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Abstract

The cytosol must flow: physiological signals coordinate transport through
plasmodesmata

by
Jacob Oliver Brunkard
Doctor of Philosophy in Plant Biology
University of California, Berkeley

Professor Patricia C. Zambryski, Chair

Plant cells are connected by nanoscopic channels in the cell wall called plasmodesmata
(PD). PD allow neighboring cells to exchange cytosol, permitting small and large
molecules (including water, ions, sugars, hormones, proteins, RNA, and viruses) to
move from cell to cell. PD are absolutely essential for plant life: all land plants have PD,
and no mutant lacking PD has ever been identified. Despite their importance to a range
of biology, including hormonal signaling, transcription factor trafficking, and the
movement of resources and nutrients, very little is currently known about how PD
transport is regulated.

The Zambryski lab conducted a forward genetic screen for mutants severely defective in
regulating PD transport during embryogenesis, and identified five mutants with
increased PD transport (isel—ise5) and one mutant with decreased PD transport (dsel)
at the mid-torpedo stages of embryogenesis. After mapping and characterizing these
mutants, | discovered that two major metabolic pathways regulate PD transport during
development of plant embryos and shoots: chloroplast biogenesis and sugar signaling.
Here, | use a combination of approaches from cell biology, transcriptomics, and
physiology to unravel the complex pathways linking chloroplasts, sugars, and PD.

Upon discovering that two mutants defective in chloroplast biogenesis, isel and ise2,
affect the expression of thousands of nuclear genes—including many that are not
clearly related to chloroplast function—and prevent the restriction of PD transport during
embryogenesis, | decided to pursue an open hypothesis that chloroplasts (and other
plastid types) could transmit signals within the cell through thin, tubular projections
called “stromules” (stroma-filled tubules). Previous work has shown that stromules
physically associate with the nucleus, ER, mitochondria, and other subcellular locations,
but there was no evidence that signals initiated within the plastid affected stromule
activity. | demonstrate that stromules are induced during the day and that they respond
to light-sensitive redox signaling pathways within the chloroplast. Furthermore, | show
that stromules can form independently outside of their cellular context. In combination,



these results support the hypothesis that stromules are potential routes for intracellular
signal transduction (Chapter Two).

Previous work had suggested that PD transport is tightly regulated over developmental
time scales and in response to abiotic and biotic stress. Our discovery that chloroplasts
coordinate PD transport led us to explore whether intercellular trafficking changes over
physiological time scales, particularly in response to light. | show that cytosol moves
through PD much faster during the day than the night in leaves, and that this increase in
PD transport during the day is light-dependent. Light is insufficient to induce high levels
of PD transport at night, however, suggesting that PD transport is regulated by the
circadian clock (Chapter Three).

PD transport decreases as leaves age, which promotes allocation of nutritional
resources to younger, growing leaves in the shoot. Although well-studied, the
mechanism of this transition from high to low PD transport remained unclear. | use the
ise4 mutant as a starting point: ISE4 is a chaperone subunit required to activate a
kinase, TOR, that is a central metabolic sensor in all eukaryotes. | show that TOR
senses sugar availability to coordinate the restriction of PD transport during
embryogenesis and during shoot development, and that TOR regulates plant growth
and aging (Chapter Four).
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Chapter One: The cytosol must flow: intercellular transport through plasmodesmata, an
introduction

The following chapter is a modified version of an article published in Current Opinion in
Cell Biology (Brunkard et al., 2015a), along with excerpts from an article published in
Current Opinion in Plant Biology (Brunkard et al., 2013).

Abstract

Plant cells are connected across cell walls by nanoscopic channels called
plasmodesmata (PD), which allow plant cells to share resources and exchange
signaling molecules. Several protein components of PD membranes have been
identified, and recent advances in superresolution live-cell microscopy are illuminating
PD ultrastructure. Restricting transport through PD is crucial for morphogenesis, since
hormones and hundreds of transcription factors regularly move through PD, and this
transport must stop to allow cells to begin differentiating. Chloroplasts and mitochondria
regulate PD function through signal transduction networks that coordinate plant
physiology and development. Recent discoveries on the relationships of land plants and
their algal relatives suggest that PD have evolved independently in several lineages,
emphasizing the importance of cytosolic bridges in multicellular biology.

Plasmodesmata: a primer

Multicellularity arose independently in a handful of lineages, which have evolved
incredible morphological, physiological, and ecological diversity. The major multicellular
lineages today include animals, some fungi, some algae, and plants. Multicellularity
requires two fundamental features: cell—-cell adhesion and cell—cell signaling (Niklas and
Newman, 2013). Whereas animals rely on an extracellular matrix for adhesion that
permits close contact for communication between cells that can be motile during
development, plant cells generate sturdy cellulosic cell walls that provide structural
support and defense, but prevent movement or physical connection between cells.
Animals use gap junctions and cytonemes to directly exchange signals and resources
between cells (Niklas, 2014; Roy et al., 2014). In plants, intercellular transport and
communication rely primarily on plasmodesmata (PD).

Cell—cell signaling and transport in plants is facilitated by nanoscopic channels
called PD, often as small as 30 nm in diameter and 100 nm in length, that cross the cell
wall and connect neighboring cells (Brunkard et al., 2013; Burch-Smith and Zambryski,
2012; Ehlers and Grol3e Westerloh, 2014; Sager and Lee, 2014) (Figure 1.1). PD have
three distinct structural components: a central strand of tightly compressed endoplasmic
reticulum (ER), called the ‘desmotubule’; a surrounding membrane that is continuous
with the plasma membrane of the cells it connects; and in between these membranes, a
cytosolic sleeve that allows molecules to move between cells. Water, ions, hormones,
sugars, and other small molecules easily traffic through most PD, as do many larger
molecules, including proteins and RNAs (Benkovics and Timmermans, 2014; Furuta et
al., 2012; Gallagher et al., 2014; Niehl and Heinlein, 2011) (Figure 1.2).



PD connect almost all cells to their neighbors, with a few exceptions in highly
specialized cell types that degrade or occlude PD for cellular isolation (Palevitz and
Hepler, 1985; Willmer and Sexton, 1979). Despite several forward genetic screens
(Benitez-Alfonso et al., 2009; Fernandez-Calvino et al., 2011; Kim et al., 2002; Xu et al.,
2012a, 2011; Zambryski and Crawford, 2000), no mutant lacking PD has ever been
recovered, and many mutants with strongly altered PD function are lethal. Since plant
viruses are obliged to spread through PD, and many viral movement proteins localize at
PD (Figure 1.2b) and alter PD function, early efforts to study PD by molecular biologists
focused on the mechanisms of viral movement. Later studies of mobile transcription
factors emphasized the possibility that some endogenous proteins might also alter PD
function to promote their own movement, but there is no clear model for how this might
occur, and early experiments supporting this model using microinjection techniques
should be reconsidered in light of the accumulating evidence that microinjection
perturbs PD function and is often misleading (Storms et al., 1998). We leave detailed
discussion of viral movement through PD and putative selective/facilitated transport of a
handful of endogenous proteins through PD to other reviews (Gallagher et al., 2014;
Heinlein, 2015; Niehl and Heinlein, 2011; Sevilem et al., 2015), and focus here on the
more general, experimentally supported principle that ‘the cytosol must flow’ through PD
by default. We review recent advances in understanding PD structure and function, the
role of PD in morphogenesis, emerging perspectives on how PD are regulated by
intracellular signaling pathways, and new insights on the evolution of PD.

The structure of PD

For decades, most of our knowledge of PD relied on ultrastructural studies using
transmission electron microscopy (TEM). These studies revealed that PD form either
during cell division (primary PD) when strands of ER are trapped as the cell plate forms,
or after cell division (secondary PD) through unknown mechanisms that rely on
localized modification of the cell wall (Burch-Smith et al., 2011a). Many PD are straight
channels, but some are branched and complex, especially in the nonvascular tissue of
older leaves, where this complexity is correlated with decreased transport through PD.
Electron dense material is often found within the cytosolic sleeve of PD, and includes
cytoskeletal proteins, such as actin and myosin (White and Barton, 2011). The
desmotubule, which is continuous with the ER, is so tightly constricted that it contains
little lumenal space, and, in fact, the desmotubule membrane is among the most
appressed membranes in biology (Tilsner et al., 2011). Therefore, although some
molecules may move between cells through the desmotubule, most intercellular
transport occurs instead via the cytosolic sleeve. PD are often surrounded by callose (-
1,3-glucan) in the cell wall (Dettmer et al., 2011; Zavaliev et al., 2011). Large callose
deposits form around PD, especially during stress, pathogen attack, and
organogenesis, which probably inhibit transport through PD by restricting the size of the
cytosolic sleeve (Dettmer et al., 2011; Lee et al., 2011; Wang et al., 2013; Zavaliev et
al., 2011).

Proteomic approaches have attempted to identify the molecular components of
PD, but efforts to isolate pure PD have not succeeded, because PD are very small and
are intimately connected to the cell wall, ER, and plasma membrane (Fernandez-
Calvino et al., 2011; Levy et al., 2007). Nonetheless, a handful of proteins that often



localize specifically to PD and impact PD function have been characterized. In
Arabidopsis, eight PD-localized proteins (PDLPs) were identified by amino acid
similarity to PDLP1, which was discovered during a survey of cell wall-associated
membrane-bound proteins fused to GFP (Amatri et al., 2010; Thomas et al., 2008).
PDLP1 and PDLP6 (Fernandez-Calvino et al., 2011), and PDLPS5 (Lee et al., 2011),
were later found in independent proteomic screens of PD-enriched membrane
isolations. PDLPs are transmembrane proteins with a short cytosolic tail and two
extracellular DUF26 domains (cysteine-rich receptor-like kinase domains of unknown
function) that often localize to PD. In the same survey, another PD-localized protein, PD
callose binding protein 1 (PDCBL1), was also identified (Simpson et al., 2009).
Phenotypes resulting from mutating or overexpressing these genes support the
conclusion that PDCBs and PDLPs contribute to callose deposition at PD, but their
biochemical functions remain unclear. A separate proteomic study of PD-rich membrane
fractions identified a B-glucanase that instead participates in degrading callose deposits
at PD (Levy et al., 2007). Finally, two PD germin-like proteins (PDGLP1 and PDGLP2)
that promote PD transport in roots were detected in coimmunoprecipitates with a PD-
localized viral protein (Ham et al., 2012). Recent studies have shown that plasma
membrane proteins, such as receptor-like kinases, can also accumulate within the
plasma membrane of PD, but these proteins have no known direct function in regulating
PD transport (Faulkner et al., 2013; Stahl et al., 2013). Against some models first
proposed more than fifteen years ago (Lee et al., 2000), none of the identified PD
proteins appear to facilitate putative targeted, selective transport of endogenous plant
proteins between cells.

Advanced microscopy techniques are also being applied to uncover details of PD
structure. PD are remarkably sensitive to most fixation techniques used for TEM;
fluorescence microscopy, on the other hand, allows rapid live-cell visualization of PD.
Besides callose stains, the most reliable markers of PD are the movement proteins
(MPs) of certain plant viruses that modify PD structure to promote trafficking of viral
proteins and RNA (Heinlein, 2015; Mushegian and Elena, 2015; Niehl and Heinlein,
2011) (Figure 1.2b). Fitzgibbon et al. used three dimensional structured illumination
microscopy to visualize GFP-tagged MPs at subdiffraction resolution (‘superresolution’,
in this case ~100 nm), and confirmed TEM reports that callose accumulates at the
‘necks’ of PD (closest to the ends of PD where the cytosolic sleeve opens to the
cytoplasm) while some MPs accumulate mostly in the ‘central cavity’ of complex PD
where multiple PD branches intersect (Fitzgibbon et al., 2010, 2013). Ongoing
superresolution microscopy studies will hopefully resolve whether PD proteins, such as
the PDLPs, localize throughout PD and/or the plasma membrane, or are restricted to
subdomains within PD, as suggested by TEM approaches (Lee et al., 2011).

Transport through PD

Molecules move rapidly through the cytoplast, mostly through convection
generated by cytoplasmic streaming (with diffusion contributing to a lesser extent),
where they will eventually encounter PD (Pickard, 2003). Since nearly all plant cells are
connected by PD, this means that most molecules — including proteins — have ample
opportunity to move from one cell to another. This is confirmed by the simple
observations that heterologous fluorescent proteins, such as GFP, and large fluorescent
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dyes, such as fluorescein derivatives bound to dextrans, readily move from cell to cell
(Brunkard et al., 2015c; Crawford and Zambryski, 2001a; Kim and Zambryski, 2005;
Kim et al., 2005a, 2005b; Oparka et al., 1999a; Roberts et al., 1997a; Wu et al., 2003).
In fact, unlike in animals, the question in plants is not what features promote protein
movement between cells, but how are proteins retained by a cell (Wu et al., 2003)? To
date, we only have a few answers: first, protein size; second, subcellular targeting; and
third, sequestration by interacting proteins (the ‘nuclear trapping’ hypothesis). The first
feature regulating movement is the most simple: larger proteins move more slowly from
cell to cell, and very large proteins are unable to move via PD. While GFP (27 kDa)
quickly moves into neighboring cells (to levels detectable by fluorescence microscopy
within minutes or hours), 2xGFP (54 kDa) moves much more slowly, and 3xGFP (81
kDa) is often unable to exit the cell where it is expressed (Brunkard et al., 2015c; Kim
and Zambryski, 2005; Kim et al., 2005b). Indeed, broad surveys determining the
mobility of a total of nearly 100 transcription factors (TFs) fused to fluorescent proteins
in roots have found that, at minimum, about one-third of TFs can move through PD, and
that protein size strongly correlates with the distance TFs move from their original cells
(Lee et al., 2006; Rim et al., 2011). The second feature known to affect protein
movement is subcellular targeting. Proteins encoding strong subcellular localization
signals are often sequestered before they encounter PD, for example in the ER lumen
or in organelles (Crawford and Zambryski, 2000).

Sequestration is a third mechanism that regulates the intercellular movement of
proteins. In this model, often called the ‘nuclear trapping’ hypothesis, a protein's
movement is affected by the presence of interacting partners that limit its availability for
movement by sequestering the protein in the nucleus, a principle first described for the
SHORT ROOT transcription factor (Cui et al., 2007; Schiefelbein et al., 2014) (Figure
1.3). A recently elaborated example is a complex of proteins including TRANSPARENT
TESTA GLABRA 1 (TTG1, a WDA40 repeat protein), GLABRA 3 (GL3, a bHLH TF), and
GLABRA 1 (GL1, a Myb TF) that promote differentiation of scattered cells on the leaf
surface to generate trichomes (‘leaf hairs’) (Balkunde et al., 2011; Bouyer et al., 2008).
TTG1 freely moves between cells in the epidermis in the absence of GL3, but in cells
where GL3 is expressed, TTG1 becomes ‘trapped’ in the nucleus with GL3 (Balkunde et
al., 2011) (Figure 1.3a). TTG1 is then retained by that cell, which becomes a sink for
TTG1 protein from nearby cells that are not expressing GL3, effectively depleting TTG1
levels from the region (Figure 1.3b), which probably contributes to the formation of a
pattern of evenly dispersed trichomes across the leaf surface (Figure 1.3c) (Bouyer et
al., 2008). In another example of sequestration, intercellular movement of the
WUSCHEL TF is restricted by its homodimerization domain, which likely limits its ability
to exit the nucleus and/or move through PD due to increased size as a dimer (Daum et
al., 2014; Yadav et al., 2011).

Two further, speculative mechanisms that could prevent protein mobility remain
under-examined. First, some proteins might restrict PD transport to limit their own
movement. For example, a TF might promote expression of callose synthase genes that
deposit callose around PD to limit intercellular transport, effectively preventing that TF
from moving. Second, a cell may inhibit the activity of mobile proteins through protein
degradation or deformation. This proposal is supported by the discovery that a TF
fusion, GL1-KN1, requires refolding by chaperonins to function in the epidermis after



ectopic expression in adjacent tissue (Kragler et al., 1998; Xu et al., 2011). While we do
not know whether only an unfolded conformation of GL1-KNL1 is available for trafficking
through PD in the first place, or whether movement through PD somehow disrupts GL1—
KNL1 structure, this study opens the possibility that cells could preferentially degrade or
alter the structure of incoming proteins from neighboring cells to restrict their activity.

PD control differentiation and development

Since plant cells are in constant communication via PD, cells often need to
isolate themselves by reducing PD transport to differentiate and acquire a new genetic
program. Indeed, PD transport is often drastically restricted around regions of cells
during morphogenesis, including during embryogenesis, inflorescence development,
and lateral root formation (Benitez-Alfonso et al., 2013; Gisel et al., 1999, 2002; Kim
and Zambryski, 2005; Kim et al., 2005a, 2005b; Maule et al., 2013; Rinne and van der
Schoot, 1998; Sager and Lee, 2014) (Figure 1.4). Exploring the lateral root example,
Benitez-Alfonso et al. showed that PD transport around differentiating lateral roots is
inhibited by callose deposition. Furthermore, this reduction in PD transport is required
for regular lateral root formation, and excess lateral roots form in mutants with increased
callose deposition at PD in roots (Benitez-Alfonso et al., 2013). This takes the
hypothesis one step further: not only does restricted intercellular communication permit
differentiation and developmental reprogramming, but reducing PD transport is sufficient
to induce ectopic organogenesis. How does PD transport have such a powerful effect
on plant development?

In the case of initiating lateral roots, cellular isolation allows the phytohormone
auxin to accumulate to a high concentration. Auxin is directed to these progenitor cells
through the activity of plasma membrane transporters, where auxin is perceived by
intracellular receptors that promote the expression of callose synthase (Han et al.,
2014). Without callose deposition, PD allow auxin to passively flow backwards along the
concentration gradient (against the direction of active transport by transmembrane efflux
carriers) (Rutschow et al., 2011); with callose deposition, the auxin can accumulate to
higher and higher levels. Thus, a positive feedback loop trapping auxin in a small region
of cells allows sufficient auxin buildup to trigger organogenesis. These findings illustrate
the central role of dynamically regulated PD transport in plant development, and
highlight the need to integrate growing knowledge of PD biology with research on
morphogenesis and phytohormone signaling.

Differentiation of guard cells in the shoot epidermis is also regulated by PD
transport. Stomatal guard cell differentiation is initiated by a transcription factor,
SPEECHLESS (SPCH) (Vatén and Bergmann, 2012). Forward genetic screens for
defective guard cell patterning identified two mutants, chorus and kobitol, both with
increased PD transport that allows SPCH to traffic out of a differentiating guard cell and
initiate spurious guard cell formation (Guseman et al., 2010; Kong et al., 2012). This
results in clusters of guard cells instead of evenly spaced, separate stomata across the
leaf surface.

chorus is a weak recessive allele of GLUCAN SYNTHASE-LIKE 8 (GSLS8), a
gene that encodes a putative callose synthase (Chen et al., 2009; Guseman et al.,
2010; Zavaliev et al., 2011). Callose is a cell wall polysaccharide, 3-1,3-glucan, that
restricts intercellular transport when deposited just outside PD (Figure 1.1), and is also
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deposited at the cell plate during cytokinesis (Zavaliev et al., 2011). Plants with a strong
loss-of-function allele of gsI8 are defective in cell division and have an extremely
disorganized epidermis, including aggregation of guard cells, possibly due to incomplete
cytokinesis or due to changes in PD transport of developmental signals (Chen et al.,
2009). In chorus mutants, which do not show strong defects in cell division, callose does
not accumulate to wild-type levels at PD, and PD transport increases accordingly
(Guseman et al., 2010). Moreover, whereas SPCH-YFP does not move from cell to cell
in wild-type plants, SPCH-YFP readily travels through PD in chorus mutants (Guseman
et al., 2010). These findings support the conclusion that callose-mediated restriction of
PD transport to isolate differentiating cells is required for epidermal patterning.

