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Summary

¢ Many specialized metabolic pathways have evolved convergently in plants, but distinguish-
ing multiple origins from alternative evolutionary scenarios can be difficult. Here, we explore
the evolution of L-3,4-dihydroxyphenylalanine (.-DOPA) 4,5-dioxygenase (DODA) enzymes
to better resolve the convergent evolution of the betalain biosynthetic pathway within the
flowering plant order Caryophyllales.

* We use yeast-based heterologous assays to quantify enzymatic activity of extant proteins
and then employ ancestral sequence reconstruction to resurrect and assay ancestral DODA
enzymes. We use a combination of ancestral sequence reconstruction, model-based methods,
and structural modelling to describe patterns of molecular convergence.

¢ We confirm that high L-DOPA 4,5-dioxygenase activity is polyphyletic and show that high
activity DODAs evolved at least three times from ancestral proteins with low activity. We
show that molecular convergence is concentrated proximally to the binding pockets but also
appears distally to active sites. Moreover, our analysis also suggests that many unique and
divergent substitutions contribute to the evolution of DODA.

¢ Given the key role of DODA in betalain biosynthesis, our analysis further supports the con-
vergent origins of betalains and illustrates how the iterative evolution of betalain biosynthesis

has drawn on a complex mixture of convergent, divergent, and unique variation.

Introduction

Life is replete with examples of similar traits that have evolved in
disparate lineages through convergent evolution (Losos, 2011;
Foote ez al., 2015; Heyduk et al., 2019). Widespread phenotypic
convergence has been interpreted either as evidence that evolu-
tion responds predictably to similar selection pressures, or that
evolution is highly constrained in the generation of new varia-
tion, or a combination of the two (Losos, 2011). Convergence
can therefore be interpreted as evidence of adaptation but also as
the result of chance variation which is then fixed by drift (Stay-
ton, 2008, 2015). Investigating the molecular basis of phenotypic
convergence offers a powerful framework for exploring the varia-
tion and processes driving the iterative evolution of phenotypes
(Zhang & Kumar, 1997; Foote et al, 2015; Sackton
et al., 2019). Even distantly related lineages can reuse homolo-
gous variation in the evolution of convergent traits, via the reoc-
currence of identical or similar mutations, or through different
mutations with comparable effects in homologous loci (Christin
et al., 2010; Stern, 2013; Storz, 2016). By contrast, other studies
have revealed convergent phenotypes with a divergent genetic
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basis, suggesting that either molecular convergence or divergence
can be involved in the evolution of convergent traits, or a combi-
nation of the two (Hoekstra et al., 2006; Natarajan et al., 20165
Van Belleghem ez al., 2023).

Multiple methods have been deployed to distinguish conver-
gence at the molecular level. One approach uses ancestral sequence
reconstruction to search for repeated amino acid substitutions at
homologous sites, between lineages with convergent phenotypes
(Zhang & Kumar, 1997; Castoe ez al., 2009; Foote ¢t al., 2015).
Ancestral sequence reconstruction infers all substitutions between
parent and descendant states, with repeated amino-acid substitu-
tions at the same site categorized according to the amino-acid iden-
tity of the parent and descendant states: convergent (if identical
descendent states result from parent states that are different), paral-
lel (if identical descendent states result from parent states that are
the same), and divergent (if repeated substitutions in the same site
result in different descendent states) (Zhang & Kumar, 1997; Cas-
toe et al., 2009). Meanwhile, alternative model-based methods have
sought to relax the constraint of amino acid identity to infer adap-
tive convergence, acknowledging that different states might have
similar fitness in the environments of convergent phenotypes
(Tamuri er al, 2009; Parto & Lartillot, 2018; Rey ez al, 2019).
These model-based methods also seek to remove false positive
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inferences derived from neutral convergence, with sites showing
evidence of adaptive convergence typically a subset of those inferred
by ancestral sequence reconstruction. However, lineage-specific
epistasis might limit the extent to which the same substitution can
cause the same functional effect in different backgrounds (Pollock
et al., 2012; Zou & Zhang, 2015; Storz, 2016). Consequently,
ancestral sequence reconstruction coupled to site-specific mutation
of the inferred substitutions in the background of resurrected ances-
tral proteins (Hochberg & Thornton, 2017) has emphasized that
unique and divergent substitutions can be as important as conver-
gent sites for understanding the evolution of protein function
(Natarajan ez al,, 2016). Therefore, a combination of these meth-
ods is informative in resolving the molecular evolutionary basis of
convergent phenotypes.

Plant metabolism features a massive diversity of specialized
metabolites which show many striking examples of convergent evo-
lution (Pichersky & Lewinsohn, 2011). Gene duplication and
molecular convergence are commonly implicated (Christin
et al, 2007; Besnard et al, 2009; Moghe & Last, 2015), with
ancestral sequence reconstruction invaluable in understanding the
evolution of enzyme functdon (Smith er af, 2013; Huang
et al., 2016; Kaltenbach er 4/, 2018; Lichman ez al., 2020; O’'Don-
nell et al., 2021). Betalains are a group of red to yellow pigments
which, in flowering plants, occur uniquely in Caryophyllales,
where they can replace anthocyanin pigments (Timoneda
et al., 2019). Previously, it was suggested that betalains could have
evolved multiple times (Brockington ez al, 2011), and we subse-
quently found further support for up to four transitions with com-
parative and molecular data (Sheehan ez al, 2020). A key step in
the betalain pathway (Fig. 1a) is the 4,5-dioxygenase cleavage of L-
3,4-dihydroxyphenylalanine (L-DOPA) to form betalamic acid,
the core chromophore of betalain pigments (Fig. 1a). In Caryo-
phyllales, this step is accomplished by DODA homologs of the
Arabidopsis LigB gene, which exhibit I-DOPA 4,5-dioxygenase
activity (Christinet et al, 2004; Sasaki er al, 2009; Chung
et al, 2015). Brockington er al (2015) showed Caryophyllales-
specific duplications in the DODA gene lineage, resulting in two
large clades termed DODAa and DODAP, with L-DOPA
4,5-dioxygenase activity only to be found in the DODA« lineage.
Sheehan et al (2020) subsequently showed that -DOPA
4,5-dioxygenase activity was polyphyletic across extant DODA«
paralogues. Numerous gene duplications give rise to clades with
high L-DOPA 4,5-dioxygenase activity, termed DODAa1, and sis-
ter clades termed DODA02 exhibiting litde to no L-DOPA
4,5-dioxygenase activity (Fig. 1b). The main activity of
non-DODAal homologues in Caryophyllales is unknown,
although Ad.igB can catalyse 2,3-cleavage of L-DOPA to produce
muscaflavin and is natively involved in arabidopyrone biosynthesis
(Weng er al., 2012; Kasei er al., 2021). Based on these patterns,
Sheehan et al. (2020) inferred repeated specialization to betalain
pigmentation, underpinned by multiple transitions to high levels
of L-DOPA 4,5-dioxygenase activity following lineage-specific gene
duplications, consistent with homoplastic patterns of betalain pig-
ment occurrence in extant taxa (Fig. 1c).

