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Strigolactones (SLs) are carotenoid-derived phytohormones with diverse roles. They are secreted from roots as attractants for
arbuscular mycorrhizal fungi and have a wide range of endogenous functions, such as regulation of root and shoot system
architecture. To date, six genes associated with SL synthesis and signaling have been molecularly identified using the shoot-
branching mutants more axillary growth (max) of Arabidopsis (Arabidopsis thaliana) and dwarf (d) of rice (Oryza sativa). Here, we
present a phylogenetic analysis of the MAX/D genes to clarify the relationships of each gene with its wider family and to allow the
correlation of events in the evolution of the genes with the evolution of SL function. Our analysis suggests that the notion of a
distinct SL pathway is inappropriate. Instead, there may be a diversity of SL-like compounds, the response to which requires a
D14/D14-like protein. This ancestral system could have been refined toward distinct ligand-specific pathways channeled through
MAX2, the most downstream known component of SL signaling. MAX2 is tightly conserved among land plants and is more
diverged from its nearest sister clade than any other SL-related gene, suggesting a pivotal role in the evolution of SL signaling. By
contrast, the evidence suggests much greater flexibility upstream of MAX2. The MAX1 gene is a particularly strong candidate for
contributing to diversification of inputs upstream of MAX2. Our functional analysis of the MAX1 family demonstrates the early
origin of its catalytic function and both redundancy and functional diversification associated with its duplication in angiosperm

lineages.

Strigolactones (SLs) are carotenoid-derived terpenoid
lactones, which have been identified as signaling mol-
ecules in several areas of plant biology. SLs were first
identified as germination stimulants for seeds of plants
in the genus Striga (Cook et al., 1966). Striga spp. and
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related Orobanchaceae are parasitic weeds that germi-
nate in response to host plant root exudates and de-
velop haustoria to penetrate the host tissue and draw
nutrients. Striga spp. are major agricultural pests across
much of tropical and subtropical Asia and are present
in two-thirds of arable land in Africa, where they are the
greatest biological cause of crop damage (Humphrey
and Beale, 2006). The secretion of SLs by roots, despite
its exploitation by Striga spp., has been preserved be-
cause it also serves to recruit arbuscular mycorrhizal
(AM) fungi (Akiyama et al., 2005). AM fungi form
symbiotic associations with most land plants, whereby
the plant gains access to mineral nutrients, particularly
phosphate, absorbed by the fungal hyphae, and in ex-
change the fungus gains fixed carbon from the plant. In
several flowering plant species, SL production is cor-
respondingly increased when phosphate availability is
limiting, thereby presumably increasing fungal recruit-
ment (Yoneyama et al., 2007, 2012).

AM symbioses can be traced back to the origin of
land plants, between 360 to 450 million years ago, and
are thought to have facilitated plant colonization of the
terrestrial environment (Simon et al., 1993). Although
AM symbiosis has been lost from some lineages, such
as Brassicaceae, it is still widespread, with 80% of land
plants able to form associations with AM fungi (Schiissler
et al., 2001). In support of a similarly ancient origin for SL
secretion, the liverwort Marchantia polymorpha and the
moss Physcomitrella patens, both basal land plant groups,
have been shown to produce SLs (Proust et al., 2011;
Delaux et al., 2012). Furthermore, the presence of SLs
in charophyte algae indicates that SL production may
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predate the emergence of land plants (Delaux et al.,
2012), and Chara corallina responds to SL treatment by
producing longer rhizoids (Delaux et al., 2012). In P.
patens, SLs appear to act as intercolony coordination
signals, regulating colony growth and competition by
controlling flexible developmental processes such as
protonemal branching (Proust et al., 2011; Delaux et al.,
2012). In flowering plants, SLs have also been implicated
in development, including several processes regulated in
response to phosphate limitation (Kohlen et al., 2011;
Ruyter-Spira et al., 2011). In particular, SLs play impor-
tant roles in the regulation of shoot branching in higher
plants (Gomez-Roldan et al., 2008; Umehara et al., 2008).
It is through work on their effects on shoot branching
that some of the genes in the SL pathway were first
identified.

Arabidopsis (Arabidopsis thaliana) MORE AXILLARY
GROWTH (MAX) mutants show increased branching
and reduced stature relative to wild-type plants, and
analogous phenotypes have been identified in pea
(Pisum sativum; RAMOSUS [RMS]), petunia (Petunia
hybrida; DECREASED APICAL DOMINANCE [DAD)]),
and rice (Oryza sativa; DWARF [D] or HIGH TILLERING
DWARF) mutants. So far, six MAX/RMS/DAD/D
genes have been identified, with roles in SL biosyn-
thesis or signaling. MAX3/RMS5/HIGH TILLERING
DWARF1/D17 (Booker et al.,, 2004; Johnson et al.,
2006; Zou et al., 2006) and MAX4/RMS1/DAD1/D10
(Sorefan et al., 2003; Snowden et al., 2005; Arite et al.,
2007) encode carotenoid cleavage dioxygenases (CCD7
and CCDS8, respectively). These enzymes are capable
of sequentially cleaving the carotenoid 9-cis-B-carotene
to produce a novel compound, carlactone, a putative
strigolactone intermediate (Alder et al., 2012). Another
biosynthetic gene, D27, was originally mutationally
defined in rice (Lin et al., 2009), and reverse genetic
approaches in Arabidopsis indicate a similar function
in this species (Waters et al., 2012a). D27 is an iron-
containing protein with isomerase activity that can
produce the 9-cis-B-carotene substrate for MAX3 from
all-trans-B-carotene (Alder et al., 2012). The fourth
gene known to be involved in SL biosynthesis, MAX1,
encodes a cytochrome p450 monooxygenase belonging
to the CYP711 clan (Booker et al., 2005). Mutant phe-
notypes associated with this gene have so far only
been identified in one species, Arabidopsis, although
the gene is present in all tracheophytes (Nelson et al.,
2008). The excessive-branching phenotypes associated
with mutations in all of these genes can be rescued by
exogenous application of SL, while mutants in the two
remaining genes in the pathway are SL insensitive. D14
encodes an «/fB hydrolase, which is proposed to act in
signaling or in the hydrolysis of SLs to an active com-
pound and provides specificity to signaling via MAX2/
RMS4/D3, an F-box protein that mediates both SL sig-
naling and signaling of karrikins (Stirnberg et al., 2002,
2007; Ishikawa et al., 2005; Johnson et al., 2006; Arite
et al., 2009; Hamiaux et al., 2012; Waters et al., 2012b).
Karrikins are compounds structurally related to SLs that
are found in smoke and act as germination stimulants
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for plants that colonize ground cleared by forest fires
(Nelson et al., 2010; Waters et al., 2012b).

Homology searches described in the original publi-
cations for each of the MAX/D genes revealed two
general patterns. MAX1, MAX3, and MAX4 are mem-
bers of widespread gene families and are more closely
related to nonplant sequences than to other plant genes
(Sorefan et al., 2003; Booker et al.,, 2005). By contrast,
MAX?2, D14, and D27 are members of plant-specific gene
families (Stirnberg et al., 2002; Arite et al., 2009; Lin et al.,
2009). These contrasting patterns of SL pathway gene
ancestry and the diverse biological roles of SLs present
interesting evolutionary questions. The identification of
SLs and SL responses in charophyte algae demonstrate
their early evolution, but these species lack many of the
genes required for SL synthesis and signaling in angio-
sperms. In an attempt to trace the evolution of the an-
giosperm SL pathway, we conducted a phylogenetic
analysis of the known SL biosynthesis and signaling
genes, allowing the correlation of events in the evolution
of the genes with the evolution of SL function. Our
analysis suggests that the notion of a distinct SL path-
way is inappropriate. Instead, the angiosperm pathway
seems to have been defined by the rapid evolution of
MAX?2 in early land plants. Upstream of MAX2, there
appears to be much greater flexibility, especially in the
requirements for the synthesis of SLs. We present evi-
dence for the contribution of MAXI1 to this flexibility.
Our functional analysis of MAX1 orthologs from phy-
logenetically diverse species demonstrates the early
origin of its catalytic activity and both redundancy and
functional diversification associated with its duplica-
tion in angiosperm lineages.

