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Foreword

In plants, and more specifically in angiosperms, the combination of plasmodesmata
and the phloem allows for the establishment of local and long-distance pathways for
the delivery of nutrients (sugars, amino acids, essential minerals) and information
molecules, both large and small. It has long been appreciated that plasmodesmata,
the intercellular organelles that form cytoplasmic bridges between neighboring
cells, play important roles in coordinating biochemical and physiological events, at
the tissue and organ level. This is achieved by controlling the cell-to-cell diffusion
of metabolites by adjustments in both the physical properties of these cytoplasmic
channels as well as their density within specific regions of adjoining cell walls. The
ability of plasmodesmata to engage in the trafficking of information macromole-
cules is a relatively recent discovery. However, the impact of this discovery is now
working its way through all areas of research from plant development and evolution
to plant pathogen interactions.

In this book, the first four chapters deal with the role of plasmodesmata in the
cell-to-cell movement of proteins and RNA. The first chapter outlines the pioneer-
ing studies conducted on plant viruses. These experiments provided the first insights
into the capacity of plasmodesmata to mediate in the cell-to-cell movement of
virally encoded proteins that served to spread the infectious agent into neighboring
cells and tissues. The discovery that plasmodesmata, like the nuclear pore complex,
could engage in selective exchange of proteins and complexes of proteins and
RNA/DNA led to the concept of supracellular control over physiological and devel-
opmental events. The second chapter builds on this notion by examining the role of
plasmodesmata during the process of embryogenesis.

The important discovery that certain plant transcription factors function as non-
cell-autonomous regulators of gene regulatory networks is covered in the third and
fourth chapters. Here, the important question of how these proteins engage the cel-
lular machinery to move beyond their cellular site of synthesis is addressed. The
availability of annotated genomes for an ever expanding number of plant species,
spread across the algae, non-vascular and vascular plants, is opening the door to
studies that can probe the evolutionary events that led to the emergence of cell-
autonomous and non-cell-autonomous transcription factors. Such insights should
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afford plant biologists important tools for engineering regulatory networks that
could lead to the development of agricultural crops having elite/unique morphologi-
cal and/or physiological traits.

The second half of the book covers the emerging area of local and long-distance
trafficking of both small RNA (short-interfering [si]- and micro [mi]-RNA) and
mRNA species. This is a most exciting area of study, as it is now well known that
the various forms of si/miRNA can serve to regulate an ever expanding array of
developmental and physiological processes. In Chaper 5, roles for these mobile
si/miRNAs are discussed in terms of local metabolic and stress response regulators,
as well as in the control over such processes as gametogenesis, leaf and root devel-
opment. The aspect of phloem si/miRNA delivery to distantly located tissues and
organs is covered in both Chapters 5 and 6. Roles are discussed for these small RNA
species in terms of epigenetic control over a broad spectrum of processes, ranging
from systemic resistance to viral infection to mobile miRNA involvement in root
development and nutrient stress signaling.

The discovery that phloem delivery of full length poly-adenylated mRNA into
developing leaves can lead to an alteration in their overall morphology opened up a
new vista in terms of our understanding of the mechanisms likely utilized by plants
to coordinate developmental events at the whole-plant level. In the last chapter,
the mechanisms underlying the entry and translocation of this class of long-
distance-acting mRNA are discussed. The phloem translocation stream contains a
significant number of RNA binding proteins and the challenge ahead will be to
unravel the complex sets of codes that have evolved to allow for the assembly of
specific protein-mRNA complexes that are stable enough to enter and move through
the phloem to defined target cells/tissues within sink organs.

To fully understand the functions of plasmodesmata and the phloem, as critical
signaling pathways, will require that we identify the proteins that comprise the
supramolecular complex of the plasmodesma. Although many proteins will likely
be held in common, plasmodesmal composition will likely vary depending on the
location of the specific cellular interfaces within the body of the plant. As with solv-
ing any complex puzzle, identifying a few essential components often leads to rapid
progress. We hope that recent progress on the isolation and characterization of a
number of plasmodesmal proteins will likewise lead to rapid advances in this field
of study. In any event, this book and the opportunity for pioneering discoveries in
the field of cell-to-cell and long-distance signaling should certainly entice talented
young scholars to join this frontier area of plant biology.

University of California, Davis, USA William J. Lucas
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Chapter 1
Viral Studies Point the Way:
Mechanisms of Intercellular Transport

Eduardo Peiia, Annette Niehl, and Manfred Heinlein

1 Introduction

Communication through PD entails the controlled cell-to-cell and systemic
trafficking of a whole range of RNA and protein macromolecules, including non-
cell-autonomous transcription factors, RNA-silencing signals, small RNAs, and
messenger RNAs (Ishiwatari et al. 1998; Tzfira et al. 2000; Lucas et al. 2001;
Haywood et al. 2002; Heinlein 2002, 2005; Wu et al. 2002; Heinlein and Epel 2004;
Yoo et al. 2004; Dunoyer et al. 2005, 2010a, b; Huang et al. 2005; Kim 2005; Kurata
et al. 2005; Kehr and Buhtz 2008; Lucas et al. 2009; Carlsbecker et al. 2010;
Chitwood et al. 2009; Van Norman et al. 2011). Plant viruses use PD for cell-to-cell
movement (Fig. 1.1) and systemic infection of their hosts and therefore represent
excellent keys to the molecular mechanisms that govern these processes. Plant
viruses encode a set of proteins required for their replication, intercellular move-
ment, silencing suppression, and encapsidation. Pioneering studies in the 80s using
Tobacco mosaic virus (TMV) led to the discovery of a dedicated virus-encoded
movement protein (MP) required for cell-to-cell movement of the virus (Deom et al.
1987; Meshi et al. 1987). Further studies demonstrated that this protein accumulates
in PD and increases their size exclusion limit (SEL) (Tomenius et al. 1987; Wolf
et al. 1989; Atkins et al. 1991; Ding et al. 1992b; Moore et al. 1992; Oparka et al.
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2 E. Pefia et al.

Fig. 1.1 TMV spread and the localization of MP to PD (a) GFP-tagged TMV infection in
Nicotiana benthamiana. After local inoculation of one leaf (labelled with an asterisk) infection
spreads cell-to-cell within the inoculated leaf and systemically into other leaves. (b) In infected
cells, MP targets PD. The figure shows an epidermal cell in which PD are labelled with MP:GFP

1997; Heinlein et al. 1998b). Moreover, the MP was shown to bind single-stranded
nucleic acids in a sequence-independent manner in vitro (Citovsky et al. 1990) and
to form thin and elongated protein:nucleic acid complexes (Citovsky et al. 1992).
These seminal findings led to a first model of virus movement proposing that the MP
binds viral RNA to form a viral ribonucleoprotein (vVRNP) complex that in size and
structure is compatible with movement through the MP-modified PD (Citovsky
et al. 1990, 1992). Subsequently, it was demonstrated that the MP is capable to
mediate its own intercellular trafficking (Waigmann and Zambryski 1995; Kotlizky
et al. 2001) indicating that MP itself, thus without the need for other viral proteins
and infection, has the capacity to target, modify and spread through PD. Moreover,
microinjected MP was capable of mediating the transport of co-injected nucleic
acids (Waigmann et al. 1994) confirming that MP forms a complex with RNA
in vivo. The formation of VRNPs was also supported by biochemical studies
(Dorokhov et al. 1983, 1984; Karpova et al. 1997) as well as by elegant microinjec-
tion experiments indicating that MP functions in vivo as a cis mediator of plasmo-
desmal transport, requiring its physical association with the transported molecule
(Waigmann and Zambryski 1995). Today, we know that most, if not all, plant viruses
encode one or more MPs able to directly or indirectly modify the SEL of PD and to
facilitate the spread of infection through these pores. The following paragraphs will
describe the cellular targets and mechanisms by which MPs facilitate virus transport
with the aim to extract general principles underlying macromolecular trafficking
mechanisms through PD.
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2 Mechanisms in Virus Transport

2.1 Movement as Virus Particle or vRNP Complex

The example of TMV illustrates that viruses may move cell-to-cell in the form of a
vRNP. However, some viruses move through PD in virion rather than in non-virion
form. Movement of virions of some specific virus species is associated with the
formation of a specialized tubular transport structure assembled by MP inside the
PD channel (Wellink et al. 1993; Kasteel et al. 1996). These spectacular tubules
extend from the infected cell far into the cytoplasm of the non-infected cell and have
been observed to be loaded with virion particles. Examples for viruses employing
such tubule-guided transport of virion particles can be found among several ssRNA
viruses (i.e., como-, nepo-, olea-, alfamo-, bromo-, and trichoviruses (van Lent et al.
1991; Wieczorek and Sanfacon 1993; Ritzenthaler et al. 1995; van der Wel et al.
1998; Grieco et al. 1999)), ssDNA viruses (i.e. tospoviruses; (Storms et al. 1995)),
dsDNA viruses (i.e. caulimoviruses; (Kitajima et al. 1969); (Perbal et al. 1993)),
and badnaviruses (Cheng et al. 1998). Nevertheless, tobamoviruses like TMV as
well as viruses belonging to the diantho-, beny-, tobra-, tombus-, and hordeiviruses
families move cell-to-cell in a non-virion form in a process that is independent of
tubule formation. TMV is the prototype virus exemplifying this type of movement.
The MP of this virus does not produce any major changes in PD structure except for
fibrous material that can be labeled with anti-MP antibodies in MP-transgenic plants
(Atkins et al. 1991; Ding et al. 1992b). Interestingly, MP-containing fibers have also
been observed in intercellular junctions of cyanobacteria transformed with MP
(Heinlein et al. 1998a; Heinlein 2006). This may suggest that the micro-PD in
cyanobacteria (Giddings and Staehelin 1978) and the PD in plants share common
features. However, whether the fibrous MP material has a role in increasing the SEL
of PD or in active viral transport through the pore or whether this material may
represent a passive fraction of MP trapped and protected within the channel cavities
in continuously MP-expressing plants remains to be seen.

2.2 Requirement of Accessory Viral Proteins

Virus movement usually depends on other viral proteins in addition to MP. These
include replication proteins allowing the virus to multiply in each infected cell,
effector proteins to suppress host defense responses (e.g. RNA silencing), and coat
proteins to protect the viral genome by encapsidation. Several RNA and DNA
viruses also depend on more than one MP for virus movement. In this case, these
proteins act together in forming the transport complex of the virus and targeting it
to and through PD. Examples of RNA viruses encoding more than one MP are the
icosahedral carmoviruses and the rod-shaped hordei- and potexviruses. These
viruses encode two or three specialized MPs, referred to as double gene block
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(DGB) and triple gene block (TGB) proteins, respectively. Current evidence for the
role of TGB proteins in cell-to-cell movement of hordei-like viruses (hordei-,
pomo-, peclu-, and benyviruses) suggests that VRNP complexes comprising TGBp1
together with genomic and subgenomic RNA (Lim et al. 2008) are transported to
and through PD by the interacting integral membrane proteins TGBp2 and TGBp3,
which themselves do not move between cells (Morozov and Solovyev 2003; Jackson
et al. 2009; Verchot-Lubicz et al. 2010). The movement of potexviruses and, pre-
sumably, of other viruses with potex-like TGBs, depends on the CP in addition to
the TGB MPs (Chapman et al. 1992; Foster et al. 1992; Sit and AbouHaidir 1993).
However, it is unclear whether potexviruses move in the form of virions or rather in
a non-encapsidated form. The TGBpl-containing VRNPs in potexvirus infections
may contain CP (Lough et al. 1998, 2000) or may associate with CP to form virions
for transport to and through PD (Santa Cruz et al. 1998). Several studies suggest that
the CP may be required for efficient virus movement in cases in which the MP alone
may not be sufficiently able to form stable transport complexes. This view is sup-
ported, for example, by the movement of Cucumber mosaic bromovirus (CMV) that
can be rendered CP-independent by specific mutations in MP that increase the sta-
bility of the VRNP (Nagano et al. 2001; Andreev et al. 2004; Kim et al. 2004). Thus,
strongly RNA-binding MPs like the MP of TMV could make the CP unnecessary,
whereas weakly binding MPs, like the MP of CMV (Li and Palukaitis 1996) may
necessitate CP, in order to encapsidate and protect the RNA (Lucas 2006). A similar
view for the requirement of CP has evolved based on studies on hordei- and potex-
viruses. Here the requirement of CP for systemic movement appears to be inversely
correlated with the size or complexity of the TGBpl1 protein structure. Thus, potex-
viruses that encode rather small TGB1 proteins require CP for cell-to-cell and sys-
temic movement whereas for the Barley stripe mosaic hordeivirus (BSMV) and Poa
semilatent hordeivirus (PSLV), which encode larger TGB1 proteins, CP is dispens-
able. Consistently, certain hordei- or hordei-like viruses that encode again smaller
TGBI1 proteins, e.g. Beet necrotic yellow vein virus (BNYVV) and Peanut clump
virus (PCV), also depend on CP for virus movement. The N-terminal domain miss-
ing in these smaller hordeivirus TGB1 proteins but present in the larger TGB1 pro-
teins of other hordeiviruses has been proposed to be unfolded and to function as a
chaperone that protects the viral RNA genome to allow phloem transport (Makarov
et al. 2009). Collectively, these findings suggest a general role of CP in protecting
viral RNA during movement and may be in agreement with the classical observa-
tion that long distance, systemic movement of TMV in tobacco is CP-dependent,
whereas the local, intercellular movement in infected leaves is CP-independent
(Holt and Beachy 1991). Thus, the CP of TMV performs specific functions during
phloem entry or exit, or in the stabilization or protection of the viral RNA in the
phloem. The CP of Turnip crinkle carmovirus (TCV) acts as the silencing suppres-
sor of the virus and its ability to suppress silencing rather than to form virions sup-
ports viral RNA movement. However, virion formation is necessary to allow virus
egress from the vasculature in systemic leaves. This illustrates that a CP can have
multiple accessory roles to support movement (Cao et al. 2010).
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Specific forms of movement requiring more viral proteins than a single MP are
also indicated by studies using other virus families. For example, bipartite begomo-
viruses are DNA viruses that replicate in the nucleus and encode two MPs, one
(BV1) required for shuttling the DNA genome out of the nucleus (BV1 is also
referred to as nuclear shuttle protein, NSP) and the other (MP or BC1) for targeting
the genome to PD (Sanderfoot et al. 1996). The movement of the bipartite viruses is
independent of CP, indicating that these viruses can effectively move between cells
in a non-virion form (Gardiner et al. 1988; Padidam et al. 1995). Microinjection
studies established the ability of BC1 (MP) to move cell-to-cell and to mediate cell-
to-cell movement of ss- and ds-DNA. However, the manner in which BV1 might
transfer the viral DNA to BC1 for cell-to-cell spread is not understood (Rojas et al.
2005). The monopartitite begomoviruses lack a B-component encoding BC1 and
BVI1. Here, the CP and the V1 and/or C4 proteins are proposed as functional
homologs of BV1 and BCl1, respectively (Rojas et al. 2001). Thus, unlike bipartite
viruses, the monopartite begomoviruses require CP for movement (Rigden et al.
1994; Noris et al. 1998; Rojas et al. 2001).

Another mode of cell-to-cell movement is shown by potyviruses, which repre-
sent the largest genus of plant RNA viruses. Microinjection studies performed with
proteins encoded by Lettuce mosaic virus (LMV) and Bean common mosaic necro-
sis virus (BCMNYV) established that the CP and HC-Pro (helper component-protease)
proteins provide the classical MP functions for this virus, i.e. these proteins modify
PD SEL, move cell-to-cell, and facilitate the movement of vRNA (Rojas et al. 1997).
Mutations in the conserved core region of the Tobacco etch virus (TEV) CP abol-
ished virion assembly and cell-to-cell movement, suggesting that potyviruses may
move as virions (Dolja et al. 1994, 1995). The potyvirus CI protein is an RNA heli-
case essential for virus movement (Carrington et al. 1998) and forms conical depos-
its at or near PD that may function in the delivery and alignment of an HC-Pro-CP
VRNA complex or of filamentous virions for transport through PD (Roberts et al.
1998). The localization of Turnip mosaic potyvirus (TuMV) CI to PD depends on
another potyviral protein, P3N-PIPO (Wei et al. 2010).

Closteroviruses, such as Beet yellows virus (BYV), form exceptionally long viri-
ons and have very large RNA genomes. Movement of these viruses occurs in the
form of virions and depends on four structural proteins and one MP. The latter is
required for virus movement but is not an integral virion component. Three of the
four structural components form a narrow virus tail essential for virion movement
(Dolja et al. 2006). One of these tail components, the Hsp 70 homolog (HSP70h),
localizes to PD in a myosin VIII-dependent manner and might be involved in target-
ing the virion to PD (Avisar et al. 2008a). In addition HSP70h might use its ATPase
function to translocate the virus through the pore (Peremyslov et al. 1999).

The Groundnut rosette umbravirus (GRV) does not encode a CP and thus moves
cell-to-cell in a non-encapsidated form. The MP of this virus interacts with PD and
facilitates the transport of homologous and heterologous VRNAs through PD.
However, systemic movement and transmission depends on additional mechanisms
that involve the formation of specific vVRNPs by the viral ORF3 protein. To form
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VvRNPs the ORF3 protein targets the host cell nucleolus to recruit the nucleolar
protein fibrillarin. Moreover, since the virus lacks CP, virion formation and aphid-
mediated inter-plant transmission require the CP of a helper luteovirus. Thus, it
appears that GRV recruits a nucleolar protein and a helper virus to functionally
complement the lack of a CP (Kim et al. 2007). An analogous requirement of nuclear
factor for systemic movement may be represented by Potato mop-top pomovirus
(PMTYV). Similar to GRY, this virus does not require CP for long distance move-
ment. However, the systemic spread of the virus appears to correlate with the ability
of the TGBI1 protein of this virus to enter the nucleolus. Thus, as in the case of GRV,
also PMTV may depend on the recruitment of nuclear or nucleolar host proteins for
entry into the phloem vasculature to achieve systemic plant infection (Wright et al.
2010). These examples illustrate that intercellular short-distance and systemic,
phloem-mediated, long-distance communication mechanisms may depend on dif-
ferent interacting factors.

2.3 Viral Modification of Plasmodesmata

The basic structure of PD consists of a plasma membrane-lined pore with endoplas-
mic reticulum (ER) membranes running through its center (Ding et al. 1992a;
Overall 1999; Maule 2008). Both the plasma membrane and the ER are continuous
through the pore and thus establish membrane continuity between adjacent cells.
The two leaflets of the ER are appressed within PD thus forming a central mem-
brane structure referred to as the desmotubule. The cytoplasmic space between the
desmotubule and the plasma membrane is known as the cytoplasmic annulus and
may represent the major pathway for intercellular transport of water-soluble solutes
and macromolecules between cells. The ER and the ER lumen represent alternative
transport routes as is supported by observed intercellular movement of injected or
expressed membrane probes (Cantrill et al. 1999; Martens et al. 2006; Guenoune-
Gelbart et al. 2008) and the ability of plant ER membranes to transport associated
macromolecules by lateral diffusion (Sparkes et al. 2009; Griffing 2010). Moreover,
the desmotubule may not be a fixed structure but able to dilate in response to factors
such as virus infection (Guenoune-Gelbart et al. 2008; Epel 2009; Barton et al.
2011). During development, PD undergo structural modifications leading to their
transformation from simple to branched (Burch-Smith and Zambryski 2010; Ehlers
and van Bel 2010; Burch-Smith et al. 2011), as observed during the sink-to-source
transition (Oparka et al. 1999). PD are formed during cytokinesis (primary PD),
thus when new primary cell walls are laid down between daughter cells. Additional
PD may form across existing walls (secondary PD) of cells that are not clonally
related, for example to connect the epidermal cell layer with the underlying cells of
the leaf (Burch-Smith et al. 2011). Once established, PD regulate their SEL and
thereby control communication between the cells they connect. In some cases, tis-
sue differentiation may necessitate the degradation of established PD to perma-
nently isolate cells from surrounding cells as, for example, in the case of stomatal
guard cells (Wille and Lucas 1984).
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The mechanism by which the PD SEL is regulated is intensely studied. One
potential mechanism is the reversible deposition of callose, a 3-1,3-glucan (Northcote
etal. 1989). The role of callose in PD regulation is substantiated by the recent isola-
tion of PD proteins associated with callose synthesis and breakdown (Levy et al.
2007; Simpson et al. 2009; Guseman et al. 2010). The SEL of PD may also be con-
trolled by actin and myosin. Specific antibody staining demonstrated the presence
of actin and myosin antigenicity in PD of algae (Blackman and Overall 1998) and
higher plants (White et al. 1994; Reichelt et al. 1999; Golomb et al. 2008) and a role
of the actin cytoskeleton in controlling PD permeability has been demonstrated by
functional studies employing specific inhibitors. Actin-depolymerizing agents were
found to increase PD aperture (White et al. 1994; Ding et al. 1996), whereas an
inhibitor of actin-myosin led to constriction of PD (Radford and White 1998).
Recent studies in Tradescantia (spiderwort) suggest that the SEL of PD is increased
when myosin detaches from actin, as induced by BDM (2,3-butanedione mon-
oxime), and is decreased when myosin attaches to actin, as induced by NEM
(N-ethylmaleimide) (Radford and White 2011). PD are also associated with pectin
methylesterase (Morvan et al. 1998) that may act to modify the SEL through chang-
ing the composition of the cell wall around PD. The SEL of PD also responds to
calcium levels in the cytoplasm (Tucker 1990; Tucker and Boss 1996; Holdaway-
Clarke et al. 2000), which is consistent with the presence of calcium-interacting
proteins at PD, such as centrin (Blackman et al. 1999), calreticulin (Baluska et al.
1999), and a calcium-dependent kinase (Yaholom et al. 1998). Recently, proteomic
studies in Arabidopsis led to the identification of several new PD protein candidates
(Fernandez-Calvino et al. 2011). Further analysis of these candidates has potential
to provide seminal new insights into the mechanisms that regulate the SEL of PD.

The molecular mechanism by which virus particles or viral RNP complexes are
transported through the PD pore into the adjacent cell is not yet understood. However,
given the small diameter of PD, structural modification of either the PD channel or the
viral particles appears necessary. The formation of a tubule inside PD to facilitate cell-
to-cell movement of tubule-forming viruses (van Lent et al. 1991; Storms et al. 1995)
has already been mentioned. This tubule replaces the desmotubule, thus breaking the
ER continuity between cells. The mechanism that drives the transport of the viral
particles through the tubule is not known. Since only static images of tubules have
been published it may be that the tubule acts as a container and that the whole virion-
laden tubule is transported from one cell to the next. However, considering evidence
that the MP of tubule forming viruses has affinity for CP and assembled capsids and
that the MP domain required for virion transport is located at the inside surface of the
tubule (van Lent et al. 1991; Thomas and Maule 1995; Lekkerkerker et al. 1996; Belin
etal. 1999; Liu et al. 2001; Carvalho et al. 2003; Chowdhury and Savithri 2011), one
may also consider a dynamic process resembling microtubule treadmilling. Thus,
MP-virion complexes may co-assemble at the tubule base in the infected cell and
continuous polymerization of the complex would then drive transport of the complex
through the length of the tubule by treadmilling. Disassembly of the complex at the
distal end of the tubule would finally release the virions into the new cell. Tubule
formation seems indeed to be polar with tubule growth occurring through assembly of
MP at the tubule base (Hofmann, et al., manuscript in preparation). Moreover, tubule
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formation involves the interaction of MP with PDLPs, proteins of a PD-localized
protein family. These proteins may act as PD-localized, cellular docking receptors for
tubule assembly by MP (Amari et al. 2010).

In contrast to forming a new transport structure within the channel, the MPs of
non-tubule forming viruses rather act through alignment of a transport complex near
the PD channel opening (i.e. in the case of potyviruses) or by manipulating the SEL
of PD. Several endogenous plant proteins are able to modify the PD SEL and to
move cell-to-cell similar as, for example, TMV MP (Lucas et al. 2009; Van Norman
etal. 2011). Thus, it appears likely that the MPs of non-tubule-forming viruses evolved
the capacity to interact with plant endogenous mechanisms of intercellular transport.
One potential mechanism by which MPs and other non-cell-autonomous factors
may alter the SEL of PD may be by causing a change in local Ca** levels, which is
known to affect PD SEL and is consistent with a calcium-dependent kinase and
other calcium-binding proteins associated with PD (Baron-Epel et al. 1988; Tucker
1990; Lew 1994; Tucker and Boss 1996; Yaholom et al. 1998; Baluska et al. 1999;
Holdaway-Clarke et al. 2000). MPs could also cause a local depletion of ATP (some
MPs were shown to bind nucleotides) that is known to cause dilation of PD (Tucker
1993; Cleland et al. 1994). More recent studies indicate that the MPs of CMV and
TMYV have F-actin severing activity and that this activity is required to increase the
PD SEL (Su et al. 2010). The authors demonstrated that the stabilization of actin by
microinjection of phalloidin inhibits the ability of the MP to increase the SEL of
PD, indicating that actin depolymerization is important for this activity. Moreover,
in contrast to wild type, a mutant CMV MP lacking actin severing ability in vitro did
not increase PD SEL upon microinjection into epidermal cells in vivo. These results
provide compelling evidence for a role of the actin cytoskeleton in controlling the
SEL of PD. Nevertheless, further studies are needed to demonstrate that the implied
reorganization of the actin cytoskeleton leading to the SEL increase indeed occurs
inside PD and is directly responsible for changing PD permeability.

MPs may dilate PD also through degradation of callose deposits at PD. Several
studies showed a positive correlation of the efficiency of virus spread with the
expression level of the callose-degrading enzyme [-1,3-glucanase (Iglesias and
Meins 2000; Bucher et al. 2001). Moreover, the PVX TGBp2 protein interacts with
host proteins that, in turn, interact with this enzyme (Fridborg et al. 2003). Recent
studies indicate that the MP of TMV reduces the stress-induced deposition of
PD-associated callose caused by the presence of a TMV replicon expressing only
replicase (Guenoune-Gelbart et al. 2008). Reduced levels of PD-associated callose
in the presence of both MP and replicase were correlated with facilitated cell-to-cell
diffusion of ER-membrane-intrinsic and luminal proteins. The authors proposed
that MP and replicase caused a reduction in the level of PD associated callose pos-
sibly through recruitment of 3-1,3-glucanase to the pore (Epel 2009; Zavaliev et al.
2011). Another recent study revealed that the MP of TMV interacts with an ankyrin
repeat-containing protein (ANK) that facilitates virus movement when over-
expressed, whereas virus movement is reduced when ANK is suppressed.
Importantly, expression of both MP and ANK causes reduced callose levels at PD
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thus suggesting that ANK may be part of the pathway through which MP causes the
degradation of callose to facilitate TMV movement (Ueki et al. 2010).

Virus movement through PD may also involve specific chaperones. A number of
proteins that may function as chaperones in macromolecular transport through PD
are localized to the cell-to-cell transport pathway (Aoki et al. 2002; Chen et al.
2005; Lucas 2006). A role of chaperones in cell-to-cell transport processes is indi-
cated by a study suggesting that transport through PD may involve protein unfold-
ing (Kragler et al. 1998) and by the observation that cells at the leading front of
infection undergo a transient induction of Hsp70 expression (Havelda and Maule
2000; Whitham et al. 2003). Moreover, the closterovirus BYV expresses a Hsp70
homologue required for movement. As already mentioned, this protein is thought to
facilitate virus movement by binding to a PD receptor as well as to the tail domain
of the viral capsid, and to translocate the virus through PD by mechanical force
(Peremyslov et al. 1999; Alzhanova et al. 2001). A requirement of structural changes
in VRNPs for translocation through PD may be indicated also by a potential role of
helicase activity in virus movement. Evidence is provided by a role of the helicase
domain of the TMV replicase in TMV movement (Hirashima and Watanabe 2001,
2003), which may unwind the viral RNA for entering the PD pore. Helicase activity
is also a feature of hordei- and potexvirus TGBp! proteins (Kalinina et al. 2002;
Makarov et al. 2009).

TMYV movement as well as the intercellular movement of other non-cell-autonomous
proteins (NCAPs) may depend on interaction with specific, potentially PD-localized,
cellular receptor proteins. Tobacco NON-CELL-AUTONOMOUS PROTEIN
PATHWAY 1 (NtNCAPP1) interacts with the MP of TMV and also with several
other NCAPs, and the presence of a mutant NtNCAPP1 interfered with the capacity
of TMV MP to increase the PD SEL (Lee et al. 2003; Taoka et al. 2007).

2.4 Viral Targeting of PD

Most plant RNA viruses replicate in association with membranes (Sanfacon 2005),
particularly with endoplasmic reticulum (ER) membranes. Since the plant ER is
highly dynamic (Sparkes et al. 2009; Griffing 2010), allows the trafficking of asso-
ciated small molecules and protein complexes by lateral diffusion (Baron-Epel et al.
1988; Grabski et al. 1993; Martens et al. 2006; Runions et al. 2006; Guenoune-
Gelbart et al. 2008), and is continuous between cells through the desmotubule (Ding
et al. 1992a), MP and vRNA/virions could reach PD and move cell-to-cell by trans-
port along the membrane. Consistent with this model, the MPs of many plant viruses
are associated with the ER. The MP of TMV localizes to the ER shortly after syn-
thesis (Heinlein et al. 1998b; Sambade et al. 2008) and the efficiency by which the
protein is targeted to PD is reduced upon disruption of the ER-actin network (Wright
et al. 2007). During viral replication, the MP localizes to distinct viral replication
complexes (VRCs) formed on ER membranes (Heinlein et al. 1998b; Mds and
Beachy 1999). These complexes are associated with actin filaments (Liu et al. 2005;
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Hofmann et al. 2009) and anchored to microtubules (Heinlein et al. 1998b).
At later stages of infection, the VRCs produce CP that appears to have a role in
controlling VRC size (Asurmendi et al. 2004) and is likely used for virion forma-
tion, whereas at early stages of infection the VRCs or VRC sub-complexes use their
association with the ER for transport via actin/mysoin-supported lateral diffusion in
the ER membrane or lumen to reach PD and to infect new cells (Kawakami et al.
2004; Guenoune-Gelbart et al. 2008; Sambade et al. 2008; Hofmann et al. 2009;
Sambade and Heinlein 2009). The ER tightly interacts with actin filaments and
associated motor proteins (Boevink et al. 1998; Sparkes et al. 2009; Ueda et al.
2010) and multiple evidence for a role of actin and myosins in the trafficking of
various viral proteins or in the spread of infection by various viruses has been
reported (Kawakami et al. 2004; Haupt et al. 2005; Prokhnevsky et al. 2005; Avisar
et al. 2008a; Harries et al. 2009b, c¢; Hofmann et al. 2009). Consistent with a role
of the ER-associated actomyosin system, TMV movement as well as motor-
dependent Golgi movements can be inhibited by over-expression of actin-binding
protein. This inhibition is actin-dependent, indicating that the over-expressed actin-
binding protein causes obstruction of ER-embedded, motor-mediated cargo traf-
ficking along the filament (Hofmann et al. 2009). However, TMV trafficking
continues in the absence of intact actin filaments (Hofmann et al. 2009), which is
consistent with the notion that the membrane itself may provide sufficient fluidity
for the transport of macromolecular complexes (Sparkes et al. 2009; Griffing 2010).
However, long-term (3 days and more) treatments for inhibition of actin filaments
or myosins reduced the movement of several viruses tested, including TMV (Harries
et al. 2009¢). These findings indicate that the ER-associated acto-myosin network
contributes to the efficiency or directionality of ER-mediated MP/viral RNP diffu-
sion along the membrane.

In addition to associations with the ER/actin network, tobamoviral and also
potexviral MPs have the capacity to interact with microtubules (Padgett et al. 1996;
Boyko et al. 2000b; Ashby et al. 2006; Ferralli et al. 2006; Wright et al. 2010).
During early stages of TMV infection, when only low levels of MP are present,
microtubules appear to guide the cytoplasmic movements of mobile, MP-associated
particles. These particles may represent small VRCs or VRC subcomplexes. Later
on, in cells behind the leading front of infection, particle movements are inhibited
and microtubules sequester overabundant MP (Boyko et al. 2007; Curin et al. 2007,
Sambade et al. 2008). High-level expression and sequestration of MP by microtu-
bules are features that are dispensable for MP function since cells behind the lead-
ing front of infection do not directly participate in movement and, indeed, much
lower levels of MP are fully sufficient for the spread of infection (Arce-Johnson
et al. 1995; Heinlein et al. 1998b; Szécsi et al. 1999). Interestingly, a TMV mutant
exhibiting decreased accumulation of its MP along microtubules showed increased
cell-to-cell movement and decreased degradation compared with the wild-type virus
(Gillespie et al. 2002). Thus, accumulated MP sequestered by microtubules during
late stages of infection may finally enter a degradation pathway (Padgett et al. 1996;
Gillespie et al. 2002; Curin et al. 2007; Ruggenthaler et al. 2009), which is also
consistent with the MP:GFP accumulation and localization pattern within infection
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sites (Padgett et al. 1996; Heinlein et al. 1998b). However, although MP appears to
be ubiquitinylated and degraded by the 26S proteasome in infected cells (Reichel
and Beachy 2000), microtubule-associated MP is free of detectable ubiquitinylation
(Ashby et al. 2006), thus indicating that the accumulation of MP on microtubules
during infection and subsequent MP degradation may be unlinked processes.
Consistent with the known association of protein degradation processes with the ER
(Meusser et al. 2005), we recently found a MP-associated host protein belonging to
a protein family involved in ER maintenance and ER-associated protein degradation
(ERAD) (Niehl et al., manuscript in preparation).

The ability of MP to associate with microtubules and to form mobile particles in
infection front cells is tightly correlated with functionality of MP in the spread of
infection (Boyko et al. 2000b, 2007). Consistently, tobacco mutants affected in the
dynamic behavior of microtubules show reduced efficiency to support TMV move-
ment (Ouko et al. 2010). The ability of MP to interact with microtubules during
infection may be important for the assembly and transport of the vVRNP rather than
for the targeting of MP to PD since microtubule binding-deficient MP retained the
ability to target PD in infected cells (Boyko et al. 2000b, c, 2007). Transient expres-
sion experiments confirmed the formation of mobile MP particles similar to those
formed during virus infection. Further studies revealed that the particles undergo
stop-and-go movements along the ER, always pausing when in contact with under-
lying microtubules. Moreover, the particle movements were dependent on dynamic
microtubule behavior (Boyko et al. 2007; Sambade et al. 2008). Using the MS2
marker system to label RNA in vivo (Bertrand et al. 1998), it appeared that the MP
particles are associated with RNA and that the RNA colocalises with MP in PD
(Sambade et al. 2008). In parallel studies, distinct mobile particles were also
observed upon injection of infectious and fluorescently labeled TMV RNA into
N. benthamiana trichome cells. The injected RNA initiated infection and associated
with ER membrane in a CAP-dependent manner (Christensen et al. 2009). Together
these findings suggest that early stages of TMV infection involve the association of
viral RNA with the ER and the subsequent formation of mobile, ER-associated,
VRINP particles that move via ER supported by the actin cytoskeleton in a manner
controlled and guided by underlying microtubule contact sites through the cyto-
plasm and to PD. These particles may indeed represent the RNA-protein complexes
that spread infection since they form when replication sites are established and
TMYV spreads via the ER-connected PD to non-infected neighboring cells. Moreover,
as already mentioned, using conditional mutations in MP it was possible to directly
correlate the formation of the particles with MP function in TMV movement (Boyko
et al. 2007). A role of microtubules in these processes may also be supported by the
capacity of MP to interact with GFP fused-MICROTUBULE END-BINDING
PROTEIN 1 (EB1), a major integrator of microtubule dynamics and of interactions
at the microtubule ends (Brandner et al. 2008).

Further studies are needed to determine the structure and composition of the MP
particles. Also the mechanism by which microtubules contribute to the controlled
assembly, anchorage, release, and movement of the particles deserves further stud-
ies. A major obstacle in understanding the role of microtubules in TMV movement
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is the fact that the spread of TMV infection continues in the presence of microtubule
inhibitors (Ashby et al. 2006). However, although this indicates that an intact micro-
tubule cytoskeleton is not required for movement, it should be considered that com-
ponents of the microtubule cytoskeleton sufficient to support the spread of virus
genomes may still persist under these conditions. Indeed, microtubule inhibitors
have limited effects on microtubules that are stabilized by microtubule-associated
proteins (MAPs), and the MP of TMV is a particularly strongly stabilizing MAP
(Ashby et al. 2006; Ferralli et al. 2006). Thus, despite the presence of inhibitors,
newly infected cells at the leading front of TMV infection sites still contain numer-
ous intact MP-labeled microtubules (Seemanpillai et al. 2006). Recent studies indi-
cating that also the TGBpl of Potato mop-top pomovirus (PMTV) interacts with
microtubules (Wright et al. 2010) may underscore a widespread role of microtu-
bules during viral infection. Although virus spread continues in the presence of
microtubule inhibitors also in this case, the significance of the interaction with
microtubules for the cell-to-cell movement of PMTV genomes may be revealed by
further detailed studies.

As for TMV, the MPs of TGB-containing viruses such as potex- and hordeivi-
ruses are also thought to target PD via association with the ER (Solovyev et al.
2000; Cowan et al. 2002; Gorshkova et al. 2003; Krishnamurthy et al. 2003; Ju et al.
2005; Tilsner et al. 2010). It is believed that membrane-integral TGBp3 directs the
membrane protein TGBp2 and possibly soluble TGBp1-vRNA complexes to the PD
pore (Morozov and Solovyev 2003; Verchot-Lubicz 2005; Verchot-Lubicz et al.
2007, 2010; Jackson et al. 2009). In contrast to the hordei-like TGBpl, which
depends on TGBp2 and TGBp3 to carry it across PD, the potexvirus TGBp1 has the
ability to target PD, to increase PD SEL, and to move from cell to cell when
expressed on its own (Erhardt et al. 1999, 2000; Lawrence and Jackson 2001; Cowan
etal. 2002; Howard et al. 2004). TGBp2 was observed to induce motile “ER-derived
vesicles” (Ju et al. 2005). However, whether these vesicles play a role in the viral
movement process remains to be determined. Studies on Bamboo mosaic potexvirus
(BaMV) revealed that the TGBp2 and TGBp3 proteins of this virus form a stoichio-
metric protein complex localized to tubular subdomains in the cortical ER (Lee
etal. 2010). In a more recent study, Wu et al. (2011) demonstrate that a hydrophobic
stretch located in the cytoplasmic region of TGBp3 is required for TGBp3 oligomer-
ization and for viral pathogenesis. The authors propose that TGBp2 forms a com-
plex with TGBpl, CP and viral RNA and that TGBp3 targets this complex via
interaction with TGBp2 to curved tubules of the cortical ER and finally to PD (Wu
et al. 2011). Motile membrane-associated complexes have also been observed in
association with other TGB viruses, such as pomoviruses. The PMTV TGBp2 and
TGBp3 proteins occur in association with endocytic vesicles budding from the
plasma membrane (Haupt et al. 2005). This observation suggests a role of endo-
somes in the recycling of TGB proteins upon viral RNA delivery to PD. Indeed,
some MPs like the TGBp3 proteins of PMTV and PSLV contain a Tyr-based sorting
motif also found in KNOLLE and other syntaxins. This motif is recognized by
vesicle adapters at the plasma membrane and the ER in animals (Haupt et al. 2005)
and found to be essential for PMTV movement (Tilsner et al. 2010).
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The MP of TMV and also the TGB proteins are involved in the restructuring the
ER network during infection. The MP of TMV associates with the ER network early
in infection and induces the conversion of membrane tubules into aggregates (later
proposed to represent VRCs) (Heinlein et al. 1998b). The transient formation of
these aggregates in TMV-infected protoplasts correlates with the production and
subsequent degradation of MP (Reichel and Beachy 1998). The ability of MP to
recruit ER membranes into aggregates is maintained when the protein is ectopically
expressed (Reichel and Beachy 1998). This finding is likely related to the presence
of predicted transmembrane domains in MP (Brill et al. 2000; Fujiki et al. 2006) and
to its behavior as an intrinsic membrane protein in cellular fractionation experi-
ments (Reichel and Beachy 1998). The association of the MP with membranes is
important but not sufficient for function in TMV movement (Fujiki et al. 2006).
However, despite the importance of membrane interaction, the accumulation of MP
leading to the formation of ER aggregates is dispensable (Boyko et al. 2000c) and
rather solely associated with MP over-accumulation and turnover during infection.
This may be different for TGB viruses for which some correlations between
MP-mediated changes in ER structure and function in virus movement have been
obtained. Various ER-derived structures are observed upon ectopic over-expression
of TGB proteins (Solovyev et al. 2000; Cowan et al. 2002; Krishnamurthy et al.
2003; Haupt et al. 2005; Ju et al. 2005; Schepetilnikov et al. 2005; Samuels et al.
2007; Lee et al. 2010; Tilsner et al. 2010). Importantly, a specific point mutation in
the PMTV TGBp3 protein (which has two trans-membrane domains) abolishes the
ability of this protein to disrupt the native ER structure and also interferes with virus
movement indicating that, for PMTYV, membrane perturbation and virus movement
are linked processes (Haupt et al. 2005; Tilsner et al. 2010). The spread of BaMV
infection has been correlated with the location of TGBp3 to peripheral ER struc-
tures. However, in this case there is evidence that the TGBp3 does not shape the ER
by itself. Experiments involving ectopic expression yeast cells rather indicate that
the sorting signal present in this protein (see above) localizes the protein to existing
ER domains associated with ER-shaping reticulon proteins Rtnl and Yopl. This
sorting signal is also required for TGBp3 localization to cortical ER structures and
virus movement in plants (Lee et al. 2010; Wu et al. 2011). These observations illus-
trate that viral MPs may target specifically structured ER domains rather than forc-
ing random ER membranes to which they bind into a specific structure. Whether
this feature only applies to BaMV or also to other ER-interacting MPs remains to be
seen. It is conceivable that in contrast to BaMV MPs, other MPs may have the abil-
ity to interact with ER reticulons (Arabidopsis has 21 reticulon homologs; Nziengui
et al. 2007) to shape the ER, for example to modify the ER/desmotubule structure
within PD. Indeed, the targeting to ER and the effects of MP over-expression on ER
structure may reflect mechanisms by which MPs target and modify the structure of
the desmotubule to allow virus movement at the leading front of infection.

Recent studies extend the range of interactions of plant viruses with membranes
towards membrane rafts. Remorin, a protein associated with plasma membrane rafts
and also present in PD, was shown to interact with the TGBp1 of PVX and to influ-
ence viral cell-to-cell transport. Overexpression of remorin reduced the efficiency
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of virus movement whereas reduced expression enhanced the spread of the virus,
suggesting that remorin binding may titrate TGBp1 available for transport (Raffaele
et al. 2009). The effects of overexpressing or reducing expression of remorin may
not contradict a potential role of membrane rafts in virus movement. Thus, it is
conceivable that membrane raft-associated virus movement depends on a specific
ratio of interaction between remorin and TGBpl. Membrane rafts could also guide
PD proteins that are initially targeted to the plasma membrane by the secretory
pathway to the channel. This targeting model would be consistent with the presence
of GPI-anchored proteins within PD (e.g. PD callose binding protein 1, PDCBI,
(Simpson et al. 2009)).

