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Abstract

The Development and Evolution of Floral Symmetry in the Zingiberales and Interactive Tools
for Teaching Evolution (ArborEd)

by
Riva Anne Bruenn
Doctor of Philosophy in Plant Biology
University of California, Berkeley
Professor Chelsea D. Specht, Chair

Floral symmetry is a key innovation in the evolution of flowering plants. Zygomorphy, or single-
planed symmetry, is associated with the diversification of many flowering plant lineages. The
model system for floral symmetry is the snapdragon (Antirrhinum majus). In A. majus flowers, a
set of TCP and MYB-related transcription factors form a core gene regulatory network necessary
for zygomorphy. The genes involved in this network have been implicated in several
independent transitions to zygomorphy from actinomorphy (many-planed symmetry). Although
the TCP components of the symmetry network have been investigated across flowering plants,
MY B-related transcription factors remain largely unstudied outside of the Asterid group
containing 4. majus and close relatives. Here we investigate the evolution of MY B-related genes
DIVARICATA-like (DIV-like), RADIALIS-like (RAD-like), and DIVARICATA and RADIALIS
INTERACTING FACTOR-like (DRIF-like) across flowering plants, and their expression patterns
in the developing flowers of two zygomorphic species of the monocot order Zingiberales.

We found that RAD-like and DIV-like are sister MY B-related genes which diverged before the
diversification of flowering plants. Each gene contains one MY B-like domain that has been
closely conserved throughout flowering plant evolution. Furthermore, we identified candidate
homologs to 4. majus RAD and DIV in several monocot taxa, with at least three copies of each in
the Zingiberales.

In the Zingiberales, RAD-like and DIV-like genes are expressed in Costus spicatus (Costaceae)
and Musa basjoo (Musaceae) in patterns consistent with roles in floral symmetry. Using Reverse
Transcription PCR and in situ hybridization we recovered asymmetric expression patterns for
some RAD-like genes across the dorsal/ventral plane of developing flowers, and universal
expression of DIV-like genes, consistent with the model known from Antirrhinum majus.

We identified DRIF-like genes across flowering plants, recovering a previously undescribed
duplication in eudicot DRIF Group 1 genes. Furthermore, we recovered candidate DRIF-like
genes in Musa basjoo (Musaceae: Zingiberales) with expression patterns similar to those
described in A. majus DRIF'I and DRIF?2.



Finally, we developed a tutorial for high school and college students to investigate a
coevolutionary hypothesis in sharpshooters and their bacterial endosymbionts. This tool will help

students understand how comparative evolutionary research is performed, and give them hands-
on experience performing common analyses.
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Introduction
The Evolutionary Context of Floral Symmetry

Floral symmetry is a key innovation that has likely impacted the diversification of flowering
plants over the course of their evolution. Transitions to zygomorphy (one plane of symmetry,
Figure 1) from actinomorphy (many planes) have occurred at least 70 times independently
throughout the evolution of flowering plants, with a recent estimate of at least 130 times (Citerne
et al. 2010; Reyes, Sauquet, and Nadot 2016). Zygomorphy has been linked to reduction in
pollen production, more exclusive plant/pollinator relationships, and greater rates of speciation
(Peter K Endress 1999a; Giurfa, Dafni, and Neal 1999; Cubas 2004; Sargent 2004; Ushimaru and
Hyodo 2005; Hu et al. 2008; Peter K Endress and Doyle 2009; Ushimaru et al. 2009; Waser et al.
2010; Meara et al. 2016).

Many morphological and developmental factors contribute to zygomorphy across flowering plant
lineages. Structural zygomorphy arises by the differential repression, elaboration, or reduction of
organs while presentation zygomorphy arises through differential organ coloration, placement, or
expansion (Rudall and Bateman 2004; Peter K. Endress 2012). Zygomorphy can also arise at
different points of development. An initially actinomorphic floral meristem can become
zygomorphic at the point of the first organs initiating, which may be placed or sized
asymmetrically, as organs expand differentially, fuse, or organ abortion occurs, or during the
final stages of development when organ elaboration, coloration, and additional fusion may occur
(reviewed in Reyes, Sauquet, and Nadot 2016).

Despite the diversity of morphological patterns giving rise to zygomorphy, floral symmetry
seems to be fairly labile. In addition to the large number of transitions from actinomorphy to
zygomorphy, reversions are not uncommon (Hileman 2014b; Reyes, Sauquet, and Nadot 2016).
The first actinomorphic mutant of a normally zygomorphic species was found to be the result an
epigenetic mutation in a single gene, CYCLOIDEA (CYC) (Luo et al. 1996). Changes in copy
number and expression pattern of CYC-like genes correlates with reversions to actinomorphy in
lineages across flowering plants (reviewed in Hileman 2014b). Small numbers of loci can have
large pleiotropic effects on suites of related floral characters (Smith 2016). In some cases, the
same genes have been recruited independently in the convergent evolution of traits such as the
elimination of a vernalization requirement for germination or precursors to C4 photosynthesis
(Stern 2013). Alternatively, mutations in different genes within the same regulatory pathway can
result in convergence, as in anthocyanin production in Solanaceae (Smith and Rausher 2011).
Despite the complexity and diversity of floral characteristics, the same sets of genes may have
been independently coopted in zygomorphic lineages across flowering plant evolution.

The Floral Symmetry Gene Network in Antirrhinum majus

Antirrhinum majus, the snapdragon, is the model organism for floral symmetry. The Antirrhinum
majus flower is zygomorphic with two dorsal petals and two lateral petals that are each internally
asymmetrical and a single symmetrical ventral petal. The dorsal stamen is arrested during
development, leaving four stamens at anthesis. The two sets are different in length, making the
androecium (stamens) zygomorphic as well as the corolla (petals). (Luo et al. 1996).
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In Antirrhinum majus, the restriction of CYCLOIDEA (CYC) and DICHOTOMA (DICH)
expression, and later RADIALIS (RAD) to the dorsal portion of the flower contributes to several
developmental processes, from dorsal stamen abortion to differential growth of dorsal petals. In
A. majus, flowers are nearly actinomorphic in early development, but the retardation of the
dorsal stamen and eventually the differential growth of petals and stamens leads to zygomorphy
at anthesis, or floral maturity. Early dorsal CYC expression leads to stamen abortion and growth
reduction in dorsal regions of the floral meristem, while continued expression throughout late
development results in increases in petal lobe growth in dorsal regions (Luo et al. 1996; Luo et
al. 1999). Initial repression of organ growth, which is never reversed in the dorsal stamen, is
likely the result of down-regulation of cell cycling genes (Gaudin et al. 2000; Clark and Coen
2002). The asymmetric organ growth that produces a larger, internally symmetric ventral petal
and smaller internally asymmetric lateral and dorsal petals is due to the competitive actions of
RAD and DIVARICATA (DIV) (Almeida, Rocheta, and Galego 1997; Galego and Almeida 2002;
Corley et al. 2005; Costa et al. 2005; Perez-Rodriguez et al. 2005). The two proteins compete for
binding partners RAD and DIV INTERACTING FACTORs (DRIFs). Where RAD protein is
absent, DIV and DRIF complexes activate downstream transcription targets specifying ventral
petal identity (Sobral 2010; Raimundo et al. 2013). DIV expression constricts throughout
development, initially being present throughout the developing ventral petal and overlapping
regions of lateral petals and eventually retreating to a furrow of cells demarking the boundary
between the corolla tube and the lobes (Galego and Almeida 2002). Due to this restriction, in
initial development DIV protein induces the expansion of the ventral petal and adjacent portions
of lateral petals, but later contributes to the lobe vs. tube boundary.

The Floral Symmetry Gene Network

The core network of genes known from A. majus may have been repeatedly coopted in
transitions from actinomorphy to zygomorphy. CYC-like, RAD-like, and DIV-like genes have all
been implicated in floral symmetry in clades with independently derived zygomorphy.
Developmental genetics research in orders such as Asterales (Gerbera), Fabales (Pisum), and
Poales (Zea, Oryza) supports a role for CYC-like transcription factors in floral symmetry through
stamen abortion and differential dorsal-ventral (dorsiventral) petal morphology (Zheng Wang et
al. 2008; Preston 2010; Zhang, Kramer, and Davis 2010; Busch et al. 2012; Hoshino et al. 2014).
Dorsiventral asymmetry in CYC-like expression has been found to be consistent in many
additional lineages based on RT-PCR and in situ hybridization (reviewed in Hileman 2014a;
Hileman 2014b). Interestingly, CYC-like genes are expressed dorsally in zygomorphic eudicots,
but appear to be expressed ventrally in zygomorphic monocots based on studies of taxa in the
Zingiberales and its sister order, the Commelinales (Bartlett and Specht 2011; Preston and
Hileman 2012). To date, RAD-like and DIV-like genes have been studied in zygomorphic
lineages within the Asterids, evolutionarily distant from the monocots, and recently in orchids
(Valoroso et al. 2017). In the Dipsacales and in Orchis italica, at least one copy each of RAD-like
and DIV-like genes are expressed similarly to RAD and DIV in A. majus, consistent with roles in
dorsiventral asymmetry. Additionally, these taxa maintain the same ratio of RAD-like and DIV-
like gene copies (Howarth and Donoghue 2009; Boyden, Donoghue, and Howarth 2014;
Valoroso et al. 2017).
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The Zingiberales as a Study System

The tropical ginger order Zingiberales is a model system in which to study monocot floral
symmetry. The species in the order are zygomorphic with very few exceptions. Zygomorphy in
the order is independently derived, with the ancestors of the Zingiberales and the sister order
Commelinales thought to be actinomorphic (Rudall and Bateman 2004). Across the eight
families in the Zingiberales, zygomorphy occurs due to multiple morphological factors including
organ reduction, repression and elaboration in the perianth (sepals and petals) and the
androecium (stamens) (Figure 2). In the ginger families Marantaceae, Cannaceae, Zingiberaceae,
and Costaceae, zygomorphy is largely the result of dorsivenral asymmetry in the androecium. In
the banana families Heliconiaceae, Strelitziaceae, Lowiaceae, and Musaceae, dorsiventral
asymmetry of the perianth contributes most to overall zygomorphy. The dorsal petal and dorsal
stamens of flowers in the order are differentiated from the rest of the corolla and androecium by
delays in development (Bartlett and Specht 2011). In the ginger families, the androecium is
larger and more elaborate than the banana families, and makes up the bulk of the floral display.
The ginger families also experienced reduction in the number of fertile stamens before their
diversification, with all but the dorsal stamen sterile and laminar (staminodes). In the Costaceae
and Zingiberaceae, these staminodes fuse to form an elaborate staminodial labellum (B. K.
Kirchoff 1988; B. K. Kirchoff 1991; Bartlett and Specht 2010).

The presence of novel organs (like the staminodial labellum) as well as the transition from
perianth to androecium floral display and zygomorphy present an interesting test case for the
adaptation of the floral symmetry gene network to a variety of floral morphologies. Changes in
copy number, expression pattern, or up and downstream regulation may be responsible for
changes in floral morphology across the order. Additionally, the evolutionary distance between
the Zingiberales and the Lamiales (including A. majus) allows us to test the extent of
conservation of the gene network across flowering plants.

Based on previous studies, CYC-like expression in the Zingiberales appears to be consistent with
a role in zygomorphy. Three copies of CYC-like genes were found in the order (Bartlett and
Specht 2011), and expression was characterized for two of these copies based on in situ
hybridization in a ginger family species Costus spicatus (Costaceae) and a banana family species
Heliconia stricta (Heliconiaceae). zinTBL1a expression was found in the petaloid sterile
stamens (staminodes) of both species and was additionally found throughout the ventral perianth
and dorsal fertile thecae (pollen producing structures) of Costus spicatus. zinTBL2 expression
was found in the ventral sepals of Heliconia stricta and the dorsal fertile thecae of Costus
spicatus. zinTBL 1a may be involved in stamen abortion in the Zingiberales, though the presence
of expression in the fertile stamen of C. spicatus may indicate multiple functions. zinTBL2 in H.
stricta and zinTBL1a in C. spicatus may restrict growth in the ventral regions of the flowers
during early development, resulting in the characteristically larger dorsal perianth members. The
reversed expression patterns of 7BLIa and TBL?2 in the two taxa correlates with the divergent
symmetry patterns, and may reflect different regulation or different function in the two groups
(Bartlett and Specht 2011).

Using these data and the evolution and expression of other symmetry network components, we
tested the hypothesis that the symmetry network known from 4. majus has been coopted in a



transition to zygomorphy in an evolutionarily distant order of monocots. Given the induction of
RAD expression caused by CYC and DICH in A. majus, we expected to find RAD-like expression
patterns that overlapped with the characterized TBL patterns. Furthermore, given the different
patterns of expression found in Heliconiaceae vs. Costaceae, we expected RAD-like expression
patterns to be altered between the banana and ginger families, correlated with shifts in symmetry
from the perianth to the androecium. Given the universal expression of D/} and the DRIF’s in A.
majus flowers, we expected universal expression of orthologs to these genes in Zingiberales
flowers. We recovered overlapping but not matching expression patterns for two copies of 7BL
and RAD-like genes and universal expression of DIV-like and DRIF-like genes. Although the
relationships between copies are unclear, the asymmetric expression patterns of 7BL and RAD-
like genes and the universal expression of DIV-like and DRIF-like are consistent with roles in
zygomorphy in these taxa.

Using ArborEd to Teach Evolutionary Concepts

Arbor is an online platform useful to evolutionary biologists interested in performing
comparative analyses. Arbor provides a fast and simple way for researchers to use and combine
many common analyses without needing to download, compile, and learn to use software on
their own. Arbor is also a platform on which to write and combine novel analyses and pipelines.
ArborEd is a new instance of Arbor designed to help students learn how evolutionary biologists
perform research through hands-on experience with real data. We have used the Arbor platform
to design a coevolution tutorial for high school and college students using a published example
of mutualism between xylem-feeding insects and their bacterial endosymbionts.

Vi
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Figure 2: A phylogeny of the Zingiberales (Sass et al. 2016) with floral diagrams and images
associated with representative species belonging to each family, adapted from (Bartlett 2010).
Dotted lines with arrows indicate reorientation of the flower during development. Red highlighted
regions are the organs which contribute most to zygomorphy in that family.
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Chapter 1: Evolution of RADIALIS and DIVARICATA
Abstract:

RADIALIS (RAD) and DIVARICATA (DIV) are MY B-related genes with one and two MYB-like
repeats respectively. MYB and MY B-related genes form a large group of transcription factors
present in species from across the eukaryotes (Feller et al. 2011). Although the evolutionary
histories of many MYB genes are known, the MYB-related group is diverse and largely
uncharacterized, with hypothesized multiple independent origins in plants (Rosinski and Atchley
1998). Here we identify RAD-like and DIV-like sequences from 71 taxa across flowering plants
and gymnosperms, with sequences from 17 Zingiberales taxa. We present phylogenetic trees for
use in identifying RAD-like and DIV-like genes in a variety of taxa of interest, including taxa
across the monocots. We recovered one DIV-like gene present across monocots, with lineage-
specific duplications. Within the RAD-like genes we recovered a duplication prior to the
diversification of monocots, followed by additional lineage-specific duplications. Both DIV-like
and RAD-like genes have at least three copies in the Zingiberales, consistent with a 1-to-1
relationship. Our results support the homology of the first MY B-like domain of DIV with the
MY B-like domain of RAD, and the homology of the second MYB-like domain of DIV with the
MYB-like domain of CCA1/LHY. We propose that MYB-related genes be characterized by gene
and/or domain homology, rather than by the number of MY B-like repeats.

Introduction:

RADIALIS (RAD), DIVARICATA (DI1V), and DIV and RAD INTERACTING FACTORS (DRIF’s)
are MYB-related genes; transcription factors characterized as having 1-4 imperfect tandem
repeats of about 50 amino acids. Each MYB-like repeat forms a helix-turn-helix thought to bind
the major groove of a target DNA sequence (Rosinski and Atchley 1998; Dubos 2013). The
MYB protein family is present in all eukaryotic organisms studied thus far (Feller et al. 2011)
and took its acronym from v-MYB, a component of avian myeloblastosis retrovirus
(Klempnauer, Gonda, and Michael Bishop 1982). MYB genes have diverse functions, from roles
in anthocyanin production to conical cell formation to roles in the circadian clock. They are quite
numerous, with hundreds of representatives in Arabidopsis and Oryza (Feller et al. 2011). The
typical MYB motif has 3 regularly spaced tryptophans (Rosinski and Atchley 1998) which
together form a hydrophobic core necessary for DNA binding (Dubos 2013). MYB family
members are characterized by the number of MYB repeats they possess (Dubos 2013). The most
common in plants are 2-domain MYB plant proteins, which are called “R2R3” proteins because
their domains are most similar to the second and third MYB repeat of the animal MYB gene c-
MYB (Jin and Martin 1999). Although similar in many respects, the MYB gene “family” is
thought to have polyphyletic origins, meaning that MYB genes may not have a shared common
ancestor (Rosinski and Atchley 1998; Jin and Martin 1999).

Some MY B-related genes, including DIV, RAD, and the DRIF’s, are further differentiated from
other MYB genes by having noticeably altered MYB repeats, lacking one of the characteristic 3
tryptophans (Du et al. 2013). DIV has 2 MYB-like repeats (Galego and Almeida 2002), RAD has
1 (Corley et al. 2005; Costa et al. 2005), and the DRIFs have 1 MYB-like domain and an
additional domain of unknown function (Raimundo et al. 2013). The first domain of DIV is



alignable to the single domain of R4D, but the domains of the DRIFs are not alignable to either
RAD or DIV. Because the DRIF domains are not homologous to those in RAD or DIV, the
remainder of this chapter will focus on R4D and DIV.

RAD and DIV were first functionally characterized in Antirrhinum majus (Galego and Almeida
2002; Corley et al. 2005; Costa et al. 2005). RAD and DIV proteins share a protein-binding
domain, but only DIV has the DNA binding domain necessary to induce expression of
downstream targets (Stevenson et al. 2006). DIV acts in concert with protein binding partners
DIV AND RAD INTERACTING FACTORs 1 and 2 (DRIFs). In the presence of RAD, RAD
binds to the DRIFs and restricts them to the cytoplasm, while in the absence of RAD, DRIFs
travel to the nucleus where they are bound by DIV, together regulating transcription (Sobral
2010; Raimundo et al. 2013). Thus, where RAD is present, DIV/DRIFs cannot activate genes
necessary for ventral petal development.

