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Figure S1 Taxon-labeled maximum likelihood DODAa gene tree with nucleotide branch lengths and support values.
Sequences in a strongly supported DODAa clade from the full gene tree (Figs. 6, S6) were extracted and a tree with
support values was inferred with RAXML. Branch values are support from 200 rapid bootstrap replicates and the

SH-aLRT, respectively (RBS/SH-aLRT). Branch lengths are expected substitutions per site (pdf).

Figure S2 Schematic of multi-gene binary vectors used in this study. DODA (pink text) was situated in second
position and was the only element that varied between vectors. 35S, Cauliflower mosaic virus 35S
promoter/terminator; act2, Arabidopsis thaliana actin2 terminator; cDOPA-5GT, Mirabilis jalapa cyclo-DOPA 5-O-
glucosyltransferase; CYPT6AD1, Beta vulgaris CYP76AD1; DODA, L-DOPA 4,5-dioxygenase; Luciferase,

Photinus pyralis luciferase; nos, nopaline synthase promoter/terminator; Ub10, 4. thaliana ubiquitinl( promoter.

Experimental vectors: pBC-DODA

I nos< Luciferase | nos I 35S| DODA > nos I 358| CYP76AD1 > act2| Ub10| cDOPA5SGT >35$I

Positive control (P): pBC-BvDODAa1

I nos< Luciferase | nos I 3SS| BvDODAa1> nos I SSSI CYP76AD1 > act2| Ub10| cDOPA5SGT >3SSI

Negative control: pLUC
/

I nos< Luciferase | nos I

N

Figure S3 Maximum likelihood, time-calibrated genus-level phylogeny of Caryophyllales, inferred from seven
nuclear and plastid markers. Sequences were collected using PYPHLAWD and a tree was inferred using RAXML.
Branch lengths were scaled to time using treePL with fossil and secondary constraints. Branch labels give the rapid

bootstrap support over 100 replicates, while node labels give the inferred node age in millions of years (pdf).



Figure S4 Ancestral state reconstruction of pigments by maximum likelihood and Bayesian inference via stochastic
mapping. Tips are coloured according to pigmentation state: anthocyanin (blue), betalain (pink) and unknown
(grey). Numbered arrows between states (A: anthocyanin, B: betalain) give the inferred rate of transition (myr-1) for
maximum likelihood inference or the number of transitions between states on average across n = 1000 stochastic
maps. Pie charts at nodes give the marginal scaled likelihood of each state for maximum likelihood inference or the
posterior probability for Bayesian inference: (a) ancestral state reconstruction by Bayesian inference under the ER
model; (b) ancestral state reconstruction by Bayesian inference under the ARD model; (¢) ancestral state
reconstruction by maximum likelihood under the (asymmetric) ER model; (d) ancestral state reconstruction by

maximum likelihood under the (asymmetric) ARD model.
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Figure S5 A simplified representation of the DODA gene tree. A maximum likelihood phylogeny of Caryophyllales
DODA genes inferred from coding sequences derived from genome and transcriptome assemblies. Branch lengths
are expected number of substitutions per site. Scale bar gives 0.2 expected substitutions per site. Branch labels are
support values for major paralogous clades from rapid bootstrapping and the SH-like Approximate Likelihood Ratio
Test, respectively, given as RBS/SH-aLRT. Putative major duplication nodes are highlighted with stars. Branches

are coloured according to the putative pigmentation state of the taxa (blue = anthocyanin, pink = betalain).
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Figure S6 Taxon-labeled maximum likelihood gene tree of DODA in Caryophyllales with support values.
Sequences were collected from genome and transcriptome assemblies using a baited search approach and a tree with
support values was inferred using RAXML. Branch labels are support from 200 rapid bootstrap replicates and SH-
aLRT, respectively (RBS/SH-aLRT). Branch lengths are expected substitutions per site (pdf).

Figure S7 The Corrigiola litoralis and Pollichia campestris DODAo. genes are putative pseudogenes.
A schematic representation of the DODAa genes in Corrigiola litoralis and Pollichia campestris showing the
mutations that affect their reading frame and introduce premature stop codons. BvDODAa! is included for

comparison.

100 bp
> Beta vulgaris DODAa1

Corrigiola litoralis DODA«a 4bp Bramvature stepicodon *
Deletion A

20p Pollichia campestris DODA«a




Figure S8 Functional characterisation of the full complement of DODA genes from Stegnosperma halimifolium.

(a) Representative Nicotiana bethamiana leaves are shown from the agrobacterium infiltration of DODA genes from
S. halimifolium. The DODA coding sequences were cloned into multi-gene constructs containing the other structural
genes necessary for betacyanin production (BvCYP764D1, MjcDOPA-5GT). The infiltration spots are labelled
according to the DODA variant. The vector, pPBC-BvDODAGa1, was included as a positive control (P). pLUC was
used as a negative control. (b) Betanin quantification in each of the leaves infiltrated with the S. halimifolium DODA
genes and the pPBC-BvDODAG1 positive control. “ShA3” corresponds to the leaf shown in (a). (¢) A representative
HPLC trace is shown for each spot from the “ShA3” replicate. An external betanin standard (Betanin) was used to
validate the retention time of betanin in these samples and calculate absolute amounts of betanin. The left peak is

betanin and the right peak is its isomer, isobetanin.
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Figure S9 Functional characterisation of the full complement of DODA genes from Beta vulgaris.