In contrast to TMV and TGB-expressing viruses, tubule-forming viruses like
GFLV or CPMYV do likely not use the ER to target PD since the assembly of the tubule
inside the PD-pore disposes the desmotubule leading to disruption of intercellular
ER membrane continuity. Instead, GFLV and CPMYV appear to depend on the secre-
tory pathway as shown by sensitivity of their PD targeting and tubule-forming
capacity to the secretory pathway inhibitor Brefeldin A (Pouwels et al. 2002;
Laporte et al. 2003). Recent studies demonstrate that the movement of tubule-guided
viruses is promoted by a family of PD-located proteins (PDLPs) that interact with
the tubule-forming MPs within PD. The PDLPs depend on the secretory pathway to
reach PD thus explaining the Brefeldin A sensitivity of tubule assembly. Apparently,
PDLPs act as localized MP-binding proteins that promote virus movement by
catalysing tubule assembly inside PD (Thomas et al. 2008; Amari et al. 2010).
Interestingly, a single transmembrane domain in PDLP is sufficient for targeting the
protein to PD. Since the secretory pathway delivers proteins to the plasma mem-
brane, it is important to determine whether the protein is delivered to PD through
direct targeting of a PD-specific plasma membrane domain or via delivery to the
plasma membrane and subsequent lateral diffusion in the membrane towards PD. In
the latter scenario, membrane rafts could again play a role. Interestingly, when cells
expressing the tubule-forming GFLV MP are treated for the disruption of the micro-
tubule cytoskeleton, MP tubules are formed at ectopic plasma membrane sites out-
side PD. Since lipid rafts in plants may anchor the plasma membrane to the
underlying cytoskeleton as in other systems (Bhat and Panstruga 2005; Chichili and
Rodgers 2009), this finding could suggest a potential role of the plant cytoskeleton
in guiding, anchoring, or restricting the movements of the lipid rafts in the mem-
brane. Studies in protoplasts indicated that assembly of tubules by the CPMV MP is
initiated at distinct punctate localizations of MP at the plasma membrane (Pouwels
etal. 2004). It may be possible that these MP localizations represent membrane rafts
or other sites of entrapment following MP diffusion to or within the plasma mem-
brane. Such a membrane-based transport system seems to play a role for a number
of viruses. The Brefeldin A-sensitive secretory pathway delivers viral proteins to
the cellular periphery, for example Melon necrotic spot carmovirus (MNSV)
(Genoves et al. 2010), Potato leafroll luteovirus (PRLV) (Vogel et al. 2007), and
Tomato spotted wilt tospovirus (TSWV) (Ribeiro et al. 2009).
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2.5 Interaction of Viral MPs with Plant Proteins

Although the above findings already indicate the role of several proteins as well as
of membranes and cytoskeleton in intra-and intercellular virus movement and other
macromolecular trafficking, understanding the detailed molecular mechanism of
macromolecular transport will depend on the isolation and characterization of addi-
tional molecular components. Important recent advances in the isolation of PD pro-
teins (Faulkner and Maule 2010; Fernandez-Calvino et al. 2011) will enlighten the
structural composition of the channel and also have high potential for revealing
proteins required for transport through the pore, as in the case for PDLP (Thomas
et al. 2008; Amari et al. 2010). The isolation and characterization of MP-interacting
factors is similarly promising, although these factors may be involved in functions
other than PD targeting, such as viral replication and MP turnover. The list of identi-
fied MP-interacting factors is continuously growing (Table 1.1) and examples that
may reflect specific viral strategies are mentioned below.

Interactions with cytokeletal proteins. The MP of TMV interacts with various host
factors, including o,B-tubulin dimers (Ferralli et al. 2006), y-tubulin (Sambade et al.
2008), assembled microtubules (Ashby et al. 2006), GFP-fused Arabidopsis EBla
(Brandner et al. 2008), and the microtubule-associated factor MPB2C (Kragler et al.
2003) that support a role of microtubules during TMV infection. As already men-
tioned, similar to the MP of TMYV, also the pomovirus TGBp1 protein interacts with
the microtubule cytoskeleton (Wright et al. 2010). There is also evidence for inter-
action of the putative MP (sc4) of Sonchus yellow net rhabdovirus (SYNV) with a
microtubule-associated protein (Min et al. 2010). Moreover, interactions of viral
MPs with the cytoskeleton are indicated also by the binding of the MP of TSWV to
proteins resembling myosin and kinesin (van Bargen et al. 2001). Potential interac-
tions of MP with actin remain controversial (McLean et al. 1995; Hofmann et al.
2009) and may be indirect, i.e. through association with actin-associated ER mem-
branes. As described above the MPs of CMV and TMV have the capacity to sever
actin filaments in vitro. Such activity exerted in vivo could play a role in the modifi-
cation of the PD SEL (Su et al. 2010).

Interactions with secretory cargo proteins. An interaction of the MP of TMV with
the secreted cell wall protein pectin-methylesterase (PME) was proposed to allow
MP to target PD via the secretory pathway (Dorokhov et al. 1999; Chen et al. 2000).
However, since PD targeting of the TMV MP is independent of the secretory path-
way (Tagami and Watanabe 2007; Boutant et al. 2009; Amari et al. 2010) and since
we could not find a colocalization of MP with PME in vivo (Hofmann et al. 2007),
this model seems not to be correct. As mentioned above, the MPs of GFLV, and
likely also the MPs of other tubule-forming viruses, find PD through targeting of
PDLPs that themselves localize to PD via the secretory pathway. Since the interac-
tion between MP and PDLP takes place at PD, the pathway that targets the MP itself
to PD remains to be further investigated (Amari et al. 2010).
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Interactions with membrane proteins. The MPs of the begomoviruses Cabagge leaf
curl virus (CaLCuV) and Squash leaf curl virus (SqQLCV), and also the MP of TMV,
interact with an Arabidopsis synaptotagmin (SYTA) (Lewis and Lazarowitz 2010),
a calcium sensor that regulates endo-and exocytotic processes. In plant mutants
deficient for SYTA, systemic virus infection is delayed and the intercellular spread
of MP is inhibited, thus hinting to an important role of endo- and exocytic traffick-
ing in virus movement (Lewis and Lazarowitz 2010). However, whether the target-
ing of MP to PD occurs via vesicles or whether SYTA regulates intercellular
trafficking through other, more indirect and potentially calcium-dependent, mecha-
nisms remains to be shown. Potential interactions of MPs with the vesicle traffick-
ing machinery are also indicated by interactions of the GFLV MP with the vesicle
syntaxin KNOLLE (Laporte et al. 2003) and of the CaMV MP with a Rab acceptor
homolog (Huang et al. 2001). Moreover, PVX and PMTV TGBp2 proteins associ-
ate with vesicle-like structures (Haupt et al. 2005; Verchot-Lubicz et al. 2007, 2010),
and the PMTV TGBp2 interacts with an RMES homolog, a J-domain protein
involved in endocytosis (Haupt et al. 2005). Recent studies indicate that the move-
ment-related Turnip mosaic potyvirus-encoded CI protein interacts with the recently
discovered potyviral protein P3N-PIPO and that both proteins are delivered to PD
by virtue of exocytic vesicles (Wei et al. 2010).

Interactions with other NCAPs. Viruses may also interact with host NCAPs to sup-
port their own intercellular spread. The P22 MP of Tomato bushy stunt tombusvirus
(TBSV) was shown to interact with a homeodomain protein (Desvoyes et al. 2002).
Since certain homeodomain proteins act non-cell autonomously and move between
cells in plants (Lucas et al. 1995; Perbal et al. 1996; Ruiz-Medrano et al. 2004; Van
Norman et al. 2011), P22 may represent an example for MPs which may achieve
intercellular transport through interaction with other proteins that by themselves
move cell-to-cell. Another example might be the TSWV MP, which interacts with a
host At-4/1 protein that moves cell-to-cell (Paape et al. 2006).

Possible interactions with extracellular matrix proteins. Protein p8, one of the two
MPs required for the spread of TCV, interacted in vitro and in a yeast two-hybrid
system with an Arabidopsis protein containing ‘RGD’ sequences. RGD sequences are
usually carried by extracellular matrix proteins and mediate cellular adhesion through
interaction with cellular integrins. Integrin-like proteins and plasma membrane RGD
binding sites have been described in plants (Canut et al. 1998; Faik et al. 1998; Laval
et al. 1999; Nagpal and Quatrano 1999; Sun et al. 2000; Senchou et al. 2004).

Interactions with chaperones. Virus movement through the narrow pore of PD may
depend on chaperones that assist in the unfolding and refolding of proteins or in the
disassembly and reassembly of macromolecular complexes. As already mentioned,
a role of chaperones in cell-to-cell transport processes is indicated by a study sug-
gesting that transport through PD may indeed involve protein unfolding (Kragler
etal. 1998) and by the observation that cells at the leading front of infection undergo
a transient induction of Hsp70 expression (Havelda and Maule 2000; Whitham et al.
2003). Moreover, as also already mentioned, BYV movement involves a virus-
encoded Hsp 70 homolog (HSP70h) that localizes to PD in a myosin VIII dependent



20 E. Pefia et al.

manner and might be involved in targeting the virion to PD (Avisar et al. 2008a).
The HSP70h protein has also been proposed to use its ATPase function to translo-
cate the virus through the pore (Peremyslov et al. 1999). Unlike for closteroviruses,
movement of other viruses may depend on interaction of their MP with cellular
chaperones. Consistently, there is evidence for interactions of a number of MPs with
HSF-like chaperones and J-protein co-factors (Soellick et al. 2000; van Bargen
et al. 2001; Hofius et al. 2007; Shimizu et al. 2009; Krenz et al. 2010).

Interaction with nuclear factors. Plant viruses may interact with nuclear factors to
facilitate movement. The case of GRV that recruits a nucleolar protein and a helper
virus to functionally complement the lack of a CP in virus systemic movement
(Kim et al. 2007) has already been mentioned. In several additional cases a role of
the interaction of a viral MP with the nucleus or nuclear factors has been described.
Thus, systemic movement of PMTV correlates with the ability of its TGB1 protein
to enter the nucleolus (Wright et al. 2010). Some viral MPs interact with transcrip-
tional activators (Matsushita et al. 2001; Matsushita et al. 2002). This suggests that
MPs may facilitate the spread of infection through manipulating the transcriptional
program of the host cells.

2.6 Regulation of Virus Movement

Although certain virus:host interactions can have adverse effects to plant develop-
ment leading to disease symptoms and crop losses, a virus should evolve means to
protect its host against damage caused by infection. Since PD gating by virus-
encoded MP affects intercellular communication, the activity of viral MPs is con-
trolled at several levels. For example, the expression of the MP of TMYV is restricted
to early stages of infection (Watanabe et al. 1984; Blum et al. 1989) and, when the
protein has performed its function and allowed viral RNA to move into non-infected
cells at the infection front, the protein is degraded by the 26S proteasome (Reichel
and Beachy 2000). Cessation of MP expression and degradation of remaining MP
in cells behind the leading edge of TMV infection sites leads to a ring-shaped fluo-
rescence pattern if MP is fused to fluorescent proteins (Heinlein et al. 1995, 1998b;
Padgett et al. 1996; Szécsi et al. 1999; Hofmann et al. 2009). Moreover, the ability
of MP to gate PD in TMV infection is restricted to the leading edge even though the
PD of cells in the centers of infection sites remain labeled with MP:GFP (Oparka
etal. 1997). Thus, MP appears to be rendered non-functional for PD gating after the
virus has spread. It shall be reminded here that also the ability of MP to form mobile
particles is restricted to cells at the leading front. Behind the leading front, MP may
still be associated with particles; however, these are rendered immobile (Boyko
et al. 2007). MP activity may be controlled at the level of post-translational modifi-
cation since the protein is phosphorylated at multiple sites in vivo (Watanabe et al.
1992; Citovsky et al. 1993; Haley et al. 1995; Kawakami et al. 1999; Waigmann
et al. 2000). Cell-wall enriched protein fractions appear to contain a number of
calcium-dependent and calcium-independent protein kinases able to phosphorylate
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MP (Citovsky et al. 1993; Karpovaetal. 1997, 1999; Yaholom et al. 1998; Waigmann
etal. 2000; Lee et al. 2005). A cell wall-associated kinase (Citovsky et al. 1993) was
shown to reduce the ability of MP to dilate PD (Waigmann et al. 2000; Trutnyeva
et al. 2005) suggesting that the cell-wall-associated kinase may be localized at PD.
A 34 kDa protein belonging to the casein kinase I family was indeed shown to colo-
calize with MP in PD and to phosphorylate C-terminal residues in MP previously
implemented in contributing to the control of the PD gating activity (Lee et al.
2005). However, the role of a PD localized kinase requires further investigation
since another study indicates that the majority of MP molecules undergo C-terminal
phosphorylation on ER membranes before reaching PD (Tyulkina et al. 2010). MP
activity is also controlled at the level of the VRNP. Thus, MP appears to repress the
translation of VRNA in in vitro MP—vRNA complexes (Karpova et al. 1997) when
in non-phosphorylated form. However, when MP is phosphorylated, the VRNA is
translatable (Karpova et al. 1999). Therefore, by inactivating the PD gating capacity
of MP and by rendering vVRNA translatable, phosphorylation of MP during passage
of the VRNP complex through PD may serve as a crucial molecular switch from
VRNA transport to VRNA translation/replication (Rhee et al. 2000). In addition to
the MP of TMV, several other viral MPs have been shown to be phosphorylated dur-
ing the infection process or in vitro (Sokolova et al. 1997; Kawakami et al. 1999;
Matsushita et al. 2000; Yoshioka et al. 2004; Florentino et al. 2006; Akamatsu et al.
2007; Modena et al. 2008; Kleinow et al. 2009).

Other mechanisms of controlling MP activity may include sequestration by bind-
ing proteins. Overexpression of the MP-interacting factors calreticulin and MPB2C
inhibited virus movement (Kragler et al. 2003; Chen et al. 2005). This inhibition
was correlated with increased accumulation of MP on microtubules, which may
reflect removal of MP from other sites. Alternatively, overexpression of calreticulin
or MPB2C may have created a downstream bottleneck in the pathway that targets
VvRNPs to PD, thus leading to overaccumulation of MP at upstream sites. The same
sites, for example microtubules, accumulate MP when the MP itself is highly
expressed (Heinlein et al. 1998b).

MP activity and virus movement are also controlled by the specific expression
levels of MP proteins and host factors that must interact with each other during this
process. For example, hordei-, potex-, and potyvirus movement and PD-targeting
depend on the expression levels of different movement-related proteins relative to
each other (Lim et al. 2008; Tilsner et al. 2010; Wei et al. 2010). The efficiency of
virus movement might be restricted by limiting host factors essential for the move-
ment process. Thus, virus movement may be facilitated or limited depending on the
balance between movement-associated viral and/or cellular proteins.

Virus movement is, of course, also controlled by plant defense mechanisms. As
mentioned, one mechanism is the occlusion of PD by callose deposition to interfere
with virus trafficking (Iglesias and Meins 2000; Bucher et al. 2001; Guenoune-
Gelbart et al. 2008; Epel 2009; Ueki et al. 2010; Lee and Lu 2011). Several
PD-associated host proteins, including PD-callose binding proteins (PDCBs)
(Simpson et al. 2009) and reversibly glycosylated proteins (RGPs; (Sagi et al.
2005)) may be involved in recruiting and stabilizing callose depositions at PD.
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Fig. 1.2 Models of macromolecular targeting and movement through PD. (a) Macromolecular
movement through the PD channel can occur by diffusion or facilitated transport (evidence pro-
vided by the presence of actin and myosin in PD) via the cytoplasmic annulus (cytoplasmic pro-
teins, blue dots), the ER membrane (ER-associated proteins, brown dots), or the ER lumen (ER
luminal proteins, orange dots). In the case of non-targeted movement, the ability of the macromol-
ecules to move between cells is restricted by the given PD SEL. (b) Macromolecules may be
secreted to the plasma membrane via the secretory pathway and then transported to PD along
the membrane. B-1,3-glucanase (B-GLU, blue dots) is a GPI-anchored protein that once at the
plasma membrane may be targeted to PD by lipid rafts. Another example is PDLP (red dots),
which targets PD by virtue of a specific trans-membrane domain (TMD). This protein may diffuse
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Virus movement is also controlled by antiviral RNA silencing (Bayne et al. 2005;
Ding and Voinnet 2007). To sustain their reproduction and spreading efficiency
viruses have evolved mechanisms to suppress the systemic RNA-silencing system
(Wu et al. 2010; see also Chap. 5, Bernie Carrol). Viruses also induce the expression
and/or recruit enzymes to degrade callose and thus allow their movement through
PD (Fridborg et al. 2003; Epel 2009; Ueki et al. 2010; Zavaliev et al. 2011).

3 General Principles of Macromolecular Transport

Fluorescent recovery after photobleaching (FRAP) analysis established that mole-
cules as large as 500 kDa can diffuse relatively freely within the cytoplasm (Seksek
et al. 1997; Luby-Phelps 2000). Thus, non-targeted proteins with no specific intrac-
ellular location such as GFP may find PD by chance and move cell-to-cell by diffu-
sion if the SEL of PD is sufficient to allow this movement, as for example during
embrogenesis (Kim et al. 2005a) or in sink tissues of developing leaves (Oparka
et al. 1999). Using transient transfection by bombardment, it has been shown that
native GFP can move several cells away from its source. Non-targeted diffusion of
proteins through PD may occur via the cytoplasmic annulus, the ER membrane or
the ER lumen (Guenoune-Gelbart et al. 2008; Barton et al. 2011) (Fig. 1.2a) and

<
<

Fig. 1.2 (continued) in the membrane to target a specific plasma membrane domain at or inside
PD. PDLP acts as a receptor for tubule-forming viral MPs (arrow). These MPs assemble into
tubules inside PD (replacing the desmotubule) to create highly modified channels for virion move-
ment (c). (d) PD-targeted proteins (viral MPs, NCAPs) interact with a component of the intercel-
lular trafficking pathway (for example, a PD-localized receptor complex, as shown). Interaction
leads to an increase in PD SEL (e.g. through activation of B-glucanase activity to degrade
PD-associated callose). MP/NCAPs may target the receptor in association with the ER (potentially
facilitated by actin and myosin) for movement along the desmotubule (brown dots) or in the cyto-
plasm for movement along the cytoplasmic annulus (orange dots). (e) Targeted RNA transport
requires additional mechanisms. A model based on TMV movement is shown in the upper part of
the figure. Here, RNA particles are assembled at microtubule (MT)-associated ER sites before they
are released for transport along the ER with support by ER-associated actin and myosin. The role
of actin and myosin may be direct (RNP as myosin cargo, as shown) or indirect (RNP may be
transported as a consequence of myosin-driven macromolecular bulk flow in the membrane).
At PD, the RNP-associated MP/NCAP interacts with the PD-localized mechanism (potentially
receptor-mediated, as shown) to increase SEL and for continued movement along the desmotu-
bule. A model based on pomo/hordeivirus movement is shown at the lower part of the figure.
In contrast to the TMV-based model, the RNP (TGBp1-RNA) binds to a mobile carrier complex
(TGBp2/TGBp3) in the ER for delivery to PD. Whereas the RNP interacts with the mechanism
to modify PD SEL and continues its movement along the PD channel into the adjacent cell, the
carrier complex remains in the donor cell and is recycled via endosomes back to the ER.
Pomovirus TGBpl binds to microtubules (MT), but the role of microtubule binding is not yet
known. In analogy to the TMV model, one may speculate that MTs anchor the ER-located carrier
complex for association with the RNP and thus allow maturation of the mobile RNA particle.
ER-mediated movement of the RNP may again be directly or indirectly facilitated by ER-associated
actin and myosin
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largely depends on the probability of attaining PD which, for example, may be
higher with ER-associated proteins. Factors allowing or limiting diffusion via PD
could be found also in the electrochemical gradient between cells, parameters that
restrict diffusion inside the channel (e.g. hydrophobicity, charge, and Stoke’s radius
of the transported molecule, size of cytoplasmic annulus/ER lumen, length of the
channel, and potential surface interactions between the transported molecules and
channel components) (Heinlein and Epel 2004). Targeted movement as in the case
of viral MPs involves interaction of the molecules with pathways and mechanisms
that increase the probability of attaining PD and lead to the formation of a dedicated
transport structure (for example, tubule-forming viruses; Fig. 1.2¢) or to an increase
in PD SEL (Fig. 1.2d), thus allowing movement even if the native SEL of an infected
cell would normally be limiting. Several non-cell-autonomous proteins have the
ability to interact with PD and modify PD SEL similar to viral MPs. A prominent
example for such targeted movement is the non-cell-autonomous movement of the
maize homeobox meristem identity transcription factor KNOTTED 1 (KN1) (Lucas
et al. 1995; Kim et al. 2002) (see also Chap. 4). In contrast to targeted movement of
viral MPs, KN1, or other NCAPs such as the trichome fate protein CAPRICE
(Kurata et al. 2005), non-targeted movement of GFP or of the Arabidopsis flower
meristem identity transcription factor LEAFY (Wu et al. 2003) is not affected by
deletion mutations in the protein and movement is strictly restricted by the given PD
SEL of the cells. However, both targeted and non-targeted movements are governed
by associations of the proteins with other factors and cellular components (Crawford
and Zambryski 2000, 2001). Thus, proteins anchored to a cellular site (e.g. cytoskel-
eton) or host factor, or trapped in a cellular compartment such as the nucleus, are a
priori immobile. The proteins will also not move if their PD modification domains
are inhibited (e.g. by phosphorylation, as in the case of TMV MP) or, in the case of
non-targeted movement, if the proteins form homo-or heteromers causing them to
exceed the size compatible for movement through the PD of the given cells. For
example, the cell-to-cell movement of the SHORTROOT protein in the developing
Arabidopsis root is inhibited and trapped in the endodermal cell layer upon interac-
tion with SCARECROW and the subsequent formation of a complex in the endo-
dermal cell nucleus (Cui et al. 2007).

Although MPs and other molecules may find PD by diffusion and specific
receptor-mediated docking at PD (Fig 1.2b, d), their association with various intra-
cellular components and the presence of transport-mediating motifs suggests addi-
tional mechanisms. Also, associations and mechanisms required for PD targeting of
proteins may not be sufficient for the PD targeting of RNPs. Indeed, much larger
RNP complexes likely require specific compartmentation and transport mechanisms
to ensure coordinated assembly and subsequent delivery to the PD pore (Fig. 1.2e).
Specific requirements for the PD targeting and the spread of RNP complexes were
demonstrated, for example, in studies using TMV variants carrying conditional
mutations in MP. Although at non-permissive conditions the vRNP failed to spread
cell-to-cell, the MP still accumulated in PD. Thus, MP targeting to PD is required
but insufficient for the transport of viral RNA (Boyko et al. 2000b, 2007).
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Based on the studies on viruses the following principles can be derived for
targeted movement of proteins and nucleic acids through PD:

1. Proteins that move cell-to-cell by targeted movement may interact with common
components in the intercellular transport pathway. The targeting of other viral or
host proteins to PD may involve specific recruitment by a PD-localized binding
protein. The MP of GFLYV interacts with PDLP at PD, a reaction that appears to
be common to tubule-forming viruses (Amari et al. 2010) (Fig. 1.2b). Moreover,
a peptide reflecting a motif located within the N-terminus of the KN1 protein
was shown to act as a powerful antagonist against the ability of the KN1 protein,
the CMV MP, and other NCAPs, to potentiate an increase in PD SEL. This sug-
gests the existence of a component in the intercellular transport pathway through
PD that is common to many endogenous and viral proteins (Kragler et al. 2000).
Moreover, NON-CELL AUTONOMOUS PATHWAY PROTEIN 1 (NCAPP1)
was reported to bind to both viral MPs and plants NCAPs and thus may represent
a key component in PD transport (Lee et al. 2003; Ruiz-Medrano et al. 2004).
These examples indicate the existence of receptor complexes that mediate
responses leading to an increase in PD SEL (Fig. 1.2d).

It has been proposed that PD have features in common with nuclear pore
complexes and that PD-mediated trafficking may involve specific protein motifs
that function in analogy to a nuclear-localization signal (NLS) (Lee et al. 2000).
Here, it appears interesting that the homeodomain of KN1 shown to be necessary
and sufficient for intercellular trafficking contains an NLS (Kim et al. 2005b).
Nevertheless, a general PD-localizing motif common to NCAPs has not been
identified.

2. Proteins may use different mechanisms to find the pore. The GFLV MP may
exemplify a targeted mechanism in which after diffusion in the cytoplasm an
entrapment occurs at PD by interaction with a PD-localized binding partner
(Amari et al. 2010). By locally concentrating the MP at PD, this interaction may
function to catalyse MP tubule formation (Fig. 1.2b, c). Finding PD could also be
facilitated by association with the ER (Fig. 1.2a, d). The MP of TMV contains
hydrophobic domains that allow it to interact with ER membranes and likely be
transported by membrane flow with support by ER-associated actin and myosin
(Fig. 1.2d). A role of ER membranes in the targeting of PD is also exemplified by
the pomo-, hordei- and potexvirus TGB2/3 proteins (Fig. 1.2e). Proteins may
also find PD via the secretory pathway (Fig. 1.2b). Examples of proteins taking
this route are PDLPs (Thomas et al. 2008; Amari et al. 2010), RGPs (Sagi et al.
2005), and B-1,3-glucanase (Levy et al. 2007). It is unknown how a secreted
protein finally accumulates in PD. However, the presence of remorin in PD and
the interaction of remorin with a potexvirus TGBp1 suggest a role of lipid rafts
in PD targeting (Raffaele et al. 2009). Such a role of lipid rafts is supported by the
notion that several of the recently identified PD proteins are glycosylphosphati-
dylinositol (GPI)-anchored (Faulkner and Maule 2010; Fernandez-Calvino et al.
2011), and GPI-anchored proteins represent a major class of raft-resident pro-
teins (Brown and Rose 1992; Rao et al. 2011). Thus, in addition to PD targeting
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via ER or by diffusion in the cytoplasm, proteins may find PD by delivery to the
plasma membrane via the secretory pathway followed by lateral transport via
lipid rafts (Fig. 1.2b). Proteins may target PD also indirectly by ‘hitching-a-ride’
in association with other proteins transported along these pathways. The MP of
TMYV may serve as an example since this protein was reported to interact with the
secreted cell wall protein pectin-methylesterase (Dorokhov et al. 1999; Chen
et al. 2000; Chen and Citovsky 2003). Since several MPs were reported to inter-
act with endocytic vesicles or vesicular markers, endocytic pathways appear to
contribute to the targeting and recycling of PD proteins (Fig. 1.2e).

Transport to PD likely involves direct or indirect support by the acto-myosin
system (Fig. 1.2d, e). This is shown by numerous reports indicating the involve-
ment of actin and myosin in the trafficking of viral proteins (Haupt et al. 2005;
Liu et al. 2005; Prokhnevsky et al. 2005; Vogel et al. 2007; Wright et al. 2007,
Avisar et al. 2008a; Harries et al. 2009a, b), viral protein-associated vesicles
(Ju et al. 2005; Cotton et al. 2009), in the spread of infection (Kawakami et al.
2004; Harries et al. 2009c; Hofmann et al. 2009), in cytoplasmic streaming
(Shimmen and Yokota 2004), and the movements of ER and ER-resident pro-
teins (Runions et al. 2006; Ueda et al. 2010), and other organelles (Avisar et al.
2008b; Prokhnevsky et al. 2008). Although interactions of viral MPs with micro-
tubules have been reported (Heinlein et al. 1995; Boyko et al. 2000b; Wright
et al. 2010), microtubules contribute to the maturation and transport of larger
RNPs rather than of proteins (Fig. 1.2e, see below).

3. RNP transport involves additional mechanisms. Whereas the above membrane
and actin-supported mechanisms allow proteins to target PD, additional mecha-
nisms are required for the transport of RNPs (Fig. 1.2e). For example, whereas
peptide antagonists of the PD targeting pathway used by KN1 caused full inhibi-
tion of KN1-mediated transport of KNI1-RNA complexes, the movement of the
KNT1 protein itself was only partially blocked (Kragler et al. 2000). Moreover,
mutations in the TMV MP that interfere with its ability to transport viral RNA do
not necessarily interfere with the PD targeting and intercellular transport of MP
(Boyko et al. 2000b, c, 2007; Kahn et al. 1998; Vogler et al. 2008). Localization
of MP particles at microtubule/ER junctions in cells at the spreading front of
viral infection suggest a role of microtubules in the anchorage or positioning of
replication sites and in the assembly of movement-competent VRNPs (Sambade
et al. 2008; Sambade and Heinlein 2009) (Fig. 1.2e). This model is in agreement
with other evidence suggesting that cortical microtubules may have a general
role in the anchorage and maturation of large trafficking assemblies. For exam-
ple, cortical microtubules tether specific compartments for the positioned deliv-
ery of cellulase synthase complexes to the plasma membrane (Gutierrez et al.
2009). RNA transport may also involve specific RNA folding or unfolding, as is
suggested by the potential roles for RNA helicases in RNA virus movement
(Carrington et al. 1998; Hirashima and Watanabe 2001, 2003; Kalinina et al.
2002; Makarov et al. 2009).

4. NCAP transport through the PD channel may involve different mechanisms.
Similar to proteins that move-cell-to-cell via non-targeted movement, NCAPs
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may pass through the PD channel by diffusion through the cytoplasmic annulus
or via the desmotubule, either by lateral diffusion in the desmotubular ER mem-
brane or through the desmotubular lumen. However, unlike for proteins using the
non-targeted mechanism for movement, targeted NCAP movement involves a
modification of PD SEL. Recent models depicting PD structure show the desmo-
tubule wrapped by a helical actin filament structure (Overall and Blackman 1996;
Maule 2008; Faulkner and Maule 2010). In addition to EM data, this model con-
sists with observations indicating a role of the actin cytoskeleton in restricting
the SEL of PD (Ding et al. 1996; Su et al. 2010; Radford and White 2011). Thus,
to move cell-to-cell, NCAPs may be able to cause a modification in actin func-
tion within the channel. This model gains support by recent evidence indicating
that the MPs of CMV and TMV sever actin filaments and that this activity is
required to increase the SEL of PD (Su et al. 2010). To spread between cells,
NCAPs may also cause changes in Ca** or ATP levels since both are known to
influence the SEL of PD (Tucker 1990, 1993; Cleland et al. 1994; Lew 1994,
Tucker and Boss 1996; Holdaway-Clarke et al. 2000). NCAPs may also be able
to directly or indirectly recruit or enhance the activity of B-glucanase and thus
cause the degradation of callose in the neck regions of PD, as has been proposed,
for example, for the MPs of TMV (Epel 2009) and PVX (Fridborg et al. 2003).
Experimental evidence suggests that NCAP trafficking through PD may involve
a degree of protein unfolding (Kragler et al. 1998). This observation and the
capacity of specific HSP70 chaperones to increase PD SEL (Aoki et al. 2002)
suggests that the interaction of NCAPs with chaperones facilitates movement.

5. NCAP trafficking is regulated. Regulation of NCAP trafficking may occur by
specific expression in donor cells and inhibition of further movement by entrap-
ment in recipient cells, as has been demonstrated for SHORTROOT movement
(Cui et al. 2007). As already discussed, NCAP movement may also be controlled
by endocytic mechanisms that remove proteins from PD. Post-translational
mechanisms may play important roles in controlling the ability of the proteins to
interact with other components of the intercellular communication pathway.
A role of post-translational modification in the regulation of NCAP trafficking is
suggested, for example, by the role of phosphorylation in influencing the ability
of the TMV MP to increase PD SEL (Waigmann and Zambryski 2000; Trutnyeva
et al. 2005). Moreover, phosphorylation and glycosylation of specific amino
acids were shown to affect the interaction of the Cucurbita maxima mobile
phloem protein CmPP16 with NCAPP1 and its ability to move cell-to-cell (Taoka
et al. 2007) (see also Chap. 7).

4 Conclusions and Perspectives

Studying plant virus movement has provided important knowledge about the poten-
tial cellular pathways by which macromolecules and macromolecular complexes
are targeted to PD and transported through the channel. However, we are still far
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away from understanding the mechanisms of macromolecular trafficking at the
molecular level. Studying viruses will continue to provide important new insights,
for example, through the further identification and characterization of
MP-interacting proteins and their respective interaction network. Since significant
progress has been made in the proteomic analysis of PD components (Faulkner and
Maule 2010; Fernandez-Calvino et al. 2011) viruses may be utilized to further
extend this type of analysis to the isolation and analysis of viral and non-viral com-
plexes that target proteins and nucleic acids to the channel. However, it is clear that
many more studies will be needed to decipher the molecular interactions and func-
tional significance of identified components. Nevertheless, genetic testing of identi-
fied components and applying recently developed high-resolution fluorescent
imaging techniques (Fitzgibbon et al. 2010; Bell and Oparka 2011) to investigate
their in vivo localization and activities in association with other components, PD
proteins, and cellular markers, will likely lead to major advances in this field.
Moreover, in using viruses, it will be interesting to distinguish complexes and path-
ways involved in macromolecular movement from those that might be provoked by
host defense responses. Taken together, these studies will also allow us to identify
components and pathways used to transport proteins and RNAs from cell to cell that
are of general importance for plant development.
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Chapter 2

Embryogenesis As a Model System to Dissect
the Genetic and Developmental Regulation
of Cell-to-Cell Transport Via Plasmodesmata

Patricia C. Zambryski, Min Xu, Solomon Stonebloom,
and Tessa Burch-Smith

1 Introduction

1.1 Embryogenesis

Arabidopsis offers a remarkably accessible model system to study plant
embryogenesis largely because its seedpod, called a silique, carries 2 rows of 20
embryos at exactly the same stage of development along its length. This arrange-
ment is a general feature of the Brassicaceae family. Also notably, each flowering
Arabidopsis plant has up to 50 siliques along its inflorescence axis, and each silique
will carry embryos from a different stage of development, from older (at the base)
to younger (at the tip). This extremely ordered array of embryos allowed detailed
studies to map the regular pattern of cell divisions in specific groups of cells in the
early embryo that develop into specific cells and tissues of more mature embryos
and seedlings (Jurgens and Mayer 1994). The mature embryo shows an apical-basal
organization along the main axis that is composed of structures such as shoot apical
meristem (SAM), cotyledons, hypocotyl and root, and clonal analyses predict the
contribution of each embryonic cell to this body plan (Laux et al. 2004) (Fig. 2.1).
Generally, positional information determines the overall body pattern, and lineage-
dependent cell fate specifies local patterning (Mansfield and Briarty 1991; Scheres
et al. 1994; Poethig et al. 1986; Laux et al. 2004). Auxin signaling in conjunction
with differential gene expression then facilitate specific morphogenesis (reviewed
in Saulsberry et al. 2002; Capron et al. 2009).
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Fig. 2.1 sGFP movement in Arabidopsis midtorpedo embryos.This figure is reprinted in its
entirety from Kim and Zambryski 2005, with permission (from Elsevier, and includes data previ-
ously published in Kim et al. 2005a, b). 1XsGFP expressed by the STM promoter in the SAM and
the base of hypocotyls (hy) (see green areas in (e)) freely moves throughout the whole embryo (a).
2XsGFP fails to move into cotyledons (co) (b) but moves to the root tip (f). 3XsGFP fails to move
to the root (ro) as well as cotyledons (¢, g). These results indicate the formation of at least two
symplastic sub-domains, the cotyledon and root. 2XsGFP expressed in the SAM and RAM in
MSG?2 line (see dark blue circles for where expression occurs in (e)) stays within sub-domains of
the shoot apex and the root, respectively (d, h). These results, together with (b), reveal the bound-
ary between the shoot apex and hypocotyl sub-domains. Root sub-domains from embryos in (c)
and (d) are shown in larger magnification views in (g) and (h) under each whole mid torpedo
image, and include quiescent center (qc), part of the RAM, and central root caps (crc). (i) Four
symplastic sub-domains, shoot apex including SAM (/), cotyledons (2), hypocotyl (3), and root
(4) are extrapolated to the body parts in heart embryos and seedlings shown to the left and right.
Same colors in heart embryo and seedling represent regions of development with common clonal
origins. Sub-domains of the torpedo embryo, as determined by their cell-to-cell transport via PD,
also correspond to the apical-basal body pattern of the heart embryo (and seedling) by their
positions; these regions are diagrammed with different colors to indicate they were defined by a
different assay. Scale bars, 50 pm
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Plasmodesmata (PD) directly connect the cytoplasm of adjacent cells, and
convey positional information during axial patterning in embryogenesis by deter-
mining whether or not specific cells are symplastically coupled. The cytoplasm
between adjacent plant cells is continuous due to PD connections; such adjacent
cells share cytoplasm and thus are symplastically coupled. Embryos develop from a
single cell, and cell division results in symplastic coupling between cells. Oriented
patterns of cell division then result in morphogenesis. Early heart stage embryos,
comprised of about 250 cells, are interconnected by open PD and constitute a single
symplast of continuous cytoplasm bounded by the plasma membranes of connected
cells (McLean et al. 1997). However, as embryonic development proceeds to the
later torpedo stages, groups of cells become symplastically isolated from neighbor-
ing cells to form symplastic sub-domains (described below).

Arabidopsis embryos provide a very tractable system to study the genetic and
developmental regulation of PD. Importantly, maternal transport of macromolecules
ceases by the early heart stage. Thus, one can monitor cell-to-cell transport in iso-
lated embryos independent of maternal effects by observing fluorescent tracers that
are either added transiently or stably expressed in transgenic lines. Also, embryos
are easily released from developing seed coats by mild pressure.

We review the establishment of symplastic domains in Arabidopsis embryos,
genetic identification of mutations that alter PD function during embryogenesis, PD
ultrastructure during embryogenesis, and discuss novel findings that have emerged
from studies of PD transport during embryogenesis.

2 Symplastic Domain Formation During Arabidopsis
Embryogenesis

We first studied cell-to-cell transport during embryogenesis by transiently and exog-
enously adding fluorescent (F) tracers. How are F-tracers introduced into embryos?
We developed a simple strategy (Kim et al. 2002) that relies on the fact that certain
cells of the embryo are more likely to break during extrusion of embryos from their
seed coats. First, developing seeds are removed from the silique by running a needle
horizontally along its length. Then the seeds are placed in plant liquid media under
a cover slip on a slide. Gentle pressure to the cover slip then releases the embryos
from their seed coats. This pressure often causes breaks at the junction between
cotyledons and the meristem as the cotyledons are bent at a severe angle in the small
space of the seed coat. Similarly the tip of the embryonic root often sustains small
breaks in its terminal cells during extrusion. Following extrusion embryos are incu-
bated with F-tracers and then washed extensively to remove unincorporated tracer.
The broken cells provide entry points for the tracer, and then depending on the SEL
of their connecting PD, the tracer either moves into the tissue or not.
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The small F-tracer 8-hyroxypyrene-1,3,6-trisulfonic acid (HPTS, 0.5 kDa)
moves through all cells of embryos during all stages of embryonic development
examined from early heart to mid and late torpedo. However, the use of higher
molecular weight tracers, such as 10-kDa F-dextran, reveals that PD aperture is
down regulated, for such larger macromolecules, as development proceeds.
10-kDa F-dextrans are transported cell-to-cell in 50% of heart, 20% of early tor-
pedo, and 0% of mid torpedo embryos (Kim et al. 2002). This developmental transi-
tion was used as a screen to select for mutants with altered cell-to-cell transport via
PD (discussed in Sect. 3 below).

We then used transgenic approaches to express fluorescent proteins such as green
fluorescent protein (GFP). In fact, GFP is a boon for PD research. GFP is an exog-
enous protein with no particular cellular address so that its expression results in
nonspecific cytoplasmic and nuclear localization, and depending on the aperture of
PD, it can move between cells by diffusion (Crawford and Zambryski 2000). Since
GFP is not sequestered in cellular compartments, its movement between cells gives
an indication of the PD-mediated connectivity between groups of cells. Observations
of changes in PD aperture during embryonic development especially illustrate the
usefulness of GFP. Note, PD aperture is also described as PD size exclusion limit
(SEL), reflecting the molecular weight of the largest molecules that can be trans-
ported via PD connecting particular sets of cells. We use both terms in this review,
but prefer the term “aperture” as it describes PD themselves versus the size of mol-
ecules they transport.

We used two different promoters to drive GFP expression in meristematic regions.
The SHOOT MERISTEMLESS (STM) promoter was used to express 1X, 2X, and
3XGFP in the shoot apical meristem (SAM) and a subset of cells in the hypocotyl
just above the root meristem (Kim et al. 2005b). In addition, the cell-type-specific
enhancer of the Haseloff enhancer trap line J2341 (Cho and Zambryski 2011)
induced expression of 2XGFP in the SAM and the root apical meristem (RAM) in
the MSG?2 line (Fig. 2.1e). The subsequent movement of these various sized tracers
from their site of synthesis was monitored at three stages of embryogenesis to reveal
several major findings (Kim et al. 2005a, b). Remarkably, 2xGFP (54 kDa) moves
throughout the entire early heart embryo demonstrating that PD apertures in early
embryos are quite dilated (Kim et al. 2005b). Importantly, these data reinforce the
observations made with exogenously applied HPTS and F-dextran tracers, again
revealing that the entire embryo is a single symplast, where all cells can freely trans-
port GFP cell-to-cell via PD. Significantly, different regions of the embryo have
distinct PD apertures/SELs defining specific symplastic sub-domains by the mid
torpedo stage.

Figure 2.1 a—d illustrate the movement of 1X to 3XGFP at the late-torpedo stage.
Mid-torpedo cotyledons do not allow transport of probes larger than 1XGFP
(27 kDa). Mid-torpedo roots do not allow transport of probes larger than 2XGFP
(54 kDa). Finally, the movement of 3XGFP (81 kDa) is more restricted to the regions
immediately surrounding its site of synthesis at the SAM and at the base of the
hypocotyl. Strikingly, these sub-domains of cytoplasmic continuity correspond to



2 Embryogenesis As a Model System to Dissect... 49

the basic layout of the organs of the adult body along the apical-basal body axis:
the shoot apex, cotyledons, hypocotyls and root (Fig. 2.1i and legend). These sub-
domains can be extrapolated to morphogenetic regions of the early embryo (and
seedling) defined by gene expression profiles and clonal analyses (Fig. 2.11) (Poethig
et al. 1986; Mansfield and Briarty 1991; Scheres et al. 1994; Laux et al. 2004).

An independent study of GFP transport following expression mediated by the
cell-type-specific enhancer of the Haseloff reporter line J2341 (Kim et al. 2005a)
provides salient additional evidence for a boundary with distinct PD aperture
between the root tip and the hypocotyl. Figure 2.1f, g shows that 2XGFP and
3XGFP expressed from the STM promoter can, or cannot, move down into the
root tip, respectively. Figure 2.1h shows that 2XGFP expressed at the root tip
under the control of the J2341 enhancer cannot move up into the hypocotyl.
Thus, PD at the root-hypocotyl boundary allow directional movement of 2XGFP
downward, but not upward.

In summary, there are boundaries between each of four symplastic sub-domains,
SAM, cotyledons, hypocotyl, and root, that control embryo-specific intercellular
transport (Fig. 2.1i). Each boundary likely has a distinct PD aperture/SEL. The
boundary between the shoot apex and the cotyledons has a SEL between 27 and
54 kDa, as 1 XGFP but not 2XGFP moves from the SAM to the cotyledons (Fig. 2.1a,
b, and e). The boundary between the hypocotyl and the root has a SEL between
54 kDa and 81 kDa, as 2XGFP but not 3XGFP moves from the hypocotyl to the root
(Fig. 2.1f, g). The boundary between the hypocotyl and shoot apex domains has a
SEL less than 54 kDa as evidenced in the MSG?2 line where 2XGFP moves from its
site of synthesis at the SAM to surrounding cells but it fails to move downward into
the hypocotyl (Fig. 2.1d, e). Movement within the hypocotyl is only observed when
GFP expression occurs within the hypocotyl itself (just above the root) under the
control of the STM promoter; in this case, 2X and 3XGFP move upward from their
site of synthesis (Fig. 2.1b, c, and e).