Although the evidence provided by Shechan ez al (2020) is

compelling, it is inconclusive, and several uncertainties and
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opportunities remain. First, while we inferred repeated transitions
to high L-DOPA 4,5-dioxygenase activity, in the absence of ances-
tral protein resurrection we were unable to rule out a single transi-
tion to high activity followed by multiple reversals to low activity.
Second, the molecular basis of high L-DOPA 4,5-dioxygenase
activity in DODAa]1-like sequences, based on a publication by
Bean et al. (2018) has proved to be controversial (Guerrero-Rubio
et al., 2023). Bean et al. (2018) compared extant states between
Beta vulgaris DODAal and DODAa2 proteins at sites that were
consistently different in the context of a broader sample of Caryo-
phyllales DODAs. By mutating these sites in DODAa2 to match
amino acid states found in DODAal, they suggested that only
seven mutations were responsible for the evolution of high activity.
However, we were subsequently unable to reproduce their result
(Guerrero-Rubio ez al, 2023). Although some of the sites impli-
cated by Bean er 4/ (2018) seem good candidates based on com-
parative (Sheehan et al, 2020; Guerrero-Rubio
et al., 2023), the fact that these residues are not sufficient to confer
high activity on DODAa2 suggests further undescribed evolution-
ary complexity. The concept of convergent betalain pigmentation
is increasingly evidenced (Sheehan ez al, 2020; Pucker ez al., 2024)
but has not yet been leveraged to yield insight into this complexity.
Consequently, the evolutionary path(s) to high activity remain
unknown, and the degree of molecular convergence between differ-

analysis

ent transitions to high activity is unexplored.

Here, we interrogate the molecular evolution of high L-DOPA
4,5-dioxygenase activity in Caryophyllales, considering the multi-
ple origin hypothesis. First, we curate a dense array of extant
DODAa« homologs and assay their activity in yeast, confirming
the polyphyletic distribution of high activity. We infer a
DODAa gene tree, reconciled to the Caryophyllales species phy-
logeny, and use it to reconstruct ancestral sequences. We resurrect
these ancestral sequences in yeast and show that high activity
evolved three times. We then infer historical substitutions, and
by investigating their structural context, find a mixture of conver-
gent, divergent, and unique substitutions implicated in the evolu-
tion of high activity. We demonstrate that adaptive convergent
evolution of DODA enzyme structure and function occurs
within a complex sequence landscape, shedding new light on the
intricate molecular evolution of betalains in Caryophyllales.

Materials and Methods

Phylogenetic trees

We started from the most inclusive sample of DODA sequences
from Sheehan ez a/. (2020), derived from a mixture of genome and
transcriptome assemblies. We aimed to infer a reconciled gene tree
with nodes identified as speciation or duplication events. To do so,
we required a species tree matching our DODA sampling. We
started with the maximum quartet support species tree from
Walker ez al. (2018) and expanded it to sampled taxa not present
in that tree. Because the non-overlapping taxa almost always had
one or more congenerics in the tree, we did not consider it neces-
sary to conduct a full phylogenomic analysis from scratch. Instead,
we added taxa by surveying the literature for subtrees that included
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Fig. 1 The evolution of betalains in Caryophyllales. (a) The betalain biosynthetic pathway. The transition between L.-DOPA and betalamic acid catalysed by
DODA is highlighted in gold. (b) Genus-level species tree showing the reconstruction of pigmentation states between anthocyanins (blue) and betalains
(purple), with four inferred origins highlighted (Sheehan et al., 2020). (c) Schematic of the DODA gene tree (Sheehan et al., 2020). The root connects to
the DODAB clade, squares at nodes indicate gene duplications, clades are annotated by their designation, and clade colours correspond to L-DOPA 4,5-
dioxygenase activity of extant sequences: high activity in gold, low/no activity in grey. Clade labels correspond to the arc labels in (b). DODA, .-DOPA 4,5-

dioxygenase; L-DOPA, L-3,4-dihydroxyphenylalanine.

their relationships relative to taxa already included. If no such tree
was available, we used PyPHLAWD (Smith & Walker, 2019) to
scrape sequence data for the genus of the missing taxon from the
NCBI (‘pln’ database, downloaded 29/11/2020), used PyPH-
LAWD’s find_good_clusters.py to create a concatenated alignment
and inferred a maximum likelihood tree from the nucleotide data
with IQ-TREE v.2.1.2 (Minh ez 4/, 2020) under the Generalised
Time Reversible model with empirical frequencies and discrete
gamma-distributed among-site rate variation with four categories
(GTR + F + G4) model, before adding the taxon to the overall tree
based on the relationships in the genus tree. Finally, if no data was
available from the NCBI, we proceeded from the assembled tran-
scriptomes used in Sheehan ez 4/ (2020) for the genus of the taxon
and a single outgroup chosen based on the relationships in the over-
all tree, and inferred one-to-one orthologues with the pipeline from
Yang & Smith (2014). Amino acid sequences for the resulting
orthologues were aligned with MAFFT v.7.453 (--auto; Katoh &
Standley, 2013) and sparse columns were removed with pxclsq
from PHYX v.1.3.1 (-p 0.1; Brown ez al, 2017). The resulting align-
ments were concatenated with pxconcat from phyx and a maxi-
mum likelihood tree was inferred with IQ-TREE with the
edge-linked proportonal model (-spp) under GTR+F + G4.

Finally, the missing taxon was placed into the overall tree based on
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the relationships in the smaller tree. The resulting species tree is
shown in Supporting Information Fig,. SI.

The collection of DODA« coding sequences was aligned with
PRANK v.170427 under the empirical codon model (-codon
-iterate = 5; Loytynoja & Goldman, 2005), sparse columns were
removed with pxclsq (-p 0.1), and the resulting alignment was
used for maximum likelihood gene tree reconciliation with GEN-
ERAX v.1.2.2 (Morel et al., 2020) under GTR + F + G4 and the
UndatedDL model. The resulting maximum likelihood reconci-
liation featured a deep duplication that was poorly supported by
taxon sampling and implied large and unparsimonious losses
(Fig. S2), so we therefore further constrained this tree to match
the species tree by placing Limeum aethiopicum DODAJ sister to
the Globular Inclusion clade and Stegnosperma halimifolium
DODAa1 sister to S. halimifolium DODAq2, creating a species-
specific duplication. The resulting tree is shown in Fig. S3.

Ancestral sequence reconstruction

The full DODAa alignment contained multiple fragmentary
sequences derived from transcriptome assemblies, which we rea-
soned would create challenges for ancestral sequence reconstruction
with gaps. We therefore winnowed this alignment to remove partial
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sequences by removing sequences with long terminal deletions and
removing sequences with internal insertions or deletions longer
than two amino acids if they were not conserved in at least two
sequences. We retained a truncated transcript of DODAa from
Microtea debilis as it was the only sequence available from Micro-
teaceae. We pruned the reconciled gene tree to match this reduced
sampling (Fig. S4), and the reduced alignment was used to opti-
mise branch lengths under GTR+F + G4 with RAXML-NG
v.1.0.1 (--evaluate --lh-epsilon 0.001; Kozlov ez al, 2019). The
resulting tree was used as a guide tree for a second round of PRANK
alignment with the reduced sequence set under the empirical codon
model (-codon -t = [reduced tree]). The resulting in-frame align-
ment was translated to amino acids and used to optimise amino
acid branch lengths on the reduced topology with RAXML-NG
under the best-fitting model of amino acid sequence evolution,
Jones-Taylor-Thornton with discrete gamma-distributed among-
site rate variation with four categories (JTT + G4; --evaluate
--model JTT + G4 --lh-epsilon 0.001). Finally, FAsTML v.3.11
(Pupko ez al., 2000, 2002) was used to reconstruct ancestral amino
acid sequences with marginal inference under JTT 4 G4. Adjacent
gaps were amalgamated into individual characters and recon-
structed as binary presence-absence with stochastic mapping, pre-
ferring gap over sequence if the Posterior Probability (PP) > 0.5.
For each node, we extracted the Maximum A Posteriori (MAP)
sequence. To account for reconstruction uncertainty, we also calcu-
lated the AltAll sequence (Eick er al, 2016) which replaces the
MAP state at ambiguous sites with the second most probable state
if PP > 0.2. We left reconstructed gap states fixed between MAP
and AltAll. Two nodes in our tree were separated by a zero-length
amino acid branch length, and the inferred marginal distributions
were identical; we therefore carried forward a single sequence to
represent these nodes.

