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Preface

The exchange of small solutes and macromolecules between cells is a crucial pro-
cess for system integration in any multicellular organism. Animals and plants solve
the problem of cell-to-cell transport in different ways. In animals transport across the
cell membrane is the only, or at least the main, pathway for molecules of different
kinds to travel between cells. In plants, however, aside from transmembrane trans-
port, a second (and apparently the most important) transport mode exists, i.e., mol-
ecule movement through plasmodesmata—the numerous thin channels connecting
living protoplasts. Plasmodesmata allow plant cells to communicate in spite of the
cell wall, a more or less rigid layer, surrounding every living plant protoplast. Its
presence is responsible for the existence of two different systems—symplasm (pro-
toplasts connected by plasmodesmata) and apoplasm (cell walls and intercellular
spaces)—that build every plant organism. Plasmodesmal connections appear as a
highly dynamic network, responsible not only for cell-to-cell exchange of organic
compounds of a different nature, e.g., carbohydrates and amino acids, but also for
movement of signaling macromolecules involved in plant development, such as tran-
scription factors and nucleic acids. Symplasmic transport in plants also regards the
movement of solutes and macromolecules over a distance of several meters or even
more, by using specialized cells, sieve cells or sieve elements; however, the mecha-
nism of such long-distance transport differs from that of cell-to-cell transport. Hence,
symplasmic transport (being responsible for the exchange of solutes and signal mac-
romolecules between cells, tissues, and organs) integrates the plant as the unit.

In the presence of many outstanding papers and books on the processes of trans-
port, the symplasmic transport of molecules in plants seems to have been left aside.
In this book we would like to emphasize what an important role symplasmic com-
munication plays in plants. Herein, we would like to concentrate on symplasmic
transport of small molecules, although the cell-to-cell transport of macromolecules
will also be discussed. We are going to characterize the efficiency of symplasmic
transport, mechanisms of molecule passage via plasmodesmata, and the external
and internal factors that regulate plasmodesmatal conductivity. In this context,
we will concern ourselves with the role of symplasmic domains in plant develop-
ment, as well as the influence of environmental stresses on the plasmodesmata.
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Besides cell-to-cell symplasmic transport, the significance of long-distance sym-
plasmic transport of solutes in phloem elements will likewise be reviewed. We
intend to present the mechanism of phloem transport, the processes of symplasmic
loading and unloading, as well as the role of pre- and post-phloem transport, with
special attention paid to symplasmic transport in wood. Finally, the relevance of the
spread of both macromolecules and viruses, via plasmodesmata and phloem, will be
presented.

Wroclaw, Poland Katarzyna Sokotowska, Ph.D.
Warsaw, Poland Pawet Sowinski, Ph.D., D.Sc.
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Chapter 1
Characteristics of Symplasmic Transport

Pawel Sowinski

Abstract Symplasmic transport is possible in organisms of plants, fungi, and even
in animals and some prokaryotes, where cell-to-cell protoplasmic junctions are
present. However, a spectacular evolution of the symplasm was limited to plants,
where highly efficient long-distance transport occurring inside the cells is respon-
sible for the spread of molecules of different nature along the plant body of length
up to tens of meters. Several aspects of symplasmic transport are considered in this
chapter. A short review of the history of this research is presented with particular
attention to old but still inspiring ideas and unanswered questions. Ultrastructure,
phylogeny, and ontogeny of the symplasm as well as different mechanisms that
allow symplasmic transport (diffusion, cytoplasmic streaming, and mass flow) are
discussed thoroughly. Examples of tissues where symplasmic transport covers the
distance of several or even more cells without participation of sieve tubes are also
discussed, besides the strictly local cell-to-cell symplasmic transport and long-
distance transport in phloem.

Keywords Apoplasm ¢ Cytoplasmic streaming ¢ Diffusion ¢ Long-distance
transport ® Mass flow ® Ontogeny ® Plasmodesmata ® Phloem ¢ Phylogeny ¢ Short-
distance transport ® Symplasm
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Abbreviations

BS Bundle sheath
EBS Extended bundle sheath
KMS Kranz mesophyll

PCA Primary carbon assimilation
PCR Primary carbon reduction

PD Plasmodesma/plasmodesmata
PVM Paraveinal mesophyll

SEL Size exclusion limit

VP Vascular parenchyma

1.1 Introduction

Life is a flow. Even an immobile single cell demonstrates movement of organelles,
vesicles, and cytoplasm streaming. It also exchanges solutes with the environment.
The movement of diverse particles and molecular forms is crucial to cooperation
between cells in multicellular organisms. To fulfill this demand, a system of cell-to-
cell transport has evolved in multicellular organisms. The system comprises proto-
plasts and cytoplasmic channels bridging neighboring cells —plasmodesmata. They
are particularly important for cells enclosed by a cell wall, such as fungi, algae, and
plants, but cytoplasmic bridges do connect also animal cells. Plasmodesmata allow
not only exchange of small solutes but also of macromolecules such as proteins and
nucleic acids, thus forming a versatile system of cell-to-cell communication. The
entire system of protoplasts interconnected by plasmodesmata is called the sym-
plasm. It forms the plant body together with the apoplasm comprising cell walls and
intercellular spaces. Accordingly, the transport inside and outside cells is called,
respectively, symplasmic or apoplasmic. The symplasmic transport system has
evolved further in telomic plants parallelly with their increasing size. The corollary
was the phloem present in vascular plants. The conducting elements in this system
are sieve elements forming sieve tubes transporting phloem sap from leaves to other
plant organs. The key feature of this long-distance transport system is that the move-
ment of solutes occurs inside the cells, unlike in the conducting systems functioning
in animals, where diverse liquids (e.g., blood, lymph, and food) are transported
inside hollow tubes— vessels whose walls are built from cells. Another fundamental
difference between those two modes of long-distance transport is that in plants it is
not powered by any contracting elements corresponding to the animal heart but
solely by hydrostatic gradient along the sieve tubes. Despite its apparent simplicity,
the long-distance transport in plants is astonishingly efficient: it allows transport of
high amounts of solutes for a distance of several dozen meters in case of some trees.
Additionally, it is a pathway for signals of different nature: biochemical, such as
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hormones, nucleic acids, and proteins, and biophysical, such as the action and water
potentials. This book is focused on the symplasmic transport, but some aspects of
the apoplasmic ones will be presented as well.

1.2 Research on the Symplasmic Transport: Milestones

Virtually all reviews on the history of botany begin from Aristotle (384-322 bc);
however, the true foundation of modern science is Francis Bacon’s (1561-1626)
scientific method based on experiment. Probably, the first researchers to contribute
substantially to the study of the transport in plants were the inventor of the light
microscope, Anton van Leeuwenhoek (1632-1723), who described xylem vessels
(after Pardos 2005), and Marcello Malpighi (1628-1694), who showed upstair
transport of water in the wood and the downstair transport in bark (after Kursanov
1984). Studies on water movement and transpiration in plants have continued since
then (Pardos 2005). The first to study the transport phenomena in plants systemati-
cally was Henri-Louis Duhamel du Monceau (1700-1782), considered by many to
be the founder of modern plant physiology. At the same time (1774), Bonaventura
Corti observed cytoplasmic streaming in plant cells (after Verchot-Lubicz and
Goldstein 2010).

According to Zimmermann (1974), intensive studies on transport began in mid-
dle of 1800s with the discovery of sieve tubes and of exudation from both phloem
and xylem by Theodor Hartig (1805-1880) in 1837. The other ultrastructural com-
ponent of symplasmic transport, plasmodesmata (PD), was first described by Eduard
Tangl (1848-1905), who observed strands of cytoplasm connecting cells in the
cotyledon of Strychnos nux-vomica (Tangl 1880; after Kohler and Carr 2006a). That
discovery attracted soon the interest of numerous investigators (Meeuse 1941). The
term Plasmodesmen (Germ.) was introduced by Strasburger (1844—1912) in his
review (Strasburger 1901). The term “symplasm” was introduced much later by
Miinch (1930), but yet Tangl noticed that “the connecting ducts unite them (the
cells) to an entity of higher order” (after Kéhler and Carr 2006b).

Studies at the beginning of the twentieth century added much to the understand-
ing of transport phenomena in plants and, in fact, put forward most of relevant
concepts discussed and developed until present. Concerning the plasmodesmata,
Meeuse stated in his review (1941) that soon after the Tangl’s discovery, the general
presence of plasmodesmata throughout the plant kingdom and in all living tissues
was accepted. Even animal cells were postulated to contain plasmodesmata (ibid.),
but only recently important data in that field have been obtained (Wade et al. 1986;
Nicholson 2003; Rustom et al. 2004). The problem of how plasmodesmata develop
was discussed already at the beginning of twentieth century, concentrating on the
origin of primary (the term not used then) plasmodesmata during the formation of
cell walls after mitosis and the secondary (the term used by Meeuse in 1941)
ones crossing existing cell walls. At those primordial stages of research on
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plasmodesmata, their role in the cell-to-cell transport as well as the origin of sieve
pores from plasmodesmata were first postulated. Although there was much concern
regarding possible artifacts of specimen fixation, the protoplasmic nature of the
plasmodesmata was generally accepted. The most convincing piece of evidence was
that “there is a translocation of viruses from cell to cell” (ibid.), a phenomenon
being the research area studied to date.

In the case of long-distance transport, most of the early studies concentrated on
the ascent transport of water and some modern ideas on phloem transport were for-
mulated as well. In particular, Dixon, who proposed the cohesion theory of water
transport above the barometric height (Dixon 1914), neglected diffusion as a mech-
anism of transport of organic compounds from leaves to other organs (Dixon and
Ball 1922). Those authors calculated that, even if the transport of sucrose solution
was accelerated by protoplasmic streaming, the diffusion rate was too low to account
for the actual rate of transport of carbohydrates in plants. Later on Miinch (1930)
formulated his concept of pressure flow, fully accepted only recently, to explain the
mechanism of long-distance transport. He also coined the terms “symplasm” and
“apoplasm.”

Any further progress in the research on the symplasmic path components was
crucially dependent on the developments of experimental techniques. Systematic
studies were performed on the mechanism of cytoplasmic streaming (Kamiya and
Kuroda 1956; Kamiya 1981 and citations therein). At the same time, the velocity of
organelles’ movement was measured at 2-5 pm s~! and 5-6 pm s~! for chloroplasts
and vesicles, respectively (Zubrzycki 1951). One cannot but admire the accuracy of
those estimates obtained with rather crude tools: the most recent measurement of
the velocity of small organelles using GFP fused to peroxisome targeting signal 1
(PTS1) and time-lapse laser scanning confocal microscopy reported an almost iden-
tical value of 10 pm s~! (Jedd and Chua 2002).

Regarding the mechanism of long-distance phloem transport, several hypothe-
ses were formulated besides the pressure flow theory of Miinch, even though the
finding of Mittler (1957) that the turgor pressure in sieve elements was high enough
to explain the observed velocity of phloem transport spoke eloquently in favor of
the latter. Those challenging the Miinch theory claimed that sieve pores were
always occluded by a dense material which precluded an efficient mass flow of
solutes under pressure. On the basis of that observation, Spanner proposed his
concept of electroosmosis (Spanner 1975) as an alternative for the pressure flow
theory. It was argued that if sieve pores were indeed narrowed by occludes, electri-
cal phenomena would be more efficient in powering of the phloem transport than
pressure flow. In several other hypotheses, described in reviews of Canny (1975)
and Kursanov (1984), pulsations of microstructures in the sieve tubes were pro-
posed as the motive force for transport. Another proposition was the movement in
monolayer, i.e., sliding of molecules along the phase boundaries due to uneven
distribution of molecular forces (ibid.). Additionally, in many electron microscopic
studies, P-proteins were found forming strands along the sieve tubes. These obser-
vations prompted hypotheses on the participation of P-proteins in longitudinal
transport despite their scarcity or even absence in many plants, e.g., maize and
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barley (Evans 1976). One of them proposed P-proteins as ducts for electric waves
powering the longitudinal transport in sieve tubes (Hejnowicz 1970). In the 1980s
and 1900s, most of those hypotheses were discredited as either unrealistic or based
on artifacts.

The final argument for the Miinch’s pressure flow was found at the very end of
the twentieth century, when Ehlers et al. (2000) showed that carefully fixed sieve
tubes did not show any occlusions at the sieve pores and the lumen of sieve tubes
was clear. It seems that most of the artifacts found in sieve tube preparations were
related to the sample preparation (ibid. and references there) and induction of mech-
anisms preventing the leakage of the phloem sap from injured sieve tube. The
response seems to be particularly sensitive (Knoblauch and van Bel 1998) to even
delicate mechanical stress.

Currently, the pressure flow theory of long-distance transport in the phloem
seems to be widely accepted. Nevertheless, three ideas concerning phloem transport
formulated in the twentieth century, outside the mainstream considerations in this
area, seem worth mentioning.

The first question concerns the problem of bidirectional transport in the phloem.
The movement of different molecules in opposite directions in individual sieve
tubes was assumed as a strong argument against mass flow mechanism (for reviews,
see Evans 1976; Kursanov 1984). It is, however, possible that phloem transport in
opposite directions occurs in separate sieve tubes. Additionally, modeling the
dynamics of solute transport (Henton et al. 2002) has demonstrated that the solute
can move in opposite directions along the single tube. No experimental current data
on the problem are accessible, beside of technical progress and development of
methods.

The second problem was formulated by Romberger et al. (1993) and concerned
the mechanism of phloem transport. Basing on their calculations, those authors
stated that the sieve pores were too wide for efficient electroosmosis, which
neglected Spanner’s electroosmosis theory, yet they were too narrow for efficient
mass flow of solutes which excluded the Miinch’s pressure flow theory. In conclu-
sion, the authors proposed that if pressure flow was accelerated by electroosmosis,
the pore diameter would be optimal for the transport. The concept has not been
developed further.

The third idea concerns the so-called vacuome, i.e., a system of connections
between vacuoles crossing the plasmodesmata as desmotubules and involving also
the sieve tube lumen (Gamalei and Pakhomova 2002; Velikanov et al. 2005).
Already Esau (1971) reviewed the suggestions of several researchers that a mem-
brane (tonoplast) could separate the parietal cytoplasm from the central cavity in
sieve tubes. Against such a hypothesis were reports describing the disappearance of
the tonoplast in mature sieve elements (for review, see Kursanov 1984), although
other authors argued for an extreme sensitivity of tonoplast to preparation and fixa-
tion (Esau 1971). Contacts between vacuoles and plasmodesmata were shown by
some authors. Rinne et al. (2001) demonstrated that spherosome-like vacuoles
became displaced toward plasmalemma near plasmodesmata during the releasing
from dormancy in the apical meristems of Betula pubescens. The postulated role of
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the movement was limited to the transient delivery of f-1,3-glucanase to the
plasmodesmata. A vacuolar-tubular continuum was also reported in trichomes of
Cicer arietinum (Lazzaro and Thomson 1996). The idea of participation of vacu-
ome in assimilate transport from mesophyll chloroplasts to sieve tubes and then to
other organs, presented by Gamalei (2007), is based almost exclusively on the
results of Gamalei, and his collaborators and therefore a critical discussion by oth-
ers would be desirable to add credence to it.

1.3 Ultrastructure, Ontogeny, and Phylogeny of Symplasm

In higher plants, the symplasm consists of protoplasts linked by plasmodesmata and
sieve elements involved, respectively, in cell-to-cell and long-distance transport.
The ultrastructural details of plasmodesmata and sieve tubes are discussed in other
chapters of this book. Therefore, only basic information is provided here.

1.3.1 Ultrastructure and Ontogeny

1.3.1.1 Plasmodesmata

Plasmodesmata in higher plants are cytoplasmic channels penetrating cell walls
with the plasmalemma as the outer border and a desmotubule in the center inside the
channel. The diameter of plasmodesmata is 20-50 nm (Ehlers and Kollmann 2001),
and their length reflects the cell wall thickness. However, depending on the tissue
and developmental stage, plasmodesmata may differ strongly in shape and form
(Robinson-Beers and Evert 1991; Ehlers and Kollmann 2001; Botha 2005; Burch-
Smith et al. 2011). They can be simple or branched, with or without constrictions in
the neck and/or central regions. The desmotubule is approximately 15 nm in diam-
eter (Ehlers and Kollmann 2001), occupies the center of the plasmodesma channel,
and is a tubular process of the endoplasmic reticulum membrane connecting the ER
systems of the neighboring cells. It is used to be also called the “central rod” due to
its apparently solid structure on most of plasmodesmata microphotographs (Gunning
and Overall 1983; Tilney et al. 1991; Botha et al. 1993; Overall and Blackman 1996;
Ding 1998). Recent data show, however, that the desmotubule is a membranous
tubule composed of lipids and proteins, the latter allowing an extremely strong con-
traction of the tube (Tilsner et al. 2011). The desmotubule is surrounded by a cyto-
plasmic sleeve penetrated by spoke-like proteinaceous extensions linking the
desmotubule with the plasmalemma. In principle, the transport routes through plas-
modesmata could involve the cytoplasmic sleeve, the desmotubule membrane, and
the desmotubule lumen (Evert et al. 1977; Waigmann et al. 1997; Cantrill et al.
1999; Roberts and Oparka 2003; Sowinski et al. 2008; Barton et al. 2011), but only
the first one is widely accepted in the literature.
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Two main types of plasmodesmata are discussed in the literature: primary and
secondary ones (Ehlers and Kollmann 2001; Burch-Smith et al. 2011). It is widely
accepted that primary plasmodesmata are those forming during cell division.
The case of secondary plasmodesmata is less clear-cut, since to some authors sec-
ondary PD are only those formed across preexisting cell walls, while others use the
term also for PD formed by modification of primary PD, such as PD twinning. To
avoid misunderstanding, some authors speak of “twinned secondary plasmodes-
mata” and “de novo secondary plasmodesmata” (Burch-Smith et al. 2011).

In general, plasmodesmata can undergo distinct modifications during plant
development. Between some cells, plasmodesmata can be eliminated, which leads
to symplasmic isolation of the symplasmic domains (Rinne and van der Schoot
2003), an important step in plant development (see Chap. 2). At other locations, the
plasmodesmata become branched at certain developmental stages, thereby provid-
ing an improved symplasmic transport path; examples are the plasmodesmata link-
ing intermediary cells (a form of companion cells) with sieve elements in symplasmic
phloem loaders (Volk et al. 1996, see Chap. 5). A unique plasmodesma modification
is its conversion into a sieve pore, occurring during the development of sieve ele-
ments (Sjolund 1997). This modification involves widening of the pores up to 200—
400 nm, thus allowing almost unimpeded symplasmic transport in sieve tubes by
means of the pressure flow mechanism.

1.3.1.2 Phloem

Mature sieve tubes in angiosperms are columns of elongated cells, sieve elements, up
to 20 pm in diameter and 250 um in length (Sj6lund 1997). They contact one another
in the file through sieve plates massively penetrated by sieve pores. The sieve ele-
ments contain no nucleus, vacuoles, ribosomes, Golgi bodies, microfibrils, or micro-
tubules (van Bel and Knoblauch 2000). Their only structural components are the
modified ER, mitochondria, and plastids (ibid.). The latter are either P-plastids or
S-plastids, containing proteinaceous or starch inclusions, respectively (ibid.). The
presence of P-plastids and S-plastids is family specific (Behnke 1991). The elimina-
tion of the other organelles occurs during sieve element maturation and is accompa-
nied by cell wall thickening and conversion of “ordinary” plastids into the S- or
P-plastids. The cytoplasm is apparently present only at the cell periphery with the
organelles linked to the plasmalemma by clamps (Ehlers et al. 2000). Thus, the central
part of the sieve element is empty, allowing efficient transport of the phloem sap.
The sieve elements are joined to companion cells, both structurally (numerous
plasmodesmata branching at the companion cell side) and functionally (the compan-
ion cells provide proteins for the sieve elements and may also participate in phloem
loading; see Chap. 5). Thus, the cells of both types are often treated as a unit: a
companion cell/sieve element complex. Besides their structural and functional coop-
eration, both sieve elements and companion cells originate from phloem mother
cells; one sieve element and several companion cells form one mother cell (van Bel
2003), which differentiates them from the sieve cells of other vascular plants.


http://dx.doi.org/10.1007/978-1-4614-7765-5_2
http://dx.doi.org/10.1007/978-1-4614-7765-5_5
http://dx.doi.org/10.1007/978-1-4614-7765-5_5
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Table 1.1 Symplasmic pathway in prokaryotes and animals

Plasmodesmata Conducting cells
Functional Structural Functional
Kingdom  Phylum Structural aspects aspects aspects aspects
Eubacteria Cyanophyta Microplasmodesmata Rapid No
intra- special-
filament ized
movement cells
of regarded
metabo-
lites,
possibly
transfer of
signals
Animalia Gap junctions, <4 nm Transport of
in diameter, composed solutes of
of connexins low
(vertebrates) molecular
or innexins weight
(invertebrates) (<1.7 kDa)
Tunneling nanotubes Transfer of No
(found in mammals) endosome- special-
cytoplasmic channels based ized
(possible transient), vesicles, cells
50-200 nm in organelles, regarded
diameter and length of viruses

tens of pm, enriched
with actin filaments
but lacking
microtubules

1.3.2 Phylogeny

For decades, a dogma was in force that the symplasm and symplasmic transport
were limited to plants and some fungi. The challenge of this dogma has come only
recently with the discovery of tunneling nanotubes (Rustom et al. 2004) in animals,
although even much before that gap junctions linking animal cells were widely
known (Wade et al. 1986; Nicholson 2003), but their existence seemed not to violate
the view of the animal tissue as a sum of isolated cells exchanging “signals” and
molecules only via specialized relay and channel proteins. Nowadays, it is com-
monly accepted that all multicellular organisms demonstrate direct cell connections
(Baluska et al. 2004; Gerdes et al. 2007; Rustom 2009), albeit the extent of such
“symplasmic” network varies greatly among kingdoms.

The current state of our understanding of the symplasmic connection at the cell
and organismal levels is summarized in Tables 1.1, 1.2, 1.3, 1.4, 1.5, and 1.6, com-
piling of data from many original papers, reviews, and monographs concerning ani-
mals (Wade et al. 1986; Nicholson 2003; Rustom et al. 2004), fungi (Kirk and
Sinclair 1966; Powell 1974; Marchant 1976; Taylor and Fuller 1980; Cook and
Graham 1999; Miiller et al. 1999), nonvascular plants (Schmitz and Srivastava
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Table 1.2 Symplasmic pathway in fungi

Plasmodesmata Conducting cells
Functional Structural
Kingdom Phylum Structural aspects  aspects aspects Functional aspects
Fungi Basidiomycota  Simple Central pore Cytoplasmic
plasmodesmata in septa streaming,

communication
between cells,
flow of
cytoplasm

and organelles,
dead cells in

hypha isolated
by plugging of
the central pore
Ascomycota Simple PD, 60 nm Central pore Cytoplasmic
in diameter with in septa streaming,
desmotubule communication
(10 nm between cells,
in diameter) flow of
linked to ER cytoplasm

and organelles
Chytridiomycota Simple PD (23 nm
in diameter)
with dense core
Zygomycota Simple PD linked
to ER

1974; Marchant 1976; Cook et al. 1997; Cook and Graham 1999; Kwiatkowska
1999, 2003), lower vascular plants (Mueller 1972; Evert and Eichhorn 1976;
Warmbrodt and Evert 1979; Smoot 1985; Evert et al. 1989; van Bel 1999; Cooke
et al. 2000; Raven 2003; Dong et al. 2004; Halarewicz and Gabrys 2012), and higher
vascular plants (Glockmann and Kollmann 1996; Cook and Graham 1999; van Bel
1999; Beck 2010).

1.3.2.1 Plasmodesmata

The lowest common denominator of the symplasmic contacts in all eukaryonts and
some prokaryotes is cytoplasmic channel of 20-30 nm in diameter, with the excep-
tion of narrower gap junctions in animals and microplasmodesmata in Cyanophyta
(Table 1.1). Since the discovery of tunneling nanotubes is fairly recent, comprehen-
sive study is still to come. Only then will comparative analysis of cell-to-cell
connections throughout the kingdoms become meaningful. For now, one may con-
clude that the appearance of complex structures in the channels connecting cells is
unique to the plants. The desmotubule and the ability to form de novo secondary
plasmodesmata are of particular interest here.
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Table 1.5 Symplasmic pathway in lower vascular plants

Plasmodesmata Conducting cells
Structural ~ Functional Functional
Kingdom Phylum aspects aspects Structural aspects aspects
Plantaec  Lycopodiophyta Primary PD Long, narrow sieve cells, Adjoining
nuclear remnants, no parenchyma
vacuole, mitochondria cells linked
and plastids, tubular by numerous
network of ER, no PD

difference between
pore sizes in end and
lateral walls

Polypodiophyta Primary PD Sieve cells with nuclear ~ Adjoining
remnants, no vacuole, parenchyma
smooth ER, mitochon- cells linked
dria, lack of plastid by numerous
grana in some species, PD

no difference between
pore sizes in end and
lateral walls, consider-
able variation in the
size of cytoplasmic
connections among
different fern species
(0.06-0.7 pm)

The desmotubule was reported as a plasmodesma constituent for vascular plants
(Cook et al. 1997; Table 1.4). However, some authors reported the presence of ER
protrusions into plasmodesmata in the less evolutionarily advanced plants,
Phaeophyta, Chlorophyta, and Charophyta (Cook and Graham 1999; Table 1.3).
Interestingly, desmotubule was found in one division of the fungi, the Ascomycota
(Marchant 1976; Table 1.2). It is, however, generally accepted that the desmotubule
is an “invention” of vascular plants; similarly, the ability to form de novo secondary
plasmodesmata seems to have developed in higher plants (Table 1.6). Cooke et al.
(2000) went even as far as to propose that this trait is limited to angiosperms.
However, one should note two reports (Wetherbee et al. 1984; Franceschi et al.
1994) that some Charophyta and Rhodophyta divisions are also able to form sec-
ondary plasmodesmata. For a thorough discussion on secondary plasmodesmata
formation in nonvascular plants, the reader is referred to the review of Kwiatkowska
(1999). Although over a decade old, it is, to my knowledge, the most recent compre-
hensive analysis on the subject. Also, one should note that secondary plasmodes-
mata are formed in gymnosperms, at least in conifers. Bearing in mind that in
conifers the sieve cells and Strasburger cells do not originate from common mother
cells as do sieve elements and companion cells in angiosperms (van Bel 1999),
plasmodesmata linking the sieve cells and the Strasburger cells should by definition
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be treated as secondary ones. Additionally, since some conifer species can be
grafted, one should expect formation of secondary plasmodesmata between cells of
the scion and stock.

1.3.2.2 Conducting Elements

A spectacular evolution of the symplasm was limited to plants. It involved elonga-
tion of some cells and their specialization in transport of organic molecules at lon-
ger distances. Actually, also in the fungi divisions of Ascomycota and Basidiomycota,
where cells are separated by septa with septal central pores, a sort of long-distance
transport driven by cytoplasmic streaming (as in green algae) may function since
septal pore allows movement of cytoplasm and organelles (Miiller et al. 1999).
The septal pores resemble the pit plugs of red algae, apparently an example of con-
vergent evolution (Cook and Graham 1999). The symplasmic transport system
developed fully in vascular plants (Table 1.6). The increase of the size of land plants
according to the Cope’s rule stating that the average body size in a population tends
to increase over evolutionary time (after Enquist 2003) puts a strong selection pres-
sure on the development of efficient long-distance transport systems. In the case of
xylem, selection resulted in minimization of resistance within xylem vessels (ibid.)
by removing all their contents and widening the pores in transverse cell walls.
Apparently, the same concerned the sieve cells, since the general evolutionary trend
here was the elimination of organelles and cytoplasm content and the formation of
the sieve pores in transverse cell walls. Despite these similarities, a crucial differ-
ence between xylem vessels and sieve cells remained, since the latter are live cells
which greatly increases the resistance to flow. The reason for that could be that the
transport in sieve tubes is often against the air-soil water potential gradient; there-
fore, a positive water pressure must be imposed on the water column in the pipe.
Another plausible reason is that only living cells can offer efficient mechanisms of
defense against leakage of the precious in case of wounding or herbivore attack.
Indeed, another trend in the evolution of sieve cells was the development of such
defense mechanisms, e.g., callose accumulation at the sieve plate and other mecha-
nisms of sieve cells sealing.

1.4 What, How, and How Fast: Mechanisms
and Efficiency of Symplasmic Transport

1.4.1 What Is Transported in Symplasm?

Myriads of molecules are transported every second in a living plant. Roughly, they
can be divided into the low molecular weight and high molecular weight ones.
Inorganic ions and organic compounds of different nature of a mass below ca. 1 kDa
belong to the first class, while molecules of several kDa and heavier belong to the
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second one. In general, the transporting limit of plasmodesmata is called size exclu-
sion limit (SEL), which usually is ca. 900 Da (Crawford and Zambryski 1999).
Actually, the better measure is a molecule’s Stokes radius, i.e., the radius of a sphere
whose hydrodynamic properties mimic those of the molecule. Some other restric-
tions are related to the physicochemical properties of the molecules to be transported.
Thus, several types of molecules are not transported through plasmodesmata, like
auxins (Drake and Carr 1978), small hydrophilic molecules of charge in range —4 to
—2; molecules containing either Phe, Try, Met, or His groups (Tucker and Tucker
1993); and aromatic amino acids (Tucker 1982; Erwee and Goodwin 1984). One
should note, however, some discrepancies concerning the transport of aromatic amino
acids either polar or hydrophobic types (Terry and Robards 1987). Possible, plasmo-
desmata from different tissues differ in their properties (see below, Sect. 1.5.1).

SEL may change under some circumstances to allow transport of high molecular
weight molecules through plasmodesmata. Proteins and nucleic acids, as well as
bigger complexes, as viruses are now known to be transported in plants through
plasmodesmata (Lucas et al. 2009; Maule et al. 2011; Xu and Jackson 2010). For
details the reader is referred to Chap. 7. Here, however, it is worth noting that even
whole organelles seem to be transported in symplasm, at least through plasmodes-
mata. Recently, two laboratories independently have presented evidence for the
cell-to-cell movement of an entire plastid genome from one plant to another, pos-
sibly in an intact organelle (Stegemann et al. 2012; Thyssen et al. 2012). This find-
ing explains former observations of horizontal gene transfer between stock and graft
in some grafting experiments (Stegemann and Bock 2009; Talianova and Janousek
2011). Transfer of entire organelles between cells is possible in fungi, nonvascular
plants, and lower vascular plants (Tables 1.2, 1.3, and 1.4). The possibility of move-
ment of plastids and mitochondria opens a new area of research on the mechanism
of transport of such big organelles. The finding is also intriguing in the context of
discussion on the role of horizontal gene transfer in plant evolution as well as its
consequences for the safety of GMO in environment.

In the phloem, sucrose and other oligosaccharides are main solutes at concentra-
tions depending on the phloem loading mode (see Chap. 5), while reducing carbohy-
drates, such as fructose, are absent (Kursanov 1984). Besides carbohydrates, amino
acids produced in leaves are transported from leaves to other organs as well (see
Chap. 6). The phloem sap also contains inorganic ions at pretty high concentrations,
except magnesium, calcium, and boron, which are practically absent (Marschner
et al. 1996; Brown and Hu 1996; Atkins 1999). It is worth noting that also heavy
metal ions of no apparent use to the plant can translocate through the phloem (for
review, see Antosiewicz et al. 2008). Phloem sap contains many other endogenous
substances, e.g., secondary metabolites of diverse biological activities such as alka-
loids (Kitamura et al. 1993), glucosinolates (Brudenell et al. 1999; Chen et al. 2001),
hormones (gibberellins) (Hoad et al. 1993), ABA (Zhong et al. 1996), and precursor
of ethylene ACC (Morris and Larcombe 1995). Also auxins and cytokinins are
detected in the phloem sap at concentrations sufficient for their biological activity
(Baker 2000a, b), even though auxins are generally transported in the cell-to-cell
manner outside the vascular systems and cytokinins are synthesized in roots. Also
diverse important constituents of the phloem sap are proteins and nucleic acids.


http://dx.doi.org/10.1007/978-1-4614-7765-5_7
http://dx.doi.org/10.1007/978-1-4614-7765-5_5
http://dx.doi.org/10.1007/978-1-4614-7765-5_6
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Apart from endogenous substances, phloem translocates also foreign molecules
of neutral or negative influence on plant, such as many xenobiotics of herbicide
activity (for review, see Brudenell et al. 1995). They are loaded into phloem by
carrier-mediated mechanism (Delétage-Grandon et al. 2001) or by diffusion through
plasmalemma depending on the physicochemical and structural properties of a
given herbicide. Thus, e.g., the non-ionized, monobasic weak acids diffuse easily
(Bromilow and Chamberlain 2000). Phloem is also the route of dispersal of viroids
(Palukaitis 1987; Zhu et al. 2002), viruses (Esau 1956; Lucas 2006), and bacteria
(Rudzinska-Langwald and Kamiriska 1999; Moran 2001). The illustration of bacte-
ria presence in sieve tubes is shown on Fig. 1.1. Thus, in addition to its crucial role
in the transport and distribution of photosynthates and in systemic signaling, phloem
is also plant’s Achilles’ heel, since it allows invasion by pathogens as well as facili-
tates the action of herbicides.

1.4.2 Mechanisms of Symplasmic Transport

As already mentioned, most of the transport in plants take place in the symplasm.
Three main transport mechanisms have been proposed to explain the movement of
molecules in the symplasm: diffusion, cytoplasmic streaming, and mass (bulk) flow.
Diffusion is a motion of molecules in a solvent (fluid, gas) according to concentra-
tion gradient and is required for numerous cellular processes (Verkman 2002).
Cytoplasmic streaming has been classified in physical terms as a form of convection
(Pickard 2003), i.e., a movement of distinct zones of fluid. However, the term
“advection” seems to be more proper for cytoplasmic streaming (Verchot-Lubicz
and Goldstein 2010). Advection is a transport mechanism of a dispersed substance
(molecules, particles, etc.) by a fluid due to the fluid’s bulk motion. Formally, the
term convection is used to refer to the sum of advective and diffusive transfer. The
third mechanism could be defined as the movement of a solute molecule together
with solvent molecules according to the gradient of a physical force (e.g., water
pressure gradient). All three mechanisms have been the subject of numerous, both
experimental and theoretical, modeling.

1.4.2.1 Diffusion

Diffusion is assumed to be an important mechanism for intra- and intercellular
movement of solutes. According to Tucker (1990), cell and plasmodesmata should
be treated as separate diffusion systems. As measured in vivo, the velocity of dif-
fusion through plasmodesmata is in the range of 2.8—17 pm s™! (after Anisimov
and Egorov 2002), while between cells in a file only 1.1-8.5 pm s~! (Rutschow
et al. 2011 and citations there). The diffusion coefficient calculated for plasmo-
desmata (ibid.) was 2-20 times higher than across the corresponding cell walls
(Kramer et al. 2007). Both studies measured the transport of carboxyfluorescein
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Fig. 1.1 Bacteria (spheroidal
structures) in immature sieve
tubes of shoot apex of
Catharanthus roseus plants,
bar = 2um (Courtesy of Dr.
Anna Rudzinska-Langwald,
Department of Botany,
Faculty of Agriculture,
Warsaw Agricultural
University)

(CF) in Arabidopsis roots. Additionally, apoplasmic transport may be limited by
the kinetic properties of a given carrier (affinity, capacity). A comparison of rates
of symplasmic and apoplasmic modes of transport (Patrick and Offler 1996)
showed an even bigger advantage of symplasmic transport, possibly related to a
membrane transport component. Hence, symplasmic transport by means of
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diffusion between cells seems to be the most efficient mode of transport.
Some authors postulated, however, that transport through plasmodesmata occurs
by means of mass flow (Patrick and Offler 1996; Voitsekhovskaja et al. 2006)
involving a parallel flow of solvent and solutes. This would require permanent
flow of water through plasmodesmata.

Diffusion has some limitations as a mechanism of solute movement in the cyto-
plasm. They are related to fluid-phase viscosity, interactions of the solute molecules
with other components of the cytoplasm, and the resistance of the diffusion medium
due to accumulation of intracellular components, i.e., molecular crowding (Verkman
2002). The effect of fluid-phase viscosity on solute diffusion in the cytoplasm is
neglected by some authors (Fushimi and Verkman 1991; Luby-Phelps et al. 1993)
showing experimentally that the viscosity of the cytoplasm is just 10-30 % higher
than that of water. On the other hand, in vivo measurements of GFP (27 kDa) move-
ment in Escherichia coli cells found cytoplasm ten times more viscous than water
(Sear 2005). Also the binding of solute molecules to other components of the cyto-
plasm seems to have little impact on diffusion (Verkman 2002); one should note,
however, that this conclusion was arrived at the basis of measurements for a fluores-
cent probe; BCECF and the binding effect for endogenous molecules of different
character could be more pronounced. The strongest negative effect on diffusion was
related to the crowding, for both small solutes and macromolecules (ibid.). Some
other limitations for diffusion as the means of solute transport in the cytoplasm
came from theoretical considerations regarding the nature of diffusion (Pickard
2003). An example is the randomness of diffusion which makes directional trans-
port of rare metabolites highly inefficient (ibid.). Also diffusion through plasmodes-
mata has its limits (Sowiriski et al. 2008) due to the transport channels being not
much wider than the Stokes radii of the solutes (Cui 2005; Liu et al. 2004), the tor-
tuosity of these channels (Malek and Coppens 2003), and binding of solutes by the
channel walls (Cui 2005; Valiullin et al. 2004). The constraints to molecule diffu-
sion in plasmodesmata are shown on Fig. 1.2.

One should note, however, that our knowledge on the architecture of such deli-
cate structures as plasmodesmata seems to be far from complete, so the modeling of
solute flow along these structures can only suggest new research approaches rather
than unequivocally explain the mechanism of flow transport.

1.4.2.2 Cytoplasmic Streaming

Most of the aforementioned problems concerning diffusion in the cytoplasm do not
apply if one considers the role of cytoplasmic streaming in moving the cytoplasm
components (Pickard 2003). Cytoplasmic streaming takes different shapes: unidi-
rectional, circular, fountain, or rotational (Fig. 1.3). The velocity of cytoplasmic
streaming was studied mostly in the alga Chara sp. because of its large cells. The
use of different methods including direct observations under light microscope
(Kamiya 1959) and modern, sophisticated methods as laser-Doppler velocimetry
(Ackers et al. 1994) and magnetic resonance velocimetry (van de Meent et al. 2010)
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Fickian diffusion
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Fig. 1.2 Types of diffusion in narrow tubes. (i) Fickian diffusion (no constriction to diffusion),
pore diameter is over 10 times more than that of transported molecule, (ii) Knudsen’s diffusion
(constriction to diffusion due to molecule collisions with pore walls), (iii) surface diffusion (con-
striction to diffusion due to molecule adhesion with pore walls), pore to molecule diameter 2—10,
and (iv) single-file diffusion (the strongest constriction to diffusion), pore diameter smaller than
two molecular diameters. r, pore radius, rs; Stoke’s radius of transported molecule (Courtesy of
Dr. Jarostaw Szczepanik, Department of Plant Molecular Ecophysiology, Institute of Plant
Experimental Biology and Biotechnology, Faculty of Biology, University of Warsaw)

showed that the velocity of cytoplasmic streaming in internodal cells is rather high,
in the range of 40—100 pm s~'. A similar high speed of cytoplasmic streaming was
also observed in the plasmodia of myxomycetes, another classic material for study-
ing of the phenomenon (Kamiya 1981). In contrast, the velocity of cytoplasmic
streaming in higher plants was reported as severalfold lower than in Charophyta
(Kamiya 1959).

Cytoplasmic streaming seems to be driven indirectly by organelles and diverse
vesicles bound to myosin sliding along actin microfilaments (Shimmen and Yokota
2004). The streaming of the cytoplasm speeds up distribution of solutes along the
cell immensely. In a recent review on the topic (Verchot-Lubicz and Goldstein
2010), the authors noticed that fluid would move across a giant Chara cell in 17 min
by means of cytoplasmic streaming but would require almost 3 months to achieve it
by diffusion. Cytoplasmic streaming as a transport mechanism has its own limita-
tions, however. Since cytoplasm is a medium of rather high viscosity and low
Reynolds number, laminar flow takes place instead of turbulent flow typical for
media of high Reynolds numbers. A consequence of laminar flow is little mixing of
the medium layers. Thus, for efficient pole-to-pole delivery of solutes and vesicles
in the cell, cytoplasmic streaming and diffusion mechanisms should work in
concert.

Cytoplasmic streaming is commonly assumed to be limited to intracellular trans-
port. One should note, however, that it could also participate in long-distance trans-
port in some organisms (Tables 1.2 and 1.3), i.e., Basidiomycota, Ascomycota fungi,
and Charophyta and Chlorophyta algae. In these organisms, cytoplasmic streaming
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Fig. 1.3 Different shapes of cytoplasmic streaming. Rotational and circular cytoplasmic streaming
typical for plant cells. Fountain and unidirectional cytoplasmic streaming typical for fungi hyphae
(Courtesy of Dr. Jarostaw Szczepanik, Department of Plant Molecular Ecophysiology, Institute of
Plant Experimental Biology and Biotechnology, Faculty of Biology, University of Warsaw)

may participate in long-distance transport of solutes, vesicles, and even organelles.
In higher plants, cytoplasmic streaming was postulated to occur also in the phloem
(Jedd and Chua 2002) to explain the observed movement in sieve tubes. However,
the mechanism of such a movement would be difficult to conceive since sieve ele-
ments lack a cytoskeleton (van Bel and Knoblauch 2000).

1.4.2.3 Mass Flow

The phloem translocation in higher vascular plants is highly effective. The high
velocity of phloem transport has fascinated researchers since the rise of plant physi-
ology. Diverse methods were used to measure it, including calculation of linear
speed based on estimates of mass transfer between source and sink (Zimmermann
1974) or the rate of phloem sap leakage from sieve tubes (Mittler 1957), direct
in vivo measurements of transport speed of photosynthates labeled with radioactive
carbon isotopes, ''C (Fensom et al. 1977; Magnuson et al. 1982; Jahnke et al. 1998)
or '“C (Sowiriski et al. 1990, 2007; Black et al. 2012), as well as of the water flow
along phloem measured by means of NMR (Rokitta et al. 1999). The velocity of
phloem transport may reach 1 m h! (ca., 300 pm s™') or even more. Thus, it exceeds
maximal values of velocity of cytoplasmic streaming (up to 100 pm s™') and diffu-
sion (up to 10 pm s7') 3 and 30 times, respectively. To underline the efficiency of
phloem translocation, Sj6lund (1997) has expressively compared the phloem sap
flow in sieve tubes to a river of 20 m wide flowing at speed 400 km h~'. However, a
comparison of sieve tubes with animal blood vessels of a similar diameter seems
more informative. Velocity of blood flow in conjunctival vessels 20—50 pm in diam-
eter was 300-1,500 um s™' (Mayrovitz et al. 1981), i.e., very close to the linear
speed of translocation in 20 pm sieve tubes. Thus, despite the distinct mechanism
that drives the fluid in sieve tubes of higher plants (no mechanical pumps) as well as
the different nature of the vein (transport inside the cell files), the efficiency of the
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transport system in supporting sink organs often tens of meters away from the
source leaf with photosynthates and other organic compounds is as high as in verte-
brates; a highly effective system of transporting molecules throughout the body was
pivotal in allowing plants to colonize land.

The long-distance transport in the phloem is driven by pressure flow. This simple
statement by Miinch (1930) used to be challenged periodically by many during the
last 100 years (see above, Sect. 1.2) but has finally been accepted. Pressure flow is
the effect of a water pressure gradient between the source (adult leaves in most
cases) and sinks (other organs), caused mainly by two processes, phloem loading in
collection phloem and phloem unloading in release phloem, the former responsible
for the delivery of carbohydrates into and the latter out of sieve tubes. Carbohydrates
are osmotically active; thus, in the phloem loading zone, water is sucked into sieve
tubes, either by osmosis or through aquaporins, building up the water pressure
inside the sieve tube. In the phloem unloading zone, the opposite process takes
place. The resulting gradient of water pressure drives the phloem sap flow in sieve
tubes along the plant. It is worth noting that the osmotic potential of the phloem sap
may depend not only on sucrose concentration but also to level of potassium ions
(Grange and Peel 1978; Lang 1983). The mechanism described above assumes a
passive role of sieve tubes in long-distance transport. Actually, sieve tubes do par-
ticipate in the transport albeit indirectly, by reloading the sucrose leaking from the
sieve tubes in transport phloem (Minchin et al. 1984; Minchin and Thorpe 1987,
van Bel 2003; Ayre 2011).

The above mechanism describes well the long-distance transport of solutes of
low molecular weight. However, phloem transport of macromolecules such as
proteins and nucleic acids seems to be different from the former, since endoge-
nous macromolecules are often targeted to a given organ or tissue, while the mass
flow mechanism assumes an even distribution of phloem sap to sinks depending
only on a sink’s strength. The destination-selective movement of CmPP16
(Cucurbita maxima phloem protein 16) into roots (Aoki et al. 2005) and directed
transport of PSTVd (potato spindle tuber viroid) into sepals (Zhu et al. 2002) are
both examples of macromolecule long-distance transport which, at first sight, can-
not be explained in terms of the mass flow mechanism. The simplest explanation
is that unloading of some macromolecules in sink tissues could be strictly con-
trolled (Chen and Kim 2006). It is also possible that sieve tubes are not continuous
files of sieve elements but rather a series of sieve tubes divided by zones of unload-
ing and reloading into subsequent sieve tube. These zones could serve as control
points to redirect some macromolecules. The idea that sieve tubes could be dis-
continued at some regions came from modeling. Theoretical considerations dem-
onstrated that sieve tubes longer than several meters could not support the observed
flow rates. To overcome the problem, Lang (1979) proposed that long-distance
transport goes along a series of shorter sieve tube files. The idea was revitalized
recently (Thompson and Holbrook 2003) basing on theoretical considerations.
The very existence of discontinuous sieve tubes has not been verified experimen-
tally, but their possible biological importance is unquestionable in the light of
destination-selective long-distance transport of macromolecules. One may
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hypothesize that zones of phloem unloading/reloading could serve as transshipment
stations redirecting macromolecules to their individual destinations.

1.5 Short-Distance Symplasmic Transport
in Selected Plant Tissues

The cell-to-cell symplasmic transport is commonly assumed to be strictly local,
with any transport at distances exceeding a pair of cells being only possible through
sieve tubes. There are, however, many examples of tissues where symplasmic
transport covers the distance of several or even more cells without participation of
sieve tubes and therefore could justifiably be dubbed short-distance transport and
its specific mechanisms. As it was discussed above (see Sect. 1.4.2.3), the diffusive
cell-to-cell transport is much less effective than the mass flow in sieve tubes.
Therefore, the question arises on the adaptations of some tissues to short-distance
transport. Three cases of tissues employing the short-distance transport are pre-
sented below shortly: secretory structures, the photosynthate path to the vein in C4
plants, and paraveinal mesophyll. Separate chapters consider symplasmic com-
munication functioning in xylem rays (Chap. 4) as well as phloem loading and
unloading (Chap. 5).

1.5.1 External Secretory Structures

Plants secrete diverse substances outside their body. This may simply be a means of
dealing with unfavorable external conditions, as when salt is excreted by plants
growing on salt marshes, but often is an important aspect of normal physiology, as
in examples below. Owing to their toxicity, some secreted substances may be
involved in the protection against herbivores (Adler 2000). Other compounds are
attractive for pollinators or protecting insects such as ants (Wist and Davis 2006).
To secrete these substances, plants have evolved specialized structures —salt glands,
salt trichomes, and glandular trichomes. Also staminal hairs may secrete attractive
substances apart from other functions they play (Naidoo et al. 2011). All these
secretory organs of different structure (Beck 2010) carry out intensive transport,
often of symplasmic character. The unique properties of the secretory structures as
a model for symplasmic transport studies have been appreciated by many authors
(for review, see Waigmann and Zambryski 2000). These structures are easy to han-
dle, including preparation, in vivo observations, and microinjection. Hence, a major
part of our current knowledge on the topic has come from research on secretory
structures.

Salt glands, best known in Tamarisk aphylla, are borne on leaves and stems and
sunken in the epidermis. They consist of large secretory cells attached to basal col-
lecting cells (Beck 2010). Since the salt glands are covered by a cutinized cell wall,
salt has to be transported from the mesophyll to collecting cells symplasmically.
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The further transport to the secretory cell is by the same mode (ibid.). Salt secretion
to the apoplasm and thus outside the leaf is enabled by secretory cell ingrowth, typi-
cal for transfer cells (ibid.). Salt trichomes sit on buds, young green stems, and
leaves in many species of Atriplex (Smaoui et al. 2011). A salt trichome consists of
stalk cells embedded in epidermal cells and a large bladder cell. The latter accumu-
lates salt in the central vacuole and releases its content by cell rupture, not by secre-
tion into the apoplasm as is the case with salt glands (ibid.). The salt accumulation
in secretory cells seems to be supported by an active salt-concentration step possi-
bly performed by the tonoplast (Echeverria 2000). Participation of endocytosis and
release of the vesicle content to the vacuole has been suggested recently as well
(Smaoui et al. 2011). The difference in the salt release mechanism between salt
glands and salt trichomes notwithstanding the mode of salt transport into and
throughout the secretory structure of both types is symplasmic. This mode of trans-
port is imposed by the highly cutinized cell walls separating the gland from the
epidermis and mesophyll (Beck 2010).

Nectary trichomes represent another type of secretory glands. Nectaries are
highly variable in morphology, position on the plant body, and the role they play.
The transport of pre-nectar to the nectaries may be apoplasmic (eccrinous), like
in the floral nectaries of Digitalis purpurea, rather large structures of 40-50 cells
containing phloem unloaded apoplasmically (Gaffal et al. 2007) or symplasmic
(granulocrinous) (ibid.) like in nectary trichomes where symplasmic transport
dominates (for review, see Waigmann and Zambryski 2000). In nectary tri-
chomes, several adaptations are observed likely to facilitate efficient symplas-
mic transport, including a high abundance of plasmodesmata linking the cells,
from the basal, through stalk to secretory ones (ibid.). The high plasmodesmal
frequency found in leaf trichomes of different types might be related to the for-
mation of secondary plasmodesmata, as found for leaf trichomes in tobacco dur-
ing the sink/source transition (Roberts et al. 2001). Thus, the high density of
plasmodesmata seems to be the most important feature of tissues carrying out
intensive symplasmic transport. It is in line with theoretical considerations on
the mechanism of control of phloem unloading in sinks (Patrick 1997), which
indicate that the number of plasmodesmata is the determinant of efficiency of
symplasmic transport.

Another example of secretory structures where symplasmic transport was stud-
ied thoroughly is the staminal hair of Setcreasea purpurea (Tucker 1982, 1987,
Tucker et al. 1989; Tucker and Tucker 1993). Staminal hairs are filamentous files
of cells differing in length, shape, and other anatomical traits; they aid pollination
by attracting pollinators visually or chemically, by excretion of attractants. Studies
on the staminal hairs of S. purpurea showed that the main mode of transport of low
molecular weight solutes through plasmodesmata is diffusion (Tucker et al. 1989)
and cytoplasmic streaming plays no role in cell-to-cell transport (Tucker 1987).
The data regarding symplasmic transport obtained by studying staminal hairs
should not be viewed as representative for other secretory structures, as they differ
from each other in many important details. The diffusion coefficient for movement
through plasmodesmata in staminal hairs was found not to depend on the direction
(Tucker et al. 1989). However, unidirectional transport from leaf cells to the
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trichome and from the basal trichome cell to the distal cell was observed, respectively,
in Abutilon nectaries (Terry and Robards 1987) and tobacco trichomes (Christensen
et al. 2009). This shows that secretory structures may differ in the mechanism of
transport and/or its regulation. Another example of a specific symplasmic trans-
port mechanism in secretory structures is the cell-to-cell transport with participa-
tion of desmotubules in cotton extrafloral nectary trichomes (Waigmann et al.
1997). This is one of the several examples of “open” desmotubules countering the
claim of numerous authors, founded on their observations, that the desmotubules
are static, appressed structures not engaged for transport through the plasmodesma
(Gunning and Overall 1983; Tilney et al. 1991; Botha et al. 1993; Overall and
Blackman 1996; Ding 1998). In that context, one should mention the discovery of
Lazzaro and Thomson (1996) on a vacuolar-tubular continuum from base to tip of
chickpea trichomes. According to those authors, the vacuolar-tubular continuum
could represent the path for solute diffusion through plasmodesmata via a channel
in the center of the axial component. In the light of the above observations, it
seems likely that the desmotubule could act as a pathway for low molecular weight
solutes, at least in some types of secretory structures. Far from being uniform,
plasmodesmata exhibit features unique to only a certain type of secretory struc-
tures. For instance, the plasmodesmata linking cells of staminal hairs do not trans-
port aromatic amino acids and are even blocked by them (Tucker 1982), while
their transport through nectary plasmodesmata is efficient (Terry and Robards
1987). Trichome plasmodesmata in Nicotiana clevelandii differ much in ultra-
structure (Waigmann et al. 1997) and protein transport ability (Waigmann and
Zambryski 1995) from those in the mesophyll. These data show that the only
common feature of secretory structures of different types specialized in efficient
symplasmic transport is just a high frequency of plasmodesmata, while other
may differ.

1.5.2 Photosynthate Path to Vein in C4 Plants

The C4 pathway enhances photosynthetic efficiency, particularly under conditions
promoting closing of stomata, i.e., in open, dry, and hot habitats, when both low
internal carbon dioxide concentration and high temperature would promote photo-
respiration in C3 plants (Pearcy and Ehleringer 1984; Sage and Pearcy 2000). This
is realized by increasing CO, concentration at the site of the dual-activity enzyme
ribulose-1,5-bisphosphate carboxylase/oxygenase, which tips the balance between
ribulose-1,5-bisphosphate carboxylation and oxygenation in favor of the former.
The C4 pathway is distributed between two types of cells: Kranz mesophyll (KMS)
and chlorenchymatous bundle sheath (BS). The former tissue is the site of primary
carbon assimilation (PCA) and the latter of primary carbon reduction (PCR). PCA
is the carboxylation of phosphoenolpyruvate catalyzed by phosphoenolpyruvate
carboxylase resulting in the formation of C4 organic acids. These acids are then
decarboxylated, and the released CO, is consumed again by RuBisCO, both
reactions in BS cells, thereby introducing carbon to the Calvin cycle (Furbank and
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Foyer 1988). The apparently futile cycle of carboxylation-decarboxylation split
between KMS and BS cells is the crucial component of the C4 mode as it allows
building in BS cells CO, concentration severalfold higher than the ambient one. To
aid the metabolic “pumping” of CO, into BS cells, specialized physical barriers
prevent its leakage from the BS. This is achieved by either suberinization of the BS
cell walls or maximizing the distance between the KMS and BS chloroplasts
(Leegood 2000). There are three main subtypes of C4 photosynthesis: NADP-ME
and NAD in dicots and monocots and PEP-CK, only in monocots. Their names
derive from the type of enzyme catalyzing malate decarboxylation. For details, the
reader should consult other reviews (Furbank and Foyer 1988; Leegood 2000; Sage
and Pearcy 2000; Griffiths et al. 2013).

The basic architecture of KMS and BS tissues in relation to each other is rather
simple: the two photosynthetic tissues form concentric cylinders —the bundle sheath
is located around the veins and is then encircled by a layer of Kranz mesophyll cells
(Botha 2005). In some species, an additional layer of mestome sheath can be located
between the bundle sheath layer and the vein (ibid.). Beside its role in C4 photosyn-
thesis, such tissue architecture aids efficient exchange of photosynthetic intermedi-
ates between KMS and BS cells as well as facilitates the delivery of sucrose to
companion cell/sieve element complex. Here, the Haberlandt’s principle of expedi-
tious translocation is realized as the transport of synthetic product follows the short-
est and most efficient route (after Cittadino 1990).

The transport of C4 intermediates is likely to proceed exclusively through the
numerous plasmodesmata crossing the KMS/BS cell interface, since the suberin
lamellae often (but not always) decorating the cell walls of BS cells in C4 plants
should exclude the apoplasmic mode of transport (Hattersley 1987; Hattersley and
Browning 1981, but see Eastman et al. 1988a, b). These plasmodesmata are often
simple ones, grouped in pit fields. The KMS/BS plasmodesmata in C4 plants are
generally more numerous than their analogues in C3 plants (Botha 1992; Botha
and van Bel 1992; Cooke et al. 2000), which positively correlates with the high
photosynthesis rate of C4 plants (Botha 1992). Some authors insist that the KMS/
BS plasmodesmata are of secondary origin since these two types of cells represent
distinct lineages (Dengler and Taylor 2000). Cooke et al. (2000) even argued that
the evolution of the C4 type of photosynthesis was only possible in angiosperms
because of their unique ability to form secondary plasmodesmata (however, for
arguments for secondary plasmodesmata formation in gymnosperms, see above,
Sect. 1.3). Others (Botha 2005), however, pointed out that the KMS/BS plasmo-
desmata are only secondarily modified ones. The frequency of the KMS/BS plas-
modesmata in C4 plants shows some adaptability, correlating positively with the
demand for more efficient transport through the cell interface: it increases when
plants are grown at high light intensities (Sowiriski et al. 2007) and at low tem-
peratures (Sowinski et al. 2003). Regardless of the mechanism of formation of
KMS/BS plasmodesmata in C4 plants, the high frequency of these plasmodesmata
seems to be the determining factor of the high fluxes of photosynthates through
the corresponding cell interface and hence the high photosynthetic rate observed
in C4 plants.
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For decades, simple diffusion was widely accepted as the mode of transport of
photosynthetic intermediates through the KMS/BS plasmodesmata. This mecha-
nism was recently questioned on theoretical grounds as not efficient enough for the
observed transport fluxes (Sowinski et al. 2008) through the cell interface. Simple
calculations using experimentally derived parameters, such as solute concentrations
and plasmodesma frequency and dimensions, gave maximal allowable flow rates
orders of magnitude below the real ones. Paradoxically, none of the possible alter-
native transport mechanisms (ibid.), apoplasmic, vesicular, or bulk flow within the
vacuome (see Sect. 1.2, above), have been found to be involved in the exchange of
photosynthetic intermediates between KMS and BS cells (Szczepanik and Sowiriski,
unpublished data). This discrepancy indicates that some as yet unknown factors
must be in action. One possibility is that the diffusive transport through the KMS/
BS interface is facilitated by local accumulation of the photosynthetic intermediates
near the pit fields. A possible role of peripheral reticulum concentrated in chloro-
plast protrusions in directing photosynthates toward plasmodesmata was discussed
already by Kursanov (1984). Alternatively, the transport could be powered by
superdiffusion involving active cellular processes. A conveyer-belt-like movement
of the ER membrane along the plasmodesmata and cytoskeleton elements could
enhance the cell-to-cell transport (Roberts 2005). In that context, one should note a
recent report of Kramer et al. (2007) who found cell-to-cell movement of low
molecular weight solutes much faster than estimated before. Apparently, our under-
standing of the mechanism of transport through plasmodesmata is far from
comprehensive.

The KMS/BS plasmodesmata apparently do not stand out in functional proper-
ties, as their SEL is around 850 Da (Weiner et al. 1988), similar to other plasmodes-
mata. They often have sphincters located at neck regions (Evert et al. 1977; Olesen
1979; Robinson-Beers and Evert 1991; Botha 2005; Sowinski et al. 2007). The
sphincters can be located externally or internally of the plasmodesma at either one
or both sides. Their role is not clear since relevant experimental data are scarce.
A role has been reported for external sphincters in Betula pubescens where their
strong swelling led to the inactivation of shoot apical meristem by abrogation of
cell-to-cell communication (Rinne and van der Schoot 1998). Swelling of internal
sphincters at the KMS/BS boundary in cold-treated maize was accompanied by a
decrease of photosynthetic rate and less efficient transfer of '“C-photosynthates to
the phloem (Bilska and Sowirski 2010). That was is in line with the theoretical
considerations of Anisimov and Egorov (2002) who proposed that the degree of
neck region opening determines the flow rate of molecules through plasmodesmata.
Also, Botha (2005) was of the opinion that internal sphincters were responsible for
controlling the flow rates through the KMS/BS cell interface. More experimental
data are badly needed to fully uncover the role of sphincters in the regulation of
exchange of C4 photosynthetic intermediates between the KMS and BS cells.