(a) Representative Nicotiana bethamiana leaves are shown from the agrobacterium infiltration of DODA genes from
B. vulgaris. The DODA coding sequences were cloned into multi-gene constructs containing the other structural
genes necessary for betacyanin production (BvCYP764D1, MjcDOPA-5GT). The infiltration spots are labelled
according to the DODA variant. BvDODA®1 is represented by (P) for positive control which it served as throughout
the study. pLUC was used as a negative control. nd, no data. (b) Betanin quantification in each of the leaves
infiltrated with the B. vulgaris DODA genes. “25¢2”, “45¢2” and “Bb1” correspond to the leaves shown in (a). (c) A
representative HPLC trace is shown for each spot of the samples shown in (a). An external betanin standard
(Betanin) was used to validate the retention time of betanin in these samples and calculate absolute amounts of

betanin. The left peak is betanin and the right peak is its isomer, isobetanin.
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Figure S10 Functional characterisation of the full complement of DODA genes from Mesembryanthemum
crystallinum. (a) Representative Nicotiana bethamiana leaves are shown from the agrobacterium infiltration of
DODA genes from M. crystallinum. The DODA coding sequences were cloned into multi-gene constructs containing
the other structural genes necessary for betacyanin production (BvCYP76AD1, MjcDOPA-5GT). The infiltration
spots are labelled according to the DODA variant. The vector, pPBC-BvDODAa1, was included as a positive control
(P). pLUC was used as a negative control. (b) Betanin quantification in each of the leaves infiltrated with the M.
crystallinum DODA genes and the pPBC-BvDODAGa1 positive control. “CB2” corresponds to the leaf shown in (a).
Unlike Figures S7, S8 and S10, for which the data were sampled at 4 days post-infiltration, these samples were
taken at 5 days post-infiltration. (¢) A representative HPLC trace is shown for each spot from the “CB2” replicate.
An external betanin standard (Betanin) was used to validate the retention time of betanin in these samples and

calculate absolute amounts of betanin. The left peak is betanin and the right peak is its isomer, isobetanin.
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Figure S11 Functional characterisation of the full complement of DODA genes from Carnegiea gigantea.

(a) Representative Nicotiana bethamiana leaves are shown from the agrobacterium infiltration of DODA genes from
C. gigantea. The DODA coding sequences were cloned into multi-gene constructs containing the other structural
genes necessary for betacyanin production (BvCYP764D1, MjcDOPA-5GT). The infiltration spots are labelled
according to the DODA variant. The vector, pPBC-BvDODA«1, was included as a positive control (P). pLUC was
used as a negative control. (b) Betanin quantification in each of the leaves infiltrated with the C. gigantea DODA
genes and the pBC-BvDODAuG1 positive control. “Cg2B1” corresponds to the leaf shown in (a). (¢) A representative
HPLC trace is shown for each spot from the “Cg2B1” replicate. An external betanin standard (Betanin) was used to
validate the retention time of betanin in these samples and calculate absolute amounts of betanin. The left peak is

betanin and the right peak is its isomer, isobetanin.
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Figure S12 Functional characterisation of DODAa genes from anthocyanic Caryophyllales taxa. (a) DODAa genes
from anthocyanic Caryophyllales taxa were cloned into multi-gene constructs containing the other structural genes
necessary for betacyanin production (BvCYP76A4D1, MjcDOPA-5GT) and agroinfiltrated into Nicotiana
benthamiana leaves. Betanin quantification of agrobacterium-infiltrated N. benthamiana leaves was carried out
using HPLC according to an external betanin standard. Each graph shows the quantification of betanin from each
taxa’s DODAo gene/s compared to the positive control, BvDODAal. nd, no data. (b) A representative HPLC trace is
shown for each infiltration spot. An external betanin standard (Betanin) was used to validate the retention time of

betanin in these samples. The left peak is betanin and the right peak is its isomer, isobetanin.
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Figure S13 Taxon-labeled subsampled maximum likelihood DODAa gene tree with nucleotide branch lengths and
support values. Sequences were subsampled from the DODAa gene tree using a custom script, and a tree with
support values was inferred with RAXML. Branch labels are support from 200 rapid bootstrap replicates and the SH-
aLRT, respectively (RBS/SH-aLRT). Branch lengths are expected substitutions per site (pdf).

Figure S14 Taxon-labeled subsampled maximum likelihood DODAa gene tree with codon branch lengths. The
subsampled DODAa gene tree (Fig. S13) was used to optimize codon branch lengths under the best-fitting model of
codon substitution (GY+F1X4+T'(4)) and infer ancestral sequences using IQ-TREE. Branch lengths are expected

substitutions per codon (pdf).

Figure S15 Taxon-labeled subsampled maximum likelihood DODAa gene tree with amino acid branch lengths. The
subsampled DODAa gene tree (Fig. S13) was used to optimize amino acid branch lengths under the best-fitting
model of amino acid substitution (JTT+I'(4)) and infer ancestral sequences using IQ-TREE. Branch lengths are

expected substitutions per site (pdf).