To date, the roles of RAD-like and DIV-like genes in symmetry have only been studied in
zygomorphic lineages within the Asterids, evolutionarily distant from the monocots, and recently
in the monocot family Orchidaceae. In Bournea (Gesneriaceae: Lamiales), RAD-like gene
expression is asymmetric across the dorsal/ventral plane but becomes symmetric later in
development, correlating with the flower’s transition to actinomorphy (Zhou et al. 2008). In the
Dipsacales, at least one copy each of RAD-like and DIV-like genes are expressed similarly to the
single copy of RAD and DIV in A. majus, consistent with influencing dorsiventral asymmetry.
Additionally, these taxa maintain the same copy number of RAD-like and DIV-like genes,
supporting the one-on-one relationship between RAD and DIV present in A. majus (Howarth and
Donoghue 2009; Boyden, Donoghue, and Howarth 2014). Recently published research in orchids
likewise uncovered asymmetric expression of a R4D-like ortholog (Valoroso et al. 2017).
Evidence presented thus far is consistent with RAD and DIV homologs playing roles in floral
symmetry outside the model system of Antirrhinum.

Considering the hundreds of MYB and MY B-related genes present in plants, characterization of
these genes and their functions is a long way off. Reliable identification of genes homologous to
those of interest in model systems remains a challenge (Feuermann et al. 2016). Although
BLAST algorithms (Altschup et al. 1990) may reveal the closest homologs of the query genes,
this is often not the case. Phylogenetic analysis is the best estimate of homology (Koski and
Golding 2001), and functional characterization can be informed through a homology-based
approach (Feuermann et al. 2016). While such functional prediction methods - such as
annotation by BLAST to characterized homologs or motif finding algorithms - may provide
reasonable estimates, there is no substitute for detailed genetic studies. With the rising number of
sequenced genomes and the advent of CRISPR-Cas9 technologies, these genetic studies may be
faster and less expensive than in the past. The identification of candidate symmetry genes is
bottleneck in floral symmetry research.

Phylogenies of MYB-related genes have been published in two separate studies (Yanhui et al.
2006; Du et al. 2013), though both publications would be substantially improved through wider
and more balanced taxonomic sampling as well as more reliable methods of phylogenetic
inference. Yanhui ef al. (Yanhui et al. 2006) included 64 MY B-related gene sequences from
Arabidopsis thaliana and Oryza sativa subsp. japonica. With only two distantly related taxa



being sampled, statistical assumptions of the models used are likely to be violated (Yang 1994).
Furthermore, the phylogeny generated in this study was unrooted, meaning that the authors did
not use an outgroup to polarize their tree or test for monophyly of the included sequences.
Although the authors categorized MY B-related genes by clade, without an outgroup the
individual clades within a tree cannot be reliably interpreted as each individual sequence
included in the analysis has the potential to be the least related to any of the remaining
sequences. Thus, any potential clade could be broken up by rooting the tree on any of the
sequences within it, meaning that no clades were rigorously tested for monophyly.

A more recent study by Du ef al. (Du et al. 2013) included 16 angiosperm species compared to
the 2 included in Yanhui ef al. (Yanhui et al. 2006) and also included sequences from a moss
(Physcomitrella patens), a clubmoss (Selaginella), and an alga (Chlorella variabilis). Although
this taxon sampling is broader than that of Yanhui et al., the inclusion of highly divergent
outgroups without a large spread of ingroup taxa may have skewed the resulting phylogeny
(Lyons-weiler, Hoelzer, and Tausch 1998; Qiu et al. 2001). Additionally, though the authors
included hundreds of genes spanning the proposed MYB gene superfamily, it was impossible to
reconstruct an adequate gene alignment using their published sequences and stated alignment
methods (data not shown). Alignments were not included in the supplementary files and authors
did not respond to email requests for data.

In phylogenetic analysis, especially when using one or a few genes, a well-made sequence
alignment is vital to the reliability of the result. By inputting a sequence alignment into a
phylogenetic analysis program, one is labeling each column of nucleotides or amino acids in that
alignment as homologous characters. It is important to note that an alignment program will not
‘fail’ in the case of non-homologous characters, and therefore does not provide a test of
orthology. In the case of extremely divergent gene sequences, due to either non-homologous
genes or highly divergent taxa, alignment programs will generate unreliable alignments. Authors
must often make quality assessments by eye or by estimating divergence among taxa with known
evolutionary distances (as estimated from other sources of information). It is routine practice to
trim parts of the alignment which lack sufficient sequence similarity including the beginnings
and ends of genes as well as non-conserved areas of the gene if they are prone to insertions
and/or deletions (Talavera and Castresana 2007). It is possible that the authors were unaware of
these practices, or performed this alignment along with many others as part of a high-throughput
analysis without such manual checks. With many dozens of genes, inaccurate homology
becomes noise overcome by strong phylogenetic signal from more conserved regions. However,
this is a single gene analysis in which there are not sufficient characters to overwhelm such
background noise.

To improve the reliability of the MY B-related phylogeny and to increase its utility across
flowering plants, we sampled genes from fifty-four published genomes, including a spread of
angiosperms, gymnosperms, and the moss Physcomitrella patens. We sampled five Zingiberales
species across the order using unpublished RNA-seq data, and an additional twelve Zingiberales
species in a sequence capture described below.



Methods:
Sequence Retrieval and Alignment

Genes were recovered from fifty-four published genomes, the NCBI database, cleaned raw reads
from five Zingiberales and one Commelinales (Angiosperms: Monocots) floral transcriptomes,
and twelve Zingiberales sequence capture targets for a final total of 837 sequences from 71 taxa.
Initial sequences were retrieved using RADIALIS (RAD) and DIVARICATA (DIV) sequences
from A. majus as queries in an National Center for Biotechnology (NCBI) BLAST search
(Altschup et al. 1990). Top hits were aligned to RAD and DIV in Geneious version 6.6.1 (Kearse
et al. 2012) using MAFFT (Katoh et al. 2002) and MUSCLE (Edgar 2004) alignment algorithms,
then edited manually to correct for inappropriately spaced insertions and deletions. The resulting
alignment was used as a template to build a Hidden Markov Model (HMM). Genomes were
downloaded from the relevant databases and searched using the generated nucleotide HMM in
HMMER (Finn, Clements, and Eddy 2011). Resulting sequences were aligned as above. Because
HMMER utilizes an alignment of genes from evolutionarily distant taxa, the resulting sequences
include many false hits. In order to filter these hits, sequences that did not align either
automatically or by eye were removed. A suitable alternative would be to make a BLAST
database from the returned hits, and include genes within a given e-value cutoff after performing
a BLAST search.

Zingiberales sequences were retrieved by using Musa acuminata genomic sequences as a query
in a BLAST search against databases of cleaned raw reads from transcriptomes. These
transcriptomes were generated for 5 of the 8 families of the Zingiberales. RNA libraries were
made using the illumina® TruSeq® kit and protocol. Libraries were assembled using Trinity
(Haas et al. 2013). Perhaps due to insufficient coverage and/or low expression, DIV-like and
RAD-like sequences could not be recovered from assembled transcriptomes. Due to our failure to
recover genes from the assemblies, we generated a pipeline to assemble the sequences from
unassembled reads, with poor quality and highly repetitive sequences removed and adaptors
trimmed. These cleaned raw reads were used to build nucleotide BLAST databases, then queried
using commands optimized for short reads (blastn-short). Through aligning the resulting
sequences, we determined that even those with the highest e-values were often viable hits.
Knowing this, we incorporated all BLAST returns in downstream steps. BLAST results were
clustered using cd-hit (Li and Godzik 2006) with a 95% identity clustering threshold, a word size
of 8, and set to place each sequence in the best matching cluster rather than the first to meet the
alignment threshold. The sequences in each cluster were aligned to Musa acuminata references
in Geneious version 6.6.1 as above. The sequences that aligned successfully were put through
two rounds of de novo assembly in Geneious, using low sensitivity/fastest default settings with
exceptions of 10% maximum mismatches per read, 80% minimum overlap identity, and a
maximum gap length of 1. Resulting contiguous sequences or “contigs” supported with at least
10X coverage were included in the main alignment. Support for these contigs was checked using
BOWTIE (Langmead et al. 2009) to align original transcriptome raw reads to all contigs.
BOWTIE, a less stringent alignment tool than the one outlined above, was able to yield higher
coverage of the regions represented by all contigs. This process ensured that no contigs with 10X
or greater coverage were mistakenly filtered out. Costus spicatus and Musa basjoo sequences



used as templates for RT-PCR were verified by Sanger sequencing at the Museum of Vertebrate
Zoology facility at the University of California at Berkeley.

Additional Zingiberales sequences were recovered by sequence capture and subsequent [1lumina
sequencing following established lab protocols (Sass et al. 2016). Zingiberales RAD-like and
DIV-like sequences generated from transcriptome data and separated at intron/exon boundaries
as predicted by the Musa acuminata genome were included as baits to capture sequences from
199 Zingiberales samples. Sequence capture results from a selection of 12 taxa were made into
nucleotide BLAST databases and original bait sequences used as queries to retrieve BLAST hits.
Separately, BOWTIE was used to align sequence capture results to the baits most closely related
to targets (ie Musa baits used to retrieve Musaceae sequences). Matching sequences from
BLAST and BOWTIE were grouped, duplicate hits were removed, and resulting sequences were
put through two rounds of de Novo assembly as above. Resulting contigs with at least 10X
coverage were included.

All resulting sequences were aligned by codon using MAFFT and MUSCLE algorithms in
Geneious version 6.6.1. Resulting alignments were manually edited in Mesquite (Maddison and
Maddison 2014). The beginning and end of the alignments were trimmed, as well as intronic
regions in order to improve the accuracy of the resulting trees (Talavera and Castresana 2007).
Final nucleotide alignments were translated to amino acids in Mesquite for use in sequence
analysis.

Phylogenetic Tree Building

The final nucleotide alignments were used to produce phylogenies in RAXML-HPC v.8 on
XSEDE (Stamatakis 2014) with 100 bootstrap replicates in all cases but the full domain 1
phylogeny which was produced using MrBayes (Ronquist and Huelsenbeck 2003) on the
CIPRES server (Miller, Pfeiffer, and Schwartz 2010) for 5 million generations, with a burn-in
fraction of 0.25. All trees were produced under a GTR + G model as selected by model testing in
PHYML (Guindon et al. 2010).

Given that the evolutionary history of RAD-like and DIV-like genes is unknown, there is no
known related gene that can be used as an outgroup to directly test the hypothesis that the
recovered genes are homologous to RAD and DIV. Instead, we made the assumption that genes
previously annotated as RAD-like and DIV-like, including those functionally characterized in
Antirrhinum majus (Almeida, Rocheta, and Galego 1997; Galego and Almeida 2002; Costa et al.
2005) and Solanum lycopersicum (MacHemer et al. 2011) as well as those characterized by
expression in Heptaconium miconioides (Howarth and Donoghue 2009) and Bournea (Zhou et
al. 2008) belong to monophyletic groups. Using this assumption, we built preliminary
phylogenies (data not shown) in RAXML on CIPRES using trimmed alignments of the first
domains of all sequences, the full trimmed alignment including single domain and double
domain genes, and a trimmed alignment including only double domain genes. Using the results
of these trees, we found groups of sequences that, when used to root each tree, produced
monophyletic groups for each gene. These sequences were used as outgroups to root the full
taxon phylogenies here. For the DIV-like and RAD-like phylogenies, gymnosperm sequences



within the relevant clade in the full trees were used as outgroups to root angiosperm sequences.
For the monocot focused phylogenies, Brassicales sequences were chosen as outgroups.

Results:
Phylogenetic Trees

Using our complete dataset of 71 taxa across gymnosperms, non-core eudicots, asterids, rosids,
and monocots, we built a phylogeny including a total of 837 DIV-like and RAD-like gene
sequences to visualize the broad relationships among these genes (Figure 1). The RAD-like +
DIV-like clade has Bayesian probability of about 70%, the RAD-like clade 99%, and the DIV-like
clade 58%. Within the DIV-like clade, the clade excluding gymnosperms and Amborella has
94% support. Sequences falling into the RAD-like and DIV-like clades match both the BLAST-
based annotations of many gene sequences as well as previous results (Du et al. 2013). This
phylogeny supports the hypothesis that RAD-like and DIV-like genes are closely related, as well
as the homology of the first MYB repeat from DIV-like genes with the MYB domain of RAD-
like.

Using the relationships reconstructed in our full phylogeny, we trimmed our alignment to
generate a phylogeny useful in studying only the relationships between DIV-like genes (Figure
2). Characterized genes from Antirrhinum majus, Bournea leiophylla, and Heptaconium
miconioides are highlighted in green. The monocot and eudicot clades both have reasonable to
weak bootstrap support (84 and 64 respectively). Support within each clade is weaker, with some
exceptions. Previously found relationships among Bournea, Antirrhinum, and Solanum DIV and
DIV-like genes are supported, though Arabidopsis thaliana genes previously described as
belonging to two separate eudicot copies are intermixed in our phylogeny (Howarth and
Donoghue 2009; Zhou et al. 2008). Although we recovered several sequences from most taxa,
without high support few conclusions can be drawn as to the evolutionary history of duplications
on the scale of flowering plant evolution. The presence of several “DIV-like” annotations in
sequences recovered in the DIV clade demonstrates the concordance between BLAST-based
annotations and phylogenetic methods, though fine tuned differentiation among the many
paralogous copies requires well sampled family or order level phylogenies.

To focus on RAD-like gene evolution, we trimmed our full alignment to include only sequences
reconstructed as RAD-like in the full phylogeny. We used this trimmed alignment to generate a
phylogeny (Figure 3). Similar to the full phylogeny (Figure 1), bootstrap support for clades of
RAD-like genes is weak. This is understandable given the very few informative characters for
this gene, which is also visible on the scale bar, showing that branch length is based on relatively
few predicted substitutions per site in this gene group. Although the divergence events close to
the backbone of the tree have poor support, reconstructed evolutionary relationships nearer the
tips fare better. There may have been two eudicot-specific duplications in the history of RAD-like
genes, with the second duplication leading to the lineage containing A. majus RAD and annotated
RAD-like genes. The Arabidopsis RAD-like sequences recovered do not show previously
recovered relationships, though again Bournea, Antirrhinum, and Solanum RAD and RAD-like
genes form a clade as previously described (Zhou et al. 2008; Du et al. 2013; Boyden,
Donoghue, and Howarth 2014).



We further explored the evolution of DIV-like and RAD-like genes using taxonomically focused
phylogenetic analyses. Using the Brassicales as outgroups to root the tree, we generated a
phylogeny for all recovered monocot DIV-like genes (Figure 4). Relationships reconstructed in
this phylogeny show one monocot DIV-like copy, with a Poales specific duplication. Deep
relationships among the Arecales and commelinids (Zingiberales and Commelinales) are not
well supported, but show two moderately supported Zingiberales groups: DIV 1, with 63
bootstrap support and DIV 2 with 58. DIV 3 is a paraphyletic grade, containing all other non-
grass DIV-like sequences. Within each Zingiberales DIV group, Musa sequences fall into two
separate groups. Calathea sequences also fall out into separate clades within DIV3 and DIV1.
This may indicate family-specific duplications, but is more likely a failure to recover all copies
of these genes from Zingiberales transcriptomes and sequence capture. Within the Arecales and
Commelinales there may be lineage-specific duplications, though more taxon sampling is
necessary to elucidate copy number and history of duplication. This phylogeny supports a history
of lineage-specific duplication rather than ancient duplicates conserved across monocots.

As in the whole taxon R4AD-like phylogeny (Figure 3), core relationships among monocot R4D-
like genes are poorly supported (Figure 5). There may have been one RAD-like duplication
before the diversification of monocots (boxed in blue, low bootstrap support, 13) followed by
lineage-specific duplications. Zingiberales RAD-like sequences are labeled RAD1, RAD2, and
RAD3 groups, with group specific duplicates labeled in terms of genes amplified by RT-PCR
(Chapter 2), highlighted in blue. Within RAD2, there appears to be at least one duplication,
supported by the presence of Heliconia and Musa species each in three distinct clades. Poales
appears to have undergone a duplication prior to diversification, resulting in RAD2a and
RAD2b, though Oryza sequences were all recovered in RAD2b.

Sequence Analysis

The MY B-like domains of 4. majus RAD and DIV contain an altered pattern relative to typical
MYB domains. Instead of the classic three evenly spaced tryptophans (W), the third tryptophan
is replaced with a tyrosine (Y) (Table 1, arrows Figures 6 and 7). Motifs found in MEME (Bailey
and Elkan 1994) match those found previously for I-box-like and R-R-like genes (Table 1) (Du et
al. 2013). The first MYB domain matches that found for /-box-like and the second matches that
found in RR-like genes including the ‘SHAQK(Y/F)’ motif additionally found in CCA1/LHY-like
genes (Figure 8) (Schaffer et al. 1998; Zhi-yong Wang and Tobin 1998; Yanhui et al. 2006; Du
et al. 2013). The presence of the ‘SHAQKY’ motif in the second domain of DIV-like sequences
confirms the relationship of these genes with DIV, as this motif has previously been described as
a hallmark of DIV-like genes (Rose, Meier, and Wienand 1999; Galego and Almeida 2002). The
‘SHAQK(Y/F)’ motif in CCA1/LHY-like genes is thought to be important for their roles as
transcriptional regulators involved in maintaining circadian rhythms, and may play a similar role
in the transcriptional activity of DIV-like genes (Schaffer et al. 1998; Zhi-yong Wang and Tobin
1998). The strong e-values for the motifs found in MEME despite the broad taxonomic range and
the presence of multiple genes speaks to the strong conservation of the MYB-like domain
throughout evolutionary time.



Discussion:

The lack of support for the full taxon trees is to be expected, given the broad taxonomic range of
species represented as well as the relatively small number of informative characters in the genes.
Nevertheless, these phylogenies are a tool researchers can use to identity RAD-like and DIV-like
genes of interest. Researchers can sub-sample the alignments for relevant taxa, with additions as
more genomes and transcriptomes are published, and generate their own trees to get finer-scale
information in their groups of interest. These phylogenies will contribute to the ongoing effort to
characterize the MYB-related gene group. Within monocots, we have now identified several
Zingiberales sequences that are likely candidates for future study in floral development.

