrate preferences of purified recombinanegnz
the ADH and-PDH reactions were performed as described above, except for 12 min with 400 pM
L-arogenate and 1 mM cafmr NAD* or NADP"). The reaction was stopped by placing the
tubes on ice and immediately measured for the production of the reduced cofactor)MAdd(P
340 nm by spectrophotometer (NanoDrop 2000, TheBuientific, USA. The quantification

was basedn the standard curve of authentic NADPH.
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To examine Tyr sensitivity of the purified recombinant enzymes, ADH assay was
performed as described previously (Scheetkal, 2015) but in the presence or almsemf
different concentrations df-Tyr. Tyr was first dissolved in 0.025 NaOH at 100 mM (as the
water solubilitynof Tyr is very low, < 2 mM), which was diluted to 4 mM to 10 pM final
concentration in 0.0025 N NaOH. The reactions contained 500 mM HEPES (pH 7.6) tarmainta
the final pHat=7.6. The production of reduced cofactor (NADPH) was monitored at 340mgm usi
a spectrophotometer evey min for 10 min. In addition, other effector&-Phe,L-Trp, and
betanin) were used to test possible inhibition of the enzyme ADH acti\atfiretl concentration
of 1 mM."All"ef the reactions were performed under #saturated condition, where activity

increased linearly depending on reaction times and enzyme concentrations.

Transient expression 8v4ADHa andBvADHS in Nicotiana benthamiana

ADHa andAPHS sequences used fbl. benthamianagroinfiltration were amplified fronBeta
vulgarisvar.vulgaris variety ‘Boltardy (Chiltern Seeds, UK3}wollen hypocotyl and leaf tissue
cDNA libraries respectively, which were prepared using BioScript Reverse Transcriptdse (Bio
ReagentsLondon, UK). Transcripts were amplified by PCR uging specific primersiéble

S1) and Phusion Higiridelity DNA polymerase (Thermo Fisher Scientific, Waltham, MA,
USA). Vectors'for transient transformation were constructed with Golden Gate cloimiggtioes
MoClo ToelKit.(\Weberet al, 2011; Addgene, Cambridge, MA, USA), with tBeil and Bsal
restrictionsite®liminated after cloningThe turboGFP sequence used in tisisag was a variant
codoneptimized for plants contained in the MoClo Plant Parts Kit (Engleral, 2014;
Addgene). BvADHx, BVADHS, and turboGFP sequences were ultimately cloned into the
pICH86988 binary vector under control of the Cauliflower Mosaic Virus 35S promoter and the

Agrobacterium tumefaciemgtopine synthas€CS terminator.
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Transient gene expression assay®Nirbenthamianavere p&formed according to the
previously described agroinfiltration method with some modifications (Spatkas 2006). All
constructs were transformed into tAgrobacterium tumefacienSV3101 strain, and grown in
LB media stpplemented with kanamycin (50 iy gentamycin (25 mdj*) and rifampicin (50
mg 1) until reaching an OB of 1.5. Cultures were then brought to a final gyf 0.5 in
infiltration /media (10nM MgCl,, 0.1 mM acetosyringone, 10 mM MES at pH 3d@)3 h before
infiltration,_ Infiltration spots corresponding to 33®ADH«, 35S:BvADHpB, and
35S::urboGFEP were performed in the same leaves ofwiéold N. benthamianaplants
alternating the  position of the spots between plants in a clockwise mannerotmtaéar
intra-leaf variation (Barshandgt al, 2015). Infiltrated tissue was sampled Paktinfiltration

from five biological replicates for tyrosine quantification and ¢JR analysis.

Fomquantification of tyrosine and other amino acwlgl0 mg fresh weight tissues were
harvested, “lyephilizedsent from the University of Cambridge (UK) to the University of
WisconsiaMadison (USA), and analyzed exactly as described. Tyrosine and other amino acids
were extracted and measdi@s describeg@reviously (Wanget a/, 2017). Amino acid standards
(SigmaAldrich,3St Louis, MQ USA) of 4-1000 uM were prepared the same way to make

standard curves.

Phylogeneticanalysis

Amino acidseguencefrom genomes (full open reading framegnd transcriptors(full or partial
open reading framejf Brockingtonet al (2015) were used for phylogenetic analyeifowing
methodsdescribedn Brockingtonet al (2015)with minor modificationsIn addition, we carried

out analysis of dN/dS ratio kWD Ho to test for relaxed selection in anthocyanic linedgdsle ;
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seeMethods S1for a full descriptioi

Subcellular localization of GFRised ADH enzymes
The subcellular localization experiments of GitBed ADH enzymes were conducted as we

described previously (Schenekal, 2015).