Figure S16 Ancestral amino acid sequence reconstruction for seven residues on subsampled DODAa gene tree.
Ancestral sequences were inferred from the amino acid alignment of a subsample of DODAa sequences under the
best-fitting model of amino acid substitution (JTT+I'(4)) with IQ-TREE. Logo plots at nodes are the posterior
probabilities of different states for the seven residues identified by Bean et al. (2018). Numbers mark the three
putative origins of high levels of DODA activity.
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Table S1 Oligonucleotide primers used in this study

Name Sequence (5’ to 3°) Gene Purpose
Bv DODA A variantlF ATGAAAATGATGAATGGAGAAG Gene
Bv_DODA A variantlR CTAGGCTGAAGTGAACTTGTAG isolation
BvDODAal 1vl0 F TGAAGACATAATGAAAATGATGAATGGAGAAG BvDODAal

BvDODAal 1vl0 inR TGAAGACATTGTATCTTCTACTGTTAATATTGG Goldengate
BvDODAal1 1vI0 inF TGAAGACATTACACATCCATTAAGACCTTTC cloning
BvDODAal 1vl0 R TGAAGACATAAGCCTAGGCTGAAGTGAACTTGTAGGA

Bv_DODA A variant2F ATGGGTAGTGAAGATAACATCA Gene
Bv_DODA A variant2R TTAGGTGGAAGTGAACTTGTAG isolation
BvDODA«2 Ivl0 F TTGAAGACATAATGGGTAGTGAAGATAACATC BvDODAa2 Goldengate
BvDODAa2 Ivi0 R TTGAAGACAAAAGCTTAGGTGGAAGTGAACTTGTAG cloning
Bv_DODA_ A variant3F ATGGCACTTGATGATACAAAG Gene
Bv_DODA A variant3R TTAGGTGGAAGTGAACTTATAGG isolation
BvDODAa3_IvI0_F TTGAAGACATAATGGCACTTGATGATACAAAG BvDODAa3 Goldengate
BvDODAa3 1vl0 R TTGAAGACAAAAGCTTAGGTGGAAGTGAACTTATAG cloning
Bv_DODA B variant2F ATGGGTGGAGAGAAAATGAT Gene

Bv DODA B variant2R TCAGGTGGAAGTGAACTTGTA isolation
YTiBvDODAow4 Ivl0 F TTGAAGACATAATGGATGGAGAGAAAATGATC BvDODAo4/

YTiBvDODAo4 1vl0 inR TGAAGACATTGTGACCCAGGAGCCGGATAC YTiBvDODAo4 Goldengate
YTiBvDODAa4 1vI0 inF TGAAGACATTCACCAGAATTGGCAAAAAAG cloning
YTiBvDODAo4 1vl0 R TTGAAGACAAAAGCTTAGGTGGAAGTGAACTTG

HS3 TGGAACTCGTACTATGGCACT Gene
Bv_DODA A variant3R TTAGGTGGAAGTGAACTTATAGG isolation
BvDODAa5 Ivl0 F TTGAAGACATAATGGCACTTGATGATTCAAAG BvDODAaS Goldengate
BvDODAaS5 1vlI0 R TTGAAGACAAAAGCTTAGGTGGAAGTGAACTTATAG cloning
Bv DODA B variantlF ATGAGTTATAATAGTGGTGCAAAAATTATG Gene
Bv_DODA B variantIR TTAGTTCGGGGAGGTGAACT isolation
BvDODAGB_Ivl0_F TGAAGACATAATGAGTTATAATAGTGGTGCA BvDODAS Goldengate
BvDODAB 1vl0 R TGAAGACATAAGCTTAGTTCGGGGAGGTGAACTTGTAG cloning
MaDODAq_F1 ATGGATGGAACAGAGGAAAC Gene
MaDODAa_R1 TCAAGTGGAAGTGAACTTGTAG isolation
MaDODAg. 1vl0 F TGAAGACATAATGGATGGAACAGAGGAAAC

MaDODAao Ivl0 inF TGAAGACATGGTTCTCACGATTTAGCGA MaDODAa Goldengate
MaDODAa _1vl0_inR TGAAGACATAACCAGGTGCCGGATACT cloning
MaDODAa _1vl0 R TGAAGACATAAGCTCAAGTGGAAGTGAACTTGT

LaDODAq. F1 ATGACTAGCGAGACGTTCTAC Gene
LaDODAo_R1 TCAGATGGAAGTGAACTTGTAG isolation
LaDODAa 1vl0 F TGAAGACATAATGACTAGCGAGACGTTCTA

LaDODAaq_IvI0 inF TGAAGACGAGGACGTTAATCATTACA LaDODAa Goldengate
LaDODAo_IvI0_inR TGAAGACACGTCCTCATACCTTCCACTGA cloning
LaDODAag_Ivl0 R TGAAGACATAAGCTCAGATGGAAGTGAAC

KcDODAal F1 GAAATCAAAAGGACACCGACA

KcDODAol R1 CGCAGACAATAACAAAAAGTAACAC Gene
KcDODAal F2 GGACACCGACAGTCAGTAGCA isolation
KcDODAal R2 AACTAAACCACACGCAGACAA

KcDODAal 1vl0 F TGAAGACATAATGGGTGCGGAGGACATGCT

KcDODAol Iv10 inF1 TGAAGACATCCAGCTCAAGTATCCGGTTTCTGG KeDODAal

KcDODAal 1vl0 inF2 TGAAGACATGAAGGTATGAAGATGTGATTCATT Goldengate
KcDODAal 1vl0_inR1 TGAAGACATCTGGTACATGGAAGCAGGGC cloning
KcDODAal 1vl0 inR2 TGAAGACATCTTCCGCTGATCAGAGTTTC

KcDODAal 1vl0 R TGAAGACATAAGCCTAGGTGGAGGTGAACTTAT

KcDODAa2 Fl GCCAAACCCGTACCAAACCT

KcDODAo2 Rl CCCCACTAAACAAGCAAAATG Gene
KcDODAo2 F2 ATGAATTGTGATTTGTGCCTTCCT KeDODAa2 isolation
KcDODAw2 R2 GCTTTAAGTGGAAGTGAACTTGTAGG

