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ABSTRACT
THE ROLES OF MYOSIN XI AND ROP IN MOSS TIP GROWTH
MAY 2014
GRAHAM M. BURKART, B.S., UNIVERSITY OF VERMONT
Ph.D, UNIVERSITY OF MASSACHUSETTS, AMHERST

Directed by: Professor Magdalena Bezanilla

Because of the large number of myosin XI and ROP genes found in many
angiosperms, it has been difficult to determine their precise role with respect to tip
growth. In contrast, there are only two myosin XI genes in four ROP genes in the
moss Physcomitrella patens, and within each family the proteins are nearly identical.
To determine their role in tip growth using a loss-of-function approach, [ used RNA
interference (RNAi) and found that both of these proteins are essential for tip
growth.

[ discovered that the two myosin XI genes are functionally redundant, since
silencing of either gene does not affect tip growth. However, simultaneous silencing
of both myosin XIs results in severely stunted plants composed of small rounded
cells. Consistent with a role in tip growth, [ show that a functional, full-length fusion
of mEGFP to myosin XI accumulates at a subcortical, apical region of actively
growing protonemal cells. Myosin XI RNAI plants also appear to have decreased
cellulose in the cell wall, suggesting a role in secretion of cellulose synthases.

[ demonstrate that RNAIi of the moss ROP family yields plants consisting of

small spherical cells, similar to myosin XI RNAI, indicating that ROP is also essential
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for tip growth. Interestingly, alteration of a ROP genomic locus impacts the
expression of the other ROP genes indicating that there might be a mechanism for
regulating overall ROP expression. [ found that silencing ROP increases cortical actin
dynamics but does not appear to have a specific affect on the microtubule
cytoskeleton. Further investigation found that ROP recruits class II formins to the
cell cortex where they actively nucleate and elongate actin filaments. Loss of ROP
also causes a decrease in intracellular adhesion. Unlike myosin XI RNAI plants,
examination of the crystalline cellulose content of the cell wall shows that the
deposition of the cell wall is not inhibited in the absence of ROP. Taken together my
findings suggest that ROP defines a membrane region where myosin XI delivers
secretory vesicles containing cellulose synthase and other materials needed to build

new cell wall during tip growth.
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CHAPTER 1

INTRODUCTION

Mechanisms of plant cell expansion

Plant growth occurs through the processes of cell division and expansion.
The expansion of plants cells is driven by turgor pressure. With no system of control
in place cells would exhibit isotropic growth, equal expansion in all directions.
However, expansion is predominantly anisotropic. Plant cells mechanically control
expansion via the cell wall, a complex extracellular network of cross-linked sugars,
proteins and ions. Delivery of new plasma membrane and cell wall material must be
coordinated with the loosening of the existing cell wall for turgor driven expansion
to occur. Many plant cells control the direction of expansion by controlling the
deposition of cellulose microfibrils. Cellulose microfibrils have the tensile strength
of steel and when oriented along one axis, limit expansion on this axis. This
encourages expansion along the perpendicular axis and enables plants to generate
elongated cell shapes.

A subset of plant cells uses a different mechanism to generate elongated,
filamentous cells. In this mechanism, which is commonly referred to as tip growth,
new membrane and cell wall material is secreted to the apical region of the plasma
membrane. This requires coordination of exocytosis, endocytosis, ion gradients and
cytoskeletal components (Hepler et al., 2001; Cheung and Wu, 2008; Craddock et al.,

2012). Tip growth is the predominant method of expansion in pollen tubes, root



hairs, and the filamentous tissues (protonemata and rhizoids) of ferns and mosses.
The elongation of pollen tubes is required for fertilization to occur and propagate
the species. Root hairs and rhizoids are important for obtaining nutrients and water
from the soil. Because these cell types are essential for plant growth and
propagation, tip growth is an essential process in all land plants. While important
factors for tip growth have been identified, the molecular basis for this process is
still poorly understood.

Tip growing cells have a vesicle-rich apical region known as the clear zone
due to the absence of larger organelles such as plastids or vacuoles. The clear zone is
an area of active exocytosis and endocytosis, containing endoplasmic reticulum and
Golgi bodies (Derksen et al., 1995; Lancelle and Hepler, 1992). In angiosperm pollen
tubes, the clear zone is somewhat defined by reverse fountain cytoplasmic
streaming, where the cytoplasm flows towards the cell tip along the cortex and then
flowing inward just before the tip and heading back towards the base of the cell
(Lovy-Wheeler et al,, 2007). In gymnosperm pollen, the streaming pattern is
reversed, but flow in both directions depends on the actin cytoskeleton regardless
of the streaming pattern (de Win et al., 1996; Justus et al,, 2004; Vidali et al.,, 2001).
In contrast, comparatively slow growing moss protonemata do not display
cytoplasmic streaming (Furt et al., 2012) so this process is not crucial for tip growth,
but may be associated with faster growth rates.

Research in a variety of systems has demonstrated that the actin
cytoskeleton is critical for tip growth, as it is thought to regulate where and when

cell wall material is secreted. In general, tip growing cells have actin longitudinally



oriented along the cell shank (Cheung and Wu, 2008; Era et al., 2009; Lovy-Wheeler
et al.,, 2005). At the base of the clear zone there is a highly dynamic cortical actin
structure that dissipates towards the tip of the cell where the actin becomes more
cytoplasmic and less dense (Cheung and Wu, 2008; Era et al., 2009; Lovy-Wheeler et
al,, 2005). In cellular processes involving actin, the actin cytoskeleton does not act as
a static scaffold, rather constant turnover of actin filaments as well as formation of
higher order actin bundles occurs. In contrast to microtubules, which are
dynamically unstable polymers capable of spontaneous polymerization and
depolymerization, the regulation of filamentous actin dynamics requires actin
binding proteins. Additionally, control of where actin is assembled or disassembled
is often controlled upstream by small GTPases and their effectors (Jaffe and Hall,
2005).

Numerous studies have demonstrated that changes in expression or loss of
actin binding proteins involved in filament severing, nucleation, and bundling
impact tip growth and actin organization. The Bezanilla lab has demonstrated that
actin binding proteins such as profilin, actin depolymerizing factor (ADF), and
formin are essential for polarized growth (Vidali et al., 2009b; Vidali et al., 2007;
Augustine et al., 2008). However, not all actin binding proteins are essential for tip
growth. Mutations in subunits of the actin related protein (Arp) 2/3 complex, which
generates new actin filaments, result in reduced and wavy growth as well as
branching of arabidopsis root hairs (Mathur et al., 2003a; Mathur et al.,, 2003b).

Silencing of the Arpc1l member of this complex in moss does not lead to a loss of tip



growth, but does result in an inability to differentiate into new cell types (Harries et

al,, 2005).

Moss as a model system for investigating tip growth

ez 14 25 .ﬁ' :' o » » .

.y % o L ‘rfﬁgj'&.‘ . ,w 1ﬂn
Spore (1n) Caulonemal Cell (1n) Leafy Gametophore(1n)
and Rhizoids (1n)

50 ym

B —

Leafy Gametophore (1n)
and Sporophyte (2n)

Archengnia (1n) and
Antheridia (1n)

Figure 1.1. Physcomitrella patens life cycle. Cell types are labeled below images. Haploid (1n)
and diploid (2n) tissues are indicated. Straight arrows point to archegonia, and arrowheads
point to antheridia. Archegonia and antheridia develop near the apex of the gametophore. A
bracket marks the sporophyte. Image modified from Prigge and Bezanilla, 2010.

The moss Physcomitrella patens is an ideal model system for studying tip

growth. Moss tissue at most any stage of the life cycle (Figure 1.1) can be

homogenized to induce dedifferentiation and regeneration of protonemal filaments,



ensuring a constant and abundant supply of tip growing cells. Haploid moss spores
germinate to form filamentous outgrowths known as protonemata. The protonemal
tissue is composed entirely of two types of tip growing cells, chloronemata and
caulonemata. Chloronemal cells are the basal cell type as they are the first to emerge
from the spore. Typically chloronemal cells have a higher chloroplast density and
grow slower compared to caulonemal cells, which develop seven days after spore
germination. Through tip growth and filament branching these protonemal
filaments provide a network for acquiring nutrients. As the plant matures, some
branching sites form a bud that gives rise to the gametophore, a central shoot
containing leafy structures known as phyllids. The gametophore is anchored by
forming rhizoids. The antheridium and archegonium (male and female organs,
respectively), both form upon the same gametophore and fertilization by the motile
sperm generates the sporophyte, the only diploid tissue throughout the life cycle.
The sporophyte undergoes meiosis to generate haploid spores to complete the cycle
(Figure 1.1).

Because the predominant part of the life cycle is haploid and the genome has
been sequenced (Rensing et al, 2008), moss is an ideal system for reverse genetics
approaches. It is also the only land plant known to undergo efficient homologous
recombination when transformed with DNA, allowing for targeted gene knockouts
and replacements (Schaefer and Zryd, 1997). In addition, almost all tissues in
Physcomitrella patens are a single cell layer thick, making moss a good system for
subcellular imaging. Establishment of a rapid transient RNAi assay in moss

(Bezanilla et al., 2005) allows for loss of function studies to be performed on



essential genes as well as functionally redundant gene families (Figurel.2). This
RNAi assay uses a stable line expressing a nuclear localized GFP-f3-glucoronidase
fusion protein (NLS-GFP-GUS). RNAi constructs contain inverted sequence repeats
from GUS and the gene(s) of interest (Figure 1.2). When the RNAI construct is
transiently expressed in the NLS-GFP-GUS line the inverted sequence repeats fold
back to form double stranded RNA, silencing the NLS-GFP-GUS trancripts in addition
to those of the gene(s) of interest. Plants undergoing active gene silencing are
identified by loss of the nuclear GFP:GUS signal (Figure 1.2). Tip growth phenotypes
can be observed within one week of transformation, allowing for quick assessment
of loss of function phenotypes of single genes or entire gene families.

