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Abstract

The uncharacterized myosin binding protein, MyoB, has been identified as possible mechanism through
which myosin XI attaches to its cargo. A previous yeast two-hybrid screen using myosin XI cargo binding
domain, identified one of six MyoB proteins in the model moss, Physcomitrella patens. However, the
function of MyoB in P. patens remains unknown. In this study, the family of six proteins were analyzed
to identify common structural features and construct a phylogenetic tree. In addition, a triple mEGFP

fusion protein was constructed to analyze protein localization.
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Introduction

The determining characteristic of bryophytes is their lack of vascular tissues and roots.
Bryophytes have neither a true root system or xylem and phloem, to transport water and nutrients
throughout the plant (Taiz et al., 2018). Due to divergence as early as 500 millions years ago,
bryophytes are an extant species with similar characteristics to the ancestral plants which all land
plants evolved from (Rensing et al., 2008). There are three division of bryophytes, liverworts,
mosses, and hornworts. Mosses are ideal model for comparative studies of the evolution of
biological processes in land plants, because the phylogenetic separation between mosses and
vascular plants can provide insight into the mechanisms of this evolution. Mosses and flowering
plants share fundamental physiological processes, which are essential for life yet evolved
separately from one another. The amount of time since the lineages diverged allowed for each
lineage’s gene families to expand separate from one another. The moss Physcomitrella patens is
a model plant that belongs to an early diverging extant lane plant lineage (Rensing et al., 2008).
By comparing studies done in other extant species, such as the model flowering plant
Arabidopsis thaliana, with studies done in P. patens, we can learn more about important
biological processes present in all plants. In this work, I am interested in studying the actin-
myosin transport network. This essential system was present in the common ancestor of
charophytes and embryophytes and which had a major expansion in conjunction with terrestrial

colonization.

P. patens is an ideal plant species to use for reverse genetic studies. Protoplasts, (moss
cells stripped of their cell walls) can be easily generated, and these single cells can be

regenerated and propagated any stage in the moss’s life cycle (Rensing et al., 2020). This results
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in the simple production of clonal lines. Under specific conditions, protoplasts can be
transformed, allowing for insertion of foreign DNA into the cell, and most importantly, P. patens
has been shown to incorporate DNA by homologous recombination, allowing for gene deletions
and insertions (Schaefer and Zryd, 1997). In bryophytes, the gametophyte generation is dominant
over the course of the P. paten’s lifecycle, meaning it exists primarily as a multicellular haploid
plant (Figure 1). Because a haploid cell contains only a single-copy of each gene, homologous
recombination is an efficient gene-targeting method in P. patens. (effectively integrating DNA)
In addition, the P. patens genome has been sequenced based on the wild-type “Gransden” strain

(JGI), with extensive annotations by a vibrant international community.
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Figure 1. Lifecycle of P. patens.

The only time that P. patens cells exist in diploid form is during the during the
sporophyte stage, and is haploid during all other stages

Transformation of P. patens can occur during the protoplast stage. Genetic alterations
would be displayed phenotypically in the protonema which later develop from these
protoplasts.

Spaens

P. patens has been extensively studied as a model for tip growth in plants, because it
expands via tip growth of its protonemal cells (Menand et al., 2007). Due to the shared
morphological form, research on protonemal cells also applies to understandings the
morphogenesis of root hairs and pollen tubes, cells critical for nutrient uptake and sexual

reproduction, respectively. The large size of eukaryotic cells necessitates a transport network that



facilitates the movement of macromolecular complexes. Directional transport by cytoskeleton-
based motors provides a means to shuttle these cellular components from their origin to their
intra-cellular destination. In plants, polarized cell growth is essential for the development of
nutrient gathering root hairs, pollen fertilization, and gametophyte development. Tip growth is a
ubiquitous process throughout the plant kingdom in which a single cell elongates in one direction
in a self-similar manner. In the process of tip growth, vesicles containing the materials required
to construct the cell wall are delivered to the apex through the process of exocytosis. This
requires a dynamic system, where the transport machinery travels along the newly assembled

cytoskeleton as the cell elongates.