RESULTS
Gene Families

Orthologs and paralogs of known SL genes were sur-
veyed across published and prepublished plant genomes
to establish the presence of the SL pathway throughout
the plant kingdom. For 18 genomes, putative orthologous
and paralogous sequences for the target genes were
identified using InParanoid 4.0 (Berglund et al., 2008) and
clustered to produce ortholog sets. Incorporating single-
ton (orphan) sequences that had not been assigned to any
ortholog cluster by the InParanoid algorithm typically
had no effect on the number of putative orthologs/
paralogs; however, in approximately 16% of cases, ad-
ditional paralogous sequences were inferred (Table I). For
six additional genomes, orthologs/in-paralogs were iden-
tified using BLAST searches. As expected given the sim-
pler approach, the number of false positives was higher;
however, the ortholog sets identified in related genomes
using InParanoid allowed the homology-based as-
signment to be checked during phylogenetic recon-
struction, as the true orthologs among the additional
sequences were expected to lie within the same mono-
phyletic clades as the previously identified sequences.
We identified orthologs of each of the six SL pathway
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Table 1. Distribution of orthologs and paralogs of the MAX pathway genes across the surveyed species
predicted using InParanoid 4 (Berglund et al., 2008)

Where sequences were inferred to be nonorthologous during phylogenetic reconstruction, the pro-
portion of retained sequences is indicated. Values in parentheses are orphan sequences that were not
assigned to any ortholog set but were more similar to a sequence within the ortholog set than any other
sequence.

Method

Species MAX1 MAX2 MAX3 MAX4 D14 D27

InParanoid
P. patens
S. moellendorffii
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“Two putative orthologs were inferred during phylogenetic reconstruction of the D27 gene family tree.

PThe

known D27 sequence in rice (LOC_Os11g37650) is not annotated as a functional gene in the version of
the rice genome used for ortholog prediction, but was included in subsequent analyses; no other orthologs

were identified.

genes described to date in the majority of species
surveyed. Where previous studies identified MAX/
D orthologs in species for which genome sequence
data were not available, these sequences were also
included in the gene trees.

To determine relationships between the target genes
and their wider gene families, BLAST searches using
the target genes were performed against the Kyoto
Encyclopedia of Genes and Genomes (KEGG; Kanehisa
and Goto, 2000) database of nonredundant protein se-
quences from a wide taxonomic range. Up to 500 of
the highest scoring hit sequences were analyzed, and
after filtering to remove incomplete gene sequences,
these files contained 460 (MAX1), 217 (MAX2), 377
(MAX3), 444 (MAX4), 477 (D14), and 29 (D27) homo-
logs. The resulting very low number of homologous
sequences for D27 was due to only 51 sequences being
retrieved in the initial BLAST search rather than to ex-
cessive stringency of filtering. Following further filter-
ing to remove sequences that could not be reliably aligned
or that were inferred to be phylogenetically distant, 33
(MAX2), 82 (MAX3), 75 (MAX4), 101 (D14), and 29 (D27)
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sequences were used for phylogenetic reconstruction
(see Supplemental Data Set S1). Maximum-likelihood
gene family protein sequence phylogenies inferred using
RAXML (for Randomized Axelerated Maximum Likelihood;
Stamatakis, 2006) are presented in Figure 1 to the same
scale for each of the target genes. Uniquely for MAX1, no
suitable well-supported node could be identified in pre-
liminary phylogenies for use as a phylogenetic distance
cutoff, so a subtree was pruned at an arbitrary node in
the maximum-likelihood phylogeny (with 21% bootstrap
support), leaving 69 MAX1 sequences, approximately the
mean number of sequences for the other genes. Because
these phylogenies show only the most closely related
sequences regardless of taxonomy, algal sequences have
only been included in two cases (MAX3 and D27), and
no nonplant sequences were inferred to be sufficiently
closely related to MAX2 to justify inclusion.

Two general patterns are apparent from the gene
family phylogenies (Fig. 1). MAX1, MAX3, and MAX4
are each more closely related to clades of nonplant se-
quences (Metazoa, Protists, and Bacteria/Archaea, re-
spectively) than to other land plant sequences, while
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Figure 1. Phylogenetic trees depicting
the relationship between each of the
MAX genes and the most similar se-
quences in the KEGG database (Kanehisa
and Goto, 2000). Protein sequences were
aligned using MAFFT (Katoh et al., 2005),
and phylogenies were reconstructed using
RAXML (Stamatakis, 2006) under the JTT
substitution matrix. Support for the maxi-
mum-likelihood phylogenies was assessed
using 100 rapid bootstrap resamplings
(Stamatakis et al., 2008). Colored areas
indicate clades belonging to a single tax-
onomic group; MAX gene clades are
shaded in gray with a red outline. Support
for these clades is indicated using black
(>90%) and white (>50%, circles.

MAX2, D14, and D27 are each most closely related to
clades of plant sequences. The phylogenetic distances
between the target gene orthologs and the rest of each
gene family phylogeny are summarized in Table II.
Both D14 and D27 are closely related to sequences in
neighboring clades of plant sequences, which contain
the previously identified D14-like (Arite et al., 2009;
Waters et al., 2012b) and D27-like (Lin et al., 2009)
genes, respectively. MAX1, MAX3, and MAX4 are
more distantly related to neighboring clades in Metazoa,
Archaea, and Protists. The most distinct of the gene
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families analyzed is that of MAX2, for which the basal
branch length indicates divergence at the rate of two
substitutions per site since the last common ancestor of
MAX?2 and its sister clade.

Ortholog Set Phylogenies

Relationships among the target gene ortholog sets
were examined in more detail in arbitrarily rooted
maximum-likelihood phylogenies of protein sequences
(Fig. 2; Supplemental Fig. S2). Sequences inferred to be
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Table II. Alignment and phylogeny statistics for the MAX pathway genes

Gen SAViraff OAr':]onI;g gtet Coz)sz:;eld Sistif in Uniquely Conserved Sites in ~ Basal Branch Length Total Distance to Nearest Sister
© equence gnme 10108 Ortholog Set Alignment in Gene Family Tree  Sequence/Clade in Gene Family Tree
Length Length Alignment
bp substitutions per site
MAXT 529.3 834 168 (20.1%) 48 (5.8%) 0.72 1.17
MAX2 701.9 1049 213 (20.3%) 113 (10.8%) 2.06 2.29
MAX3 581.7 817 216 (26.4%) 83 (10.2%) 1.34 1.99
MAX4 547.9 1018 247 (24.3%) 77 (7.6%) 1.20 1.31
D14 275.8 350 170 (48.6%) 14 (4.0%) 0.31 0.55
D27 241.0 414 71 (17.2%) 17 (4.1%) 0.36 0.65

nonorthologous in preliminary phylogenies were ex-
cluded from the final ortholog set. Only two of the
orphan sequences added to the InParanoid sets were
inferred to be true orthologs, both maize (Zea mays)
MAX1 sequences. Two additional sequences (for P.
patens) were identified as putative orthologs of D27
following the gene family phylogenetic reconstruction;
however, these sequences were shown to be only dis-
tantly related to the remaining orthologs during pre-
liminary phylogenetic reconstruction and have been
excluded from the presented set of orthologs. Protein
sequences and alignments of the sequences included in
the phylogenies are presented in Supplemental Data
Set S1.