Similar to chorus, plants with a recessive allele of KOBITO1 form clusters of
guard cells and have increased PD transport permitting intercellular transport of SPCH
(Kong et al., 2012). Unlike chorus, however, kobitol mutants do not show defects in
callose deposition at PD, and may even overproduce callose. KOBITOL1 is a putative
glycosyltransferase-like protein of unknown function previously implicated in cellulose
biosynthesis (Brocard-Gifford et al., 2004; Pagant et al., 2002). Mutants defective in
cellulose biosynthesis do not show kob1-like phenotypes, however, suggesting that
KOBITOL1 functions in another, as yet uncharacterized pathway restricting PD
movement.

Intracellular regulators of intercellular transport: organelle-nucleus-PD signaling

In the last decade, three mutant screens were conducted to identify genes
regulating PD transport. The first looked for altered movement of fluorescent tracers in
embryo-defective mutants, reasoning that any mutant with strong effects on PD
transport would exhibit severely disrupted development [3]. From this screen, four
mutants have been characterized so far: increased size exclusion limit 1 and 2 (isel
and ise2), which have increased PD transport, and decreased size exclusion limit 1
(dsel), which has decreased PD transport (Burch-Smith et al., 2011b; Kim et al., 2002,
Kobayashi et al., 2007; Stonebloom et al., 2009; Xu et al., 2012a). A follow-up study of
ISE2 function led to the identification another embryo-defective mutant with increased
PD transport, clp protease proteolytic subunit 2 (clpr2) (Carlotto et al., 2015). Two other
screens searched for mutants with decreased protein movement either from the phloem
to surrounding tissues or from the mesophyll to the epidermis. These efforts led to the
characterization of two PD mutants: gfp arrested trafficking 1 (gatl) and chaperonin
containing TCP1 8 (cct8) (Benitez-Alfonso et al., 2009; Fichtenbauer et al., 2012; Xu et
al., 2011). Unexpectedly, none of the genes recovered from these screens encode
proteins that localize to PD. ISE1 and ISE2 are RNA helicases that localize to
mitochondria and plastids, respectively; DSEL1 is a WD40-repeat containing protein
found in the cytoplasm and nucleus; GATL1 is a plastid-localized thioredoxin; and CCT8
is a cytoplasmic chaperonin subunit.

Intriguingly, four of these six mutants contribute to a single narrative: PD function
and formation are strongly regulated by intracellular signals originating from
mitochondria and plastids. Beyond dramatically increasing PD transport and formation
[14], loss of either ISE1 or ISE2 affects the expression of ~3000 genes; genes that
encode chloroplast proteins are remarkably overrepresented in both transcriptomes



(Burch-Smith et al., 2011b). Loss of CIpR2, an essential component of the chloroplast
Clp protease machinery that is required for chloroplast biogenesis, has similar impacts
on chloroplast genome expression as ise2, and probably affects PD transport through
the same pathways as the isel and ise2 mutants (Carlotto et al., 2015). PD transport is
severely reduced in mutants lacking the plastid thioredoxin m3, which overproduce
hydrogen peroxide (H202), a known upstream signal impacting intracellular processes
and nuclear gene expression (Benitez-Alfonso et al., 2009). Together, these results
demonstrate that there must be extensive signaling among organelles, the nucleus, and
PD to coordinate intercellular transport (Brunkard et al., 2013; Burch-Smith et al.,
2011b). Physiological studies reinforced this model by showing that changes in the
redox states of mitochondria or chloroplasts serve as upstream signals to rapidly alter
PD transport (Stonebloom et al., 2012). All of these findings have been extensively
discussed (Brunkard et al., 2013; Burch-Smith and Zambryski, 2012), and are
summarized in Figure 1.5a; here, | will focus on studies that lend further support to this
model.

Research on viral pathogenesis often provides insights into PD function, since
viruses pirate PD for their spread through plant tissues (Harries and Ding, 2011; Niehl
and Heinlein, 2011). In a stunning convergence of discoveries across different fields,
several studies revealed that chloroplast proteins can inhibit or enhance the spread of
tobamoviruses, potentially by modifying PD function (Figure 1.5c¢). Tobacco mosaic
virus (TMV) spreads more rapidly in tobacco plants that have silenced expression of the
plastid-localized ATP synthase gamma subunit (AtpC) or RuBisCO activase (RCA) [
18]. On the other hand, silencing expression of the RuBisCO small subunit (RbcS)
delays the spread of Tomato mosaic tobamovirus (ToMV) [ 19]. These observed
changes in pathogenesis could be related to several aspects of viral spread, such as
altered viral replication. In light of the mounting evidence that chloroplasts coordinate
PD transport, and that loss of ISE1 or ISE2 causes increased PD transport of
tobamovirus movement proteins in particular [ 14], future studies should also consider
that disrupting chloroplast function can have downstream effects on PD transport, and
that these changes in PD transport could be partially responsible for the observed
abnormal viral spread.

Studies focused on PD proteins have further emphasized the relationship
between chloroplasts and PD. Not only do chloroplasts regulate PD — changes in PD
transport in turn disrupt chloroplast function (Figure 1.5b). First, overexpression of
PDLP5 (a protein specifically localized at PD; see below), which decreases PD
transport [20 and 21], leads to chlorosis and overaccumulation of salicylic acid (SA), a
phytohormone synthesized in plastids [22]. Second, transgenic expression of the TMV
movement protein (P30), which predominantly localizes to PD and promotes viral
transport, leads to increased H202 accumulation, overaccumulation of SA, and
transcriptional induction of SA-response and chloroplast ROS-scavenging genes [23].
Older studies showed that transgenic P30 expression also decreases the rate of
photosynthetic carbon assimilation [24]. In concert, these discoveries imply that
chloroplasts are sensitive to alterations in PD function.



The parallel evolution of PD

PD-like structures have evolved independently in multiple lineages of brown and
green algae [71] (Figure 1.6), leading to the prevailing hypothesis that PD support the
evolution of complex, parenchymatous multicellular forms [1] in organisms whose cells
are surrounded by cellulosic cell walls. PD form in all land plants (embryophytes)
studied to date, including liverworts, mosses, hornworts, and polysporangiophytes
(‘'vascular’ plants). Our understanding of embryophyte PD evolution needs revision in
light of recent evidence on the relationships among land plants and three closely related
groups of green algae, Zygnematales, Coleochaetales, and Charales [72]. Current
phylogenies, based on strong molecular evidence, suggest that the closest relatives of
embryophytes are the Zygnematales or a clade composed of both Zygnematales and
Coleochaetales, which diverged from land plants over 450 million years ago. Previous
phylogenies had instead placed Charales as the sister clade to embryophytes, and
since many Charales species have PD-like channels between their cells, it was long
held that algal and embryophyte PD are homologous [71]. The Zygnematales, however,
do not have PD, and while Coleochaetales have channels between cells that are similar
to PD, their ‘PD’ generally lack the desmotubule found in all embryophyte PD.
Therefore, the ‘PD’ of green algae may not be homologous to the PD of embryophytes,
but possibly arose independently through parallel evolution. While comparative studies
of these various ‘PD’ are informative, we can no longer presume that the PD of green
algae are necessarily homologous to embryophyte PD, and at least provisionally
consider land plant PD to be a unique shared trait (synapomorphy).

Conclusion

Since the divergence of animals, plants, fungi, and algae from a single-celled
eukaryote over 1.5 billion years ago, each of these lineages independently evolved
multicellularity. Cell—cell signaling in complex multicellular organisms requires extensive
adaptations, including some parallel adaptations (e.g., remarkably similar PD in brown
algae, various green algae, and plants) and many divergent adaptations (gap junctions,
for example, have very little similarity to PD). Unlike animal cells, plant cells are not
autonomous by default, due to the constant exchange of signals between cells by PD.
Instead, plant morphogenesis relies on locally inhibiting PD transport, which establishes
autonomous domains that permit differentiation and development.

Going forward, PD biologists are getting closer to answering long-standing
guestions and face many exciting new questions. There is growing evidence that
callose deposition at PD is only one mechanism to restrict PD transport, but these other
mechanisms remain unknown. Genetic approaches, such as further characterization of
dsel, a mutant with decreased PD transport but no large callose deposits at PD, hold
promise for discovering these callose-independent mechanisms of regulating PD
function [ 18]. We still do not know how PD form after cell division, a major missing
piece in our knowledge of PD; again, genetics will lead the way, since our first clue is
mutants in the ONPS pathway that increase PD formation [ 4, 5 and 69]. Several critical
protein components of PD have been characterized; while proteomic studies suggest
that many more proteins can localize near PD, we do not yet know if these proteins
have biologically important roles in regulating PD function. All recent evidence
demonstrates that there is dynamic and coordinated regulation of PD transport.



Chloroplasts and mitochondria regulate PD at the intracellular level, while PD and
phytohormones interact on larger scales during growth and development. As the pieces
of the puzzle are assembled, the next major task for PD biologists will be to integrate
cellular and physiological perspectives on PD biology to develop a complete picture of
how these remarkable structures facilitate multicellular plant life.
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Figure 1.1. Scaled cartoon model of a plasmodesma, following Tilsner et al. [ 55].
Plasmodesmata are plasma membrane-lined channels that cross the cell wall,
containing cytosol and a central, tightly compressed strand of endoplasmic reticulum
called the desmotubule (purple). The cytosol is continuous between adjacent cells,
allowing small and large molecules to move from one cell to the next. Here, GFP
(green) is moving via diffusion through PD. Callose deposition bordering PD (light blue
areas) negatively regulates PD transport, and is mediated by callose synthases (blue
squares, left). Degradation of callose bordering PD positively regulates PD transport,
and is mediated by B-1,3-glucanases (dark blue hexagons with membrane-spanning
tails, right). Some PD proteins affect PD transport through unclear mechanisms, such
as PDLP5 (purple circles with membrane-spanning tails, left), which here is shown
inhibiting GFP transport, possibly by promoting local callose synthesis.
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Figure 1.2. Plasmodesmata are conduits through the cell wall that allow cytosolic flow
between neighboring cells. (a) Molecules in the cytosol, whether small molecules, like
ions, sugars, and phytohormones, or large molecules, such as transcription factors and
RNAs, can move across the cell wall boundary (brown) through PD (white interruptions
in the cell wall). A single PD is enlarged to illustrate ultrastructure (center): the external
PD membrane (dark brown) is continuous with the plasma membrane, the internal
desmotubule (dark blue membranes, light blue lumen) is tightly compressed ER that
can have almost no lumenal space, and the cytosolic sleeve between these membranes
(white) allows molecules to flow between cells. (b) PD (yellow) are dispersed around the
cell walls (magenta) of plant cells in the leaf epidermis. PD are marked by the
movement protein of Tobacco mosaic virus fused to YFP (transiently expressed in a
tobacco relative, Nicotiana benthamiana), and the cell walls and nuclei are stained with
propidium iodide.
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Figure 1.3. Subcellular sequestration of proteins creates intercellular concentration
gradients that drive developmental patterning. (a) TTG1 (a WD40-repeat protein, red) is
expressed throughout the epidermis, but when it encounters cells expressing GL3
(yellow), TTG1 and GL3 interact and are sequestered in the nucleus (blue), where they
initiate trichome development. (b) TTG1 proteins move freely between cells via PD, but
are rapidly sequestered in the developing trichome by GL3. This effectively depletes
TTGL1 levels in cells near the trichome. (c) TTGL1 is depleted from regions surrounding
developing trichomes (TTG1 concentration gradient indicated by red arrows). Without
TTG1, cells near the developing trichome are unable to initiate trichome differentiation.
Thus, regional reduction of TTG1 establishes a disperse pattern of trichomes.
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Figure 1.4. PD transport decreases to facilitate plant morphogenesis by isolating
differentiating cells. (a) PD transport is unrestricted in young, globular stage embryos
(left, green), which receive resources from the rest of the developing seed by a
suspensor (green stalk). As the embryo develops, PD transport becomes restricted (red
lines), especially at the boundaries of developing organs (middle). Eventually, several
domains are established (right: cotyledons (embryonic leaves), green; shoot-root axis,
gold; epidermis, purple; root cap, light blue). Molecules freely transport within each
domain, but PD transport is limited between the domains (red lines). (b) As the root
grows, the progenitor cells of new lateral roots become temporarily isolated (middle,
dark gray regions surrounded by red lines) while they initiate organogenesis. PD
transport to the developing lateral roots is later restored (right). (c) The vegetative shoot
apex, shown here in longitudinal section, is also divided into several domains (indicated
by red lines where PD transport is restricted). Stem cells (pink) are isolated from
differentiating cells (blue), leaf primordia (green), and the underlying central zone (gold).
During the transition from vegetative to reproductive growth, the apex is temporarily
isolated from the rest of the plant (middle, gray; red line at base of apex indicates
restricted PD transport), but transport into the apex is restored once the inflorescence
meristem is established (right; floral primordia, mauve).
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Figure 1.5. (a) Plasmodesmata function and formation are coordinated by changes in
chloroplast (green) and mitochondrial (red) function. These changes alter expression of
nuclear genes (blue) through organelle retrograde signaling pathways (black arrows).
Loss of organelle RNA helicases (ISE1 or ISE2) causes dramatic changes in nuclear
gene expression and increases PD transport and biogenesis. ROS produced
specifically in the mitochondria also positively regulates PD function. On the other hand,
superoxide formation in the chloroplast or loss of either GAT1 or Sxd1 [56 and 57]
(which also leads to oxidation of the chloroplast redox state) negatively regulate PD
function. (b) PD function regulates chloroplast physiology: PDLP5 or P30 expression
cause increased ROS formation, SA biosynthesis, and decreased photosynthesis. (c)
Various chloroplast proteins also impact tobamoviral spread, possibly through effects on
PD function.
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Figure 1.6. Evolution of multicellularity and adaptations that facilitate intercellular
transport and signaling. PD evolved independently in several lineages of brown algae
and green algae (depicted as cellulosic cell walls, brown, with cytosolic channels,
white). Land plant PD contain a tightly compressed strand of ER called the
‘desmotubule’ (shown in blue). Some closely related algae may have ‘PD’ (some
Charales and Coleochaetales), although these PD lack the desmotubule. Other close
relatives of land plants never have PD (Zygnematales). Filamentous fungi form septal
pores that allow cytoplasm to move between cells (cytoplasm, yellow; chitinous cell wall,
black lines). Animal cells use a variety of mechanisms for cell—cell signaling, including
signal exchange at the cellular surface (as in a chemical synapse, depicted in green;
receptors in purple), gap junctions (as in an electrical synapse, depicted in blue; gap
junction proteins in yellow), and cytonemes (cells in pink, cytonemes black extensions
from the plasma membrane).
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Chapter Two: Chloroplasts extend stromules independently and in response to internal
redox signals

This following chapter is a modified version of an article published in Proceedings of the
National Academy of Science USA (Brunkard et al., 2015b).

Abstract: A fundamental mystery of plant cell biology is the occurrence of “stromules”,
stroma-filled tubular extensions from plastids (such as chloroplasts) that are universally
observed in plants but whose functions are, in effect, completely unknown. One of the
most prevalent hypotheses is that stromules exchange signals or metabolites between
plastids and other subcellular compartments and that stromules are induced during
stress. Until now, however, no signaling mechanisms originating within the plastid have
been identified that regulate stromule activity, a critical missing link in this hypothesis.
Using confocal and superresolution three-dimensional microscopy, we show that
stromules form in response to light-sensitive redox signals within the chloroplast.
Stromule frequency increased during the day or after treatment with chemicals that
produce reactive oxygen species specifically in the chloroplast. Silencing expression of
the chloroplast NADPH-thioredoxin reductase (NTRC), a central hub in chloroplast
redox signaling pathways, increased chloroplast stromule frequency, while silencing
expression of nuclear genes related to plastid genome expression and tetrapyrrole
biosynthesis had no impact on stromules. Leucoplasts, which are not photosynthetic,
also make more stromules in the day. Leucoplasts do not respond to the same redox
signaling pathway, but instead increase stromule formation when exposed to sucrose, a
major product of photosynthesis, although sucrose had no impact on chloroplast
stromule frequency. Thus, different types of plastids make stromules in response to
distinct signals. Finally, isolated chloroplasts can make stromules independently after
extraction from the cytoplasm, suggesting that chloroplast-associated factors are
sufficient to generate stromules. These discoveries demonstrate that chloroplasts are
remarkably autonomous organelles that alter their stromule frequency in reaction to
internal signal transduction pathways.

INTRODUCTION

Chloroplasts, the descendants of ancient bacterial endosymbionts, exert
impressive influence over processes that are not directly related to their metabolic roles.
In recent years, forward genetic screens have led to the discoveries that chloroplasts
are critical regulators of leaf shape, cell-cell signaling through plasmodesmata,
pathogen defense, and even alternative splicing in the nucleus (Avendafo-Vazquez et
al., 2014; Burch-Smith et al., 2011b; Estavillo et al., 2011; Koussevitzky et al., 2007;
Nomura et al., 2012; Petrillo et al., 2014; Stonebloom et al., 2012; Xiao et al., 2012). In
almost all of these pathways, however, the signaling route between the chloroplast and
the nucleus is unknown. This is a pressing question for plant biology and cell biology in
general: how do organelles communicate with the nucleus to coordinate genetic
programs and cellular function? One possible route for this communication is
stromules, which are stroma-filled tubular extensions of unknown function from plastids
(Hanson and Sattarzadeh, 2011; Kohler et al., 1997; Schattat et al., 2012a).
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Stromules were first observed in spinach cells (Wildman et al., 1962), and have
since been observed in every cell type and land plant species investigated to date
(Natesan et al., 2005). Several studies have identified conditions that can induce or
decrease stromule formation (Erickson et al., 2014; Gray et al., 2012; Holzinger et al.,
2007; Natesan et al., 2009; Schattat and Klésgen, 2011), concluding that stromule
frequency can change in response to abiotic stress, phytohormone signaling, and
massive disruption of cellular function (such as strong inhibition of cytosolic translation
or of actin microfilament dynamics). Almost nothing is known about the genetics of
stromules; some mutants with strong morphological defects in plastids, such as mutants
with improper plastid division or lacking plastid mechanosensitive channels, cannot form
stromules at normal frequencies, but these plastids are so severely misshapen that their
stromule frequencies cannot be directly compared to wild-type plastids (Holzinger et al.,
2008; Veley et al., 2012). Few experiments have tested whether signals inside plastids
can affect stromule frequency, and to date, these experiments (for example, treatment
with antibiotics that interfere with plastid genome expression(Gray et al., 2012)) have all
suggested that stromule frequency is not regulated by internal plastid biology. Here, we
test whether light-sensitive redox signaling pathways initiated within chloroplasts
regulate stromule activity.

RESULTS AND DISCUSSION

Chloroplasts make more stromules during the day

We began our study by conducting a time course to determine the effects of light
on chloroplast stromule formation. For all in planta experiments (except where noted
otherwise), we observed stromules in the proximal abaxial epidermis of cotyledons of
young Nicotiana benthamiana or Arabidopsis thaliana plants, or in the proximal abaxial
epidermis of young leaves two weeks after silencing gene expression with virus-induced
gene silencing (VIGS). We collected a single z-stack of confocal images of only one
leaf of each plant, and considered plants as independent samples (the number of plants
observed for each treatment for an experiment is listed throughout as n). Thus, each
experiment considers the stromule frequency determined from hundreds, thousands, or
even tens of thousands of plastids.

Over the course of two days, we measured stromule frequency in cotyedons from
young N. benthamiana seedlings every four hours, and found significantly more
stromules during the day than during the night (Figure 2.1, S2.6). In the day, 20.8% *
1.8% of chloroplasts had stromules, but only 12.8% + 0.9% of chloroplasts had
stromules at night (n = 22, p < 0.0005; throughout, stromule frequencies are reported as
percentages + standard errors). There was no significant difference in stromule
frequency between the first and second day or between the first and second night,
indicating that the observed changes were reactions to the changing light environment
rather than a progressive developmental change over 48 hours. Past studies
investigating the relationship between chloroplast stromule frequency and light reported
that light decreases stromule frequency in seedling hypocotyls during de-etiolation after
skotomorphogenesis, and that constant darkness or only blue light increase stromule
frequency after photomorphogenesis (Gray et al., 2012). The apparent discrepancy
between these conclusions and our results showing that light promotes chloroplast
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stromule formation is explained by the different plastid types used in the de-etiolation
experiment (etioplasts transitioning to become chloroplasts) and the dramatic
developmental and physiological transitions used in both experiments (constant
darkness to constant light, or vice-versa) that are not reflective of typical chloroplast
stromule behavior in normal, healthy plants. We conclude that light promotes
chloroplast stromule formation during the day.