Yeast expression

Sequences inferred in the ancestral reconstruction of DODA
enzymes were synthetically obtained from Twist Bioscience (San
Francisco, CA, USA) and expressed in Saccharomyces cerevisiae to
test their betalain-production ability. Gene expression was con-
ducted by using Golden Gate Assembly and the yeast toolkit
described by Lee ez al (2015). This procedure involved two main
steps where the coding sequences were firstly expressed in the entry
vector pYTKO001 and then transferred to integration vectors. All
DODA sequences were codon optimized for their expression in S.
cerevisiae and domesticated to remove restriction sites employed in
this protocol: the recognition sites for the restriction enzymes
BsmBI and Bsal were eliminated for the cloning step and the recog-
nition sites for NotI were removed to facilitate genomic integration.
The strain yHS023, previously created in our laboratory
(Guerrero-Rubio ¢t al., 2023), was employed as a backbone for the
expression of DODA sequences in the LEU locus. The strain
yHS023 is a modified version of BY4741 (MATa his3A1 leu2 A0
met]5A0 ura3A0) that expresses the coding sequence of
CYP76ADG6 from Beta vulgaris (GenBank ID: 0Q362268.1) in
the URA3 locus. BvCYP76ADG6 is a CYP76AD1 homologue cap-
able of hydroxylating tyrosine to L-DOPA (Sunnadeniya
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et al., 2016), and yeast strains expressing this in combination with a
DODA homologue capable of L-DOPA 4,5-dioxygenase activity
will produce yellow betaxanthins. Thus, the DODA sequences were
cloned into the LEU2 integration vector pTMP137 (provided by J.
E. Dueber, University of California, Berkeley), with the promoter
ScCCW12 and the terminator SCADH]1. Genomic integration of
linearized plasmids was performed by digestion with NotI and yeast
transformation using the high-efficiency LiAc/SS carrier DNA/
PEG yeast transformation protocol (Gietz & Schiestl, 2007). Cells
were grown on complete supplement media lacking uracil and leu-
cine for positive colonies selection. All plasmids were verified by
Sanger sequencing and restriction digest. Primers used in this work
are shown in Table S1. All the strains constructed in this work are
listed in Table S2.

To quantify the production of betaxanthins as a proxy for L-
DOPA 4,5-dioxygenase activity, yeast strains were grown in 2 ml
of complete supplement media lacking uracil and supplemented
with 1 mM tyrosine and 10 mM ascorbic acid. The strain
yHS023 was employed as a negative control. All samples were
grown at 30°C, 180 rpm orbital shaking, and after 48 h, 10 pl of
saturated cultures were diluted in 490 pl of fresh medium and
placed into deep 96-well plates. The samples were incubated for
24 h at 30°C, 1000 rpm orbital shaking. Then, cells were centri-
fuged for 2min at 4000 rpm (2343 g and resuspended in
phosphate-buffered saline (PBS) pH 7.4. After two rounds of
washing, 100 pl of PBS containing cells was used to quantify
intracellular betaxanthin levels using a ClarioStar microplate
reader (BMG LABTECH, UK). Fluorescence of betaxanthins
was detected by using excitation wavelength 470 nm and emis-
sion wavelength 510 nm. Values were normalized based on the
negative control strain (yHS023) and corrected by the cell density
(OD600). We conducted four replicates per strain.

Inferring historical substitutions

Historical substitutions were inferred by compiling sequence differ-
ences between ancestral and descendant MAP sequences along a
branch, or the ancestor and final descendant of a multibranch line-
age. For a set of branches or lineages of interest, we generated all
two-way combinations and then filtered any that were sister or were
a direct ancestor or descendant of one another. Overlapping substi-
tutions for each pair were compiled and defined as divergent if they
resulted in a different state or convergent if they resulted in the
same state. Unique substitutions for each branch that did not over-
lap between any pair were also compiled. Utilities for this purpose
were implemented in the scripts count_conv_subs_from_asr.py
and get_conv_subs_from_asr.py, available from https://github.
com/Nat] Walker-Hale/convergence_tools.

Expected number of molecular convergences

To generate an expectation for neutral convergence, we adopted
the approach of Zou & Zhang (2015). Posterior site rates under
JTT + G4 were inferred on the reconciled tree with paML v.4.9h
(Yang, 1997). Site-specific frequencies were calculated from the
alignment and smoothed under a Jeffreys prior by adding a
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pseudocount of 0.5 to each character. For each branch combina-
tion consisting of parents X; and X, and descendants X3 and
X4 and for each site, the MAP character at the Most Recent
Common Ancestor (MRCA) node of the two focal branches, X,
was extracted from the FastML result. If the MAP character is
amino acid j, P(X,) = I}, a vector that is 1 for amino acid j and
0 otherwise. For the parent node of each focal branch, the prob-
ability of observing each amino acid conditional on P(Xj) is
given by P(Xi|Xo=j)=1; ¢, and P(X,|X,=j)=
;- e where Q is the instantaneous rate matrix calculated
from JTT exchangeabilities from PAML, combined with the
smoothed site-specific frequencies and scaled so that the average
rate of transition is one in the usual manner (Yang, 2014), #; is
the sum of the branch lengths separating the MRCA node and
the parent node X, of the focal branch, in substitutions per site,
7 is the posterior rate for that site under JTT + G4 from PAML,
and e signifies the matrix exponential. Conditional on the amino
acid appearing at the parent node, P(X3|X; =j) = ;- e
and P(X4|X, =j) =1I;- %", Then, the joint probability of
amino acids A, B, C, and D at nodes X;—Xj4
is  PABCD) =PX =A) PXs=C |X,=4A)-
P(X, = B) - P(X4 = D|X, = B).
probability of a convergent substitution at the two parent nodes
and two descendant nodes with states A, B, C, and D as
P = ZA;&C,B;ED,C:DP(A’ B,C,D) (Zou & Zhang, 2015).
The probability of a divergent substitution was calculated similarly.
These quantities were summed over all sites not inferred or observed
to contain gaps in any of the relevant nodes to generate an expecta-
tion for the alignment. If the MRCA of the parents of two focal
branches was one of the parents, we calculated (X)) one node dee-
per in the tree. Expected values were compared to observed counts
as the ratio observed/expected, and a P-value was calculated from a

Finally, we calculated the

Poisson distribution with the expected value as the rate parameter,
right tailed for ratio > 1 and left tailed for ratios < 1.

We conducted a similar analysis with parametric bootstrapping
by simulation. Individual sites were simulated along the reconciled
tree with SEQ-GEN v.1.3.4 under JTT, using the smoothed site-
specific frequencies and scaling branch lengths in the tree with the
posterior rate per site from PAML and recording ancestral sequences.
Sites were concatenated and gaps were cloned from the recon-
structed sequences into each simulated alignment. We simulated as
many sites as the original alignment (789), and repeated this proce-
dure for 1000 replicate simulated alignments. Convergences and
divergences were counted for each branch pair as above, and an
expectation was generated by dividing the total count over all repli-
cates by the number of replicate alignments. A P-value was calcu-
lated by computing the proportion of replicates with a result
greater than or equal to (or less than or equal to) the observed
value. Both approaches are implemented in python in the scripts
calc_expected_conv.py and sim_expected_conv.py, available from
hreps://github.com/Nat]Walker-Hale/convergence_tools.