Accession numbers

The Genbank accession numbers for the sequences mentioned in this article are: BVADHp
W357Bred beet variety (KY207366), BvADHp Boltardyred beet variety (MF346292), BvADHf
Big Buckisugar beet variety (KY207367), BvADHP Touch Stoneyellow beet variety
(KY207368),. BvADHp Blankomawhite beet variety (KY207369), BvADHPB Sea beeP1562585
variety (KY207370), BvVADHh: Big Bucksugar beet variety (KY207371), BvARBHN357Bred
beet variety (K¥207372), BVADH Boltardy red beet variety (MF346291), BvADRHBlankoma
white beet variety (KY207373), BvADid Touch Stoneyellow beet variety (KY207374),
BvADHa “Sea beet P1562585 variety (KY207375), SoADHB (KY207376), SoADHa
(KY207378), NaADHp (KY207377), MjADHo, (KU881770), RhADH: (KY207379), POADH,

(KY207380);:SmADH, (KY274179), PpADH, (KY274180), and HIADH. (KY274181).

Results

B. vulgarishas twoADH enzymes.

To first investigate howB. vulgarissynthesizes Tymprotein crude extracts of red beet leaf and
root/stem tissues were analyzed ADPH and PDH activitythe production of Tyr or HPP from

arogenate or prephenate, respectively. Tyr was produced frormatede the red beet extracts
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of both leavesand rootéstems(Fig. S2g similar to soybean leaf extract, whiaas previously
shown to have both ADH and PDH activ{tychenclet al, 2015) On the other handnlike the
soybean leaf extract, HPP productieas not detected in the leaf and fet@mextracts of red
beet Fig. S2BThese results showed that red beet has ADH but not PDH activity.

To identify the gene(s) responsible for the ADH activityBn vulgaris previously
reportedplant=and microbiaADH and PDH genes(Bonvin et al, 2006; Hudsoret al, 1984;
Legrandet al, 2006; Rippert & Matringe, 2002a,b; Schemtlal, 2015 Fig. S1bH were used to
BLAST against the genome of sugar beet, another cultiv®. ellgaris(Dohm et al, 2014)
(assembly v.1.2http://bvseq.molgen.mpg.de). Twk vulgaris sequencefiomologous tahese
ADH and PDH.genes were found on chromosome 8 of Bhevulgarisgenome 25.Xbp apart
(Fig. S19."Theyweremore similar to planADHs andPDHs (59-61%similarity at amino acid
levels) than bacterial ones W% similarity Fig. S1b. Within plants,the twoADH candidate
genes fromB. vulgarisboth belong tothe canonical ADH clade containing Arabidop#i®Hs
(Ripperti&.Matringe, 2002a,byather tharthe non-canonical clade containing legume PDHs
(Schencket al, 2015; 201Y, andappear to beerived from a recent duplication within the order
Caryophyllalesfig. S1c,d.

For biochemical characterization, these putative BvADHswereexpressed iic. coli
as recombinant enzymes, whickere further purified using affinity chromatography and
subjected to ADH and PDH assays. Both of the beet recombinant enzymes showed ADH activity
(i.e. the preduetion of Tyr from arogenaféig. 1b) andstrongly prefered NADP' over NAD
(Fig. S similar to other plant ADH enzymes and activitigaineset al, 1986; Rippert &
Matringe, 2002a,b). On the other hand, neithethefbeet enzymes exhibited detectable PDH
activity (Fig. SZ), whichis consistent with the lack of PDH activity in beet tissugg.(S2b)

andalso confirmed the absenceBf coliPDH contaminatior{Hudsonet al, 1984) Therefore,
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thesetwo genes were designated &s vulgaris arogenate dehydrogenasé€8vADHo. and

BvADHP).

Both BVADHSs are plastid localized but onlBvADHa expression is correlatedith betalain
pathway.genes
Most plant enzymes involved in the aromatic amino acid pathways are ldcalit@n the
plastids(DakCinet al, 2011; Maeda & Dudareva, 2Q1Rippertet al, 2009, and both BvADH
proteirs also have a predicted-trminal plastid transit peptidd=ij. S4. To experimentally
determine the subcellular localization of BVADHS, a green fluorescent protein (GFP) wds fus
to the Gterminal of BVADHs expressed in Arabidopsis protoplasts, and analyzed for their
localization using confocal microscopy. The fluorescence signal of GFP fused with BvADHa or
BvADHp overlapped with chlorophyll autofluorescenceshich was different from the free GFP
control andwsimilar to GFP fused with plastidicabidopsis ADH (Rippert et al, 2009)
(AtADH2"Fig."1¢). These results suggest that both BVADHSs are targeted to the plastids and that
Tyr is mainly produced by the plastidic arogenate pathw#y irulgais.