As a result of this detailed study, we propose that MY B-related proteins should be characterized
by their evolutionary relationships with one another rather than their number of MYB repeats.
Typically, MYB and MYB-related proteins have been characterized by their number of MYB
repeats, and the relationship of these repeats with the three MYB repeats of the human c-MYB
protein (Feller et al. 2011; Dubos 2013). Based on the number of MYB repeats, RAD-like and
other single MYB repeat genes have been annotated R1 or R-MYB proteins and DIV-like as R2,
R-R, or 2R-MYB. The largest group of MYB genes, the R2R3 genes are so named due to their
similarity with the second and third domains of c-MYB. Likely because of the two MYB repeats,
DIV and DIV-like genes have been grouped with R2R3 genes and annotated as such in the past
(Galego and Almeida 2002; Du et al. 2009; Feller et al. 2011; Dubos 2013). However, positional
comparisons to the c-MYB domain are invalid for RAD and DIV, as the common MYB domain
is not alignable to any of the three MYB repeats in the human c-MYB gene. Furthermore, R2R3
genes in plants are thought to have evolved from common ancestors of animal R1R2R3 genes
followed by the loss of the R1 repeat (Du et al. 2009), making the annotation of RAD-like genes
‘R1’ particularly misleading. Alternatively, RAD-like and DIV-like genes have been annotated by
similarity to other MYB-related genes determined by clustering algorithms. These algorithms
have placed RAD-like with I-box related genes, and DIV-like with CCA1/R-R-like genes. When
the domains of R-R-like genes were separately analyzed, the first domains clustered with /-box-
like genes, supported by our finding that these domains are related. For the sake of consistency
and incorporation of known relationships, we propose that the genes included in our study be
referred to as RAD-like and DIV-like genes determined by their clade in our full phylogeny
(Figure 1). If MYB domain annotation is necessary, the domain of R4D-like and the first domain
of DIV-like should be referred to as /-box like and the second domain of DIV-like as CCAI-like
in accordance with previously published results (Du et al. 2013).

The fact that many sequences consistently fell outside of the core DIV-like and RAD-like clades
(Figure 1) shows that even alignable sequences retrieved with BLAST and HMMER may have
had separate evolutionary histories. It has been hypothesized that single MYB domain proteins
like RAD evolved from multiple MYB domain proteins by the loss of a domain (Stevenson et al.
2006). Single domain MY B-related proteins have been shown to block transcriptional roles of
double domain proteins in Arabidopsis trichome development (Wester et al. 2009). This could be
a common evolutionary mechanism to establish transcriptional switches, with the truncated
proteins blocking the activity of non-truncated paralogs. Alternatively, some have argued that
tandem repeats followed by whole gene duplications is the more parsimonious explanation for
R2R3 MYB genes in plants and R1R2R3 in animals (Du et al. 2009). As MYB and MY B-related



proteins contain staggering numbers and diversity of members in plants, it is likely that a
combination of these evolutionary trajectories led to the diversity of proteins we see today. In the
case of RAD-like, DIV-like, and CCA1/LHY-like genes, it seems likely that a double MYB repeat
ancestor gave rise to three lineages — one of which maintained only the first MYB repeat, a
second of which maintained both, and the third maintaining only the second MYB repeat. The
lack of sequence similarity between these MY B-related genes and others, such as the DRIF-like
genes and the R2R3 genes, may indicate a more ancient inheritance of one or multiple MYB
repeats which have since diverged and diversified, gaining and losing MYB repeats over the
course of plant evolution.

Future Directions:

Extensive taxonomic sampling between actinomorphic and zygomorphic sister lineages,
especially between the Zingiberales and the Commelinales, could further identify likely
candidates for recruitment to zygomorphic floral development. Additionally, studies of
synonymous and nonsynonymous mutations across the sister lineages would provide insight into
any common patterns of MY B-related gene recruitment and evolution in zygomorphic lineages.

To further understand broader scale evolutionary patterns, additional protein characters such as
hydrophobicity and additional sequence characters such as number and location of indels and
introns, and sequence length, could be coded to provide additional signal to large-scale
phylogenies. Phylogenetic coalescence based algorithms like ASTRAL (Mirarab et al. 2014)
may be useful in the future to combine lineage-specific MYB-related gene trees in producing a
broader understanding of relationships among these genes.



LL%GYMNOSPERMS, AMBORELLA
| ﬁ EUDICOTS

i MONOCOTS
TP =
RADIALIS-LIKE I "¢ — o
L—C—
GYMNOSPERMS,
— o o 1 AMBORELLA : ———
e—e——5—IEUDICOTS
i %e——o | GYMNOSPERMS
=
40—.7
e g
%% EUDICOTS

= MONOCOTS

T o—
=

ﬂ% EUDICOTS

EUDICOTS

i e e —
T‘%.i MONOCOTS
f % EUDICOTS

03

MONOCOTS

Figure 1: Consensus Bayesian phylogeny of RAD-like and the first domain of DIV-like genes. Clades
supported by less than 50% probability are collapsed, all other Bayesian probability scores shown as
symbols on nodes sized proportional to % probability, colored as shown in legend (upper left). Inset
shows the broad relationship between the two genes. Scale indicates predicted substitutions per site.
Taxon names removed for legibility.

10



ElaeisGuineensisgi743790252refXM0109248211DIVikemRNA
PhoenixDactyliferal 4

ElaeisGuineensisg )109093231DIVikeL OC105034252mRNA
ProemDay et . corales
ElaeisGuineensisgi743867609refXM0109070601DIViikemRNA
PhoenixDactyifera 2
Dichori 40667c0seq2

Ao ICommelinales

Orchidanthacomp33386c0seq

Cannacomp22- 4
Om::m&mﬁ%@xg
Calatheacomp37897c0seq3
Calatheacomp37897c0seq1
mmﬁoﬁga._. 102380001 v:ﬂ:ﬁ:z&ﬁﬁ%ﬁm&é:
lusacomp26399c0seq?
59 GSMUAAChr10T00660001PutativePredictedprotein

100 L Calatheacomposesacoseq _— i i
80 — 0%5%56_88?3@, 0a2refXMO0S4147041 DIVikel. OC103094382mRNA N_JQ_Umq.m_mm

Cannacomp181 1
MusaAcuminataSubspMalacoensis refXM0094092851DIViikeLOC103990210mRNA
g%gﬁgéﬂﬂ

29 28 GSMUAAChr10T02290001DNAbindingprotein

‘AulotandraAfiHumbertiContig?.
AulotandraAffHumbertiContig3
CostusSy ig7644

&

:
Figure 2a: RAXML phylogeny of DIV-
like sequences. Branch labels represent

bootstrap support out of 100. Inset
represents the zoomed portion shown.

Continued in 2b.

028101
icaGr ﬁoﬁm:w? INMO0010485271
iaPerieri R01G02460

Bract jiumDistachyonBradi2g552171
jlopsTauschiEMT08115
Too/edors LeersiaPertieiLPERRO1G322901

4 %%%§A§§_8_§A Poa _ es

97 [¥e
GRVIZVI2G0650986 TO1CDS
LeersiaPenierl PERR05G146601
OryzasativaJaponicaGrou INMO0010622371

OryzabrachyanthaTFDIVARICAT/ 1
Bradl jlumDistachyonBradi2g23710
Set o) wm_mmw

e
UMDICOIO! et rotein,
gﬂm’sg 28

GRVIZVEG002128 TO1CDS

. $mﬁ%§&§%§o§ —
— e | Ranungilalesicaryophyliales
T Ty L1 ISolanales

FragariaVescamma209121v10hybrid
CitrusSinensisorange11g023196m o
o.mmﬁcsmmiﬁﬁ,@ca.o_mmowmmog

5030291PACi
Poti 008G064200 1CDS
100 P QI010GTEG000 TS .
L " CaricaP yaevmmodelsupercontig19217 Q
o ooy B —o— jneumThhalv10014370m —NOm_ S

4 100 B9 BasaCeraveaiio 1765001

98
CapsellaRubellaCarubv10001695m
80 BoecheraStrictaBostr13129503941
100 — AvrabidopsisThalianaAT5G057901
ArabidopsisHalleriAraha0620s00061
. ArabidopsisLyrata940007
37 BoecheraStrictaBostr19424s10611

ArabidopsisHalleriAraha33366s00021

ArabidopsisLyrata478469
maSalsugineumThhalv10021322m

11



HeptacodiummiconioidesDIV1AFJ8053111 :
100 r SoanumiuberosumDIVARICATAIKeXMO0063507611 .
AV ARCATAAY0774531 >m._”mq._Qm
IminuMMmMajust
BoumealeiophylaTFDIVAEF2111181
- mo%mm,% [aTFDIV2EF2111201
izedL OC100244960X 71
GossypiumRaimondiiGoral009G0937001
TheobromacacaoDIV1AproteinXM0070161201
PoplsH i O b aog7g12
'opulustrici ) 5 rotein.,
DRbent The

0 % o%::aﬁogﬁm_gs_ﬂ%:ﬁ
5% & .nga%msn:' i JS1382321
81 GiycneMaxGiymai _mwomx PA

Ghyoi 168302PACid26336888

BetaVulgaris| X .

—  FragariaVescamma079841v10hybrid
- Cucumissativus TFDIVARICATAIke2XVI0041687621
CaricaPap delsupercontig11258

Vitisviniferaunct

EucalyptusGrandisEucgrJ019401PACId23599974
%8 | ArabidopsisThalianaAT5GE89001
13 ArabidopsisLyrata496013

BoecheraStrictaBostr26833s03561
mém:mmm_w%_:mca._.:giooﬁmwg

GSVIVT01084001001CDS
HeptacodiummiconioidesDIV3BFJ8053151

10076820_1_1CDS
w@ﬁb@@oiwmo 2 A% o
Potri_016G112300_1CD!
Potri_006G097300_1CDS
orange1_19021756m
orange1_19021756m_2

CucumisSath 1

GossypiumRaimondiiGoral006G 1809001
jumRaimondiiGoraig07G3783001

~ GossypumRaimondiGorai002G2616001

mowﬁncq:mm_:ﬁa__moaﬁm@ 120001

GlycineMaxGl 144401PACId26334774

lyma01g27720

Glyma01g27720 1.2

- CicerAriefinumCa19327

O%Ez_mxm 7q176601PACId26350923

honeMadGhma 1PAC mé%mwoaa.m rB028001PACid23568019

st
- Cucumis o 1sCucsal761401
_uamm.._m<8830m:§m.m§.<8 aA_

LinumUsitatissimumLus 10035518

BrassicaRapaBra0171381
EutremaSalsugineumThhalv10017008m
laRubellaCarubv10023736m

ArabidopsisLyrata482816
ArabidopsisThalianaAT2G380901

100

12

the zoomed portion shown.

Figure 2b: RAXML phylogeny of DIV-like sequences.
Branch labels represent bootstrap support out of 100.
Characterized DIV and DIV-like genes are highlighted in

green. Inset represents

EutremaSalsugineumThhalv10014410m
rassicaOleraceaBo2g002350

mﬁé@%

j 100 [ B
88 - BoecheraSt

0.2

i

ArabidopsisThalianaAT5G012001
100~ ArabidopsisHalleriArahai5560s00021
ArabidopsisLyrata349486




bootstra| Poga%&;oﬂ o 10medurmonﬁdenoe

PeeaM 1041000 01 ighoonichnce
M%Wm%
AT 1Oghconicence ) Gymnosperms

.EiceaMAW Smmhargﬁggdefm

10h rmnﬁdence
hoonﬁdenoe

Fragaé.av%am%az%&ﬁ Vi Rosid
lementina m

GSVIVIDIG31 Oslds
Potri_004G155300 1CDS

e 1085680DAJ7932401A1783240 | Asterids

Solyc019109690_1 1CDS, -
inel 16713PACIIP6288490
inel i PACKE2B6M43
Gmateegatze 10

gry'{:anenna?@m” giermPAcuzezsem
GmeaxGmlaomegg(}dz&OM
CitiusClermentinaCiclev10003620m R |d
Potri 0056228000 1CDS 0oslds
Pol 002CR5000 1608

L
um i 1
FlaganaVescammal 51 591v1 12001
‘GSVIVT01009723001 Ci%gd

- @ iy A P S0
o D005 oosses02t
Eucol DS O1 B0y 1ACKZ3582649

AntirhinumMajusR %21292 3752281 .
AntinhinmMYBIkeRL3gH 1299243 /gbDCB 752571 Asterids

SR 1 9eDs

AJ7916991AJ791699

Solyc109080920_1_1CDS

GSVIVT01018944001CDS

CannabisSaiivaPK 14942
FrgaVescanmeri7s0110h Anborel\aTnd'\opodaem\Z7modelAmTrv105caWold0001|148 |Ambore|la

T | Asterids
GryoneMaxG

\l I PACId26351862
WrEMaXG%g&%%?& 1PACI26325100

GlyoneMaxGyma PACI26205054

Poti 005G122200 1CDS
Poti_ 007G023800_CDS

TheobromaCacaoRAD6likegi590703589refXM0070468541
GossyplumRaimondiGora11G1017001
imRaimondi 2023001
S
Olm,tsC\ernermna()v:ie'\{l1 2
sSinensisoranao119084657m
ArabldopssLyra'aA&O?
Aelop A A A e GO O Rosid
idopsisl
BoochraR e e a0 T osids
CapselihyoelaCanbyi0015016m
CapselaG Iandllk)raCangMMmI

BrassicaOleraceaBor¢ %h}
EutremaSalsugineumThi |00231 87m
BrassicaRapaBraraF025021
BrassicaOleraceaBo3g0941101

Brassica B3 1541001
BrasscaRapabral
ey

jneun Thhalv10026710m
CapsellaGrandifioraCagra1695s00211
BoecheraStrictaBostr7867515131
Yy a@rgb\dupslsHallenArahaBQst(X])G\
rabidoy

- Arat ThallanaAT4G365701
AvabidopsISAHGIT00a506ATIGPET0107701
AquilegiaCt \quCa007002151P) cnzgzw | Ranunculales, Solanales

— \Cid23597215
el 119382502PAC
56 %VENIGXGKHEH 10|PACK126296545
Fraganavescamima147671viOhybrid §
CmusS\nens\gra 1 I%W 937m

e 1151501v10¢
GSVVTOI0067 16001008 vidhyrd .
0 | d @sypumﬂa.m\dg KCari010G0100001 Rosids
GosSypImRAMONGIGOrat0oG27 3300
61 CitusClementriaCicev10003726m
[ fusSinensisoranget 190414 75m

Gy Emﬁ%w PAC6286661
Qroncllnds 1PACKI26305269
o o GuiegiaCoen (%/équcamooo«ssg‘” PAcuzzﬁ %E% RGBS

5 — CitrusSinensisRAD2likegi568829698refXM006469094 1
66 CaricaP: modelsuy 157

G()&;umRan nondiGorai01 Al .
68 ? iumRaimondi 1
¢ e R Rosids
69 1 VulgansRefBvS1076215610t1

? PopulusTrichocarpagi5b6166829refXM0023053942
70 PopulusTrichocarpagi5661 87155019 fXM00231 3D78532
71 1 Boum yIaRADg’1 ji124494163gbEF2111221 1

G G Rt ADG 201 sosscpr 40606 Asterids

72 Antihir RADgI6 bAY9549711
CucumisSativusCucsa3776701

CucmisSalivusCucsa2405901
GucumisMeloRAD1lkegi659092350refXI008448803 1
. Q CucumisSativusCucsa37 76501
5 CucumisSalvusCucsady 76301
laxGlymall PACKIDE32765/
76 I Gwmgmg&% ey

- ineMaxGl 1182101PACid26289208
77 s AnemurrCaWO?Q

' T

Can

.FraganaVescamma25291 A0
80 BracucaOleraceabol 501
81 E romaszisugneumThbeivi0027160m

2 ! BoecheraStic 1141
82 G CapoatpGrandiioCagaba 45001 1

83 Arab\dopslsR‘ADl\ke%nmzmreiNMmOOS& ROSidS

isHalleriAranad538s000:
Arabi isLyrata943897
BrassicaOlel
BrasscaRapabiaral

i003G0146001

I Ranunculales

fv1Ohybrid

Cwse‘Capse\I Gmmmcracanbv o061
H 2

01 ATy
oD oA e 00031
92 . I -y -t

.. Figure 3a: RAXML phylogeny of R4D-like genes. Node symbols represent bootstrap support
. out of 100, colored according to the legend on the left, sized proportional to % out of 100.
Characterized RAD and RAD-like genes are highlighted in blue. Continued in 3b.