KcDODAo2 1vl0 F TGAAGACATAATGGGTGGTGGTGATGTGAT

KcDODA@2 1vI0 _inF1 TGAAGACATCCAGTTCAAGTACCCAGCTCCATG

KcDODA@2 1vl0 _inF2 TGAAGACATTCTTGACCACGCCTCATGGG

KcDODA@2 1vI0_inF3 TGAAGACATGAAGGTATGAAGATGTGAACAATA Goldengate
KcDODAg2 Iv10_inR1 TGAAGACATCTGGTACATTTGAGCAGGGA KeDODAa2 cloning

KcDODA@2 1vl0 inR2

TGAAGACATAAGACCACGCTTCTTGTCTA

KcDODA@2 1vl0 inR3

TGAAGACATCTTCCACTAGTTAGAGCTTC

KcDODA@2 1vl0 R

TGAAGACATAAGCTTAAGTGGAAGTGAACTTGT




Name Sequence (5’ to 3°) Gene Purpose
CarDODA0 F14 GAGACRTTCTTCATATCACAYGG

CarDODA0 R14 TCARCMGGAAGYGAACTTGTA

CarDODA0 F15 ATYCTYRTSRTCTCYGCTCA

CarDODA0 R15 TGYAAYGGRTAGAAGTGCTC

CarDODA0. Fx AWCAIYAGITISAAAATGGGC

CarDODA0. F16 ATCCCKGTTTGTCAGCTCTCT Caryophyllaceae Gene
CarDODAa R16 AGAGAGCTGACAAACMGGGAT DODAa isolation
CarDODA0_F17 GAAGGTGTYCTCATMATYGGT

CarDODA0_R17 ACCRATKATGAGRACACCTTC

CarDODA0_R18 GAAGGGTGIGTGGYACTTCC

CarDODAo._R19 CAKTSATCAAACTCIGCAGCCCA

CarDODA0_R20 GTTTCCCARTGAGCRGAGA

Cr3GPSl AGGTGCAGGGTGAGGATGGTCGAGATG

Cr3GPS2 ACCCATATGTTGGGCCGTGTCCTTGA Gene
CrDODAq_F1 ATGACCTCTGAAGAAGCGAAAGAGATCA isolation
CrDODAg. RI TCAGGTGGAAGTGAACTTATAGGAGCCA

CrDODAq, IvI0 F TGAAGACATAATGACCTCTGAAGAAGCGAA CrDODAa

CrDODAa 1v10 inF TGAAGACATGATCTCCACAATTGGCAA Goldengate
CrDODAGo 1vl0 inR TGAAGACATGATCCAGGAGCTGGATACT cloning
CrDODAg,_IvI0 R TGAAGACATAAGCTCAGGTGGAAGTGAACTTAT

PtDODAq F1 ATGCATTGCTTAACTTTTCAACC

PtDODAq_F2 ATGATGAGAAGATGAACGAAAC

PtDODAa R1 TCAGGTGGAAGTGAATTTATAAG Gene
PtDODAc, F3 ATGATGATGCATTGCTTAACTTTTCAACC PtDODAa isolation
PtDODAa_R3 TCAGGTGGAAGTGAATTTATAAGAGCCA

PtDODAq Ivl0 F TGAAGACATAATGCATTGCTTAACTTTTCA Goldengate
PtDODAq_Ivl0 R TGAAGACATAAGCTCAGGTGGAAGTGAATT cloning
TiDODAg._F1 CCAACTACCAACATAAGCACT

TiDODAg_R1 TGGACAACAATGCAAAGGAG

TiDODAo, F2 ACTGACTGTCTTGATCTGCCA

TiDODAo,_R2 TTGTTCTTGGCGATGTCAGTA

TiDODAg, F3 CCACACTGGAAAAAGGCACAT

TiDODAo._R3 GGAAAGCTGTCGAAATCGTAGA Gene
TiDODA« R4 ATCAGTTTCCCAGTGAGC isolation
TiDODAg, F5 CACCAAAAACAGGTTTATCTAACG

TiDODAo. RS AAGAGGTCTAATTGCTCACGAC TiDODAo.

TiDODAo, F6 ATGAGTGACGAGCAAATGATC

TiDODAo. R6 GCTGGAAGTGAATTTGTAGGAGG

TiDODAg,_IvI0 F TGAAGACATAATGAGTGACGAGCAAATGAT

TiDODAg IvI0 inF1 TGAAGACATTCAGTTTAAGTACCCAGCTCCTGG

TiDODAGg Ivl0 inR1 TGAAGACATCTGATACATATAAGCAGGAA Goldengate
TiDODAg, IvI0 inF2 TGAAGACATGAAGGTATGAAGTAGTGAATAATTG cloning
TiDODAg, IvI0_inR2 TGAAGACATCTTCCTGTCGTCAGAGCTT

TiDODAg,_IvI0_inR TGAAGACATAAGCTCAGCTGGAAGTGAATTTGT

SmDODA¢_Fl11 GCTACAAAATGGGCTGTCAAGAG

SmDODAq_F11’ ATGGGCTGTCAAGAGATGACT

SmDODAq_R11 AGAGGTGGCATTGGAAGGGT Gene
SmDODAg F12 TGGGCTGTCAAGAGATGACT isolation
SmDODAq_F12-2 ATGGGCTGTCAAGAGATGACT

SmDODAa R12 TCAACCGGAAGTGAACTTGT SmDODAa
SmDODAq_Ivl0_F TGAAGACATAATGGGCTGTCAAGAGATGAC

SmDODAGg._IvI0_inF TGAAGACGAGGACGTGAATAACTATG Goldengate
SmDODAq _Iv10_inR TGAAGACACGTCCTCGTACCTTCCATTTG cloning