The two types of molecular motors found within plant cells are myosin and kinesin.
kinesin and myosin. Myosin generate force along actin, where as kinesin bind and travel along
microtubules. Conventional myosin proteins consist of four polypeptides, comprised of two
heavy chain and two light chains. The heavy chains, the largest polypeptide subunits, span the
entirety of the protein from terminus to terminus. The N-terminus of each heavy chains is known
as the head region of the myosin. The head region contains the binding sites for acting and ATP,
which confer myosin with its processive motor qualities. The two smaller light chains bind to the
heavy chain upstream from the N-terminus, at what is called the neck domain to provide
structural integrity. Past this neck, the two heavy coils spiral around each other in a coil-coil
formation. The C-terminal ends of each of the heavy coils are known as the globular tail domain,

or GTD, which play a role in binding to myosin’s cargo.



Myosin XI, a class of myosin which evolved in plants, plays a key role in tip growth.
participates in the organization of actin filaments at the tip, in addition to shuttling its organelle

cargo. In flowering plants, myosin XI is also responsible for a rapid indirect transport of
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Figure 2. Myob Myosin XI complex is responsible for cytoplasmic streaming in Arabidopsis
thaliana

Strucutural diagram of Mysosin XI MyoB complex which out the hypothetical MyoB role could play
in vesicle attachment to Myosin XI. The process of cytoplasmic streaming involves the active transport
of MyoB attached vesicles by Myosin XI whichs leads to the passive transport of other vesicles.

organelles, called cytosplasmic streaming (Figure 2). In mosses, cytoplasmic streaming of
organelles is not observed, while in the giant characie algae, cytoplasmic streaming reaches
velocities of up to 70 um/sec (Tominaga et al., 2013). Because mosses have cells of a similar

size to those of higher-order plants, it is not clear why they do not require cytoplasmic streaming.
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Figure 3. Phylogenetic Tree and Domain Architectures of DUF593-Containing Proteins.
A Unrooted maximum likelihood tree of DUF593 or MyoB proteins found in land plants.
B Representation of common domain structures for each subfamily of proteins containing DUF593

Recent studies in 4. thaliana have shown that the protein MyoB (for myosin binding)
may be important for anchoring myosin XI to organelles during cytoplasmic streaming, and that
functional cooperation between myosin XI and MyoB is required for proper plant development
(Peremyslov, 2013). The number of MyoB genes found in A. thaliana is much greater than the 6
unique MyoB genes in P. patens. The six genes in P. patens share the same general domain
architecture, whereas in higher plants, multiple subfamilies of MyoB genes exist which vary
greatly in domain structure (Figure 3). Lower land plants such as P. patens and S. moellendorfii

have less complex mechanisms for cellular transport. Recent phylogenetic analysis revealed



congruent evolutionary histories of the myosin XI, MyoB families (Kurth et al., 2017). Both
gene families emerged in green algae and show concurrent expansions via serial duplication in
flowering plants. Thus, the myosin XI transport network increased in complexity and robustness
concomitantly with the land colonization by flowering plants and, by inference, could have been

a major contributor to this process.

In A. thaliana, MyoB1 and MyoB2 were identified with a yeast two-hybrid screen using
the myosin XI-K tail region as bait. (Peremyslov, 2013). These proteins shared in a common
globular tail domain (GTD) binding domain. The GTD-binding domain, previously classified as
a myosin binding domain of unknown function 593 (DUF593) confers the ability to bind to the
N-terminal end of myosin. The domain DUF593 is conserved in all flowering plants, a PSI-
BLAST search in the Refseq database identified 173 DUF593-containing proteins in all
sequenced genomes of land plants (Peremyslov, 2013; Stephan et al., 2014). These proteins
could have an essential function in the transport network of plants. As a receptor for myosin,

these proteins could recruit and attach myosin to their.

It is hypothesized, that in A. thaliana, these myosin-binding proteins serve the purpose of
linking myosin to vesicle-like endomembrane compartments (Peremyslov, 2013); subsequent
movement of myosin and its MyoB linked cargo would then produce a cytosolic flow, which
drives the movement of free-floating organelles. This could allow myosin to indirectly transport
organelles and secretory vesicles to their destinations throughout the cell via cytoplasmic
streaming. Consistent with these, when MyoB activity is knocked out, myosin XI cannot attach
to their cargo, halting myosin dependent transportation and cytoplasmic streaming - affecting

both polarized and diffuse cell growth (Kurth et al., 2017).