EESEESSESESEEEEEEEEEEEESEEESEEEEEEEEEEEEEEEEEEE
3 o o ;

13



bootstraj
o
1

2

]
|
|
[
"
|
]
|

© ©

1
2
3
4

EEEEESEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEN
s8se9ae

uilegiaCoery 10005121PACId22047032
AiegaCos o TR A e o IRanunculales
AP RADICEGE713360406D00953471
CapselaRubela A000724m
BoecheraStrictaBostr7128s05541
jneum Thhalv10009748m
51%1 1411

BrassicaOler 9z
—C Brmcaﬁa{,)aﬁvaaﬁ)ﬁ&\
P CapsellaRBubellaCarubv10021157m
BoecheraStrictaBostr3288s01731
Arabtdops\sFiADl\ 1186495574refNM0010843562
Arabidopsis

Arab\dopsAle?llenAmhm 9350s00021

Brm:aﬂg)eﬁram
EutremasS: Zj neum915671 21 156refXM0063902661

Rosids

EImlyphJSmr\dsElmFO15761 PACid23582276
CalatheaCrotaliferaContig8
ElagisGuir ji743838431refXM0109383971RADIKe3LOC105056262mBNA
D(Dacl\/l 672118556refXVI0087842681RADIkeSLOC103702005X2mRNA
167211 V10087842671 RADIke5LOC103702005X TmRNA
i672144076refXM008797 7091RADIke3LOC103711534mRNA
Elae ulneerstsgﬂ438512mrefXMO10941 7751 I%\D\IK&LOC 05058748mRNA

Hel\oonlaScarlahnaCOWI

'DichorisandraRADContig 2

7 B.. RADIke3LOC1039

Heliconia %
[ o nu922

HelmnlaLoune aeConn
He{mmaSobm70 nsisContig1

luster5HS1_385_C38YWACXX_6_1208_11240_98062_1
OrchidanthaCorig_16

erg jiberHS1 C38YW/
1_385 C38YWACXX_6_2310_11988_34981_1
514746453refXIVK 10591 FiADIka’!LOC 01767553mRNA

1004961/
aAusﬂahens \1501 82& bE\OG7085
1 796000505g0579600mRNAcds

M0066547751RADIke1likel OC102713635mRNA
18 QHNNU.‘/I‘&’:BCWTRADL |m28|018mRNA
DistachyonBradi2g14940

A%g TausdwENWDI 033

Setariaftal

135995074909bJF9519251 TaMVB42MYBfElaed'nRNAOcrm|eieods

16874 '14MYBrelatedMYBR4: FlNAgg%hbS
5’ Amefm%m1mhke§Lm{&7ﬂ RNA

\lopsTauschnEMT31622
% NEMT32488
Aegléggf TausohnEM 32487

ausdeMTtiZ

mypodwumD\slamed%%gg 201

i
EloeisG 90 O TRADIeTL OC105049431mANA
Phoond Sa‘waymemg\m1e1oene4xwoss124gs1mumu 103722055mANA
T8 1050reiX V0B 12501 IRADIKGALOCH03722086mANA
PhoerDacuict R A IOORST o 21 BB OSSR A
oo

PhoenxDeayIﬁeragwsm1 61764refXM0088024891RADIke3LOC103714991mRNA
J1743794848refXR8323951LOC105047174ncRNA
Phoen iferagi672181036refXM0088125021RADIke4LOC1 WZOGQmRNA

BrachypodiumDistachyonBradii
P S S——k it
e r LeersiaPemieril PERR02G239901

'LeersiaPemenl PERR02G239903

5
Dmrachsteﬂn,/ﬁssemb'y

JACXX 6_2202 12306 50448 1

Arecales

nglberale5|

A0204212 4_FG0O1
Poales

| Zingiberales
Commelinales

Zingiberales

Poales

Arecales

Dd’\o'%\dl‘aﬂADComg 16
DichorisandraRADContig_8

CalaheaCrolaiferaCoriigd
CaraHAmmug
aA%Humbem»Ccnﬂgw
Au 'andraA"HumbenuConn 32
AulotandraAffHumbertiiConti

MusaRADContig ¢

10
ig 8
HeliconiaScariatinaContig50
ME farscewiczit 11

lusaYunnanensisRAD
G

SMUAMWST0911CD01 ;(0191
BrachypodiumDistachyonBradi1g010301
BrachypodiumDistachyonBradi1g679701

Dichorisand 29
Dinorsang fig 26
MmaAmmna!aSubﬂ/kiaooerssgm 1191RADIke3LOC103989218mRNA

| Poales, Zingiberales

Commelinales

Zingiberales

MusaRADCortig 6,
MusaYurva'\enstsRADQ contigl
MusaAcum
Hel\con\aLaune\glaeConngss
'Helicor naSobmnenswsOonth
MusaAcur

. = %rm 11
| Helconascand Conlig
HelloonlaLoumeig\aeComwgﬁz

j695019253refXVI0093983501 RADIke3LOC103981600mRNA

1900 11RADIke3LOC103981472mRNA

iferaContig16

racgﬁgumbenlmmw 15
AulmandraAﬁHumben»Comg

OryzaGl abem
eersiaPermen PER

94129521 RADIike4LOC103993025mRNA

GRVZMRGO23557_TOICDS
[32705006bjF 7480251

Poales

Zingiberales

Figure 3b: RAXML phylogeny of RAD-like genes. Node symbols represent bootstrap support
out of 100, colored according to the legend on the left, sized proportional to % out of 100.

14



97 EutremaSalsugineumThhalv10014370m
98, BrassicaRapaBra0091341
@B BrassicaOleraceaBo9g1769001
BrassicaRapaBrara 026381

CapsellaRubellaCarubv10001695m
BoecheraStrictaBostr13129s03941
ArabidopsisThalianaAT5G057901

100 ArabidopsisHalleriAraha0620s00061

ArabidopsisLyrata340007
BoecheraStrictaBostr19424s10611
ArabidopsisThalianaAT3G112802

4 ArabidopsisLyratad78469
ArabidopsisHalleriAraha33366s00021
EutremaSalsugineumThhalv10021322m

BrachypodiumDistachyonBradi2g028101
LeersiaPerieiL PERR01G024601

icaGroupOs01g0142500NM0010485271 P |
SetariaitaicaTFDIVARICATAlkeXM0049681111 oales

GRVZVRGO7468 TOTCDS D |V 1
ZeamaysDIVARCATATRNAEUSSEBE01
BrachypodumDistachyonBraci2gs52171
AegiopsTauscHiEMTOB115
00— OryzasativalaponicaGroupOs01g0B53700NMO010513681
LeersiaPerriei PERRO1G322901

LoorsaPorial PERAORGT o0t Poales

Onyzabrachyarial V00654426
DD EdZoZSTIOT DIV 2

Y NAJFI519361
SetarialtalicaDIVgi514749619refXM0049618471
1521

HGRVZMGO02128GRVIZVRGO02128
AulotandraAffHumbertiContig4
65 Zingibercomp29622c0seq2

GSMUAAChr0T22470001 PutativePer atcontainingpr g41080

oo cossd Zingiberales

GSMUAACHrOT02290001 DNAbindingprotein
AulotandraAffHumbertiContig2
AulotandraAffHumbertiContig3 D | V 3

CostusSpicatuscontig7644
1p3563500seq 1

Camecorp2s3icdeon?
1 GSMUAACHBT02260001DNAbindingprotein

bl 0084147041DIVikeLOC NA Zlnglbera|eS

DIV 2

p

Oseqt
UAACHr6T:33620001MYBfamiy TF
)006refXIVI0094092851DIVikeLOC103990210mRNA

Dichorisancracomp406670seq .
i) | Commelinales
Pmmooamylvﬁ;mu
PhoenixDactylferal
ot — Arecales
PhoenixDactyiiferal ¢
i i 09093231DIVikeL OC10
GSMUAAG
Orchidanthacomp33386c0seq
Calatheacomp37897c0seq3
theacomp37897c0seq
Nacomp22-
Cannacomp2242000seq?
— Gsmu 0C
100 Musacomp26399c0se?
4%— GSMUAAGhr10T00660001PutivePredicedproten ) . .
[ o e 094214531 DIVikeL OC103999646mRNA Z|ng|bera|es
k] { Musacompeseecoseat
100 Gul%smv&mngzm&ox DIV1
® CostusSpicatuscontig13669

8L CalatheaCrotalferaContigt
100 Calatheacomp28652c0seq

Figure 4: RAXML phylogeny of monocot DIV-like genes, with Brassicales sequences used as
an outgroup. Branch labels represent bootstrap support out of 100. DIV-like genes amplified
by RT-PCR are highlighted in green. Scale bar indicates predicted substitutions per site.



BoecheraStictaBost3288501731

CapselaRubelaCanibv10021157m
ArabidopsisLyratad76668
‘ArabidopsisHallriArahal9350s00021
’7 Capselan.be\lacarwv10010724m

010843562

100

jineum Thhalv10009748m

| Commelinales

OrchidanthaContig 6
i ' RADIke3LOCT( RNA

AulotandraAffHumbertiiContig18
AulotandraAffHumbertiContiga2
AulotandraAﬁHumbemiComigS“

He\mmaScaﬂannaConhg
MusaYunnanensisRAD1_cong2
GSMUAAGhST09110001Hypotheticalprotein
CamaRADConigh
GoeppertaWarsoewicziContig 1 Z .
| 1

100 ; MusaRADConfg 6
MusaYurnanenssRAD2_conigt
aDikeaL octoassieoomrNA T )
50 % T i i 331‘

59
— o i biFT7480251

9 | HeiconiaSolomonensisContigl2

Heliconia ourteigiaeContig35
94129521 RADikedLOC

HeliconiaScartatinaContig 11
100 - HeliconiaL ourteigiaeContig32
HeliconiaScariatinaContig22
Orchi

MusaYunnanenssRAD2_conig2
CostisAfAterRAD2_conig2
3

camneacmneyammgwe

larantArundinaceaContig?
AulotandraAfiHumbertiContig15

AulotandraAfiHumbertiContig10

CalatheaCrotalferaContig

7
OrchidanthaContig_16
CalatheaRADCluster5HS1_385_C38YWACXX_6_1208_11240_98062 1

ZingiberHS1_385_C38YWACXX_6_2310_11988_34981_1
ng\befHS‘ 385_C38YWACXX_6_2202_12306_50448_1

ElaesGuneenssg743551209refXMm 109417751RADIike3LOC105058748mRNA
liconiaSolomonensisContig1 1
82 Hel\oonlaScanmnaCormgm

— LeersiaPemier PERR02G239901

1 Leer
isandraRADContig 5
DichorisandraRADContig 2
DichorisandraCluster173_Assembly
2 2a
n
IMYBiamiyTF 2C
10093919141RADIke3LOC

W1 Figure 5:. RAXMIj phylogeny of monocot RAD-like

e o0 genes, with Brassicales sequences used as an outgroup.
Branch labels represent bootstrap support out of 100.
RAD-like genes amplified by RT-PCR are highlighted in
e oo blye, Scale bar indicates predicted substitutions per site.

Zingiberales RAD1

ngiberales RAD1

Poales RAD1

o oor o251 111RADikedLOC108081472mANA ] @ . .
Zingiberales RAD1

Zingiberales RAD3

2 ineensi 0701RADIke1LOC105049431mRNA
feragi RADike1LOC:
PhoenixD: if )88125011RADIke4LOC
PhoenixDactyiferaL8
refXMIOoS: Dike3LOC103; Arecales
pmm Da 764ref ADIke3LOC103714991mRNA
088125021 RADIke4LOC
EbasGureerasg74379484&e1XR5323961 LOG105047174ncRNA
oC
PhoenixDX DlkeSLOC103702005X2mRNA
PhoenixDx i 842671RADIke5LOC ImRNA
PhoeniD: 087977091RADIke3LOC108711534mRNA Arecales

| Zingiberales RAD2

| Poales

| Zingiberales RAD2
| Commelinales

8507

iscontig:
ComsATAleContgd

an\berConng15
GoeppertiaWarscewicziContig13
100 | GSMUAAGOT20500001MYBiamiy TR 2b
MusaRADContig_1

CalatheaCrotaifferaContig21
OrchidanthaContig_3
OrchidanthaContig 2
100 - HeliconiaL ourteigiaeContig22
HeliconiaSolomonensisContig14
049610591RADIke3LOC101

1539671

Hw - JF9519251TaMYB42MY
AeglopsTauschiEMTO1033

Leer:
Powmawwmagmmxmm| RADike1lkeLOC1 02713635mRNA
OryzaAuswalwenswsgn 50182226gbEI0370851

54

RADIke3LOC101771644mRNA

14M \par

BrachypodlumDsIamymBrad\WZm
LeersiaPerteil PERRO1G204801
GRVEMRGA5 116 TOICDS
GRVEVRG19174 TOICDS
AegiopsTauschiEMTO1082
[ CRVAVRG217E8 TOIODS
045678

BrachypodiumDistachyonBradi2gd57801
i2g457701

Aegiops
AegiopsTauschiEMT32487

AegiopsTausChiEMT32489

‘AegiopsTauschiEMT32486

BrachypodiumDistachyonBradi2g 161201
LeersiaPerrieil PERRO5G217501

AeglopsTauschiEMT16396

Zingiberales
RAD2

Poales RAD2b

Poales RAD2a

16



A: e-value 7.5e-2457

—-J L P = EE
——aij Mw =I=> 115
THaCEid R —— L4
EVlg_v_g_,“ “H : OJs ¢
g e
(L), vv —_—
iff7% L ———
S o zv ——— OV
=0 v
Z—>5] 0t -
VED.K hod AMN
L Dse -_ = v
el ¢ [T ——,
=l -9t 6€
X% N El—————t
— (= -
E_W,MM m — > _.OD
— =i . g
=R
— -« o <0t -
VnNmk,MM A @
Ollise q S _C——cx am
— ———
i I —— =
I R ——— 1B
—qi 7 z
Y O e @
———_06 :
nﬂu .Aﬁ B N ()
>—Jij| st — ]
— e — L
et [
—— A0 O
T | = o
el 1=
— -
— 9 s
LB BCS s e
LNy —
l|AK§_,n —_——¢
Sﬁ M\R—.
T ® & < & S % e - °

17

amino acid sequences from across the RAD-like and DIV-like phylogenies (A), and in both domains of

DIV-like genes (B,C) with the probability that a random sequence would contain as close a match to the
motif as the sequences queried. Positions 1-43 in A, 6-49 in B, and 1-43 in C contain the MYB-like

Table 1: MEME output from http://meme-suite.org/ Shown are motifs discovered in the first domain of
motifs. In B positions 43-49 contain the SHAQKY motif.
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Chapter 2: Gene expression patterns of RADIALIS and DIVARICATA
Abstract:

Functional analysis and gene expression studies have indicated a role for RADIALIS (RAD) and
DIVARICATA (DIV) in zygomorphy in Antirrhinum majus, Gesneriaceae, Lonicera x bella, and
Heptaconium miconioides (Galego and Almeida 2002; Costa et al. 2005; Zhou et al. 2008;
Howarth and Donoghue 2009; Boyden, Donoghue, and Howarth 2014). Here we present the
expression patterns of multiple copies of DIV-like and RAD-like in Costus spicatus and Musa
basjoo, two representative species of the order Zingiberales and compare them with feosinte
branched 1-like (TBL) gene expression. We find that patterns of expression do not match those
described in Antirrhinum majus, though expression patterns are consistent with roles in
zygomorphy. In Musa basjoo, TBL2, RAD2a, and RAD2c are expressed asymmetrically, with
TBL?2 expression concentrated in the ventral region of developing flowers and RAD2a and
RAD2c expression throughout the flower with the exception of the dorsal free petal. In Costus
spicatus, TBL1a and 1b are expressed in the ventral portions of the flower, and RAD! in the
central portion of the flower excluding the dorsal sepals and ventral petals. The divergent
expression patterns of 7BL1 and TBL2 as well as RADI and RAD?2 between the species are
consistent with a change in regulation and/or function of 7BL and RAD-like genes between the
banana and ginger families. Musa basjoo TBL2, RAD2a, and RAD2c are good candidates for
future functional studies.

Introduction:

The canonical floral symmetry network, first described for the snapdragon (Antirrhinum majus),
is made up of four transcription factors (reviewed in Citerne et al. 2010). CYCLOIDEA (CYC)
and DICHOTOMA (DICH), two TCP transcription factors, form the core of the network. The
remaining genes in the network are MY B-related transcription factors and include DIVARICATA
(DIV), RADIALIS (RAD), and DIVARICATA and RADIALIS INTERACTING FACTORS
(DRIFs). In A. majus, CYC and DICH proteins together promote the expression of RAD in the
dorsal petals, resulting in the spread of RAD protein throughout the dorsal and lateral petals,
while DIV is expressed throughout the developing flower (Figure 1) (Costa et al. 2005). RAD
protein interferes with the downstream functions of DIV by sequestering DIV’s necessary
binding partners, the DRIFs, in the cytoplasm. In the absence of RAD, the DRIFs travel to the
nucleus where they are bound by DIV, together acting as a transcriptional regulator promoting
ventral petal identity (Sobral 2010; Raimundo et al. 2013). While asymmetric CYC-like gene
expression has been documented across angiosperms in zygomophic lineages (Hileman 2014a;
Hileman 2014b), prior to this year expression patterns in MY B-related genes had only been
published in the Asterids (the group containing 4. majus), with the most divergent lineage being
the Dipsacales (Howarth and Donoghue 2009; Boyden, Donoghue, and Howarth 2014). The
authors found that in the Dipsacales, zygomorphic lineages had multiple copies of DIV-like and
RAD-like, with some showing dorsiventral expression patterning similar to the A. majus model
and some showing universal expression. Recently, a study in orchids recovered expression
patterns for DIV-like and RAD-like genes consistent with roles in zygormophy, with RAD-like
gene expression in the lip and outer tepals of Orchis italica and universal DIV-like expression
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(Valoroso et al. 2017). The authors recovered 8 copies of DIV-like and 4 copies of RAD-like
genes in O. italica.

Developmental timing of gene expression plays a critical role in floral symmetry. In A. majus,
DIV expression, though universal in early stages, is later confined to the corolla and is strongest
in ventral petals (Galego and Almeida 2002). In Bournea leiophylla, within the Asterid order
Lamiales, flowers initiate their development with zygomorphic symmetry due to differing rates
of development of petal primordia across the floral meristem, but become nearly actinomorphic
at anthesis due to ‘ventralization’ — or ventral-like petal identity - of all petals (Zhou et al. 2008).
The authors found that BICYCI, BIRAD, and BIDIV had similar expression patterns to those in 4.
majus until later development when BICYC1 and BIRAD were downregulated, which the authors
hypothesize allows BIDIV protein to function in promoting ventral petal identity throughout the
flower.

Although gene expression is not a perfect proxy for protein expression, it is an important first
step in establishing hypothetical models of protein network function. Post transcriptional
modification, divergent rates of decay or destruction, and differing levels of transcription and
translation all contribute to mismatches between gene expression and protein expression.
However, gene and protein expression are usually strongly correlated, and gene expression
assays remain a cost and time effective proxy for protein expression (Fu et al. 2007).

The Zingiberales is an order of monocotyledonous flowering plants, with flowers that are
predominantly zygomorphic with a few species-level exceptions. Species in the ‘ginger group’
i.e. families Cannaceae, Zingiberaceae, Marantaceae, and Costaceae, have floral displays
generated mainly from infertile stamens (staminodes) that are laminar and ‘petaloid’ in structure.
Species in the banana families, including Musaceae, Lowiaceae, Strelitziaceae, and
Heliconiaceae, have more traditional floral displays built mainly from petals and sepals (B. K.
Kirchoff 2013). Based on previous studies, the monocot ortholog to CYC, teosinte branched -
like (TBL) 1s expressed in the Zingiberales in a pattern consistent with a role in zygomorphy.
Three copies of TBL genes were found in the order (Bartlett and Specht 2011), and expression
was characterized for two of these copies based on in situ hybridization in a ginger group species
Costus spicatus (Costaceae) and a banana group species Heliconia stricta (Heliconiaceae)
(Figure 2). In Costus spicatus, TBL1a is expressed in ventral and lateral sepals and petals, in the
anthers of the fertile dorsal stamen, and in the staminodial labellum, while TBL?2 is expressed in
the anthers of the fertile dorsal stamen. In Heliconia stricta, TBL1a is expressed in the aborted
dorsal stamen, while 7BL2 is expressed in the fused ventral sepals. These data are consistent
with symmetry network conservation across angiosperms and 7BL gene expression is correlated
with shifts in symmetry within the Zingiberales.