In moss protonematal cells, the cortical actin cytoskeleton is highly dynamic,
with filament polymerization, depolymerization, translocation, bundling, and
severing events occurring on the second time scale. Moss plants defective in actin
filament severing and plants treated with the actin stabilizing drug jasplakinolide
have severely reduced actin dynamics (Augustine et al., 2008; Vidali et al., 2010).
Moss protoplasts regenerated on media containing latrunculin B, which inhibits
actin filament polymerization by binding actin monomers, are unable to generate
tip-growing cells (Harries et al., 2005). It is generally thought that the apical actin is
essential for vesicle transport and regulates the location and rate of cell wall
material deposition. However, our understanding of the coordination and regulation

of actin during tip growth is far from complete.
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NLS4 Analyze Phenotype of

GFP-deficient plants

Figure 1.2. Transient RNAI assay. A fluorescence micrograph of a stable moss line (NLS4;
image on left) that expresses nuclear localized-GFP-GUS, red is the chlorophyll autofluores-
cence. Protoplasts from the NLS4 line are transformed with an RNAI construct that generates
double-stranded RNA containing inverted-repeats of sequences from GUS as well as gene(s) of
interest linked by a loop region. Double-stranded RNA triggers the RNAIi pathway, which
silences transcripts complementary to the double-stranded RNA sequence. Double-stranded
RNA silences the nuclear localized-GFP-GUS sequence as well as the gene(s) of interest.
Plants actively silencing the nuclear GFP reporter are easily distinguishable from non-silenced
plants because they lack green nuclei (image on right). This allows loss-of-function analysis of
the target gene(s). The plant on the right is derived from a single protoplast after 1 week of
growth.

Here, I will be investigating the role of two gene families in moss, class XI
myosins and a family of small Rho-like GTPases called Rho of plants (ROP). Both
have been shown to affect polarized growth of root hairs or pollen tubes in seed
plants. However in seed plants, both of these proteins are members of large gene
families, which has made assessing their functions challenging. Previous studies
have mainly used dominant negative mutations, over-expression or deletions of a
subset of gene family members. The powerful genetic tools available in moss have
allowed me to use a loss-of-function approach to characterize the function of these

two gene families in tip growth.



Myosin XI in tip growth

up to 6 additional

Myosin VIl consensus 1Q motifs

unique regions
of variable length

Myosin XI consensus conserved C-terminal region
|

unique regions
of variable length

D MyTH8 domain (Land plant specific) ' Motor domain [IT1 Coiled-coil @ DIL domain
O N-terminal SH3-like . 1Q motif I C-terminal WW motif

Figure 1.3. Domain structures of plant myosins. Consensus domain structures of myosin VIII
(top) and myosin Xl (bottom) were reached by comparing the gene families across the plant
lineage. Domains are color coded according to the key. Image modified from Muhlhausen and
Kollmar, 2013.

It is generally accepted that tip growth is achieved by deposition of
membrane and enzymes for cell wall synthesis to the growing region of the cell. This
deposition is thought to occur by transporting vesicles along actin filaments to the
cell apex. Thus, one role for the actin network is to act as a highway for myosin-
mediated transport of secretory vesicles, thereby regulating the location and rate of
cell wall material deposition. Land plants have two families of myosins: class VIII
and class XI. While both classes have in common the N-terminal SH3-like domain, a
motor domain, IQ motifs, and coiled-coil regions, additional domains differentiate
between the two myosins (Figure 1.3). Class VIII myosins have a MyTH8 domain
that is unique to land plants and also a C-terminal WW motif. The C-terminus of

class XI myosins has a DIL domain that is similar to the secretory vesicle binding



domains of class V myosins in yeast (Sattarzadeh, et al.,, 2011) (Figure 1.3). The
conserved C-terminal region is thought to interact with the DIL domain
(Muhlhausen and Kollmar, 2013). Class XI myosins are most similar to class V
myosins from animals and fungi (Mooseker and Cheney, 1995), in which homology
is highly conserved throughout the protein, from the motor to the globular tail
domain (Li and Nebenfuhr, 2007). Based on this striking similarity and the fact that
class V myosins are known to be responsible for vesicle transport, class XI myosins
have been considered the best candidates for carrying out polarized secretion in

plant cells.

In support of this, myosin XIs have been shown to be necessary for
cytoplasmic streaming and subcellular organelle transport in vascular plants and
the Characean algae (Shimmen and Yokota, 2004; Avisar et al., 2012). Analyses of
knockout lines and dominant negative approaches has implicated a subset of these
myosins in organelle transport and root hair elongation (Ojangu et al., 2007;
Peremyslov et al.,, 2008; Prokhnevsky et al., 2008). Some mutants also have stunted
root hairs, although polar outgrowths are still present (Ojangu et al., 2007;
Peremyslov et al.,, 2008; Prokhnevsky et al., 2008). More recent work has implicated
myosin XI in the transport of secretory vesicles on actin (Peremyslov et al., 2012;
Peremyslov et al.,, 2013), and in regulating nuclear movement and shape (Tamura et
al,, 2013). Loss of multiple myosin XI genes causes progressively worse defects in
plant development and actin organization (Peremyslov et al., 2010; Ojangu et al.,
2012). The dominant-negative approach, which relies on over-expression of the tail

domain of myosin XI, has been used to investigate global loss of myosin XI function



(Sparkes et al., 2008). It is expected that over-expression of the tail domain will
sequester critical tail-interacting proteins. These studies have lead to somewhat
contradictory results (Reisen and Hanson, 2007; Sparkes et al., 2008), which may
result from different levels of over-expression. In addition, the myosin tails may

sequester other essential molecules, thus further confusing the analysis.

Prior to the work in this thesis, the localization of full-length myosin XI in live
plant cells was not known. Using antibody localization in fixed cells, a subset of
myosin XIs have been found to be associated with peroxisomes (Hashimoto et al.,
2005), while others have been identified on the endoplasmic reticulum (Yokota et
al., 2008) and at the tip of pollen tubes (Yokota et al., 1995). In vivo studies analyzed
the localization of fluorescently tagged globular tail (Li and Nebenfuhr, 2007; Reisen
and Hanson, 2007; Sattarzadeh et al,, 2011; Sattarzadeh et al., 2013) or head
domains (Walter and Holweg, 2008), but not a full-length molecule. Fluorescent tail
constructs localize to peroxisomes, and at a lower frequency to Golgi and
mitochondria (Li and Nebenfuhr, 2007; Reisen and Hanson, 2007). In contrast,
expression of the motor domain of myosin XI accumulates on actin filaments
(Walter and Holweg, 2008). These contradictory results underline the importance of

using the entire molecule to accurately assess subcellular localization.

Functional characterization of myosin XI has also been challenging due to the
large number of isoforms present in many plants. For example, in arabidopsis there
are thirteen class XI myosins (Reddy and Day, 2001; Peremyslov et al., 2008). Moss
offers a simpler system to investigate myosin XI function and regulation; in contrast

to the 13 isoforms present in arabidopsis, there are only three myosin XI genes in
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moss. In chapter 2, I describe my contributions to our published work (Vidali et al.,
2010) analyzing the role of myosin XI in tip growth using RNAi to simultaneously

silence all myosin XI genes expressed in protonemata.

ROP in tip growth

ROPs are a plant-specific family of small GTPases. ROPs act as molecular
switches: they are active in a GTP-bound state and after hydrolysis of GTP to GDP
they are inactive. In their active state, ROPs have been shown to moderate a number
of cellular processes (Craddock et al., 2012). Small GTPases have highly conserved
structural motifs required for nucleotide binding and hydrolysis as well as
membrane localization. In particular, ROP has five motifs (G1-G5) that are highly
conserved in animal and fungal Rho GTPases (Figure 1.4). The catalytic GTPase
domain consists of three structural motifs: switch [, switch II, and the phosphate-
binding loop (p-loop). During GTP binding and hydrolysis, the switch I and II motifs
undergo conformational changes. G1 contains the p-loop, which binds a and
 phosphate groups (Paduch etal.,, 2001; Berken, 2006). Mutations in the P-loop
impact hydrolysis and nucleotide exchange capability. The G2 motif is switch I and
binds magnesium ions as well as effector molecules such as GTPase activating
proteins (GAPs) when in the GTP bound conformation (Paduch et al., 2001;
Spoerner et al., 2001). Switch II (G3) binds y phosphate groups along with
magnesium ions (Zheng and Yang, 2000). Just downstream of switch II there is a
potential phosphorylation site (Zheng and Yang, 2000). The G4 and G5 loops are

involved in nucleotide binding (Paduch et al., 2001). Lying between the G4 and G5

11



Gl G2 G3

P-Loop Switch I Switch II
PpROP1  MSTSRFIKCVTVGDGAVGKTCMLISYTSNTFPTDYVPTVFDNFSANVVVDGNTVNLGLWDTAGQEDYNRL 70

PpROP3 MSTSRFIKCVTVGDGAVGKTCMLISYTSNTFPTDYVPTVFEFDNFSANVVVDGNTVNLGLWDTAGQEDYNRL 70
PpROP4 MSTSRFIKCVTVGDGAVGKTCMLISYTSNTFPTDYVPTVFEFDNFSANVVVDGNTVNLGLWDTAGQEDYNRL 70
PpROP2 MSTSRFIKCVTVGDGAVGKTCMLISYTSNTFPTDYVPTVFDNFSANVVVDGNTVNLGLWDTAGQEDYNRL 70

. . . Rho-insert
Putative Phosphorylation Site G4 R

PpROP1 RPLSYRGADVFLLAFSLISKASYENISKKWIPELRHYAPSVPIILVGTKLDLRDDKQF%nggGAAPITT 140
PpROP3 RPLSYRGADVFLLAFSLISKASYENISKKWIPELRHYAPSVPIILVGTKLDLRDDKQFFADHPGAAPITT 140
PpROP4 RPLSYRGADVFLLAFSLISKASYENISKKWIPELRHYAPSVPIILVGTKLDLRDDKQFFADHPGAAPITT 140
PpROP2 RPLSYRGADVFLLAFSLISKASYENISKKWIPELRHYAPSVPIILVGTKLDLRDDKQFFADHPGAAPITT 140

G5 Hypervariable
Region

PpROP1  SQGEELRKSIGAASYIECSSKTQONVKAVFDAATIKVVLQOPPKOKKKKKKQOKNCVIL 196

PpROP3  SQGEELRRSIGAASYIECSSKTQONVKAVFDAATIKVVLQPPKOKKKKKKQOKNCVIL 196

PpROP4  SQGEELRKSIGAASYIECSSKTQONVKAVFDAATIKVVLQOPPKOKKKKKKQOKNCVIL 196

PpROP2  SQGEELRKAIGAASYIECSSKTQONVKAVFDAATIKVVLQOPPKOKKKKKKQOKNCVIL 196

Figure 1.4. Highly conserved funtional domains in Physcomitrella patens ROP gene family.
G1-G3 domains form the catalytic GTPase domain. The G1 domain binds phosphate groups.
The conformations of the G2 and G3 domains change depending on whether ROP is bound to
GTP or GDP. A putative phosphorylation site exists downstream of the G3 domain. The G4 and
G5 domains are involve in nucleotide binding. Rho insert region is a sequence unique to Rho
GTPases for family specific interactions. The hypervariable region determines the type of lipid
modification that happens at the the C-terminus.

loops is the Rho-insert region, a region that is unique to Rho GTPases and is
required for interaction with guanine nucleotide dissociation inhibitors (RhoGDIs)
(Wu et al, 1997). Located at the C-terminus of ROP is a hypervariable region that
determines membrane localization by lipid modification (Zheng and Yang, 2000).
ROPs are divided into two types based on the lipid modification, which allows for
attachment to the plasma membrane; type | ROPs are prenylated by
geranylgeranylation while type Il ROPs are attached by S-acylation (Sorek et al.,
2007). Only type I ROPs are found in moss.