The pre-phloem loading transport of sucrose in C4 plants is also symplasmic and
comprises the route from the site of its synthesis, KMS, through BS to the vascular
parenchyma (VP) cells. The BS/VP plasmodesmata are less numerous than the
KMS/BS ones (Botha 1992; Botha and van Bel 1992; Sowinski et al. 2007).
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They seem to be of secondary origin as these cells develop from distinct lineages
(Dengler and Taylor 2000) and their frequency increases with the growth light
intensity (Sowinski et al. 2007). Studies on the SXD1 maize mutant showed that the
BS/VP plasmodesmata may play a crucial role in the export of photosynthates from
leaves (Russin et al. 1996; Botha et al. 2000). The mutant shows excessive accumu-
lation of sucrose and starch in leaf blades accompanied by reduction of phloem
export and has abnormal ultrastructure of BS/VP plasmodesmata (Russin et al.
1996). The observed cessation of symplasmic transport from the bundle sheath cells
to the vascular parenchyma was most probably caused by accumulation of callose
at the cell interface (Botha et al. 2000). Further studies showed that the SXD/ gene
encodes a protein involved in chloroplast-to-nucleus signaling (Provencher et al.
2001) and is a homolog of VTE1, whose mutation in Arabidopsis and Synechocystis
(Porfirova et al. 2002; Sattler et al. 2003) results in tocopherol deficiency. An
impairment of photosynthate export due to RNAi-induced tocopherol deficiency
was also found in potato (Hofius et al. 2004). The VTE] mutation in Arabidopsis led
to the reduction of photoassimilate export as well, but only at low temperature
(Maeda et al. 2006). This is in line with the hypothesis that ROS accumulation (here
caused by tocopherol deficiency in the SXD/ or VTEI mutants) could activate sig-
naling pathways leading to the closure of plasmodesmata (Benitez-Alfonso et al.
2011). In the context of C4 photosynthesis regulation, it also shows that photosyn-
thetic processes could control the export of photosynthates by modulating of the
properties of symplasmic pathway.

The last stage of pre-phloem transport is the uptake of sucrose into sieve tubes. In
dicots, the vein ultrastructure has been classified by Gamalei (1989) as type 2c (low
plasmodesmata frequency at the parenchyma/companion cell interface, high plas-
modesmata frequency at the mesophyll/bundle sheath interface) evolved from type
2a (low plasmodesmata frequency at the parenchyma/companion cell interface) in
response to dry environment. However, most data on phloem loading come from
study on dicots, while C4 grasses and in fact all monocots were neglected in consid-
erations on the evolution of the phloem loading mode. In grasses, two forms of sieve
tubes can be distinguished in small and intermediate veins, i.e., those involved in
phloem loading (Evert et al. 1996): thick-walled sieve tubes and thin-walled sieve
tubes (Evert et al. 1978; Botha 1992; Botha and van Bel 1992). The thick-walled
sieve tubes adjoin VP cells and are often connected to them by plasmodesmata,
which suggests symplasmic contact. However, the functions of the thick-walled
sieve tubes are not clear yet; possibly they are not involved in long-distance transport
(Fritz et al. 1983) and are less functional than thin-walled tubes (Matsiliza and Botha
2002). The thin-walled sieve tubes adjoin companion cells. The phloem loading of
sucrose in C4 plants seems to be apoplasmic, although some reports showed sym-
plasmic continuity between parenchyma and companion cells, at least in C4 grasses
(Botha 1992; Sowiriski et al. 2001, 2003). This would allow symplasmic phloem
loading, provided the plasmodesmata linking vascular parenchyma and companion
cells are functional. Direct observations of symplasmic movement of fluorescent
dyes to the sieve tube/companion cell complex are lacking in C4 plants. However, in
barley, a C3 grass, the companion cell/sieve element complex in the third leaf was
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shown not to be symplasmically isolated in some regions (Haupt et al. 2001).
We have found recently in Zea mays spp. indentata (Bilska and Sowiriski, unpub-
lished data) that the KMS, BS, and VP cells plasmolyzed at a higher sorbitol concen-
tration than did the companion cell/sieve element complex. Thus, in that maize
subspecies, the sucrose transport from mesophyll to vein possibly does not need to
go against a concentration gradient, similarly as in some species showing neither
apoplasmic nor polymer trapping phloem loading (Turgeon and Medville 1998). The
passive mode of symplasmic phloem loading has been shown to be associated with
the tree growth form (Davidson et al. 2011). It seems that under conditions favoring
photosynthesis in maize leaves, sucrose could be exported along its concentration
gradient (Troughton and Currie 1977; Sowiriski 1998). Hence, the hypothesis on the
participation of symplasmic transport in phloem loading in C4 grasses needs further
verification.

The mechanism of transport of C4 photosynthates and the export of sucrose from
leaves in C4 plants is of particular importance in the light of recent attempts to
introduce the C4 photosynthesis into C3 plants, since both the ultrastructure of the
leaf and the use of particular transport mode could be additional obstacles in that
effort (for review, see Langdale 2011).

1.5.3 Paraveinal Mesophyll

Paraveinal mesophyll (PVM) is a single-cell layer separating palisade and spongy
mesophyll in the plane of minor veins in several legume species. The term PVM
was coined by Fischer (1967) and is synonymous with the original Mittelschicht
designation introduced by Kopff (1892, after Rutten et al. 2003). In recent years
(Rutten et al. 2003; Leegood 2008), a related term EBS (extended bundle sheath) is
also used which underlies the origin of the tissue. In fact, EBS is not exactly the
same, since the former concerns a well-defined cell layer in legume species, while
the latter refers to a range of extensions of bundle sheath cells that are widespread
in nonlegume species as well (Rutten et al. 2003).

The paraveinal mesophyll is found mostly in Fabaceae (Fischer 1967; Brubaker
and Lersten 1995; Lansing and Franceschi 2000), but similar tissue has been reported
in other taxa as well (Kevekordes et al. 1988; Rutten et al. 2003). The anatomy,
ultrastructure, and physiological role of PVM were studied most thoroughly in the
soybean (Glycine max). PVM comprises large, branched cells forming a sort of a
flattened lattice (Franceschi and Giaquinta 1983a, b). During a plant’s development,
the PVM starts to differentiate before palisade mesophyll does (Liljebjelke and
Franceschi 1991). Mature PVM cells are highly vacuolated and contain dense cyto-
plasm rich in rough ER and dictyosomes but with few small chloroplasts with no
starch grains (Franceschi and Giaquinta 1983a). PVM cells are interconnected by
numerous simple plasmodesmata grouped in pit fields; they are also connected sym-
plasmically with neighboring bundle sheath, palisade, and spongy mesophyll cells
(Franceschi and Giaquinta 1983a, b; Lansing and Franceschi 2000).
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Several roles proposed for the PVM have been tested experimentally.
One hypothesis suggests that PVM accumulates proteins in vacuoles and is special-
ized in storage of nitrogenous compounds (Franceschi et al. 1983; Klauer et al. 1991;
Klauer and Franceschi 1997; Voo et al. 2013). However, of utmost interest in the
context of this monograph is the possibility that PVM is responsible for intermedi-
ary transfer of assimilates from the palisade mesophyll to phloem in species with
the palisade mesophyll composed of cells forming multiple layers and high num-
bers of cells per unit area (Lansing and Franceschi 2000). This would be in line with
the Haberlandt’s principle of expeditious translocation (see Sect. 1.5.1) as PVM is
localized between the palisade and spongy mesophyll in close contact to a phloem.
In contrast, Fisher (1970) suggested that non-photosynthetic cells such as PVM
actually delay the transfer of photosynthates between the photosynthetic pool and
transport pool. The Haberlandt’s hypothesis was confirmed by “CO, pulse-chase
experiments (Lansing and Franceschi 2000). That the EBS is part of the transport
route to phloem was also confirmed in Ricinus communis (a nonlegume species)
with the use of the iron-chelator nicotianamine as a marker of mass transport (Rutten
et al. 2003). The presence of numerous plasmodesmata linking PVM cells with one
another and with surrounding tissues speaks in favor of symplasmic transport of
photosynthates via PVM to phloem. This concept could gain further support if
detailed data were available on the abundance of plasmodesmata in different types
of PVM cell interfaces. To the best of my knowledge, no such analysis has been
reported. Also, no direct observations have been reported on the symplasmic trans-
port of a fluorescent dye through the PVM tissue in Glycine max, the model species
for PVM studies. According to Lansing and Franceschi (2000), cytoplasmic stream-
ing observed in the large PVM cells should improve the efficiency of symplasmic
transport in the tissue. To sum up, PVM seems likely to act both as a high-capacity
symplasmic route for photosynthates and as a protein store at some developmental
stage, since these functions need not be mutually exclusive.

1.6 Conclusions

Vascular plants demonstrate the highest level of symplasm integrity including the
most efficient transport inside the protoplast syncytium. It seems, however, that no
unique mechanism of symplasmic transport has evolved in higher plants, since
also nonvascular plants use the same mechanisms of cell-to-cell, short-distance,
and even long-distance transport. Despite well over a century of studies, several
old and new concepts still await to be clarified, including but not limited to these:
desmotubule as a transport pathway (open or closed?), mechanism of transport
through plasmodesmata (diffusion, superdiffusion, other?), transport of organelles
through plasmodesmata (whether and how big organelles might move through
plasmodesmata?), the role of diffusion versus cytoplasmic streaming in
short-distance transport, phloem continuum (a continuous sieve tube along the
plant body or a file of distinct sieve tubes?), and the ability of lower plants, fungi,
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and animals to modify symplasm integrity (are organisms other than higher plants
able to eliminate primary plasmodesmata and form secondary plasmodesmata? Do
plasmodesmata of organisms other than higher plants contain desmotubules?).
Answers to these questions could change our present understanding of symplasmic
transport in vascular plants.
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Chapter 2
Developmental Control of Plasmodesmata
Frequency, Structure, and Function

Katrin Ehlers and Maike Grofie Westerloh

Abstract The plant’s cell connections called plasmodesmata mediate symplasmic
communication processes which play a crucial role in the control of plant develop-
ment. Several developmental regulators, including a variety of transcription factor
proteins and SRNA species, have been shown to move through plasmodesmata in
order to regulate gene expression non-cell-autonomously on the transcriptional and
posttranscriptional level. The symplasmic exchange of such regulatory molecules is
a crucial element in the complex molecular networks controlling plant growth and
morphogenesis. It is generally accepted that plasmodesmal communication is essen-
tial for the coordination of cell-division activity, cell-fate specification, tissue pattern-
ing, and organogenesis. Dynamics of the plasmodesmal networks in the developing
tissues are supposed to facilitate modulations of the intercellular communication
pathways which correlate with the developmental requirements. The symplasmic
organization can be modulated to cause morphogenetic switches in response to envi-
ronmental or endogenous signals. In the present review, we summarize the distinct
modes by which structural and functional alterations of the plasmodesmal networks
can be achieved, and we discuss possible molecular control mechanisms. Moreover,
we will give an overview on the programmed developmental changes in the number,
structure, and in the functional state of plasmodesmata which occur in growing plant
tissues, including embryos, leaves, roots, and shoots during primary and secondary
growth, as well as during the transition to flowering.
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2.1 Introduction

Evolution of multicellularity was one of the most significant innovations in the
history of life. The cells of multicellular animal or plant organisms practice division
of labor and developed into manifold highly specialized cell types which are per-
fectly adapted to their divergent functional tasks (e.g., Ispolatov et al. 2012; Rueffler
et al. 2012). Since evolution of multicellularity involves the transition from cellular
individuality and autonomous functioning to a coordinated mode of cellular opera-
tion, the concomitant development of sophisticated intercellular communication
systems was a logical consequence. Intercellular communication guarantees the
collaborative functioning of the cells within the multicellular organisms, coopera-
tive responses to exogenous and endogenous stimuli, and controlled developmental
events (reviewed, e.g., in Ehlers and Kollmann 2001; Benitez-Alfonso et al. 2011;
Burch-Smith et al. 201 1a; Burch-Smith and Zambryski 2012; Maule et al. 2012; see
also Chaps. 1 and 7).

The plant’s cell connections, called plasmodesmata, interconnect the cytoplasm
of adjacent cells to a symplasmic continuum. Plasmodesmata are even more sophis-
ticated than the analogous structures in animals, called gap junctions, although both
types of cell connections function as communicating junctions. In contrast to gap
junctions, plasmodesmata do not only mediate electrical coupling (e.g., van Bel and
Ehlers 2005) and the diffusional intercellular exchange of small metabolites but
they also govern the targeted or nontargeted symplasmic exchange of macromole-
cules acting as non-cell-autonomous regulators (Lucas and Lee 2004; Oparka 2004;
Ruiz-Medrano et al. 2004; Lucas et al. 2009). Ever since the discovery that the
maize KNOX homeobox transcription factor KNOTTEDI behaves like the move-
ment proteins of several plant viruses and moves cell-to-cell through plasmodes-
mata (Lucas et al. 1995), a variety of plasmodesma-mobile plant molecules have
been identified. These include phloem-specific proteins and a number of plant tran-
scription factors which are able to mediate the transport of their own mRNA and to
enlarge the plasmodesmal size exclusion limit (SEL) in several cases (reviewed in
Lucas and Lee 2004; Oparka 2004; Jackson 2005; Chen and Kim 2006; Lucas et al.
2009; Burch-Smith et al. 2011a; Xu and Jackson 2010; Wu and Gallagher 2011,
2012). Moreover, SRNA species, like miRNAs and siRNAs, have been shown to
move through plasmodesmata to control non-cell-autonomous posttranscriptional
RNA silencing (e.g., Hyun et al. 2011). Given these outstanding properties of the
plant’s cell connections, it is reasonable that essential regulatory tasks have been
attributed to plasmodesmata, and plasmodesmal communication is supposed to play
a central role in the course of plant growth and development.
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2.2 The General Role of Plasmodesmata
in the Developmental Control of Plants

Plant growth is understood as the interplay between regulated series of initial cell
divisions in the self-renewing meristems and specific differentiation events of the
cell derivatives in the differentiation zone (Carraro et al. 2006; Moubayidin et al.
2010; Rost 2011; Perilli et al. 2012). Morphogenetic control has been attributed to
hormone signaling—in particular auxin, cytokinin, and gibberellin—in conjunction
with differential gene expression (Dodsworth 2009; Vernoux et al. 2010; Bitonti
and Chiappetta 2011; Cederholm et al. 2012; Durbak et al. 2012; Petricka et al.
2012; Wu and Gallagher 2012). It is generally accepted that plasmodesmata medi-
ate the symplasmic communication processes required for the non-cell-autonomous
control of meristem maintenance, organogenesis, and tissue patterning in develop-
ing plant organs. Already the classical laser ablation experiments performed by van
den Berg et al. (1995) have clearly demonstrated that cell identity in developing
Arabidopsis roots is acquired by positional signals which are symplasmically for-
warded by the more mature cells to the initials. Recently, mutants of GLUCAN
SYNTHASE-LIKE 8 (GSLS8, CALLOSE SYNTHASE 10, CHORUS; Guseman et al.
2010) and KOBITOL1 (a glycosyltransferase-like protein; Kong et al. 2012), whose
plasmodesmata have modified functional properties, have been shown to be defec-
tive in proper stomata patterning in Arabidopsis leaves. This is presumably due to
an irregular escape of cell-fate-specifying transcription factors from stomatal lin-
eage cells via altered plasmodesmata. Similarly, gain-of-function mutations in
CALLOSE SYNTHASE 3 (CALS3/GSL12) cause functional alterations of plasmo-
desmata and defects in root development (Vatén et al. 2011).

In the past years, complex molecular control networks have been unraveled,
which control the stem cell maintenance and the organogenesis at the shoot apical
meristem of the model plant Arabidopsis thaliana (SAM; e.g., Dodsworth 2009;
Guo et al. 2010; Yadav et al. 2011; Choob and Sinyushin 2012; Fig. 2.1). The sym-
plasmic transport of the homeobox transcription factor WUSCHEL (WUS; Yadav
et al. 2011) and of KNOTTEDI-like homeobox proteins, like SHOOT
MERISTEMLESS (STM; Kim et al. 2003) and KNOTTEDI-LIKE IN
ARABIDOPSIS THALIANA/BREVIPEDICELLUS (KNAT/BP; Kim et al. 2003),
plays a central role in this developmental control network.

As shown in Fig. 2.1., the constant cell number in the population of stem cells at
the SAM is maintained through the WUS/CLAVATA (CLV) signaling pathway
(e.g., Dodsworth 2009). WUS is both necessary and sufficient for stem cell specifi-
cation. WUS is expressed in a few cells of the organizing center/rib zone from where
the protein migrates symplasmically (1) in apical direction into the superficial cell
layers up to the outermost L1 and (2) in lateral direction into at least two adjacent
cell layers towards the peripheral zone to form a protein gradient (Yadav et al.
2011). The WUS signal stimulates the expression of the signal glycopeptide CLV3
in the stem cells through direct transcriptional activation (Yadav et al. 2011). CLV3,



44 K. Ehlers and M. Grofle Westerloh

k)

KNAT2
MD IBBERELLINS ¥ Al BP
GG /\}t}zm i RZ .~ %

c
Gl
.."‘u«‘.

ZPR3/4

Fig. 2.1 The molecular network of SAM regulation in Arabidopsis. CZ: central zone organized in
three clonally distinct cell layers (L1-L3), LP: leaf primordia, OC: organizing center, PZ: periph-
eral zone showing fast cell proliferation and initiation of lateral organs, RZ: rib zone providing the
cells for the differentiating stem, SC: stem cells. The SC population at the shoot apex (blue color)
is maintained through the WUSCHEL (WUS)/CLAVATA (CLV) feedback signaling explained in
the text. It includes symplasmic transport of WUS from the site of production (red) to adjacent
cells (blue and yellow). WUS expression is further regulated through various transcription factors
and chromatin remodeling factors. STIMPY (STIP), a WUS-related transcription factor, increases
WUS expression and is subject to negative regulation by the CLV genes. The floral homeotic pro-
tein APETALA 2 (AP2) and the arginin/serin-rich (RS) domain protein MERISTEM DEFECTIVE
(MDF) also interact with the WUS/CLV pathway, probably through positive regulation of WUS.
ULTRAPETALA1 (ULT1), a SAND-domain transcription factor, and HANABA TARANU
(HAN), a GATA-3-like transcription factor, suppress WUS expression through CLV-independent
pathways. Some class III homeodomain-leucine zipper (HD-ZIP III) transcription factors also
negatively regulate WUS and are themselves negatively regulated by RNA silencing through
miRNA (miR165/166) and by the competitive inhibitors LITTLE ZIPPER proteins (ZPR3/4).
Through direct binding to the WUS promoter SPLAYED (SYD), a SNF2 class ATPase with chro-
matin remodeling function, and BRCA1-ASSOCIATED RING DOMAIN 1 (BARDI) regulate
WUS expression either positively or negatively. BARD1 may also exert its function through sup-
pression of SYD activity. The integrated molecular network of SAM regulation also includes direct
links between transcription factors and phytohormone activity. WUS directly represses the
cytokinin-induced ARABIDOPSIS RESPONSE REGULATOR 7 (ARR7), which enhances cyto-
kinin activity to stimulate cell division in the SAM. Plasmodesma-mobile KNOTTEDI-like
homeobox (KNOX) transcription factors in the SAM, like SHOOT MERISTEMLESS (STM) and
KNOTTEDI-LIKE IN ARABIDOPSIS THALIANA/BREVIPEDICELLUS (KNATI1/BP,
KNAT?2), stimulate cytokinin biosynthesis to promote cell divisions and suppress gibberellins to
inhibit cell differentiation and formation of lateral organ primordia. Expression of the KNOX genes
is subject to epigenetic silencing via polycomb repressive complex 2 (PRC2) and can be controlled
by other transcription factors that regulate organogenesis of leaf primordia and promote leaf iden-
tity [modified from Dodsworth (2009), with permission from Elsevier]
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which belongs to the CLE (CLAVATA3/EMBRYO SURROUNDING REGION-
related) protein family, undergoes posttranslational modification to form a small
signaling peptide. This peptide is secreted into the extracellular space and binds to
CLV1, a leucine-rich repeat receptor kinase predominantly expressed in cells of the
rib zone. Alternatively, peptide binding to related receptor complexes composed of
CLV2 and CORYNE/SUPPRESSOR OF LLP1 2 (CRN; Guo et al. 2010) and to
RECEPTOR-LIKE PROTEIN KINASE 2 (RPK2; Kinoshita et al. 2010) is also pos-
sible. To complete the feedback loop, CLV3 perception by the receptors represses
the WUS transcription by a mechanism that is not well understood, but may include
the downregulation of the activity of the phosphatases POLTERGEIST1 and
POLTERGEISTI1-LIKE 1 (Guo et al. 2010). Further effectors of the complex con-
trol network regulating the WUS expression in the SAM are described in Fig. 2.1.

Similar models have also been presented for the Arabidopsis root apical meri-
stem (RAM; e.g., Bitonti and Chiappetta 2011; Cederholm et al. 2012; Perilli et al.
2012; Petricka et al. 2012), as well as for the floral meristem (e.g., Krizek and
Fletcher 2005; Vernoux et al. 2010; Smaczniak et al. 2012; Torti et al. 2012; Wu
and Gallagher 2012) and for the lateral cambium meristem (Hou et al. 2006;
Nilsson et al. 2008; Elo et al. 2009; Du and Groover 2010; Risopatron et al.
2010; Yordanov et al. 2010; Agusti et al. 2011; Robischon et al. 2011; Sueretal. 2011;
Nieminen et al. 2012; Ursache et al. 2013).

That the symplasmic exchange of plasmodesma-mobile developmental regula-
tors is not restricted to transcription factors, but also includes SRNA species, has
elegantly been demonstrated for the vascular cell patterning in Arabidopsis root
meristems, which determines the developmental fate of the meta- and protoxylem,
the pericycle, and the endodermis cells (reviewed in Furuta et al. 2012; Fig. 2.2).
Here, the GRAS family transcription factor SHORT ROOT (SHR), which is
expressed in the developing stele, moves symplasmically in centrifugal direction
towards the developing ground tissue of the cortex, where the SCARECROW (SCR)
transcription factor is expressed. After the contact of the two proteins in the inner-
most cell layer of the cortex, a SHR—SCR complex is formed which determines the
position of the future endodermis through induction of endodermis-specific gene
expression (see Furuta et al. 2012). The complex also activates the transcription of
miR165/166 genes, to induce miRNA-mediated RNA silencing of class III
homeodomain-leucine zipper (HD-ZIP III) transcription factors, like, e.g.,
PHABLOSA (PHB), PHAVOLUTA (PHV), REVOLUTA/INTERFASCICULAR
FIBERLESS 1 (REV/IFL1), and CORONA (CNA)/ATHBI15 (see Furuta et al.
2012), which are well-known developmental regulators. The function of miR165/166
is, however, not restricted to the endodermis cell layer, but the miRNA moves cell-
to-cell through plasmodesmata in centripetal direction towards the stele to form a
gradient which exerts posttranscriptional control of the HD-ZIP III target proteins
in a dose-dependent manner (Carlsbecker et al. 2010; Vatén et al. 2011).
The HD-ZIPIII proteins in turn control xylem identity, such that high protein con-
centrations (low miRNA levels) induce metaxylem identity, whereas low protein
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Fig. 2.2 Bidirectional symplasmic transport determines xylem-cell patterning in the Arabidopsis
root. SHR: GRAS transcription factor SHORT ROOT, SCR: GRAS transcription factor
SCARECROW, PHB: HD-ZIPII transcription factor PHABLOSA, miR165/6: microRNA
165/166. Schematic drawing of the meristematic region of the Arabidopsis root tip (a) and a detail
showing the position of metaxylem, protoxylem, pericycle, and endodermis cells in transverse sec-
tion (b). A molecular model of the tissue patterning is shown in (c). SHR is expressed in the stele
and moves through plasmodesmata (PD) in centrifugal direction to the future pericycle and endo-
dermis cells. In the endodermis layer, SHR binds to SCR and the complex activates MIR165/6
expression. The gene product miR165/166 suppresses the level of PHB transcripts in a dose-
dependent manner, and it moves symplasmically in centripetal direction to the future pericycle and
xylem cells to establish a gradient of PHB activity (Carlsbecker et al. 2010; Vatén et al. 2011).
High, medium, and low PHB levels control the fate of metaxylem, protoxylem, and pericycle cells,
respectively. A schematic detail of a plasmodesma in a tangential root cell wall is shown in (d).
Note that the postulated symplasmic transport of SHR and miR165/166 is directed in opposite
directions [modified from Furuta et al. (2012), with permission from Elsevier]

concentrations (high miRNA levels) promote protoxylem identity (Carlsbecker
et al. 2010). Minimal HD-ZIPIII protein concentrations in those cells which directly
adjoin the developing endodermis layer determine the pericycle cell fate.

In this molecular model, the concentration gradients of the two key players, SHR
and miR165/166, are established by bidirectional transport processes through plas-
modesmata (Fig. 2.2d). Although the symplasmic net flow of the two molecules is
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directed in opposite directions, their transport may simply follow the respective
diffusional gradients. Yet, targeted transport through plasmodesmata may also
occur (e.g., Crawford and Zambryski 2001; Burch-Smith et al. 2011a) and asym-
metric plasmodesmal transport capacities have recently been reported for leaf tri-
chomes of tobacco. Here, the small fluorescent dye Lucifer Yellow (457 Da) moves
unidirectional in apical direction from the cytosol of the epidermal cell into the
basal cell of the trichome, but not vice versa (Christensen et al. 2009). Similarly,
transport of photoactivatable GREEN FLUORESCENT PROTEIN (GFP) was
found to be polar in apical direction between the basal and apical cell of young
tobacco embryos (Li et al. 2013).

To fulfill the regulatory function in the course of developmental processes prop-
erly, symplasmic communication through plasmodesmata needs to be strictly con-
trolled. Plasmodesmata do not represent open gates which mediate unhindered
symplasmic exchange between the cells. The plant body is rather supposed to
function as a complex system of separate symplasmic modules, called symplasmic
fields or symplasmic domains (reviewed in Ehlers and van Bel 1999; Ehlers and
Kollmann 2001; Pfluger and Zambryski 2001; Kobayashi et al. 2005; Burch-Smith
et al. 2011a). At particular cell interfaces of the developing tissues, symplasmic
barriers are established by temporary or permanent downregulation of symplasmic
transport and by interruption of plasmodesmal connectivity. Individual cells or
groups of cells become symplasmically uncoupled from the neighboring subsets of
cells to restrict the transport of developmental determinants to the actual target cell
domain. Symplasmic isolation has been shown to be crucial for the patterning, the
cell-fate determination, and the proper development of stomata guard cells
(Willmer and Sexton 1979; Wille and Lucas 1984; Palevitz and Hepler 1985;
Guseman et al. 2010; Kong et al. 2012), root hairs (Duckett et al. 1994), and sieve
element/companion cell complexes in the transport phloem (van Bel and van Rijen
1994). Duration of the transient symplasmic isolation that occurs in the rapid phase
of cotton-fiber elongation has been shown to determine fiber length (Ruan et al.
2004). Moreover, a strict correlation between the plasmodesmal connectivity and
the coordination of mitotic activity has been shown for microcalluses of Solanum
nigrum (Ehlers and Kollmann 2000). Here, symplasmically coupled cells were
found to divide synchronously, while asynchronous divisions required the tran-
sient uncoupling via plasmodesmata closure. In the dormant cambium of Populus
nigra, cease of cell-division activity coincides with a drastic reduction of plasmo-
desmal frequencies, while particularly high numbers of plasmodesmata occur in
the tangential walls of the dormant initial layer which will undergo the first syn-
chronous cell divisions in spring (Fuchs et al. 2010a, see below for details; cf. also
Fig. 2.6 below). The limited growth of Azolla roots (Gunning 1978) and the deter-
minate growth pattern of Arabidopsis roots (Zhu and Rost 2000; Rost 2011) have
also been ascribed to decreasing numbers of plasmodesmata at the interfaces of the
initial cells leading to an increasing symplasmic isolation which restricts the
mitotic activity.

A growing body of evidence indicates that programmed changes in the number,
structure, and in the functional characteristics of plasmodesmata occur in the
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growing plant tissues, including embryos, leaves, roots, and shoots during primary
and secondary growth, as well as during the transition to flowering (reviewed, e.g.,
in Ehlers and Kollmann 2001; Burch-Smith et al. 2011a). The dynamics of the
developing plasmodesmata networks facilitate modulations of the intercellular
communication pathways which correlate with the developmental coordination of
cell divisions and cell differentiation processes and can be modulated to cause
morphogenetic switches in response to environmental or endogenous signals
(reviewed in Ehlers and Kollmann 2001; Burch-Smith et al. 2011a; Burch-Smith
and Zambryski 2012).

2.3 Plasmodesmata Substructure and Pathways
for Plasmodesmal Transport

All plasmodesmata are cylindrical, plasma-membrane-lined cytosolic strands of
about 30-50 nm in diameter traversing the plant cell walls (reviewed in Overall
1999; Ehlers and Kollmann 2001; Roberts 2005; Fig. 2.3a). While the median part
of the cell connections is usually expanded, the plasmodesmal orifices are often
constricted to form neck regions which presumably represent the bottlenecks for
symplasmic transport. Often, plasmodesmata are surrounded by special cell-wall
collars, whose structure and composition differ from the normal cellulose wall
(e.g., Badelt et al. 1994; Roy et al. 1997; Orfila and Knox 2000; Roberts 2005; see
Fig. 2.4g-s). As a central component, each plasmodesma contains a narrow, tightly
curved strand of the endoplasmic reticulum (ER) which is called the desmotubule
and has a diameter of only 10-15 nm (Ding et al. 1992a; Tilsner et al. 2011;
Fig. 2.3a). It has recently been discussed by Tilsner et al. (2011) whether the
extreme, energetically unfavored membrane curvature of the desmotubule is main-
tained by the association of the desmotubule with plasmodesma-localized compo-
nents of the cytoskeleton and/or by ER-shaping proteins, like plant homologs of
reticulons (RTNs, Sparkes et al. 2010) and DP1/REEP5/Yopl family proteins
(Hu et al. 2008; see also the discussion below).

The space of the cytoplasmic sleeve between the desmotubule and the plasma
membrane is restricted by diverse proteins which are associated peripherally or inte-
grally with both membranes (e.g., Faulkner and Maule 2011; Fig. 2.3a). Helically
arranged proteins attached to the desmotubule and proteins attached to the plasma
membrane are interconnected by spoke-like proteins (Fig. 2.3a). The remaining
cytosolic microchannels of about 2.5 nm (Ding et al. 1992a; Overall 1999) are
regarded as the main pathways for symplasmic communication between the cells.
However, there is also evidence that both, the membrane and the luminal space of
the desmotubule, provide alternative pathways for cell-to-cell transport, at least at
particular cell interfaces (Grabski et al. 1993; Lazzaro and Thomson 1996; Cantrill
et al. 1999; Martens et al. 2006; Guenoune-Gelbart et al. 2008; Barton et al. 2011).
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Fig. 2.3 Schematic drawings depicting the general plasmodesmal ultrastructure (a) and different
mechanisms of the formation of branched plasmodesmal morphotypes (b—k). The same color code
is used in all drawings. Black: plasma membrane, blue: endoplasmic reticulum (ER)/desmotubule,
dark gray: primary and secondary cell-wall layers, light gray: middle lamellae, violet: modified
and reconstructed wall material, white: cytoplasm. (a) A plasmodesma with neck constrictions at
the orifices. Callose deposits (yellow) are often found in the cell-wall collars around the necks.
Proteins attached to the plasma membrane (green) and the desmotubule (red) are interconnected
by spoke-like proteins (purple). The cytoplasmic sleeve is restricted to small microchannels. (b—d)
Primary plasmodesmata formed during cytokinesis in the growing cell plate usually have a simple,
straight morphology (b). Branched morphotypes may develop while the primary plasmodesmata
are elongated during thickening growth of the wall, from the incorporation of branched ER cister-
nae into the new wall layers (b—d). Median cavities may develop from the lateral dilation of the
median plasmodesmal part in the course of wall-expansion growth, giving rise to complex branched
plasmodesmal morphotypes (d, h). (e-h) Fusion of neighboring simple plasmodesmata during
cell-wall expansion (e, f) is an alternative way to form branched plasmodesmal morphotypes.
Initially, they are X-shaped (f) or H-shaped (g), but they may develop into complex branched plas-
modesmata with median cavities and multiple branching planes (h). (i-k) De novo secondary
plasmodesmata develop at sites where preexisting cell walls have been thinned and ER cisternae
have been attached to the plasma membranes (i). After membrane fusion, plasmodesmata forma-
tion is driven by the cell-wall (re)construction (j, k). Note, that plasmodesmal fission is presented
in Fig. 2.41 as an alternative mechanism of plasmodesmata formation [Figs. 2.3(b-k) modified
from Ehlers and Kollmann (2001), with kind permission from Springer Science + Business Media]

In contrast, the plasma membrane within the plasmodesmal pore seems to act as a
barrier for lateral diffusion of molecules and does not mediate the exchange of fluo-
rescently labeled lipids (Grabski et al. 1993; see Tilsner et al. 2011). This peculiar-
ity might be explained by the enrichment of remorin-containing rafts in the
plasmodesmal plasma membrane (Raffaele et al. 2009; Mongrand et al. 2010) and/
or by the anchorage of plasma-membrane proteins to cytoskeletal components of
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the plasmodesmata, which establishes diffusional barriers according to the “picket
fence” model (see Tilsner et al. 2011). Similar to this mechanism known as “cyto-
skeleton corralling,” the limitation of the lateral mobility of plasma-membrane pro-
teins may also be achieved by the interaction with the cell-wall components at the
extracellular face, as has recently been shown by Martiniere et al. (2012).

In the past years, enormous progress has been made in the identification of the
molecular plasmodesmal components which also provide insights into the mecha-
nisms regulating the functional properties of the cell connections (reviewed in
Roberts 2005; Burch-Smith et al. 2011b; Faulkner and Maule 2011; Fernandez-
Calvino et al. 2011; Tilsner et al. 2011; Burch-Smith and Zambryski 2012). Actin,
myosin VIII, centrin, calreticulin, the actin-binding proteins Arp3, tropomyosin,
and NETI1A, as well as Ca*-dependent protein kinases have been localized at
plasmodesmata and may cause alterations of the size of the plasmodesmal micro-
channels, possibly in a Ca*-dependent manner (reviewed, e.g., in Holdaway-
Clarke 2005; Faulkner and Maule 2011; Radford and White 2011; cf. also Deeks
et al. 2012). Moreover, deposits of the 3-1,3-glucan callose can be formed in the
cell-wall collars around plasmodesmata (Fig. 2.3a) to constrict their orifices and
to reduce the SEL or inhibit communication temporarily (e.g., Roberts 2005;
Benitez-Alfonso et al. 2011; Zavaliev et al. 2011; Burch-Smith and Zambrysky
2012; see Chap. 3). In addition to the above-mentioned callose synthases GSLS8
(Guseman et al. 2010) and CALS3/GSL12 (Vatén et al. 2011), several plasmodes-
mal proteins are involved in callose metabolism, such as the callose degrading
-1,3-glucanase (AtBG_ppap, Levy et al. 2007) and the callose-binding PDCB1
(Simpson et al. 2009), both of which are predicted to be anchored to the plasmo-
desmata membrane by GPI linkers. Remarkably, overexpression of the plasmo-
desmata-associated class 1 reversibly glycosylated polypeptide (AtRGP2) leads
to increased callose deposition at plasmodesmata and to restricted local spread of
tobacco mosaic virus via plasmodesmata (Zavaliev et al. 2010). As expected,
silencing of AtRGP2 induces accelerated symplasmic virus spread (Burch-Smith
et al. 2012).

Furthermore, spatially defined and/or tissue-specific expression patterns of
plasmodesmal proteins may cause different functional plasmodesmal properties
correlating with the occurrence of symplasmic domains, as has recently been sug-
gested for two members of the family of PLASMODESMATA-LOCATED
PROTEIN1 (PDLP1, Ar2g33330 and Atg04520) in the Arabidopsis shoot apical
meristem (Bayer et al. 2008). Conceivably, there are also developmental changes
in the plasmodesmal protein equipment which adapt the cell connections to their
divergent functional tasks. Differences in the composition of receptor-like proteins
(RLPs) and receptor-like kinases (RLKs) located at plasmodesmata (Lee et al.
2005; Amari et al. 2010; Burch-Smith et al. 2011b; Faulkner and Maule 2011;
Fernandez-Calvino et al. 2011; Jo et al. 2011; Burch-Smith and Zambryski 2012)
may exert control on the cell- and tissue-specific perception and processing of
developmental effectors.
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2.4 Plasmodesmal Morphotypes and the Mechanisms
of Plasmodesmata Formation, Modification, and Deletion

2.4.1 Primary Plasmodesmata

While plasmodesmata have almost identical dimensions and a generally identical
architecture, the plasmodesmal morphology is manifold. Simple and straight plas-
modesmata can be found beside different types of branched cell connections, and
the mechanisms leading to the development of the distinct plasmodesmal morpho-
types have often been discussed (for reviews, see Kollmann and Glockmann 1999;
Ehlers and Kollmann 2001; Roberts 2005; Burch-Smith et al. 2011a; Figs. 2.3b-k
and 2.41). Primary plasmodesmata formed in the course of cytokinesis mostly have
a simple, straight morphology. They develop during cell-plate assembly from the
entrapment of ER tubules crossing the plane of the fusing Golgi vesicles (Hepler
1982; Staehelin and Hepler 1996; Ehlers and Kollmann 2001; Roberts 2005;
Fig. 2.3b). In the newly generated division walls of different meristematic plant tis-
sues, substructural details were found to be obscured in the most recently formed
primary plasmodesmata which often exhibit a vague internal structure (Ehlers and
van Bel 2010; Fuchs et al. 2010a, 2011; Fig. 2.4b—k). Dilated median parts, in which
discrete internal substructures can be seen, and constricted neck regions may
develop later during maturation of the cell connections (Ding et al. 1992a; Roberts
2005), and these structural changes may be accompanied by a downregulation of the
plasmodesmal SEL (Ehlers and van Bel 2010; Fuchs et al. 2010a, 2011).

Simple primary plasmodesmata are elongated during thickening growth of the
division walls (Ehlers and Kollmann 1996, 2001; Fig. 2.3c, d). As the new wall-
matrix material is delivered by Golgi vesicles, straight or branched cytoplasmic ER
cisternae connected to the desmotubules are entrapped, and they are incorporated
into the cytosolic strands elongating the linear median part of each primary plasmo-
desma. The shape of the incorporated ER tubules defines the shape of the new plas-
modesmal parts in the younger wall layers. Elongated primary plasmodesmata may
still have a simple morphology or they show branching planes in the young wall
layers (Fig. 2.3d), either on one or on both sides of the cell wall. Multiple branching
planes may also occur, but the median cell-wall layers are still traversed by the
oldest, straight part of the primary plasmodesma (Ehlers and Kollmann 1996, 2001;
Fig. 2.3d). Excessive cell-expansion growth, however, may cause mechanical wall
stress, tissue tension, and the loosening of the oldest wall layers (Schopfer 2006)
which in turn leads to the lateral dilation of the median part of the branched primary
plasmodesma to form an enlarged central cavity in the oldest wall layers (Kollmann
and Glockmann 1999; van der Schoot and Rinne 1999a; Ehlers and Kollmann 2001;
see Fig. 2.3d, h).

Fusion of laterally adjacent simple cell connections has often been discussed as an
alternative way to produce branched plasmodesmal morphotypes (Glockmann and
Kollmann 1996; Volk et al. 1996; Itaya et al. 1998; Kollmann and Glockmann 1999;
Oparka et al. 1999; Roberts et al. 2001; Ehlers and Kollmann 2001; Roberts 2005;
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Fig. 2.4 Longitudinal fission of plasmodesmata increases plasmodesmal numbers in developing
plant tissues, and intermediate stages of the fission process can frequently be found. (a—k) Electron
micrographs taken from young somatic embryos which were grown on embryogenic calluses of
Molinia caerulea. The material was cultured and chemically fixed as described by Ehlers et al.
(1999). An overview of a young, globular somatic embryo is shown in (a). At the cell interfaces of
the somatic embryos, straight, perpendicular (b) or oblique (c¢) simple cell connections were found
besides conspicuously swollen plasmodesmal structures (d—f). X-shaped and H-shaped plasmo-
desmal morphotypes with large (g, h; detected in the same cell wall) or narrow joints (i) in the
median plane of the wall occurred along with closely adjoining simple cell connections (j). These
plasmodesmal morphotypes likely represent transitional stages in the process of longitudinal plas-
modesmal fission which leads to the formation of laterally adjacent twinned plasmodesmata (k).
The sequence, in which the images are arranged, was deduced from the chronology of the plasmo-
desmal development observed in the tomato cambial zone (see Ehlers and van Bel 2010).
Plasmodesmata within the same embryonic cell wall showed striking structural similarity to each
other, indicating a largely synchronous development of the cell connections. Internal substructures
could hardly be seen within these plasmodesmata, which seems to be a typical feature of many
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Fig. 2.3e-h). Possibly facilitated by the loosening of the oldest wall layers at the
onset of cell expansion, the median parts of the neighboring primary cell connections
become slightly dilated and fuse to give rise to an X-shaped or H-shaped plasmo-
desma (Fig. 2.3e, f). By continuing expansion growth and subsequent wall thicken-
ing, more complex branched plasmodesmal morphotypes with enlarged central
cavities and multiple branching planes may develop (Fig. 2.3g, h).

2.4.2 Plasmodesmal Fission

The occurrence of X-shaped and H-shaped plasmodesmata need not always be
indicative of plasmodesmal fusion processes (Fig. 2.3e, f), and the sequence of
developmental events might have been misinterpreted in some cases. As shown in
Fig. 2.41, the branched plasmodesmal morphotypes (Fig. 2.4f—i) may also represent
intermediate stages in the process of longitudinal plasmodesmal fission giving rise
to closely adjacent pairs of plasmodesmal replicates, called twinned plasmodesmata
(Ehlers et al. 2004; Faulkner et al. 2008; Ehlers and van Bel 2010; Burch-Smith
et al. 2011a; Fig. 2.4j, k, s). This reverse interpretation of the data is strongly

<
<

Fig. 2.4 (continued) young cell connections. (I) Schematic drawing showing the model of plasmo-
desmal replication by longitudinal fission of a simple plasmodesma postulated by Ehlers et al.
(2004), and Ehlers and van Bel (2010). The sequence of events as viewed in longitudinal sections
is depicted in the upper row of drawings. The median and lower rows of drawings show cross-
sectional views of the orifice plane and of the median plane of the plasmodesmata, respectively.
Wall-extension growth causes mechanical stress and tissue tension (Schopfer 2006) and induces
the loosening of the cell-wall sleeve surrounding the plasmodesma which leads to the deformation
of the plasmodesmal strand. As new matrix material is delivered by Golgi vesicles to the growing
wall, branched ER cisternae connected to a desmotubule are incorporated and develop into addi-
tional plasmodesmal branches. This gives rise to an H-shaped plasmodesma, in which the small
median bridge connecting the parallel new branches represents the original plasmodesmal part.
Further intense wall extension causes the rupture of the median bridge of the H-shaped plasmo-
desma, so that a pair of neighboring simple plasmodesmata is formed. In the course of less intense
wall-extension growth, the H-shaped plasmodesmal intermediates may also develop into complex
branched morphotypes (see Fig. 2.3f-h). (m—s) Cross-sectional views of plasmodesmata found in
the tangential walls of developing ray cells in the cambial zone of Populus nigra stems. The
observed structures resemble the cross-sectional views predicted in our model for the intermediate
stages of plasmodesmal fission (cf. I). In normal plasmodesmal cross sections, the plasma mem-
brane, the constricted desmotubule, and particles in the cytoplasmic sleeve can be detected, but no
conspicuous cell-wall sleeves were observed in the vicinity of the cell connections (m, n).
Sometimes, however, two desmotubule-structures can be seen within the same, enlarged plasmo-
desmal pore (0), or two narrow paired plasmodesmal strands were found within the same cell-wall
sleeve, which seems to consist of loosely arranged material (q, s). With the upper plasmodesmal
pair shown in (s), the density of the wall material located between the two plasmodesmal strands
differs from the rest of the cell-wall sleeve. Moreover, cross-sectional views with slightly or clearly
enlarged desmotubules were observed (p, r), and the latter are also surrounded by loosened cell-
wall-collars (r). Scale bars: 50 pm in (a); 100 nm in (b—k); 50 nm in (m-s) [Fig. 2.4] reprinted from
Ehlers and van Bel (2010), with kind permission from Springer Science + Business Media]
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supported by recent quantitative studies on the development of plasmodesmata in
the cambial zone, where the occurrence of branched and twinned cell connections
is restricted to particular cell interfaces and is accompanied by a concomitant dou-
bling of the respective plasmodesmal numbers (Ehlers et al. 2004; Ehlers and van
Bel 2010; Fuchs et al. 2010a, 2011; Fig. 2.6). Moreover, as the plasmodesmal num-
bers increase in the basal walls of leaf trichomes of tobacco, the plasmodesmal
arrangement shifts from randomly distributed simple plasmodesmata in the early
postcytokinetic wall to pit fields with densely arranged multiply twinned plasmo-
desmata (Faulkner et al. 2008). These findings point to a (simultaneous) division of
existing plasmodesmata rather than to a plasmodesmal fusion. Shifts to pit field
aggregates have been reported earlier for the interfaces of growing roots and devel-
oping pits of fiber tracheids (Seagull 1983; Barnett 1987).

It remains a matter of debate, whether plasmodesmal fission is achieved by the
“active” insertion of new ER strands in immediate vicinity of the existing template
plasmodesma pore (Faulkner et al. 2008) or by the “passive” enclosure of
desmotubule-linked ER strands among the cell-wall appositions delivered to the
expanding cell wall (Ehlers et al. 2004; Ehlers and van Bel 2010; Fuchs et al. 2010a,
2011; Fig. 2.41). Predicted intermediate stages of an “active” ER insertion, i.e., new
ER strands originating from the cytoplasm and ending blindly in the plasmodesmal
wall collars or in the plasmodesmal pores (see Fig. 7 in Faulkner et al. 2008), have
never been found in extensive electron-microscopic studies on plant embryos and
sink leave tissues (Burch-Smith et al. 2011a). This observation supports the alterna-
tive “passive” model of plasmodesmal fission, which has striking mechanistic simi-
larities to the models of primary plasmodesmata formation and modification
described above (Ehlers et al. 2004; Ehlers and van Bel 2010; compare Figs. 2.3b—
h, 2.41). Supposedly, there is a common principle underlying the developmental
alterations of the plasmodesmal number and structure, and the incorporation of ER
tubules within growing cell walls actually plays a general role (Ehlers and Kollmann
2001; Ehlers and van Bel 2010). Thus, it would simply depend on the degree of cell-
wall expansion, whether (1) the process of plasmodesmal fission is completed
(Fig. 2.41) and pit fields develop from randomly arranged primary plasmodesmata
by multiple replications (e.g., Seagull 1983; Barnett 1987; Faulkner et al. 2008) or
whether (2) the fission process is arrested in an intermediate stage and is followed
by the formation of complex branched plasmodesmata from the X-shaped and
H-shaped plasmodesmal intermediates during subsequent wall thickening (Ehlers
and van Bel 2010; Fuchs et al. 2010a, 2011; Figs. 2.41 and 2.3f-h).

2.4.3 Secondary Plasmodesmata

Secondary plasmodesmata are defined as those cell connections which originate
post-cytokinetically in already existing cell walls (Kollmann and Glockmann 1999;
Ehlers and Kollmann 2001; Roberts 2005; Burch-Smith et al. 2011a). Although
simple secondary plasmodesmata have also been observed, a complex branched
morphology —with a dilated main branching plane in the median wall layer and
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additional branching planes in the younger wall layers—has often been considered
as a typical feature of secondary cell connections (Monzer 1991; Kollmann and
Glockmann 1991, 1999; Ehlers and Kollmann 2001; Roberts 2005; Fig. 2.3k).
Some authors generalized this observation and called every complex branched cell
connection a secondary plasmodesma, irrespective of its origin (e.g., Ding et al.
1992b; Volk et al. 1996; Itaya et al. 1998). This caused some confusion in the plas-
modesmal nomenclature (reviewed in Ehlers and Kollmann 2001; Burch-Smith
et al. 2011a), but, meanwhile, there is general agreement that complex branched
plasmodesmal morphotypes may develop from both primary and secondary cell
connections (cf. Fig. 2.3b—k). Furthermore, it has become a nomenclatory conven-
tion to avoid the terms “primary” and “secondary” plasmodesmata whenever the
plasmodesmal origin has not been confirmed unambiguously and to classify the
observed cell connections merely according to their morphology as “simple,”
“branched,” or “complex branched” as suggested by Ehlers and Kollmann (2001;
see, e.g., Roberts et al. 2001; Burch-Smith and Zambryski 2010).

Additional cell connections arising from the lateral division of simple (primary)
plasmodesmata (Ehlers et al. 2004; Faulkner et al. 2008; Ehlers and van Bel 2010;
Fig. 2.41) might be regarded as secondary in origin (Burch-Smith et al. 2011a). In
most cases, however, it would be impossible to distinguish the newly formed sec-
ondary plasmodesmal twin from the original “template” plasmodesma (Faulkner
et al. 2008), and the “passive” fission model would even predict that each of the
replicated cell connections is composed of both original and newly formed halves
(Ehlers et al. 2004; Ehlers and van Bel 2010; Fig. 2.41). This should be borne in
mind when using the term “twinned secondary plasmodesmata” which was sug-
gested by Burch-Smith et al. (2011a) to distinguish the replicated twinned plasmo-
desmata from “de novo secondary” plasmodesmata developing in cell walls without
preexisting plasmodesmal templates.

The mechanism of de novo secondary plasmodesmata formation (Fig. 2.3i—k)
has been unraveled by studying fusion walls between heterotypic cells at graft
unions (Kollmann and Glockmann 1991) and in protoplast-derived regenerating cell
cultures (Monzer 1991). The initial local thinning of the fusion wall removes the
physical hurdle between the adjacent cells and enables the close contact of their
plasma membranes, which are attached to ER tubules on the cytoplasmic sides
(Fig. 2.31). Fusion of both plasma membranes and ER membranes and the subse-
quent reconstruction of the degraded wall parts lead to the formation of a secondary
plasmodesma with a complex branched structure (Fig. 2.3j, k). Following the same
principle as the formation and modification of primary cell connections (Kollmann
and Glockmann 1999; Ehlers and Kollmann 2001), cytoplasmic ER tubules con-
nected to the membrane fusion site are incorporated into the newly formed plasmo-
desmal strands, as the new wall-matrix material is delivered by Golgi vesicles
(Fig. 2.3}, k). A similar mechanism has also been postulated for the development of
heterotypic secondary plasmodesmata between the Cytisus purpureus epidermis
and the underlying Laburnum anagyroides cells of the monekto-periklinal chimera
Laburnocytisus adamii (Steinberg and Kollmann 1994) and at the contact interfaces
of parasitic flowering plants and their hosts (reviewed in Kollmann and Glockmann
1999; Ehlers and Kollmann 2001). Interestingly, mismatching half plasmodesmata
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extending across the wall half of only one cell partner were regularly observed at all
heterotypic fusion walls and may indicate that intercellular cooperation is needed
for the de novo formation of continuous secondary plasmodesmata by fusion of two
synchronously built, opposing half plasmodesmal counterparts (Kollmann and
Glockmann 1991, 1999; Ehlers and Kollmann 2001). Intraspecific secondary plas-
modesmata with different morphotypes have been shown to develop de novo in
post-genital fusion walls between coalescing carpel primordia of Catharanthus
roseus (van der Schoot et al. 1995) and in the contact walls of thyloses extending
into xylem-vessel elements (reviewed in Ehlers and Kollmann 2001).

Although unequivocal evidence for a secondary plasmodesmata formation comes
from post-genital fusion walls, it has been supposed to be a common event in any
growing cell wall of the plant body to compensate for the dilution of eventually
existing primary plasmodesmata (e.g., Seagull 1983; reviewed in Ehlers and
Kollmann 2001; Roberts 2005; Burch-Smith et al. 2011a). Particularly many sec-
ondary plasmodesmata must develop at all the interfaces between clonally unrelated
cells which are interconnected by non-division walls undergoing an extreme expan-
sion growth (Ehlers and Kollmann 2001). Such interfaces can be found (1) between
the outermost anticlinally dividing tunica layer(s) and the underlying corpus cells in
the duplex SAM (van der Schoot and Rinne 1999a, b; Bergmans et al. 1997), (2)
between the epidermal layer and the mesophyll in developing leaves (Burch-Smith
and Zambryski 2010), (3) between the bundle sheath developing from the ground
meristem and the vascular cells derived from the procambial strands in leaves and
shoots (see Beebe and Russin 1999), (4) in the radial and tangential walls between
longitudinal cell files in the elongation zone of developing roots (Zhu et al. 1998;
Rost 2011), and (5) in the radial and transversal walls between radial arrays of cell
derivatives in the cambial zone (Ehlers and van Bel 2010; Fuchs et al. 2010a, 2011;
Fig. 2.6). In the latter system, de novo formation of complex branched secondary
plasmodesmata at locally thinned wall areas seems to play a minor role as complex
plasmodesmal morphotypes are lacking at least in the younger developmental stages
of the differentiating cambial derivatives. Most additional cell connections seem to
develop from plasmodesmal fission, as indicated by the abundance of twinned sim-
ple cell connections, and the occasional occurrence of X-shaped and H-shaped
intermediates (Ehlers and van Bel 2010; Fuchs et al. 2010a; 2011). Similar observa-
tions have also been made for the inner periclinal walls of the epidermis cells in sink
leaves of Nicotiana benthamiana (Burch-Smith and Zambryski 2010) and may hold
true for the other non-division wall interfaces mentioned above. However, complex
branched plasmodesmal morphotypes may be formed as the cells undergo their final
maturation (Fig. 2.3f-h), as it seems to be a general rule that the degree of plasmo-
desmal branching increases with the developmental stage of the tissue (e.g., Seagull
1983; Barnett 1987; Ding et al. 1992b; Itaya et al. 1998; Zhu et al. 1998; Oparka
et al. 1999; Ormenese et al. 2000; Roberts et al. 2001; Burch-Smith et al. 2011a;
Zambryski et al. 2012). The structural changes may be accompanied by functional
modifications of the cell connections (e.g., Oparka et al. 1999; Roberts et al. 2001;
Kim et al. 2005a, b).
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2.4.4 Loss of Plasmodesmata

Loss of existing plasmodesmata seems to be another mechanism to adjust the plas-
modesmal numbers to changing developmental requirements. The cell connections
between immature stomata guard cells and the neighboring epidermal cells are trun-
cated by the deposition of cell-wall material onto the plasmodesmal pore, and they
disappear as the cells undergo their final differentiation (Willmer and Sexton 1979;
Wille and Lucas 1984). Thus, the highly specialized, mature stomata apparatus
becomes symplasmically isolated to allow the turgor regulation of the stomatal pore
aperture by targeted ion fluxes across the guard-cell membranes. The same develop-
mentally programmed loss of plasmodesmata has been discussed for the cell con-
nections between immature sieve elements and adjacent phloem parenchyma cells
in the transport phloem, since mature sieve-tube members possess extremely low
numbers of plasmodesmata in their lateral walls (Gunning 1978; Esau and Thorsch
1985; van Bel and van Rijen 1994; Kempers et al. 1998; van Bel and Ehlers 2000;
Hafke et al. 2005), except for the interface(s) to the companion cells where special-
ized pore/plasmodesma units are formed (e.g., Kempers and van Bel 1997). While
the intimate symplasmic connectivity between mature sieve elements and compan-
ion cells is required to keep the anucleate sieve elements alive, the symplasmic
isolation from the parenchyma cells prevents excessive leakage of assimilates along
the phloem pathway (van Bel and Ehlers 2000; Hafke et al. 2005). Moreover, the
drastic reduction of the number of simple plasmodesmata occurring in the course of
the sink/source transition of tobacco leaves is only partly due to the transformation
of simple to branched plasmodesmal morphotypes (Oparka et al. 1999; Roberts
et al. 2001; Figs. 2.3b—k and 2.4). In addition, there is a degradation of simple plas-
modesmata taking place at the sites where intercellulary spaces are formed in the
developing leaves (Roberts et al. 2001). The same event happens in the developing
cortex of Azolla roots (Gunning 1978). For Arabidopsis roots, it has been reported
that the reduction of plasmodesmal numbers in the maturing transverse walls clearly
exceeds the rate of cell-wall expansion. This most likely indicates the targeted dele-
tion of existing primary plasmodesmata (Zhu et al. 1998). Massive plasmodesmal
deletion has also been observed with the older differentiating cell derivatives in the
active cambial zone of Populus nigra (Fuchs et al. 2010a; 2011; Fig. 2.6). As plas-
modesmal deletion at tangential interfaces exceeds that at radial interfaces, the deg-
radation process seems to be highly controlled (Fuchs et al. 2010a; Fig. 2.6). During
floral induction in the SAM of Iris xiphium, the plasmodesmal densities (number of
plasmodesmata per pm? cell interface) decrease clearly at all interfaces of the L2
layer (Bergmans et al. 1997). However, it remains unclear whether this change is
actually due to the deletion of existing plasmodesmata in the L2-cell walls or to the
induced downregulation of primary and/or secondary plasmodesmata formation in
the growing and expanding meristem cell layer. A progressive downregulation of
the plasmodesmal production was observed during sequential cell divisions of the
Azolla root initial (Gunning 1978). In growing fern gametophytes, there is an
increasing dilution of existing cell connections during cell-expansion growth which
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is not compensated by secondary plasmodesmata formation (Tilney et al. 1990; cf.
also Imaichi and Hiratsuka 2007). Both mechanisms result in a progressive “loss”
of plasmodesmata which was held responsible for the cessation of growth.

Reports on the targeted removal of plasmodesmata during plant development are
scarce, possibly because the deletion process is so fast that intermediate stages have
seldom been observed (Roberts et al. 2001; Fuchs et al. 2010a). Yet, plasmodesmal
deletion was successfully studied in protoplast-derived cell cultures, which form
half branched outer-wall plasmodesmata directed to the culture medium during
reconstruction of the digested cell walls immediately after protoplast isolation
(Monzer 1991; Ehlers and Kollmann 1996, 2001). As shown for the de novo forma-
tion of secondary plasmodesmata (Fig. 2.3i), the development of outer-wall plasmo-
desmata is initiated by the attachment of cytoplasmic ER cisternae to the plasma
membrane (Monzer 1991; Ehlers and Kollmann 1996, 2001). Half outer-wall plas-
modesmata of neighboring cells may fuse to form a continuous, complex branched
cell connection (Monzer 1991; Ehlers and Kollmann 1996, 2001), but mismatching
outer-wall plasmodesmata without appropriate counterparts are subjected to the tar-
geted ubiquitination of plasmodesmal proteins and to the selective deletion in the
course of cell growth (Ehlers et al. 1996; Ehlers and Kollmann 2001). Following the
inverse course of the events observed with the mode of plasmodesmal formation
(Fig. 2.3i-k), the outer-wall plasmodesmata are deformed during wall loosening
and wall expansion, and they are reintegrated into the cytoplasm by fusion of the
plasmodesmal membranes with the underlying plasma membrane (Ehlers et al.
1996; Ehlers and Kollmann 2001).