Objective of this work:

The goal of this project was to develop further understanding of the function of myosin-
binding proteins present in non-vascular plants where cytoplasmic streaming does not occur.
The MyoB gene family in P. patens was chosen inorder to investigate its unknown function in
non-vascular plants. We first studied the genetic sequences of this gene family in order to further
develop hypotheseses of their function based on their domain structures and phylogenetic
relation to other previously studied genes. As a potential interactor with myosin XI we expected
MyoB to localize with myosin XI and share the same pattern of expression as myosinXI. Our
next objective was to develop a fusion protein of GFP with a MyoB protein. This fusion allowed
for the visualization of MyoB expression in-vivo in P. patens cells. Visualization of the MyoB

offered the other source of information on the possible function of MyoB.



Materials and Methods

Phvlogenetic Analysis

MRB Protein Families

To identify all the proteins related to MyoB from A. thaliana, we first looked for proteins with
homology to the DUF593 domain. To compare the expansion of the gene family we looked for
orthologs in other plants. The plant species Marchantia polymorpha, Physcomitrella patens,
Oryza sativa, Selaginella moellendorffii, and Arabidopsis thaliana were chosen in order to
include both vascular and non-vascular plants. The genomes for these species were accessed
from the Phytozome database (phytozome.jgi.doe.gov). The nucleotide sequences of MyoB
1,2,3,4, and 7 were used to perform multiple BLASTs on each chosen species’ genomes.
Accession numbers for the MyoB sequences were obtained from the paper (Peremyslov, 2013).
The FASTA sequences for the protein homologs identified by BLAST were compiled with the

software Geneious.

Protein Analysis and Annotation

In order to visually observe the variation in different myosin-binding proteins, domains were
predicted and annotated in Geneious. The plugin Interproscan was used to predict and label
transmembrane domains and the GTD-binding domain for each transcript. The Coiled-Coils
plugin was used to estimate the likeliness of the sequence from adopting a coiled-coil
conformation. Sections of the transcript with high likeliness were labeled manually. An approx.
100 amino acids peptide extraction of the GTD-binding domain was done for each of the

transcripts for sequence alignment and tree construction.



Alignment and Trees

The alignment of the extraction representing the GTD-binding domain for each protein was
performed using the Clustal W Omega plugin. Phylogenetic trees were created using the

MrBayes plugin. The single M. polymorphia protein was used to root the tree.

Expression Analysis

To determine which of the six MRB proteins had the greatest expression in differ we looked at
the expression of the MRB transcripts in different P. patens tissues was found using the
Physcomitrella eFP Browser (Ortiz-Ramirez et al., 2016) (

http://bar.utoronto.ca/efp_physcomitrella/cgi-bin/efpWeb.cgi). Gene ID’s for the proteins were found

listed under aliases in the Phytozome gene view. Absolute expression was found for each
transcript using a signal threshold determined by the highest expressed transcript MRB1 (4763),
to enhance the expression in each specific tissue, a separate set of images was generated

thresholded at the highest level of tissue expression of each individual transcript.

MRB1-3mEGF Construct

Primer Design

The primers were designed according to Gateway protocol (Thermo). Each primer consisted of
an attachment site (att) specific sequence, and 18-25 bp of gene-specific sequence, and four
guanine residues at the 5° end. Two of the four primers contained an ATTT*"AAAT swal

digestion site.
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Entry Clone Construct. The PCR fragment for the P1P5 entry clone was created through
amplifying the Grandsen wild-type DNA using the following primers: Y2HMyoB-Swal-F and
Y2HMyoB-noStop-R. The P3P2 entry clone was created using the following primers:
Y2HMyoB-3end-F and Y2HMyoB-3end-Swal-R. Sequences for these primers can be found in
Table I. The PCR was done with a 20 ul reaction using New England BioLab (NEB) Inc.’s
protocol “PCR Protocol for Phusion® High-Fidelity DNA Polymerase (M0530).” The following
setting were used according the NEB’s protocol and Tm calculator: 98°C for 30 seconds; 30
cycles of: 98°C for 10 seconds, 64°C for 30 seconds, and 72°C for 2 minutes; 72°C for 2

minutes; hold at 4°C.