Thus, groups of cells with similar developmental fates carry PD with similar
apertures. Differential PD connectivity likely is critical during organ formation,
providing a means whereby groups of cells can exchange factors essential for com-
mon developmental programming. PD connectivity also varies in adult plants, being
highest in young organs and more restricted in mature tissues (reviewed in Burch-
Smith et al. 2011).

2.1 Further Refinement of Localized Embryonic
Symplastic Sub-domains

Additional embryonic symplastic sub-domains were defined by promoter-specific
expression of 1XGFP in the protodermis or stele of the embryo (Stadler et al. 2005).
The GLABRA 2 promoter drives expression in the protodermis, and when 1XGFP
was expressed in the outermost protodermal layer of the heart-stage embryonic hypo-
cotyl, it moved inward to internal ground tissues and to neighboring protodermal
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cells in cotyledons. Such movement was reduced at the torpedo stage (Stadler et al.
2005). When 1XGFP was expressed under the SUCROSE TRANSPORTER3
(AtSUC3) promoter it moves freely between cells of the hypocotyl in earlier stages
(Stadler et al. 2005), but becomes restricted to the stele in the mid-torpedo stage
(Fig. 2.3b). Thus, cell-to-cell transport inward from the protodermis and outward
from the stele is regulated during the torpedo stage of embryogenesis.

Significantly, the above data underscore that the extent of cell-to-cell movement
is dramatically affected by the location of the initial site of GFP synthesis. 1XGFP
freely moves to every cell in embryos following expression in the SAM, (Kim et al.
2005a, b), but its movement is limited when expressed from epidermal cells (Stadler
et al. 2005). Potentially, PD in and around the SAM are more active, or have larger
apertures, than those in the epidermis as meristems are likely the source of morpho-
logical signals to enable patterning during embryogenesis.

The above studies provoke many questions. What factors regulate the establish-
ment of embryonic symplastic domains? Do such factors bind directly to PD to
regulate their aperture? Do different factors differentially regulate PD at boundaries
between symplastic domains? Are PD in boundary cells more tightly regulated than
PD within symplastic domains?

2.2 Maternal Influences on PD Function Just Before
and During Embryogenesis

While this review focuses on PD function and regulation during embryogenesis, we
also alert the reader to studies of PD function during the developmental period
immediately prior to embryogenesis. A recent study with stunning images docu-
ments PD and phloem transport during ovule development, and provides evidence
for two switches in transport capacity (Werner et al. 2011). Ovules initiate their
development in stage 11 flowers during which time they are symplastically con-
nected to the maternal phloem. However, when the female gametophyte is produced
during stage 12, phloem unloading is switched off. Phloem unloading is resumed in
developing embryos of stage 13 flowers when fertilization occurs, though the
resumption of symplastic unloading is not fertilization-dependent.

2.3 Embryo Suspensor Cell-to-Cell Communication

After fertilization the zygote undergoes polar cell division. The upper apical cell
will become the embryo and lower basal cell forms the suspensor. We previously
reviewed (Kim and Zambryski 2005) GFP transport from the embryo to the suspen-
sor and vice versa, but it is important to highlight here too. The suspensor is a ter-
minally differentiated linear file of embryonic cells that connects the embryo
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to maternal tissues and provides a direct route for nutrient transport from material
tissues to the early embryo. In globular embryos, GFP can move in both directions,
implying that the embryo and suspensor together form a single symplast at the glob-
ular stage. However, as the embryo makes the transition from radial to bilateral
symmetry at the heart stage, PD mediated movement from the suspensor to the
embryo restricts maternal input.

2.4 Embryo-Seed Coat Cell-to-Cell Transport

Finally, GFP moves differentially in the five cell layers of the Arabidopsis seed coat
consisting of the innermost endothelial layer, followed by two cell layers each of
inner and outer integuments. GFP expressed in the outer integument cannot move to
the inner integument layers and vice versa. Thus, the inner and outer integuments
are separate symplastic domains. Even small tracers such as HPTS (0.5 kDa) are not
transported across the boundary between the outer and the inner integuments
(Stadler et al. 2005).

The above studies highlight both dynamic and highly regulated plant intercellu-
lar transport during ovule development, early embryo development, stage specific
embryogenesis, and seed coat development.

3 Isolation of Mutants with Altered PD Transport
During Embryogenesis

Genetics is an obvious classical approach to identify PD-specific components.
However, alterations in components that affect PD structure or function are likely to
have severe effects on plant growth and development. Indeed, PD defects are
expected to manifest at the first stages of plant growth, during embryogenesis, and
thereby exhibit a defective or even lethal phenotype. However, embryos make an
especially excellent system for genetic screens because embryo-lethal/defective
mutants can be propagated as heterozygote plants, and segregating defective
embryos can be detected in seedpods. This is especially true for Arabidopsis because
their seedpods, siliques, contain approximately 40 embryos in a linear file that are
easily observed by simple light microscopy. Furthermore, because embryogenesis is
a vitally important phase in plant development where basic tissues and anatomy of
a plant are established, one might expect to see regulation of PD function during this
time frame.

As mentioned above, we used exogenously added 10-kDa F-tracers to determine
that PD aperture is reduced significantly during the mid-torpedo stage of embryogen-
esis. We then used this time frame to screen 5,000 embryo-lethal mutants for altera-
tions in cell-to-cell transport of fluorescent tracers (Kim et al. 2002); see Sect. 2.1
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above for description of the F-dextran loading assay. Fifteen mutants that continued
to traffic 10 kDa F-dextran at the torpedo stage were identified and called increased
size exclusion limit (ise). In a separate study we screened for the opposite phenotype,
reduced transport of the low molecular weight tracer HTPS, and identified a single
mutant called decreased size exclusion limit (dse) (XM, unpublished).

To date we have cloned and characterized three mutants, isel, ise2, and dse. All
three mutations were induced by ethane methane sulfonate (EMS) that causes alter-
ations in single nucleotides. This less severe mutagenesis strategy was in fact criti-
cal to our successful identification of mutants with altered PD function. After each
mutant gene was identified, we could then obtain the relevant T-DNA insertion
alleles. In all cases, T-DNA-induced null alleles of the identified genes are severely
retarded; isel null mutants form only a large mass of cells, and ise2 and dse null
mutants do not develop beyond the torpedo stage.

Contrary to our expectations, none of the encoded products of ISE!, ISE2, or
DSE, localize to PD. The ISEI gene encodes a DEAD-box RNA helicase that local-
izes to mitochondria (Stonebloom et al. 2009). ISE2 encodes a DEVH-box RNA
helicase first shown to localize to the cytoplasm and chloroplasts (Kobayashi et al.
2007). Recent higher resolution microscopy reveals that ISE2 localizes entirely
within chloroplasts Burch-Smith et al. 2011.

3.1 Mutants with Altered PD Function Increase
De Novo Formation of PD

Significantly, ise/ and ise2 increase PD formation (Burch-Smith and Zambryski
2010), as would be expected from their effects on increasing PD transport. PD can
have several different morphologies: simple linear channels, twinned PD (simple
PD within 100 nm of each other) (Faulkner et al. 2008), moderately branched, or
highly branched. The latter highly branched structures are found in mature tissues
such as source leaves. PD that arise during cell division are called primary PD, and
those that arise post division are called secondary PD. As the overall morphology of
isel, ise2, or dse torpedo embryos are similar to wild type torpedo embryos, these
mutations do not affect cell division patterns and therefore are unlikely to effect
primary PD formation. Instead we predicted that mutations in isel, ise2, or dsel
might affect the de novo formation of secondary PD.

Figure 2.2a illustrates the frequencies of twinned and branched PD in hypocotyls
of late-staged torpedo embryos in three mutant lines for which published data is
available. Wild type embryos contain ~9% twinned and branched PD and ise/ (26%)
and ise2 (14%) mutant embryos have significantly increased frequencies of twinned
and branched PD. Twinned PD are likely the result of duplication of a simple PD
(Faulkner et al. 2008); by definition then twinned PD are secondary. Branched PD
may arise from both primary and secondary simple PD, so it is impossible to know
the origin of branched PD from their structure.
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Fig. 2.2 Fraction of total PD
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However, secondary twinned or branched PD can be unambiguously identified if
they occur in cell walls that are explicitly non-division walls. Non-division walls are
easily identified in longitudinal cell files, such as those of the expansion zone of the
root (Scheres et al. 2002). In addition, leaf epidermis-mesophyll cell interfaces do
not result from cell division, and provide a ready supply of tissue for specific analy-
ses of secondary PD (Burch-Smith and Zambryski 2010). Thus, we determined if the
increased or decreased numbers of branched PD we observed in mutant embryos
reflect increased or decreased branching of secondary PD by an independent approach
that specifically examined unambiguous secondary PD in the cell walls at epidermal-
mesophyll interfaces of the leaf. To induce the loss of ISE1, or ISE2 in leaves, we
performed virus induced gene silencing (VIGS) (Burch-Smith and Zambryski 2010)
of ISE1, and ISE2. As VIGS is easy and efficient in Nicotiana benthamiana (Burch-
Smith et al. 2004) we first identified homologs of ISE!, and ISE2 in N. benthamiana.
Following VIGS of ISEI and ISE2, we then performed ultrastructural analyses to
monitor the frequency of de novo secondary PD formation at the cell wall interfaces
between epidermal and mesophyll cells of young leaves.
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Fig. 2.3 Movement assay in leaf cells. Agrobacterium carrying constructs to express GFP fused to
TMV MP were infiltrated into leaf epidermal cells at low dilution to ensure transfection of single
cells. An initially transfected cell is indicated as a black cell with a white star. (a) Depicts move-
ment to two rings of cells away from the transfected cell as grey and white cells respectively.
(b) Depicts movement from a single epidermal cell down into the mesophyll layer (grey cells).
Palisade mesophyll cells are elongated and spongy mesophyll cells are shown as circles

Our results were dramatic. Control non-silenced wild-type leaves contained 8%
twinned and branched PD in the cell walls between the leaf epidermis and the under-
lying mesophyll cells that specifically contain secondary PD. Silencing of ISE] or
ISE?2 lead to 20% and 35% twinned and branched PD respectively (Fig. 2.2b). These
results lead us to extrapolate that the increased twinned and branched PD observed
in embryos are also likely to be secondary.

3.2 Gene Silencing of ISE1 or ISE2 in Leaves Increases
PD Cell-to-Cell Transport

In addition, we used our gene silencing strategy to demonstrate that silencing of
ISE] or ISE2 increases cell-to-cell transport in leaves, reiterating the effects of
isel, and ise2 mutants during embryogenesis. Leaves silenced for ISE! or ISE2
were assayed for the movement of tobacco mosaic virus (TMV) movement protein
(MP) P30 fused to GFP. To more sensitively detect potential increased movement in
ISE] or ISE? silenced leaves we monitored 2XGFP fused to P30 (P30-2XGFP).
P30-2XGFP-fusion proteins were detected following Agrobacterium-mediated
transient expression. The results obtained were exactly as predicted, and demon-
strated that loss of ISE] or ISE2 also impacts intercellular movement via PD in
mature leaf cells. Figure 2.3 diagrams the movement assay. Movement was quanti-
fied first as the number of rings of cells to which the P30-2XGFP moved away from
the initially transfected single cell (Fig. 2.3a). Thus, leaves silenced for ISE] or
ISE? resulted in more rings of P30-2XGFP movement than control non-silenced
leaves (Burch-Smith and Zambryski 2010). Besides horizontal movement (which
includes primary and secondary PD-mediated transport) we also specifically assayed
for movement via secondary PD, assessed as movement from the epidermal cell
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layer into the mesophyll layer (Fig. 2.3b). Movement via secondary PD was
increased in ISE] and ISE2-silenced leaves (Burch-Smith and Zambryski 2010).
Importantly, in the above studies we infiltrated leaves with Agrobacterium (carrying
the P30-2XGFP construct) at very low dilutions to ensure that foci observed and
analyzed represent single transfection events.

3.3 Additional Mutants with Altered PD Transport

In an independent study Benitez-Alfonso et al. (Benitez-Alfonso et al. 2009)
mutagenized transgenic seedlings expressing GFP in phloem-specific cells that
leads to GFP movement cell-to-cell into surrounding tissues. They screened for
mutants, called GFP arrested trafficking (gat) that exhibit reduced PD function
by failing to unload GFP from the phloem in seedling roots. GATI encodes a
plastid thioredoxin and gat/ mutants increase callose production (Benitez-
Alfonso et al. 2009) (discussed further below). Benitez-Alfonso et al. (2009) also
analyzed PD frequency and structure in gat/ seedling roots. They found no
increase in PD frequency but suggested there was an increase in branched PD.
Figure 2.2 shows that the frequency of PD branching (9%) observed in gatl
seedling roots is identical to the frequency of twinned and branched PD observed
in wild type late torpedo hypocotyls. We also demonstrated that early and mid-
torpedo hyocotyls contain~9% twinned and branched PD (Burch-Smith and
Zambryski 2010), but here we specifically illustrate our results for the late
torpedo stage hypocotyls as they are most comparable to early seedling roots
analyzed by Benitez-Alfonso et al. (2009).

Finally, we continue to analyse mutants that lead to increased cell-to-cell move-
ment at the mid-torpedo stage of embryogenesis identified in our original screen
(Kim et al. 2002), and are currently mapping the mutant loci to identify their
affected genes. We are most far along with the characterization of the dse mutant
line; in terms of the ultrastructual and functional assays mentioned above for isel
and ise2.

4 Surprising Novel Results from Studies of PD
Transport in Embryos

4.1 Twinned and Branched PD Occur in Wild Type
Embryos and Young Tissues

We (Kobayashi et al. 2007), and others (Benitez-Alfonso et al. 2009), previously
assumed that embryos or seedling root meristems only contain simple unbranched
PD; both reports mention the presence of branched PD specifically as a feature of the
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mutant (ise2 or gatl) phenotype. However, quantitative and statistically significant
measurements of PD structures during embryogenesis now reveal that wild type
embryonic hypocotyls contain 9% twinned and branched PD between early and late-
torpedo stages of development (Burch-Smith and Zambryski 2010). Thus, the 9%
branched PD reported in seedling roots (Benitez-Alfonso et al. 2009) is not signifi-
cantly different from the frequency observed in wild type embryos; a quantitative
study of simple, versus twinned and branched PD remains to be performed in wild
type root seedlings. While Kobayashi et al. (Kobayashi et al. 2007) noted 15%
branched PD in their mutant, they incorrectly reported no branched PD occur in wild
type tissues because insufficient numbers of PD were analyzed in wild type tissues.
Thus, to accurately determine the frequencies of different PD structures in particular
cell types it is essential to analyze a sufficiently large number of PD in both experi-
mental and wild type tissues. Thus, we missed the existence of twinned and branched
PD in our earlier report as we counted too few PD in wild type tissues.

A recent review re-evaluates the evidence for different types of PD in diverse
tissues, emphasizing that, contrary to previous assumptions, young tissues do not
contain “only” simple unmodified PD, but also contain twinned and branched PD,
and proposing a re-evaluation of some of the older data with regard to the nomen-
clature of the different PD forms (Burch-Smith et al. 2011).

4.2 Plant Viral Movement Proteins as Probes
to Study PD During Embryogenesis

The movement protein (MP) of TMV is a veritable workhorse and remarkably use-
ful tool for studying intercellular transport via PD. Besides its ability to move exten-
sively from cell to cell, it targets to PD so that GFP fusions to TMV MP mark PD as
puncta in the cell perimeter. Besides moving via PD TMV MP also “gates” PD aper-
ture allowing large F-tracers to move cell-to-cell in trans (Wolf et al. 1989). Proteins
that potentially localize to PD are assayed by their co-localization with TMV MP.
Finally a transgenic line constitutively expressing TMV MP has lead to important
insights in distinguishing PD transport in sink and source leaves. However, these
data lead to the idea that TMV-MP “only” localizes to complex branched PD with
central cavities, called “secondary” PD by the authors, in mature tissues (Ding et al.
1992). Many reports subsequently asserted that viral MPs preferentially localize to
“secondary” PD in mature tissues (e.g. Epel 1994; Hofius et al. 2001) and TMV MP
was used to distinguish “secondary” PD from primary PD (Roberts et al. 2001).
During our studies to characterize the movement of different sized GFP tracers
(1X, 2X, and 3XGFP) during embryogenesis (described above) we also performed
studies using the same STM promoter to drive expression of 1X and 2XGFP fused
to TMV MP (Kim et al. 2005b). We embarked on these studies to determine if TMV
MP could also “gate” PD aperture in embryos to allow more extensive cell-to-cell
transport than similarly sized soluble GFP. Comparison of the movement of 2XGFP
(54 kDa) versus MP-GFP (57 kDa) revealed that MP-GFP moved more extensively
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down into the root tip and within the hypocotyl than 2xGFP (Kim et al. 2005b).
Thus, MP can gate PD in embryos to facilitate its own transport.

Importantly, MP-GFP targets to PD in embryos and forms the classic punctate
pattern previously seen for its PD localization in more mature tissues. As more than
90% of embryonic PD are simple (Burch-Smith and Zambryski 2010) these data
unambiguously demonstrate that MP also localizes to simple PD. We further con-
firmed that MP-GFP localizes to primary PD in the differentiation zone just above
the root meristem (Burch-Smith et al. 2011).

In summary, studies to monitor cell-to-cell transport in embryos have revealed new
properties of TMV MP, to target to and gate simple PD, and thereby increase the utility
of TMV MP to now investigate PD structure and function in developing tissues.

4.3 Reactive Oxygen Species Production During
Embryogenesis Alters PD Transport

As mentioned, embryo-defective ise/ mutants increase PD transport and exhibit
delayed development (Kim et al. 2002). ISE] encodes a nuclear-encoded mitochon-
dria localized RNA helicase that is likely essential for mitochondrial mRNA pro-
cessing, and ise/ mutants are defective in the formation of mitochondrial electron
transport gradients necessary for ATP production (Stonebloom et al. 2009). In addi-
tion, ise/ mutants produce increased levels of reactive oxygen species (ROS). The
gatl mutant produces increased levels of ROS as well (Benitez-Alfonso et al. 2009).
GAT1I encodes a plastid thioredoxin and gat/ mutants increase callose production,
leading to PD closure (Benitez-Alfonso et al. 2009). ROS are thought to act as criti-
cal signalling molecules mediating cross-talk between mitochondria, plastids and
the nucleus. However, there is no “one size fits all” for the role of ROS in PD
transport as isel and gat/ mutants have the opposite effect on intercellular traf-
ficking (Benitez-Alfonso et al. 2009; Stonebloom et al. 2009). Thus, we proposed
(Stonebloom et al. 2009) that the site of ROS production, mitochondria versus plas-
tids, differentially regulates cellular processes and associated specific targets that in
turn affect PD function. We recently performed a systematic study to chemically
induce ROS in mitochondria versus chloroplasts and the results support our hypoth-
esis (Stonebloom et al. 2011). Thus, oxidized mitochondria lead to increased cell-
to-cell transport and oxidized plastids lead to reduced cell-to-cell transport. In the
same study, we assayed the redox state of the mitochondria versus plastids follow-
ing gene silencing of ISEI or ISE2. Loss of ISE1 leads to mitochondrial oxidation
as expected. However, loss of ISE2 leads to reduction of plastid redox state, which
supports that loss of ISE2 has the opposite effect on PD transport compared to gat/
(which is expected to have oxidized plastids). In addition, we proposed (Stonebloom
et al. 2009) that relative amount of ROS may differentially affect PD function, as the
levels of ROS produced in gat! likely are higher than those produced in ise!. Indeed,
a recent study showed that treatment of Arabidopsis roots with low concentrations
of H,O, drastically increased PD permeability while high concentrations induced
PD occlusion (Rutschow et al. 2011).
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5 New Concept: Cellular Homeostasis Affects
PD Formation and PD Function

The data revealing de novo formation of secondary PD in ise/ and ise2 mutants and
following gene silencing of ISE] or ISE2 are the only demonstration to date of
genetic pathways that regulates PD biogenesis. When we embarked on our mutant
screen for PD transport alterations, we expected to uncover genes whose products
localized to PD. In hindsight this was a naive expectation. However, our findings are
not disappointing. Instead they reveal that cellular homeostasis and cross talk
between important cellular organelles (mitochondria for ISE1 and chloroplasts for
ISE2) are vital to establishing the degree of intercellular transport via PD and the
de novo formation of PD. Studies with the gar/ mutant reinforce this idea and reveal
that interfering with plastid homeostasis by altering redox state via thioredoxin and
ROS levels negatively regulates PD function.

We are currently evaluating the transcriptomes of ise/ and ise2 embryos com-
pared to wild type embryos. Since both mutants have similar overall morphology
and similar effects on PD (increased PD transport and increased secondary PD for-
mation) yet their gene products reside in different organelles, mitochondria and
chloroplasts, we expect to uncover genes that are commonly effected in both mutants
that will allow us to dissect their respective roles in PD formation/function. It is
important to note that ISE1 and ISE2 are both RNA helicases. RNA helicases are
essential in all stages of mRNA production and turnover. Thus, defects in ISE1 and
ISE2 are expected to affect mRNA levels in either mitochondria or chloroplasts.
Thus, acute defects resulting from loss of mitochondrial or chloroplast function
should allow systematic investigation of their downstream effects on PD.

Our analyses of gene expression in ise/ and ise2 embryos found that the most
significantly affected class of transcripts in both mutants encodes products
targeting to and enabling plastid function (Burch-Smith et al. 2011). Indeed,
ultrastructural analyses show that plastid development is defective in both
mutants (Burch-Smith et al. 2011). While defective plastids were expected fol-
lowing loss of plastid-localized ISE2, the defective plastids formed following
loss of mitochondrial ISE1 were surprising. These results reinforce the impor-
tance of plastid-mitochondria-nucleus crosstalk, and PD as critical players in the
plant cell communication network. Thus, they illuminate a new signaling path-
way we dub organelle-nucleus-plasmodesmata signaling (ONPS).

6 Conclusions and Perspectives

Arabidopsis embryogenesis occurs relatively rapidly. Torpedo embryos are formed
within 4 days post fertilization, and different stages of embryogenesis can be easily
visualized in independent siliques along the inflorescence axis. Arabidopsis embryo-
genesis is an especially attractive system to study genes critical for development as
severely defective mutants can nevertheless be propagated in heterozygote plants
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that carry both wild type and mutant embryos segregating in the same silique for
direct comparison.

Surprisingly, while mutants such as isel and ise2 cause significant alterations in
PD formation and function, their gene products do not localize to PD. Similarly, a
seedling defective mutant with altered PD transport, gat!l, also does not localize to
PD. These data underscore how little we know about the intricacies of PD synthesis
and modes of action, but nevertheless open the door to investigate more global cel-
lular processes to uncover their impact on PD synthesis and regulation. These studies
are extremely important given the remarkable ability of PD to transport a range of
developmentally critical factors, from small growth regulators and nutrients, to mac-
romolecules, such as transcription factors, gene silencing RNAs and microRNAs.
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Chapter 3
Function and Identification of Mobile
Transcription Factors

Ji-Young Lee and Jing Zhou

1 Introduction

Coordinated growth and development of multi-cellular organisms require
mechanisms that allow for extensive cell-to-cell communication. Sometimes these
communications are mediated by signaling molecules that are directly transported
from one cell to the other. Since cells in plants, in contrast to animal cells, cannot
migrate, the direct transport of mobile molecules seems to play a more significant
role in such communications than in animal system. Sessile nature of plant growth
also necessitated the evolution of mechanisms that rapidly transmit signaling mol-
ecules in response to environmental changes or pathogen attacks. These mobile
signals in plants have been found in forms of proteins, RNAs, and small molecules.
They are transmitted through the vascular system in a long distance (between
organs), or through plasmodesmata in a short distance (between cell types).

As mobile signals, transcription factors have been found to play crucial roles in a
growing number of studies. For example, KNOTTED] in maize is the first transcrip-
tion factor that has been identified to move between cells. It regulates shoot apical
meristem (SAM) activities by moving from the second cell layer (L2) of the mer-
istem to the first cell layer (L1). SHORT ROOT (SHR) in Arabidopsis roots moves
from the vascular cylinder to endodermis/cortex initials and then drives asymmetric
cell division that generates endodermis and cortex. Recently cell-to-cell movement
of SHR was also shown to be required for cell type patterning in the vascular tissues.
SHR does this in the endodermis by activating the expression of mobile microRNAs,
which subsequently move out of the endodermis and affect their targets in the vascu-
lar stem cells. Cell-to-cell movement of these and several other transcription factors,
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which will be reviewed in this chapter, plays an indispensable role for providing
positional information during specification and patterning of cell types in plants.

Transcription factors move in short distance mainly through plasmodesmata.
However, only few mobile transcription factor proteins are smaller than the size
exclusion limit of plasmodesmata, a maximum size of molecules that is allowed for
free diffusion through openings of plasmodesmata. This suggests that many of tran-
scription factors, which are mobile as proteins, might be actively recruited by com-
ponents that increase the size exclusion limit and facilitate cell-to-cell movement.
A lot of effort is invested to find the cellular components facilitating intercellular
transport of proteins and RNAs (see also Chap. 1, Manfred Heinlein; Chap. 2,
P. Zambrisky; Chap. 4, D. Jackson, and Chap. 7, Ruiz-Medrano).

Transcription factors move not only between cell layers but also between organs.
Movement of transcription factors in a long distance has been found to happen
through phloem sieve cells in a form of RNA. For example, BELS mRNAs in pota-
toes move from shoot apices to stolons, which will develop into potato tubers.
Messenger RNAs move in the form of protein-RNA complexes by binding to RNA
binding proteins, which protect and facilitate the mRNA movement through phloem.

So far there are only a small number of transcription factors that have been found
to be mobile and influence plant development. Recent progress in technology in
genomics and proteomics and other biotechnologies will enable the discovery of
more mobile transcription factors in coming years.

In this chapter, we will comprehensively review mobile transcription factors:
factors that have been discovered, mechanisms of their mobility, new tools that will
lead to the discovery of mobile transcription factors, and putative mobile transcrip-
tion factors inferred from cell-type specific RNA profiling data.

2 Mobile Transcription Factors in Plants

2.1 Cell-To-Cell Movement of Transcription Factor Proteins

2.1.1 KNOTTEDI, the First Mobile Transcription Factor Discovered

KNOTTEDI1 (KNT1), a homeobox family transcription factor, is the first transcription
factor that has been discovered to move between cells (Lucas et al. 1995). Its gene
was identified from a dominant mutant in maize, which develops knots on develop-
ing leaves (Vollbrecht et al. 1991). Expression analysis of KN1 showed the distinc-
tive distribution between its RNAs and proteins’ (Jackson et al. 1994). KN1 RNAs
were detected in the cells below the L1 layer of SAM, however its proteins were
found throughout the meristem. Such a difference in expression domains provoked
the idea that KN1 proteins might move from inner cells to cells in the L1 layer of
SAM. The localization of KNI proteins was monitored after injecting the KN1
tagged with fluorescent molecules into mesophyll cells of tobacco and maize leaves.
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This experiment showed that KN1 proteins move from one cell to the other (Lucas
et al. 1995). Further domain analyses in the same study suggested that the homeodo-
main is critical for cell-cell trafficking of KN1. Interestingly, movement of KNI
proteins also facilitated its own mRNA movement. More detailed movement mecha-
nisms of KN1 are described in Chap. 4 (Dave Jackson).

As an important developmental regulator, KN1 shows the conserved cell-to-cell
movement in flowering plants (Kim et al. 2002, 2003). In Arabidopsis homeobox
family, KNOTTED 1-like homeobox protein I/BREVIPEDICELLUS (KNAT1/BP)
and SHOOTMERISTEMLESS (STM) are most closely related to KN1. STM and
KN1 have very similar function in initiating and maintaining the SAM (Long et al.
1996). KNAT1/BP is involved in the regulation of inflorescence architecture
(Venglat et al. 2002). Kim et al. demonstrated that both KNAT1 and STM proteins
are mobile from L1 to inner layers in the shoot apical meristem when they were
expressed under a L1 specific promoter (Kim et al. 2003). In rice, three KN1-like
homeobox class 1 transcription factors, Osknl~3, were tested for their cell-to-cell
trafficking by transiently expressing them in onion epidermis. Among these, Oskn1
(OSHI1) showed extensive mobility between cells (Kuijt et al. 2004).

2.1.2 Mobile LAX PANICLEI1 in the Axillary Meristem Formation

In grasses, formation of axillary meristems affects the overall plant architecture.
Among several mutants that affect axillary meristem formation, lax paniclel (lax1)
phenotype (Komatsu et al. 2001) was found to be caused by the mutation in a bHLH
transcription factor. LAX] mRNA is expressed in an adaxial boundary between the
axillary meristem and shoot apical meristem, however LAX1 function is required
inside the axillary meristem. This indicated that LAX1 might function in a non-cell
autonomous manner. Such non-cell autonomous behavior is explained by the mobil-
ity of LAX1 proteins. LAX1 proteins fused to a GFP monomer were distributed
inside the axillary meristem as well as in the adaxial junction whereas its RNA was
only restricted to the junction (Oikawa and Kyozuka 2009). Since GFP:LAX1 fusion
proteins only move toward the axillary meristem, the movement of LAX1 seems to
be directional. When the size of LAX1 fusion proteins was increased by attaching
3xGFP, the mobility of 3xGFP:LAX1 decreased significantly, which might suggest
that LAX1 does not influence the size exclusion limit of plasmodesmata.

2.1.3 Bidirectional Communication of Mobile Transcription Factors
in the Hair Cell Development

Epidermis in the root and leaf is a cell layer in direct contact with outer environments.
Root hairs formed in the root epidermal layer are key cells that absorb water and
minerals from soil. Above ground similar epidermis-derived cellular extensions are
formed and named leaf trichomes. They function in protecting leaves from predators
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and pathogens, and preventing the overheating of leaf surface. Both, root and leaf
hair cells, appear in a regular pattern, which is established by a similar set of tran-
scription factors that act as signaling molecules between hair and neighboring non-
hair cells. Detailed gene regulatory programs in epidermal cell patterning are
reviewed elsewhere (Ishida et al. 2008; Schiefelbein et al. 2009). Transcription fac-
tors that belong to R3 Myb and bHLH families contribute to the patterning of root
hairs and trichomes by moving between cells.

CAPRICE (CPC), a small R3 Myb transcription factor, promotes root hair for-
mation but inhibits trichome development (Wada et al. 1997, 2002; Kurata et al.
2005). CPC proteins, generated in the atrichoblasts (precursors of hairless cells),
travel to the trichoblasts (precursors of hair cells) where CPC promotes the forma-
tion of root hairs. Kurata et al. (2005) demonstrated that two discrete regions in the
N-terminus and Myb domain are required for CPC movement. A single amino acid
substitution in W76 and M78 in the Myb domain of CPC drastically reduced its
mobility. During its movement, CPC seems to increase the size exclusion limit of
plasmodesmata. When CPC fused to multimerized GFP was expressed under CPC
promoter, these proteins moved between cells whereas the same multimerized GFP
without CPC did not. The inter-cellular movement of CPC also seems to be regu-
lated in a tissue-specific manner. CPC was expressed under promoters that drive
gene expression in the root stele (vascular tissues and pericycle) and trichoblasts,
respectively. CPC proteins moved from trichoblasts to atrichoblasts, however, they
did not move from the stele to an outer cell layer.

The mobility of two other R3 MYB family proteins, ENHANCER OF TRY
AND CPC 3 (ETC3) and TRIPTYCHON (TRY), has been observed in the leaf
epidermis (Digiuni et al. 2008; Wester et al. 2009). Wester et al. reported ETC3
transport between epidermal cells as well as between the epidermis and underlying
cells in the leaves (Wester et al. 2009). In the efc3 null mutant, trichome density
increased suggesting a negative role of ETC3 in the trichome identity.

CPC, ETC3, and TRY interact with GLABRA3 (GL3) and ENHANCER OF
GLABRA3 (EGL3), bHLH transcription factors. In the root, these two transcription
factors move from trichoblasts to atrichoblasts to define the non-hair cell fate
(Bernhardt et al. 2005). Studies indicated that GL3 and EGL3 are preferentially up-
regulated by CPC in the trichoblasts, while they repress their own expression after
traveling to atrichoblasts. Therefore, CPC and GL3/EGL3 movement forms a bi-
directional regulatory circuit that mediates the communication between trichoblasts
and atrichoblasts. Furthermore, an elevated level of GL3 proteins in the over-expression
lines significantly reduced mobility of CPC, suggesting the protein-protein interac-
tion interferes with the cell-to-cell movement of CPC (Wester et al. 2009).

2.1.4 SHORT ROOT Movement in the Root

Cell type patterning and growth in the root are governed by root apical meristem.
Plant roots are composed of radial tissues that are centripetally organized: epider-
mis, cortex, endodermis, and pericycle. Inside the pericycle, vascular tissues
are organized in multi-symmetry. Development of these root tissues are driven by
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activities of cell division and cell type specification in the stem cell niche, which is
composed of undifferentiated stem cells and the quiescent center, a stem cell orga-
nizer (Bennett and Scheres 2010; Sablowski 2011).

Cell-to-cell movement of SHORT ROOT (SHR), a member of plant specific
GRAS family transcription factors, plays a critical role in the patterning of root tis-
sues (Helariutta et al. 2000). SHR protein is produced in the stele, and then moves
into adjacent cell layers including quiescent center, cortex/endodermal initials, and
endodermis. In these cell types, SHR directly activates the expression of
SCARECROW (SCR), which encodes another GRAS family transcription factor
(Helariutta et al. 2000; Nakajima et al. 2001). The presence of SHR and SCR in the
endodermis/cortex initials subsequently trigger the asymmetric cell division that
forms endodermis and cortex. Recently, SHR and SCR in the endodermis were
also shown to be required for the vascular cell type patterning by activating the
expression of microRNA 165/6 as a retrograde signal (Carlsbecker et al. 2010;
Miyashima et al. 2011). Mobile microRNA 165/6 establishes the graded distribu-
tion of the mRNAs that encode class III Homeodomain Leucine-Zipper family
(HD-ZIP III) transcription factors via post-transcriptional regulation, which is low
in the stele periphery and high in the center.

Cell-to-cell movement of SHR is regulated in a tissue specific manner. When
SHR was expressed in the cell types where it is not normally expressed, SHR pro-
teins did not move between cells (Sena et al. 2004). Studies by Gallagher et al.
proposed a model that a balance between cytoplasmic and nuclear localization is
required for SHR movement (Gallagher and Benfey 2009). Similar to CPC, more
than one region were found to be important for both mobility and function of
SHR. However, a deletion of LNELDV in the second leucine heptad repeat region
disrupted only mobility but not functionality. It was also shown that signals for
intercellular movement are likely to be conserved within GRAS domain since a
modified SCR protein without nuclear localization signal (NLS) moved from cell
to cell like SHR.

For proper patterning of endodermis and cortex, SHR has to be confined to the
endodermis as ectopic SHR expression in the cortex causes supernumerary cell lay-
ers. Interestingly, a study demonstrated that SCR proteins, produced by transcrip-
tional activation of SHR, interact with SHR and thereby restrict SHR proteins to the
nucleus and inhibit their further movement (Cui et al. 2007). This is consistent with
the finding that SHR needs to be in the cytoplasm to move to a neighboring cell
layer (Gallagher et al. 2004).

2.1.5 Mobile bHLH Transcription Factors in the Root
Initiation and Growth

Three mobile transcription factors in the bHLH family have been found to play vari-
ous roles in the root initiation and growth. One of them is TARGET OF MP 7
(TMO?7), a direct target of auxin-dependent transcription factor MONOPTEROS
(MP) (Schlereth et al. 2010). MP, also known as AUXIN RESPONSE FACTOR 5
(ARFS5), regulates gene expression in response to auxin (Hardtke and Berleth 1998).
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MP activity has been shown to be important for controlling hypophysis specifica-
tion and embryonic root initiation. Schlereth et al. (2010) showed that MP directly
activates the expression of TMO7 in the embryo cells adjacent to hypophysis. TMO7
protein was then found to move into the hypophysis precursor cells. Such direc-
tional transport allows TMO7 to act as intercellular signal that mediates MP regula-
tion on the initiation of root stem cells. Unlike CPC, the cell-to-cell movement of
TMO7 seems to be dependent on the size. At the same time, TMO7 movement
seems to be directional. The addition of triple-GFP (84 kD) to the 11 kD TMO7
protein blocked movement beyond the expression domain, and led to a mostly cyto-
plasmic localization. This TMO7:GFP fusion protein was detected in the hypophy-
sis, but not in the apical half of the embryo.

Another mobile bHLH transcription factor recently identified is UPBEATI
(UPB1). UPBI1 controls the transition from cell proliferation to differentiation in the
root (Tsukagoshi et al. 2010). UPB1 proteins seem to move from the lateral root cap
(LRC) to vascular tissues. In vascular tissues, UPB1 positively regulates expression
of peroxidases which promote the production of reactive oxygen species (ROS).
ROS subsequently promote the transition of cell status from meristem to differentia-
tion. Correlation between LRC and ROS activation zone indicates that the LRC
emits the positional information which is provided by the UPB1 moving horizon-
tally and triggering the production of ROS in the right place. The movement of
UPBI1 was significantly reduced when it was fused to 3xYFP but not completely
abolished.

Another bHLH transcription factor, named POPEYE, is very interesting because
it seems to regulate root development and protein movement in response to abiotic
stresses. In plants exposed to iron deficiency, expression of POPEYE is induced
specifically in the pericycle and root cap (Long et al. 2010). From there POPEYE
protein moves to the neighboring root meristem and stele. Though not been
emphasized in the paper by Long et al. (2010), POPEYE proteins seem to change
their sub-cellular localization in response to iron deficiency. Exposed to iron rich
conditions, POPEYE localizes in the cytoplasms and cell boundaries. However,
under iron deficiency, POPEYE is found mainly in the nuclei suggesting that
nuclear localization might be required for the cell-to-cell mobility (Gallagher and
Benfey 2009).

2.1.6 Cell-To-Cell Movement of Transcription Factors
in the Flower Development

There are several transcription factors documented to be mobile which are involved
in flower development. Comprehensive reviews for floral meristem formation and
development are available elsewhere (Goto et al. 2001; Jack 2004; Causier et al.
2009). LFY, an important floral meristem regulator, has been shown to move in a
non-directional manner, which is different from the mode of cell-to-cell movement
of most of aforementioned transcription factors (Sessions et al. 2000). When LFY
was expressed controlled by a promoter that drives expression in the L1 layer of
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developing flowers, the /fy mutant phenotype was fully rescued. In such transgenic
plants, LFY proteins, but not LFY RNAs, were detected in all layers indicating that
LFY proteins move from the L1 into inner the layers. The mobility of LFY proteins
into the inner cell layers of floral meristems was gradual and dependent on the size
of protein, suggesting that LFY movement could be based on diffusion. Such type
of intercellular trafficking might be related to the lack of particular domains required
for targeted cell-to-cell movement, as indicated by a domain analysis of LFY
(Wu et al. 2003).

Two MADS-box family transcription factors, DEFICIENS (DEF) and GLOBOSA
(GLO), function in a non-cell-autonomous manner to control petal and stamen
organ identity in Antirrhinum (Perbal et al. 1996). In DEF or GLO mutants, organ
primordia in the second and third whirls in a flower, which form petals and stamens
in wild-type plants, turn into sepals and carpels, which represent organs of the first
and fourth whorls (Carpenter and Coen 1990). When DEF expression was specifi-
cally established in the L2 and L3 layers of floral meristem in the def mutant, petals
developed in the second whirl and deposited pigments in the L1 layer. Such full
recovery of petals seems to be achieved by DEF proteins that move from the L2 and
L3 layers into the L1 layer. However, the respective Arabidopsis orthologous pro-
teins APETALA3 (AP3) and PISTILLATA (PI) do not seem to have similar activi-
ties (Jenik and Irish 2001). Another MADS-box family transcription factor,
AGAMOUS (AG) has been shown to be able to move between cells in the L1 layer
as well as into the inner cells from the L1 layer in the floral meristem. AG cell-to-
cell movement might suppress WUS expression in the underlying cells, thereby
driving determinate formation of floral organs (Urbanus et al. 2010).

2.2 Transcription Factors Moving Long Distance

2.2.1 Mobile LeT6 Affects Leaf Architecture

In wild-type tomato, leaves develop as unipinnate compound leaves with acutely
pointed tips. Leaves in a dominant mutant Mouse ears (Me) develop round-shaped
leaves with higher orders of compoundness. The Me mutant phenotype is caused by
a fusion between LeT6, a gene encoding a KNOTTED-1-like homeobox (KNOX)
transcription factor, and PFP, a gene coding for PYROPHOSPHATE-DEPENDENT
PHOSPHOFRUCTOKINASE, glycolytic pathway enzyme (Chen et al. 1997). This
gene fusion, which has 10 kb of native PFP upstream sequence and a part of the
PFP coding region, enhances LeT6 expression in Me mutant, thereby increasing the
complexity of leaf structure. Grafting studies conducted by Kim et al. (2001) sug-
gested that LeT6 RNAs moves through the phloem (Kim et al. 2001). When wild-
type tomato plants were grafted onto Me stocks, newly developing leaves on the
wild-type scion turned into leaves similar to Me mutants. Further more in situ
RT-PCR experiments suggested the presence of PFP-LeT6 RNA in the shoot apices
of wild-type scions supported by mutant stock plants.
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2.2.2 Movement of CmNACP Through Phloem

Phloem sieve elements are thought to contribute to the transport of signaling
molecules (see also Chap. 7, Ruiz-Medrano et. al.). To find whether those molecules
include mRNA and to reveal their identity, mRNAs were isolated from the phloem
sap of pumpkin (Cucurbita maxima) and a cDNA library was produced and
sequenced. By this means RNA species were identified that encode several tran-
scription factors highly similar to NAM (CmNACP), RING (CmRINGP), GAI
(CmGAIP), WRKY (CmWRKYP), and STM (CmSTMP) (Ruiz-Medrano et al.
1999). The mobility of these mRNAs was further confirmed by hetero-grafting
experiments using a pumpkin as stock and a cucumber as scion. In these experi-
ments, all of these transcription factor RNAs were detected in the phloem sap of
cucumber stem when grafted onto pumpkin stock. Further analyses using in situ
RT-PCR suggested, that, despite RNA movement into sieve tubes in the stem
happens widely, movement of RNA into the meristem is more selective. Among five
mobile transcription factors that showed mobility along the phloem system, only
CmNACP and CmGAIP mRNAs were detected in the apical region of the cucumber
scion after the hetero-grafting.

2.2.3 St BEL5 Regulates the Development of Potato Tubers

Tuber formation in potatoes is a complex developmental process that requires the
interaction of environmental, biochemical, and genetic factors. In potato genotypes
such as S. tuberosum ssp andigena, short-day (SD) photoperiods are strictly required
for tuber formation, whereas long-day (LD) conditions inhibit tuberization. St BELS5
is ubiquitously expressed in potato plants but accumulation of its RNA is enhanced
in leaves and stolons by SD conditions (Chen et al. 2003). St BEL5 RNA levels
accumulate in an increasing concentration gradient from the shoot tip (low levels)
through the stem to the stolon tip in response to SD conditions. Under LD condi-
tions, the highest levels of RNA are observed in shoot tips and stolons with the
lowest levels in the lower portion of the stem. Over-expression of St BELS5 induced
tuber formation even in non-inductive condition.

Grafting experiments suggested that St BEL5 RNAs are mobile moving through
the phloem. Transport is induced by short day photoperiod and regulated by the 3’
untranslated region of St BELS, indicating that the 3’ untranslated region may con-
tain a motif which is recognized by RNA-binding proteins (Banerjee et al. 2006,
2009; Hannapel 2010).