SmDODA« Ivl R

TGAAGACATAAGCTCAACCGGAAGTGAACTTG




Table S2 GenBank accession numbers for genes functionally characterised in this study

Species DODA gene Genbank ID Alternative name

Beta vulgaris BvDODAal MN153194 BvDODAI1 (Hatlestad et al., 2012; HQ656027.1)

Beta vulgaris BvDODAa2 MN153195 BvDODAZ2 (Hatlestad et al., 2012; HQ656022.1);
BvDODA (Christinet et al., 2004; AJ583017)

Beta vulgaris BvDODAa3 MN153196 BvDODA2c (Bean et al., 2018)

Beta vulgaris (YTiBv) BvDODAao4 MN136228 BvDODAZ2b (Bean et al., 2018)

Beta vulgaris BvDODAaS5 MN153197 BvDODA2d (Bean et al., 2018)

Beta vulgaris BvDODAP MN153198 -

Stegnosperma halimifolium ShDODAal MN136219 -

Stegnosperma halimifolium ShDODAa.2 MN136220 -

Stegnosperma halimifolium ShDODAp MN136221 -

Mesembryanthemum crystallinum McDODAol MN136225 -

Mesembryanthemum crystallinum McDODAo2 MN136226 -

Mesembryanthemum crystallinum McDODAp MN136227 -

Carnegiea gigantea CgDODAol MN136222 -

Carnegiea gigantea CgDODAo2 MN136223 -

Carnegiea gigantea CgDODAS MN136224 -

Spergularia marina SmDODAa. MN153204 -

Cardionema ramosissimum CrDODAo. MN153200 -

Telephium imperati TiDODAa MN153212 -

Polycarpon tetraphyllum PtDODAa MN153211 -

Macarthuria australis MaDODAa. MN153205 -

Kewa caespitosa KcDODAal MN153209 -

Kewa caespitosa KcDODAa2 MN153210 -

Limeum aethiopicum LaDODAa. MN153203 -

Pollichia campestris PcDODAa MN153206 -

Corrigiola litoralis CIDODAa MN153199 -

Table S3 Pigmentation status of 174 genera of Caryophyllales gathered from the literature. Pigments (anthocyanins:

0, betalains: 1) and literature reference (xIs).

Table S4 Genome and transcriptome assemblies used in this study. Genome and transcriptome assemblies used both
for individual DODA searches and automated baited homology searches. Species: family, genus and species, or
genus and species for outgroup taxa; Code: the code used to identify this assembly in this study; Genome
(transcriptome: 0, genome:1); Version: the assembly and/or annotation version; Source: the data depository or online
database used to access the assembly; Reference: the literature reference for this assembly or underlying data; Notes:
miscellaneous notes regarding this assembly; Reads accession: GenBank accession for raw reads; Assembly
accession: accession number for GenBank-sourced assemblies; URL: a URL for quick access to assembly details

(xIs).




Table S5 DODA sequences used in DODA phylogeny. The DODA sequences included in the final gene tree are
presented here (homologous sequence dataset, trimmed of sequences containing 50% or more gaps in the cleaned
alignment). Taxon: the family, genus and species, or genus and species, of the taxa from which the sequence
originated. Asterisks demarcate outgroup species; Sequence Identifier: the unique code used to identify this
sequence in this study; Accession: accession for single sequences that are available on GenBank; Bait: was the
sequence included in the initial bait set used to search genome and transcriptome assemblies (no: 0, yes: 1); in_ ASR:

was the sequence included in the subset of sequences used to infer ancestral DODAa sequences (no: 0, yes: 1) (xIs).



Table S6 Details of DODA genes that have been functionally characterised from Caryophyllales species and mapped to the DODA gene tree

Species Name Accession Publication Method/Assay of functional Corresponding phenotype
characterisation

Stegnosperma halimifolium ShDODAal MN136219 This study Agroinfiltration in Nicotiana benthamiana High levels of betanin

Stegnosperma halimifolium ShDODAa2 MN136220 This study Agroinfiltration in N. benthamiana Marginal levels of betanin

Stegnosperma halimifolium ShDODAP MN136221 This study Agroinfiltration in N. benthamiana Marginal levels of betanin

Beta vulgaris BvDODAal MN153194 This study Agroinfiltration in N. benthamiana High levels of betanin

Beta vulgaris BvDODAa2 MN153195 This study Agroinfiltration in N. benthamiana Weakly pigmented

Beta vulgaris BvDODAa3 MN153196 This study Agroinfiltration in N. benthamiana No betanin present

Beta vulgaris BvDODAa4 MN136228 This study Agroinfiltration in N. benthamiana Marginal levels of betanin

Beta vulgaris BvDODAa5 MN153197 This study Agroinfiltration in N. benthamiana No betanin present

Beta vulgaris BvDODAp MN153198 This study Agroinfiltration in N. benthamiana Marginal levels of betanin

Mesembryanthemum McDODAal MN136225 This study Agroinfiltration in N. benthamiana High levels of betanin

crystallinum

Mesembryanthemum McDODAo2 MN136226 This study Agroinfiltration in N. benthamiana Marginal levels of betanin

crystallinum

Mesembryanthemum McDODAp MN136227 This study Agroinfiltration in N. benthamiana Marginal levels of betanin

crystallinum

Carnegiea gigantea CgDODAal MN136222 This study Agroinfiltration in N. benthamiana High levels of betanin