Torexamine expression patterns BJADHS especially in comparison tihe betalain
pathway geng expression levels dBvADHa and BvADHf were analyzednd compared with
those ofPODAe; CYP764AD 10, andBvMYB1in cotyledon and hypocotyl tissuessafgar anded
bees (Fig..dd)..Consistent with previous studiebldtlestadet al, 2012;2015), DODAa and
CYP76A4DIa, as well aBvMYB1ltranscription factorwvere much more highly expressed in red
than sugar. beet. InterestingByADHa expression showed similar trends and was significantly
higher in red than sugar beet in both cotyledon and hypocotyl tissues. On the other hand,
BvADHp expressiorevels werevery similar betweemgenotypesn bothtissue typegFig. 1d).

These results shad thatexpression oBvADHx, but notBv4DHJp, is correlated withthose of
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betalain pathway genes i vulgaris

BvADHa but not:BvADH} exhibits relaxed sensitivity to Tyr

Both ADHfand PDH enzymes angsuallyinhibited by Tyr in most organism®entley, 1990;
Connelly &.Conn, 1986Gaineset al, 1982; Rippert & Matringe, 2002a,b; Sun, 2009p
determine’if the BVADHs are also feedback regulated by Tyr, ADH activityeofdbombinant
BvADH enzymes were analyzed in the presence and absence of Tyr as an effector molecule. The
ADH activity of glutathione Sransferase GST)-taggedBvADHp was inhibited by 80% and
100%in the presence of 100 uM and 1 mM Tyr, respectively (Fig. 2), similar tothe Tyrsensitive
ArabidopsisAtADH2 (Rippert & Matringe,2002a,b).By contrast, ADH activityof BvADHa

was reduced only byhalf at 1 mM Tyr Eig. 2). Similar results were obtained fbistidine
(His)-tagged: ADH enzymes, where BvADHa showed much less sensitivity to Tyr than AtADH2

(Fig. S9H, though theexpression of Hisagged BvVADHp was not successful. Other aromatic
amino acids“(Phe and tryptophan) as well as betanin, the major betacyanin accumukded in
beet, did not significantly redu¢bke ADH activity of BvADHa, BvADHp, or AtADH2 at 1 mM
(Fig. S6) These, resulteevealedthat BvADHa, but not BvADHS, has relaxed sensitivity to Tyr
inhibition.

Heterologous expression BZ¥ADHx but notBVADHS increase Tyr accumulation in plants

To test if BVADH having relaxed sensitivity to Tyr can enhance the production ahTglanta
BvADHx and BVADHS were transiently expressedn N. benthamianahrough Agrobacteria
infiltration(Fig. S7a; Sparkeset al, 2006)andtheir impacts on Tyr productiomere analyzedA
control vector expressing GFP wadso infiltrated as a maive control (Fig. S7a). BVADHa

expressionresulted in>10-fold increase inTyr levelsrelative to the GFP controwhile the
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increaseof Tyr due toBVADHg expressionwas not significantly differenfFigs 3a; Table S3.
Interestingly, phenylalaninéPhe)levels were decreasesignificantly under BvADHa, but not
BvADHP expressionKig. 3b). Other amino acid levels were largely unaffectedBloyDHo or
BvADHf expression Table S3. These results demonstrate tiBatADHa expressioneads to

elevated accumulatioof Tyr in planta

BvADH: orthelogs emerged during the evolutiorbetalain pigmentation in Caryophyllales
Domestication_as modified metabolic traits in various crofildansonet al, 1996; Rapget al,
2010; Ronget al, 2014) Thus, we hypothesized that the BvARKNnzyme with relaxed Tyr
regulationawas selected during domesticadodintensification ofcolor intable beetsthat have
been used at least since the RomandifBeancardiet al, 2012; Dohmret al, 2014) To test this
hypothesisy the nucleotide and protein sequences of BwA(aHd BvADH3) were compared
among different domesticated beets, red Ba&578, sugambeet Big Buck, yellow beet Touch
Stong, and'white beetBlankoma, as well a their wild relative sea beetBiancardiet al, 2012)
(Beta vulgarissubspmaritima). Several single nucleotide polymorphisms (SNPs) were detected
among different lines in botBvADHx andBvADHp (Fig. S4a,l). However, only a few of them
affected the_amino acid sequences and were within and neartdreniNal signal peptide of
BvADHaandBVADH, respectivelyig. S4c,d. Thus, the mature enzyme regions of BvADH
were unalterediuring domestication.