Summarizing the present paragraph, it can be stated that there are two general
rules applying to all mechanisms promoting changes in the plasmodesmal numbers
and in the plasmodesmal morphology (Kollmann and Glockmann 1991, 1999;
Ehlers and Kollmann 2001; Roberts 2005; Ehlers and van Bel 2010; Figs. 2.3 and
2.4). They all seem to require a locally restricted loosening and/or thinning of pre-
existing walls which are subsequently rebuilt. Further, the shape of the ER strands
incorporated into (or released from) the plasmodesmata seems to determine the
plasmodesmal structure.

2.5 Control of Plasmodesmata Formation,
Modification, and Deletion

2.5.1 Exogenous and Endogenous Stimuli Controlling
Plasmodesmal Formation, Modification, and Deletion

Several studies indicate that there is a precise control of the formation, modification,
and deletion of primary and secondary plasmodesmata in the course of developmen-
tal processes (e.g., Gunning 1978; Schnepf and Sych 1983; Tilney et al. 1990;
Bergmans et al. 1997; Oparka et al. 1999; Roberts et al. 2001; Ehlers and van Bel
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2010; Fuchs et al. 2010a, 2011; for reviews, see Ehlers and van Bel 1999; Ehlers
and Kollmann 2001; Roberts 2005; Burch-Smith et al. 2011a), but little is known on
how the cells exert control on these processes. Exogenous and endogenous stimuli
have often been discussed to have an impact on the functional capacities of the cell
connections (reviewed in Schulz 1999; Holdaway-Clarke 2005; Benitez-Alfonso
et al. 2011; see Chap. 3), and plasmodesmal SELs have been shown to respond at
least temporarily, e.g., (1) to cold treatment (Holdaway-Clarke et al. 2000; Rinne
et al. 2001, 2011; Sokotowska and Zagdrska-Marek 2007; Bilska and Sowinski
2010), (2) to the photoperiod (Rinne and van der Schoot 1998; Gisel et al. 1999,
2002; Ormenese et al. 2002; Ruonala et al. 2008; Fuchs et al. 2010a, 2010b), (3) to
pressure gradients (Oparka and Prior 1992), (4) to the application of the gibberellin
GA, (Rinne et al. 2011), (5) to treatments with sodium azide and N, inducing anaer-
obic stress and a reduction of the cytosolic ATP levels (Tucker 1993; Cleland et al.
1994; Christensen et al. 2009), (6) to H,O, and to the aromatic amino acid trypto-
phan (Rutschow et al. 2011), (7) to Ca** (e.g., Holdaway-Clarke et al. 2000;
Holdaway-Clarke 2005; Benitez-Alfonso et al. 2011), and (8) to inositol bisphos-
phate and inositol trisphosphate (Tucker 1988).

Structural alterations of plasmodesmata have only rarely been described. They
may occur in response to exogenous changes which have an impact on the physio-
logical state and/or the morphogenetic fate of the tissues. Extracellular callose
sphincters constricting the plasmodesmata in dormant buds of Betula pubescens
(Rinne and van der Schoot 1998) and hybrid aspen (Populus tremula x P. tremuloi-
des, Ruonala et al. 2008) are degraded after chilling, which induces release of the
SAM from dormancy (Rinne et al. 2001, 2011). Moderate osmotic stress applied to
the roots of Pisum sativum causes an increase in the size of the plasmodesmal cyto-
plasmic sleeves and an enhanced unloading of the phloem (Schulz 1995). In leaves
of a chilling-sensitive maize line showing decreased photosynthetic activity and
reduced assimilate export when exposed to suboptimal temperatures, the lumen of
the plasmodesmal cytoplasmic sleeves is reduced between bundle sheath and vascu-
lar parenchyma cells, and internal sphincters constrict the cell connections at the
bundle sheath/Kranz mesophyll interface (Bilska and Sowiniski 2010). Remarkably,
plasmodesmal densities (number of plasmodesmata per micrometer vein) increase
significantly at the same cell interfaces in response to the moderate chilling, and this
response was slightly lower in the chilling-sensitive than in a chilling-tolerant maize
line (Sowiriski et al. 2003; cf. Chaps. 1 and 3).

As compared to temporary functional modifications and minor structural altera-
tions, changes in the plasmodesmal numbers may represent a long-lasting mecha-
nism by which plasmodesmal networks can be adapted to altered exogenous
conditions. In maize and other C4 grasses, plasmodesmal densities (number of plas-
modesmata per micrometer vein) also rise with increasing light intensities at the
bundle sheath/Kranz mesophyll interface as well as at the bundle sheath/vascular
parenchyma interface. Thus, transport capacities are possibly adjusted to the increas-
ing production of photosynthates by formation of additional plasmodesmata
(Sowinski et al. 2007). Floral induction by exposure to long-day regime (Ormenese
et al. 2000), as well as cytokinin application (Ormenese et al. 2006), promotes a
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threefold increase of the plasmodesmal densities (number of plasmodesmata per pm
wall length) at the anticlinal and periclinal interfaces of all initial layers in the SAM
of Sinapis alba which indicates an increase in secondary plasmodesmata formation.
Photoperiodic flower induction in the SAMs of the short-day plant Perilla nankinen-
sis and the long-day plant Rudbeckia bicolor (Milyaeva 2007) is also accompanied
by an increase in the plasmodesmal densities (number of plasmodesmata per pm
wall length) at most interfaces in the central zone which produces the reproductive
organs, except for the anticlinal wall between the L1 and L2. In contrast, plasmodesmal
densities are reduced in the medullar zone giving rise to the stem tissues (Milyaeva
2007). As mentioned above, floral induction causes selectively decreasing plasmo-
desmal densities (number of plasmodesmata per pm? cell interface) in the L2-layer
of the SAM of Iris xiphium, so that the symplasmic connectivity of the L1 to the
meristem corpus becomes reduced (Bergmans et al. 1997). Moreover, plasmodesmal
densities (number of plasmodesmata per pm? wall) and total numbers of plasmodes-
mata undergo drastic seasonal changes in the cambial zone of Populus nigra, so that
plasmodesmal connectivity is high in the active state and low in the dormant state of
these stem tissues (Fuchs et al. 2010a; see Fig. 2.6 below).

2.5.2 Molecular Mechanisms Controlling Plasmodesmal
Formation, Modification, and Deletion

2.5.2.1 Redox Regulation

New hints on the molecular mechanisms controlling the formation and modifica-
tion of primary and secondary cell connections come from recent analyses on
Arabidopsis mutants which show altered plasmodesmal transport capacities during
embryogenesis. These studies point at a redox regulation of the symplasmic trans-
port pathways (reviewed in Benitez-Alfonso et al. 2011; Burch-Smith et al. 201 1a,
b; Burch-Smith and Zambryski 2012; Zambryski et al. 2012). Enhanced callose
deposition at plasmodesmata, particularly in the RAM, occurs in the seedling lethal
Arabidopsis mutant gatl (green fluorescent protein arrested trafficking; Benitez-
Alfonso et al. 2009). The gat! mutant is defective in the plastidial thioredoxin
m-type3 gene which is involved in controlling the cellular redox state and the
homeostasis of reactive oxygen species (ROS). The increased ROS level in gatl
was hypothesized to induce callose synthesis presumably mediated by the elevation
of the intracellular Ca?* level (Holdaway-Clarke et al. 2000; Holdaway-Clarke
2005; Benitez-Alfonso et al. 2011). This, in turn, reduces the plasmodesmal SEL
and stops the unloading of GFP from the phloem (Benitez-Alfonso et al. 2009).
Increased ROS levels were also found in the embryo lethal Arabidopsis mutant isel
(increased size exclusion limit, Stonebloom et al. 2009, 2012). However, isel has an
increased plasmodesmal SEL.

These contradictory results might be explained by different amounts of ROS pro-
duction in gat! vs. isel. Low ROS levels may increase the plasmodesmal SEL, while
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Fig. 2.5 Model of the organelle-nucleus-plasmodesmata-signaling pathway [as suggested by
Burch-Smith et al. (2011b) and Burch-Smith and Zambryski (2012)]. Chloroplasts and mitochon-
dria exchange signals with each other and with the nucleus to induce transcriptional regulation of
plastidial and mitochondrial genes in order to adjust the organelle metabolism to changes in the
energy status and in the redox state within the cell. The regulatory network also controls structural
and functional alterations of the plasmodesmata. Whether mitochondrial and plastidial signals
exert direct control on plasmodesmata is not known (dashed arrows). Changes in the intercellular
levels of ROS and/or Ca?* may function in such a signaling pathway, e.g., to modify the callose
deposits at the plasmodesmal orifices (yellow) which in turn regulate the plasmodesmal size exclu-
sion limit (Benitez-Alfonso et al. 2011). Nuclear regulation comprises the differential expression
of genes coding for plasmodesmal proteins, and the adjustment of transcript levels of enzymes
involved in cell-wall formation and modification. The latter may be required for the cell-wall
remodeling during plasmodesmal formation and modification

high ROS concentrations may cause plasmodesmal occlusion (Rutschow et al. 2011).
Alternatively, plasmodesmata may be part of an intricate organelle-nucleus-
plasmodesmata-signaling pathway (ONPS, Burch-Smith et al. 2011b; Burch-Smith
and Zambryski 2012; Fig. 2.5), in which the metabolism of the organelles is inter-
connected via the energy status and the modulation of cellular redox state (Burch-
Smith et al. 2011b; Burch-Smith and Zambryski 2012; Stonebloom et al. 2012).
Thus, it may be critical for the plasmodesmal response, in which organelle the ROS
production takes place (Burch-Smith and Zambryski 2012; Stonebloom et al. 2012).
In gatl, ROS production results in an oxidized state in the plastids, which induces a
reduced plasmodesmal SEL, while ROS production causes oxidized mitochondria in
isel due to a defective mitochondria-localized DEAD-box RNA helicase gene.
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Fig. 2.6 Plasmodesmograms of the cambial zone of Populus nigra in three seasonal stages. The
cambial plasmodesmal networks as viewed in cross sections through the 2-3-year-old twigs are
depicted (1) in the active state in summer (/eff), (2) in the dormant state in autumn (middle), and
(3) during release from dormancy (budbreak) in spring (right). The gray line connecting the plas-
modesmograms marks the respective youngest tangential division wall. Rectangles labeled with
Al and B1 represent the phloem-sided cells bordering this division wall in two adjacent radial cell
rows. The radially aligned phloem-sided cell derivatives were further coded successively accord-
ing to the chronological order of their formation, starting with the youngest derivative as AP1,
AP2, etc. (or BP1, BP2, etc.). Rectangles labeled with A2 and B2 depict the cells which directly
border on the youngest division wall at the xylem-side; the following xylem-sided derivatives were
successively coded as AX1, AX2, etc. (or BX1, BX2, etc.). Tangential and radial cell walls were
named after the respective adjoining cells, e.g., AI/AP1 or A2/B2. Absolute plasmodesmal fre-
quencies were calculated as total number of plasmodesmata per total interface area (computed as
average cell-wall area). They are indicated by black numbers and by the bars between the rectan-
gles (1,000 plasmodesmata represent 1 bar). Due to regular cell-division patterns, the topological
sequence of cambial cell interfaces mirrors the cell-wall development in chronological order, and
plasmodesmal development can be deduced by analyzing the consecutive walls at the phloem-side
and xylem-side (see Ehlers and van Bel 2010). Changes in the plasmodesmal frequencies in suc-
cessive tangential division walls are indicated by red arrows and numbers, blue arrows and num-
bers indicate relative changes in plasmodesmal frequencies in radial non-division walls. Green
color marks the putative initial layer in summer, orange and yellow colors indicate the cells
involved in the first cell division in spring. In the active state in summer, plasmodesmal frequencies
undergo dynamic changes depending on the developmental state of the derivatives in the numerous
layers of the cambial zone. Starting from relatively low numbers in the youngest tangential divi-
sion walls (A1/A2), there is a drastic increase in the plasmodesmal numbers by +77 % on the
phloem-side (A1/A1P) and by +90 % on the xylem-side (A2/AX1). This increase is presumably
performed by plasmodesmal fission, as indicated by the abundance of twinned plasmodesmata and
by the occurrence of intermediate branched morphotypes (cf. Fig. 2.41). The resulting high plas-
modesmal frequencies may build up a preferential pathway for the transfer of tissue-specific posi-
tional signals to the youngest cambial derivatives to determine their xylem or phloem fate. During
further cell differentiation, plasmodesmal numbers are subsequently reduced by plasmodesmal
deletion in the tangential walls. Note that the oldest cell derivatives which were observed, had not
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Plastids were in the reduced state in ise/ and also in the Arabidopsis mutant ise2
(Kobayashi et al. 2007; Burch-Smith and Zambryski 2010), which is defective in a
chloroplast localized DEVH box RNA helicase. Consequently, the plasmodesmal
SEL is increased in both ise mutants (Stonebloom et al. 2012; Burch-Smith and
Zambryski 2012).

Remarkably, the mutant analyses suggest that the redox regulation also affects
plasmodesmal structure. In gat/ mutants, 5 % of the plasmodesmata were found to
be occluded (Benitez-Alfonso et al. 2009; Xu et al. 2012), but early reports on a
higher degree of plasmodesmal branching in this mutant (Benitez-Alfonso et al.
2009) have been emended later on (Burch-Smith et al. 2011a; Zambryski et al.
2012). However, as compared to the hypocotyls of wild-type embryos of the

<
<

Fig. 2.6 (continued) reached the mature state. Similar events occur at the radial interfaces starting
from the radial non-division wall with the lowest plasmodesmal frequency (A2/B2) which most
likely marks the initial layer. The initial increase of plasmodesmal frequencies by plasmodesmal
fission on the phloem-side (A1/B1, +84 %; AP1/BP1, +62 %) and on the xylem-side (AX1/BX1,
+161 %) may mediate tangential exchange of cell-fate-specifying signals across the radial inter-
faces, once the tissue identity is established by radial signaling across the tangential interfaces [A1/
A1P, A2/AXT; cf. also Fuchs et al. (2011)]. Later on, a deletion of plasmodesmata takes place, but
the deletion process at the radial interfaces is not as fast as at the tangential interfaces, indicating a
precise tuning of the plasmodesmal numbers in the course of cell development. The plasmodesmal
networks are also adapted to seasonal changes. In autumn, the cambial zone comprises only a few
layers of immature derivatives which exhibit fragmented vacuoles filled with storage materials and
cryoprotectants. These cytological features are typical for the dormant state (Lachaud et al. 1999;
Fuchs et al. 2010b). As compared to the active state, plasmodesmal numbers are extremely low at
all interfaces of the dormant cambial zone, except for the radial wall A1/B1. Here, the total number
of 4,965 plasmodesmata per average cell-wall area resembles that of the radial interface between
active cambial initials in summer (green color, A2/B2, 5305 plasmodesmata per average cell-wall
area). Interestingly, the relatively high plasmodesmal numbers mark the layer of the dormant cam-
bial initials (A1, B1, etc.). Unchanged plasmodesmal frequencies at their radial interfaces may
allow immediate symplasmic communication to coordinate the first synchronous tangential cell
division in spring (orange and yellow color). To the best of our knowledge, the unchanged plasmo-
desmal frequency is the only cytological marker which characterizes the cambial initials. The first
tangential division wall (A1/A2) laid down in spring is already equipped with 22,262 plasmodes-
mata per average cell-wall area, which is comparable to the high frequency observed in the respec-
tive wall in summer (A1/A2, 17,951 plasmodesmata per average cell-wall area). At the radial
interfaces of the two cell layers resulting from this first division (A1/B1 and A2/B2), plasmodes-
mal numbers have not increased, but the preexisting plasmodesmata at the autumnal interface have
been distributed in almost identical numbers over the splitted wall halves (=52 % and —48 %,
respectively; total: —0.7 %; relative changes are indicated by the dotted lines). As compared to the
dormant state, however, plasmodesmal frequencies rise clearly in other tangential and radial walls
which had been laid down before dormancy (dotted lines), i.e., with the precursor phloem (AP1,
BP1, etc.) and with the boundary parenchyma (AX1, BX1, etc.). In contrast, no plasmodesmata
were observed at the interfaces of the cell layer AX2, BX2, etc. During cambial reactivation, these
cells have rapidly developed into xylem vessels from the oldest xylem-sided derivatives of the
previous year. Thus, they have lost all their plasmodesmata during maturation [reprinted from
Fuchs et al. (2010a), by permission of Oxford University Press]
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late-torpedo stage (9 %), higher relative fractions of branched and twinned
plasmodesmata were found in ise/ (26-28 %) and ise2 (13—-15 %). This indicates
increased formation of secondary plasmodesmata (Burch-Smith and Zambryski
2010; Burch-Smith et al. 2011a; Zambryski et al. 2012) most likely by promoting
plasmodesmal fission (Ehlers et al. 2004; Faulkner et al. 2008; Ehlers and van Bel
2010). In contrast, decreased relative fractions of branched and twinned plasmodes-
mata (6.6 %) and concomitant reduced plasmodesmal SELs were recently found in
the Arabidopsis mutant dsel (decreased size exclusion limit, Xu et al. 2012).
This mutant is defective in the WD-repeat protein TANMEI which localizes to the
cytoplasm and the nucleus.

As ISEI, ISE2, and DSEI do not localize to plasmodesmata, their impact on
plasmodesmal formation and plasmodesmal structure must be indirect (Burch-
Smith et al. 2011a; Burch-Smith and Zambryski 2012; Xu et al. 2012; Zambryski
et al. 2012). Whole-genome microarray analyses of the ise/ and ise2 mutants dem-
onstrated alterations in the transcript levels of a broad variety of genes, which was
attributed to a ROS-induced organelle-nucleus-plasmodesmata signaling exerting
control on the gene expression patterns (Burch-Smith et al. 2011b; Fig. 2.5). Besides
gene products involved in plastidial and mitochondrial function, several plasmodes-
mal proteins were differentially expressed in isel, ise2, and wild types. Moreover,
enzymes involved in cell-wall formation and modification were affected (Burch-
Smith et al. 2011b; Fig. 2.5), and these may play a role in the cell-wall remodeling
required for plasmodesmal formation, modification, and deletion (e.g., Kollmann
and Glockmann 1999; Ehlers and Kollmann 2001; Roberts 2005). Burch-Smith
et al. (2011b) reported that both ise! and ise2 showed a transcriptional upregulation
of cellulose synthases and cellulose synthase-like proteins involved in the produc-
tion of cross-linking glycans (hemicelluloses), a massive upregulation of xyloglucan-
endotransglucosylases/hydrolases with a probable function in wall-expansion
growth, and a downregulation of expansins which mediate acid-induced cell-wall
expansion (e.g., Cosgrove 2005).

ROS may also have a direct effect and may provoke an immediate, nonenzymatic
cell-wall loosening which facilitates the structural dynamics of the cell connections.
It has been suggested that endogenous hydroxyl radicals ("(OH) are generated by
class III cell-wall peroxidases from superoxide and H,O,, which in turn is produced
by a NAD(P)H oxidase in the plasma membrane from the reduction of monovalent
O, (Liszkay et al. 2003). The highly active ‘OH may function as a wall-loosening
agent, as it can cleave cell-wall polymers in an unspecific manner (Schweikert et al.
2000). The general role of "OH in wall-extension growth suggested by Schopfer
et al. (Schopfer et al. 2002; Liszkay et al. 2003) has been challenged, because the
*OH amount needs to be low to avoid damage of the living cells (Cosgrove 2005;
Schopfer 2006). Further, "OH can be expected to operate only in the immediate
vicinity of its production site, due to its short lifetime of a few nanoseconds. Just
this feature, however, characterizes “OH as an attractive candidate agent for the
rapid and locally restricted wall modifications needed in the course of plasmodes-
mal development. Two components, required for the formation of *OH have recently
been detected in the cell walls of the cambial zone of tomato stems, where a dynamic
regulation of plasmodesmal connectivity takes place (Ehlers and van Bel 2010).
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Immunolocalization confirmed the occurrence of peroxidases associated with the
cambial plasmodesmata. Moreover, the presence of H,0O, was detected cytochemi-
cally by its reaction with CeCl;, resulting in a punctate distribution of cerium-
perhydroxide precipitates in the cambial walls, which were frequently associated
with plasmodesmata (Ehlers and van Bel 2010). Molecular data support the pres-
ence of class III peroxidases in the Arabidopsis plasmodesmal proteome, but the
localization has not yet been proven (Fernandez-Calvino et al. 2011).

2.5.2.2 Membrane Domains

Plasmodesmal deployment seems to be precisely programmed during plant devel-
opment, but it still remains unclear, how the sites of primary and secondary plasmo-
desmal formation are selected by the cells. We speculate that local peculiarities of
the plasma membrane may play a crucial role, e.g., remorin-containing lipid rafts
(Raffaele et al. 2009; Mongrand et al. 2010; Tilsner et al. 2011; Blachutzik et al.
2012; Perraki et al. 2012; see Tanner et al. 2011) or other microdomains corralled
by transmembrane proteins which are tightly connected to the cytoskeleton and/or
to the cell-wall components. These connections limit the lateral diffusion of the
membrane components which can only escape from the corralled microdomains by
“hop diffusion” (Tilsner et al. 2011; Martinicre et al. 2012). The membrane domains
may contain or attract aggregates of proteins involved in the local loosening and/or
thinning of eventually preexisting cell walls at the extracellular side, e.g., xyloglucan-
endotransglucosylases, expansins, or NAD(P)H oxidases. Further, the microdo-
mains may either occur within or close by the plasmodesmal-associated parts of the
membrane to mediate modifications of existing cell connections, plasmodesmal fis-
sion, and plasmodesmal degradation (Raffaele et al. 2009; Mongrand et al. 2010;
Figs. 2.3e-h and 2.4]) or they may be scattered over the cell surface and initiate de
novo plasmodesmata formation (Mongrand et al. 2010; Fig. 2.31).

Intracellularly, the same microdomains may enable the targeted attachment of
cytoplasmic ER strands to the plasma membrane, in order to initiate plasmodes-
mata modification, fission, or de novo formation driven by cell-wall (re)construc-
tion (Figs. 2.3b—d, i—k and 2.41). Alternatively, the ER attachment may be mediated
by ER-localized membrane domains (see Tilsner et al. 2011), and it is even possible
that it is the attachment of the ER which actually initiates the formation of micro-
domains with wall-modifying enzymes in the plasma membrane. Already during
cytokinesis, microdomains may mediate the attraction of the cytoplasmic ER
strands to the membrane surrounding the growing cell plate, which represents the
future plasma membrane (Fig. 2.3b). This may determine the sites of primary plas-
modesmata formation. It has been shown in Arabidopsis root tips that the mem-
brane at the growing margins of the cell plate has a special protein equipment, as it
belongs to the post-Golgi membrane domain characterized by Rab-A2/Rab-A3
GTPases which are known to function in vesicle trafficking (Chow et al. 2008; Qi
and Zheng 2012).

Moreover, it also points to a possible contribution of membrane microdomains
that isolated plant protoplasts start immediately with the formation of outer-wall
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plasmodesmata in the course of cell-wall reconstruction (Monzer 1991; Ehlers and
Kollmann 1996, 2001). Conceivably, the plasmodesmal formation takes place at
those sites, where the cells have had cell connections within the intact tissue. As
these cell connections had suddenly been ripped apart during protoplast isolation,
the former plasmodesmal membrane domains may have been preserved in the
plasma membrane to initiate rapid plasmodesmal reconstruction. Protoplasts may
be an ideal system to test this hypothesis. In contrast, targeted deletion of plasmo-
desmata seems to be accompanied by the selective degradation of ubiquitinated
proteins (Ehlers et al. 1996), which may possibly destroy the plasmodesmal mem-
brane domains.

2.5.2.3 ER Shaping

It has often been pointed out that the ER plays a crucial role in plasmodesmal devel-
opment—not only because it may determine the sites of primary (and secondary?)
plasmodesmal formation but also because the plasmodesmal morphology seems to
depend directly on the shape of the ER strands which are transformed into the plas-
modesmal desmotubules (see Kollmann and Glockmann 1999; Ehlers and Kollmann
2001; Roberts 2005; Ehlers and van Bel 2010; Burch-Smith et al. 2011a; Tilsner
et al. 2011; see Figs. 2.3 and 2.4). Thus, it is reasonable to speculate that those
mechanisms which shape the cortical ER network within the plant cells may have a
direct impact on the plasmodesmal numbers and on the plasmodesmal morphology
(Faulkner et al. 2008; Ehlers and van Bel 2010; Tilsner et al. 2011).

It is well known that the cellular ER network is highly dynamic. It moves along
cytoskeleton filaments—i.e., microtubules in animals and actin filaments in yeast
and plants—and it undergoes a continuous, but controlled, remodeling (Stachelin
1997; Boevink et al. 1998; Prinz et al. 2000; Sparkes et al. 2010; Ueda et al. 2010;
Hu et al. 2011; Pendin et al. 2011; Tilsner et al. 2011; Chen et al. 2012; Lin et al.
2012). Two morphologically distinct forms can be distinguished in the ER network,
which presumably also differ with respect to their functional tasks. Flat, fenestrated
ER sheets, which may be studded with ribosomes, are found besides smooth, inter-
connected, curved tubules, a subdomain of which is the transitional ER involved in
the secretory pathway (Staehelin 1997; Hu et al. 2011; Pendin et al. 2011; Chen
et al. 2012; Lin et al. 2012; Puhka et al. 2012). The two ER forms are contiguous
and can be transformed into each other, presumably via intermediate stages with a
fenestrated morphology (Puhka et al. 2012). The relative amounts of the ER forms
vary between different cell types (Hu et al. 2011; Lin et al. 2012), with the develop-
mental stage of the cells (Ridge et al. 1999; Chen et al. 2012), and during cell divi-
sion (Chen et al. 2012; Puhka et al. 2012). Great progress has been made in the past
years in understanding the molecular mechanisms which govern ER dynamics.
However, most information comes from studies on animal cells and yeast.

Two ubiquitous protein families of eukaryotes have been identified as membrane
curvature-stabilizing proteins, which are supposed to shape the ER tubules and the
edges of the ER sheets (Voeltz et al. 2006; Hu et al. 2008; Shibata et al. 2010) and
which may also be involved in the formation of the tightly curved desmotubule
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membranes (Tilsner et al. 2011). These proteins are the reticulons—like RTN4a/
NogoA in mammals and RTN4 in yeast (Voeltz et al. 2006) —and a protein family
of reticulon interaction partners represented by DP1/REEP5 in mammals and Yoplp
in yeast (deleted in polyposis 1/YIP (Ypt interacting protein) one partner 1; Voeltz
et al. 2006; Hu et al. 2008, 2011). Although they do not share sequence homologies,
reticulons and DP1/Yoplp family members are characterized by two hydrophobic
domains forming hairpin loops which expand the outer leaflet of the ER membrane
to induce curvature. At the cytoplasmic side, the proteins interact with each other to
form oligomers which may scaffold the curved membrane (Hu et al. 2011; Pendin
et al. 2011; Tilsner 2011; Chen et al. 2012; Lin et al. 2012). Twenty-one reticulon-
like proteins (RTNLB1-21) have been identified in Arabidopsis, five of which have
been shown to be involved in ER-membrane shaping (Sparkes et al. 2010; Tolley
et al. 2010). Moreover, Chen et al. (2009, 2011, 2012) described HVA22 proteins in
Hordeum vulgare and Arabidopsis thaliana as homologs of DP1/Yoplp, but their
involvement in ER-tubule formation has not been proven.

CLIMP63 was supposed to be a special mammalian transmembrane protein con-
tributing to ER-sheet formation, as it may form scaffolds on the luminal side of the
ER membrane (Shibata et al. 2010; Hu et al. 2011; Tilsner et al. 2011; Lin et al.
2012). CLIMP63 and other proteins of the ER membranes, like STIM1, p180, and
REEPI, have also been held responsible for the association of the ER to the micro-
tubular cytoskeleton network which somehow functions in the ER remodeling
(reviewed in Hu et al. 2011; Pendin et al. 2011; Chen et al. 2012; Lin et al. 2012;
Puhka et al. 2012). Yet, plant homologs of CLIMP63 have not been identified so far,
and the influence of the actin/myosin network on the ER structure in plants has not
been studied in detail. Motility of the ER (and Golgi stacks) in plant cells has been
shown to depend on the actin/myosin system (Boevink et al. 1998; Ueda et al. 2010;
Yokota et al. 2011), and in vitro-studies suggest that myosin XI drives ER-tubule
formation along actin filaments (Yokota et al. 2011; see Chen et al. 2012). In yeast,
ER dynamics decreases after depolymerization of actin filaments, but the ER net-
work does not collapse, as it was shown for mammalian cells after microtubule
depolymerization (Prinz et al. 2000; see Hu et al. 2011; Lin et al. 2012). Possible
interactions of the ER and the actin/myosin network (Boevink et al. 1998; Ueda
et al. 2010; Yokota et al. 2011; Chen et al. 2012; Tilsner et al. 2012) may be of par-
ticular interest for the plasmodesmal research, since the actin/myosin network has
often been discussed to be an important structural component of plasmodesmata
which has an impact on the functional plasmodesmal properties including the con-
trol of viral transport (for reviews, see, e.g., Faulkner and Maule 2011; Fernandez-
Calvino et al. 2011; Niehl and Heinlein 2011; Radford and White 2011; Schoelz
et al. 2011; Tilsner et al. 2011, 2012). In this context, special attention should be
paid to the members of the recently identified Networked (NET) protein superfam-
ily functioning as plant-specific actin/membrane connectors (Deeks et al. 2012). In
Arabidopsis, this family of membrane-associated proteins, which is characterized
by a special actin-binding domain, comprises thirteen members belonging to four
phylogenetic clades with specific subcellular localizations (Deeks et al. 2012).
NET1A has been shown to localize to the plasma membrane and to plasmodesmata
to allow actin/membrane interactions (Deeks et al. 2012).
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With respect to the possible role of the peripheral ER in structural plasmodesmal
development, it is not sufficient to know how the ER membranes are shaped into flat
sheets or curved tubules and how these structures interact with the cytoskeleton. It
is also interesting to investigate how the branching of the ER tubules is achieved and
controlled. In metazoans, this function has been attributed to atlastins (ATLs), a
class of dynamin-like GTPases which mediate the homotypic fusion (and/or fission)
of ER tubules, in order to insert (and/or remove) branching points in the tubular ER
network (Hu et al. 2009, 2011; Orso et al. 2009; Pendin et al. 2011; Chen et al.
2012; Lin et al. 2012). ATLs are also hairpin-forming transmembrane proteins of
the ER and they interact with reticulons and DP1 in the membrane. Analogous pro-
teins with similar functions are the GTPase Seylp in yeast (Hu et al. 2009, 2011;
Anwar et al. 2012) and three isoforms of ROOT HAIR DEFECTIVE 3 (RHD3)
with partially redundant function in Arabidopsis (Chen et al. 2011; Hu et al. 2011;
Lin et al. 2012). RHD3 colocalizes with the above-mentioned HVA22d in a punc-
tate distribution along the ER tubules (Chen et al. 2011; Stefano et al. 2012) which
matches the postulated function in local membrane fusions/fissions. Remarkably,
RHD3 also has an impact on the motility of Golgi stacks (Chen et al. 2011, 2012;
Stefano et al. 2012) which may be of particular interest in view of the role of the
Golgi apparatus in cell-wall growth and plasmodesmal development. Moreover, it
was mentioned by Chen et al. (2012) that a mutation in rhd2-1, coding for a NADPH
oxidase responsible for ROS production, is epistatic to rhd3-1 during root-hair
growth in Arabidopsis (Schiefelbein and Somerville 1990), which may point to a
comprehensive correlation between ER shaping and redox-regulated cell-wall
growth. Plasmodesmal formation and/or modification are possible links between
these two processes.

In contrast to our detailed image of heterotypic membrane fusion mediated by
SNARESs and Rab proteins (Hu et al. 2011; Lin et al. 2012), however, information on
the processes of homotypic membrane fusion and membrane fission during ER
remodeling in plants is still scarce. It will be interesting to follow the progress made
in this research area, since it might have enormous consequences for our understand-
ing of the molecular control of plasmodesmal dynamics, in particular for the struc-
tural changes occurring in the plasmodesmal networks of developing plant tissues.

2.6 Discrepancies and Open Questions

2.6.1 Mechanisms Which Cause Alterations
of the Plasmodesmal Networks

The mechanisms which alter the plasmodesmal numbers and the structural proper-
ties of the plasmodesmal network are discussed extensively in the previous para-
graphs. Besides, there are several modes to alter the functional capacities of the cell
connections. Callose sphincters, the actin/myosin system, phosphorylation/dephos-
phorylation of plasmodesmal proteins, and alterations of the plasmodesmal protein
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equipment have been held responsible for changes in the plasmodesmal aperture
and the size of the plasmodesmal microchannels (e.g., Schulz 1999; Ehlers and
Kollmann 2001; Holdaway-Clarke 2005; Benitez-Alfonso et al. 2011; Faulkner and
Maule 2011; Deeks et al. 2012). Moreover, there is another mechanism of plasmo-
desmal regulation which was initially observed with defined stages of developing
antheridial filaments of Chara vulgaris (for reviews, see Kwiatkowska 1999; Ehlers
and Kollmann 2001). Prior to spermatogenesis, the cell connections at particular
antheridial interfaces were reversibly occluded with an electron-dense material in
order to demarcate distinct symplasmic domains whose cells show different cell
cycle activities or have reached different stages of cell differentiation. Within such
a domain, however, development of the cells was completely synchronized.
A reversible plugging of plasmodesmata controlled by the cytokinin/ABA ratio was
also observed in the seed coat and the mesocarp of developing avocado fruits, where
it causes seed coat senescence and retardation of fruit growth (Moore-Gordon et al.
1998). Moreover, occluded plasmodesmata were found in protoplast-derived cal-
luses of the dicot Solanum nigrum and in globular somatic embryos developed from
scutellar calluses of the monocot Molinia caerulea (Fig. 2.4a). Thus, it was sug-
gested that plugging of plasmodesmata might be a general event in plant develop-
ment and a widespread mechanism to establish temporary symplasmic domains
within the tissues (Ehlers et al. 1999). However, occluded cell connections have not
been observed in the course of the detailed examination of the plasmodesmal devel-
opment in plant embryos (Burch-Smith and Zambryski 2010; Burch-Smith et al.
2011a; Xu et al. 2012; Zambryski et al. 2012) and sink leaves (e.g., Oparka et al.
1999; Roberts et al. 2001). Only Benitez-Alfonso et al. (2009) reported the occur-
rence of 5 % “occluded” plasmodesmata in embryos of the gat mutant. The pictures
presented for the gar mutant plasmodesmata are, however, not identical to those of
occluded plasmodesmata in the other systems, where the occluding material is
located within the microchannels of the cytoplasmic sleeve or within the plasmo-
desmal orifices (Moore-Gordon et al. 1998; Kwiatkowska 1999; Ehlers et al. 1999),
but they rather resemble the plasmodesmata with extracellular sphincters found in
dormant shoot apices (Rinne and van der Schoot 1998; Ruonala et al. 2008). Similar
sphincter-like structures, interpreted as wall collars, can also be found at some of the
plasmodesmata shown in Oparka et al. (1999). However, e.g., the plasmodesmata
shown in Figs. 6Aii and 6Bii of Oparka et al. (1999) may actually be interpreted as
occluded cell connections. It remains an open question whether plasmodesmal
plugging indeed plays a significant role in the developing plant tissues.

2.6.2 Plasmodesmal Responses to Environmental Stimuli
Which Cause Morphogenetic Switches

Further discrepancies occur in the literature, concerning the plasmodesmal
responses to environmental stimuli. It cannot be answered, as yet, whether these
discrepancies point to actual differences in the distinct tissues/species used for
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the experiments or whether they may (partly) be due to different experimental
techniques and calculation methods. A short-day regime has been found to induce
dormancy in the SAM of Betula pubescens which leads to the symplasmic isola-
tion of the meristem cells (Rinne and van der Schoot 1998). During dormancy,
callose sphincters were observed to constrict the plasmodesmata in the SAM of
birch (Rinne and van der Schoot 1998) and poplar (Ruonala et al. 2008), but cal-
lose degradation and the restoration of the symplasmic organization of the SAM
is induced by chilling (Rinne et al. 2001, 2011). In contrast, no plasmodesmal
sphincters were found in the dormant cambial zone of poplar in autumn, but the
plasmodesmal numbers were drastically reduced (Fuchs et al. 2010a, 2011;
Fig. 2.6) and the remaining plasmodesmata were found to be closed, as they do
not mediate the transfer of the small, intracellularly injected fluorescent dye
Lucifer Yellow CH (Fuchs et al. 2010a, b). Thus, the symplasmic isolation of
dormant cambial cells and of dormant cells in the SAM is obviously achieved by
different mechanisms. However, studies on twigs of Acer pseudoplatanus and
Ulmus minor did not confirm the symplasmic isolation of the dormant cambial
cells (Sokotowska and Zagdrska-Marek 2007). In contrast, the authors reported
the existence of a symplasmic border at the interface between ray cells and fusi-
form cells in summer and symplasmic continuity in winter, as tested by applica-
tion of fluorescent dyes over several days. These results clearly contradict the
findings of Fuchs et al. (2010b) who demonstrated the symplasmic transport of a
purified 4.4-kDa FITC-labeled dextran fraction between ray cells and fusiform
cells during poplar cambial reactivation in spring by using microinjection
techniques.

The changes in the plasmodesmal networks which were observed in the SAM
after photoperiodic flower induction are also not consistent, as plasmodesmal den-
sities were either reported to increase in the L1-L3 of Sinapis alba (Ormenese et al.
2000, 2006) or to decrease in the L2 of Iris xiphium (Bergmans et al. 1997).
Milyaeva (2007) found tissue-specific differences in the plasmodesmal response of
the SAM in Perilla nankinensis and Rudbeckia bicolor. Increasing plasmodesmal
densities occurred in the central zone, except for the anticlinal wall between the L1
and L2, but plasmodesmal densities decreased in the medullar zone. Concurrently,
floral induction has been reported to be accompanied by the transient symplasmic
isolation of the SAM as indicated by the lack of import of fluorescent tracers (e.g.,
Gisel et al. 1999, 2002; for a review, see Kobayashi et al. 2005). Comparable results
can, however, only be produced, if identical techniques were used for the experi-
mental setup and the data processing. For example, as already criticized by Ehlers
and van Bel (1999), there are still too many different ways to compute plasmodes-
mal densities and frequencies. The best estimation of the actual symplasmic con-
nectivity at a given interface can certainly be based on the absolute plasmodesmal
frequencies, i.e., the total number of plasmodesmata between the cells (Ehlers and
van Bel 1999; Fig. 2.6).
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2.6.3 Preferential Symplasmic Transport Pathways,
Symplasmic Barriers, and the Particular Role
of Secondary Plasmodesmata

The plasmodesmal development of Arabidopsis embryos has been studied intensely
and the results have been summarized in several recent reviews (e.g., Kobayashi
et al. 2005; Burch-Smith et al. 2011a; Zambryski et al. 2012). Up to the early heart
stage, the embryo consists of one single symplasm domains with a high plasmodes-
mal SEL, but at the mid-torpedo stage, the embryo has become separated into dis-
tinct symplasmic subdomains whose borders exhibit different plasmodesmal SELs.
As the domains correspond to the basic organs of the embryo, i.e., cotyledons,
SAM, hypocotyl, and root (Kim et al. 2005a, b), the plasmodesmal transport capaci-
ties seem to concur with morphogenetic events. Similarly, a drastic reduction of the
plasmodesmal SEL from approximately 50 kDa (GFP fusions) to less than 27 kDa
(GFP) and the concomitant transformation of simple into branched plasmodesmal
morphotypes corresponds exactly with the sink-source transition of developing
leaves (Oparka et al. 1999; Roberts et al. 2001). In the cambial zone of poplar and
of the herbaceous plants tomato and Arabidopsis, particularly high numbers of plas-
modesmata mark the predicted preferential pathways for the symplasmic exchange
of positional information to determine tissue and cell fate (Ehlers and van Bel 2010;
Fuchs et al. 2010a, 2011; Fig. 2.6). These preferential pathways are established by
massive formation of “twinned secondary plasmodesmata” in the division and non-
division walls.

In contrast, in Arabidopsis root tips, plasmodesmal densities are low in the tan-
gential non-division walls between tissue cylinders, while high plasmodesmal den-
sities occur in the transverse division walls within cell files (Zhu et al. 1998; Zhu
and Rost 2000; Rost 2011). The plasmodesmal distribution largely corresponds
with functional studies, which demonstrated predominantly acropetal spread of
fluorescent dyes which were symplasmically unloaded from the protophloem to the
RAM (Oparka et al. 1994). Unhindered post-phloem transport occurred with GFP
(27 kDa), while transport of larger GFP fusions (up to 67 kDa) was restricted to the
cells that directly adjoin to the protophloem (Stadler et al. 2005). However, as dis-
cussed above (Fig. 2.2), the tangential interfaces within the developing root are
particularly important for the symplasmic exchange of morphogenetic signals, like
transcription factors and sSRNA species, to determine tissue patterning (Furuta et al.
2012). This decisive function is not reflected in high plasmodesmal densities, but
most likely in the abundance of secondary plasmodesmata at the tangential non-
division interfaces (Seagull 1983; Zhu et al. 1998). Similarly, to exert its function in
stem cell maintenance in the SAM, the WUSCHEL transcription factor has to move
symplasmically in apical direction across the periclinal non-division interfaces of
the L1, L2, and L3 (Yadav et al. 2011; Fig. 2.1), where most plasmodesmata can be
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expected to be secondary in origin. It is likely that the secondary plasmodesmata
have special functional qualities for macromolecular transport. This idea has
emerged earlier (for a recent review, see, e.g., Niehl and Heinlein 2011) and was
critically discussed by Ehlers and Kollmann (2001) and Burch-Smith et al. (2011a),
since the identification of “secondary plasmodesmata” was sometimes disputable
(e.g., Ding et al. 1992b; Volk et al. 1996; Itaya et al. 1998).

2.6.4 Evolution of Plasmodesmata

In view of specialized functional tasks fulfilled by the secondary plasmodesmata in
the plant tissues, it would be interesting to follow the evolution of these cell connec-
tions, but information is scarce. Although plasmodesmata are typical structures of
all embryophytes (e.g., Cook and Graham 1999; Raven 1997, 2005), not all taxa
seem to be able to form secondary plasmodesmata. Evidence for the formation of
simple and unbranched secondary plasmodesmata in mosses comes from studies on
developing Sphagnum leaflets (Schnepf and Sych 1983). Moreover, branched, and
possibly secondary, plasmodesmata were found in the liverwort Monoclea gottschei
(Cook et al. 1997). With ferns, however, no indications for secondary plasmodes-
mata formation were found in developing Azolla roots (Gunning 1978) and in
gametophytes of Onoclea sensibilis (Tilney et al. 1990). These observations were
recently supported by an extensive study on the plasmodesmal networks in the
SAMs of twenty-four species of vascular plants (Imaichi and Hiratsuka 2007). The
authors found a demarcation between fern-type SAMs which had at least threefold
higher plasmodesmal densities at the interfaces of the meristematic cells than seed
plant-type SAMs. The occurrence of two SAM types was attributed to the (dis)abil-
ity to form secondary cell connections (Imaichi and Hiratsuka 2007). Ferns, which
are unable to generate secondary plasmodesmata, rely on the formation of high
numbers of primary plasmodesmata. Remarkably, however, members of the lyco-
pod families Isoetaceae and the Lycopodiaceae had SAMs of the seed plant-type,
which may point to the capability for secondary plasmodesmata formation in these
plant families (Imaichi and Hiratsuka 2007). Collectively, these findings may indi-
cate that secondary plasmodesmata formation has evolved independently in mosses,
Isoetaceae/Lycopodiaceae, and seed plants. Alternatively, the ability to form sec-
ondary plasmodesmata has evolved early in the evolution of the land plants, and was
lost in monilophyte ferns, including Psilotum and Equisetum, and in the
Selaginellaceae. Further investigations, including functional studies on the plasmo-
desmata in different plant taxa, might deliver further insights into the (special?) role
of secondary plasmodesmata during plant development.

Investigations on plasmodesmata in green and brown algae are not restricted to
the studies reviewed by Cook and Graham (1999) and Raven (1997, 2005).
Fortunately, there are several recent studies on the cytokinesis and plasmodesmal
formation in the Phaeophyta (Katsaros et al. 2009; Nagasato et al. 2010; Terauchi
et al. 2012; and literature cited therein). In this taxon, cytokinesis is performed by
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fusion processes of Golgi vesicles and flat cisternae in the cytokinetic plane to form
membranous sacs which grow out and fuse to build the new cell partition mem-
branes (Katsaros et al. 2009; Nagasato et al. 2010). ER-free, simple plasmodesmata
develop from tubular membrane protrusions which are inserted into the membra-
nous sacs (Katsaros et al. 2009; Terauchi et al. 2012). Although it has been dis-
cussed that the flat cisternae in the cytokinetic plane may be derived from the ER,
since there was a close spatial association (Nagasato et al. 2010), the ER obviously
has no significant role in the formation and in the final structure of the plasmodes-
mata in brown algae. In view of the central function attributed to the ER in the for-
mation and structural modification of plant plasmodesmata, this finding is
remarkable and needs further attention.
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Chapter 3
Regulation of Intercellular Transport Through
Plasmodesmata Under Abiotic Stresses
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Abstract Plants are often subjected to environmental stresses. Except many
responses, unfavourable conditions may affect intercellular communication by sig-
nificantly changing the rate and efficiency of symplasmic transport. This can involve
changes in the ultrastructure of plasmodesmata. Furthermore, the modification can
concern the surroundings of plasmodesmata through deposition of callose. Thus,
understanding the mechanisms that control permeability of plasmodesmata under
stress conditions is of fundamental importance. This chapter presents structural
changes of plasmodesmata in relation to the symplasmic transport efficiency under
abiotic stress conditions. Responses of plasmodesmata to external stimuli are
discussed in terms of plant acclimation to unfavourable conditions. The role of plas-
modesmata in plant adaptation to different habitats is also considered.
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3.1 Introduction

Under natural conditions, plants are often exposed to unfavourable environmental
factors. The negative impact of such factors on the plants is commonly referred to
as an abiotic or biotic stress. In general, any fluctuation in the habitat generates a
defensive response of the plant, which can be manifested in different ways. The
repertoire of the stress-induced changes depends on the type and the intensity of the
stress. Furthermore, the stress response may be species or variety specific.
Additionally, it can be expected that the magnitude of the changes will be higher
when several stresses act simultaneously. It should also be noted that a long-term
stress can lead to irreversible damage and consequently to plant death. On the other
hand, a moderate stress can promote plant acclimation to suboptimal conditions
allowing it to survive a subsequent severe stress.

Among the many aspects of the plant response to stress and, generally, of the
plant ecophysiology, the role of plasmodesmata seems to be underestimated.
Exogenous factors may strongly affect intercellular communication by significantly
changing the rate and efficiency of symplasmic transport. This can involve changes
in the ultrastructure of plasmodesmata, including the conformation of proteins
(e.g. actin, myosin) associated with plasmodesmal microchannels or reorganisation
of internal sphincters. Furthermore, the modification can concern the surroundings
of plasmodesmata through deposition of polysaccharides (e.g. callose, pectins) in
the plasmodesmata-enriched areas of the cell wall, so-called pit fields, and/or extra-
cellular sphincters. Considering that plasmodesmata are “the main contractors” of
symplasmic transport, understanding the mechanism that controls their permeabil-
ity under stress conditions is of fundamental importance. This chapter presents
structural changes of plasmodesmata in relation to the symplasmic transport effi-
ciency under abiotic stress conditions. The influence of stress on the density, general
shape and the proteinaceous and non-proteinaceous components of plasmodesmata
are discussed. The nature and putative roles of inter- and extracellular sphincters/
collars in the regulation of permeability of plasmodesmata are considered. Finally,
the relationship between environmental factors, the plant reaction to stress involving
plasmodesmata and the adaptation is discussed.

3.2 The Ultrastructure of Plasmodesmata

Plasmodesmata are cytoplasmic tubules up to about 50 nm in diameter (Zambryski
and Crawford 2000; Roberts and Oparka 2003; Lucas and Lee 2004) composed of
lipid-protein membranes and proteins. In higher plants, the centre of the plasmo-
desma is occupied by a desmotubule of a diameter of ca. 15-20 nm, an appressed
form of the endoplasmic reticulum linking adjacent cells. The desmotubule is visi-
ble by electron microscopy as an electron-dense structure, also called the central rod
(Hepler 1982; Ding et al. 1992; Botha et al. 1993; Overall and Blackman 1996;
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Botha and Cross 2000; Ehlers and Kollmann 2001; Brecknock et al. 2011; Tilsner
etal. 2011). According to Tilsner et al. (2011), the extreme constriction of the lipid
bilayer forming the desmotubule is reached by protein—protein interactions.
However, the nature of the proteins forming the scaffold of the desmotubule is
unknown, and the authors (ibid.) suggest that they could be similar to the animal
CLIMP-63 protein. The space between the desmotubule and the plasma membrane
forms the so-called cytoplasmic sleeve. The desmotubule is surrounded by an annu-
lar helix composed of globular proteins and is linked by spoke-like structures to
plasma membrane proteins (Robards 1968; Robinson-Beers and Evert 1991; Ding
etal. 1992; Botha et al. 1993; Ehlers and Kollmann 2001). This ensures the mechan-
ical/physical stability of plasmodesmata. Several authors (Overall and Blackman
1996; Baluska et al. 2001) have proposed that those spokes could consist of F-actin,
myosin VIII and centrin. Myosin VIII may play a key role in the regulation of gating
via plasmodesmata (Baluska et al. 2001). The spokes are separated from one another
by microchannels of 3—4 nm (Lucas et al. 1993; Blackman and Overall 2001;
Roberts and Oparka 2003). Plasmodesmata are often constricted at both ends form-
ing neck regions, while their central regions are dilated. In some plasmodesmata,
electron-dense structures called “sphincters” (Evert et al. 1977) have been reported.
Consequently, numerous models of plasmodesmata with putative sphincter(s) were
proposed (Ding et al. 1992; Overall and Blackman 1996; Roberts and Oparka 2003).
In the model of Overall and Blackman (1996) the electron-dense elements form a
helix surrounding the entire plasmodesma (Overall et al. 1982; Badelt et al. 1994),
or ring-like structure around the neck region (Badelt et al. 1994). The latter struc-
tures are called extracellular sphincters (Olesen and Robards 1990; Lucas et al.
1993; Ritzenthaler et al. 2000; Rinne et al. 2001; 2005). Those authors proposed
that these structures could consist of callose, which was later confirmed by immu-
nolocalisation—antibodies against f-1,3-glucan visualised callose epitopes in the
sphincter areas. However, sphincter-like structures may also occur inside plasmo-
desmata (Evert et al. 1977; Olesen 1979; Robinson-Beers and Evert 1991; Botha
et al. 2005). In the case of such internal sphincters, the electron-dense particles fill
the cytoplasmic sleeve at one or both neck regions. Despite the numerous cyto-
chemical studies, the chemical composition of the internal sphincters is unclear.
Using diverse chemicals, Turner et al. (1994) excluded the possibility of a protein-
aceous character of the sphincters. However, electron microscopic observations of
carefully fixed material showed that components of the electron-dense material
present at the neck region of plasmodesmata have a globular shape (Olesen 1979;
Overall et al. 1982; Robinson-Beers and Evert 1991; Botha et al. 1993), suggestive
of proteins. Recently, electron tomography studies confirmed these observations for
some types of leaf plasmodesmata in maize (Bilska and Sowinski 2010). 3D visuali-
sations of electron tomography microphotograph series made for several types of
plasmodesmata are shown in Fig. 3.1. Here, internal sphincters composed of clearly
globular components are present at the both ends of plasmodesmata at the Kranz
mesophyll/Kranz mesophyll interface and at the mesophyll side of the Kranz meso-
phyll/bundle sheath interface (Fig 3.1a, b) but not at other interfaces (Fig 3.1c).
The proposed proteinaceous character of the internal sphincter components should
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Fig. 3.1 Transmission electron micrographs (a, b, ¢) and a 3D visualisation (d, e, f) of three dif-
ferent types of plasmodesmata in maize leaf. (a, d) Leaves at the interface: Kranz mesophyll cell/
Kranz mesophyll cell. (b, e) Kranz mesophyll cell/bundle sheath cell. (c, f) Bundle sheath cell/
vascular parenchyma cell. Note globular elements at the plasmodesmata neck region in the two
types of plasmodesmata (a, b, d, e). KMS Kranz mesophyll, BS bundle sheath, VP vascular paren-
chyma, CW cell wall. Arrows—PD which were taken in the model creations. Scale bar—200 nm
(a, b, ¢), 100 nm (d, e, f). Three-dimensional shape of plasmodesmata was designed using 3D
CAD software (Pro/ENGINEER Software, Wf2; Parametric Technology Corporation, USA) on
the basis on electron tomography micrographs, performed by JEM 1400 (Jeol Co., Japan) equipped
with a tilt-rotate tomographic holder and a high-resolution digital camera (CCD MORADA;
Olympus Soft Imaging Solutions, Germany) in Laboratory of Electron Microscopy of Nencki
Institute of Experimental Biology, PAS, Poland

be confirmed directly, using immunocytolocalisation and/or proteomics. In the
latter case, the biggest problem for one studying protein composition of plasmodes-
mata is to obtain the material for studies (Faulkner and Maule 2011). It is also pos-
sible that soluble proteins or proteins transiently connected with plasmodesmata
may be lost during the preparation of material (Salmon and Bayer 2013).

It should be emphasised that despite the great progress in the development of
microscopy techniques, the ultrastructure of plasmodesmata is far from being fully
established, mainly due to technical problems. Details of these minute structures are
visible only under electron microscope. Standard electron microscopy requires mul-
tistep chemical preparation of the samples where, as a rule, material must be fixed
immediately after the sample collection in order to several steps of sampling proce-
dure: postfixation, dehydration, resin embedding, resin polymerisation and speci-
men cutting. This protocol may lead to structural artefacts, e.g. constriction of
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plasmodesmata. Standard fixation can also damage sensitive epitopes and prevent
immunocytolocalisation of proteins of interest dependent on proper recognition of
the protein by a specific antibody.

Different modifications of classical fixation methods are known which improve
the quality of fixation. Thus, the use of tannic acid during fixation of plant material
improves visualisation of some structures under electron microscopy, including
sphincters (Olesen 1979) and the striations linking the desmotubule to the plasma-
lemma (Tilney et al. 1991). Tannic acid/heavy metal (e.g. osmium) complexes form
a stable film which protects native conformation of proteins and reduces damage
dehydration. Non-chemical fixation techniques, such as low-temperature fixation
(MclIntosh et al. 2005), freeze substitution or freeze etching, are also useful in visu-
alising substructures of plasmodesmata, including sphincters or collars (Northote
and Lewis 1968; Willison 1976; Olesen 1979; Thomson and Platt-Aloia 1985;
Badelt et al. 1994). Although damage to the freeze-substituted material is possible
(Badelt et al. 1994) resulting in “stretching” of plasmodesmata, freeze-substitution
methods are particularly well suited for the demonstration of plasmodesmata-
associated material. The recent progress in confocal/fluorescence microscopy has
allowed the study of structures below the level of light microscope resolution (Bell
and Oparka 2011) and one should expect plasmodesma models based on in vivo
observations soon.

3.3 Plasmodesmata and Plant Stress Responses

As for other physiological phenomena, the impact of a stress on symplasmic trans-
port can be divided into the alarm and acclimation phases (Levitt 1980) comprising,
respectively, a relatively rapid closure of individual plasmodesmata and a rather
slow modification of cell-to-cell transport, due to changes in plasmodesmata fre-
quency. The signal transduction pathways leading to those two types of responses
are still under discussion.

3.3.1 Fast Modification of Cell-to-Cell Transport
by External Stimuli

Numerous reports document rapid changes in symplasmic transport in response to
external stimuli. The cell-to-cell transport of the fluorochrome Lucifer yellow was
stopped immediately by an experimentally generated large (200 kPa) turgor pres-
sure differential between leaf trichome cells of Nicotiana clevelandii (Oparka and
Prior 1992), suggesting water potential sensing to be involved in the signal trans-
duction. In another study, elevation of cytoplasmic free Ca** by cold treatment
(2 °C) led to an increase of electrical resistance between cells in cell culture within
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10 s, indicating a shift of the plasmodesmata from an open to a closed conformation
(Holdaway-Clarke et al. 2000) and also showing the participation of this secondary
messenger in the transduction of the external signal. Recently, reactive oxygen spe-
cies (ROS) have been shown to affect the modulation of plasmodesmata state
(Benitez-Alfonso and Jackson 2009; Benitez-Alfonso et al. 2009; Stonebloom
et al. 2009; Benitez-Alfonso et al. 2011; Stonebloom et al. 2012). Alteration of the
redox state in mitochondria increased the transport via plasmodesmata (Stonebloom
et al. 2009) while plastid-produced ROS blocked symplasmic transport (Benitez-
Alfonso and Jackson 2009; Benitez-Alfonso et al. 2009). It seems, therefore, that
several different signal transduction pathways could control the symplasmic trans-
port. One should note, however, that different signal transduction pathways may
converge (Fryer et al. 2003; Cessna et al. 2007) to produce cross-tolerance (Bowler
and Fluhr 2000).

Several lines of evidence have confirmed the participation of all three signal
transduction pathways mentioned above in the regulation of plasmodesmata open-
ing. The findings of Schulz (1995), who demonstrated relatively fast (1 h) opening
of PD in roots of Pisum sativum in response to osmotic stress (accompanied by
increased phloem unloading), support the concept of the water potential of the cell
being a regulator of symplasmic transport. On the other hand, plasmolysis of corti-
cal cells using 1 M sucrose reduced both the number of plasmodesmata classified as
“open” and the phloem unloading. The cytoplasmic free calcium hypothesis seems
to be confirmed by a study in which plasmodesmata in the staminal hairs of
Setcreasea purpurea closed as a result of the elevation of intracellular calcium
(Tucker 1990; Tucker and Boss 1996). In other experiments, the effect of light on
the symplasmic transport in etiolated corn seedlings was determined (Epel and
Erlanger 1991). Those authors suggested an involvement of phytochrome in this
control. The phytochrome-mediated photomorphogenetic responses require, among
other factors, calcium (Neuhaus et al. 1997; Frohnmeyer et al. 1998). Also the pos-
tulated role of redox signalling in the control of plasmodesmata closure seems to
have strong experimental support. One such line of evidence comes from studies of
a maize sxd/ mutant showing tocopherol deficiency (Sattler et al. 2003).
The mutant’s phenotype involves closure of plasmodesmata at the bundle sheath/
vascular parenchyma interface (Russin et al. 1996). It has been suggested recently
that ROS accumulation due to the tocopherol deficiency could be the factor respon-
sible for the plasmodesmata closure (Benitez-Alfonso et al. 2011). Also, in line with
the ROS hypothesis is our finding that moderate chilling (14 °C) slows down the
short-distance transport of *C-photosynthates and phloem loading in Zea mays
indentata leaves (Bilska and Sowiniski 2010) and is accompanied by closure of plas-
modesmata at the Kranz mesophyll/bundle sheath and bundle sheath/vascular
parenchyma interfaces, i.e. those involved in the exchange of C4 photosynthates
between the PCA and PCR cycles and in the symplasmic transport of sucrose prior
to phloem loading. Moderate chilling causes photoinhibition in Zea mays indentata
(ibid.), but not elevation of free cytoplasmic calcium (Bilska and Sowinski, unpub-
lished data); thus, the observed closure of plasmodesmata could well be due to
enhanced ROS production, but not to calcium signalling.
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3.3.2 Mechanisms of Rapid Response of Plasmodesmata
to External Stimuli

The most frequently discussed aspect of the ultrastructural changes of plasmodesmata
under stress conditions is accumulation of callose at the neck regions, sometimes
forming extracellular sphincters. One should note, however, that the changes in
symplasmic transport demonstrated by some to occur within seconds (Oparka and
Prior 1992; Holdaway-Clarke et al. 2000) are much too rapid to be due to callose
deposition, taking several minutes at least (Chen and Kim 2009; Zavaliev et al.
2011). It seems likely that different mechanisms are responsible for the fast and
delayed closure of plasmodesmata.