2.2.4 Conserved Mobility of GIBBERELLIC ACID-INSENSITIVE

Arabidopsis gene GIBBERELLIC ACID-INSENSITIVE (GAI) encodes a protein
that belongs to the GRAS family, and functions as a negative regulator of gibberel-
lic acid (GA) responses. Mutated GAI carrying deletions in the DELLA domain
inhibits some components of the GA signaling pathway and causes dark green
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dwarf phenotype in a semi-dominant manner. The mobility of GAI RNA along
sieve cells in the stem was initially found in the pumpkin (Ruiz-Medrano et al.
1999) and further characterized in detail in pumpkin, tomato, and Arabidopsis
(Haywood et al. 2005). Hetero-grafting experiments showed that RNAs of GAI
from Cucurbita maxima (CmGAIP) are mobile moving from a pumpkin stock to a
cucumber scion. The same phenomenon was observed when the wild-type scions
of Arabidopsis and tomato were grafted onto stocks ectopically expressing
CmGAIP or Arabidopsis ADELLA-gai. Also in tomato ADELLA-gai moved from
a stock to a scion affecting the colors of leaves forming on scions. This suggests
that mobile ADELLA-gai RNAs were translated to functional proteins. The mobil-
ity of GAI RNA was also observed in apples (Xu et al. 2010). However, unlike in
the studies of Arabidopsis, pumpkin, and tomato, which showed directional GAI
RNAs transport from the stock to the scion, GAI RNAs were mobile in to both
directions.

This evolutionarily conserved RNA mobility of GAI transcripts seems to be
mediated by an secondary RNA structure (Huang and Yu 2009). Other closely
related paralogues of GAI did not show the RNA mobility suggesting that mobility
has specifically evolved in GAI. Domain analyses of GAI RNA suggested that a part
of the coding region of RNA which starts ~1 kb after the translational start site and
the 3" untranslated region are required for the RNA mobility. A random mutagenesis
analysis of this region indicated that the secondary RNA structure involving a stem-
and-loop structure might play a more important role than a specific nucleotide
sequence.

3 Cellular Contexts That Influence Cell-To-Cell Movement
of Transcription Factors

As described in the previous section, a growing number of transcription factors
have been found to move between cells in forms of proteins or RNAs. For many of
them, their mobility plays an important role in plant functions. However, it remains
an open question how many transcription factors move between cells. In a recent
study, a comparison was made between cell type specific root expression data and
expression patterns of transcriptional and translational GFPs driven by promoters of
24 cell type enriched transcription factors in the Arabidopsis root (Lee et al. 2006).
Comparison of three data sets, which include transcriptional GFPs driven by endog-
enous promoters of individual transcription factors, translational GFPs which are
fused to the coding regions of transcription factors and driven under promoters
of corresponding transcription factors, and cell-type specific root expression
data, indicated that nearly 25% of transcription factors (6 out of 24) might move
between cells as proteins in the Arabidopsis root. This frequency is much higher
than anticipated based on the number of mobile transcription factors identified so
far (Table 3.1).

Now it is well established that proteins and RNAs move between cells through
plasmodesmata. Cell-to-cell movement of transcription factors as proteins involves
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the alteration of size exclusion limit of plasmodesmata, however, the detailed
mechanism of protein and RNA movement through plasmodesmata is described in
other chapters of the book (Chap. 1, Manfred Heinlein; Chap. 2, P. Zambrysky; and
Chap. 7, Ruiz-Medrano et al.). In recent studies, size exclusion limits have been
estimated using free GFP (Crawford and Zambryski 2000; Kim et al. 2005a, b).
Monitoring the movement of GFP proteins of various sizes suggested that plasmod-
esmatal size exclusion limits are regulated dynamically. In Nicotiana sp.leaf epider-
mis, 27 kD free GFPs were observed to move between cells at a relatively high
frequency (23%). When the size of GFP was doubled (54 kD), GFP movement
decreased dramatically (Crawford and Zambryski 2000). By contrast, a similar size
of GFP fusion proteins that include P30 of the Tobbaco mosaic virus (57 kD) moved
between cells at a frequency 30 times higher than 2xGFP. In addition to the mobil-
ity, free GFP and P30-GFP showed a difference in the sub-cellular localization.
Whereas free GFP proteins were localized throughout the cell including the nucleus
in a diffusive manner, P30-GFP proteins were located to punctae on the cell walls,
which co-localize to plasmodesmata. Based on the distinctive nature of these
proteins (GFP versus P30-GFP), Crawford and Zambryski categorized cell-to-cell
protein movement into two types: targeted and non-targeted.

Non-targeted movement is more like diffusion, which is affected by the concen-
tration and size of proteins. By contrast, targeted movement involves the interaction
between mobile proteins and plasmodesmata components and thereby affects the
size exclusion limit. Consistent with the idea that targeted movement involves the
active regulation of size exclusion limit of plasmodesmata, targeted movement
seems not to be strongly affected much by changes in environments and develop-
mental stages (Crawford and Zambryski 2001). However, non-targeted movement
was dramatically reduced by these factors.

As shown in Table 3.1, protein sizes of mobile transcription factors are distrib-
uted at a broad range. Some seem to be sufficient small to move to neighboring cells
by diffusion. However, studies indicate that the protein size does not predict the
mode of cell-cell movement. For example, CPC is a small 11 kD protein, however
it moves between cells in a targeted manner (Kurata et al. 2005). When the protein
size of CPC was dramatically increased by fusing it to 3xYFP, CPC:3xYFP the
fusion still moved between cells. Furthermore, CPC moves only between epidermal
cells and not in to the inner cell layers, suggesting that specific factors in the epider-
mis might direct cell-type specific movement. In contrast to CPC, a 47 kD large
LFY fused to GFP seems to move from the L1 layer to inner layers by diffusion
(Wu et al. 2003). This suggests that the size of transcription factors proteins is not a
good indicator for predicting the mode of cell-to-cell trafficking.

Although the mode of protein movement between cells was categorized into two,
complex behaviors of mobile proteins, additional data suggest that there might be
multiple regulatory mechanisms governing protein mobility. One important factor
that affects protein movement is protein-protein interaction. A number of studies
indicate that protein-protein interaction(s) can interfere with the cell-to-cell mobility.
SHR proteins do not move any further once they reach the endodermis where they
can interact with SCR. These SHR-SCR protein complexes are formed in the nuclei,
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and thereby seem to restrict SHR movement to the next cell layer (Cui et al. 2007).
In the absence of SCR, SHR proteins are present in both cytoplasms and nuclei, and
in the next cell layer (Sena et al. 2004; Cui et al. 2007). Similarly, the cell-to-cell
movement of CPC was proposed to be restricted by the interaction with GL3 (Wester
et al. 2009).

The second factor that was shown to affect protein movement is the sub-cellular
localization. For SHR to move, it seems be present in two cellular compartments the
nucleius and cytoplasm (Gallagher et al. 2004; Gallagher and Benfey 2009). When
SHR was fused to the GFP with a nuclear localization signal (NLS), SHR move-
ment was significantly reduced suggesting that cytoplasmic localization of SHR is
necessary for cell-to-cell trafficking. However, when domains that are crucial for
the SHR movement are deleted, SHR proteins were localized to the cytoplasm.
Interestingly, as modified non-mobile SHR proteins were retargeted to the nuclei by
fusing to NLS-GFP, these proteins were able to move again between cells. These
studies suggest the presence of an unknown mechanism that requires the proper
sub-cellular localization to facilitate cell-to-cell trafficking.

The third factor that affects protein mobility can be found in cell type specific
mechanisms affecting cell-to-cell trafficking in an either positive or negative man-
ner. Unlike free GFP and P30-GFP that move radially from the foci of their expres-
sion, movement of many mobile transcription factors seems to be directional. SHR
expressed in phloem sieve cells or in the epidermis did not move (Sena et al. 2004).
CPC expressed in the stele did not move either (Kurata et al. 2005). These observa-
tions suggest the presence of cell type specific factors that specifically facilitate or
repress the movement of SHR and CPC. Although diffusive behaviors of LAX1 and
TMO7 proteins suggest their transport might be non-targeted, LAX1 and TMO7
move in a directional manner (Oikawa and Kyozuka 2009; Schlereth et al. 2010).
LAXI1 proteins fused to a GFP monomer are distributed inside the axillary meristem
as well as in the adaxial junction, but not to the opposite direction. TMO7 preferably
moves in the shoot-ward direction. In the future it will be interesting to find whether
these preferences in the direction of cell-to-cell trafficking are caused by a cell-type
specific size exclusion limit of plasmodesmata or by other cell factors that actively
regulate directional mobility.

4 Genome-Wide Approaches to Identifying Mobile
Transcription Factors

Recent advances in technologies for profiling proteins and RNA at a global scale,
isolating cell types and imaging are speeding up the discovery of transcription
factors mobile as proteins and RNAs. Here, several existing approaches that can
enable the efficient discovery of mobile transcription factors at a global level are
introduced. Furthermore, though not listed in published manuscripts, transcription
factors that might move as RNA in the phloem sieve cells are predicted from the cell
type specific expression data.
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4.1 Trichome-Assay Based Approach

Using trichome assay system (Kim et al. 2005¢), domains required for cell-to-cell
movement in KN1 were identified (Fig. 3.1a) (see also Chap. 4, Dave Jackson).
In this approach, GLABRA1 (GL1), a transcription factor that promotes trichome
formation on leaf epidermis, was expressed under rbcS promoter, which drives gene
expression in the mesophyll cell, in agl/ mutant background. In ag// mutant,
trichomes do not develop on the leaf epidermis. Since GL1 acts in a cell-autonomous
manner, GL1 expressed in the mesophyll cells cannot complement g// mutant.
However, when KNI was translationally fused to GL1 expressed in g// lines,
trichomes developed because KN1:GL1 proteins moved from the mesophyll
cells to the epidermal cells. This system can be applied in a cost-efficient manner
to identify cellular factors altering the capacity of transcription factors to move
between cells (Winter et al. 2007) or to identify novel transcription factors that
actively move between cells.

4.2 Analysis of Transcription Factor Movement
Using Cell Type Specific Promoters

The mobility of transcription factors can be assessed by expressing transcription
factors, which are translationally fused to the visual markers, under a cell type specific
promoter. This approach was used in the studies on the cell-to-cell movement of SHR
in the root (Sena et al. 2004). SHR proteins, generated in the stele, move to the endo-
dermis layer in the Arabidopsis root. SHR was expressed in the phloem companion
cells in the root or in the epidermis. In either cell types, SHR proteins did not move
to other cells. However, when SHR was expressed in the epidermis in the scr mutant
background, SHR proteins moved into the cortex layer suggesting that components
regulated by SCR are involved in controlling the cell-to-cell movement of SHR.

A similar approach was used to investigate the movement of KN1 (Kim et al.
2002, 2005¢c). GFP fused to KN1 was expressed controlled by a WUSCHEL
promoter, which drives gene expression specifically in the L3 layer of shoot apical
meristem, and under SCR, which drives gene expression in the L1 layer of shoot
apical meristem. Under both promoters, expansion of proteins was observed beyond
where they were produced, suggesting that KN1 can move in either direction in the
shoot apical meristem.

Again, L1 specific promoter of ATMLI was used to assess the movement of LFY
and AG (Wu et al. 2003; Urbanus et al. 2010). Both transcription factors moved to
inner cells of floral meristems and partially complemented their mutant phenotypes.

There are rich sources of cell type specific promoters in Arabidopsis that can be
used for systematic screening of potentially mobile transcription factors. However,
the assessment of transcription factor mobility should be made carefully because stud-
ies show the cell-to-cell movement is significantly dependent upon cellular contexts.
For example, a random analysis of selected 23 transcription factors by expressing
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their GFP fusion under WEREWOLF promoter, which drives gene expression in the
lateral root cap and atrichoblasts, more than 40% (ten transcription factors) expanded
their GFP domains (Lee, unpublished results; an example is shown in Fig. 3.1c). This
is a much higher frequency than when they are expressed in their endogenous expres-
sion domains.

4.3 Analysis of Transcription Factor Movement
Using a Versatile Cloning Technology

Technologies for isolating gene promoters and coding regions became very efficient
with the development of DNA polymerase with a high proof reading function and
recombination based cloning technology (Fig. 3.1b). Several binary vectors that can
integrate multiple DNA fragments in frame using gateway cloning system have
been developed (see the reviews (Chung et al. 2005; Karimi et al. 2005, 2007)).
~1,600 transcription factors in Arabidopsis have been cloned into a gateway vector
(Ou et al. 2011). Using this highly efficient cloning system, individual transcription
factors translationally fused to GFP were expressed under their own promoters in
transgenic Arabidopsis. GFP expression patterns of these lines (translational fusion)
were compared with the ER localized GFP expressed under the same promoters
(transcriptional fusion). In this experiment (Lee et al. 2006), transcription factors
that are expressed in a cell type enriched manner were selected from the genome-
wide expression data generated from several root cell type specific GFP expression
lines. Distinctive expression domains of transcriptional GFPs made it feasible to
identify translational GFPs that had different expression patterns. Among 61 tran-
scription factors whose GFP fusion lines generated, 24 yielded lines with GFP pat-
terns that clearly recapitulated cell type specific root expression data. Six of them
(25%) were found to have translational fusion GFP with expression domains broader
than the corresponding transcriptional GFP, suggesting that their proteins might
move between cells (Fig. 3.1c¢).

4.4 Profiling RNAs Transported by RNA Binding
Phloem Proteins

RNA-binding proteins (RBPs) form ribonucleoprotein (RNP) complexes and
thereby play crucial roles in RNA stability, processing, targeted delivery and novel
modes of mRNA protection (Shyu et al. 2008). Recent studies have established that
in plants some RNP complexes can act non-cell-autonomously (Gémez et al. 2005;
Ham et al. 2009). These RNP complexes help a unique population of mRNA species
to move through the phloem sieve cells. Profiling RNA species bound to RBPs can
help to find new RNA species that are transported through the phloem.
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Recently, 50-kD pumpkin phloem RNA-binding protein (RBP50), a polypyrimi-
dine tract binding protein, has been characterized as a non-cell-autonomous RNA-
binding protein (Ham et al. 2009). This phloem mobile protein constitutes
RBP50-based RNP complexes with multiple phloem proteins (Lin et al. 2009). To
identify RNA that binds to RBP50, RBP50 RNP complexes were co-immunoprecip-
itated, from which RNAs were extracted, reversed transcribed and then amplified.
From these, mRNAs of PP16-1, GIBBERELLIC ACID-INSENSITIVE PHLOEM
PROTEIN, SHOOT MERISTEMLESS, SCARECROW-LIKE 14 and MYELOB-
LASTOSIS family transcription factor were identified. To further investigate the
degree to which RBP50 exhibits specificity in its binding to these identified phloem
transcripts, co-immunoprecipitation experiments were performed using PP2, a
phloem protein previously shown to bind RNA in a non-sequence-specific manner
(Gomez et al. 2005). RNAs isolated from these PP2 complexes were broader than
those from RBP50; in contrast with the six mRNA species identified from the RBP50
RNP complexes, 75 different transcripts were cloned from the PP2 complexes. Some
of these transcripts encode transcription factors. The heterogeneous nature and high
number of the transcripts identified from the PP2 co-immunoprecipitation contrasted
markedly from the six transcripts identified from the RBP50 experiments. This sug-
gests that RBP50 binds to a specific set of phloem-mobile mRNA species. All the six
transcripts bound by RBP50 contain canonical polypyrimidine tract binding motifs.
Further tests of RBP50 binding to these sequences confirmed that polypyrimidine
tract binding motifs are required for the interaction.

4.5 Identification of Potential Mobile Transcription Factor
RNAs from Cell Type Specific RNA Profiling

Most of mobile transcription factors as RNAs or proteins so far have been identified
in studies focusing on individual transcription factors. Thanks to the enhanced
efficiency of molecular cloning and in vivo imaging, the number of newly identified
mobile transcription factors is growing fast. Recent advances of cell type specific
profiling of RNA, however, will further facilitate finding more mobile transcription
factors. Here, recent data generated in the phloem sieve cells and companion cells
using various techniques are described and potential mobile transcription factor
RNAs are introduced.

4.5.1 Phloem Expression Profiling

To find mRNAs that are mobile through phloem, Deeken et al. generated a combi-
nation of datasets using various approaches (Deeken et al. 2008). The first data set
was based on microarray experiments on mRNAs found in the whole phloem tissue
harvested by Laser Microdissection Pressure Catapulting (LMPC) from the
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Arabidopsis inflorescence stems. The second microarray data were generated from
mRNA extracted from the stem exudates. The last set of data was 444 ESTs gener-
ated from RNAs, which were isolated from companion cells (Ivashikina et al. 2003).
Having confirmed the quality of the microarray data, only genes with hybridization
signals that met the significance criterion of a P-value <0.01 on all three replicate
microarray data were referred to as present in the phloem sap or LMPC-derived
phloem tissue. According to these criteria, 2,417 transcripts were detected by
microarrays in the phloem sap and 1,291 in LMPC-derived phloem tissue of
Arabidopsis. From these lists, a total of 828 genes were found in both phloem sap
and phloem tissue and 13 of them were transcription factors (Table 3.2). Among 444
ESTs from companion cells, 144 ESTs were also found in both, exudates transcripts
and LMPC-based phloem transcripts, suggesting that these mRNAs from compan-
ion cells might be unloaded into the phloem sieve cells.

Table 3.2 Potential mobile transcription factor RNAs inferred from cell-type specific RNA profiling

TAIR number Transcription factor gene family Reference
AT3G60490 AP2-EREBP (Mustroph et al. 2009)*
AT4G11140 AP2-EREBP (Brady et al. 2007)°
AT1G17880 Basic transcription factor (Deeken et al. 2008)°
AT4G14410 bHLH (Deeken et al. 2008)
AT1G59640 bHLH (Brady et al. 2007)
AT1G61660 bHLH (Mustroph et al. 2009)
AT3G23210 bHLH (Mustroph et al. 2009)
AT5G04150 bHLH (Mustroph et al. 2009)
AT5G67110 bHLH (Mustroph et al. 2009)
AT1G75390 bZIP (Mustroph et al. 2009)
AT1G66140 C2H2 (Mustroph et al. 2009)
AT2G36930 C2H2 (Deeken et al. 2008)
AT5G16470 C2H2 (Deeken et al. 2008)
AT1G07640 Dof-type zinc finger (Brady et al. 2007;
Mustroph et al. 2009)
AT2G28510 Dof-type zinc finger (Mustroph et al. 2009)
AT2G28810 Dof-type zinc finger (Mustroph et al. 2009)
AT2G37590 Dof-type zinc finger (Brady et al. 2007)
AT3G45610 Dof-type zinc finger (Brady et al. 2007)
AT3G55370 Dof-type zinc finger (Mustroph et al. 2009)
AT3G61850 Dof-type zinc finger (Mustroph et al. 2009)
AT1G49560 G2-like (Mustroph et al. 2009)
AT1G69580 G2-like (Mustroph et al. 2009)
AT1G79430 G2-like (Brady et al. 2007;
Mustroph et al. 2009)
AT3G04030 G2-like (Mustroph et al. 2009)

(continued)
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Table 3.2 (continued)
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TAIR number Transcription factor gene family Reference
AT4G18020 G2-like (Mustroph et al. 2009)
AT4G37180 G2-like (Mustroph et al. 2009)
AT5G18240 G2-like (Mustroph et al. 2009)
AT5G29000 G2-like (Mustroph et al. 2009)
AT2G18380 GATA (Brady et al. 2007)
AT4G36620 GATA (Brady et al. 2007)
AT2G04890 GRAS (Brady et al. 2007)
AT5G52510 GRAS (Mustroph et al. 2009)
AT1G04880 HMG (high mobility group) (Brady et al. 2007)
AT1G69580 Homeodomain (Brady et al. 2007)
AT2G03500 Homeodomain (Brady et al. 2007;
Mustroph et al. 2009)
AT3G04030 Homeodomain (Brady et al. 2007)
AT3G12730 Homeodomain (Brady et al. 2007;
Mustroph et al. 2009)

AT1G19000 Homeodomain (Deeken et al. 2008)
AT2G33310 T1AA13 (Deeken et al. 2008)
AT1G72450 JASMONATE-ZIM-DOMAIN (Deeken et al. 2008)

PROTEIN 6 (JAZ6)
AT2G22540 MADS (Deeken et al. 2008)
AT1G71692 MADS (Mustroph et al. 2009)
AT2G42830 MADS (Brady et al. 2007)
AT5G05790 MYB (Mustroph et al. 2009)
AT1G54330 NAC (Brady et al. 2007)
AT1G60350 NAC (Brady et al. 2007)
AT1G65910 NAC (Brady et al. 2007)
AT2G27300 NAC (Brady et al. 2007)
AT3G03200 NAC (Brady et al. 2007)
AT5G17260 NAC (Brady et al. 2007)
AT1G73230 NAC (Deeken et al. 2008)
AT4G29080 Phytochrome-associated protein (Deeken et al. 2008)

2 (PAP2)
AT1G43000 PLATZ transcription factor family (Brady et al. 2007)
AT1G20823 RING/U-box superfamily protein (Deeken et al. 2008)
AT1G33480 RING/U-box superfamily protein (Brady et al. 2007)
AT1G06040 Salt tolerance protein (STO) (Deeken et al. 2008)
AT2G46020 SWI/SNF (Deeken et al. 2008)
AT1G28520 VOZ-9 (Mustroph et al. 2009)
AT2G04880 WRKY (Mustroph et al. 2009)
AT4G26640 WRKY (Mustroph et al. 2009)

*Enriched in the companion cells. Selection criteria for significantly enriched RNAs for each pair-

wise comparison: Signal-log-ratio >1; False discovery rate <0.01

®RNAs enriched in both, S32 and APL, expression domains (>1.2-fold and False discovery rate

<0.001)

°Expression was considered ‘present’ if the significance call P value equals or is below 0.01
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4.5.2 Cell-Type Specific Expression Map in the Arabidopsis Root

The root expression map generated by cell sorting/microarray technology can serve
as a great resource for identifying putative transcription factors that are mobile in
form of RNA (Birnbaum et al. 2003; Nawy et al. 2005; Lee et al. 2006; Levesque
et al. 2006; Brady et al. 2007). Cell sorting combined with microarray technology
uses transgenic plants that express fluorescent markers in cells of interest. Fluorescent
cells among protoplasts are selectively isolated through the Fluorescence Activated
Cell Sorter and their RNAs are purified and processed for expression profiling using
microarray or next-generation sequencing technology (Birnbaum et al. 2005).

A recently combined root expression map includes expression profiles from 19
cell type specific lines, which cover 14 non-overlapping cell types in the root (Brady
et al. 2007). In this expression map, data generated using three phloem lines are
available, S32, APL, and SUC2. S32, APL, and SUC2 data respectively cover mRNA
profiles from protophloem sieve cells starting from initials, companion cells starting
from the region of root meristem, and companion cells starting from root maturation
zone (Fig. 3.2). Using these and expression data from other cell types, phloem-
enriched mRNA species that are mobile from companion cells into sieve cells can be
predicted. For example, in the study by Brady et al. (2007), genes that are highly
enriched in S32, APL, and SUC2 were predicted from the pair-wise comparison of
gene expression values in each of phloem data against those in non-phloem cell
types. 544 and 317 transcripts are respectively enriched in cell types labeled by S32
and APL. A surprisingly large number of genes (266) are expressed in both cell
types in a highly enriched manner. Among these, 23 genes encode transcription fac-
tors (Table 3.2). GFP expression domains in S32 and APL lines slightly overlap in
the early stage of phloem. Therefore, some of these overlapping genes could be from
the shared expression domain. In contrast, GFP expressed by the SUC2 promoter is
expressed specifically in companion cells. Expression of 224 genes is predicted to be
highly enriched in the SUC2 domains. Among these, 97 genes are also enriched in
the S32 domain. Taken together, comparison of enriched genes in phloem cell types
suggests that a high proportion but not all of mRNA species expressed in companion
cells might be loaded into sieve tubes. Such conclusion is also consistent with what
was found by Deekens et al. (2008) (see above).

4.5.3 Cell-Type Specific Translatome Data

Cell-type specific root expression map generated using the cell-sorting/microarray
technique provides a list of transcription factor transcripts that might be worthwhile
to be tested for their capacity to allocate into phloem sieve tube cells. A major con-
cern in this approach, however, is the contamination of protoplasts by neighboring
cells, which could potentially result in false positives.

Recently, mRNAs associated with ribosomes from specific cell populations were
used for profiling on microarrays to find cell type specific changes of translatomes
under hypoxia (Mustroph et al. 2009). In this study, FLAG-tagged ribosomal protein
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Fig. 3.2 Cell-type specific mRNA profiling in the Arabidopsis root for predicting potentially
mobile transcription factor RNAs through phloem. (a) Microarray expression profiles of 19 fluo-
rescently sorted GFP-marked lines were analyzed by Brady et al. (2007). The colors associated
with each marker line reflect the cell types sampled. Image modified from Fig. 3.1 by Brady et al.
(2007) with copyright permission from AAAS. (b) Diagram of cell types inside the Arabidopsis
stele. (¢) Cross (upper panel) and longitudinal (lower panel) sections of Arabidopsis roots that
show GFP expression driven by APL promoter. Images were taken with a laser scanning confocal
microscope. (d) Cross (upper panel) and longitudinal (lower panel) GFP expression driven by S32
(AT2G18380) promoter in the Arabidopsis root

L18 (RPL18), a component of ribosome complexes, was expressed under the cell
type specific promoters in Arabidopsis, and then mRNA-ribosome complexes were
purified by immunoprecipitation using FLAG antibodies.

These translatomes obtained from phloem companion cell populations can help
predict mobile transcription factor RNAs. In a study by Mustroph et al. (2009), two
promoters were used to profile translatome in the companioncells. pSUC2:GFP-RPL1S8
was expressed in companion cells of the entire root whereas pSULTR2;2:GFP-
RPL18 was limited to companion cells present in the root elongation and maturation
region. Consistent with the regional distinctions in expression of these promoters, the
pSUC?2 and pSULTR2; 2 root translatomes were highly overlapping but not identical.
The 270 co-enriched transcripts included a number of phloem companion cell mark-
ers such as SUC2, Sucrose-H* symporter (At1g22710); AHA3, plasma membrane H*
ATPase (At5g57350); APL, G2-type transcription factor associated with phloem
development (Atl1g79430); two phloem-specific lectins (At4g19840 and At2g02230),
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supporting the conclusion that mRNAs were effectively isolated from the targeted
cell type. The comparison of the shoot and root pSUC2 translatomes with mRNAs
obtained from pSUC2:GFP protoplasts of seedling roots (Brady et al. 2007) identi-
fied 214 enriched mRNAs present in all three samples. Furthermore, 78 of the
reported phloem sap mRNAs were markedly enriched in the shoot pSUC2 trans-
latome (Deeken et al. 2008). In Table 3.2, transcription factors that are enriched in all
the companion cell data are listed. Some of these overlap with enriched transcription
factors from a cell-sorting based approach. Considering that these lists were gener-
ated using different data set and different search criteria, it is very encouraging to find
several overlapping transcription factors that might be mobile.

4.6 Bioinformatics Approach to Predict Genes
That Are Expressed in the Vascular Tissues

Studies using various approaches suggest that a large number of RNAs and proteins
that move through the phloem sieve elements might be unloaded from the neighbor-
ing companion cells. Therefore, genes that are highly expressed in the cells associ-
ated with phloem sieve cells are good candidates as mobile proteins or mRNAs.
Gene expression patterns can be predicted if a small set of transcription factors drive
the gene expression in particular cell types. A recent study suggests that it might be
the case for phloem-enriched genes (Ruiz-Medrano et al. 2011).

Previously EST sequence database was generated for more than 1,200 transcripts
from pumpkin phloem sap. This dataset was compared against Arabidopsis genes to
pinpoint the putative orthologous genes. In this analysis, 150 Arabidopsis genes encod-
ing putative transcription factors, protein kinases, protein phosphatases, cell cycle regu-
lators, and hormone response factors were identified. Enriched motifs in 150 genes
were searched using several motif search algorithms. In this search, motifs with CT and
GA rich repeats were identified. Promoter analysis of a subset of 150 genes showed that
genes that are expressed specifically in vascular tissues have these repeats at higher
rates than those that are expressed in vascular tissues as well as other tissues. Furthermore,
each of CT and GA motifs was able to drive vascular expression when they were
attached to the 35S minimal promoter, confirming the importance of transcription fac-
tors that bind to these motifs in driving gene expression in vascular tissues.

5 Conclusions and Perspectives

The sessile nature of plants and different functions of plant tissues require a versa-
tile communication system between cells and organs in response to changes inside
and outside the plant body. Studies that uncovered and investigated mobile transcrip-
tion factors clearly indicate the functional significance of their cell-to-cell movement
activity. An unbiased localization study of cell-type specific transcription factors
suggests that nearly a quarter of transcription factors might move between cells.
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The underlying mechanisms of cell-to-cell movement of transcription factors have
started to emerge, however, it is still an open question what cellular factors deter-
mine the cell-to-cell movement activity of proteins and mRNAs.

Recent advances in technologies enabling us to profile RNA and proteins at a high
resolution will propel this research field at an unprecedented level. Simple compari-
son of cell type specific RNA profiling data already suggests that a high proportion
of RNA species generated in the phloem companion cells might be unloaded into the
sieve cells. With more systematic data analyses and validation experiments, a large
number of transcription factors as mobile signals will be unveiled.

In addition to the discovery of mobile transcription factors, unraveling a biologi-
cal significance behind their mobility remains as one of the big challenges.
Furthermore, so far only few transcription factors have been reported to move
between cells in evolutionarily divergent species. Also very little progress has been
made in understanding the meaning of cell-to-cell movement of transcription fac-
tors in the context of plant evolution. However, deep-sequencing and automatized
mass-screening techniques combined with the complete genome information and
molecular toolkits that have become available in various plant lineages, a deeper
understanding of the intercellular communication system based on mobile tran-
scription factors might soon emerge.
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Chapter 4

Cell-to-Cell Movement of Homeodomain
Transcription Factors: Yesterday,

Today and Tomorrow

Xianfeng Morgan Xu and Dave Jackson

1 Discovery and History of KN1 Cell-to-Cell Movement

Maize knottedl (knl) was the first plant homeobox gene to be functionally
characterized, and the founding member of the knottedI-like homeobox (KNOX)
gene family. Members of this family of homeodomain proteins function to maintain
the shoot apical meristem (SAM) in an indeterminate, stem cell state, in part by
regulating different classes of plant hormones (Hake et al. 2004). However, the KN/
gene was first characterized by dominant gain-of-function Kn/ mutations that cause
ectopic growth (“knots”) on the leaf blade (Hake and Freeling 1986). These knots
result from extra cell divisions in all cell layers of the leaf, which suggest that Knl/
plays a role in cell proliferation and/or fate determination (Fig. 4.1a, b).

1.1 Genetic and Histological Hints

Mosaic analysis showed that the dominant Kn/ allele act non-cell autonomously,
because the presence of the Kn/ allele only in the inner cell layers (mesophyll and
vasculature) can induce the epidermal cells to divide and form knots (Hake and
Freeling 1986). At the time, though, it was not clear if the non-cell autonomy was
mediated directly by the Knl gene product, or by a signal acting downstream of
Knl, such as a hormone or other mobile signal.

Upon isolation of the KNI gene, and investigation of its mRNA and protein
localization patterns, clues started to emerge as to what the mobile “knot inducing”
signal might be. KNI was found to encode the first plant homeodomain transcription
factor with a genetically defined function (Vollbrecht et al. 1991). Surprisingly,
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Fig. 4.1 Compared to normal maize leaves (a), Kn/ mutant leaves develop knots (arrows in (b)).
Double labeling of KN1 protein (brown) and mRNA (black) in the maize SAM reveals their dif-
ferential distribution ((c¢), Adapted from (Jackson 2002))

it was found that KN1 is normally not expressed in the maize leaf, but the dominant
mutations cause ectopic expression of KN1 in leaves, leading to the proliferative
cell divisions and knot formation. In Kn/ mutant leaves, KN1 mRNA expression
was limited to the vascular cells, whereas the KN1 protein was present in all cell
layers of the leaf, including the epidermis (Smith et al. 1992; Jackson et al. 1994).
This discrepancy between the KN1 mRNA and protein distribution patterns was
also seen in the maize shoot apical meristem (SAM), where KN1 is normally
expressed. KN1 mRNA is expressed throughout the inner L2 layer of the shoot
meristem; KN1 protein, however, is abundant in all shoot meristem cells, including
the L1 (Fig. 4.1c) (Jackson et al. 1994; Lucas et al. 1995). These observations led to
the hypothesis that KN1 protein might serve as the mobile signal between cells.

1.2 Direct Demonstration by Microinjection

The movement of KN1 protein between plant cells was first demonstrated by micro-
injection of fluorescently labeled recombinant KN1 protein into either maize or
tobacco leaves (Lucas et al. 1995). When KN1 was microinjected into mesophyll
cells, it spread into surrounding cells within seconds. This movement of KN1 resem-
bled the spread of KN1 in the dominant Kn/ maize mutant leaves. KN1 also showed
the classic PD “gating” capacity, similar to that of viral movement proteins (MPs),
in that it could modify the size exclusion limit (SEL) of plasmodesmata (PDs) and
allow the cell-to-cell trafficking of otherwise cell-autonomous dextran reporters.
This gating effect strongly suggested that KN1 moves through PD in an active and
selective manner. Interestingly, like viral MPs, KN1 was also able to bind to and
traffic its mRNA. The significance of this finding still remains somewhat obscure,
since it is contradictory to the results of the KN1 localization experiments.
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Fig. 4.2 The enhancer trap line J2111 drives expression of the cell autonomous GFPER in the leaf
vasculature (a). GFP~KN1, when under the control of the J2111 driver, moves out of the vascula-
ture and reaches the epidermis (b). The pAtMLI promoter enables L1 specific expression of GFPER
(¢), while pAtMLI::GFP ~STM plants show trafficking of GFP ~STM into the inner layer (arrows
in (d)). Arabidopsis leaf cross sections (a, b) and SAM (c, d) are shown. In all panels, chlorophyll
fluorescence is in red

1.3 In Vivo Evidence from Tissue-Specific Expression

The microinjection assay bears a limitation that the injected proteins are at high
concentrations, which may not be physiologically relevant, and the cells that can be
injected are developmentally very different than those where KN1 normally is thought
to move. To confirm that these were not significant issues, and to independently demon-
strate KN1 movement, KN1 tagged with green fluorescent protein (GFP) was expressed
in Arabidopsis or onion epidermal cells using micro-projectile bombardment (Kim et al.
2002). Trafficking of GFP~KNI to the surrounding cells provided independent and
direct visualization of protein movement in vivo. More importantly, tissue-specific
expression of GFP~KN1, using the GAL4 enhancer trap system led to the first direct
demonstration of KN1 trafficking across different tissue layers (Fig. 4.2a, b). In addition,
the cell-to-cell trafficking property appeared to be conserved in some closely related
class I KNOX proteins from different species (Fig. 4.2c, d), suggesting trafficking may
be associated with their normal functions (Kim et al. 2003, 2005).
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2 Mechanism and Regulation of KN1 Trafficking

2.1 Connection Between Cell-to-Cell Trafficking
and Nuclear Transport

Given that KN1 trafficking appears to be an active process, attempts have been
made to understand what motifs or protein domains of KN1 contribute to its traf-
ficking. Microinjection of various Alanine-scanning substitution mutants of KN1
revealed that residues within the nuclear localization signal (NLS) are essential for
KNT1 trafficking, which raises an interesting link between cell-to-cell trafficking and
nucleocytoplasmic trafficking (Lucas et al. 1995). In general, protein subcellular
localization appears to affect diffusion-based trafficking through PDs, due to com-
petition between delivery to different destinations (Crawford and Zambryski 2000).
However, the nuclear localization of KN1 appears to be a prerequisite, rather than
competiting for its ability to move between cells. Studies with another non-cell
autonomous transcription factor, SHORTROOT (SHR), also support this puzzling
link. SHR, a GRAS family transcription factor, is transcribed in the stele and the
protein moves into the ground tissue layer to promote endodermal cell fate specifi-
cation (Nakajima et al. 2001). SHR protein is both nuclear and cytoplasmic in the
stele. One shr allele (shr™") renders the SHR protein exclusively cytoplasmic, and
also leads to loss of its mobility (Gallagher et al. 2004). Restoring the nuclear local-
ization by attaching an NLS to the SHR™*" mutant protein rescues its mobility,
further strengthening the correlation between nuclear accumulation or passage, and
the ability to move between cells (Gallagher and Benfey 2009).

2.2 The KNI Homeodomain Is Necessary
and Sufficient for Trafficking

To further define whether KN1 contains specific trafficking domains, a novel gain-
of-function trafficking assay was developed to mimic the dominant Knl/ maize
mutant (Kim et al. 2005). This assay depends on the rescue of trichomes in
Arabidopsis glabrousl (gll) mutants. Trichomes are leaf hairs, and their develop-
ment is dependent on GL1, a Myb-domain transcription factor that acts cell autono-
mously in the leaf epidermis to specify trichome cell fate. When GL1 alone is
expressed in the mesophyll cell layers under the control of the Rubisco Small Subunit
2b promoter, g// mutants fail to make trichomes (Fig. 4.3a). However, when GL1 is
fused to KN1, and the fusion protein is again expressed specifically in the meso-
phyll layers, the GL1~KNI1 fusion traffics to the epidermal layer and rescues
trichome development (Fig. 4.3b). Thus a simple, tractable phenotype (the presence
or absence of trichomes) serves as a simple reporter system for KN1 cell-to-cell
trafficking in vivo. Using this system, the homeodomain of KNI, including the
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Fig. 4.3 The trichome rescue system reports KN1 trafficking in an easy visual manner, suitable
for genetic screening. In (a), mesophyll specific expression of GL1 fails to rescue trichome pro-
duction in a g// mutant plant. In contrast, mesophyll specific expression of a GL1~KN1 fusion
can complement trichome formation in g// mutants (b)

NLS, was found to be both necessary, and sufficient, for KN1 trafficking in leaves
(Kim et al. 2005). In the SAM, the homeodomain also appears necessary and suffi-
cient for movement (Kim et al. 2005).

The KN1 homeodomain consists of about 60 amino acids, and could be consid-
ered large to be defined as a trafficking motif. However, attempts to further delineate
the minimal trafficking motif were fruitless, suggesting the whole homeodomain is
indeed needed for movement. Similar results were observed when the trafficking
domain of SHR was defined (Gallagher and Benfey 2009). It appears the whole
GRAS domain, not any particular short segments or motifs, enable SHR movement.
Trafficking domain-mapping studies of other non-autonomous proteins, such as
CAPRICE (CPC) and the 16-kD C. maxima phloem protein 1 (CmPP16), have all
defined significant portions of the protein as being essential for movement (Kurata
et al. 2005; Taoka et al. 2007). However, sequence comparisons between all these
minimal trafficking domains failed to come up with any consensus. This is consis-
tent with the earlier notion that structural properties, rather than primary sequences
of trafficking domains, are important for their movement (Haywood et al. 2002).

2.3 Co-trafficking of KN1 Protein and mRNA

Interestingly, in addition to its own movement, KN1 also has the ability to trans-
port RNA between cells. Moreover, KN1 is selective in terms of the RNA that it
can traffic, as opposed to viral MPs that bind and traffic RNA non-specifically. It
was first demonstrated by microinjection that KN1 can potentiate the trafficking of
its own mRNA (Lucas et al. 1995). Later, in vivo evidence from the trichome res-
cue system confirmed this result (Kim et al. 2005). Both the microinjection and
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trichome rescue assays indicated that KN1 mRNA movement depends on the KN1
protein. However, the KN1 protein moves into the L1 layer of the maize SAM,
without any detectable accumulation of its mRNA in the L1. This contradicts the
mRNA-protein co-trafficking model, however, it could mean that stringent controls
regulate KN1 mRNA trafficking.

The significance of binding and co-trafficking of the KN1 protein and mRNA
remains unclear. Ideas may be drawn from the specific homeodomain-mRNA inter-
actions observed in Drosophila, where BICOID homeodomain protein binds to the
Caudal mRNA to regulate its translation in the embryo (Dubnau and Struhl 1996).
Another idea is that the co-trafficked mRNA may provide a mechanism to amplify
the signal that would be obtained by protein trafficking alone (Jackson and Hake
1997).

2.4 Comparing and Contrasting with Viral MPs

Viral MPs have been the pioneer agents for us to understand macromolecular traf-
ficking through PDs. It therefore pays to compare and contrast KN 1 trafficking with
that of MPs. There are some notable differences and yet interesting links between
the trafficking of these two different types of proteins.

2.4.1 Distinctions

KNOX protein trafficking in the meristem is relatively restricted, compared to the
viral MPs or free diffusion of small proteins, like GFP. This suggests KNOX protein
trafficking is more regulated, for short range signaling. It is noteworthy, though, that
KNOX genes might also mediate long-distance signaling through the trafficking of
their mRNA, rather than protein (Kim et al. 2001).

In contrast to MPs that enrich at the PDs near the viral infection front, KN1
shows no strong accumulation at the PDs in the SAM. This may be attributable to
the types and state of those PDs in the SAM (primary/simple versus secondary/
modified), or the much higher expression levels of viral MPs. On the other hand,
it may also reflect the different functional significance of trafficking, with MPs
modifying the PD SEL (gating) to enable viral spread, and KN1 moving into the
target cells to determine cell fate.

2.4.2 Molecular Connections

An interesting link between the trafficking of KN1 and MPs came from studies with
the microtubule-associated protein, Movement Protein Binding protein 2C
(MPB2C). As its name suggests, MPB2C was identified as a binding protein for
the MP of Tobacco Mosaic Virus (TMV). MPB2C mediates the accumulation of
TMV MP at microtubules, and interferes with its trafficking (Kragler et al. 2003).
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Interestingly, MPB2C also interacts with KN1 and STM via their homeodomains,
which are the trafficking domains. In both transient assays and the trichome rescue
system, expression of MPB2C negatively regulates KN1 association with PDs, and
prevents KN1 cell-to-cell movement (Winter et al. 2007). Therefore it appears that
MPB2C functions in a common mechanism, possibly involving sequestration, to
regulate the trafficking both of KNOX proteins and of viral MPs.

Another unexpected finding showing the complex interplay between KNOX pro-
teins and MPs is the identification of a class II KNOX protein from tobacco,
NTH201, which facilitates MP accumulation and the spreading of TMV (Yoshii
et al. 2008). KNOX proteins are divided into class I and II, based on sequence con-
servation and expression patterns, and these classes also differ in movement ability
(Kerstetter et al. 1994; Kim et al. 2005). Similar to other Arabidopsis class Il KNOX
proteins, NTH201 has no ability to traffic itself (Kim et al. 2005; Yoshii et al. 2008).
However, this KNOX protein co-localizes with the TMV MP at the PD when
co-expressed. How NTH201 modulates MP trafficking is still unknown, but the fact
that these two proteins form a ternary complex with a Dnal-like protein suggests
an involvement of regulated chaperone activities (Shimizu et al. 2009).

2.5 Movement of Homeodomain Proteins Between
Mammalian Cells

Notwithstanding all the suggestive evidence that KN1 moves through PD, such as
its association with cell wall associated speckles resembling PD in leaf cells, and its
PD gating effect in microinjection assays, direct observation of KN1 transport
through PD is still missing. A surprising finding is that homeodomain proteins
have the capacity to traffic between mammalian cells, which obviously lack PD.
Therefore we cannot exclude the possibility that KN1 may also move following
routes other than PD. It is currently believed that unconventional secretion and
internalization mechanisms promote homeodomain trafficking between mammalian
cells (Maizel et al. 2002). In fact, the KN1 homeodomain also moves cell-to-cell
when expressed in mammalian cells (Maizel et al. 2002). Since plants and animals
have independently evolved multi-cellularity, homeodomain trafficking might have
been co-opted separately for cell-to-cell communication in these two lineages, and
might therefore represent convergent evolution.