To further test if the ADld enzymes wh reduced Tyr sensitivitare restricted tothe
speciesBwvulgaris the corresponding genes for BvARKNd BvADH3 were cloned from a
closely related species within the sammaranthaceadamily, spinach $pinacia oleracern
whose draft genome is available (http://bvseq.molgen.mpg.de). Spinachu AD#H ADH3

orthologs (SoADH and SoADHB) had 77 and 83%dentity at amino acid levels to the
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corresponding BvADHSs in the mature enzymatic regidme recombinant enzymes of spinach
ADHs showed similar Tyr sensitivity to beet ADHs: SoA@Hout not SOADH, exhibited
reduced Tyr sensitivity Hig. 2). These resudt suggest that the reducgr sensitivity of
BvADHa at'least at thenzymelevel was notthe result of selectioduring domestication of beet
cultivars but was already present in the common ancestorthef beet and spinachDHa
enzymes

To.determinethe origin and molecular evolution &ADHx, we mined genome and
transcriptomic data across the CaryophyllalesADH orthologs and performed a phylogenetic
analysis Figs 4g Sle). Theresulsindicate that a gene duplication event on the braeating
to stem Caryophyllales producedDHa and ADHpS lineages. WhileADHg orthologs were
expressedacross the entire Caryophyllales, expressioiDblx cloly parallels btalain
productionin ‘Caryophyllales4ADHa expression isindetectablérom the anthocyanic clade that
diverged beiorehe earliest inferred origin of betatasynthesis (hereafter referred tonas-core
Caryophyllales.Brockingtonet al, 2009) Two families in the Caryophyllales, Molluginaceae
and Caryogphyllaceae have reverfeaim betalain to anthocyanin pigmentati@rockingtonet
al.,, 2011, 2015) Presence of thADHa orthologs in the transcriptomes of Molluginaceae and
Caryophyllaceae was much less common than the presereAdfHs (Fig. 4a,b) Thus the
presence.0fADHa, but not ADHS, closely mirrors the distribution of betalain pigmentation
across Caryophyllalessimilar to the pattern in two other genes of the betalain pathway,

CYP76AD&andDODAx (Brockingtonet al, 2015).

Betalainproducing species have deregulated BvADHa enzyme and elevated Tyr levels
To further test experimentally SDHa orthologs across Caryophyllales share the unique property

of reduced Tyr inhibition,ADH genes from representative members of Caryligleg
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(Brockington et al, 2011) were cloned and the Tyr sensitivity of encoded enzymes was
evaluated. An ADH enzyme from the anthocyanrproducing non-core Caryophyllales,
Nepenthes ventricosaalata (NaADHp, Nepenthacead-ig. 4b), was stronglyinhibited by Tyr
(Fig. 5) similarsito beet and spinach APHFig. 2). On the other hand, ADHorthologs from
betalainproducing familiesRivina humilis(RhADHoa, Rivinaceae)Mirabilis jalapa (MjADH a,
Nyctaginaceae); andPortulaca oleracea(PoADHa, Portula@ceae), all shared relaxed Tyr
inhibition and retained 42% to 68% of ADH activity even at 1 mM F.(5).

To test If Tyrinsensitivity ofthe recombinant ADHa enzyme is also detectable in vivo,
Tyr sensitivity ofleaf ADH activity was analyzedrom species containingDHa (i.e. spinach)
and oneslacking A4DHo. (i.e. Arabidopsis thaliana Dianthus barbatus Caryophyllaceae).
Spinach rather‘than beet was used dugstcleaner backgroundduring HPLC-based enzyme
assay. As shown ifable 1 and Fig. S8 ADH activity of ArabidopsisandDianthus barbatus
tissues was,strongly inhibitg®2-95%) by 0.5 mM ofTyr effector, whereas that of spinach was
much more resistant to Tyr inhibition (onty 21% inhibited) consistent with the presence of
SoADHa with relaxed sensitivity to Tyr (Fig. 2).

To furthertest ifthe presence of deregulated ADHa leads to increased Tyr accumulation
in betalainproducing speciesTyr levels were quantifed in young leaves of a variety of
Caryophyllales..speciesvith or without ADHa and also in A. thaliana as a comparison
Anthocyaninproducing species from narore Caryophyllales (e.gNepenthes ventricosa
alata) and=Caryophyllaceae (e.@ianthus barbatus had Tyr levels 2.1 to 8.8 nmol/gFW)
comparable to that of Arabidopsis.3nmol g* FW). On the other hand, while large variations
were observed, betalaproducing ADHa-containing species all had significantly higher Tyr
levels from 12 to 180 nmol g* FW) than ArabidopsisHig. 4c). These results demonstrate that

betalainproducing species have ADHa with relaxed sensitivity to Tyr inhibition and accumulate
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elevated levelsf Tyr.