ROS inside chloroplasts promote stromule formation

Plants sense light with the pigments of the photosynthetic electron transport
chain (pETC) in the chloroplast or with photoreceptors elsewhere in the cell (Hughes,
2013). We tested whether stromule frequency responds specifically to light sensed by
the chloroplast itself by chemically inhibiting pETC activity. We used two pETC
inhibitors: DCMU (3-(3,4-dichlorophenyl)-1,1-dimethylurea) and DBMIB (2,5-dibromo-6-
isopropyl-3-methyl-1,4-benzoquinone). DCMU prevents reduction of plastoquinone
(PQ) at photosystem Il and generates singlet oxygen, whereas DBMIB prevents
plastoquinols (PQH:) from reducing the cytochrome bef complex and generates
superoxide (Petrillo et al., 2014). We measured the effects of DCMU and DBMIB on the
chloroplast stromal redox status as monitored by a stromal redox-sensitive transgenic
GFP biosensor, pt-roGFP2 (Stonebloom et al., 2012), to find very low active
concentrations of each compound with our treatment technique, and found that 10 uM
DCMU or 12 uM DBMIB are sufficient to strongly oxidize redox buffers in the chloroplast
stroma, with the normalized proportion of oxidized pt-roGFP2 rising from 20.0% + 3.5%
in control conditions to 68.9% * 3.0% after 10 yM DCMU treatment or 41.5% = 7.1%
after 12 uM DBMIB treatment (n = 28, p < 0.01) (Figure S2.7).

We assessed the stromule frequency two hours after treating N. benthamiana
cotyledons with either of the photosynthesis inhibitors (Figure 2.2A-C, S2.7A-C). In the
epidermal chloroplasts of mock treated cotyledons, the average chloroplast stromule
frequency was 9.2% + 1.4%. After treatment with DCMU or DBMIB, stromule frequency
increased by more than half, to 15.5% + 2.6% with DCMU or 16.8% + 2.9% with DBMIB
(n =20, p<0.05). This suggests that stromule formation responds to light-sensitive
redox signals inside the chloroplast, the first demonstration that internal chloroplast
pathways may regulate stromules.

Unlike N. benthamiana, the epidermis of A. thaliana has two distinct types of
plastids: chloroplasts in the guard cells and leucoplasts in the pavement cells (Figure
S2.8). Leucoplasts are not photosynthetic, but like chloroplasts, they have many other
roles in metabolism and storage. As in N. benthamiana epidermal chloroplasts, DCMU
and DBMIB promote stromule formation in guard cell chloroplasts of A. thaliana
cotyledons, raising the stromule frequency from 15.7% * 3.8% to 28.1% * 4.0%
(DCMU, n =216, p <0.05) and 48.1% + 6.3% (DBMIB, n = 10, p < 0.0005) (Figure 2.2D).
This demonstrates that the induction of chloroplast stromules by DCMU and DBMIB is
conserved in evolutionarily divergent plants (N. benthamiana is an asterid and A.
thaliana is a rosid, with the last common ancestor of the two species living over 100
million years ago (Bell et al., 2010)). Leucoplasts in the epidermis of A. thaliana, on the
other hand, were unaffected by DCMU and DBMIB treatment (14.6% + 3.4% in control
conditions versus 14.6% * 2.8% with DCMU, n = 16, p = 0.98, and 13.5% + 4.3% with
DBMIB, n = 10, p = 0.84), showing that the effects of DCMU and DBMIB are specific
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responses to their roles interfering with the pETC (Figure 2.2E). To further test whether
stromules form in response to the chloroplast redox status specifically, as opposed to
any oxidative stress in the cell, we also treated A. thaliana cotyledons with SHAM.
SHAM inhibits the mitochondrial alternative oxidase, which leads to rapid and strong
oxidation of mitochondrial redox buffers (Stonebloom et al., 2012). SHAM did not
impact chloroplast stromule formation in A. thaliana (15.7% + 3.8% in control versus
12.8% + 3.3% with SHAM, n = 13, p = 0.57), supporting the hypothesis that chloroplast
stromule frequency is specifically regulated by the redox status of the chloroplast
(Figure 2.2F, S2.9).

In summary, low concentrations of DCMU or DBMIB are sufficient to induce
significant increases in stromule frequency within only two hours. This is apparently not
a secondary effect of broad disruption of cellular metabolism or redox homeostasis,
since leucoplasts, which are not photosynthetic, are unaffected by the treatments, and
disrupting mitochondrial function and generating ROS in mitochondria by SHAM
treatment does not affect chloroplast stromule frequency. Thus, light-sensitive redox
cues inside chloroplasts specifically affect stromule frequency.

NADPH-dependent thioredoxin c regulates chloroplast stromule frequency

Signaling from chloroplasts to other organelles within the plant cell is critical for
plant survival and development (Chi et al., 2013; Woodson and Chory, 2008).
Chloroplast-to-nucleus signaling is transduced through several pathways, some of
which are light sensitive. We used VIGS in N. benthamiana as a reverse genetic
approach (Brunkard et al., 2015c) to determine whether disrupting the light-sensitive
chloroplast-to-nucleus signal transduction pathways impacts stromule formation. VIGS
strongly reduces gene expression in young leaves within one to two weeks of infection
by generating small RNAs that specifically target a gene for post-transcriptional
silencing (Brunkard et al., 2015c).

Chloroplasts contain their own genomes encoding about 80 proteins (mostly
related to photosynthesis or transcription and translation), and light exerts control over
plastid genome expression (PGE) at transcriptional and post-transcriptional levels
(Barkan, 2011). Thus, we first focused on NbISE2, an essential plastid RNA helicase
required for healthy chloroplast biogenesis and PGE (Burch-Smith et al., 2011b).
Without ISE2, hundreds of nuclear genes involved in photosynthesis are strongly
downregulated (Burch-Smith et al., 2011b). Silencing NbISE2 gene expression had no
impact on stromule frequency, however (6.8% + 1.0% in controls versus 6.6% + 0.9%
after silencing NbISE2, n = 8, p = 0.85) (Figure 2.2J, S2.10), which agrees with past
reports that antibiotics directly interfering with PGE, such as lincomycin, have no effect
on stromule frequency (Gray et al., 2012).

PGE coordinates the expression of photosynthesis-associated nuclear genes
through a signal transduction pathway mediated by tetrapyrrole metabolism (Chi et al.,
2013; Terry and Smith, 2013; Woodson and Chory, 2008). Genetic disruptions to
tetrapyrrole metabolism, specifically defects in the branch point between heme and
chlorophyll biosynthesis, interfere with chloroplast biogenesis and photosynthesis (Terry
and Smith, 2013). We next tested whether loss of NbGUN2, a chloroplast heme
oxygenase that participates in chloroplast-to-nucleus communication, impacts stromule
formation. As with NbISE2, silencing NbGUN2 gene expression had no impact on
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chloroplast stromule frequency (7.2% * 1.3% after silencing NoGUN2, n =8, p = 0.82)
despite causing clear physiological stress and chlorosis (Figure 2.2J, S2.10-S2.12).

We then silenced the expression of the chloroplast NADPH-dependent
thioredoxin reductase (NbNTRC) (Figure S2.13, S2.14), which regulates the redox
status and activity of myriad chloroplast proteins and is a critical hub in chloroplast
redox signal transduction (Michalska et al., 2009). Silencing NbNTRC more than
doubles stromule frequency (13.7% + 1.7%, n = 8, p < 0.01), providing genetic evidence
that redox signaling within the chloroplast regulates stromule formation (Figure 2.2J—L,
S2.10, S2.13, S2.14). Moreover, NobNTRC is now the first gene identified that regulates
stromule frequency without other apparent effects on chloroplast shape.

Sucrose promotes stromule formation in epidermal leucoplasts, but not in
chloroplasts

Schattat et al. reported that stromule frequency increases during the day in the
epidermal leucoplasts of A. thaliana (Schattat et al., 2012b). Since leucoplasts do not
contain pigments and do not respond to DCMU or DBMIB, we sought another
hypothesis to explain why leucoplast stromule frequency is light responsive.
Physiologically, one of the major impacts of light on epidermal pavement cells is an
increase in sucrose imported from underlying cells that contain photosynthesizing
chloroplasts. Previous reports had indicated that stromule frequency is sensitive to
sugar levels, but with inconsistent conclusions (Schattat et al., 2011). We found that
epidermal leucoplast stromule frequency rises remarkably following sucrose treatments
in A. thaliana (33.9% * 3.8% with sucrose versus 11.8% * 3.9% without sucrose, n = 8,
p <0.001) (Figure 2.2H, S2.15). Chloroplast stromule frequency, on the other hand, did
not respond to sucrose treatments in either the epidermal guard cells or mesophyll of A.
thaliana (in the epidermis, 15.4% + 3.9% with sucrose versus 15.7% + 3.8% without, n =
8, p = 0.96; in the mesophyll, 5.0% + 0.9% with sucrose, 6.3% * 1.7% without sucrose,
n =38, p=0.52) (Figure 2.2G, 2.21, S2.15). These results imply that different plastid
types employ separate signaling pathways to induce stromule formation.
Isolated chloroplasts can form stromules

With the finding that signals originating within the chloroplast can trigger stromule
formation, we then explored whether stromule formation is dependent on cytosolic
structures (e.g., the cytoskeleton) as has been previously suggested (Hanson and
Sattarzadeh, 2011; Natesan et al., 2009), or if chloroplasts can make stromules on their
own. Past studies have argued that stromule formation is guided and supported by the
cytoskeleton and endoplasmic reticulum, but it is unknown whether stromules require
these external factors to form (Hanson and Sattarzadeh, 2011; Schattat et al., 2011).
To address this question, we extracted chloroplasts from leaves of N. benthamiana, A.
thaliana, and Spinacia oleracea using well-established methods for isolating functional,
undamaged chloroplasts (Joly and Carpentier, 2011). We visualized chloroplast stroma
either with GFP by extracting chloroplasts from leaves expressing plastid-targeted GFP
or with a supravital stain, carboxyfluorescein diacetate (CFDA), which only fluoresces
after hydrolysis by carboxylesterases in the chloroplast stroma (Schulz et al., 2004).
We easily found isolated chloroplasts with intact stromules in all three species and
regardless of staining technique (Figure 2.3, S2.16). The stromules were dynamic and
could grow very long, sometimes extending more than 150 ym from chloroplasts only 4
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to 6 um in diameter (Figure S2.16). As in plant cells, stromules were often bent and
curved along their lengths, while some stromules were instead very long and straight
(Figure 2.3, S2.16). Using time-lapse microscopy, we repeatedly observed isolated
chloroplasts form apparently new stromules, validation that chloroplasts can generate
stromules independently; stromules are absent in the first frames of chloroplasts
visualized in Figure 2.3D, 2.3E, but they appear and lengthen over the course of 8
minutes (see also Movies S1 and S2).

Superresolution microscopy illuminates stromule ultrastructure

Since stromules can form in isolation after extracting chloroplasts from their
cellular context, we decided to further investigate stromules using superresolution
microscopy to gain new insight into their ultrastructure, which will inform future efforts to
discover the chloroplast-associated structural components responsible for stromule
formation. The diameter of stromules is postulated to be less than 200 nm, but this size
is below the diffraction limit of conventional light microscopy (Schattat et al., 2012b),
even under optimal conditions. Stromules are challenging to visualize by transmission
electron microscopy, since stromule membranes are not easily distinguished from other
membranes in thin sections required for conventional electron microscopy. We used
three-dimensional structured illumination microscopy (3D-SIM) to obtain the highest
resolution images of wild-type stromules to date, and show some representative
examples here (Figure 2.4, Movie S3) (Schulz et al., 2004). The improved resolution of
3D-SIM is illustrated by the well-defined thylakoid grana in 3D-SIM images (Figure
2.4B-E) compared to thylakoids visualized by more conventional confocal scanning
laser microscopy (Figure 2.4A).

At their smallest, we observed stromules less than 150 nm in diameter (Figure
2.4E), and since this is approximately the resolution of 3D-SIM, stromules could be
even narrower. 3D-SIM also revealed striking variability in stromule diameter along the
length of an individual stromule. Stromules often were narrowest near the chloroplast
body, and then typically varied between about 200 nm to about 600 nm wide at different
positions along their lengths, as shown in an example here (Figure 2.4E). The
variability in stromule width was apparent whether we observed chloroplasts in planta or
after isolation, suggesting that structural factors inside the chloroplast could be
responsible for the heterogeneous diameter of stromules.

CONCLUSIONS

Chloroplasts are extraordinarily independent organelles, with their own genomes,
as many as three thousand different proteins, and an array of biochemical activities
ranging from photosynthesis and carbon fixation to the synthesis of amino acids, fatty
acids, hormones, and pigments. Here, we have shown that chloroplasts are even more
independent, generating stromules in response to changes in the internal chloroplast
redox status in a pathway regulated by the chloroplast NADPH-dependent thioredoxin
reductase NTRC. Leucoplasts, non-photosynthetic plastids, do not make stromules in
response to the same redox cues as chloroplasts, but are instead responsive to sucrose
concentrations, demonstrating that different types of plastids form stromules in
response to different signals. We propose a model consistent with these findings that
light promotes stromule formation in leaves by increasing ROS in chloroplasts (Lai et
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al., 2012) and by increasing sucrose levels in cells with leucoplasts (Figure 2.5).
Previous reports have investigated stromules using a variety of plastid types in a broad
range of species and tissues, generally assuming that stromules act similarly in all cells
(Erickson et al., 2014; Gray et al., 2012; Hanson and Sattarzadeh, 2011; Holzinger et
al., 2007, 2008; Kohler et al., 1997; Natesan et al., 2005, 2009; Schattat and Klésgen,
2011; Schattat et al., 2012a; Wildman et al., 1962). In light of the clear differences in
signals that influence leucoplast and chloroplast stromule formation (Figure 2.2, 2.5),
future work will need to carefully consider the biological context of stromule activity.
With the discovery that stromules extend from chloroplasts independently of external
structures, analogies to cytonemes could help reveal the roles of stromules, since
cytonemes are comparable thin, tubular projections that extend from animal cells to
facilitate intercellular communication during development (Bischoff et al., 2013; Roy et
al., 2014). While the function of stromules remains unknown, it is worth speculating that
they similarly facilitate signal transduction between organelles, since stromules have
been observed associating with the nucleus, plasma membrane, endoplasmic reticulum,
and other plastids (Hanson and Sattarzadeh, 2011; Schattat et al., 2011, 2012a).

Numerous studies in just the past few years have demonstrated the vital
importance of chloroplast-to-nucleus signaling in plant growth and responses to stress
(Avendafo-Vazquez et al., 2014; Burch-Smith et al., 2011b; Chi et al., 2013; Estavillo et
al., 2011; Koussevitzky et al., 2007; Nomura et al., 2012; Petrillo et al., 2014;
Stonebloom et al., 2012; Terry and Smith, 2013; Woodson and Chory, 2008; Xiao et al.,
2012), with critical agricultural implications, but the structural pathways underlying this
signal transduction remain largely uncharacterized. Stromules may contribute to these
pathways, since they dynamically respond to physiological signals inside the
chloroplast, and continued study of stromules may illuminate how chloroplasts
physically interact with their environment to coordinate cellular function.

Acknowledgments: J.0.B. and A.M.R. were supported by pre-doctoral fellowships
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stromule counts and S.E. Ruzin and D. Schichnes for microscopy support.
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METHODS

Plant and chemical materials

For most Nicotiana benthamiana studies, we used a stable transgenic stromal
fluorescent marker line, 35Spro:FNRtp:EGFP, elsewhere called “pt-GFP” (Schattat et
al., 2011). We also used the N. benthamiana wild-type accession Nb-1 for isolation of
wild-type chloroplasts. For Arabidopsis thaliana studies, we used a stable transgenic
stromal fluorescent marker line (Stonebloom et al., 2012), 35Spro:RbcStp:roGFP2,
elsewhere called “pt-roGFP2". pt-roGFP2 was also used for measuring stromal redox
status.

We obtained DCMU (3-(3,4-dichlorophenyl)-1,1-dimethylurea, also known as
Diuron, product number D2425), DBMIB (2,5-dibromo-6-isopropyl-3-methyl-1,4-
benzoquinone, product number 271993), and SHAM (salicylhydroxamic acid, product
number S607) from Sigma-Aldrich. Concentrated stock solutions were prepared in
DMSO (dimethyl sulfoxide).

Microscopy

For all standard stromule visualization experiments, we used a Zeiss LSM 710
confocal microscope equipped with an acousto-optical tunable filter to tightly control
laser power. GFP was excited with a 488 nm laser with less than 0.25mW original
power and emissions from 500 nm to 530 nm were detected.

For three-dimensional structured illumination microscopy, we used a Zeiss Elyra
PS.1 microscope equipped with standard GFP and Cy5 filter sets.

Diurnal time course experiment

N. benthamiana stably expressing pt-GFP were grown for 5 days under 100 pmol
of photons m™2s™! (measured with a LI-COR 250A light meter with a LI-190R quantum
sensor that detects photosynthetically active radiation, 400nm to 700nm) with 12 hour
day length. Epidermal chloroplasts of cotyledons of intact plants were observed every 4
hours over the course of 48 hours. A green light-emitting diode was used during night
time-points to prevent exposure to photosynthetically active radiation.

PETC inhibitor treatments

The redox status of pt-roGFP2 in A. thaliana cotyledons (grown as for pETC
inhibitor treatments) was measured following treatment with 10 yM DCMU, 12 uM
DBMIB, or 0.1% DMSO (mock treatment), following the same protocol as in Stonebloom
et al. but using a Zeiss LSM 710 confocal microscope with 405 nm and 488 nm lasers,
collecting emissions ranging from 500 nm to 530 nm (Stonebloom et al., 2012).

N. benthamiana stably expressing pt-GFP were grown for 14 days under 100
umol of photons m=2s™ of light with 16 hour day length. Cotyledons were painted with
DCMU (10 uM from 10 mM stock solution in DMSO), DBMIB (12 uM from 12 mM stock
solution in DMSO), or control (0.1% DMSO) two hours prior to observing epidermal
chloroplasts.

A. thaliana pt-roGFP2 plants were stratified for 3 days at 4°C and then grown for
14 days under 100 umol of photons m=2s™ of light with 16 hour day length. Cotyledons
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were removed and placed on 0.5x Murashige and Skoog plates (0.8% agar, pH 5.6)
with DCMU (10 uM from 10 mM stock solution in DMSO), DBMIB (12 uM from 12 mM
stock solution in DMSO), SHAM (200 uM in DMSO), sucrose (30 mM, or 1% w/v), or
control (0.1% DMSO) two hours prior to imaging cotyledon epidermal leucoplasts (of
pavement cells) and chloroplasts (of guard cells).

Virus-induced gene silencing

pt-GFP plants were grown for 3 weeks under 100 pmol of photons m=2s™! of light
with 16 hour day length before agroinfiltrating with the appropriate VIGS vectors (for
details on VIGS vector construction, see following paragraph). Two weeks later, young
leaves with silenced gene expression were cut and the epidermal chloroplasts of the
basal region of the leaf were visualized immediately.