Detecting adaptive amino acid convergence

To infer adaptive convergence in sites, we applied a suite of
methods previously used to infer adaptive convergence (Rey
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et al., 2019) or detect shifts in directional selection (Duche-
min et al, 2023): the branch-site test with classic codon
models (Zhang er al., 2005; Christin et al., 2007) as imple-
mented in GOpON v.0.8 (Davydov ez al, 2019); pcoc
v.1.0.1, a method to detect convergent substitutions and site-
specific amino acid frequency shifts (Rey ez al, 2018); PELL
CAN v.1.0.8, a method to detect site-specific amino acid fre-
quency shifts (Tamuri ez 2/, 2009; Duchemin ez al, 2023);
and diffsel (https://github.com/vlanore/diffsel), a Bayesian
method in the MutSel framework to detect differential amino
acid fitness effects (Parto & Lartillot, 2017, 2018). For all
methods, the same alignment and reconciled gene tree used
for ancestral sequence reconstruction was used. The align-
ment was first pruned of sparse sites using pxclsq (-p 0.1).
Based on the activities of reconstructed proteins, foreground
branches were specified as: the tip leading to S. halimifolium
DODAa«l; the branch subtending the Amaranthaceae s. /
DODA«al and DODAw4 clade and all descendant branches
but excluding the branch subtending DODAw4 and all des-
cendant branches; and the branch subtending the Globular
Inclusion clade DODAal and all descendant branches,
excluding K. caespitosa DODAal. For the branch site test,
only the first and immediate descendant branches were used
as foreground, and all foreground branches were tested simul-
taneously. The branch-site test was run without non-
synonymous rate variation and a significantly improved fit
over the null was determined with a Likelihood Ratio Test
on 1 degree of freedom. PCOC was run with C60 profiles
and gamma-distributed among-site rate variation, allowing at
most 10% gaps in all and in foreground sites. Diffsel was
run with two chains for 3000 generations and a 20% burn-
in, using the tracecomp utility to determine that all effective
sample sizes were > 200 and chain differences < 0.1. We cal-
culated a score between 0 and 1 for each method (Rey
et al, 2019): the Bayes Empirical Bayes (BEB) Posterior
Probability of a positively selected site for the branch-site
test, the score for the PCOC model, 1 minus the P-value for
the site for PELICAN, and for diffsel a transformation of the
posterior probability that the log-ratio of amino acid fitness
is > or <0, such that high probabilities of substantial posi-
tive or negative fitness differences between foreground and
background branches score close to 1.

Protein structure, divergence, and conservation

Protein structures were predicted using AlphaFold2 as implemen-
ted in colabfold (AlphaFold2_mmseqs; https://github.com/
sokrypton/ColabFold, Jumper ez al., 2021; Mirdita ez al., 2022).
P2raNK v.2.4 was used to predict binding pockets with the
AlphaFold configuration (-c alphafold; Krivdk & Hoksza, 2018).
Structures visualised in CHIMERAX v.1.7.1 (Meng
et al., 2023). We aimed to generate a metric that summarised
per-site divergence between DODAal-like and DODAa2-like
sequences as well as their relative conservation within each class.

were

To do this, we calculated the per-site Jensen-Shannon Divergence
(JSD) between DODAal and DODAa2-like sequences in each
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Fig.2 Multiple transitions to high L.-DOPA 4,5-dioxygenase activity. (a) Reconciled gene tree of DODA«x with the ancestral nodes characterized in this
work are labelled numerically. Grey branches are inferred with low/no L-DOPA 4,5-dioxygenase activity, and gold branches with high activity. Asterisks at
nodes indicate major gene duplication events. Circles at tips show characterised extant sequences with their betaxanthin fluorescence measured from
heterologous expression in yeast is shown as horizontal bar charts. Asterisks at terminals within Portulacineae DODA«1 denote measured fluorescence
lower than background. (b—e) Measured betaxanthin fluorescence following expression of ancestral resurrected sequences in yeast. Darker bars (left hand
side for each node) correspond to the MAP sequence, and lighter bars to the AltAll. Node numbers correspond to those depicted in (a). (b) Depicts the
backbone nodes. (c) Stegnospermtaceae origin. (d) Amaranthanceae origin. (e) Globular Inclusion (including the Raphide and Portulacineae clades) origin.
Bar heights are means, error bars +£1 SD. DODA, L.-DOPA 4,5-dioxygenase activity; L-DOPA, L-3,4-dihydroxyphenylalanine.

clade using the script calc_site_specific_divergence_aa_n_aln.py,
and calculated per-site conservation as 1 minus the normalised
Shannon entropy, such that fixed sites have a value of 1, using
the script calc_site_specific_aa_var.py. Both scripts are available
from https://github.com/Nat]Walker-Hale/alignment_and_tree_
tools. Both values range from 0 to 1; to create a combined metric
we calculated the mean normalised entropy for each DODAal1-
DODA2 comparison and multdiplied it by the JSD. Thus,
values of 1 correspond to sites that are fixed on different amino
acids in each group. In each case, we used the clade(s) of
DODAal and DODAa2-like sequences belonging to a specific
taxonomic group (i.e. for Amaranthaceae, we compared
DODA«a1 sequences to DODAa2 and DODAa4 sequences; for
Portulacineae, we compared Portulacineae DODAa1 sequences
to Portulacineae DODA2 sequences, etc.).
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Results

Polyphyletic distribution of high L-DOPA 4,5-dioxygenase
activity across the DODA tree

We used a Caryophyllales species tree and a diverse sample of
DODA sequences from across Caryophyllales to infer a reconciled
gene tree of the DODA« clade (Fig. 2a). We took a sample of full-
length sequences from all major DODA« clades in the tree and
expressed them in yeast in combination with a CYP76ADG6 homo-
log capable of hydroxylating tyrosine to form L-DOPA. The ability
of transformed colonies to produce yellow betaxanthins serves as a
proxy for L-DOPA 4,5-dioxygenase activity. The results confirmed
a polyphyletic distribution of activity in DODAq, with multiple
high activity clades sister to clades with low to no activity (Fig, 2a;

© 2025 The Author(s).
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Sheehan et al, 2020). Measured activities did not show obvious
clade-specific patterns or optima and was highly variable among all
characterized sequences (Fig. 2a). Three DODAa1-like sequences
showed extremely low activity, one of which, in Spinacia oleracea,
appears to be explained by loss of activity following a shallow,
species-specific tandem gene duplication (Figs 2a, S5). The other
two examples (Rivina humilis DODAal and Pterocactus tuberosus
DODA«1) could also be plausibly explained by a similar pattern,
but because our sequence data for these species are derived from
transcriptomes, we were unable to determine if their genomes

encode additional paralogs with high activity.

High .-DOPA 4,5-dioxygenase activity evolved three times
in Caryophyllales

We then reconstructed sequences at internal nodes using marginal
inference, summarizing the posterior probability distribution of
states at each site using both a Maximum A Posteriori (MAP)
sequence and an AltAll sequence in which we replaced ambiguous
states with the second highest probability state if it had PP > 0.2
(Eick er al, 2016). All nodes had average maximum site-state
PP > 0.95, suggesting confident inference (Fig. S6). MAP and
AltAll sequences were synthesized and expressed in yeast with a
CYP76AD6 homolog to provide the L-DOPA substrate and
assessed for betaxanthin production. The results support the infer-
ence that high L-DOPA 4,5-dioxygenase activity evolved multiple
times, with high activity sequences evolving three times indepen-
denty from low activity ancestors following gene duplication
(Fig. 2b—e). Multiple nodes along the backbone of DODA« show
litde or no activity (nodes 1-5; Fig. 2b). The ancestors to
Macarthuria australis and S. halimifolium DODAal show low
activity (nodes 6, 7; Fig. 2¢), and while we were unable to express
S. halimifolium DODAa1 in yeast, our previous in planta expres-
sion data shows it to possess high activity (Sh, Fig. 2a; Sheehan
et al., 2020) indicating a separate origin in Stegnosperma. Taxono-
mically, therefore, three origins occur: within the Stegnospermata-
ceae, the Amaranthaceae, and the Globular Inclusion clade (Fig. 2).

