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Extracellular ATP (eATP) was first identified as a neurotransmitter in animal
systems decades ago, but has only recently been classified as a signaling molecule in
plants. Previous studies have shown that exogenously applied ATP can disrupt
gravitropism in roots, depolarize root hairs, and alter auxin distribution. These results
support a clear role for this molecule as a regulatory signal in plants.
To further define eATP as a signal in plants, Ceratopteris spores, a model system,
were used to study gravity-directed cell polarization. This polarization begins with the
uptake of Ca2+ through channels at the bottom of the spore, a process required for the
cell’s gravity response. Previous data showing that mechanosensitive channels can
release ATP and that eATP can induce the opening of Ca2+ channels led to the hypothesis
that eATP could play a role in the gravity-directed polarization. Data described in this
dissertation show that an eATP gradient, with significantly higher [ATP] outside the
bottom of the cell, is present during and promotes gravity-directed polarization.
To explore the link between eATP and Ca2+ in gravity-directed polarization of
spores, microparticle bombardment was used to transform Ceratopteris cells with a
FRET-based Ca2+ sensor, Yellow Cameleon 3.60. The success of this effort has generated
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a uniquely valuable tool that can be used to analyze intracellular Ca2+ dynamics and
rapidly screen transformants in Ceratopteris, a primitive plant system.
In addition to studying the role of eATP signaling in the gravity response of single
cells, an assessment of its role in the gravity response of a multicellular system, primary
roots of Arabidopsis, was carried out. By using ecto-luciferase-expressing seedlings, a
gradient of eATP, with the highest concentration being along the bottom of the root, was
visualized within 30 min of gravistimulation. When this gradient was disrupted by excess
ATP or an eATP receptor antagonist, the gravity response was attenuated.
These results characterize the role of eATP gradients in the gravity responses of
single spore cells of ferns and multicellular primary roots of a flowering plant. They
suggest that the preferential accumulation of eATP along the bottom of gravityresponding cells is an evolutionarily conserved mechanism for promoting gravitydirected development.
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Chapter 1: Introduction1
Plants have adapted to their environment by developing the ability to respond to abiotic
factors such as temperature, water, light, and gravity by altering their physiology, behavior, and
development. These adaptations have ensured their survival and helped them thrive in diverse
and dynamic settings. A common response to some of these factors is differential growth. For
example, in response to directional light, plants will alter their growth pattern in order to be in an
optimal position for light exposure. Differential growth responses to light, gravity, water, and
other environmental stimuli are called tropisms. These growth responses have been observed and
studied for well over a century (Darwin, 1880). Many scientists have studied gravitropism, a
differential growth response due to the force of gravity, yet the molecular and cellular
components of this response are still not well defined.

THE GRAVITY RESPONSE IN MULTICELLULAR PLANTS
Gravity exerts a constant mechanical force that all living organisms experience during
their lifetime. It induces organisms to develop structural components, such as bone, in order to
develop and keep their form. Because this force has remained stable over time, many forms of
life have developed machinery that allow them to utilize gravity in order to orient growth,
development and posture. Many organisms now require gravity to function and develop properly.
Plants use gravity as an environmental signal in addition to or in the absence of other
environmental signals. For example, when roots are above ground they will use light and gravity
in order to direct growth downwards. However, if roots are underground in the absence of light,
roots will use gravity as a sole stimulus in order to orient growth. One common response to
gravity, termed gravitropism, is a plant growth response to reorientation within a gravitational
1