3.3.2.1 Plasmodesmata Constriction Related to Callose

Callose (-1,3-glucan) plays several roles in higher plants including development of
pollen, cytokinesis (Chen and Kim 2009) and blockage of sieve pores in trees at the
end of vegetation season (dormancy callose). The polysaccharide also deposits at
the neck regions of plasmodesmata in response to diverse stresses. Its function has
been discussed in the literature mostly in the context of biotic stresses and transport
of macromolecules (see Chap. 7). However, callose is also deposited at plasmodes-
mata following of abiotic stresses (Table 3.1). Thus, plasmodesmata of wounded
roots of onion (Allium cepa L.) demonstrated stronger constriction of the neck
region than in control, unwounded tissues (Radford et al. 1998), which was appar-
ently a result of callose accumulation: when an inhibitor of callose synthesis,
2-deoxy-D-glucose (DDG), was used, no neck constrictions were observed in the
plasmodesmata. Several reports also showed callose accumulation at plasmodes-
mata following a metal stress: aluminium (Sivaguru et al. 2000), lead (PirSelova
et al. 2012; Samardakiewicz et al. 2012), arsenic (PirSelova et al. 2012) or cadmium
(Ueki and Citovsky 2005; PirSelova et al. 2012). In the case of cadmium and arsenic
acting on soybean roots (PirSelovad et al. 2012), callose deposits were found in the
epidermis, cortex and endodermis. The authors suggested that the deposits of cal-
lose at plasmodesmata in the epidermis and cortex are elements of the defence
against penetration by the toxic metal (ibid.). However, a study on root cells of
Lemna minor L. by Samardakiewicz et al. (2012) indicated that the effectiveness of
callose as a barrier preventing of toxic metal ion translocation depends on the distri-
bution of this polysaccharide in the cell.

Callose may plug plasmodesmata by either forming a collar at the neck region or
along the whole plasmodesma, thereby reducing its diameter (Olesen and Robards
1990, Radford et al. 1998). Callose is synthesised from UDP-glucose at the site of
its deposition by callose synthase (EC 2.4.1.34) and degraded by hydrolysis cata-
lysed by f-1,3-glucanase (EC 3.2.1.39). Levy et al. (2007) demonstrated that
wounding stress applied to Arabidopsis mutants that lack p-1,3-glucanase (AtBG_
ppap-deficient mutants) led to a stronger accumulation of callose in comparison to
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Table 3.1 Effect of abiotic stresses on the deposition of callose at plasmodesmata

Method of Method of

Type callose transport

of stress Species/tissue  Localisation localisation ~ observation  References

Wounding  Arabidopsis Epidermal cells Aniline blue GFP Levy et al.
mutants/leaves (2007)

Allium cepa L./ Cortical cells  Aniline blue Indirectly Radford et al.
roots by PD (1998)
ultrastruc-
ture
analysis
Osmotic Avena sativa Parenchyma Aniline blue  Electrical Drake et al.
stress L./coleop-tile cells coupling (1978)

Metal stresses:

Aluminium  Triticum Root apex Aniline blue; LYCH Sivaguru et al.
aestivum/ immuno- (2000)
roots gold

Arsenic Soybean/roots  Epidermis, Aniline blue ND PirSelovd et al.

cortex, (2012)
endodermis

Cadmium Soybean/roots  Epidermis, Aniline blue ND Pirselova et al.

cortex, (2012)
endodermis

Maize/roots Central cylinder, Aniline blue ND Pirselovd et al.
epidermis, (2012)
cortex

Lead Lemna minor Protoderm, Aniline blue; ND Samardakiewicz
L./roots procambial immuno- etal. (2012)

central gold
cylinder

Cold Zea mays Cell walls in the Immunogold Isotope Bilska and
L./leaves vascular technique technique Sowiriski

tissues (2010)

PD plasmodesmata, GFP green fluorescent protein, LYCH Lucifer yellow carbohydrazide, ND not
determined

wild-type plants. Those authors discussed the roles of the p-1,3-glucanase and
B-1,3-glucan synthase activities in controlling the permeability of plasmodesmata
via callose breakdown and accumulation.

Several lines of evidence have shown that stress-induced accumulation of callose
at plasmodesmata leads to the blockage of symplasmic transport (Rinne and van der
Schoot 1998; Sivaguru et al. 2000; Radford and White 2001; Rinne et al. 2001;
Levy et al. 2007) or participates in stress signal transduction (Vatén et al. 2011).
Using confocal microscopy and green fluorescent protein (GFP), Levy et al. (2007)
showed that after wounding, the dye diffusion between epidermal cells of leaves of
mutants expressing high level of plasmodesmata-associated callose is slower in the
comparison to the wild type. The microinjection of a fluorescent dye (LYCH) into
root cells of aluminium-stressed wheat also indicated an inhibition of cell-to-cell
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communication (Sivaguru et al. 2000). Those authors postulated that callose
effectively limits symplasmic transport in response to the metal stress.

The mechanism of plasmodesmata gating by callose has been discussed mostly
in the context of a pathogen attack (Zavaliev et al. 2011), while the signal transduc-
tion pathway linking abiotic stresses and callose deposition at PD is unknown. An
interesting hypothesis addressing that question has been formulated recently by
Benitez-Alfonso et al. (2011). They propose that the enhanced ROS production
induced by different biotic and abiotic factors may increase the high cytosolic Ca**
concentration by opening Ca** channels of tonoplast and membranes of other Ca*
reservoirs thereby induce the expression of genes encoding plasmodesmata-related
proteins. This would lead to activation of callose synthase and modification of the
plasmodesmata ultrastructure and size exclusion limit (SEL).

3.3.2.2 Plasmodesmata Constriction Not Related to Callose Deposition

A rapid response of plasmodesmata to external stimuli can be generated by changes
in the organisation of calcium-dependent proteins—centrin and calreticulin.
Blackman et al. (1999) proposed two models to explain the role of centrin in the
regulation of transport via plasmodesmata. In the first model, centrin nanofilaments
link the endoplasmic reticulum to the plasma membrane. When the intracellular
calcium level increases, the centrin filaments rapidly contract, thereby pulling the
ER against the plasmalemma. In the second model, centrin traverses the plasmo-
desma channel in the neck region and connects to the plasma membrane. In response
to a rising of free cytoplasmic calcium concentration, the constricting centrin fila-
ments pull the plasma membrane inwards. In this case the plasmodesma can be
completely sealed by overpackaging of centrin filaments in the neck region. Another
protein involved in stress-induced changes of plasmodesmata permeability is myo-
sin. Wojtaszek et al. (2005) demonstrated the relocation of plant-specific myosin
VIII to pit fields in root cap protoplasts exposed to the osmotic stress (90 min)
which induced their plasmolysis. They suggested that the relocation of myosin VIII
is accompanied by rearrangement of actin filaments that both those changes are part
of an actomyosin mechanism of osmosensing in the root.

Apart from the contraction of plasmodesmata, another mechanism that should
result in the cessation of symplasmic transport could involve swelling of internal
sphincter. In line with the opinion of several authors that the ring-shape internal
sphincters at the neck region of plasmodesmata could control the symplasmic trans-
port (Evert et al. 1977; Anisimov and Egorov 2002; Botha et al. 2005) was our
observation of swelling of elements of internal sphincters in an inbred line of Zea
mays indentata in parallel with the slowing down of the rate of transfer of
4C-photosynthates to the phloem after a short treatment (1 h) with low temperature
(Bilska and Sowiriski 2010). One should note that the cold-induced swelling of the
sphincter elements was accompanied by accumulation of calreticulin at the neck
region of the plasmodesmata (ibid.). The participation of calreticulin, a calcium-
sequestering protein, in the control of SEL was also postulated by other authors
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(Baluska et al. 1999; Blackman et al. 1999). Unfortunately, no other proteins could
be immunolocalised at the neck regions of the maize leaf plasmodesmata showing
cold-induced sphincter enlargement. In particular, despite trying various antibodies,
fixation and immunolocalisation procedures, we failed to detect centrin (Bilska
et al. unpublished data), whose role in the control of SEL was discussed above.
Apparently, either centrin is not a component of maize plasmodesmata or its maize
variant could not be recognised by the antibodies used. The nature of the ring-
shaped sphincter and mechanism of its enlargement are unknown. Since internal
sphincters are present in numerous C4 grass species (Botha et al. 2005; Sowinski
et al. 2007), including some of high economic importance, these structures and their
role in the regulation of the flow of C4 photosynthesis intermediates deserve more
interest in the future.

3.3.3 Slow Modification of Cell-to-Cell Transport
in Response to External Stimuli

A clear-cut distinction between the alarm and acclimation phases of a stress is rarely
possible, and this is also true for the plasmodesmata response to stress. A good
example is the toxic metal stress-induced accumulation of callose at plasmodes-
mata. While callose accumulation at plasmodesmata can often be detected within
minutes of the stress application suggesting the alarm phase of stress response, it
apparently also increases the tolerance to the stress—conforming to the definition of
acclimation response. Additionally, the data concerning the delayed response to
stress in regards to PD are scarce. Hence, how the changes in symplasmic transport
are related to other phenomena is mostly speculative. An example here are dehy-
drins, involved in acclimation to various environmental factors affecting water con-
ditions, such as drought, salinity and low temperature in plant cells (Close 1997;
Lee et al. 2005; Rorat 2006; Kosovd et al. 2007). These proteins have also been
localised at plasmodesmata in the vascular cambium cells of cold-acclimated
Cornus sericea (Karlson et al. 2003). The authors considered the possible role of the
plasmodesmata-associated dehydrin-like proteins—an indirect one in the structural
protection of plasmodesmata, or direct, by minimising damage to the membranes
due to freeze-induced desiccation.

Some indication of processes or genes likely involved in plant acclimation to
abiotic stress and also related to plasmodesmata functioning comes from data min-
ing of the results of numerous genome-wide transcriptomic experiments focusing
on the plant response to stress. These data are always deposited in public databases,
so they can be relatively easily analysed by anyone interested in the problem. Just
to illustrate the point, by analysing data from a microarray experiment on cold-
treated maize during the acclimation phase of stress (Trzcinska-Danielewicz et al.
2009), one comes across profound changes in the expression of several genes
encoding proteins potentially related to PD, e.g. remorins, PT1 interactor and
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TMV-MP30 binding protein (Herrmann et al. 2006; Wright et al. 2007; Raffaele
et al. 2009). A search for databases of other microarray experiments mined several
other known genes encoding PD-related proteins whose expression changed under
stress indicates their potential participation in acclimation. Interestingly, the most
of these genes are known as related to virus trafficking through plasmodesmata.
Either signal transduction pathways for biotic and abiotic stresses cross each other
or the roles that proteins discovered in studies on biotic stress are not specific for
this type of stress.

As regards symplasmic transport, a long-lasting acclimation of a plant to a
changing environment could be attained by the emergence of secondary plasmo-
desmata or changes in their type by modification of the pre-existing ones, e.g. by
branching. Changes in plasmodesmata frequency at some developmental stages in
response to endogenous cues are a very well-known phenomenon (see Chap. 2),
but, unfortunately, the accommodation of the symplasmic network to environmen-
tal requirements has not been studied thoroughly. In one of only few reports in this
field, Sowinski et al. (2003) reported that the frequency of plasmodesmata (in
particular those at the Kranz mesophyll/bundle sheath and bundle sheath/vascular
parenchyma interfaces, responsible for exchange of C4 intermediates and pre-
phloem transport of photosynthates, respectively) in leaves of Zea mays indurata
grown at a low temperature was significantly higher than in control. That was
accompanied by some acclimation of the photosynthetic apparatus to the chilling.
Another example of the symplasmic network acclimation came from studies of
plant adaptability to growth light conditions. Amiard et al. (2005) demonstrated
that the frequency of plasmodesmata in leaves of plants with the symplasmic
phloem loading mode (see Chap. 5) was the same for plants grown at low light
intensity (LL), high light (HL) intensity or transferred from low light to high light.
On the other hand, plants grown at a high light intensity showed a higher density
of veins than in the other two experimental variants. Hence, overall, the symplas-
mic network was denser in HL plants than in either LL plants or those transferred
from LL to HL. Another example of the symplasmic network adaptability to
growth light conditions was reported for several species of C4 grasses (Sowinski
et al. 2007). These plants showed higher plasmodesmata frequency in leaves (in
particular plasmodesmata at Kranz mesophyll/bundle sheath interface) when
grown at higher growth light intensities. In parallel, also the photosynthetic effi-
ciency of the leaves was higher. The signal transduction pathway linking the
growth light conditions with the symplasmic network is unknown. The link
between the symplasmic network density and the growth light conditions resem-
bles the well-known phenomenon that sinks often pre-adapt the vasculature size to
the potential demand for assimilates (Morris 1996 and literature cited there). Since
both adaptive phenomena take place at early stages of development, one may
hypothesise that they represent photomorphogenetic responses. Further studies
are necessary to asses if the change of symplasmic network density as a mecha-
nism of acclimation to environment fluctuation is not limited to few examples
described in the literature.
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3.4 Plasmodesmata and Plant Adaptations
to Different Habitats

Adaptation is one of the mechanisms allowing plants to resist environmental
stresses. It is defined as heritable modifications of organisms of a given taxon that
allow them to survive under given environmental conditions (Levitt 1980).
Adaptation clearly concerns also the cell-to-cell transport, underlining the impor-
tance of the symplasmic network for plant ecophysiology, i.e. the mutual relations
of plants and their environment.

The ability of many plants to overwinter is an elegant example of adaptation to
the temperate zone. It is related to frost hardening in the autumn that allows the
plant to survive often severe freezing temperatures during winter. As shown by
Rinne et al. (2001), for birch (Betula pubescens), short days lead to uncoupling of
cell-to-cell contacts and stop the symplasmic transport in apical meristems, thus
causing bud dormancy. This is related to accumulation of callose in external sphinc-
ters. The breaking down of the bud dormancy requires a combination of endogenous
processes, involving restoration of symplasmic coupling in the apical meristem by
f-1,3-glucanase (breaking down the endodormancy), and exogenous factors such as
water availability and temperature rise (breaking down the ecodormancy). These
processes together form a synergic mechanism that allows the plant to anticipate
the seasonal environment fluctuations (thanks to it, plant can enter the dormancy
before a real risk from winter temperatures), to stay dormant during the winter despite
short-term temperature fluctuations and to wake up at spring.

Another example of a cyclic endogenous process that allows the plant to fit well
in the environment and depends on modification of the cell-to-cell transport, albeit
at a different time scale, is circumnutation (Brown 1993; Stolarz 2009). It is a cyclic
autonomous helical organ movement of diverse character depending on the plant
species, of a period of several minutes to several hours. Circumnutation allows
climbing plants to seek for solid support for growth, and other roles have been pos-
tulated as well (Stolarz 2009). Among the models of the mechanism of circumnuta-
tion, one based on changes in cell-to-cell transport seems the least controversial.
The model proposed by Brown (1993) posits that circumnutations are powered by
an asymmetric development of plasmodesmata in growing regions, leading to
uneven symplasmic transport of growth substances and consequent nutations. The
model assumes cyclic functional disruption and restoration of plasmodesmata. To
follow changes in the symplasmic transport in circumnutating organs and the mech-
anism of the modulation of the plasmodesmata conductivity would be challenging
subjects to study for those interested in the cell-to-cell communication. Such a study
awaits to be performed and its impact could be substantial considering that climbing
plants are of major economic importance to mention the grapevine, numerous bean
species, the kiwifruit and many others.

Last but not least, a crucial adaptation related to symplasmic transport in the
context of plant ecophysiology is the adjustment of the vein ultrastructure to diverse
phloem loading mechanisms in higher plants. The different modes of phloem
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loading are discussed thoroughly in Chap. 5. Here, only some aspects related to
ecophysiology are addressed. The symplasmic mode of phloem loading related to
open vein ultrastructure characterised by high frequency of plasmodesmata linking
companion cells with the adjoining parenchymatic cells (type 1, 1-2a) was assumed
by Gamalei (1991) to be specific for the tropical climate. The author hypothesised
(Gamalei 1989) that mode of phloem loading was more primitive than the apoplas-
mic one related to a closed vein ultrastructure characterised by symplasmic isola-
tion of companion cell/sieve element complex (type 2b). Further studies have
refuted the simple idea of the evolution from open to closed veins and from sym-
plasmic mode of phloem loading to the apoplasmic one. A recent report by Davidson
et al. (2011) has demonstrated that symplasmic phloem loading could rather be
associated with the tree growth form, while apoplasmic with the herbaceous habit.
It is also worth noting that among species with an open vein structure, many are
isoprenoid emitters (Kerstiens and Possell 2001). Isoprenoids (terpenes) are a group
of volatile substances emitted by many plants that play diverse roles, among them
improving the tolerance of high temperatures (Sharkey and Yeh 2001). Isoprenoid
synthesis is promoted by high carbohydrate levels in the leaf, so one could expect
higher isoprenoid emission in plants with the symplasmic phloem loading mode
(Logan et al. 2000). Thus, the open vein ultrastructure and symplasmic phloem
loading seem to be a fine example of an adaptive trait allowing tropical plants to
thrive in hot environments. Another one is the vein structure type 2c, specific to C4
plants (described in more detail in Chap. 1). These plants have few plasmodesmata
between the companion cell/sieve element complex and adjoining cells but numer-
ous plasmodesmata between bundle sheath cells and mesophyll cells. C4 plants are
best adapted to open, dry and hot habitats (Pearcy and Ehleringer 1984; Sage and
Pearcy 2000), and so is their symplasmic network.

3.5 Conclusions

Biotic and abiotic stresses affect profoundly the plant growth and development and
are the source of major environmental constrains to agriculture. A vast majority of
studies related to cell-to-cell communication in the context of stress response con-
cern virus and pathogen spreading in plants. In contrast, the mechanisms of the
plant response to abiotic stresses related to plasmodesmata functioning and sym-
plasmic network dynamics have only been addressed in a few scattered reports. It is
therefore difficult to assess whether the modifications of the cell-to-cell communi-
cation in reaction to diverse stress types have the same or different molecular bases.
The evolutionary adaptations of plants to different habitats by symplasmic network
modifications are even less known, which seems unexplainable in view of their
fundamental importance for the agriculture.

Several problems seem to be particularly pressing here, such as the rapidly
increasing area and extent of soil pollution by salinity or toxic metals and other
chemicals. In that context, the role of the symplasmic component in transport and
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exclusion of excess salt and toxic substances deserves more attention, since the
transport of solutes in roots and to the salt glands and trichomes on leaves is, at least
partially, symplasmic. The recent discovery of a possible control over SEL by redox
signalling poses the question on the timescale of the plasmodesma response to a
redox balance change. If the response turns out to be fast, it could constitute a novel
mechanism of modulation of processes dependent on symplasmic transport, e.g. C4
photosynthesis, cell-to-cell transport of solutes in symplasmic loaders or phloem
unloading. From the ecophysiological point of view, the spontaneous or selection-
assisted adaptation of plants involving modification of plasmodesmata frequency to
habitats changed by human activity opens a new area for research and applied stud-
ies. One should expect an increased symplasmic network density under elevated
carbon dioxide conditions, similarly as in high growth light, at least in symplasmic
phloem loaders. Such an adaptation would allow plants to function well in the
changing climate.
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Chapter 4
Symplasmic Transport in Wood: The
Importance of Living Xylem Cells

Katarzyna Sokotowska

Abstract Short- and long-distance transport in woody plants is performed within
two different systems of apoplasm and symplasm. Although the apoplasmic route of
transport via dead conductive elements dominates in trees, the presence of intercon-
nected living cells in xylem suggests the involvement of the symplasmic route in the
transportation and communication processes occurring in wood. In this chapter, an
attempt will be made to demonstrate and review the numerous functions of living
xylem cells and the role of symplasmic transport in the secondary xylem of seed
plants. The anatomical and ultrastructural characteristics of xylem parenchyma,
reflecting the participation of living cells in the accumulation and distribution of
stored compounds via symplasmic routes, will be presented. The involvement of
living xylem parenchyma cells in the aspects of sugar transport and exchange at the
symplasm/apoplasm interface, embolism repair, defense mechanisms against vas-
cular pathogenic infection, and differentiation processes of xylem elements will be
reviewed to emphasize the crucial impact of symplasmic transport and communica-
tion processes, via plasmodesmata, on integration and proper functioning of trees.
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4.1 Introduction

Secondary xylem is a heterogeneous tissue composed of both dead and living cells.
Conductive elements like tracheids and vessels, as well as strengthening dead fibers,
form the apoplasmic system, which itself is responsible for the long-distance
transport of water and solutes in woody plants. In addition, a counterpart system for
short- and long-distance symplasmic transport is formed by the living fibers and
parenchymatous cells of the secondary xylem. Both the apoplasmic and symplas-
mic systems are closely integrated and cannot function alone. Thus, transport in
woody plants has to be considered as a whole, as a union of apoplasmic and sym-
plasmic parts. Fast apoplasmic transport prevails in the secondary xylem and thus is
studied intensively (Holbrook and Zwieniecki 2005). However, the presence of a
spatial and continuous system of different types of living cells in the secondary
xylem region enables symplasmic communication in this tissue and provides effi-
cient routes for short- and long-distance symplasmic transport in woody plants.
Living xylem cells are involved in different physiological and developmental pro-
cesses, where more careful control over intercellular transport and communication
is necessary (Barnett 2006). For example, they provide routes for the transport of
photoassimilate and solutes between living cells of the xylem, phloem, and cambial
regions and between living and dead cells at the symplasm/apoplasm interface
(Sauter 1982; Sauter and Kloth 1986; Améglio et al. 2004). They produce chemical
weapons during vascular pathogen infection (Benhamou 1995), influence the dif-
ferentiation processes of xylem elements (Lachaud and Maurousset 1996), and par-
ticipate in the refilling of embolized vessels (Salleo et al. 2004; Améglio et al.
2004). Although many of the processes involving living xylem cells are rather still
unknown, we are slowly beginning to understand the significance of symplasm in
the regulation and integration of woody plant function.

4.2 Living Cells Are Essential Components
of Wood of Seed Plants

All the elements of secondary conductive tissues are produced by cambium, the
lateral meristem of woody plants. Cambium is composed of two different types of
initials—ray and fusiform— whose division activity gives rise to the radial and axial
system of the secondary xylem and phloem elements. Thus, the living cells in wood,
as derivatives of cambial cells, are incorporated into both of these two systems of
radial and axial secondary conductive tissues (Larson 1994).

Additionally, two different regions can be distinguished within the volume of the
secondary xylem. The outer wood region in the vicinity of cambium, where living
xylem cells occur, is called sapwood. The inner wood region, close to the center of
the trunk, which does not contain living cells and in which reserve storage materials
are removed or converted into secondary metabolites, is called heartwood (Carquist
1988; Romberger et al. 1993).
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4.2.1 The Living Cells of the Radial System

The radial system in wood is composed of rays— groups of cells that extend radially
from the cambium in two directions: to the pith (centripetally) forming xylem rays
and towards the cortex (centrifugally) creating phloem rays. Xylem rays are usually
formed by living parenchymatous cells, although different specialized cells can
additionally occur in some taxa of gymno- and angiosperms. For instance, rays can
include ray tracheids (Bannan 1934, 1941), radial vessels (Botosso and Gomes
1982), radial fibers (Lev-Yadun 1994), as well as radially orientated canals or cavi-
ties filled with resin, mucilage, and oils (Carquist 1988; IAWA 1989; LaPasha and
Wheeler 1990).

Rays can be classified as uniseriate, when they are only one cell wide, or multi-
seriate, where two or more cells are present in the widest point of the ray viewed at
the tangential plane (Fig. 4.1). Another feature describing the rays from an anatomi-
cal point of view is their height, which is defined by the number of cells located
between both (apical and bottom) ends of a particular ray along vertical line
(Fig. 4.1; Carquist 1988; IAWA 1989). The living parenchymatous ray cells of
angiosperm can be also subdivided into three different morphological types based
on the shape of ray cells at the radial plane: upright when the cells are axially higher
than wide, procumbent when the radial dimension of the cell is longer than its
height, and square when cells are as tall as wide. If the ray is composed of only one
cell type, e.g., exclusively procumbent, it is a homogenous ray. If other morphologi-
cal types of parenchymatous ray cells or additional specialized elements, such as
ray tracheids, are present, the ray is classified as heterogeneous (Fig. 4.1; Metcalfe
and Chalk 1983; Carquist 1988; TAWA 1989). Finally, the xylem ray cells neighbor-
ing the tracheary elements can be divided into two categories (Fig. 4.2): contact
cells which commonly have pits with tracheary elements and isolation cells that
lack pit connections with tracheary elements or have sparse pitting (H6ll 1975;
Czaninski 1977; Gregory 1978; Murakami et al. 1999).

All features of ray anatomy, useful for taxonomists, are a direct consequence of
the defined roles that particular xylem elements perform in the plant. In this light,
the spacing and dimension of xylem rays result from the necessity to transport sol-
utes in radial direction in woody plants. Rays are specialized highways for radial
transportation within the xylem region and with neighboring tissues, especially
towards to the cambium and phloem. Thus, their distribution has to be precisely
regulated by the controlled spacing of ray initials in cambium. The latter is con-
trolled by interactions between regulatory factors, presumably ethylene and auxin
(Lev-Yadun and Aloni 1991, 1992, 1995). Formation of new ray initials and the
enlargement of existing ones are induced by ethylene, while the presence of ray
tracheids, vessels, and fibers within the rays results from radial auxin movement.
Similarly the formation of specific morphological types of ray cells is the effect of
hormonal interaction between axially transported auxin and radially spreading eth-
ylene. If one of the hormones prevails, the cell shape changes in accordance with the
direction of dominant hormone movement. If both of these hormones are balanced,
the cells maintain a square shape (Lev-Yadun and Aloni 1991, 1995).
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Fig. 4.1 The radial system of xylem parenchyma in seed plants. (a—d) Different types of xylem
rays and their arrangement in the wood of gymnosperms. (a—c) Transverse (a), tangential (b), and
radial (c) sections of Abies sp. wood. Homogenous rays, one cell wide (uniseriate), are frequent.
The cell shape of some ray cells is outlined by solid lines; a double-head solid line indicates the
height of the xylem ray. (d) Tangential section of Picea sp. wood. A heterogeneous multiseriate
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Fig. 4.2 Contact ray cells in seed plants. Xylem rays neighboring tracheids (a, b) and vessels
(c, d) are presented in radial sections of the secondary xylem of Pinus sp. (a), Picea sp. (b), and
Salix sp. (¢, d). Large pits of contact cells are clearly visible; they are indicated by arrowheads; the
borders of some contact pits are marked by solid lines. In heterogeneous rays of Salix sp., contact
ray cells and isolation ray cells are labeled. CC contact cells, /C isolation cells. Microphotographs
were taken in white transmitted light, scale bars: 20 pm (a, b courtesy of Dr. E. My$kow)

<
<

Fig. 4.1 (continued) ray, containing a resin canal (indicated by an arrowhead), is visible between
homogeneous uniseriate xylem rays. (e—j) Different types of xylem rays and their arrangement in
the wood of angiosperms. (e) Diffuse-porous wood, containing multiple vessels with approxi-
mately similar dimensions, is shown in a transverse section of Populus sp. Frequent narrow xylem
rays are present. (f) Magnification of a microphotograph (e). Uniseriate xylem rays surrounding
vessel element are clearly visible. (g) The ring-porous wood, with large vessels produced at the
beginning of the season and narrow vessels formed in its second part, is shown in a transverse sec-
tion of Quercus sp. Frequent uniseriate and characteristic multiseriate rays are presented. (h)
Horizontal bands of xylem rays are visible on a radial section of Quercus sp. wood. (i, j)
Heterogeneous, multiseriate rays of Cornus sp. are shown in radial (i) and tangential (j) sections of
the secondary xylem. Procumbent ray cells are present in the center of xylem rays, upright ray cells
are visible at the ray margins, while square ray cells are located between procumbent and upright
cells. R xylem ray, Rp procumbent xylem ray, Rs square xylem ray, Ru upright xylem ray, T,
tracheid/s, V vessel; dashed lines show the border of annual ring. Microphotographs were taken in
white transmitted light; scale bars: 100 pm (a—e, g—j) and 20 pm (f) (g—j courtesy of Dr. E.
Myskow)
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The size of the rays changes during their ontogeny and strongly depends on plant
growth rate. Rays become bigger as they age reflecting developmental events occur-
ring in the cambial ray initials (Barghoorn 1941a; Evert 1961; Cumbie 1967,
Ghouse and Yunus 1973; Myskow and Zagdrska-Marek 2004, 2008, 2013). The
number of xylem rays and their volume in the total mass of the xylem region differ
among vascular plants, but usually ranges between 8 and 25 % (Ghouse and Yunus
1974, Séukanec and Petri¢ 1977; Gregory 1977), although in some tropical trees,
e.g., Dillenia indica, the volume of ray initials can reach up to 75 % of the total
volume of the wood (Ghouse and Yunus 1974). Moreover, in fast-growing trees,
where radial growth leads to intensive circumference expansion, the ray size and the
number of cells in particular rays increase rapidly (Bannan 1965; Gregory 1977).
There is also a positive relationship between leaf area and the volume of ray
parenchyma cells in outer sapwood (Gartner et al. 2000).

Rays may also affect cambial activity. One exquisite and striking example of this
is the impact of rays on the maintenance of the meristematic character of cambial
fusiform initials. The fusiform initials that are in direct contact with ray initials, or
are in their close vicinity, maintain a meristematic identity. Conversely, the lack of
such contacts and their more distant localization may induce the conversion of a
fusiform initial into a new ray initial, or the loss of its meristematic character, lead-
ing to cell differentiation (Bannan 1965). The nature of signals transported from ray
to fusiform initials, securing their meristematic state, is unknown.

4.2.2 Living Cells of the Axial System

Long-living cells of nucleated fibers and axial parenchyma cells can occur in the
axial system of sapwood derived from cambial fusiform initials (Metcalfe and
Chalk 1983; Carquist 2010). These cells are surrounded by secondary cell walls
with numerous pits and can have a transverse septate. Living fibers and axial paren-
chyma have similar functions in woody plants. They are involved in sugar exchange
at the symplasm/apoplasm interface (Sauter 1982; Améglio et al. 2004) and in the
process of starch accumulation (Sinnott 1918; Ziegler 1964; Yamada et al. 2011).
They also participate in long-distance symplasmic transport, through the formation
of vertically orientated pathways for the spread of solutes, being simultaneously in
direct contact with oppositely orientated rays (Fig. 4.3; van der Schoot and van Bel
1989; Sokotowska and Zagdrska-Marek 2012).

Specific distribution of the axial parenchyma cells among other xylem ele-
ments is important from the taxonomical point of view, while also giving addi-
tional information about the function of living cells in wood. Axial parenchyma
cells rarely occur in gymnosperms, whereas in angiosperms they are more fre-
quent and can form various patterns, e.g., in Alnus glutinosa or Crataegus sp.,
where parenchyma cells are sparsely localized, while in Ficus sp., they are



4 Symplasmic Transport in Wood: The Importance of Living Xylem Cells 107

Fig. 4.3 The axial system of xylem parenchyma in angiosperms. (a) Strands of axial terminal
parenchyma cells are shown in the tangential section of the secondary xylem of Ulmus sp. The
cells have tapered ends and maintain the shape of fusiform cambial initials, from which they
derived. (b—f) Different types of apotracheal (b—d, f) and paratracheal (e) axial parenchymas are
presented in transverse sections of Juglans sp. (b), Cornus sp. (¢), Ficus sp. (d), Acer sp. (e), and
Betula sp. (f) wood. Axial parenchyma cells are marked by arrowheads on microphotographs (b),
(c), (e), and (f). (b—d) In the apotracheal type, narrow (b, ¢) or wide (d) strands of axial paren-
chyma cells are distributed perpendicular (b, d) or parallel (¢) to the xylem rays. (e) In the paratra-
cheal type, axial parenchyma cells are closely associated with vessels. (f) Terminal parenchyma,
the characteristic type of apotracheal parenchyma, is formed at the end of growing season and it is
localized alongside the border of annual ring. Ap axial parenchyma, R xylem ray, 7p terminal
parenchyma, V vessel; dashed line shows the border of annual rings. Microphotographs were taken
in white transmitted light, scale bars: 50 pm (a, b courtesy of Dr. E. Myskow)
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abundant and form wide bands of living cells in the xylem region (Fig. 4.3;
Metcalfe and Chalk 1983; Carquist 1988; TAWA 1989). Two major types of axial
parenchyma—apotracheal and paratracheal —can be distinguished based on the
type of cell distribution in regard to vessels (Fig. 4.3). In paratracheal paren-
chyma, the most common in angiosperms, the living cells surround tracheary
elements and form an incomplete or complete sheath around the vessels. In the
case of apotracheal types, the cells of axial parenchyma are distributed without
relation to the vessels, being usually sparsely localized in the xylem region.
When apotracheal parenchyma cells are more frequent, they can aggregate, form-
ing smaller groups or bands among the other xylem elements. Moreover, axial
parenchyma cells can be closely associated with growth rings, forming narrow
bands at the beginning (initial parenchyma) and at the end (terminal parenchyma)
of the growing season (Fig. 4.3). The latter type is clearly more frequent in woody
plants (Braun and Wolkinger 1970; Metcalfe and Chalk 1983; Carquist 1988;
TAWA 1989).

4.2.3 Xylem Parenchyma Cells: Classification Based
on Cell Function

The cells of both axial and radial xylem parenchyma play different functions in
sapwood. They can form storage tissue, where accumulation and remobilization of
the storage substances take place, or they can serve as specialized cells which are in
contact with conducting elements and are involved in exchange at the symplasm/
apoplasm interface (Czaninski 1977; Barnett 2000).

The terminology of the latter, specialized xylem parenchyma cells, is diverse.
Generally, these cells are described as “accessory tissue” that is formed by paren-
chymatous cells closely associated through numerous pits with the tracheids or
vessels. Accessory tissue includes the contact cells of xylem rays and paratracheal
parenchyma cells abutting the tracheids in gymnosperms and vessels in angio-
sperms (Braun 1984). According to another, more narrow classification, “contact
cells” are defined as specialized groups of living axial and radial xylem paren-
chyma cells that are not only contiguous with tracheary conducting elements but
are particularly involved in solute exchange between the symplasm and apoplasm
in wood (Gregory 1978). In angiosperms, a narrow term of “vessel-associated
cells,” which refers to the xylem parenchyma cells facing the vessels and physio-
logically linked with them, was proposed by Czaninski (1977). Alternatively, it
has been suggested to maintain the term “contact cells” as a broader and more
accurate definition, true for all seed plants (Gregory 1978). In recent literature
both expressions are used frequently and alternatively, because the biological
functions of contact cells in seed plants and vessel-associated cells in angiosperms
are similar. In this chapter the term “contact cells” will be used and refer to all
seed plants.
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4.3 Cellular Organization of Xylem Parenchyma Cells

4.3.1 Metabolic Activity and Vitality

Xylem parenchyma is composed of long-living cells which are metabolically active
during the whole year (Fig. 4.4). Judging by cell respiration, the metabolic rate is
estimated to be slightly higher in xylem parenchyma cells than in storage tissues,

Fig. 4.4 The metabolic activity and symplasmic coupling of xylem parenchyma cells in the
sapwood of Acer pseudoplatanus. (a) The metabolic activity of xylem parenchyma cells was con-
firmed by staining with thiazolyl blue. The dark color of formazan, the product of mitochondrial
dehydrogenases activity in thiazolyl blue reaction (marked with arrowheads), is visible in the
xylem rays and in the cytoplasm of paratracheal and terminal axial parenchyma cells. (b—d)
Symplasmic connectivity between living xylem parenchyma cells visualized by carboxyfluores-
cein (CF). After loading of carboxyfluorescein diacetate solution into the maple branches through
the vascular system and its conversion to fluorescent tracer —CF in the living cells—the dye was
transported symplasmically within the spatial system of living cells in the secondary xylem. The
strong fluorescent signal of CF in the cytoplasm of xylem rays and paratracheal and terminal axial
parenchyma makes visible the routes of symplasmic transport in sapwood. C cambium, Pp para-
tracheal parenchyma, R xylem ray, Tp terminal parenchyma, V vessel; arrowheads show metaboli-
cally active axial parenchyma cells. Microphotographs were taken in white transmitted light (a)
and in blue (475 nm) excitation light (b—d) in the epi-fluorescent microscope, scale bars: 50 pm
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but far below the meristematic cells. The respiration activity of xylem parenchyma
is low and varies between tree species; however, it does not decline with cell age
(Spicer and Holbrook 2007).

The vitality of parenchyma cells subsequently lowers with the increase in dis-
tance from the cambial region and can be exemplified by decreasing starch content
and the number of organelles in the ray cells towards the center of the trunk
(Holl 1975; Song et al. 2011), although cell vitality is not a simple function of the
distance from the cambial region. Among the population of living xylem paren-
chyma cells, some of them can die earlier, while others later. This discrepancy can
be induced by the process of early cell death that occurs in sapwood when cells have
contact pits with short-living conducting elements of the xylem, e.g., ray tracheids
in Pinus and Abies (Nakaba et al. 2006, 2008) or vessels in Populus (Nakaba et al.
2012a). The occurrence of early cell death is species dependent. No evidence of
natural early cell death, either in ray or in axial parenchyma, was found in the sap-
wood of Acer rubrum, Fraxinus americana, or Quercus rubra, where all analyzed
parenchyma cells were alive (Spicer and Holbrook 2007). Nevertheless, during the
process of heartwood formation, all xylem parenchyma cells ultimately die (see
Sect. 4.4.3.4). The timing of cell death during heartwood formation varies between
different types of xylem parenchyma. It begins earlier in axial parenchyma, com-
pared to the rays, and depends on vicinity to the pith region as was shown in branches
of Robinia pseudoacacia (Nakaba et al. 2012b).

4.3.2 Arrangement of the Cytoskeleton Network

Long-living xylem parenchyma cells exhibit a characteristic organization of the
cytoskeleton. Microtubules and microfilaments are bundled and show a generally
net axial orientation (Chaffey and Barlow 2001, 2002). They spread from one end
of the cell to the other and are parallel to the long axis of prosenchymatous xylem
parenchyma cells. Thus, according to cell shape and in respect to the main axis of
the stem, cytoskeleton components are arranged radially in ray cells and vertically
in axial parenchyma, although a meshwork arrangement of microfilaments or heli-
cal arrays of microtubules can also be found (Chaffey et al. 1997, 1999, 2000;
Chaffey and Barlow 2001, 2002). The mostly axial distribution of the cytoskeleton
is disturbed in the pit periphery, where concentric rings of microfilaments and
microtubules are present (Chaffey and Barlow 2002; see Sect. 4.3.4). The direc-
tional orientation of microtubules and microfilaments may facilitate intracellular
transport and assist in the intercellular movement. Additionally, the cytoskeleton
network in radial and axial xylem parenchyma cells forms a continuity with similar
cytoskeleton elements of cambial and phloem regions, creating a three-dimensional
system supporting symplasmic transport in plants (Chaffey and Barlow 2001,
2002).
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4.3.3 Characteristics of the Cell Wall

Xylem parenchyma cells are usually surrounded by a thick primary cell wall and a
thick, frequently multilayered, secondary cell wall. The latter is generally rich in
lignins and pectins (Chafe and Chauret 1974). The lignification process starts ear-
lier in the contact cells than in the isolation cells, with the exception of pit mem-
branes, which are composed of a primary cell wall and are clearly unlignified for a
very long time (Chafe and Chauret 1974; Chafe 1974; Murakami et al. 1999;
Nakaba et al. 2012a). Formation of the secondary cell wall and deposition of its
component, xylan, start much later in ray cells than in fibers and vessels (Kim et al.
2012). Additionally, in some conifers, considerably delayed lignification or the
lack of a secondary cell wall is characteristic of ray parenchyma cells that are not
in direct contact with ray tracheids. These ray parenchyma cells can maintain the
primary nature of the cell wall for more than 30 years, as in Pinus densiflora, while
in Pinus rigida a secondary cell wall does not form in these cells at all (Nakaba
et al. 2008).

Parenchyma cells neighboring to the tracheary elements have an additional
layer of a loose-textured, usually unlignified material that is generally called the
“protective layer” (Chafe 1974; Mueller and Beckman 1984; Wisniewski et al.
1987; Barnett et al. 1993). The protective layer extends between plasmalemma and
the entire inner surface of the secondary cell wall of contact cells. It is usually
thicker around the pits (Chafe 1974; van Bel and van der Schoot 1988; Barnett
et al. 1993). The real role of the protective layer is still a matter of debate. This
layer was believed to protect living paratracheal cells against high osmotic pres-
sure and the oscillations present in the conducting elements of the xylem (van Bel
and van der Schoot 1988). However, it is not clear why some cells, e.g., ray cells,
without this layer can survive in contact with dead xylem elements (Chafe 1974;
Chafe and Chauret 1974) or how a layer formed mainly by pectins and cellulose
can withstand hydrostatic fluctuations in conducting tracheary elements (Barnett
et al. 1993). Nor is the protective layer necessary for formation of tyloses—out-
growths of parenchyma cells into tracheary elements—as it can occur in non-
tylose-forming species and be absent in tylose-forming ones (Chafe and Chauret
1974; Barnett et al. 1993). Presently it is suggested that the protective layer is not
involved in plant defense but rather in intercellular exchange at the symplasm/
apoplasm interface (Barnett et al. 1993). Due to the low permeability of secondary
cell walls, demonstrated in experiments with lanthanum (Wisniewski et al. 1987),
the protective layer can increase continuity between the protoplast and the lumen
of tracheary elements (Barnett et al. 1993). Its presence increases the surface of the
symplasm/apoplasm interface, which is not limited to the pit regions exclusively
but expands to the entire plasmalemma surface of the contact cells (Barnett et al.
1993). Thus, the protective layer considerably enhances the efficiency of intercel-
lular exchange in woody plants.
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4.3.4 Pitting and Plasmodesmata Distribution

The striking differences in the permeability of pit membranes compared to secondary
cell walls suggest that the longitudinal and lateral exchange of solutes in the xylem
region occurs via the pit system (Wisniewski et al. 1987). Pits between xylem
parenchyma cells are usually simple, while half-bordered at contact with tracheary
elements (Yang 1978). The type of pit—simple or bordered—strongly depends on
the thickness of xylem parenchyma walls (Yang 1978; Carquist 2007). Simple pits
are localized in relatively thin walls. As the thickness of the secondary cell wall
increases, selective pressure rises to form bordered pits. Thus, bordered pits among
living parenchyma cells, especially in ray cells, are quite common (Carquist 2007).

The distribution and density of the pits provide important information about
the possible direction and intensity of solute flow between the cells. Pits are usu-
ally unevenly distributed, e.g., in tangential walls which are more densely pitted
compared to radial walls in procumbent ray cells, while in square and upright ray
cells, the pits are more or less equally distributed through all cell walls (Carquist
2007). The function of contact cells in the transfer between symplasm and apo-
plasm is underscored by the presence of extremely large pits between tracheary
elements and contact cells (Fig. 4.2; Sauter et al. 1973; Sauter and Kloth 1986;
Murakami et al. 1999).

Pits occurring between living parenchyma cells have a characteristic ultrastruc-
ture, with concentric rings of both microtubules and microfilaments, as can be seen
by the immunolocalization of myosin, tubulin, and actin around a pit area (Chaffey
and Barlow 2002). During pit formation, microfilaments probably prevent the depo-
sition of the secondary cell wall at the pit membrane by exclusion of microtubules
from the pit periphery (Chaffey and Barlow 2002). Thus, the pit membranes of
xylem parenchyma cells are thin and possess the primary structure of a wall, with
numerous simple or branched plasmodesmata (Yang 1978; Sauter and Kloth 1986;
Wisniewski et al. 1987; Chaffey and Barlow 2001).

Besides living cells, plasmodesmata are also frequently present in the pseudo-
tori, which are thickenings of the primary cell wall located eccentrically in the
developing pit membranes of fibers, fiber tracheids, and vessels of some angiosperm
families such as Rosaceae and Ericaceae (Barnett 1982, 1987a, b; Lachaud and
Maurousset 1996; Rabaey et al. 2006, 2008). Plasmodesmata in pseudo-tori are
densely packed, branched, and secondary in origin (Barnett 1982, 1987a, b; Rabaey
et al. 2006; Jansen et al. 2007). Just before accomplishing cell differentiation and
protoplast autolysis, a secondary cap-like layer is deposited on the primary thicken-
ings of the pseudo-tori (Barnett 1987a; Lachaud and Maurousset 1996; Jansen et al.
2007; Rabaey et al. 2006, 2008). This additional layer can seal intercellular connec-
tions, but plasmodesmata can sometimes protrude through its outer part (Lachaud
and Maurousset 1996; Rabaey et al. 2008). It is unknown whether or not the plasmo-
desmata in pseudo-tori are functional. The irregular and amorphous shape of pseudo-
tori, as well as an eccentric position that does not match the pit aperture, suggests
that pseudo-tori cannot properly seal the pits and thus they are not involved in pit
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aspiration (Rabaey et al. 2006, 2008). Therefore, it is possible that the pseudo-tori
are formed to maintain intercellular communication between various xylem ele-
ments (Barnett 1982, 1987b; Lachaud and Maurousset 1996; see Sect. 4.4.3.5).

4.4 Functions of Xylem Parenchyma Cells
in the Secondary Xylem

The long-living xylem parenchyma, which is composed of both axial and radial
systems, forms a unique, functional continuum for efficient intercellular communi-
cation (Fig. 4.5). Thus, the xylem parenchyma is a vital component of the secondary
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Fig. 4.5 Schematic diagram of living parenchyma cells in the secondary xylem of angiosperms.
Xylem rays and different types of axial apotracheal and paratracheal parenchymas form the spatial
system of interconnected living cells in sapwood. To simplify the diagram, only vessels are indi-
cated, although other types of nonliving elements (tracheids, fibers, fiber tracheids) are also present
in the secondary xylem. Ap apotracheal parenchyma, Pp paratracheal parenchyma, R xylem ray,
Rp procumbent xylem ray, Ru upright xylem ray, 7p terminal parenchyma, V vessel
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xylem. The whole spatial network of interconnected and integrated cells is an
example of a three-dimensional symplasmic field where free symplasmic short- and
long-distance transport is continued (Figs. 4.4 and 4.5). Apart from the main func-
tion of storing and distributing reserve substances, living xylem parenchyma cells
are involved in exchange at the symplasm/apoplasm interface, embolism repairs,
defense mechanisms against vascular pathogens, and vascular structure (Chowdhury
1953; Sauter 1982; Benhamou 1995; Hilaire et al. 2001; Améglio et al. 2004; Salleo
et al. 2004). They also play an important role in the biomechanics of living decidu-
ous trees and increase radial strength and the transverse elastic anisotropy of trunks
(Burgert et al. 1999, 2001; Burgert and Eckstein 2001).

Wood without living cells cannot exist. Even in a species devoid of rays, at least
in juvenile wood, living cells of axial parenchyma and nucleated fibers are present
(Barghoorn 1941b; Lev-Yadun and Aloni 1991; Carquist 2009, 2010). Over the
course of evolution, the volume of living parenchyma cells in the secondary xylem
and their specialization have increased. Initially, the diffusive parenchyma cells sup-
ported the conductive system by maintaining the appropriate water column in ves-
sels. Then, the tendency to group living axial elements around the vessels, together
with the intensive secondary thickening of trunks, forced the integration of axial
parenchyma cells with developing rays. At the end, due to the widening of the rays
and the predominance of procumbent cells, the rays became a route for photoassim-
ilate transport across the stem (Carquist 2009).

4.4.1 Storage Parenchyma

Storage parenchyma is specialized for seasonal accumulation and mobilization of
organic and inorganic materials. Besides starch and lipids (the most frequent stor-
age materials in plants) parenchyma cells can store nitrogen compounds in the form
of protein bodies as well as crystals and silica bodies (Sinnott 1918; Ziegler 1964;
Holl 1975; Carquist 1988; Harms and Sauter 1992a). Starch grains are accumulated
mostly in the apotracheal parenchyma and in isolation xylem ray cells (Gregory
1978), as well as in the living fibers of the outermost ring (Yamada et al. 2011). The
amount of accumulated starch grains varies among different types of xylem paren-
chyma cells and depends on the distance from the cambium, where the largest quan-
tity of starch is deposited in the current xylem year (Nakaba et al. 2012a).
Parenchyma cells have also a protein-storing function. In the small vacuoles of
temperate-zone trees, polypeptides of 32—-36 kDa are accumulated and form specific
protein bodies. They appear near the cambium, mainly in the rays and in axial para-
tracheal parenchyma (Harms and Sauter 1992a, b; Hao and Wu 1993).

The quantity of accumulated storage compounds in xylem parenchyma changes
seasonally. It corresponds to plant activity and to alternating periods of nutrient
abundance and deficiency. Reserves are usually accumulated at the end of a growing
season and then utilized in spring time, when photoassimilates are necessary but are
not yet produced (Harms and Sauter 1992a; Sauter and van Cleve 1994; Sauter 2000).
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For example, the starch content in poplar and willow trees is lowest after budbreak
and leaf expansion. Then, the starch amount starts increasing and reaches maximum
value in autumn, when the leaves are shed. After that, starch content gradually
decreases (Essiamah and Eschrich 1985; Sauter et al. 1996). The lowered level of
starch in winter correlates with increased amounts of sugars (Sauter and van Cleve
1994) which are involved in the adaptation of the cells to frost and in the refilling of
embolized tracheary elements (Essiamah and Eschrich 1985; Sauter et al. 1996).
Starch is resynthesized again from available sugars before spring. Its content rises
temporarily, until the budbreak period, when reserves are utilized during plant
growth (Sauter 1972; Essiamah and Eschrich 1985; Harms and Sauter 1992b; Sauter
and van Cleve 1994; Sauter et al. 1996; Sauter 2000). Similarly, the amounts of
other stored compounds can change seasonally. Lipids are intensively accumulated
in summer and remain at a prominent level during the entire winter until spring
remobilization (Sauter and van Cleve 1994). However, protein bodies are formed
mostly in fall, in the time of leaf yellowing, and are almost completely degraded
during budbreak (Sauter and van Cleve 1990; Harms and Sauter 1992a). Nitrogen
released from protein bodies is used during the onset of new shoot growth
(Langheinrich and Tischner 1991).

Due to the seasonally regulated quantity of storage compounds, the ultrastructure
of storage parenchyma cells changes dramatically during the year. Before budbreak
the protoplasts of storage parenchyma contain numerous amyloplasts, oleosomes,
and protein bodies (Harms and Sauter 1992a, b; Sauter and van Cleve 1994; Sauter
et al. 1996). After the onset of new growth in spring, the number of starch grains is
significantly reduced, oleosomes almost disappear, while protein bodies can no lon-
ger be detected (Harms and Sauter 1992a).

4.4.2 Long-Distance Transport Routes in Woody Stems

The seasonally alternating accumulation and mobilization of storage compounds in
xylem and phloem parenchyma cells requires precisely controlled translocation of
reserves to the sink regions. This has been clearly demonstrated in experiments with
dormant cambium, in which local heating of the stem induced division activity in
the cambial cells and starch remobilization from the phloem towards the cambium
(Oribe et al. 2001, 2003; Begum et al. 2007). In sapwood, the manner of photo-
assimilate and other solute flow in the living xylem cells is still a matter of debate
(van Bel 1990; Sauter 2000). Although the long-distance transport of water and
solute minerals in the apoplasmic system via dead xylem elements like tracheids
and vessels is unquestionable (Holbrook and Zwieniecki 2005), the structure of
long-living axial and radial parenchyma cells (Fig. 4.5) suggests that communica-
tion and trafficking via the symplasmic route is likewise important.

The shape of the xylem parenchyma cells and pit distribution localized in their
cell walls (see Sect. 4.3.4) reflect the major directions of solute flow. Axial
parenchyma cells are involved in vertical transport, procumbent ray cells in radial
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spreading, while square to upright ray cells represent an intermediate step
(Carquist 2007). Among the specific ray cells abutting the vessels, isolation cells are
involved in radial transport and function also as a storage region (Sinnott 1918;
Sauter 1972; Sauter and Kloth 1986; Murakami et al. 1999). Due to larger pit-field
areas and a higher frequency of plasmodesmata at the tangential walls, isolation cells
are better specialized for radial symplasmic transport than contact cells (Sauter and
Kloth 1986; Sauter 2000). However, intercellular spaces between isolation cells
(Murakami et al. 1999) may also suggest the involvement of the apoplasmic trans-
port route. Delayed differentiation of the secondary cell wall in isolation cells, as
compared to contact cells, suggests that the unlignified tangential walls can tempo-
rarily assure apoplasmic continuity between phloem and xylem (Murakami et al.
1999). However, radial trafficking in apoplasm, as demonstrated using specific trac-
ers like acid fuchsin and safranin, seems to be limited. These apoplasmic dyes loaded
to poplar plants through the vascular system were only visible in the close vicinity
of vessel elements and did not move further in the cell wall system of ray paren-
chyma cells (Sano et al. 2005). Additionally, the simultaneous application of apo-
plasmic (sulforhodamine B, SRB) and symplasmic (carboxyfluorescein, CF) tracers
to maple tree branches revealed a difference in efficiency between both routes of
transport. Radial apoplasmic transfer of SRB was restricted to the axial xylem
elements, especially vessels, while at the same time CF was visible in the symplasm
of xylem rays and in the cambial region (Sokotowska and Zagérska-Marek 2012),
suggesting a prevailing role of symplasmic route in radial transfer in wood.

4.4.2.1 Radial Symplasmic Movement

Xylem and phloem rays function as living bridges that connect the cambial region
and living elements of secondary xylem and phloem. Therefore, they are involved
in centripetal and centrifugal radial symplasmic transport across the stem
(Langenfeld-Heyser 1987; van Bel 1990; Sokotowska and Zagdrska-Marek 2007,
2012). This route of transport is facilitated by abundant plasmodesmata present in
the tangential walls of the rays (Barnett 1982; Sauter and Kloth 1986) and was dem-
onstrated in experiments with tracer loading (Fig. 4.4) and membrane potential
measurement (van der Schoot and van Bel 1990; Sokotowska and Zagorska-Marek
2007, 2012; Fuchs et al. 2010). Moreover, radial translocation of *C-labeled assim-
ilates (Langenfeld-Heyser 1987; Korolev et al. 2000b) and high translocation rates
of sugars through the tangential area of ray cells (Sauter and Kloth 1986; Sauter
2000) strongly support the relevance of the radial symplasmic pathway across the
stem and towards the cambium. Furthermore, localization of storage proteins remo-
bilized during the first divisions of cambial cells in Populus directly confirmed the
significance of the radial symplasmic route. Reserves can indeed be transported
symplasmically between phloem parenchyma cells, ray cells, and fusiform cambial
cells, because proteinaceous particles were clearly localized in the cytoplasmic
sleeve of plasmodesmata (Fuchs et al. 2010).
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4.4.2.2 Intercellular Spaces: Apoplasmic Route for Gas Exchange

A complex system of intercellular spaces spans along the axial and radial groups of
parenchyma cells, from cambium towards the mature xylem, and serves as an addi-
tional apoplasmic route of transport in secondary xylem (van der Schoot and van
Bel 1989; Sun et al. 2004; Nagai and Utsumi 2012). This system is comprised of
short vertical and prominent radial canacules that probably originate from fusion of
schizogenous spaces (van der Schoot and van Bel 1989).

Intercellular spaces are separated from living ray cells by blind pits and seem to
be filled with water (van der Schoot and van Bel 1989) or with gases (Nagai and
Utsumi 2012). Thus, they are considered to be involved in water (van der Schoot
and van Bel 1989; van Bel 1990; Sun et al. 2004; Kitin et al. 2009) or gas (Hook and
Brown 1972; Spicer and Holbrook 2005; Nagai and Utsumi 2012) trafficking, pre-
sumably in a radial direction. However, the transfer of water and solutes via inter-
cellular spaces has recently been questioned (Nagai and Utsumi 2012). Firstly,
intercellular spaces are prominent in tree species living in wet habitats and having a
higher tolerance to flooding, e.g., in Nyssa aquatica and Fraxinus pennsylvanica,
where their presence probably increases plant aeration (Hook and Brown 1972;
Spicer and Holbrook 2005). Secondly, in conifers, intercellular spaces stay empty
even if they surround living rays and tracheids filled with cytoplasm or water (Nagai
and Utsumi 2012). Thus, it seems plausible that intercellular spaces function rather
as a gas exchange system in apoplasm (Nagai and Utsumi 2012).

4.4.2.3 The Role of Cambial Cells in Radial Xylem—Phloem Exchange

Cambium serves as a strong sink that draws nutrients due to a high level of division
activity and production of derivatives (Krabel 2000; Korolev et al. 2000b). The
radial transport of “C-assimilates (Langenfeld-Heyser 1987; Tomos et al. 2000;
Korolev et al. 2000a, b) and fluorescent tracers (van der Schoot and van Bel 1990;
Sokotowska and Zagdrska-Marek 2007) from the phloem and xylem regions to the
cambium occurs symplasmically and seems to be partially ceased at the cambial
zone. The symplasmic route of transport towards the cambium corresponds well
with the general principle that unloading to the meristematic tissues or growing
organs is symplasmic (Patrick and Offler 1996; Tarpley and Vietor 2007).
Moreover, it seems that cambial meristem collects assimilates and metabolizes
them quickly to obtain energy for functioning and division activity (Krabel 2000;
Korolev et al. 2000a), because cambial cells reveal very low concentrations of K*
and sugars (sucrose, glucose, fructose) compared with neighboring cells of the
phloem and xylem regions (Korolev et al. 2000a; Tomos et al. 2000). Accordingly,
it becomes obvious why dormant cambial cells, experimentally activated by local
heating, cannot divide further in the event of deficiency of reserve materials (Oribe
et al. 2001, 2003).
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4.4.2.4 Symplasmic Transport: Preferential Route of Transport via
Parenchyma Cells in Sapwood

To summarize, the anatomical and physiological features of living xylem
parenchyma cells, such as plasmodesmata distribution and frequency (Sauter and
Kloth 1986; Barnett 2006), cytoskeleton organization (Chaffey and Barlow 2001,
2002), storage substances mobilization (Fuchs et al. 2010), and movement of
fluorescent tracers (Fig. 4.4; Sokotowska and Zagdrska-Marek 2012), evidence the
role of symplasmic trafficking via parenchyma cells in xylem and towards the cam-
bium. Although, the final choice of the route in xylem parenchyma—symplasmic or
apoplasmic—depends mostly on the type of substance transported (Sharkey and
Pate 1975; Vogelmann et al. 1985). However, bearing in mind the restricted radial
trafficking of apoplasmic tracers and the involvement of intercellular spaces in gas
exchange, it can be considered that intercellular communication via living xylem
cells in sapwood occurs prominently via the symplasmic route (Fig. 4.5).

4.4.3 Contact Cells: Specialized Types of Axial and Radial
Parenchyma Cells

Contact cells, described in angiosperms as vessel-associated cells, are usually small,
living parenchyma cells abutting tracheary elements. They have a dense cytoplasm
with a voluminous nucleus, small vacuoles, and numerous ribosomes and mito-
chondria (Czaninski 1977; Alves et al. 2001, 2007). Starch is usually absent, even
during the winter season (Sauter et al. 1973; Czaninski 1977; Braun 1984). In trees
of temperate zones, starch appears in contact cells only temporarily—in early
spring—and is quickly remobilized just before and during bud swelling, consider-
ably earlier than in the neighboring cells of typical storage parenchyma (Sauter
1972; Sauter et al. 1973; Braun 1984). Contact cells are involved in varied physio-
logical processes due to their bidirectional transmembrane transport ability at the
symplasm/apoplasm interface. Sugar influx and efflux (Sauter 1982), exudation of
occluding and toxic substances during vascular pathogen infection (Shi et al. 1992;
Benhamou 1995; Cooper et al. 1996) and of phenolic compounds during heartwood
formation (Magel et al. 1991; Spicer 2005), require a controlled exchange of sub-
stances between contact cells and tracheary elements, via active and passive routes.