ADHa orthologs; underwentelaxed selectiomnd gene loss in lineages that have reverted from
betalain ta anthecyanin pigmentation

Interestingly,=whenADHa orthologs were recovered from Caryophyllaceae or Molluginaceae
transcriptomic data, they were often recoveredoamtial sequencesindicating general low
abundanceWithin the CaryophyllaceaedDHa orthologs was only detected in the subfamily
Paronychioideae (Greenberg & Donoghue, 2011), which forms a grade paraphyletic to the rest o
the family To testfor relaxed selection in anthocyanic lineages furtherexamineda subset of
ADHa orthelegswith sequences either verified by Sanger sequencing trahgcriptome read
mapping and manual inspection of read coverage (Methods Athough no obvious
acceleration ofssubstitutiomas observed in Caryophyllaceae from nucleotide codingesegs
(CDS Fig. S99, there wasapparentacceleration in the amino acidsequencesHg. S9b).
Furthermorethe' dN/dS ratio in Caryophyllacea®DHo (0.166 was elevatedompared to the
rate among letalainproducing ADHa (0.0743 under the Partitioned MG94xREV Model,
assuming homegenous synonymous and nonsynonymous rates across sites. In addition, we found
evidence of relaxed selection (as opposed to inteasdn of positive selection)hat contributes

to the increase”in nonsynonymous rate in Caryophyllaceae under the RELAX fr&n{Bwor
5.6E-8,Table.S4 (Wertheimet al, 2014) Moreover,the genomessemblyof the anthocyanic
carnation (Dianthus caryophyllus Caryophyllaceaesubfamily Caryophylloideaghat nested
within subfaily Paronychioidea&reenberg & Donoghue, 201¥agi et al, 2014)lackedADHa
ortholog and only containeADHg ortholog, suggesting complete gene |o$sADHa in the
subfamily CaryophylloideaéGreenberg & Donoghue, 2011%pecies within the anthocyanic

Caryophyllaceaetherefore exhibit the transition from relaxed selectitmgene losof ADHa
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orthologs, whichassociatewiith the loss of betalain pigmentation@aryophyllaceae.

Discussion

This studysfound thaB. vulgarishas ADH but no PDHenzymesor activity (Figs 1b,S2, S3.

This issimilar to most plant¢Connelly & Conn, 1986¢Gaineset al, 1982; Rippert & Matringe,

2002a,b)but=differentfrom legumesthat haveboth ADH and PDH(Rubin & Jensen, 1979;

Schenclet al, 2015; 2017; Siehl, 1999Thus,B. vulgarissynthesize Tyr via the ADH pathway

that occurs within the plastidRippertet al, 2009) (Fig. 19. We also found thaB. vulgaris

possesseBvo paralogus gens encoding the ADH enzynse namelyADHa and ADHP (Fig.

S1cd). Interestingly, ADHa but notADHp exhibitedrelaxed sensitivity to Tyr inhibitiorHg. 2).

Although recenstudies reportethat the legume PDH enzymes are also Tyr insengfighenck

et al, 2015 201%, BvADHa and legume PDHs have two major differences. First, legume PDHs

are localized in the cytosdiSchencket al, 2015) whereas BvADHa (and BvADHP) was

targetedito,the plastid&if. 19. Second, legume PDHs completely lost Tyr sensitii@ghenck

et al, 2015)but BvADHa was still inhibited by Tyr at higher concentrations (Figs 2, S9. The

maintenance=oef inhibition at higher concentration is likely necessary because Phe biosynthesis is

also localged™within the plastids, and thus BvADHa is directly competing for the arogenate

substrate.with..Phe biosynthegisig. 1a). Complete loss of ADH regulatioby Tyr would,

thereforedepletePhe and essential Pderived compounds (e.g., proteins, lignin).
Othersinsensitive ADH/PDH enzymes have been previously found in microorganisms

(Legrandet al, 2006) and the structural analyses of Tyr sensitive and insensitive enzymes

identified histidine 217 as a possible residue responsible for its Tyr sensitivégrandet al,

2006; Sunet al, 2009) Also, phylogenyguided structurdunction analysis revealed that

convertinga single active site asparté&t22 residuénto a nonacidic residuglayed a key role in
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the evolution of the legume PDH gmzesand simultaneously introduced prephenate substrate
specificity and Tyr insensitivitySchenclket al, 2017).However, the corresponding histidiaed
aspartateesiduesarestill present in BvADHa (Fig. S10, suggesting thalifferent mechanisms,
and as gt uridentified residues are involved in the relaxed Tyr sensitivity of BvADHa.