By mapping the expression patterns of the DIV-like and RAD-like Zingiberales orthologs, we can
test the hypothesis that the network of genes implicated in core eudicot floral symmetry is
likewise operating in producing Zygomorphy in monocot flowers. Floral developmental
mechanisms often share core genes but have divergent relationships and functions between
eudicots and monocots. A key example is the ABCE model for floral development. In the
Zingiberales, the B-class MADS-box genes “GLOBOSA-like” (ZinGLO) have at least four
copies, each with its own expression pattern (Bartlett and Specht 2010). Although ZinGLO genes

23



are likely involved in setting up organ boundaries and contributing to perianth development as in
Arabidopsis thaliana, the separate Zingiberales copies may be involved in differentiating novel
organs or generating novel organ morphologies in the order. Likewise, by mapping the
expression patterns of putative floral symmetry genes in representatives of the Zingiberales, we
can assess the level of similarity in a floral developmental program across distantly related
angiosperms.

For this study, we chose one representative of the ginger families, Costus spicatus and one
representative of the banana families, Musa basjoo. Figure 2 illustrates the TBL/CYC-like
expression patterns found in (Bartlett and Specht 2011) for Costus spicatus and Heliconia stricta,
another representative of the banana families. If the relationship between CYC-like, RAD-like and
DIV-like genes are comparable in monocots, we expected that at least one RAD-like gene copy
would match the TBL/CYC-like expression patterns seen previously. In order to have directly
comparable results, we assayed expression via reverse-transcription PCR (RT-PCR) for 7BL,
DIV-like, and RAD-like genes as well as in situ hybridization for DIV-like and RAD-like genes
for both representative species.

Methods:
Tissue Collection

Floral and vegetative tissue for DNA, RNA, and in situ hybridization was collected from clonally
propagated individuals at the UC Berkeley Oxford tract greenhouse (Costus spicatus) and the
UC Berkeley Botanical Garden (Musa basjoo — 89.0873). For all DNA extractions, young leaf
tissue was harvested and either extracted immediately or preserved in silica gel for later
extraction.

For in situ hybridization, tissue was fixed in FAA and vacuumed for 10-20 minutes until no
rising bubbles were visible. FAA was then changed, and tissue was soaked overnight at 4°C to
complete the fixation (10 hours for Costus spicatus flowers and 18 hours for Musa basjoo
inflorescence). Musa basjoo tissue was about 1cm?® while Costus spicatus individual flowers
were about 3-5mm”. Tissue was embedded following the Javelle et al. protocol (Javelle, Marco,
and Timmermans 2011) with the exception of fixing in FAA rather than PFA and the exclusion
of PBS washes. Tissue embedded in paraplast plus was sliced on a micron retracting rotary
microtome in the UC Berkeley Bioimaging Facility in 8 micron sections and mounted on Fisher
Scientific probe-on plus slides. Slides were incubated overnight at 42°C to complete mounting.

For RNA extractions, Costus spicatus flowers were collected at various stages of development
from a single inflorescence. Tissue from different stages of development was ground and mixed
before RNA was extracted. Musa basjoo flowers were taken from the first and second unopened
bract, those closest to anthesis. Flowers were dissected on site and immediately flash frozen in
liquid nitrogen stored on dry ice. Tissue was returned in dry ice to the laboratory and
immediately placed in a -80°C freezer. Tissue dissection occurred as follows:

Costus spicatus : dorsal sepals, ventral sepal, dorsal petal, ventral petals, staminodial labellum,
fertile stamen, total flower.

Musa basjoo : Floral tube, free petal, stamens, total flower.
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For in situ hybridization, entire infloresence stalks were cut, brought to the lab immediately, and
dissected. Apices were transferred to ice cold nanopure water on ice to continue the dissection
under an ambient light dissection microscope. As much as possible, developing flowers were left
intact and subtending bracts were removed. Entire Musa basjoo infloresences were fixed and
embedded, while individual Costus spicatus flowers were fixed and embedded.

For floral developmental images, a Musa basjoo infloresence was cut from the UC Berkeley
Botanical Garden (Musa basjoo — 89.0873) collection, returned to the lab, dissected, and fixed in
freshly made FAA. The tissue was then dehydrated stepwise according to the Javelle et al.
protocol and stored in 100% ethanol plus nigrosin stain (0.4% nigrosin, 95% ethanol) for three
weeks according to the Charlton et al. protocol prior to imaging, with periodic refreshes of stain
and ethanol (Charlton et al. 1989; Javelle, Marco, and Timmermans 2011).

Extractions

RNA extractions were performed using the PureLink Plant RNA Reagent (Invitrogen) Cat. No.
12322 following the manufacturers instructions with the following adjustments: tissue was pre-
ground with chilled sterile mortars and pestles in liquid nitrogen then ground with Matrix D and
a large ceramic bead in a FastPrep™ FP-120, SPRIME Phase lock gel tubes were used to
separate cellular debris from genetic material, and lithium chloride was used to precipitate the
RNA. RNA concentration and purity was determined with a 1% agarose gel and an ND-1000
NanoDrop® Spectrophotometer.

DNA extractions were performed using SDS extraction buffer according to a protocol adapted by
Dr. Sarah Hake’s lab at the Plant Gene Expression Center (USDA: ARS) from Konieczny and
Ausubel (Konieczny and Ausubel 1993). Tissue was pre-ground in Matrix A in FastPrep™ FP-
120.

cDNA synthesis was performed using the BioRAD iScript Select cDNA synthesis kit, using
manufacturer’s instructions. Working 1:10 diluted stocks of cDNA were used for downstream
protocols.

Reverse Transcription PCR (RT-PCR)

RT-PCR was performed on diluted cDNA samples using Phire taq and 37 cycles as in (Bartlett
2010). RT-PCR reactions were performed in Bio RAD My Cycler thermocyclers. Primers used
are in table 1.

in situ hybridization

RNA probes were generated as follows. PCR reactions from cDNA were gel extracted using a
Qiagen QIAquick gel extraction kit following the spin protocol. Samples were then ligated into a
pJET vector using a CloneJET PCR cloning kit from Thermo Scientific™ containing T3 and T7
promoters and an antibacterial resistance marker gene following manufacturer instructions with
the exception of /2 volume reactions. Ligated vector was transformed into Mach1™ competent
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cells made according to Cold Spring Harbor protocols (Sambrook and Russell 2001) and grown
on LB media plus ampicillin. A PCR was performed and sequenced to verify transformation.
Successful colonies were grown overnight in liquid LB media, then extracted via the miniprep
protocol (Sambrook and Russell 2001). Resulting plasmid DNA was diluted 1:50 and used as a
template for PCR using pJET forward primer and gene specific reverse primer (table 1).
Resulting PCR reactions were cleaned using a Qiagen QIAquick PCR purification kit following
the spin protocol, then purified with a phenol chloroform extraction (Javelle, Marco, and
Timmermans 2011). The resulting product was used as a template for in vitro transcription using
T7 polymerase (Invitrogen) and DIG RNA labeling mix (Roche) as in (Bartlett, Kirchoff, and
Specht 2008).

In situ Hybridization was performed in accordance with the Javelle, Marco, and Timmermans
protocol (Javelle, Marco, and Timmermans 2011). All Pyrex, glass, and metal materials were
wiped down with RNase-away and baked in aluminum foil at 200°C for at least 4 hours prior to
use. Histoclear was used as a clearing agent, Proteinase K to digest proteins, RNase to digest
unbound RNA, and acetic anhydride in triethanolamine-HCIl to reduce background staining. 0.5-
2ul of probe was used for hybridization. Slides were imaged on a Zeiss Axiolmager
M1/Hamamatsu MicroPublisher color camera at the UC Berkeley Bioimaging Facility. Three
rounds of in situ hybridization were performed using Costus spicatus developing flowers and a
Musa basjoo inflorescence with two slides of at least 6 Costus flowers per slide and at least 15
Musa flowers per slide per probe treatment. Sequences amplified are RAD antisense for Costus
spicatus and RAD2a antisense and DIV antisense and sense for Musa basjoo for two rounds,
and RADI antisense, DIV antisense and sense for Costus spicatus and RAD2a antisense and
DIV antisense and sense for Musa basjoo for the third round.

Results:
Floral Development

Late stage developing Costus spicatus and Musa basjoo flowers are shown in Figure 3. In Costus
spicatus, the sepals have been removed (Figure 3a), revealing the three petals, the fused
staminodes forming the staminodial labellum, and the large and fertile dorsal stamen. Although
not apparent in this image, the dorsal petal of Costus is larger than the ventral counterparts
throughout development. In Musa basjoo (Figure 3b), the larger dorsal sepals, as well as the
ventral petals and ventral sepal are fused into a floral tube, though here the tips of the organs are
still differentiated. The dorsal free petal (FP) is the only member of the perianth that remains
separate from the floral tube. The five fertile stamens are also visible. At this stage of
development all organs have formed in both flowers, though the gynoecium is not visible in
either flower, and the aborted dorsal stamen of Musa basjoo is likewise not visible.

The stages of Musa basjoo floral development were analyzed in order to determine timing of in
situ expression analyses (Figure 4). Dr. Mohammed Reza Dadpour took the images with a Nikon
camera through a Leitz Wetzlar epi-illumination microscope. Images were taken of individual
developing flowers from several hands of an infloresence apex. Each successive image shows an
additional whorl of floral organ primordia forming. Panel D is the first point at which the
actinomorphy of the developing flower is broken by the differential expansion of the dorsal and
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ventral sepals. In panel E, the ventral petals have begun to fuse with the sepals, which will result
in the floral tube. In panel F, the dorsal stamens have expanded more than the ventral outer
stamen, while the ventral petals have expanded more than the dorsal free petal, which will
remain independent of the floral tube at anthesis. Panels E and F approximate the stages assayed
with in situ hybridization, with all organs formed but not yet expanded.

Gene Expression

In many cases, expression patterns determined via in situ hybridization and RT-PCR did not
match. In comparing published in situ results (Bartlett and Specht 2011) for Heliconia stricta
with our expression results for Musa basjoo (Compare Figure 2 to Figures 5 and 6), the disparity
may be true differences in the regulation of expression and/or function of the genes assayed. For
the same-taxon comparisons of the methods (Figures 5 and 6 vs. Figures 7 and 8), increased
sensitivity of RT-PCR in comparison to in situ hybridization, lack of specificity in RT-PCR
primers, and/or developmental timing differences between the flowers assayed may account for
disparities. Flowers assayed with in situ hybridization are at early stages of development in
which floral organs have differentiated but antheridia are not yet fertile and organs are still in
initial expansion stages (Figure 3). Flowers assayed with RT-PCR, in contrast, are just prior to
anthesis, with all organs formed, fertile antheridia, and almost complete organ expansion. For the
remainder of the chapter, we have interpreted differences between in sifu hybridization and RT-
PCR results as showing differences in expression due to developmental timing.

Gene Expression in Musa basjoo

If Heliconia stricta in situ hybridization results (Bartlett and Specht 2011, Figure 2) are
comparable to Musa basjoo TBL expression, TBLIa is expressed in the dorsal staminode and
gynoecium of developing flowers (ie Figure 3B) and TBL?2 is expressed in the gynoecium and
the ventral sepals. Early RAD2a expression overlaps with that of TBL2, with expression
throughout the stamens and floral tube, strongest in the ventral part of the flower (Figure 7B).
DIV expression is similarly universal, with stronger binding in the ventral portion of the flower
and weaker overall signal than RAD2a (Figure 7F). Binding of the DIV Isense probe to the thecae
of stamens compared with the no probe control (Figure 7C vs. E) shows that the apparent higher
expression of RAD2a and DIV in the stamens is an artifact of background signal.

In later developmental stages of Musa basjoo, TBL1a, DIVI, DIV3, RADIa, RAD1b, RAD?a,
RAD2b, and RAD2c expression was assayed via RT-PCR (Figures 5 and 6). Strong TBL1a
expression was recovered throughout the developing flower, signaling an expansion of
expression from earlier developmental stages. DIV expression remained general, but with
strongest expression in the free petal. DIV3 shared a similar pattern, with strongest expression in
the floral tube and free petal. RAD2a and RAD2c expression is similar at this stage of
development to RAD2a expression assayed via in situ hybridization at earlier development.
RAD2a and RAD2c is found expressed everywhere but the free petal, with strong R4AD2a
expression in the stamens. RAD2b expression diverges from the other two copies assayed, with
universal expression across the developing flower. RADIa and RAD1b expression was found in
the floral tube and free petal, with RAD1b expression stronger than RADIa.
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Overall, TBL Ia expression shifts from dorsal sepals to throughout the flower. DIV-like
expression appears universal throughout development, though DIV-like expression may shift
from being strongest in the ventral portion of the flower in early development to stronger in the
dorsal free petal at later stages. RAD-like genes exhibit 3 patterns, with RAD2a showing
universal expression (though stronger in the ventral region) at early stages, and RAD2a and
RAD2c losing expression in the free petal at later stages, RAD1a and RAD1b with perianth
expression, and RAD2b with universal expression.

Gene Expression in Costus spicatus

In early developmental stages of Costus spicatus (ie Figure 3A), TBLIa is expressed in the
gynoecium, the ventral petals and sepal, the staminodial labellum, and the thecae of the fertile
stamen. TBL2 is expressed in the thecae of the dorsal fertile stamen. RAD1 expression is general,
with the strongest expression in the dorsal fertile stamen thecae and the staminodial labellum
(Figure 7A). RAD1 expression overlaps with TBL1a, though RADI expression is also present in
the dorsal perianth. The sepals and bract surrounding the Costus spicatus flowers are dappled in
the no-probe treatment as well as the RAD1 antisense (Figure 7A and D), making it difficult to
interpret staining in those regions. Additional dark circular spots present in the perianth of both
species are vascular bundles, which tend to stain more than surrounding tissues due to rapid
cellular division.

Although TBL1a could not be amplified with RT-PCR, TBL1b expression was universal in later
stage Costus spicatus flowers, but weakest in the dorsal sepal and fertile stamen (Figures 5B and
6). TBL2 expressed was recovered everywhere but the staminodial labellum, with strongest
expression in the dorsal petal. RAD1 expression was very weak, and present in the ventral sepal,
dorsal petal, and staminodial labellum. DIVI and DIV3 expression was universal, with strong
DIV3 expression throughout the flower and DIV1 expression weakest in the staminodial
labellum.

Overall, TBL1 and TBL?2 expression is overlapping but partially complementary throughout
Costus spicatus floral development. TBLIa is localized to the ventral portion of the flower in
early development, and though 7BL1b spreads throughout the flower in late development,
expression remains weak in the dorsal portion of the flower. TBL2 expression begins localized to
the fertile thecae in early development, and later spreads throughout the flower aside from the
staminodial labellum, with the strongest expression in the dorsal petal. DIV and DIV3
expression is universal in late stage C. spicatus flowers. RAD1 expression is universal in early
stages but strongest in the androecium. In later stages, RAD1 expression is weak and found
throughout the central regions of the flower.

Further in situ Hybridization Results

In tissues assayed by RT-PCR, the free petal was the organ lacking R4D2 expression for Musa
basjoo, but this organ was unfortunately not caught in the sections shown (Figure 7).
Importantly, a negative control is lacking in the Costus spicatus tissue. A third round of in situ
hybridization was performed (Figure 8), in which probe binding was less successful and
subsequent staining much lighter. These reactions are included to provide the genes and floral
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organs missing from Figure 7. In comparing Figures 7 and 8, notice that the Musa basjoo slides
used in Figure 7 were oblique, missing the dorsal portion of the flower where the aborted stamen
and free petal are visible, and where the tips of the organs in the floral tube come together. RAD-
like and DIV-like expression in Musa basjoo corroborates the results shown in Figure 7 (Figure 8
B and D vs. Figure 7 B and F), and though staining is weak, it appears that probe bound to the
aborted stamen and free petal in these sections. Gene expression in Costus spicatus in
inconclusive as very light staining appears to have occurred exclusively in the androecium in all
three probe treatments (Figure 8 A, C, and E). The protocol should be repeated to verify results.

Discussion:
The Establishment of Symmetry Patterns in Developing Flowers

The symmetry patterns of flowers can change as they develop, from the initiation of sets of
organs (in whorled phyllotaxy) to just prior to anthesis (floral maturity and opening). Although
there are exceptions, most flowers begin development with actinomorphic symmetry (Peter K
Endress 1999b; P K Endress 2001; Reyes, Sauquet, and Nadot 2016). This symmetry can be
broken through asymmetric organ initiation, asymmetric organ expansion, organ fusion
(connation or adnation), or differential organ elaborations that typically occur in the final stages
of floral development (Tucker 1999). Unlike leaf initiation, the location of floral organ primordia
is determined prior to any organ’s formation and is not positionally determined by previous
organ initiation events (Peter K Endress 1999b). For this reason, changes in gene expression
throughout development are of interest, as they may play a definitive role in differential
development of organs across the flower, contributing to zygomorphy.

The Roles of Symmetry Genes in Antirrhinum majus

In the model Antirrhinum majus, CYC and DICH expression is concentrated in the dorsal portion
of the flower. Early in development these genes are responsible for the abortion of the dorsal
stamen and the internal asymmetry of the dorsal petals, while later on they promote the greater
growth of dorsal petals in comparison to the lateral and ventral petals (Luo et al. 1996; Luo et al.
1999). RAD expression is concentrated in the dorsal portion of the flower, with RAD protein also
present in the lateral petals. In these regions, RAD protein prevents DIV transcriptional activity
by sequestering the protein binding partners DRIF1 and DRIF2. This competition is lacking in
the ventral petal, in which DIV + DRIF protein complexes induce the symmetric growth of the
large ventral petal (Almeida, Rocheta, and Galego 1997; Galego and Almeida 2002; Corley et al.
2005; Costa et al. 2005; Perez-Rodriguez et al. 2005). DIV expression constricts throughout
development, initially being present throughout the developing ventral petal and overlapping
regions of lateral petals and eventually retreating to a furrow of cells demarking the boundary
between the corolla tube and the lobes (Galego and Almeida 2002). Due to this restriction, in
initial development DIV protein induces the expansion of the ventral petal and adjacent portions
of lateral petals, but later contributes to the lobe vs. tube boundary.