TABLE I
Primer name Nucleotide sequence Binding site
Y2HMyoB-Swal-F GGGGACAAGTTTGTACA | atBl
AAAAAGCAGGCTTAATT
TAAATATTAGATTCAAG
GATACTGGTCAAG
Y2HMyoB-noStop-R GGGGACAACTTTTGTAT | attB5
ACAAAGTTGTAACAACA
CAATGGAGATTATTATTT
TCCC

Y2HMyoB-3end-F GGGGACAACTTTGTATA | attB3
ATAAAGTTGCTTAGTTA
AGGGGTATCAATAGGAC
TG
Y2HMyoB-3end-Swal-R GGGGACCACTTTGTACA | attB2
AGAAAGCTGGGTAATTT
AAATTACTAAAACTTCA
AAAGAAATAACTTCCG
The amplified PCR products were separated on a 0.8% agarose gel and purified using the

Zymoclean Gel DNA recovery kit (Zymo). Successful replication of the PCR amplions was

confirmed through lab sequencing.
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BP-reactions were performed to integrate the attB-PCR products into pPDONR 221 vectors
following manufacturer instructions (Thermo). The BP reaction was performed according to the

ThermoFisher protocol. (which binding site was used for each reaction?)

1 ul of each reaction was used to transform chemically competent DH5a E. coli cells. For
each transformation two LB+kanamycin selective plates were prewarmed to 37°C. 20 ul and 100 ul from
each transformation were spread onto the plates and incubated overnight at 37°C. Individual colonies
were picked and plasmid DNA purified using Zyppy Plasmid Miniprep Kit. To screen for positive clones,

the plasmid DNA was digested with AflIl and EcorRV restriction enzymes and ran on agarose gel.

Expression Clone Construct

Transformation into E. coli was done using standard protocols. For the four fragment
expression close, an entry clones containing triple-EGFP, and hygromycin resistance were
obtained from the lab. An LR reaction was performed with these clones and the two MRBI1 entry
clones to recombine them into the destination vector. Due to the final destination vector’s large
size additional steps were taken to maximize recombinational efficiency. A higher efficinency
was attained by linearizing the entry clones and destination vector prior to the reaction, as well as
incubating the reaction overnight to yield more colonies. DH5a E. coli were transformed and
plated on LB+carbenicillin plates. The selected colonies that grew were picked for overnight
growth in 3 mL of LB and carbenicillin. A miniprep was performed on the samples after
incubation to prepare DNA for restriction analysis. A BamHI digest was used to confirm all four

entry clones had been successfully integrated into the complete expression clone.

A four-fragment LR reaction was performed with the two MRBI1 entry clones, an entry

clone containing triple-EGFP, and a clone conferring hygromycin resistance. A BamHI
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restriction digest was performed to ensure that all fragments were properly integrated into the

final targeting construct.

P. patens Culture and Stable transformation

P. patens was cultured following established protocols (Liu and Vidali, 2011). The MRBI1-
3mEGFP fusion plasmid was re-transformed into DHS5 E. coli cells. The transformed bacteria
was grown in LB and carbenicillin to produce sufficient DNA for a maxi-prep plasmid
preparation (Zymo). One hundred and twenty micrograms of the resulting plasmid were digested
with Swal to generate a linearized targeting construct. The linearized DNA was precipitated with
ethanol and resuspended in 60 ul of TE. The DNA was transformed into P. patens protoplasts
using the polyethylene glycol method (Liu and Vidali, 2011). After fourth days of growth on
PRMB, Stable transformants were selected by two rounds of hygromycin selection. Each round
of selection consisted of a week of growth on PpNH4 with hygromycin (15 pg/mL) with one
week of growth on normal PpNH4 between them. The remaining plants were picked and

numbered on PpNH4 master plates.

Fluorescent Microscopy

To determine the phenotype of the picked plants, the master plates were observed and
photographed using fluorescent microscopy. The masterplates were imaged using fluorescent
microscopy on a Zeiss SteREO Discovery V12 stereofluorescence microscope was used.
Photographs were taken using an AxioCamMR3 and the imaging software AxioVision, and
viewed using Imagel] processing software. The plants plated on the master plate were grouped
by relative fluorsecent strength of the plants plated on the. Plants with a range of fluorescence
strength were ground and passed to establish new lines on PpNHj4 plates.

13



Genotyping

The expanded lines were then genotyped through PCR amplification of the construct integrated
within the P. patens genome. Tissue from each line were harvested for a DNA extract following
the Vidali lab rapid genotyping protocol. The mutant lines Y2HMyoB-Swal-F and Y2HMyoB-
3end-Swal-R. These primers were used for genotyping as they were the external primers used to
make the initial entry clones, and will amplify whatever is present at the MRB1 gene locus. PCR
using genomes containing the wild-type MRB1, such as the WT Gransden line used as a control
should result in an amplicon 2.4 kb in length. This would be the result of the amplification of the
WT gene and the trailing 800 bp extraneous fragment of non-coding DNA. If the MRB1-
3mEGFP fusion has sucessfully inserted into the target locus, an 7kb long amplicon would be

expected, the size of the entire expression construct.