In Chapter 1, the section “Gravity Response in a Single Cell, Model System, Ceratopteris richardii Spores” was
previously published. Reference: Cannon, A.E., Salmi, M.L., Clark, G.B., and Roux, S.J. (2015). New insights in
plant biology gained from research in space. Gravitational and Space Biology. Ashley was the primary contributor
and editor of this review article.
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field. It is a dynamic process that is defined by multiple steps including perception, signal
transduction, translocation of the signal to the site of action and differential growth that leads to
the plant returning to its original orientation. The original orientation is generally identified as
the shoot growing up and the roots growing down in flowering plants. In order for a plant to
reorient properly in response to a change in their position relative to the direction of the gravity
vector, multiple, well-coordinated cellular processes must take place.
The first step in this process is perception of reorientation. In multicellular plants, cells
responsible for gravity perception and response are called statocytes. These cells contain
amyloplasts, plastids responsible for the synthesis and storage of starch. In statocytes, the
amyloplasts that settle in response to gravity are called statoliths. In roots, the statocytes are
located in the root tip in the columella region (Kiss, 2000). In hypocotyls, statocytes are located
in the same region where gravitropic curvature will take place; i.e., in the endodermal cells of
dicot hypocotyls and in the pulvini of monocot hypocotyls (Baldwin et al., 2013).
There are two hypothetical models of graviperception in plant systems. One of the
hypothetical models, the starch-statolith hypothesis, claims gravity is perceived when starch
filled plastids settle on the endoplasmic reticulum or on the “bottom” plasma membrane of the
cell in response to gravity (Blancaflor and Masson, 2003). The other hypothetical model is called
the protoplast-pressure hypothesis. In this model, it is the settling of the protoplasm, the entire
cellular contents, that leads to the perception of gravity.
In higher plants, the starch-statolith hypothesis has continually gained support. Recent
technological advances have improved studies so that they provide more refined evidence of the
role that statoliths play in graviperception. For example, experiments investigating the effects of
removing the root cap have been improved by using laser ablation techniques to remove different
regions of cells within the root cap rather than the entire cap. Removal of the columella cells
using laser ablation caused the largest decrease in gravicurvature compared to removal of other
root cell regions (Blancaflor et al., 1998). In addition to showing that the removal of columella
cells disrupts gravitropism, studies have also shown that increasing the density of amyloplasts in
2

statocytes increases gravisensitivity (Vitha et al., 2007). These studies were done using the sex1
(Starch EXcess) mutant of Arabidopsis. In the roots of these mutants, the quantity of starch,
statolith sedimentation and the sensitivity to gravity were comparable to wild type. However,
amyloplasts located in hypocotyls of sex1 mutants were twice as large as wild type. Increasing
the quantity of starch in statocytes caused the mutants to be more sensitive to gravity (Vitha et
al., 2007).
The starch-statolith hypothesis is well studied and supported, however there are also
studies showing that the protoplast-pressure hypothesis is an important gravity-sensing
mechanism in systems where the settling of statoliths does not correlate with gravity perception.
Many of the studies that concentrated on understanding the molecular and cellular aspects of this
hypothesis focused on gravity-induced cytoplasmic streaming present in the internodal cells of
Chara, a green algae (Ewart, 1902; Wayne et al., 1990). These experiments supported the
hypothesis that cells using this gravisensing mechanism determine “down” as a region where the
compression on the plasma membrane is increased and “up” as a region where there is a decrease
in plasma membrane tension (Wayne and Staves, 1997). This hypothesis was also supported by
studies showing that altering the osmotic level of media surrounding internodal cells of Chara,
changed the gravity response (Staves et al., 1997). When the pressure of the protoplasm was
higher than the surrounding medium, the cells maintained their ability to sense gravity. However,
when the density of the medium was equal to the density of the protoplasm, cells lost their ability
to sense gravity. Additionally, when the density of the cell protoplasm was less than the
surrounding medium, the gravity response reversed. This experiment supported that hypothesis
during the protoplast-pressure mechanism the cell is not necessarily sensing “up” and “down”
but it is sensing changes in membrane tension caused by the force of gravity (Wayne and Staves,
1997).
Although the protoplast-pressure hypothesis explains the process of gravity perception
differently than the starch-statolith hypothesis, both of these models rely on the cell containing
machinery that is able to sense cellular changes caused by the force of gravity and initiate a
3