Previous analyses aholecular evolution oDODAa and CYP76AD1a, two enzymes
which convert=Tyr into betalaingChristinetet al, 2004; Gandidderrero & GarciaCarmona,
2012; Hatlesta@t al, 2012) revealedthat bothof these genes arose through gene duplication
just beforethe origin of betalain pigmentation in Caryoghaids (Brockingtonet al, 2015)
Similarly, this'study found thaADHa orthologsarose by gene duplicatipheforethe emergence
of DODAa_and.CYP764ADI1a (Fig. 4a,b), intimately associated with the origin of betalain
pigmentationOne of the duplicated cas ADHa, underwent neofunctionalization and became
much less sensitive to Tymhibition, which isthe key regulatory mechanism of Tyr biosynthesis
(Maeda &=Dudareva, 2012; Rippert & Matringe, 2002aADHa enzymes with relaxed Tyr
sensitivity.are maintained in all betalginoducing species of Caryophyllales, at lghst ones
that we analyzedigs 2 5). Furthermore, the expression patterrBeADHx is distinct from that
of BvADHJ-and, similar to those of thigetalainbiosynthetic genesD)ODAa and CYP76AD1x)
andMYB1transcription factofFig. 1d), suggesting that theteration of ADHo enzyme property
was accompanied by changestmexpression profileAlthough smilar examples of biochemita
and transcriptional changes duritige evolution of fant specialized metabolic enzymes/genes
have beensreportedgjikawaet al., 2017;Moghe & Last, 2015Panchyet al, 2016 Wenget
al.,, 2012"Xu et al, 2017, here we revealed a unique example of coordinated evolution of
primary amino acid pathway (i.e. Tyr biosynthesis) and its downstream spetiaietabolism
(i.e. betalain biosynthesis).

In the anthocyanicCaryophyllaceae, thdransition of betalain pigmentation to
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anthocyanin pigmentatiowas associated wittdown+egulation relaxed natural selectioand
deletion ofADHa (Figs 4, S1c,dS9 Table S4). Similar downregulation and deletion of genes
were also observed during the loss of flower pefdlsang et al, 2013) and arbuscular
mycorrhizal"SymbiosigDelaux et al, 2014)in various plant lineageg.ogether these lines of
evidence suggedhat mainénance ofthe ADHa is superfluous, following loss of betalain
pigmentation==Theultimate cause ofeversion of betalain to anthocyanin pigmentation in
multiple lineages within the core Caryophyllalsscurrently unknown. It may be due toa
number of factors, including) metabolic cost of nitrogenontaining alkaloid betalain pigments
i) shift in"pollinator populations that are attracteg unique spectra (e.g. blu®f some
anthocyaninsiii),increased demantbr other Phederived compounds (e.g. tannins, flavonoids),
or iv) simple‘geneticdrift enabled by the presence of still intact Phe, phenylpropanoid, core
flavonoid pathways in betalajproducing plantsgrockingtonet al, 2011, Shimadeet al, 2005
Xu et al.,; 201k

A-mechanism underlying the mutually exclusive distribution of betalain and anthocyanin
pigmentshas longfascinated evolutionary biologists(Brockington et al, 2011; Des Marais,
2015). Qur analyses now providene possible explanatiofhe relaxation of theTyr-mediated
feedback inhibitiormay direct more carbon flow towards Tyr, armivay from Phe biosynthesis
(Fig. 1a),.as,demonstrated bycreased Tyr and decreased Phe levels upon transient expression
of ADHa (Fig. 3). This maycreae a surplus of Tyr at the expense of Rierived products such
as anthocyanin$-urthermore, betalaiproducing,4DHa-containing core Caryophyllales species
accumulated more Tyr than plants nosgssingADHo. (Fig. 49. The involvementof other
factors such as transcriptionagulation of betalain, anthocyanin, and Tyr/Phe pathway genes
remain to be examinggHatlestacet al, 2015; Ambawaet al, 2013) howeverour data provide a

fascinatinginsight into the contribution of Tywiosynthesis regulatioto the evolution ofa rovel
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betalain pigment biosynthesis.