Numerous studies have examined the impact of ROP on tip growth. Much of
this has been accomplished through the use of constitutively active and dominant
negative mutants. Over-expression of constitutively active ROP causes ballooning
tips in pollen tubes (Gu et al., 2006; Li et al,, 1999; Jones et al,, 2002; Fu et al., 2002).

Over-expression of dominant-negative ROPs causes inhibition and arrest of growth
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in both root hairs and pollen tubes (Li et al., 1999; Jones et al., 2002; Fu et al,, 2002;
Fuetal, 2001). ROP has also been linked to the regulation of calcium influxes at the
tip (Li etal,, 1999; Gu et al., 2005). ROP has been repeatedly reported to localize to
the apical cell membrane in both pollen tubes and root hairs of various species
through the use of GFP-ROP fusion proteins as well as immunolocalization (Gu et al,
2003; Molendijk et al., 2001). Arabidopsis ROPZ has also been localized to the exit
sites of the endoplasmic reticulum using immunolocalization (Zhang et al., 2010).
These studies have suggested that ROP is critical for tip growth, and potentially
defines a membrane domain for deposition of secretory vesicles.

While there is evidence that ROP is a master regulator for cell polarity and tip
growth, there have been a limited number of studies investigating ROP loss-of-
function mutants (Venus and Oelmuller, 2013, Singh et al., 2012). Phenotypes
arising from expression of constitutively active and dominant negative mutant
forms can be difficult to interpret since they might arise from titrating out ROP
interactors, rather than a direct result of ROP activity. | investigated the role of ROP
in the regulation of tip growth in moss using a loss-of-function approach. Moss is an
excellent system for this approach because there are only four ROP genes compared
to eleven in arabidopsis (Winge et al, 2000), making a loss-of-function approach
more manageable. Another reason moss is a great system for studying ROP function
is because in seed plants ROP is involved in many different processes in many
different plant tissues, while young moss tissue is entirely composed of tip growing

cells. This facilitates focusing specifically on the role of ROP in tip growth.
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Numerous studies have examined the impact of ROP on actin dynamics and
tip growth. Over-expression of constitutively active ROP causes delocalization of
apical actin (Gu et al., 2006; Li et al., 1999; Jones et al., 2002; Fu et al,, 2002). Over-
expression of dominant-negative ROPs disrupts and inhibits apical actin formation
in both root hairs and pollen tubes (Li et al., 1999; Jones et al., 2002; Fu et al,, 2002;
Fuetal, 2001). While changes in actin structures have been observed in previous
studies, a quantitative analysis of the dynamic state of the actin cytoskeleton has not
been performed.

Studies in arabidopsis have discovered that some ROPs are involved in
deposition or disassembly of microtubules (Xu et al., 2010; Oda and Fukuda, 2012;
Lin et al, 2013). Based on what has been reported, it seems that there is somewhat
of a division of labor amongst arabidopsis ROPs with specific genes regulating either
the actin or microtubule cytoskeletons. Since the four moss ROPs are virtually
identical, it raises the question of whether they are capable of regulating both actin
and microtubules. While microtubules do not play an essential role in tip growth, I
can readily generate loss-of-function mutants to investigate the effect of the absence
of ROP on the microtubule cytoskeleton.

To further study the role of ROP in tip growth, I investigated proteins that
interact with ROP. There are two families of plant specific ROP effectors that have
been identified: ROP-interacting CRIB motif containing proteins (RICs) and
interactors of constitutively active ROP/ROP-interactive partners (ICRs/RIPs) (Wu
etal,, 2001; Lavy et al., 2007; Li et al,, 2008). In arabidopsis, ICR1/RIP1 was shown

to bind SEC3A, a component of the exocyst complex (Lavy et al., 2007), linking ROP
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to exocytosis. However, | found no ICRs/RIPs in moss. AtRIC4, AtRIC3 and AtRIC1 are
ROP effectors that during the formation of lobes in arabidopsis leaf pavement cells,
regulate the actin (AtRIC4 and AtRIC3) and microtubule (AtRIC1) cytoskeletons (Xu
et al.,, 2010). Unfortunately, RNAi of the sole RIC in moss does not have a polarity
phenotype, suggesting that this interaction with ROP either does not occur in moss
or RIC is an effector for a different cellular process. Since these known effectors of
ROP are absent in moss or have no tip growth phenotype when silenced, I focused
on investigating the proteins that control the activity of ROP.

ROP activity is regulated by cycling between the active (GTP bound) and
inactive (GDP bound) conformations (Figure 1.5). Small GTPase superfamilies have
family specific regulators of the GTPase activity. Rho guanine nucleotide exchange
factors (RhoGEFs) activate ROP by facilitating the exchange of free GTP for bound
GDP, activating ROP. The active GTP-ROP form can interact with downstream
effectors. Deactivation of ROP is carried out through GTPase activating proteins
(RhoGAPs), which induce the native GTPase activity of ROP. A third class of protein,
guanine nucleotide dissociation inhibitors (RhoGDIs) remove inactive ROP from the
membrane so that it can be recycled and moved to where ROP activity is required
(Klahre et al., 2006; Carol et al., 2005). Confirming their regulatory roles, over-
expression of RopGEFs results in depolarized growth while over-expression of
tobacco RhoGDI and RhoGAP lead to inhibition and arrest of pollen tube growth (Gu
et al.,, 2006; Klahre et al., 2006; Carol et al., 2005). These three proteins are thought
to regulate the level and localization of active ROP in the cell, confining ROP

signaling to the apical membrane during tip growth.
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Figure 1.5. Current model of the regulation of ROP activity during tip growth. Inactive ROP
(red) releases GDP and binds GTP to become active (green) when interacting with GEF
(orange). As active ROP approaches the shank of the cell it is inactivated by hydrolyzing
GTP to GDP when it interacts with GAP (blue). Inactive ROP is removed from the mem-
brane by GDI (yellow) and kept inactive as it is recycled back to the tip where it can be
reactivated.

My objective in this thesis is to build upon the current understanding of tip
growth in plants. To accomplish this, [ examined how myosin XI and ROP are
involved in this process using a whole gene family loss-of-function approach. The
powerful molecular tools available in moss allowed me to examine how these
proteins affect the actin cytoskeleton. By studying the regulators of ROP activity, I
am able to examine how mis-regulation of ROP impacts tip growth. Together, my
findings reveal links between essential polarized growth components that give

insight as to how tip growth is accomplished at the molecular level in plants.
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CHAPTER 2

THE ROLE OF MYOSIN XI IN TIP GROWTH

P. patens has three myosin XI genes

Detailed analysis of the P. patens genome revealed the presence of eight
myosin motor domains. On the basis of sequence similarity with other plant
myosins, three can be assigned to class XI and five to class VIIL. No other sequences
related to the myosin motor domain are present in the genome. I investigated
whether these three myosin XI motor domains are expressed using reverse
transcriptase-PCR of protonemal mRNA. Only myoXIla and myoXIb are detectably
expressed and will be the focus of this study. Both of these have all sequences

encoding domains present in canonical myosin XI proteins.

The intron-exon distribution of the moss myosin XI genes are conserved with
that of arabidopsis MYA1 (Figure 2.1). In both cases, the ATG codon is located at the
end of the first exon; this characteristic is also conserved in MYA1. The 5' and 3’
untranslated regions (UTRs) were assigned based on the presence of EST sequences.
The intron-exon boundaries are conserved between the MYA1 gene and both moss
myosin genes. The main differences are that MYA1 has significantly shorter introns
and has one less exon, which appears to be due to a fusion of the corresponding
exons 35 and 36 of the P. patens myosin genes. At the nucleotide level, the moss
myosin open reading frames are 88% identical to each other; at the protein level
they are 94% identical (98% similar). When compared with MYAI across the whole

molecule, the moss proteins are 63% identical (79% similar).
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Figure 2.1 Schematic diagram of myosin XI genes. Exon sequences are represented by light
grey boxes and intron sequences by black lines. The untranslated regions are represented by
dark grey boxes. Intron-exon boundaries were determined by comparing the cDNA and
genomic sequences. Sites used to design the RNAI constructs are indicated by black lines
underneath the exons. The sites for the two variants observed in the transcripts are indicated
by arrows. Scale bar is 1000bp.

A full-length cDNA (pdp20423) encoding myoXla was obtained from one of
the EST collections (http://moss.nibb.ac.jp/). Sequencing revealed that pdp20423
contains two sequence variants not present in the genomic sequence. I verified the
genomic sequence by sequencing PCR products spanning the regions encompassing
the variants. The first variant is a two-base pair deletion after position 807, which
generates a premature stop codon after amino acid 270 (Figure 2.1). The second
variant is a missense mutation, resulting in a change from threonine to alanine at
position 1477. To ensure that these sequence variants are present in the mRNA pool
and not the result of reverse transcription infidelity, I sequenced cDNA synthesized

from protonemal mRNA. For variant 1, | identified one of three cDNA fragments
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containing the genomically encoded sequence. For variant 2, [ sequenced eleven
cDNA fragments, but none contained the genomically encoded sequence. However,
inspection of EST sources revealed the presence of at least one clone containing the
genomic sequence (EST- BJ]960751.1). Although the threonine to alanine change is
located at a residue conserved in many myosin XIs, an alanine substitution does not

affect myosin XI function during tip growth (see below).