GUN2 (TAIR ID At2g26670) and NTRC (TAIR ID At2g41680) orthologues in N.
benthamiana were identified from gene trees generated by BLAST searches using A.
thaliana protein sequence queries (Figure S2.11, S2.13). N. benthamiana is an
allotetraploid resulting from the hybridization of two Nicotiana species, and therefore
often has two homeologues of genes that are single-copy in A. thaliana. Moreover, both
GUNZ2 and NTRC are members of larger gene families: in A. thaliana, there are three
NADPH-dependent thioredoxin reductases (NTRA and NTRB are in the cytosol and
mitochondria, while NTRC is in plastids) and four heme oxygenases (HO1, HO3, and
HO4 are closely related and partially redundant, while HO2 serves a distinct function)
(Gisk et al., 2010; Reichheld et al., 2007). To identify all true orthologues of GUN2 and
HO1 and design silencing constructs targeting these genes, but not orthologues of
NTRA/NTRB or HO2, A. thaliana protein sequences were used in a BLAST search
against the N. benthamiana genome (v0.4.4 predicted cDNAs) from the Sol Genomics
Network (http://solgenomicsl.net) and also against the land plant genomes available at
Phytozome (http://www.phytozome.net). Amino acid sequences of these putative
homologues were aligned with MAFFT (http://mafft.cbrc.jp) using the highly accurate L-
INS-i algorithm. Aligned residues were used to generate a gene tree with the Neighbor-
Joining method using 100 samples for bootstrapping. Silencing triggers were then
designed to silence all copies of the target genes but no other genes in the N.
benthamiana genome, using BLAST searches to confirm that no genomic sequence
between 20 and 24 nucleotides long matched the silencing trigger with less than 3
mismatches.

NbISE2, NbGUN2, and NbNTRC were silenced using virus-induced gene
silencing (VIGS) as described by Brunkard et al. alongside a viral negative control,
pYC1 (Tobacco rattle virus with a mock silencing trigger against 3-glucoronidase)
(Brunkard et al., 2015c). Briefly, to prepare the silencing constructs, RNA was extracted
from N. benthamiana genotype Nb-1 (Spectrum Plant Total RNA Kit, Sigma-Aldrich)
and treated with DNase | (New England Biolabs). This RNA was used to synthesize
cDNA with SuperScript Ill Reverse Transcriptase (Invitrogen) and oligo(dT)zo primers.
Silencing triggers were then amplified and inserted into the TRV-derived VIGS vector,
pYL156, using standard restriction enzyme-based methods (Brunkard et al., 2015c).

24



Chloroplast extraction

Intact chloroplasts were extracted from mature leaves of pt-GFP (N.
benthamiana), Nb-1 (wild-type N. benthamiana), pt-roGFP2 (A. thaliana), and spinach
by grinding leaves in extraction buffer (50 mM Hepes NaOH, 330 mM sorbitol, 2 mM
EDTA, 1 mM MgClz, 1 mM MnClz, pH 6.9), filtering the homogenate through several
layers of cheesecloth, and then pelleting by centrifugation and resuspending in isolation
buffer (50 mM Hepes NaOH, 330 mM sorbitol, 2 mM EDTA, 1 mM MgClz, 1 mM MnClz,
10 mM KCI, 1 mM NacCl, pH 7.6) as previously described (Joly and Carpentier, 2011).
More complex protocols, such as inclusion of a Percoll gradient for purification (35%
v/v), had no discernable effect on chloroplast stromule formation. Isolated spinach or
wild-type N. benthamiana chloroplasts were incubated with an equal volume of 25 mg/L
5(6)-carboxyfluorescein diacetate (Sigma-Aldrich, product number 21879) for five
minutes, centrifuged at 700 x g for another 60 seconds, and resuspended in isolation
buffer (Schulz et al., 2004). Chloroplasts were immediately visualized by confocal or
structured illumination microscopy after isolation.

Data analysis

Stromule frequencies were counted using ImageJ software
(http://imagej.nih.govV/ij/) to scan through z-stacks of confocal images using a focal
depth of one airy unit, which allowed us to visualize stromules extended in any axis from
the plastid. Stromules were counted regardless of length but only if less than 1 ym in
diameter, as described by Hanson and Sattarzadeh (Hanson and Sattarzadeh, 2011).
Most past studies have reported stromule frequencies per cell, considering multiple cells
from a single leaf as independent samples. Schattat and Klésgen, for example, found
little variation in stromule frequencies within an individual leaf, but dramatic variation in
stromule frequencies between different leaves (Schattat and Klosgen, 2011). This led
them to treat separate fields of view within a single leaf as distinct samples, reducing
the apparent variation and effectively increasing statistical power. We also found that
stromule frequency varied very little among cells within a leaf, but varied notably among
leaves of the same age and condition from different plants. Therefore, we considered
one leaf per plant as an individual sample (n), and observed many plants for each
experiment. Throughout an experiment, the leaves analyzed experienced the same
growth conditions, and were observed when they were the same age and size.

We conducted power analysis (a=0.05, 3=0.20) on pilot studies under our growth
conditions to determine the sufficient sample size to confidently assert whether or not a
treatment caused changes in stromule frequency, and found an approximate minimal n
= 16 for N. benthamiana time course and chemical treatment experiments, or n = 8 for
all other experiments. Per treatment, we counted more than 5,000 plastids, at least
100 cells, and approximately 20 plants (for each chemical treatment) or 8 plants (for
each silencing experiment). Mean stromule frequencies were compared with the
Student’s t test, with significance indicated when p < 0.05. We also analyzed all data
using angular transformations to account for differences in variation in data sets with
very high or low stromule frequencies, but the transformation had no impact on the
statistical significance of our results, so we present the data as raw frequencies for the
purpose of clear presentation. Standard errors are presented throughout to describe
stromule frequencies. R (http://www.r-project.org) was used for all statistical analyses.
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Figure 2.1. Chloroplast stromule frequency varies with diurnal cycles. (A)Stromule
frequency rises in the day (yellow bars) and decreases at night (blue bars) in
chloroplasts of N. benthamiana seedlings (n = 22, p < 0.0005). (B,C) Representative
images of N. benthamiana epidermal chloroplasts labeled with stromal GFP (green) in
the day (B) or at night (C). Some stromules are indicated by white arrows (as a visual
aid, here and in other figures; not all stromules are indicated, and the indicated
stromules were selected at random); scale bars, 10 um; error bars, standard error of the

mean (SE).
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Figure 2.2. ROS in the chloroplast induce stromules. (A) DCMU and DBMIB treatments
both increase stromule frequency in chloroplasts of N. benthamiana seedlings (n = 20, p
< 0.05). (B,C) Representative images of N. benthamiana chloroplasts treated with
control (B) or with DBMIB (C). (D) A. thaliana epidermal chloroplast stromule frequency
increases after DCMU or DBMIB treatment (DCMU, n = 16, p < 0.05; DBMIB, n =10, p
< 0.0005). (E) Stromule frequency in A. thaliana epidermal leucoplasts is unaffected by
DCMU or DBMIB treatment (DCMU, n 2 16, p = 0.98; DBMIB, n 2 10, p = 0.84). (F) A.
thaliana epidermal chloroplast stromule frequency is unaffected by SHAM (n =13, p =
0.57). (G) A. thaliana epidermal chloroplast frequency is similar in chloroplasts with or
without sucrose treatment (n = 8, p = 0.96). (H) A. thaliana epidermal leucoplast
stromule frequency increases after sucrose treatment (n = 8, p < 0.01). (1) Stromule
frequency is not affected by sucrose treatment in A. thaliana mesophyll chloroplasts (n =
8, p=0.52). (J) Silencing NbNTRC increases stromule frequency in N. benthamiana
leaves (n = 8, p < 0.01) but silencing NbISE2 or NbGUNZ2 does not affect stromule
frequency (n =8, p > 0.82). (K,L) Representative images of N. benthamiana
chloroplasts in control (K) or after silencing NboNTRC (L). Chloroplasts and stromules in
are labeled with GFP. Some stromules are indicated by white arrows; scale bars, 10
Mm; *p < 0.05, **p < 0.01, ***p < 0.0005; error bars, SE.
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Figure 2.3. Isolated chloroplasts form stromules. N. benthamiana chloroplasts labeled
with stromal GFP (A, green) or CFDA staining (B, yellow) show stromules after isolation
from their cellular environment. (C) Chloroplasts isolated from S. oleracea and stained
with CFDA (yellow; chlorophyll autofluorescence, red) also have stromules. (D,E)
Isolated N. benthamiana chloroplasts labeled with stromal GFP form new stromules
over time. Newly forming stromules are indicated by white arrows. (F,G) N.
benthamiana chloroplasts isolated with a Percoll purification step and labeled with
stromal GFP (green; chlorophyll autofluorescence, red) also have stromules.
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Figure 2.4. Examples of fluorescent stromules in N. benthamiana chloroplasts
visualized by three-dimensional structured illumination microscopy (3D-SIM). (A,B)
Comparison of confocal laser scanning microscopy (A, also shown in Figure S2.16) and
3D-SIM (B, also shown in Supplementary Video 3) to visualize chloroplast structure
(stromal GFP, green, left; thylakoid chlorophyll, magenta, right). In particular, note the
improved resolution of stromule width and the clarity of the thylakoid grana in the 3D-
SIM z-slice (B). (C) 3D-SIM z-slice image of mesophyll chloroplasts with stromules. (D)
An epidermal chloroplast connected by a thin bridge that contains both stroma and
thylakoids also has a stromule (on left), as shown by SIM. (E) 3D-SIM reveals
variability in stromule width (stromal GFP, green; chlorophyll autofluorescence,
magenta; white scale bar, 2 um). One z-slice from a 3D-SIM reconstruction is shown
here, with measured stromule diameters labeled at indicated positions (white arrows).
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Figure 2.5. Stromules are initiated by signals within the chloroplast. Stromule
frequency increases in the light (daytime) in both chloroplasts and leucoplasts (left).
ROS generated from the pETC trigger stromule formation in chloroplasts (middle).
Sucrose promotes stromule formation in leucoplasts, but not chloroplasts (right).
Sucrose is synthesized in the cytosol from products of the Calvin-Benson cycle in
chloroplasts and then moves into neighboring heterotrophic pavement cells via
plasmodesmata. For simplicity of presentation, we only include photosynthetic
mesophyll cells (and not photosynthetic guard cells) in this diagram, because there is no
evidence to suggest that stromules in these cell types behave differently.
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Supporting Figure 2.6. Representative images of stromule frequency over the course
of 48 hours during a 12 hour light / 12 hour dark cycle. N. benthamiana chloroplast
stromule frequency is high throughout the day (A, dawn; C, 4h after dawn; E, 8h after
dawn) and low throughout the night (B, dusk; D, 4h after dusk; F, 8h after dusk).
Chloroplasts and stromules are labeled with stromal GFP. Some stromules are

indicated by white arrows; scale bars, 10 um.
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Supporting Figure 2.7. Oxidation of stromal redox buffers by ROS from photosynthesis
induces stromules in chloroplasts. Representative images of stromule formation with
control (A), DBMIB (B) and DCMU (C) treatments in N. benthamiana chloroplasts. (D)
DBMIB and DCMU both cause strong oxidation of chloroplast redox buffers as
measured by pt-roGFP2 in A. thaliana cotyledons. n =28, **p < 0.01. Chloroplasts and
stromules are labeled with stromal GFP. Some stromules are indicated by white arrows;
scale bars, 10 ym; error bars, SE.

32



N. benthamiana

Guard Cells

A. thaliana

@
<
-3
£
o
s
<
@
Q
=

| . .
. \
o
o
A\
- -

0
)
(@]
=
@
=
[}
>
@
o

A. thaliana

Mesophyll Cells
N. benthamiana

A. thaliana

Supporting Figure 2.8. Representative images of chloroplasts and leucoplasts in N.
benthamiana and A. thaliana visualized with confocal laser scanning microscopy.
Guard cells (A—C and D-F), pavement cells (G-I and J-L), and mesophyll cells (M—O
and P-R) all contain chloroplasts in N. benthamiana, as do A. thaliana guard cells (B)
and mesophyll cells (F). A. thaliana pavement cells (J-L), however, have leucoplasts
that lack chlorophyll (K). Green, stromal GFP; red, chlorophyll autofluorescence; gray,
transmitted light. Some stromules are indicated by white arrows; error bars, SE.
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Supporting Figure 2.9. SHAM does not impact stromule frequency in A. thaliana guard
cells. Stromule frequency is similar in guard cells with control treatment (A) or SHAM
treatment (B). Green, stromal GFP; gray, transmitted light. Some stromules are
indicated by white arrows; scale bars, 10 um.
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Supporting Figure 2.10. Representative images of stromule frequency in N.
benthamiana after silencing NoNTRC (B), NbGUN2 (C), or NbISE2 (D), versus control

(A). Green, stromal GFP. Some stromules are indicated by white arrows; scale bars, 10
pm.
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Supporting Figure 2.11. Identification of GUN2 orthologues in N. benthamiana. A
gene tree of heme oxygenases arranged homologues into two clades: HO1 (a.k.a.
GUN2)-like and HO2-like. N. benthamiana has two HO1 homeologues (top). The
silencing trigger against NbGUN2 was designed to cover the entire gene sequence (837
bp, lower left). Silencing NbGUN2 caused expected phenotypes, such as chlorosis
(lower right).
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1 ATGGCTTCAATTACACCCTTATCTCAATCACAACCCCTTTATGAAAAAACCCAATTTACACTACTAAAAACACCTCARAATCAGTTTTGCTCAATACCCT 100
* * * * * * * *

* *

* * * * * * * * * *
101 TTTCAAGATTCACTCAAAGTTCAAAACTTTCATTGAARARAACTCAAGAATGACTGTTGTTTCAGCTACGACTGCTGCAGAGARATCCAATARRAGGTATCC 200

(AR AR RN NN R R RN AR RN RN RN A NN AR A RN RN AR R R AR RN
101 TTTCAAGATTCACTCAAAGTTCAAAACTTTCATTGARAAAATCAAGAATGGTTGTTGTTTCAGCTACAACTGCTGCTGAGARATCCAATARAAGGTATCC 200

* * * * * * * * * *
* * * * * * * * * *
201 TGGTGAAGCTAAGGGGTTTGTTGAGGAGATGAGATTTGTGGCTATGAARATTGCATACTAAGGATCAGTCTAAGGAAGGTGAARAAGRACCTGAAGGTCAG 300
(RN AR RN R R R RN R RN N R R N RN R R R R R AR RN NN R R RN R R RN RN RN R
201 TGGTGAAGCTAAAGGGTTTGTTGAGGAGATGAGATTTGTGGCTATGAAATTGCATACTAAGGATCAATCTAAGGAAGGTGARARAGAACCTGAAGGTCAG 300
* * * * * * * * * *
* * * * * * * * * *

301 CCTATGGCTARATGGGAACCTAGTGTTGAAGGGTATTTGAAGTTTTTGGTGGATAGTARAT TGGTTTATGATACTTTGGARAAGATTATGGARAAGGCTC 400
FECEEEE et et e e e e e e e e e e et e e e e e e e e e e e e e e e e e e e e e e e e e e e e e
301 CCTATGGCTARATGGGAACCTAGTGTTGAAGGGTATTTGAAGTTTTTGGTGGATAGTAAATTGGTTTATGATACTTTGGAARAGATTATGGAARAGGCTC 400
* * * *

* * * * * *

* * * * * * * * * *
401 CTTTTTCTGAGTATGCTGAGTTCAGGARCAGTGGATTAGAAAGGTCAGAGGGCTTAGCARAGGATTTGGAATGGTTTAGGCAGCARGGTTATGCCATCCC 500
(NN R R RN RN R RN RN N R RN R NN N R NN AR NN RN RN Y|
401 CTTTTTCTGAGTATGCTGAGTTCAGGARCACGGGATTAGAAAGGTCAGAGGCCTTAGCARAAGATTTGGAATGGTTTAGGCTGCARGGTTATGCCATCCC 500
* * * * * * * * * *
* * * * * * * * * *
501 AGAACCATCATCTCCTGGTCTCAACTATGCTCGTTACGCAGAGGAGCT TTCAGARAAGGATCCTCAAGCATTTGTTTGCCACTTTTACAACACATACTTT 600
(NN RN RN N R S RN NN A R RN N RN R R N NN NN NN NN Y|
501 AGAACCATCAGCTCCTGGTCTCAACTATGCTCGTTACCTAGAGGAGCTATCAGAARAAGGATCCTCAAGCATTTATTTGCCACTTTTACAACACATACTTT 600
* * * * * * * * * *
* * * * * * * * * *
601 GCGCATTCAGCTGGAGGTCGCATGATAGGGAGAARAGGTGGCTGAAAAGATACTCAATARGARAGAGCTGGAATTCTACAARATGGGATGGTGACCTTTCTC 700
(AR AR NN N R NN R R R R NN R R R N RN R R NN AN RN AR RN
601 GCGCATTCAGCTGGTGGTCGCATGATAGGGAGARAGGTGGCTGAAAAGATACT CAATAAGAAAGAGCTGGAATTCTACARATGGGACGGTGACCTTTCTC 700
* * * * * * * * * *
* * * * * * * * * *
701 AGCTGCTGCAGAATGTTAGAGAGAAGCTGAATAAAGTTGCCGARAATTGGACGAGAGAGGAGAAGAATCATTGTTTGGAAGAGACGGAGAARGTCATTCAA 800
R R R N N R RN R NN N RN RN RN RN RRR Ry
701 RGCTGCTGCAGAATGTTAGAGAGAAGCTGAATAAAGTTGCAGARAATTGGACTAGAGAGGAGAAGAATCATTGTTTGGAAGAGACGGAGAAGTCATTCAA 800
* * * * * * * * * *
* * *
801 GTTCTCAGGGGAAATCCTGCGATTAATATTGTCTTAA 837
FECTEETEErEr et e e

801 GTTCTCAGGGGAAATCCTCCGATTAATATTGTCTTGA 837

Supporting Figure 2.12. The silencing trigger for NboGUN2 (bottom line) was cloned
using primers specific to NbGUN2a (NbS00031948g0007). Here, the silencing trigger is
aligned against the homeologous gene, NoGUN2b (NbS00002296g0006). Mismatches
are indicated with red hashtags, aligned primer sequences are in bold and underlined.
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Supporting Figure 2.13 Identification of NTRC orthologues in N. bentham|ana A gene
tree based on AtNTRC arranged homologues into two clades: NTRA/NTRB-like and
NTRC-like. N. benthamiana has two NTRC homeologues (top). The silencing trigger
against NbNTRC was designed against a sequence that encodes part of the NADPH
oxidoreductase domain (lower left). Plants without gene silencing (TRV-GUS) appeared
similar to plants silencing NbNTRC expression (TRV-NbNTRC, lower right).
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Nbs00000092g0027.1

* * * * * * * * *
1 e, AGAACTTGGTAATAATAGGATCAGGTCCAGCTGGATATACAGCAGCAAT TTATGCTGCTCGGGCCAACTTGAAGCCTGTAGTGT TTGAGGGGT
RN R R R R RN N RN AR RN RN RN NN RN RN R AR AR RN
301 GGTATCGAGAACTTGGTAATAATAGGATCAGGTCCAGCTGGATATACAGCAGCTATT TATGCTGCTCGGGCCAATTTGAAGCCTGTAGTGTTTGAGGGGT
* * * * * * * * * *
* * * * * * * * * *

91 TTCAGGCAGGTGGTGTACCAGTCGGGCAGTTGATGACAACAACTGAAGTAGAAAACTTTCCTGGATTTCCTGAGGGGATARCTGGCCCTGACTTAATGGA

(AR RN R R RN RN R R RN N RN R R AR N R NN R NN RN AR AR R RN RN
401 TTCAGGCAGGTGGTGTACCAGGCGGGCAGTTGATGACAACAACTGAAGTAGAARRACT TTCCTGGATTTCCTGAGGGGATARCTGGCCCTGACTTAATGGA
* * * * * * * * * *