biochemical signal. One of the initial receptors of gravity could be mechanosensitive ion (MS)
channels (Leitz et al., 2009). The activation of MS channels would lead to a localized flux of
Ca2+ ions within a specific region of the statocytes or gravity sensing cells. Ca2+ ions, a common
secondary messenger, could initiate additional signaling cascades leading to physiological
changes necessary for the gravity response. It is important to point out that since Ca2+ is a
ubiquitous secondary messenger used in many signaling cascades, e.g., gravity response and
touch response, different Ca2+ dependent signal transduction processes can be distinguished in
cells by their specific timing, magnitude and duration (Fasano et al., 2002). Studies have shown
that when calcium-interacting proteins were inhibited (Biro et al., 1982; Bjorkman and Leopold,
1987) or when wall calcium was chelated (Daye et al., 1984; Bjorkman and Cleland, 1991)
gravitropism was inhibited.
In order to better understand the role of Ca2+ in gravitropism, various tools were used to
monitor the redistribution of ions after gravistimulation. These experiments showed that Ca2+
accumulates in the apoplasm along the lower side of roots of Zea mays (Dauwalder et al., 1985;
Moore et al., 1987b) and on the upper side of Avena coleoptiles (Slocum and Roux, 1983) that
have been gravistimulated. In order to ensure that this accumulation of Ca2+ included a gradient
of active ions, a calcium specific microelectrode was used to measure apoplastic calcium in cells
surrounding statocytes (Bjorkman and Cleland, 1991). This experiment showed that there is an
increase in extracellular free Ca2+ on the lower side of roots during gravistimulation and when
this calcium gradient is destroyed using dinitro-BAPTA, a calcium chelator, gravicurvature was
eliminated (Bjorkman and Cleland, 1991).
As a result of these early experiments, it was hypothesized that the Ca2+ gradient could be
involved in modulating the extension and growth of the cell wall as well as mediating signaling
in the cytoplasm of gravity-sensing cells (Sinclair and Trewavas, 1997). There is much evidence
supporting the hypothesis that Ca2+ is the secondary messenger needed for the gravitropic
response to occur, including the detection of changes in the concentration of cytosolic Ca2+ in the
statocytes when roots are gravistimulated (Plieth and Trewavas, 2002; Toyota et al., 2008).
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Additionally, statocytes have been shown to contain relatively high levels of calmodulin and
calmodulin like proteins, e.g. TCH3 (Antosiewicz et al., 1995). High levels of these proteins
make statocytes hypersensitive to changes in [Ca2+] cyt.
Technological advancements over the last two decades have led to studies of Ca2+
kinetics and activity at a much higher level of resolution. Using a genetically encoded calcium
reporter, Yellow Cameleon 3.6, studies showed that gravistimulation induces a wave of calcium
that moves from the tip of an Arabidopsis root to the elongation zone on the lower side
(Monshausen et al., 2011). This calcium wave has the same kinetics as auxin during
gravistimulation. As a result of this observation, it was hypothesized that the accumulation of
Ca2+ during gravitropism may be a result of auxin signaling rather than being the initiator of this
signal. Based on the kinetics that Monshausen et al. (2011) observed, this Ca2+ wave was
involved in the propagation of the gravitropic signal to the elongation zone. Once the Ca2+
reaches the elongation zone, it was involved in regulating growth.
Another common cellular process that converts information such as the repositioning of
amyloplasts into biochemical signals is a receptor-ligand interaction. Leitz et al. (2009) showed
that settling amyloplasts are close enough to the ER to allow for protein-protein interactions, or
ligand-receptor interactions. Amyloplasts could also be interacting with proteins on the plasma
membrane (Baldwin et al., 2013). When a ligand on the amyloplast binds to a receptor, proteins
may be locally activated leading to cell polarization. This ligand-receptor interaction could also
lead to the production of secondary messengers that activate steps downstream of perception that
have already been described.
Another molecule involved in signaling and signal translocation during gravitropism is
auxin, a plant growth regulator. Auxin flow into and out of plant cells is via transporters. It
undergoes directional cell-to-cell transport by going through auxin influx (AUX1/LAX) and
efflux carriers (PINs and ABCBs) located in the plasma membrane (Petrasek and Friml, 2009).
Auxin flows down the center of roots to the columella region where it changes direction and
begins flowing shootward. In a non-gravistimulated plant, the columella cells direct an even flow
5