Myosin XI is essential for protonemal tip growth

To investigate the role of myosin XI in tip growth, [ used RNAI to silence the
expression of myoXla and myoXIb in one-week-old moss plants, which develop
entirely from tip-growing protonemal cells. | used a previously established robust
system for fast gene silencing in P. patens in which a reporter line expressing a GFP
fusion of GUS with a nuclear localization signal is used to report on the activity of
gene silencing (Bezanilla et al., 2005). This reporter line has a strong nuclear GFP
signal that is suppressed by the expression of GUS inverted repeats. Using silencing
constructs containing sequences of GUS fused to a gene of interest enables the
monitoring of gene suppression. This system has been used successfully to silence
the expression of single genes and entire gene families (Vidali et al,, 2007; Augustine

et al., 2008; Vidali et al., 2009b).

Our lab generated an RNAi construct, myoXIa+bCDS, that contains regions of
the coding sequence of both myoXIa and myoXIb (Figure 2.1). These regions were
located at the carboxy terminus of the protein sequence, where the two molecules
are slightly more divergent and in particular, are divergent from other myosins,

plausibly preventing any silencing of class VIII myosins. [ transformed the RNAi
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construct into moss protoplasts, and allowed single protoplasts to regenerate into
whole plants for one week. Expression of myoXIa+bCDS in one-week-old plants
causes a loss of growth polarity (Figure 2.2A) The plants lacking nuclear GFP
fluorescence are severely stunted and composed of small, spherical cells,

demonstrating that myosin XI is essential for tip growth.

To quantify the morphological changes produced by silencing of myosin XI, I
evaluated two parameters: plant area and solidity. Area is estimated by the
thresholded chlorophyll autofluorescence acquired from images of individual
silenced plants. Solidity is a unit-less parameter defined as the ratio of area over
convex hull area. The convex hull area is calculated from the shape of the
thresholded chlorophyll autofluorescence. Solidity values approaching one
correspond to rounder, more solid objects in which the area and convex hull area
are similar. Solidity values approaching zero correspond to more branched
structures. Since control plants are highly branched and elongated, the solidity value
provides a sensitive measure of the degree of polarization. Silencing of myosin XI
significantly reduces the total area of plants with a concomitant increase in solidity

(Figure 2.2B).

To determine if the two myosin XI isoforms are functionally redundant with
respect to tip growth, specific RNAi constructs were generated, targeting sequences
from the 5'UTR of each gene. Expression of either myoXIa5'UTR or myoXIb5'UTR
has no effect on plant size or polarity (Figure 2.2A, B). Importantly, expression of an

RNAI construct containing the 5’UTR sequences from both myoXIa and myoXIb,
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myoXIa+b5’UTR, phenocopies the coding sequence construct, generating small

plants with a high solidity value (Figure 2.2A, B).

To ensure that myosin XI transcripts were silenced in GFP-deficient plants, I
picked plants lacking GFP fluorescence and isolated RNA. I performed real time RT-
PCR analysis with primers specific for the myoXIa and myoXIb transcripts. In plants
transformed with the control RNAi construct, myoXIa is expressed 60-200 fold
higher than myoXIb (Figure 2.2C, D). When transformed with myoXIa+bCDS or
myoXIa+b5’UTR, the total myosin XI transcript levels are reduced by 52% or 69%,
respectively (Figure 2.2C), with the majority of the reduction detected in the myoXIa
transcript. Since I did not observe a phenotype when silencing only myoXIa with the
myoXIa5'UTR construct, I hypothesized that myoXIb transcript levels are elevated
to compensate for the loss of myoXla. To test this, [ used quantitative real time RT-
PCR to measure levels of myosin XI transcripts in plants transformed with either
myoXIa5'UTR or myoXIb5’UTR, the RNAi constructs specific for each gene. In the
myoXIa5'UTR transformed plants, I detected a 90% reduction in the myoXIa
transcript, and a concomitant 690% increase in the myoXIb transcript (Figure 2.2D).
These data support the conclusion that two myosin XI genes are functionally
redundant and suggest that there is a threshold level of myosin XI transcript
required for tip growth. Interestingly, in control plants the myoXIa transcript is

present at levels far above the apparent threshold.
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Figure 2.2. Myosin Xl is essential for tip growth. (A) Representative chlorophyll autofluores-
cence images of one-week old plants; the absence of nuclear GFP signal indicates that they
are undergoing active gene silencing. The RNAI constructs present in the plants are indicated.
Scale bar is 100 ym. (B) Quantification of the RNAi induced phenotype (Control, n=175;
MyoXla+bCDS, n=85; MyoXIa5'UTR, n=50; MyoXIb5'UTR, n=50; MyoXla+b5'UTR, n=150).
Error bars represent SEM. (C) and (D) Relative expression levels of MyoXla (light grey) and
MyoXIb (dark grey) normalized to Ubiquitin10 as determined by real time RT-PCR of RNA
isolated from one week old plants transformed with the indicated constructs. Inset in C: relative
expression level of MyoXIb normalized to Ubiquitin10.
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Myosin XI-RNAi can be rescued with a single myosin XI gene

Complementation of loss-of-function phenotypes establishes the specificity
of the observed RNAi phenotype and is also a powerful test of purposefully modified
sequences. Here I first tested whether expression of myoXIla cDNA from an
exogenous promoter rescued the myoXIla+b-5'UTR-induced phenotype. This
transient complementation assay enables evaluation of constructs within one week
of transformation, and because large numbers of plants can be easily analyzed, the
assay is statistically robust. I tested for rescue with the myoXIa cDNA variants I
identified as well as the genomically encoded myoXIa cDNA. The Thr to Ala variant
(myoXIa (TtoA)) substantially rescued myoXIa+b-5'UTRwhen expressed from the
35S promoter, and importantly, the level of complementation is identical to the
rescue achieved with the genomically encoded sequence (myoXIa) (Figure 2.3A, B).
As expected, the stop codon variant (MyoXIa(STOP)) did not rescue myoXla+b-
5'UTR (Figure 2.3A, B). I also tested for rescue with different strength promoters
driving myoXIa (TtoA). Using the same amount of plasmid for comparison, I found
that the promoter does not affect complementation: cDNAs driven by the relatively
moderate strength 35S or the strong maize ubiquitin promoters produce similar

levels of rescue (Figure 2.3A, B).

To evaluate whether myosin expression level affects the degree of rescue, |
performed complementation studies using different amounts of the rescuing
plasmid. I found the degree of rescue had a roughly hyperbolic dependency on the
amount of plasmid (Figure 2.3C, D). Low levels of myoXIa plasmid (<5 pg) partially

rescue the loss of function phenotype, creating small plants with spherical
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branching cells. Intermediate levels of plasmid (5-10 ug) produce plants with an
intermediate phenotype; cells are more elongated but several of the branching cells
maintain their spherical appearance. To obtain full and consistent rescue, 15 pg of
myoXIa is required. Interestingly, I did not find a detrimental effect of up to 60 pg of
plasmid, suggesting that moss can either tolerate high myosin XI levels or its

transient expression is regulated.

Myosin XI localizes to the cell apex

To gain insight into myosin XI function, [ investigated its localization during
growth. I fused three tandem monomeric enhanced green fluorescent proteins
(mEGFPs) (3xmEGFP) to the N-terminus of myoXIa. I chose to use tandem mEGFPs
to increase the signal to noise ratio, enabling prolonged observation by confocal
microscopy. In addition, I used the maize ubiquitin promoter instead of the 35S
promoter because it expresses consistently in all protonemal cell types, particularly
the apical cell (Saidi et al., 2005; Vidali et al., 2009a). | generated a stable line
expressing 3xmEGFP-myoXIa in the NLS-GFP-GUS background (GFP-myoXI). Using
the GFP-myoXI line, I first determined whether the tagged myosin is functional by
performing RNAi experiments. The 3xmEGFP-myoXIla construct lacks the
endogenous 5’'UTR sequence and hence should be insensitve to the myoXla+b5’'UTR
construct. Demonstrating functionality, the GFP-myoXI line is indistinguishable
from controls in area and morphology when the endogenous myosin XIs are
silenced (Figure 2.4A, B). Moreover, transforming with myoXIa+bCDS, which targets

both the endogenous and the tagged myosin XIs, phenocopies the myosin XI-RNAi
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Figure 2.3. Transient complementation of myosin XI-RNAi. (A) Representative images of one
week old plants visualized by chlorophyll autofluorescence. The complementing construct used
to rescue myoXla+b 5’UTR is indicated after the plus sign. Rescue experiments were carried
out with 30 pg of complementing plasmid. Scale bar is 100 um. (B) Quantification of the degree
of rescue by the complementing plasmids (Control, n=117; MyoXla+b5'UTR, n=111;
+35S:MyoXla(TtoA), n=91; +Ubi:MyoXla(TtoA), n=50; +35S:MyoXla, n=43;
+35S:MyoXIa(STOP), n=25). Error bars represent standard error of the mean. No statistical

significance of the comparison of the means found (+35S:MyoXla(TtoA) vs +Ubi:MyoXla(TtoA):
area p=0.6340, solidity p=0.2586; +35S:MyoXla(TtoA) vs +Ubi:MyoXla: area p=0.9974, solidity
p=0.0987; MyoXla+b 5’UTR vs +35S:MyoXIa(STOP): area p=0.08891, solidity p=0.5355). Note
that promoter strength and the threonine to alanine mutation have no effect on rescue, but the
deletion that introduces a stop codon can not rescue. (C) Representative images of one week
old plants visualized by chlorophyll autofluorescence. The amount of 35S-MyoXla-cDNA (TtoA)
plasmid is indicated. Scale bar is 100 um. (D) Quantification of the dependence of polarized
growth on the levels of myosin XI. Numbers next to the data points indicate the number of
plants analyzed. Error bars represent standard error of the mean. For these data 117 plants
were analyzed for the control, with an average area of 1.000 +/- 0.0294 and solidity 0.3684 +/-
0.0072.
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phenotype (Figure 2.4A, B). These data demonstrate that 3xmEGFP-myoXIa is fully

functional.