Patterns of evolving L-DOPA 4,5-dioxygenase activity
within origins

Having established multiple separate transitions to high L-DOPA
4,5-dioxygenase activity, we then sought to characterize patterns
of activity within each origin by characterizing nodes descended
from each inferred initial transition. We observed that the
inferred transition to high activity in Amaranthaceae differed
depending on the MAP or AltAll sequence. The MAP sequence
implies a transition in the ancestral sequence of DODA«l and
DODAw4 (Fig. 2d, node 9), with a subsequent loss of high activ-
ity in DODAo4. However, the AltAll sequence implies that this
node lacked high activity, instead suggesting this transition
occurred in the ancestor of DODAal (Fig. 2d, node 10). In the
Globular Inclusion clade, the ancestor of DODAal shows
roughly a third of the activity in the AltAll sequence than the
MAP (Fig. 2e, node 13), although both are far greater than the

ancestral low activity nodes. In both Amaranthaceae and

© 2025 The Author(s).

New Phytologist © 2025 New Phytologist Foundation.

i N

Globular Inclusion lineages, descendant nodes seem to show ele-
vated levels of activity relative to the initial transition node
(Fig. 2d,e, node 9 vs node 10, node 13 vs nodes 14—16). How-
ever, due to difficulties in interpreting the cause of quantitative
differences in heterologous expression data, we avoided attempt-
ing to further characterize this (see the Discussion section).

Convergent, divergent, and unique substitutions during
transitions to high DODA

We next investigated whether independent transitions to high
activity involved convergent molecular evolution. By comparing
ancestral and descendant sequences across multiple branches asso-
ciated with each inferred transition to high activity, we tracked
historical substitutions for each branch and identified shared pat-
terns. For each possible pair of independent branches, we cata-
loged overlapping substitutions, categorizing them as follows:
*convergent substitutions*, where the descendant amino acids at
a given residue position were identical; *divergent substitutions™,
where substitutions occurred at the same residue but resulted in
different amino acids; and *unique substitutions*, found in only
one branch within any given comparison. The results of this ana-
lysis are summarized in Fig. 3. In the Stegnosperma origin, we
identified 75 substitutions, of which 6 (8%) were convergent
with other origins, 37 (50%) were divergent, and 32 (42%) were
unique. For the Amaranthaceae origin, 52 substitutions were
identified: 18 (35%) were convergent, 23 (44%) were divergent,
and 11 (21%) were unique. In the Globular Inclusion origin, we
inferred 100 substitutions, with 22 (22%) convergent, 50 (50%)
divergent, and 28 (28%) unique. Across all branch comparisons
between different origins, we identified 64 sites with either con-
vergent or divergent substitutions. Only 2 sites (3%) exhibited
convergence across all three origins (T475S and D564E); 21 sites
(33%) had a convergent substitution in at least two origins, while
42 sites (66%) were exclusively divergent across at least two ori-
gins. In 11 site-branch combinations (17%), substitutions were
convergent between two origins but divergent in the third.
Furthermore, we observed that, in cases involving sequential
branches associated with evolving high DODA, certain sites (e.g.
475 and 653) displayed complex patterns, with a convergent sub-
stitution in one branch followed by a divergent substitution in
the subsequent branch, or vice versa (Fig. 3). Some of the sites
containing convergent substitutions matched those previously
implicated in controlling DODA biochemical function (Fig. 3;
Christinet et al., 2004; Bean ez al., 2018; Chiang ¢t al., 2025).

Statistical tests detect excess convergence among origins
and key transition branches

Notably, the proportion of inferred molecular convergence per
origin, expressed as a percentage of substitutions, is relatively
low, ranging from 8% to 35%. Given some neutral convergence
is expected due to the limited number of amino acid states and
random drift, we adapted a method from Zou & Zhang (2015)
to determine whether the observed levels of convergence or diver-
gence exceeded those predicted by the best-fitting empirical
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Fig. 3 Convergent, divergent, and unique substitutions during transitions to high .-DOPA 4,5-dioxygenase activity. Sites are numbered according to their
position in our alignment. The figure is divided into two halves with the top half representing the 5’ end of the alignment (positions 396-588) and the
bottom half representing the 3’ end of the alignment (positions 591-763). Branches and nodes are assigned to each of the three origins:
Stegnospermataceae (ST), Amaranthaceae (AM) and Globular Inclusion (GL). Areas outside of these parts of the alignment show no substitutions on the
branches in question and so are not depicted. Branches implicated in the transitions to high L-DOPA 4,5-dioxygenase activity are labelled according to their
parent-daughter nodes. Overlapping substitutions between at least two evolutionary branches are classified as convergent (red) if they result in the same
state and divergent (blue) if they occur in the same position but result in different states. Unique non-overlapping substitutions on each branch are shown
in grey. At the bottom, overlaps between sites containing inferred substitutions in our alignment and sites previously implicated by Christinet et al. (2004)
(crossed box, substrate or cofactor orienting; filled box, betalain taxon motif) and Bean et al. (2018) in the evolution of DODA function are highlighted.

DODA, L.-DOPA 4,5-dioxygenase; DOPA, L-3,4-dihydroxyphenylalanine.

model of amino acid sequence evolution. By accounting for site-
rate heterogeneity and amino acid frequency variation, we found
that convergence between the Amaranthaceae DODAal lineage
(node 8 to node 10) and both Globular Inclusion clade
DODAal1 lineages (node 5 to node 15 and node 5 to node 16;
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Fig. 4a) was significantly higher than expected. However, we did
not observe excess convergence between these lineages and Steg-
nospermataceae DODAal, instead finding a greater-than-
expected number of divergent substitutions within the Stegnos-
permataceae origin (node 7 to Sh, Fig. 4a). Upon further

© 2025 The Author(s).
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Fig. 4 Excess convergence and divergence among different origins. Branch pairs that are not sister or directly ancestral or descended are compared across
different major lineages of DODA«a1 (Stegnospermataceae, Amaranthaceae, Raphide Clade and Portulacineae). Each cell gives the observed value,
expected value, ratio, and P-value from the Poisson distribution with rate equal to the expected value. The lower half p gives convergence, upper half gives
divergence. Significant convergent results are highlighted in red and significant divergent results in blue. (a) Results from multi-branch lineages and (b)
results from branches. DODA, L-3,4-dihydroxyphenylalanine (.-DOPA) 4,5-dioxygenase.

dissecting lineages into constituent branches, we identified a
more intricate pattern of convergence and divergence (Fig. 4b).
For example, both branches within the Amaranthaceae
DODAa1 lineage (node 8 to node 10) exhibited greater-than-
expected convergence with the initial branch within the Globular
Inclusion DODA«l transition, although only the initial Amar-
anthaceae branch converged with the Raphide branch of
DODA«1 (node 8 to node 9 vs node 5 to node 13/node 14 to
node 15, Fig. 4b). Additionally, the branch subtending Amar-
anthaceae DODAa1 showed an enriched convergence with the
branch subtending Raphide and K. caespitosa DODAal (node
13 to node 14, Fig. 4b), though this enrichment may be artifac-
tual, driven by a single convergent substitution and a short
branch length. We also applied an analogous approach with a
parametric bootstrapping approach through simulation. This
analysis identified fewer lineage and branch pairs with signifi-
cantly higher-than-expected convergence. Nonetheless, the
Amaranthaceae DODAal lineage retained significant conver-
gence with the Raphide DODAa1 lineage, and the initial branch
in Amaranthaceae DODAa1 was significantly enriched for con-
vergence with the initial branch within the Globular Inclusion
clade DODAal (Fig. S7). Notably, the S. halimifolium
DODAa1 branch demonstrated higher-than-expected divergence
relative to all other origins, albeit with only select individual
branches within these origins (Fig. S7).