Confocal Microscopy

Lines chosen for further investigation were screened using confocal microscopy to observe the
localization of the 3mGFP signal. Images of the lines were taken using a SP5 confocal
microscope expressing the fluorescent MRB1-3mEGFP fusion protein. Single plants were
expanded to screen for fluorescent protein expression with a laser scanning confocal microscope
and for genotyping by genomic DNA PCR using the external primers used for DNA
amplification ( Y2HMyoB-Swal-F and Y2HMyoB-3end-Swal-R). Using these primers, the
targeted locus should either not amplify or amplify 1.25 kb product, while the wild-type

untargeted locus should amplify a 7 kb product.
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Results

Phvlogenetic analysis of MRB proteins

To determine the phylogenetic relationships of proteins in the MRB gene family of P. patens,
and to make inferences on gene function, we looked at the protein domain architecture compared
to homologous proteins whose function has been studied previously by other groups
(Peremyslov, 2013; Stephan et al., 2014). We found six homologous proteins, with a
transmembrane domain present at the N-terminus, and two coiled-coil domains outside of the
GTD binding domain (Figure R1). The MRB proteins found in P. patens are most similar to the I

(B) subfamily identified previously (Peremyslov, 2013).
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Figure R1. MRB protein with annotations and coiled-coils predictions made in Geneious Prime.

Protein alignment and phylogenetic tree construction show the grouping of the MRB
proteins is similar to previously published work (Peremyslov, 2013), we were not able to identify
members of the MRB family in Chlorophyte and Charophyte green algae. These results are
consistent with the MRB gene family emerging in the common ancestor of all monophyletic

terrestrial plants. Bryophytes are an early-diverging lineage of land plants, here we compared the

15



number of MRB genes in two bryophytes, Marchantia polymorpha and P. patens. Comparison
between the one gene in M. polymorpha and the six MRB genes from P. patens are consistent

with a series of duplications of one original ancestral MRB gene (Figure R2).

M. polymorphia Mapoly0056s005...

MRB& Pp3c25_7080

. L MRBS Pp3c16_18330
MRB3 Pp3c1_23170

S8 98
[ MRB4 Pp3c2_14520

MRB1 Pp3c10_15860

MRBZ Pp3c14_13350

02

Figure R2. Phylogenetic tree of the MRB gene family in P. patens. Sequences were aligned using
CLUSTAL and the tree generated using MrBayes in Geneious Prime.

Because of how early P. paten diverged as a lineage, many adaptations of land plants,
which emerged more closer to the present time are not present in P. patens. Nevertheles, many
microRNA’s and genes found in angiosperms have homologs in P. patens, contributing their
function within the gametophyte dominant P. patens (Nishiyama et al., 2003; Arazi, 2012). Since
the divergence of bryophytes, there has been an extensive expansion of myosins and their
putative receptor proteins (MRBs) in vascular plants. This expansion was likely driven by
adaptation to new and further growth on land. There is evidence that angiosperms went through
two whole-genome duplication events during their evolutionary history (Magadum et al., 2013).
To evaluate the phylogenetic relationship of the MRB proteins from P. patens, we performed an

alignmet with representatives from a variety of land plants (Figure R3). We found evidence of
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expansion, which can be seen in the larger size of MRB gene families in higher plants. The
proteome of O. sativa contains 14 proteins expressing a GTD binding domain, and there were 15
proteins found in A4. thaliana. This is a dramatic increase in number compared to the number of

MRB genes found in M. polymorphia and the lycopodium S. moeldorffii (Figure R3).
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Figure R3. Phylogenetic tree of the MRB gene family in some land plant representatives. Sequences from

the DUF593 domain were aligned using CLUSTAL and the tree generated using MrBayes in Geneious
Prime.
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Analysis of gene expression data

To gain further information about the possible function of the MRB proteins in P. patens and to
decide what isoform to tag with a green fluorescent protein, we looked at the expression of all six
genes in different tissues over the lifecycle of the P. patens (Ortiz-Ramirez et al., 2016).
Expression data was obtained using the Physcomitrella eFP Browser from University of Toronto.
This website visualizes and interprests the data obtained through microarray gene expression
profiling. By inputting the gene ID for the six MyoB proteins, we are able to see the relative
expression of these genes over the entire lifecycle of the plant. MRB1, 3, and 4 are have highest
expression in caulonemal cells (Figure R4). There is a possibility for functional overlap and
redundancy if these three proteins bind to the same myosin-tail region. MRB3 and MRB4 have a
similar expression pattern, and are closely related (Figure R3). Caulonemal cells grow on the tips
of protonemal filaments within seven days of spore germination. Protoplasts from the moss P.
patens regenerate directly into filamentous protonema. MRB1-3eGFP should have high

expression in the protoplasts derived from stable transformations.