To ensure that the tagged myosin XI construct was silenced, | measured
levels of GFP fluorescence in the GFP-myoXI plant transformed with control,
myoXIa+b5’UTR, and myoXIa+bCDS constructs. I observed that the GFP
fluorescence was reduced by 70% in the myoXIa+bCDS plants but not affected in the
myoXIa+b5’UTR plants (Figure 2.4C). To confirm that the GFP fluorescence is not
altered in plants with a similar phenotype, I silenced class Il formins in the GFP-
myoXI line. Formin2 RNAI plants are of similar size and shape to myosin XI RNAi
plants (Vidali et al., 2009b). In these plants, [ observed similar levels of GFP
fluorescence as the control and myoXIa+b5'UTR plants (Figure 2.4C), demonstrating

that the phenotype observed in the myoXIla+bCDS plants is due to loss of myosin XI.

By confocal microscopy, the 3xmEGFP-myoXIa fluorescent signal is diffuse
and cytosolic, but accumulates at the tips of growing caulonemal, chloronemal and
branching cells, (Figure 2.54, C, D). In the absence of growth, this accumulation is
not observed. Sometimes the fluorescence accumulation forms a well-defined spot
near the cell apex (see arrow in figure 2.5A). This spot is not static: in time-lapse
sequences, it moves from one side of the cell apex to the other and becomes more or
less distinct. To distinguish between fluctuations in signal intensity versus changes
in the focal plane, I collected a series of optical sections, minimizing time between

images, and made maximum projections (Figure 2.5A). This approach confirmed
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Figure 2.4. The tagged 3xmEGFP-myoXla is
functional. (A) Representative images of one-week
old plants visualized by chlorophyll autofluores-
cence. Two images are shown for each condition. A
stable line expressing 3xmEGFP-myosin Xla was
1.4 4 transformed with the indicated RNAi constructs.
12 Scale bar is 100 ym. (B) Quantification of the
_I_ growth phenotype resulting from the expression of
4 5 the RNAI constructs 100 plants were analyzed for
each condition; Adjusted P values are shown for
rejecting equivalence of means. Control vs.
0.6 MyoXla+b5'UTR: area p=0.9073, solidity p<0.0001;
Control vs. MyoXla+bCDS: area p<0.0001, solidity
’—l—‘ p<0.0001). Note the normal phenotype in plants

(@)

0.8

0.4 4

GFP Fluorescence

024 transformed with myoXla+b 5’'UTR but a clear loss

of growth with myoXla+bCDS. (C) Quantification of

Control = MyoXI ~ MyoXI Formin2 GFP fluorescence from one-week old GFP-myoXI

a+b a+b RNAi  plants expressing the indicated RNAI constructs.
SUTR  CDS 3xmEGFP-myoXla is reduced by 70% in plants

transformed with MyoXla+bCDS. (Control, n=44;
MyoXla+b5’'UTR, n=40; MyoXla+bCDS, n=26;
Formin2 RNAI, n=9).

that the apical fluorescent spot changes both in position and intensity (Figure 2.5A).
Interestingly actin also forms a similar focal accumulation at the tip (Figure 2.5B).
This apical localization along with the requirement of myosin XI for tip growth
suggests that myosin XI's role in this process is to drive secretion to the site of tip

growth.
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Figure 2.5. Time-lapse imaging of tagged myosin XlI and F-actin. (A) Localization of
3xmEGFP-myoXla in a growing protonemal cell. Note the accumulation of fluorescent signal at
the cell apex (arrow). Also note that the signal at the apex fluctuates in intensity. (B) F-actin
distribution in a different cell was visualized by Lifeact-mEGFP. Note the similar accumulation
(arrow) and fluctuation to that of myosin Xl at the cell apex. In (A) and (B), each time point is a
maximal projection of 5 optical sections acquired at 1um intervals. (C) and (D) Single focal
plane images of 3xmEGFP-myoXla in an emerging branch (C) and the apex of a chloronemal
cell (D). The scale bar is 3 ym and time is indicated in seconds.
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CHAPTER 3

THE ROLE OF ROP IN TIP GROWTH

ROP is essential for tip growth

PpROP1  MSTSRFIKCVTVGDGAVGKTCMLISYTSNTFPTDYVPTVFDNFSANVVVDGNTVNLGLWDTAGQEDYNRL 70
PpROP3  MSTSRFIKCVTVGDGAVGKTCMLISYTSNTFPTDYVPTVFDNFSANVVVDGNTVNLGLWDTAGQEDYNRL 70
PpROP4  MSTSRFIKCVTVGDGAVGKTCMLISYTSNTFPTDYVPTVFDNFSANVVVDGNTVNLGLWDTAGQEDYNRL 70
PpROP2  MSTSRFIKCVTVGDGAVGKTCMLISYTSNTFPTDYVPTVFDNFSANVVVDGNTVNLGLWDTAGQEDYNRL 70
AtROP2  -MASRFIKCVTVGDGAVGKTCMLISYTSNTFPTDYVPTVFDNFSANVVVDGNTVNLGLWDTAGQEDYNRL 69
L L L e L L P L P P

PpROP1 RPLSYRGADVFLLAFSLISKASYENISKKWIPELRHYAPSVPIILVGTKLDLRDDKQFFADHPGAAPITT 140

PpROP3 RPLSYRGADVFLLAFSLISKASYENISKKWIPELRHYAPSVPIILVGTKLDLRDDKQFFADHPGAAPITT 140

PpROP4 RPLSYRGADVFLLAFSLISKASYENISKKWIPELRHYAPSVPIILVGTKLDLRDDKQFFADHPGAAPITT 140

PpROP2 RPLSYRGADVFLLAFSLISKASYENISKKWIPELRHYAPSVPIILVGTKLDLRDDKQFFADHPGAAPITT 140

AtROP2 RPLSYRGADVFILAFSLISKASYENIAKKWIPELRHYAPGVPIILVGTKLDLRDDKQFFIDHPGAVPITT 139
ok kR Rk KRR KK R KK AR KRR KA KR K AR K KRR KA KR AR KA IR I AR K RRE | K I EA

Variable Residues

in PpROP Family
PpROP1  SQGEELRKSIGAASYIECSSKTQQNVKAVFDAAIKVVLQPPKQKKKKKKQKNCVIL 196
PpROP3  SQGEELRRSIGAASYIECSSKTQQNVKAVFDAAIKVVLQPPKQKKKKKKQKNCVIL 196
PpROP4  SQGEELRKSIGAASYIECSSKTQQNVKAVFDAAIKVVLQPPKQKKKKKKQKNCVIL 196
PpROP2 SQGEELRKAIGAASYIECSSKTQQNVKAVFDAAIKVVLQPPKQKKKKKKQKNCVIL 196
AtROP2  NQGEELKKLIGSAVYIECSSKTQQNVKAVFDAAIKVVLQPPKQKKKKKNKNRCAFL 195

SRRk 3 n ok ok ok ko ok ko ke ko ko ko ks k ko k ko k1 pr k| sk

Figure 3.1. Alignment of moss ROP proteins with AtROP2. Identical residues are highlighted in
red. Residues 148 and 149 (highlighted in blue) are the only variable residues within the moss
ROPs.

Moss ROPs are highly similar to AtROP2 (Figure 3.1). The amino acid
sequences of all four ROP genes in Physcomitrella patens are nearly identical with
only 1 residue (148 or 149) differing between any two isoforms. I reasoned that
with such high sequence similarity the ROP genes were likely functionally
redundant. Therefore, [ examined their role in tip growth by simultaneously
silencing all four ROPs using RNA interference (RNAi). Three RNAIi constructs
targeting different regions of the genes were used. The RNAi constructs contain

either a single cDNA fragment with high sequence identity to the other ROP genes
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(ROP4 cds and ROP cds) or contain multiple cDNA fragments (ROP 3’Utr) (Figure
3.2). Specifically, the ROP4 coding sequence RNAI construct (ROP4 cds) contains the
first 227 bp from the ROP4 coding sequence. This region is at least 87% identical to
the other three ROP genes. The ROP coding sequence (ROP cds) RNAi has 410 bp
from the cDNA containing both coding sequence and a portion of the 3’ untranslated
region of ROPZ2. This sequence region is at least 76% identical to the other ROP
genes. The ROP 3’ untranslated region (ROP 3’Utr) RNAi contains 190-256 bp from
the 3’ untranslated regions of ROP1, ROP2 and ROP4. The ROPZ sequence fragment
in ROP 3'Utr is 85% identical to ROP3 in this region. With such high sequence

identity, [ expect that these three RNAi constructs should silence all four ROP genes.

2(1_ ——— e Figure 3.2. Gene models of Physcomitrella
" e patens ROP family. P. patens has four ROP
ROP2 _— genes. Exons are indicated in light grey,
I~ e — introns in black, and untranslated regions in
" vt dark grey. Lines underneath gene models
ROP3 e — represent sequence regions targeted by
T T — various ROP RNA. constructs. Solid lines
ROP4 A indicate that the denoted sequence was
e e e e S used in the RNAI construct while dashed
- moor lines indicate highly similar sequence
- regions that are targeted by the RNAI
constructs: ROP4 cds RNAI (dark grey),
RO-P;';dS ROP ods RC;D '?:,'Utr ROP cds RNAI (light grey), ROP 3'Utr RNAI
RNAI RNAI RNAI = (Black). Scale bar is 500bp.

[ transformed the ROP RNAIi constructs into moss protoplasts and allowed
plants to regenerate for 7 days. Expression of ROP4 cds and ROP 3’Utr RNAi
constructs yield plants composed of small spherical cells, while plants expressing
the ROP cds construct occasionally have a few slightly elongated cells (Figure 3.3A).
In contrast, the control RNAi plants have elongated branching protonemal cells

observed in normal regenerating moss plants. To quantify the effects of ROP RNAi
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on plant area and morphology, I measured both plant area and solidity. Silencing
with any of the ROP RNAI constructs results in a decrease in plant area with a

corresponding increase in solidity (Figure 3.3B).
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ROP 3'Utr RNAI Figure 3.3. ROP is essential for polarized
growth. (A) Chlorophyll autofluoresecnce
LN S micrographs of 7-day-old NLS4 plants

regenerated from protoplasts expressing
the indicated RNAI constructs. Scale bar is
100um. (B) Quantification of plant area
C (dark grey) and solidity (light grey) for
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ROP4CDS RNAI (n = 133 plants), ROP4 cds RNAI (n
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convex hull area/area. Error bars represent
SEM. (C) Relative expression levels of
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8-day-old plants expressing control (dark
grey) and ROP4 cds (light grey) RNAI
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® T RopP1 R-O.PZ ROP3 ROP4 and ROP2 normalized to Ubiquitin10.