Further dissection of the mobile mammalian homeodomain proteins has revealed
specific signals responsible for distinct steps during trafficking. A short region in
the chicken ENGRAILED homeodomain is necessary for its secretion (Maizel et al.
1999). A different region, the third helix, of the Drosophila ANTENNAPEDIA
homeodomain, serves as a signal for cellular internalization, and has now been
explored for therapeutic delivery purposes (Derossi et al. 1994; Joliot and Prochiantz
2004). Analogous efforts in unraveling similar type of signals in the KN1 homeodo-
main have not been successful (Kim et al. 2005). This may reflect differential
requirements for entering the unconventional secretion/internalization pathway
versus the PD trafficking pathway.
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3 Functional Significance of KNOX Trafficking

3.1 KNOX Trafficking Appears Functionally Significant

Since the first discovery of KN1 cell-to-cell movement, its functional significance
has been a major question. Several lines of evidence have suggested that KNOX
trafficking is functionally significant. First, L1-specific expression of KN1, but not
of a non-trafficking version of KNI, can partially complement null mutants of
SHOOTMERISTEMLESS (STM), a close Arabidopsis homolog of KN1 with similar
loss-of-function phenotypes (Long et al. 1996; Kim et al. 2003). This suggests that
KNT1 retains its function in SAM maintenance after trafficking into target cells. In
addition, through the trichome rescue system, the homeodomains of other
Arabidopsis or tomato class I KNOX proteins have also been shown to have traf-
ficking ability (Kim et al. 2005). This functional conservation lends support from an
evolutionary perspective for KN1 trafficking being biologically relevant.

Another line of evidence supporting the idea that KN1 trafficking is significant
came from observations that it is under specific developmental regulation (Kim
et al. 2003). KN1 was found to traffic from the inner layers of the leaf to the epider-
mis, but not in the opposite direction, from epidermis to mesophyll. In contrast,
KNT1 is able to traffic inward from the epidermal (L1) layer in the SAM. Thus KN1
movement out of the L1 is developmentally regulated. Similar uni-directional
movement between L1 and L2 layers has also been observed in flowers with the
floral organ identity protein DEFICIENS (DEF) (Perbal et al. 1996). Additionally,
SHR movement also appears uni-directional, from the stele to the endodermis, and
the movement is limited to only one cell layer. In this case, SHR, when it is trans-
ported into the endodermis, stays there due to its interaction with other proteins, and
its nuclear sequestration (Gallagher et al. 2004; Cui et al. 2007; Gallagher and
Benfey 2009). Hence, directional trafficking may be a common theme in protein
movement regulation.

3.2 Proposed Developmental Significance of KNOX
Protein Trafficking

Despite all the evidence suggesting KN1 trafficking being functionally relevant, its
exact molecular and developmental significance remains unclear. Here we summa-
rize several ideas that have been proposed and that await further testing.

First, given that KN1 protein moves from the inner L2 layer to the epidermal L1
layer in the wild-type maize meristem, it may serve as a signal to coordinate the
development of the L1 in response to that of the L2. However, this hypothesis, if
correct, can only account for part of the significance. In light of the fact that STM,
which is also mobile, has no reported difference in its mRNA and protein distribu-
tion between SAM layers, the inter-layer coordination hypothesis may not hold true



4 Cell-to-Cell Movement of Homeodomain Transcription Factors... 95

in all plants. Double labeling of the KN1 mRNA and protein also revealed more
subtle distribution differences and some novel sites for KN1 protein trafficking in
the maize shoot apical region (Fig. 4.1c) (Jackson 2002). The double labeling analy-
sis also led to the observation of a concentration gradient of the KN 1 protein between
the SAM and the incipient leaf primordium. This KN1 protein gradient may form as
aresult of protein trafficking, and leads to a second hypothesis that KN1 cell-to-cell
trafficking is used for establishing concentration gradients. Although the biological
function of the KN1 gradient is unknown, studies with Drosophila embryos may
shed some light. In Drosophila, gradients of homeodomain proteins are used to
activate different target genes at different protein concentrations (Dubnau and Struhl
1996). Hence it is possible that the KN1 gradient provides positional information to
specify SAM boundary identity.

Other hypotheses have also been proposed. Similar to the role proposed for the
trafficking of the floral regulator LEAFY (Sessions et al. 2000), cell-to-cell traf-
ficking of KN1/STM within its mRNA expression domain may provide a fail-safe
mechanism to ensure all cells maintain a SAM fate. Alternatively, KN1 and STM
may receive post-translational modifications, and gain novel molecular functions,
during cell-to-cell movement. KN1 appears to be partially unfolded for passing
through PDs, thus potentially gets exposed to various modifications (Kragler et al.
1998). Consistent with this, phosphorylation and glycosylation of other trafficking
proteins have been demonstrated (Taoka et al. 2007). The observation that ectopic
expression of a cell-autonomous version of KN1 fails to cause the same phenotypic
effects as the wild type, non-autonomous KN1, lends some support to the protein
modification during trafficking model (Kim et al. 2003).

4 Summary Remarks and Some Remaining Challenges

A specific group of plant homeodomain transcription factors, with KN1 and STM
as the best understood, move between cells, presumably through PDs. The home-
odomain, including the NLS, is both necessary and sufficient for movement, and the
movement process is under tight temporal and spatial control during plant develop-
ment. Despite our limited understanding about its functional significance, KNOX
protein trafficking appears to establish a novel signaling pathway in plants for
coordinated meristem development.

Many intriguing questions remain unanswered and deserve some thoughts. First,
it is unclear how dynamic the KNI trafficking process is. By understanding this
aspect, we may get a grasp on the temporal resolution of molecular responses that
follow KN1 trafficking. In microinjection experiments, KN1 appears to move into
neighboring cells within seconds. However, it remains to be seen whether this reflects
the trafficking dynamics of endogenously expressed proteins. The rate of trafficking
might also be regulated in different tissues and at different developmental stages. To
address this issue, fluorescence recovery after photobleaching (FRAP), which has
taught us kinetics of viral MP trafficking (Wright et al. 2007), may hold the key.
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As to the interaction and co-trafficking of KN1 protein and mRNA, it remains to
be tested if KN1 protein can bind and enable the trafficking of specific sequences in
its mRNA. If specific RNA motifs are involved, can we predict, through bioinfor-
matics, any other RNAs that may harbor those motifs? Alternatively, RNA immu-
noprecipitation coupled with high-throughput sequencing could be used to
systematically identify other RNAs that KN1 might bind and traffic (Selth et al.
2009). These motifs could also be mutated, to test the functional significance of
KNI mRNA trafficking.

The most interesting and challenging question in KNOX trafficking is to identify
the molecular players that mediate the process. So far, only MPB2C has been impli-
cated in KNOX protein movement, though its precise role in KNOX trafficking
remains to be addressed. Some ongoing efforts, such as using the trichome rescue
system for genetic screens, and proteomic studies of KNOX interacting proteins,
may be key to bring us mechanistic understanding on how KNOX proteins traffic.
Indeed, a study published while this review was in proof (Xu et al. 2011), showed
that a specific class of chaperones, called chaperonins, are necessary facilitators of
KNI trafficking. Furthermore, studies of chaperonin mutant interactions demon-
strated a clear function for KNOX protein trafficking in maintenance of stem cells
in the shoot meristem. These studies set the stage for the use of the trichome rescue
screen, and other innovative approaches, to enrich our understanding of this fasci-
nating developmental process.
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Chapter 5
Mechanism of Small RNA Movement

Nial R. Gursanscky and Bernard J. Carroll

1 Introduction

1.1 Small Regulatory RNAs (sRNAs)

Although sRNAs are well known regulators of gene expression, it is worthwhile to
review current knowledge of their biogenesis and action before we discuss cell-to-
cell and systemic sSRNA movement. Small RNAs are potent sequence-specific,
negative regulators of gene expression (Boutet et al. 2003; Vaucheret 2008). They
play a crucial role in many fundamental processes in plants including developmen-
tal regulation of gene expression (Chitwood et al. 2007, 2009; Nogueira et al. 2007,
2009; Schwab et al. 2009; Carlsbecker et al. 2010), regulation of chromatin struc-
ture during mitosis and meiosis (Matzke and Birchler 2005), and defence against
viral (Havelda et al. 2003; Himber et al. 2003; Dunoyer et al. 2007), bacterial
(Dunoyer et al. 2006; Navarro et al. 2006; Agorio and Vera 2007) and fungal
(Ellendorff et al. 2009) pathogens. It is becoming clear that the movement of SRNAs
from cell-to-cell is essential for some of these activities.

There are several types of SRNAs and their biogenesis is similar but distinct. The
differences in biogenesis could contribute to whether SRNAs act as cell-to-cell or
systemic signals rather than in restricted cell autonomous functions. The key simi-
larity that all types of sSRNA share is their origin from double-stranded RNA
(dsRNA) (Vaucheret 2008; Xie and Qi 2008). In plants, SRNAs are invariably
derived from dsRNA that is processed by one of four members of the Dicer-Like
family of ribonucleases (DCL1 to DCL4) (Xie and Qi 2008). The source of the
dsRNA substrate and the DCL enzyme that carries out the cleavage are the first
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defining characteristics of the transcriptional and post-transcriptional gene silencing
pathways in plants.

Each DCL has a different, albeit sometimes redundant, role in gene silencing.
This is partly reflected by the length of the SRNA produced by each DCL. DCL1
predominantly produces microRNAs (miRNAs), usually 21 nucleotides (nt) in
length, which can direct mRNA cleavage or translational inhibition (Kurihara and
Watanabe 2004; Gandikota et al. 2007). DCL2 produces 22 nt small interfering
RNAs (siRNAs), which are primarily required to direct cleavage of virus RNA.
DCLA4 produces 21 nt siRNAs from both endogenous (Gasciolli et al. 2005; Xie
et al. 2005) and exogenous (i.e. viral or transgene) (Deleris et al. 2006) substrates to
play the key role in various forms of post-transcriptional gene silencing (PTGS).
Finally, DCL3 produces 24 nt SRNA products are responsible for directing epige-
netic modifications such as DNA methylation and chromatin modification, i.e. tran-
scriptional gene silencing (TGS) (Daxinger et al. 2009). In particular, 24 nt siRNAs
are responsible for maintaining epigenetic marks necessary to prevent transposon
activity and maintain heterochromatin structure (Henderson et al. 2006). This 24 nt
size class of sSRNAs represent the largest proportion of sRNA in Arabidopsis
(Kasschau et al. 2007; Zhang et al. 2007; Mosher et al. 2009; Cuperus et al. 2010),
but that may not be true for all cell types and all plant species (Wong et al. 2011).

Once miRNAs and siRNAs are formed, they associate with Argonaute (AGO)
proteins to guide silencing of complementary RNA and DNA (Vaucheret 2008). In
Arabidopsis, there are ten AGO proteins and like the DCL family, each AGO has
specialized roles (Vaucheret 2008).

1.2 MicroRNAs (miRNAs) and Trans-acting Small Interfering
RNAs (ta-siRNAs)

The first miRNA lin-4 was identified in the worm Caenorhabditis elegans, and was
demonstrated to down-regulate an endogenous gene called lin-14. miRNA lin-4
binds to complimentary sites in the 3'-UTR of the /in-14 mRNA and prevents trans-
lation (Lee et al. 1993; Wightman et al. 1993). The second miRNA described (let-7)
was also found in C. elegans, and it also down-regulates gene expression through
translational inhibition (Reinhart et al. 2000).

The defining features of miRNAs are: (1) they are typically between 20 and 24
nt in length, (2) they are processed from a single-stranded RNA that folds into a
double-stranded RNA precursor, which is also usually a non-protein coding tran-
script, and (3) they usually have a complimentary site within the transcript of other
protein-coding genes (Reinhart et al. 2002; Ambros et al. 2003).

More recently, functional miRNA have been identified in many eukaryotic spe-
cies ranging from single-celled algae (Molnar et al. 2007; Zhao et al. 2007b) to
higher plants (Reinhart et al. 2002; Palatnik et al. 2003; Zhang et al. 2006a) and
humans (Pasquinelli et al. 2000; Lagos-Quintana et al. 2001; Lau et al. 2001; Lee
and Ambros 2001). The biogenesis of miRNAs has been the subject of intense study
and is relatively well understood.
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Fig. 5.1 Biogenesis of small RNAs and post-transcriptional gene silencing (PTGS):
(a) Biogenesis and action of miRNAs. pri-miRNAs are produced by RNA polymerase II (POL II)
and form a double-stranded RNA hairpin structure. The pri-miRNA is recognised by a group of
proteins, most notably DICER-like 1 (DCL1). The mature miRNA/miRNA* duplex produced by
DCLI1 is methylated (m) on the 3’ nucleotides by HEN1, and incorporated into an AGO protein.
Most miRNAs are bound by AGOI1 and direct cleavage or translational repression of protein
coding target transcripts. A few miRNAs in Arabidopsis (miR173, miR828 and miR390) in asso-
ciation with AGO1 or AGO7 direct cleavage of noncoding 7AS transcripts that results in genera-
tion of frans-acting siRNAs (ta-siRNAs). (b) Biogenesis of ta-siRNAs and secondary siRNAs.
ta-siRNAs and secondary siRNAs are produced from RNA lacking either a 5’ cap or a 3’ poly(A)
tail. These RNA include cleaved 7AS transcripts (in the case of ta-siRNAs), mRNAs or viral RNAs.
De-capped and deadenylated RNA become substrates for RNA-Dependent RNA polymerase
6 (RDRO), resulting in production of double-stranded RNA. The activity of RDR6 is facilitated
by SGS3. A DCL protein then cuts the double-stranded RNA into produce siRNAs that guide
post-transcriptional gene silencing (PTGS). For further details, see text

Here, we will focus on the biogenesis of miRNAs in plants, and in particular, on
Arabidopsis. Plant miRNAs are derived from transcription of endogenous genes,
which are usually non-protein coding but still have their own promoters and 3’ ter-
minators (Reinhart et al. 2002; Ambros et al. 2003). Like mRNAs, the primary
miRNA transcripts (pri-miRNAs) are transcribed by RNA polymerase II (Pol II)
and require the transcriptional enhancer MEDIATOR (Kim et al. 2011). However,
unlike protein coding mRNAs, pri-miRNAs have a high level of secondary struc-
ture. This secondary structure forms a double-stranded RNA (dsRNA) known as a
hairpin, which normally contains some bulges and mismatches (Ambros et al. 2003)
(Fig. 5.1). The intracellular location of all the steps involved in processing pri-
miRNAs into mature miRNAs in plant cells is not clear, and there are possibly
several sequential processing sites. The first steps in pri-miRNAs processing occur
within sub-nuclear compartments (Fang and Spector 2007).
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The accurate cleavage of pri-miRNA by DCL1 depends on interactions between
DCLI and Double-stranded RNA Binding protein 1 (DRB1; also called Hyponastic
Leaves 1 or HYL1) (Kurihara et al. 2006), as well as the zinc finger protein SERRATE
(Yang et al. 2006a; Dong et al. 2008), the FHA domain protein DAWDLE (DDL) (Yu
et al. 2008) and the secondary structure of the pri-miRNA (Parizotto et al. 2004;
Kurihara et al. 2006; Dong et al. 2008; Eamens et al. 2009). The first DCL1 depen-
dent cut in the pri-miRNA acts as a position marker for the second DCL1 dependent
cut that produces a miRNA/miRNA* duplex (miRNA* refers to the strand of the
duplex that is complementary to the mature miRNA strand) (Dong et al. 2008;
Schwab and Voinnet 2009). In plants, almost all miRNAs are 21 nt in length. However,
in some cases, a bulge or mismatch in the dsRNA between the first and second cleav-
age sites results in a 22 or 23 nt miRNA (Chen et al. 2010; Cuperus et al. 2010).

The miRNA/miRNA* duplex has 2 nt overhangs on each 3’ end, and the 3’ nt on
each strand is methylated by HEN1 (Yu et al. 2005; Yang et al. 2006b). This methy-
lation protects the miRNA from degradation (Li et al. 2005; Yu et al. 2005; Yang
et al. 2006b). The correct orientation of the miRNA and miRNA* strands upon
loading into AGO1 (or sometimes AGO7) depends on DRB1 (HYL1), and also dif-
ferences in thermostability between the two ends of the miRNA/miRNA* duplex
(Eamens et al. 2009). After loading into AGO1 the miRNA* strand is then cut and
degraded, allowing the miRNA to then guide AGOL1 specifically to complementary
sequences in the respective target transcripts (Eamens et al. 2009).

In plants, miRNAs most commonly regulate gene expression by guiding
sequence-specific cleavage of mRNAs (Vaucheret et al. 2004), but they can also
block translation (Aukerman and Sakai 2003; Chen 2004; Schwab et al. 2005;
Zhang et al. 2006b; Brodersen et al. 2008). After mRNA cleavage by AGO1, the
cleaved mRNA is typically degraded by exonucleases from the XRN family
(Gregory et al. 2008). More recently, it has been shown that when mRNAs are tar-
geted by 22 nt miRNAs (e.g. miR173 and miR828), rather than be degraded, they
become substrates for RNA-dependent RNA polymerase 6 (RDR6) in Arabidopsis.
This results in amplification of dSRNA and secondary siRNA biogenesis along the
length of the cleaved transcript (Chen et al. 2010; Cuperus et al. 2010). In particular,
some trans-acting small interfering RNAs are produced in this way.

Trans-acting small interfering RNAs (ta-siRNAs) are similar to siRNAs, but are
distinguished by two points. Firstly, they are derived from non-coding TAS tran-
scripts rather than protein coding transcripts. Secondly, like miRNAs, ta-siRNAs act
in trans to down-regulate expression of endogenous protein coding transcripts
(Peragine et al. 2004; Allen et al. 2005; Xie et al. 2005; Axtell et al. 2006;
Rajagopalan et al. 2006). There are eight known ta-siRNA generating loci in
Arabidopsis, grouped into four families, 7AS1-4. These non-coding transcripts are
processed by one of two possible ways (Peragine et al. 2004; Allen et al. 2005; Xie
et al. 2005; Axtell et al. 2006; Rajagopalan et al. 2006). TAS 1, 2 and 4 transcripts
are cleaved by AGO1 and the 3’ transcript fragment becomes a template for RDR6
(Montgomery et al. 2008b). The resulting dsRNA is then processed into 21 nt ta-
siRNAs by DCL4 (Peragine et al. 2004; Allen et al. 2005; Xie et al. 2005; Axtell
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et al. 2006; Rajagopalan et al. 2006) (Fig. 5.1). In the case of TAS1, 2 (targeted by
miR173) and TAS4 (targeted by miR828), the size of the miRNA directs the cleav-
age product into the RDR6 secondary siRNA biogenesis pathway. As indicated ear-
lier, both miR173 and miR828 are 22 nt long rather than the more common miRNA
length of 21 nt (Chen et al. 2010; Cuperus et al. 2010).

Artificial miR173 and miR828 precursors that produce 21 nt versions of miR173
and miR828 do not lead to secondary siRNA production after the non-coding 7AS
transcript is cleaved (Chen et al. 2010; Cuperus et al. 2010). Why 22 nt but not 21
nt miRNAs induce dsRNA production by RDR6 is not clear, but one possibility is
that the different size miRNA induces a conformational change in AGO1, which
could enhance recruitment of RDR6 through an unknown mechanism (Chen et al.
2010; Cuperus et al. 2010).

TAS3 transcripts are processed a slightly different way, and these represent the
second known class of ta-siRNAs. To begin with, they specifically require miR390
in association with AGO7 (rather than AGO1) to bind to two miRNA recognition
site at opposite ends of the TAS3 transcript (Fig. 5.1) (Axtell et al. 2006; Montgomery
et al. 2008a). One recognition site remains uncut, while the other is cleaved. The
cleaved TAS3 transcript then becomes a substrate for RDR6, and as for the first class
of ta-siRNAs, the resulting dsRNA that is then cut by DCL4 into 21 nt ta-siRNAs
with the phase set by the original AGO7-mediated cleavage (Allen et al. 2005;
Axtell et al. 2006; Montgomery et al. 2008a). As will be discussed later in Sect. 2,
TAS3 ta-siRNAs have important non-cell-autonomous roles in leaf polarity and root
development. Interestingly, other ta-siRNAs appear to act only in a cell-autonomous
manner, implying a form of molecular discrimination that prevents random intercel-
lular spreading of ta-siRNAs.

ta-siRNA duplexes generated from TAS transcripts are sorted into AGOs by their
binding preference for the 5’ nucleotide of the ta-siRNA. Like miRNAs, ta-siRNAs
with a 5’ U are usually loaded into AGO1 where they guide sequence-specific cleav-
age of target mRNAs (Mi et al. 2008; Allen and Howell 2010).

1.3 Small Interfering RNAs (siRNAs) and Post-Transcriptional
Gene Silencing

Post-Transcriptional Gene Silencing (PTGS) describes a range of related phenom-
ena dependent upon siRNAs produced usually by DCL4 and DCL2 in Arabidopsis.
Targeted RNAs can be endogenous and transgene mRNAs, transposons and RNA
viruses.

DCLA4 plays the predominant role in PTGS but it has a degree of functional
redundancy with DCL2 and DCL3 (Henderson et al. 2006). Single mutants in any
of these genes have relatively limited consequences, although dc/4 mutants lack ta-
siRNAs and have elongated, epinastic leaves (Dunoyer et al. 2005; Gasciolli et al.
2005; Xie et al. 2005). Due to the redundancy between DCL genes, it was initially
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not easy to show which DCL contributes to a particular aspect of PTGS. Indeed,
under conditions of high transgene expression all DCLs are able to produce siRNAs
that can be loaded into AGO1 regardless of their size, to effect PTGS (Dunoyer
et al. 2007). DCL4-dependent 21 nt siRNAs are most important for viral defence
and transgene silencing (Dunoyer et al. 2005; Ding and Voinnet 2007; Garcia-Ruiz
etal. 2010). However, DCL4-dependent 21 nt siRNAs cannot initiate transitive pro-
duction of secondary siRNAs from transgenes (Mlotshwa et al. 2008) or from
endogenous genes (Cuperus et al. 2010). On the other hand, DCL2-dependent 22 nt
siRNAs can also be loaded into AGO1 to guide sequence-specific PTGS, but addi-
tionally, they can trigger RDR6-dependent biogenesis of secondary siRNAs from
transgenes (Mlotshwa et al. 2008).

DCL3 plays the major role in RNA-mediated epigenetic modification including
DNA methylation and histone modification (Xie et al. 2004). However, RNAs from
viruses, endogenous overlapping complimentary transcripts, and transcribed endog-
enous and transgenic inverted repeats form a double-stranded substrate for DCL2,
DCL3 and DCL4 (Borsani et al. 2005; Blevins et al. 2006; Henderson et al. 2006).
But when all are present, it is DCL4 that produces most siRNAs that act in the
PTGS pathway (Dunoyer et al. 2005; Henderson et al. 2000).

It has been suggested that the breakdown of hierarchical DCL processing may be
related to viral defence. When plants are infected with virus, extremely high levels
of dsRNA may occur and provide substrate for DCL2, DCL3 and DCL4. Furthermore,
viruses have evolved suppressor proteins that interfere with the production, action
and transport of DCL4-dependent siRNAs (Mallory et al. 2001; Dunoyer et al.
2004; Blevins et al. 2006; Deleris et al. 2006). Given that DCL2 and DCL3 produce
different sized siRNAs to DCLA4, their siRNAs may not be recognised by the same
viral silencing suppressors. In this way, DCL2 and DCL3 are able to reinforce viral
defence provided by DCL4 (Dunoyer et al. 2007).

Endogenous and transgenic single-stranded RNAs (ssSRNAs) require processing
by RDRs into dsRNA before they become substrates for DCLs and siRNA biogen-
esis. PTGS often occurs in transgenic plants that have engineered to over-express
endogenous genes. This type of silencing is called sense-induced PTGS, co-
suppression or spontaneous silencing (Napoli et al. 1990; van der Krol et al. 1990).
The exact mechanism that induces co-suppression is still unclear, although it is
generally accepted that high level transgene expression leads to a proportion of the
transcripts being aberrant RNAs. Aberrant RNAs are most likely transcripts lacking
a5’ capora3’poly(A)tail, as these are very effective templates for RDR6-dependent
dsRNA production (Gazzani et al. 2004; Luo and Chen 2007).

DCL2, DCL3 and DCL4 mediated cleavage of dsSRNA produces siRNA duplexes
with 2 nt 3’ overhangs that are subsequently processed like miRNA/miRNA*
duplexes (see Sect. 1.2). As with miRNAs, siRNAs are incorporated into an AGO
according to preferential binding of different AGOs to specific 5’ nucleotides of
siRNAs and thermodynamic stability of the ends of the siRNA duplex (Mi et al.
2008; Takeda et al. 2008). These AGO-bound siRNAs can guide either cleavage or
translational repression of mRNAs (mainly by AGO1), or chromatin modification
(mostly mediated by AGO4 and AGO6) (Zilberman et al. 2003; Baumberger and
Baulcombe 2005; Zheng et al. 2007).
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The first phase of siRNA production and AGO-mediated RNA cleavage provides
an additional opportunity for further amplification of secondary siRNAs. As for the
production of some ta-siRNAs by 22 nt miRNAs, RNA cleavage that is guided by
22 nt siRNAs also produces an effective substrate for RDR6 (Moissiard et al. 2007).
In this case, 22 nt siRNAs from DCL2 guide AGO-mediated cleavage of the tran-
script or virus (Moissiard et al. 2007; Mlotshwa et al. 2008; Chen et al. 2010;
Cuperus et al. 2010). DCL2 therefore plays an important role in secondary siRNA
biogenesis associated with transgene silencing and resistance to RNA viruses.

RDR6 and secondary siRNA biogenesis are also required for systemic transgene
silencing (Schwach et al. 2005; Brosnan et al. 2007). It has been proposed that this
form of systemic transgene silencing is simply a reiteration of cell-to-cell move-
ment, with amplification occurring in each recipient cell to allow silencing to spread
through the entire plant (Himber et al. 2003). While it has been shown that both
endogenous genes and transgenes are able to give rise to siRNAs that move systemi-
cally without cell-to-cell amplification of secondary siRNAs (Dunoyer et al. 2010a;
Molnar et al. 2010), expression of an abundant target mRNA or an RNA virus
throughout the plant would enhance the chances of secondary siRNA biogenesis
and systemic spreading of PTGS via this mechanism.

1.4 Small Interfering RNAs and Transcriptional
Gene Silencing (TGS)

Epigenetic modifications directed by DCL3-dependent 24 nt siRNAs lead to tran-
scriptional silencing through alteration of chromatin structure and DNA
methylation. However, epigenetic regulation also occurs in a broad range of siRNA-
independent contexts (Lister et al. 2008). Epigenetic regulation at the level of chro-
matin is itself a highly complex set of processes, and analysis of the factors involved
is beyond the scope of this chapter (for recent review see Law and Jacobsen 2010).
We will briefly summarise the biogenesis and action of the DCL3-dependent 24 nt
siRNAs, and briefly define the boundary between siRNA-dependent and siRNA-
independent epigenetic maintenance.

The main source of dsRNA substrate for DCL3 is from loci transcribed by RNA
Polymerase IV (Pol IV), which are converted to dsSRNA by the activity of RNA-
Dependent RNA Polymerase 2 (RDR2) (Daxinger et al. 2009). DCL3 cleavage then
yields 24 nt siRNAs. As mentioned earlier, DCL3 can also act upon additional
sources of dsRNA, including endogenous inverted repeat transcripts, overlapping
complementary transcripts, dSRNA from viruses and dsRNA produced by RDR6
from transgenes (Henderson et al. 2006).

DCL3-derived 24 nt siRNAs are bound predominantly by AGO4, although
AGO6 and AGO9 also bind 24 nt siRNAs in some tissues (Havecker et al. 2010;
Olmedo-Monfil et al. 2010). AGO4 is guided by the bound 24 nt siRNA to methy-
late homologous DNA sequence in a process known as RNA-directed DNA
Methylation (RADM) (Cao et al. 2003; Zilberman et al. 2004; Wierzbicki et al.
2009). In addition to Pol IV, Pol V is required for RdADM of some target loci.
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Initially, the presence of complementary siRNAs results in methylation of cytosines
in all sequence contexts (CG, CNG and CNN) by DRM2, a homologue of mam-
malian DNA methytransferase 3 (DNMT?3) (Cao et al. 2003). Maintenance of CG
and CNG methylation in the absence of siRNAs is then carried out by DNA
METHYLTRANSFERASE 1 (MET1) and CHROMOMETHYLASE 3 (CMT3),
respectively (Cao et al. 2003). In parallel with DNA methylation, siRNA-directed
histone modifications lead to heterochromatin formation and silencing of the target
locus (Numa et al. 2010). RNA-directed DNA methylation and histone deacetyla-
tion result in DNA that is less accessible to Pol II, resulting in lower transcription
and a corresponding decrease in expression (Taunton et al. 1996; Tian and Chen
2001; Aufsatz et al. 2007; Wierzbicki et al. 2008).

Recent reports have demonstrated that all size classes of siRNAs are graft-
transmissible. However, 24 nt siRNAs are particularly graft-transmissible and can
direct methylation of DNA in recipient cells (Dunoyer et al. 2010a; Molnar et al.
2010). Furthermore, the non-cell autonomous movement of 24 nt siRNAs is crucial
to ovule development in Arabidopsis. These discoveries will be discussed in more
detail later.

2 Small Regulatory RNAs as Intercellular Signals in Plants

Mobile sSRNAs are essential signals for a range of processes in plants. We can group
known mobile SRNAs by their function into categories of metabolic and stress
response regulators, developmental regulators, and pathogen defence factors.

2.1 Small RNAs as Metabolic and Stress Response Regulators

Expression of some miRNAs is induced by environmental stresses such as hypoxia
(Moldovan et al. 2010), drought (Zhao et al. 2007a; Kantar et al. 2010; Zhou et al.
2010), nutrient deficiency (Chiou 2007) and salinity (Borsani et al. 2005;
Jagadeeswaran et al. 2009; Zhao et al. 2009). In the case of phosphate and sulphate
deficiency, these miRNAs are capable of moving long distances via the phloem
(Buhtz et al. 2008; Buhtz et al. 2010). The mechanisms of phloem-mediated long-
distance transport of miRNAs are discussed in detail in the next chapter (see Chap.
6, Kehr), and will not be covered further here.

2.2 Small RNAs as Intercellular Regulators of Development

Mobile sRNAs are also essential regulators for many aspects of development,
including gametogenesis, leaf and root development.
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Fig. 5.2 Cell-to-cell small RNA movement in male and female gametophyte development:
(a) During pollen development in Arabidopsis, transposons are reactivated and processed into 21
nt siRNAs in the vegetative nucleus (VN). These 21 nt siRNAs move from the VN to the sperm
cells (SC), and reinforce DNA methylation and transcriptional silencing of transposons in the
germline. This ensures maintenance of genome stability in the next generation. (b) The female
Arabidopsis gamete develops from the megaspore mother cell (MM), also known as a gametophyte
precursor cell. The MM differentiates from a single cell in the L2 layer of cells, under the epider-
mis of the pre-meiotic ovule. The epidermal cells of the ovule produce siRNAs dependent on
RDR2, POLIV and POLV, DCL3, and RDR6. These siRNAs act non-cell autonomously, in an
AGO9-dependent manner to restrict differentiation of cells in the L2 so that only a single L2 cell
per ovule differentiates into a MM (gametophytic precursor cell)

2.2.1 Gametogenesis

Gametogenesis in plants is a complex developmental process. Unlike organisms
that produce simple haploid gametes from meiosis, flowering plants undergo meio-
sis followed by additional rounds of mitotic cell division to produce the gametes.

Male gametogenesis produces pollen grains (microgametophytes), which con-
tain two sperm cells (SCs) enclosed within a vegetative cell (Walbot and Evans
2003) (Fig. 5.2). Following meiosis, there are two rounds of mitosis to produce the
mature pollen. Firstly, the haploid cell formed by meiosis divides to produce the
genetically identical vegetative and generative cells. The generative cell then divides
to produce two SCs. At fertilization, these two SCs fertilize the egg cell and the
central cell within the female megagametophyte, in a double fertilization (Walbot
and Evans 2003). The vegetative nucleus (VN) of the pollen does not contribute
DNA to the embryo, but is required to control delivery of the SCs to the female
megagametophyte (Walbot and Evans 2003).

During this process of pollen formation, a gene called Decreased DNA
Methylation 1 (DDM]1) is required to maintain epigenetic silencing of transposons
and heterochromatin. However, DDM1 is specifically down-regulated in the VN,
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while its expression is maintained in the SCs (Slotkin et al. 2009). Corresponding
with down-regulation of DDM1 in the VN, there is a dramatic increase in the level
of transposon activation and transposition in the VN (Slotkin et al. 2009). This trans-
poson activity is only present in the VN and is accompanied by high levels of 21 nt
siRNA production from transposon transcripts (Fig. 5.2). These 21 nt siRNAs derived
from the reactivated transposons are transported from the VN to the SCs where they
accumulate (Slotkin et al. 2009). Remarkably, the expression of transposons in the
VN and subsequent siRNA intercellular movement and accumulation in the SCs
reinforces silencing of transposons in the germline SCs (Slotkin et al. 2009).

As with all known intercellular movement of SRNAs, it is not known whether
this movement of siRNAs from the vegetative cell to the SCs is an active process or
passive diffusion. However, HASTY, the Arabidopsis orthologue of the human
Exportin 5, is involved in export of miRNAs from the nucleus (Park et al. 2005).
HASTY would also be a good candidate for facilitating export of siRNAs out of the
VN of pollen, but how the siRNA move from the cytoplasm of the vegetative cells
into the SCs awaits discovery (see also Chap. 7, Wolf et al.).

On the female side of plant reproduction, it has been also shown that during
ovule development to produce the female gametophyte, the action of non-cell-
autonomous siRNAs is necessary to restrict the number of gametophyte precursor
cells to one per ovule. Mutations in AGO9 produce ovules with multiple gameto-
phyte precursor cells (Olmedo-Monfil et al. 2010). AGO9 binds to 24 nt siRNAs
derived from transposons. Thus, AGO9 is required to silence transposons in the
gametophyte and the associated cells of the ovule (Olmedo-Monfil et al. 2010)
(Fig. 5.2). The biogenesis of these AGO9-associated 24 nt siRNAs is dependent on
Pol IV and Pol V, RDR2 and DCL3, which are known components of the 24 nt
siRNA biogenesis or chromatin silencing pathway (Sect. 1.4). Surprisingly, how-
ever, their biogenesis also appears to be dependent on RDR6, a key component of
the PTGS pathway (Sect. 1.3). Single or double mutants in these genes produced a
phenocopy of the ago9 gametogenesis phenotype (Olmedo-Monfil et al. 2010). In
summary, these results indicate that mobile 24 nt siRNAs derived from transposons
play a key role in cell identity within the ovule.

In addition to these findings involving AGQOY, it has been reported that there
is exclusively maternal expression of Pol IV-dependent 24 nt siRNAs in the devel-
oping endosperm, indicating an additional process that may direct gametophyte
identity through a non-cell-autonomous pathway involving 24 nt siRNAs (Mosher
et al. 2009).

2.2.2 Leaf Development

Both leaf and root development requires cell-to-cell signalling to define the sym-
metry and polarity of the growing organs. As a leaf primordium forms, intercellular
signals define the upper (adaxial) and lower (abaxial) surfaces of the developing
primordium (Sussex 1954; Kidner and Martienssen 2004; Garcia et al. 2006;
Chitwoodetal.2007; Nogueiraetal.2007; Chitwood etal. 2009; Nogueiraetal. 2009).
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In Arabidopsis, TAS3 expression is limited to the two most adaxial cell layers of the
leaf primordium (Schwab et al. 2009). miR390-guided cleavage of TAS3 transcripts
leads to DCL4-dependent production of ta-siRNAs (also called tasiR-ARFs), which
target the AUXIN RESPONSE FACTOR 3 and 4 (ARF3, ARF4) genes (Allen et al.
2005; Williams et al. 2005; Garcia et al. 2006). Expression of ARF3 and ARF4 is
required for abaxial cell identity (Pekker et al. 2005; Fahlgren et al. 2006; Garcia
et al. 2006). The tasiR-ARFs move out of the adaxial cells and create a gradient of
low adaxial to high abaxial expression of ARF3 and ARF4 down through the leaf
primordium. This results in ARF3 and ARF4 accumulation only in the abaxial cells
(Chitwood et al. 2007, 2009; Nogueira et al. 2007, 2009; Schwab et al. 2009).

As mentioned earlier, DCL4 is required for biogenesis of ta-siRNAs and dcl4
mutants have an elongated, epinastic leaf phenotype. Further evidence for the mobil-
ity of the ta-siRNAs is that a DCL4 transgene expressed from the phloem-specific
SUC?2 promoter, is able to suppress the epinastic leaf phenotype in a dcl4 mutant
background (Dunoyer et al. 2010b). Presumably, the DCL4 transgene is able to
produce sufficient ta-siRNAs in the meristem region and vasculature to allow ta-
siRNA movement into the leaf primordial to confer normal leaf development.

The primary determinants of adaxial identity in leaves are the HD-ZIP III tran-
scription factors PHABULOSA (PHB), PHAVOLUTA (PHV) and REVOLUTA
(REV) McConnell et al. 2001). PHB, PHV and REV are all targets for miR165/166-
dependent mRNA cleavage (Floyd and Bowman 2004). miR165/166 are expressed
only in the abaxial cell layers, and prevent PHB, PHV and REV from being expressed
in the abaxial side of the developing leaf (Floyd and Bowman 2004; Kidner and
Martienssen 2004). It has not been demonstrated yet that intercellular movement of
miR165/166 is required for its role in leaf development. However, considering the
role of miR165/166 in root development (discussed below), mobility of these miR-
NAs may be central to their function in leaf development as well.

2.2.3 Root Development

Non-cell-autonomous sRNAs are also required for normal root development in
Arabidopsis. During root development, strict cell layer differentiation is required to
produce the correct radial patterning of root tissues (Fig. 5.3). The patterning of
these cell layers is regulated in part by the transcription factors SHORT ROOT
(SHR) and SCARECROW (SCR). These transcription factors act together to induce
expression of miR165/166 in the endodermal cell layer (Carlsbecker et al. 2010).
Upon induction of miR165/166 expression in the endodermis, mature miR165/166
moves from the endodermis into the central vascular cylinder and targets the HD-ZIP
III genes, in particular, PHABULOSA (PHB). This creates a radial gradient of PHB
expression that drives dosage dependent differentiation of the protoxylem and
metaxylem in the central vascular tissues (Carlsbecker et al. 2010) (Fig. 5.3).

In addition to the role of miR165/166 in determining the radial pattern of devel-
oping roots, miR390 and the tasiR-ARFs are also required for directing initiation
and formation of lateral roots (Marin et al. 2010). Lateral root formation is initiated
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Fig. 5.3 Intercellular movement of small RNA in root development: (a) Radial model of the
root for intercellular movement of miR165/166 in differentiation of xylem cell types in the central
vascular cylinder. The signalling pathway starts with expression of the transcription factor SHORT
ROOT (SHR) in the developing central vascular cylinder (blue). SHR moves outwards into the
endodermis and induces expression of the transcription factor SCARECROW (SCR). SHR and
SCR act synergistically to induce transcription of miR165 (miR) in the endodermal cell layer (En).
miR 165 moves into the central vascular cylinder and represses PHABULOSA (PHB) in the outer
portion of the vascular cylinder, thereby directing the cell identity of metaxylem (Mx) versus pro-
toxylem (Px). (b) Radial model for intercellular movement of tasiR-ARFs (tasi ARF) in formation
of lateral root primordia (Lrp; light blue). Lateral root formation is initiated from division of a
small number of cells the pericycle (P), the outer cell layer of the central vascular cylinder (blue).
tasiR-ARFs are produced where miR390 overlaps with TAS3 expression in the central vascular
cylinder of the main root. Cleavage of TAS3 transcripts results in generation of tasiR-ARFs (tasi
ARF). From there, tasiR-ARFs (tasi ARF) move outwards to repress ARF2, ARF3 and ARF4
(ARF) in developing lateral root primordium (Lrp). Light blue arrows indicate direction of out-
growth of the lateral root. EC epidermis and cortex, En endodermis, P pericycle, Px protoxylem,
Mx metaxylem

at local maxima of auxin. tasiR-ARFs are produced where miR390 overlaps with
TAS3 expression in the central vascular cylinder of the main root (Fig. 5.3). From
there, both miR390 and tasiR-ARFs move outwards to repress ARF2, ARF3 and
ARF4 in developing lateral root primordium. Both miR390 and tasiR-ARFs are
detected in the developing root primordium several cell layers away from where
miR390 and 7AS3 are expressed in the central vascular tissue of the main root
(Marin et al. 2010) (Fig. 5.3).

As discussed in the previous section, miR165/166, miR390 and tasiR-ARFs are
also required for normal abaxial/adaxial patterning of new leaves. The fact that
these SRNA families have been identified as mobile signals and that they both func-
tion in root and leaf development, may indicate that there is a unique feature they
share to enable their mobile, intercellular signalling function. However, such a fea-
ture has not yet been identified.
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2.3 Small RNAs and Defence Against Pathogens

Viruses rely on active cell-to-cell and/or phloem-mediated transport of their genomes
to achieve systemic infection (see Chap. 1; Heinlein and Chap. 7, Ruiz-Medrano
et al.). Various strategies are employed by the host plant to limit virus movement,
replication and survival. At the same time, viruses have developed many strategies
to evade plant defences (Ding and Voinnet 2007). Plants recognise viral dSRNA and
produce siRNAs that direct silencing of viral RNA and thereby prevent virus estab-
lishment (Ding and Voinnet 2007). Cell-to-cell virus movement is dependent upon a
variety of viral-encoded movement proteins, which differ between virus species, but
are generally required to interact with host proteins for cell-to-cell movement through
plasmodesmata (reviewed in Scholthof (2005)) (see also Chap. 1, Heinlein).

Facilitating viral defence is a key role for cell-to-cell and systemic movement of
siRNAs that target viruses (Havelda et al. 2003; Himber et al. 2003; Dunoyer et al.
2007). As discussed previously (Sect. 1.3), the PTGS pathway and in particular
DCL4, DCL2 and AGOI, are key components of the siRNA immune response
directed against RNA viruses.

There are several lines of evidence that imply a requirement of long-distance
movement of siRNAs for plant antiviral immunity. There are numerous examples of
viral encoded silencing suppressor proteins, which inhibit movement of siRNA-
mediated silencing (Voinnet 2005). The 2b protein encoded by the Cucumber
Mosaic Virus (CMV) is unable to prevent intracellular PTGS, but prevents the trans-
mission of a defensive viral silencing signal (SRNA) to distal tissues (Guo and Ding
2002). HcPro and P19 both bind to 21 nt siRNAs and inhibit transmission of silenc-
ing by sequestering siRNA, while P38 produces an outcome in favour of the virus
by binding to 21 and 22 nt siRNAs produced by DCL4 and DCL2, respectively
(Lakatos et al. 2006; Ding and Voinnet 2007).