Each gene’s greatest expression occurs in caudonema tissues, with the exception of
MRB. MRB 6 instead has highest expression in the archegonia, a multicellular structure which

contains the ovum of the gametophore
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Figure R4: Absolute expression levels in P. patens tissue viewed at a signal threshold of 4763 in the
Physcomitrella eFP Browser. The expression results were determined in Ortiz-Ramirez et al. The
different tissue types were isolated from wildtype P. patens and sampled in triplicate. Expression data
was obtained by hybridization on NimbleGen v1.6.
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Fluorescent protein gene targeting and preliminary analysis
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Figure R5: Annotated sequences of the four primers used for the gateway construct

Primer sequences for the amplification of the MRBI1 sequence. These sequences code for both a
specific attachment site for Gateway reactions, as well as the a 25-bp long sequence of the gene
Pp3cl0 15860 for primer binding.

The sequence of our primers were chosen in order to create a four fragment vector for
recombinational cloning. Primers 1 and 2 targeted the 3° UTR, which contains a stop codon, of
MRBI1 for amplification (Figure R5). This PCR product was flanked by attB2 and attB3 sites.
These sites were used to integrate the PCR product into the P3P2 clone (Figure R6).Primers 3
and 4, targeted our gene of interest, MRB1 for amplification (Figure R5). The PCR product
resulting from these two primers contained the majority of the coding region for the MRBI1 gene,
flanked by the attb1 and attB5r sites. These sites were used to integrate the PCR product into the

P1P5 clone (Figure R6).
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Figure R6: Diagram of entry clone plasmids.

PCR products amplified from wild-type P. patens were recombined into Gateway pDONR
plasmids.
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Figure R7: A. Initial sequencing results. B Resequenced P1P5

Sequencing was used to ensure that our gene of interest was successfully amplified from the P.
patens genome.
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DNA sequencing of the P1P5 and P3P2 clones ensured that the correct DNA regions within the

P. patens genome were targeted (Figure R7).

The sequencing results for the P1P5 pENT plasmid did not overlap, resulting in an area of
which’s accuracy could not be confirmed. As the pENT clone was sent back to the lab for
resequencing, which resulted in a complete read. As the P1P5 contained the majority of the

coding sequence for the MRB1 gene, it was essential that it was accurately duplicated.

Figure R8: PCR Results for BP entry clones digested with AfIIl and EcoRV. The PI1P5 clones are lefi-most

while the P3P2 clones are on the right.

Our BP entry clones were digested in order to confirm they contained the correct DNA
sequences. The gel electrophoresis showed that the resulting bands were of correct length,

validating our entry clones validity further (Figure RS).
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Having validated that our P1P5 and P3P2 clones were accurate, we could then move onto
incorporating these into a four-fragment transformation vector along with hygromycin and GFP

fragments

,\Emmmna)

w i l
3' end Forward Prime oo n ks M amH (8,126)

Figure R9: Diagram of the four-fragment pDONR clone.

The expression clone contained our two designed fragments, along with a triple GFP
fragment and a fragment containing a hygromycin resistance gene.

The successful construction of our expression clone was confirmed through the use of a bamHI
digest. This restriction enzyme was used to cut the MRB1-3EGFP pDONR clone at four specific
locuses, producing four fragments of differing length. The length of the fragments from the gel

electrophoresis results matched the length and number of fragments we expected (Figure 10) .
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Figure R10: Gel Electrophoresis results of the BamHI digest of the four-fragment construct.