With the exception of MAX3, which was absent from
the predicted gene models of Lotus japonicus, and D14,
which was absent from Phoenix dactylifera, each of the
target genes has an orthologous sequence in all mono-
cot and dicot species surveyed (Table I), indicating a
general conservation of the known SL pathway in an-
giosperms. In addition, most dicot species had only a
single ortholog of each gene, with the exception of soy-
bean (Glycine max) and Populus trichocarpa, recent paleo-
polyploids (Tuskan et al., 2006, Schmutz et al., 2010),
which typically had a second paralogous copy. Mono-
cots also most commonly possessed a single ortholog of
each gene, with the exceptions of MAX1, for which
multiple paralogous sequences were present, and MAX4,
for which two copies were identified in both rice and P.
dactylifera. However, no putative orthologs of canonical
D14 or D27 were identified in the basal plant species
Selaginella moellendorffii and P. patens, and MAX1 also
was absent from P. patens. In each case, the phylogenetic
position inferred was consistent with expectations, sup-
porting the hypothesis that the remaining sequences are
orthologous and are likely to perform similar functions
in their respective species.

For each gene, the reconstructed phylogeny broadly
reflects the major taxonomic divisions among the higher
plants. The arbitrary rooting of the phylogenies on P.
patens or S. moellendorffii sequences when present is
supported by the wider gene family trees. Where the
phylogenetic relationships are sufficiently well resolved,
both monocots and dicots are typically monophyletic.
The exceptions to this rule are Aquilegia caerulea MAXI,
which is placed as a sister group to the monocot and the
remaining dicot MAX1 sequences, with a bootstrap

Plant Physiol. Vol. 161, 2013

probability of 71%; Arabidopsis lyrata and Arabidopsis
MAX4 and D27, which are placed as sister groups to
the monocot and the remaining dicot sequences, with
bootstrap probabilities of 59% and 100%, respectively;
and P. dactylifera MAX3, which is placed as a sister
group to the dicots rather than the remaining mono-
cots, with a bootstrap probability of 75%.

Among the monocots, at least three separate clades
of MAX1 are inferred and possibly two clades of MAX4,
although the second clade is only represented by two
species. For MAX2, Citrus sinensis and P. trichocarpa have
paralogs in two separate clades, and two paralogous
clades of petunia and Solanum lycopersicum apparently
reflect a basal duplication in the Solanaceae. Where re-
lationships are sufficiently resolved, the remaining du-
plications are either monophyletic or present as sister
groups. However, in most phylogenies, the basal rela-
tionships among the dicotyledons are poorly resolved,
so the apparent paraphyly in the remaining gene trees is
likely to result from uncertainty in the true tree topology.

MAX1, MAX4, and D27 share a similar pattern in
which a small number of sequences are inferred to form
a sister group to the main angiosperm clade. While this is
relatively weakly supported for MAX1 and MAX4 (71%
and 59%, respectively), paraphyly of dicotyledon D27
genes received 100% bootstrap support. In each case, the
sister sequences are from relatively basal dicotyledons,
and thus, the paraphyly likely represents shared ances-
tral polymorphism.

Functional Conservation of MAX1

Uniquely among these genes, the phylogenetic anal-
ysis indicates that the MAX1 family possesses neither
orthologs in the bryophyte P. patens nor any closely re-
lated genes in plants that would be expected to supply
the same function. In addition, while most of the other
genes are generally copy number conserved, MAX1 is
present in multiple conserved clades in the monocots.
This suggests that MAX1 might be a later addition to the
SL pathway than the other genes and that its action may
have diversified in the monocots. To test these hypoth-
eses, the functional conservation of MAX1 action was
assessed using a complementation approach. MAX1
orthologs were cloned, placed under the control of
the strong Cauliflower mosaic virus 35S promoter, and
introduced into the max1-1 mutant of the model
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Figure 2. Phylogenetic tree depicting the relationship between putative orthologs of MAXT across 24 plant species. Additional

sequences were included for some experimentally determ

ined orthologs in species for which no genome sequence was

available. Protein sequences were aligned using MAFFT (Katoh et al., 2005), and DNA sequences were aligned to the protein

alignment using Transeq from the EMBOSS suite (Rice et al.

, 2000). Phylogenies were reconstructed from the DNA alignments

under the general time-reversible plus y model using RAXML (Stamatakis, 2006), and support was assessed using 100 rapid
bootstrap resamplings (Stamatakis et al., 2008). Dicotyledon sequences are colored green, and monocotyledons are colored

blue.

angiosperm Arabidopsis. The ability of the orthologs
to replace the native function of AtMAX1 was mea-
sured by the degree to which several shoot phenotypes
conferred by max1-1 were restored to the wild type in
the resultant transgenic lines. As only two nonangiosperm
land plant genomes have been sequenced (P. patens, in
which MAX1 is absent, and S. moellendorffii), to in-
crease the taxonomic resolution for testing the incor-
poration of MAX1 into the SL pathway, BLAST searches
of expressed sequence tags were used to identify a pu-
tative full-length gymnosperm ortholog from white
spruce (Picea glauca). To compare the evolutionary fates of
MAX1 paralogs in angiosperms, the two in-paralogs of
model dicot Medicago truncatula and three of the five in-
paralogs of model monocot rice (representing all three
monocot MAXT1 clades) were also included.

The degree of primary branching following decapi-
tation and leaf size/shape phenotypes were used to as-
sess the ability of each ortholog to rescue the Arabidopsis
max1-1 mutant (Stirnberg et al., 2002). Morphometric

1890

analysis of max1-1 leaves with LeafAnalyser software
(Weight et al., 2008) was used to quantify precisely the
leaf phenotypes. This analysis captured leaf size as cen-
troid size, and identified significant differences between
the wild type and max1-1 in principal component 2 (PC2)
and principal component 3 (PC3) of leaf shape variation
identified among a library of leaves from natural acces-
sions (Fig. 3; Danisman et al.,, 2012). PC2 represents
variation in the width and length of the petiole and the
position of the lamina on the petiole, which becomes
more distal from negative to positive across the variation
in the population and as leaves become more elongated.
PC3 captures the leaf aspect ratio of lamina length to
lamina width, which increases from the negative sp to
the positive. Leaves of max1-1 plants have more negative
scores in this analysis than the Columbia ecotype for all
these principal components, reflecting their smaller size
and shorter, wider shape.

Orthologs from both the lycophyte S. moellendorffii
and the gymnosperm white spruce were capable of

Plant Physiol. Vol. 161, 2013



rescuing the max1-1 high-branching phenotype com-
pletely (Fig. 4A). Both orthologs were also capable of
complete rescue of leaf shape PC2, but unlike SmMAX1,
PgMAX1 was not able to rescue PC3 or leaf centroid
size, and the mean centroid size of the SmMAX1 plants
was only intermediate between the wild type and max1-
1 (Fig. 5, A-C).

Of the three rice (O. sativa ssp. japonica) orthologs,
0s01g0701500 is unable to function at all in rescue of
shoot branching, leaf shape, or leaf size (Figs. 4B and 5,
D-F). The other two orthologs are capable of rescuing
the branching phenotype. Both of these also fully res-
cue the PC2 component of leaf shape; however, mean
leaf centroid size in these lines was again intermediate
between max1-1 and the wild type (Figs. 4B and 5, D-F).
The two orthologs from the dicotyledon M. truncatula
showed divergence in their ability to rescue. Medtr3g104560
rescued completely, while Medtr1g015860 showed no sta-
tistical difference to max1, except for PC3, which provided
values intermediate between max1 and the wild type (Figs.
4C and 5, G-).