Floral Development in the Musaceae

29



In the Musaceae, the sepals and ventral petals are fused to form the floral tube, while the dorsal
petal remains free (B. K. Kirchoff 1988). The sepals are fused on their abaxial sides, while the
ventral petals are adnate on the abaxial side. The free petal is anatomically similar to the ventral
sepals, but does not undergo this fusion (Inta, Traiperm, and Swangpol 2015). A ring meristem,
or a circular collection of meristematic cells from which organ primordia form, is thought to be
involved in organ formation in the Musaceae (Tucker 1999). From the ring meristem, the petals
and outer stamens form, followed by inner stamens. Although the dorsal aborted stamen is not
visible in Figures 3 and 4, it can be seen in cross section (Figure 8). Potentially due to physical
constraints on developing Musa flowers caused by the bract encasing each hand of flowers, the
dorsal sepals are larger at initiation and remain larger throughout development until
indistinguishable from other members of the floral tube. This type of mechanical constraint
leading to differential size at organ initiation is common, though many flowers compensate later
in development, as in 4. majus and Bournea leiophylla (Luo et al. 1996; Peter K Endress 1999b;
Zhou et al. 2008). The asymmetry of the developing Musa flower is thus apparent at the onset of
organ initiation, though it is enhanced at the point of inner androecium initiation, at which point
the free petal is noticeably set apart from the developing floral tube (Figure 4F).

Predicted Roles of TBL, RAD-like, and DIV-like in Musaceae Floral Development

If Heliconia stricta and Musa basjoo share the same expression patterns, 7BL2 expression is
ventral in early stage M. basjoo flowers, while TBL1a expression is localized to the dorsal
staminode (Figure 2). In later stages of development 7BL/a is expressed throughout the
developing flower. TBL2 could not be amplified for RT-PCR, and sequences could not be
recovered from the Musa basjoo floral transcriptome (data not shown, methods as in Chapter 1).
This could indicate lack of expression in late development. In early development, RAD2a
expression overlaps that of TBL2, with expression throughout the androecium and floral tube.
Although unclear due to oblique sections in Figure 7 and poor staining in Figure 8, expression
may be lighter in the dorsal regions of the flower. Later in development, RAD2a and 2¢
expression contracts to eliminate the free petal, while RAD2b is expressed throughout the flower.
RADIa and 1b have a divergent pattern, expressed only in the perianth (figures 5 and 6). As in 4.
majus, DIV is expressed throughout early and late developmental stages and DIV3 throughout
late developmental stages (Figures 5, 6, 7, and 8). If the relationships from 4. majus hold true in
the Zingiberales, TBL genes should induce the expression of RAD-like genes, resulting in
reduced growth compared to tissues lacking RAD-like gene expression. We find that 7BL2,
RAD2a, and RAD2c adhere to this pattern. Ventral 7BL2 expression is consistent with smaller
ventral sepals, and RAD2a and RAD2c may play roles in reducing the growth of the dorsal petal,
resulting in a small petal free from the petal and sepal fusion that forms the floral tube. DIV-like
expression is universal, matching expression patterns from the snapdragon model. RAD2 genes
may play a role in suppressing DIV-like activation of growth and expansion genes where
expressed, allowing the dorsal region to outpace the ventral.

Floral Development in the Costaceae
In the Costaceae, the sepals are fused into a synsepalous calyx (B. Kirchoff 1991). At anthesis,

all floral organs including the style and stamens form a floral tube. The dorsal stamen remains
fertile, though its filament is laminar. The lateral and ventral stamens are infertile and laminar,
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and fuse to form a staminodial labellum (B. Kirchoff 1991). In the Costaceae, all organs apart
from the calyx form on a ring meristem, or a round ridge of meristematic cells that form
successive rounds of organ primordia. After the sepals, the ring primordium produces the petals
and the inner androecial members relatively simultaneously and opposite one another, followed
by the outer members (second stamina whorl) at their margins. Lastly the gynoecium forms at
the center, growing downward into its inferior position. As they develop, the sepals fuse together
forming the calyx (B. K. Kirchoff 1987). In the development of Costaceae flowers, sepals form
individually in a predictable pattern. For this reason, actinomorphic symmetry is broken as the
first floral organs are initiated. However, because these organs are symmetrical and fused at
anthesis, we instead consider symmetry broken at the point when the ring primordium (which
will give rise to the rest of the floral organs) widens at the dorsal side of the flower to produce
the dorsal petal and the large fertile stamen. These organs are larger than their ventral
counterparts at the onset, and continue to grow at pace with the rest of the organs, maintaining a
larger size throughout floral development through to anthesis. The outer whorl androecial
members that will form the staminodial labellum never fully differentiate from the inner
members, though distinct primordia apices are visible early in development.

Predicted Roles of TBL, RAD-like, and DIV-like in Costaceae Floral Development

The RT-PCR results presented in Figures 5 and 6 as well as previous work on 7BL gene
expression in Costus (Figure 2) (Bartlett and Specht 2011) are consistent with a role for
orthologs to 4. majus symmetry genes in setting up Costus zygomorphy, though relationships
among gene copies has yet to be determined. In early developmental stages assessed with in situ
hybridization, 7BL1a is expressed in the ventral portions of the flower, while TBL?2 is expressed
in the anthers of the fertile stamen (Bartlett and Specht 2011, Figure 2). At later developmental
stages, assessed with RT-PCR, TBL1b has universal expression, while 7BL2 is expressed
throughout the flower aside from the staminodial labellum (compare Figures 2 and 5). DIV ] and
3 are expressed throughout the development of Costus spicatus flowers. RADI has an interesting
pattern, expressed in the dorsal petal, ventral sepal, and staminodial labellum, a central
expression pattern that excludes the fertile stamen. Additionally, expression is very slight, with
poor amplification (Figure 5). RAD1 expression overlaps with that of TBL 1. If DIV-like genes
promote organ expansion and R4D-like genes inhibit organ expansion by indirectly antagonizing
DIV-like, the organs found with RAD-like expression should be those with inhibited growth at
that stage of development.

The dorsal petal and fertile stamen of Costaceae flowers are larger at initiation than their
counterparts, and grow faster. In early development, Bartlett and Specht (2011) found that 7BL 1/
and 2 are not expressed in the laminar filament of the fertile stamen or in the dorsal perianth.
RADI expression in early development is general, but like 7BL 1, does not seem to be highly
expressed in the dorsal perianth (Figure 7A). This pattern is consistent with DIV-like promotion
of growth in those organs. In later development, TBL?2 is expressed everywhere but the
staminodial labellum, with the strongest expression in the dorsal petal. This pattern is consistent
with the rapid expansion of the staminodial labellum late in development to form the elaborate
labellum-like portion of the flower that creates the majority of the Costus floral display. TBL1b is
expressed throughout late development Costus flowers, with weakest expression in the dorsal
sepal and fertile stamen. The lack of RAD1 expression in the ventral petals later in development
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might correspond to late developmental expansion of those organs to compensate for the early
expansion of the dorsal region of the flower, though R4D1 expression does not perfectly match
any TBL copy thus far assayed. RAD2 could not be amplified. This is likely the fault of poor
primer matching rather than lack of expression. Understanding the expression pattern of RAD?2
may help elucidate how the expression patterns of 7BL and RAD-like genes overlap in the
developing Costus flowers.

Relationships Between Gene Copies

In the model floral symmetry network (Figure 1), CYC expression induces the expression of
RAD, while DIV is expressed everywhere. Given our expression patterns, this direct one-to-one
relationship likely does not hold true in the Zingiberales. None of the TBL copies show
expression exactly matching the RAD-like copies assayed in either species studied. The
relationships between these genes may exist, but are likely complicated by multiple sets of gene
duplications in the order for both RAD-like and DIV-like genes. In Musa basjoo TBL2, RADa,
and RADZ2c had asymmetric expression across the dorsal/ventral plane concentrated in the ventral
region, and are likely candidates for functional study. In Costus spicatus, TBL1a and RADI are
the likeliest candidates, with TBL /a exhibiting a ventral expression pattern and RAD! a central
expression pattern.

The ventral expression of 7BL2 matches previously described expression patterns in the
Commelinales, the sister order to the Zingiberales (Preston and Hileman 2012). The authors
found 7B!a, an ortholog of Zingiberales TBL2, expression was strongest in the ventral portions
of zygomorphic Commelina communis and Commelina dianthifolia flowers. TB1b, an ortholog
of Zingiberales TBL I, was not expressed in floral tissue. Given the reversed patterns of
expression of TBL1 and TBL2, and RAD1 and RAD?2 in the banana species vs. ginger species
studied, 7BL1 and RAD1 genes may have been coopted in the ginger families to produce
asymmetry of the androecium. 7BL and RAD-like genes may be differently regulated and/or have
different functions between the groups.

Developmental Timing of Gene Expression Results

The gene expression results assayed by RT-PCR (Figures 3 and 4) are at a later developmental
stage than shown in the developmental images (Figures 7 and 8). The in situ hybridization results
(Figures 5 and 6) for Musa basjoo are likely at a similar stage to Figure 7 panel F, as all organs
are observed, though cross sections were taken deeper within the flower as the gynoecium and
fusion of floral tube are observed. Similarly, the Costus spicatus in situ results are relatively late
stage, as the pollen sacks are visible within the anthers (Figures 5 and 6). At this point the
zygomorphy of both species has been established. Although the in situ results portray different
stages of development, we have not ascertained expression patterns in a developmental series
that would illuminate potentially shifting roles of RAD-like genes as symmetry patterns are
established. Given the RT-PCR results, which allow us to distinguish among organs more than
the in situ results, RAD-like genes may play a role in the suppression of DIV-like transcriptional
activity, leading to differential growth across the dorsal and ventral regions of developing Costus
spicatus and Musa basjoo flowers.
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Future Directions

In order to fully elucidate the overlapping expression patterns of TBL, DIV-like, and RAD-like
genes, each copy should be amplified with RT-PCR, and a developmental series should be
captured with in situ hybridization, including all relevant organs. This would allow a more
complete model of how these genes might interact in floral development.

Although expression data is a reasonably proxy for protein presence, understanding the
localization of RAD-like proteins would help us better understand the roles of these proteins in
floral development, and paired with an understanding of DRIF-like protein localization can help
test the hypothesis that this gene network is acting as in model systems. Musa basjoo RAD2a
and Costus spicatus RAD]1 are the most likely proteins to have asymmetric localizations.

Furthermore, Yeast-2 hybrid analyses could help elucidate how proteins interact and whether
these interactions are copy-specific in the Zingiberales. Sequence conservation (Chapters 1 and
3) indicates that DRIF-like, DIV-like, and RAD-like genes may have conserved binding sites.
Determining binding affinities of these genes in Musa basjoo, for which we have a closely
related sequenced genome (Musa acuminata) could paint a stronger picture of the symmetry
network in the Zingiberales. For this purpose, DIV, 2, and 3, RADIa, 1b, 2a, 2b, and 2¢ should
be tested for binding affinity to DRIF-like proteins found in Chapter 3.

Finally, the putative floral symmetry genes identified in Chapters 1 and 2 are candidates for
future knock-out studies. Using the CRISPR-Cas9 system (O’Connell et al. 2014) in Musa
basjoo, we could produce single and double mutants of the RAD2a and RAD2c genes,

which are expressed in the floral tube and androecium to the exclusion of the free petal. In these
mutants, we could assess not only the effect on the Musa floral developmental program, but also
localization of DIV-like and DRIF-like proteins in the absence of RAD2 gene expression. Knock-
out experiments would be the most certain evidence of a role for RAD-like genes in establishing
the zygomorphy of Zingiberales flowers.
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Gene Amplified

Primer Name

Primer Sequence (5'-3")

RAD1

RAD1_Costus_F4

GGA GAA CAA GAT GTT CGA GAAG

RAD1_Costus_R3

GTA AGG CAT TTG GCC CTC CT

insituCostRADRZ2antisense

GGA AGA AAG GAG TCC CTT GG

RAD1a RAD1_Musa_F2 GAC CGC GAA GGA GAACAAGA
RAD1_Musa_R2 CCA CGA GCA GGT CGT AGT AGC
RAD1b RAD1_Musa_F2 GAC CGC GAA GGA GAA CAAGA
RAD1_Musa_R1 TAG TGG CGC TTC ACT TCC TC
RADZ2a RAD2_Musa_F1 AGC AGA ACA AGC TCT TCG AG
RAD2_Musa_R1 YTC GAT KCG GTG GAG GTC
insituMusaRADR1antisense | AAG CTC TTC GAG TGG GCT CT
RAD2b RAD2_Musa_F1 AGC AGA ACA AGC TCT TCG AG
RAD2_Musa_R2 GAG CTCGTA GTG TCG CTT GA
RAD2c RAD2_Musa_F1 AGC AGA ACA AGC TCT TCG AG
RAD2_Musa_R3 GAC CTC TTC GGC GGT CTT
DIV1 DIV1_Cost_F3 GAT CAG GAG AGG AAG AAAGGAG
DIV1_Cost_R3 AAT TGG CGG TCC TAATGT CA
Divl_Musa_F1 GAA GAA AGG AGT CCCCTG GA
Divl_Musa_R1 TCC TCT TAT CTT TGC MAC CTG
insituCostDIVR1antisense CAT AAT TCC GGG AGATGCTT
insituDIV1MusaF1 TCG GAC CAA GAG AGG AAG AA
insituDIV1MusaR1 GGT CCG AGT GAG CAC AAA AT
insituDIV1MusaR2antisense | GGA CGG AAG AGGAGCACA A
DIV3 DIV3_Cost_F2 TGG ACT GAA GAC GAG CAC AA
DIV3_Cost_R3 CTG CCA GAATTG AGC CTT ATG
Div3_Musa_F3 CAC GAG AGG AAG AAA GGARTC
Div3_Musa_R1 TCT TGT CTT TGC TGC CAG AG
CYC1la CYCla_Musa_F1 AGA TCG TCG RAT ACG GCT CT
CYCla_Musa_F2 GAG TTC TTG GAT GGC GTG TT
CYC1b CYC1b_Cost_F1 CTA CAG GAC ATG CTC GGC TTC
CYC1b_Cost_R1 TCT TTG ATG GCG GCT TTC
CYC2 CYC2_Cost_F1 GGC WCA GCAAGATCCACAC

CYCZ2_Cost_R1

GACTGC TTG AGG AGC CAATC

Table 1: Primers used to amplify RAD-like, DIV-like, and TBL I-like genes for
RT-PCR and in situ hybridization.
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Figure 1: Expression patterns of TCP (CYC and DICH) and MYB-related (DIV,
RAD, and DRIF) genes. Shading represents regions of protein activity in wildtype
and mutant Antirrhinum majus flowers. Below is a diagram modeling the
interactions between proteins. Arrows indicate protion of expression while
perpendicular lines indicate repression of protein activity.

Figure 2: Floral diagrams representing expression
(red-shaded regions) of TBL (homologs of CYC)
genes in two Zingiberales species. Expression
determined through in situ hybridization (Bartlett
and Specht 2011).
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A B

Figure 3: Developing flowers of Costus spicatus (A) and Musa basjoo (B). FP
= free petal, FSt = fertile stamen, Pe = petal, S = stamen, Se = sepal SL =
staminodial labellum. Developing carpels are not visible in these images.
Tissue preparation and images by Dr. Mohammed Reza Dadpour.

A B

Figure 4: Floral development of Musa basjoo in
order (A->F). DS = dorsal sepal, VS = ventral
sepal, FP = free petal, VP = ventral petal, S =
stamen, Gyn = gynoecium.

Tissue preparation and images by Dr.
Mohammed Reza Dadpour.
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Figure 5: Reverse-transcription PCRs of CYCLOIDEA/teosinte
branched 1-like (TBL) and MYB-related (DIV, RAD) genes for
Costus spicatus (A) and Musa basjoo (B). Key for Costus
spicatus (A): TF = total flower, DS = dorsal sepal, VS = ventral
sepal, DP = dorsal petal, VP = ventral petal, FS = fertile stamen,
SL = staminodial labellum. Key for Musa basjoo (B): TF = total
flower, FT = floral tube, FP = free petal, S = stamens. Full gel
images in supplementary figure X.
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Figure 6: Floral diagrams showing gene
expression patterns assayed through RT-
PCR. Red: TBL, Green = DIV, Blue = RAD
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Figure 7: in situ hybridization performed on Costus spicatus (A,D) and Musa basjoo (B,C,E,F) floral
tissue with RAD1 antisense (A), RAD2 antisense (B), DIV1antisense (F), DIVIsense (C), and without
probe (D,E). Scale bars indicate 100um. Flower are oriented with the dorsal side up.

DP = dorsal petal, DS = dorsal sepal, FS = fertile stamen, FT = floral tube, Gyn = gynoecium, S =
stamen, SL = staminodial labellum VP = ventral petal, VS = ventral sepal, B = bract
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Figure 8: in situ hybridization performed on Costus spicatus (A,C,E,G) and Musa basjoo (B,D,F,H)
floral tissue with RADIantisense (A), RAD2antisence (B), DIVIantisense (C,D), DIVIsense (E,F), and
without probe (G,H). Scale bars indicate 100pum. Flowers are oriented with the dorsal side up.
DP = dorsal petal, DS = dorsal sepal, FS = fertile stamen, FT = floral tube, Gyn = gynoecium, S =
stamen, SL = staminodial labellum VP = ventral petal, VS = ventral sepal, B = bract, * = aborted stamen
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Chapter 3: The Roles of DIVARICATA and RADIALIS INTERACTING FACTORS in
Zingiberales Floral Symmetry

Abstract:

DIVARICATA and RADIALIS INTERACTING FACTORS (DRIF’s) influence the floral
development of the model plant Antirrhinum majus by serving as protein binding partners to the
competing proteins DIVARICATA (DIV) and RADIALIS (RAD). This competitive relationship
results in the zygomorphy of mature 4. majus flowers. We present a phylogenetic tree
identifying DRIF-like orthologs from taxa across flowering plants. We recovered a duplication in
eudicot DRIF Group 1 genes, resulting in two clades containing A. majus DRIF I and DRIF?2
respectively. Two DRIF Group 1 Zingiberales clades were recovered, with one containing only
sequences from the banana families. We assayed the expression of two Musa basjoo DRIF
Group 1 sequences with reverse transcription PCR (RT-PCR). The two genes assayed were
universally expressed in developing Musa basjoo flowers, consistent with a conserved role for
DRIF-like genes in Zingiberales floral zygomorphy.