Carnegiea gigantea CgDODAa2 MN136223 This study Agroinfiltration in N. benthamiana Marginal levels of betanin

Carnegiea gigantea CgDODAp MN136224 This study Agroinfiltration in N. benthamiana Marginal levels of betanin

Macarthuria australis MaDODAa MN153205 This study Agroinfiltration in N. benthamiana Marginal levels of betanin

Limeum aethiopicum LaDODA MN153203 This study Agroinfiltration in N. benthamiana No betanin present

Kewa caespitosa KcDODAol MN153209 This study Agroinfiltration in N. benthamiana Marginal levels of betanin

Kewa caespitosa KcDODAa2 MN153210 This study Agroinfiltration in N. benthamiana Marginal levels of betanin

Polycarpon tetraphyllum PtDODA MN153211 This study Agroinfiltration in N. benthamiana No betanin present

Cardionema ramosissimum CrDODA MN153200 This study Agroinfiltration in N. benthamiana Marginal levels of betanin

Spergularia marina SmDODAo MN153204 This study Agroinfiltration in N. benthamiana No betanin present

Telephium imperati TiDODA MN153212 This study Agroinfiltration in N. benthamiana Marginal levels of betanin

Beta vulgaris BvDODAal HQ656027.1 Bean et al., 2018 Overexpression in acyanic Beta vulgaris Yellow pigment

Beta vulgaris BvDODAal HQ656027.1 Bean et al., 2018 VIGS in B. vulgaris Loss of pigmentation

Beta vulgaris BvDODAal HQ656027.1 Bean et al., 2018 Expression in Saccharomyces cerevisiae DOPA-betaxanthin produced

Beta vulgaris BvDODAa2 KM502868 Bean et al., 2018 Overexpression in acyanic B. vulgaris No yellow pigment

Beta vulgaris BvDODAa2 KM502868 Bean et al., 2018 VIGS in B. vulgaris No loss of pigmentation

Beta vulgaris BvDODAa2 KM502868 Bean et al., 2018 Expression in S. cerevisiae No DOPA-betaxanthin produced

Chenopodium quinoa CgDODAI XP_021769303 | Imamura et al., Agroinfiltration in N. benthamiana High levels of betanin

2017
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Species Name Accession Publication Method/Assay of functional Corresponding phenotype
characterisation
Calandrinia mirabilis PmDOD KF747352.1 Chung et al., 2015 Biolistic transformation in Antirrhinum Strongly pigmented and autofluorescent
(Parakeelya mirabilis) majus and Allium cepa
Calandrinia mirabilis PmDOD-like KF747353.1 Chung et al., 2015 Biolistic transformation in 4. majus and Weakly pipgmented and autofluorescent
(Parakeelya mirabilis) A. cepa
Ptilotus hybrid PhybDOD-like KF747354.1 Chung et al., 2015 Biolistic transformation in 4. majus and Weakly pipgmented and autofluorescent
A. cepa
Beta vulgaris BvDODAal HQ656027.1 Chung et al., 2015 Biolistic transformation in 4. majus Strongly pigmented and autofluorescent
Beta vulgaris BvDODA AJ583017 Chung et al., 2015 Biolistic transformation in 4. majus Weakly pipgmented and autofluorescent
Dianthus superbus DsLigB JL390264 Chung et al., 2015 Biolistic transformation in 4. majus No pigmentation
Beta vulgaris BvDODAa2 AJ583017 Gandia-Herrero & Recombinant expression in Escherichia coli | Forms betalamic acid from L-DOPA
Garcia-Carmona,
2012
Beta vulgaris BvDODAal HQ656027.1 Hatlestad et al., VIGS in B. vulgaris Loss of pigmentation
2012
Mirabilis jalapa MjDOD AB435372.1 Sasaki et al., 2009 Recombinant expression in E. coli Forms betalamic acid from L-DOPA
Portulaca grandiflora PgDODA AJ580598.1 Christinet et al., Complementation of acyanic mutant Restores pigmentation

2004




Methods S1 Genome assembly

Sequencing of Corrigiola litoralis, Limeum aethiopicum, Simmondsia chinensis and Spergula arvensis was
performed on a HiSeq X-Ten with one sample per lane. Processing of sequencing data, assembly via SOAPdenovo2
v2.04-r240 (Luo et al., 2012), downstream processing, and gene prediction via AUGUSTUS v3.3 (Stanke et al.,
2008) was based on the previously described workflow (Pucker et al., 2019). Assemblies of C. litoralis
(ERS2294062), L. aethiopicum (ERZ869968), S. chinensis (ERZ497710), and S. arvensis (ERS2294061) are
available at the EBI. AUGUSTUS v3.3 (Stanke ef al., 2008) was applied as previously described to predict protein-
coding genes for these assemblies (Pucker ef al., 2019). Additionally, genome assemblies of Lophocereus schottii
(GCA_002740545.1), Pachycereus pringlei (GCA_002740445.1), Pereskia humboldtii (GCA_002740485.1),
Stenocereus thurberi (GCA_002740465.1), Kewa caespitosa (GCA_900322205), Macarthuria australis
(GCA_900322265) and Pharnaceum exiguum (GCA_9003222385) were added to the downstream analysis.