The results of these phenotypic rescue experiments
are summarized in Supplemental Table S3. Overall,
0s01g0701500 and Medtr1g015860 showed little or no
evidence of rescue of any of the phenotypes assessed.
Most of the remaining orthologs showed weaker rescue
of leaf size than the other phenotypes, while P{MAX1,
which rescued branching and PC2 completely, did not
rescue PC3. Together, these results suggest that the leaf
size SL phenotype has a higher threshold for successful
rescue than branching and PC2.

mean +1 SD

PC1 -37.16%
of variation

PC2 - 26.19%
of variation

PC3 — 13.66%
of variation

@ O W
P O @
o> @ W

Figure 3. Leaf shape models for the first three principal components of
leaf shape in 10 natural Arabidopsis accessions produced by Leaf-
Analyser (Danisman et al., 2012).
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The poor rescue by Os01g0701500 is likely due to a
premature stop codon 20 residues from the end of the
consensus protein sequence. By contrast, there is no
obvious reason for the poor rescue by Medtr1g015860.
To investigate the differences in function between
Medtr1g015860 and Medtr3g104560 in more detail, in-
dividual transgenic lines were compared using the leaf
shape and branching phenotypes, as well as the re-
duced height phenotype observed in max1-1 mutants,
which is suspected to be at least partially causally
linked to the increased branching (Fig. 6A). This anal-
ysis revealed that a subpopulation of Medtr1g015860
overexpression lines were statistically different from
max1-1 in branch number, increased height relative to
the mutant, and in some cases, partial rescue of leaf shape
PC2 and PC3 (Fig. 6, B and C). The degree of rescue in the
individual transgenic lines does not correlate with overall
transgene expression, suggesting that the low degree of
rescue is not due to low expression of the transgene
(Supplemental Fig. S3). This indicates that Medtr1g015860
retains some capacity to catalyze the reaction(s) lost in
max] mutants, but not to the same efficiency as the en-
dogenous gene or its in-paralog.

Conserved Sites

Conservation at the molecular level was then exam-
ined in more detail for all members of the SL pathway.
A number of sites in each target gene are conserved
across almost the entire ortholog set (defined as, at most,
four mismatches at a given amino acid position in the
ortholog set), representing between 17.2% (D27) and
48.6% (D14) of their respective alignments (Table II). A
subset of these sites are synapomorphic (see “Materials
and Methods”) between 4.0% (D14) and 10.8% (MAX2)
of the alignment length. The synapomorphic sites in-
clude both insertions and nonsynonymous substitutions
(see Supplemental Data Set S1) and are typically dis-
tributed throughout the gene (Fig. 7). Some regions have
very low numbers of synapomorphic sites, particularly
the N-terminal ends of all the target genes. Typically,
this is due to low sequence conservation in these
regions; however, for MAX2 and D14, the lack of
N-terminal synapomorphies reflects similarity to the
outgroup sequences within a well-conserved region.
While there are peaks of at least six synapomorphic
residues per 10 amino acids in each of MAX1, MAX2,
MAX3, and MAX4, only two sites in MAX2, two sites in
MAX3, and one site in MAX4 have a probability of less
than one of occurring due to chance once a Bonferroni
correction is applied (Table III). Of these, only two (both
in MAX3) are significant at the 5% level.

To identify the degree of intraspecific variation,
nonsynonymous single-nucleotide polymorphisms
(SNPs) among the Arabidopsis ecotypes were identi-
fied in each of the MAX genes (Supplemental Data Set
S1). The number of nonsynonymous SNPs per gene in
this set of ecotypes varied from three in D14 to 22 in
MAX2.
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Figure 4. Rosette-branching rescue of Arabidopsis max1 by putative orthologs from nonangiosperm species white spruce and S.
moellendorffii (A), in-paralogs from rice (B), and in-paralogs from M. truncatula (C), compared with the Columbia wild type and
max1-1. The AtMAXT line (S. Ward, J. Salmon, S. Hanley, A. Karp, and O. Leyser, unpublished data) is included as a control for
the native gene function. n = 20 plants for each of eight to 11 independent transgenic lines, except for the single-line genotypes
Columbia, max1-1, and 35S:AtMAXT max1-1, for which n = 40. Error bars indicate st of the mean. Shared letters indicate no

significant difference in a Kruskal-Wallis test at P = 0.001.

DISCUSSION
SL Pathway Evolution

From the results of this study, the MAX genes can be
broadly categorized into two groups based on the tax-
onomic distribution of their wider gene families. MAX1,
MAX3, and MAX4 were each found to be most similar
to nonplant genes, while MAX2, D14, and D27 are most
similar to other plant-specific genes.

D14 and D27

Of the plant-specific genes, D14 and D27 show sim-
ilar evolutionary patterns. Canonical D14 and D27 are
absent from the genomes of the two most basal species
(P. patens and S. moellendorffii), and both have closely
related outgroup sequences that are so similar as to
have been dubbed D14-like and D27-like (Arite et al.,
2009; Lin et al., 2009). This similarity is likely why no
significant synapomorphies were detected for D14 and
D27 in our sliding-window analysis (Fig. 7). Proteins
related to the wider D27-like family have been identified
in basal plants and throughout the green algae (Delaux
et al., 2012; Waters et al., 2012a), although the biological
function of these clades is unknown and they have no
known link to SL. By contrast, D14-like is required for
responses to karrikins (Waters et al., 2012b). Karrikins
are smoke-generated molecules structurally related to
SLs that promote germination and photomorphogene-
sis in species that colonize ground cleared by forest
fires. Arabidopsis is sensitive to karrikins despite not
being a fire-following species, suggesting that there are
other endogenous SL-like molecules that regulate ger-
mination and early seedling establishment in a D14-
like-dependent manner (Nelson et al., 2010; Waters
et al., 2012b). Karrikins require MAX2 for their signal
transduction (Nelson et al., 2011), with the D14 and D14-
like paralogs apparently providing specificity for SL and
karrikin MAX2-mediated responses, respectively (Waters
et al., 2012b; Kagiyama et al., 2013). However, as D14-like
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retains some ability to mediate SL responses, it may be
that SL signaling represents the ancestral role for the
whole D14 family in plants, including those D14-like
members in moss and S. moellendorffii identified as out-
group sequences here and those reported from char-
ophyte algae (Delaux et al., 2012). Consistent with this
idea, the moss P. patens, the liverwort M. polymorpha,
and the charophyte C. corallina are all responsive to the
synthetic strigolactone GR24 (Proust et al., 2011; Delaux
et al., 2012).

MAX3 and MAX4

Although three of the six core SL genes are present
in a range of taxonomic groups, including Metazoa and
Bacteria, closely related algal sequences were detected
only for MAX3, although our analysis includes rela-
tively few algal species. Delaux et al. (2012) identified
putative MAX4 and MAX3 orthologs from several algal
species, but noted that several residues likely to be in-
volved in substrate recognition are not conserved in
these orthologs, even those from the Charales, although
they did detect SLs in charophytes. As these charophyte
orthologs were recovered from transcriptomic, not ge-
nomic, data, it is possible that canonical MAX3 and
MAX4 orthologs may yet be present in these species.
However, they report that MAX4 orthologs are un-
detectable in the draft M. polymorpha genome (Delaux
et al., 2012).

Four residues have been identified as essential for
substrate specificity of CCD enzymes, such as MAX3
and MAX4, through structural analysis (Messing et al.,
2010). These residues correspond to L-113, I-397, F-489,
and F-613 of AtMAX3 and F-128, F-371, M-456, and
L-562 of AtMAX4, which, in our analyses, were con-
served across the ingroup sequences, with the excep-
tion of F-489 of MAX3, which, as noted by Delaux et al.
(2012), is not conserved within the embryophytes. The
residues that are conserved in the embryophytes are
also typically conserved or at least partially conserved

Plant Physiol. Vol. 161, 2013
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in the outgroup sequences, with only one exception in
each gene, M-456 in MAX4 and particularly L-113 in
MAX3. This latter site coincides with a region in which
the average density of synapomorphic sites is signifi-
cantly elevated and is therefore a candidate site for SL-
related specificity.