* * * * * * * * * *
191 TAGGATGAGGCGACAAGCTGAGAGATGGGGAGCTGAATTGTATCAGGAARGACGTGGAATTTAT TGATGTGAAGAATACTCCTTTTACTATCCARAGTAGT
(R R R R R R R R R N R NN NN R R R R RN R RN NN AR R

501 TAGGATGAGGCGACRAGCTGAGAGATGGGGAGCTGAATTGTATCAGGAAGACGTGGAATTTAT TGATGTGAAGAATACTCCTTTTACTATCCAAAGTAGT
* * * * * * * * * £

291 GAACATAAG------ -—— e e ey GTAA

[TTT#ITT LT
601 GAACGTAAGGAAAGTATATCTGCATATGCGGTACCAGCTCTCTTTTATTTCCTCCGTATAGCAACAGGGATTCTTGTTTCATTTGTTTCATATGTTGTAA
* * * * * * * * * *

* * * * * * *
304 AGTGTCATAGCCTTATTGTGGCTACAGGAGCCAATGCARARAGGTTGGGATTGCCCCETGARGATGARAT TTT G~ ~ ~ ~ ~ ~ e v o e e e e e e

RN N e N N N NN NN RNy
701 AGTGTCATAGCCTTATTGTGGCTACAGGAGCCAATGCAARAAGGTTGGGAT TGCCCCGTGAAGATGAATTTTGGAGCAGAGGAATTAGTGCTTGTGCAAT

* * * * * * * * * *

Nbs00032828g0013.1
* * * * * * * * *
R ACTTGGTAATAATAGGATCAGGTCCAGCTGGATATACAGCAGCAATTTATGCTGCTCGGGCCAACTTGAAGCCTGTAGTGTTTGAGGGGT

CEEEEEErr et e e e e e e e e e e e et e e e et e e e e e e e e e e e e e e e et e e e e e el
301 GGTATCGAGAACTTGGTAATAATAGGATCAGGTCCAGCTGGATATACAGCAGCAATTTATGCTGCTCGGGCCAACTTGAAGCCTGTAGTGTTTGAGGGGT

* * * * * * * * * *

* * * * * * * * * *
91 TTCAGGCAGGTGGTGTACCAGTCGGGCAGTTGATGACAACAACTGAAGTAGAAAACTTTCCTGGATTTCCTGAGGGGATAACTGGCCCTGACTTAATGGA

(AR RN RN R RN R AR RN R R RN RN RN R R R RN R RN R R R A RN RN R RN AR RN RN
401 TTCAGGCAGGTGGTGTACCAGGCGGGCAGTTGATGACAACAACTGAAGTAGARAACTTTCCTGGATTTCCTGAGGGGATAACTGGCCCTGACTTAATGGA

* * * * * * * * * *

* * * * * * * * * *
191 TAGGATGAGGCGACAAGCTGAGAGATGGGGAGCTGAATTGTATCAGGAAGACGTGGAATTTATTGATGTGAAGAATACTCCTTTTACTATCCAAAGTAGT

(RN RN R RN R NN R R RN R NN R R A NN N RN AR NN RN R RN RN
501 TAGGATGAGGCGACRAGCTGAGAGATGGGGAGCTGART TGTATCAGGAAGACGTGGAATTTAT TGATGTGAAGAATACTCCTTTTACTATCCARAGTAGT
* * * * * * * * * *

* * * * * * * *
291 GAACATAAGGTARAGTGTCATAGCCTTATTGTGGCTACAGGAGCCAATGCAAARAGGTTGGGATTGCCCCGTGAAGATGAATTTTG ~~~~~~~~~mno

PEEr#LErerr e e e et r e e et e e e e e e e et e e e e e e e e e e e e e et e e e e e e e
601 GAACGTAAGGTAAAGTGTCATAGCCTTATTGTGGCTACAGGAGCCAATGCARARAGGTTGGGATTGCCCCGTGAAGATGAATTTTGGAGCAGAGGAATTA
* * * * * * * * * *
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Supporting Figure 2.14. The silencing trigger for NoNTRC (top line) was cloned using

primers specific to either NoNTRC homeologue. The predicted cDNA sequence of
Nb00000092g0027.1 is likely misannotated to include an intron (numbered here as
nucleotides 610 to 696, bottom row, top alignment). Accounting for this discrepancy,

the silencing trigger is ~99% identical to both NoNTRC homeologues. Mismatches are

indicated with red hashtags, aligned primer sequences are in bold and underlined.

39



NO SUCrose|
Supporting Figure 2.15. Sucrose increases leucoplast but not chloroplast stromule
frequency. Representative images of stromule frequency with and without sucrose
treatment in A. thaliana epidermal cells. Stromule frequency is similar in chloroplasts
without sucrose treatment (A) or with sucrose treatment (B). Sucrose treatment
increases stromule frequency in leucoplasts (D) compared to control (C). Plastids and
stromules are labeled with stromal GFP (green). Some stromules are indicated by white
arrows; scale bars, 10 ym.
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Supporting Figure 2.16. Stromules of isolated chloroplasts visualized by confocal
microscopy and 3D-SIM. (A-C) After extraction from cells, isolated chloroplasts of N.
benthamiana have stromules, as visualized by either stromal GFP fluorescence (B) or
transmitted light (C), while chlorophyll autofluorescence remains restricted to the
thylakoids (A). (D) CFDA also labels stromules in isolated N. benthamiana chloroplasts
(CFDA, yellow; chlorophyll, red). (E) Representative example of sample purity after
chloroplast isolation protocol. Many chloroplasts are fully intact, with stromal GFP
(green); some were damaged during extraction and have lost stromal GFP, but retain
the thylakoid membranes (chlorophyll autofluorescence, red); and very small quantitites
of nonfluorescent materials remain with the sample (transmitted light, gray). (F,G) After
isolation, some N. benthamiana chloroplasts have stromules that are very long, as
visualized by GFP (F, in green) or CFDA staining (G, in yellow; chlorophyll
autofluorescence, red). (H) Isolated A. thaliana chloroplasts expressing stromal
roGFP2 (green) also have stromules after extraction from cells. Scale bars, 5 um.
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Chapter Three: Plasmodesmatal transport is regulated by light and the circadian clock

Jacob O. Brunkard, Anne M. Runkel, Patricia C. Zambryski

INTRODUCTION

PD transport changes over the course of plant development. In young embryos,
small molecules can move between cells rapidly, and very large molecules, such as
proteins, also move from cell-to-cell (Kim and Zambryski, 2005; Kim et al., 2002, 2005a,
2005b). As embryos mature, the rate of PD transport decreases, and large proteins
(such as 3xGFP, which is 81 kDa) are restricted to the cell in which they are translated
(Kim and Zambryski, 2005; Kim et al., 2002, 2005a, 2005b). Similarly, PD transport is
much greater in young leaves than in mature leaves (Crawford and Zambryski, 2001a;
Oparka et al., 1999a; Roberts et al., 1997b, 2001; Stadler et al., 2005). The precise
mechanisms of these changes in PD transport remain unknown, but several groups
have independently discovered that chloroplasts influence PD transport by affecting
both PD function and the number of PD in cell walls (Benitez-Alfonso et al., 2009;
Brunkard et al., 2013; Burch-Smith and Zambryski, 2010, 2012; Burch-Smith et al.,
2011b; Provencher et al., 2001; Stonebloom et al., 2012). PD transport is not restricted
in embryos or leaves of plants defective in chloroplast biogenesis (including the mutants
isel, ise2, and clpr2) (Burch-Smith and Zambryski, 2010; Burch-Smith et al., 2011b;
Carlotto et al., 2015; Kobayashi et al., 2007; Stonebloom et al., 2009). On the other
hand, plants with strong plastid oxidative stress (including the mutants gatl1/trx-m3 and
likely sxd1, as well as plants treated with methyl viologen, an herbicide that causes
chloroplast oxidative stress) exhibit decreased PD transport in leaves(Benitez-Alfonso
et al., 2009; Provencher et al., 2001; Stonebloom et al., 2012). The finding that PD
function and formation responds to signals from chloroplasts implies that PD transport is
coordinated with chloroplast-related physiology, inviting speculation that PD could be
regulated by light.

A handful of studies have previously explored whether PD transport is affected
by light. An early study in maize found that PD transport appears to decrease if
etiolated seedlings are treated with 60 minutes of white light (Epel and Erlanger, 1991).
When that treatment is followed by a 10 minute pulse of far-red light, PD transport
instead remains high; if followed by a 10 minute pulse of far-red light and then a 10
minute pulse of red light, PD transport decreases. Phytochromes react to red and far-
red light to promote de-etiolation and photomorphogenesis in response to red (or white)
light, but far-red light can reverse this signaling pathway (Hughes, 2013). Thus, the
demonstration that PD transport decreases in response to white light and red light, but
not far-red light, implies that PD transport decreases during photomorphogenesis.

A later report argued that light also downregulates PD transport in leaves.
Nicotiana benthamiana leaves were severed from plants grown under 16 hour (h) light /
8 h dark photoperiods and placed on nutrient-free agarose gels (Liarzi and Epel, 2005).
Detached leaves were bombarded with transgenes to express GFP and then
transferred to either constant darkness or back to thel6 h light / 8 h dark cycle; GFP
movement from transformed cells was measured after 48 h. PD transport was reported
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to be higher under constant dark conditions than under normal light/dark cycles in
young leaves, but no strong difference was observed in mature leaves. Given that
young leaves rely on imported carbohydrates from older leaves, that no nutrients were
provided to the leaves after detachment, and that PD transport was only assayed in
constant darkness, the results of this assay could be a starvation response rather than
representative of how PD transport is affected by light in natural settings.

Indeed, another report suggested that PD frequency in C4 grasses increases
when seedlings are grown under high light conditions, which implies that PD transport
increases with light intensity (Sowinski et al., 2007). Four grass species were grown
under low light (50 HE m? s1), medium light (200 pE m? s1), or high light (1000 pE m™
s1) with 14 h light / 10 h dark cycles. The density of PD between cell types bordering
the vasculature significantly increased with higher light intensity, and the increase in PD
frequency correlated with increased movement of carbohydrates fixed by
photosynthesis and labeled with radioactive 14C.

To resolve these conflicting reports, and to enhance our understanding of the
relationship between PD and chloroplast physiology, here we perform detailed studies
to explore whether PD transport is affected by light and the circadian clock.

RESULTS AND DISCUSSION

PD transport is higher during the day

We used a GFP movement assay in N. benthamiana leaves to determine if
intercellular transport is different during the day than during the night. Plants were
grown in a 12 h light / 12 h dark light cycle under otherwise constant conditions.
Agrobacterium carrying 35Spro:GFP T-DNA was infiltrated into leaves with very low
inoculum (ODeoonm < 10-4) at either dusk or dawn, after which GFP movement away
from distinct, individual transformed cells in the leaves was visualized with confocal
scanning laser microscopy (Brunkard et al., 2015c). For consistency, only similar plants
and leaves of comparable size and age were used for these assays, and GFP
movement was only visualized in the proximal 25% of the leaf.

Whether leaves were infiltrated at dawn or dusk, GFP moved the same distance
after 48 h (Figure 3.1, Table 3.1, n = 106, p = 0.26), confirming that the time of
infiltration had no impact on the observed rates of PD transport. When observed after
36 h or after 60 h, however, GFP moved signif-icantly less in leaves infiltrated at dusk
than in leaves infiltrated at dawn (36 h: n 2117, p < 107, 60 h: n 2102, p < 10'19),
Thus, PD transport is higher during the day than at night, since GFP moves more in
leaves that have experienced two days and one night (versus one day and two nights),
and GFP moves the most in leaves that have experienced 3 days.

Remarkably, an additional night has little to no impact on GFP movement,
suggesting that PD transport at night is relatively negligible. PD transport was not
significantly different in leaves observed 60 h after infiltration at dusk (2 days, 3 nights)
than in leaves 48 h after infiltration at dusk (Figure 3.1, Table 3.1, n 2111, p = 0.20) or
48 h after infiltration at dawn (Figure 3.1, Table 3.1, n =2 106, p = 0.91). Similarly, GFP
movement is only slightly lower in leaves 36 h after infiltration at dawn (2 days, 1 night)
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than in leaves 48 h after infiltration. This implies that PD transport is dramatically lower
at night than during the day.

To verify the conclusion that PD transport is higher during the day than at night
using an independent technique, we assayed PD transport using fluorescent dye
loading techniques in Arabidopsis (Figure 3.2). We germinated Arabidopsis seeds on
nutrient plates and loaded a fluorescent symplastic tracer, HPTS, into young seedlings
by cutting the plant at the base of the shoot and applying a small amount of HPTS
(Gisel et al., 1999, 2002). After several minutes, the cotyledons of seedlings were
visualized using confocal scanning laser microscopy. We found that HPTS rapidly
moved from the base of the shoot into the cotyledon through PD when HPTS was
applied during the day, but not when HPTS was applied at night (Figure 3.2). In a
second set of experiments using the same growth conditions, we cut a single cotyledon
off of a young seedling and applied a small amount of FITC bound to dextrans of
various sizes (4 kDa, 10 kDa, 40 kDa, or 70 kDa) to the seedling at the cut surface.
After 30 minutes, we observed the roots of plants near the root tip to determine if the
FITC-Dextrans could move from the phloem into the surrounding root cells through PD.
Again, we consistently observed more transport through PD during the day than at
night, supporting the hypothesis that PD transport is higher during the day than during
the night.

The circadian clock regulates PD transport

High rates of PD transport during the day could be directly caused by light or
could be under the control of light-entrained pathways controlled by the circadian clock.
To distinguish between these possibilities, we first tested whether transferring plants
grown in 16 h light / 8 h dark cycles to constant light or constant dark impacted PD
transport. After 48 h, there was no significant difference in GFP movement between
plants under constant light or the 16 h light / 8 h dark cycle, with GFP moving either 2 or
3 cells in more than 73.3% of observations (Figure 3.3). GFP movement was severely
lower in plants under constant dark conditions: GFP had not spread from the
transformed cell in 22.8% of cells observed, and had moved less than 2 cells in 75.4%
of observations (Figure 3.3). Light is therefore required for PD transport during the day,
but constant light is insufficient to significantly promote PD transport.

In plants, the circadian clock serves primarily to anticipate environmental
changes and to gate responses to irregular or fluctuating stimuli. For example, the
circadian clock prevents the induction of photosynthesis-associated nuclear genes by
brief bursts of light at night, preventing wasteful protein synthesis. Gating can be
observed by entraining plants under regular day/night cycles, moving them into constant
conditions, and then applying a stimulus (e.qg., light) at either “day” or “night”; ungated
responses will be observed in both cases, but gated responses will differ depending on
when the stimulus is applied. We tested whether PD transport is gated by the circadian
clock by agroinfiltrating plants and transferring them to constant darkness at dawn, and
applying 12 h of light either during the second subjective night or third subjective day,
and then observing GFP movement at 72 h post infiltration. Light was sufficient to
somewhat induce PD transport when applied during subjective night (Figure 3.3). When
light was applied during subjective day, however, PD transport dramatically increased
by approximately 2-fold in comparison to PD transport in plants under constant
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darkness. This demonstrates that the stimulation of PD transport by light is gated by
the circadian clock.
PD transport declines gradually as leaves age and compensates for shorter days

We next sought to determine whether PD transport is lower in plants grown with
shorter daylengths, since PD transport is strongly regulated by light. We grew N.
benthamiana plants under 12 h or 16 h daylengths and observed their growth rates and
morphological phenotypes throughout their development, and then assayed PD
transport in multiple leaves in 6 week old plants. Since plants grow more slowly under
shorter daylengths, there were no a priori means to determine two physiologically
similar leaves to use for comparison between the two sets of plants. Instead, we
assayed PD transport in several leaves from each plant that we predicted would include
both sink and source leaves. As the plant shoot develops, leaves transition from
heterotrophic “sinks” for carbohydrates, nitrogen, and other resources to
photoautotrophic “sources” of carbohydrates for the rest of the plant (Masclaux et al.,
2000). The sink-to-source physiological transition is supported by the restriction of PD
transport in source leaves, which can then actively load sugars into the phloem without
allowing the sugars to move back into the leaf through PD. In this way, regulation of PD
transport permits the formation of a carbohydrate concentration gradient that drives
plant growth and development.

We found that PD transport, as measured by the GFP movement assay,
decreases in an approximately linear pattern with respect to leaf age, regardless of
photoperiod conditions (Figure 3.4). Previous studies often used qualitative
measurements to define the sink-to-source transition in PD transport (specifically,
fluorescent constructs that either do or do not move from the phloem into the ground
tissue), and have therefore emphasized the sink-to-source transition within leaves: PD
transport is restricted first in the distal region of the leaves, and then this restriction
moves proximally until PD transport is low throughout the entire leaf. The data
presented here demonstrate that PD transport decreases gradually and quantitatively
as a leaf ages. Remarkably, there is no significant difference in the rate of PD transport
of plants grown under 12 h or 16 h photoperiods, as tested by an analysis of covariance
with respect to leaf age (ANCOVA p = 0.27; homogeneity of regressions p = 0.25).
Thus, leaves in plants grown under shorter photoperiods appear to compensate for the
decrease in daily light by increasing the rate of PD transport during the day.

CONCLUSION

In this report, we have shown that PD transport occurs primarily during the day,
regulated by light and the circadian clock. High rates of PD transport can only occur in
the presence of light, but light is not sufficient to induce these high rates of PD transport
at subjective night, indicating that PD transport is under the control of the circadian
clock. None of the genes that are currently known to encode PD-localized proteins are
under the transcriptional control of the circadian clock, according to publicly available
transcriptome data (including the eight PD-LOCALIZED PROTEIN1 homologues, the
three PD CALLOSE BINDING PROTEIN1 homologues, the PD-targeted CALLOSE
SYNTHASES, and the PD BETA-GLUCANASESs that degrade callose at PD),
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suggesting that some uncharacterized light-sensitive pathway gated by the circadian
clock coordinates PD transport. PD transport impacts a broad range of biological
processes in plants, including redistribution of resources, the formation of hormone
gradients, the exchange of protein and small RNA signals, and viral trafficking. All of
these diverse processes are likely affected by the circadian regulation of PD transport
and, therefore, cell-cell signaling in plants.
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METHODS

Plant growth conditions

N. benthamiana accession Nb-1 plants were grown as described (Brunkard et al.,
2015c) on light carts under ~100 PE m2 st photosynthetically active radiation with
either 12 h or 16 h daylengths, as indicated in the text. Plants were photographed every
day after germination in order to accurately record leaf ages.

Assaying PD transport in single leaves

Except for the photoperiod experiment (described in detail below), all movement
assays were conducted using the fourth expanded leaf of 5 week old plants. GFP
movement assays were conducted as previously described (Brunkard et al., 2015c),
observing GFP movement in only the proximal 25% of the leaf. For each experiment,
either two or three plants were assayed for each condition per replicate (observing GFP
movement from up to 50 transformed cells), and the entire experiment was replicated
three times.

Assaying PD transport in multiple leaves

For the photoperiod experiment, GFP movement assays were performed as
previously described (Brunkard et al., 2015c), but Agrobacterium carrying the
35SpPro:GFP T-DNA binary vector was infiltrated into every leaf of the plant in 6 week
old plants. GFP movement was observed in all leaves in the proximal 25% region of the
leaf using three biological replicates. Data were not included if the total number of
transformed cells observed in a given leaf age across all three biological replicates was
less than 10. Leaves beyond 30 days old were also not included, because GFP was
generally unable to move beyond the transformed cell, and thus the GFP movement
assay is not sufficiently sensitive to assay changes in PD transport in these leaves.

Assaying PD transport with fluorescent tracers

HPTS (8-hydroxypyrene-1,3,6-trisulfonic acid) was dissolved in 0.5X Murashige
and Skoog (MS) media at 1 mg / mL. A small amount of HPTS was applied to the root
immediately after cutting the root near the root-shoot connection in 4 day old
Arabidopsis seedlings grown on 0.5X MS, 0.8% agar plates. Cotyledons were then
observed approximately 10 minutes after application of the dye. FITC-Dextrans
(fluorescein isothiocyanate-dextran) were also dissolved at 1 mg / mL in 0.5X MS. Any
FITC-Dextrans smaller than the indicated molecular weight were removed by
centrifugation with a size exclusion column (Amicon). FITC-Dextrans were applied to
the cut surface of the seedling immediately after cutting the cotyledon, and dye
unloading in the root was observed 30 minutes later.