Despite the contact cells being directly connected with tracheary elements by
large and densely packed contact pits (Fig. 4.2; Sauter 1972; Sauter et al. 1973;
Murakami et al. 1999), they are devoid of plasmodesmata in contact pit membranes
(Czaninski 1977; Decourteix et al. 2006), and thus they are symplasmically isolated
from vessels and tracheids. Therefore, communication and trafficking between the
apoplasm, especially the xylem sap of tracheary elements and contact cells as a part
of three-dimensional continuum of living xylem parenchyma cells, have to proceed
through the plasma membrane. Probably, the interface of symplasm and apoplasm
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is enhanced by a protective layer in contact cells (see Sect. 4.3.3), which maintains
apoplasmic continuity with vessels.

The intensive transmembrane transport at the symplasm/apoplasm interface
requires the increased metabolic activity of contact cells (Fig. 4.4). And indeed,
contact cells exhibit enhanced levels of acid phosphatases, peroxidase, and dehy-
drogenases, in comparison to storage parenchyma cells (Sauter 1972; Sauter et al.
1973; Braun 1984; Alves et al. 2001). The enzymatic activities of contact cells
change seasonally in trees of the temperate zones. They increase in late fall and
winter to maximum in spring time, before and during the budbreak period, then
cease rapidly in late spring when leaves are flushing, to finally become undetectable
throughout the entire summer (Sauter 1972; Sauter et al. 1973). The high metabolic
activity of contact cells is closely related to the low level of starch in these cells, and
starch resynthesis coincides with a rapid drop of acid phosphatase activity (Sauter
1972; Sauter et al. 1973). Thus, it seems reasonable that in continuously growing
tropical trees, contact cells are free of starch and show permanent acid phosphatase
activity (Braun 1984). Regarding the high metabolic activity of contact cells with
simultaneous lack of starch, it can be suggested that these cells are an important site
of respiratory activity and are involved in intensive transport between apoplasm and
symplasm (Sauter 1972; Gregory 1978; Murakami et al. 1999; Alves et al. 2001).

4.4.3.1 Sugar Influx/Efflux Interactions at the Symplasm/Apoplasm
Interface

Sucrose content in the tracheary sap of temperate zone trees changes throughout the
year, even in winter time when the growth activity of plants in restricted
(Sauter 1980, 1982, 1983, 1988; Sauter et al. 1996; Améglio et al. 2001, 2004).
Sucrose can be released from starch; thus, the amount of sucrose is inverse to starch
content and changes seasonally. Accumulation of sucrose in tracheal sap usually
starts at the beginning of winter, reaches its maximum in midwinter, keeps high
values before and during budbreak period, and drops sharply when leaves are flush-
ing (Sauter 1982, 1983, 1988; Améglio et al. 2002). The high osmolarity of tracheal
sap coincides with drop of starch concentration in storage parenchyma and the high
metabolic activity of contact cells, indicating the involvement of the contact cells in
sucrose efflux into tracheary elements (Sauter 1972, 1980, 1981, 1982, 1983, 1988;
Sauter et al. 1973; Améglio et al. 2004). In winter, sugar efflux is a slow continuous
and selective process that depends on many factors such as temperature, respiration,
sucrose concentration in xylem parenchyma cells, the intensity of starch hydrolysis
and resynthesis, as well as the rate of sugar absorption into the symplasm (Sauter
et al. 1973; Sauter 1981, 1982, 1988; Améglio et al. 2001, 2004). Efflux cannot
operate as a simple leaking into the apoplasm, but probably occurs by facilitated
diffusion mediated by a yet unknown protein, and regulated by metabolic inhibitors
(Sauter 1980, 1982, 1988; Améglio et al. 2004). Alternatively, sugar efflux has
recently been proposed as an energy-consuming process that is mediated by proton
co-transporters (Salleo et al. 2004; Secchi and Zwieniecki 2012). Apart from sugar
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efflux, contact cells are also involved in an opposite process of active sugar influx
from tracheary sap to symplasm (Sauter 1983; Decourteix et al. 2006, 2008; Alves
et al. 2007; Bonhomme et al. 2009). Influx is carried out by putative xylem sucrose
and hexose transporters (Decourteix et al. 2006, 2008) which depend on the driving
force generated by H*-ATPase localized in the plasma membrane of contact cells
(Fromard et al. 1995; Arend et al. 2002, 2004; Decourteix et al. 2006; Alves et al.
2007). Which of these two competing biochemical processes dominates, sugar
efflux or influx, depends mostly on temperature, and thus it is periodically regulated
(Sauter 1982, 1983; Améglio et al. 2004; Decourteix et al. 2006; Alves et al. 2007,
Bonhomme et al. 2009). Efflux dominates in midwinter, when temperatures are low
(below 5 °C). In that period sugars are converted from starch in the xylem paren-
chyma cells and then accumulated in tracheary elements (Sauter 1980, 1982, 1983;
Sauter et al. 1996; Alves et al. 2007; Salleo et al. 2009). The activity of H"-ATPase
is highly reduced at low temperatures (Alves et al. 2001, 2007; Améglio et al. 2004),
resulting in the cessation of sugar influx and, in turn, in unlimited sugar efflux to
apoplasm. When temperatures are higher (over 15 °C), starch begins to resynthe-
size. The sucrose concentration gradient lowers at the symplasm/apoplasm interface
and decreases the efflux rate (Sauter 1983, 1988; Sauter et al. 1996). Additionally,
H*-ATPase is highly active and produces the proton motive force used by transport-
ers for active sugar uptake. Thus, at higher temperatures in winter, sugar influx
dominates (Sauter 1982, 1983, 1988; Alves et al. 2001, 2007; Améglio et al. 2004;
Bonhomme et al. 2009).

4.4.3.2 The Biological Role of Active Substance Secretion
and Uptake by Contact Cells

Contact cells are involved in specialized translocation of water and other materials
between symplasm and apoplasm (Gregory 1978; Murakami et al. 1999; Salleo
et al. 2004; Decourteix et al. 2006; Secchi and Zwieniecki 2011), although the
detailed mechanism of sugar exchange between contact cells and tracheary ele-
ments seems to be more complex (Alves et al. 2007; Nardini et al. 2011; Secchi and
Zwieniecki 2011, 2012). Sucrose accumulation in the tracheary sap of Acer sac-
charum (sugar maple) from November to April, which coincides with the high met-
abolic activity of contact cells in the vicinity of functional, water-conducting
elements and a low level of starch content, together suggest that contact cells are
able to release sugars and generate high osmotic pressure in vessels (Sauter 1972;
Sauter et al. 1973; Braun 1984). Thus, they can facilitate water transport in xylem
elements and ascend the sap before leaf flushing in early spring (Braun 1984). This
can be particularly important in tropical trees during conditions of lowered transpi-
ration due to high humidity during overcast days (Braun 1984). A dramatic increase
in water uptake in early spring was recorded in some trees like Acer pseudoplata-
nus, Betula pendula, Alnus glutinosa, or Fagus sylvatica, although the origin of the
spring sap was not determined (Essiamah and Eschrich 1986). In at least a few tree
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species, e.g., Juglans regia (walnut), the increased positive xylem pressure in spring
and autumn is mainly generated by root pressure (Ewers et al. 2001). Thus, the
mechanism responsible for the rising of sap in spring time varies between species
and requires further investigation.

Xylem elements are an efficient translocation route for organic compounds to the
meristematic tissues in species which flower before leaf appearance, in late winter
or early spring, when the phloem strands are still nonfunctional (Sauter 1980, 1983).
For instance, sugar influx rate and the activity of H*-ATPase in spring time are con-
siderably higher in apical parts of 1-year-old branches, bearing bursting buds in
walnut, compared to basal stem regions with non-bursting buds (Alves et al. 2007).
Over 90 % of the total sucrose pool is provided for the opening of apical buds by
xylem elements. This means that the xylem system is practically the only source of
sucrose in the apical parts of walnut during budbreak (Bonhomme et al. 2009). This
emphasizes the importance of contact cells in sugar uptake from apoplasm during
growth resumption (Alves et al. 2007). Further translocation of sugars away from
contact cells probably occurs via plasmodesmata, due to symplasmic connectivity
between contact cells and the neighboring storage parenchyma (see Sect. 4.4.2).
Interestingly, meristematic regions and vascular strands are symplasmically cou-
pled (Duckett et al. 1994; Gisel et al. 1999; Banasiak 2011). Therefore, continued
transport via living cells and the elements of the primary vascular system towards
the apices serve as an interesting hypothesis that requires further examination. The
most surprising fact related to sugar influx in walnut stems is the significantly low
active uptake, reaching only 50 % of global sugar uptake in the basal parts of
branches, where most of buds do not break (Bonhomme et al. 2009). Thus, different
pathways are necessary in basal stem regions for sugar uptake from apoplasm.
Although facilitated diffusion is possible (Bonhomme et al. 2009), an alternative
route via endocytosis seems to be more convincing. It has previously been sug-
gested that uptake of membrane-impermeant fluorescent tracers—Lucifer Yellow
and Texas Red-labeled dextran (10 kDa)—by xylem parenchyma cells abutting the
vessel in rice leaves occurs via endocytosis (Botha et al. 2008). Thus, contact cells
are crucial elements in unloading in the xylem region and serve as an important,
regulatory step in solute exchange at the symplasm/apoplasm interface.

4.4.3.3 The Involvement of Xylem Parenchyma Cells
in Embolism Repairs

Contact cells are also an important factor in a mechanism leading to embolism
repairs enabling proper long-distance apoplasmic transport. The role of contact
cells in the refilling of cavitated vessels was intensively studied in many species like
Juglans regia (Améglio et al. 2001, 2002, 2004; Sakr et al. 2003; Decourteix et al.
2006, 2008), Populus sp. (Secchi et al. 2011; Secchi and Zwieniecki 2012), Laurus
nobilis (Salleo et al. 2004, 2009), or in two savanna trees— Schefflera macrocarpa
and Caryocar brasiliense (Bucci et al. 2003).



122 K. Sokotowska

Although the embolism repair mechanism has not been fully elaborated
(Nardini et al. 2011; Secchi and Zwieniecki 2011), the involvement of xylem paren-
chyma, especially contact cells, in this process is unquestionable (Améglio et al.
2001, 2002; Bucci et al. 2003; Améglio et al. 2004; Salleo et al. 2009; Secchi et al.
2011; Secchi and Zwieniecki 2011, 2012). Firstly, xylem parenchyma cells are a
source of sugars and energy. Sucrose, released from stored starch, can directly
increase sap osmolarity and xylem pressure (Améglio et al. 2001, 2004) due to its
translocation to embolized elements via contact cells (Améglio et al. 2004; Salleo
et al. 2009; Secchi and Zwieniecki 2012), although it is unknown as to whether
sugar efflux into cavitated conduits is facilitated through diffusion (Améglio et al.
2004) or is an active process (Salleo et al. 2004; Zwieniecki and Holbrook 2009;
Secchi and Zwieniecki 2012). Sucrose also acts as a source of energy and indirectly
increases sap osmolarity, through ion efflux into apoplasm, via respiration (Secchi
et al. 2011; Secchi and Zwieniecki 2012). Regardless of the sucrose translocation
pathway and the mechanism of osmotic gradient generation, defoliation in the veg-
etative season (Améglio et al. 2001) and phloem girdling (Salleo et al. 2004) both
lead to reduction of the starch content in xylem parenchyma cells and strongly limit
winter embolism repair ability and plant survival (Améglio et al. 2001).

When high sugar concentration is obtained in cavitated elements, water flow
from neighboring cells according to the concentration gradient leads to dilution of
the gases and complete conduit refilling (Zwieniecki and Holbrook 2009). Because
xylem parenchyma cells are in close vicinity to gas-filled tracheary elements, they
are regarded as one of the natural sources of water necessary for embolism repair
(Améglio et al. 2001, 2002; Sakr et al. 2003; Bucci et al. 2003). Living and meta-
bolically active contact cells are also considered as embolism sensor that detects
cavitation and triggers the processes leading to conduit refilling. What is the nature
of this signal emitted during cavitation? Possibly it can be connected with either
wall vibration after mechanical stimulus (Salleo et al. 2008) and/or changes in
osmotic concentrations between parenchyma cells and a neighboring tracheary
element after water transport disruption (Zwieniecki and Holbrook 2009; Secchi
and Zwieniecki 2011, 2012). It is quite plausible that xylem parenchyma cells, and
especially contact cells, are also involved in other steps of the embolism repair
mechanism.

4.4.3.4 Defense Mechanisms During Vascular Parasite Infection:
Heartwood Formation

Xylem parenchyma cells abutting the vessels also play an important role in plant
defense mechanisms against fungal (El Mahjoub et al. 1984; Street et al. 1986; Shi
et al. 1992; Benhamou 1995; Cooper et al. 1996; Cooper and Williams 2004) and
bacterial (Goodman and White 1981; Hilaire et al. 2001) infections spreading via
tracheary elements. Contact cells neighboring infected vessels detect pathogens and
trigger cellular defense responses. One of the first visible reactions, also found after
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injury (Schmitt and Liese 1990; Sun et al. 2008), is the formation of tyloses leading
to partial or complete vessel occlusion (El Mahjoub et al. 1984; Clérivet et al. 2000).
Besides tyloses, xylem parenchyma cells can also produce and secrete amorphous
substances like gels and gums into the vessel lumen (Street et al. 1986; Shi et al.
1992; Benhamou 1995; Clérivet et al. 2000), which physically restrict pathogen
movement within the vascular system (Shi et al. 1992). In addition, contact cells
participate in chemical defense mechanisms. Living parenchyma cells abutting
infected conductive elements have increased cytoplasmic activity (El Mahjoub et al.
1984; Shi et al. 1992). They produce, accumulate, and secrete into the vessels sev-
eral materials like lipoidal, phenolic, or terpenoid substances (Shi et al. 1992;
Benhamou 1995; Cooper et al. 1996; Clérivet et al. 2000), polysaccharides (Clérivet
et al. 2000), elemental sulfur (Cooper et al. 1996; Williams et al. 2002; Cooper and
Williams 2004), or cationic peroxidase (Hilaire et al. 2001). Some of these are toxic
and can serve as chemical inhibitors restricting pathogen growth and reproduction
(Shi et al. 1992; Williams et al. 2002). Moreover, xylem parenchyma cells are
involved in callose synthesis and deposition along cell walls and pit membranes
neighboring the infected vascular elements (Mueller et al. 1994; Benhamou 1995),
as well as in the synthesis of pathogenic-related proteins (Benhamou 1995). They
also induce a thickening of secondary walls that decreases pit diameter and limits
bacteria spreading via pit membranes into living cells (Hilaire et al. 2001). The few
examples mentioned clearly illustrate the significance of living xylem parenchyma
cells in physical and chemical defense, assuring the high resistance of plants against
various pathogens.

Xylem parenchyma cells perform also a crucial role during the process of heart-
wood formation (Higuchi et al. 1969; Spicer 2005; Nakaba et al. 2012b). These
living cells are involved in vessel occlusions, due to tylose formation or gel secre-
tion (Chattaway 1949) as well as in the production and accumulation of secondary
metabolites, which are generally known as heartwood substances (Higuchi et al.
1969; Magel et al. 1991; Hillinger et al. 1996; Taylor et al. 2002; Spicer 2005).
These compounds are synthesized in situ by parenchyma cells from stored reserves
at the sapwood-heartwood boundary (Magel et al. 1991; Yang et al. 2004).
Heartwood substances belong mostly to the phenolic compounds (e.g., tannins, ter-
penes, flavonoids, lignans, and stilbenes) or to lipids (Higuchi et al. 1969; Magel
et al. 1991; Hillinger et al. 1996; Taylor et al. 2002). Their accumulation in heart-
wood leads to wood colorization and enhancement of wood decay resistance (Taylor
et al. 2002; Spicer 2005).

4.4.3.5 The Impact of Living Cells on the Growth and Differentiation
Processes of the Secondary Xylem

Different types of cells like vessels, tracheids, fiber-tracheids, fibers, and axial and
radial parenchymas can be formed and arranged in peculiar and, more usually, in
regular spatial patterns in the secondary xylem, with additional variation among the
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seed plants. The mechanisms responsible for the growth and differentiation of these
various xylem cells, and for formation of specific vascular patterns, remain unknown.
Possibly, living xylem parenchyma cells can be involved in these processes by
acting as a source of signal molecules, which affect the differentiation of xylem ele-
ments (Barnett 1982).

Depending on the morphology and distribution of the vessels in the particular
growth rings, two major types of wood can be distinguished in angiosperms: diffuse
porous or ring porous (Fig. 4.3). In diffuse porous, wood vessels have approxi-
mately similar dimensions and are more or less evenly distributed in growth rings.
Conversely, the ring-porous wood dimension of the vessels varies considerably dur-
ing the vegetative season, with large vessels being produced at the beginning of the
season, while narrow ones formed in the second part IAWA 1989). Developmental
studies have clearly demonstrated the impact of living xylem cells on the determina-
tion of wood architecture. For example, the occurrence of ring-porous wood in
Gmelina genus depends on the presence and distribution of living axial parenchyma
cells (Chowdhury 1953) that are formed in the beginning of ring growth (initial
parenchyma). The lack of initial parenchyma or its scanty distribution results in the
diffuse-porous structure of the secondary xylem, whereas abundant initial paren-
chyma sheathing newly formed vessels leads to the ring-porous structure of the
wood (Chowdhury 1953). Such a correlation may suggest that initial parenchyma
prolongs the process of vessel formation and influences its radial expansion, result-
ing in a wider xylem element development of the ring-porous wood. However, the
nature of the intercellular signals possibly exchanged between parenchyma and the
differentiating xylem elements, as well as their route of transport, are unknown,
although the fact that both initial parenchyma cells and differentiating xylem ele-
ments are alive suggests the involvement of symplasmic route. This supposition
requires further evaluation.

The differentiation processes of xylem elements can be influenced by the plas-
modesmata as in the young branches of Sorbus torminalis (Lachaud and Maurousset
1996). In this species, the presence of plasmodesmata in the pit membrane probably
maintains symplasmic continuity between differentiating xylem elements and forms
a temporary symplasmic domain. It is unknown whether or not plasmodesmata in
these pit regions are functional, because no dye-coupling experiments have been
done yet. However, it seems highly possible that plasmodesmata may influence
wood structure, at least in Sorbus torminalis, because symplasmic continuity main-
tained between young xylem elements probably hampers their differentiation and
leads to the formation a homogenous wood (Lachaud and Maurousset 1996). The
development of a homogenous wood structure corresponds well with the general
principle that cells, belonging to the same symplasmic domain, differentiate in a
similar manner (Ehlers et al. 1999; see Chap. 2). However, the impact of plasmodes-
mata on the xylem structure appears to be more complex and species dependent due
to the fact that the presence of symplasmic communication affects both the growth
and the differentiation of xylem cells.
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4.5 Future Perspectives

Symplasmic transport in the spatial system of living xylem cells is involved not only
in nutrient translocation or substance exchange at the symplasm/apoplasm interface
but also in the integration of cell-to-cell communication over long distances in
plants. Although our knowledge about the function of living xylem cells and sym-
plasmic transport in wood has recently increased, there are still some questions and
problems which need further examination. It cannot be forgotten that transport in
seed plants is composed of integrated symplasmic and apoplasmic systems which
cooperate to assure proper plant development and function. Thus, the efficiency and
velocity of symplasmic transport in wood needs to be elucidated to fully explain
transport capacities in woody plants. Although the general axial and radial routes of
symplasmic transport in secondary xylem were observed using small molecular
tracers, studies of possible macromolecule trafficking between living xylem cells,
and their impact on xylem element differentiation and wood structure, are also nec-
essary. Furthermore, symplasmic transport in secondary xylem not only is coordi-
nated at the cellular level, by the mechanisms that act during typical plasmodesmata
trafficking, but can also be regulated on the supracellular level. Taking into account
the spatial regulation of symplasmic transport in active cambium (Sokotowska and
Zagorska-Marek 2012) or the wavy propagation of solutes in the phloem tubes
(Thompson and Holbrook 2004), the supracellular coordination of symplasmic
transport in wood can be possible and facilitate fast and efficient communication
over long distances in trees. Thus, knowledge about the mechanisms of symplasmic
transport in wood and the comprehensive role of living xylem cells is indispensable
in plant biology, leading to a full understanding of how such long-lived plants as
trees can grow and function properly.
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Chapter 5
Symplasmic Transport in Phloem Loading
and Unloading

Johannes Liesche and Alexander Schulz

Abstract The coordinated distribution of carbohydrates between different plant
organs takes place in the phloem. Understanding how carbohydrates are loaded into
and unloaded from this long-distance transport system is essential for our under-
standing of carbon allocation in plants and the mechanism of phloem transport.

In this chapter, we present the current knowledge on how sugars move from the
site of production in the leaf parenchyma towards the phloem and how they exit the
phloem in sink organs and move to the sites of consumption or storage. The main
focus lies on symplasmic transport through plasmodesmata, which is central to all
questions of intercellular carbohydrate transport. Recent investigations in non-
model plant species, especially the gymnosperms, provide a more comprehensive
picture of phloem loading and unloading processes than ever before, but many ques-
tions regarding underlying mechanisms, evolution, pathway capacity, and regula-
tion remain.
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IC Intermediary cell
PD Plasmodesmata
SE Sieve element

SECCC Companion cell/sieve element complex

5.1 Introduction

The coordinated distribution of carbon throughout the whole-plant body is essential
for the plant’s growth and development. Sugars, especially sucrose as the main car-
bohydrate, but also ions, amino acids, and various signaling compounds are trans-
ported in the phloem. The highly specialized sieve elements (SEs) accommodate a
mass flow of phloem sap, which is always directed from sugar producing regions,
the sources, to sugar consuming regions, the sinks. The driving force for phloem
transport is the osmotically generated pressure gradient between source and sink
(see the Chap. 1 for details on transport in the phloem). Since sugars are the main
osmotica in plant cells, the processes leading to a high sugar concentration in the
source phloem and their reduction in the sink phloem are therefore of major impor-
tance for our understanding of how the phloem operates.

In this chapter we will look at the cellular pathways that sugar molecules pass in
order to be loaded into or unloaded from the phloem. Phloem loading, as used here,
does not only describe the last step, the transfer of sugars into the phloem SEs from
neighboring cells, but does indeed comprise all steps from the site of sugar produc-
tion to their entering the translocation stream. Similarly, unloading involves all
steps from exit from the sieve elements to the site of consumption. Accordingly, the
loading process can be divided in two parts: transport along the pre-phloem path-
way and uptake into the companion cell/sieve element complex (SECCC). Similarly,
unloading can be divided into release from the SECCC and post-phloem transport.
In earlier literature, phloem loading and unloading generally referred to only the
step of sugar uptake and release from SECCC as the importance of the whole path-
way for both processes was not realized.

The focus of this chapter lies on functional data regarding the symplasmic
movement of carbohydrates. For a detailed review of the structural data on cell con-
nections in the phloem loading and unloading pathways, see Beebe and Russin
(1999) and Schulz (2005).

5.2 Symplasmic Transport in Phloem Loading

Historically, an active pumping mechanism for sugar accumulation in SE was
assumed necessary for phloem loading for a long time. The discovery of alternative
strategies within the last 20 years led to the current detailed picture of loading strate-
gies in a broad range of plant species.
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A mechanism for active sugar accumulation in the phloem was first postulated
when a higher concentration of sugars in the leaf phloem compared to the surround-
ing cells was observed (Phillis and Mason 1933; Roeckl 1949). In several model
plants, an active pumping mechanism was later verified for sucrose uptake into the
sieve element—companion cell complex (SECCC) from the surrounding apoplasm
(Giaquinta 1976; Fondy and Geiger 1977) and sucrose transporters were demon-
strated to be responsible for this transmembrane transport step (Riesmeier et al.
1992, 1994; Gahrtz et al. 1994). This phloem loading type, where sucrose is released
into the apoplasm and then taken up into the SECCC by sucrose transporters, is
referred to as active apoplasmic loading.

An active phloem loading mechanism not involving sucrose transporters was
found in Cucurbita and various other species of herbaceous plants (Turgeon and
Beebe 1991). Instead of secretion of sugars into the apoplasm and uptake into the
SECCC, sucrose was postulated to enter via diffusion through the abundant PD at
the bundle sheath/companion cell interface (Turgeon and Hepler 1989). To prevent
diffusion back into the bundle sheath, sucrose is converted into sugar polymers in the
specialized companion cells. The sugar polymers are deemed too large to pass
through PD on the bundle sheath side but can pass on into the sieve element to be
transported in the phloem (Haritatos et al. 1996; McCaskill and Turgeon 2007).
Because of the energy-dependent enzymatic reaction and the entry of sucrose into
the SECCC through PD, this loading type is referred to as active symplasmic
(Rennie and Turgeon 2009).

Analysis of a wider range of plant species regarding phloem loading led to the
discovery of passive symplasmic loading, as first described for the willow tree
(Turgeon and Medville 1998). This loading type is characterized by symplasmic
continuity along the pre-phloem pathway and the absence of active sugar accumula-
tion in the companion cell/sieve element complex (Turgeon 2010). To move sugars
into the phloem, a high overall leaf sugar concentration is maintained that is thought
to enable diffusion of sucrose into the phloem. This means that mesophyll concen-
tration would need to be higher than in the source phloem SEs, which is indeed
indicated by plasmolysis experiments willow (Turgeon and Medville 1998) and
poplar (Russin and Evert 1985) and, indirectly, by the considerably higher leaf
sugar content of passive symplasmic loaders compared to active loading species (Fu
etal. 2011).

The different mechanisms of the three major phloem loading types are summa-
rized in Fig. 5.1. Some species employ variations of these types as they load and
transport large amounts of sugar alcohols in the phloem in addition to sucrose or
sugar polymers; others can use two loading strategies in parallel (Rennie and
Turgeon 2009).

From the above description, it becomes clear that the symplasmic coupling of
leaf cells, especially coupling between the SECCC and the surrounding cells, is a
defining feature of phloem loading. In a seminal work, Gamalei determined the
abundance of PD between companion cells and bundle sheath cells by electron
microscopy in a great number of plant species (Gamalei 1989). Although in many
cases, this data, together with the visible specializations of the companion cells, is a
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Fig. 5.1 Schematic drawing of phloem loading types. In active apoplasmic loading (a), very few
plasmodesmata are present between companion cell (CC) and bundle sheath cell (BSC) and
phloem parenchyma cell (PP). Sucrose produced in the mesophyll cell (MC) diffuses into BSC and
PP but has to be released into the apoplasm by efflux carriers before being taken up into CC and
sieve elements (SE) by plasma membrane sucrose transporters. In active symplasmic loading (b),
sucrose can diffuse into the CC through the abundant plasmodesmata. Sucrose in the CC is con-
verted to sugar oligomers, which, according to the prevalent hypothesis, are too big to diffuse back
into BSC or PP but instead enter the SE. In passive symplasmic loading (c¢), sucrose can diffuse
along the whole phloem loading pathway from MC to SE following the sugar concentration gradi-
ent. Loading could be regulated by import and export of sucrose into/from the vacuole. Gray level
indicates cytoplasmic sugar concentration

good indication of phloem loading type, PD abundance was shown not to always
correspond to loading type but instead be a general feature of leaf anatomy (Turgeon
and Medville 2004). While absence of PD is clear evidence for a domain border,
their presence does not necessarily indicate free exchange within an individual
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Fig. 5.2 Cell coupling factors in the pre-phloem pathway of the active apoplasmic loading Vicia
faba (a) and Nicotiana tabacum (b) and the active symplasmic loading Cucurbita maxima (c¢). The
factor indicates the relative permeability of a cell wall interface for small molecules like sucrose.
Based on data from Liesche and Schulz (2012a). All differences are significant. MC mesophyll
cell, BSC bundle sheath cell, SE sieve elements

symplasmic domain, as permeability through PD can be dynamic (Schulz 1999;
Roberts and Oparka 2003). Recently, the cell wall permeability in the pre-phloem
pathway was quantified in vivo in several species representing symplasmic and apo-
plasmic loading types using small fluorescent tracers and live-cell microscopy
(Liesche and Schulz 2012a). The results show that in the symplasmic loader
Cucurbita maxima, the whole pre-phloem pathway is indeed open to diffusion,
whereas in the apoplasmic loaders Nicotiana tabacum and Vicia faba, the SECCC
is isolated from the bundle sheath cells (Fig. 5.2).

In the following paragraphs, relevant aspects and open questions of symplasmic
transport associated with the different loading types will be discussed.

5.2.1 Is the Phloem Symplasmically Isolated
in Apoplasmic Loaders?

In our current understanding of apoplasmic phloem loading, sucrose is released into
the cell wall space in proximity to the SECCC of minor veins (Chen et al. 2012). It
is then pumped into the SECCC by sucrose transporters located in the plasma mem-
brane of the companion cell and/or sieve element (Stadler et al. 1995; Kiihn et al.
1997). This mechanism is thought to enable the plants to keep their whole-leaf sugar
content low while still reaching the high concentration necessary to establish the
source—sink gradient that drives phloem transport (Turgeon 2010). As a precondi-
tion for this mechanism, the SECCC has to be symplasmically isolated from the
surrounding cells to prevent backflow of sucrose, which would compromise the
pumping process.
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All apoplasmic loaders feature at least a few PD in the cell wall between CC and
BSC, even those that have been classified “closed” by Gamalei (1989), as was
shown, for example, for Sonchus (Fisher 1991), Linaria (Turgeon et al. 1993), and
Vicia (Gunning et al. 1974; Delrot and Bonnemain 1981). Microinjection experi-
ment with fluorescent tracers showed no movement out of the SECCC in minor
veins of tobacco (Itaya et al. 2002) and barley (Botha and Cross 1997). Similarly,
the in vivo quantification of cell coupling between bundle sheath and companion
cells in the apoplasmic loaders Nicotiana tabacum and Vicia faba showed that virtu-
ally no tracer could pass this interface (Fig. 5.2), indicating that the traffic through
the PDs that are present might be restricted. Nevertheless, slight but significant dif-
ferences were apparent between the bean plants that feature fewer PD at the BSC—
CC interface than tobacco plants, which itself has only a low number of PD (Liesche
and Schulz 2012a). It remains to be seen if apoplasmic loading plants that do
possess a high number of PD between BSC and CC, like Vinca major (Rennie and
Turgeon 2009), show markedly higher permeability or if the PD are blocked.

Electron microscopy has shown in one case, Moricandia arvensis, that PD
between CC and vascular parenchyma appear occluded and in lack of a desmotu-
bule (Beebe and Evert 1992). In all other cases, no difference in PD structure com-
pared to PD between mesophyll cells is visible (Turgeon 2006).

From an evolutionary perspective, it is puzzling that at least some PDs are pres-
ent in apoplasmic loading species, even though they are potentially counterproduc-
tive for the loading process. More important, these PDs are likely to be the entrance
door for plant viruses to the long-distance transport system, leading to systemic
spread of virus particles which often results in the death of the host plant (Leisner
and Turgeon 1993).

How exactly the entrance of viruses into the phloem happens is not clear, but the
mechanism appears to differ from the intercellular movement of viruses between
mesophyll cells. For example, it was shown that tobacco mosaic virus can move
between mesophyll cells without coat protein, but not into SECCC (Ding et al.
1996), and the movement protein of cucumber mosaic virus expressed in tobacco
minor vein CCs can leave the SECCC even though fluorescein and dimeric GFP
cannot (Itaya et al. 2002).

Even though entry into SECCC is the critical step for systemic infection, as seen
by the high accumulation of virus particles in phloem parenchyma before the spread,
the time of this process appears to be independent of the number of PD as demon-
strated in infection experiments with various viruses on Solanaceae and Fabaceae
species (Ding et al. 1998). This suggests that viruses are able to induce an effective
symplasmic pathway into the phloem, even though, at this stage, an alternative apo-
plasmic mechanism cannot be entirely ruled out.

Having a potentially negative effect on the competitiveness of a plant, the PDs
must fulfill an essential function in a healthy plant, or otherwise, evolutionary pres-
sure should have led to their elimination. Complete elimination of PD connections
can, for example, be seen in guard cell development. They do not offer the potential
to serve in phloem unloading as differentiated source organs never turn back to
being sink (Turgeon 1986), but there is the possibility that the PDs enable passive
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symplasmic loading (Schulz 2005). Growth of Arabidopsis plants expressing a
nonfunctional AtSUC2 was stunted but not completely abolished, showing that
sucrose export works to a limited extent without active loading into the SECCC
(Srivastava et al. 2008). The same could be observed in maize SUT1 mutants
(Slewinski et al. 2009). Although these mutants benefit from the capacity for
phloem loading, it is unlikely that the PDs are present for this purpose. More likely
is arole in signaling. It was proposed that there is constant communication between
CC and mesophyll to fine-tune photosynthesis and sucrose export (Lucas et al.
1996). There are indeed strong arguments for a sink-dependent regulation of pho-
tosynthesis (Paul and Foyer 2001), which would require communication between
SECCC and surrounding cells.

5.2.2 The Mechanism of Polymer Trapping
in Active Symplasmic Loaders

In active symplasmic phloem loading, the interface between SECCC and the neigh-
boring cells of the upstream pre-phloem pathway is fundamental to the loading
mechanism, just like in apoplasmic loaders. Here, too, the concentration of sugars
is higher in the phloem than in the rest of the leaf and therefore requires loading
against an overall concentration gradient. This gradient has to be maintained, even
though the SECCC is not symplasmically isolated, but well coupled with the sur-
rounding tissue (Voitsekhovskaja et al. 2006). To achieve this, enzymes that polym-
erize sucrose into raffinose and stachyose are active specifically in the companion
cells, which are called intermediary cells (IC) (Holthaus and Schmitz 1991; Turgeon
et al. 1993; McCaskill and Turgeon 2007). As the sucrose concentration is thereby
constantly reduced, it can be replenished by diffusion from mesophyll to phloem
along the concentration gradient. It is clear that this mechanism requires anatomical
specialization of the IC that is highly interesting in terms of symplasmic transport.
PDs towards the upstream neighbor cells have to accommodate sucrose movement
but restrict outflow of higher molecular weight sugars. The PDs towards the SE
have to accommodate passage of high amounts of the sugar polymers as they are the
transport sugar. Indeed, all active symplasmic loaders can be identified by the pres-
ence of IC with their unique anatomy (Fig. 5.3).

The PDs between ICs and BSC are very abundant, concentrated in fields, and
highly branched and have unique neck region on the intermediary cell side, consis-
tently described as narrow (Fisher 1986; Turgeon et al. 1993; Volk et al. 1996). PD
neck regions are generally thought to be the decisive part for regulation of the rate
of intercellular transport (Schulz 1995).

Besides the circumstantial evidence from structural analysis, it is difficult to
prove the sucrose selectivity of these PD. It was shown that the hydrodynamic
radius is decisive for traffic through PD for small molecules (Terry and Robards
1987). The hydrodynamic radius of sucrose in cytosol was estimated to be 0.44 nm
(Sowinski et al. 2008) and that of raffinose is only about 0.1 nm larger (Schultz and
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Fig. 5.3 Electron micrograph of a minor vein of the active symplasmic loader Alonsoa warscewic-
zii showing a typical intermediary cells (IC). IC are connected to bundle sheath cells (BS) via
abundant extensively branched plasmodesmata (arrows). SE sieve element, VP vascular paren-
chyma. Scale bar 2 pm (reprinted from Turgeon et al. (1993), with kind permission from Springer
Science+Business Media)

Solomon 1961). Terry and Robards (1987) injected dyes of different hydrodynamic
radii into the tip of Abutilon nectary trichomes and monitored the spread of fluores-
cence along the line of cells. Even though the PDs analyzed in this study clearly
have a wider cytoplasmic channel radius compared to the BSC/IC PD, the results
show that, in general, size discrimination is only effective when the radius of the
cytoplasmic channel is little larger than the smaller molecule [see Fig. 8 in Terry and
Robards (1987)]. To prevent passage of raffinose, the channel would need to be
considerably below 1 nm in diameter, considerably smaller than normal PD, whose
cytoplasmic channels are usually estimated to be around 3—4 nm in diameter (Ding
et al. 1992; Fisher 1999).

Nevertheless, it is clear that the PDs are responsible for the filtering effect, as
raffinose biosynthesis without structural specialization, which was simulated by
expressing raffinose synthase in tobacco CC, does not result in efficient phloem
transport (Hannah et al. 2006). Furthermore, recent data on the plasmodesmata-
mediated cell wall permeability in the active symplasmic loader Cucurbita maxima
allowed the calculation of conductive area that is necessary to accommodate effi-
cient sucrose movement. Theoretical optimization indicates that the requirements
can be met, even if the diameter of the cytosolic channels inside the PD is below
1 nm, i.e., small enough for efficient size discrimination (Liesche and Schulz,
unpublished data). If size discrimination is the decisive factor for the polymer trap
or if other, as yet undiscovered, components are responsible for the preference of
sucrose transport remains to be determined.
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Fig. 5.4 Electron micrograph of a minor vein of the passive symplasmic loader Populus deltoides.
The companion cell (CC) is connected to the vascular parenchyma (VP) via conspicuous plasmo-
desmata (arrows). As in all angiosperms, CCs are connected to sieve elements (SE) by complex
plasmodesmata aggregates (reprinted from Russin and Evert (1985), with kind permission from
The Botanical Society of America)

5.2.3 The Mechanism of Passive Symplasmic Phloem Loading

Efficient carbon allocation demands a tight but flexible control of carbon export to
meet sink demand under a wide range of environmental conditions (Smith and Stitt
2007). In active apoplasmic and active symplasmic loaders, the sucrose transporters
and the sucrose-oligomerizing enzymes are thought to be the respective main con-
trol points (Ayre 2011) to adapt export rates to, for example, changed nitrogen avail-
ability. In symplasmic loaders, where phloem and mesophyll are directly coupled,
export from source organs could be modulated by control of sucrose levels in the
cytosol. A larger concentration potential along the pre-phloem pathway would lead
to higher diffusion rates and thereby increased phloem loading.

Even though the loading type is termed passive symplasmic loading, there are
indications that active transport processes are involved in the control of the cytosolic
sucrose concentration in the different cells. In poplar, a vacuolar sucrose transporter
was shown to have a strong effect on the phloem loading capability (Payyavula et al.
2011). Also in rice, where the phloem loading type has not yet been conclusively
determined, a concept with a vacuolar sucrose transporter essential for efficient
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export has been proposed (Eom et al. 2012). The coordinated pumping of sucrose
from the cytosol into the vacuole and release from vacuole to cytosol by sucrose
transporters could enable direct control of phloem loading.

Alternatively, phloem loading could also be controlled by dynamic regulation of
plasmodesmata, thereby changing the transport capacity of the symplasmic path-
way, which has been demonstrated in phloem unloading in pea roots (Schulz 1995)
but has not been shown in relation to phloem loading. Nevertheless, the conspicuous
PDs seen, for example, in Populus deltoides (Fig. 5.4) (Russin and Evert 1985), are
indicative of the potential for permeability regulation at the neck region (Schulz
1999). Sucrose conversion to and from starch in the plastids could also help to bal-
ance cytosolic sucrose concentration, although starch accumulation follows strictly
diurnal patterns and offers therefore no option for short-term adaptation.

Another fundamental question regarding the mechanism of passive symplasmic
phloem loading is the interaction of water moving outwards from the xylem towards
the stomata and sugar molecules moving inwards towards the phloem. It is unclear
to what extent the high sugar concentration in the mesophyll cells leads to osmotic
water uptake and the buildup of osmotic pressure. The buildup of osmotic pressure
would virtually extent the phloem into the mesophyll with bulk flow not starting in
the SECCC, but already in mesophyll cells. Whether sugar moves in the leaf by bulk
flow or diffusion has important implications for the understanding of not only
phloem loading but also leaf functional architecture.

5.2.4 Phloem Loading in Gymnosperms

For a long time, research on phloem transport has been focused on angiosperms.
Important questions of how the phloem evolved and how it is implemented in plants
with vastly different architectures require analysis of a broader range of plant
groups.

Gymnosperms, which are today mostly represented by the conifer species,
include trees with the longest source—sink distance of any plant on earth. Despite
their enormous size and numerous other anatomical specialties (Schulz 1990, 1992),
the same basic mechanism of phloem transport seems to be employed as in angio-
sperm trees and herbaceous plants (Jensen et al. 2012). Recent work on phloem
loading in gymnosperms helps to understand how this mechanism is implemented
in this group of plants.

Gymnosperm leaves, in most cases needle-shaped, have a very complex architec-
ture (Huber 1947). The pre-phloem pathway consists of four different cell types and
as much as nine cells in between a mesophyll cell and an SE (Fig. 5.5, Canny 1993;
Liesche et al. 2011b; Liesche and Schulz 2012a). It features an extensive transfu-
sion tissue, which is specific for gymnosperms and includes dead transfusion tra-
cheids and living transfusion parenchyma cells (Liesche et al. 2011b).



5 Symplasmic Transport in Phloem Loading and Unloading 143

Resin channel Bﬁndlti T;g‘aancg;::.sc:gn Axial Xy|EI‘TI
: . shea i
Epidermis Mesophyll Transfusion Axial phloem
parenchyma/ Strasburger

Fig. 5.5 Schematic drawing of the pre-phloem pathway in the pine needle. The endodermis-like
bundle sheath with Casparian strip and the transfusion tissue consisting of dead water-filled tra-
cheids and living parenchyma cells are features that can be found in all gymnosperm leaves. The
Strasburger cells of gymnosperms have similar function to the angiosperm companion cells

The transfusion parenchyma and the Strasburger cells, which are comparable in
function to the CC of angiosperms, form a bridge of living cells between the bundle
sheath cells and the phloem sieve elements (Fig. 5.5).

Symplasmic coupling of the pre-phloem pathway in mature conifer needles is
indicated by the presence of PD at all cell wall interfaces along the pathway as seen
by transmission electron microscopy (Blechschmidt-Schneider et al. 1997; Liesche
etal. 2011b). The structural data was complemented by in vivo measurement of cell
coupling in the pine tree Pinus sylvestris, where the cell coupling factor for all inter-
faces was found to be similar to that of the well-coupled N. tabacum mesophyll cells
(Liesche and Schulz 2012a). Leaf sugar concentration, as indicated by the leaf sap
osmolality, was also found to be high, slightly higher than the average for the angio-
sperm trees with passive symplasmic loading (Liesche and Schulz 2012a). This
indicates a passive symplasmic loading type.

Further evidence was provided already by leaf-disc assays, a test for the involve-
ment of active processes in phloem loading. Usually, a leaf cutout is incubated in
radioactively labeled sucrose, resulting in accumulation of signal in the leaf veins in
active loading species, whereas symplasmic loading species show a homogeneous
distribution of radioactivity (Turgeon and Medville 1998). Conifer needles are not
compatible with this test because of their anatomy, but when allowed to assimilate
14C0O,, which is then built into “C-sucrose, the distribution can be detected when
cross sections are exposed to photographic film. First experiments with Pinus mugo
needles, whose structure is similar to that of P. sylvestris needles, showed a homo-
geneous signal distribution in the living cells (Fig. 5.6).
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Fig. 5.6 Distribution of radioactive assimilates in a Pinus mugo needle. The needle was allowed
to assimilate “CO, for 1 h, freeze-dried and sectioned. The cross section (a) was exposed to pho-
tographic film (b) for 20 h. Signal (dark area) is visible in all living cells of the needle, including
the outer axial phloem (P), but not the dead fibers (F) in the center. See Fig. 5.5 for an illustration
of needle anatomy

Combined, these results indicate that in P. sylvestris the same principle of phloem
loading is at work as described as passive symplasmic loading in woody angio-
sperms. The results further corroborate the assumption that the phloem loading type
of a plant is related to its life form (Turgeon 2010; Davidson et al. 2011). P. sylvestris,
like the majority of angiosperm tree species, does not seem to rely on active loading,
which appears only to be necessary for herbaceous plants with their rapid-growth
strategy.

The leaf-vein anatomy of the source organs is conserved across gymnosperm
species. Key features, like the endodermis with Casparian strip and the transfusion
tissue, are shared not only between the needle-bearing trees but also distantly related
species, like the tropical tree Gnetum gnemon or of the desert-growing shrub
Welwitschia mirabilis (Liesche et al. 2011Db).

Preliminary results from photobleaching experiments with G. gnemon leaves
show a high symplasmic coupling between mesophyll cells and sieve elements,
similar to P. sylvestris. Photobleaching of fluorescent tracers in the phloem of the
broad-leaved G. gnemon led to significant reduction in fluorescence in the meso-
phyll cells due to the relocation of tracer molecules. The same effect could be
observed in the symplasmic loader Populus trichocarpa, but not in the apoplasmic
loader N. tabacum (Liesche, unpublished data).

The leaf sap osmolality in G. gnemon was found to be even slightly higher than
in P. sylvestris (Liesche and Schulz 2012a). High total leaf sugar, a criteria for pas-
sive symplasmic loading, was also found in the deciduous conifer Larix deciduas
and the evergreen conifers Abies alba, Picea abies, and P. sylvestris, as indicated by
levels of nonstructural carbohydrates that were as high or higher as in six deciduous
angiosperm trees growing under similar conditions (Hoch et al. 2003).

The broad-leaved gymnosperm Ginkgo biloba has been analyzed by leaf-disc
assay, the test for active facilitation of loading described above, and found not to
accumulate radioactive sucrose in leaf veins, again indicating a passive loading type
(van Bel et al. 1994; Blechschmidt-Schneider et al. 1997).
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The results point towards utilization of a passive symplasmic phloem loading
mechanism by all gymnosperms.

5.2.5 The Evolution of Phloem Loading

The analysis of loading type distributions within the angiosperms has not yielded
conclusive results as to which mechanism is the most ancestral one. In general,
abundant PDs at the BSC—CC interface seems to be ancient and the reduction in PD
number at this interface derived, but the passive symplasmic loading of Salix seems
derived and active symplasmic loaders can be found at all stages (Turgeon et al. 2001).
Indeed, one of the most ancestral angiosperm species, Amborella trichocarpa, uses
the polymer trap mechanism for phloem loading (Turgeon and Medville 2011).

In order to understand the evolution of phloem loading, it is therefore necessary
to analyze more ancestral plants, namely, the pteridophytes and the bryophytes,
which feature a phloem precursor tissue. The only data available so far from these
groups of plants concern the presence of sucrose transporters. The fully sequenced
Selaginella moellendorffii and Physcomitrella patens both feature sucrose trans-
porters of the type 2 and type 4 families but not of the type 1 family that is respon-
sible for active apoplasmic phloem loading (Kiihn and Grof 2010). The function of
type 2 and 4 transporters is not well understood, but at least some members seem to
play an important role in phloem loading (Reinders et al. 2012).

So far, it can be concluded from the structural and molecular data that active
apoplasmic phloem loading is derived and occurs only in angiosperm species. While
a development of phloem loading originating from a passive symplasmic mecha-
nism seems most plausible, the origin of the process remains unexplained.

5.3 Symplasmic Transport in Phloem Unloading

Phloem unloading, the exit of nutrients from the SECCC and the post-phloem
movement towards the site of consumption and storage, is at least as versatile as
their phloem loading path. The different anatomies of plant organs that depend on
the supply of carbohydrates via the phloem require adaptation of the phloem unload-
ing mechanism. In addition, phloem unloading has to match the developmental
stage of the sink organ.

As in phloem loading, the abundance of PD along the various interfaces, as
determined by TEM, is an important characteristic of unloading pathway (Fisher
and Oparka 1996). The use of radioactively labeled sugars provided the first func-
tional data on the question whether unloading follows a symplasmic or apoplasmic
pathway (Dick and Rees 1975). Dick and Rees (1975) saw no influence of sugar
solutions on the transport of radioactive photoassimilates towards the tip of Pisum
sativum roots, concluding that phloem unloading is symplasmic. A big
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Fig. 5.7 Schematic drawing of phloem unloading types. Apoplasmic unloading involves a sym-
plasmic barrier either around SECCC (a) or at an interface further along the post-phloem pathway
(b). In some cases sucrose cleaving enzymes located in the cell wall digest sucrose, and monosac-
charides are subsequently taken up into the cells. Apoplasmic unloading enables higher sugar
concentrations in the sink cells compared to the sink phloem. In symplasmic unloading (¢), sugar
diffuses from the phloem to the sites of consumption or storage through plasmodesmata along the
concentration gradient. Gray value indicates cytoplasmic sugar concentration. CC companion cell,
BSC bundle sheath cell, PP phloem parenchyma cell, MC mesophyll cell, SE sieve elements

advancement for the identification of symplasmic domains in sink tissues was the
introduction of fluorescent tracers that could be loaded in the leaf and then move
with the phloem and along the post-phloem pathway as far as symplasmic coupling
exists (Oparka et al. 1994, 1995; Roberts et al. 1997). A similar approach could later



5 Symplasmic Transport in Phloem Loading and Unloading 147

be realized with GFP expressed specifically in companion cells (Imlau et al. 1999).
These plants have been instrumental for the determination of SEL in sink tissues
(Imlau et al. 1999; Oparka et al. 1999; Wright et al. 2003). Recently, the technologi-
cal development of NMR has enabled to resolve distribution of sugar and other
compounds in seeds (Melkus et al. 2011) and storage organs (Jahnke et al. 2009).

In general, phloem unloading pathways are categorized in three types that differ
in the presence of an apoplasmic step and the position of it (Fig. 5.7). Whereas
active apoplasmic and passive symplasmic unloading are analogous to the respec-
tive phloem loading types, there is no equivalent to the active symplasmic loading.
It is also important to note that active apoplasmic unloading does not necessarily
involve sucrose transporters, like in phloem loading. Instead, sucrose can be cleaved
into glucose and fructose by sucrose synthase or, after export to the apoplasm, inver-
tase, and the monosaccharides are then taken up into the surrounding cells by
respective transporters. The implementation of the different types varies with the
specific conditions in each sink organs, which will be discussed in detail in the fol-
lowing section.

5.3.1 Phloem Unloading in Different Sink Organs

5.3.1.1 The Root

Vegetative root growth requires supply of photoassimilates mainly to the subapical
meristematic region and the elongation zone just above. In the elongation zone, new
sieve elements differentiate, but companion cells might be lacking (Eleftheriou
1990; Schulz 1994). In this so-called protophloem, PDs between sieve elements and
phloem parenchyma cells are abundant as seen on electron micrographs in Pisum
sativum (Schulz 1995), Zea mays (Warmbrodt 1985b; Bret-Harte and Silk 1994),
Hordeum vulgare (Warmbrodt 1985a), and Allium cepa (Ma and Peterson 2001),
indicating a capacity for symplasmic unloading.

In the roots of an Arabidopsis thaliana seedling, phloem unloading in a sink
organ could be visualized for the first time in vivo (Oparka et al. 1994). The sym-
plasmic tracer carboxyfluorescein (CF) was applied to one cotyledon, where it
entered the phloem. The following transport in, and unloading from, the phloem
was followed using a confocal microscope. It was shown that both SE unloading
and post-phloem transport are symplasmic and that phloem unloading is restricted
to the growth zone at the root tip, with no tracer leaving the vasculature at any other
region along the root (Oparka et al. 1994). Nevertheless, PDs are also present
between SECCC and adjacent cells at the other regions, since unloading can be
induced along the whole root by application of metabolic inhibitors (Wright and
Oparka 1997). The tracer results are validated by the calculation of the effective
transport rate across the SE plasma membrane. In the most apical segments of grow-
ing pea roots, this rate is 20-50-fold the amount sucrose transporters could possibly
effectuate (Fig. 5.8).
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Fig. 5.8 Phloem unloading in the pea root tip cannot be apoplasmic. Calculations based on the
combined sieve element surface and current estimates of sucrose transport capacity would allow
for unloading of sucrose at a rate of about 30 pmol cm= s™! (dashed line). This flux is more than
20 times too low to explain the observed sucrose unloading in the apical region (A). Only in region
C, which is part of the transport phloem, apoplasmic unloading is feasible. Based on data from
Schulz (1998) and Peiter and Schubert (2003)

Similar experiments, using GFP instead of CF, which is expressed in companion
cells and transported in the phloem demonstrated that the size exclusion limit of PD
in the Arabidopsis root tip and other sink organs is higher than in other tissues
(Imlau et al. 1999). The 27 kDa GFP cannot pass regular PD, for example, in the
leaf mesophyll cells but is unloaded from the phloem in the same pattern as seen
with CE.

A direct proof for symplasmic unloading in roots was provided in Pisum sativum
seedlings, where radioactive sucrose, which was applied to the cotyledons, stopped
to accumulate in the root tip after plasmolysis of the root cells (Schulz 1994). In
addition, it was shown that the amount of unloaded sucrose is directly correlated
with PD diameter between cortex cells (Schulz 1995).

Even though analysis of phloem unloading in vegetative growing roots has been
limited to a relatively small number of plant species, the strictly symplasmic path-
way can be assumed for all plants as anatomy and growth pattern are sufficiently
similar.

In contrast to vegetative growing roots, unloading in storage root has been
reported to involve an apoplasmic step. In the root of sugar beet (Beta vulgaris),
which accumulates sucrose in the storage parenchyma cells, preliminary results
indicate that PD frequency between CC and storage parenchyma is extremely low
with 0.09 PD pm™' interface and even lower between storage parenchyma cells
(0.005 PD pm™') (Mierzwa and Evert 1984). Sucrose-uptake experiment with sugar
beet root tissue discs revealed sucrose-transporter-mediated uptake from the apo-
plasm (Wyse 1979; Lemoine et al. 1988). However, participation of a symplasmic
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unloading pathway cannot be ruled out. As sucrose accumulation was not sensitive
to external application of the sucrose-transporter inhibitor PCMBS, the possibility
of symplasmic transport plus active uptake into vacuoles was raised (Giaquinta
1979). It should be noted that sugar beet anatomy is complex, and sucrose is stored
not only in root but also in hypocotyl and lower stem (Mahn et al. 2002).

In the storage root of carrot (Daucus carota), sucrose is accumulated in the main
storage phase, and concentration in cells surrounding the phloem is high, reaching
200 mM (Korolev et al. 2000). A sink-specific sucrose transporter was identified
(Shakya and Sturm 1998), indicative for apoplasmic unloading.

The limited data suggests that sucrose-storing roots use apoplasmic phloem
unloading. It would be interesting to see if the same is true for starch-storing storage
roots, like sweet potato.

5.3.1.2 The Shoot

Nutrients are needed in the stem for apex and elongation growth and in some species
also for storage and secondary growth. The difference of function of these different
sink tissues is reflected in different phloem unloading mechanisms.

Unloading at the vegetative apex of the shoot was found to be more complex than
unloading at the root apex, even though the anatomical situation is similar with the
first step of unloading being the exit of photoassimilates from protophloem SEs.
Distinct symplasmic domains were identified by restricted tracer movement between
certain cell layers in Egeria densa (Erwee and Goodwin 1985) and Solanum
tuberosum (van der Schoot and Lucas 1995). The unloading pathway was eluci-
dated in more detail in Arabidopsis by monitoring the unloading of the fluorescent
tracer HPTS that was applied to source leaves (Gisel et al. 1999). Here, a symplas-
mic unloading from the protophloem sieve tubes was observed, but subsequent
tracer movement was limited to the outermost cell layer. Symplasmic coupling
between different cell layers in the shoot apex is essential for the development of
meristematic cells into different organs as it defines the distribution of non-cell
autonomous signals, such as the KNOTTEDI protein (Lucas et al. 1993; Rinne and
van der Schoot 1998; Gisel et al. 1999; Gisel et al. 2002; Kim et al. 2003).

In the elongating internodes of the shoot, where the phloem is fully differenti-
ated, the SECCC appears to be isolated in angiosperms. Extensive studies have been
conducted with Phaseolus vulgaris, showing that CF does not exit the SECCC and
that radioactive sucrose is unloaded even though the cells of the post-phloem path-
way are plasmolyzed (Minchin and Thorpe 1984; Wood et al. 1998). High sucrose
concentration in the apoplasm is another indicator for secretion in the cell wall
space before uptake by the surrounding cells (Patrick and Turvey 1981; Minchin
et al. 1984). Apoplasmic sucrose levels rise when sucrose uptake is inhibited by
PCMBS (Minchin and Thorpe 1984) and decreases when photosynthetic activity is
low (Patrick and Turvey 1981). Phloem unloading in elongating internodes of the
monocot Sorghum seems to happen in the same way as in dicots, with much higher
sucrose levels in the apoplasm compared to the symplasm (Tarpley and Vietor 2007).
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Nevertheless, even in Phaseolus, unloading might become symplasmic in response
to a change in environmental conditions (Hayes et al. 1987), and data from a wider
range of plant species is necessary to identify a common principle of phloem
unloading in elongating internodes.

Increasing symplasmic isolation of the SECCC was shown to be concomitant
with the maturation of phloem in the stem of Lupinus Iuteus by dye-coupling exper-
iments (van Bel and van Rijen 1994). The low frequency of PD between SECCC
and surrounding cells in the stem was shown in many herbaceous angiosperms
(Kempers et al. 1998). Nevertheless, considerable amounts of sugars leak out of the
transport phloem, either by diffusion through PD or facilitated by efflux carriers
(Thorpe and Minchin 1996; Liesche and Minchin, unpublished data). Sucrose
transporters are necessary to reload sugar, as demonstrated by significantly
increased phloem transit times in AtSUC2 knockout Arabidopsis (Gould et al.
2012) and increased sucrose efflux in stem parts that are treated with sucrose trans-
port inhibitors (Minchin and Thorpe 1984). The transporter-mediated retrieval
along the transport phloem was shown to dynamically adjust to sink strength
(Eisenbarth and Weig 2005).

Symplasmic isolation of the SECCC in the mature stem is unlikely for plants
with secondary growth. At least for a large number of gymnosperms, PD abun-
dance at the interface between SEs, Strasburger cells, and phloem parenchyma
cells indicates a symplasmic phloem unloading pathway (den Outer 1967; Sauter
et al. 1976).

Two stem storage organs have received considerable attention regarding their
mechanism of phloem unloading, the storage parenchyma in the internodes of sug-
arcane (Saccharum species) and the potato (Solanum tuberosum) tuber. In case of
sugarcane, a symplasmic post-phloem pathway was proposed as cell walls outside
the vasculature become lignified and suberized with maturation preventing diffu-
sion of tracers in the apoplasm (Jacobsen et al. 1992; Walsh et al. 2005), which is
supported by the presence of PD between CC and bundle sheath cells, neighboring
bundle sheath cells as well as bundle sheath cells and storage parenchyma (Welbaum
etal. 1992; Botha et al. 2004). An apoplasmic step might still be involved as Botha
and coworkers detected large callose deposits in the neck region of PD in the cell
walls of storage parenchyma cells (Botha et al. 2004). Indeed, with the exception-
ally high concentrations of sucrose measured in the storage parenchyma of sugar
cane, it would be surprising to find a completely symplasmic phloem unloading
mechanism, as it would require even higher concentrations in the source phloem,
although, as in the sugar beet storage tissue, tonoplast-transporter-facilitated storage
in the vacuole has to be taken into account as well (Getz et al. 1991).

In the potato tuber, phloem unloading switches from apoplasmic to symplasmic
during development. In the elongating stolon, CF cannot exit the SECCC (Hancock
et al. 2008). In contrast, in the swelling stolon (the actual tuberization), tracer dif-
fuses into the storage cells (Viola et al. 2001) through the abundant PD (Oparka
1986). Interestingly, the vasculature of the dormant tuber seems isolated but
becomes connected again with budbreak in the vicinity of the growing bud (Hancock
et al. 2008).
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5.3.1.3 The Sink Leaf

Before the sink/source transition, developing leaves of dicotyledonous angiosperms
are supplied with phloem-delivered photoassimilates that are unloaded from the
major veins (Roberts et al. 1997; Wright et al. 2003; Turgeon 2006). All investiga-
tions point to a completely symplasmic mechanism of phloem unloading as shown
by high abundance of PD at all interfaces of the post-phloem pathway (Ding et al.
1988; Roberts et al. 2001), GFP and CF diffusing out of CC into neighboring cells
(Roberts et al. 1997; Oparka et al. 1999), apoplasm fluid analysis, and test of
sucrose-transporter activity (Schmalstig and Geiger 1985; Turgeon 1987; Lemoine
et al. 1992).