Thus, although several basal species synthesize SLs,
canonical MAX3 and MAX4 do not emerge until the
embryophytes, suggesting some promiscuity in the bio-
synthetic pathway. In this context, it is interesting that
P. patens synthesizes a variety of SLs, including strigol
and orobanchol (Proust et al., 2011), both of which are
also synthesized in higher plants, and strigol, at least,
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can reduce branching in rice (Yoneyama et al., 2007;
Umehara et al., 2008; Kohlen et al., 2011). P patens
MAX4/CCD8 knockout mutants show morphological
phenotypes that can be rescued by GR24 addition. In
these mutants, orobanchol can no longer be detected,
but strigol levels are the wild type (Proust et al., 2011).
These results suggest that there is MAX4/CCD8-
independent strigol synthesis and that wild-type
strigol levels are not sufficient to trigger moss SL re-
sponses. Orobanchol synthesis has also been shown to
be largely MAX4-dependent in Arabidopsis, but here
its synthesis is also MAX1 dependent, a function ap-
parently lacking in moss (Kohlen et al., 2011). These
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Figure 6. Phenotypic rescue of Arabidopsis max7-1 by individual
transgenic lines of putative orthologs from M. truncatula. Rosette
branching compared with final height of longest branch (A) mean
number of sbs of leaves from the natural accession mean for PC2 of
leaf shape, as produced by LeafAnalyser (B), and mean number of sps
of leaves from the natural accession mean for PC3 of leaf shape (C). For
branching, n = 20, except for Columbia, max7-1, and AtMAXT max1-
1, for which n = 40, and for leaf shape analysis, n = 6-10. Error bars
indicate st of the mean. Shared letters indicate no significant difference
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factors suggest that discussions of a distinct SL path-
way are inappropriate, both in terms of biosynthe-
sis and response. Instead, there may be a diversity
of SL-like compounds, the response to which re-
quires a D14 /D14-like protein (Flematti et al., 2013).
This ancestral system could have been refined into
increasingly distinct ligand-specific pathways over
evolutionary time.

MAX2

Possibly the most clearly defined component of the
modern SL signaling system is MAX2. Like the ca-
nonical D27 and D14 clades, it likely arose after the last
common ancestor of algae and land plants. MAX2 is
present in all surveyed embryophyte genomes and is
more diverged from its nearest sister clade than any
other member of the SL pathway, inferring two sub-
stitutions per site since its divergence from its closest
sister gene. This degree of divergence reduces confi-
dence in the alignment of MAX2 to its wider gene
family, rendering formal tests of selection impossible;
however, it is indicative of strong selection pressure
acting on the gene.

Despite the degree of divergence from non-MAX2
sequences, the sequences within the clade are all highly
similar, suggesting that there has been little selection
pressure for a change to its role in signaling among the
different plant species, despite the absence of elements
of the SL biosynthetic pathway from some basal species.
This is compatible with MAX2 not being the signal re-
ceptor, in contrast to other F-box proteins involved in
hormone signaling (Dharmasiri et al., 2005; Kepinski
and Leyser, 2005; Ueguchi-Tanaka et al., 2005; Katsir
et al., 2008), a point supported by the apparent absence
of MAX2 orthologs in GR24-responsive charophyte al-
gae (Delaux et al., 2012). Interestingly, the rice 43 mutant
(affecting the MAX?2 ortholog) has recently been shown
to have defective AM colonization, a phenotype not
found in the biosynthetic SL mutants or the d14 mutant
(Yoshida et al.,, 2012). These results suggest the inter-
esting hypothesis that the ancestral role for MAX2 is in
mycorrhization, and it was subsequently recruited to the
SL pathway. Its tight subsequent conservation suggests
the increasing number of downstream effects of SLs
and SL-related compounds may be mediated by a small
number of specific MAX? targets.

Consistent with this idea, the C-terminal 15% of the
MAX2 protein, which is likely to be involved in sub-
strate recognition, is highly conserved and has the
highest level of synapomorphy. The original point
mutation that defined the locus, max2-1, maps close
to this C-terminal domain. The max2-1 mutation is

in Tamhane’s T2 post hoc test to Columbia (a), max7-1 (b), or AIMAX1
max1-1 (c) for lines not already labeled “a” (P = 0.001, PC2; P= 0.05,
PC3). Col-0, Columbia. [See online article for color version of this
figure.]
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Figure 7. Sliding-window analysis (n = 10) highlighting the distribution of uniquely conserved residues across the ortholog
set alignments for each of the MAX genes. For each gene, the gray area indicates the density of conserved residues, the red line
indicates the density of synapomorphic residues that are conserved in the ingroup but differ from the wider gene family, and
black bars show the probability of the observed density of synapomorphic residues occurring due to chance; regions with less

than 5% probability are highlighted with green tips.

predicted to cause a substitution of D581 for Asn
(Stirberg et al., 2002). This site is part of a longer area of
conserved sequence that is dissimilar to that of the wider
gene family, and no nonsynonymous SNPs were iden-
tified among the Arabidopsis ecotypes within approxi-
mately 10 residues of this mutation. The grass MAX2
sequences have a single residue insertion relative to the
remaining MAX?2 sequences within one of the C-terminal
synapomorphic motif regions between residues 669 and

670. Because synapomorphic insertions may be more
likely to have affected the protein function than substi-
tutions, these regions provide potentially promising av-
enues for further research.

MAX1

The contrasting evolutionary history of MAX2 and
the upstream genes suggests that MAX2 evolution

Table Ill. Sequence alignment features corresponding to peaks in Figure 7

Positions are relative to the Arabidopsis ortholog sequence for each gene. Conserved positions in motifs are shown in uppercase. Predicted
secondary structure elements were identified using PHYRE (Kelley and Sternberg, 2009). H, a-Helix; E, B-sheet; C, random coil. Uppercase letters
indicate greater than 70% confidence in the predicted structure. Asterisks indicate significance at 5% level.

Gene Peak P Value Conserved Positions Motif Structure Indels
MAX2 636 0.10 631-640 RKLFIHGTAH hceeecCCCc
MAX2 662-666 0.10 657-670 QLReDYYPAPENDm  cccccCCCCCCCCC  669-670 1 bp in grass
MAX3 109 0.03* 104-113 DDHGSTVHPL CCCCCcccec
MAX3  284-286 0.03* 279-290 vsCNAEDMLLPr EEEccCCCCCCC 282-285 4 bp relative to outgroup
MAX4 334-336 0.53 329-340 LrAEPTPLYKFe hcCCCCceeeee

Plant Physiol. Vol. 161, 2013
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may be constrained by downstream target recognition,
but its activity could be linked to diverse upstream SL
and SL-like signals, which have changed during land
plant evolution. The MAX1 gene is a particularly strong
candidate to mediate diversification in upstream inputs
into MAX2 signaling. MAX1 acts late in the SL biosyn-
thetic pathway (Booker et al., 2005; Kohlen et al., 2011), it
is absent from the P. patens and algal genomes, it is poly-
phyletic in monocots (Nelson et al., 2008), and there are
currently no mutant phenotypes associated with max1
orthologs from other well-studied systems. There is only
limited evidence for conserved MAX1 activity beyond
Arabidopsis—a petunia MAX1 ortholog can rescue the
Arabidopsis max] mutant (Drummond et al., 2012). Our
observations that the SmMAX1 ortholog can fully rescue
the Arabidopsis max1-1 mutant shoot phenotypes (Figs.
4A and 5, A-C) demonstrates that, at least, the catalytic
function(s) used in the Arabidopsis SL pathway is/are
present in more basal land plants. Likewise, PeMAX1, a
potential ortholog identified from the gymnosperm white
spruce, which does have axillary branching, is also ca-
pable of partially rescuing Arabidopsis max1-1, support-
ing the wide taxonomic conservation of MAX1 function
throughout tracheophytes.