of auxin shootward on both flanks of the root. As a result of gravistimulation, the flow of auxin
becomes asymmetrical. The differential shootward auxin flow is initiated by PIN proteins in the
columella cells. The mechanisms that lead to the re-localization of PIN proteins in columella
cells is still a mystery, but one hypothesis is that a localized accumulation of Ca2+ could lead to a
polarized distribution of PIN proteins and a differential flow of auxin. The auxin efflux proteins
involved in initiating the differential distribution as a result of gravistimulation are PINFORMED 3 (PIN3) (Friml et al., 2002) and PIN7 (Kleine-Vehn et al., 2010). In response to
gravistimulation, both of these auxin efflux carriers relocate to the lower side of columella cells.
The agravitropic response of the pin3pin7 double mutant is more pronounced than the single
pin3 and pin7 mutants suggesting some level of redundancy (Kleine-Vehn et al., 2010). After the
auxin is differentially transported in the root cap, it is transported shootward by AUX1/PIN2
through the lateral root cap to the epidermal region of elongation zone (Sato et al., 2015). Once
in the elongation zone, auxin will interact with the auxin receptor Transport-Inhibitor Resistant
(TIR1)/ Auxin Signaling F-box (AFB) protein complex (Dharmasiri et al., 2005; Kepinski and
Leyser, 2005). This interaction could lead to gene expression changes through the degradation of
Auxin Response Factor (ARF) repressors, the AUX/IAA proteins. The ARFs can induce changes
in gene expression that lead to different elongation rates on the top and bottom of roots, which
results in curvature. The importance of auxin in the process of gravitropism can be seen in an
auxin influx carrier mutant, aux1, which is completely agravitropic (Marchant et al., 1999).
Many of the signal transduction steps described above are not well understood or defined but the
role of auxin in the gravitropic response is clear.
In summary, the gravitropic response in multicellular plant roots is defined by multiple
steps including perception, signal transduction and translocation, and differential growth.
Perception of the signal could be through the settling of amyloplasts or the protoplasm. This
settling may cause the opening of MS channels or activate receptors on the ER and/or the plasma
membrane. Upon activation, downstream signals such as Ca2+ flux may be involved in initiating
the translocation and polarized distribution of the PIN proteins. The relocation of PIN proteins
6

leads to an asymmetrical flow of auxin to the elongation zone that results in differential growth
and curvature of roots. In the hypocotyl, gravity is perceived in cells located in the region where
differential growth will take place. Although many of the same secondary messengers are
involved in this response, signal translocation is not a necessary component of this response.

GRAVITY RESPONSE IN A SINGLE CELL, MODEL SYSTEM, CERATOPTERIS RICHARDII SPORES2
In recent years, the majority of studies focused on the gravity response in plants have
used Arabidopsis thaliana, but another model system that has been used to understand the effects
of gravity is the single-celled spore of the fern Ceratopteris richardii. This fern is homosporous,
with large, 100-150 μm diameter, spores. The fern life cycle, like that of all pteridophytes,
consists of alternation of free-living haploid and diploid generations. Ceratopteris spores are
produced on diploid fronds through meiosis. Ceratopteris spore germination is a red-light
induced process mediated by the photoreceptor phytochrome. Ceratopteris spores germinate
readily in standard laboratory culture conditions (Hickok et al., 1987).
While it is still a single cell, the spore can sense and respond to gravity. Developmental
polarity is established in response to the vector of gravity, as demonstrated by Edwards and Roux
(1994), and it results in the downward migration of the cell nucleus, followed 48 h later by the
emergence of the primary rhizoid from the spore near the settled nucleus and its growth in the
direction established in the first 30 hours of germination. The continuous micro-gravity
conditions on the space shuttle flight STS-93 resulted in random orientation of nuclear migration
and rhizoid emergence in germinating Ceratopteris spores, as demonstrated by Roux et al.
(2003).
In the same space shuttle mission, spore samples were exposed to light and allowed to
develop for various time points in microgravity before being frozen and returned to earth for
analysis of gene expression changes (Salmi and Roux, 2008). All of the samples included in this
2