Another indication that long distance movement of siRNA-mediated silencing is
a key antiviral defence mechanism in plants is that RDR6 activity is required to
exclude Potato Virus X (PVX) from the apical meristems of tobacco plants
(Schwach et al. 2005). It is highly probable that viruses and homologous siRNAs
travel systemically at the same speed, and that siRNA-guided cleavage of the viral
RNA after it enters a new cell, facilitates rapid production of dSRNA by RDR6.
Subsequent biogenesis of additional antiviral siRNAs would provide a rapid defence
and systemic response against RNA virus infection (Schwach et al. 2005).

DCL3-generated, 24 nt siRNA-mediated methylation of gemniviruses (DNA
viruses) has also been reported as a systemic defence mechanism against these
viruses. In support of this concept, DCL3-dependent, AGO4-associated 24 nt
siRNAs appear to be required for host recovery of resistance to some gemniviral
infections (Raja et al. 2008, 2010). Plants are often susceptible when first inoculated
with a virus, but new and younger leaves on the plant can recover and become resis-
tant to the virus (Wingard 1928). Geminivirus DNA recovered from secondary
infected but resistant tissue showed hypermethylation, indicating that the 24 nt siR-
NAs may be able to move from the primary infected tissue into the secondary
infected tissue to confer resistance to the virus (Raja et al. 2008).
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Although viral-derived siRNAs differ from other siRNAs because of their origins
and targets, their biogenesis is similar. Furthermore, other non-viral siRNAs are
systemically mobile (Dunoyer et al. 2010a; Molnar et al. 2010) and therefore, a viral
origin is probably not required for siRNA mobility. However, further research is
required to fully address this question.

3 Possible Mechanisms Affecting Intercellular
Movement of SRNAs in Plants

Higher plants are complex organisms with highly regulated mechanisms for local
and systemic movement of nutrients, water and developmental signals. Direct cell-
to-cell movement of molecules can occur through plasmodesmata, which are pore
structures joining neighbouring cells (Fig. 5.4). It is generally thought that passage
though plasmodesmata requires active transport for larger molecules, while small
molecules may move by passive diffusion (reviewed in Lucas and Lee (2004)).
Transport through plasmodesmata is regulated by altering the size exclusion limit
(SEL). Altering the SEL requires movement of ligands to bind to channel proteins
and subsequent alteration of the actin cytoskeleton to increase or decrease the pore
size (Kragler et al. 2000; Oparka 2004; Ruiz-Medrano et al. 2004). One such ligand
is the Nicotiana tobacum NON CELL AUTONOMOUS PATHWAY PROTEIN 1
(NtNCAPP1), which facilitates transport of selected proteins through plasmodes-
mata. It appears to be localised in the endoplasmic reticulum at the cell periphery
and is essential for correct development (Lee et al. 2003), but its role in SRNA
movement remains to be demonstrated.

Systemic signal movement in higher plants is thought to occur through the vas-
cular system, which consists of the phloem and xylem (reviewed in Turgeon and
Wolf (2009)) (see also Chap. 7; Ruiz-Medrano et al.). The xylem is a system of
enucleated cells forming hollow tubes that transport mostly water and soil derived
nutrients upward from the roots to the leaves and flowers. The phloem consists of
the sieve elements, which carry the phloem sap, and companion cells, which regu-
late loading and unloading of the molecules between the phloem and the mesophyll
cells. The phloem transports the energy derived from photosynthesis in the form of
sugar, but also other signals that contribute to developmental processes.

The direction of movement of solutes in the phloem over a whole plant is a very
complex issue. Generally, the source tissues (where phloem flows from) are older
leaves that produce more energy than they use, whereas the sink tissues (where
phloem flows to) are the young leaves and the roots that require more energy than
they can produce through photosynthesis (Turgeon and Wolf 2009) (Fig. 5.4). Signal
molecules along with photo-assimilates, are thought to be transported from the
source tissue via cell-to-cell movement through plasmodesmata across the leaf, and
into the companion cells of the phloem. The companion cells then facilitate some
aspects of molecule transfer into the sieve elements by specific transporter proteins,
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Fig 5.4 Channels for intercellular movement of molecules in higher plants: (a) A simple
model of the vascular system of Arabidopsis. The xylem transports water and nutrients from the
soil to the above ground parts of the plant. The phloem transports photo-assimilates (energy in the
form of sugars) from mature leaves to the sink tissues (developing or non-photosynthetic tissues
including young leaves, flowers, fruits, as well as roots). (b) Model for spreading of transgene
silencing from a mature leaf. siRNA biogenesis induces transgene silencing in a single cell (black
dot). Double-stranded and/or single-stranded siRNAs can spread cell-to-cell over a distance of
10—15 cells (red circle), and also possibly enter the phloem (grey veins) and travel systemically to
induce transgene silencing. (¢) Models for movement of small regulatory RNAs (sRNAs) from
cell-to-cell. The possible ways that double-stranded and/or single-stranded siRNAs move between
cells via the plasmodesmata include: (1) simple diffusion due to a concentration gradient, (2)
facilitation by receptors in the plasmodesmata that increase the pore size to allow movement, (3)
facilitation by an active transport factor, or (4) facilitation by a transfer factor that acts as a bridging
ligand between the siRNA duplex and a plasmodesmata receptor

but there is also undirected diffusion of some molecules, as the SEL of companion
cell plasmodesmata is reported to be as high as 67 kDa (Stadler et al. 2005).
However, the SEL varies considerably with the cell type. It has been shown
that only fluorescent labelled molecules less than 8 kDa are able to move between
pumpkin leaf cells via plasmodesmata (Balachandran et al. 1997), and the SEL of
plasmodesmata in mature tobacco leaves has been reported to be as low as 1 kDa
(Wolf et al. 1989).
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The presence of small RNA in pumpkin phloem sap and the possible function of
the small RNA binding protein Cucurbita maxima PHLOEM SMALL RNA
BINDING PROTEIN 1 (CmPSRP1) in triggering intercellular transport, indicates
an active SRNA transport mechanism is present within the sieve tube system (Yoo
et al. 2004). The molecular weight of greater than 7 and 14 kDa for single-stranded
and double-stranded siRNA, respectively, also suggests that SRNAs may require
active transport through plasmodesmata (Fig. 5.4). On the other hand, it has also
been reported that the 27 kDa Green Fluorescent Protein (GFP) is able to move from
the phloem companion cells into the sieve elements, and then unload into the sink
tissues and move cell-to-cell without any additional proteins required (Imlau et al.
1999). The simplest conclusion that can be drawn from this collection of data is that
transport of some molecules but not others is regulated through plasmodesmata (see
also Chap. 2; Zambryski et al.). However, at this point, it has still not been unequiv-
ocally demonstrated whether transport of sRNAs through plasmodesmata is an
active process or not.

We have presented evidence that SRNAs are able to move between cells, and that
this movement is required for normal development and resistance against viruses.
However, the question remains, why some sRNAs move and others do not. As we
discussed previously, it is possible that differences in the biogenesis of some sSRNAs
predisposes them to intercellular motility, while others are prevented from leaving
the cells in which they are formed. However, differences in biogenesis alone would
appear insufficient to explain the different mobility of particular SRNA species.

miRNA production is usually tightly regulated at the transcriptional level. This
results in different members of the same miRNA family being expressed specifi-
cally in different organs, or in one cell layer but not in the next (Baker et al. 2005;
Aung et al. 2006; Nikovics et al. 2006; Sieber et al. 2007; Raman et al. 2008). This
tight regulation and the clear evidence of cell-specific miRNA function (Chen 2004;
Kidner and Martienssen 2004; Parizotto et al. 2004), in spite of the demonstrated
ability of some sRNAs, including miRNAs, to move between cells, suggests that
there are some yet unknown mechanisms that keep the majority of miRNAs within
the cell where they are produced.

There are also secondary mechanisms that act to restrain miRNA activity to
specific cells in specific times or conditions. One restrictive mechanism, which is
currently limited to a single example, is an endogenous miRNA-target mimic
(Franco-Zorrilla et al. 2007). The non-protein coding gene INDUCED BY
PHOSPHATE STARVATION (IPS) is up-regulated in response to phosphate defi-
ciency. IPS contains a recognition sequence for miR399, which also down-regulates
PHQ2, an important phosphate regulator (Franco-Zorrilla et al. 2007). The IPS
miR399 recognition sequence has a mismatched loop at the normal miRNA
cleavage site, which prevents miR399-guided cleavage of the IPS transcript. Instead,
the IPS transcript sequesters miR399-containing AGOs, resulting in increased
expression of PHO?2 due to decreased availability of miR399 (Franco-Zorrilla et al.
2007). The expression of similar types of mimic transcripts may be a common
mechanism to attenuate miRNA activity and protect essential genes required for
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cell or tissue identity. Indeed, some predictions of miRNA targets specifically
exclude sequences that would fit the requirements for these target-mimic sites
because they would be unable to be cut between nucleotides 8 and 12 of the pre-
dicted match (German et al. 2008; Alves et al. 2009).

Secondary mechanisms that prevent uncontrolled dispersal of miRNAs through
the plant most likely also regulate siRNAs but there may be some siRNA-specific
factors. Initial reports implied that the key requirement for production of mobile
sRNAs was DCL4 processing. This hypothesis was based on initial evidence that
ta-siRNAs and transgene inverted repeat hairpin-derived siRNAs are preferentially
processed by DCL4 and that artificial miRNAs (processed by DCL1) could not be
detected moving cell-to-cell (Schwab et al. 2006; Tretter et al. 2008). However, it
has now been shown that many miRNAs and siRNAs not derived from DCL4 have
the capacity for cell-to-cell and systemic mobility (Yoo et al. 2004; Buhtz et al.
2010; Carlsbecker et al. 2010; Dunoyer et al. 2010a, b; Molnar et al. 2010; Felippes
et al. 2011).

Interestingly, there is recent evidence that synthetic, fluorescently labelled 21 nt
sRNA introduced into living Arabidopsis leaf cells by particle bombardment are
able to move between cells and enter the vascular system (Dunoyer et al. 2010b).
These mobile SRNAs are also reported to be able to direct silencing of a target trans-
gene in recipient cells (Dunoyer et al. 2010b) (Fig. 5.4). In these experiments, bom-
bardment of fluorescently labelled double-stranded, but not single-stranded 21 nt
siRNAs was able to induce non-cell-autonomous transgene silencing (Dunoyer et al.
2010b). The authors concluded that siRNA duplexes but not single-stranded siRNAs
are mobile between cells (Dunoyer et al. 2010a, b). However, the results could
reflect a difference in the stability of bombarded double-stranded versus single-
stranded siRNAs.

Indeed, these results appear to contradict earlier experiments wherein a synthetic,
labelled 25 nt double-stranded siRNA microinjected into N. benthamiana leaf epi-
dermal cells was not mobile. In contrast, 25 nt single-stranded siRNA moved
between cells but only when co-injected with the phloem-localized small RNA
binding protein CmPSRP1 (Yoo et al. 2004). These earlier results in N. benthami-
ana are consistent with protein-assisted, active intercellular transport of single-
stranded but not double-stranded siRNA (Yoo et al. 2004).

Another mechanism that may influence intercellular movement of miRNAs,
siRNAs and ta-siRNAs throughout plants is the action of a family of small RNA
specific ribonuclease genes called SMALL RNA DEGRADING NUCLEASES (SDN)
(Ramachandran and Chen 2008). SDNI is a 3'-5' exonuclease that specifically
degrades single-stranded sRNAs larger than 17 nt and up to at least 27 nt
(Ramachandran and Chen 2008). When all three SDNI homologues are knocked
down in Arabidopsis using artificial miRNAs there is a strong over-accumulation of
miRNAs and corresponding increase in developmental defects (Ramachandran and
Chen 2008). Although it has not yet been demonstrated, it is likely that SRNAs that
are not bound by an AGO protein are more susceptible to degradation by the SDN
proteins.
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4 Systemic and Graft-Transmissible Movement of siRNAs

There is good evidence that subsets of miRNAs are able to move systemically in
response to nutrient starvation or other environmental triggers (Buhtz et al. 2008,
2010), but it is generally accepted that the majority of miRNAs are cell autonomous
(Kidner and Martienssen 2004). Indeed, considering the strong regulatory effects of
miRNAs and as mentioned earlier, it would seem necessary to tightly control their
movement to prevent mis-regulation of genes essential for the identity and function
of neighbouring cells and tissues (Valoczi et al. 2006).

The primary evolutionary role of siRNAs, on the other hand, is in genome
defence against viruses and transposons. Numerous studies have therefore attempted
to define the genetic requirements for production, systemic transmission and recep-
tion of siRNA-mediated silencing signals. Experimental systems involving reporter
transgenes and endogenous sequences have been used to study systemic spreading
of gene silencing (Palauqui et al. 1997; Brosnan et al. 2007; Dunoyer et al. 2010a;
Molnar et al. 2010). Collectively, these various approaches have provided convinc-
ing evidence that siRNA are mobile and can act as systemic regulators of gene
silencing in plants.

Demonstration of graft-transmissible gene silencing was first reported before the
molecular mechanisms of SRNA-mediated gene silencing were discovered. Using
tobacco (N. tabacum), Palauqui and co-workers in 1997 (Palauqui et al. 1997)
showed that a transgene-specific silencing signal could not only travel across a graft
junction but also through 30 cm of intervening non-transgenic stem to mediate
graft-transmissible transgene silencing. Grafted N. benthamiana have been used to
show that systemic transgene silencing is able to spread to most cells, except into
symplastically-isolated guard cells (Wille and Lucas 1984; Voinnet et al. 1998).
Interestingly, in leaves that developed after silencing spread to near the shoot apex,
guard cells were also silent. This indicated that some silencing is maintained within
a cell in the absence of reinforcement by any external signals. Furthermore, it shows
that plasmodesmata are essential for entry of silencing signals into cells that are not
associated with the vascular system.

Various other non-grafting systems including transient expression mediated by
Agrobacterium infiltration of leaves and viral transgene expression have also been
used in tobacco to demonstrate that silencing can be induced in a single leaf and
spread systemic throughout the plant (Fagard and Vaucheret 2000). More recently,
micrografting of Arabidopsis has proved to be a powerful tool for identifying the
genetic determinants required for graft-transmissible gene silencing (Brosnan et al.
2007) and to demonstrate that siRNAs are graft-transmissible silencing signals
(Dunoyer et al. 2010a; Molnar et al. 2010).
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4.1 Reception of Graft-Transmissible Silencing Signals
in Recipient Tissues

The development of micrografting system in Arabidopsis has enabled the identifica-
tion of key genetic requirements for production (Molnar et al. 2010) and reception
(Brosnan et al. 2007) of systemic gene silencing signals in recipient tissues. The
initial system developed in Arabidopsis involved using a GFP hairpin silencing-
inducing transgene expressed in rootstocks that were grafted to GFP reporter-
expressing scions (shoots) (Brosnan et al. 2007). Several genes required for TGS,
including DCL3, RDR2, AGO4 and NRPDIA, were identified to be required for the
reception of a graft-transmissible silencing signal into naive, recipient cells in the
shoot. Additionally, components of the PTGS pathway, namely RDR6 (Schwach
et al. 2005; Brosnan et al. 2007) and AGO1 (Brosnan et al. 2007), were also required
for reception of silencing in new tissue. While both TGS and PTGS pathways were
required for reception of silencing, large amounts of 21 nt siRNAs homologous to
the transgene coding sequence accumulated in the scions. This indicated that PTGS
was largely responsible for this example of systemic silencing of a transgene, but
that the TGS pathway may have been acting upstream to initiate PTGS in the scion
(Brosnan et al. 2007).

Although DNA methylation and histone modification of the GFP transgene were
not detected in systemically silenced scion tissue, there was evidence of transcrip-
tional down-regulation of a BAR transgene linked on the GFP T-DNA (Brosnan
et al. 2007). This transcriptional down-regulation was dependent on AGO4 and
POL V, confirming that the TGS pathway was involved in perception of systemic
silencing transmitted from the rootstock (Brosnan et al. 2007). Thus, these data
confirmed that reception of the systemic GFP silencing signal in naive recipient
cells in the scion involved cross-talk between the TGS and PTGS pathways
(Brosnan et al. 2007; Smith et al. 2007).

Another member of the chromatin modification pathway, JMJ14, a histone H3
Lys4 (H3K4) trimethyl demethylase acts downstream of RDR2 and AGO4, and is
probably also required for reception of the silencing signal in naive cells. However,
these findings were based on cell-to-cell based transgene reporter system (Searle
et al. 2010) and need to be confirmed in a grafting system.

In the initial grafting study of systemic transgene silencing in Arabidopsis
(Brosnan et al. 2007), none of the genes involved reception of systemic gene silencing
in scion tissue were required for production or transmission of a silencing signal from
rootstocks. Furthermore, when a dcl2-dcl3-dcl4 triple mutant, in which GFP-specific
siRNAs were greatly reduced, was used as a rootstock, it was still able to transmit
silencing to the shoot (Brosnan et al. 2007). This suggested that siRNA may not be a
graft-transmissible silencing signal responsible for systemic spreading of gene
silencing. However, when interpreted in the light of subsequent grafting studies in
Arabidopsis (Dunoyer et al. 2010a; Molnar et al. 2010), the silencing signal transmit-
ted from dcl2-dcl3-dcl4 triple mutant rootstocks was most likely siRNAs produced by
DCLI1 (even though its predominant role is in miRNA biogenesis; see Sect. 1.2).
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4.2 siRNAs Are Graft-Transmissible Silencing Signals

More recent grafting studies with Arabidopsis using highly sensitive deep sequencing
to detect siRNAs, have demonstrated that siRNAs are indeed a graft-transmissible
gene silencing signal (Dunoyer et al. 2010a; Molnar et al. 2010). These studies have
shown that all size classes of siRNAs can move between the root and shoot system,
and that mobile 24-nt siRNAs can trigger sequence-specific de novo methylation
(Dunoyer et al. 2010a; Molnar et al. 2010).

Given shoot-to-root transmission of gene silencing is more efficient than root-to-
shoot (Molnar et al. 2010), Molnar and co-workers initially concentrated on the
mobility of transgene-specific siRNAs from GFP inverted repeat (IR) hairpin scions
into non-transgenic rootstocks. They found that GFP-specific small RNAs were
detectable in the non-transgenic rootstocks, although the siRNAs were 1,000-fold
less abundant in the recipient root tissue compared to the transgenic scion (Molnar
et al. 2010). They also examined production and mobility of endogenous siRNAs
from wild-type transgenic scions to mutant roots defective for siRNA production. In
roots of a dcl2-dcl3-dcl4 triple mutant (unable to produce 22 or 24 nt siRNAs)
grafted under wild-type GFP IR shoots, there were almost wild-type levels of 24 nt
siRNAs in grafted rootstocks (Molnar et al. 2010). This suggested that 24 nt siRNAs
were more graft-transmissible than the 21 or 22 nt counterparts.

These authors also used different Arabidopsis ecotypes as scions and rootstocks,
and DNA polymorphisms between the ecotypes allowed them to detect graft-trans-
missible movement of siRNAs produced from endogenous loci (Molnar et al. 2010).
Using this approach, 795 unique endogenous loci (and over 7,000 endogenous loci
when including repetitive ones) were identified that produced mobile siRNAs
(Molnar et al. 2010). When a sde4 mutant (mutated in the gene that encodes Pol IV,
which is required for DCL3-dependent 24 nt siRNA biogenesis) was used as the
scion, the levels of 24 nt siRNAs transmitted to the rootstock were greatly dimin-
ished (Molnar et al. 2010). These results confirmed that 24 nt siRNAs were more
mobile than 21 or 22 nt siRNAs.

Most of the mobile siRNA loci did not correspond to any genes. One exception
was the PAI tryptophan biosynthetic genes of the Arabidopsis C24 ecotype. This
ecotype has a tail-to-tail inverted repeat (PAI1-PAI4) that substitutes for a single
copy of PAIl in the Columbia (Col) ecotype. As expected, Molnar and co-workers
found that 21 to 24 nt PAI siRNAs are present in C24 but are undetectable in the Col
genotype. When C24 shoots were grafted over Col rootstocks, however, 24 nt PAI
siRNAs were detected in the Col roots. Furthermore, when the shoot was a C24
sde4 mutant incapable of producing 24 nt siRNAs, these PAI siRNAs were absent
from the grafted Col roots (Molnar et al. 2010). Although C24 sde4 shoots accumu-
late normal or higher levels of 21 nt PAI siRNAs, these were almost undetected in
Col roots. Collectively, their results indicate preferential mobility of 24 nt siRNAs
(Molnar et al. 2010). The authors suggested that the enhanced mobility of 24 nt
siRNAs may be related to Pol IV transcription of the locus, but this was not
demonstrated.
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Finally, Molnar and co-workers (Molnar et al. 2010) showed that 24 nt siRNAs
produced from three out of eight tested endogenous loci could move from wild-type
shoots to confer hypermethylation of the loci in dcl2-dcl3-dcl4 triple mutant grafted
roots. Thus, mobile 24 nt siRNAs are able to induce DNA methylation in recipient
tissues (Molnar et al. 2010).

Using a similar approach, Dunoyer and co-workers (Dunoyer et al. 2010a)
examined siRNAs from two endogenous inverted repeat elements in Arabidopsis
that produce dsRNA with near-perfect base pairing. These loci were called /R71 and
IR2039. The authors (Dunoyer et al. 2010a) used deep sequencing of small RNA
from grafted plants to demonstrate that siRNAs from /R71 are systemically mobile
and appear to have a preference to move from the shoot to the root, although move-
ment from root-to-shoot was also detected. Mobile 24 nt IR71 siRNAs produced in
the shoots were also shown to induce hypermethylation of /R71 sequences in grafted
roots (Dunoyer et al. 2010a).

The majority of siRNAs in Arabidopsis are 24 nt DCL3-dependent siRNAs
derived from transposons and repetitive elements (Kasschau et al. 2007; Zhang
et al. 2007; Mosher et al. 2009). As mentioned earlier, these siRNAs play an impor-
tant role in maintaining the repressive epigenetic marks that prevent transposon
activation (Zilberman et al. 2003; Chan et al. 2006; Law and Jacobsen 2010). Given
the capacity of 24 nt siRNAs to move long distances and direct DNA methylation in
recipient tissues (Dunoyer et al. 2010a; Molnar et al. 2010), this graft-transmissible
siRNA transport pathway could contribute significantly to systemic silencing of
transposable elements in plants.

4.3 Root-to-Shoot Versus Shoot-to-Root siRNA Signalling

In the case of host plant recovery to viral infection (Wingard 1928), viral siRNAs
most likely move from the older infected leaves toward the apical meristem and
newly developing leaves to confer resistance to the virus. This is consistent with the
hypothesis that siRNAs are transported in the phloem from source tissue to a sink in
the growing shoot apex. If this model is correct, then presumably, viral siRNAs
would move down to sink tissue in the roots as well. Early work on Tobacco Mosaic
Virus infectivity in plants, demonstrated that viral particles can move both down-
ward to the roots as well as upward to the shoot (Samuel 1934).

The recent reports using micrografting in Arabidopsis have demonstrated move-
ment of endogenous and transgene siRNAs from both shoot-to-root and root-to-
shoot (Dunoyer et al. 2010a; Molnar et al. 2010). More efficient transmission of
transgene silencing occurs from shoot-to-root (Dunoyer et al. 2010a; Molnar et al.
2010), but nevertheless, root-to-shoot transmission of transgene silencing does occur
(Brosnan et al. 2007; Dunoyer et al. 2010a; Molnar et al. 2010), apparently counter-
ing the directional flow of the phloem (Turgeon and Wolf 2009). Small (or large)
RNA has not been found in xylem sap of plants (Buhtz et al. 2008) and as mentioned
earlier, systemic transgene silencing is not able to spread to symplasmically-isolated
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guard cells (Wille and Lucas 1984; Voinnet et al. 1998). Collectively, these data
suggests that siRNAs move bi-directionally in the phloem, or alternatively, move-
ment of siRNAs from roots to shoots occurs via a separate symplasmic route distinct
from the phloem. This critical question in graft-transmissible gene silencing remains
to be resolved.

4.4 Intracellular Location of siRNA Silencing Processes
and Relevance to Systemic Gene Silencing

Given the nuclear localisation of numerous TGS proteins required for reception of
siRNA mediated silencing in naive recipient cells (Brosnan et al. 2007; Smith et al.
2007; Searle et al. 2010), it seems likely that a major part of the reception process
involves transport of silencing signals into the nucleus. In C. elegans this function
may be at least partially fulfilled by an Argonaute protein, NRDE3 (Guang et al.
2008). In the absence of small RNAs, NRDE3 is localized in the cytoplasm, but in
the presence of siRNAs derived from RDR-dependent dsRNA, NRDE3 relocates
to the nucleus. Relocation of NRDE3 associated with siRNAs to the nucleus results
in the silencing of nuclear-localized, complementary transcripts (Guang et al. 2008).
It is not clear if a similar mechanism occurs in plants, but it is likely that some
mechanism exists to transport siRNAs, especially 24 nt siRNAs, into the nucleus.

There is a growing body of evidence that 21 nt siRNAs (PTGS) as well as 24 nt
siRNAs (T'GS) are active in the nucleus. As part of the PTGS pathway, DCL4 pro-
duces 21 nt siRNAs and forms a complex with DRB4 that is nuclear-localised
(Hiraguri et al. 2005). The Cauliflower Mosaic Virus (CaMV) P6 viral suppressor of
PTGS must be imported into the nucleus to inhibit the function of DRB4, suggest-
ing nuclear-localised PTGS is important in antiviral defence (Haas et al. 2008).
Consistent with PTGS occurring in the nucleus, RDR6 has been reported to localize
there (Luo and Chen 2007). RDR6 has also been shown to interact in cytoplasmic
SGS3-RDR6 bodies (Kumakura et al. 2009) suggesting that siRNA-based PTGS
also occurs in the cytoplasm. In plants, miRNAs and most likely siRNAs formed in
the nucleus are exported to the cytoplasm by HASTY, the Arabidopsis orthologue
of human Exportin 5 (Park et al. 2005).

Thus, trafficking of RNA, siRNA and riboprotein complexes between intracel-
lular compartments is required for some aspects of siRNA-mediated silencing. This
is supported by the role of the putative RNA trafficking protein SDES that is required
by both the frans-acting small interfering RNA (ta-siRNA) pathway and for siRNA
based PTGS (Jauvion et al. 2010). Furthermore, members of the widely conserved
RNA trafficking THO/TREX have been shown to be required for ta-siRNA biogen-
esis and siRNA-based PTGS (Jauvion et al. 2010). It has been suggested that these
proteins are involved in transporting the siRNA precursors within the cell to the
Argonaute catalytic centre (Jauvion et al. 2010). Whether this pathway is required
for movement of siRNAs or their precursors between neighbouring cells or beyond
into other tissues, remains to be seen.
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4.5 Systemic siRNA Transport and Trans-generational
Epigenetic Inheritance

Transgenerational maintenance of newly-established epigenetic marks is a potential
mechanism to allow plants to survive, reproduce and evolve under adverse condi-
tions or a changing environment (Boyko et al. 2010). It is well documented that
RNA-mediated epigenetic modification can be induced by both biotic (viral, fungal
or bacterial infection) and abiotic stress (temperature extremes, drought, flood, or
nutrient deficiency) (Boyko et al. 2010; Lang-Mladek et al. 2010).

As described in Sect. 2.2.1, intercellular movement of siRNAs is crucial for both
male and female gametogenesis (Slotkin et al. 2009; Olmedo-Monfil et al. 2010). In
view of graft-transmissible movement of siRNAs (Dunoyer et al. 2010a; Molnar
et al. 2010), it remains a distinct possibility that siRNAs may move from vegetative
tissue into the germline to confer inheritance of somatically-initiated epigenetic
states in the subsequent generation. Indeed, transgenerational epigenetic inheritance
has been shown to occur after virus-induced silencing and subsequent RNA-directed
DNA methylation of a transgene. The new epigenetic marks on the transgene were
inherited without transgenerational inheritance of the viral silencing trigger (Jones
et al. 2001).

5 Summary

Intercellular and systemic movement of SRNAs are of fundamental importance to
many processes in higher plants. miRNAs and ta-siRNAs have been identified that
require intercellular movement to execute their function in leaf and root develop-
ment. Furthermore, cell-to-cell movement of siRNAs is required for restricting the
number of female gametophytic precursor cells to one in ovules (Olmedo-Monfil
et al. 2010), and for protecting the male gamete genome from transposon activity
(Slotkin et al. 2009; Olmedo-Monfil et al. 2010).

Systemic movement of siRNAs is also fundamentally important in higher plants.
The evidence is very strong that long-distance signalling involving siRNAs is piv-
otal to systemic virus resistance. However, questions remain regarding the involve-
ment and biological significance of long-distance sSRNA movement in plant
development, response to environmental cues and transgenerational inheritance of
new epigenetic states of genes.

Another distinct gap in our knowledge is the mechanism of intercellular move-
ment of SRNAs between cells and over longer distances. There are conflicting
reports regarding whether double-stranded (Dunoyer et al. 2010a, b) or single-
stranded molecules (Yoo et al. 2004) are the predominant intercellular SRNA signal
in plants. It is also unresolved whether they move by simple diffusion or by a pro-
cess that is facilitated by other factors such as proteins or ribonucleo-protein com-
plexes (Yoo et al. 2004). If sSRNAs move only by simple diffusion, we would expect
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that intercellular movement of individual sSRNA could be simply controlled by their
abundance and stability. On the other hand, if regulatory proteins or ribonucleo-
protein complexes are involved in regulating intercellular movement of SRNA, their
discovery and description of their function would greatly enhance our understand-
ing of many aspects of plant biology.
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Chapter 6
Long-Distance Signaling by Small RNAs

Julia Kehr

1 Introduction

Systemic signaling through the phloem has long ago been discovered and it is
meanwhile well established that it plays important roles in regulating many essen-
tial physiological processes in development, nutrient allocation, and stress and
defense responses. The possible involvement of macromolecules like peptides, pro-
teins or RNAs in long-range signaling has long been overlooked, since they were
regarded as being too large to act as information transmitters. However, it is mean-
while well accepted that ribonucleic acids (RNAs) are among the important infor-
mation transmitters in all eukaryotes (Miiller et al. 2007). It was shown that
directional, asymmetric mRNA transport plays essential roles in, for example, mat-
ing-time switching in budding yeast (Miiller et al. 2007) or segmentation in
Drosophila (Irion and St Johnston 2007). Also in plants mRNA transport was found
to be a crucial component of cellular communication that coordinates developmen-
tal processes (Haywood et al. 2002; Ding et al. 2003; Kim and Pai 2009). It is, for
example, known that several plant transcription factors (TFs) have the ability to
move between cells and are involved in meristem initiation and maintenance (Lucas
et al. 1995; Sessions et al. 2000). Moreover, mRNAs can move to even distant plant
organs (Ruiz-Medrano et al. 1999). Generally, sieve elements (SEs) seem to provide
an ideal environment for RNA transport, since a lack of RNase activity seems to be
a common feature of phloem samples in different species (Sasaki et al. 1998;
Doering-Saad et al. 2002; Gaupels et al. 2008; Zhang et al. 2009). In contrast to
xylem sap where RNAs could not be detected (Buhtz et al. 2008), RNA has been
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found in phloem sap more than 40 years ago (Kollmann et al. 1970; Ziegler and
Kluge 1962). For a long time, however, their unexpected presence was attributed to
contaminations introduced by the sampling procedure. Meanwhile several studies
have convincingly demonstrated that phloem samples obtained by different sam-
pling strategies from distinct, unrelated plant species indeed contain a high number
RNAs, and it has been shown that they represent authentic components of the
phloem stream. Phloem samples seem to contain a set of diverse RNAs, including
viral RNAs, cellular mRNAs, tRNAs, and a fraction of small RNAs (smRNAs) in
the size range of 20-26 nucleotides (nt) (reviewed in: Kragler 2010; Kehr and Buhtz
2008). The occurrence of smRNAs has meanwhile been established in different
cucurbits, white lupin, castor bean, yucca (Yoo et al. 2004), oilseed rape (Buhtz
et al. 2008), and recently apple (Varkonyi-Gasic et al. 2010).

During the last decade small, non-coding RNAs have emerged as important
transcriptional and post-transcriptional regulators of gene expression. The two
major classes of small regulatory RNAs, short interfering (si) RNAs and micro (mi)
RNAs, seem to have many similarities, but can be distinguished by differences
in their modes of biosynthesis and action. Both types of small RNAs interact with
the multi-component RNA-induced silencing complex (RISC) and regulate gene
expression by directing the cleavage of their target messenger RNAs (mRNAsS).
siRNAs medicate a process called post-transcriptional gene silencing (PTGS), an
innate, widespread plant defense mechanism against foreign DNA, transgenes, the
activity of transposable elements, and viruses (Waterhouse et al. 2001), by restricting
their expression. In contrast, miRNAs affect the expression of endogenous genes,
and are involved in regulating a number of different processes ranging from
development to nutrient allocation.

This chapter will summarize the current knowledge about how phloem samples
can be obtained, how smRNAs can be analyzed, and which smRNAs have been
detected in the phloem. In addition, the evidence on whether smRNAs can really be
transported over long-distances in living plants and what functional important such
a transport could have will be discussed.

2 Phloem Sampling Methods

One of the major difficulties with studying phloem long-distance signal transduction
in plants is to access the content of phloem transport tubes without causing signifi-
cant artifacts or contaminations. Several different methods to obtain phloem samples
from woody and herbaceous plants have been developed that mainly differ in the
amount of sap that can be obtained and in the degree of purity and dilution of the
samples. The feasibility of the individual sampling strategies is largely dependent on
the plant species in the focus of interest. Some characteristics of the different sam-
pling methods are summarized in Table 6.1. Despite of the fact that all the different
methods can introduce (different kinds of) artifacts and can therefore result in quite
unequal types of samples, all are normally summarized under the terms “phloem
sap” or “phloem sample”, masking their different origins and characteristics.
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One of the most traditional methods is the collection of phloem exudate from
incisions into the bark of woody plants (Bose 1947; Zimmermann and Ziegler
1975). A similar approach can be used in a few herbaceous species, for example
Ricinus, Cucurbitaceae, Yucca, and Brassica, where phloem sap exudes upon vas-
cular damage after excising whole organs (Milburn 1970; Alosi et al. 1988; Yoo
et al. 2004) or making small punctures (Walz et al. 2004; Giavalisco et al. 2006;
Buhtz et al. 2008). All exudation methods allow a relatively easy collection of sam-
ples enriched in SE contents. Sample volumes can reach the milliliter scale and in
some cases, for example in palms or yucca, even liters of phloem exudate can be
collected (Turgeon and Wolf 2009). However, all exudation techniques are prone to
contamination by non-phloem cells injured during sampling. Indeed, it was shown
that phloem exudates from incisions can be contaminated by cell contents of injured
tissues surrounding the phloem (Ruiz-Medrano et al. 1999). Moreover, the quite
extensive injury of SEs results in a rapid drop in turgor pressure, what might cause
a significant dilution of samples, or an influx of components from associated cells,
e.g. companion cells. In addition, also a release of structural components normally
attached to the cytoplasmic lining of SEs has been observed (Knoblauch and van
Bel 1998; Turgeon and Wolf 2009; Dinant et al. 2010). To minimize contamina-
tions, the first exuding droplets are normally discarded. However, to demonstrate
sample purity additional evidence is required. This can, for example, be obtained by
measuring sugar composition. Here, a high content of sucrose and the absence of
reducing sugars like glucose and fructose are regarded as being indicative of SE
content. Another option is the detection of mRNAs or proteins that should not occur
in SE as e.g. photosynthesis-related compounds. In this case their absence indicates
acceptable low levels of contamination (Doering-Saad et al. 2006; Giavalisco et al.
2006; Buhtz et al. 2008). More recent studies also compared phloem samples to the
surrounding tissue damaged upon sampling to demonstrate that phloem sap specifi-
cally accumulates certain components and others are absent, what indicates sample
specificity (Buhtz et al. 2010; Varkonyi-Gasic et al. 2010).

In most plant species, however, spontaneous exudation cannot be employed,
since phloem bleeding ceases shortly after wounding to avoid assimilate loss. This
process is probably initiated by a rapid release of calcium that induces accumulation
of specific phloem proteins what leads to a reversible blockage of sieve pores that
can be followed by the likewise calcium-dependent irreversible occlusion by the
polysaccharide callose (Kehr 2006). Plants that do not exude spontaneously can be
anyhow sampled by chelator-facilitated exudation (King and Zeevaart 1974;
Marentes and Grusak 1998; Hoffmann-Benning et al. 2002). Here, petioles are cut
under water and subsequently placed in a collection solution containing the chelator
ethylene diamine tetraacetic acid (EDTA) or similar substances that inhibit the
wounding response by binding calcium. This method allows the easy collection of
phloem exudate, but samples are dilute and not useful for compound quantification.
In addition, caused by the long collection times, contamination by destroyed cells
and apoplastic fluid, and degradation of phloem components are severe concerns.
Therefore, the EDTA exudation technique can be useful to answer certain, focused
questions, but is not suitable for the reliable identification or quantification of
phloem constituents (Table 6.1).
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In contrast to all exudation methods that are rather invasive, phloem-feeding
insects such as aphids or planthoppers are able to precisely target individual SEs as
their feeding source. Researchers are taking advantage of this skill by cutting their
feeding instruments, called stylets, to sample SE content in a minimally-invasive
manner. The so-called insect stylectomy was first described by Kennedy and Mittler
(1953) and is regarded to yield pure phloem sap and to minimize sampling artifacts
(Fisher et al. 1992). It is based on cutting the stylets that are inserted into a sieve
tube while the insects are ingesting phloem sap. In early experiments with big aphids
feeding on woody plants, the stylets were severed by razor-blades or microscissors.
In herbaceous plants where the sucking insects are significantly smaller, excision of
the stylets is normally achieved by high-frequency or laser microcautery (Fisher and
Frame 1984; Dinant et al. 2010). Because of the small diameter of the stylets and
their slow and directed mode of insertion into the phloem, they do not induce a sig-
nificant loss of turgor pressure that could cause artifacts. However, also aphids can
cause unnatural alterations of phloem composition by acting as additional sinks and,
moreover, by injecting insect proteins that probably modulate plant defense
responses (Kehr 2006). In addition, the technique is difficult to perform and can
result in extremely small sample volumes. The amount of sap obtainable by this
method from a single plant of the model species Arabidopsis thaliana, for example,
was reported to be restricted to a few nanolitres (Zhu et al. 2005) what not only
requires to take measures against evaporation but obviously limits the analyses
that can be performed. An alternative technique partially imitating insect feeding is
sampling by microcapillaries under the microscope after SEs have been visualized
by the phloem-mobile fluorochrome carboxyfluorescein diacetate (Brandt et al.
1999; Raps et al. 2001). However, this technique was as yet seldom used, probably
because it comparably difficult to apply and also yields only small sample amounts
(Table 6.1).

Most data on phloem sap macromolecules in general and RNAs in particular
have been obtained from samples collected by exudation-based methods from dif-
ferent plant species including different cucurbits and oilseed rape (Yoo et al. 2004;
Omid et al. 2007; Buhtz et al. 2008; Pant et al. 2009; Zhang et al. 2009; Buhtz et al.
2010). Here, RNAs of all size ranges from large transcripts to small tRNAs and even
si and miRNAs have been found. However, also aphid stylectomy has more recently
been used to characterize proteins and to detect specific mRNAs in the SEs of, for
example, rice and wheat (Sasaki et al. 1998; Doering-Saad et al. 2002; Gaupels
et al. 2008), and one study also demonstrated its applicability to phloem small RNA
studies in apple (Varkonyi-Gasic et al. 2010).

3 Small RNAs in Phloem Samples

A number of recent studies concentrated on the discovery of RNAs in phloem sap
and of their functional characterization as long-range information transmitters.
Most studies focused on the analysis of large RNAs and besides ribosomal RNAs a
number of transcripts were detected. Some of these mRNAs could be shown to be
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phloem-mobile and to induce phenotypic changes in their target tissue, reviewed in:
(Kehr and Buhtz 2008; Kehr 2009; Kragler 2010). In addition, one publication
described the analysis of RNAs in the size range of 30-90 bases. In this study
tRNAs, ribosomal RNAs and spliceosomal RNAs, whose functions are so far not
fully understood, could be identified (Zhang et al. 2009).

This chapter will, however, focus on the results obtained for smRNAs in the size
range of 20-26 nt, what includes miRNAs and siRNAs that have both emerged as
important post-transcriptional regulators of gene expression during the last years.
The smRNA complement of phloem sap of different species was analyzed by differ-
ent attempts. First evidence that specific smRNAs accumulate in phloem tissue
came from in situ hybridization experiments that, however, did not allow a clear
localization in sieve elements (Valoczi et al. 2006; Juarez et al. 2004). That smRNAs
are indeed present in the phloem transport stream was indicated by radioactive
labeling of total RNA populations isolated from phloem samples and subsequent
RNA gel blot analysis (Yoo et al. 2004). Cloning and conventional sequencing of
smRNAs from pumpkin phloem sap led to a limited number of smRNA identifica-
tions. Nowadays, also microarrays containing all known plant miRNAs and quanti-
tative miRNA PCR platforms have been used to study phloem miRNA levels under
different growth conditions (Pant et al. 2009; Buhtz et al. 2010). However, different
high-throughput sequencing technologies have allowed the most comprehensive
overview of SmRNAs present in sieve elements of undisturbed plants and their
responses to different environmental stresses (Buhtz et al. 2008; Pant et al. 2009).
These experiments resulted in several thousand unique sequences, and led to the
identification of mature miRNAs from many different families and some potential
new siRNAs, but also left a confusing number of sequences with unclear assign-
ment and function (Buhtz et al. 2008). Interestingly, many of these unknown
sequences accumulated specifically in phloem samples as compared to leaves or
roots (Buhtz et al. 2008, 2010), suggesting a specific phloem function. In addition
to mature sSmRNAs, some complementary strands could also be detected (Buhtz
et al. 2008; Pant et al. 2009), suggesting that phloem smRNAs might occur double
stranded.

3.1 Phloem siRNAs

siRNAs are 21- and 24 nt long molecules that mainly act in defense of the genome.
They are processed by DICER-like enzymes from long and perfectly complemen-
tary double-stranded RNA molecules that can stem from viruses, erroneous RNAs
or endogenous natural antisense transcripts. These double-stranded molecules are
themselves produced by the activity of RNA-dependent RNA polymerases. The
resultant mature siRNAs are subsequently incorporated into the RISC, where they
guide the cleavage of complementary target mRNAs resulting in their down-
regulation (Sunkar and Zhu 2007).
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It has been known for a long time that gene silencing can spread over long
distances via the phloem (Voinnet and Baulcombe 1997). However, for a long time
it remained unknown, which kind of RNAs could be transmitted and in addition to
siRNAs themselves aberrant larger RNAs were proposed as potential mobile silenc-
ing signals (Mlotshwa et al. 2002). Only recently, siRNAs have been detected in
phloem samples from different species including cucurbits and lupin. Yoo et al.
(2004) sequenced hundreds of small phloem RNAs from pumpkin exudate samples
and identified a number of 21 nt short RNAs complementary to cucurbit transposon-
like (TnL) genes. Also both sense and antisense strands of a transgene-derived
Squash mosaic virus coat protein (CP SgMV) siRNA accumulated in phloem sap of
spontaneously silenced pumpkin plants. Similarly, phloem samples from Cucumber
yellow closterovirus (CuY V)-infected pumpkin plants accumulated high levels of
viral-derived siRNAs. Interestingly, siRNA originating from a transgene or a virus
infection could be detected only in the phloem of silenced, but not unsilenced plants
(Yoo et al. 2004). Another recent study found preferentially 22-nt smRNAs derived
from Hop stunt viroid (vd) infection in cucumber phloem exudates (Martinez et al.
2010). All these results strongly suggested that siRNAs themselves could be the
phloem-mobile molecules, and the results of two new studies recently reinforced
this assumption (Dunoyer et al. 2010b; Molnar et al. 2010). These studies demon-
strated that siRNAs derived from inverted repeat (IR) loci like /R71 or phosphoribo-
sylanthranilate isomerase (PAI) are contained in the phloem stream (Dunoyer et al.
2010a; Molnar et al. 2010). It is believed that endogenous as well as transgene-
derived siRNAs are graft transmittable, probably with bias toward the 24 nt species
(Molnar et al. 2010). Other data suggest that the silencing signals are probably
duplexes of mature siRNAs (Dunoyer et al. 2010b). However, only very few siR-
NAs, namely CP SgMV, IR71 and PAI, have actually been identified to be present in
phloem samples or translocated over graft unions, respectively, so far (Yoo et al.
2004; Dunoyer et al. 2010b; Molnar et al. 2010). However, recent results obtained
from grafting studies between Arabidopsis wildtype and multiple dicer-like (dcl)
mutants showed that siRNAs of all sizes from thousands of genetic loci can be
translocated long distance, suggesting that phloem translocatability is a general fea-
ture of siRNAs (Molnar et al. 2010).