MAX1 Diversification in the Angiosperms

Earlier phylogenetic analyses of MAX1 revealed that
the five rice MAX1 genes occur on three distinct branches,
each of which has orthologs in maize (Nelson et al., 2008),
and our results show that these three separate clades are
represented in all surveyed grass genomes. Only two
clades are present in the remaining monocotyledon, P.
dactylifera, consistent with genome duplications that are
likely to have given rise to these clades. The presence of
the three separate clades in all four grass species suggests
that MAX1 was duplicated between the last common
ancestor of the angiosperms (125-145 million years ago)
and the last common ancestor of the monocotyledons
(112-125 million years ago; De Bodst et al., 2005). MAX1
paralogs were also identified in five dicotyledon species

(Mimulus guttatus, soybean, M. truncatula, P. trichocarpa,
and strawberry [Fragaria vesca]); however, the extent of
duplication and degree of conservation appears to be
unique to MAXT in grasses.

Functional analysis supports the hypothesis that these
distinct clades are at least partly redundant at the protein
level. 05020221900 and Os06g0565100, each representing
a different monocot MAX1 clade, have similar functional
capability to AtMAXI1, although Os02¢0221900 cannot
fully rescue all of the max1-1 leaf phenotypes. The
tested Os01g0701500 allele is incapable of rescuing any
of the tested max1 phenotypes, likely due to a pre-
mature stop codon, suggesting that this gene may have
lost all function and may be degenerating to become a
pseudogene, consistent with redundancy within and/
or between clades. Functional redundancy among the
OsMAX1 orthologs could also explain the lack of a
recorded max1 mutant phenotype for rice to date, de-
spite all other SL pathway genes being identified in
screens for rice branching mutants (McSteen, 2009).
There may be functional diversity in the other members
of the Os01g0701500 clade, and there is some variation in
the expression of MAX1 orthologs, with some being
phosphate starvation inducible and others not (Umehara
et al., 2010). This may reflect diversification of the func-
tion of SLs and SL-related compounds to roles beyond
rhizosphere signaling and developmental responses to
nutrient limitation.

There is stronger evidence for diversification at the
protein level in M. truncatula. One of its two MAX1
orthologs (Medtr3g104560) was able to rescue fully the
Arabidopsis max1-1 phenotypes, but the other showed
only weak activity at best (Medtr1g015860). Medtr1g015860
may be degenerating to become a pseudogene, or it may
have been co-opted to perform a different reaction. In-
terestingly, Medtr1g015860, but not Medtr3¢104560, is up-
regulated in response to nodulation stress (Ruffel et al.,
2008), and in pea, SLs have been found to be important
for nodulation (Foo and Davies, 2011), suggesting that
Medtr1g015860 divergence may be linked to a specific role
in SL/SL-like control of nodule development.

Table IV. Comparison of the requirements and roles of the six known SL pathway genes in angiosperms, where they were first genetically defined,

and early land plants

The data summarized here are referenced in main text or are from this study.

Biochemical . .
Gene . Role in Angiosperms
Function

Role in Basal Lineages

D27  B-carotene
isomerase
MAX4 CCD

Required for SL synthesis
Required for SL synthesis

MAX3 CCD Required for SL synthesis

MAXT Cytochrome Required for SL synthesis in Arabidopsis; evidence for
P450 in-paralog redundancy and divergence in rice

and M. truncatula

Absent from P. patens and basal lineages, despite SL
synthesis; D27-like present

Present in P. patens and required for some SLs, but not
required for strigol synthesis

Present in P. patens; no functional data

Absent from P. patens and basal lineages, despite SL
synthesis; activity present in S. moellendorffii

D14  o/B Required for perception and/or cleavage Absent from P. patens and basal lineages despite SL
hydrolase responses; D14-like present
MAX2 F-box Required for signaling Present in P. patens, but absent from more basal lineages;
protein no functional data
1896 Plant Physiol. Vol. 161, 2013



There is some evidence for systematic variation in the
degree of rescue of the different phenotypes tested.
Several orthologs that show strong rescue of PC2 and
branching do not rescue leaf size as strongly. However,
because the S. moellendorffii ortholog is capable of partial
rescue of leaf size, the less robust rescue by the rice
orthologs compared with Medtr3g104560 is unlikely to
reflect the later evolutionary origin of this function.

Evolution of Strigolactone Signaling

Instead, it is possible that the leaf size SL phenotype has
a higher threshold for successful rescue than branching
and PC2.

Molecular Basis for MAX1 Diversity

The max1-1 mutant phenotype is caused by a single
point mutation predicted to substitute P117 for Leu

Table V. Taxonomic distribution and sources of plant genomes

National Center for

No. of Predicted

. Biotechnolo; Genome ) : Genome
Taxonomy Species Information Tagxyon Version Proteln—C‘odmg Size URL
Identification Loci
Mbp
Embryophyta P. patens 3218 1.1 39727 480" http://www.phytozome.net/
physcomitrella
Trachaeophyta S. moellendorffii 88036 1 22273 88-127°  http:/genome.jgi-psf.org/Selmo1/
Selmo1.home.html
Magnoliophyta
Poaceae
BEP clade B. distachyon 15368 1 25532 352! http://www.brachypodium.org/
Rice 4530 6 40838 4201 http://rice.plantbiology.msu.edu/
PACCAD clade S. bicolor 4558 1 34496 730" http://www.phytozome.net/
sorghum
Maize 4577 4a.53 32540 23008"  http://www.maizesequence.org/
index.html
Arecaceae P. dactylifera 42345 3 28889 650° http://qatar-weill.cornell.edu/
research/datepalmGenome
Stem eudicotyledons  A. coerulea 218851 1.1 24832 302° http://www.phytozome.net/
aquilegia
Core eudicotyledons
Asterids M. guttatus 4155 1 25530 430™ http://www.phytozome.net/
mimulus
S. lycopersicum 4081 2.3 34727 738" http://solgenomics.net/organism/
Solanum_lycopersicum/genome
Rosids V. vinifera 29760 30434 4838 http://www.genoscope.cns.fr/
spip/Vitis-vinifera-e.html
Brassicales C. papaya 3649 27332 3728 http://asgpb.mhpcc.hawaii.edu/
papaya/
Arabidopsis 3702 9 37343 157%"  http://www.arabidopsis.org/
A. lyrata 59689 1 32670° 206.7°  http://genome.jgi-psf.org/Araly1/
Araly1.home.html
Malvids C. sinensis 2711 1 25376 319° http://www.phytozome.net/citrus
E. grandis 71139 1.1 36376 691° http://www.phytozome.net/
eucalyptus
Fabids C. sativus 3659 21491 3678 http://www.phytozome.net/
cucumber
Rosaceae Strawberry 57918 1.0 34809 240" http://www.rosaceae.org/projects/
strawberry_genome
Papilionoideae Soybean 3847 66153 11158 http://www.phytozome.net/
soybean
M. truncatula 3880 3 50962 454-526%6  http://www.medicagohapmap.org/
{genome
L. japonicus 34305 43051 469" http://www.kazusa.or.jp/lotus/
Malpighiales  P. trichocarpa 3694 2 41377 485" http://www.phytozome.net/poplar
Euphorbiaceae M. esculenta 3983 1 47164 77299 hitp://Awww.phytozome.net/cassava
R. communis 3988 0.1 31221° 224.9°  http://castorbean.jcvi.org/index.php

“Number of protein-coding transcripts.
and Leitch (1995). fTuskan et al. (2006).

PData from genome project Web site.
$Arumuganathan and Earle (1991).