The majority of the section “Gravity Response in a Single Cell, Model System, Ceratopteris richardii Spores” was
written by the author and previously published in Cannon et al. (2015)
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study were frozen prior to the first division of the spore cell, allowing gene expression analysis
of differences in transcript abundance within the same cell over time and induced by the absence
of the polarity-directing force of gravity. Around 5% of the unique transcripts analyzed in this
study exhibited a difference induced by micro-gravity conditions in at least one of the
developmental time points analyzed. The stress of the space environment did not result in a
general trend toward gene suppression, as an approximately equal number of down- and upregulated changes were induced under the conditions of this experiment. Transferase- and
hydrolase-type enzymes were the molecular functions most abundantly represented in the
differentially regulated transcripts. Enzymes with these molecular functions modify other
proteins, suggesting that the post-translational modifications involved gravity perception might
be altered in microgravity conditions.
Within the developmental stage when spores are responsive to gravity reorientation (i.e.
the first 30 h of development), there is a differential calcium ion flux through spores (Chatterjee
et al., 2000; Chatterjee and Roux, 2000; ul Haque et al., 2007; Salmi et al., 2011). Efflux is
strongest at the top of the spore relative to gravity, and influx occurs primarily at the bottom of
the spore. This calcium transport differential reorients coincident with spore rotation (Salmi et
al., 2011), indicating that activity of the ion channels and pumps responsible for calcium flux are
regulated almost instantaneously by gravity stimulation. This rapid regulation of calcium flux
was also observed in the changing g-force environment of parabolic flight. These flight
experiments, in which the periods of hyper-g and hypo-g were of short duration, demonstrated
that the magnitude of the calcium differential is correlated with the level of gravity applied to
spores (Salmi et al., 2011). They revealed how rapid the responses to gravity fluctuations are in
germinating spores, suggesting that changes in the magnitude and direction of the g-force can
rapidly alter the transport activity of calcium channels and pumps.
Control of the gravity-directed calcium ion distribution in spores is the subject of
continued investigation. Calcium signaling is important in diverse physiological processes of
bacteria, fungi, plants and animals. Cells generally keep their cytoplasmic calcium
8

concentrations low, typically below micromolar, so that temporal and location-specific increases
in calcium concentration can serve as a specific signal (Gilroy et al., 1993). This intracellular low
calcium concentration means that the efflux of calcium observed at the top of germinating
Ceratopteris spores would be the result of an energy-requiring calcium pump, and the influx of
calcium observed at the bottom of the spore would be mediated by a calcium channel. There has
been recent progress in identifying the transport proteins that facilitate these processes.
A candidate for Ca2+ efflux activity has been identified in a plasma membrane-type Ca2+ATPase that is expressed coincident with the developmental period when spores are responsive
to gravity (Salmi et al., 2011). That this enzyme had functional pump activity was demonstrated
by heterologous expression in yeast (Bushart et al., 2013). Spore plasma membrane specific
Ca2+-ATPase activity was inhibited by treatment with 2′, 4′, 5′, 7′-tetrabromofluorescein (Eosin
Yellow), and this inhibition of calcium efflux was verified using the CEL-C calcium sensor.
Even though the extracellular calcium differential was eliminated by treatment with Eosin
Yellow, when this treatment was limited to the period of gravity perception it did not alter the
gravity–directed polar growth of the primary rhizoid. However, continuous treatment with Eosin
Yellow does completely inhibit rhizoid development, indicating that this calcium pumping
activity is necessary for polar tip growth of the rhizoid. These data are consistent with the
important role of Ca2+-ATPase in maintaining a low cytoplasmic calcium concentration and
facilitating tip growth. The results are also consistent with the model of spore gravity perception
that implicates a localized region of high cytoplasmic calcium at the bottom of a germinating
spore as the key signal for the direction of gravity-directed polarization. Consistent with this
interpretation, the calcium channel antagonist, nifedipine, blocks the gravity-directed downward
polarization of rhizoid growth (Chatterjee et al., 2000). Mechanosensitive channels could
mediate gravity-induced calcium entry specifically at the bottom of a spore.
To date, three classes of MS channels have been identified in plants based on their
sequence similarity to channels in other cell types: MscS-like, Mid1 complementing activity, and
two-pore potassium channels (Hamilton et al., 2015). MscS channels are well-characterized MS
9

channels of small conductance. In bacteria i.e., E. coli, the MscS proteins form homoheptomers,
which have an open pore size of just under 13Å (Wang et al., 2008). Recently, point mutational
analysis has demonstrated that the MscS channel is kept in a closed state due to intrinsic
membrane pressure, and it is the application of tension to the membrane that causes the pore to
open, as a relief valve like a jack-in-the-box (Malcolm et al., 2015). In the open conformation,
the bacterial MscS channel allows ions into cells to relieve the osmotic stress that exerts tension
on the plasma membrane.
In eukaryotic cells, including plants, MS channels have long been proposed as a gravitysensing mechanism. As mentioned above, in this model, some settling mass (e.g., statolith or
protoplasm) exerts tension on the bottom of the cell that results in opening of MS channels
(Toyota and Gilroy, 2013). This results in local areas of high ion concentration. This model of
gravity perception is consistent with the data obtained from Ceratopteris thus far. M. Salmi in
the Roux lab has recently identified three members of the MscS family of MS channel in
Ceratopteris based on sequence similarity (Salmi and Roux, unpublished). It will be important to
demonstrate MS activity of the proteins encoded by these genes, and, if they prove to be
functional, characterize their role in Ceratopteris spore development.
Understanding the role of gravity-perception and response in a relatively simple
system like Ceratopteris is the first step to understanding the basic cellular and molecular
mechanisms involved in the gravity-response as a whole. The studies outlined above have shown
that a dynamic and gravity-responsive Ca2+ differential is an essential component of gravitydirected polarization in Ceratopteris spores. Since this discovery, scientists have continued to
focus on finding additional molecular and cellular components needed for gravity-directed
polarization in Ceratopteris spores. These studies have led to the discovery of a role for
extracellular ATP (eATP) in this process.