The stable moss lines resulting from targetting the 3mEGFP were screened using fluorescence
microscopy. The strength of the fluorescence will be use to select the lines to further investigate

with confocal micsocopy and DNA genotyping (Figure R11).
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Figure 6: Masterplate 3m-EGFP fluorescence. Images show background fluorescence.
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Discussion

The MRB proteins contained the same structural features found in DUF593-containing
proteins as reported in by Peremyslov et al. (Peremyslov, 2013). The conserved structures
include the coiled-coil domain within the GTD-binding domain, two coiled-coil regions near the
C terminus, and a predicted transmembrane helix at the N terminus. Myosin binding is likely to
be a common property of the MRB protein family, as all 6 proteins contain a conserved GTD

binding domain.

Peremyslov et al. grouped the MyoB family in 4. thaliana into six different subfamilies
based on differing domain architecture (Peremyslov, 2013). While the MyoB family has had
notable variability in domain architecture, the domain architecture of the MRB proteins in P.
patens is identical. The conservation of these domain structures leads us to believe that the six
proteins likely perform one common function. This common function, possibly related to myosin
binding, is likely essential, as these GTD-binding proteins are highly conserved in plants
(Holding et al., 2007). In the liverwort Marchantia polymorpha this function is performed by a
single protein, as its genome contains only one gene which codes for a GTD-binding domain.
The M. polymorpha genome has been found to lack redundancy in regulatory genes relative to
other sequenced land plants (Bowman et al., 2017). There is also evidence for a lack of ancient
whole-genome duplications in M. polymorpha, which could have resulted in a greater number of

GTD-binding proteins, and could be the case in other liverworts.

The phylogenetic analysis of the MRB genes grouped them into 3 closely related pairs.
The 6 genes are likely the result of multiple duplication events, which would explain the

phylogenetic closeness of each pair of genes (Rensing et al., 2008). Genome duplication events
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allow for gene diversification and the development of new functionalization (Magadum et al.,
2013). However, as the domain structures remain the same, we predict that all proteins likely
share similar interactions and therefore have a similar molecular function in P. patens. The
existence of multiple copies of a gene would allow for more sophisticated regulation of the
expression of this family of genes. With six different genes coding for a myosin-binding protein,
regulatory elements would be able to promote or repress MRB expression resulting, hence
controlling when they interact with the same myosin XI at different developmental times and in

different tissues.

Evidence for this can be drawn by the lack of overlap of MRB expression in P. patens
tissue (Figure R4). All six MRB proteins are expressed highest in the haploid generations of P.
patens. MRB 1, 2, and 6 have high expression in gametophore tissue, while 3, 4, and 5 in
protonemal tissue. MRB 6 is uniquely expressed in archegonial gametophore tissue as well.
Different versions of the protein performing a putative identical function are found within the
same cell type. This suggests that MRB plays an essential developmental role in the growth of
developing P. patens plants. The relative molecular simplicity of the myosin transport system in
bryophytes such as M. polymorpha and P. patens contrasts with the significant expansion of
myosin and its corresponding putative receptors in A. thaliana. P. patens has only two copies of
myosin XI, which have been shown to be functionally redundant (Vidali et al., 2010). 4. thaliana
has 13 class XI myosins (Reddy and Day, 2001; Peremyslov et al., 2011), and 6 subfamilies of
MyoB, with additional interactors it comprises what could be a very complex transport network
(Kurth et al., 2017). Nevertheless, the presence of MRB representatives in bryophytes, suggests

that the essential functions of these molecules existed in the common ancestor of all land plants.
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The extant genomes of P. patens and other species, which diverged before the appearance
of tracheophytes, offer a glimpse into the early evolution of terrestrial plants. These plants
diverged when the haploid phase was morphologically more complex than the smaller diploid
sporophyte. During the first 100 million years of terrestrial plant evolution, the diploid phase of
the plant lifecycle grew to dominance (Bowman et al., 2017). The increase in morphological
complexity of the diploid sporophyte body in higher plants has been shown to have resulted in
part through the transfer of gametophytic developmental programs to the sporophyte generation
(Shaw et al., 2011). The transcription factors which control root hair development in the
sporophyte of 4. thaliana were shown to be the same genes that control the development of
rhizoid cells in the gametophyte of P. patens (Tam et al., 2015). It is possible that regulatory
genes and developmental programs, which allowed for initial adaptation to the terrestrial
environment, first appeared in the gametophyte generation and were later transferred to the
sporophyte as its function expanded. Because the expression of MRB was found to be primarily
in the haploid cycle, and due to its relatively simple and redundant functioning, we can speculate
that an earlier form of the myosin transport system in P. patens was likely recruited as the basis

of the expanded myosin transport system in higher plants.
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