“Awoleye et al. (1994). 9Bennett and Leitch (1997). “Bennett
PBennett and Smith (1976). 'Cheng and Grant

(1973). “Bennett et al. (2003). 'Bennett and Leitch (2005). ™Wu et al. (2008). "Schnable et al. (2009). “Paterson et al. (2009). PLaurie
and Bennett (1985).  9Goff et al. (2002).  'Reski (1999).  °*Wang et al. (2005).  'Shulaev et al.(2011).
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(Booker et al., 2005). P117 and its surrounding se-
quence is widely conserved among the MAX1s; how-
ever, the vine sequence and one maize sequence have
an Ala at this position, while one rice sequence and the
S. moellendorffii sequence have a Thr and a Tyr, re-
spectively. Despite this variation, the catalytic capa-
bilities of the MAX1 orthologs appear to be conserved
throughout the tracheophytes, including S. moellen-
dorffii and the rice paralogs, whatever the function of
these orthologs (and the SLs they may produce) in
planta. This suggests that in grasses and particularly in
S. moellendorffii, the surrounding sequence has di-
verged so much that residues sensitive to mutation in
Arabidopsis (such as P117) are replaced with residues
with different physicochemical properties.

Likewise, the genetic basis of the divergence in cat-
alytic ability in the M. truncatula paralogs is difficult
to infer, as few of the residues (only three) that show
high conservation in angiosperms are altered in
Medtr1g015860. Of these, two (V43 to Leu and V514 to
Ile) are changes between amino acids with very similar
properties, and the remaining substitution (D133 Asp to
Asn) is at a position in which several of the grass se-
quences (including Os01g0700900 and Os01g0701400)
and S. moellendorffii have hydrophobic residues, sug-
gesting that this residue is unlikely to be the sole source
of the change in Medtr1g015860 function. This raises the
question of why some of these residues are highly
conserved within the dicotyledons. Possible explana-
tions include: (1) These residues are not concerned with
the catalytic properties of the MAX1 enzyme, but im-
pact its regulation (a regulation that is overridden in the
complementation analysis, possibly by use of a strong
promoter), and (2) although the protein conformation
required for functionality is maintained between S.
moellendorffii and gymnosperm and angiosperm ortho-
logs, the differences in the sequences that create this
conformation also mean that these sequences have
different regions of sensitivity to mutation, leading to
different patterns of selection. Given the wide range of
reactions performed by members of the cytochrome
p450 gene family (Hannemann et al., 2007), it perhaps
reflects an inherent ability of these enzymes to perform
their reactions with a wide variety of conformations. In
the context of the apparent diversity in SLs and in SL
biosynthesis pathways, a related idea is that the phe-
nocritical substrates for MAX1 differ in different spe-
cies, with concomitant differences in selection pressures.

CONCLUSION

Phylogenetic analysis of the known SL pathway
genes has revealed their diverse evolutionary histories
(summarized in Table IV). The CCD enzymes, MAX3
and MAX4, are present in all land plant groups and are
members of gene families represented across the major
domains of life. A crucial innovation appears to have
been the recruitment of an F-box protein, MAX2, to a
signaling role in the pathway. This protein is the com-
mon downstream effector of at least two SL-like signals
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in Arabidopsis, SLs and karrikins. This, and the recent
evidence of SL signaling in the moss P. patens, which
has no canonical orthologs of D14, D27, or MAX1, sug-
gests considerable promiscuity in the events upstream of
MAX2 in early land plants, with respect both to signal-
ing and synthesis of bioactive compounds. Our analysis
of MAX1 suggests that it may have played a significant
role in this upstream SL signal diversity and its later
refinement.

MATERIALS AND METHODS
Data Sources

Published or prerelease genomic sequence data were obtained for 24 plant
species (Table V). These included five monocotyledons, 17 dicotyledons, the
basal tracheophyte Selaginella moellendorffii, and the bryophyte Physcomitrella
patens. For each species, complete sets of predicted coding sequences and cor-
responding protein sequences were saved locally for use in subsequent analyses.
For Arabidopsis (Arabidopsis thaliana), data on intraspecific polymorphisms were
obtained by directly querying a local copy of the Ensembl Plants database
version 58 (Kersey et al., 2010).

A more diverse set of taxa was represented by the complete set of protein
sequences from the KEGG database (Kanehisa and Goto, 2000). The set of se-
quences in the KEGG database provided a nonredundant set of protein sequences
from a diverse range of species with relatively even taxonomic coverage, within
the limitations of the taxonomic distribution of completed genome sequencing
projects. While diverse and extensive, the set of included species is not exhaustive,
so the resulting data sets were of a manageable size.

Ortholog Prediction

Orthologs, in-paralogs, and paralogs were predicted for each of the six
target genes (MAX1, MAX2, MAX3, MAX4, D14, and D27) in 18 of the 24 plant
genomes (indicated in Table I) from protein sequence data using the stand-
alone InParanoid 4 software (Berglund et al., 2008). Putative ortholog and in-
paralog clusters were identified for all possible pairs of these 18 genomes, and
the resulting clusters were then combined by grouping all clusters with matching
sequences to produce putative ortholog sets encompassing all species. Singleton
sequences that were not assigned to any ortholog cluster were added to the
ortholog set containing the sequence with which they had the highest BLAST
(Altschul et al., 1990) score. Run independently, InParanoid has been shown to
exhibit false positive and false negative rates of approximately 0.2 (Chen et al.,
2007); combining clusters was expected to reduce the false negative rate at the
expense of elevating the false positive rate. For each target gene, the phylo-
genetic distribution of sequences (see “Phylogenetic Reconstruction”) was
considered to identify false positives, which were removed from the final
ortholog set. Orthologous sequences in the remaining six genome sequences
were identified by direct BLAST searches to identify sequences with greater
homology to the putative ortholog clusters than to nonorthologous sequences.
Use of BLAST in favor of the more complex InParanoid algorithm reduced the
expected false negative rate to 0.04 at the expense of a false positive rate of
approximately 0.5 (Chen et al., 2007), so false positives were again filtered
during phylogenetic reconstruction.

Gene Families

A more taxonomically diverse set of species was considered to establish the
relationships between the genes of the MAX pathway and their wider gene
families. Target gene protein sequences from Arabidopsis were used in a
BLAST search against the full set of protein sequences in the KEGG database
(Kanehisa and Goto, 2000). Protein sequences were obtained for up to 500 hits
per query, and the resulting sequences were filtered to remove incomplete
proteins (length of <50% of query sequence or missing an initial Met). These
sets were further refined during sequence alignment and phylogenetic re-
construction, removing those sequences that could not be aligned without the
inference of very long indels. Sequences that were inferred to belong to poorly
resolved clades in the phylogeny were also removed, but only if all remaining
sequences formed a robustly supported monophyletic clade.
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Sequence Alignment

All protein sequences were aligned using MAFFT (Katoh et al., 2005) with
the “-auto” flag. This approach allowed the software to determine the exact
alignment strategy used according to the characteristics of the input sequences
and, in practice, resulted in the most accurate alignment strategies being ap-
plied to the ortholog alignments and more efficient strategies being used for
the larger gene family alignments.

Phylogenetic Reconstruction

Maximum-likelihood phylogenies were reconstructed using RAXxML 7.0.4
(Stamatakis, 2006). For each gene, the protein alignment was used to recon-
struct an ortholog set phylogeny under the general time-reversible model
(Tavaré, 1986) with y-distributed rate heterogeneity (GTRGAMMA). The gene
family alignment was used to reconstruct a gene family phylogeny using the
JTT (Jones et al., 1992) substitution matrix with discrete rate categories, and the
final topology was re-evaluated using y-distributed rate heterogeneity (PROT-
MIXJTT). Support for the maximum-likelihood phylogenies was estimated from
100 rapid bootstrap resamplings (Stamatakis et al., 2008).