Methods S2 Identification of full complements of DODA genes from betalain-pigmented species for functional
analysis

Beta vulgaris

Using BLAST searches with the protein sequence of the previously characterized BvDODAal (Hatlestad et al.,
2012), the B. vulgaris RefBeet (v1.2.2) genome contains six full-length and one partial annotated predicted genes
that have homology to DODA (Brockington et al., 2015; Table S2). For this publication, the full-length DODA
genes were isolated from B. vulgaris ‘Bolivar’ with one exception. BvDODAa4 was amplified from cDNA from leaf
tissue of B. vulgaris sugarbeet “YTiBv’ using the YTiBv-1.0 genome assembly (scaffold13748: 34334..33958,
34808..34555, 32278..32057; Table S4).

The partial DODA sequence (XM_010676273.2) was also investigated. The first exon of BvDODAa6 has no protein
homology to other DODAs and the second exon is half the expected size. BLAST searches were carried out
upstream of the annotated regions, up to the next annotated gene, in order to search for regions of homology to
DODA sequences. Some extra sequences were found but they were either very short, or in a different reading frame.
Because this transcript does not encode a full-length DODA protein, they likely represent incomplete tandem
duplications or pseudogenisations and thus were not investigated further for DODA-specific function.

Carnegiea gigantea

Four DODA genes were identified by performing a BLAST search using representative DODA genes from B.
vulgaris in the C. gigantea genome assembly SGPv1.3 and its corresponding predicted genes (Table S4;
PRINA318822; Copetti et al., 2017). The predicted transcript, Cgigl 02616, was found to be composed of coding
sequences corresponding to two DODA genes, referred to as CgDODAa2 and CgDODAp. These were manually
annotated by comparison with other DODA genes, and by comparison with RNAseq datasets (Copetti et al., 2017).
Cgigl 02617 is directly upstream from the Cgigl 02616 annotation. The predicted exons only have partial
homology, and contain in-frame stop codons. By BLASTing the sequence between this transcript and Cgigl 02616,

an extra region with homology to exon 3 of the DODA genes could be found, but this region contains two stop



codons and a frame-shift. There is also no RNAseq evidence for this gene, altogether indicating that this is likely a
pseudogenisation arising after tandem duplication of CgDODAa?2, and thus this gene was not investigated further.
Mesembryanthemum crystallinum

Amino acid sequences of the B. vulgaris DODAs were retrieved from the RefBeet v1.2 genome database (Dohm et
al., 2014). The amino acid sequences were mapped against the M. crystallinum genome annotation (W. C. Yim,
unpublished) using TBLASTN from BLAST (Camacho ef al., 2009). The identified CDS sequences were manually
curated and confirmed by RNAseq reads support.

Methods S3 Phylogeny of Caryophyllales

To enable trait reconstruction across the order, we generated a comprehensive genus-level species tree for
Caryophyllales using publicly-available sequence data compiled by PYPHLAWD (Smith & Walker, 2019). Briefly,
we ran PyYPHLAWD with default configurations for the whole of Caryophyllales on the GenBank ‘pln’ division
(downloaded 26/11/2018), used find_good_clusters.py to select the most well-sampled markers, and sampled a
single species per genus with the greatest sequence-wise coverage across these markers, ensuring that no
infraspecific taxa were selected. Then we reran PyPHLAWD on the same database, restricting the list of retrieved
sequences to the selected taxa. We carried forward the seven most well-sampled markers for phylogenetic
reconstruction. These were the nucleotide marker ITS and the plastid markers rbcL, matK, rpsi6, trnL-trnF, rpll16
and atpB-rbcL. Alignments were concatenated into a supermatrix and a maximum likelihood phylogeny was
inferred using RAXML v8.2.12 (Stamatakis, 2014). We partitioned the alignment by gene and used the overall
algorithm to conduct 100 Rapid Bootstrap replicates and thereafter a thorough maximum likelihood tree search from
10 bootstrap starting trees under the GTR+I" model of sequence evolution. In order to reflect current understanding
of the Caryophyllales phylogeny, we incorporated a relatively strong constraint following the MQSST topology
inferred from phylogenomic data by Walker ef al. (2018) and a placement of Lophiocarpus and Corbichonia
following Thulin ez al. (2016, 2018). However, we did not enforce the non-monophyly of the non-core recovered in
the former as it was weakly supported. We rooted the phylogeny with the clade of non-core Caryophyllales. To scale
the branches of our species tree to time, we used treePL (Smith & O’Meara, 2012), which uses a penalized
likelihood framework (Sanderson, 2002) and is capable of handling large trees. To constrain our inference, we used
the same fossil and secondary constraints as Smith ef al. (2018), and sources therein, except that the root age was
that from the UCLN clock analysis of Magallon et al. (2015; max 107.13 mya, min 102.5 mya). We conducted a
priming analysis to determine the best starting values and used cross-validation to determine the optimal smoothing

parameter.