Introduction:

DIVARICATA and RADIALIS INTERACTING FACTORS (DRIF’s) play an important role in the
zygomorphy of the Antirrhinum majus flower. DRIF1 and DRIF2 in 4. majus are protein-
binding partners necessary for DIVARICATA (DIV) protein to perform downstream
transcriptional tasks. In the presence of RADIALIS (RAD) protein, the DRIFs bind to RAD and
localize to the cytoplasm. Only in the absence of RAD do the DRIFs bind to DIV and localize to
the nucleus (Raimundo et al. 2013). In this way, despite the general expression of DIV
throughout the developing flower, RAD protein confines the transcriptional work of DIV protein
to the ventral area of the flower.

The DRIF's are MYB-related genes like RAD and DIV. Like RAD, the DRIFs have a single
MY B-like domain, but unlike R4D the DRIFs have a second domain of unknown function.
Raimundo et al. identified the DRIFs through a yeast-2 hybrid screen using RAD as bait; only
the DRIFs were recovered with this protocol (Raimundo et al. 2013).

Raimundo et al. recovered DRIF-like sequences from several taxa across angiosperms and built a
phylogeny, using Physcomitrella patens sequences as an outgroup (Raimundo et al. 2013). This
work allowed the authors to distinguish two groups of DRIFs. Group 1 includes 4. majus DRIF1
and DRIF2, while group 2 includes a previously characterized MY B-related gene from Solanum
lycopersicum (tomato), SFSBI. In S. lycopersicum, the SFSB1 protein interacts directly with
RAD and DIV proteins as in 4. majus, but plays a role in fruit development rather than floral
symmetry (MacHemer et al. 2011). DRIF protein interactions have only been characterized in 4.
majus and S. lycopersicum, and DRIF group 1 gene expression (those implicated in floral
symmetry) have only been studied in A. majus and Orchis italica. In O. italica, OITA 10599, a
DRIF Group 1 ortholog, was universally expressed in developing flowers (Valoroso et al. 2017).

Although the tree produced by Raimundo et al. helps illuminate the diversity of DRIF-like genes
present in plants, the tree contains only 7 taxa, lacking sampling that would make it useful to
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identify DRIF homologs in other groups of interest. The monocot sequences included a few
sequences each from Oryza sativa and Brachypodium distachyon. In order to find putative
homologs to DRIFs in the Zingiberales, as well as to illuminate putative orthologs in other
groups of interest, we recovered DRIF-like sequences from additional taxa and built
phylogenetic trees containing taxa across angiosperms. Additionally, in order to test the
hypothesis that DRIF's may be involved in floral zygomorphy in monocots, we assayed the
expression of these genes in Musa basjoo (Musaceae) and analyzed the sequences found for the
motifs described in A. majus DRIFs.

Methods:
Sequence retrieval and alignment

Undergraduate honors researcher Michelle Liu recovered the initial DRIF and DRIF-like
sequences published by Raimundo et al. (2013) from the National Center for Biotechnology
(NCBI) using their accession numbers. These included Antirrhinum majus, Oryza sativa,
Brachypodium distachyon, Solanum lycopersicum, Physcomitrella patens, Arabidopsis thaliana
and Lotus japonicas. We used the monocot DRIF-like sequences as queries in BLAST to recover
Musa acuminata genomic sequences from the Banana Genome Hub (Droc et al. 2013). Student
Research Mentorship Teams undergraduate researcher Annie Zell recovered additional DRIF-
like sequences through targeted BLAST searches against the NCBI database using closest
relative sequences as queries (Altschup et al. 1990). Identical duplicate sequences, and those
with less than 50% of the gene were removed.

Zingiberales sequences, as in Chapter 1, were recovered from the cleaned raw reads of
transcriptomes for 5 of the 8 families as well as Dichorisandra, from the sister order
Commelinales. BLAST databases were generated from each set of cleaned reads, which were
then queried using the short sequence option with Musa acuminata DRIF-like sequences as
queries. BLAST results were assembled in Geneious version 6.6.1 (Kearse et al. 2012) using the
De Novo assembler with low sensitivity/fastest default settings with exceptions of 10%
maximum mismatches per read, 80% minimum overlap identity, and a maximum gap length of
1. Resulting contiguous sequences or “contigs” supported with at least 10X coverage were
included in the main alignment. The two Musa basjoo sequences used as templates for RT-PCR
(arrows, Figure 1) were verified by Sanger sequencing at the Museum of Vertebrate Zoology
facility at the University of California at Berkeley.

Initial alignments were made using MUSCLE (Edgar 2004) in Geneious. Sequences were
trimmed to the first conserved codon of the protein (the first tryptophan) then re-aligned by
translation with MUSCLE in Geneious. Alignments were manually edited in Mesquite
(Maddison and Maddison 2014). Regions at the start, end, and center of the alignment where un-
alignable were trimmed before generating phylogenies. Mesquite was used to export an amino
acid translation of the nucleotide alignment.

Phylogenetic trees
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The final DRIF-like nucleotide and amino acid alignments were used to produce a phylogeny in
RAXML-HPC v.8 on XSEDE (Stamatakis 2014) on the CIPRES server (Miller, Pfeiffer, and
Schwartz 2010) with 100 bootstrap replicates. These phylogenies were rooted on the
monophyletic group of Physcomitrella patens DRIF-like sequences, as in Raimundo et al.
(2013).

Expression analysis

Floral tissue was collected, RNA extracted, and cDNA generated as in Chapter 2. RT-PCR was
performed on cDNA samples using Phire taq and 37 cycles as in Chapter 2. An actin loading
control was used as in Chapter 2. RT-PCR reactions were performed in Bio RAD My Cycler
thermocyclers. Primers used are in table 1.

Results:
Phylogenetic Trees

The resulting phylogenetic trees closely match the tree published in Raimundo et al. (2013)
(Figures 1 and 2). As previously found, we recovered two monophyletic groups of DRIF-like
sequences within the angiosperms. Group 1 contains DRIF'I and DRIF2 (purple stars, Figure 1),
from Antirrhinum majus, while group 2 contains SFSB1 and SFSB2, the Solanum lycopersicum
genes found to be involved in fruit development (MacHemer et al. 2011). DRIF genes from both
group 1 and group 2 were present in all organisms queried. Each group is highly supported, with
100 and 99 bootstrap support respectively. Relationships in the amino acid tree and nucleotide
trees are similar, but as expected, clades in the amino acid tree are supported by fewer bootstrap
replicates overall. With the additional taxa, we were able to recover a single gene duplication
event within the eudicots after the divergence of the monocots resulting in two DRIF Group 1
clades. One of the DRIF Group 1 clades contains A. majus DRIF I while the other contains A.
majus DRIF2. Within each DRIF group and subset, gene relationships closely mirror species
relationships.

Each Zingiberales taxon may have two copies of DRIF Group 1 (DRIF1a and DRIF1b),
indicating a duplication event within the order. The presence of multiple Musa basjoo
(musacomp sequences) for each Musa acuminata gene may indicate a species-specific
duplication, but more likely indicates allelic variants recovered from transcriptome data. Our
inability to recover Costus spicatus DRIF-like sequences is likely a result of poor sequence
recovery in the transcriptome data for that species rather than lack of DRIF-like genes in the
family. Unfortunately, DRIF-like sequences were not included in the 2017 sequence capture that
yielded the MY B-related sequences reported in Chapter 1. Within the Zingiberales DRIF-like
sequences, there is one monophyletic group (DRIF'1b) including taxa from four families
(Musaceae, Lowiaceae, Marantaceae, and Zingiberaceae) sister to a second, smaller clade
(DRIFla) containing sequences from only Lowiaceae and Musaceae. This may represent a
banana group specific duplication, a ginger group specific gene loss, or failure to recover the
DRIFla gene copy from ginger families due to potential sequence divergence.

Sequence Analysis
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Motifs recovered in a subset of DRIF Group 1 sequences using MEME (Bailey and Elkan 1994)
are shown in Table 2. MEME recovered two motifs overlapping the MYB-like and DUF3755
domains recovered in Raimundo et al. (Raimundo et al. 2013). Across Group 1 DRIF-like
sequences, the MYB-like domain contains the characteristic regularly spaced tryptophans (W),
with the central tryptophan replaced with a tyrosine (Y) (arrows, Figure 3). Figure 3 illustrates
the domains as well as the motifs recovered with MEME on the alignment of DRIF Group 1
sequences. We used FIMO (Grant, Bailey, and Noble 2011) to search DRIF Group 1 sequences
for the MYB and DUF3755 motifs found in 4. majus DRIF1 and DRIF?2. The motifs were found
in all full-length sequences with significant p values (Data not shown). These results confirm that
recovered sequences are likely DRIF orthologs, and that these domains are likely conserved
across flowering plants.

Expression Analysis

Results of reverse-transcription PCR (RT-PCR) for two copies of DRIF'1b (arrows, Figure 1) in
Musa basjoo (Figure 4) indicate universal expression in developing Musa basjoo flowers,
consistent with the model from 4. majus.

Discussion:

DRIF-like proteins have so far been functionally described only in Antirrhinum majus and
Solanum lycopersicum. In A. majus the DRIF proteins form complexes with either RAD or DIV.
In the latter heterodimer, DIV+DRIF perform transcriptional functions leading to ventral petal
identity (Raimundo et al. 2013). A similar relationship was found in S. lycopersicum, though the
DIV-DRIF complex acted in fruit development rather than floral development (MacHemer et al.
2011). In both cases, the DIV+DRIF complex initiated cellular expansion (Galego and Almeida
2002; MacHemer et al. 2011; Raimundo et al. 2013).

The low p values found for the MYB domain of the recovered DRIF-like sequences as well as
the sequence similarity (65% mean pairwise identity across the MYB domain for all included
sequences) among DRIF-like sequences for the taxa studied indicate conservation of this domain.
Interestingly, multiple copies of DRIF-like genes are present throughout angiosperms and even
in Physcomitrella patens, despite the lack of zygomorphy or even flowers in many of these
lineages. The only binding partners found for RAD and RAD-like proteins have been DRIF-like
proteins, though in the case of SFB1 in Solanum lycopersicum, the DRIF-like protein is a Group
2 rather than a Group 1 protein (Raimundo et al. 2013) indicating the potential for functional
diversification following duplication. Additional copies of RAD-like and DIV-like genes are
present in most taxa (see Chapter 1) including 4. majus, though few have been functionally
characterized. If the RAD/DRIF protein partnership is conserved across flowering plants, sets of
duplicated copies may play different roles throughout the plant.

Despite apparent monogamy and widespread sequence conservation, the RAD/DIV/DRIF
relationship is likely not restricted to floral development and instead plays roles in other
differentially developing structures. Ectopically expressing a homolog to RAD in Arabidopsis
thaliana hypocotyls suppressed expansion in central hypocotyl cells, retarding the formation of
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the hook typical in developing seedlings (MacHemer et al. 2011). In addition to floral tissue,
RAD-like expression was detected through RT-PCR in Costus spicatus leaf tissue (data not
shown), consistent with a role in vegetative structures. CYC-/ike expression has also been
recovered in vegetative tissue (Damerval et al. 2007; Chapman, Leebens-Mack, and Burke 2008;
Howarth et al. 2011) as have RAD-like and DIV-like expression (Howarth and Donoghue 2009;
Boyden, Donoghue, and Howarth 2014). The likelihood of additional functions for these MY B-
related genes is consistent with a growing literature showing multiple functions of protein
complexes (Specht and Howarth 2014), and helps to explain the surprising conservation of these
genes across diverse lineages of land plants.

Future Directions:

In order to recover more Zingiberales DRIF-like sequences, DRIF-like genes reported here
should be used to generate baits for a sequence capture as described in Chapter 1 (Sass et al.
2016). Retrieving additional sequences would allow us to determine copy number, discover
whether there has truly been a duplication or gene loss between the banana and ginger groups,
and to develop primers to assess expression of DRIF-like copies in additional taxa.

In A. majus and in S. lycopersicum, endogenous levels of RAD and RAD-like protein are
sufficient to suppress the function of DIV and DIV-like proteins early in flower or fruit
development. This is likely due to an abundance of protein that surpasses the protein levels of
DRIF and DRIF-like protein binding partners, allowing most or all of these proteins to be
sequestered and unable to bind to DIV or DIV-like (Cui et al. 2010; MacHemer et al. 2011). This
being true, we expect levels of RAD-like expression in Zingiberales flowers to surpass that of
DRIF-like early in development. Furthermore, expression patterns can change throughout
development, with proteins serving different functions at different developmental stages, as with
DIV in A. majus (Galego and Almeida 2002). With the importance of timing and levels of
expression, PCR series at different points in floral development could help elucidate the role of
DRIF-like genes in Zingiberales floral development. The asymmetrically expressed RAD-like
genes identified in Chapters 1 and 2 paired with the Musa basjoo DRIF1b sequences here are
candidates for qPCR analysis. Ddditional copies of DRIFla and 1b in Musa basjoo and Costus
spicatus would likewise be assayed if recovered.

Yeast 2-hybrids are necessary to test the hypothesis that the RAD/DIV/DRIF protein interaction
is conserved in monocots. We expect that RAD/DRIF and DIV/DRIF complexes will form,
judging from the sequence conservation observed as well as apparent maintenance of
dimerization in studied species of Brassicales and Lamiales (Feller et al. 2011; Zhou et al. 2008).
The DRIF'1b sequences assayed here as well as Musa basjoo DRIF 1a sequences should be tested
alongside the DIV-like and asymmetrically expressed RAD-like genes identified in Chapters 1
and 2.
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Figure 1b: RAXML tree of Group 1 DRIF-like nucleotide alignment. Node symbols
represent bootstrap values out of 100 with size proportional to % out of 100 and color as in
legend to the right. Antirrhinum DRIF1 and DRIF?2 are labeled with purple stars. Arrows
point to Musa basjoo sequences amplified by RT-PCR. Most tips are labeled with genus,
species, and accession number. Scale indicates substitutions per site.
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Gene Amplified Primer Name Primer Sequence (5'-3")

DRIF group 1a DRIF_Musala_F TTC CTG GGA ACC CTA GCA AT
DRIF_Musala_R ACT GCA CAG GAT GCA ACA AA

DRIF group 1b DRIF_Musalb_F CCC GGA AAC CCT AGC AAT
DRIF_Musalb_R TAA TCA TCG GAT GCC AGA GG

Table 1: Primers used to amplify DRIF-like genes in Musa basjoo.

A: e-value 2.6e-

Table 2: MEME output from http://meme-suite.org/ Shown are 2 motifs discovered in DRIF Group 1
sequences, with the probability that a random sequence would contain as close a match to the motif
as the sequences queried. A: MEME motif 1. Positions 1-46 contain the MYB domain. Arrows
indicate the regularly spaced tryptophans (W) and tyrosines (Y) diagnostic of the MYB-like domain.
B: MEME motif 2. Positions 29-72 overlap with previously recovered DUF3755.
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Figure 2b: RAXML tree of Group 1 DRIF-like amino acid alignment. Node symbols represent
bootstrap values out of 100 with size proportional to % out of 100 and color as in legend to the
left. Most tips are labeled with genus, species, and accession number. Scale indicates
substitutions per site.
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Figure 3: Amino acid alignment annotated with motifs found in MEME (Bailey and Elkan 1994) and
domains found previously (Raimundo et al. 2013). Taxa included are a representative subset of group
1 DRIF-like genes. Arrows show the regularly spaced tryptophans and tyrosine of the MYB-like
domain.
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DRIF 1a

DRIF 1b

Figure 4: RT-PCR amplification of DRIF-
like genes in Musa basjoo floral tissue. FT
= floral tube, FP = free petal, S = stamens.
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Chapter 4: Interactive Tools for Teaching Evolution (ArborEd)

Arbor (available at http://www.arborworkflows.com/) is an online program researchers can use
to perform evolutionary analyses using previously generated phylogenies and character data.
Arbor and services like it are designed to empower researchers to use evolutionary methods
easily without independently finding and learning to use suites of programs to analyze their data.
Arbor includes tutorials, and ready-to-use “Arbor Apps” with preset common analyses. Users
can also develop their own save-able and share-able workflows by combining existing analysis
tools, and/or coding their own.

Members of the Arbor team are currently developing ArborEd — an instance of Arbor to
be used by college and high school students to get hands on experience with evolutionary
analysis. Hands-on experience with science not only contributes to achievement in science
(Stohr-hunt 1996), but interactive successful experiences with science can help students identify
with the field and pursue higher education (Aschbacher, Li, and Roth 2010). With advice from
Anastasia Thanukos, the principal editor of the University of California at Berkeley
Understanding Evolution site http://evolution.berkeley.edu/, and Yael Wyner, an Assistant
Professor at the City College of New York, I developed a tutorial to be used by high school and
community college students to understand how researchers study the coevolution of organisms. I
hope to further develop this module in the future to include student-led analysis of HIV/SIV
coevolution with human and simian hosts.

What follows is a tutorial on coevolution using data from sharpshooters and their gut
microbes, Baumannia and Sulcia.
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Welcome to the coevolution module of ArborEd!

Coevolution is what happens when two or more species are living in the same place at the same
time, and interactions between them influence the way they change over time. Species might be
interacting in a mutually beneficial (symbiotic) way like plants and their pollinators, or a
competitive way like predator and prey or host and parasite. In each of these types of
relationships, changes in one species impact the other. For example, hawk moths (like in the

- image on the left) are moths with extremely long
| tongues they use to drink nectar from the deep
y nectar spurs of some flowers. The hawk moths
with the longest tongues can drink nectar from
even the deepest nectar spurs, so they tend to get
the most food, survive, and reproduce more than
shorter tongued hawk moths. Meanwhile, the
flowers need the bodies of the moths to touch
their pollen to transfer that pollen to other
flowers and complete pollination. The deepest
nectar spurs cause moths to get the closest in
order to drink their nectar, so those flowers
reproduce the most. Through natural selection,

Y. % moths evolve longer and longer tongues to reach
By IronChris - Wikipedia. CC BY-SA 3.0, nectar, and plants evolve deeper and deeper
https://commons.wikimedia.org/w/index.php?c  nectar spurs so moths will get closer to their
urid=1008123 pollen.