In monocots, the situation seems to be similar, indicated by high PD frequencies
and diffusion of CF out of the SEs in barley leaf (Haupt et al. 2001). Earlier reports
proposed an apoplasmic mechanism for phloem unloading in leaves of maize
(Evert and Russin 1993) and barley (Evert et al. 1996), but the observed scarcity of
PD was probably due to analysis of leaves that already underwent transition to
source (Haupt et al. 2001).

5.3.1.4 Flower, Seed, and Fruit

Unloading in the flower of Arabidopsis has been studied in detail recently and a link
between symplasmic coupling in the post-phloem pathway and the complex pattern
of flower development established (Gisel et al. 1999; Werner et al. 2011). SECCC
unloading switches from symplasmic to apoplasmic with the maturation of ovules
but is symplasmic again after anthesis in the open flower (Werner et al. 2011). The
post-phloem pathway is divided into distinct symplasmic domains that change
according to the different developmental stages.

Unloading from Digitalis purpurea nectaries is apoplasmic, which is indicated
by the very low frequency of PD between SECCC and surrounding cells, together
with high apoplasmic sugar concentration. The authors argue that this is a general
feature of plant nectaries (Gaffal et al. 2007).

The extensive research on seed development, especially in legumes and cereals,
led to the conclusion that developing seeds are symplasmically isolated from the
parent plant (Patrick and Offler 2001). PD were shown to be virtually absent from
this maternal-filial boundary (Felker and Shannon 1980; Offler and Patrick 1993),
and CF and other symplasmic fluorescent tracers are not able to pass (Cook and
Oparka 1983; Wang and Fisher 1994; Patrick et al. 1995; Tegeder et al. 1999; van
Dongen et al. 2003). The boundary could also be visualized with NMR imaging
showing the very different sugar concentration in the endosperm versus the seed
coat (Borisjuk et al. 2003).

Interestingly, viruses can enter developing seeds and it was shown in Pisum sati-
vum that this happens via a symplasmic pathway (Roberts et al. 2003). In the micro-
pylar region of seeds infected with pea seed-borne mosaic virus, PD-like structures
are present between maternal seed coat cells and filial endosperm cells. From the
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endosperm, the virus can then traffic symplasmically into the suspensor and on into
the embryo. Whether this route is open for nutrients is not clear. No PD have been
observed in uninfected cells (Roberts et al. 2003), suggesting that the virus induces
the formation of symplasmic connections between seed coat and endosperm.

Sieve element unloading in the single vascular strand that supplies a seed is sym-
plasmic. The sieve elements and companion cells are connected to surrounding
parenchyma via PD and tracer diffuses out of the phloem unhindered. In wheat,
Vicia and pea symplasmic tracers could diffuse all the way to the maternal-filial
boundary (Wang and Fisher 1994; Patrick et al. 1995; Tegeder et al. 1999), whereas
in Phaseolus it only moved into the ground parenchyma (Patrick et al. 1995).
Different symplasmic domains in the seed coat are tightly correlated with seed
development (van Dongen et al. 2003).

Although seeds from only a small number of plant species were analyzed, it can
be assumed that the maternal-filial boundary is generally characterized by the
absence of symplasmic connections. Only in case of virus infection, this might
change. Furthermore, it is clear that sieve element unloading happens via a symplas-
mic pathway. The different symplasmic domains that seem to exist both in the
maternal and in the filial tissue might play a significant role in seed development.

Fruits develop from different tissues of the flower and have therefore different
anatomical preconditions for phloem unloading. Nevertheless, in most cases, a
switch to apoplasmic SECCC unloading happens at the beginning of fruit develop-
ment, like in apple (Zhang et al. 2004), walnut (Wu et al. 2004), and cucumber (Hu
etal. 2011), or at a later stage, as in grape (Wang et al. 2003; Vignault et al. 2005;
Zhang et al. 2006) and tomato (Ruan and Patrick 1995). In Chinese Jujube varieties,
sieve element unloading is apoplasmic at early and late stages but symplasmic at
the middle stage (Nie et al. 2010). Strawberry as well is likely to unload apoplasmi-
cally at least late in development, indicated by the high apoplasmic sucrose
concentration (Pomper and Breen 1995). Similarly, apoplasmic unloading is indi-
cated by sucrose distribution in and around the vasculature in the juicy citrus fruits
(Koch and Avigne 1990).

As most fruit accumulate a high amount of soluble sugars, isolation of the
SECCC and export of sucrose into the apoplasm can be seen as prerequisite to keep
up the sink strength of the organ. Moreover, like it was described for potato develop-
ment before, the phloem unloading mechanism seems to be an integral part of fruit
development, maybe even controlling the progression.

5.3.2 Capacity and Regulation of Phloem Unloading

While regulation of PD function in general is discussed in other parts of this book,
its importance becomes especially clear when seen in context of phloem unload-
ing. The distribution of photoassimilates in plants is always tuned to the carbohy-
drate demand in the different organs. Phloem unloading is the key step in the
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control of carbon allocation as it defines the strength of the competing sinks.
This is evident in cases where SECCC unloading switches between symplasmic
and apoplasmic modes, corresponding to the developmental stage of the sink
organ, as seen in stem storage (Viola et al. 2001; Botha et al. 2004), transport stem
(Hayes et al. 1987), flower (Werner et al. 2011), and fruit (Ruan and Patrick 1995;
Zhang et al. 2006; Nie et al. 2010). At the same time, a change in phloem unload-
ing can be the trigger for a change in sink development (Rinne and van der Schoot
1998; Hancock et al. 2008).

The switch is realized by reduction of PD frequency and/or plugging of the
intercellular connections between the SECCC and adjacent cells. Plugging has
been assumed in case electron-dense material in PD was observed on transmission
electron microscope images, which has been reported in sugarcane storage
internodes (Botha et al. 2004), cucumber (Hu et al. 2011), and Chinese Jujube
(Nie et al. 2010). The electron-dense material could be protein agglomerations
(Ehlers and van Bel 1999).

In grape berries, PD frequency in the SE cell wall remains unchanged during the
shift from symplasmic to apoplasmic phloem unloading and only few PD show
electron-dense material (Zhang et al. 2006). Here, callose deposition in the neck
region of PD causes symplasmic isolation (Vignault et al. 2005). Callose plugs in
PD were also identified during development of the Arabidopsis shoot apex (Rinne
and van der Schoot 1998).

In addition to blocking, PD were also shown to fine-adjust to carbohydrate
demand. In the roots of pea seedlings, treatment with 350 mM mannitol led to an
increase of PD neck region and phloem unloading of '“C-labeled sucrose that was
applied to the cotyledons (Schulz 1995). Mannitol lowers water potential of the
root, thereby increasing sink strength (Schulz 1994). The mechanism behind the
dilation of sink PD has been studied in maize and Arabidopsis root apices (Baluska
et al. 2001). Based on localization data of the cytoskeletal component actin, the
molecular motor protein Myosin VIII, and the Ca-binding calreticulin, which all
show specific localization at the outer portions of PD of the unloading zone, the
authors propose a hypothetical model for dynamic regulation of PD conductance.

In general, sink PD have a wider SEL than those found in the leaf (Imlau et al.
1999), but the precise capacity of symplasmic unloading pathways has not been
conclusively determined, as calculations were based on PD frequencies and pre-
sumed effective channel diameters that are unlikely to represent the in vivo situa-
tion (Bret-Harte and Silk 1994). As an alternative to simple diffusion along the
concentration gradient, carbohydrates might move by bulk flow if a strong enough
water potential exists between phloem and growth zone. The inclusion of data
from measurements of actual in vivo cell wall permeability in sink calculations
will give a better understanding of symplasmic phloem unloading (Rutschow
etal. 2011; Liesche and Schulz 2012b). These experiments will also help to iden-
tify compounds and environmental factors that influence PD conductivity and
thereby the capacity of the unloading pathway as it was shown for H,O, (Rutschow
et al. 2011).
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5.4 Perspectives on Phloem Loading and Unloading

Phloem loading and unloading are essential processes in plant carbon allocation and
therefore prominent targets for crop plant enhancement (Ainsworth and Bush 2011).
Understanding the mechanisms and pathways of whole-plant carbon transport will
also help us to estimate the potential effect of climate change (Litton et al. 2007).

The recent progress in phloem loading research led to appreciation of mechanis-
tic diversity. The complex picture we have now enabled us to reconsider the purpose
of phloem loading (Turgeon 2010), linking it to plant growth forms and ecological
parameters (Davidson et al. 2011). At the same time there is a better understanding
of how Miinch’s pressure flow mechanism is implemented in different plants with a
wide anatomical variety (Liesche and Schulz 2012a).

Nevertheless, important questions remain. Especially important is the question
of how phloem loading is regulated. How are signals from the sink, whatever they
are, received and relayed in source? The symplasmic connection between the
phloem SECCC and surrounding leaf cells might play a crucial part, potentially
enabling passage of small signaling molecules or even electric signals transmitted
in the plasma membrane (Furch et al. 2007). The signaling function of PD at this
interface might be the reason that they are present even in plants that use the active
apoplasmic loading phloem mechanism, where symplasmic coupling is counterpro-
ductive and potentially harmful for plants as they enable viruses to spread
systemically.

Also related to regulation is the question of how the phloem loading rate is
adapted to the environmental and developmental conditions. At least in the apo-
plasmic loaders are sucrose transporters and sucrose efflux carriers likely candi-
dates. Sucrose transporters were shown to be subject to regulation at transcriptional,
posttranscriptional, and posttranslational level (Liesche et al. 2011a). Sucrose
transporters could also play an important role in regulation of phloem loading in
the symplasmic loaders, as the vacuolar sucrose transporters clearly have an effect
on carbohydrate export (Eom et al. 2011; Payyavula et al. 2011). So far, only
sucrose symporters have been identified, which could facilitate sucrose transport
out of the vacuole, but it has been suggested that tonoplast-localized glucose anti-
porters that also transport sucrose could be responsible for import into the vacuole
(Schulz et al. 2011).

Plants using active symplasmic phloem loading were shown to not be able to
increase carbon export under improved light conditions as active apoplastic loaders
do, which was explained with their inflexible anatomy, i.e., the fixed number of PD
available for transport into the SECCC (Amiard et al. 2005). Comprehensive mod-
eling of sugar flux through the specialized PD at the BSC-IC interface and in vivo
studies with tracers of different size would help to elucidate the specifics of this
polymer trap mechanism and the limitation and benefits it offers for the plants that
employ it.

The mechanism of plasmodesmata function and their role in the regulation of
phloem loading is poorly investigated. On one hand, it has been shown that pressure
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difference and other factors can lead to increased plasmodesmal resistance, blocking
the transport of tracer molecules (Oparka and Prior 1992). On the other hand, plas-
modesmal conductance can also be increased in response to osmotic stress as shown
for PD in the post-phloem pathway of pea seedling roots (Schulz 1995). Dynamic
regulation of plasmodesmal conductance would have important implications for all
phloem loading strategies as it would directly affect the capacity of symplasmic
pathways.

Another fundamental question that has hardly been addressed is how the outward
water movement from xylem towards the stomata affects the inward sucrose diffu-
sion. Especially in symplasmic loaders, without a sucrose pumping mechanism,
water movement could slow down diffusion if it is not confined to separate path-
ways. But water could also help to move sucrose towards the phloem by preferen-
tially entering the mesophyll cells, the putative site of highest sugar concentration
in symplasmic loaders. Water uptake would lead to increased osmotic pressure that
could create bulk flow through plasmodesmata towards the phloem. Measurement
of intracellular sucrose concentration and turgor pressure, as well as visualization of
water movement, for example, by quantification of aquaporins in the plasma mem-
branes of the different cells, is needed to understand the interaction of water and
sugar pathways in leaves.

Gymnosperms were recently shown to utilize the same basic mechanism for
phloem transport as angiosperms (Jensen et al. 2012). Also regarding phloem load-
ing, there are many similarities to the passive symplasmic loading angiosperms,
suggesting an implementation optimized for trees. It remains to be seen if gymno-
sperm phloem loading is indeed similar to the passive symplasmic phloem loading
of angiosperm trees or if their unique anatomical features, like endodermis with
Casparian strip and the transfusion tissue, put them in a group on their own.

As gymnosperms developed mostly in parallel to angiosperms, it cannot be con-
cluded from their symplasmic loading that this is the most ancient loading strategy.
Extensive research into phloem loading in pteridophytes will be necessary to come
closer to a solution to that question. The rapidly increasing availability of genomic
data will enable conclusive phylogenetic analysis of sucrose-transporter proteins
that might provide important insight already in the near future.

Our understanding of phloem unloading is still somewhat limited by the small
number of plant species in which it has been studied. In some sink tissues, like bean
seed or Arabidopsis root, the mechanism has been comprehensively elucidated, but
generalization of the results is dangerous because of the anatomical and develop-
mental diversity of the sink organs between different plant species. Seed loading,
for example, always involves one apoplasmic step, as no PD exist between maternal
and filial tissue, but the unloading pathway up to the seed coat can be symplasmic
or involve apoplasmic steps at the SECCC-BSC interface or other interfaces further
down the pathway, depending on plant species (Patrick and Offler 2001; Werner
et al. 2011). The variety in unloading strategies is even wider in fruits, which is not
unexpected considering the big differences in fruit anatomy. Therefore, the exact
specifications of phloem unloading have to be carefully investigated in each tissue.
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The formation of symplasmic domains are emerging as integral part of organ
development. Whereas complete symplasmic phloem unloading was long assumed
to be the major route in all sinks except embryonic tissue (Patrick 1997), more
recently, distinct symplasmic domains have been discovered in various tissues and
their occurrence was shown to coincide with important transitions in organ develop-
ment (Zhang et al. 2006; Hancock et al. 2008; Werner et al. 2011).

The quantification of phloem unloading capacity will be important for whole-
plant modeling of carbon allocation patterns, since under most environmental
condition, the sink strength determines carbon distribution (Minchin and Lacointe
2005). Live-cell imaging has become an important tool for the quantification of
intercellular movement of molecules, and many more results regarding flux
capacity and regulation can be expected (Rutschow et al. 2011; Liesche and
Schulz 2012b).
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Chapter 6
Mechanism of Long-Distance Solute Transport
in Phloem Elements
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Abstract Descriptions for the C/N economy and translocation of solutes in species
of lupin (Lupinus albus [L.] and L. angustifolius [L.]) are used to exemplify the
“source/sink” relationships of a grain legume. Identification of translocated solutes
requires invasive sampling from sieve elements of phloem, and techniques for col-
lection of exudates and limitations in interpreting data are discussed. Mechanisms
that fashion the solute composition of phloem are described using the development
of pods and seeds as a specific example. In lupin, the two predominant solutes of
phloem are sucrose and asparagine and molecular explanations for selectivity in the
translocation of these commodities are identified. Critical components such as
membrane transporters for both loading and unloading sucrose and asparagine from
“source” organs and into “sink” organs, respectively, are described together with the
nature and regulation of metabolic pathways for their utilization.
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glu Glutamic acid
SE Sieve element
CC Companion cell

ASNase Asparaginase

6.1 Introduction

The two long-distance transport pathways in flowering plants are structurally
co-located in the vascular network and in many cases are separated by just a few
files of parenchyma or other non-transport cells. However, they are quite dissimilar
in how each contributes to the nutrition of the plant and in the processes that load
and unload solutes to and from the translocation streams they support. The transpi-
ration stream that transfers water and solutes from the soil as well as products of
root (and nodule in the case of legumes) metabolism to shoot organs occurs in the
dead cells of xylem and is essentially acropetal. Evaporation of water at the transpir-
ing surfaces of the plant creates a negative tension that permits deposition of sub-
stances dissolved in the contents of xylem. Typically xylem contents are a dilute
solution with an acidic pH. On the other hand phloem constitutes living cells that
provide a symplasmic route for translocation of solutes from sites of synthesis
“sources,” mainly leaves) to sites of their utilization in growth and development
(“sinks,” such as roots, meristems, and reproductive organs). Translocation in
phloem may be acropetal or basipetal. The solutes in phloem are much more con-
centrated, are dominated by sugar which in many cases is sucrose, and are neutral
to alkaline in pH. However, each of these streams also contains a myriad of both low
molecular weight solutes as well as macromolecules, many of which are present in
trace quantities and which may serve roles other than nutrition (Atkins and Smith
2007; Atkins et al. 2011). Knowledge of mechanisms that underlie how the “source/
sink” relationships of a plant are established requires sampling translocation streams
to document the solutes that provide nutrition during development. Inventories of
translocated solutes have been generated from a number of species but among
legumes lupin species (Lupinus albus and L. angustifolius) provide a unique
resource in this respect, and data from these crop species is used to describe how
source/sink relationships are formed and regulated at the molecular level.

6.2 Compiling Inventories of Translocated Solutes

Inventories of translocated solutes, whether in the transpiration stream or in phloem,
have been compiled from analyses of exudates or “saps” collected following vascu-
lar tissue disruption. The least invasive is the use of severed stylets of sap sucking
insects that specifically invade sieve elements (SE) of phloem, although recent
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evidence indicates that under some circumstances aphids also feed from xylem to
obtain water and maintain their osmotic balance (Pompon et al. 2011). However,
yields of exudate from stylectomy are very low and a limited number of plant spe-
cies have proved amenable. Thus, most data comes from exudates collected
following incision of the vasculature, i.e., from a wound. While substantial volumes
of exudate have been collected in this way, damage to cells other than SE unavoid-
ably leads to contamination. These aspects are considered in detail elsewhere
(Atkins et al. 2011) but suffice to say that for the major low molecular weight sol-
utes, particularly those of C and N, contamination is likely to be slight, while for
solutes in trace concentrations a high degree of caution is needed in assigning their
presence in exudates to the contents of SE and to translocation. There is a growing
body of evidence for specific “signaling” functions of the translocation streams and
especially for phloem. Putative signals range from low molecular weight solutes
like sugars and particular amino acids to peptides, proteins, and a range of RNA
species including mRNA and miRNAs (Atkins and Smith 2007; Rodriguez-Medina
et al. 2011; Atkins et al. 2011). The sites of synthesis and function of these many
and varied macromolecules have yet to be discovered and, except for a few, their
translocation remains to be demonstrated.

Plants that “bleed” spontaneously from incisions to their vasculature have proven
to be particularly valuable in building up a picture of the solutes likely to be trans-
located. These comprise a diverse group of species that includes castor bean (Ricinus
communis), a number of cucurbits (pumpkin, squash, and cucumber), the develop-
ing floral apex of rapeseed (Brassica napus), and a number of members of the genus
Lupinus. Interestingly, among the lupins only some species are known to “bleed”
their phloem. These are L. albus, L. angustifolius, L. mutabilis, and L. cosentini.
While there has been considerable progress in describing processes that occlude
sieve plates and restrict loss of SE cell sap, the molecular mechanisms involved
remain subjects of speculation (Froelich et al. 2011; Knoblauch and Oparka 2012;
Walker and Medina-Ortega 2012), and reasons why some species “bleed” freely is
not clear. In a number of legumes, phloem occlusion is believed to involve Ca?*-
dependant subcellular contractile bodies, termed “forisomes,” that form plugs and
potentially block SE on wounding (Knoblauch et al. 2012). Forisomes are also pres-
ent in images of SE in L. albus (Rodriguez-Medina 2009) but whether their function
is impaired following wounding remains unknown.

A considerable body of data on phloem mobile solutes as well as studies of the
mechanisms involved in the translocation process has come from the use of severed
cucurbit stems. However, recent studies (Zhang et al. 2012; Zimmermann et al.
2013) of the origin and composition of exudate in pumpkin and cucumber together
with a detailed morphometric analysis concluded that while the exudate contained
solutes from SE, it was diluted by water from surrounding cut cells, by the apo-
plasm, and by exudation from severed xylem. Consequently, the concentrations of
sugars (stachyose, with lesser amounts of sucrose and raffinose) in cucurbit exu-
dates are typically 1-5 mM (Zhang et al. 2012). By comparison, concentrations of
sucrose in exudate from Lupinus albus varies from 0.3 to 0.6 M depending on the



168 C.A. Atkins

site of collection (Pate et al. 1979); values approaching those measured by aphid
stylectomy in other species (Riens et al. 1991; Voitsekhovskaja et al. 2006) and
likely to more closely reflect the concentration being translocated.

Because of a wealth of genomic data available for the model species, Arabidopsis
thaliana, much of our knowledge about the likely transporters involved in transloca-
tion have come from studies of the species (Tegeder et al. 2011). However,
Arabidopsis does not freely exude from a wound and collection of solutes involves
bathing the wound in a buffered solution containing EDTA (Lam et al. 1995; Zhang
et al. 2010; Guelette et al. 2012; Gaufichon et al. 2013). Consequently, the collec-
tion liquid provides relative concentrations of solutes and the likely consequences
for contamination using this technique in a number of species have been discussed
elsewhere (van Bel and Hess 2008; Atkins et al. 2011; Liu et al. 2012; Guelette et al.
2012). Perhaps the most definitive N solute analysis in phloem of Arabidopsis
comes from exudate collected by aphid (Myzus persicae) stylectomy (Hunt et al.
2010) showing that the dicarboxylates aspartate (asp) and glutamate (glu) were
dominant N solutes rather than their amides asparagine (asn) and glutamine (gln).

Harris et al. (2012) have recently compiled a large data set for the amino acid
composition of phloem from 28 published reports that included 52 analyses of
which 25 were of undiluted exudate (from stylectomy and freely exuding wounds)
and 27 of diluted solutes collected into EDTA solutions. The relative composition
of amino acids was comparable for the two types of collection except for asn, which
was much higher in the diluted exudate (16.67+19.23 %) compared to the sponta-
neous exudate (6.07+6.35 %). From these data Harris et al. (2012) calculated the
average concentration of the 20 protein amino acids in phloem and found glu and
gln each around 28 mM and asp and asn each around 16 mM as the major contribu-
tors to the total amino acid content which, on average, was 150 mM. Interestingly,
the information used in this compilation was predominantly from monocotyledon
species and included limited data from legume species and none from Lupinus.

6.3 Translocation of C and N in Lupinus albus

While the following considerations of mechanisms that fashion the contents of
phloem streams are idiosyncratic for lupin species, the broad aspects of the parti-
tioning of C and N that are predicted from an accounting of translocated solutes to
satisfy the growth of component organs of the plant are likely to have wider applica-
tion. Indeed Peuke (2010) has recently reviewed and reevaluated the use of similar
experimental methods and models of nutrient flow to determine source/sink rela-
tionships in castor bean.

Experimentally derived data on C, N, and H,O balances for the organs of white
lupin throughout development together with changes in the C/N weight ratios of
solutes in xylem sap collected from roots and stem segments and in phloem exu-
dates collected from a number of sites on the shoot (stem base, mid stem and
upper stem, petioles, the stylar tip, and suture vasculature of developing fruits)



6 Mechanism of Long-Distance Solute Transport in Phloem Elements 169

Fig. 6.1 Schematic depiction
of the exchanges of solutes
(as amounts of water, C, and
N) between xylem and
phloem translocation streams
in the uppermost leaves and %
stems of a fruiting main stem 600ml
shoot of Lupinus albus. The H,0
shoot comprised four mature

leaves in the upper stratum

(LS4) and three developing

fruits. The period of

development (POD) spanned

12 weeks from antithesis to

physiological maturity just

prior to pod desiccation [Data

derived from Layzell et al.

(1981) and modified from 5
Atkins (1993)] T ~<

N NUTRITION

of
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\
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have been used to construct empirical models of solute flow (Pate et al. 1979;
Layzell et al. 1981). The assumptions and calculations underlying the models are
outlined in Pate et al. (1980). These models have identified a number of specific
solute exchanges that together account for the phloem contents that satisfy the
nutritional demands of individual developing organs for C and N but which also
account for the distribution of inorganic nutrients (Jeschke et al. 1985), plant
growth regulators (Emery et al. 2000), and translocated quinolizidine alkaloids
(Lee et al. 2007). While flows of solutes have been generated for all the organs of
the growing white lupin plant, a useful example that indicates the relevance of
solute exchanges/transfers is the developing fruit and its supporting vegetative
structures of the upper stem (Fig. 6.1).

The xylem supplies the shoot at the site of the uppermost mature leaf stratum
with 4 L H,O and a little more than 1 g N (Fig. 6.1) during 12 weeks of develop-
ment. The majority of this N is in the form of asn with a lesser quantity of gln and
smaller amounts of other amino acids (Atkins et al. 1975), and, even though
307 mg N is directed to the leaves, almost all is translocated away in phloem together
with 11.8 g C, largely as sucrose, assimilated by the leaves through photosynthesis.
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Phloem exudate collected at the petioles of these leaves has a C/N ratio of 40:1, but
by the time the translocation stream has traversed, the upper stem segment and the
rachis of the inflorescence addition of N lowers this to a C/N ratio of 15:1, a com-
position that more closely matches the measured C and N nutrition of the fruit.
Fig. 6.1 describes the addition of N to the phloem as transfer from xylem in the
stem. Thus, three exchanges between vascular components are envisaged as essential
mechanisms in the overall C and N nutrition of the fruit. The first is enrichment of
xylem with N as it traverses the stem through a greater than proportional flow of
water to the major transpiring surface of the leaves. In fact analysis of xylem con-
tents displaced by gentle vacuum from segments of main stem towards the apex
shows that the N concentration increases progressively and is fivefold at the apical
stratum of leaves compared with incoming sap from the nodulated root system
(Layzell et al. 1981). This interfascicular transfer of xylem-borne N in the stems is
envisaged, rather hypothetically (as in Fig. 6.1), as feeding back into the upward
transpiration stream. The second is the almost direct transfer of N from the xylem
in the leaf to the exiting phloem stream and the third is the further enrichment of
phloem with xylem-borne N also in the stem as noted above. These solute transfers
between xylem and phloem are quantitatively the major mechanisms that fashion
the composition of phloem providing an appropriate C/N ratio to the nutrition of the
developing fruit and, as indicated in the following discussion, are dominated by asn.

Whether the exchanges of solutes are symplasmic, apoplasmic, or a combination
of both pathways, bidirectional radial solute movement between xylem and phloem
streams in stems has been established as an important component in the distribution
of nutrients within the plant (Biddulph and Markle 1944; van Bel 1990). The degree
to which N solutes in transit mix with the soluble pools of amino compounds out-
side the vasculature in the stem is not known. However, these pools and particularly
those of the dominant N solutes are readily available to the phloem in the stem.

In nodulated lupin the translocation of N throughout the plant is dominated by
the two amides, gln and asn (Pate et al. 1979). Asn in xylem leaving the nodules and
the root system carries over 90 % of the translocated N and, although this dimin-
ishes to around 60-70 % in phloem exudate collected from stems, petioles, and
developing fruits, the two amides together account for 80 % or more of phloem-
borne N throughout the life cycle of the plant. The predominance of asn is not
restricted to symbiotically dependant plants. Non-nodulated lupin supplied NO; in
the rooting medium translocated 50-70 % N as asn in xylem and 70-80 % N in
phloem (Atkins et al. 1979). Except for species in the Phaseoleae that fix atmo-
spheric N, in nodules to form ureides, the overwhelming majority of legumes form
and translocate asn (Atkins 1991). In non-leguminous plants the amides are also
prominent forms of translocated N but as noted above in Arabidopsis, the dicarbox-
ylates may dominate in some species.

Xylem/phloem transfer in mature white lupin leaflets has been studied using '*N-
and *C-labeled amino acids supplied in the transpiration stream of detached fruit-
ing shoots (McNeil et al. 1979; Atkins et al. 1980). Asp and glu entered leaf
mesophyll and metabolic pathways that used their C and N to form other com-
pounds including a range of amino acids, some of which were subsequently loaded
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onto the phloem and exited the leaf. On the other hand gln and asn delivered to the
leaf in xylem were not extensively metabolized and were recovered in phloem exu-
dates essentially unmetabolized. In the case of asn, the same 'N/!*C ratio was mea-
sured in petiole and fruit exudate as that in labeled asn supplied in the transpiration
stream (Atkins et al. 1980) providing direct evidence that the major incoming N
solute, asn, did not equilibrate with unlabeled pools in the leaf and was excluded
from the amino acid metabolism of the mesophyll. Autoradiographs of leaflets fol-
lowing the short pulse of “C asp and asn followed by a 2-h “chase” with unlabeled
asp or asn showed only that the vein network of the leaf was labeled in the case of
asn but was cleared of label in the case of asp which showed that the '“C had accu-
mulated outside the veins in the leaf mesophyll (McNeil et al. 1979).

While this picture above applies to the mature leaf, C and N nutrition varies
throughout the period of development. Detailed study of the C and N economy of a
leaf of white lupin from 1 to 66 days after emergence identified four distinct onto-
genetic phases (Pate and Atkins 1983). From 1 to 11 days, the leaf imported both C
and N in phloem and xylem, and from 11 to 20 days, this became massive for
xylem-borne N as the leaf expanded, transpiration increased, and the leaf became a
net exporter of C as a consequence of photosynthetic C assimilation. At this stage,
of the 5.8 mg N imported in the transpiration stream, close to 20 % was transferred
to phloem and exported, the remainder being used for leaf growth together with
28 % of the net C gain. From 20 to 38 days, some N mobilization from the leaf was
recorded, and while 3.8 mg N entered, 4.6 mg N exited in phloem together with
99 % of the net C gained in photosynthesis. Finally, as the leaf senesced (38—66
days) and photosynthetic C gain decreased, 6.5 mg N entered in xylem and together
with nearly 2.5 mg N mobilized from the leaf exited in phloem. The solutes involved
in these N flows were documented by analysis of xylem (upper stem tracheal sap)
and phloem exudates (from petioles) and of changes to the soluble and protein
amino acid pools in extracts of the leaf tissue throughout development (Atkins et al.
1983). Small transient changes in the amino acid composition of both translocation
streams were recorded but asn and gln were the major N solutes throughout, and
during the first 1-11 days, they were delivered in excess of their utilization in solu-
ble and protein contents of the leaf. Fifteen other amino acids in xylem and phloem
were delivered in amounts that required metabolism of the amides to satisfy protein
synthesis. During this period asparaginase (ASNase) activity was maintained at a
high level. Asn-dependant synthesis of amino acids continued in the period from 11
to 20 days but with an increasing amount of asn and gln exported in phloem. By 20
days when asn metabolism to provide protein amino acids to the growing leaf
declined, the rate of ASNase activity declined by 80 % and higher levels of aspara-
gine aminotransferase (AAT) activity were recorded. Not surprisingly the leaf
showed significant capacity for ammonia assimilation by glutamine synthetase (GS)
and glutamine oxoglutarate aminotransferase (GOGAT) over the whole 66 days of
development. During the period of maximum rates of photosynthesis (20-38 days),
xylem inputs of asn and gln accounted completely for the outputs of these amino
acids in phloem, while in the period from 38 to 66 days, there was significant mobi-
lization and export of N as asn but more significantly as gln in phloem.
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The exchanges of N in the stem that enrich the N content of phloem destined for
the fruit are also closely linked to phloem loading of asn. The specific activity of
uniformly '“C-labeled asn supplied in xylem to cut fruiting main stem shoots of
white lupin (as described in Atkins et al. 1980) was unchanged in phloem exudate
collected at the petioles of mature leaves but was diluted significantly by “cold” asn
when analyzed in exudate collected at the fruit. While the source of this asn loaded
onto phloem in transit could have been in the stem segments or the inflorescence
stalk or associated with the fruit vasculature, it indicates that the available asn pool
is not simply stored in these tissues but does contribute to the translocation stream
moving towards a strong sink. Autoradiographs of stem and petiole material made
in these labeling experiments indicate that for asn, gln, and valine but not for some
other amino acids (asp, glu), the nodal tissue vasculature was heavily labeled
(McNeil et al. 1979). These are sites where extensive xylem parenchyma transfer
cells have been documented (Gunning et al. 1970), and while direct evidence for
their role in retrieving xylem N remains to be established, it is tempting to assign
such a role. However, the identification of similar cell profiles in the internodes of
some 21 legume species, including white lupin, suggests that xylem enrichment
with N is likely throughout the stem (Kuo et al. 1980). Non-nodulated Phaseolus
vulgaris seedlings deprived of combined N around their roots or supplied with N as
a foliar spray failed to differentiate these internode transfer cells indicating that their
formation is closely linked to N translocation (Kuo et al. 1980). Whether there are
specific effects of particular N solutes in inducing their development, for example,
asn have not been explored. Major transient changes to the N nutrition of plants has
been shown to result in extensive adjustment of gene expression (Scheible et al.
2004), and it is not surprising that this extends to the differentiation of specialized
cells which might satisfy the need to enhance transport processes.

The foregoing shows that asn synthesis, its transport, and metabolism are an
important and central feature of N nutrition in lupin. While the molecular and meta-
bolic mechanism(s) which fashion the N composition of phloem leaving a lupin leaf
have not been resolved, differences in the pathway of phloem loading for different
solutes can be inferred from data for other species. Gessler et al. (2003) also used
double-labeled amino acids in studies of long-distance transport of N in spruce trees
and found evidence for the exchange of these compounds between xylem and
phloem. They further found that the two amino acids, gln and asp, behaved quite
differently, possibly due to differences in loading onto the translocation streams.
Komor et al. (1996) have emphasized the fact that pathways involving mesophyll
cell connections are likely to be different in different plant species. Such specific
interchanges are not restricted to amino acids. Schneider et al. (1994) found evi-
dence for reciprocal radial exchange of the peptide glutathione between the translo-
cation streams in spruce seedlings as a central feature of S nutrition in the species.
Similar conclusions have been made for the recirculation of K* and Mg** in nodu-
lated white lupin (Jeschke et al. 1985) and in the translocation of Zn?* in the pedun-
cle of wheat (Herren and Feller 1994). Such transfers between the two long-distance
transport pathways are clearly significant in the nutrition of plant organs and par-
ticularly in fruit and grain development.
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6.4 Molecular Mechanisms in the Translocation of N Solutes

As noted above the fashioning of phloem N composition in lupin is dominated by
transfers of the amides gln and asn, and especially asn. Recent studies in Arabidopsis
suggest that asn synthesis is not only central to N metabolism but is essential for
effective N translocation even though this amide is not the dominant phloem mobile
N solute in the species (Hunt et al. 2010). Gaufichon et al. (2013) generated knock-
out lines for the most highly expressed asparagine synthetase (ASN2) gene and
showed that the mutant plants had a defective growth phenotype with severely
reduced levels of the amide in leaves and also in phloem exuded into an EDTA solu-
tion. ASN2 expression was localized specifically to phloem CC and the authors
concluded that ASN2 was “essential” for phloem loading and maximizing translo-
cation of N. Thus, in Arabidopsis as in lupin, asn appears to serve a central regula-
tory role in N translocation. While these data are not definitive proof that asn fulfills
this role, in the knockout line there was no compensatory increase in gln in phloem,
despite an increased level of ammonia in the leaves, and the plants suffered N defi-
ciency. Interestingly, "'NO; uptake by roots was reduced in the mutant indicating
that impaired asn synthesis had a profound negative effect on the overall N economy
of the plant. If indeed maximizing translocation of N requires asn synthesis, then
molecular mechanisms responsible for or which regulate its transport at the cellular
level in the translocation pathways are likely genetic targets to enhance the effi-
ciency of nutrient use in enhancing yield potential.

Although asn synthetase knockouts have not been generated in lupin, a study in
which asn synthesis in nodules was eliminated by transient exposure to a rooting
atmosphere devoid of N, (80 % Ar: 20 % O,) showed that N assimilation could be
altered, at least transiently, in favor of gln synthesis and translocation (Atkins et al.
1984). Following 3 days in Ar/O,, asn synthetase activity in nodules could not be
detected and, even after returning these plants to a rooting atmosphere of air, activ-
ity only increased to a fraction of controls maintained in air throughout. On the
other hand GS activity was unaffected and measurable GOGAT activity was
retained. Thus, at least for short periods gln could replace asn in the N economy of
the plant.

A recent review (Tegeder 2012) has highlighted the current lack of knowledge
about regulation of amino acid transport and of the transporters likely to be
involved in the many transfers of C and N described above for lupin. A wide range
of sugar transporter proteins have been described from a number of plant species,
including Arabidopsis, with the majority functioning as plasma membrane-localized
H* symporters (reviewed in Tegeder et al. 2011). Among these a group of sucrose
transporters (SUTs or SUCs) are associated with phloem and in some cases
specifically with CC or SE. Their likely function in phloem loading/unloading of
sucrose has been confirmed in studies using mutation strategies and RNA interfer-
ence, and in a number of cases, alterations in expression have led to significant
changes in the development of both vegetative and reproductive sink organs.
Interestingly, AtSUC?2 is expressed in the transport phloem and is thought to be
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important for the efflux/retrieval of sucrose (Gould et al. 2012) and in this respect
provides a potential means to alter solute composition of phloem in its passage
towards sink organs.

The majority of data relating to the identification of proteins mediating the
movement of organic N compounds has come from studies with Arabidopsis
(reviewed in Rentsch et al. 2007; Tegeder et al. 2011; Tegeder 2012) with some
60 putative amino acid transporters (ATFs) identified in the species to date.
Among these, the amino acid permeases (AAP1-8) mediate H*-coupled transport
of acidic and neutral (including asn and gln) amino acids and have been localized
to a number of cell membranes. In Arabidopsis AAP2 has been localized to CC of
phloem throughout the plant and AAP2 T-DNA insertion lines show changes in
the translocation of amino acids consistent with this transporter functioning in
phloem loading (Zhang et al. 2010). In aap2 mutants total amino acids were sig-
nificantly reduced in phloem (based on exudation into an EDTA solution) due
largely to a decrease in gln, while levels of other amino acids were unaffected.
The aap2 mutant lines showed changes in leaf C/N balance with greater leaf area,
increased photosynthetic rates and enhanced expression of enzymes associated
with sugar metabolism. Changes in leaf metabolism resulted in increased branch
and silique number and as a consequence enhanced grain yield. A central role for
xylem/phloem solute exchanges mediated through AAP2 was inferred and, while
the transporter undoubtedly is important in determining the N economy of the
plant, a specific role with respect to a particular amino acid was not established.
While AAP2 has a modest affinity for a range of amino acids, including gln, a
relatively high concentration of the amide ensures high throughput, and this may
also be the case for the many legume species which, like lupin, have asn as the
predominant N solute in phloem (Atkins 1991). An insertional inactivation mutant
for the AAP6 amino acid transporter gene in Arabidopsis resulted in phloem exu-
date amino acid levels reducing more than threefold compared to exudate from
wild-type plants (Hunt et al. 2010). Importantly SE exudate was collected by
aphid stylectomy and in samples from wild type, the dicarboxylates asp and glu
were the predominant N solutes. Although considerable variance in the levels of
16 amino acids resulted in only some being significantly different, in fact the
levels of all were reduced with asp reduced by more than 80 % in stylet exudate
from the mutant, and this is consistent with AAP6 having a higher affinity for asp
than other AAPs (Fischer et al. 2002). Interestingly, the phenotype of the aap6
mutant plants showed no obvious developmental differences to the wild type
except that the seeds were slightly larger in the mutant. Expressed in Xenopus
oocytes, AAP6 shows a higher apparent affinity for asn (K, s=0.36 mM) than asp
(Kys=1.64 mM) and a value about one tenth that determined for AAP1-5 (Table
2 in Fischer et al. 2002), suggesting that perhaps this AAP is specifically associ-
ated with the transport of asn in lupins. However, other transporter molecules with
high affinity for a range of amino acids have also been localized to the plasma
membrane in Arabidopsis (Lee and Tegeder 2004) so that there may be a range of
molecular mechanisms regulating transport of N solutes in the long-distance
translocation pathways.
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6.5 Translocation to and Within Developing Seeds

There has been considerable attention paid to the features of amino acid transport to
and within legume seeds where high rates of protein synthesis are supported by
translocation of N solutes largely through phloem. Both the amide-N and C of
incoming double-labeled asn were widely distributed in the soluble amino acid
pools and in most amino acids of the storage proteins of the lupin embryo during the
cotyledon filling stage (Atkins et al. 1975), and, given the high concentration of asn
translocated to the developing fruit, these outcomes are what might be expected.

In Arabidopsis, AAP1 and AAP8 have been associated with transport activity in
seeds (Schmidt et al. 2007; Sanders et al. 2009) and in ataap8 mutants a significant
rate of embryo abortion occurs but amino acid and protein reserve levels are unaf-
fected. AAP1 expression has been localized to the developing embryo in Arabidopsis
seeds, and ataapl mutants show considerable changes in N distribution with greatly
increased accumulation of amino acids in the seed coat and endosperm (Sanders
et al. 2009) consistent with decreased uptake from the apoplast. The most significant
accumulation was gln which increased more than 20-fold compared to wild type. The
mutation was accompanied by significant changes in expression of genes involved in
N metabolism. Many were reduced (GS, GOGAT and ASNase) but asn synthetase
transcript was increased by as much as threefold. Seeds were smaller and overall
yield was reduced indicating a close relationship between the effective transport of N
solutes and storage protein reserve synthesis. It has been argued that similarity in
amino acid composition in xylem, phloem, and surrounding mesophyll cytosol indi-
cates that amino acid transport into and from the transport channels is nonspecific.
However, individual AAPs isolated from Arabidopsis exhibit very diverse affinities
for specific amino acids (Fischer et al. 2002), and even though there is limited data
for mutants with altered expression of some of the transporters, it is clear that there
are consequences for N translocation when their expression is impaired.

Only AAP1 and AAP2 have been cloned and sequenced from lupin (L. angusti-
folius; Ferguson 2005). Each showed a high degree of sequence identity with other
AAP transporters, and hydropathy profile analysis indicated both encode highly
hydrophobic proteins likely to have 11 transmembrane domains with a cytosolic
N-terminus. Real-time RT-PCR analysis showed that while each was expressed in
all vegetative and reproductive tissues, LaAAP] transcripts predominated in flow-
ers and young expanding whole seeds, while both were expressed at similar levels
in older seeds when cotyledons were filling rapidly. Among reproductive tissues
the highest levels of expression for both transcripts was in pod walls and, although
each was found in both seed coats and developing embryos, LaAAP1 was expressed
at higher levels and increased sharply in embryos during seed filling (Ferguson
2005). Whether or not these transporters regulate rates of transport of amino acids
in lupin seeds is not known but AAP1 has a very low affinity for asn (Fischer et al.
2002), and in a yeast complementation study (Ferguson 2005), neither LaAAP1
nor LaAAP?2 transported glu but LaAAP1 could transport gln measured as '“C [U]
gln uptake.
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In experiments similar to those described earlier, "N [amide N]7/'“C [U]-labeled
asn was supplied to cut fruiting shoots of white lupin in the transpiration stream and
the identity of labeled metabolites that accumulated in the seeds of a developing
fruit determined (Atkins et al. 1975). The amide N was released through activity of
an asparaginase (ASNase) and, for some 4 weeks of development, ammonia (NH,")
accumulated in the liquid endosperm (up to 6 pl seed™!) reaching levels as high as
70 mM and heavily labeled with '*N. Similar high concentrations of NH,* have been
recorded for the endospermic fluid collected from pea (Pisum sativum; Murray
1980), in which the volume of endosperm reaches as much as 35 pl (Marinos 1970),
and common bean (Phaseolus vulgaris; Smith 1973). The most abundant amino
acid in lupin endosperm was alanine (and also in bean, Smith 1973) which was a
minor constituent of incoming phloem indicating major metabolism of N in the seed
coat. These data raise interesting questions about the role of NH," accumulation in
endosperm and particularly about transport processes both in unloading asn into the
seed coat and its metabolites from the seed coat into the apoplast and the uptake of
N solutes, including NH,*, by embryo tissues.

In addition to serving as a source of N, there is some evidence that NH," has a
specific role in embryogenesis (Halperin and Wetherell 1965) but supporting in
planta data have yet to be documented. The amino acid composition of endosper-
mic fluid is thus quite different to that of incoming phloem (Atkins et al. 1975;
Murray 1980) and this is also true for the mineral composition (Hocking and Pate
1977) and the sugars that accumulate (Smith 1973; Murray 1980). As a consequence
of the expression of a cell wall-bound invertase in the seed coat, hexoses (glucose
and fructose), rather than sucrose, are unloaded into and accumulate to high levels
in the endosperm (Patrick and Offler 1995). In bean the levels of reducing sugar in
this compartment reach more than 60 mM (Smith 1973) and in pea endosperm lev-
els of 76 mM have been recorded (Murray 1980). Sucrose hydrolysis through inver-
tase occurs at a time when embryo development is characterized by cell division and
it is believed that sugars in this form promote and prolong this phase of embryo
growth (reviewed in Weber et al. 1997). However, later during seed filling sucrose
rather than the hexoses are transported to the embryo, and metabolism through
sucrose synthase (SuSy) and sucrose-phosphate synthase, rather than through inver-
tase, predominates.

In situ hybridization studies of ASNase-GUS fusions in developing L. angustifolius
seeds (Grant and Bevan 1994) indicated expression in the seed coat of relatively
young [4-17 days after anthesis (DAA)] seeds. Not the seed coat endothelium, the
endosperm or the embryo showed transient expression. However, a more detailed
study of ASNase expression during seed development from 25 to 51 DAA in the
species found that while a high level of transcript was present in the seed coat,
expression could also be detected in the embryo but not the endosperm (Ferguson
2005). This period included the phase of development when a liquid endosperm was
present (7-35 DAA) and suggests that significant asn hydrolysis occurred in the
seed coat with the resultant NH,* formed transferred to the endosperm where there
was negligible ASNase transcript or activity. A putative NH,* transport protein gene
(LaAMTI) with sequence homology to a number of AMTI genes from different
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plant species and cloned from L. angustifolius vegetative tissues was used to probe
seed tissues. A high level of the transcript was detected in the seed coat but was
negligible or not detectable in the embryo or the endosperm (Ferguson 2005)
throughout the 25-51 DAA period. High levels of GS expression were found in both
seed coat and embryo but not in the endosperm, and one of the storage proteins,
conglutin y (Foley et al. 2011), was expressed exclusively in the embryo throughout
this period, consistent with the onset and progression of seed filling. Thus, it seems
likely that a significant portion of incoming translocated asn is hydrolyzed to release
NH,*" which is transported from the seed coat to endosperm. Because of the domi-
nance of asn in the nutrition of the developing seed and the metabolic pathway in
seeds that relies on ASNase, attempts were made to genetically engineer lupins to
modulate expression of the enzyme (Ferguson 2005).

L. angustifolius transformants containing a sense copy of the lupin ASNase gene
driven by the lupin conglutin y promoter showed significantly higher ASNase
expression in both seed coats and especially in embryos compared to wild-type or a
negative control transformed with a vector lacking the gene construct. Four of 16
transgenic lines also showed small but significant increases in mean seed weight
and seed yield. An antisense construct for ASNase (sense-intron-antisense hairpin),
also driven by the conglutin y promoter, was used to transform plants to reduce
expression of the enzyme. The transcript both in seed coat and embryo tissue was
reduced to extremely low levels, and pod set on the primary inflorescence was
markedly reduced. However, pod set was greater on the inflorescence branches so
that overall there was no significant difference in mean seed weight or total seed
yield compared to wild type or to a negative control. These data suggest that either
asn deamidation is not critical for seed development or an alternative ASNase or
another metabolic pathway utilizing asn-N was expressed in the transformants. One
possible route is through activity of an aminotransferase which is functional in
mature leaves of white lupin (Atkins et al. 1983). Two genes encoding ASNase, one
K* independent and a second K* dependent, have been recognized in a range of
plants, including seeds of lupin species, with overlapping spatial and temporal pat-
terns of expression (Bruneau et al. 2006). While it is likely that the RT PCR primers
used would have detected transcript for both ASNases, unfortunately seeds of these
transgenic plants were not assessed for expression of alternative metabolic path-
ways for asn utilization.

There have been a number of suggestions (reviewed in Castaings et al. 2011) that
the N status of a plant and its nutritional requirement for N are “sensed and sig-
naled” through the action of translocated N solutes, and a recent review has impli-
cated asn accumulation in legumes (Sulieman and Tran 2012) with such a role. The
review has documented many instances that lead to high levels of asn in a range of
tissues and exudates from both xylem and phloem. Sulieman et al. (2010) analyzed
N solutes collected in an EDTA solution from leaves of Medicago truncatula, and
under conditions of low Pi supply to the plant, the amount of amino acids collected
increased fivefold due almost entirely to a 20-fold increase in asn. The level of asn
accumulating in nodules under Pi limitation increased markedly and nitrogenase
activity, assayed as H, evolution, decreased some 50 % (Sulieman et al. 2010).
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These data have led to the proposal that phloem-borne asn may regulate nitrogenase
activity either directly or indirectly through the transport of the amide or its metabo-
lites across the symbiosome membrane or through regulation of O, diffusion (Atkins
and Minchin 1995). Whether other N solutes are likely to also function in this way,
not only in nodules but in other tissues, remains to be determined. Similarly, a regu-
latory role has been linked to sugars and to the idea that phloem is also involved in
systemic signaling carbohydrate status. While for many years the likely “signals”
were essentially confined to the well-documented group of plant growth regulators
or hormones, and these have been recovered from both xylem and phloem, more
recently a large number of macromolecules have been described in phloem exu-
dates, including exudates collected from aphid stylets (reviewed in Atkins et al.
2011). While, for many of these, a signaling role, and even their translocation, is yet
to be established, the realization that phloem is not simply a conduit supplying the
nutritional ingredients for growth opens a new and exciting perspective for under-
standing how the components of a plant communicate.
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Chapter 7
Plasmodesmata and Phloem-Based Trafficking
of Macromolecules

Dhinesh Kumar, Ritesh Kumar, Tae Kyung Hyun, and Jae-Yean Kim

Abstract Plant cell fate specification, responses to stimuli, and developmental
coordination at multicellular level are achieved by cell-to-cell communication.
Plasmodesmata (PD), cytoplasmic nanochannels interconnecting neighboring cells,
sophisticate such communication by regulating exchange of molecules. The compo-
sition, organization, and architecture of these interconnecting channels have
emerged, and several models are available. PD play as major gatekeepers of signal-
ing macromolecules such as proteins and/or RNAs and establish domains of sym-
plasmically connected cells either to facilitate or restrict the transport of such
signaling molecules. This chapter is dedicated for those who seek insightful review
through supporting evidence on intercellular trafficking of a range of endogenous
proteins and their updated non-cell-autonomous protein pathway (NCAPP) machin-
ery/components taking care, together, of plant development.
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FLO FLORICAULA

FT FLOWERING LOCUS T
GFP Green fluorescent protein
KN1 KNOTTEDI1

LFY LEAFY

NCAP Non-cell-autonomous protein
NCAPP Non-cell-autonomous protein pathway
PD Plasmodesmata

RNA Ribonucleic acid

SE Sieve element

SHR SHORT-ROOT

STM SHOOT MERISTEMLESS
UPBI UPBEAT1

7.1 Introduction

Plant cells do not, physically, exist in isolation and must constantly take up
information from, and react to, their environment. Cells accomplish this by translat-
ing signals that they receive from their environment and/or from adjacent cells to an
appropriate reaction inside the cell (Fig. 7.1). There are increasing evidences that
specific macromolecular signals such as proteins and RNAs are involved in cell-to-
cell communication in plants (Casson and Lindsey 2003; Doerner 2003). In one
mechanism, a protein ligand secreted by a cell migrates within the cell walls. After
reaching the surface of the target cell, the ligand interacts with the plasma-
membrane-bound receptors to regulate differential gene expression (Fig. 7.1);
CLAVATA-mediated signaling falls into this class of apoplastic pathway which
regulates the stem cell fraternity in the shoot apical meristem (SAM) of Arabidopsis
(Doerner 2003). In plants, the exchange of such signals is also sophisticated by
plasmodesmata (PD), symplasmic intercellular membrane-lined nanochannels
adjoining two cells (Fig. 7.1). PD mediate not only the flux of small solutes but also
cell-to-cell transport of proteins, RNAs, and RNA/protein complexes to orchestrate
growth, development, and defense processes at the tissue/whole-organism level
(Lucas 1995; Haywood et al. 2002; Roberts and Oparka 2003). Over the past years,
molecular analyses of PD have been increased and led to a complete change in sci-
entific understandings of which the development of PD is one of the most crucial
events in the evolution of higher plants (Karol et al. 2001). The composition, orga-
nization, and architecture of these interconnecting channels have been being
emerged, and several models are available. While the plasma membrane (PM)
delimits the cytoplasmic sleeve within PD, and the appressed endoplasmic reticu-
lum (ER) strand and proteinaceous components occupy the sleeve, this whole struc-
ture adds intricate structural and mechanistic elements to each channel (Robards
and Lucas 1990; Maule 2008). Recently, such a complicated structure has been
foreseen as a supramolecular communication network making it invaluable in plant



7 Plasmodesmata and Phloem-Based Trafficking of Macromolecules 185

Symplasmic pathway . Apoplasmic pathway i Transcellular pathway
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Fig. 7.1 Schematic representation for the cell-to-cell signaling pathways in plants. Symplasmic
pathway involves direct intercellular symplasmic transport of signaling molecules through plant-
specific intercellular tunnels, plasmodesmata (PD). These molecules range from ions and small
molecules to non-cell-autonomous transcription factors and RNAs. Apoplasmic pathway is char-
acterized by secretion of signaling molecules and perception by receptors in neighboring cells as
shown in the case of plant hormone perception and transport through transports. Transcellular
pathway is characterized through secretion or export and internalization or import as shown in
polar auxin transport

developmental plasticity by uncovering several mechanisms, which include selective
pathways characterized by the capacity of PD to get dilated by the combinatorial
action between its components and molecules on move and diffusion-based nonse-
lective pathway (Lucas and Lee 2004; Zambryski 2004; Liarzi and Epel 2005;
Christensen et al. 2009). In both cases, the ultimate response is to establish domains
of symplasmically connected cells either to facilitate such transport as seen in the
case of meristem maintenance or to restrict it as seen in the case of sink/source
transition during leaf development (Lucas 1995; Oparka et al. 1999).While the
mechanistic details of how such a range of phenotypic plasticity is controlled by PD
are not well understood, recent advances have increasingly focused on plasmodes-
mal trafficking at a molecular scale either to localize and decipher a role for an
individual PD component or to characterize the functional feature of a trafficking
protein, and both, thereby strengthening the long-lasting notion that PD play as
major gatekeepers of signaling molecules. By keeping this in mind, this chapter is
dedicated for those who seek insightful review by supporting evidences on
intercellular trafficking of a range of endogenous proteins and their updated
non-cell-autonomous protein pathway (NCAPP) machinery/components taking
care, together, of plant development.
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7.2 Cell-to-Cell Trafficking of Plant Transcription Factors
and Their Signaling Mechanisms

Over the past years, molecular analyses of PD and its structure have been increased
and have, therefrom, led to a complete change in scientific understanding that the
development of PD is one of the most crucial events in the evolution of higher plants
(Karol et al. 2001). PD provide a symplasmic intercellular trafficking pathway for
non-cell-autonomous macromolecules including TFs and diverse RNAs.
Intercellular RNA and RNAi spread have been well described in other recent
reviews (Chitwood and Timmermans 2010; Hyun et al. 2011; Brosnan and Voinnet
2011), thus we focus henceforth on the cell-to-cell movement of TFs. The TF move-
ment through PD is convincingly divided into two mechanisms that can either be by
nonselective movement, which was first proposed for LEAFY (LFY) protein move-
ment among adjoining cells, or can be by selective trafficking, which involves spe-
cific interaction between non-cell-autonomous protein (NCAP) and the components
of non-cell-autonomous protein pathway (NCAPP) as provided by the studies on
the first endogenous plant TF, KNOTTED1 (KN1), required for maize leaf and
shoot meristem development (Lucas et al. 1995; Kim et al. 2005). PD regulation of
regulatory TFs plays a central role for the control of global developmental program,
ranging from the formation of embryonic root to induction of flowering (see
Table 7.1). In this section, it is reviewed on the testimonial findings for intercellular
trafficking of TFs and discussed on the likely mechanisms that can mediate these
macromolecular movements from cell-to-cell (also see Table 7.2).

7.2.1 KNOX-Family Homeodomain TFs

The first endogenous protein model shown to traffic cell-to-cell was the maize
homeodomain (HD) protein, KN1 (Lucas et al. 1995), which got name from domi-
nant gain-of-function alleles that resulted in abnormal knots over the lateral veins
of maize leaves due to ectopic cell divisions (Hake and Freeling 1986; Sinha and
Hake 1990). Mosaic analysis of a dominant Kn/ allele came up with striking evi-
dence that it acts non-autonomously during maize leaf development (Hake and
Freeling 1986). The authors interpreted the results of mosaics showing tissue
layer-specific Knl expression pattern in such a way that dominant mutant allele
present in inner mesophyll and vascular cells was enough to generate knots,
although this phenotype is the result of ectopic divisions in all layers, and, thus,
concluded that Kn/ functioning in cell fate and division is non-autonomous to the
layers it was not originally expressed. KN/ gene is expressed in the shoot apical
meristem (SAM) that is the self-renewing structures consisting of stem cells and
their immediate daughters (Smith et al. 1992). An endogenous role for KN1 and
for an Arabidopsis homolog SHOOT MERISTEMLESS (STM) in the initiation
and/or maintenance of the SAM was determined from the studies on
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Table 7.1 Non-cell-autonomous proteins and their characteristics

Proteins Function(s) Tissue/localization Reference(s)

KNOTTEDI1 Initiation and/or Shoot apex/nucleus Lucas et al. (1995),

maintenance of Kim et al.
the SAM (2003), Jackson
(2005)

SHOOT Initiation and/or Shoot apex/nucleus Sinha et al. (1993),
MERISTEMLESS maintenance of Long et al.
(STM) the SAM (1996)

AtKNAT1/BP Regulation of Inflorescence SAM/ Douglas et al.

inflorescence nucleus (2002), Venglat
architecture et al. (2002)

FLORICAULA (FLO) Floral meristem Floral meristem/nucleus Hantke et al. (1995)

identity

LEAFY Floral meristem Floral meristem/nucleus  Sessions et al.

identity (2000), Wu et al.