Model-based methods identify a variable suite of adaptive
convergent residues

Building on the evidence for adaptive convergence across entire
branches or origins, we applied a suite of methods to identify

© 2025 The Author(s).
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adaptive convergence at individual residue sites. Using four dis-
tinct approaches — branch-site BEB, PCOC, PELICAN, and
Diffsel — we detected strong evidence of adaptive convergence at
multiple sites. Many of these sites also showed convergent and
divergent substitutions in the branches of interest, as identified
by our ancestral sequence reconstruction analyses (Fig. 5a—d).
Each method exhibited varying sensitivity: with a score threshold
of 0.95, branch-site BEB identified 22 convergent residues,
PCOC detected 7, PELICAN flagged 62, and Diffsel identified
47. Only two sites were consistently supported across all four
methods, with an additional nine sites supported by three out of
four methods. All of these sites showed at least one convergent or
divergent substitution, with several aligning with previously iden-
tified residues critical to DODA function (Figs 3, 5).

Structural insights into the functional significance of
inferred substitutions

We first mapped important residues as originally determined by
Christinet ez al. (2004), and later by Bean ez al. (2018) (Fig. 6a,
b) to the structure of the BvDODA«1, together with the inferred
binding pocket. For comparison, we then mapped the residues
identified by at least three model-based methods, visualised again
on BvDODAa«al (Fig. 6¢). To explore the potential functional
significance of inferred substitutions from the ancestral sequence
reconstruction analyses, we then mapped all changes inferred by
comparing end states in the final reconstructed ancestor of each
lineage (Stegnospermataceae, Amaranthaceae, Raphide and Por-
tulacineeae) and mapped them to predicted structures of repre-
sentative extant sequences from each major clade of DODA«x1-
like sequences, alongside the predicted binding pocket (Fig. 6e—

New Phytologist (2025)
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i Fig. 5 Site-based methods show evidence for
adaptive convergence. Results from a suite of

methods to detect adaptive convergence on the
274 amino acid sites in the cleaned alignment.
The four methods are: (a) branch-site Bayes
Empirical Bayes (BEB), (b) PCOC, (c) PELICAN,
and (d) diffsel. Sites corresponding to convergent
substitution identified by ancestral sequence
reconstruction are coloured red, and sites
corresponding to divergent substitution are

coloured blue. Sites implicated by all four
methods are shown in bordered text, while sites
implicated by three out of four are shown by text
only. Numbered positions correspond to the full
alignment. Score is calculated differently for each
method, see the Materials and Methods section
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g). We calculated the Jensen-Shannon Divergence between site-
specific amino acid frequencies for each DODAal clade and its
sister DODAa2-like sequences within each origin and calculated
the conservation of amino acids for each site within each
DODAa1 and DODAa2 clade, and combined these into a single
metric such that high scoring sites were fixed on different states
between DODAa1 and DODA«2 (Catania et al., 2024) (Fig. 6i—
1). Note that since we only had a single pair of genes for Stegnos-
permataceae, divergence and conservation were drawn from the

for details.

DODAal vs DODAa2 sequences over the whole alignment.
Across all visualizations, we observed that inferred convergent
substitutions tend to be clustered around the predicted binding
pocket, but that many divergent substitutions are also proximal.
To quantify this, we compared the distance to the binding pocket
centroid of sites containing substitutions along our focal lineages
to those with no substitutions inferred, measured from represen-
tative extant structures (Fig. 6m—p). In Stegnospermataceae,
divergent substitutions, but not

convergent or unique

Fig. 6 Convergent and divergent substitutions are concentrated around the DODA binding pocket. Predicted structures of four extant representative
DODA«1 proteins, with sites implicated in enzyme function highlighted. In each case homologous residues are identified in our alignment. Except where
otherwise specified, residues are coloured according to if they are inferred to contain a substitution along any focal branch(es): red, convergent; blue,
divergent; dark grey, unique. Each structure shows the position of the inferred binding pocket outlined in black. (a) Residues identified by Christinet

et al. (2004) displayed on BvDODA«1. Tan residues show the substrate orienting (A, D, E) and ferrous cofactor orienting (B, C, F, G) residues. Residues are
outlined in red if they contain a convergent substitution along any two focal branches, and grey if they contain a unique substitution along any branch. The
residues identified by Christinet et al. (2004) as distinguishing Caryophyllales from non-Caryophyllales DODA homologues, P-(S,A)-(N,D)-x-T-P, are
identified according to their states in ByDODA«1. (b, c) Residues identified by Bean et al. (2018) displayed on BvDODA«1. Labels gives the position in
BvDODA®2 originally indexed by Bean et al. (2018), position in BvDODA«1, and the position in our alignment. Left view faces the binding pocket (a), and
right view is rotated 180° (b). (d) Residues corresponding to sites with evidence for adaptive convergence. Labels give the corresponding alignment
position. Outlined residue labels show sites supported by all four methods. (e-h) Convergent, divergent and unique substitutions inferred by ancestral
sequence reconstruction. Predicted structures of four extant proteins from Stegnosperma halimifolium (ShDODA«1), Beta vulgaris (BvDODAx1),
Mesembryanthemum crystallinum (McDODA«1), and Carnegiea gigantea (CgDODA1). Sites inferred to experience substitutions along multibranch
lineages ancestral to that protein are displayed. (i-1) The same four structures with substituting sites coloured according to their divergence between
DODA«1-like and DODAx2-like homologs between each clade, and their conservation within each clade. Higher values show fewer overlapping states
between clades and more conservation within clades. In each case, homologs of each organismal lineage are used (i.e. for BvDODAa1, Amaranthaceae
DODAa1 homologs are compared to Amaranthaceae DODAx2 and DODAax4 homologs). (m-p) Kernel densities of distances of substituting sites from the
predicted binding pocket centroid for all substitutions across branch/lineage for the same four structures. Red, convergent; blue, divergent; dark grey,
unique; with the black line representing sites that do not experience any substitutions along our focal branch(es). DODA, L-3,4-dihydroxyphenylalanine (L-

DOPA) 4,5-dioxygenase..
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substitutions, tended to occur in sites closer to the binding pocket
(one-sided Wilcoxon rank-sum with Holm correction,
P=0.0199, Fig. 6m). In Amaranthaceae, the density of conver-
gent and divergent substitutions was shifted toward closer sites,
but this was not significant (Fig. 6n). In the Raphides, both con-
vergent and divergent substituting sites were significantly closer
(P=10.0006 and P=0.0382, Fig. 60). Finally, in the Portulaci-
neae, convergent substitutions were significantly
(P=10.013, Fig. 6p). We observed a similar clustering around
the binding pocket when dividing each lineage into its

closer

© 2025 The Author(s).
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constituent branches (Fig. S8). The Stegnospermataceae origin
(Fig. 6e) is again notable as our visualization emphasizes the rela-
tive frequency of divergent and unique substitutions, many of
which are proximal to the binding pocket. Notably, two sites in
the binding pocket of SADODAq1 experience convergent substi-
tutions: one with the first branch in Amaranthaceae (9-10) that
is replaced with divergent states along the second branch in
Amaranthaceae (10-11), and a second with the Raphide branch
(14-15) (Fig. S8). Most of the residues identified by Christinet
et al. (2004) and Bean er 4l (2018) are also detected by our
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analyses. However, all three of our approaches (ancestral recon-
struction, model-based methods, and extant conservation/diver-
gence) consistently identify previously unrecognised residues
close to the binding pocket. Our approaches also highlight a sig-
nificant number of convergent and divergent sites, distal to the
binding pocket. For ease of interrogating these results, we have
made ChimeraX sessions with predicted structures coloured by
substitution type available at https://github.com/NatJWalker-
Hale/DODA_convergence.