In this way, the hawk moths and the plants they pollinate mutually impact the evolution of the
other species (Haber and Frankie 1989).

How can you tell when species are coevolving?

Remember that coevolution is when two or more groups of organisms change over time (evolve)
in response to one another. Researchers test for signatures of coevolution by comparing changes
in two groups (like tongue length and nectar spur length) in different geographic locations and/or
over time. Correlations between these changes supports coevolution, while lack of correlation
refutes coevolution. Researchers might also test whether the two groups have co-speciated,
meaning that when new species arose in one group, the same thing happened in the other group
of organisms. Co-speciation is common in coevolving groups. Can you think of other ways to
test a coevolutionary hypothesis?

By the end of this tutorial you will have some answers to the questions we have asked. You may
even have lots of new questions to answer on your own in the future.

In this tutorial, you will learn about a mutualistic relationship between a group of insects and
their symbiotic gut microbes.

By the end of this ArborEd module, you should be able to:
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Define coevolution

Form hypotheses to explain inter-species relationships

Formulate and carry out a plan to test these hypotheses

Interpret your results / evaluate whether they support or refute your hypotheses

=

We will start with a published case study of sharpshooters and their gut microbes.

The glassy-winged sharpshooter, Homalodisca coagulata, is a dark brown winged insect about /2
an inch long that feeds on xylem, the water and nutrient transfer system in plants (Varela et. al.
2007). Sharpshooters are dangerous agricultural pests. Similar to how mosquitoes can transmit
malaria to their human victims, sharpshooters can transmit diseases fatal to the plants they feed
on (Varela et. al. 2007). In an effort to learn how to fight against sharpshooters, a group of
researchers discovered a fascinating 3-way symbiosis. The group, led by Nancy Moran at the
University of Arizona, wanted to find out how sharpshooters were using xylem as a food source.
Xylem is very similar to water, and is low on the materials that insects usually need to survive.
Moran’s group hypothesized that the microbes living inside the guts of Homalodisca coagulata
provided the insects with vitamins, cofactors and essential amino acids to make xylem a viable
food source. When organisms live inside others and both benefit from the relationship, it is
called endosymbiosis. Jonathan Eisen at the University of California at Davis helped Moran
analyze the DNA of all the bacteria living inside sharpshooters. They discovered a common
insect microbe, Baumannia cicadellinicola (Jensen 2006). Relatives of Baumannia
cicadellinicola are endosymbionts of many other insects. Sharpshooters need amino acids,
vitamins, and cofactors to survive. The researchers found that Baumannia was producing
vitamins and cofactors for the sharpshooter, but was not producing essential amino acids.
Puzzled, the researchers returned to the DNA data and found evidence for another organism,
Sulcia mulleri. Like Baumannia, relatives of Sulcia mulleri are found in other insects as well.
The researchers found that in sharpshooters, Sulcia was making the amino acids Baumannia was
missing (Jensen 2006). The researchers even found some evidence suggesting that Sulcia and
Baumannia were trading materials with each other! The sharpshooters, Sulcia, and Baumannia
are all necessary for the others’ survival, and form a 3-way mutualistic relationship (Wu et al.
20006).

Is this an example of coevolution?

Because this is a tutorial, we will provide a testable hypothesis and walk through how we test it.
One hypothesis might be:

1. Baumannia and Sulcia are coevolving with sharpshooters and with each other. This
means that:
a. The bacteria have changed over time in response to sharpshooters and each other
b. Sharpshooters have changed over time in response to the bacteria

How would you test this hypothesis? What data would you need?

Let’s start with point a. Bacteria have changed in response to sharpshooters. To test this point,
we might seek data to answer the following questions:
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1.

Do Baumannia and Sulcia species living in sharpshooters have different metabolic
processes than Baumannia and Sulcia species living outside of sharpshooters?

a. If endosymbiotic Baumannia and Sulcia have different metabolic processes, this
supports the coevolutionary hypothesis, as these processes may have evolved in
response to life inside Sharpshooters.

b. If endosymbiotic Baumannia and Sulcia do not have different metabolic processes
than relatives outside of sharpshooters, then these processes were likely not an
adaptation to life inside of Sharpshooters and instead already existed prior to
colonizing the insects. This would not support the coevolutionary hypothesis.

Are Baumannia and Sulcia species living in sharpshooters more closely related to other
Baumannia and Sulcia species in sharpshooters than to those living outside of
sharpshooters?

a. If the closest relatives also live in sharpshooters, these bacteria may have diverged
long ago from ancestors that do not colonize sharpshooters. This would support
our coevolutionary hypothesis, as these endosymbionts would have co-existed
with sharpshooters for long enough to form new species.

b. If the closest relatives are species that live outside of sharpshooters, Baumannia
and Sulcia endosymbionts may have colonized sharpshooters relatively recently
or may have jumped into and out of sharpshooters many times, which would not
support our coevolutionary hypothesis.

Next, let’s look at point b. Sharpshooters have changed in response to bacteria. To test this point,
we might look for data to answer these questions:

1.

Do sharpshooters containing Baumannia and Sulcia use these bacteria to do something
the insects cannot do without them?

a. If so, these new abilities may have evolved due to the presence of the bacteria,
supporting the coevolutionary hypothesis.

b. If not, there would not be evidence that the sharpshooters have gained new
abilities in response to the bacteria, refuting the coevolutionary hypothesis.

Are sharpshooters containing Baumannia and Sulcia are more closely related to other
sharpshooters with Baumannia and Sulcia bacteria than to relatives without these
bacteria?

a. If so, the sharpshooters have diverged from insects without the bacteria and have
co-existed with the bacteria long enough to form new species, supporting the
coevolutionary hypothesis.

b. If not, the sharpshooters may have recently gained the bacteria, which would not
support the coevolutionary hypothesis.

A third question we might pursue is whether Baumannia, Sulcia, and sharpshooters have co-
speciated with one another. If so, the organisms have lived together for a long time (long enough
to influence one another’s evolution), and the bacteria are not jumping into and out of
sharpshooters or between groups of sharpshooters. Cospeciation, though it cannot alone prove
coevolution, shows that two groups have been closely associated for a long time.
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Let’s start by looking at the phylogenies of the three organisms in Figure 1. A phylogeny, or
phylogenetic tree, is a diagram that represents the evolutionary relationships between organisms
(The Understanding Evolution Team). If you follow the branches (lines) towards the left from a
species label until you find a cross-roads (node), the other branches to species labels coming off
of that node to the right represent the closest relatives of the species you started with.
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Parauiacizes frorsta — Rigyre 1: Phylogenies of A) Baumannia +
Proconosama_alalia relatives, B) Sulcia + relatives, and C) Sharp
Homoscarta ineguias - Shgoters and related Insects (Takiya et al. 2006).
Grphocephala_ cocdnea 1’ he species on each tree are insects, but in the
Baumannia and Sulcia phylogenies these

Acrogoria, virescens represent insect species colonized by the
bacteria.

For example, in the Insect tree (Figure 1C) Diestemma stesilea (on top) is most closely related to
Diestemma excisum. The group (clade) of D. stesilea + D. excisum is most closely related to the

clade Paraulacizes irrorata + Proconosama columbica + Proconosama alalia.

If you want more information on how to read phylogenies, visit the Understanding Evolution site

at evolution.berkeley.edu.

The Baumannia and Sulcia trees are labeled with the insect each bacterial sample was collected
from. This means that we can directly compare the three trees to find similarities and differences.
If every time the insects speciated the bacteria did too, the three trees would look identical. If
there are differences, it could mean that the bacteria jumped from one species of insect to
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another, that the insects or bacteria speciated independently, that the bacteria failed to continue
living in the descendants of a group of insects, or that the bacteria living in a group of insects
died out. Compare the relationships presented in the three trees. Can you find a relationship that
is the same? What about one that is different?

It can be hard to find all the similarities and differences between trees by eye. Researchers often
use tanglegrams to see these differences better. Tanglegrams are a way to visualize the
congruence, or similarities, of phylogenies. To make a tanglegram, we need two phylogenies
with the same taxa. We can use ArborEd to line up the same taxa in the two trees. This helps us
compare them. An example is in Figure 2.

A A
| B C I Figure 2: Example tanglegram. Grey
—C g— lines in the center of the diagram
— D D — indicate the same taxa.
—F E—

This tanglegram helps us see that taxa A, B, and C have different relationships in the two trees.
We can tell because the lines connecting B and C cross, illuminating a difference between the
phylogenies. In the phylogeny on the left, A and B are most closely related. In the phylogeny on
the right, it is A and C that are most closely related.

To generate tanglegrams on ArborEd using our data:
1. Click the “Analysis” tab.
2. In the dropdown menu for “Select Analysis,” choose “tanglegram.”
3. Click “Set up and run.”
4. For the data, load 2 trees. Start with “SapSuckersAndRelatedInsects.tre” and
“BaumanniaAndRelatives.tre”
5. For the output, name the file you will produce. Something like
“SapSuckerBaumanniaTanglegram” would be informative.
6. Click “Run.”
To see the results:
1. Click the “Visualization” tab.
2. In the dropdown menu, select the file you generated.
3. Click “Update.

You should now be able to see your tanglegram! If you wish to save it, click “Download.”
Repeat these steps until you have tanglegrams of the 3 combinations of trees.
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Figure 3: Tanglegrams of relevant species.
Taxon names shown are those of insects.
For the bacterial phylogenies, insect names
represent the names of the hosts of bacteria.
A: Baumannia + relatives vs. Insects B:
Insects vs. Sulcia + relatives C: Baumannia
+ relatives vs. Sulcia + relatives.
Phylogenies included (Takiya et al. 2006).

Figure 3 contains tanglegrams of the three pairs of phylogenies. The lines through the middle
mark the corresponding species in the two trees. Lots of horizontal lines means that trees are
very congruent, or share many of the same relationships. Diagonal lines indicate a difference
between the two trees. Find the relationships you identified when looking at Figure 1. The
tanglegrams should help make similarities and differences easier to spot.

By observing these tanglegrams, we can see that the phylogenies of Sulcia, Baumannia, and
sharpshooters match very closely. Notice all of the horizontal lines and the small number of
diagonal ones. Figure 3A, showing Baumannia + relatives compared with sharpshooters +
relatives has the fewest diagonal lines, meaning that those groups have likely cospeciated the
closest with the fewest jumps of bacteria between different sharpshooters.

As a comparison, Figure 4 shows a tanglegram made between two randomly generated trees of
our taxa. You can see that horizontal lines are very rare, and there are many diagonal ones.

Let’s interpret our results. Although the phylogenies do not match perfectly, they are highly
congruent. This is an indication of cospeciation with some deviations, likely from host switching.
These data indicate that the bacteria and insects have been living together closely and
consistently over time. This pattern of cospeciation is consistent with coevolution.

What does it mean for endosymbionts to cospeciate with their hosts? This means that when host
insects diverged into two species, their endosymbiotic bacteria did as well. Speciation is often
caused by separation, which eventually leads to loss of gene flow (or loss of reproduction
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between separated groups). Loss of gene flow means that the separated groups may eventually
accumulate enough differences to be considered two species. When the ancestors of the
sapsucker species separated, their bacterial endosymbionts were separated as well, also losing
gene flow. In this way, cospeciation may have been a byproduct of the close association of these
organisms, rather than a result of coevolution. In order to really test our hypothesis of
coevolution, we need to find out whether the bacteria and the insects mutually influenced each
other’s evolution. Let’s pursue the other portions of our hypothesis.

How can we test whether the endosymbiotic bacteria and insects have influenced each other’s
evolution? We can investigate whether either group has evolved differences in function.

In order to investigate point 1, that the bacteria and sharpshooters have evolved functions that do
not exist in ancestors without the symbiosis, let’s look at the evolution of xylem-feeding in
sharpshooters. Do sharpshooters need both bacteria to feed on xylem, or do other sharpshooters
without these endosymbionts also feed on xylem?

We have a table of insects, whether they have bacterial endosymbionts, and whether they feed on
xylem. Let’s map each of these characters onto our tree and perform an ancestral state
reconstruction. Ancestral state reconstruction estimates the ancient character states of ancestors
in a phylogenetic tree. To perform the analysis, follow these instructions:

To perform an ancestral state reconstruction on ArborEd:
7. Click the “Analysis” tab.
8. In the dropdown menu for “Select Analysis,” choose “ancestral state reconstruction.”
9. Click “Set up and run.”
10. For the data, load the sharpshooter tree and the character matrix.
11. In the drop-down menu for “column” choose one of the characters. Start with
“Baumannia endosymbiont.”
12. For the output, name the file you will produce. Something like “Ancestral state
reconstruction Baumannia” would be informative.
13. Click “Run.”
To see the results:
4. Click the “Visualization” tab.
5. In the dropdown menu, select the file you generated.
6. Click “Update.”
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Figure 5 contains our ancestral state reconstructions for Baumannia endosymbionts, Sulcia

endosymbionts, and xylem feeding.

Compare Figure SA and 5B. We can see that sharpshooters and Sulcia have had a relationship
earlier in time (more branches are black than in the Baumannia reconstruction). Now compare
Figure 5B and 5C. We can see that sharpshooter relatives that do not feed on xylem also have a
relationship with Sulcia (P. tredecimpunctata and H. oregonensis). Sharpshooters have more
recently developed a mutualism with Baumannia. The start of mutualism with Baumannia

coincides with the sharpshooters switching to xylem as a food source. These data support our

coevolutionary hypothesis in the sense that Baumannia and sharpshooters have diverged from
ancestors without the symbiosis, and that Baumannia may have influenced the evolution of

sharpshooters by enabling them to feed on xylem. Sulcia, however does not follow the same

pattern and therefore the Sulcia data do not support a coevolutionary hypothesis.
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We now have evidence pointing to co-speciation of all three groups and to Baumannia
influencing the evolution of sharpshooters. We have evidence that refutes the hypothesis that
Sulcia influenced the evolution of sharpshooters. How can we test whether sharpshooters have
influenced the evolution of Baumannia and Sulcia?

In order to directly test our hypothesis, we would need data showing metabolic processes of
Baumannia, Sulcia, and sharpshooters compared with relatives without the symbiosis. We have
data on Baumannia and relatives ability to produce amino acids vital to the survival of
sharpshooters, but we do not have complementary studies for insects and Sulcia..

We have a phylogeny of Baumannia + relatives and a data matrix of association with xylem-
feeding sharpshooters and ability to produce amino acids vital to the survival of insects. Perform
an ancestral state reconstruction of these two characters, following the instructions used to
produce figure 5.
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Figure 6: Ancestral state reconstructions on the Baumannia phylogeny (Takiya et al. 2006). Unless
labeled ‘endosymbiont’ or Yerenia, Buchnera, or Escherichia, taxon labels are those of insect hosts
A: association with xylem-feeding sharpshooters. B: loss of amino acid biosynthetic pathways.

Figure 6 contains ancestral state reconstructions of association with xylem-feeding sharpshooters
(A) and loss of amino acid biosynthesis capability (B). Notice that association with xylem-
feeding sapsuckers coincides with the loss of ability to produce vital amino acids.

Although we have a comprehensive phylogeny of Sulcia + relatives, we do not have data on the

metabolic abilities of Sulcia relatives not associated with sharpshooters and Baumannia. Instead
we can compare the capabilities of the host and the two bacteria (Table 2).
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Produced by Sulcia muelleri Produced by Baumannia cicadellinicola
fabF fatty acids (except for fabF)

amino acids (except for methionine and histidine) methionine and histidine
menaquinone cofactors (except for menaquinone)

Table 2: Materials required by sharpshooters to metabolize xylem sap (McCutcheon and Moran
2007).

Sulcia and Baumannia not only produce materials that sharpshooters require to feed off of
xylem, they also supply each other with necessary products. Do these data support or refute our
hypothesis that the three organisms have coevolved?

Let’s bring our data together and reach a conclusion. Remember, our hypothesis was
1. Baumannia and Sulcia are coevolving with sharpshooters. This means that:
a. The bacteria have changed over time in response to sharpshooters
b. Sharpshooters have changed over time in response to the bacteria
c. cospeciation of the three organisms

Has Baumannia changed in response to sharpshooters?
* Figure 6 shows that Baumannia associated with sharpshooters and Sulcia have lost the
ability to make most amino acids compared with relatives without the associations.

Has Sulcia changed in response to sharpshooters?
* We do not have any data to support or refute this point.

Has Baumannia changed in response to Sulcia?
* Figure 6 and Table 2 show that Baumannia have lost the ability to produce vital amino
acids, and that Sulcia complements this loss. Table 2 further shows that Baumannia rely
on Sulcia for a cofactor and a fatty acid.

Has Sulcia changed in response to Baumannia?
e Although we lack ancestral state reconstructions, Table 2 shows that Sulcia is dependent
on Baumannia for an amino acid, fatty acids, and cofactors.

Have sharpshooters changed in response to Baumannia?

* Figure 5 shows that only sharpshooters associated with Baumannia feed on xylem. This
supports the hypothesis that the association with Baumannia has allowed sharpshooters to
perform new functions. Table 2 shows that sharpshooters are reliant on Baumannia for
vital materials.

Have sharpshooters changed in response to Sulcia?

* Figure 5 shows that sharpshooter relatives that do not feed on xylem also have Sulcia
endosymbionts. This refutes the coevolutionary hypothesis. Table 2 shows that
sharpshooters are reliant on Sulcia for vital materials, which supports the coevolutionary
hypothesis. These data are inconclusive and do not satisfy our questions.
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Have sharpshooters, Sulcia, and Baumannia cospeciated?
* Figures 1 and 3 support cospeciation.

In conclusion, our analyses support the hypothesis that Baumannia and sharpshooters have
coevolved, and we have some weaker evidence consistent with Sulcia coevolving with both
organisms, though not enough to answer our research questions.

What other evidence could you look for to test the coevolutionary hypothesis? Are there
alternative hypotheses that might explain these relationships?
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