Microscopy

GFP was observed in the epidermis of N. benthamiana leaves using a Zeiss 710
confocal scanning laser microscope. ldentical settings (such as laser strength and gain)
were used for all GFP experiments. HPTS was also observed with a Zeiss 710 confocal
scanning laser microscope. FITC-Dextran unloading in roots was observed with
epifluorescence illumination using a Zeiss Axiolmager M2.
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Statistical analysis

Each cell transformed to express GFP was considered an independent sample
for the movement assay. Movement assay results are presented as the average
movement of GFP and standard error of the mean. For most experiments, GFP

movement between conditions were compared using unpaired heteroscedastic t tests in
Excel.
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Figure 3.1. PD transport is higher during the day than at night. N. benthamiana leaves
were agroinfiltrated to express GFP at either dusk (top) or dawn (bottom) in 5 week old
plants grown under 12 h light (yellow) / 12 h dark (blue) cycles. In leaves infiltrated at
dusk (top), GFP movement significantly increased during the second day, but did not
change during the second night. In leaves infiltrated at dawn (bottom), GFP movement
somewhat increased during the second night, but dramatically increased during the third
day. *p <1073, ** p < 10—°. For more details, see Table 1.
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HPTS

Figure 3.2. A small fluorescent tracer, HPTS, moves rapidly through PD in the shoot
during the day, but not during the night. Seedlings were loaded with HPTS at a cut
surface of the root close to the shoot-root axis, and then cotyledons were observed
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using confocal scanning laser microscopy after 30 minutes. (A) The proximal region of
this cotyledon has loaded with HPTS (green) during the day; chloroplasts are shown in
red. (B) The proximal region of this cotyldeon has not loaded with HPTS (green) during
the night; chloroplasts are shown in red. (C) Schematic of technique: HPTS is loaded at
a cut surface of the root and then moves through PD in the shoot and unloads into
cotyledons rapidly during the day (left) or slowly at night (right).
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Figure 3.3. PD transport is regulated by the circadian clock. Light treatment is
represented by yellow, dark treatment is represented by blue. Line (i) of both (A) and
(B) shows the day/night cycles that would be experienced by plants if they were not
transferred to new light regimes. (A) After growing in 16 h light / 8 h dark cycles, N.
benthamiana leaves were agroinfiltrated at dawn or dusk (as indicated by red
“Iinfiltration” arrows) to express GFP. GFP movement was then assayed after 48 h (as
indicated by green “observation” arrows) of continued light/dark cycles (lines (i) and (iii))
or 48 h of constant light starting at the end of the day (line (iv)), or constant darkness
starting at the end of the night (line (v)). Constant light did not affect PD transport, but
constant darkness significantly decreased PD transport (p ). (B) PD transport was
assayed in plants that had been growing in 12 h light / 12 h dark cycles and then
transferred to constant dark conditions; GFP movement was assayed 72 h after
agroinfiltration. Treatment with 12 h of light during the second subjective night after
agroinfiltration (line (iii)) somewhat increased PD transport compared to PD transport in
constant dark (line (ii)), but treatment with 12 h of light during the third subjective day
(line (iv)) dramatically increased PD transport, suggesting that PD responds to light in a
pathway gated by the circadian clock.

52



4
A4 0 2 10
D,
16 I 21:===:: 9
19 »

26

26
33

28
36

29

3
@
@

3

Q00

0N
‘@

12 hour daylength 16 hour daylength

B g

o . o slope =-0.18

5 . intercept = 5.7

1S H-0

Q3 m 9

22 ..

o mo8.

Q1 0G0y

(1] !
0 — 3 40 15 20 25 30

leaf age (days)
Figure 3.4. (A) The age of leaves (in number of days) 6 weeks after germination is
shown in these schemes of N. benthamiana plants grown with 12 hour daylengths or 16
hour daylengths. Cotyledons are not including in this cartoon because they have
typically senesced within the first 6 weeks of growth. (B) Average GFP movement in
leaves of different ages is shown for plants grown with 12 hour daylengths (purple
boxes) or 16 hour daylengths (yellow boxes). PD transport declines in the same linear
relationship with leaf age in both sets of plants (ANCOVA p = ... homogeneity ...). The

linear relationship is depicted with a gray dashed line with slope -0.18 and y-intercept
5.7.
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Table 3.1. Time course of GFP movement in N. benthamiana leaf epidermis.

Time of Hours after |Average GFP| Standard Sample size | Significance
infiltration infiltration movement error (n) group
_ 36 hours 1.56 0.08 117 a
Infiltrated at 1= o s 241 0.07 124 c
dusk
60 hours 2.54 0.07 111 C
_ 36 hours 2.13 0.07 124 b
Infiltrated at 1™ o s 253 0.08 106 c
dawn
60 hours 3.26 0.08 102 d
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CHAPTER FOUR: Glucose-TOR signaling coordinates the sink-to-source transition and
leaf aging

Jacob O. Brunkard, Min Xu, Elena A. Shemyakina, Howard M. Goodman, Patricia C.
Zambryski

ABSTRACT

As leaves age, they transition from heterotrophic “sinks” for carbohydrates to
photoautotrophic “sources” of carbohydrates. During the sink-to-source transition,
transport through plasmodesmata (PD), nanoscopic channels that connect plant cells
across the cell wall, is restricted. This change in PD transport allows leaves to
passively import sugars through PD when they are young sinks and then actively export
sugars across the plasma membrane when they are mature sources. Little is known
about how plants regulate the sink-to-source transition. We identified a mutant defective
in the restriction of PD transport, ise4, that is a recessive allele of AtReptin, which
encodes a subunit of the R2TP chaperone complex. We demonstrate that ise4 is
specifically defective in activating the glucose-TOR signaling pathway that coordinates
sugar availability with cellular physiology, and that glucose-TOR signaling causes
restricted PD transport in embryos and in leaves. This leads to a new model of how
plants allocate resources across the shoot through dynamic signaling pathways that
sense how much excess sugar is available for export, which allows the plant to fine-tune
the sink-to-source transition in response to changing physiological conditions.

Plasmodesmatal transport is restricted during development

Unique among the major multicellular lineages, plants undergo regular transitions
from heterotrophy to photoautotrophy. Young, growing leaves are heterotrophic “sinks”
for carbohydrates, nitrogen, and other resources, while older, mature leaves are
photoautotrophic “sources” of carbohydrates for the rest of the shoot and root.
Developmentally, the sink-to-source transition is driven by the restriction of
plasmodesmatal (PD) transport in source leaves (Aoki and Hirose, 2012; Bihmidine et
al., 2013; Masclaux et al., 2000; Turgeon, 1989). Although the sink-to-source restriction
of PD transport has been thoroughly characterized, little is known about how this
transition is regulated by the plant.

PD are nanoscopic channels that connect the cytosol of adjacent plant cells
across the cell wall, permitting transport of molecules including water, nutrients, sugars,
small RNA, and cytosolic proteins (up to ~70kDa, depending on the cell type and
physiological conditions) (Brunkard et al., 2015a; Sager and Lee, 2014; Sevilem et al.,
2015). In sink leaves, high rates of PD transport allow for rapid unloading of sugars
from the phloem. In source leaves, restricted PD transport prevents sugars from flowing
back into the ground tissue once sugars are loaded into the phloem by plasma
membrane transporters. Thus, the sink-to-source transition in PD transport is critical for
establishing the concentration gradient that drives carbohydrate redistribution
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throughout the shoot (Crawford and Zambryski, 2001b; Oparka et al., 1999b; Roberts et
al., 1997a, 1997b; Turgeon, 1989).

During embryogenesis, Arabidopsis undergoes a similar restriction in PD
transport at the mid-torpedo morphological stage (Kim and Zambryski, 2005; Kim et al.,
2005a, 2005b). Wild-type embryos are able to rapidly transport 10kDa FITC-Dextran
throughout the embryo until the mid-torpedo stage, when PD transport decreases (Kim
et al., 2002). We conducted a forward genetic screen to identify essential genes that
are required for this decrease in PD transport by isolating embryo-defective mutants
that continue to rapidly transport 10kDa FITC-Dextran dyes throughout the embryo at
the mid-torpedo stage (Figure 4.1A). Out of thousands of mutants, we identified five
lines with increased PD transport, which we call ise 7-ise5. We have previously
characterized ISE1 and ISE2, which are mitochondrial and plastid RNA helicases,
respectively (Burch-Smith et al., 2011b; Kobayashi et al., 2007; Stonebloom et al.,
2009). Here, we show that ISE4 encodes a chaperone complex subunit that is required
for TOR (TARGET OF RAPAMYCIN) signaling. TOR is a kinase that responds to
nutritional status to regulate a range of biological processes, including the transcription
and translation of thousands of genes (Wullschleger et al., 2006; Xiong et al., 2013).
We demonstrate that TOR restricts PD transport in embryos and leaves, and that TOR
therefore coordinates the sink-to-source transition in response to carbohydrate
availability.

ISE4 encodes AtREPTIN

We mapped ise4 to a single nucleotide mutation in At5g67630, which encodes
the Arabidopsis orthologue of Reptin (also known as RVB2, RuvBL2, and Tip49b,
among other names) (Nano and Houry, 2013; Rosenbaum et al., 2013). The ise4
phenotype was complemented with the genomic sequence driven by the full native
promoter (which includes the full ORF of a small gene of unknown function, At5g67640),
a genomic sequence driven by a truncated native promoter (which lacks the start codon
for At5g67640), or the At5g67630 coding sequence driven by the full native promoter,
confirming that ise4 is allelic to AtReptin (Figure 4.1B). Reptin is an essential and
promiscuous AAA+ ATPase found in all eukaryotes that acts as a chaperone for various
multiprotein complexes and has conserved roles in chromatin remodeling, telomerase
assembly, transcription, translation, and phosphatidylinositol 3-kinase related kinase
(PIKK) assembly (Nano and Houry, 2013; Rosenbaum et al., 2013). Homozygous null
alleles of AtReptin are female gametophyte lethal, but ise4 is a weak allele that causes
development to arrest much later, at the mid-torpedo stage of embryogenesis.
AtReptin-GFP localizes to the nucleus and cytoplasm (Figure 4.1C), as in other model
organisms. For many of its functions, Reptin forms a multiheteromeric complex with
Pontin (also known as RIN1, RVB1, RuvBL1, and Tip49a, among other names), a
related AAA+ ATPase (AtReptin and AtPontin are 40% identical). We used a yeast two-
hybrid assay to confirm that AtReptin and AtPontin interact, as expected (Figure 4.1D,
Figure 4.2).

In most species, Reptin and Pontin are single copy genes, but the Arabidopsis
genome contains a second annotated Reptin orthologue previously named AtTip49b1
(At3g49830) (Holt et al., 2002). At3g49830 is likely a pseudogene, however: no
expressed sequence tags for this locus have been detected, microarray analyses have
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not found conditions in which this gene is expressed [citation], and we were unable to
amplify At3g49830 cDNA by RT-PCR from RNA extracted from whole plants.
Moreover, an exonic T-DNA insertion (SALK_036848) in At3g49830 causes no clear
phenotypes, whereas a T-DNA insertion (GK-543F01) in At5g67630 is female
gametophyte lethal, which demonstrates that At3g49830 cannot complement loss of
At5g67630 despite their high amino acid sequence similarity. Finally, At3g49830
contains several polymorphisms at key residues that are conserved in Reptin
orthologues throughout eukaryotes, including T80I at the conserved Walker A motif,
which would severely impair the ability of At3g49830 to bind nucleotides (Figure 1E)
(Deyrup et al., 1998). Thus, we conclude that At5g67630 is the only functional
Arabidopsis orthologue of Reptin.

The ise4 mutation, A81V, occurs at a conserved residue adjacent to the Walker
A motif that presumably interferes with Reptin ATP-binding or ATPase activity (Figure
1E). In other model systems, many of Reptin’s functions do not require ATP hydrolysis,
such as its role as a chaperone for chromatin remodeling complexes (Etard et al., 2005;
Jonsson et al., 2004), but Reptin’s ATPase activity is required for the R2TP (RVB1-
RVB2-Tah1-Pihl) chaperone complex that contributes to the assembly of small
nucleolar ribonucleoproteins (SnoRNPs), RNA polymerase Il, and PIKK complexes in
yeast and mammals (Izumi et al., 2010; Kakihara and Houry, 2012; Kakihara et al.,
2014; Nano and Houry, 2013; Venteicher et al., 2008).

Less than 5% of ise4 seeds germinate on plant culture media (0.5X MS, 0.5%
sucrose, 0.8% agar), but the germination rate can be partially rescued by the addition of
10uM gibberellic acid (GAs), which causes up to ~80% of seeds to germinate.
Homozygous ise4 plants germinated on GAs grow slowly, form small leaves, and are
chlorotic (Figure 4.3A). Their roots display gravitropic defects, growing 29.1° + 4.5°
from the gravitational axis, versus wild-type roots that grow 10.0° + 1.0° degrees from
the gravitational axis (Figure 4.3A, p < 0.001, n = 6). We used virus-induced gene
silencing (VIGS) to compare the effects of acutely knocking down Reptin expression
with the phenotypes of the weak, potentially ATPase-deficient ise4 allele (Brunkard et
al., 2015c). Plants were infected with Tobacco rattle virus (TRV) modified to contain
silencing triggers against Reptin, Pontin, or a negative control (GUS). Silencing Reptin
expression in either Nicotiana benthamiana or Arabidopsis, we observed a range of
vegetative phenotypes, including chlorosis, smaller and sometimes misshapen leaves,
reduced or delayed formation of new leaves, decreased internode length, and increased
axillary growth (Figure 4.3B,C). Floral development was also disrupted after silencing
Reptin: some flowers lacked identifiable petals or sepals, stamens were often green and
sterile, and many Arabidopsis siliques were bent or otherwise misshapen (Figure 4.3C).
We observed identical phenotypes after using VIGS to knock down expression of
Reptin’s interacting partner, Pontin, in both N. benthamiana and Arabidopsis.

The ise4 transcriptome reveals acceleration of ABI3-regulated seed maturation
To further investigate the effect of ise4 on A. thaliana development, we used
RNA-Seq to quantify changes in gene expression between ise4 and wild-type seeds at
the mid-torpedo morphological stage of embryogenesis, when PD transport is restricted
in wild-type plants but remains high in ise4. 607 genes were upregulated and 627
genes were downregulated in ise4 compared to its wild-type siblings (p < 0.05, q <
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0.05). The expression of three genes that encode PD proteins were altered, but the
pattern of gene expression is not predicted to cause increased PD transport (Table 4.1),
suggesting that PD transport is altered by undescribed mechanisms in ise4.

Using MapMan gene ontology tools (Thimm et al., 2004), we identified several
significantly affected processes in ise4 (p < 0.05 after Benjamini-Hochberg correction):
photosynthesis, abiotic stress response, and RNA processing. Dozens of
photosynthesis genes are down-regulated in ise4, including genes that encode
components of both photosystems, RuBisCO and associated proteins involved in
carbon fixation, and several enzymes of the Calvin-Benson cycle (Table 4.2).
Repression of photosynthesis genes was expected, since ise4 mutant embryos are
chlorotic. The pattern of altered gene expression is distinct from the isel and ise2
transcriptomes, where many more photosynthesis genes are down-regulated, including
most of the genes that encode subunits of light harvesting complex Il (Table 4.2).
Several abiotic stress response genes are upregulated in ise4, mostly related to osmotic
stress and drought tolerance, likely due to increased ABA response in ise4 mutants
(see below). Lastly, several small nucleolar RNAs (snoRNASs), which are involved in
rRNA processing, do not accumulate in ise4, indicating that the R2TP chaperone
complex requires Reptin activity (Table 4.3; see below) (Kakihara and Houry, 2012;
Kakihara et al., 2014; King et al., 2001; Nano and Houry, 2013).

In addition to the ise mutants, our lab also identified a mutant, dsel, with
extremely reduced PD transport at the mid-torpedo stage of embryogenesis (Xu et al.,
2012b). We recently conducted an analysis of the dsel transcriptome, which will be
described in depth in a forthcoming manuscript. Briefly, the expression of 767 genes
was altered in dsel mutants compared to wild-type seeds. Photosynthesis-associated
nuclear gene expression is repressed in dsel (Table 4.2), while expression of genes
associated with seed maturation and ABA response are induced in dsel.

Despite their opposite PD phenotypes, the ise4 and dsel transcriptomes
significantly overlap and are strongly co-regulated (most genes are activated or
repressed in both transciptomes) (Figure 4.4A). The isel and ise2 transcriptomes, on
the other hand, are extremely similar to each other but have no significant overlap with
ise4 or dsel (Burch-Smith et al., 2011b). Many of the commonly affected genes in the
ise4/dsel transcriptomes are predicted targets of ABI3, a transcription factor that is a
master regulator of seed maturation during embryogenesis (Monke et al., 2012;
Yamamoto et al., 2014). ABI3 promotes expression of genes that encode proteins
involved in amino acid storage, lipid storage/oleosome genesis, and desiccation
tolerance, among other functions (Monke et al., 2012). Of the 98 genes conservatively
identified as the core target regulon of ABI3, 46 are induced in ise4 and 34 are induced
in dsel; none of the ABI3 regulon genes are down-regulated ise4, and only 3 are
repressed in dsel (Figure 4.4B, Table 4.4) (Monke et al., 2012). In contrast, isel and
ise2 both induce only 1 of the ABI3-regulated genes, but each represses 18 ABI3-
regulated genes (Figure 4.4B). Genes affected in the ise4 transcriptome significantly
overlap with the transcriptome of abi3-6 (a null allele of ABI3), but as expected, most
are not co-regulated (Figure 4.4A) (Nambara et al., 1994; Yamamoto et al., 2014).

Corroborating the transcriptome results, cells in ise4 embryos more closely
resemble older embryonic cells than WT mid-torpedo stage cells (Figure 4.4C). Most
conspicuously, ise4 cells are packed with oleosomes (Figure 4.4C), storage bodies that
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are filled with triacylglycerols and surrounded by phospholipids and oleosin proteins
(Huang, 1992); OLEOSIN genes are induced by ABI3 and strongly upregulated in ise4
(Table 4.4). In concert, the data from the four transcriptomes indicate that isel and ise2
embryos are transcriptionally immature compared to wild-type siblings at the same mid-
torpedo morphological stage, whereas dsel and ise4 have entered late seed maturation
before completing morphological embryogenesis. These results also imply that the
ABI3-regulated seed maturation program is not responsible for the transition to
restricted PD transport during embryogenesis, since ise4 and dsel have different PD
phenotypes but similar early activation of the ABI3 regulon, and isel, ise2, and ise4
have the same increase PD transport phenotype, but opposite ABI3 activity.