Production of Transgenic Plants

MAX1 homologs from Medicago truncatula accession Jemalong A17
(Medtr1g015860 and Medtr3g104560), rice (Oryza sativa ssp. japonica) ‘Nippon-
bare’ (05010701500, Os02g0221900, and Os0680565100), and S. moellendorffii
(e_gw1.19.137.1 jgi | Selmo1 197512) were cloned by PCR from complementary
DNA (cDNA) on the basis of their predicted sequences using primers listed in
Supplemental Table S1. RNA was extracted from Arabidopsis, rice, M. trunca-
tula, and S. moellendorffii using the RNeasy Plant Mini Kit (Qiagen) with all
optional steps included according to manufacturer’s instructions. For extraction
from white spruce (Picea glauca) and rice shoot, the method described by
Azevedo et al. (2003) was used. cDNA was synthesized from 500 ng RNA using
SuperScript II Reverse Transcriptase (Invitrogen) according to manufacturer’s
instructions, using oligo(dT) as the nonspecific primer, except for construction of
RACE libraries and cloning Os06g0565100 from rice shoot. For these, the man-
ufacturer’s instructions for the incubation step were changed to 40 min at 42°C,
10 min at 70°C, readdition of the enzyme, and 20 min of further incubation at
50°C. For Os01g0701500, an early stop codon was confirmed by 3" RACE as
described by Scotto-Lavino et al. (2006). For PgMAX1, an EST (GenBank ac-
cession no. BT103061) was identified as a gymnosperm ortholog on the basis
of reciprocal BLAST hits from white spruce, and 5 RACE (as described by
Sambrook and Russell [2001]) was used to identify the missing 5’ sequence. Genes
were transferred by restriction digestion (see Supplemental Table S2) into the
binary vector pART7 (Gleave, 1992) under control of the near-constitutive strong
Cauliflower mosaic virus 35S promoter. Constructs were transformed into the
Arabidopsis max1-1 mutant in the Columbia background (Stirnberg et al., 2002)
via the Agrobacterium tumefaciens floral dip method (Clough and Bent, 1998). For
each construct, eight to 11 independent transformant lines were produced,
brought to homozygosity, checked for the presence of the max1-1 mutation and
for transgene expression (Supplemental Fig. S1), and then phenotyped in the T
generation.

Quantitative PCR

cDNA was produced from 10 plant pools of 10-d-old Arabidopsis seed-
lings for each transgenic line carrying 355:Medtr1g015860, and expression
levels of the transgene were quantified using primers listed in Supplemental
Table S1. Expression was normalized to the geometric mean of expression of
At2¢28390 and At1g13320, and data shown is the mean of two biological re-
peats, each technically repeated three times.

Plant Growth and Materials

Seed were stratified for 2 d at 4°C and germinated, and plants were grown
on F2 soil treated with Intercept (Levington Horticulture) in either short-
photoperiod conditions in a growth cabinet (8-h light/16-h dark at approxi-
mately 80 umol m™ s~ with temperatures of 20°C during the day and 18°C at
night) or a long photoperiod (16-h light/8-h dark) between spring and autumn
in a greenhouse supplemented with artificial light at approximately 150 umol
m™ s and temperatures between 15°C and 24°C.
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Branching Assay

Branching was assessed using a method adapted from Greb et al. (2003).
Seed were germinated and plants grown in P40 4-cm pot trays (Levington
Horticulture) in short-day conditions for 4 weeks and then moved to long
days to trigger flowering. Bolting stems were decapitated close to the rosette
when they reached 10 to 15 cm, and rosette branches longer than 0.5 cm were
counted 10 d later. Twenty plants were measured for each of eight to 11 in-
dependent transformant lines per construct, except for the three control lines,
for which 40 plants each were used. These controls were wild-type Columbia,
max1-1 negative control, and a single line of 355::AtMAX1 previously reported
to rescue max1-1 (S. Ward, personal communication).

Leaf Shape Analysis

Seeds were grown in P24 trays (Levington Horticulture) in the greenhouse
for 5 weeks or, for the MEIMAX1 construct lines (Fig. 4), for 6 weeks. Six to 10
plants of two representative lines were analyzed per construct, except for the
MtMAX1 constructs, for which all transformant lines were tested. Leaves were
processed as described in Kieffer et al. (2011) and analyzed as described in
Danisman et al. (2012); adult rosette leaves were removed in phyllotaxic se-
quence and scanned using a Scanjet 4370 scanner (Hewlett-Packard) at 300 dpi
resolution. Images were saved in TIFF format, and landmarks were assigned
and analyzed with LeafAnalyser (Weight et al., 2008). Adult leaves at node 4
and above were used for analysis. Coordinates produced by LeafAnalyser
were Procrustes fitted using Morpho] (Klingenberg, 2011), which also gener-
ated the centroid size. LeafAnalyser was then used to produce a Principal
Component Analysis eigenvector matrix from a library of 1,500 leaves from 10
Arabidopsis accessions, which had also been Procrustes fitted (Danisman
et al., 2012). The eigenvector matrix was used to calculate leaf point models
scaled to the sps of the natural accession database.

Synapomorphies

A sliding-window analysis was used to quantify the distribution of uniquely
conserved (synapomorphic) sites for each gene across the 24 selected genomes.
A synapomorphic site was considered to be a residue in the alignment that was
conserved in the majority of the sequences in the ortholog set (mismatches in
the alignment were tolerated in a maximum of 10% of sequences) and for which
a different amino acid was found in the majority of nonortholog sequences
(matching amino acids were tolerated in up to 20% of nonorthologs). A window
size of 10 residues was used for all genes, and a 95% statistical significance was
calculated against the binomial distribution using the total number of syna-
pomorphic residues and the sequence length.

Structure Prediction

Protein secondary structure features were predicted using the Phyre (Kelley
and Sternberg, 2009) Web server. Only one (Arabidopsis) sequence was used
to represent each ortholog set, as the method is based on similarity to proteins
of known structure, so the effect of differences between species on structure
could not be predicted. Results for the consensus of three different structure
prediction methods have been presented to indicate regions predicted with
high (>70%) and low confidence to form an a-helix, B-sheet, or coil.

Intraspecific Variation

SNP data from 99 Arabidopsis ecotypes in the Ensembl Plants database (19
lines resequenced by Kover et al. [2009] and a further 80 lines resequenced as
part of the 1,001 genomes project [Cao et al., 2011]) for each target gene were
collated to identify the positions of nonsynonymous substitutions and the
ecotypes affected.

Sequences of mMRNA used for MAXT complementation have been deposited at
GenBank with the following accession numbers: PgMAX1: JX566695, SmMAX1:

JX566702, Os01g0701500: JX566699, 0s02¢0221900: JX566700, Os06g0565100:
JX566698, Medtr1g01586: JX566697, and Medtr3g104560: JX566696.

Supplemental Data

The following materials are available in the online version of this article.
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Supplemental Figure S1. Semiquantitative PCR of transgene expression in
the various MAXI-expressing transgenic lines analyzed compared with
a TUBULINY control.

Supplemental Figure S2. Phylogenetic trees depicting the relationship
between putative orthologs of five of the MAX genes across 24 plant
species.

Supplemental Figure S3. Degree of branching rescue compared with trans-
gene expression for individual transgenic lines of 355:Medtr1g015860
max1-1.

Supplemental Table S1. PCR primers for cloning MAX1 and quantitative
PCR.

Supplemental Table S2. Cloning strategies for MAXI transgenic constructs.

Supplemental Table S3. Summary of phenotypic rescue of max1-1 Arabi-
dopsis carrying putative MAX1 orthologs.

Supplemental Data Set S1. Conserved sites in the MAX1, MAX2, MAX3,
MAX4, D14, and D27 proteins.
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