3.2 Phloem miRNAs

miRNAs are mostly 21 nt long molecules that mainly guide growth and develop-
ment by down-regulating endogenous target mRNAs. miRNAs are derived from
longer single-stranded precursor molecules that exhibit a characteristic hairpin
structure. These precursors are processed to duplexes of mature miRNAs and
miRNA*s that, in contrast to siRNAs, do not show perfect sequence complementar-
ity. This step is catalyzed by the enzyme Dicer-like 1, in plants presumably in the
nucleus (Jones-Rhoades et al. 2006). After export to the cytosol, a methyl group is
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post-synthetically added by the methyltransferase HEN1-1. miRNA* strands are
subsequently degraded, whereas mature miRNAs enter the RISC to down-regulate
the expression of target genes (Jones-Rhoades et al. 2006). In plants, mature miRNAs
generally show near perfect sequence complementarity to their target mRNAs
(Rhoades et al. 2002). The majority of the known plant miRNA target transcripts are
transcription factors, and therefore miRNAs play important roles in coordinating
different aspects of developmental pathways (Rhoades et al. 2002). However, some
miRNAs have recently been shown to be also specifically involved in the regulation
of the responses to e.g. nutrient deficiency (Chiou 2007; Meng et al. 2010).

Earlier in situ hybridization studies indicated the presence of several specific
miRNAs, for example miR166, in vascular tissue of different plant species, although
these studies did not allow a clear attribution to sieve elements (Valoczi et al. 2006;
Juarez et al. 2004). Meanwhile a large number of miRNAs has been identified by
classical cloning as well as by high-throughput sequencing, microarray hybridiza-
tion and PCR-based approaches in phloem samples from different plant species
including pumpkin (Yoo et al. 2004), lupin (Atkins and Smith 2007) and oilseed
rape (Buhtz et al. 2008; Pant et al. 2009; Buhtz et al. 2010), where phloem sap
exudes after wounding. In oilseed rape grown under control conditions, for exam-
ple, members of 37 miRNA families could be detected in phloem samples (Buhtz
et al. 2008; Pant et al. 2009; Buhtz et al. 2010). More recently, also phloem sap
obtained from apple by the less-invasive aphid stylet technique has been analyzed
by PCR regarding their miRNA levels (Varkonyi-Gasic et al. 2010).

These studies confirmed phloem localization of all miRNAs that was earlier
suggested by the in situ hybridization studies. Interestingly, in addition to mature
miRNAs also complementary miRNA* strands were found in phloem sap samples
of oilseed rape (Buhtz et al. 2008; Pant et al. 2009), indicating that miRNAs might
travel long-distance as double strands.

A large overlap between the miRNA complements of phloem samples obtained
from diverse plants with different sampling methods was observed (Yoo et al. 2004;
Buhtz et al. 2008, 2010; Varkonyi-Gasic et al. 2010). For instance miR 156, miR 159,
miR166 and miR167 were detectable in all species analyzed and therefore seem to
belong to a group of conserved phloem miRNAs (Table 6.2). Many of the miRNAs
detected in phloem samples are known to regulate development of vegetative and
floral organs, for instance miR 159, miR160, miR 164, miR166, miR167, and miR319
(Mallory et al. 2004). Some of the phloem miRNAs (e.g. miR395, miR397, miR398,
miR399, miR408, miR2111) are also known to be nutrient starvation-responsive in
non-phloem tissues. These nutrient-responsive miRNAs are expected to be only
found when plants are nutrient-deprived and have therefore not been detected in all
available studies. However, four of them have been shown to accumulate to excep-
tionally high levels in phloem sap upon the respective nutrient deficiencies (Buhtz
et al. 2008). These were the sulfate deficiency-dependent miR395, the low copper-
induced miR398, or miR399 and miR2111 that accumulated under phosphate star-
vation (Pant et al. 2009; Buhtz et al. 2008, 2010). Interestingly, also miRNAs
responsive to other abiotic and biotic stress conditions in non-phloem tissues were
found in phloem sap. Significant examples are the well phloem-represented miR 169
family, whose members have been described to respond to abcsisic acid (ABA),
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heat and drought (Li et al. 2008; Zhao et al. 2009; Li et al. 2010) or miR393 that has
been shown to be induced by nitrate (Vidal et al. 2010) and bacterial elicitors
(Navarro et al. 2006). However, a stress-induced accumulation or reduction of these
miRNAs in the phloem as a response to stress has as yet not been described.

More detailed analyses of spatial miRNA distribution showed that many miRNAs
accumulated differentially when phloem samples were compared to extracts from
other organs. miR169, for example, accumulated to much higher levels in phloem
exudates than in other tissues (Buhtz et al. 2008, 2010; Varkonyi-Gasic et al. 2010).
Another example is miR 168 that was not detected in apple phloem samples obtained
by aphid stylectomy, but was enriched in pumpkin and Brassica phloem exudate
samples as compared to other tissues (Buhtz et al. 2010; Varkonyi-Gasic et al. 2010).
This suggests that this miRNA is either artificially enriched by the exudate sampling
method, or that its phloem accumulation is specific to herbaceous plants or strongly
dependent on the growth conditions applied.

Other miRNAs, like miR172 or miR400, were clearly underrepresented in
phloem sap samples, and miR171 was never detectable in phloem sap of any plant
species analyzed, providing evidence that this miRNA acts in a strictly cell-autono-
mous manner as other results had earlier suggested (Parizotto et al. 2004).

4 Evidence for Phloem Mobility and Potential Functions
of Translocated smRNAs

To demonstrate a signaling function of a specific phloem smRNA it is essential to
not only show its presence in phloem samples, but to also provide evidence that it
can indeed move over long-distance in vivo. It can be assumed that not all phloem
smRNAs are mobile, as has been shown for larger phloem transcripts (Omid et al.
2007). However, most siRNAs are thought to be phloem translocatable and also
mobility of specific miRNAs could meanwhile be demonstrated, while others seem
to act only locally restricted. Evidence for phloem mobility of smRNAs and possi-
ble functions of this translocation will be discussed in the following paragraphs.

4.1 siRNA Mobility and Possible Functions

It has long been accepted that gene silencing can propagate between cells and it has
also been known for a long time that gene silencing can spread over long distances
via the phloem (Voinnet and Baulcombe 1997). In the case of gene silencing, mobil-
ity can often easily be followed if the expression of visible marker proteins like, for
example, the Green Fluorescent Protein (GFP) or glucoronidase (GUS) is silenced.
Early experiments using grafting experiments on transgenic plants demonstrated
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that signals from silenced rootstocks are transmitted to non-silenced scions express-
ing the respective transgene, leading to post-transcriptional gene silencing (PTGS) in
scions (Palauqui et al. 1997). Using a different system with GUS expression as the
visual marker, it could also be shown that silencing signals can be translocated from
silenced hosts to parasitic plants that form vascular connections with their hosts
(Tomilov et al. 2008). The observed silencing signals were always sequence-specific.
Therefore, since the process of gene silencing was first discovered, RNAs were
thought to be involved in the transmission of the silencing trigger (Hamilton and
Baulcombe 1999; Lucas et al. 2001; Tournier et al. 2006). However, until recently it
remained unknown which kind of RNAs could transmit the gene silencing signal. In
addition to siRNAs longer, aberrant RNA molecules were proposed as the potential
phloem-mobile signals (Mlotshwa et al. 2002). Using GFP silencing as the marker
Himber et al. (2003) could show that silencing can spread short-distance through a
limited number of 10-15 cells, probably in the form of 21-nt siRNAs. In addition, it
could also be demonstrated in the same study that a long-range cell-to-cell move-
ment process exists that is supposed to occur after signal amplification and probably
involves larger 24-26-nt siRNAs. Only recently, GFP siRNAs were bombarded into
Arabidopsis leaves that constitutively expressed GFP to investigate whether siRNAs
can move from cell to cell. Here, silencing spread from the bombarded cells into the
surrounding tissue. In parallel, fluorescently-labeled siRNAs moved into neighbor-
ing cells, what demonstrated that indeed siRNAs and not intermediates generated
from the target transcript were mobile (Dunoyer et al. 2010b). Moreover, bombard-
ment near veins led to long-distance movement of siRNAs. Long-distance translo-
cation of siRNAs was recently further corroborated using grafting experiments
between wildtype and a T-DNA insertion mutant at the siRNA generating inverted
repeat IR71 that cannot produce certain siRNAs. When a wildtype scion was grafted
onto a mutant rootstock, siRNAs from the entire inverted repeat could be detected
in roots, demonstrating that endogenous siRNAs or siRNA precursor transcripts can
move from shoot to root (Dunoyer et al. 2010a). A recent publication by Molnar
etal. (2010) also performed analysis of Arabidopsis grafts to show that small RNAs
can be translocated over long distances. Grafting wildtype scions onto dcl2 dcl3
dcl4 triple mutant rootstocks combined with deep sequencing demonstrated that
siRNAs from thousands genetic loci could move to distal tissues. Mobile siRNAs
were, moreover, functionally indistinguishable from locally synthesized siRNAs in
that they caused DNA methylation in target cells (Dunoyer et al. 2010a; Molnar
et al. 2010).

The spontaneous propagation of silencing between cells and organs following
virus infection or transgene expression most likely functions as a systemic protec-
tion mechanism against foreign DNA. In addition, because endogenous mobile
siRNAs can induce epigenetic effects in their target tissues, it has been suggested
that they might induce silencing of transposons in meristems. Moreover their trans-
port into developing reproductive tissue could be required to pass epigenetic modi-
fications to the next generation to increase the stress adaptation potential of the
offspring (Molnar et al. 2010).
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4.2 miRNA Mobility and Possible Functions

In contrast to siRNAs it was long believed that miRNAs in general can only act
locally restricted (Dunoyer et al. 2007). This was suggested by the close correlation
of the patterns of miRNA transcription and activity (Parizotto et al. 2004), the spatial
restriction of miRNA gene expression (Alvarez et al. 2006), and the limited localiza-
tion of mature miRNAs (Valoczi et al. 2006) observed for a number of specific
miRNAs that were subjected to detailed analysis. However, it was on the other hand
suggested by grafting studies that the miR399-mediated response to low phosphate
contains a systemic component (Bari et al. 2006). Moreover, the identification of a
large number of miRNAs in phloem samples obtained by different sampling meth-
ods from various plant species and even more the phloem accumulation of specific
miRNAs under stress suggested a potential role of miRNAs as long-distance signal-
ing molecules (Buhtz et al. 2008, 2010; Pant et al. 2009). As for all other phloem sap
components, however, the detection of a miRNA in the phloem alone is no proof that
this miRNA can be phloem translocated in vivo. Recently, grafting experiments
were performed that showed that the -S-responsive miR395 and the miP-responsive
miR399 can indeed move through graft unions. Interestingly, both miRNAs have
been earlier detected in phloem sap of Brassica napus and the nutrient deficiency-
responsive accumulation was specifically pronounced in phloem samples when
compared to other tissues (Buhtz et al. 2008, 2010). miR395 controls sulfate assimi-
lation and allocation by regulating the expression of ATP sulfurylases and the low-
affinity sulfate transporter SULTR2.1 (Jones-Rhoades and Bartel 2004). miR395
accumulation under sulfate limitation suppresses the expression of its targets, which
leads to sulfate accumulation in shoots (Liang et al. 2010). miR399 participates in
the maintenance of phosphate homeostasis by regulating the expression of PHO2, an
ubiquitin-conjugating E2 enzyme (Aung et al. 2006; Bari et al. 2006). Similar to
miR395, accumulation of miR399 under phosphate limitation suppresses PHO2
expression what leads to an accumulation of more phosphate in shoots. In particular,
reciprocal graftings between wildtype and miR399-overexpressing Arabidopsis or
tobacco plants have shown that miR399 can be translocated from scions across the
graft union to wildtype rootstocks under full nutrition to down-regulate target mRNA
expression (Lin et al. 2008; Pant et al. 2008). The same has been demonstrated for
miR395 and miR399 using grafts between wildtype Arabidopsis and the miRNA
processing mutant henl-1 that is impaired in mature miRNA generation (Park et al.
2002). When such grafts were grown under the respective starvation conditions, the
deficiency-responsive miRNAs could be detected in the mutant rootstocks, while
they were absent in non-grafted mutant roots. In parallel with this shoot-to-root
translocation, the levels of target mRNAs were significantly decreased in roots
(Buhtz et al. 2010). In the same study, it has also been shown that not all miRNAs
are phloem translocatable, as for example miR171 movement could not be observed.
In the grafting systems employed, miR395 and miR399 could both only move from
shoot-to-root and not in the opposite direction, what is most likely caused by the
small seedlings used for grafting, where roots represent the only efficient sink.
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However, it cannot be excluded that translocation of these miRNAs might occur in
other directions when plants have different source-sink relations.

The physiological importance of long-distance movement of the two nutrient-
responsive miRNAs is still a matter of debate, since both miRNAs can be synthe-
sized in roots themselves (Aung et al. 2006; Kawashima et al. 2009). However, as
already mentioned it was demonstrated that the translocation of miR395 and
miR399 in both grafting systems led to a significant down-regulation of their respec-
tive target genes (Pant et al. 2008; Buhtz et al. 2010), providing the first direct
evidence that they could indeed act as long-distance signals during the regulation
of nutrient homeostasis. During nutrient stress, for example, the translocation of
miRNAs from shoots to roots could lead to the degradation of target mRNAs in
roots, and thus to an initiation of nutrient starvation responses, at a time-point where
roots are not yet stressed. It was therefore proposed that this transport could be
essential to coordinate deficiency responses and nutrient allocation between organs
in times of low availability (Buhtz et al. 2010).

But not only nutrient-dependent miRNAs can move through the phloem, but also
developmental decisions seem to be controlled via this pathway. Actually evidence
for the systemic control of development by long-distance messengers has been exis-
tent since the first experiments on the onset of flowering and its photoperiodic con-
trol that led to the postulation of a ubiquitous “florigen” that can determine flowering
time (Chailakhyan 1936). Similar to floral induction, early grafting experiments
also showed that potato plants grown under inductive short-day photoperiods can
synthesize a tuber-inducing stimulus, the so called “tuberigen”, in leaves that can be
translocated over long-distance to stolons to induce tuberization. Martin et al. (2009)
reported that miR 172 mainly accumulated in the phloem of potato stems and showed
that grafting of miR172 overexpressor scions onto wildtype plants increased tuber
formation in the rootstock, suggesting that miR172 or a miR172-regulated long-
distance signal might be phloem-mobile. Further evidence that miR172 itself might
be the information transmitter came from grafting experiments using Nicotiana
benthamiana (Kasai et al. 2010). Based on these results it has been proposed that
miRNA translocation over long-distance through the phloem may play a role in
coordinating developmental processes. In addition to miR172 also a larger phloem
transcript, BEL5 mRNA, has been shown to be phloem-mobile and to participate in
long-distance signaling influencing the time point of tuberization (Lee and Cui
2009). How these different RNA-based long-distance signaling pathways interact is
currently unknown.

In situ hybridization experiments also demonstrated that miR166, a miRNA reg-
ulating the development of lateral organs by targeting HD-ZIP III mRNAs, is
expressed during leaf development and accumulates within phloem cells of maize.
This accumulation led to the suggestion that also miR 166 might represent a mobile
signal that can move through the phloem (Juarez et al. 2004), although its transport
could as yet not be validated. Indeed, for most of the smRNAs found in phloem sap
up to now no transport studies have been performed and future experiments will be
required to confirm or disprove their long-range mobility and thus their possible
involvement in systemic signaling pathways.
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4.3 Mechanisms of Phloem Translocation

To date, there is convincing evidence that phloem transport of RNAs of plant, virus
and viroid origin in general is dependent on specific proteins that are able to bind
RNAs and function as chaperones by assisting folding of their macromolecular
structure. This step is probably essential to allow an import from the adjacent com-
panion cells into sieve elements through the connecting plasmodesmata (Lough and
Lucas 2006). Accordingly, an endogenous pumpkin RNA-binding phloem protein,
the viral movement protein analog CmPP16, has been shown to be capable of medi-
ating the movement of its own and foreign mRNAs between cells by increasing the
size exclusion limit of plasmodesmata (Xoconostle-Cazares et al. 1999). Also one
of the major cucurbit phloem proteins, PP2, can apparently bind RNA and could be
involved in its graft transmission (Gomez and Pallas 2004), but binds RNA in a
rather non-sequence-specific manner (Gomez et al. 2005). In addition, phloem sap
from different species contains many more proteins with RNA-binding capacity
(Barnes et al. 2004; Gomez et al. 2005; Giavalisco et al. 2006) that could potentially
be involved in RNA translocation. Recently, mRNA movement in pumpkin was
characterized in more detail and a model for the movement of mRNA in the form of
ribonucleoprotein complexes within pumpkin phloem has been proposed (Ham
et al. 2009). It is believed that the RNA-binding phloem protein RBP50 is an essen-
tial mediator of RNA translocation in pumpkin. It is shown that RBP50 could be
translocated from source to sink tissues in heterografting experiments between
pumpkin and cucumber, and at least six mRNAs were bound to the RBP50 com-
plex, including the known phloem-mobile transcripts CmPPI16 and GAIP
(Xoconostle-Cazares et al. 1999; Haywood et al. 2005). The binding of RBP50
seemed to be sequence-specific, using a mechanism supposedly involving interac-
tion with the polypyrimidine tract binding (PTB) motifs RBP50 contains (Ham
et al. 2009). According to the model proposed from the results of this study, RBP50
aggregates to homooligomers that complex with mRNAs and several interacting
proteins to form phloem-mobile ribonucleoprotein complexes (Ham et al. 2009).
Although smRNA transport in particular is far from being understood, there is
general consent that cell-to-cell and phloem long-distance translocation of siRNAs
and miRNAs most likely also depend on chaperone proteins that fold and stabilize
them. Microinjection experiments demonstrated that pure diffusion through plas-
modesmata is not sufficient to move even these small RNAs between cells. However,
a small RNA-binding protein was identified that was able to facilitate miRNA move-
ment between cells (Yoo et al. 2004). This protein, called CmPSRP1, had specificity
for binding and trafficking single-stranded molecules and preferentially bound
small RNA molecules in the size range of 20—40 nt (Yoo et al. 2004), making it a
good candidate as a phloem smRNA transport mediator. However, so far no homo-
logues or functional analogues have been found in species other than pumpkin.
siRNAs have recently been shown to travel as double-stranded molecules
(Dunoyer et al. 2010b). Likewise, miRNAs occur in the phloem as sense and the
complementary star* strands (Buhtz et al. 2008). This suggests that miRNAs are also
translocated as duplexes and that components of the phloem transport mechanism
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for siRNAs and miRNAs might be at least partially conserved (Kehr and Buhtz
2008). The seemingly contradicting results from earlier studies using strand-specific
RNase digests that indicated that phloem miRNAs occur single stranded (Yoo et al.
2004; Buhtz et al. 2008) can probably be explained by a strand separation induced
during RNA isolation.

Once inside sieve elements, according to current knowledge all RNAs seem to
travel following the metabolic flux from source to sink. It could, for example, be
shown that systemic spread of silencing could be altered by manipulating source-
sink relationships (Tournier et al. 2006) and there is so far no conclusive example
contradicting this passive mode of RNA movement. Target selectivity could, how-
ever, be achieved by selective unloading into sink tissues, as has been earlier dem-
onstrated to exist for different types of RNAs (Foster et al. 2002).

5 Conclusions and Perspectives

A growing number of sSmRNAs is identified in the phloem of different plant species,
what suggests that they could constitute a common class of long-range signaling
molecules. Moreover, recent results have shown that a wide range of siRNAs and
some, but not all, miRNAs are indeed phloem-mobile. While phloem siRNAs
spread gene silencing, miRNAs are probably involved in integrating nutrient defi-
ciency responses between organs and transmitting developmental decisions.
However, for most smRNAs found in phloem samples, phloem-mobility has as yet
not been confirmed and future studies using grafting experiments and other tech-
niques will be required to demonstrate which smRNAs are phloem-mobile in vivo
and which are not. Furthermore, it will be essential to unravel the molecular mecha-
nism of smRNA long-distance transport in model and semi-model species, and to
define the exact physiological functions of smRNA translocation. To this end pre-
cise time-course experiments monitoring precursors, mature smRINA molecules,
and target mRNA levels at the sites of sSmRNA synthesis and in target tissues, or
even cell types, will be indispensible. In addition, future research should focus on
interactions between different long-distance signaling pathways to understand how
the phloem can integrate nutrient allocation with defense responses, growth, and
development of the different organs.
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Chapter 7
Signaling and Phloem-Mobile Transcripts

Roberto Ruiz-Medrano, Friedrich Kragler, and Shmuel Wolf

1 Introduction

The systemic allocation of non-coding RNA (ncRNA) and messenger RNA (mRNA)
molecules regulating physiological and developmental decisions in distant organs is
an emerging concept in plant biology. The presence of an intercellular communica-
tion system coincides with cellular specialization and higher plants evolved a spe-
cialized vascular phloem system to transfer signals from leaves to apical tissues.
The angiosperm phloem, besides its well-known role in transport of fixed carbon
from photosynthetic to heterotrophic tissues also delivers hormones and amino
acids. It is well established that such small phloem-allocated factors act as signals,
which determine photosynthate distribution, coordinate the growth rate and differ-
entiation of distant organs, and confer stress responses.
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The phloem stretches throughout the plant body and consists of files of connected
cells termed sieve elements (SE). By large cytoplasmic connections (=sieve plates)
at their ends, these living cells form continuous symplasmic conduits termed sieve
tubes. The SEs are living cells devoid of nuclei. They are kept alive by neighboring
companion cells (CC) connected via specialized micro-channels termed plasmodes-
mata. These intercellular conduits stretch the cell walls and form a membranous and
cytoplasmic continuum (symplasm) between the phloem cells and the surrounding
tissue (Lucas et al. 1993). Plasmodesmata allow diffusion of small molecules and
facilitate trafficking of specific subsets of proteins and RNAs into the phloem system
(Ruiz-Medrano et al. 2001; Ruiz-Medrano et al. 2004).

Studies on the phloem content revealed an abundant presence of macromolecules
such as proteins and RNAs. The proteinaceous components include phloem specific
structural phloem proteins, enzymes, and transcription factors, and the nucleic acid
components include specific mRNAs, non-coding housekeeping RNAs, small regu-
latory microRNAs (miRNA), and silencing-induced/short interfering RNAs
(siRNA). One important feature of these phloem mobile macromolecules is that
they can act as specific signals integrating plant growth and development to external
stimuli (Lough and Lucas 2006; Kehr and Buhtz 2008; Turgeon and Wolf 2009;
Atkins et al. 2011). Such responses include, but are not restricted to, flower induc-
tion, apical dominance, and stresses. Of course signals can be conveyed by classical
phytohormones found in phloem sap. However, diverse subsets of macromolecules
including proteins and transcripts such as mRNAs, siRNA, miRNAs and other non-
coding RNAs seem to act as highly specific phloem transmitted signals (Lough and
Lucas 2006; Kehr and Buhtz 2008; Kragler 2010; Atkins et al. 2011).

2 Transport of RNA

2.1 Cellular Structures Mediating RNA Transport

The classical view is that intercellular exchange of macromolecules such as proteins
or viral components between cells is facilitated by a membrane-bound secretion-
internalization mechanism. In animals a peptide exposing a signal motif can be
secreted into the extracellular space (exocytosis) and adjacent cells can internalize
such extracellular peptides by receptor-mediated endocytosis. Originally it was
thought that plants lack endocytosis due to the high turgor present within the cell
wall embedded mature plant cell. However, endocytosis was observed in protoplasts
and membrane bound structures resembling endocytotic vesicles are formed at the
plasma membrane (Saxton and Breidenbach 1988; Aniento and Robinson 2005). In
general such an exo-endocytotic transport system does not impose a size constraint
on the cargo that is exemplified by the unspecific uptake of highly abundant foreign
complexes such as BSA-gold in plant cells (Griffing et al. 1995). Thus, intercellular
transport of large molecules such as transcription factors, and even larger RNA



7 Signaling and Phloem-Mobile Transcripts 153

Fig. 7.1 Schematic structure
of a simple (non-branched)

plasmodesma embedded in cell wall
the cell wall
cytoplasmic

ER :
| | ' bridge

appressed ER
plasma
membrane

molecules mediated by vesicles might occur in plants. However, it has not yet been
shown that a classical secretory transport pathway plays a crucial role in transfer-
ring RNA between plant cells. Rather, plants seem to overcome the restrictions
imposed by the internal pressure and the tight cellulosic cell wall by special inter-
cellular bridges formed by plasmodesmata.

Most plant cells are connected by cell wall stretching tubular structures described
more than a century ago by the Austrian/Galician botanist Eduard Tangl (Tangl
1880), which were named plasmodesmata. A single plasmodesma has a complex
membranous and proteinaceous structure and forms a channel through the cellu-
losic cell wall (Fig. 7.1). Two nested membranous tubes outline the connection.
The inner tube is associated to the endoplasmic reticulum (ER) and is named either
appressed ER or desmotubule; the outer membranous tube is continuous with the
plasma membrane outlining the connected cells. The space between the two tubu-
lar membrane systems, named cytoplasmic annulus, connects the cytoplasm of two
coupled cells. Plasmodesmata are highly dynamic structures. They are initially
formed during cytokinesis (primary plasmodesmata) or later between existing cells
(secondary plasmodesmata) (Kragler et al. 1998). Plasmodesmata can have an
open or closed state and facilitate active transport of viral proteins (see Chap. 1,
M. Heinlein, and Chap. 2, P. Zambryski) and subsets of proteins such as homeodo-
main transcription factors (see Chap. 4, D. Jackson). Via the intercellular bridges
formed by plasmodesmata the cytoplasm, endoplasmic rediculum (ER), and
plasma membrane of two neighboring cells are connected and allow the exchange
of membrane-bound and cytosolic macromolecules (Haywood et al. 2002; Oparka
2004; Maule 2008; Lucas et al. 2009; Barton et al. 2011; Genoves et al. 2011;
Kaido et al. 2011; Tilsner et al. 2011). Similar to the intercellular bridges formed
by plasmodesmata also human cells form complex membranous tubular connec-
tion named tunneling nanotubes (TNTs) facilitating the symplasmic exchange of
proteins and membrane-bound material (Rustom et al. 2004; Gerdes et al. 2007).
In plants it was shown that relatively large proteins with a size of up to 50 kDa
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Cell-to-Cell Transport of Mobile RNA
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Fig. 7.2 Cell-to-cell transport of mobile RNA and allocation into the phloem stream. Distinct
RNA molecules produced in cells distant from or neighboring (companion cells) the sieve tube
system can be allocated into the phloem stream. Mobile RNA molecules (red lines) expose a trans-
port motif (green) and are transported across the cell wall either via the symplasmic route estab-
lished by plasmodesmata or an alternative, yet unknown, vesicular route (e.g., by exo-endocytosis).
Intercellular RNA transport via plasmodesmata is enabled by specific RNA-binding proteins
(vellow), which provide access to the plasmodesmatal transport machinery and, facilitate the trans-
fer to connect cells. In neighboring or distant cells mobile mRNA can be translated into proteins
initiating a signal cascade. Mobile small RNAs such as siRNA or miRNA are negative regulators
of protein production, which also can trigger a signal cascade or protect the cells against aberrant
or foreign RNA. Note that currently no evidence for a vesicular transport of RNA independent
from the plasmodesmatal route exists in plants

diffuse via plasmodesmata in sink tissues (Oparka et al. 1999a). But sufficient
support for the notion exists that a receptor-based plasmodesmatal transport sys-
tem mediates the specific transport of a subset of proteins and RNA to neighboring
cells (Haywood et al. 2002; Ruiz-Medrano et al. 2004) (see Chap. 1, M. Heinlein)
and facilitates their entry into the long-distance transport pathway established by
the phloem tissue (Fig. 7.2). Collectively, the emerging picture is that RNA mole-
cules entering the phloem transport pathway contain a specific motif(s), which are
recognized by phloem proteins and mediate their transfer into and out of the sieve
tube system.

2.2 Proteins Mediating RNA Transport

The first insights on the mechanism by which RNA molecules are delivered into the
phloem stream were provided by studies on RNA binding proteins present in the
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pumpkin phloem sap. A protein named Cucurbita maxima PHLOEM SMALL RNA
BINDING 1 (CmPSRB1) was shown to interact with high affinity with small single-
stranded RNA (ssRNA) molecules. In microinjection experiments this protein spe-
cifically triggered the intercellular transfer of small ssSRNA molecules resembling
siRNA (Yoo et al. 2004). Another phloem protein, the small 16 kDa phloem protein
initially found in Cucurbita maxima (CmPP16) was shown to bind cooperatively to
large RNA, to alter the size exclusion limit plasmodesmatal channels, and to medi-
ate intercellular transport of RNA molecules (Xoconostle-Cazares et al. 1999).
Identification of CmPP16 interaction partners revealed the complexity of the phloem
RNA transport system. An ER-associated NON-CELL-AUTONOMOUS
PHLOEM PROTEIN 1 (NCAPPI) (Lee et al. 2003) and polypyrimidine track
RNA-BINDING PROTEIN 50 (RBP50) (Ham et al. 2009) form a ribonucleic acid
protein complex with a subclass of phloem-mobile, polyadenylated mRNAs. RBP50
also binds to a phloem specific heat shock 70 protein (HSP70) chaperone complex
whose function was suggested to keep phloem-allocated proteins in transport com-
petent unfolded state (Aoki et al. 2002). This chaperone-associated RNP complex
seems to facilitate the allocation of bound mRNAs through the plasmodesmata pres-
ent between companion cell and sieve elements, and consequently, mRNA transport
along the phloem tissue (Ham et al. 2009).

To limit access of RNA molecules to the phloem stream, plants may employ a
cell wall modifying glucanase found in association with plasmodesmata. Callose
deposition at plasmodesmata restricts the transport capacity of the intercellular con-
nection and is regulated by beta-1,3-glucan synthase versus glucanase activities
(Ueki and Citovsky 2005; Levy et al. 2007; Benitez-Alfonso et al. 2009; Zavaliev
etal. 2011). Such an unspecific down-regulation of intercellular connectivity can be
triggered by stress factors or occurs in specific tissues, which in turn could limit
transfer of RNA into and out of the phloem.

2.3 The Phloem Transport System: Systemic Signals and RNA

As with all multicellular organisms, intercellular and long-distance communication
play a vital role in coordinating a genetic program to maintain homeostasis and to
signal response(s) to environmental cues. In plants, several well-studied examples
of such signaling and the function underlying such processes are emerging. Flower
induction, post-transcriptional gene silencing (PTGS) based on siRNAs, systemic
acquired resistance (SAR) to pathogens and drought response, tuber induction,
among many others, rely on the synthesis of signaling molecules in tissue exposed
to a given stimulus, and their transport to naive tissues and/or organs, which respond
to or re-direct plant growth and development accordingly.

Flower induction is perhaps the phenomenon in which long-distance signaling has
been more thoroughly studied. While the role of chromatin remodeling in flower pro-
ducing tissue has gained ample attention, it became clear that in day-length sensitive
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species inductive stimuli are perceived in mature leaves and not in shoot apices.
Changes in the light cycle induce the synthesis in leaves and transport of a phloem-
mobile signal(s) to the shoot apex, which in turn initiates the flowering program.
Recent evidence has shown that in a number of plant species such as Arabidopsis,
rice, and pumpkin the likeliest signal derived from leaves and transported via the
phloem to the apex is the FT protein. This phloem mobile phosphoethanolamine-
binding protein acts in conjunction with a bZIP factor upstream of CONSTANS in
leaves and MADS box factors in apical meristems (Lifschitz et al. 2006; Corbesier
et al. 2007; Jaeger and Wigge 2007; Lin et al. 2007b; Mathieu et al. 2007;
Tamaki et al. 2007). However, there is some evidence for the potential involvement
of RNA as part of the mobile proteinaceous FT signal. Indeed, inactivation of the
phloem glycine-rich RNA-binding protein GRP7 from Arabidopsis thaliana results
in inhibition of flowering (Streitner et al. 2008). Although it is not clear whether the
flower induction function is related to the suggested GRP7 RNA-binding capacity,
a regulatory role of GRP7 gene product in pathogen defense has been confirmed
(Fu et al. 2007).

In the case of SAR long-distance macromolecular signals have been proposed,
and, were identified in plants infected by necrotrophic pathogens,. Here a lipid
transfer protein, and by extension, a lipid, has been shown to be involved in signal-
ing SAR in response to bacterial infection (Maldonado et al. 2002). However, sali-
cylate appears to be involved in SAR to biotrophic pathogens (Vlot et al. 2008a;
Vlot et al. 2008b), while other reports indicate that neither methyl salicylate nor
jasmonic acid is required for the establishment of SAR (Attaran et al. 2009). Taken
together no consensus on the nature of the mobile signal seems to be found and it
seems that as with other signaling systems the systemic SAR response depends on
more than one signaling component. Maybe such additional signals are based on
mobile RNA molecules. The pattern of RNA-based gene silencing and the presence
of siRNA molecules in the phloem stream suggests that these small RNAs are the
phloem-mobile signal that triggers silencing in distant tissues (Hamilton and
Baulcombe 1999; Yoo et al. 2004; Dunoyer et al. 2010) (see also Chap. 5, B. Carrol;
Chap. 6, J. Kehr). It is well established that the siRNAs targeting viral RNAs are
produced upon infection and move systemically, however, a set of phloem mobile
mRNAs are also produced in infected tissues and might act as SAR-related signal(s)
(Ruiz-Medrano et al. 2007).

It has been proposed that a long-term response to drought depends on a signal
transported from mature leaves, or even roots, to shoot apices. Conceivably, such a
signal has to decrease the rate of proliferation in above ground tissue, while allowing
root growth (Ruiz-Medrano et al. 2001). Unfortunately, to date the identity of such a
systemic drought signal(s) remains unknown. Nevertheless, a local acting mobile
inhibitor of a cyclin-dependent protein kinase (ICK1/KRP1) was identified to
response to drought. This kinase regulator was shown to move from cell to cell within
the shoot apex suggesting that it could act as a local signal (Weinl et al. 2005).

Responses to low inorganic phosphate have been linked to the transport of a
signal from source leaves to roots, the nature of which remained unknown until
recently (see also Chap. 6, J. Kehr). Produced in leaves, miR399 was shown to be
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involved in the systemic response to phosphate starvation, (Pant et al. 2008). The
mechanism by which this miRNA acts was recently explored. miR399 moving from
leaves to root tissue inhibits translation of its mRNA target PHO2, which is a nega-
tive regulator of phosphate accumulation (Pant et al. 2008; Hsieh et al. 2009). This
example suggest that subsets of small miRNAS can be transported to distant organs
in a functional state and act as long-distance signals.

3 Motifs Mediating RNA Transport

Scant information is available on sequence motifs or the structural requirements
rendering plant produced RNA molecules phloem mobile. Nevertheless, it is well
documented that RNA viruses and viroids establish a systemic infection by entering
the phloem stream. Since the genome of most viruses and of all viroids is known,
the analysis of their structure — function relation with respect to intercellular and
long-distance movement can provide important insights on motifs required for RNA
trafficking. Obviously, viruses and in particular viroid RNAs, which do not encode
proteins, depend on the host system to move to distant tissues.

The initial evidence that specific proteins facilitate RNA transfer between cells
and over long distances was found in studies on plant viruses (see Chap. 1,
M. Heinlein). Viruses produce specialized nucleic acid binding proteins increasing
the size exclusion limit of plasmodesmata, which in turn facilitates the transfer of
the viral nucleic acid (VRNA or vDNA) — protein complex into neighboring cells
and consequently into the phloem system. Another example of specific delivery of
RNA sequences is found in viroids. These infectious agents consist of a small circu-
lar RNA molecule, encode no proteins, and, thus, are strictly depending on the pro-
teins provided by the host cells to propagate. They have a complex secondary
structure determining their host range and intercellular spread (Qi et al. 2004; Zhong
et al. 2008). As spread of viroid RNAs strictly depend on host proteins they provide
a remarkable useful system to study the requirements of RNA structures mediating
transport.

3.1 Viral RNA Delivery Motifs

Viruses and viroids use various mechanisms to access plants and can be roughly
grouped into two types: vector-transmitted or mechanically transmitted. Most
viruses are transmitted through animal or fungal vectors; insect vectors can intro-
duce the virus by chewing on plant tissue, or by sucking on the phloem content with
the help of a stylet (e.g., aphids and whiteflies). In general, viruses transmitted by
phloem-feeding insects are limited to the phloem tissue, while those transmitted via
mechanical damage are able to infect most other tissues. Via phloem feeding insects
the virus can reach the phloem stream directly without trafficking from outer cell
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layers. The viral infection is mediated by viral-encoded proteins, which interact
with the viral genome and facilitate the transport via plasmodesmata to neighboring
cells. Although, these movement enabling viral proteins have a quite divergent
structure, they appear to function by a common basic mechanism. Through interac-
tion with the endoplasmic reticulum (ER) and/or cytoskeletal components a mobile
nucleoprotein complex or virions containing the viral genome are formed compe-
tent to move via plasmodesmata to neighboring cells (see Chap. 1, M. Heinlein)
(Lucas 2006; Guenoune-Gelbart et al. 2008; Sambade et al. 2008; Harries and Ding
2011; Niehl and Heinlein 2011).

Phloem-mediated long-distance transport of viruses has not been studied as thor-
oughly as their cell-to-cell transport, but a growing body of evidence suggests that
anumber of plant endogenous and viral-encoded proteins play a role in this process.
As observed in local cell-to-cell transport, some viruses move long-distance as viri-
ons, some move as nucleoprotein complexes, and some seem to move in both ways
(Gilbertson and Lucas 1996; Simon-Buela and Garcia-Arenal 1999). This indicates
already that the complexity of viral phloem transport system is greater than one
would anticipate. Indeed, genes from diverse viruses that suppress virus-induced
gene silencing (VIGS) were initially thought to be involved in long-distance trans-
port. More recent work indicates, however, that the Cucumber mosaic virus 2b gene
product is essential for long distance transport and also interferes with the VIGS
machinery (Diaz-Pendon et al. 2007; Diaz-Pendon and Ding 2008). The viral inter-
ference with the VIGS system evidently results in higher levels of viruses but this
does not explain the observed effect on long-distance transport of the infectious
material. Factors associated to the systemic transport of viruses are found in the
three plant genes named RTM 1, RTM?2, and RTM3, which restrict the long-distance
transport of potyviruses. The RTM1 gene product belongs to the jacalin-like plant
lectin protein family with potential sugar binding activity, RTM2 encodes a protein
with similarities to small heat shock proteins, and RTM3 belongs to a large unchar-
acterized gene family. All three factors restrict long-distance transport of the
Tobacco etch virus in A. thaliana. However, their precise role and the mechanisms
underlying the restriction of viral movement are not known (Whitham et al. 2000;
Chisholm et al. 2001; Cosson et al. 2010). With an umbravirus an interaction of the
ORF3 gene product with the nucleolar factor fibrillarin, an essential component of
the translocatable viral ribonucleoprotein complex, was shown to facilitate systemic
infection (Kim et al. 2007a; Kim et al. 2007b). These findings support the view that
some viral silencing-suppressor genes are also long-distance transport factors (Ding
and Voinnet 2007; Rajamaki and Valkonen 2009). Given that gene silencing initi-
ates in Cajal bodies present in the nucleoli, it might be possible that the viral pro-
duced long-distance movement factor plays two roles beneficial for the virus. The
first role could be that the viral gene product facilitates the entrance of the virus into
the intercellular transport system used to spread siRNA. The second beneficial role
could be that this hijacking interferes with the transport and/or production of siRNA
targeting viral RNA signal (Dunoyer et al. 2004; Ding and Voinnet 2007; Rajamaki
and Valkonen 2009; Bivalkar-Mehla et al. 2011).
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Recently, the Brome mosaic virus RNA3 has been shown to be capable of moving
long-distance independently of the presence of viral coat and movement proteins in
Nicotiana benthamiana (Gopinath and Kao 2007). This indicates that the movement
machinery provided by the host is sufficient to mediate long-distance transport of
viral RNA. It seems that the endogenous phloem RNA binding proteins such as the
aforementioned CmPP16, PP1, PP2, and CmRBP50 (Xoconostle-Cazares et al.
1999; Gomez et al. 2005; Ham et al. 2009) are sufficient to facilitate delivery of
transport competent RNA into and via the phloem.

In some instances viral RNA sequences acting in cis seem to be required for
long-distance transport. For example, the Bamboo mosaic potexvirus requires a
pseudoknot structure in the 3’ untranslated region (UTR) of its RNA for its transport
into other tissues (Chen et al. 2003b). This RNA motif mediates binding to a chlo-
roplastic enzyme, phosphoglycerate kinase, and it was shown that viral levels are
decreased in plants in which this gene has been knocked down (Lin et al. 2007a).
Whether the enzyme is involved in mediating transport or also affects other viruses
is not known, but the pervasive presence of these pseudoknot structures that resem-
ble transfer RNAs and can be amino-acylated in many RNA viruses, may indicate
that, besides replication, the structure is involved in systemic transport (Dreher and
Goodwin 1998; Dreher 2009). Additional evidence that RNA motifs are involved in
viral transport is found in the 5" UTR essential for replication and cell-to-cell move-
ment of the Potato virus X potexvirus (Lough et al. 2006). Similar functional results
have been obtained with the 5" UTR of the unrelated Turnip yellow mosaic virus
(Shin et al. 2008). In addition, a phloem protein binding to viral particles was sug-
gested to play role for viral long distance transport. Indeed, the RNA binding phloem
protein PP1 seems to associate to Cucumber mosaic virus particles and might facili-
tate its transport (Requena et al. 2006). Unfortunately, there is scant information
regarding additional viral RNA sequences involved in phloem transport (see
Table 7.1). To date we do not know which viral and/or host factors bind predicted
viral RNA motifs in a specific manner, and whether such a host - virus interaction
might be crucial for transport.