The precocious activation of ABI3 may be explained by an increase in ABA
synthesis in ise4 mutants. A crucial regulatory step in ABA synthesis is the irreversible
cleavage of epoxycarotenoids from ABA precursors by 9-cis-epoxycarotenoid
dioxygenases (NCEDSs) (Lefebvre et al., 2006; Nambara and Marion-Poll, 2005). Three
NCED genes are expressed during seed development, and all three are significantly
upregulated in ise4 mutants (Table 4.5). NCEDG is also upregulated in dsel and ise2;
in both isel and ise2, however, a UDP-glucosyl transferase gene that biochemically
inactivates ABA (UGT71B6) is induced, which would counteract ABA synthesis (Dong et
al., 2014, Priest et al., 2006). The induction of NCED expression in ise4 and dsel
support the hypothesis that the similarities between the dsel and ise4 transcriptomes,
and the differences between dsel/ise4 and isel/ise2, are partially due to increased ABA
synthesis, ABA signaling, and ABI3 activity. Indeed, increased ABA response is likely
responsible for the significant upregulation of abiotic stress-related genes in ise4, most
of which are involved in osmotic stress or drought response.

ised is defective in R2TP activity, but not in Reptin-dependent chromatin
remodeling complexes

We next used the ise4 transcriptome to explore whether any or all of Reptin’s
functions discovered in other model systems are also affected in ise4 mutants. Reptin
is a crucial component of several chromatin remodeling complexes, including the
ATPase-type remodeling complexes, INO80 and SWR1/SWR-C (Nano and Houry,
2013; Rosenbaum et al., 2013). Both INO80 and SWR1 depend on the ATPase activity
of their eponymous protein subunits, Ino80 and Swrl, but do not appear to require
Reptin or Pontin ATPase activity (Jonsson et al., 2004). We first compared the ise4
transcriptome directly with the transcriptomes of ino80 and swrl (known as piel in
Arabidopsis) null mutants, and found no significant overlap in the affected genes
(March-Diaz et al., 2008; Zhang et al., 2015). INO80 and SWR1 catalyze the removal
and deposition of the H2A.Z histone variant, so we next compared ise4 to the list of
H2A.Z-enriched gene bodies in Arabidopsis (Coleman-Derr and Zilberman, 2012), and
again, there was no significant overlap between these gene lists. For comparison, both
the ino80 and swrl transcriptomes did significantly overlap with the list of H2A.Z-
enriched genes, as expected. The absence of co-regulated genes in ise4 versus ino80,
swrl, or the H2A.Z-enriched gene set demonstrates that neither INO80 nor SWR1
function is impaired in ise4. This supports the hypothesis that only ATPase activity is
disrupted in the ise4 A81V variant of AtReptin, and that ATPase-independent functions
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of AtReptin, including participation in INO80 and SWR1 chromatin remodeling, continue
in ise4 seeds.

Reptin is also a component of the TIP60 histone acetyltransferase (HAT)
complex. Arabidopsis encodes two redundant orthologues of the core HAT enzyme
(the eponymous Tip60), called HAM1 and HAM2. ham1;ham2 double null mutants are
female gametophyte lethal (Latrasse et al., 2008), as are null alleles of reptin or pontin
(Holt et al., 2002). ise4 is not gametophyte lethal, however, and can even survive to
form adult plants when treated with GAs, implying that TIP60 must continue to function
in ise4. These results also suggest that Reptin ATPase activity is not required for
participation in TIP60 histone acetyltransferase activity in Arabidopsis, which has not
been tested in other model systems, to our knowledge.

There are significantly lower levels of small nucleolar RNAs (ShoRNAS) in ise4
compared to wild-type (Table 4.3), suggesting that either sSnoRNAs are transcribed at
lower levels, or that sSnoRNAs are unstable in ise4. In animals and yeast, a complex
that contains Reptin, called R2TP, promotes snoRNA accumulation and snoRNP
stability (Kakihara and Houry, 2012; Kakihara et al., 2014; King et al., 2001; Nano and
Houry, 2013). Since snoRNA levels are low in ise4 mutants, we decided to investigate
whether other R2TP-associated functions are disrupted in ise4. In animals and yeast,
the R2TP complex participates in snoRNP assembly, RNA polymerase Il assembly, and
phosphatidylinositol-3 kinase-related protein kinase (PIKK) complex assembly. The four
components of R2TP are Reptin and Pontin, which are highly conserved across
eukaryotes; Tahl/hSpagh (TPR-containing protein associated with HSP90, also known
as hSpaghetti), a tetratricopeptide-repeat containing protein that is less well-conserved
than Reptin and Pontin; and Pih1 (Protein interacting with HSP90), which is highly
divergent in different clades (Kakihara and Houry, 2012). We identified a clear
Arabidopsis orthologue of Spaghetti, AtSpagh, with BLAST searches using human
hSpagh as a query; Spaghetti orthologues are found throughout plants. Pihl, on the
other hand, has no clear orthologues in Arabidopsis, and no Pihl domain-containing
proteins are found in seed plants, although bryophytes and seedless vascular plants do
have genes predicted to encode Pihl domain-containing proteins.

The R2TP complex is believed to mediate interactions between the promiscuous
HSP90 chaperone and various protein substrates, stabilizing snoRNPs, RNA
polymerase Il, and PIKK complexes (Izumi et al., 2010; Kakihara and Houry, 2012;
Nano and Houry, 2013; Takai et al., 2010). PIKKs are a small family of related kinases
that are highly conserved across eukaryotes. Four PIKKs are present in the
Arabidopsis genome: ATM and ATR (ATAXIA-TELANGIECTASIA MUTATED,
At3g48190, and ATM AND RAD3-RELATED, At5g40820) are both involved in DNA
damage response, TRRAP (TRANSFORMATION/TRANSCRIPTION DOMAIN-
ASSOCIATED PROTEIN, encoded by two paralogues, At2g17930 and At4g36080)
interacts with TIP60 and is involved in histone acetyltransferase activity, and TOR
(TARGET OF RAPAMYCIN, At1g50030) is a critical regulator of growth in response to
nutritional status (Templeton and Moorhead, 2005). Of the PIKKs in Arabidopsis, only
TOR is known to be required for embryogenesis (Menand et al., 2002), so we next
pursued whether TOR signaling is disrupted in ise4.

In other model systems, a TOR complex (TORC1) is activated through several
pathways that sense the availability of free amino acids and glucose (Dibble and

60



Manning, 2013; Jewell and Guan, 2013; Wullschleger et al., 2006). Orthologues for
subunits of a second TOR complex (TORC?2) are not found in plants, and so TORC2 will
not be discussed here. Like other PIKK complexes, TORC1 assembly is dependent on
R2TP. A recent, elegant study of TOR signaling in Arabidopsis showed that TOR is
activated by glucose (or sucrose) in a pathway dependent on glycolysis and the
mitochondrial electron transport chain, and that glucose-activated TOR promotes root
meristem activity (Xiong et al., 2013). In young seedlings grown under low light
conditions (depleting endogenous sugar levels), TOR is inactivated and the root
meristem becomes quiescent until glucose or sucrose are supplied (whether externally
or from photosynthetic tissue). When glucose is added, the expression of 2,368 genes
is affected. When TOR expression is knocked down by inducible RNAi (Xiong and
Sheen, 2012), glucose no longer impacts the expression of these genes, demonstrating
that the effects of glucose on quiescent seedlings act through a TOR-dependent
pathway. We will refer to this set of 2,368 genes as the glucose-TOR transcriptome.

Glucose-TOR signaling is disrupted in ise4

We compared the ise4 and glucose-TOR transcriptomes, and found significant
overlap between the two (p < 103°). Of the 1,234 genes affected in ise4, 213 are also
affected in the glucose-TOR transcriptome, and 76.5% of these are co-regulated,
implying that ise4 is defective in glucose-TOR signaling (Figure 4.5). Neither the isel
nor the ise2 transcriptomes show any significant overlap with the glucose-TOR
transcriptome. The dsel transcriptome, however, shows significant overlap (p < 103),
but with opposite effects on gene expression: of the 767 genes affected in dsel, 111
are affected in the glucose-TOR transcriptome, but only 21.6% of these are co-
regulated. As discussed above, although the ise4 trancriptome is not significantly
similar to the isel or ise2 transcriptomes, ise4 is significantly similar to the dsel
transcriptome; strikingly, one of the most clear transcriptomic difference between dsel
and ise4 mutants is the set of genes regulated by glucose-TOR signaling. This
supports the hypothesis that TOR signaling is required for the restriction of PD transport
during embryogenesis, and encourages speculation that dsel may be precociously
decreasing PD transport by hyperactivating the glucose-TOR signaling pathway.

tor mutants cannot be directly assayed for a PD phenotype because they are
embryo-defective and arrest at the globular stage of embryogenesis, before the
transition to restricted PD transport should occur (Wullschleger et al., 2006). Instead,
we tested whether TOR activity impacts PD transport in adult Nicotiana benthamiana
plants by treating leaves with a highly selective inhibitor of TOR kinase activity, AZD-
8055, previously shown to inhibit TOR signaling in plants at lower concentrations and
with higher specificity than rapamycin (Montané and Menand, 2013). We assayed PD
transport in leaves by transiently expressing GFP through agroinfiltration, and then
measuring how far GFP moved from a transformed epidermal cell 48 hours after
infiltration (Brunkard et al., 2015c). After treatment with 1 uM AZD-8055, an
approximately minimal effective concentration (Montané and Menand, 2013), PD
transport dramatically increases (p < 10°, n 2 90). In mock treated leaves, GFP moved
an average of 1.9 £ 0.1 cells, and in 99% of cells observed, GFP did not move more
than 3 cells from the intial transformed cell. In AZD-8055 treated leaves, GFP moved
2.5 £ 0.1 cells on average, and moved 4 or more cells away in 19% of observations.
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Thus, TOR signaling negatively regulates PD transport, and the loss of TOR activity in
ise4 mutants could directly explain the ise phenotype.

TOR signaling dynamically regulates leaf aging and the sink-to-source transition

TOR is a master regulator of growth and aging in other model systems (Kapahi et
al., 2010). We used publicly available transcriptomes of different rosette leaves from 17
day old Arabidopsis plants (Schmid et al., 2005) to determine whether TOR signaling
might contribute more broadly to leaf aging in plants, which would support the
hypothesis that TOR coordinates the sink-to-source transition. First, we compared gene
expression between a very young and a very mature rosette leaf (leaves #2 and #12),
which we will call the “young versus old” transcriptome. As predicted, the set of “young
versus old” genes significantly overlaps with the glucose-TOR transcriptome (p < 10-193),
and 86.5% are co-regulated. We then compared changes in gene expression between
leaves of similar ages (leaf #2 with leaf #4, leaf #4 with leaf #6, and leaf #6 with leaf #8)
to identify genes that continually change in expression during the sink-to-source
transition. This “aging” transcriptome also significantly overlaps with the glucose-TOR
transcriptome, and 82.5% of the overlapping genes are co-regulated. Thus, activation
of TOR by sugars may broadly contribute to regulating leaf aging.

These results suggest a new mechanistic model for how plants partition
resources between sinks and sources in plant shoots. In very young, heterotrophic sink
leaves, imported sugars and the downstream products of their catabolism (such as
ATP) are rapidly consumed as the leaf grows, leaving TOR in an inactive state. As
leaves expand and begin to photosynthesize, older sink leaves generate some excess
sugars through photosynthesis, which activate glucose-TOR signaling and cause PD
transport to decrease. Ultimately, mature source leaves consume a much smaller
proportion of the sugars they photosynthesize, causing strong activation of TOR and
highly restricted PD transport, which permits older leaves to actively load phloem with
their excess sugars for translocation to sink tissues. This model of a measured, fine-
tuned system to regulate PD transport agrees with a recent demonstration that PD
transport decreases gradually as leaves age, rather than suddenly switching from sink
to source status (see previous chapter).

To test this model, we used the GFP movement assay to quantify PD transport in
plants after removing sink leaves or after removing source leaves (Figure 4.7) (Mason
et al., 2014). In the unaltered plants, GFP moved 2.6 = 0.1 cells after 48 hours in older
sink leaves. In plants without young sink leaves, PD transport was significantly lower,
with GFP moving only 2.1 £ 0.1 cells. Conversely, in plants lacking source leaves, PD
transport was significantly higher, with GFP moving 3.3 + 0.1 cells in the older sink
leaves. These results agree with the model that TOR coordinates the sink-to-source
transition in response to carbohydrate availability. After removing sink tissues, more
sugars are available for the older sink leaf, activating TOR and causing decreased PD
transport; after removing source tissues, less sugars are available for the older sink leaf,
deactivating TOR and causing increased PD transport.
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CONCLUSIONS

We propose that glucose-TOR signaling is required for the restriction of PD
transport during embryogenesis and during the sink-to-source transition in leaves. This
model leads to several new conclusions about the coordination of plant growth and
development. More broadly, the combined results of our screen for ise and dse mutants
show that PD transport during embryogenesis is controlled by physiological, rather than
strictly developmental, pathways. The decrease in PD transport at the mid-torpedo
stage is not caused by initiation of the ABI3 program and ABA responses, since mutants
with increased or decreased PD transport show strong activation of ABI3-regulated
genes (ise4 and dsel). Instead, PD transport at this stage of embryogenesis is
regulated by chloroplast function (as revealed by the isel/ise2 mutants) and sugar
availability (as revealed by the ise4 mutant).

Current efforts to improve crop yield focus primarily on maximizing nutrient (i.e.,
fertilizer) use efficiency, increasing overall carbon fixation, and optimizing carbohydrate
partitioning across the plant (for example, devoting more resources to seeds in cereal
crops, or more resources to vegetative tissue in biofuel crops) (Bihmidine et al., 2013).
Modifications to the glucose-TOR signaling pathway hold promise for engineering crops
that more efficiently partition resources according to agricultural needs.
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Figure 4.1. ISE4 encodes the Arabidopsis orthologue of Reptin. (A) 10kDa FITC-
Dextran does not move beyond the loading site (indicated by white arrow) in wild-type
(WT) mid-torpedo stage embryos. In ise4 mutants, 10kDa FITC-Dextran can rapidly
move throughout the shoot-root axis (middle panel) or the entire embryo (right panel),
indicating much higher rates of PD transport. (B) ise4 is a point mutation at nucleotide
242 (C242T) in the coding sequence of At5g67630. A null allele of At5g67630 (GK-
543F01) is caused by a T-DNA insertion near the translation start site of the gene.
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Three constructs that complemented ise4 are shown, including the full genomic
sequence and promoter (top), the genomic sequence and truncated promoter (middle,
missing the start site of At5g67640), and the At5g67630 coding sequence with the full
genomic promoter. Open reading frames are shown in color (green or blue),
untranslated regions are shown in gray, and T-DNA left and right borders are shown
with black arrowheads. (C) AtReptin-GFP localizes to the nucleus (bright circles; one
nucleus is labeled “n”) and cytosol (fluorescence near the cell wall; some cytosolic
AtReptin-GFP is labeled “c”) in N. benthamiana epidermal cells. Green, GFP; red,
chlorophyll autofluorescence. (D) Yeast two-hybrid assay confirms that AtReptin and
AtPontin interact. Letters indicate bait (top letter) and prey (bottom letter) constructs. -,
empty vector; R, AtReptin; P, AtPontin; D, DSE1 (a protein not predicted to interact with
AtReptin or AtPontin). (E) Amino acid sequences of Reptin orthologues are highly
identical between distantly related eukaryotes (left, %1D). The Walker A or P-loop motif
is conserved in Reptin orthologues (exceptions highlighted in cyan), but the Walker A
motif is mutated at key residues in the pseudogene paralogue of AtReptin, At3g49830,
and in ise4 (residues bold and highlighted in magenta).
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Figure 4.2. Quantitative yeast two-hybrid demonstrates that AtReptin and AtPontin
interact. (A) Yeast grown on selective media (-Trp —Leu —Ura) containing indicated
plasmids. (B) Quantification of interaction strength assayed spectrophotometrically by

66



beta-galactosidase activity of liquid cultures. Top line, bait (pCD); bottom line, prey (pC-
ACT); —, no insert; R, AtReptin; P, AtPontin; D, DSEL1 (a protein not predicted to interact
with AtReptin or AtPontin).
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Figure 4.3. Reptin regulates root, shoot, and floral plant development. (A) ise4 seeds
germinate after treatment with gibberellic acid (left). ise4 plants are smaller and more
chlorotic than wild-type plants grown under identical conditions (center). ise4 roots
display gravitropic defects. (B) Silencing NbReptin in N. benthamiana causes chlorosis
14 days post infection (left panels). Over time, silencing NbReptin causes delayed
development (right panels, 35 days post infection). (C) Silencing AtReptin disrupts plant
development (left). Some flowers lack petals and/or sepals and have sterile,
underdeveloped stamens (center panels). Siliques are curved or misshapen (right
panels).
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Figure 4.4. (A) The transcriptomes of ise4 and dsel are co-regulated (left), and the
transcriptomes of ise4 and abi3 are significantly opposite. Each line in the heatmap
represents a single gene whose expression is altered in both ise4 and dsel; purple
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indicates up-regulation in the mutant and yellow indicates down-regulation in the
mutant. (B) Genes in the ABI3 core regulon are down-regulated in isel and ise2
mutants, but up-regulated in ise4 and dsel mutants (yellow, up-regulated; purple, down-
regulated; gray, no significant change in expression). 98 genes are in the ABI3 core
regulon; the number of affected genes are indicated in the pie graphs except when < 3.
(C) Mid-torpedo stage WT and ise4 embryos visualized by transmission electron
microscopy (TEM). Sections were prepared from either the cotyledons (top) or
hypocotyl (bottom) of the embryos. Select oleosomes in ise4 are labelled with
asterisks; oleosomes are unstained and appear pale. White scale bar represents 1 um.
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Figure 4.5. TOR signaling regulates PD transport. (A) The ise4 and glucose-TOR
transcriptomes are co-regulated, indicating that ise4 is defective in TOR signaling. The
dsel and glucose-TOR transcriptomes signicantly overlap, but have opposite patterns
of gene expression. (B) Treating leaves with 1uM AZD-8055, a chemical inhibitor of
TOR signaling, causes increased movement of GFP from transformed cells in the
epidermis of N. benthamiana leaves relative to controls (DMSO). The histograms
indicate the frequency of GFP moving the distance indicated.
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Figure 4.6. Genes regulated by glucose-TOR signaling are differentially expressed as
leaves age. (A) The “aging” transcriptome, genes that are differentially expressed as
leaves transition from sinks to sources, is co-regulated with the glucose-TOR
transcriptome (left). The “young versus old” transcriptome, genes that are differentially
expressed between a very young sink leaf and a very mature source leaf, is also co-
regulated with the glucose-TOR transcriptome (right). These results imply that glucose-
TOR signaling regulates gene expression as leaves age. (B) lllustration of a 17 day old
Arabidopsis rosette used to quantify gene expression during leaf development. Leaves
are labeled sequentially from youngest (#1) to oldest (#12).
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Figure 4.7. PD transport is regulated by sink/source dynamics. (A—C) Schematic
cartoon of N. benthamiana plants used for this experiment. The leaf used for movement
assays (leaf #5) is labeled with a black arrow. Leaves removed are indicated by red
lines. (A) Anintact plant. (B) A plant with apical sink tissues removed. (C) A plant with
source leaves removed. (D) Average GFP movement away from individual transformed
cells in the leaf.
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Table 4.1. Changes in expression of genes that encode characterized PD proteins.

TAIR Loss-of-function Overexpression Fold-change in abundance
L ID Gene name henotype henotype ; ; ;
ocus p yp P yp ise4 isel ise2
PD CALLOSE
At1g18650| BINDING PROTEIN 3 Nowﬁieg‘;é‘;el(ridggggcy Decrea(s‘:g di?et(;)ans’m” 1.8 3.3 3.3
(PDCB3) ' P
PD LOCALIZED
At1g70690 PROTEIN 5 Increased PD transport Decreased PD transport 6.7 5.5
(PDLP5)
PD LOCALIZED
At2g01660 PROTEIN 6 Increaserc(je;g;ansport Decreasigdlil‘;)et(;anspon 20 29
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Table 4.2. Altered expression of photosynthesis-associated nuclear genes.