To confirm that the observed phenotype results from a reduction in ROP
function, | measured ROP transcript levels. I isolated mRNA from 7-day old control

and ROP cds RNAi plants and performed quantitative real time RT-PCR (qRT-PCR).
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In control plants, ROP3 and ROP4 transcripts constitute the majority of the ROP
transcripts (97%). In ROP4 cds RNAI plants, | found that ROP1 transcript levels were
unaltered. However, ROP2, ROP3 and ROP4 transcripts were reduced by 58%, 55%,
and 91%, respectively compared to control RNAIi plants, thereby reducing the total
transcript pool by 66% (Figure 3.3C). These data demonstrate that ROP is essential
for tip growth.

To ensure that the qRT-PCR primers were specific for each ROP gene, |
generated a stable deletion line for each gene and analyzed the expression levels of
the four ROP genes in these lines. Interestingly, I found reductions in plant area as
well as transcript levels for all four genes in the stable deletion lines (Figure 3.4A &
C). The Arop2 and Arop3 lines have the most severe reductions in transcript levels
and also have the smallest areas and increased solidity values. However, ROP3 and
ROP4 are consistently the most highly expressed when present. Despite some
fluctuations in plant size and solidity, all of the stable ROP deletion lines performed
tip growth (Figure 3.4B), suggesting that ROP genes in P. patens contribute to overall

plant size but are functionally redundant with respect to tip growth.
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Figure 3.4. Growth phenotypes and expression levels of ROP genes in stable single ROP
deletion lines. (A) Chlorophyl autofluorescence micrographs of 6-day old ROP deletion and wild
type plants regenerated from protoplasts. Scale bar is 200um. (B) Quantification of plant area.
Area is based on chlorophyll autofluorescence and is presented normalized to wild type plants.
Error bars represent SEM and letters above bars indicate statistical groups with o = 0.05 using
ANOVA (C) Relative ROP expression in single ROP deletion lines and wild type, normalized to
Ubiquitin10. Error bars represent SEM. Inset in (C) Relative ROP1 and ROP2 expression in
single ROP deletion lines and wild type, normalized to Ubiquitin10. Error bars represent SEM.

Rescue of ROP RNAi phenotype
If moss ROP genes are functionally redundant, then a single ROP gene should
be sufficient for tip growth. To investigate this, I first attempted rescue ROP RNAi by

generating expression constructs that used the maize ubiquitin promoter to drive
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expression of the coding sequences of ROPZ, ROP3 and ROP4 (UbiROPZ - UbiROP4)
(Figure 3.5) ROP1 was not used, as it is identical to ROP4 at the amino acid level.
These constructs were then co-expressed with the ROP 3'Utr RNAI contstruct. Since
the expression constructs lack the 3’Utr, they will be insensitive to the ROP 3’Utr
construct. As our lab has demonstrated (Augustine et al., 2008; Vidali et al., 2007;
Vidali et al.,, 2009b; Vidali et al.,, 2010), plants co-transformed with an RNAi and
expression construct receive both plasmids and are easily identified as plants that
lack nuclear GFP. After co-transformation of ROP expression constructs with ROP
3’Utr RNAI construct, the number of silenced plants was severely reduced compared
to transformation of the RNAi construct alone. The few silenced plants that were
recovered did not have a consistent phenotype: some were completely unpolarized
while others showed varying degrees of polarization. Thinking that perhaps moss is
sensitive to the level of ROP expression, I tried using successively lower amounts of
the expression constructs to see if I could recover more transformants. But I was not
able to recover more plants, suggesting that ROP expression from the maize
ubiquitin promoter might be lethal in moss.

The maize ubiquitin promoter is a strong, constitutive promoter and results
in a large increase in ROP expression (Figure 3.5B). In addition to the expected
increase in the expected band at ~21 kDa, there is also a very intense band just
below it not found in the control transformation with an empty vector (Figure 3.5B).
A similar shift has been reported when geranylgeranylation of the CaaX motif in the
small Rho GTPase RhoA is inhibited in mouse embryo fibroblasts (Allal, et al., 2000).

These results suggest that at wild type levels in moss a majority of ROP protein has
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been geranylgeranylated. While the amount of modified ROP can be increased to a
point, strong expression of ROP3 results in a larger population of ROP lacking the
lipid modification (Figure 3.5B). These unmodified ROPs are unable to localize to
the membrane, but might still be capable of interacting with ROP regulators and
effectors. This could result in titrating out the effect of the endogenous ROPs.
However, instead of simply not rescuing the ROP RNAi phenotype there is lethality
with strong expression of ROP, so perhaps these unmodified ROPs are titrating out a
ROP effector for another essential cell process.

To more accurately mimic the native ROP expression levels, | generated
expression constructs that used the promoter regions and the genomic sequences of
ROP1, ROP2 and ROP3, excluding the 3'Utrs (Figure 3.5A). I attempted varying
amounts of each construct individually as well as in combination to rescue the RNAi
phenotype. While [ was able to recover more transformed plants, there was little to
no rescue of polarized growth. The results of these complementation studies
suggest that moss is highly sensitive to ROP expression levels and as a result,
transient complementation is an ineffective method to ameliorate the ROP RNAi

phenotype.

A single ROP gene is sufficient for tip growth to occur
As an alternative approach, I altered a ROP locus removing the 3’ untranslated
region from the genomic locus using homologous recombination, thereby rendering

the locus insensitive to the ROP 3’'Utr RNAi construct. If the engineered ROP locus is
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£ < Figure 3.5. Transient complementation of ROP RNAI.
(A) Schematics of complementation constructs using a
strong (Zm ubiquitin) or native promoters. Scale bar is
20 kDa - 500bp. (B) Immunobilot of protein extracts from proto-
. plasts expressing either an empty vector (Mock) or a

ubiquitin driven coding sequence of ROP3. The immu-

noblot was probed with an antibody raised to AtROP2.
sufficient for tip growth, then transformation with the ROP 3’'Utr RNAi construct
should result in polarized plants. I generated two lines, NLS4/ROP3 A3’Utr and
NLS4/ROP4 A3’Utr, with the deletions in the 3’Utrs of ROP3 and ROP4, respectively
(Figure 3.6A). As expected, expression of the ROP4 cds RNAi construct in these lines
still results in small, unpolarized plants, but plants expressing the ROP 3’Utr RNAi
construct have elongated polarized cells (Figure 3.6B). While these plants show

almost complete rescue in terms of solidity, they are only ~49% (NLS4/ROP3
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Figure 3.6. A single ROP gene is sufficient for polarized growth. (A) Diagram illustrating the
homologous recombination mediated replacement of the 3'Utrs of the ROP3 (left) and ROP4
(right) genes targeted by the ROP 3’'Utr RNAI construct, generating stable RNAi-insensitive
lines. Exons are indicated in light grey, introns in black, untranslated regions in dark grey, and
the hygromycin resistance cassette in white. Scale bar is 500bp. (B) Chlorophyll autofluore-
secnce micrographs of 7-day-old NLS4/ROP3 A3'Utr (left) and NLS4/ROP4 A3'Utr (right) plants
regenerated from protoplasts expressing the indicated RNAI constructs. Scale bar is 100um.
(C) Quantification of plant area (dark grey) and solidity (light grey) for control RNAi (n = 200/75
(NLS4/ROP3 A3’Utr / NLS4/ROP4 A3'Utr) plants), ROP4 cds RNAi (n = 180/75 plants) and
ROP 3’Utr RNAI (n = 177/75 plants). Error bars represent SEM.

A3’Utr) and ~58% (NLS4/ROP4 A3’Utr) the size of control RNAI plants (Figure
3.6C). Expression analysis of these silenced plants confirms that the transcript levels

of the targeted alleles are unaffected by expression of the ROP 3’Utr RNAI construct

37



(Figure 3.7). However, total ROP transcripts levels were reduced by ~15%
(NLS4/ROP3 A3’Utr) and ~43% (NLS4/ROP4 A3’Utr) compared to control RNAi
plants. Interestingly, the NLS4/ROP3 A3’Utr line was significantly smaller than NLS4
plants (Figure 3.8), likely correlating with reduced levels of ROP4 expression (Figure
3.7). Taken together, these results demonstrate that ROP3 and ROP#4 are each

sufficient for tip growth.
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Figure 3.7. Relative expression levels of ROP genes normalized to Ubiquitin10 in 8-day-old
NLS4/ROP3 A3'Utr (left) and NLS4/ROP4 A3'Utr (right) plants expressing control (dark grey)
and ROP 3'Utr (light grey) RNAI constructs. Error bars represent SEM. Insets: Relative expres-
sion levels of ROP1 and ROP2 normalized to Ubiquitin10.
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Figure 3.8. Growth assays for stable RNAI insensitive lines. (A) Chlorophyl autofluorescence
micrographs of 6-day old NLS4, NLS4/ROP3 A3’'UTR and NLS4/ROP4 A3'Utr plants regenerated
from protoplasts. Scale bar is 200pum. (B) Quantification of plant area for NLS4, NLS4/ROP3 A
3'UTR and NLS4/ROP4 A3’Utr. Area is based on chlorophyll autofluorescence and is presented
normalized to NLS4 plants. Error bars represent SEM and letters above bars indicate statistical
groups with o = 0.05 using ANOVA.