DEFICIENS (DEF)

GLOBOSA (GLO)

CAPRICE (CPC)

SHORT-ROOT (SHR)

UPBEAT! (UPB1)

FLOWERING LOCUS
T (FT)

CmPP16
CmHSC70
CmRBP50
CmPP36

CmPP1 and CmPP2

Floral organ
development

Floral organ
development

Root hair
differentiation

Root endodermal
layer identity

Root development

Long-day-dependent
flowering

RNA transport

HSC70 chaperone
RNA transport
Cytochrome b5
reductase
Interact with PD to
increase SEL and
to mediate their
own transport

Shoot apex

Shoot apex

Root epidermis hair cell/
nucleus
Stele/nucleus

Vascular tissue of
elongation and
maturation zones,
cells of LRC

Leaf phloem companion
cells

Phloem/cytosol-nucleus
Phloem/cytosol
Phloem/cytosol-nucleus

Phloem/cytosol

Phloem/filaments

(2003)

Sommer et al.
(1990),
Schwarz-
Sommer et al.
(1992)

Kurata et al. (2005)

Helariutta et al.
(2000), Nakajima
et al. (2001)

Tsukagoshi et al.
(2010)

Kardailsky et al.
(1999), An et al.
(2004)

Xoconostle-Cazares
et al. (1999)

Aoki et al. (2002)

Ham et al. (2009)

Xoconostle-Cazares
et al. (2000)

Balachandran et al.
(1997)

loss-of-function mutations on kn/ and stm, leading to a loss of indeterminacy in
the SAM premature termination of shoot development (Sinha et al. 1993; Long
etal. 1996). Later, in situ hybridization and immunolocalization experiments dem-
onstrated the fate of KN1 being itself a cell-to-cell signal to foster abnormal cell
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Fig. 7.2 KNOX-family proteins act non-cell autonomously. (a)-(c) KNI protein and mRNA
localization differs in meristems. (a) In situ localization of KN/ mRNA through three spikelet
meristems on maize ear inflorescence strongly stained in the L2 layer, but not stained in L1 layer
(arrow). But KN1 protein localization strongly labeled both L2 and L1 layers of the meristem
(arrow) (b). As a control, ubiquitin mRNA expression was shown in all cells, including those of
L1 (arrow) (¢). (d) and (e) Confocal images of leaf cross-section of transgenic Arabidopsis
expressing cell-autonomous GFP (d) and GFP~KNI1 fusion (e) under the control of mesophyll-
specific promoter. A bright fluorescence for cell-autonomous GFP is seen only in mesophyll tissue,
but not in epidermal pavement cells (d), and the same is seen in all epidermal and subepidermal
cells (e). (f)—(i) Confocal images of inflorescence SAM of transgenic Arabidopsis expressing cell-
autonomous GUS~GFP (f) and GFP fusions to KN1 (g), STM (h), and KNAT1 (i) under the con-
trol of L1 layer-specific promoter. Cytoplasmic fluorescence is clear only in L1 layer for
cell-autonomous GFP (f; higher magnification in inset), but GFP fusions to KNAT1, STM, and
KN1 showed strong L1, L2, and weaker L3 green fluorescence. Movement is pointed out by white
arrowheads (g, h, and i [Inset]) (Parts a—c from Jackson et al. (1994), available at http://dev.biolo-
gists.org/content/120/2/405.abstract?ijkey=20477655b76c0cd78cf032cf8722764ecc9286ff&keyt
ype2=tf_ipsecsha; and parts d—i from Kim et al. (2003), available at: http://dev.biologists.org/con-
tent/130/18/4351 full ?sid=c9cfe785-ded2-45¢cd-b895-c26f66a63b20. Reproduced with permis-
sion from The Company of Biologists Ltd.)
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division and cell fate in Knl leaves, suggesting, together with other findings, that
KNT1 protein is detected outside the domain of mRNA expression, implicated the
possibility of KN1 trafficking (Fig. 7.2; Smith et al. 1992; Jackson et al. 1994). In
maize or tobacco leaves, microinjection experiments of fluorescently cross-linked
KNI protein showed the ability of KN1 to traffic between mesophyll cells, to
facilitate the intercellular movement of cell-autonomous dextran probe, and to
specifically transport its mRNA, presumably by gating or transiently increasing
PD SEL (Lucas et al. 1995). In support of this notion, the authors revealed a motif,
by alanine scanning mutagenesis, at the N-terminus of the homeodomain which
was required for KN1 trafficking and for PD gating, since a mutant KN1 (M6) was
unable to traffic, undoubtedly suggesting an selective transport of KN1. In con-
tinuation to unravel the signaling mechanism of KN1 in a cell into which it traffics,
Kim et al. (2002) showed that a GFP-tagged KN1 fusion expressed under specific
tissue layers (L1 or L3) in Arabidopsis is able to traffic in shoot apical meristem
(SAM). Consistent with these results, its L1- or L3-specific expression was able to
complement strong stm mutants (Kim et al. 2003). Interestingly, intercellular KN1
trafficking was unidirectional in leaf tissues. In both young and mature leaves,
GFP-KNI could not traffic from epidermis to mesophyll, although the reverse traf-
ficking took place. Among the four class I KN1-related homeobox (KNOX) genes
encoded by Arabidopsis (Bharathan et al. 1999; Reiser et al. 2000), KNOTTED1-
like HOMEOBOX PROTEIN 1/BREVIPEDICELLUS (KNAT1/BP) and STM are
the most closely related to KN1 and have been shown to traffic, like KN1, in inflo-
rescence SAM (Fig. 7.2; Kim et al. 2003). While STM and KN1 play as a devel-
opmental cue in SAM initiation and/or maintenance, KNAT1/BP is involved in the
regulation of inflorescence architecture (Douglas et al. 2002; Venglat et al. 2002).
Why should KN1 and STM be trafficked between the layers of meristem? Though
the question seems to have found an answer from the findings on maize, in
Arabidopsis it is yet to be exemplified since STM mRNA normally accumulates in
all of the three layers of SAM (Long et al. 1996). In the case that KN/ mRNA is
undetectable in the maize L1 layer, but protein is clearly present there, it is con-
ceivable that the growth of the varied cell layers in the SAM is coordinated by the
trafficking of KN1 from L2 to L1. An independent proof that KN1 functions as a
selective NCAP was thrown by Kim et al. (2005) by developing an ingenious tri-
chome rescue assay. In that study, subepidermal expression of a GLABRAI
(GL1)-KN1 fusion protein, but not GL1 itself, in a trichome-deficient glabral
(gl1) background line restored trichome development in the epidermal layer. This
trichome rescue system confirmed once again the capacity of KN1 to mediate cell-
to-cell trafficking of its own mRNA and also showed that the HD motif is neces-
sary for selective cell-to-cell trafficking. KN1/STM HD interacts with the
MT-associated and viral MP-binding protein, MPB2C, from Nicotiana tabacum,
and its homolog in Arabidopsis, AIMPB2C (Winter et al. 2007). These proteins
negatively regulate KN1 association to PD and, consequently, cell-to-cell transport
(Winter et al. 2007). The role played by MPB2C proteins in regulating the cell-to-
cell trafficking of homeodomain proteins and TMV-MP (Kragler et al. 2003) in
plants has advanced the hypothesis that plants use a common pathway involving
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MPB2C to regulate the entry of viral MPs and HD proteins into the NCAP pathway.
Earlier, it was shown that modifying KN1 size by covalently cross-linking to 6 and
15 nm gold particles exerts steric hindrance during the KN1 translocation process,
indicating that a chaperone activity is required for KN1 trafficking (Kragler
et al. 1998b). This viewpoint that tertiary protein structure regulate KN1 protein
movement, likely through unfolding during the translocation process (Kragler
et al. 1998a), was supported by the identification of a class II chaperonin subunit,
CCT8 (chaperonin-containing TCP1), through a genetic mutant screen (Xu et al.
2011). An EMS-mutagenized cct8-1 plant showed a limited movement of KN1/
STM most likely due to a loss of post-translocational refolding of the fusion
protein by cct8-1 mutation (Xu et al. 2011). Direct involvement of the chaperonin
complex in mediating cell-to-cell signaling by Arabidopsis and maize KNOX pro-
teins suggests that this intercellular pathway mechanism is conserved in diverse
plant species. More recently, Fichtenbauer et al. (2012) extended the role played
by CCTS8 in intercellular trafficking of viruses owing to the previous findings that
KN1 move from cell-to-cell in a similar fashion as TMV-MPs (Kragler et al.
2000). In this study, the author showed that spread of tobamovirus infection is
reduced in cct8 mutant, suggesting that similar to KN1, viral MPs undergo a
change in tertiary structure by unfolding and refolding during their transport via
PD to be functionally active in the receiving cells. Although it is accepted that
KNI moves through a selective non-cell-autonomous machinery, it is just a begin-
ning to unravel the components involved in this pathway.

7.2.2 TFs Involved in Floral Development

The SAM undergoes a transition from a vegetative meristem, which initiates leaves,
to an inflorescence meristem which initiates floral meristems from its flanks (Weigel
et al. 1992). The development of floral identity requires FLORICAULA (FLO) or
LEAFY (LFY), which are the members of a plant-specific TF family, to regulate
downstream floral homeotic genes (Parcy et al. 1998). Mutation in FLO or LFY
resulted in the inflorescence transition, followed by the altered arrangement of bract
or leaf-like organs in a floral phyllotaxy. FLO in Antirrhinum is expressed tran-
siently in early flower primordia, and inactivation of the FLO gene causes the trans-
formation of flowers into inflorescence shoots (Carpenter and Coen 1995). The
transposon-induced mutational analysis of periclinal chimeras and in situ hybridiza-
tion revealed that FLO functions in non-cell-autonomous manner based on the dem-
onstration that irrespective of the cell layer in which FLO is expressed, floral
meristem identity was restored (Carpenter and Coen 1995; Hantke et al. 1995). In
all kind of periclinal chimeras, the expression of downstream target genes, DEF and
PLENA (PLE), was identified despite FLO being expressed only in a single layer,
indicating a non-cell-autonomous function of FLO between cell layers in the floral
meristem to activate downstream transcriptional target genes (Hantke et al. 1995).
The nature of the cell-to-cell signaling in floral meristematic layers was evidently
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ML1::GFP:LFY. ML1::LFY:GFP ML1::2xGFP.

Fig. 7.3 Intercellular movement of LEAFY. (a)-(c) Confocal images of inflorescence apices of
Arabidopsis transgenic plants expressing GFP-LFY, LFY-GFP fusions, and a dimerized GFP
(2xGFP) under the control of L1 layer-specific ML1 promoter. In both the cases of LFY fusions,
GFP fluorescence representing nucleus and cytoplasmic spots is seen in several layers into the
underlying tissue from the L1 in the apex (a), though LFY-GFP showed longer moving range. A
gradient of GFP fluorescence in all cell layers with the highest levels in the L1 for 2xGFP is the
result of a nontargeted diffusion of 54 kDa-dimerized GFP that is approximately equal to the size
of LFY (47 kDa), confirming the diffusion-based intercellular LFY movement (c¢) (Parts a—c from
Wu et al. (2003), available at http://dev.biologists.org/content/130/16/3735.full?sid=08bab89f-
ae91-48bb-9¢27-8d02ac487ed1. Reproduced with permission from The Company of Biologists
Ltd.)

described by Sessions et al. (2000) by showing the movement of LFY, an Arabidopsis
ortholog of FLO. Like FLO, LFY is also required for the transition from vegetative
to reproductive development. Both the mRNA and protein of LFY are normally
present in all the three layers of the floral primordia (L1, L2, and L3). However,
when LFY is expressed in L1 layer (epidermis) using the tissue-specific ML1 pro-
moter in [fy-12 mutant background, the protein is able to move into the L2 and L3
layers and to rescue the /fy-12 phenotype (Sessions et al. 2000). Further support for
the non-cell-autonomous trafficking mechanism of LFY was obtained from the
study by Wu et al. (2003) using functional GFP fusions with LFY expressed under
the control of ML1 promoter (Fig. 7.3). LFY moves more readily from the L1 into
deeper cell layers than laterally into adjacent, clonally related cells. In addition,
comparison of the dynamics of LFY-GFP fusion proteins with 2xGFP and MP-GFP
fusion proteins expressed by the same promoter was able to conclude that the LFY
movement in floral meristem is driven most probably by diffusion (Fig. 7.3). To be
compatible with the conclusion that LFY movement is based on the nonselective
diffusion, the authors addressed this through deletion experiments that failed to
identify a specific movement signal in LFY, putting forward a possibility of either
not having a PD-targeting sequences or the presence of multiple targeting sequences
in LFY. Taken together, the evidences presented so far with respect to LFY and FLO
foster the testable hypotheses: first, NCAPs can appear to move between cells in a
nonselective manner, although there is a need to develop a profound study to estab-
lish this LFY-based passive diffusion to be generalized by including other proteins,
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other tissues, and other species. Second, at least in meristem, intercellular protein
movement can be a default fate if proteins carrying a smaller size than PD SEL are
not either expeditiously targeted to specific subcellular locations or retained through
formation of multi-protein complexes. In angiosperms, complexity of the different
types of organs requires coordination between the three cell layers of meristem sug-
gesting the transmission of signals between layers. The investigation on the nature
of the signal and the mechanism they follow to achieve this signaling during plant
development has come up with the promising evidences by the involvement of
MADS-box proteins as homeotic regulators of floral organ development. In
Antirrhinum, petal and stamen organ identity was shown to be controlled by the
interaction of the flower DEFICIENS (DEF) and GLOBOSA (GLO) genes encoding
MADS-box TFs (Schwarz-Sommer et al. 1992; Sommer et al. 1990). The mutations
on these genes resulted in a homeotic transformation of petals to sepaloid organs
and stamens to carpelloid organs. The contribution of DEF and GLO proteins to the
control of cell and organ identity has been studied in somatically stable def and glo
periclinal chimeras, obtained using genetically unstable transposon-induced alleles
(Carpenter and Coen 1990; Perbal et al. 1996). In situ immunolocalization studies
showed that a control over the organ identity by DEF or GLO takes place in a non-
cell-autonomous fashion. For example, DEF behaved to be autonomous when it was
expressed in L1 epidermal layer since no proteins were detectable in underlying L2
and L3 layers, but the same behaved to be non-cell autonomous when expressed in
L2 and L3 (Perbal et al. 1996), providing an evidence that polar trafficking of DEF
protein is likely to be controlled by cell-type-specific directional control system as
seen in the case of KN1 (Kim et al. 2003). Most of the findings made with DEF and
GLO have been confirmed for their Arabidopsis orthologs, APETALA3 (AP3), and
PISTILLATA (PI), despite being different in their expression patterns (Riechmann
and Meyerowitz 1997). PI can non-cell autonomously control petal and stamen
development from the epidermis, a situation contrast to that in Antirrhinum, as
revealed by the wild-type phenotype of X-ray-induced chimeras (Bouhidel and Irish
1996). AP3 and PI differ in the extent of their cell-autonomous and non-cell-
autonomous contributions to Arabidopsis organ identity. AP3 in L1 has a little non-
cell-autonomous effect on organ shape, and in stamens to control epidermal cell
identity, according to the earlier observations in genetically engineered Arabidopsis
plants raised to mimic somatically stable transposon-induced alleles (Jenik and Irish
2001). Because of these species-specific differences in signaling, and in cell-to-cell
movement of MADS-TFs, Efremova et al. (2001) addressed this issue by express-
ing DEF or GLO using an endodermal-specific promoter in both Antirrhinum and
Arabidopsis. Interestingly, expression of DEF and GLO in the L1 of Arabidopsis
plants carrying a mutation in APETALA3 (the DEF ortholog) restored normal floral
organ development, indicating a much greater degree of non-cell autonomy. Thus,
in Arabidopsis, the putative regulatory elements involved in cell-to-cell trafficking
of NCAPs may not impose effective control over DEF/GLO movement, undoubt-
edly drawing a plot over the different degrees of autonomy that appears to be a
specific characteristic of a species rather than of the orthologous proteins. Clearly,
there is a pressing message to advance our understanding that the signaling by the
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movement of MADS-box proteins between cell layers is an alternative pathway
among several other mechanisms dedicated to orchestrate the floral organ
development.

7.2.3 TFs Involved in Epidermal Cell Patterning

The epidermis has become a well-studied model for cell differentiation and cell
patterning in plants (Larkin et al. 2003). A comparison of the underlying patterning
mechanisms during the development of three epidermal cell types, trichomes, root
hairs, and stomata has advanced our understanding on cell fate determination: for
instance, trichome development and root epidermal patterning involve a common
mechanism comprising of closely related cell fate transcription factors and a similar
lateral inhibition signaling pathway. Cell-to-cell communication events that are cru-
cial for establishing the position-dependent pattern of root epidermal cells have got
much attention by correlating between cell position and cell type differentiation.
A positive regulation exerted by CAPRICE (CPC), a gene encoding a small protein
of 94 amino acid residues with a Myb-like DNA-binding domain, was shown to
specify the hair cells by suppressing the expression of a negative regulator for hair
cell specification, GLABRA?2 (GL2), suggesting an upstream role for CPC in root
hair (RH) cell patterning (Wada et al. 1997). These findings were consistent with the
hairless phenotype of loss-of-function cpc mutants (Wada et al. 1997) and that of
gl2 showing a hairy root (Masucci et al. 1996). Since CPC is a positive regulator in
RH patterning, its expression site was expected to be hair cells, but it was surpris-
ingly found in non-hair (NH) cells (Wada et al. 2002). Interestingly, transgenic
plants expressing a GFP fusion of CPC driven by its own promoter, pCPC, showed
the fluorescence in the nuclei of both NH and RH cell files, plotted down a model in
which CPC traffics from hairless to hair cells where it could likely repress GL2
expression to execute RH cell file (Fig. 7.4; Lee and Schiefelbein 2002). To eluci-
date the mechanisms of cell-to-cell movement of CPC, an elegant research carried
out by Kurata et al. (2005) came up with several insights into intercellular move-
ment of CPC. By deletion mutagenesis on CPC-GFP, it was shown that two motifs,
one in the N-terminal region and the other in the Myb domain, are responsible for
the cell-to-cell movement of CPC, especially amino acids tryptophan (W76) and
methionine (M78) in the Myb domain. Moreover, it was also demonstrated that the
movement of CPC is tissue specific as when CPC is expressed in stele, it did not
seem to be moved. A notion that CPC selectively increases the PD SEL is supported
by the evidence that when tandem 3xGFP was expressed under pCPC, it was unable
to move out of the tissue it was expressed; but when CPC was fused to 3xGFP,
fusion protein could be detected in all epidermal cells, conferring a gain-of-
trafficking activity to 3xGFP (Kurata et al. 2005). Non-cell autonomy of ETCI,
ETC2, ETC3 (ENHANCER OF TRY AND CPCl1, CPC2, and CPC3), TRY
(TRYPTICHON), and CPC, the MYB family TFs, was shown to pattern trichome-
less cells on Arabidopsis leaves through binding to the GLABRA3 (GL3)/EGL3
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Fig. 7.4 Intercellular movement of proteins in root epidermal patterning in Arabidopsis. (a)
Schematic cross-section of an Arabidopsis root showing alternating cell files with root hair out-
growths. (b) A simplified model of intercellular regulatory network in root hair cell patterning
involving mutual trafficking of CPC/TRY/ETC1 and GL3/EGL3. CPC and/or other Myb proteins
move from non-hair cell to hair cell to specify hair cell identity either by activating GL3/EGL3 or
repressing GL2 expression. Opposite to CPC, GL3/EGL3 moves from hair cells to hairless cells to
specify non-hair cell identity. Also, the specified epidermal identities are maintained by CPC- and
GL3-mediated autoinhibitory activity on their own transcription. (¢) and (d) Confocal images of
transgenic Arabidopsis expressing 2xGFP (¢) and CPC-GFP fusion (d) driven by pCPC. GFP
fluorescence for CPC-GFP protein is seen in all cell files, possibly due to the trafficking of CPC-
GFP into hair cells (asterisk). The same for cell-autonomous nuclear GFP is absent in hair-forming
cell files (asterisk) but detected in all non-hair cell files. (e) and (f) Root hair phenotype for the
plants in (c¢) and (d) is different from each other. TRY TRYPTICHON, GL2 GLABRA2, GL3
GLABRA3, ETC1 ENHANCER OF TRY AND CPC1, EGL3 ENHANCER OF GLABRA3 (Parts
cf from Kurata et al. (2005), available at http://dev.biologists.org/content/132/24/5387.
full?sid=65cc1e76-de70-4260-9c87-4c537c6b5276. Reproduced with permission from The
Company of Biologists Ltd.)
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complex (Bernhardt et al. 2003). Especially, ETC3 is expressed preferentially in
incipient trichome cells where it localizes both to the nucleus and the cytoplasm.
The protein then moves into the neighboring non-trichome (pavement) cells, where
it becomes nuclear localized. The ability of ETC3 and the related protein, CPC, to
move between cells in the leaf is affected by the presence of GL3, suggesting that
affinity for GL3 may affect mobility of these proteins (Bernhardt et al. 2005). Unlike
in the leaf, GL3 traffics between from trichoblasts to atrichoblasts to specify non-
hair cell fate of root in the reverse direction of CPC movement, aided to conceive a
proposal based on mathematic modeling, which exemplifies that intercellular move-
ment of CPC and GL3 provides a mutual support mechanism regulating root hair
patterning (Savage et al. 2008). A combined approach involving genetics and math-
ematical modeling provides another evidence that TTG1 (TRANSPARENT TESTA
GLABRAI) is the only positive regulator of trichome initiation to move nondirec-
tionally in the epidermis and is trapped in the incipient trichome cells presumably
via direct interaction with GL3 (Bouyer et al. 2008; Pesch and Hulskamp 2009;
Balkunde et al. 2010). Since there have been direct evidences that hair cell and tri-
chome fate are determined by the relative ratio and movement of the TFs (Dolan and
Costa 2001; Bernhardt et al. 2005), future researches that would aim in determining
the capacity for these TFs to traffic through PD and the identification of putative
controlling system potentiating its targeted movement will shed more light into the
PD-mediated intercellular communication in plants.

7.2.4 TFs Involved in Root Development

The Arabidopsis root has proven to be a very tractable system to dissect the
molecular basis of root development, mainly because it has an elegant pattern sim-
plicity of cell organization and stereotyped cell divisions that eventually brings
about the various cell types (Fig. 7.5). The longitudinal section of root undergoing
embryonic divisions clearly discerns an outermost epidermal, cortical, and endoder-
mal layers surrounding the stele of inner vascular tissues (Dolan et al. 1993). This
predetermined pattern of the Arabidopsis root by several asymmetric divisions of
initial cells is well suitable to study cell fate specification in a position-dependent
manner (van den Berg et al. 1995). An era where a number of mutants affecting
particular aspects of root patterning was identified and characterized is still seen
everlasting. One of such mutants, short-root (shr), perturbs the formation of a cortex
and endodermal double layer and places only a single layer of cortex due to the
failure in division of cortex/endodermal initials (CEI), marked not only a role for
SHR in asymmetric divisions of CEI but also in the endodermal fate specification
(Helariutta et al. 2000). SHR was found to be a member of the GRAS family TFs,
acting together with another GRAS family TF, SCARECROW (SCR), in normal
root cell division and identity. The breakthrough finding that SHR acts in a non-cell-
autonomous fashion came from the study, which surprisingly detected SHR tran-
scripts only in the stele, but not in the endodermis and CEI (Helariutta et al. 2000).
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Fig. 7.5 SHR transcription factor movement in root. (a) Schematic longitudinal section of an
Arabidopsis primary root pattern for wild-type seedlings and differentiation of the ground tissue
layers as a result of asymmetric division of the cortex/endodermis initial cell (CEI). (b) Confocal
image of an Arabidopsis transgenic seedling expressing SHR-GFP under the control of pSHR
localizes the fusion protein in stele. In endodermal layer GFP fluorescence is predominantly in
nuclei. Inset in (b) shows cell-autonomous GFP fluorescence only in stele, indicating the stele-
specific activity of pSHR. pSHR SHR promoter promoter, Ste stele, End endodermal layer, Cei
cortex/endodermal initials, Epi epidermal layer, QC quiescent center, Ceid daughter of Cei (Parts
a and b reprinted from Nakajima et al. (2001), by permission from Macmillan Publishers Ltd.)

To this unusual speculation of its non-cell autonomy, further experiments have pro-
vided supportive and conclusive evidences, of which a fusion of GFP and SHR
made under the control of SHR promoter (pSHR) was not only able to rescue the shr
mutant phenotype, but the fusion protein was detected in the stele and the endoder-
mis (Fig. 7.5; Nakajima et al. 2001). Confocal images of pSHR::SHR:GFP roots in
which GFP fluorescence was detected to be in the nucleus and the cytoplasm of
stele, but the same was detected to be only in the nucleus of endodermal layers,
were strongly suggestive that SHR traffics from the stele to a single adjacent layer
of cells, in which it specifies endodermal cell fate by promoting asymmetrical cell
division (Fig. 7.5; Nakajima et al. 2001). To comprehend the role of SHR movement
in endodermal cell fate, the transgenic plants were made by expressing SHR directly
into the endodermal layer, where it normally moves, using SCR promoter (pSCR).
The intriguing results of this study are that an increase in cell layers reminiscent to
endodermis where SHR protein could also be detected, and a functional SCR gene
is essential to this superfluous phenotype, indicating an autocatalytic mechanism
since SHR protein traffics from where they are expressed to the adjacent layer to
activate the pSCR and thereby reactivating its own expression and so iterating to
specify multiple endodermis (Nakajima et al. 2001). Subsequent studies, therefore,
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aimed to unravel the specificity and range of SHR TF movement by addressing the
question that putative directional/regulatory system is likely to work in endodermis.
According to Sena et al. (2004), the non-cell autonomy of SHR is controlled by cell-
specific characteristic because SHR could move out from stele, but not from phloem
companion cells (CC) and atrichoblasts of epidermis (Sena et al. 2004). In an
another independent research carried out by Gallagher et al. (2004), the tightly regu-
lated movement of SHR was evident when a mutant form of SHR (mutation in T109
amino acid residue), which blocks the nuclear localization and retains the protein
only in stele cytoplasm, was even unable to move to adjacent endodermis, suggest-
ing the existence of selective non-cell-autonomous pathway components. Since
SCR and SHR were found to interact with each other to regulate the expression of
downstream target genes, whose expression goes down in shr and scr mutants, a
study recently highlighted on the role played by SCR in SHR movement. The level
of nuclear localization of SHR was directly proportional to the amount of SCR pro-
teins, confirming the involvement of a positive feedback loop, by which SCR
together with the trafficked SHR accelerates their own expression. This model
explains further that, upon entering into the endodermis, SHR might be sequestered
to nucleus by SCR to regulate their own expression above the native level and also
downstream gene expressions, keeping SHR always busy in this pathway and
thereby blocking SHR movement to other cell layers. This process can be a con-
served one among plant kingdom as a single layer of endodermis is present in all
plants, and also recently the SHR and SCR proteins were demonstrated to act upon
root cell patterning in a similar fashion to their Arabidopsis homologues (Cui et al.
2007). Despite the studies related to the regulatory pathways that mediate expres-
sion and activity of SHR are continuing to pour (Helariutta et al. 2000; Nakajima
et al. 2001; Paquette and Benfey 2005; Levesque et al. 2006; Welch et al. 2007),
there is little or no direct evidence concerning the factors that promote its move-
ment. Even, the downstream targets of SHR-SCR complex, JAKDOW (JKD) and
MAGPIE (MGP), which encode members of a plant-specific family of zinc-finger
proteins, were shown to act in a SHR-dependent feed-forward loop to regulate the
range of action of SHR and SCR and appeared to mark their regulatory role in SHR
movement by rapidly enhancing the nuclear sequestration of SCR-dependent path-
way (Welch et al. 2007). Very recently Koizumi et al. (2011) took the biochemical
tool to identify the factors promoting SHR movement, and succeeded in their objec-
tive by identifying and characterizing a gene, using yeast two-hybrid screening,
SHORT-ROOT INTERACTING EMBRYONIC LETHAL (SIEL), which was
found to interact with SHR and has a role in root morphogenesis. siel-3 and siel-4,
the hypomorphic alleles, produce defects in root patterning and reduce SHR move-
ment. Both SHR and SCR regulate expression of SIEL, and SIEL localizes to the
nucleus and cytoplasm of root cells where it is associated with endosomes. There
are reports on selective transport of various viral movement proteins that not only
associate with the ER, Golgi, but also with the recycling endosomes in order to
target PD to spread infection. In animal cells, endosomal-associated intracellular
trafficking of cargos, for example, ENGRAILED, was required for a secretion-
internalization-based intercellular protein trafficking pathway (Joliot et al. 1998).
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Therefore, endosomal vesicle-based trafficking might be an alternative pathway for
endogenous NCAPs to get transported into their neighboring cells. However, exper-
imental evidences are yet to come. One of the central aspects of development in
multicellular organisms is the balance between cellular proliferation and differen-
tiation. A bHLH family of TF, UPBEAT1 (UPB1), has recently been included in the
list of factors controlling this balance by showing that UPB1 directly regulates dif-
ferential expression of peroxidases, which in turn modulate the balance of reactive
oxygen species (ROS) between the cell proliferation and cell elongation zones
where differentiation begins (Tsukagoshi et al. 2010). It is interesting to note that
UPB1 mRNA or UPB1 promoter-driven reporter was expressed in the vascular tis-
sue of the elongation and maturation zones and in cells of the lateral root cap (LRC)
close to the transition zone. But, GFP fluorescence for the translational reporter
(pUPBI::UPBI:GFP) was primarily localized to the nuclei of all cell types in the
elongation zone and weakly in the maturation zone; expression of this translational
fusion in the upbi-1 line rescued the mutant phenotype. Such difference between
mRNA and protein localization suggested that the UPB1 protein moves from the
LRC or vascular tissue to cell files in the elongation zone. This may explain a cor-
relation existing between the position of LRC furthest from the root tip and the
transition zone (Willemsen et al. 2008). Non-cell-autonomous effects of an another
mobile bHLH-TF, TARGET OF MONOPTEROS7 (TMOQO7), have been implicated
during Arabidopsis embryogenesis where an extraembryonic cell is specified to
become the founder cell of the primary root meristem through the MONOPTEROS7-
mediated movement of TMO7 from the embryo into the upper cell of the extraem-
bryonic suspensor (Schlereth et al. 2010). Considering the fact that embryos
defective in this process lack a root entirely, it would be interesting to see whether
the factors affecting TMO7 movement would result in rootless seedlings (Bennett
and Scheres 2010). Given the fact that plant development is continuous over a
plant’s lifetime, intercellular signaling appear to be inevitable and critical through-
out its physiology and morphogenesis, marking a hint that temporal expression and
activity of mobile protein entities can be numerous. Though our understanding so
far extensively advanced only for those who have been evidently shown to be moved
either actively or passively by impacting PD SEL, the plentitude of evidences for
other proteins that can act non-cell autonomous are continuously reported. Lee et al.
(2006) and Rim et al. (2011) independently reported that around 20 % of transcrip-
tion factors examined in their large-scale screen of NCA-TFs showed the capacity
of movement, despite not aligned to follow either active or passive transport.

7.3 Macromolecular Transport in Phloem

In addition to these short range movement of TFs, plant development is also
achieved by a global plant communication network in which macromolecules can
also act as long-distance trafficking signals (Narvaez-Vasquez et al. 1995; Oparka
and Cruz 2000). To establish this network, plants have evolved themselves with a
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functional domain of specialized PD interconnecting sieve elements (SE) and
companion cells (CC) (Schulz 1998; Crawford and Zambryski 1999). From a large
body of evidences accumulated over past years, one can assume that PD is essential
for phloem function because macromolecules synthesized in CCs are transported to
enucleate SEs (Imlau et al. 1999; Stadler et al. 2005). Also, the studies which
aimed to figure out such macromolecular signal(s) which get sophisticated by this
supramolecular express highway to reach their destination have made a well-
documented history of experimental approaches demonstrating an unambiguous
long-distance regulation of plant development. This history is majorly for proteins,
peptides, small RNA, and mRNA, all of which were shown to convey information
in a non-cell-autonomous or systemic fashion (Ruiz-Medrano et al. 2001; Ding
et al. 2003; Lough and Lucas 2006; Kehr and Buhtz 2008). For an example, the
long-distance signaling in flowering time control is initiated by the photoperiod
sensing organ (leaf) where moving florigen is expressed, but its phenotypic outcome
is in spatially separated site of response (shoot apical meristem, SAM) (Dennis et al.
1996). As a major breakthrough in phloem-mediated cell signaling, analyses of
phloem sap (exudates) of various plants have incredibly thrown many surprises.
These include not only the presence of approximately a thousand soluble proteins but
also their dynamic nature, distinctness from the total plant protein profiles and the
discovery that these phloem proteins move source-to-sink direction and shows a
wide range of functional diversity such as proteins with RNA-binding functions, signal
transduction/plant defense, protein synthesis, cell cycle, cell fate, and metabolism
(Fisher et al. 1992; Schobert et al. 1998; Hayashi et al. 2000; Hoffmann-Benning et al.
2002; Kuhn et al. 1997; Ham et al. 2009; Lin et al. 2009). Most importantly, a spe-
cialized capacity of these proteins to increase the PD SEL was shown to mediate
their own cell-to-cell transport into SEs, suggesting a similar mode of mechanisms
that underlie the systemic translocation of endogenous phloem macromolecules
(Balachandran et al. 1997; Ishiwatari et al. 1998; Rojas et al. 2001; Stadler et al. 2005).

7.3.1 Florigen, a Holy Grail in Plant Biology

Day length-dependent phloem-based signaling was first demonstrated in spinach
flowering. The results of this study have concluded that the substance or stimulus
produced in leaves in response to day length is transported to the growing point
(Knott 1934). Later subsequent studies individually supported this observation by
extending to other species such as Perilla and Sinapis alba and were able to coin the
term “florigen” (flower former) for the photoperiodic stimulus, which is perceived
in the leaves and transmitted to the shoot apex (Chailakhyan 1936; King and
Zeevaart 1973; Bernier et al. 1993). Though several physiological evidences
adorned this transmissible flowering stimulus concept, it took 70 years to identify
such stimulus mainly because a new perspective in search of florigen was possible
by the convergence of classical physiological studies and molecular genetic
approaches (Zeevaart 2006). In Arabidopsis, CONSTANS (CO), a nuclear
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zinc-finger protein, and FLOWERING LOCUS T (FT), a RAF-kinase-inhibitor-like
protein, both of which are specific to leaf phloem companion cells and are not
expressed in the shoot apex, are the main components of the long-day (LD)-
dependent pathway and were shown to mediate the effect of day length on flowering
(Kardailsky et al. 1999; Kobayashi et al. 1999; Putterill et al. 1995). Normally in LD
conditions, expression of FT is induced by the upregulation of CO and its protein
stabilization (Samach et al. 2000). Using tissue-specific and constitutive promoters,
a signaling role for CO was demonstrated that ectopic expression and companion
cell-specific expression of CO cause early flowering, but not when expressed from
a shoot meristem-specific promoter in the co mutant background (An et al. 2004).
The notion that CO itself can act as a florigen was discounted as companion cell-
specific expression of a CO-green fluorescent protein (GFP) fusion protein did not
show a capacity to traffic beyond the cells in which it was transcribed (An et al.
2004; Ayre and Turgeon 2004). However, the CO-GFP fusion protein was still able
to rescue flowering in the co mutant background. Subsequently, a same set of exper-
iments were conducted to test a role for FT and/or FT mRNA as the phloem-mobile
florigenic signaling agent(s) using a range of tissue-specific promoters. In contrast
to CO expression, when FT was overexpressed in the shoot apex, it could alone
induce early flowering, as does expression of CO from companion-cell-specific pro-
moters. These studies, together with the grafting experiments in Arabidopsis, specu-
lated that FT protein might be the mobile signal or, that FT controls the synthesis of
a mobile, small substance to induce flowering (An et al. 2004; Ayre and Turgeon
2004). There is a possibility that FT mRNA could also act as a signaling molecule
since the core of phloem sap mRNAs and RNA-binding proteins (RBPs) can influ-
ence events taking place in the meristem (Xoconostle-Cazares et al. 1999; Yoo et al.
2004; Kim et al. 2001; Haywood et al. 2005). This possibility was tested by con-
ducting a series of heterografting studies. In an elegant experiment, when Lifschitz
et al. (2006) grafted the stock tomato plant overexpressing SINGLE FLOWER
TRUSS (SFT), a tomato FT homolog with the sft mutant scion, the floral stimulus
could cross the graft union, but SFT mRNA was not detected in the flowering recep-
tor shoots, not supporting a role for the long-distance trafficking of FT mRNA in
floral induction. The results were consistent with that of other recent studies con-
ducted on Arabidopsis and rice using GFP fusions of FT and Hd3a, the rice ortho-
log, under the control of vascular tissue-specific promoter. Here, it is evident that FT
and Hd3a could move in the phloem to the shoot apical meristem (SAM) to induce
flowering, but both mRNAs were not detectable in shoot apex, disproving a defini-
tive role for FT mRNA in long-distance signaling (Corbesier et al. 2007; Jaeger and
Wigge 2007; Lin et al. 2009; Mathieu et al. 2007; Tamaki et al. 2007). Though the
evidences presented so far with respect to FT and/or FT mRNA to be phloem mobile
appear to be different between various species and photoperiodic response types, a
commonality exists in all that either FT or a product of FT is the flower-inducing
signal. A 20-kDa FT might diffuse readily into the phloem stream as a result of the
unusual nature of companion cell PD having the SEL around 67 kDa (Stadler et al.
2005). But in case of Cucurbita moschata plants, one could assume that a tight
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control over the exit of FT is possible from the companion cells (Lin et al. 2009).
Recently, an endoplasmic reticulum (ER) membrane protein, FI-INTERACTING
PROTEIN 1 (FTIP1), was reported as an essential regulator required for FT protein
transport (Liu et al. 2012). The f#ip1 mutant exhibits late flowering under long days
and the compromised FT movement to the shoot apex. The interaction between
FTIP1 and FT in phloem companion cells is required for FT export from companion
cells to sieve elements. These results provide a mechanistic understanding of flori-
gen transport demonstrating that FT moves in a selective manner. Further studies at
the molecular and cellular levels can evidently prove the detailed mechanisms
involved in FT protein movement and its targeted release from the protophloem and
intercellular movement in the apex.

7.3.2 CmPPI and CmPP2

The role of PD in phloem and plant function was supported by a direct experimental
evidence that CmPP1 and CmPP2, the proteins present within the phloem sap of
Cucurbita maxima, have the capacity to interact with PD to (1) induce a significant
increase in SEL (20-40 kDa) and (2) mediate their own cell-to-cell transport
(Balachandran et al. 1997). Based on microinjection experiments the authors could
well be able to show that phloem proteins ranging from 10 to 200 kDa induced an
increase in SEL to the same extent, suggesting that protein unfolding appears to be
essential in plasmodesmal trafficking (Balachandran et al. 1997). Thus one could
convincingly admit the insight that the ways in which higher plants orchestrate
events at the whole-plant level may be regulated by the capacity of PD to allow
selective trafficking of macromolecules, though such regulatory mechanisms are yet
to be uncovered at molecular and cellular level.

7.3.3 CmPP16 and CmPP36

CmPP16, Cucurbita maxima phloem protein 16, found in phloem sap, is an important
NCAP to have been shown not only to move itself but also to possess the characteristics
that are likely required to mediate mRNA delivery into the phloem translocation
stream and thereby advancing the emerging picture of non-cell-autonomous regula-
tion of gene expression in plants (Xoconostle-Cazares et al. 1999). A substantial
finding added more flavor to the aforementioned picture because the movement of
CmPP16 appeared to be regulated by the interaction with a potential PD receptor
CmNCAPP1 (C. maxima NON-CELL-AUTONOMOUS PATHWAY PROTEIN1).
In an another attempt, CmPP36, a pumpkin phloem 36-kDa protein belonging to the
cytochrome b5 reductase family, becomes competent to follow regulated cell-to-cell
transport when its N-terminal membrane targeting domain is cleaved to follow
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PD-phloem transport pathway, though the potential PD targets of CmPP36 are yet to
be reported (Xoconostle-Cazares et al. 2000).

7.3.4 CmHSC70

By showing the subclasses of C. maxima heat shock cognate 70 (CmHSC70-1 and
CmHSC70-2) chaperones to follow the PD non-cell-autonomous translocation path-
way using their SVR (short variable region) motif, the cloud surrounding the sky of
roles played by the reported chaperone machinery in regulating both protein and RNA
entry, long-distance movement, and exit from phloem seems to have been cleared,
despite their target cargos are yet to be elucidated (Aoki et al. 2002). It is conceivable
from these independent studies that the way by which higher plants orchestrate events
at the whole-plant level follows the PD-connected functional ST-CC complex-medi-
ated long-distance translocation pathway in a regulated manner and that a conserved
mechanism which facilitates transport of protein-RNA complex is a similar mecha-
nism like viral MPs to facilitate the entry of nucleic acids into SEs.

7.3.5 CmRBP50

In plants, recently, the establishment of non-cell autonomy of some ribonucleopro-
tein (RNP) complexes and of the presence of a unique population of mRNA species
within the phloem translocation stream and their long-distance trafficking have
been regarded to influence a range of processes, including organ development, sys-
temic gene silencing, and pathogen defense (Xoconostle-Cazares et al. 1999; Lough
and Lucas 2006; Baumberger et al. 2007; Kehr and Buhtz 2008). Some of these
phloem-mobile mRNAs are thought to move as RNP complexes. A study, which
aimed to decipher the nature of the proteins and mRNA species that constitute
phloem-mobile RNP complexes, identified and characterized a 50-kDa pumpkin
(Cucurbita maxima cv Big Max) phloem RNA-binding protein (RBP50) that is evo-
lutionarily related to animal polypyrimidine tract binding proteins. The findings
from this combinatorial study involving in sifu hybridization, immunolocalization,
heterografting, and several biochemical analyses collectively confirmed that RBP50
functions as a non-cell-autonomous RBP and traffics as RNP complex by binding
with polypyrimidine tract motif of mobile mRNA species (Ham et al. 2009). Later,
it was shown that such binding is facilitated by the core assembly of six additional
phloem proteins with CmRBP50, which in turn requires phosphorylation at the
C-terminus to make such a complex, thus providing an enhanced binding affinity for
phloem-mobile mRNAs carrying polypyrimidine tract-binding motifs (Li et al.
2011). Though the authors correlated this property with the effective long-distance
translocation of bound mRNA to the target tissues, the physiological outcome con-
cerning this property is still lacking.
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7.3.6 Phloem RNAs: Role in Systemic Regulation of Plant
Development

The issues that in recent past came under the spotlight are greatly exciting as they
suggest the possibility that phloem-mobile RNA species regulate plant develop-
ment. The notion that the macromolecules present in the sieve tube, including
mRNA molecules, are in the process of long-distance trafficking is supported
mainly by experiments in which species-specific mnRNA molecules pass through the
unions of heterografts. In one study, heterografting experiments in potato showed
that full-length mRNA of the BEL1-like transcription factor (StBEL5) moves from
leaves to stolon tips through the phloem, suggesting that StBELS acts as a long-
distance signal molecule (Banerjee et al. 2006). In an another study, heterografting
in melon identified only 6 of 43 randomly selected transcripts in the scions, suggest-
ing systemic trafficking ability is not for all phloem sap mRNA molecules (Omid
et al. 2007). The findings that phloem sap contains a large range of small RNAs,
including small interfering RNAs (siRNAs) directed against transposons, trans-
genes, or viruses in the case of viral infection, and the siRNA are non-cell autono-
mous (Kehr and Buhtz 2008) are the strengthening bricks of the wall of the
speculation that RNAs can be long-distance signals. More exciting is the detection
of 3 miRNAs (miR156, miR159, miR167) in pumpkin phloem sap and the subse-
quent detection of almost 32 well-known plant miRNAs belonging to 18 different
families identified in phloem sap of Brassica napus (Sauer 2007). Yoo et al. (2004)
have gone one step further with microinjection assays by showing that the traffick-
ing of small RNAs is regulated through PD and by identifying a small RNA-binding
protein required to transport such miRNAs cell to cell. However, the phenomenon
that long-distance signaling is mediated through phloem-mobile RNAs is still under
the debate mainly due to the lack of direct proof and awaits the followings discover-
ies: how many transcripts identified so far are phloem mobile, and most importantly,
what exactly the biological roles are for most transcripts in enucleated SEs or their
target sink tissues? Overall, from these independent studies on macromolecule
transport in phloem, it is conceivable that higher plants orchestrate cellular pro-
cesses at the whole-plant level through the highly regulated long-distance transloca-
tion pathways and that a conserved mechanism involving phloem proteins which
facilitate trafficking of RNA molecules is a similar mechanism to that employed by
viral MPs to facilitate the entry of nucleic acids into SEs.

7.4 Regulatory Mechanisms for Intercellular Protein
Movement

Previous studies on intercellular movement of macromolecules in plants came up
with two possible modes through PD: selective and nonselective movement
(Crawford and Zambryski 2000, 2001). Proteins that fall under the former group
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Fig. 7.6 Schematic summary of major regulatory mechanisms of PD transport of non-cell-
autonomous cellular viral and proteins by establishing symplasmic domains between cells. (1) A
mechanism involving simple diffusion of small molecules such as nutrients and ions is shown. (2)
and (3) Schematic illustration of cytoskeleton-mediated intercellular movement of proteins is
shown. Plasmodesmal-located actin polymers [the polymerized actin is represented in thick red
line (2)] may restrict the movement and spread of TMV-MP/RNA complex. Interaction of this
complex with cytoskeletal elements may depolymerize actin complex by an unknown mechanism
[see depolymerized state of actin as shown as dashed line (3)], leading to elevated PD permeabil-
ity, which would provide easy access to the transport channel, thus facilitating spread of large
TMV-MP/VRNA complex from cell-to-cell. (4) and (5) PD transport of some of the transcription
factors and viral movement proteins occurs by gating of PD-localized receptors. PD nanochannels
are dilated by the binding of a “gate open” (protein kinase and glycosylating enzymes) to its cog-
nate PD-gating NCAPP1 receptor and phosphorylating both receptors and molecules such as
CmPP16 and/or TMV-MP that are free to move within the cytoplasm. Then the size of these mol-
ecules will permit passage through the dilated nanochannels and they can diffuse into neighboring
cells (4). (5) A role of a PD-associated protein kinase (PAPK) in regulating the function of
TMV-MP/other NCAPs in cell-to-cell trafficking is brought about by the posttranslational modifi-
cation of such moving proteins. (6) and (7) PD transport of proteins is restricted by callose sphinc-
ters, which can be regulated by Ca?* ions and/or ROS. In response to aluminum (Al) metal ion
stress and/or imbalance in physiological ATP level, increase in physiological endogenous Ca®* ions
negatively modulates PD SEL by upregulating callose-synthesizing enzymes (CalS) through an as
yet unknown pathway that leads to overaccumulation of PD callose to restrict the movement of
molecules, suggesting that Ca** is an important factor for PD regulation. In other mechanism,
ROS-mediated interorganelle cross-talk regulates the expression of CalS to gate PD. As an example,
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actively make the PD aperture larger (size exclusion limit, SEL) to allow their
trafficking into the neighboring cell. Proteins that belong to the latter group show
simple passive diffusion through PD. LFY is an elegant example to this type and its
movement was shown to be nonselective using GFP fusion proteins controlled by
the L1-specific promoter (Wu et al. 2003). It is also consistent with the fact that LFY
does not seem to have any trafficking signal sequence. It provokes an insight that
proteins can diffuse cell to cell by default if their size is smaller than the PD SEL.
Formation of endogenous protein complexes or subcellular sequestration also pro-
hibits their intercellular movement. Selective NCAPs need to interact with
component(s) associated to the selective non-cell-autonomous trafficking pathway.
The HD of KNI is necessary and sufficient for intercellular trafficking of the KN1
protein or fused cell-autonomous protein (Kim et al. 2005). Meanwhile, mobility of
CPC and SHR is achieved by multiple regions within the respective proteins
(Gallagher et al. 2004; Kurata et al. 2005). Protein mobility can also be knotted with
the subcellular localization. A mutation in nuclear localization signal located at the
N-terminus of KN1 HD abolished the ability of intercellular trafficking. In case of
SHR, both cytoplasmic and nuclear localization are necessary for trafficking
(Gallagher et al. 2004; Gallagher and Benfey 2009). A mutation in CPC prevented
movement and caused an increase in cytoplasmic localization, suggesting an over-
lapping mechanism between movement and subcellular localization (Kurata et al.
2005). In addition to these intrinsic features of NCAPs, there are a number of extrin-
sic features that have been shown to influence macromolecular transport (see
Table 7.2; Fig. 7.6) though majority of them have to be yet elusive. A notion that
specific PD receptor proteins recognize and regulate the structurally distinct NCAPs
has been demonstrated by the identification of a non-cell autonomous protein path-
way receptor, NCAPP1. Though they were initially reported to specifically traffic
CmPP16 and TMV-MP, the developmental abnormalities caused by their dominant
negative version extended their selectivity over a range of NCAPs, specifically for
LFY as this phenotype resembled LFY overexpression phenotype (Lee et al. 2003).
Callose, a p-1,3-glucan, is the best-studied regulatory component of PD, and its
deposition around neck constricts the channel and limits macromolecular traffic
(Zavaliev et al. 2011). The consequence of the loss-of-function mutations in
AtGSLS8, with abnormal stomatal patterning, is the result of movement of the
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Fig. 7.6 (continued) nucleus-plastid cross-talk is shown. In this, shifts in the redox states of plas-
tids (purple) in response to ROS signal the nucleus (Nuc) to differentially regulate CalS and so
accumulate callose in and around PD to restrict intercellular transport. (8) Mechanism involving a
selective trafficking of KN1 and its homologs is shown. CCT8, the chaperonin complex, is required
in destination cells for successful KN1 trafficking through refolding translocated, partially
unfolded (indicated by shape change) by as-yet unknown mechanism to allow transport through
the PD. Co-diffusion of small molecules is also possible through this dilated PD (not shown). CW
cell wall, Nuc nucleus, PM plasma membrane, ER endoplasmic reticulum, AI/ATP aluminum or
adenosine triphosphate, CalS callose-synthesizing enzymes, ROS reactive oxygen species
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normally cell-autonomous protein SPEECHLESS (SPCH), implying a role for
callose level in protein movement (Guseman et al. 2010). A mutant, gfp-arrested
trafficking 1 (gatl), was isolated with reduced GFP unloading from the phloem and
diffusion into the root meristem. GAT1 encodes an m-type thioredoxin; the gat/
mutation results in an accumulation of reactive oxygen species (ROS) and conse-
quently increases callose at PD. gat] mutations are seedling lethal with defects in
meristem formation presumably due to decreased intercellular protein movement
(Benitez-Alfonso et al. 2009). Considering the relation between callose deposition
and ROS, there will be a range of mobile proteins that potentially control them-
selves their transport by regulating callose levels directly or indirectly. By maintain-
ing ROS gradients through differential expression of peroxidases in the cells of
vascular tissues as well as in the lateral root cap (LRC) and cells in the transition
and elongation zones, a mobile bHLH family of TF, UPBEAT1 (UPB1), controls
Arabidopsis root development (Tsukagoshi et al. 2010). Another mobile h-type
thioredoxin (Trx-h9) has also been identified to be required for normal plant devel-
opment by regulating ROS levels (Meng et al. 2010). It was recently shown that [fy
mutants increased callose accumulation and pronounced resistance to pathogens,
suggesting that LFY inhibits callose formation (Winter et al. 2011). All these three
proteins might also facilitate other proteins to get access to PD channel during their
transport mechanism since they modulate ROS and/or callose levels directly. By
contrast, PD-mediated transport was increased in increased size exclusion limit 1
(ISET)-silenced tissues and ise!/ mutants, although both plants produced increased
amounts of ROS compared with their wild-type plants (Stonebloom et al. 2009).
These different effects of ROS on PD-mediated transport might be due to the accu-
mulation of ROS from different subcellular compartments. In fact, elevated level of
ROS in ISE]-silenced plants is due to an increase in ROS production in mitochon-
dria, while loss of GAT1 function likely results in a local oxidative shift in plastid
(Stonebloom et al. 2012), indicating the differential effect of mitochondrial and
plastidal redox states on intercellular transport through PD. Implications into the
intracellular trafficking of mobile proteins would also be informative for the inter-
cellular trafficking. Endosomal-mediated movement of proteins through PD was
demonstrated recently for TMV-MP and CalLCuV (cabbage leaf curl virus)-MP.
These proteins interact with Arabidopsis synaptotagmin, SYTA. In syta knockdown
lines, movement of CaLCuV-MP and TMV-MP is delayed or inhibited (Lewis and
Lazarowitz 2010). Similarly, it is noted that in animals the endosome/recycling
endosome regulates transport of cargo proteins between cells through a process of
unconventional secretion (Joliot et al. 1998).

7.5 Perspectives

Intercellular trafficking of proteins and their RNAs in plants has indeed been effec-
tive in a range of developmental signaling that instructs a plant to carry out their
day-to-day activities. One of the most provocating aspects of symplasmic signaling
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via transport of proteins hides under the answers to the questions that how extensive
are the non-cell-autonomous proteins (NCAPs) directed to the adjacent cells through
the unique cytoplasmic bridges and what does it make them to become movement
competent. Though the last decade has accumulated a handful of reports that “seem”
to have aimed to answer the former questions (Fig. 7.6), considering the scenario
that a lot of proteins shown to be mobile and to orchestrate plant morphogenesis,
cell fate determination, and even defense response, current knowledge on intercel-
lular macromolecular trafficking is still in its infancy. So it is pretty sure that the
future will be bright for those who can effectively look for and utilize the diverse
genomic, cellular, and genetic breakthroughs. In other words, this search will also
get benefits by the wealth of studies that are focused to uncover the plasmodesmal
components.
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Chapter 8
Plasmodesmata: New Perspectives
on Old Questions

Robyn L. Overall, Danny Y.T. Liu, and Deborah A. Barton

Abstract The progress so far and challenges remaining in developing a functional
model of the macromolecular architecture of plasmodesmata are discussed. Details
of the macromolecular components identified within plasmodesmata are sum-
marised. Electron tomography and correlative microscopy techniques are explored
as potential avenues to overcome the challenges in developing an accurate three-
dimensional model of the macromolecular architecture of plasmodesmata. In recent
years, some areas of plasmodesmatal biology have been left ignored, largely because
the technologies required to advance them have been considered too difficult. For
example, there have been no electrophysiological studies of plasmodesmata in the
last decade and consequently no advances in our understanding of the rapid regula-
tion of the permeability of plasmodesmata. There has also been no advance on the
question of heterogeneity of function of the plasmodesmata within a wall and poten-
tial avenues to address this question are considered.
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Abbreviations

CMV Cucumber mosaic virus

ER Endoplasmic reticulum

FA Functional assay

FM Fluorescence microscopy

FPF Fluorescent protein fusion observed using fluorescence microscopy
GFP Green fluorescent protein

GPI Glyco phosphatidyl inositol

IFM Immunofluorescence microscopy

ITEM Immune-gold transmission electron microscopy

MP™V Movement protein of Tobacco mosaic virus

MPTVEY Movement protein of Turnip vein-clearing mosaic virus
NCAP Non-cell autonomous protein

PA Protein analyses such as immune-blotting and proteomics
PD Plasmodesmata/plasmodesma

RFP Red fluorescent protein

ROS Reactive oxygen species

SEL Size exclusion limit

TEM Transmission electron microscopy

YFP Yellow fluorescent protein

8.1 Introduction

This book journeys from discussion of the very first description of plasmodesmata
(PD) in 1880 (see Sect. 1.2) to the latest on the molecules that regulate symplasmic
transport (see Chaps. 2 and 3). It highlights the spectacular advances in our under-
standing of intercellular communication in plants that have been spawned through
molecular biology. There is an emerging picture of a web of transcription factors and
other proteins that move between cells via plasmodesmata to regulate developmental
patterning (see Chap. 7). We have insights into how PD are formed and modified
(see Sect. 2.4), and some of their components are beginning to be identified. Despite
these advances, there are areas of PD biology that have remained almost completely
unexplored. Indeed some questions posed nearly four decades ago in the first book
on PD (Gunning and Robards 1976) remain unanswered. This chapter will briefly
reflect on some of the progress that has been made in the understanding of PD since
1976, particularly in the identification of macromolecular components of PD, while
highlighting other areas in which progress has been limited.


http://dx.doi.org/10.1007/978-1-4614-7765-5_1#Sec00012
http://dx.doi.org/10.1007/978-1-4614-7765-5_2
http://dx.doi.org/10.1007/978-1-4614-7765-5_3
http://dx.doi.org/10.1007/978-1-4614-7765-5_7
http://dx.doi.org/10.1007/978-1-4614-7765-5_2#Sec00024
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8.2 Macromolecular Architecture of Plasmodesmata

Articulation of an accurate three-dimensional structural model of PD with all of the
functional components identified and localised at high resolution is a long way off.
While molecular components are being identified, their positions have not been
pinpointed to structures within the PD. Indeed, even the details of the structure of
PD are yet to be unambiguously resolved.

8.2.1 Macromolecular Constituents of Plasmodesmata

There is growing list of proteins and other macromolecules that are found to be asso-
ciated with PD, as opposed to the non-cell autonomous macromolecules described in
Sect. 1.4.1 and Chap. 7. The identity and pathway to discovery of these plasmodes-
mata-associated macromolecules are summarised in Table 8.1 and are discussed
below in terms of their association with various aspects of cell biology. These pro-
teins and their known subcellular localisations are also summarised in Fig. 8.1.

8.2.1.1 Carbohydrates and Related Proteins

Callose is an important component of PD involved in aperture regulation (see Sects.
2.3 and 3.3.2). It was originally visualised in onion epidermal pit fields by staining
with aniline blue (Currier and Strugger 1956) and has been subsequently immuno-
localised to PD using TEM (Northcote et al. 1989; Radford and White 1998).
Callose is considered a bona fide plasmodesmatal marker, being used to co-localise
plasmodesmatal proteins by fluorescent staining or immunolocalisation (e.g.
Blackman and Overall 1998; Baluska et al. 1999; Blackman et al. 1999; Levy et al.
2007; Thomas et al. 2008; Faulkner et al. 2009; Simpson et al. 2009). Concomitantly,
antibodies raised against mung bean membrane fractions with callose synthase
activity immuno-decorated cucumber sieve plates and punctate spots along onion
epidermal walls (Delmer et al. 1993); however, the 65 kDa polypeptide recognised
by this antibody may have an entirely different identity (Delmer and Amor 1995).
The Arabidopsis GLUCAN SYNTHASE-LIKES (GSLS8) protein was isolated from
a sensitised mutagenesis screen for aberrant stomatal patterning (Guseman et al.
2010). Consistent with a role at PD, gs/8 mutants exhibited diminished callose accu-
mulation at PD and greatly increased plasmodesmatal SEL that allowed even triple-
fused GFP (81 kDa) to move cell to cell (Guseman et al. 2010). Also, an Arabidopsis
B-1,3-glucanase (AtBG_ppap, Arabidopsis thaliana B-1,3-glucanase putative
plasmodesmata-associated protein) has been isolated from a plasmodesmata-rich
cell fraction and cloned (Levy et al. 2007). When fused with GFP and expressed
transiently and stably in N. benthamiana and N. tabacum, respectively, it appeared
to localise to punctate spots along the cell walls. Mutants exhibited decreased


http://dx.doi.org/10.1007/978-1-4614-7765-5_1#Sec000111
http://dx.doi.org/10.1007/978-1-4614-7765-5_7
http://dx.doi.org/10.1007/978-1-4614-7765-5_2#Sec00023
http://dx.doi.org/10.1007/978-1-4614-7765-5_3#Sec00035

R.L. Overall et al.