Biolog.ical TAIR Locus Gene Name . Fold-change in gxpressiqn
Function 1D ised dsel isel ise2
Light Harvesting  |At3g27690 |Lhcb2.3 -1.8 7.6
Complex I At2934420 |Lhcbl.5 1.6
At2g40100 (Lhcb4.3 -2.1
At3g08940 (Lhch4.2 -3.5 -6.9 -8.3
At1g15820 |Lhcb6 -3.3 -5.5 -3.9
At5g01530 |Lhcb4 -2.0 -6.0 -3.4
At1g29910 (Lhchl.2 -29.4 -4.0
At4910340 |Lhcb5 -13.1 -5.5
At2g05100 ([Lhcb2.1 -4.4 -8.9
At1g29920 (Lhcbl.1 -3.4 -3.5
At2g05070 (Lhch2.2 -3.3 -9.5
At2g34430 |Lhcbl.4 4.1
Photosystem |l At1g44575 [NPQ4 1.6
At3g55330 |PPL1 -3.9 -3.9
At1g03600 |Psb27 -1.5 -3.4
At3g50820 |[PsbO2 -1.5 -4.1
At4g28660 |Psh28 -1.5 -2.6 -2.9
At4921280 |PsbQ1l -1.5 -3.3 -3.2 -3.0
At3g56650 |thylakoid lumenal 20 kDa protein -4.1
At2928605 |PsbP-like protein -3.0
At2g39470 |PPL2 -4.6 2.8
At3g01440 |PsbQ -3.0 -3.7
At3g21055 |[PsbTN -2.2 -2.8 -3.8
At5g66570 [PsbO1 -6.2 9.4
At4g15510 |PsbP family protein -4.7 -2.3
At4g05180 |[PsbQ2 -3.7 -6.4
At1g06680 [PsbP-1 -3.2 -4.0
At29g06520 |[PsbX -2.7 -2.9
At4g37230 |33 kDa subunit of PS Il 6.2
Light Harvesting  |At1g19150 |Lhca6 -3.0 31 4.6
Complex | At3g61470 |Lhca2 1.8
At1g61520 |Lhca3 -2.1
At5g28450 ([Lhca2-like protein -2.6 -2.8
At1g34000 |OHP2 -2.7
At3g47470 |Lhca4d -2.1
Photosystem | At1g55670 [PsaG 1.6
At1g52230 |PsaH2 -1.7 -3.6
At4g28750 |PsaE1l -1.5 -5.7 -5.7
At1g31330 |PsaF -1.5 -3.0 -3.2
At1g03130 |PsaD2 -2.8 -3.1 -10.4
At2g20260 |PsaE2 -2.5 -2.8
At2g46820 |(PsiP -2.2
At4g12800 |[PsalL -8.2 -2.6
At3g16140 (PsaH1 -7.3 -11.5
At1g08380 |PsaO -5.1 -6.6
At4g02770 |PsaD1 -2.7 -3.5
At1g30380 [PsaK -2.1 -2.2
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Table 4.2, continued.

Blologllcal TAIR Locus Gene Name . Fold-change in gxpre55|9n
Function 1D ised dsel isel ise2
State Transition At4901330 |protein kinase 5.4
ATP synthase At4g04640 |[AtpCl -1.5 -2.3 -2.4 -2.7
At4g09650 [AtpD -3.4 -3.4
At2g31040 |[ATP synthase family 2.2
At4g32260 [ATP synthase family -2.6
Cyclic e- Transport |At2g05620 |PGRS -3.0 -3.9 -2.4
Plastocyanin At1920340 |PETE2 -1.6 -2.3 -15.7 -6.4
Atlg76100 |PETE1l -4.2
Ferredoxin / At4g32590 |Ferredoxin-related 2.0
Ferredoxin At5g66190 [FNR1 -1.8 2.0
reductase At1g20020 [FNR2 3.1 4.6 3.2 29
At3g16250 |NDF4 -4.4
At1g74880 [NdhO -3.6
At2g01590 |CRR3 -3.1
At4g32360 |[Ferredoxin reductase -2.8 -3.2
At1g10960 |AtFD1 -2.3 2.1
At1g02180 [Ferredoxin-related -2.6
At1g15140 |Oxidoreductase family protein 4.7
Photorespiration |Atlgl12550 |Oxidoreductase family protein -1.7
At2g35370 |GDCH -2.8 -5.8
At1g68010 |HPR -1.9 -3.4
At2g13360 |AGT1 -1.7 -2.5
At3g14420 |GOX1 -1.7 -3.7 -2.2 -2.2
At1g11860 |Aminomethyltransferase -1.6 -4.0 -3.7
At1g32470 |Gly cleavage system H protein -11.4 -4.3 -3.2
At3g14415 [GOX2 -3.7 -2.1 -2.2
At4g33010 [AtGLDP1 -2.4 -5.7
At3g14130 |HAOX1 -2.2
At1g79870 |Oxidoreductase family protein 2.4 3.1
Calvin-Benson At3g55800 |SBPASE -1.5
Cycle At5g38420 [RbcS-2B -3.2
At3g54050 [FBPase -2.8 -7.5
At5g38410 [RbcS-3B -2.8 -4.3
At2g39730 |RCA -1.8 -2.2
At1g42970 |GAPB -1.7 -2.8
At1g55490 [Cpn60B -2.1 -2.6
At4g20130 |PTAC14 -2.0 =315
At1g32060 |PRK -2.1 -2.4 -3.1 -6.4
At3g26650 |GAPA-1 -1.6 -2.5 -2.4 -4.7
At1g12900 |GAPA-2 -1.5 -3.2 -2.8 -13.3
At4g38970 [FBPase -2.3 -3.0 2.5 -3.7
At5g38430 [RbcS-1B 5.7
At3g04790 |Ribose 5-phosphate isomerase -2.3
At2g21330 [FBPase -2.3
At3g12780 |PGK1 -2.9
At2g28000 [Cpn60A 2.3 6.6
At1g79530 |GAPCP-1 2.9 2.3
At1g56190 [PGK 4.5
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Table 4.3. Small nucleolar RNA (snoRNA) abundance in wild-type versus ise4 seeds
for all snoRNA loci annotated by TAIR and detected in both wild-type and ise4
transcriptomes. FPKM, fragments per kb transcript per million mapped reads.

TAIR Locus FPKM Fold-change Statistical Signficance
ID WT ised in abundance| p value q value |[significant?

At2920721 118.5 3.1 -37.86 0.00 0.01 yes
At5g44286 687.6 25.4 -27.03 0.21 0.56 -
At2943138 281.2 16.4 -17.14 0.42 0.74 -
At4902555 2877.4 178.0 -16.16 0.02 0.14 -
At1g12015 754.3 63.2 -11.94 0.07 0.34 -
At5066562 728.0 69.4 -10.48 0.07 0.34 -
At1g03743 198.8 19.7 -10.09 0.38 0.72 -
At1g29071 402.7 42.9 -9.38 0.06 0.31 -
At3g01316 4445.2 493.6 -9.01 0.00 0.05 yes
At3g01313 185.5 28.7 -6.46 0.23 0.58 -
At1g03746 297.9 56.7 -5.25 0.16 0.50 -
At1g75163 4580.2 1059.6 -4.32 0.18 0.52 -
At1g03935 397.6 95.7 -4.15 0.12 0.44 -
At2g35387 5212.9 1359.6 -3.83 0.00 0.03 yes
At4g03295 3587.6 960.4 -3.74 0.01 0.09 -
At3g47342 10243.1 2748.6 -3.73 0.00 0.00 yes
At5g10572 156.0 46.0 -3.39 0.08 0.35 -
At5g51174 2905.9 934.7 -3.11 0.00 0.01 yes
At5g66564 615.0 206.9 -2.97 0.13 0.46 -
At4g25631 1463.4 502.8 -2.91 0.47 0.78 -
At4g39361 14658.5 4550.7 -2.73 0.00 0.05 -
At5g41471 422.7 157.8 -2.68 0.08 0.36 -
At3g27865 343.8 137.9 -2.49 0.22 0.57 -
At5g13225 4697.0 2021.9 -2.32 0.01 0.11 -
At1g12013 8066.8 3556.0 -2.27 0.00 0.00 yes
At1g74453 78.7 35.8 -2.20 0.14 0.48 -
At1g20015 250.8 115.6 -2.17 0.34 0.68 -
At3g24612 27379.8 13228.9 -2.07 0.00 0.01 yes
At1g19376 432.4 210.0 -2.06 0.27 0.62 -
At3g47347 32.7 16.0 -2.04 0.36 0.70 -
At1g19373 113.5 58.3 -1.95 0.65 0.88 -
At4g15258 900.6 491.4 -1.83 0.05 0.29 -
At3g58193 179.9 102.6 -1.75 0.60 0.86 -
At3g13525 142.0 87.7 -1.62 0.63 0.87 -
At3g21805 12806.4 8214.2 -1.56 0.16 0.50 -
At4939363 2587.6 1917.1 -1.45 0.57 0.84 -
At3g58196 163.4 125.7 -1.30 0.85 0.96 -
At4g05048 123.2 101.8 -1.21 0.72 0.91 -
At5953902 683.2 621.0 -1.10 0.42 0.75 -
At5g54075 1146.1 1269.3 1.11 0.39 0.73 -
At3g50825 67.0 83.3 1.24 0.84 0.95 -
At5g52471 20.8 133.7 6.44 0.51 0.81 -




Table 4.4. Altered expression of genes identified in the ABI3 conservative core regulon.
TAIR Locus Gene Name Fold-Change in Expression
ID ised dsel isel ise2
At29g21490 [LEA family 1046.9 8.1
At1g04560 |AWPM 19 1038.1 314 -14.0 -3.3
At2g19320 |Unknown 1008.8
At5g45690 [Unknown 1008.7
At1g54870 [Oxidoreductase 1003.3 7.3 -7.0
At2g23640 [Reticulan like protein B13 1002.9
At2g42000 [Metallothionein 4 1001.8
At4918920 |Unknown 1001.6
At4939130 [LEA family 1001.5
At5g18450 [AP2-domain transcription factor 1001.1
At3g21380 [Mannose-binding lectin family 1000.8
At4g28520 |Cruciferin 3 510.6
At1g03880 |Cruciferin 2 268.8 2.9 -2.5 -2.3
At5954740 [Seed storage albumin 5 74.6
At2g28420 [Glyoxylase | family protein 56.5 10.8
At4g27150 |Seed storage albumin 2 55.1
At5922470 |[NAD+ ADP-ribosyltransferase 39.2 3.6 -6.4 -3.2
At5g07190 |Seed gene 3 28.3 -2.7 -3.6
At4926740 [Seed gene 1 21.3 -4.7
At3g15670 |LEA family 17.9 108.9
At5055240 |[Peroxygenase 2 15.5
At1g73190 [Aquaporin-like superfamily 14.1
At1g27990 [Unknown 13.3 6.8 -4.1
At5g44120 [RmIC-like cupins superfamily protein 12.8
At4g16160 [AtOEP16-2 12.3 2.2 -2.1
At3922640 |Cupin family 12.0 -3.7 -3.7
At2g31980 |Phytocystatin 2 11.2
At1g48130 [1-cysteine peroxiredoxin 1 10.7
At2g28490 [RmIC-like cupins superfamily protein 9.3
At1g32560 [LEA family 8.0 4.7 -16.5
At1g72100 [LEA family 7.7 12.0
At5g01300 [PEBP family 6.8 2.2
Atlg17810 [Beta-tonoplast intrinsic protein 6.5 -2.1 -5.3 -4.2
At3g63040 [Unknown 5.5
At2g25890 [Oleosin family 5.2 2.5
At1g27461 [Unknown 4.6
At4g25140 |Oleosin 1 4.3
At3g18570 [Oleosin family 4.0
At5g01670 [NAD(P)-linked oxidoreductase family 3.4 3.4 -2.2 -2.5
At1g54860 [Glycoprotein membrane precursor GPl-a 3.4 -2.8
At3g12203 [Ser Carboxypeptidase-like 17 2.9 -4.9 -2.2
At5940420 [Oleosin 2 2.6
At3g27660 |Oleosin 4 2.6
At3954940 |Papain family Cys protease 2.4
At3g01570 [Oleosin family 2.1
At5g51210 [Oleosin 3 1.8
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Table 4.4, continued.

TAIR Locus Gene Name Fold-Change in Expression

ID ised dsel isel ise2
At3g51810 |LEA family 213.4
At5g06760 |LEA family 87.6
At2g35300 |LEA family 24.4
At2g42560 |LEA family 19.7 2.3
At3g53040 |LEA family 18.8
At2g15010 [Plant thionin 12.3
At5g44310 |LEA family 10.7 -6.3
At4g21020 |LEA family 9.5
At2g21820 [Unknown 8.9
At4927140 [seed storage albumin 1 7.7
At5g07330 [Unknown 6.7
At2g47770 [Seed Trp-rich sensory protein 6.6
At3g15280 |Unknown 6.1 -2.9
At2g36640 [Embryonic cell protein 63 5.0 -7.3 -10.6
At2g18340 |LEA family 4.1
At3g50980 |LEA family 3.8 8.9
At5g43770 [Pro-rich family protein 3.3
At1g05510 [Unknown 3.1
At5g04000 [Unknown 3.0
At3g58450 [Adenine hydrolase-like family 2.7
At5909640 [Ser Carboxypeptidase-like 19 -2.3 -2.9 -2.1
At5g16460 |Seipin -12.5 -2.4
At4g27530 [Unknown -6.1 -5.3
At1g03890 [RmIC-like cupins family -3.5 -5.7
At4910020 |Hydroxysteroid dehydrogenase 5 -3.4 -5.8
At5g24130 [Unknown 2.1
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Table 4.5. Genes encoding ABA metabolism enzymes with significantly altered

expression in isel, ise2, ise4, and dsel mutant seeds.

Fold-change in abundance

TAIR Locus ID| Gene Name Enzyme Function - - -
isel ise2 ised dsel
At3g21780 UGT71B6 ABA inactivation 2.3 2.1
At3g14440 NCED3 ABA synthesis 6.4
At3924220 NCED6 ABA synthesis 2.2 3.8 2.3
At1g78390 NCED9 ABA synthesis 2.9
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Table 4.6. List of transcriptomes included in this study.

22k Genome Array)

Transcriptome Condition A Condition B Platform Analysis | Citation
_ ise4-1/+ and +/+ ise4-1 RNA-Seq Analyzed
Ised mid-torpedo seed mid-torpedo seed (lon Torrent here

Proton Chip)
. isel-1/+ and +/+ isel-1 Mlcrogrray Previously
isel . . (Affymetrix 1.0R
mid-torpedo seed mid-torpedo seed - analyzed
Tiling Array)
. ise2-1/+ and +/+ ise2-1 Mlcrogrray Previously
ise2 . . (Affymetrix 1.0R
mid-torpedo seed mid-torpedo seed - analyzed
Tiling Array)
dsel-1/+ and +/+ dsel-1 Mlcrogrray Previously
dsel . : (Affymetrix 1.0R
mid-torpedo seed mid-torpedo seed - analyzed
Tiling Array)
. Microarray
Col-0 bi3-6 Analyzed
abi3 © abt (Affymetrix ATHL | “"2Y?
bent-cotyledon seed bent-cotyledon seed here
22k Genome Array)
. Microarray .
) Col-0 80-5 . . P I
no80 12d oldoseedlin s 12d (;Tgseedlin s (Agilent Arabidopsis arr?;tl:ogzg
g g 4 %44k Array) y
. Microarray .
Col-0 1-5 . P I
swrl 14 d oI?zI lants 14 dpcl:lad lants (Affymetrix ATH1 arrfz:ogzg
P P 22k Genome Array) y
Glucose-treated Glucose-treated Microarray Previous|
glucose-TOR | quiescent seedlings quiescent seedlings, (Affymetrix ATH1 anal zeci/
(uninduced TOR-RNAI) TOR-RNAI induced 22k Genome Array) y
Microarray
Leaf #2, Leaf #12, . Analyzed
"young vs. old" . . (Affymetrix ATH1
17 d old Col-0 plant 17 d old Col-0 plant 22k Genome Array) here
Leaf #2, Leaf #4, A Mr:r?riiri)im 1 Analyzed
17 d old Col-0 plant 17 d old Col-0 plant (Affyme here
22k Genome Array)
Microarray
T Leaf #4, Leaf #6, . Analyzed
aging 17 d old Col-0 plant 17 d old Col-0 plant (Affymetrix ATHL here
22k Genome Array)
Leaf #6, Leaf #8, A Mr:é??rr%_H 1 Analyzed
17 d old Col-0 plant 17 d old Col-0 plant (Afty X here
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METHODS

Next-generation Mapping of ise4

ise4 was identified from a population embryo-defective ethyl methane sulfonate-
mutagenized A.thaliana Landsberg erecta (Ler) lines, as previously described (Kim et
al., 2002; Kobayashi et al., 2007; Stonebloom et al., 2009). The mutated locus was
mapped to a 120kbp region between the polymorphism PERL1125350 and the end of
chromosome 5. Due to low recombination rates in this region, we used next-generation
mapping to identify the causal mutation. 18 overlapping genomic fragments between 8
and 9 kbp long were amplified with iProof high-fidelity DNA polymerase (Bio-Rad
Laboratories) from genomic DNA isolated from homozygous ise4 mutants. The
fragments were purified by gel extraction, and pooled in equal concentrations to ...

ise4 was complemented with three different constructs. A long genomic
sequence was composed of ~2.4kb upstream of At5g67630, the At5g67630 gene, and
~1kb downstream of At5g67630. A gene of unknown function, At5g67640, is within the
~2.4kb region upstream of At5g67630; no SNPs were identified in At5g67640 between
WT and ise4, but to be sure that expression of At5g67640 did not affect the ise4
phenotype, a short genomic sequence lacking the At5g67640 translation start site was
also constructed, and this sequence complemented ise4. Finally, the ~2.4kb upstream
sequence was used to drive expression of the coding sequence of At5g67630 cloned
from Arabidopsis cDNA; this construct also complemented ise4. Complementation was
performed by transforming ise4/+ heterozygotes with the floral dip method and testing
for rescue of the embryo-defective phenotype.

RNA-Seq and transcriptome analysis

Homozygous ise4 seeds at the mid-torpedo stage of embryogenesis and their
wild-type or heterozygous mid-torpedo stage siblings were collected as previously
described and stored at -80°C in RNAlater [ref]. For each pooled RNA sample,
approximately 100-150 seeds were collected, and four replicates were collected (three
replicates were used for RNA-Seq, the fourth replicate was used for RT-gPCR
verification of RNA-Seq results). RNA was isolated with the Spectrum Plant Total RNA
(Sigma-Aldrich) with on-column DNase | digestion (New England Biolabs). RNA was
treated with RiboMinus (Life Technologies) to deplete 16S, 18S, 23S, and 25S rRNA,
and then used to prepare lon Torrent libraries with the lon Total RNA-Seq Kit v2 (Life
Technologies).

Libraries were sequenced with an lon Proton | Chip. Torrent Suite Software was
used to filter polyclonal reads, adapter dimers, reads of very low quality, and to trim 5’
adapter and repetitive sequences. The remaining computational steps were completed
using an instance of Galaxy. FASTQ Quality Trimmer was then used to remove low
quality 3’ ends (window size 10, step size 1, quality score = 20) from reads, then reads
were filtered with Filter FASTQ to remove reads less than 25 bp long.

To determine differences in gene expression between ise4 and WT seeds, RNA-
Seq results were compared using the Tuxedo Suite. Reads were mapped with TopHat2
to the Ler genome and assembled into transcripts with Cufflinks. Cuffmerge was used
to assemble the transcriptome with a Ler reference transcriptome. Cuffdiff2 was used

82



to generate a list of differentially expressed genes comparing three replicates of ise4
seeds with three replicates of WT seeds (p < 0.05, g < 0.05).

The ise4 transcriptome was analyzed using MapMan software, which assigns
genes to various categories based on their biological function and uses a Wilcoxon rank
sum test, corrected with the Benjamini-Hochberg procedure to reduce the false positive
rate, to identify categories that are significantly altered in gene expression. Gene lists
from different transcriptomes were compared using a hypergeometric test for significant
overlap using R software. Within the subset of overlapping genes, any genes that were
up-regulated or down-regulated (regardless of the measured fold-change in expression)
in all transcriptomes were considered “co-regulated”.

Transcriptomes included in this study are listed in Table 4.7. Several microarray
experiments were reanalyzed here (as indicated Table 4.7) using the sensitive rank
product method with MeV software.
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