Methods S4 Pigment reconstruction

Pigment data at genus level resolution was used to reconstruct the evolution of betalain pigmentation on the time-
calibrated genus-level phylogeny of Caryophyllales. We surveyed the literature for pigment data and determined the
pigmentation status of 174 genera, classifying them as anthocyanin-pigmented, betalain-pigmented, or unknown

(Table S3). We further assumed that all non-core Caryophyllales are anthocyanin pigmented. Where only one



species in a genus was tested, we assumed that its pigmentation status was generalizable. We reconstructed
pigmentation as a binary trait using maximum likelihood (Pagel, 1994, 1999) and stochastic mapping (Nielsen,
2002; Huelsenbeck et al., 2003) with the ape and phytools R packages, respectively (Revell, 2012; R Core Team,
2019; Paradis & Schliep, 2019). For both methods, we implemented two different forms of the Mk model (Pagel,
1994; Lewis, 2001): i) Symmetric, allowing equal rates (ER) of evolution from anthocyanin to betalain and vice
versa and i1) Asymmetric (or All Rates Different; ARD), allowing a different rate of evolution from anthocyanin to
betalain than from betalain to anthocyanin. Unknown taxa were given an equal likelihood of being in either state. In
the maximum likelihood case, we compared model performance with AIC scores (Burnham & Anderson, 2002). For
stochastic mapping, we enforced a strong prior that the root of the tree was anthocyanin-pigmented, although prior

sensitivity analyses indicated that this was not the cause of our results.

Methods S5 Gene tree of Caryophyllales DODA genes

We compiled a dataset of publicly available and early release genome and transcriptome assemblies. We collected
39 ingroup and outgroup genomes from public repositories and added the full complement of 297 ingroup
transcriptomes from Walker ez al. (2018). We supplemented these with 9 genomes newly assembled or reannotated
for this study and 11 Aizoaceae transcriptomes from L. Zhao (unpublished). Full dataset details can be found in
Table S4. To infer the gene tree of DODA in Caryophyllales, we employed the baited homologue approach
following Lopez-Nieves et al. (2018). Scripts for this analysis were downloaded from

https://bitbucket.org/yangya/adh_2016 and received minor modifications; all scripts can be found at

https://github.com/NatJWalker-Hale/DODA. We used a bait set of previously analyzed DODA genes from the

literature (Table S5). In order to include baits from Caryophyllaceae that were putative pseudogenes, we aligned the
baits with MACSE v2.03 (Ranwez et al., 2018) with defaults and replaced any codons containing inferred deletions
with ambiguities (-), such that the inframe proteins had ambiguities at this site. First, we clustered similar amino acid
sequences in transcriptomes using CD-HIT v4.7 (-n 5 -¢ 0.995) (Fu et al., 2012). We conducted similarity searches
using SWIPE v2.1.0 (Rognes, 2011), retaining the top 10 candidates. We then conducted three rounds of automated
iterative alignment inference and tree inference with MAFFT v7.409 (Katoh & Standley, 2013) and FastTree
v2.1.10 (Price et al., 2010), monophyletic masking and trimming, before a round of manual curation to produce the
homologue set. Manual curation involved adding three baits which were inferred on long branches and erroneously
removed during the pipeline, removing redundant sequences where another sequence from the same loci was longer,
masking monophyletic transcriptome sequences to remove isoforms, removing sequences on long branches and
removing sequences that had radically divergent phylogenetic placement indicative of error. Amino acid sequences
of the final homologue set were aligned with MAFFT v7.409 (Katoh & Standley, 2013) (--genafpair --maxiterate
1000), and coding sequences were aligned to the amino acids with the function pxaa2cdn from the phyx package
(Brown et al., 2017). The dataset was cleaned of columns with 90% or more missing data using pxclsq from phyx (-
p 0.1). Sequences containing over 50% gaps in the cleaned alignment were removed. The resulting dataset was
realigned, coding sequences were realigned and cleaned (pxclsq -p 0.1), and RAXML v8.2.12 was used to conduct

200 Rapid Bootstrap replicates and thereafter a thorough maximum likelihood tree search from 10 different



bootstrap starting trees, under the GTR+I'(4) model of sequence evolution. We also used RAXML to NNI-optimize
the tree and generate support values from the SH-like Approximate Likelihood Ratio Test (SH-aLRT) (Guindon et
al., 2010). If a better tree was found during NNI optimization, we carried this tree forward and remapped bootstrap
replicates to this topology. Finally, we extracted a strongly-supported clade of DODAa genes following Brockington
et al. (2015), and realigned, re-inferred a maximum likelihood tree and generated support using the same approach

as previously (Fig. S1).

Methods S6 Ancestral Sequence Reconstruction
To create a sequence dataset computationally and numerically tractable for ancestral sequence reconstruction, we

used custom python scripts (subsample by paralog.py; https://github.com/Nat/Walker-Hale/DODA) to subsample

the DODAa gene tree (Fig. S1), using a strategy designed to maintain within-paralogue diversity. To do this, we
used the species overlap algorithm implemented in ete3 (Huerta-Cepas ef al., 2016) to break the tree into paralogues,
before sampling within each paralogue such that every family had at least its longest sequence in the cleaned
alignment or longest sequences proportional to its representation in that paralogue within the original dataset. We
created a final dataset of 198 sequences, ensuring that a representative of all functionally characterized DODAa loci
was included. We aligned and inferred an ML tree for this dataset using the same approach as above (Fig. S13).
Marginal ancestral sequence reconstructions were conducted on this tree for codons and amino acids in IQ-TREE
v1.6.10 (Nguyen ef al., 2015; Kalyaanamoorthy et al., 2017) under the best-fitting substitution model (-m MFP -
msub nuclear -mrate E,G,R -asr). We tested both the cleaned (pxclsq -p 0.1) and uncleaned alignment. However,
because IQ-TREE does not conduct ancestral inference of gaps, we carried forward results from the cleaned
alignment. Probabilities of ancestral states at each node for the sites identified by Bean ef al. (2018) were
summarised using logo plots created with the R package ggseqlogo (Wagih, 2017; R Core Team, 2019). Codon
reconstructions were visualised as their translated amino acids by summing over the probabilities of redundant

codons.
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