3.2 Viroid RNA Delivery Motifs

Viroids are small RNA molecules with a size between 250 and 400 nucleotides.
These ubiquitous pathogenic RNAs are devoid of protein-coding regions and, as
already mentioned, host factors must provide all necessary proteins for replication
and cell-to-cell and long-distance transport (Ding 2009). However, to date only one
melon phloem protein, PP2, has been identified to bind viroid RNA (Gomez et al.
2005). This protein is related to the pumpkin phloem lectin CmPP2 and harbors a
dsRNA-binding domain, but the significance of the viroid RNA interaction for long-
distance trafficking remains to be shown.
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It was shown that structural RNA motifs, rather than specific nucleotides, are
necessary to facilitate transport of viroid RNA between different cell types
(Table 7.1). These rather small RNA molecules consist of nucleotide stretches
encompassing loops, bulges and double-stranded RNA that form distinct structures.
Of particular interest is the motif essential for trafficking between mesophyll and
phloem cells, which was shown to be distinct from the structure necessary for trans-
port between palisade and spongy mesophyll (Qi et al. 2004; Zhong et al. 2007;
Zhong et al. 2008; Takeda et al. 2011) and most likely functions in binding host fac-
tors that mediate transport through plasmodesmata specifically in the phloem tissue
(Zhong et al. 2008). Mutations in distinct loops present in the Potato spindle tuber
viroid (PSTVd) RNA decreased replication levels as well as systemic trafficking, so
these motifs appear to have a dual function. In contrast to previous considerations,
the loops between double-stranded sequences seem to be highly conserved, which
facilitates the prediction of structures for a wide variety of viroid RNAs (Takeda
et al. 2011). One short RNA stretch of approx. nine nucleotides was predicted to
fold similar to a stem — loop motif found in Escherichia coli 23S RNA. This particu-
lar structure and not individual nucleotides in the viroid RNA was essential to trig-
ger trafficking from palisade to spongy mesophyll, and, thus, providing access to
the phloem tissue (Takeda et al. 2011).

3.3 Small RNA Delivery Motifs

As mentioned, several miRNA have been found to be present in the phloem sap, and
a few have been shown to act as signals (see Chap. 5, B. Carrol). These mobile
miRNAs might prove useful to determine common motifs or RNA binding proteins
involved in long-distance trafficking of other mobile RNAs. However, given the
small size of miRNAs of approx. 21 nucleotides there would be a strong constraint
for structural conservation and it is more likely that their transport depends either on
secondary modifications or on specific miRNA interacting proteins forming mature
miRNAs, or on both. Regarding the sequence of mature miRNA the most stable
structure is formed, according to Caenorhabditis elegans let-7 miRNA, when the
small RNA is bound to its target mRNA. This heteromeric RNA complex builds a
partial duplex structure through Watson-Crick (WC) base pairing (Cevec et al.
2010). This is quite different from the loop structures found in the Potato spindle
tuber viroid necessary for systemic trafficking. Here WC-, and non-WC pairs sur-
round small loops and bulges (Takeda et al. 2011). In addition, the constraints on the
WC pairings appear not to be very stringent, since changes that maintain the WC
pairings do not necessarily disrupt the motif (Takeda et al. 2011). Also it should be
noted that bonds between RNA bases are of a more diverse nature than for DNA
(Leontis and Westhof 2001). Hydrogen bonds can be formed between bases and
sugars in 12 different arrangements, and bases that do not form stable hydrogen
bonds in DNA can readily do so in particular structural arrangements.
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3.4 mRNA Delivery Motifs

As with viral and miRNAs our insights regarding motifs necessary or sufficient to
mediate protein encoding transcripts transport from cell to cell and via the phloem is
limited. Evidence for an RNA motif facilitating transport of mRNA was provided
again by experiments conducted with viral RNA. A cis-element in the 59-untranslated
region (UTR) of potexviral RNA, which plays a role in replication (Miller et al.
2007), was found to trigger cell-to-cell transport of a green fluorescent protein (GFP)
mRNA (Lough et al. 2006). A GFP reporter system was also used to show the pres-
ence of mRNA trafficking signals in nucleotides 1-102 of the Arabidopsis FT mRNA
(Lietal. 2009) and in 39 nucleotides of the 3' UTR present in GIBBERELLIC ACID-
INSENSITIVE (GAI) mRNA (Huang and Yu 2009). Also the 5" and 3" UTRs of
potato StBEL5S mRNA seem to be important for mRNA stability and long-distance
movement (Banerjee et al. 2009). These examples suggest that endogenous phloem
mobile mRNAs harbor structural motifs required for their intercellular transport and,
consequently, entry into the phloem stream. However, in these few mRNAs, which
were studied in detail, no common sequence motifs were found. In general, it seems
that untranslated regions (5’ UTRs and 3’ UTRs) are involved in gaining access into
the phloem tissue and/or required for phloem transport and that these sequences are
rich in CT/GA repeats (R. R.-M; unpublished) . However, these repeats appear to be
overrepresented in most analyzed plant UTRs. Also no obvious sequences or motifs
are present in the phloem allocated CmPP16, CmNACP, CmGAIP mRNAs and sev-
eral other analyzed melon mRNAs reported to move long distance.

In general it will be necessary to map the RNA motifs/regions allowing long
distance transport case by case. Once this is achieved by a sufficient number of
mobile RNAs a structural analysis similar to those performed in PSTVd might shed
light on the requirements to render an RNA mobile and facilitate the identification
of cellular components involved in triggering the transport. Currently it seems likely
that no simple conserved RNA sequence stretch is used to mediate transport. What
we know is that several classes of phloem mobile RNAs exist and that transport of
foreign mRNAs can be triggered by fusing these with viral RNAs and mobile plant
endogenous mRNAs.

4 Destination Selective Phloem-Allocation of RNA

It is generally assumed that the phloem flows passively from mature, photosynthetic
leaves to heterotrophic tissues. Nutrients and small signaling molecules seem to fol-
low the unidirectional flow and are unloaded in sink tissues. With GFP expressed
within the CC-SE complex, it was shown that this small protein (27 kDa), which has
no interaction partner in plant cells, could be transported into and along the SE and
unloaded in meristematic- and actively-growing tissues (Imlau et al. 1999; Oparka
et al. 1999b). Pioneering work of Fisher on wheat suggested that the mobile phloem
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Table 7.2 List of representative plant endogenous mRNA molecules identified to move long-distance

Gene Species Suggested function Reference
PFP-LeT6 Solanum lycopersicon ~ Leaf development Kim et al. (2001)
CmNACP Cucurbita maxima Meristem maintenance Ruiz-Medrano et al. (1999)
Floral development
Leaf senescence
CmRINGP Cucurbita maxima Transcriptional regulation ~ Ruiz-Medrano et al. (1999)
CmRABP Cucurbita maxima Intracellular vesicular Ruiz-Medrano et al. (1999)
trafficking
CmGAIP Cucurbita maxima Leaf development Haywood et al. (2005)
CmWRKYP Cucurbita maxima Defense response Ruiz-Medrano et al. (1999)
CmSTMP Cucurbita maxima Cell fate in meristems Ruiz-Medrano et al. (1999)
CmCYCLINP  Cucurbita maxima Cell cycle Ruiz-Medrano et al. (1999)
CmPP16 Cucurbita maxima RNA transport Xoconostle-Cazares et al. (1999)
DELLA-GAI  Arabidopsis thaliana Leaf development Haywood et al. (2005)
StBELS Solanum tuberosum Tuber development Banerjee et al. (2006)
F-308 Cucumis melo Aux/TAA — Auxin signaling Omid et al. (2007)
F-571 Cucumis melo Aux/IAA — Auxin signaling Omid et al. (2007)
Un-131 Cucumis melo SAUR - Auxin signaling Omid et al. (2007)
F-266 Cucumis melo Unknown Omid et al. (2007)
Un-37 Cucumis melo Unknown Omid et al. (2007)
F-162 Cucumis melo Unknown Omid et al. (2007)
MpSLR/IAAI4  Malus prunifolia Aux/IAA — Auxin signaling Kanehira et al. (2010)
FT Nicotiana benthamiana Floral development Li et al. (2009)

proteome has a distinct profile depending on the site of sampling (Fisher et al. 1992).
It seems that distinct proteins traveled short distances, move to apical tissues, or join
the phloem flow in sub-apical tissues. This suggests that mobile phloem proteins,
particularly those that would appear to have a non-cell-autonomous function and
are not required for the maintenance of the sieve tubes, contain a motif allowing
them to enter or exit the phloem at different locations. This notion is supported by
the observation that the transport of viral movement protein of Cucumber mosaic
virus (CMV) (Blackman et al. 1998), the allocation of Bean dwarf mosaic virus
(Sudarshana et al. 1998), or viroids (Zhu et al. 2001) depends on plant age or flower
induction. That the phloem unloading of macromolecules in developing tissues is
highly regulated is also suggested by the seasonal closure of the symplasmic con-
nectivity of the shoot apical meristem established by plasmodesmata.

Using an elaborative and sophisticated aphid approach Aoki et al. (2005) dem-
onstrated that a labeled phloem protein (PP16) re-introduced into the phloem of
rice plants was transported preferentially towards the root. However, destination-
selective phloem transport seems also to occur for phloem-allocated RNAs. The
profile of phloem sap RNAs varies significantly at different sampling sites or times
(Yoo et al. 2004). Also the phloem mobility of mRNAs seems to be conserved
among different species (see Table 7.2). It seems that the phloem transported
miRNAs and mRNAs are part of a fail-safe mechanism ensuring the induction
of specific pathways. In such a scenario, in certain circumstances the cell- or
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tissue- autonomous levels of apical root or shoot RNAs might be insufficient to
trigger physiological responses, thus phloem-allocated RNAs might ensure an
accurate adaptation to environmental changes sensed by leaves.

Several regulatory phenomena requiring phloem-delivered signals could well be
based on an mRNA or miRNA transport system. One of the first documented exam-
ples of phloem transport of mRNA across a graft union and unloading was docu-
mented with the aforementioned CmNACP RNA; however, the highest level of this
RNA is found in roots. While some members of this transcription factor family are
necessary for meristem maintenance and organ formation, others are expressed in
roots and are required for vascular cell differentiation (Ruiz-Medrano et al. 1999;
Olsen et al. 2005). Whether CmNACP mRNA is transported to roots remains to be
shown, but the absence of CmNACP protein in phloem sap underlines the selectivity
of phloem content allocation. It should be mentioned that in heterograft studies
(cucumber on pumpkin) CmNACP RNA was detected mostly in the extrafascicular
phloem distinct from the bicolateral phloem bundles (Ruiz-Medrano et al. 1999).

Recently it has been shown that most of the sucrose present in phloem sap is
translocated through the intrafascicular phloem, which explains the paradox of the
low concentration of fixed carbon found in cucurbit phloem sap (Zhang et al. 2010).
A fascinating possibility is that, at least in cucurbits, the extrafascicular phloem is
involved in the delivery of long-range macromolecular signals, while the intrafas-
cicular phloem mediates the transport of the majority of fixed carbon. However, it is
not known whether a similar functional specialization of different types of phloem
occurs in other plant species.

Another important question is where mobile mRNAs exit the phloem in sink tis-
sues. In heterografted scions, in contrast to some phloem-allocated RNAs of
CmRINGP, CmRABP, CmWRKYP, CmSTMP, and CmCYCLINP, the mRNAs of
CmNACP, CmPP16, and CmGAIP are transported to meristematic tissues (Ruiz-
Medrano et al. 1999). A similar observation was made in melon. Here a number of
abundant phloem sap mRNAs did not traffic across a graft union in a melon/pump-
kin heterografting system (Omid et al. 2007). Interestingly, no correlation exists
between transcript abundance and ability to move through a graft union. It seems
that, the entry and exit as well as the transport along the phloem vessels of mRNA,
are tightly regulated and selective processes.

Also the analysis of the phloem sap transcript profile in response to biotic or
abiotic stress yields information on the mechanisms regulating mRNA transport
into the phloem. Interestingly, CMV infection alters the melon phloem sap pro-
teome and transcriptome only marginally, which suggests that the import of mac-
romolecules into the phloem stream is quite robust (Ruiz-Medrano et al. 2007,
Malter and Wolf 2011). The identity of some of the induced transcripts and
proteins suggests that the presence of a viral infection has a profound impact.
For example, the altered levels of phloem mobile TRANSLATIONALLY -
CONTROLLED TUMOR PROTEIN (TCTP) could affect the growth rate of distant
tissues (Malter and Wolf 2011).
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4.1 Identifying Phloem Expressed mRNAs

Transcripts such as mRNAs have traditionally been perceived as cell-autonomous
molecules. It was logical to assume that these molecules are produced in cells where
they fulfill their biological function. The general notion was that ‘mobile’ mRNA
molecules detected in the phloem sap should be considered as contaminants deriv-
ing from neighboring cells or from the harvesting process.

However, advances in analytical tools together with the expansion of genomic
databases have enabled detailed analyses of the transcripts identified in phloem tis-
sues. For example, mRNAs encoding proteins involved in metal homeostasis, stress
responses, protein degradation or turnover, metabolism, and in building and main-
taining phloem vessels were found in phloem-enriched tissues of Apium graveolens
(Vilaine et al. 2003). Also, laser-capture microdissection (LCM) technique enabled
more accurate characterization of the transcript profile in specific phloem cells of
rice (Asano et al. 2002) and maize (Nakazono et al. 2003). Transcripts encoding
transporters, metal-binding and metal-homeostasis proteins, lignin biosynthesis and
proteolysis are preferentially expressed in the vascular tissue (Nakazono et al.
2003). Nevertheless, isolation of specific phloem cells cannot yet be achieved using
the LCM technique and the transcript profile obtained reflects expression within
various phloem cell types.

4.2 Classification of Mobile mRNAs in the Sieve Tube System

The observation that some plants, including cucurbits, exude copiously from sev-
ered phloem (Crafts 1932) provided the first means for a thorough analysis of the
RNA profile within the sieve tube. Indeed, the long distance transport of mRNA
molecules was shown by analyzing the extent of RNA transport from pumpkin stock
into cucumber scions (Ruiz-Medrano et al. 1999). Cloning and sequencing of 100
randomly selected pumpkin phloem sap transcripts revealed numerous unique
sequences. Several of the identified mRNAs encoded factors putatively involved in
signal transduction, and, as mentioned before, only a subset was able to enter mer-
istematic tissue of scion heterograft (see Table 7.2).

Another detailed analysis of the phloem transcriptome is based on a cDNA
library constructed from mRNAs extracted from melon phloem sap (Omid et al.
2007). Random sequencing of about 1,900 clones resulted in 986 unique transcripts.
Annotation of the expressed sequence tags (ESTs) revealed 666 significant matches,
while 320 of them were unique. Somewhat surprisingly, among the sequenced
ESTs, almost 80% of the identified genes were singletons. These results suggested
that several thousands of mRNA molecules are present in the sieve tube. The ability
of a number of phloem sap transcript to traffic long distances via the phloem was
examined in an experimental melon/pumpkin heterografting system. Of 47 ran-
domly selected melon phloem sap transcripts, only six were identified in pumpkin
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scions growing on melon rootstocks (see Table 7.2). More importantly, the capacity
for long-distance movement was not associated with the abundance of specific tran-
scripts in the phloem sap. The most abundant transcript (60 ESTs out of the 1,900
identified sequences) not identified in the pumpkin scion was the melon phloem
protein I (PP1) mRNA. In contrast, low abundant transcripts (one to six ESTs of the
1,900 identified sequences) were detected in pumpkin scions.

Functional classification based on BLAST descriptions of the melon phloem sap
transcripts showed that they fall into the following categories: cellular response to
hormones and stress (40%); signal transduction, transcriptional control and nucleic
acid binding (15%); defense-associated responses (10%). Interestingly, only 2% of
the transcripts were related to metabolism (Omid et al. 2007). In another analysis,
cells from Arabidopsis plants expressing GFP in the CCs were submitted to fluores-
cence assisted cell sorting (FACS) and the RNA found in companion cells was har-
vested, sequenced, and analyzed (Ivashikina et al. 2003). A comparison between the
transcriptome profiles of melon phloem sap and Arabidopsis CCs revealed signifi-
cant differences. In the CCs 16% of the annotated transcripts were associated with
metabolism and 29% with redox regulation. In a marked contrast the proportions of
phloem sap transcripts were 2.3% associated to metabolism and 3.5% to redox regu-
lation. Thus, the phloem sap transcript profile does not reflect the profile of the
neighboring CCs, which are symplasmically connected to the sieve tubes and keep
the sieve tube system alive. Therefore, movement of transcripts from CCs into the
sieve tube is selective and controlled.

4.3 Mobile mRNAs and Apical Growth

The first experimental demonstration of a biological role for a long-distance-
trafficking mRNA molecule was provided by Kim et al. (2001). Movement of mouse
ears, a mutant homeobox fusion transcript, from the mutant tomato rootstock into
the apical meristem of a wild-type scion was associated with the formation of octap-
innate compound leaves. This phenotypic alteration suggested that long-distance
movement of mRNA molecules might be involved in controlling developmental
processes. A few years later, it was demonstrated that transcript encoding GRAS
family proteins also acts as a phloem-mobile information molecule (Haywood et al.
2005). Gibberellic acid insensitive (GAI) is a GRAS family protein that acts as a
negative regulator of the gibberellic acid (GA) response. A deletion mutation in the
conserved DELLA domain of GAI resulted in a gain-of-function mutant in which
the GA-signaling pathway is impaired (Peng et al. 1997). Presence of the gai muta-
tion in wild-type tomato and Arabidopsis scions grafted on their respective gai
mutants established that this transcript is capable of long-distance movement.
Moreover, the mutated transcript exited the scion phloem and moved cell-to-cell
into the shoot apex, resulting in an altered leaf morphology that resembled the phe-
notype characteristic of impaired GA signaling (Haywood et al. 2005).
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Long-distance movement of mRNA molecules involved in GA- and/or cytokinin-
mediated signaling was also found in association with potato tuber formation
(Banerjee et al. 2006, 2009; Chatterjee et al. 2007). Transgenic potato plants in
which the potato BEL1-like transcription factor (StBELS) was overexpressed exhib-
ited enhanced tuber formation and increased cytokinin levels (Chen et al. 2003a).
A further study established that StBELS and its KNOX partner (POTH]I) bind, in
tandem, specific DNA sequences of the promoter of ga20 oxidasel (ga20oxI) to
repress its activity (Chen et al. 2004). These studies indicated that both transcription
factors regulate tuber formation by mediating hormone levels in the stolon tip (Rosin
et al. 2003; Chen et al. 2004). Interestingly, trafficking of the StBELS transcript
across a graft union to the stolons of potato plants was found to be associated with
enhanced tuber formation (Banerjee et al. 2006). In addition, accumulation of
StBELDS in stolon tips was increased under short days, a condition which promotes
tuber formation, whereas overexpression of the transcript in transgenic potato plants
overcame the inhibitory effect of long days on tuber formation.

Also another RNA molecule is transported from leaves to root tissue where it
induces tuber formation. The mobile microRNA 172 (miR172) promotes, in con-
trast to the photoperiodic regulated StBELS, tuberization and flowering under non-
inductive conditions (Martin et al. 2009). As with StBEL5 mRNA, miRI72
accumulates in leaves, roots and stems at a basal level even in the absence of tuber-
ization stimulus. An apparent destination-selective transport has been observed for
another miRNA, miR399, which regulates phosphate uptake in roots and is allo-
cated over graft junctions (Buhtz et al. 2008). Highlighting the complexity of the
RNA signaling system the authors indicated that expression of the phloem-
transported miRNA is also induced by phosphate starvation in roots. These exam-
ples provide the foundation for the new emerging paradigm that specific endogenous
mRNA molecules operate as long-distance signals in a whole-plant communication
network.

5 Phloem Proteins and RNA

5.1 Signaling Phloem Proteins and RNA

A number of phloem mobile proteins acting as housekeeping factors are allocated
into and detected within the assimilate-transporting SE. For example phloem spe-
cific thioredoxin and cytochrome b5 reductase are thought to maintain the redox
balance of the phloem content. Other phloem specific proteins such as the phloem
proteins, PP1 and PP2 (Clark et al. 1997), or the FORISOME gene product (Noll
et al. 2007) seem to protect the tissue or regulate the massive flow occurring in the
SEs. Other phloem allocated proteins such as the cytoskeleton factors F-actin, profi-
lin, or actin-depolymerizing factor (ADF) likely function in creating and keeping a
low-resistance pathway in the phloem translocation stream (Turgeon and Wolf
2009). On the other hand the identity of many other phloem-allocated proteins
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highlight their role as tissue differentiation inducing signals. In day-length sensitive
species a flower-inducing protein named FT is produced in mature leaves and trans-
ported via the phloem conduit into the shoot apices, where it induces the flower-
forming program in apical shoots (Corbesier et al. 2007; Lin et al. 2007b; Tamaki
et al. 2007). The first insights are already available in form of the phloem proteome,
which has been elucidated for a few species such as pumpkin, melon, Brassica
napus, lupines, and, partially, from castor bean (Ricinus communis) and the mono-
cotyledonous barley and rice from which analytical amounts of phloem sap can be
routinely obtained (Walz et al. 2004; Giavalisco et al. 2006; Lough and Lucas 2006;
Kehr and Rep 2007; Aki et al. 2008; Gaupels et al. 2008; Lin et al. 2009; Turgeon
and Wolf 2009; Atkins et al. 2011; Rodriguez-Medina et al. 2011). Although we
know the phloem proteome of several plants, more detailed studies on phloem-trans-
ported proteins have to be performed to determine which proteins may act as specific
signals produced in mature, photosynthetic leaves and inform distant tissues such as
apical meristems, young leaves, and roots to changing environmental conditions.
Although apical tissues harboring the plant stem cells follow a tightly regulated
developmental program, it has become increasingly clear that the meristems are
subject to environmental regulation. The aforementioned FT protein is an obvious
example highlighting the strong dependence of developing tissues, and in particular
meristems, on environmental cues sensed in distant organs. Another example of
potential control of meristem development and function is bud dormancy in pines,
which is triggered by both low-light conditions and low temperature (Rinne et al.
2001). Interestingly, these conditions induce a decrease in the permeability of plas-
modesmata that connect the meristem proper to the cells immediately underneath
(Rinne and van der Schoot 1998; Rinne et al. 2001, 2011). A similar phenomenon
has been observed during the floral transition in Arabidopsis (Gisel et al. 1999,
2002). It has been suggested that regulation of symplasmic connectivity occurs
mainly through sealing of plasmodesmata by glucan deposition (Xu and Jackson
2010; Zavaliev et al. 2011). An analysis of the proteome in the apex of a pinus spe-
cies undergoing the transition from dormancy to growth has revealed the presence
of an RNA-binding glycine-rich related protein (GRP7) also found in the phloem
proteome of different species, such as castor bean, lupin, rice and pumpkin (Barnes
et al. 2004; Giavalisco et al. 2006; Aki et al. 2008; Lin et al. 2009; Rodriguez-
Medina et al. 2011). Interestingly, this protein is a circadian oscillator and is involved
in floral induction, as well as in response to pathogens (Fu et al. 2007). Although the
precise biochemical function of FT and GRP7 in the meristem is unknown, it was
shown in different plant species that both proteins are transported via the phloem
and change the developmental program of the apical meristem. Another example of
long-distance regulation via a phloem-mobile protein is found in the
TRANSLATIONALLY — CONTROLLED TUMOR PROTEIN (TCTP). This
phloem protein belongs to a large family of exclusively eukaryotic proteins with
diverse functions. It has been shown that TCTP is a central mitotic regulator in both
plant and animals (Brioudes et al. 2010) and it has been found in the phloem sap of
melon, pumpkin, rice, and Brassica napus, and is thought to be involved in the long-
distance transport of the RNA-binding phloem protein CmPP16 (Aoki et al. 2005).
In general a complex signaling system based on phloem-allocated proteins seems to



7 Signaling and Phloem-Mobile Transcripts 169

exist in plants regulating a wide array of pathways. However, for most identified
phloem-allocated macromolecules it remains to be shown when, how, and to which
extent they are unloaded in apical tissues and exert a specific signaling function.

5.2 Translation of Mobile mRNA

As indicated, numerous mobile transcripts including mRNA, si/miRNA and house-
keeping non-coding RNAs such as ribosomal RNA (rRNA), transfer RNA (tRNA)
and small nucleolar RNA (snoRNA) were detected in the phloem sap of pumpkin and
Brassica napus. Several mRNAs were shown to be allocated via the phloem from
source to sink tissues, however, we still lack conclusive insights where and when they
are serving as templates for translation into proteins. The generally accepted textbook
knowledge is that the conducting enucleated sieve elements are living cells in which
no translational (ribosomal) activity takes place. On the other hand, a highly sensitive
proteomic assay on the protein content of C. maxima phloem sap revealed the pres-
ence of relative high amounts of ribosomal factors. For example ribosomal subunits,
initiation and elongation factors (Lin et al. 2009), all rRNAs, and most tRNAs (Zhang
et al. 2009) were detected in the phloem. In theory, mobile mRNAs might be recog-
nized by translational components within the sieve elements and, with the help of the
phloem-allocated ribosomal factors and tRNAs, translated during transport. On the
other hand, in vitro translation assays suggest the presence of a strong translatory
inhibition activity in the phloem sap (Zhang et al. 2009). Isolated native phloem sap
RNA in contrast to native RNA harvested from leaves inhibited effectively in vitro
translation of viral RNA, plant mRNA, and firefly mRNA. According to tRNA frag-
mentation assays the unspecific inhibitory activity can most likely be assigned to
tRNA halves accumulating in the phloem sap. Also the composition of the tRNAs
detected in the phloem sap suggests a biased distribution and function. Some tRNAs
are highly abundant (e.g.; Asp-tRNA), some are present in very low amounts (e.g.;
Ala-tRNA), and some are not detected at all (e.g., isoforms of Ile-tRNA) [(Zhang
et al. 2009); EK., unpublished results]. In contrast to cell extracts from green tissue,
it was not possible to detect any translational activity in phloem exudates used under
various conditions (Zhang et al. 2009; Kragler 2010). Thus, although the presence of
ribosomal factors in the phloem stream suggests otherwise, protein synthesis seems
not to take place or is very limited in the sieve tubes. However, these studies are based
on the mobile phloem protein content harvested by bleeding, and, thus, it might be
possible that essential components facilitating translation were not present in the used
extracts. It seems that a conclusive answer regarding translation within the phloem
stream can only be given once we will be able to detect in vivo translation in sieve
tubes, which seems currently not experimental feasible.

On the other hand several lines of evidence exist that mRNA is translated after
transport. For example it was shown that KNOTTEDI mRNA encoding a homeodo-
main transcription factor is translated after transfer via plasmodesmata into epider-
mal cells (Kim et al. 2005). Another mutant tomato homeodomain transcript named
Mouse-ears (Me) was found to move over graft junction in tomato and to accumulate
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in leaf primordia where the translational product seems to alter leaf shape (Kim et al.
2001). Also the already mentioned homeodomain transcript StBEL1 was shown to
move from leaves towards roots where its translation product seems to increases the
size of potato tubers (Banerjee et al. 2006). The agricultural important dominant act-
ing mutant GIBBERELIC ACID INSENSITVE (GAI) protein lacking the DELLA
domain is produced after transport from its mobile mRNA (Haywood et al. 2005).
Otherwise a phenotype would not be established in wild-type scions. The transcript
was shown to move via graft junctions and induce a phenotype in pumpkin, tomato,
and Arabidopsis. It is relative easy to employ grafting techniques to establish that a
particular RNA is mobile, however, the challenge will be to determine in which cell
type the allocated transcript is allocated and, where it might be translated into an
active protein.

6 Conclusions and Perspectives

Although we know that RNA molecules can move from cell to cell and are allocated
via the phloem to distant organs a number of important questions remain to be
answered. For example it is assumed, but not yet shown, that phloem mobile mRNAs
are translated in target tissues. Mobile mRNAs could function in such that they bind
to signaling proteins and facilitate their transfer over long distances. Alternatively
mobile mRNAs could function by binding to and interfering with regulatory pro-
teins in target tissues. Also the sole presence of distinct RNA molecules such as
tRNA or other small RNAs in the phloem exudates does not necessarily mean that
these have a signaling function. Isolation of phloem specific transcripts is a demand-
ing experimental process, thus, some rare transcripts could be contaminants from
the harvesting procedure used. Also some highly abundant phloem transcripts such
as some tRNA molecules could just serve as source material recycled in sink tis-
sues. Therefore it will be necessary to determine experimentally the assumed indi-
vidual signaling function of phloem-allocated RNAs.

Nevertheless, it is well established that the meristem receives cues from mature
leaves re-directing plant growth and developmental programs. It has been proposed
and shown that the transport of specific RNAs to apical tissues plays a signaling role
in the response to environmental stimuli. Here a still open question is why a number
of phloem — allocated transcripts are expressed in both, the source and the sink tis-
sues. On a hypothetical line a tissue receiving a mobile RNA (although it already
produces this particular RNA) requires “priming” by an additional dosage of exog-
enous (imported) mRNA to reach a threshold level triggering a signaling cascade.
Such a signaling mechanism has been suggested to occur during pathogen defense
responses in plants (Conrath et al. 2006).

However, elucidating the signaling function of phloem-transported RNA is tech-
nically challenging. Once long — distance transport of a particular RNA is estab-
lished, e.g., through grafting experiments, its non-cell-autonomous function must be
distinguished from its cell-autonomous function. This may prove difficult, especially
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when mobile RNAs are produced and functional within both, the source and the
target tissues.

Over the last decades the concept that mRNA molecules act as signals for the
coordination of developmental processes at the whole-plant level has gained some
experimental support. Current studies are aimed at identifying the sites of synthesis
of the macromolecules observed in the phloem stream and the sequence motifs (or
chaperoning mechanisms) required for transcripts to enter, exit, and traffic long
distances in sieve tubes. Other important questions relate to the translation of the
mRNA, and the synthesis and possible movement and function of the respective
proteins in target tissues. A special challenge will be to develop experimental sys-
tems in which phenotypic changes can be evaluated following specific inhibition of
the long-distance movement of each transcript.
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TGB proteins, 4
™V, 3
Potato virus X potexvirus, 159
shoot apex, 166
short root movement, 64—-65
signal amplification, 141
signalling, 108
transport
mobile RNA, 154
plasmodesmata (see Embryogenesis)
smRNA, 144
viral defence, 111
virus movement, 111

Embryogenesis

boundaries, 49

cellular homeostasis, 58
description, PD, 47

differential PD connectivity, 49
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Embryogenesis (cont.) gene expression, 80

embryonic symplastic sub-domains RNAs, phloem, 80, 81
defined, 49-50 transgenic plants, 80
SAM, 50 phloem expression profiling, 77-79

embryo-seed coat cell-to-cell transport, 51 profiling RNAs

embryo suspensor cell-to-cell phloem mobile protein, 77

communication, 50-51 RBP50, 77

F tracers, 47, 48 RBPs/RNP complexes, 76

GFP expression, 48 translatome data

isolation, mutants FLAG-tagged ribosomal protein, 80-81
additional, 55 phloem sieve tube cells, 80
de novo formation, PD, 52-54 promoters, 81
gene silencing, 54-55 pSUC2 translatomes, 82
genetics, 51 trichome-assay based approach, 74
increased size exclusion limit, 52 Gibberellic acid insensitive (GAI), 170

maternal influences, PD function, 50
movement, 1X to 3XGFP, 48—49

PD transport, embryos H
plant viral movement proteins, 56-57 Hair cell development
reactive oxygen species, 57 CAPRICE (CPC), 64
twinned and branched, 55-56 epidermis, 63
sGFP movement, Arabidopsis GL3 and EGL3, 64
midtorpedo embryos, 46 leaf trichomes, 63
structures, 45 R3 Myb and bHLH, 64

Homeodomain transcription factors,
cell-to-cell movement

F genetics and histology
Fluorescent recovery after photobleaching cell divisions and knot formation, 88
(FRAP) analysis, 23 Kn1 allele, 87

in vivo evidence, tissue-specific
expression, 89

G KNOX trafficking
GAL See Gibberellic acid insensitive Arabidopsis homolog, 94
Gametogenesis developmental significance, 94-95
AGO9 mutations, 108 SHR movement, 94
decreased DNA methylation 1 (DDM1), KNT1 trafficking
107-108 co-trafficking and mRNA, 91-92
defined, 107 domain-mapping studies, 91
HASTY, Arabidopsis orthologue, 108 nuclear transport, 90
male, 107 trichomes, 90, 91
Genome-wide approaches mammalian cells, 93
bioinformatics approach microinjection, 88
EST sequence database, 82 viral MPs
vascular tissues, 82 distinctions, 92
cell type specific promoters molecular connections, 92-93

Arabidopsis, 74
description, 74

identification factor, 74, 75 I

L1 specific promoter, 74 Intercellular communication
cloning technology cellular specialization, 151

binary vectors, 76 PD gating, 20

GFP expression, 76 post-translational mechanisms, 27
map, Arabidopsis root Intercellular signaling

cell sorting/microarray technology, 80 sRNAs, plants
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defence, pathogens, 111-112
gametogenesis, 107-108
leaf development, 108—-109
metabolic and stress response
regulators, 106
root development, 109-110
TMO7, MP regulation, 66
Intercellular transport mechanisms
localization, MP to PD, 2
macromolecular, 23-27
plant viruses, 1
tobacco mosaic virus (TMV), 1, 2
viral, 3-23
VRNP complex, 2

K
KNOTTED1 (KN1)
domain analyses, 63
expression analysis, 62
injecting KN1, 62
regulators, 63
shoot apical meristem (SAM), 62, 63

L
Long-distance signaling, smRNAs
macromolecules, 131
mobility and functions, phloem
description, 140
miRNA, 142-143
phloem translocation, 144—145
siRNA, 140-141
occurrence, 132
phloem samples, RNAs

cloning and conventional sequencing, 136

description, 135-136
miRNAs, 137-140
siRNAs, 136-137

sampling methods, phloem
defined, stylets, 135
description, 132
exudation, incisions, 134
microcapillaries, 135
summary, 133, 134

SEs, 131

transcriptional and post-transcriptional

regulators, 132

M

Macromolecular mechanisms
FRAP analysis, 23
KN1 and LEAFY, 24

principles, 25-27

Messenger RNA (mRNA)

and apical growth
GA and cytokinin mediated
signaling, 167
GALI and phenotypic alteration, 166
tuber formation, miR172, 167
classification
cDNA library, 165
curcurbits, RNA profile, 165
FACS and BLAST descriptions, 166
pumpkin scions, 165-166
delivery motifs, 162
phloem identification, 165
translation (see Signaling and phloem-
mobile transcription)

MicroRNAs (miRNA)

biogenesis and PTGS, 101
Caenorhabditis elegans let—7, 161
expression, endogenous genes, 132
fail-safe mechanism, 163
features, 100
miRNA/miRNA¥* duplex, 102
mobility and functions, 142—143
phloem

ABA, 138-139

description, 137

in situ hybridization, 138

sap, 139, 140

vegetative and floral organs, 138
phloem transported, 167
post-transcriptional regulators, 136
pri-miRNAs, 101, 102
retrograde signal, 65
transport system, 164

miRNAs. See MicroRNAs
Mobile transcription factors

BELS mRNAs, 62

cellular contexts
cells, RNAs/proteins, 70-71
nicotiana leaf epidermis, 72
non-targeted movement, 72
protein-protein interaction, 72
transcriptional GFPs, 69
transcription factors, 72—73

genome approaches, identification
bioinformatics approach, 82
cell type specific promoters, 74-76
identification, 77-82
profiling RNAs, 76-77
trichome-assay based approach, 74
versatile cloning technology, 76

indispensable role, 61-62

mobile signals, 61
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Mobile transcription factors (cont.)
plants
cell-to-cell movement, 62-67
long distance moving, 67-69
plasmodesmata, 62
signaling molecules, 61
mRNA. See Messenger RNA

P
PD. See Plasmodesmata
Phloem
expression profiling
cell-type specific RNA, 78-79
hybridization signals, 78
microarray experiments, 77
phloem sap and phloem tissue, 78
samples, RNAs
cloning and conventional sequencing, 136
description, 135-136
miRNAs, 137-140
siRNAs, 136-137
signals
CmNACP, 68
CmPSRP1, 114
components, 112
identification, 68
solute movement, 112
Plant development
gametogenesis, 107-108
genetics, 51
leaf, 108-109
root, 109-110
transcription factors, 62
Plasmodesmata (PD)
cell-to-cell
movement, 111
trafficking, 73
companion cell, 155
cytokinesis and inter cellular
bridges, 153
de novo formation, 52-54
diffusion, 152
gene silencing, 54-55
glucan deposition, 168
maternal influences, 50
mutants, transport, 55
plant viral movement proteins, 56-57
proteins and RNAs move, 69, 72
reactive oxygen species, 57
SEL, 112
sRNAs transport, 114
transcription factor, 62
twinned and branched, 55-56
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vascular system, 61

viral modification, 6-9
Post-transcriptional gene silencing

(PTGS)

biogenesis, 101

DCL3, 104

DCL4, 103-104

sense-induced, 104
Potato spindle tuber viroid (PSTVd), 161
Protein transport, 62, 168
PSTVd. See Potato spindle tuber viroid

R
RNA transport

cellular structures mediation
BSA-gold, 152-153
cell-to-cell transport, 154
membrane-bound secretion-

internalization mechanism, 152

receptor-mediated endocytosis, 152
TNTs and cellulosic cell wall, 153

KNT1 protein, 91

mRNA, 162

profiling RNA/RBPs, 76

proteins mediation, 154—155

small RNA, 161

and systemic signals
flower induction, 155-156
ICK1/KRP1, 156
miR399, 156-157
plant species and SAR, 156

viral RNA
cell-to-cell transport, 158
phloem transport and Brome mosaic

virus, 159

types, 157-158
VIGS and Tobacco etch virus, 158
viral silencing-suppressor genes, 158

viroid RNA
different cell types, 160, 161
mesophyll and phloem cells, 161
molecules size, 159
PSTVd, 161

vRNA/vVDNA, 157

S
SAM. See Shoot apical meristem
SEs. See Sieve elements
Shoot apical meristem (SAM)
description, 45
promoter, STM, 48
1XsGFP expression, 46
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Short interfering RNAs (siRNA)
PTGS, 155
transport and/or production, 158
Short root movement
GRAS family transcription, 65
mobile microRNA, 65
plant radial tissues, 64
SHR regulated, 65
Sieve elements (SEs)
cytoplasmic lining, 134
microcapillaries, phloem-feeding
insects, 135
RNA transport, 131
Signaling and phloem-mobile transcription
isolation, 170
motifs, 157-162
mRNA signal molecules, 171
phloem-allocation, RNA
cell/tissue-autonomous levels, 163—-164
CMYV infection, 164
GFP, 162
heterografted scions and intrafascicular
phloem, 164
identification, mRNAs, 165
mobile mRNA and apical growth,
166-167
phloem-delivered signals, 164
sieve tube system, mRNAs, 165-166
sub-apical tissues, 163
phloem stretches and description, 152
plant biology, 151
priming, 170
proteins and RNA
ADF, 167-168
GRP7, 168
housekeeping factors, PP1 and PP2,
167
meristems, 168
TCTP, 168
tissue differentiation, FT, 167168
RNA transport
cellular structures mediation, 152-154
proteins mediation, 154—155
and systemic signals, 155-157
translation, mobile mRNA
GAI 170
Mouse-ears (Me), 169—170
pumpkin and Brassica napus, 169
sieve elements and KNOTTED1, 169
Silencing
Cajal bodies, 158
cell-to-cell transport, PD, 54-55
duplexes, mature siRNAs, 137
GFP, 141

graft-transmissible, 118-119
GUS expression, 141
induced/short interfering RNAs, 152
intracellular location, siRNA, 120
PTGS (see Post-transcriptional gene
silencing)
RISC and PTGS, 132, 141
RNA-silencing, 23
siRNA-mediated, 111, 116
suppressor proteins, 111
TGS, 105-106
transposons, 108
turnip crinkle carmovirus (TCV), 4
virus movement, 23
siRNAs. See Small interfering RNAs
Small interfering RNAs (siRNAs)
mobility and functions, 140-141
phloem, 136-137
post-transcriptional regulators, 136
PTGS, 132
and PTGS, 103-105
systemic and graft-transmissible
movement
Arabidopsis ecotypes, 118
intracellular location, 120
IR71 and IR2039, 119
reception, silencing signals, 117
root-to-shoot vs. shoot-to-root
signalling, 119-120
shoot-to-root transmission, 118
trans-generational epigenetic
inheritance, 121
and TGS, 105-106
Small regulatory RNAs (sSRNAs)
DCL, 100
description, 99
intercellular movement, plants
Arabidopsis leaf cells, 115
channels, 113
IPS, 114
miRNA production, 114
N. benthamiana leaf cells, 115
SEL, 112, 113
signal, vascular system, 112
small RNA degrading
nucleases (SDN), 115
transport, plasmodesmata, 112
intercellular signals
defence, pathogens, 11-112
intercellular regulators,
development, 106-110
metabolic and stress response
regulators, 106
plants, 99
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Small RNA movement
miRNAs
biogenesis and PTGS, 101
defining features, 100
miRNA/miRNA* duplex, 102
primary miRNA transcripts
(pri-miRNAs), 101, 102
sRNAs
DCL, 100
description, 99
intercellular movements,
plants, 112-115
plants, 99
signals, intercellular, 106—112
ta-siRNAs
miR173 and miR828, 103
non-coding transcripts, 102
TAS3 transcripts, 103
sRNAs. See Small regulatory RNAs

T
TFs. See Transcription factors
TMV. See Tobacco mosaic virus
Tobacco mosaic virus (TMV)
ANK, 8-9
begomoviruses, 19
cell-to-cell, vVRNP, 3
cytokeletal proteins, 15
dynamic behavior, microtubules, 11
ER-associated actomyosin
system, 10
helicase domain, 9
localization, MP to PD, 2
microtubule inhibitors, 12
MP-interacting proteins, 16—17
MPs, 4
secretory cargo proteins, 15
TGB-expressing viruses, 14
Transcription factors (TFs)
cell-to-cell movement
homeodomain, cell-to-cell movement
(see Homeodomain transcription
factors, cell-to-cell movement)
identification, KN1, 24
intercellular transport, 152—153
LEAFY, 24
meristem maintenance, 131, 164
miRNAs, 138
mobile (see Mobile transcription
factors)
overexpression, 167
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SHORT ROOT (SHR) and SCARECROW
(SCR), 109, 110
trafficking, RNA and protein
macromolecules, 1
Translationally—controlled tumor protein
(TCTP), 168

\%
VIGS. See Virus induced gene silencing
Viral ribonucleoprotein (VRNP) complex
activity, MP, 21
description, 2
ER, 11
movement, virus particle, 3
potexvirus infections, 4
stability, 4
structural change, 9
Virus
accessory viral proteins requirement
analogous, nuclear factor, 6
bipartite and monopartitite
begomoviruses, 5
closteroviruses and GRYV, 5-6
CP, 4
genome, encapsidation, 3
microinjection studies, 5
TGB and DGB, 34
Cauliflower Mosaic Virus
(CaMV), 120
cell-to-cell movement, 111
Cucumber MosaicVirus (CMV), 111
geminivirus, 111
gene silencing, 53
GFP fusion protein, 72
modification, plasmodesmata
ANK, 8-9
chaperones, 9
leaflets, ER, 6
NCAPs, 9
regulation, PD SEL, 7-8
movement
regulation, 20-23
VRNP complex, 3
MPs, plant proteins
chaperones, 19-20
cytokeletal, 15
description, 15
extracellular matrix, 19
interacting proteins, 16—18
membrane, 19
NCAPs, 19
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nuclear factors, 20
secretory cargo, 15
plant defense mechanism, 132
propagation, silencing, 141
RNA molecule, 136
target, PD
BaMV and PMTYV, 12
dynamic microtubule behavior, 11
microtubule inhibitors, 12

PDLPs, 14
remorin, 13-14
tobamoviral and potexviral MPs, 10
VRCs, 10
TMV, 54,72,92, 119
viral MPs
distinctions, 92
molecular connections, 92-93
Virus induced gene silencing (VIGS), 53
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