Prior heterologous reconstructions of specialized metabolic pathwegslted in
significantaccumulation®f Tyr-derived plant natural producgtsuch as cyanogenic glycoside,
dhurrin, inArabidopsigc. 4% per dry weightTattersallet al, 2001;Kristenseret al, 2005) and
betalairs in tobacco(330 mg kg™ approaching red beet extract of 760 mg kBolturaket al,
2016. In other=caseshowever DODA andCYP76ADlexpressiorin Arabidopsis stl required
feeding of Tyr for betalain productiqitarriset al, 2012 Sunnadeniya et al., 206l herefore,
“pulling” a precursor (e.g. Tyr) may not bvaysenoughto efficiently produce its downstream
product, and “pushing” the precursor suppiypay be also important. Indeed, inred beets,
increasedlyr_levelshave a strongositive correlationwith enhanced accumulatiaf betalains
(Wanget al,"2017), suggesting thalevatedproduction of Tyr plays important role in overall
production of betalains. Over 100ld increase in Tyr accumulation observedinbenthamiana
leaves expressingDHa (Fig. 3) further demonstrates an exciting opportunity itdroduce
Caryophyllales,ADHa enzymes into other plants and microbesderegulate Tyr biosynthesiand
boost theavailability of Tyr andthe production of Tyrderived products (e.g., vitamin E,

isoquinolinesalkaloids including morphine).
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Additional'Supporting Information may be found online in the Supporting Information tab for this

article:

Fig. S1Physical location, homology, and phylogeny of BvADHa and BvVADHS.

Fig. S2 ADH+but not PDH activity was detected frdBn vulgaristissues or recombinant enzyme
Fig. S3BVADHS prefer NADP over NAD' as cofactor.

Fig. S4Noe.amine acid changes were found in the mature protein coding region of BvADHa

among differenB. vulgarisvarieties.

Fig. SSReeembinant Hisgagged BvADH: also exhibits reduced sensitivity to Tyr relative to
AtADH2:

Fig. S6BVADHSs are not inhibited by phenylalanine, tryptophan, and betanin.

Fig. S7 Transgene expression and tyrosine levels of individual leaf samples of iediltrat

Nicotiana benthamiana
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Fig. S8Tyr sensitivity of ADH activity from plant tissues.

Fig. SO ADHa sequences used for texting relax selection.

Fig. S10Histidine 217 residue sponsible for Tyr sensitivity cAquifex aeolicu®DH (AaPDH)

is still present innBvADHa.

Table S1Primers used as indicated in the text and methods

Table S2Sequences of Caryophyllales (ingroups) and non-Caryophyllales (outgroups) used in
this study

Table S3Amino acid levels oNicotiana benthamiankeaves expressinGFP, BvADHa, or
BvADHp

Table SARELAX analysis support the acceleration in amino acid substitution in Caryopgyllale
is due to relaxed purifying selection, instead of intensified pess@lection

Notes S1Alignment of ADH amino acid sequences inferred using MARREUithor, please

insert a mention to Notes S1 to S4 in the main text, to fit journal style.]

Notes S2ADHa.codon alignment used in RELAX analysis.

Notes S3lrimmed ADHa codon alignment used in RELAX analysis.

Notes S4ltimmed ADHo amino acid alignment used in RELAX analysis.

Please .note.. Wiley Blackwell are not responsible for the content or fundyomdliany
supporting information supplied by the authors. Any queries (¢tla® missing material) should

be directedstesthBlew PhytologisCentral Office.

Fig. 1 Beta vulgarishave two ADH enzymes localized in the plastids.Tigpsine and betalain

biosynthetic pathways in plant&é-Tyrosine (Tyr) can be synthesized from prephenate via
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arogenate dehydrogenase (ADH/TyyAPor prephenate dehydrogenase (PDH/TyrATyr is
exported from the plastid to cytosol and then convertdddihydroxyphenylalanineLcDOPA)

by CYP76AD1a, CYP76ADS, and CYP76AD6 (CYP76AD1a/5/6). L-DOPA isthen eventually
converted 40 betalains, red betacyanins and yellow betaxanthins. Biosynthesis of Tytesompe
for arogenate or prephenate substrate with thakt-phenylalanine (Phe), the precursor of
anthocyanins=Blue lines denote feedback regulatioylbyDODA, L-DOPA dioxygenase(b)
Arogenatesubstrate was incubated with the purified recombinant enzymes of BwA@H
BVADHp together with NADP cofactor and the production of Tyr wasalyzed. The HPLC
traces were offset for presentatidwabidopsis thliana ADH2 (AtADH2) was used as a control

for the ADH,_assay(c) Green fluorescence protein (GFP) was fused at therr@inal of
BvADHa and“BvADH3 and transiently expressed in Arabidopsis protoplasts. Free d@é&P
GFPRfused Arabidopsis ADH2 (AtADH2) wereised as controls for cytosolic and plastidic
localization,,_respectively. Representative images show GFP fluores@rttechlorophyll
autofluorescence in green and magenta, respectiBals, 10um. (d) Expression levels of
BvADHo. andBvADHS were compared with those of betalain pathway genes in the cotyledon and
hypocotyl of=#d-old sugar beet and red beet (W3578ynificant differences between the two
genotypes*, P < 0.05,(Student's-test). Bars represent percent expression relatitleeteample
with the._highest expression. Data are means of three biological replicas md not

detectable.