ROP localization

To investigate the subcellular localization of ROP in live cells, [ generated a
GFP-ROP fusion protein. However, GFP-ROP has not been shown to be functional in
any system. The stable RNAi insensitive lines provide the opportunity to express the
GFP-ROP fusion protein while silencing the endogenous ROPs and thus test for the
functionality. I used homologous recombination to generate a stable line where the
endogenous ROP4 allele, from the start codon through the 3'Utr was replaced with
mEGFP fused to the coding sequence of ROP4 (NLS4/mEGFP-ROP4cds) (Figure

3.94).
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[ chose an N-terminal tag to avoid interfering with geranylgeranylation of the C-
terminal CaaX motif, as this could mislocalize and affect the functionality of the
fusion protein. I also generated a line using three tandem mEGFP molecules fused to
ROP4 (NLS4/3xmEGFP-ROP4cds) as well as a line where only the coding sequence
was replaced the genomic sequence (NLS4/ROP4cds). In both GFP tagged lines, I
observed apical plasma membrane localization of ROP with the signal progressively
weakening from the tip of the cell to the shank (Figure 3.9B), as has been previously
observed (Gu et al, 2003; Molendijk et al., 2001). I tested for the functionality of
these allele replacement lines by expressing the ROP 3’Utr RNAI construct. [ found
that neither of the GFP tagged lines nor the coding sequence replacement line had
polarized plants, indicating that none of the allele replacements rescued tip growth
(Figure 3.9A). Since the coding sequence replacement line was also not functional I
could not determine if the N-terminal GFP tags impacted ROP function. This result,
coupled with the fact that [ was unable to rescue the RNAi phenotype with transient
or stable constructs expressing the coding sequence but could make RNAi
insensitive lines where the genomic sequence was minimally disturbed, suggests
that maintaining the genomic intron/exon structure of ROPs is critical for function.

[ then devised two strategies to generate stable lines where the endogenous
ROP4 allele was minimally altered. These strategies would introduce GFP into the
ROP4 locus and remove the 3’'UTR while leaving the intron/exon boundaries
unaltered. The first strategy was to use two targeting constructs, one that would
insert GFP in frame at the N-terminus of ROP4 and another that would remove the

region of the ROP4 3’Utr targeted by the ROP 3’Utr RNAI construct to make it
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insensitive (Figure 3.9A). Unfortunately, [ was not able to recover any stable lines in
which both the insertion and the deletion had occurred. This may be due to
difficulty in achieving two homologous recombination events in such close
proximity to one another in the genome. The second strategy was to insert the GFP
tag just in front of the C-terminal CaaX motif of ROP4, in an effort to avoid altering
prenylation. This also would be an alternate tag if it turned out that the N-terminal
GFP tag inhibited ROP function. [ generated a construct that included GFP fused to
the CaaX motif and used it to replace the CaaX motif and the 3'Utr (Figure 3.9A). I
isolated three stable lines, but none of them produced polarized plants when
expressing the ROP 3’Utr RNAI construct. As these tagged versions were not

functional, I did not image them.
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Figure 3.9. Generating GFP-ROP fusions. (A) Schematic representations of the ROP4 locus
in various stable lines. Introns are represented in black, untranslated regions are in dark gray,
ROP4 coding sequence is in light grey and GFP coding sequence is in green. On the right, a
table indicating if a stable line was successfully obtained, if the fusion protein was functional
and if the line was imaged or not. Scale bar is 1000bp. (B) Confocal micrographs of the
localization of MEGFP-ROP4cdsA3’'Utr. Bright bodies are from chlorophyll autofluorescence.
Scale bar is 40 ym.
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CHAPTER 4

THE IMPACT OF ROP RNAi ON CYTOSKELETAL PROTEINS

Actin dynamics and organization are altered in ROP silenced cells

To determine how ROP affects actin dynamics I examined the cortical actin
cytoskeleton using lifeact-mEGFP (Vidali et al, 2009a) in control and ROP RNAi
plants (for the rest of the work presented in this thesis, ROP RNAi will refer to use of
the ROP4 cds RNAI construct described in chapter 3 due to the consistently strong
phenotype). Previous studies have suggested that active ROP leads to the generation
of actin filaments (Gu et al., 2006; Li et al,, 1999; Xu et al, 2010). Therefore, I
expected that loss of ROP should reduce filament generation and therefore reduce
overall actin dynamics. To quantify changes in actin organization, I imaged the cell
cortex of plants expressing lifeact-mEGFP once every second over the course of one
minute using spinning disc confocal microscopy (Figure 4.1A). I calculated the
correlation coefficient of images over all time intervals in the time-lapse acquisition.
This analysis examines the degree of change in the cortical actin cytoskeleton (Vidali
et al.,, 2010). Rapid decay of the correlation coefficient indicates increased cortical
actin dynamics. Contrary to expectation, I found that cells expressing the ROP RNAi
construct have increased actin dynamics compared to control RNAI cells (Figure
4.1B).

In arabidopsis, active ROPZ, through the effector RIC4, causes diffuse actin
accumulation in the cortex of the lobed regions of leaf pavement cells (Xu et al,,

2010). Therefore a reduction of ROP activity may reduce the density of filamentous
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actin in moss. [ measured filament density at the cell cortex in both control and ROP
RNAIi cells and found that as predicted filament density was reduced by ~27% as
compared to control RNAi plants (Figure 4.1C). To investigate whether a reduction
in filament density together with an increase in actin dynamics affected the state of
bundled actin filaments, I quantified the degree of actin bundling by analyzing
skewness (Higaki et al., 2010). This analysis assumes a normal distribution in the
intensity of individual filaments and the degree to which this distribution is skewed
to the right as compared to a normal distribution in the analyzed images reflects
higher degrees of bundling (Higaki et al., 2010). ROP RNAi cells have a similar
degree of bundling as control cells; suggesting that changes in density and dynamics

has not affected bundling

ROP is a negative regulator of class II formin mediated actin elongation

Since loss of ROP increases cortical actin dynamics, I reasoned that ROP
might impact regulators of actin polymerization. Class Il formins localize to the cell
cortex by binding PI(3,5P)2 (van Gisbergen et al.,, 2012). Once at the cell cortex, a
population of formins generates new actin filaments. Formin molecules that
generate new actin filaments move in linear trajectories along the cell cortex (van
Gisbergen et al., 2012). If ROP affects formin activity, it is possible that loss of ROP
might impact formin localization and activity at the cell cortex.

To test this, I imaged For2A-3XmEGFP (hereafter named For2A-GFP) in
control and ROP RNAi plants using variable angle epifluorescence microscopy

(VAEM) (Figure 4.2A). I found that there was a ~36% reduction in the density of
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cortical formin spots in ROP RNAIi as compared to control plants (Figure 4.2B). This
is consistent with the decrease in actin filament density [ observed when ROP is
silenced. Since ROPs have a C-terminal CaaX motif for lipid anchoring and are
thought to be active on the membrane (Sorek et al., 2007), it is possible that loss of
ROP alters the cortical environment. To investigate whether cortical formin

molecules were active in ROP RNAI plants, I quantified the number of formin
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particles that traversed the cell cortex in a linear trajectory, an indication that the
formin is generating an actin filament (van Gisbergen et al., 2012). If ROP activates
formin activity, I would expect to observe a significant decrease in the number of
linear trajectories in ROP RNAI plants. Surprisingly I observed just as many linear
trajectories in ROP as in control RNAI plants. In fact, after normalizing to particle
density, I discovered the formin linear trajectories occurred twice as often in ROP
RNAIi cells compared to control cells (Figure 4.2C) To determine whether there were
any significant differences between the linear trajectories in ROP versus control
RNAi plants, I quantified the duration and the rate of linear trajectories. I found that
the formin linear trajectories have similar durations on the cortex (Control 1.2 sec
+/-0.16 (SEM), ROP RNAi 1.0 sec +/- 0.05) and similar elongation rates (Control 2.1
um/sec +/- 0.18, ROP RNAi 2.1 um/sec +/- 0.08). Thus, loss of cortical ROP activity
reduces the number of cortical formin particles, but does not affect formin behavior
at the cortex. However the percent of cortical formin that generates actin filaments
is higher in ROP RNAI plants, supporting our earlier observation of increased actin
dynamics in ROP RNAI cells. It seems that once the formin is active it behaves the
same in ROP RNAI as control cells. However, a higher fraction of the cortical formin
is active in ROP RNA:i cells. Thus while ROP may normally function to produce a
membrane domain that recruits formin, ROP nonetheless limits cortical formin

activity.
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Microtubule dynamics and organization are altered in ROP silenced cells
While microtubules are not critical for tip growth, there is evidence for ROP

mediated regulation of the microtubule cytoskeleton. In arabidopsis ROP6 and its
effector RIC1 cause accumulation of microtubules in the indentation regions of leaf
pavement cells (Xu et al,, 2010; Sorek et al,, 2011). Active AtROP11 induces
disassembly of cortical microtubules during the formation of secondary cell walls in
xylem cells (Oda and Fukuda, 2012). Since moss ROPs are essentially identical and
likely functionally redundant, I hypothesized that moss ROPs might impact both

actin and microtubules.
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Figure 4.3. Growth assays for the stable line expressing mCherry-a-tubulin. (A) Chlorophyl
autofluorescence micrographs of 6-day old NLS4/Lifeact-mEGFP and NLS4/Lifeact-mEGFP/
mCherry-a-tubulin plants regenerated from protoplasts. Scale bar is 200um. (B) Quantification
of plant area (dark grey) and solidity (light grey) for NLS4/Lifeact-mEGFP and NLS4/Lifeact-
mMmEGFP/ mCherry-a-tubulin. Error bars represent SEM and letters above bars indicate statisti-
cal groups with o = 0.05 using ANOVA.

To investigate this, [ generated a moss line where one of the moss a-tubulin
isoforms (Pp1s215_51V6 locus) is replaced with a mCherry-coding sequence fusion
at the endogenous locus in the NLS4/lifeact-mEGFP line (NLS4 /lifeact-
mEGFP/mCherry-a-tubulin). I checked this line for growth phenotypes but found
that plant area and solidity was similar to the NLS4/lifeact-mEGFP line (Figure 4.3).
[ acquired images of the tubulin line every 2 seconds over the course of 1 minute
using spinning disc confocal microscopy (Figure 4.4A), and quantified microtubule
dynamics using the correlation coefficient analysis. I found that ROP-RNAi plants
have significantly reduced microtubule dynamics as compared to control plants
(Figure 4.4B). To investigate if this reduction is specific for loss of ROP function, |
measured microtubule dynamics in plants expressing the myoXIla+b5’UTR described

in chapter 2 (referred to as MyoXI RNAi for the rest of the work in this thesis) which
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exhibit a similar morphological defect, but have little impact on actin dynamics
(Vidali et al., 2010) as compared to ROP RNAI plants. In addition, I also treated
control cells with 13 uM latrunculin B, which also have a similar polarized growth
phenotype, or with 50 pM taxol to stabilize microtubules. Initially 10 uM taxol was
used, but did not inhibit microtubule dynamics (data not shown). I found that
similar to ROP RNAI, both drug treatments as well as MyoXI RNAi inhibited
microtubule dynamics. Surprisingly the Latrunculin B treatment had the largest
inhibitory effect on microtubule dynamics (Figure 4.4B).