Discussion

Multiple origins of high L-DOPA 4,5-dioxygenase activity

Previously, we showed that high levels of L-DOPA 4,5-
dioxygenase activity were polyphyletic over the DODA« clade of
extradiol dioxygenases in Caryophyllales and suggested that this
represented multiple transitions to high activity (Sheehan
et al., 2020). However, we were unable to preclude a single tran-
sition to high activity followed by multiple losses. Here, we
resolve this question by quantifying the activity of resurrected
ancestral proteins. Our quantification of ancestral protein activity
is sensitive to uncertainty in the estimation of ancestral sequence,
but we factored in uncertainty by characterizing both the most
probable sequence (MAP) and generating a second sequence
replacing states at ambiguous sites (AltAll; Eick ez 4/, 2016). In
general, the AltAll is a relatively conservative assay of statistical
uncertainty (Eick ez al., 2016); however, regardless of whether we
consider MAP or AltAll scenarios, our data convincingly demon-
strate multiple transitions to high levels of DODA. Because of
the central role of DODA in the betalain biosynthesis pathway,
this finding supports our proposal that betalains evolved multiple
times in Caryophyllales (Sheehan ez 4/, 2020). In previous stu-
dies based on phylogenetic reconstructions using pigment data
(Sheehan et al., 2020), we inferred four shifts to betalain pigmen-
tation within Caryophyllales, in the Stegnospermataceae, Amar-
anthaceae, the Raphide clade, and the Portulacineae (Fig. 1).
However, here, we find evidence for only three specializations to
betalain pigmentation, with transitions to DODA inferred in
Stegnospermataceae and Amaranthaceae and a single transition
inferred at the base of the Globular Inclusion clade. Enzyme pro-
miscuity can be an important factor in the evolution of new enzy-
matic activities (Copley, 2015). Here, the marginal level of
activity along the backbone and in DODAw2-like sequences
(Fig. 2a; Sheehan et al., 2020; Guerrero-Rubio ez al., 2023) likely
represents ancestral promiscuity, which, following gene duplica-
tions, was repeatedly selected for in these three origins.

Patterns of high L-DOPA 4,5-dioxygenase activity within
origins

Having established multiple separate origins of high .-DOPA
4,5-dioxygenase activity, we then examined the trajectories to
high activity. Within these origins, the activity can vary several-
fold, and activity in extant proteins can also be lower than that of
ancestral proteins, consistent with previous studies that have
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observed that reconstructed ancestral enzymes can show kinetic
parameters that are more efficient than their extant descendants
(e.g. Perez-Jimenez et al, 2011). In most cases, the activities
inferred from the MAP and AltAll were very similar, in line with
Eick er al. (2016). However, uncertainty in ancestral activity at
two nodes (9 and 13), highlighted by discrepancies between
MAP and AltAll expression, allows for alternative scenarios of
transitions to high DODA. For instance, at node 9, the MAP
and AltAll estimates diverge regarding the ancestor of Amar-
anthaceae DODAx1 and DODAo4. In some cases, our MAP
and AltAll expression seem to indicate a continuous increase of
activity over multiple successive branches, perhaps implying spe-
cialization of DODA following initial transitions. However, we
are reluctant to overinterpret quantitative differences in activity
here, because we have not measured protein expression in our
colonies and are effectively assuming equivalent protein concen-
trations, meaning that some quantitative differences could be due
to differences in expression despite our codon optimization of
expressed sequences for yeast (Van Gelder ez al., 2024). In gen-
eral, we do not think that this is likely to have a major impact on
our results because measures of pigmentation in multiple hetero-
logous systems match measurements of activity from purified
enzymes (Guerrero-Rubio et afl, 2023). However, further
demonstration of quantitative differences in activity from the
reconstructed enzymes would require purification and compara-
tive in vitro characterization, which presents considerable techni-
cal challenges. Prompted by these preliminary differences, for the
purposes of subsequent analyses we considered substitutions over
multiple branches to explore more inclusively the molecular basis
of increasing activity within each origin.

Mutational pathways to high L-DOPA 4,5-dioxygenase
activity

Sheehan et al. (2020) conducted an analysis of seven sites identified
as functionally important by Bean er 4/ (2018), and suggested
molecular convergence had occurred in the DODA lineage. Here,
we expanded these analyses to the entire protein using ancestral
sequence reconstruction and leveraged our three well-supported
origins of high L-DOPA 4,5-dioxygenase activity. We reveal that a
substantial number of amino acid substitutions occur along rele-
vant branches within each of the three origins: 75 in Stegnosper-
mataceae, 52 in Amaranthaceae, and 100 in the Globular
Inclusion clade. We classified these substitutions into three cate-
gories: convergent (sharing the same amino acid identity across ori-
gins), divergent (occurring at the same position across origins but
with different amino acids), and unique (occurring at novel posi-
tions, peculiar to individual origins). Each origin contained substi-
tutions from all categories, though in varying proportions.
Convergent residues, for example, made up only 8% of substitu-
tions in the Stegnospermataceae origin but reached 35% in the
Amaranthaceae origin. Divergent residues were consistently more
frequent than convergent residues across all origins, from 44% in
Amaranthaceae to 60% in the Globular Inclusion clade. As a com-
bined class, convergent and divergent residues were significantly
more prevalent than unique substitutions, comprising 58% in
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Stegnospermataceae, 79% in Amaranthaceae, and 83% in the
Globular Inclusion clade. This overrepresentation highlights the
frequent recurrence of similar amino acid substitutions across dif-
ferent origins, involving far more sites and substitutions than pre-
viously estimated (Christinet ez al, 2004; Bean er al, 2018;
Sheehan et al, 2020). But interestingly, the order of convergent
and divergent substitutions varies among origins when comparing
branches across evolutionary lineages. For instance, 50% of the
substitutions occurring on the initial branch within Amaranthaceae
are convergent or divergent with substitutions on later branches
within the Globular Inclusion clade. This observation also supports
our assumption that multiple successive evolutionary branches are
involved in the evolution of high L-DOPA 4,5-dioxygenase. But
remarkably, despite these recurring patterns, only two convergent
residues are shared among all three origins, which may be due in
part to the unique evolutionary trajectory toward high activity
within Stegnospermataceae. The DODAa1 in the Stegnosperma-
taceae origin is significantly displaced from other DODA«x1-like
enzymes in sequence space and is enriched for unique substitutions
and divergent states, even at highly conserved sites. Furthermore,
our analysis does not account for variations due to insertions and
deletions which also appear to have frequently occurred in
SAIDODAa (Fig. S9), potentially facilitating its distinctive evolu-
tionary path. These nuanced patterns underscore the complexity of
evolutionary pathways to high activity across different lineages and
origins. But in essence our ancestral sequence reconstruction reveals
up to 62 substitutions with the same or similar amino acid identi-
ties and positions across the three origins, making the case for sub-
stantial molecular convergence.