Fig. 2 Beet and spinach ADddbut not ADH3 have reduced sensitivity to TYAKDH activity was
measured at different Tyr concentrations usit&DP" cofactor and purified recombinant ADH
enzymes of beet (BvAD& BvVADH(), spinach (SoADK, SoADHB), and Arabidopsis

(AtADH2). Data are expressed as the percentage of respective control activity without Tyr (O
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uM) and means of three independent experiments +SE. nd not detectablejt, not tested.

Fig. 3 Heterologous expression @vADHx but not BVADHS increases tyrosine levels in
Nicotiana dbenthamiana Agrobacterium tumefaciensarrying the construct of35S::GFR
358::BvADHa, or 35S::BvADHp was infiltrated toN. benthamiandeaves, which were analyzed
for amino acid=contents using @4S. Levels of tyrosined) and phenylalaninebj. Sgnificant
differences from th&85S::GFPcontrot *, P < 0.05(Student'd-test). Data are means #5n =

5).

Fig. 4 Phylogenetic distribution of AD# in Caryophyllales.The blue and pink branches
represent “anthocyanin and betalpmducing families, respectively, while families with
unclear/unidentified pigmentation are shown in gr@). Maximumtlikelihood phylogeny of

ADH genes,in Caryophyllales. Scale bar indicates inferred number of amino adituisabger

site. ADH.enzymes characterized in this study are indicated at the end of each franch.
Presenceand absence oBvADHx and BvADHS orthologs detected from genome or
transcriptomesdata was mapped to the fanelyel phylogenetic tree of the Caryophyllales order.
Filled circles"denote that corresponding orthologs were detected in all species within the family,
whereas_ pairtially filled circles indicate that the filled portion of the species within eadiz fam
had corresponding orthologs. Open circles denote no corresponding orthologs were detdcted. R
lines indicatesestimating timings of duplication eventsA@fH and betalain pathway ges
(CYP76AD1and DODA). Dash lines <) represent families with no available transcriptomic or
genomic data(c) Tyr contents were analyzed in various Caryophyllales spegieswidopsis
thalianawas used as outgroup. Orange bars indicate species #edihgorthologs. Young leaf

tissues were used for all samples exegpactaceae speciaa which flowers were used to avoid
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succulent tissuesSignificant difference from Arabidopsi§¢*, P<0.05) based on fixed effect
model (see the Materials andelods setion). Also, a statistical analysis based on the mixed
effect model showed significant differences between two groups, plants with dodiwkDHo.

(P <0.000L)"Bars represent meanSE(n = four biological replicates).

Fig. 5 ADHesfrem various species of core Caryophyllales also exhibit relaxed sensiidby.
activity was measured under different Tyr concentrations using purifie@mi®nant ADH
enzymes 0fNepenthes ventricosa alata (NaADHpB), Rivina humilis (RhADHa), Mirabilis
jalapa (MjADHa), and Portulaca oleracea(PoADHa) ADH. Data are expressed as the
percentage of respective control activity without Tyr (0 uM) and the mean of three independent

experimentsSE nd, not detectablet, not tested.

Table 1 Tyr, sensitivity of ADH activity from plant tissue extracts

ADH activity (nmol mg™ protein)

Species I nhibition (%)
0 mM 3fluoro-Tyr 0.5 mM Zfluoro-Tyr
Spinach oleracea 66.4+5.0 527+1.9 20.7%
Dianthus'barbatus 18.1+0.3 09+0.2 95.0%
Arabidopsis thaliana 93.5+5.2 7.8+0.5 91.6%

Total protein‘extracts of spinacbjanthus barbatusand Arabidopsis leaf tissues were used to
analyze ADH activity in the presence and absence of 0.5 mM Tyr anafbg(8-Tyr), which

were used to calculate percent inhibition. ADH activity was measured with 1 mM arogenate
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substrate and 1 mM NADRofactor during 2 h incubation (see Supporting Informafiign S9.

Data are means + SE € 4).

Author Manuscript
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