To identify if ROP RNAI had a specific effect on a particular aspect of
microtubule dynamics, [ measured rates of polymerization and depolymerization
(Figure 4.4C). I found that both the ROP and MyoXI RNAi had reductions in
polymerization rates. As expected, both polymerization and depolymerization rates
were significantly reduced with the taxol treatment. Surprisingly, latrunculin B
treatment was very similar to the taxol treatment. These data show that reduction in
microtubule dynamics is likely a consequence of reduced tip growth, not loss of ROP
specifically; suggesting that in moss ROP does not directly affect microtubule
dynamics during tip growth. However, the latrunculin B data suggests that the actin
and microtubule cytoskeletons impact each other.

To determine if loss of ROP affected the microtubule architecture in the cell,
quantified the filament bundling and density. | hypothesized that loss of ROP would
lead to a decrease in filament density. However, I found that only the taxol

treatment was significantly reduced in filament density, while bundling was not

49



significantly different for any of the five conditions (Figure 4.4D). This further

supports that moss ROPs are not involved in the regulation of microtubules.
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Error bars represent SEM and letters above bars indicate statistical groups with o = 0.05 using
ANOVA. (D) Skewness and filament density measurements of 6-day-old
NLS4/Lifeact-mEGFP/mCherry-a-tubulin plants expressing control RNAi (n = 15 cells), ROP
RNAI (n = 15 cells), and MyoX/ RNAI (n = 11 cells) constructs in addition to control RNAI plants
treated with either 13 uM latrunculin B (n = 10 cells) or 50uM taxol (n = 10 cells). Error bars
represent SEM and letters above bars indicate statistical groups with o = 0.05 using ANOVA.
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CHAPTER 5

THE IMPACT OF ROP RNAi ON THE CELL WALL

ROP RNAI plants have a cell adhesion defect

To obtain material for the expression analyses in previous chapters, I picked
7-day old RNAI plants using a fine metal needle. In doing so, I noticed that ROP RNAi
plants broke apart easily. To further investigate, I picked 8-day old plants into a
small drop of water in a Petri dish and then placed the dish on the surface of the
water in a sonication bath. Since ROP RNAI plants are composed of small spherical
cells,  used MyoXI RNAI plants as a control for plants with a similar phenotype.
Interestingly, | found that ROP RNAI plants broke apart into smaller clumps of cells
or into individual cells; in contrast, control and MyoXI RNAI plants remained intact
(Figure 5.1A). In a larger trial, where 30 plants were isolated and subjected to the
same sonication treatment, 26 ROP RNAI plants broke apart whereas only one of 30
control plants and three of 30 MyoXI RNAI plants broke apart (Figure 5.1B).

Based on the sonication data, I hypothesized that the reduced cell adhesion
in ROP RNAi plants is due to a cell wall component that is reduced or over-
represented. Since pectin is known to underlie cell adhesion in plants (Lord and
Mollet, 2002); I tried staining control, ROP and MyoXI RNAIi plants with various
pectin stains including ruthenium red, toluidine blue and propidium iodide.
However none of these stains showed a consistent difference in pectin (data not
shown). I also incubated control and MyoXI RNAI plants in excess EGTA to chelate

the calcium in the cell wall. If pectin is the basis for the ROP RNAi adhesion defect,
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this treatment should destabilize pectin in the cell wall causing control and MyoXI
RNAi plants to fall apart easier with mild sonication. I also incubated ROP RNAI
plants in excess calcium to determine if I could stabilize the pectin in the wall, and
strengthen the cellular adhesion. However, neither treatment differed from controls
(data not shown). This suggests that pectin plays a minor role in cell adhesion in

maoss.
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":% Figure 5.1. ROP RNAI plants have a cell adhesion
defect. (A) Chlorophyll autofluoresecnce micrographs
of 8-day-old plants expressing control RNAi, ROP
MyoX! RNAI RNAI, or MyoXI RNAI constructs before and after mild
; sonication. Scale bar is 100um. (B) Frequency
distribution of whole (dark grey) and broken (light
grey) plants after mild sonication of 8-day-old NLS4
plants expressing control RNAi, ROP RNAi and
MyoXI RNAI constructs.

[t is possible that other cell wall components play a more predominate role in
cell adhesion in moss. Since cellulose and callose are major components of the moss
cell wall (Roberts et al.,, 2012), I investigated whether there were differences in
cellulose and callose levels between control, ROP, and MyoXI RNAI plants. I isolated

and stained plants with the following dyes: calcofluor white (stains cellulose and
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callose), aniline blue (stains callose), and Pontamine fast scarlet 4B (stains
cellulose). To quantify, I ensured that plants were stained for equivalent amounts of
time and excess dye was removed by washing. [ found that the fluorescence
intensity was reduced for all three dyes in ROP RNAIi plants compared to control
plants, while MyoXI RNAIi plants were similar to control levels for both calcofluor
white and aniline blue, but slightly reduced for fast scarlet 4B (Figure 5.2A-D).

Because the intensity of a cell wall stain also depends on whether the dye can
penetrate the wall, [ used polarized light microscopy to look at birefringent cellulose
in the cell wall (Figure 5.3A). Using line scans across the cell walls of control, ROP
and MyoXI RNAi plants, I quantified the degree of light retardance. In contrast to the
dye results, I found that ROP RNAI cells had the highest average retardance (10.7
nm, +/-0.44), while MyoXI RNAI cells had the lowest value (6.0 nm, +/- 0.35) (Figure
5.3B).

These data show that ROP RNAI cells have more cellulose in their walls, and
MyoXI RNA:I cells have less cellulose as compared to control RNAi plants. It is
possible that the discrepancy between the dyes and polarized light microscopy
results from an alteration in the organization of the cell wall, reducing dye
accessibility. This alteration might be the underlying cause for the cell adhesion
defect. The increase in cellulose in ROP RNAI plants suggests that secretion of cell
wall material is not inhibited. In the absence of ROP, delivery of cell wall material
may be distributed evenly around the entire membrane and the excess material and

altered organization could make the cell unable to expand any more.
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Figure 5.3 Cellulose deposition is not impaired in ROP RNAI plants (A) Polarized light retardance
micrographs of 7-day-old NLS4 plants expressing control RNAi, ROP RNAI, and MyoX/ RNAI
constructs. Scale bar is 50um. (F) Light retardance of cell walls based on polarized light images
using at least 3 external cell walls from 8 — 10 images for each RNAI construct. Error bars repre-
sent SEM and letters above bars indicate statistical groups with o = 0.05 using ANOVA.
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CHAPTER 6

CHARACTERIZING THE ROLE OF ROP REGULATORY PROTEINS

Establishing a bimolecular fluorescence complementation assay in moss

Small GTPases act as molecular switches and regulate cellular processes
through effector proteins. To identify how ROP regulates tip growth, actin dynamics
and cell adhesion, it is necessary to identify proteins that interact with ROP. To
verify interactions in moss, | wanted to establish a bimolecular fluorescence
complementation assay, which uses reconstitution of a split YFP molecule to signal
interaction between two proteins (Hu et al., 2002). RNAI of positive interactors in
this assay would then help determine how they interact with ROP. I chose RopGAP6
and RopGEF6 as positive controls for the assay because these families have
previously been shown to interact with ROP in arabidopsis and these genes have the
most expressed sequence tags for the respective families (Gu et al., 2006; Wu et al,,
2000).

[ generated vectors for the assay that would express ROP4 with an N-
terminally fused fragment of eYFP (nEYFP-ROP4 and cEYFP-ROP4) (Figure 6.1A).
Tagging at the C-terminus was not attempted in order to avoid interfering with the
geranylgeranylation of ROP4. I generated similar vectors expressing RopGAP6,
tagged N-terminally or C-terminally with either nEYFP or cEYFP (Figure 6.1A).1
made similar constructs for RopGEF6 as well as control vectors that only expressed
the EYFP fragments. | introduced the BiFC constructs in to moss by both PEG-

mediated transformation of moss protoplasts and particle bombardment of moss
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tissue, but I never saw a positive interaction using either method, even for control
plasmids. In an attempt to strengthen the interactions, I used site directed PCR
mutagenesis (Weiner et al., 1994) to create constitutively active (G15V) and
dominant negative (T20N) isoforms of ROP4. As these mutant versions are locked in
either the GTP bound (G15V) or GDP bound (T20N), interaction with RopGAPs and
RopGEFs may be respectively enhanced. However I still did not observe any positive
interactions.

Thinking that perhaps the constructs were not expressing, I extracted
proteins from transformed protoplasts and performed an immunoblot using GFP
antibodies. Almost all of the constructs were expressed and no cleavage of the GFP
was evident (Figure 6.1B). I also tried using myosin XI tails, which dimerize via a
coiled-coil domain, as alternative positive controls but no positive interactions were
observed once again. These difficulties caused me to abandon a bimolecular
fluorescence complementation approach to identifying effectors in moss. However, |
still wanted to verify the regulation of ROPs by moss RhoGAPs and RhoGEFs, so |
used RNAI of each gene family to investigate if the resulting phenotype was

consistent with the reported role of the regulator.

Silencing moss RopGAPs
In arabidopsis and tobacco, the RopGAP/RhoGAP genes were identified
through a yeast two-hybrid screen (Wu et al., 2000). In addition to a GAP domain
these proteins have a cdc42/Rac interactive binding (CRIB) motif, which has been

reported to increase interaction with active ROP and stimulates ROP GTPase
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Figure 6.1. Establishing a bimolecular fluorescence complementation assay in moss. (A)
Examples of BiFC construct combinations used to test for protein interaction in moss. All
constructs were expressed under the maize ubiquitin promoter. (B) Immunoblot of protein
extracts from protoplasts expressing various BiFC constructs. Yellow stars are placed below the
band representing the e