Evidence for adaptive convergence in high
L-DOPA 4,5-dioxygenase activity

Despite the abundance of convergent and divergent residues
detected by ancestral sequence reconstruction, there are legiti-
mate concerns of false inference due to incidental neutral conver-
gence, together with uncertainty associated with ancestral
sequence reconstruction. We therefore employed additional
methods to validate molecular convergence. In this context, two
lines of evidence support adaptive convergence in the molecular
evolution of DODA. First, our statistical tests and parametric
bootstrapping with simulation showed that more convergence
was observed among these different origins than was expected
under ‘neutral” expectations (Figs 4a,b, S7; Zou & Zhang, 2015),
but also that the Stegnospermataceae origin is enriched for diver-
gence and lacks significant convergence with the other origins. A
variety of model-based methods have been developed to detect
adaptive convergence from aligned amino acid sequences
(Tamuri et al, 2009; Chabrol et al, 2018; Parto & Lartil-
lot, 2018; Rey et al., 2018, 2019). Here, our application of those
approaches shows significant results. The different approaches
infer between 7 and 62 substitutions, depending on approach,
with many sites inferred by all or most methods. These sites over-
lap with those we infer to have experienced convergent and diver-
gent substitutions based on ancestral sequence reconstruction.
The former is unsurprising because the methods are eliciting
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similar statistical signals. The latter is also understandable,
because the methods either do not consider amino acid identity
explicitly (e.g. the branch-site test) or consider an expanded defi-
nition of adaptive convergence where different amino acids can
be similarly fit in the convergent environment, thus divergent
substitutions can also represent adaptive convergence (Rey
et al., 2019; Duchemin et al., 2023). That the consensus of the
approaches is a much smaller subset of sites than implicated by
ancestral sequence reconstruction likely reflects the signal of sites
convergent in only a subset of lineages, together with neutral con-
vergence due to drift (Rey er 4/, 2019). Thus, for example, the
only site that is perfectly convergent between all three origins in
our study (D564E) shows relatively low conservation within and
divergence between DODAal and DODAw2, indicating that it
may substitute frequently, and the observed convergence is due
to chance. Despite the differences in these results, collectively
they support the proposition that numerous substitutions in
DODA have been driven by convergent adaptation, presumably
for, but not necessarily exclusively for, increased 1-DOPA 4,5-
dioxygenase activity.

Exploring convergence, divergence, and novelty in the
context of protein structure

Previously, multiple authors have leveraged variation between
extant DODAs in conjunction with structural information to
implicate the residues that specify L-DOPA 4,5-dioxygenase
activity. Christinet ez @/ (2004) identified multiple residues,
including catalytic histidines widely conserved in extradiol dioxy-
genases, as potentially responsible for the orientation of aromatic
substrates in the binding pocket. One of these residues is fol-
lowed by a motif that differed between betalain and non-betalain
DODAs, which they indicated could potentially control access to
the binding pocket (positions 650—655 in our alignment, Fig. 3).
Bean ez 4l (2018) later described an additional set of sites that
were different in extant DODAal- and DODA2-like sequences
(positions 543—547 in our alignment, Fig. 3) which might simi-
larly control access to the active site (but occur on the opposite
side to those highlighted by Christinet e al. (2004)). Recently,
Chiang et al. (2025) used site-directed mutagenesis to explore the
role of several residues in L-DOPA 4,5-dioxygenase activity in
BuDODA@2. Despite DODAa2 being an isoform with only
marginal activity, their results can still implicate key sites (Fig. 3).
For example, their position 17 (position 475 in our alignment,
Fig. 3) contains multiple convergent substitutions, and mutating
from threonine to alanine in BvDODA®2 nearly abolished 1-
DOPA 4,5-dioxygenase activity, supporting our inference as to
the functional importance of this position for the evolution of
activity. All these prior studies capture only a subset of the substi-
tutions identified in our analysis. Here, we mapped all substitu-
tions emphasized by our ancestral reconstruction and
convergence-detection methods onto their respective protein
structures (Fig. 6). These visualizations reveal that the majority of
substitutions are clustered near the binding pocket. Notably,
divergent substitutions frequently occur near the binding pocket
across all origins, highlighting the possible functional significance
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of these residue changes despite the lack of conserved amino acid
identities across origins. This pattern is particularly pronounced
in the Stegnospermataceae origin, where only a single convergent
substitution, but many divergent and unique substitutions, are
found in the binding pocket. This underscores the distinctive
molecular evolutionary pathway in this lineage. The exact struc-
tural and enzymatic impact of these lineage-specific novelties
remains to be explored, but one prediction might be that these
lineage-specific divergences cannot generalize to sequence back-
grounds from other transitions. An alternative possibility is that
different amino-acid states are similarly fit in the convergent
environment, in which case they should have similar effects
regardless of lineage-specific sequence background. Beyond the
binding pocket, a notable number of convergent, divergent, and
unique substitutions also appear in corresponding structural
regions distal to the active site. There is well-established and
increasing evidence for the functional importance of such distal
mutations, including for structural stability and flexibility, allos-
teric regulation, substrate channelling or binding orientation,
protein interaction, or adaptation to cellular environments (Yang
et al., 2020; Osuna, 2021). Testing these hypotheses, including
the combinatorial effect of proximal and distal mutations, will
require large-scale directed mutagenesis to further explore the
mutational and phenotypic landscape.

Conclusion

We have demonstrated that high L-DOPA 4,5-dioxygenase activ-
ity in Caryophyllales evolved independently three times from
low-activity ancestral forms. Since L-DOPA 4,5-dioxygenase is
essential for betalain biosynthesis, this finding strongly supports
accumulating evidence for the convergent origins of betalains
within Caryophyllales (Sheehan ez al., 2020; Pucker ez al., 2024).
Harnessing the phenomenon of convergence, we gained addi-
tional insights into the molecular evolution of high activity. Our
findings support the key role of gene duplication in generating
biochemical novelty in plants, as each of our inferred transitions
occurs following an independent gene duplication. Because our
low activity ancestral sequences almost always show some level of
activity, consistent with extant sequences, this supports a model
already explored in the context of anthocyanin pigmentation,
where selection on a promiscuous activity is enabled by gene
duplication (Des Marais & Rausher, 2008). Unlike earlier studies
that have suggested a small number of large-effect residues
(Christinet et al., 2004; Bean et al., 2018), our findings align
more with Guerrero-Rubio ez 2. (2023), suggesting a more com-
plex scenario, with up to 64 overlapping substitutions arising
across the three origins. Our statistical analysis provides strong
evidence of adaptive molecular convergence, with substitutions
clustering around the active site, suggesting that sequences have
converged on similar genotypes during transitions to high activ-
ity. But equally compelling evidence for divergence and novelty
emerges both among and within these origins, which manifests in
divergent and unique substitutions close to the binding pocket,
as well as the highly divergent sequence of DODAa«1 in Stegnos-

permataceae. The varied trajectory of this latter sequence could
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be a product of contingency (Xie er al, 2021), and the states
involved in specific divergent substitutions in Stegnosperma and
other lineages might be the product of epistasis with lineage-
specific sequence backgrounds (Starr & Thornton, 2016). Other
plant pigmentation enzymes and pathways have shown evidence
for epistasis during switches in substrate specificity. For example,
Dihydroflavanol Reductase showed negative epistasis among
mutations controlling substrate specificity on different dihydro-
flavonol substrates during a flower colour transition (Smith
et al., 2013), and positive epistasis was recently implicated in the
formation of specificity for salicylic acid in a family of plant
methyltransferases (Catania ez a/., 2024). Our convergence-based
approaches in conjunction with structural modelling also high-
light the potential importance of substitutions distal to the active
site, indicating potential novel and undiscovered aspects of
DODA enzyme structure and function. Given the dimensions of
the combinatorial substitution space, we are yet to functionally
validate these results, but our findings underscore the complex
molecular pathways underlying the evolution of DODA func-
tion. Disentangling the complexity of this molecular evolution
will be a significant challenge. However, the betalain pathway is
well-suited as a high throughput experimental system for molecu-
lar evolution of enzyme function, given its viability across multi-
ple microbial platforms, and the visible and fluorescent
properties of betalain outputs.
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Fig. $3 Modified reconciled topology.

Fig. S4 Final pruned reconciled topology.

Fig. S5 A paralogue of Spinach DODA«a1 shows low activity.
Fig. S6 Posterior probabilities of reconstructed sequences.
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metric bootstrapping with simulation.
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