220

(9007) ‘e 10 odeeq

(£007) ‘T8 19 [9159D) UeA

(8661) 1181940
pue wewryoeg (]
(661) Te 12 aym [1]

(L861) ' 19 19[qnD

JUSUWISAOW
[[99-03-[2 10J snIiA Aq
pa3asie) A[qissod ‘umouun)

urjoe SNoJUSWEY
Jo uonesiuesIo Io/pue
UONELI[ONU Ul PIAJOAUT
A1qissod ‘umouupn

901 K10)e[NT2I J0/pUL
[ermonns A[qIssod

S[Tem [0 PUR SQI0)S
wradsopua Jo SISA[oIpAH

(4dA) sirem [122 Suoe
ejound paired 03 pasi[edo]

(NFLD

S[[99 1001 dZTeW JO SP[AY

nd pue qd noy3noy)

pue (JNAI) S1001 dZrew ur

eyound [[em [[99 pa[[oqe|
salpoqiue ¢4y v-huy

(AL S1199

Im[nd uorsuadsns

vjofturdvquinid

DPUDIIOIIN pue

sturopide 9[ndoooo Adrreq

JO S[Tem ([0 JUISSOId

$21N1oNNs Snojudwe|ly

paireqef urprofreyd

-ourwepoyr {(NA.LD

[2] puipp.a05 vivYy) pue

[1] &s11eq pUe piyVY2 N

Jo d moy3noxy)
Pa[[oqe] Apoquue unoe-nuy

(NALD dd punoxe uorsor

[Tem 243 pue dd pe[[eqe|
SaIpoqriue dse[AWe-0-Nuy

UQIDS PLIGAY-0Mm]

IS8 y3noIy /41
)M JOBIQUI O} PUNOJ
sni1a jjimn pajgods opuiog

Jo uroyo1d JUSWAAOIN 17V
sdn) j001
9zrew aqoxdounuuwur
0) pasn Apoqnue
€dyV wnap1oosip (ed¥Vv) €

wn121s0K101(-nuy urdjoid pajerar-unoy

sdn j001

A91Ieq pUR QWOZIYI
pivIVX2 S1dajosydan
oqoxdounwwut 03 pasn

SAJURIRJIY

uonoun,] juanbasqns pue [BHIUI— UOHLIOOSSE

[erewsopouwse[d 103 douapIAg

SOIPOqIUE UIoR-NUY unoy
Juoinae Kapreq
oqoxdounwwut 03 pasn

SAIPOqIIUE ASE[AWR-0-NUY ase[Awry-0

AI3A00SIP JO POUIRIA 9[NOJ[OWOIORIN

erewsapowseld Yirm pIJeIdoSSe SI[NOJ[OWOIORA  ['§ I[qBL



221

8 Plasmodesmata: New Perspectives on Old Questions

(panunuoo)

(6861)
Te 39 3100uoN [¢]
(9661) 1983008
pue sarum) [1]

dd jo Suress

uone[ngar (g prder ur

paajoaur K[qissod ‘urajord

(NFLLI [¢]) sdn 1001
Sur[peas ueaq ur (d P2I[qe]
wnds asofed-nue (N4 [1])
sisKjowse[d 191y paurejurewt

‘an[q SUIIUE YIM SP[Y
3id rewropide uoruo jo Jururel§
(vd)

s[Tem 1192 payrnd payoLus-d

woIj pajoenxo surejoid ur
pueq 9[3uIs & PoOAIp pue
(INAD SITea [[99 pare[ost ut

(8661) ‘T 12 WoeYRX  QUBIqUW OISULUI 99 03 A[YIT  ejound pa[jeqe] wnids JD-Nuy

(S002)
‘T8 30 1ouy[ne [¢]
(L007) T8 32 KA [1]

(661) Te 12 uayD [¢]
(2861) 'Te 10 1osy11og [7]
(0861) meysuoI) [1]

dd e 9so[ed urpei3op
£q uonesIuNUIod
[199-03-[[90 9)e[n3a1 03 A[NI']

d punoie
/y3noxy) 1odsuen
QATIOR UI POA[OAUT A[QISSOJ

(vd [¢]) suonoeiy [rem

DAY YILI-(Id Ul PIJIAJP

‘(WA [1]) syueynuwr ynoxoouy ur

UOIB[NWNIJL ISO[[BI PISLAIOUL

PUB JUSWAOU [[99-03-[[D

dAD paonpar ‘(4dA [1])

wnovgp] "N d1ud3suen

ur 3urure)s anjq SUI[IUe YIIm

uonesIes0[-0d ‘(4dA [11)

S[[eMm [[90 wnongvy "N

OTUQZSURI} PUR DUDIUDYIUIG “N
papIequioq Ul sTeudIs 9Jeoung

(WAL ‘vd [2) ad jo

s3uruado punore A[jeroadsa

‘ONALL VD) [€] soaea]

U109 PIJORJUI-SNIIA pue [g] sdn

JOOI A9[Ieq ‘[ 1] ONSSN) JB[NOSBA

wmnovqv) puv1o1N Jo (d 1e
arendioard peoy paonpur-ased v

[1] s1roo rewropido
UoIuO JO SuIUIe)s an[q AUI[IUY

Addd

sisdopiqery ue jsurede

poonpoid wniasnue

ym paqoxd sunwrwt
[A1000soW FUIPIDS AZIRIA]

sorwo9jo1d £q uornoely [0

sisdopiqely payouue-qd
WOIJ POYNUSPI pue Paje[os]

[1] &ianoe osed Iy 10§
Surure)s [BOTWAYI0ILD)

asoqeD

(1d@d) sseury
urajoid Juapuadap 8D

dseuroN[D-¢1-¢

(Jo Ay1anoe) sosed IV



R.L. Overall et al.

222

(6661) 'Te 10 uewyoe[g ammiade qd seye[npowr A[qissoq

(0100)
‘[e 19 uessSIN-uag []
(S000) Te 12997 [1]

(6661) T 19 eysnjeg

(s661)
Jowy pue owa( [Z]
(€661) T2 10 10w [1]

(NFLD ad jo
syoou Sul[eqe| sarpoquue
uruad-nue ‘(A1) sarpoquue
9SO[[BO-TJUE 1M UOTESI[EIO[-00
pue SaIpoquue ULNUD-1Jue
i Sur[oqer [em arejoung
(dd [¢]) srsdoprqery
peplequioq ut 415
“awrdIAL YA UOTESITEDO] 9SO[d
‘(ddH [1]) 099eq0) papreq
-woq ur 1ojIetl O -swidIN
[IM UONESI[eO0[-00 ‘(I
Sunjoyjen [T ‘1D sirem (199 sisdopiqery
dVON Jo uone[n3ar 9[qissod  pue 03980} PapIRqUIOq Ul BJoUNg
(NFLD dd Pa1[oqe] sdtpoqnue
utnonaIfes-nue ‘(AL
sisKjowse[d Surmnp 2so[[ed past
-[ES0O[OUNWIWI YIM PISI[EI0[-00
dd Sunesd yorym s[rem [0 3uore ejound
ur paajoAur A[qissod ‘umouyun  Pa[[oqe] Apoqnue uInonaIed-NuUYy
[Z] 9seyiuAs aso[[ed & 9q 03 J0U
sreadde urejoxd aAnjoraIOUNUIUT
oY) “1oAdMOH (N [11
[Tem 129 sturapide uoruo
Suore sjods pue sojerd aaars
SuIpa9s Joqunond paf[oqe|
SOIPOqIIUE ISBYIUAS ASO[[BI-NUY

uor3a1 )oou ur

[1] stsoyyudks
3so[ed Ajqewnsard ‘umouyun

SOIPOQTUE ULIUD-TJUR

s paqoxdounwr sjoIoy
Iomopgined pue sdn Joo1 uoQ

[1] @ouarajoxd ojensqns
Te[ruits SutAey {dvd

050eq0} Jo 3o[oylio sisdopiqery

sdn joo1 ozrew
aqoxdounwwir 0} pasn

Apoqujue uInonIEI-NuUY

UOTUO puE JAqUINOND
sqoxdounurwur 03 pasn

KJTATIOR QSBYIUAS 9SO[[RD M
JoenX? urdjoId sueiquiow
ueaq Sunw Jsurede sapoqnuy

uLua)

OID)
9 NI~ dseury urese)

urnonaIe)

urajoid pajeroosse
-9SBUIUAS 250[[BD)

SOOURIJOY

uonoun,] judenbasqns pue [eI)IUI— UONBIOOSSE
Teyewrsapouwse[d 10J Q0UdPIAT

KIQAOISIP JO POYIRIA

9[NOJ[OWOIIRIA]

(Panunuod) 1°g AqBL



223

8 Plasmodesmata: New Perspectives on Old Questions

(penunuoo)

(6002)
‘Te 10 woo[qauols [7]

(20027) Te @ wry [1]

(L002)
Te 32 rysefeqoy [¢]
(2007) Te 30 wry [1]

(€000) 'Te 10 uospIey]

(L00T) 'Te 10 veL],

(€£661) uTuOO3|
pue uei3aysnA []
(¢661) Te 10 ZMydg [¢]
(1661)
‘[e 39 woreyeX [¢]
(6861) Io1puIyds
pue SIUR [1]

BLIPUOYD0)IWI
ur Jurssaoord YNJW
sarerpaw A[qrssod ‘umouyun

uoneuLIOJ

d ut pue SUOUL[IS YN
paajoaur £[qrssod ‘umouyyun

Am(ur paonpur
-3u1Z221J/UONLOIISIP WOIL

d Sunoojoxd ur 9[o1 9[qISSO]

juowdoroaap 1oAke|
quoinae 10J Aemyjed Surfreusig

reamonns Aqrssod ‘umoujun)

(Vi [¢]) soaea] puvnupyuaq ‘N

aImjew ur (d BIA Suryoyjen
[[99-0)-[29 PISEAIOUT PAsned
TESI Jo Surouayts ‘(WAL [Z])
d pauuIm) pue paydueIq
Q10w passassod soAiquio
e ‘(A [ “11) T9S usy
paurejurew soKIQuId juenw ur
(NFL [2) ad
paygdueIq a1owr ﬁwmmomeQ
soA1quid Jueinwt ‘(v [Z ‘1)
TAS ys1y paurgjurewt
mO%HQED juejnwr ur (d

(IWHLD uordas
Ie[[0d punote Apjueurwopaid
‘dd PA[[2ge[ WIS dunuiwu|

(NE.LD ad moysnoxy
Po[[oqe] SAIpoqiiue HIH-Nuy
[] urxouuoo jou A[qrssod st
urojoid dAnoBAIOUNWIWIT AU}
‘1oxomoH (NI [€]) pgnf v1oiA
pue snnuup snyjup1jaf Jo
saoejans jsejdojoid je ejound
pue (WHLI [2]) 1£1000s0w
azrew Jo qd ‘(AT [T]) s11e0
uBaqAos parnd jo sjurod
19BIU0D [[29-03-[[29 Je ejound
[2qe[ SQIPOqUUE UIXQUUOI-NUY

(1] sa4p
1901} JO MOJJ JR[N][22I2)UT
PasBaIOUT PAIIQIYXS SOAIqUID (1dSD
sisdopiqery pastuageinjy 9sedroy YN Xoq Qvad

[1] se&p 190e1) JO
MO JB[N[[20I)UI PISLAIOUT
paNqIYxa sofiquia (zaso

sisdopiqery pastuageinjy  osedrey YN x0q HAAd

urojoxd oYI[-urIpAyap

e ¢ ISurese wnios

Qunwwt yirm paqoidounuruur
sdn) ways Pad1LAS SNULOY) AI[-ULIpAYRq

salpoqnue yy¥H-hue

yum paqordounwuur
wredsopud dzIey (¥9D) YATINIIO

[1] 21mnd jo01 ueaqLos

JO s[[99 2qoadounuurwr

0} Pasn UIXaUUO0d ULdqAO0S

aanend pue urxouuod
IOAT] JeI jsureSe sarpoqnuy I[-UIXUUOD)



R.L. Overall et al.

224

(€002)

‘[© 19 TeQOISH-BUIPIIA

(+002)
‘T8 10 owure(J ueA

(1100) T8 @
OUIA[ED)-ZIPUBUII]

(S002)
‘Te 10 Jouwyned [¢]
(2002) Te e Doy [1]

(0T02) Te 30 UBWASND

(2100) e @ NI

UMOUNUN PUB SNOLIBA

Suipuiq
A[NQNIOIOTUW ‘UMOUNU)

umouyun)

dd ysnory
ssed Jet)) so[nosowoIdRW

sp[oj pue spuiq K[qissod

SJURUTULISNOP 9)e] [0
Jo Suryoyjen Jen[[ooI1aul
Jre[nSa1 0 SISAYIUAS so[[e)

SurI9MOp JO [013U0D UT 9[0T

10pEOIq ‘SJUAW[D JAJIS pUL

S[100 uoruedwod usamIaq
1] Suniodsuexn ur 9[0y

(NE.LD) senssn Surssardxo

ut dd pel[eqe] setpoqhiue

ddD-nue ‘(4d:1) Areydurad

1190 Suoge sjods 03 pasieoo]
uorsny d1D-VNAPD [enred

(ddD)

S[[99 TA g 0998qO} UI [[eM [[90
pawIo} A[mau ssoxd 03 pareaddy

(dd:D) @niq suriue

1M ISI[BOO[-0D JeY) SOABI]

sisdopiqery pawojsueny [qe)s
JO s[em [[90 ur sjeuSs ojejoung

(Vd []) suonoeiy a[qnios

DAY YOUI-(IJ Ul POIO2IIP

{(vd [1]) ad ySnoayy juswroaow

pue jo 3unes so[qeud

Jnow feurutid)-) (vd [11)

des wooyd pue suonoeiy [[90

paypdLIue-d ut pueq ey 0L
Pa[[2qe[ satpoqnue OLdSH-BUY

(V) JIWI| UOISN[OX JZIS

dd pasearour pue 3urure)s

9N[q QUI[IUB OU JSOWE SHQIYXd
stuapide Jeoy jueinw 7SO

Surure)s an[q QUIIUE YIIM Pst

-[eoo[-09 eyound oy ‘(d.]) puv

-nupyjuaq "N pAaenyuioide jo

s[rem [[90 Suofe eiound je pue
Quelquiaw ¥H Y} ur uorssardxg

uonesI[ed0] (Jd 10J PAUAIOs
PUE JOJOAA [eIIA € SUISN SOABI]
puPUDYIUIq N Ul passaIdxd
‘ddD 01 pasnj pue paIsaTIp
VNP 1001 DUpIUDYIUIG "N
d:ID 0) uoIsny [euone[suer)
KQ SQUQ3 PAIR[AI-SISAUI0IKD
stsdoprqery aaneind jo uaardg

ase1onpal
9)8qQI0ISBOIPAYIPOUOIA

($-S9dVIN) 9 uroroxd
UOHNMUOmmmnuﬁ—AQJHOHOME

urewop 81¢14NA
© Sururejuod
urojoxd eoneyiodAH

surajoxd (q stsdopiqery
I0J YOIBS JTWOJI0IJ

[1] des wooryd unydwnd pue
suonoely [[29 PAYdLIUL-Jd
jsureSe sjojqounwuwr ut
pasn satpoqnue (0LdSH) 0L
urajoid yooys Jeay 1eaym-nuy
jue)nu
sisdopiqery Surureyed
[e1BWO)S PISNISUS JO
SISouQSeINW ‘SO110UQS PIemIo]

surejoid a¥1[-(0LDSH)
0L 21eu300 Yooys e

(871SD)
§ OYI[-3SeIUAS urON[D)

(111D Tura01g
Sunoeroyur-(1.)
L SNO0T SULIOMO[]

1 wim Sunoerajur surejoxd
J10J U9AI0S PLIAY-0M] JSBOX

SOOUQIJOY

uonoung

juonbosqns pue [eNIUI—UOTJBIO0SSE
[eyewsapowse[d 103 oouopIag

KIOAODSIP JO POYIIA 9[NOJ[OWOIORIA]

(Ponunuod) 1°g AqEL



225

8 Plasmodesmata: New Perspectives on Old Questions

(panurnuod)

(2T102) T8 19 S92

(€000)
“[€ 39 J8qOISH-BUIPIIA

(1002)

‘e 0 eysnpeg [
(6661)

e 1 3eyo1y [1]

(8661)
A pue projpey (]
(8661) 1TEIAQ
pue ueunyoe[q [1]

(s007) T8 10 Sueyz []
(¥007) Te 3o Sueyz [1]

dd Ul Syuswe[y unoe
pue suelquiow ewse[d
QU) YIIM UOTJBIOOSSE J[qQISSO]

UAMOWYUN PUE SNOLIBA

[rem 190 SunoX jo
UONRULIOJ UI PIAJOAUT A[qISSOJ

ammuade (qq
Jyen3ar Aew 10
[exmonns A[qissod ‘umousyun

s1e3ns Sunjoyjen
ur 901 a[qrssod ‘umousyup)

(INALLD 1001 sisdopiqery ur d

S[oqe] V ILAN-DUe :(4d4) 2niq

QUIJIUE [JIM PISI[BIO[-00 IS}

‘<1910wold snouaFopua 1opun

sjuepd stsdopiqery pauojsuer)
A1qe3s U1 s[em [[92 1001 UI eloung

(ANALLD senssn Jurssaidxa

Ul dd po[leqe] setpoqhiue

dAD-DuE ‘(Id.) Areydired

[190 3uore sjods 03 pasIe0]
uolsny d4D-VNJ> [elted

(NFLL 1D

Kyisuop (0d YS1y yirm seare

[lem pue (JAAL [ “1]) onssn

3001 JO S[em [[oo ur ejound
Paf[eqe] Apoqnue T LY-NUY

(AT [2)) sprey nd 1e

S[[eM [0 PISSOID JBY) SPUBIS

Pa[[eqe] SeIpoquue UISOAW-nue

‘(WHLLL [T ‘1)) ad moysnoxyy
Pa[[eqe] SeIpoquue UISOAW-NUY

(NHLI [2]) yuswdojoaap

a8eys-prur Surmp jmay ofdde

ur s[[e0 ewAyouared se [[om

S SJUQWIAO 9AJIS PUE S[[dD

uoruedwod uaamlaq s[em [[39
ur d 03 uonesi[edo[ [ LTHAA-BUY

surajoxd urpurq-unoe 10y
Arexqry uorsny 410 VN0
s1sdopIqery ue Jo usaIog
uonesIed0] (Id J0J pouadIos
PUE J0JOAA [BIIA B SUISN SOABI]
pupnUDYIUAQ "N UT passardxo
‘41D 01 pasny pue paysaSIp
VNP 1001 DupnUDYIUq "N

onssI3 J00x
qzIeW puR wWnADs wnipiday
‘stsdoprqery aqordounuruur
0} pasn £poquue [N LV-1UY
[zl
$J001 A9[Teq puR ZIBW ‘UOTUO
10 [1] S[[em [epou puijjp.Lo0d
papy) dqoidounwwur 0} pasn
[Z] serpoqnue ursoAw d[osnw
J1qqeI-nue 1o [[] sarpoqnue
ursoAw ueaq Junw-NuUy

[1] urojoxd pojeroosse
-oueiquiow ewseld ey Zs ®©
pPaynuaprt ‘I LHAA ‘Ioyodsuen
asoxay ade1S aaneind e jsurese
BIOSTIUE Y)IM Sumjojqounuiuy

(VILAN) VI pasomioN

jrunqns
aseua3oIpAysp HQVN

(TNLY) I urso w
euerfeys sisdopiqery
UISOAW [[TA SS[D

UISOAIA

Iouodsuen
OPLIBYDOBSOUOIA



R.L. Overall et al.

226

(6000)
‘Te 32 uosdurg [z]

(9000) Te 32 1okeq [1]

(1100 T8 10
OUIA[R)-ZopuRWIdY [Z]
(1100 Ter0or [1]

(S000) Te 10997

(L661) Te 19 O[[LNIN

(8661) T8 10 uRWYIR[g

(V4 [2]) ad era yuswaaow [[29
-0)-[20 PASLaIOIP Pey| sjueInul
uorssardxarano sisdopiqery
‘(NF.LD ad Jo s)dau je
19Ddd pa33er Apuodsalony
Ppa[[eqe] selpoqiiue [gHdd-nue
‘(ddd [¢]) stsdopiqery ur
9N[q QUI[IUL Y)IM PISI[BIO[-0
[oIym s[[eM [[o0 Suore eoung
(AdA) ad e 9so[ed paurels an[q
QUIJIUE )M PISI[BIO[-09 Jey)
soAe9[ sisdopiqery pauLIojsues)
A1qes ur sprem [[90 Suofe ejound
‘(11 (ddeD) puvnuvyiuag "N
pojen[yuIoISe JO S[[em [[90 Ul
dd¥d aoardIN UM UOLESI[BI0]
-09 pue s[eud1s ojejoung
(931D 998) ojoyio
sisdopiqery Jo uonejost
{(Vd) SdVON Ioui0 pue
AnadIA Jo uoneKioydsoyd o.gia up
(NFLD ¥4
Sururolpe pue (4 noysnoiyy
Pa[[2qE[ SAIpoqnue SWd-Buy
(INAD sirem pugjpp.10 - ut
an[q dUIIUE YIIM PISI[EIO[-00
Surqe] Apoquue Gyd-nue
‘(INALD dd dn 1001 uoruo pue
[epou pu1jp.L02 *) JO JOLIAUI A}
AJurews paf[aqe] Apoquue Gyd-nuy

Sunyoyyen

[[99-03-[[22 June[npow

ur paajoaur Kqqissod
9SO[[ed SpuIq ‘umouNu)

jseidode woij uononpsuen
[eu3Is ur paA[oAur A[qIssoq

Sunyoyjen
dVDN Jo uonengar a[qissod

UONOQJUT [BIIA
SuI[[01u0d Ul 9[0I J[qISSO]

umouyu

[] rem 1e0
3uofe sarmonns yejound

03 pasieso] 1gIAd Po3se)

juddsatony ‘[ 1] uonoery

[rem 2o uorsuadsns
s1sdoprqery Woij paynuap|

[¢] surajoxd

d srsdopiqery 10J yoIeas

orwodjoxd ‘[ 1] ndy3noxyy

“WnIpaw ‘40 Yim

Pa33e) ST 011 PIJOIS
J10J Passasse uonesIeso] ad

suornoely

urojoxd [em [[90 0008qO}

PaYoLIuR-Jd Ul PIAIISqO
SdVIN UO AJIAT)OR dseurs]

Apoquue suryd-nue

s paqoxdounuutur
S[oIpel 9ZTew PAjoJul-sn3un

s[ream dr 3001 uoruo pue

pu1jp.109 *) dqoidounwuwur

01 pasn uonoelj [[em

[epou pu1jjn.102 DADYY) WOIJ
urajoxd ey Gt Isuree Apoqnuy

(1g90ad) 1 urjoxd
SurpuIq-aso[[ed ad

I'T9Ad) seseury I
-Houavoo.ﬁ paerdosse-qd

(3IdVd) oseury
urajoxd pajeroosse-qd

urojoxd (sunyd)
asuodsar sisauadoyyeq

Svd

SOOUQIRJIY

uonoun,{ juenbasqns pue (eI TUT— UOTILIOOSSE
Tevewsopowsed 10J 9ouopIATg

KIQA0DSIP JO POYIRA

Q[NO[OWOIBIA

(Ponunuod) 1°g AqEL



227

8 Plasmodesmata: New Perspectives on Old Questions

(panunuoo)

(0102 Ad Jo wawdoforap
[og uea pue s1o[yy [¢] SuLmp Suruesoof [[ea [[29 10

(8661) “Te 30 weysuy [ [] SUDUI[-sSO10 [[eA [[99 199)J AN

sunoad
(8661) & 19 UBAIOINl [[eM [[99 JO UONBIYLIAISI-d(
(0002)
xouy{ pue e[yIQ [¢] sp[ey 1d/qd punore [rem [[2d
(L661) Te 10 Aoy [g]  jo senzaedoid [eorueyoow 10
(S661) /pue sisKjoine pue uoneredas
Xouy] pue o1ase)) [[] [[99 JO 92139p soje[npowr A[qISSOq

(8000)
‘e 1 sewoy, [¢]
(9002) 'Te 12 19Keg [1] umouyun

juowdofaaap

[l dd perreqef saseprxorad
I11 $SB[ 0 sarpoqnue ‘[z] Ad

je soprxoIpAyred wnad jo
spendoard ‘[1] NFL ‘vd) Ad
e "0sO pue gv( jo aendroalg

(INHLLD ad moysnoxyy
PaAIdsqo Apoqnue FINJ-DUy

(WAL
[€ ‘z]) d urpim pue punore
vore pue (AL [€ “11) spIoY
11d 1oqey sarpoqnue unoad-nuy
(vd [z ad en
JUQWIAAOW [[99-03-[[90 PIJOdLJe
pey syuenw uorssardxo
stsdoprqery :(1dd [2])
stsdoprqery Ut &1 wid N PUE
on[q duI[IUL YIIM PISI[BIO[-0
YOIy S[[eMm [[90 Suore eoung
(V) 1001 ur Ayjiqeowrad
dd pesealdur zd1Odd
pue [41Odd Jo uorssaidxaroro
‘NFLD d4D-1d19dd
Surssaxdxo syuerd sisdopiqery
pauLIojsuen) A[qels JO $Joox
ur d pafreqer d4D-nue ‘(Add)
pupnUDYIUIq “N pAareN[YuIoIse

JO s[rem [0 Ul ddD-awod N PIM
(2102 'Te 10 wey 1001 Sune[N3aI Ul 9[0Y UONESI[EO0[-00 PuE S[eusIs Aeound

[Z] swajsLIdw ojewo) ur
soseprxoxad [T sse[o Jsurese
saIpoqnue I0 Juduean D)
(1] TerroreWr M [[90 ordde
PadRIX U (V) SUIp
-1Zuaqourwep- ¢°¢ Jo UonepIxQ
Apoqnue gNJ-Due i
paqoxdounwr sjA1000dAy
Sur[pass wmuissyvISn Wnury

[¢] dxeorrad
ordde pue [¢ ‘1] dreorrad
ojewo} 9qordounwrwy

0} pasn sarpoquue unod-nuy

[2] 11em [[90 Suofe samjonis
dyejound 03 pasi[eoo] e1d1Ad
Pa33e) Appuoossarony [1]
uonoely [[em [[90 uorsuadsns
sisdopiqery wolj payrudpy

Jreq se ‘gjurajord

wooryd urydwnd ‘gyON

oy} yim suonoery urjord [rem
1199 095eq0} paydLIUa-qd

Jjo uoneydroardounwwur-o))

AsepIXoIod

(AN
9SBIISI[AYIOW UNIdJ

unodq

(e1d1Ad)
e[ urojoid pajeosol-qd

(zd1Dad

‘1d15dd) T pue |
surojoxd oyI[-utwIas (qd



R.L. Overall et al.

(vd [§ *v]) Anpiqeawad

d Pasealdap ¢dOY pue [dOY
Jo uorssardxa1ano ‘(vd [¢])
SUOTIORIY [qN[OS PAVY) YOUI-(J
ur Juasaxd Fooyio ‘(441

[Z]) 000vqO) STUagsueI) UT AN[q

(z100) Sul[iue [yirm pasied0[-0d yalym (17dvM-4S)

‘Te 39 Pwus-yoing [¢] eyound [[em [[99 S PIAIISqO urdjoxd pajeroosse

(0102 sgojoyuo sisdopiqery pue -lremedy Iy

‘Te 19 AQI[eARY [1] Apuey 4oy, 01 Surduoreq [1]ad o J[qeloeINX-)[eS ©

(000 St paynuapt [ydVM-HS PasI[ed0] 10enXd urejoid S paynuIpI A[[eursLo

Te 19 1ouy[ne (€] ‘(NELLI [T1]) ad oysSnoxy) [TeA [[95 9ZTetr woiy (dD¥y,) epndad£jod

(S00?) ‘Te 12 13e§ (7] {d punoxe yodsuen PATIaqE] [+d VM-S Isurese (I+dvMm-aS) urajord PaIe[£s0ok[3
(9661) Te 312 12dg [1] Ie3NS Ul pAA[OAUL A[qISSOd  (9A1OBAI-SSOID A[JYSI[S) WNIASHUY e [ Isurede wniasnuy K[qIsIoAal | sse[D

(INF.L]) 01eWO} pUB 0208q0)
ut dd pel[eqe| serpoqiue

uLowalI-nue ‘(44q) 099eqo) [1em 192
ur [41dd Ym pasieoor- Suore saxmonns 9jejound 0}
JUSWAAOW SNITA JO IOJR[NIaT 09 pue s[fem [[o0 Suore pasteoo] urajoid juadsarony
(6002) 'Te 12 9[oepey aAne3au K[qrssod ‘umouupny ejound 0} pasI[eOO0] ULIOWY 0) pasny ULIOWI 0JeI0d ULIOWY
(NALD) sonssn Surssaidxa uonesIedo] (Id 10J pouaIds

ur gd po[[oqe] SAIPOqIUE  PUB ‘I0JO3A [BIIA B SUISN SOABI[
dID-nue ‘(Jd) Aroydrred pupnUDYIUIq "N Ul passardxo

(€000 1[99 uofe s10ds 0) pasi[es0] ‘dAD 01 pasny pue paysaSIp qriqeyd
‘[© 19 TeqOISH-RUIPIIA UMOUYUN PUE SNOLIBA uorsny J10-VNJD [enied VNP 1001 bupnunyuaq "N urdjoxd pajelar-sey
(NA.LD sonssn Surssordxd uonesIedo] (Jd 10 pouaaIos

ur dd po[[eqe[ sa1poqnue pUE JOJOIA [eIIA B SUISN SOARI[
dAD-nue (Jd) Aroydued pUPIUDYIUIG "N UT passardxo

(€002) 119 Suofe sjods 03 pasieoo] ‘ddD 01 pasnj pue paysaSIp oseroysuenAyyow-N
‘[€ 39 TeqOOSH-RUIPIIA uMmOUUN PUE SNOLIBA uoIsny .I0-VNQD [enied VN0 1001 DUDIUDYIUIG “N qurosanng
SOOUAIY uonoun,] juenbasqns pue [EHIUI— UONLIOOSSE KISA0DSIP JO POYISIA Q[NOA[OWOIOBIA

[erewsapowse|d 10J oouspIAg

228

(Ponunuod) 1°g AqEL



229

8 Plasmodesmata: New Perspectives on Old Questions

(umouy J1) suonouny pesodoid 11y pue ‘ejewsopowse[d YIm UONBIOOSSE
10/pue uonesIedo] J19y} 10 20udpIad Arewrid oY) ‘AI0A0ISIP J19Y) JO POYIdW pue punoidyoeq ay) Ym Juofe ‘IopIo [eonaqeyd[e ur palsi| oIe SA[NO[OWOIORIA

(9661) e 19 s191Yg

(6007) 'Te 19 Touy[neg

(6000)
‘Te 19 OSuOjV-zayuag

(1100 T8 10
OUIATBD)-ZIPUBUIO]

uonepes3ap 10y surajord
dd 1o/pue qd Sunodie)

ur paAjoAur K[qIssod  PA[aqe] satpoquue unmbiqn-nuy

dadut
UOIO[YS0IAD UNOR YIm
suonouny Aqrssod ‘umouyu)

SONSST) ONRWIA)SLIAU UL
Ky1anoauuod orwejdwAs
urejurew Aew ‘uone[ngal

XOPAI UT PIAJOAUT ‘UMOUNU[)

ade
surewop aueiquidw ewsed
posteroads suioy A[qissoq

(INELLI) uonepeisap 1oy
paunsap gd asoys Afreroadso
‘(suor3ar yoou Jurpn[oxa) (d

(D 3urfeqe| Apoquue
JSO[[BO-NUR [JIM PISI[BIO[-00
yorym ‘sturaprda yo9[ pue

sdn j001 s1sdoprqery Jo s[rem ur

ejound pue s[fem n.vy)) sSoIoe
Spuens pa[[oqe[ SeIpoque

ursoAwodon [ewrue-nuy

(V) sonssn anjew ur 4,J0 Jo
Jodsuen [[99-0)-[[90 pasealoul
padnpur uorssadxarono
01d0399 (A ‘V:) 9so[[ed

JO S[9AQ] JOySIY paje[nwuinooe
sjueinu (AHL) 2Inonns
PAId)[E PAIQIYX SjuBINU
ur d *(v) stsdoprqery
JURINW UT PAJOLIISAT SeM

wooyd 3001 Jo Ino yodsuen 440

(dd) oniq ourfrue
UIIM 3SI[BIO[-00 JEy) SOABI]
sisdopiqery pawojsuer)

Apoqnue uninbiqn-rjue
y)m paqordounurwut
syserdojord wim. 31 wnuvjog

sorwoajoird Aq
SUOIIORIJ [[eM DUIJIDLOD

D YoL-(Id WOl PAYHUIP]

wooryd o001 Jo
N0 0 JO JuswdAoW
PIOLISAI JOJ PAUIOS
sisdopiqery pastuadeinjy

surajoxd (qd

A1qe3s Jo s[rem [[90 ur epoung stsdopiqery Ioj yoIeas oruo)oid

unmbiqn

ayr-ursoAwodoiy,

(11vD)
cw UIXopaIony,

¢ uruedsenay,



230 R.L. Overall et al.

Nucleus

Plastid 5
0

@ Actin 2 CR4 @ PDGLP

4) Amylase @ Dehydrin @ PDLP1

% ARP3 [ FTIP1 “%  PDRLK

@  At-4/1 5T GAT1 # Pectin

i ATPase 5) HSC70 Peroxidase
45 B-1,3-glucanase 2 ISE1 @ PME

& Callose synthase/ M ISE2 ¥ PRms

T¥Y O GSL8 5 Myosin/ATM1 = Remorin
[ Calreticulin ~ NET1A " RGP

@ CDPK @ P45 2 Tetraspanin 3
W Centrin > PAPK/CKL6 == Tropomyosin
sei Connexin-like ~ PDCB1 < Ubiquitin

Fig. 8.1 Macromolecular components of plasmodesmata: summary of the proteins and carbohy-
drates in and around plasmodesmata and their experimental localisation elsewhere in the cell (if
known). Refer to Table 8.1 for more information. Dotted shape outline means that a firm localisa-
tion is not known. Diagram not to scale. ARP3 actin-related protein 3, ATM 1 Arabidopsis thaliana
myosin I, CDPK calcium-dependent protein kinase, CKL6 CASEIN KINASE-LIKE 6, CR4
CRINKLY4, DT desmotubule, ER endoplasmic reticulum, F7/P/ FLOWERING LOCUS
T-INTERACTING PROTEIN, GATI thioredoxin m3, GSL8 GLUCAN SYNTHASE-LIKE 8,
HSC70 heat shock cognate 70-like protein, ISE INCREASED SIZE EXCLUSION, NETIA
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plasmodesmatal permeability as measured in a GFP diffusion assay and increased
callose accumulation in pit fields (Levy et al. 2007), providing further evidence of
plasmodesmatal association. The PD callose-binding protein 1 (PDCB1; Simpson
et al. 2009) has also been found; like AtBG_ppap, PDCBI1 is a glycophosphati-
dylinositol (GPI)-anchored protein, and yellow fluorescent protein (YFP) fusions
were localised at cell wall puncta and were immunolocalised using TEM to
plasmodesmatal neck regions in Arabidopsis. Functionally, PDCB1 overexpression
mutants accumulated more callose and exhibited decreased PD SEL as measured
with the GFP diffusion assay (Simpson et al. 2009). Taken together, these findings
again implicate callose as a major regulator of PD aperture, and these proteins no
doubt only provide a glimpse of the callose regulatory machinery at PD.

Another carbohydrate-related protein found at PD is a-amylase. This enzyme
was immunolocalised to barley aleurone PD using TEM and possibly functions in
wall hydrolysis preceding more extensive endosperm hydrolysis (Gubler et al.
1987). In addition, the wall carbohydrate, pectin, has been immunolocalised using
fluorescence microscopy and TEM to pit fields in fruit pericarp (Casero and Knox
1995; Roy et al. 1997; Orfila and Knox 2000) and N. tabacum trichomes (Faulkner
et al. 2008). Pectin methylesterase (PME), a pectin modifying enzyme, has also
been immunolocalised to plasmodesmata using TEM as well as to the middle
lamella and plasma membrane of flax hypocotyls (Morvan et al. 1998; Chen et al.
2000). PME has been shown to be a target for MP™V binding and may facilitate
viral cell-to-cell movement (Dorokhov et al. 1999; Chen et al. 2000).

8.2.1.2 Cytoskeletal Elements

A number of cytoskeletal proteins thought to function in regulating plasmodesmata
(White and Barton 2011) have been located in PD. Actin (White et al. 1994;
Blackman and Overall 1998) and myosin-like (Blackman and Overall 1998; Radford
and White 1998) and centrin-like (Blackman et al. 1999) proteins have been immu-
nolocalised using TEM to plasmodesmata, actin and myosin being found along the
entire length of plasmodesmata and centrin predominantly near the orifice region.
Additionally, an Arabidopsis class VIII myosin ATM1 (A. thaliana myosin 1) has
been localised to plasmodesmata (Reichelt et al. 1999; Baluska et al. 2001; Golomb
et al. 2008; Sattarzadeh et al. 2008). The physical arrangement of actin and myosin
within PD remains a subject of conjecture (Tilsner et al. 2011; White and Barton
2011). Since actin filaments are associated with cortical ER tubules (Quader et al.
1989; Boevink et al. 1998), it is conceivable that actin would be associated with the

<
<

Fig. 8.1 (continued) NETWORKED 1A, PAPK plasmodesmata-associated protein kinase, PDCB]
plasmodesmata callose-binding protein 1, PDGLP plasmodesmata germin-like protein, PDLP]
plasmodesmata-located protein 1, PDRLK plasmodesmata-associated receptor-like kinase, PME
pectin methylesterase, PRms pathogenesis response-related protein from maize seed, RGP revers-
ibly glycosylated polypeptide
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desmotubule (Blackman and Overall 1998). Overall and Blackman (1996) proposed
that it could be the protein that forms a spiral-like structure around the desmotubule
membrane (Fig. 8.1). However, the recent discovery of Networked 1A (NET1A), an
actin-binding, plasma membrane-associated protein, at PD (Deeks et al. 2012) chal-
lenges this model. It may be that actin filaments are associated or even partially
embedded within the plasma membrane of PD.

In support of a PD localisation and function, N. benthamiana myosin VIII was
found to be necessary for the PD localisation of a movement protein from Beet yel-
low virus (Avisar et al. 2008), and antibodies against Arabidopsis myosin VIII
increased cell-to-cell transport of fluorescent dyes when microinjected together into
Arabidopsis root epidermal and N. tabacum leaf mesophyll cells (Volkmann et al.
2003).

Unsurprisingly, proteins that interact with these cytoskeletal elements have also
been detected in plasmodesmata. The actin-related protein 3 (ARP3) has been
immunolocalised to pit fields (van Gestel et al. 2003), and a tropomyosin-like pro-
tein appeared to immunolocalise along the length of PD (Faulkner et al. 2009).
Although microtubules have not been detected in PD (Blackman and Overall 1998;
Aaziz et al. 2001), a GFP fusion with the Arabidopsis microtubule-associated pro-
tein 65-5 (MAP65-5) was observed to remain across nascent post-cytokinetic walls,
which was interpreted as potential PD localisation (van Damme et al. 2004).

8.2.1.3 Protein Kinase and Calcium-Related Proteins

Since PD regulation appears to be closely linked to ATP levels, phosphorylation
(Blackman and Overall 2001; Oparka 2004) and calcium, it is fitting that a number
of protein kinases and calcium-related proteins have been found at plasmodesmata.
An N. tabacum plasmodesmata-associated protein kinase (PAPK) was isolated from
plasmodesmata-enriched protein fractions (Lee et al. 2005); however, since clones
could not be identified due to sequence conservation, an Arabidopsis ortholog
(CASEIN KINASE LIKE6; CKL6) was cloned and localised to or near plasmodes-
mata by coexpression with GFP-tagged MP™V (Lee et al. 2005; Ben-Nissan et al.
2010). Functionally, PAPK and CKL6 were found to selectively phosphorylate a
number of NCAPs, including MP™V and LFY but not KN1 (Lee et al. 2005).
This is significant as phosphorylation of MP™Y is thought to affect its ability to
increase plasmodesmatal aperture (Waigmann et al. 2000). Protein kinases with
putative signal transduction functions have also been localised at plasmodesmata.
Maize CRINKLY4 (CR4), a receptor-like kinase, has been immunolocalised spe-
cifically to maize aleurone PD using TEM (Tian et al. 2007). CR4 is most likely
involved in cell fate determination of aleurone cells; in fact, PD connecting adjacent
cells in the aleurone exhibit increased SEL, effectively forming an aleurone sym-
plasmic domain (Tian et al. 2007). Other PD-associated receptor-like kinases have
been isolated from rice and appear to co-localise with Turnip vein-clearing mosaic
virus MP at PD (Jo et al. 2011). An autophosphorylating calcium-dependent protein
kinase (CDPK) has been immunolocalised to punctate spots in maize mesocotyl cell
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walls and is found in PD-enriched protein extracts (Yahalom et al. 1998). In keeping
with the role of calcium in regulating PD, calreticulin, a calcium-binding chaperone
resident in the ER lumen, has been immunolocalised to plasmodesmata in maize
root tips using fluorescence microscopy and TEM (Baluska et al. 1999) and also in
Arabidopsis using TEM (Christensen et al. 2010). In fact, it seems that calreticulin
has started to become a bona fide plasmodesmatal marker (e.g. Bayer et al. 2006;
Faulkner et al. 2008). In addition to calcium and phosphorylation, ATP levels also
play a role in regulating plasmodesmata—reduced ATP levels enhances cell-to-cell
transport (Tucker 1993; Christensen et al. 2009; Radford and White 2011).
Consistent with this, ATPase activity has been cytochemically detected at plasmo-
desmata (Cronshaw 1980; Chen et al. 1994), especially around plasmodesmatal ori-
fices (Belitser et al. 1982).

8.2.1.4 Membrane Related

Since PD contain plasma membrane and endoplasmic reticulum, it is not surprising
a number of membrane-associated proteins have been found there. Early efforts to
immunolocalise proteins to PD leveraged the similarity between the plant channels
and animal gap junctions, successfully labelling punctate cell wall spots and PD
with antibodies to animal connexins, the structural components of gap junctions
(Meiners and Schindler 1989; Meiners et al. 1991; Yahalom et al. 1991; Schulz
etal. 1992). However, subsequent sequence analysis has disputed the nature of these
antigenic plant proteins, instead identifying them as protein kinase-like proteins
(Mushegian and Koonin 1993). Later efforts have involved purification of
PD-enriched protein fractions (reviewed in Faulkner and Maule 2011) successfully
finding a number of membrane-associated PD proteins such as PDCB1 (Simpson
et al. 2009). In the same screen that produced PDCBI1, the PD-located protein
(PDLP) family was uncovered, having members that localised to PD upon fusion to
GFP (Thomas et al. 2008). Functionally, overexpression mutants of PDLP1 exhib-
ited reduced PD permeability as measured by GFP diffusion; the converse was
observed in double knockout mutants of redundant PDLP family members (Thomas
et al. 2008). PDLPs have also been recently proposed to function as receptors for the
MPs of tubule-guided viruses (Amari et al. 2010). Significantly, the transmembrane
domain of plasma membrane-associated PDLP1 was found to be necessary and suf-
ficient for PD targeting (Thomas et al. 2008). Indeed, fluorescently tagged PDLP1
has seen use as a PD marker (e.g. Raffaele et al. 2009), although like the use of
MP™Y ag a marker, ectopic expression of fluorescently tagged PDLP1 could have
deleterious effects on PD and may cause aberrant false-positive or false-negative
localisations, especially given that transgenic Arabidopsis overexpressing tagged
PDLPI are stunted and exhibit dramatically reduced PD permeability (Thomas
et al. 2008). In another screen of plasmodesmata-enriched wall fractions, a 41 kDa
wall-associated protein was discovered (Epel et al. 1996), which was later identified
as a class 1 reversibly glycosylated polypeptide (“'RGP), a family of peripheral
membrane proteins (Sagi et al. 2005). A GFP fusion of an Arabidopsis ortholog,
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AtRGP2, localised to plasmodesmata (Sagi et al. 2005). Functionally, TMV spread
is limited in N. tabacum overexpression mutants (Zavaliev et al. 2010); however, the
plants are severely stunted possibly due to general stress-induced plasmodesmatal
occlusion from overexpression.

Interest in membrane rafts, also known as lipids rafts, in plants has been grow-
ing recently. Membrane rafts are specialised membrane functional and structural
domains, and there is mounting evidence of their presence in plasmodesmata
(Tilsner et al. 2011)—membrane rafts are typically enriched in GPI-anchored
proteins, of which PDCB1 and f-1,3-glucanase are examples. Remorin, a likely
component of plant membrane rafts, has been immunolocalised to plasmodes-
mata in tomato and N. tabacum using TEM. It was suggested to inhibit viral cell-
to-cell movement since it was observed that Potato virus X lesions were smaller
in plants overexpressing remorin and larger in plants with lower remorin levels
(Raffaele et al. 2009).

8.2.1.5 Other Plasmodesmatal Macromolecules

Many other PD-associated proteins are known and their functions are varied.
Through mutagenesis screens of Arabidopsis either exhibiting increased or
decreased symplasmic transport fluorescent probes, three proteins have been identi-
fied: INCREASED SIZE-EXCLUSION LIMIT 1 and 2 (ISE1 and ISE2; Kim et al.
2002; Kobayashi et al. 2007; Stonebloom et al. 2009) and GFP ARRESTED
TRAFFICKING 1 (GAT1; Benitez-Alfonso et al. 2009). Although not technically
PD-localised proteins (ISE1 is found in mitochondria, ISE2 in cytosolic granules
and GAT in plastids), their influence on PD is noteworthy. For example, ise/ and
ise2 Arabidopsis mutant embryos and N. benthamiana leaves ectopically silenced
for ISE1 and ISE2 displayed slightly increased numbers of branched plasmodes-
mata compared to wild type (Kobayashi and Zambryski 2007; Stonebloom et al.
2009; Burch-Smith and Zambryski 2010), while gat/ mutants also exhibited slightly
elevated numbers of branched and occluded plasmodesmata in root tissues (Benitez-
Alfonso et al. 2009). Ectopic silencing of ISE1 and ISE2 in N. benthamiana leaves
using viral-induced gene silencing leads to increased cell-to-cell movement of GFP-
tagged MP™V (Stone et al. 1984; Burch-Smith and Zambryski 2010), and ectopic
expression of GAT'1 in mature Arabidopsis leaves increased transport of monomeric
GFP (Benitez-Alfonso et al. 2009). ISE1 and ISE2 encode putative DEAD and
DEVH box RNA helicases, respectively, and ISE1 mutants exhibit increased ROS
accumulation (Stone et al. 1984; Kobayashi et al. 2007). Interestingly, a protein
with strong homology to an Arabidopsis DEAD box RNA helicase has also been
identified from plasmodesmata-rich tissue in Chara (Faulkner et al. 2005). GAT1
encodes a thioredoxin presumed to be involved in redox homeostasis; indeed, GAT1
mutants over-accumulated ROS (Benitez-Alfonso et al. 2009). Taken together, these
studies suggest that ISE1, ISE2 and GAT1 regulate cell-to-cell trafficking through
regulation of PD development and perhaps function, possibly through differential
responses to redox in different organelles or tissues (Canto and Palukaitis 1999;



8 Plasmodesmata: New Perspectives on Old Questions 235

Benitez-Alfonso et al. 2009; Burch-Smith and Zambryski 2010). Consistent with a
role for ROS at PD, peroxidase activity has also been detected in isolated apple cell
walls (Ingham et al. 1998).

The chaperone heat shock cognate 70 (HSC70) has been isolated from pumpkin
cDNA libraries after an antibody against the plant heat shock protein 70 (HSP70)
family immune-reacted positively with PD-enriched wall fractions (Aoki et al. 2002).
Two pumpkin HSC70 proteins were found to increase PD SEL and mediate their
own cell-to-cell transport. Functionally, they may assist the refolding of misfolded
proteins after transit through PD (Aoki et al. 2002). A maize pathogenesis-related
protein (PRms) has also been observed to move cell to cell and has been localised
to plasmodesmata using GFP fusions and immunogold TEM (Murillo et al. 1997,
Murillo et al. 2003). A subsequent study has shown that PRms is phloem-mobile
(Ma and Peterson 2001), and it is suggested to function in pathogen resistance
(Murillo et al. 2003). Abiotic stress is also related with plasmodesmatal proteins—a
dehydrin-like protein has been immunolocalised using TEM to plasmodesmatal ori-
fices of cold-acclimated Cornus sericea, possibly functioning in protection of plas-
modesmatal membranes from freezing-induced dehydration damage (Karlson et al.
2003). Two proteins of largely unknown function have also been identified at plas-
modesmata: a 45 kDa protein immunolocalised primarily to the central cavities of
Chara PD (Blackman et al. 1998) and an Arabidopsis protein named At-4/1 which
localises to cell wall puncta when fused to GFP (Paape et al. 2006). Finally to close
off this section, ubiquitin has been localised to PD where it is thought to be involved
in targeting components for degradation since immuno-labelling concentration is
highest in plasmodesmata at intermediate stages of degradation (Ehlers et al. 1996).

8.2.2 Architecture of PD

While there has been steady progress in identifying the molecular components of
PD in recent years (Fig. 8.1, Table 8.1), there has been almost no advance in our
understanding of the structural details of PD. Recent images of PD ultrastructure
(see Sect. 3.2) are essentially identical to those shown in Gunning and Robards
(1976) yielding little new insights into the arrangement of components within the
PD. The difficulty is that the PD diameters are in the order of 50 nm, thinner than
the plastic sections used in TEM. This means that in longitudinal images of PD, the
information from the entire PD may be superimposed making resolution of the
details difficult. In cross section, at least one-third of the length of a plasmodesma
will be superimposed so that resolution of the detailed structure is obscured
(Overall 1999). There also remains the challenge of distinguishing solid structures
from cytoplasmic space based purely on patterns of electron density and electron
lucent regions.

In recent years, two novel approaches have been tried in an attempt to gain new
understanding about the three-dimensional architecture of PD. High-resolution
scanning electron microscopy provides clear images of the distribution of PD
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(Faulkner et al. 2008; Brecknock et al. 2011), and in the thick walls of the giant-
celled alga Chara, it was possible to fracture through the wall to expose the internal
structure of these PD (Brecknock et al. 2011). These fractured PD yielded tantalis-
ing images of a central structure surrounded by a ring of globules: the technique has
been unable to generate the three-dimensional information that is needed.
The second approach has been to exploit electron tomography that involves collect-
ing images of the specimen at incremental angles that are then used to generate to
digitally generate a three-dimensional model of the structure that can be used to
generate thin slices through the object providing clarity not possible with the infor-
mation superimposed in a resin section (Baumeister et al. 1999). Electron tomo-
grams have been published for plasmodesmata in maize aleurone cells (Tian et al.
2007) and chilled leaves (Bilska and Sowinski 2010). Interestingly both showed
undulations in the width of the PD down its length, similar to tomograms of PD
produced in our laboratory (Howard and Overall, unpublished) suggesting that the
cell wall sleeve around PD can accommodate, or even bring about, changes in the
dimensions of PD. Electron tomography promises to provide unparalleled three-
dimensional information about PD and should now be exploited, in combination
with freeze-substitution, to examine a variety of PD and PD in different physiologi-
cal states.

8.2.3 Towards a Functional Model of the Macromolecular
Architecture of Plasmodesmata

There are a plethora of models of the macromolecular architecture of PD, but they
are based almost entirely on conjecture. For example, Overall and Blackman (1996)
have developed a model in which the layer immediately outside the ER within PD
is depicted as actin that forms a spiral down the length of PD and the electron-dense
spokes that radiate out from this layer to the plasma membrane as myosin. While
Overall (1999) has presented a reasoned argument as to why this proposed localisa-
tion is consistent with TEM images, more than a decade on, there has been no defi-
nite proof that this arrangement actually exists inside PD. In fact the recent
identification of Networked 1A, an actin-binding protein associated with the plasma
membrane (Deeks et al. 2012), would suggest that the actin inside PD is most likely
to be closely associated with the cell membrane, not the ER (see Sect. 8.2.1.2).
There have been a variety of structures seen in TEM images, often after the inclu-
sion of tannic acid in the fixative (e.g. Overall et al. 1982; Badelt et al. 1994), that
have been proposed to be putative sphincters, both internal (see Sects. 1.5.2 and 3.2)
and in the wall sleeve surrounding the PD (see Sect. 3.2). There are obvious func-
tions for such sphincters in the regulation of intercellular transport; in fact, the
extracellular spirals encircling PD observed by Badelt et al. (1994) are well placed
to generate the constrictions along the lengths of PD seen in electron tomograms of
PD. Despite the potential importance of these structures in modulating PD
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transport, and the developing list of PD proteins thought to be involved in regulation
(Table 8.1), there is still no molecular identity for these structures. The only excep-
tion is the putative sphincter linking ER and cell membrane at the necks of PD
identified through the use of tannic acid (Overall et al. 1982), which has been pro-
posed to be the calcium-sensitive contractile protein centrin (Blackman et al. 1999)
on the basis of immunogold localisation to the neck regions of PD. However, even
this may not be a consistent feature of PD given that Bilska and Sowinski
(unpublished) were unable to localise centrin to PD (see Sect. 3.3.2.2).

Once a three-dimensional structure of PD has been generated, it will remain to
localise the macromolecules identified in Fig. 8.1 along with others still to be identi-
fied to the structures. The traditional approach of immunogold cytochemistry used
to localise the components to PD (Table 8.1) has limited use as the antibodies are
only able to bind to antigens on the surface of the plastic resin of the TEM section.
It will be necessary to develop antibodies that can penetrate the resin or develop a
pre-embedding labelling approach. Alternatively, since the localisation of a number
of proteins to PD has relied upon localisation at fluorescent fusion proteins, one
approach suggested by Jahn et al. (2012) would be to produce an electron-dense
deposit from the fluorescent proteins, such as occurs in photo-oxidation, so that it
can be visualised within the PD at high resolution. This technique is yet to be devel-
oped for use in plant cells (Jahn et al. 2012). Such an approach would allow correla-
tive microscopy of PD with the powerful combination of live cell imaging of
fluorescent tags, useful in identifying the physiological state of PD, followed by
specific localisation at high resolution. Super-resolution microscopy (Bell and
Oparka 2011) has the potential to generate useful images of PD components, such
as ER, actin and myosin, each tagged with different fluorescent markers, at suffi-
cient resolution to distinguish their relative arrangements. Super-resolution micros-
copy followed by electron tomography in a correlative microscopy study of the
same PD would be challenging but could yield the information needed to build a
model of PD with the molecular components identified.

The ultimate goal is to develop a macromolecular model of PD that includes
functional information. A systematic analysis of the macromolecular structure of
PD in mutants of PD proteins or functions or possibly following physiological
manipulation could generate such information.

8.3 Rapid Regulation of PD Transport

There is now a solid body of work on the long-term regulation of intercellular com-
munication at the level of blocking of PD or indeed production of new PD, as well
as medium-term regulation of the permeability of PD (see Chaps. 1, 2 and 3).
However, other than Holdaway-Clarke et al. (2000) who demonstrated rapid revers-
ible closure of PD in response to high cytoplasmic calcium, almost nothing is known
of about rapid regulation of PD permeability. This situation has arisen because of
the popularity among experimentalists of using the rate of movement of different
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sized tracer molecules or large expressed fluorescent proteins such as GFP to assess
the permeability of PD. These approaches have the advantage that they are rela-
tively easy to perform and can indicate changes in the size of molecules that can
readily pass through PD. However, a major disadvantage of using them is that they
have poor time resolution and are unable to detect rapid, particularly reversible,
changes in permeability in PD. The only technique currently available able to detect
rapid changes in the permeability of PD is the more technically demanding
electrophysiology. It is unfortunate that in the last decade, there have been no
publications using electrophysiological approaches to study intercellular communi-
cation in plants.

There is now an new opportunity to combine the advances from molecular biol-
ogy in the last decade in the identification of novel PD proteins with electrophysi-
ological approaches to tease out which components of PD are responsible for the
rapid regulation of PD permeability by studying specific RNAi knockout or mutant
plants. For example, does the rapid reversible increase in permeability of plasmo-
desmata observed by Holdaway-Clarke et al. (2000) occur in mutants of Arabidopsis
lacking centrin or in cells in which the expression of centrin has been
downregulated?

8.4 Homogeneity of Plasmodesmata in a Wall

Questions raised by Robards (1976) about the pathway of transport through indi-
vidual PD in a wall largely remain unanswered today. Does an individual PD trans-
port in only one direction at a time? Are all PD functional at a given time? Are there
subpopulations of PD that transport larger molecules and do these preferentially
close as the size of molecules that can pass from cell-to-cell decreases rather than
all PD in a wall decreasing the size of molecule they can transport? Our recent
observation that the ER lumen forms an intercellular transport pathway (Barton
et al. 2011) raises the question as to whether transport takes place through the ER
and cytoplasmic pathways simultaneously within the one PD and if so whether in
both directions or opposite directions in each channel. The techniques used to date
to monitor PD transport can only provide information about the net transport across
the PD in an entire wall, not at the resolution of individual PD. In order to under-
stand the mechanism of regulation of intercellular transport, the field will need to
develop an approach that can provide information about the operation of single PD.

Estimates of PD electrical resistance indicate that they are 400 times more elec-
trically resistive than would be expected if they were simple saline-filled tubes
(Overall and Gunning 1982). This estimation was based on the assumption that all
PD in a wall showed equal permeability, so a likely explanation for this discrepancy
is that only a fraction of the PD are actually functional at one time. Indeed, once
technology was available to study the permeability of individual gap junctions
(Spray et al. 1991), it became clear that only a fraction of gap junctions were
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functional at one time. Another approach to answer some of the questions posed
above would be to follow the movement of fluorescently tagged molecules in the
ER or cytoplasm by correlative microscopy to identify the position of these mole-
cules within the PD of a wall at high resolution. It has been shown that net transport
across an individual wall may be in both directions or polarised (see Sect. 2.2) and
that ER and cytoplasmic transport can take place across an individual wall
(Guenoune-Gelbart et al. 2008)—this correlative microscopy approach could
determine if this occurs at the level of individual PD or if there are subpopulations
of PD with specialised function within individual walls.

8.5 Conclusions

Despite the considerable progress that has been made in identifying components of
PD, we are still largely ignorant of their structural and functional details. To some
degree, progress has been limited by the predominant use of easier technologies in
preference to the more challenging approaches that are required to answer the ques-
tions remaining. For example, localisation at PD is often confirmed on the basis of
co-localisation with PD markers such as callose or other PD proteins at the level of
confocal microscopy without confirmation of localisation at the PD at the TEM
level. Currently the most popular approach to study transport through PD is to fol-
low the movement of GFP, even though the time resolution of this approach is poor
and it only provides information about the transport of large molecules. The chal-
lenge for the field now is to invest in the development of new approaches such as
correlative microscopy or combine techniques such as electrophysiology with
newly available molecular tools to work towards the ultimate goal of a functional
model of the macromolecular architecture of PD.
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Nucleic acid, 2, 3, 15, 21, 204, 205

Nucleus, 7, 10, 11, 13,27, 61, 64, 118, 187,
193, 197-199, 206, 207

Nutrient, 114, 117, 125, 145, 149, 152,
168-170, 173, 206

Index

(0]
Oleosome, 115
Oligosaccharide, 15
ONPS. See Organelle-nucleus-plasmodesmata
signaling (ONPS)
Ontogeny, 6-14, 106
Organelle, 2, 4, 7-11, 14, 15, 20, 29, 61, 64,
110, 206, 234
Organelle-nucleus-plasmodesmata signaling
(ONPS), 61, 64
Organic compound, 4, 14, 21, 121
Organogenesis, 43, 44
Orifice, 48, 49, 50, 69, 161, 231
Osmotic
balance, 167
pressure, 111, 120, 142, 155
stress, 59, 88, 90, 91, 155
water uptake, 142
Ovule, 151, 188

P

P45, 226

Palisade mesophyll, 28, 29

PAPK. See PD-associated protein kinase
(PAPK)

Paratracheal parenchyma, 108, 109,
113,114

Paraveinal mesophyll (PVM), 22, 28-29

Parenchyma, 11, 57, 86, 102, 136, 166, 225

Passive symplasmic phloem loading,
28, 141-142, 145, 155

Pathogenesis-related protein (PRms),
226, 231, 235

Pavement cell, 190, 197

PCA. See Primary carbon assimilation (PCA)

PCMBS, 149

PCR. See Primary carbon reduction (PCR)

PD. See Plasmodesma (PD)

PD-associated protein kinase (PAPK), 206,
222,226,231, 232

PD-associated receptorlike kinases (PDRLK),
226, 231

PDCBI. See Plasmodesma (PD)
callose-binding protein 1 (PDCB1)

PDGLP. See Plasmodesma (PD) germin-like
proteins (PDGLP)

PDLPI1. See PLASMODESMATA-LOCATED
PROTEIN1 (PDLP1)

PD receptor protein, 189, 207

PDRLK. See PD-associated receptorlike
kinases (PDRLK)

Pectin, 84, 111, 227, 231

Pectin methylesterase (PME), 227, 231



Index

Periclinal chimeras, 192, 194
Pericycle, 45, 46
Peroxidase, 64, 65, 119, 123, 200, 208, 227, 235
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115,116, 118, 123, 124, 219, 220, 225,
227,231,232

253

Pit field, 25, 26, 28, 54, 84,91, 116, 219-221,
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Sap osmolarity, 122

Sap sucking insect, 166

Sapwood, 102, 106, 108-110, 113, 115,
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Trafficking of macromolecules, 183-209
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