10

EXTRACELLULAR ATP SIGNALING
Adenosine triphosphate (ATP) is a purine nucleotide present in all cells that acts as a
universal energy source powering many important biochemical reactions. However, ATP can
also be found outside of the cell where it acts as a signaling molecule allowing cells and tissues
to communicate. The signaling role of eATP was first described by Burnstock when he analyzed
the role of eATP as a neurotransmitter in purinergic nerves (Khakh and Burnstock, 2009). In
animals, eATP is involved in important processes such as regulating airway clearance, the
functioning of the five senses, and the protective and healing responses (Khakh and Burnstock,
2009). Since the initial discovery of a role for ATP outside of the cell, the Human Genome
Project paved the way for the discovery of many eATP receptors in animal systems. There are
two main classes of ATP receptors that belong to the P2 superfamily, P2X and P2Y. The P2X
receptors are transmitter-gated ion channels that allow Ca2+ ions to enter cells when ATP is
bound. Although the P2Y receptors are not channels, the binding of ATP also leads to an
increase in [Ca2+] cyt through the release of intracellular stores. In both cases, calcium acts as a
secondary messenger directing molecular events that lead to physiological changes.
In plant systems, ATP is primarily made in chloroplasts and mitochondria and remains
within the cell as an energy source, typically reaching the mM range in the cytoplasm (Roux and
Steinebrunner, 2007). However, during some cellular responses and processes, ATP is released
into the extracellular matrix (ECM). One obvious incident that leads to a plant cell releasing ATP
is wounding. When the membrane is compromised due to an attack, such as herbivory,
extracellular fluid containing ATP accumulates at the wound site (Song et al., 2006). ATP is also
released from plant cells during osmotic and mechanical stress (Jeter et al., 2004), from secretory
vesicles delivering growth materials to the plasma membrane (Kim et al., 2006; Wu et al., 2007),
and through multi-drug resistant transporters (Thomas et al., 1999). There are multiple ways in
which ATP can be released to the ECM; the unresolved question is are these levels high enough
to elicit a physiological response. In order to test the effects of eATP on plants, extracellular
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nucleotides have been applied to plants and the effects on physiological responses have been
assessed.
Initial studies showing that eATP acts as a signaling molecule in plant cells took place in
the 1970’s. During these experiments, plant scientists showed that exogenously applied ATP can
stimulate the formation of nucleases in excised Avena leaves (Udvardy and Farkas, 1973), the
closure of the Venus’ flytrap (Jaffe, 1973) and the uptake of potassium ions (Lüttge et al., 1974).
After eATP caused these physiological changes, it was hypothesized that exogenously applied
ATP was providing energy in the ECM. However, since these initial experiments, Demidchik et
al. (2003) proposed that eATP is acting as a signaling molecule by showing that exogenously
applied eATP (Demidchik et al., 2009) and eADP (Demidchik et al., 2011) caused an increase
[Ca2+]cyt in root cells. Jeter et al. (2004) showed similar results in aerial parts of plants.
Studies have shown that extracellular nucleotides are involved in numerous processes in
plant growth and development including hypocotyl elongation (Wu et al., 2007), pollen
germination and growth (Wu et al., 2007; Reichler et al., 2009), wound and stress responses
(Torres et al., 2008; Lim et al., 2014; Feng et al., 2015), root hair growth (Kim et al., 2006; Clark
et al., 2010), stomatal aperture (Clark et al., 2011; Hao et al., 2012; Wang et al., 2014), ion fluxes
(Demidchik et al., 2009; Dark et al., 2011; Demidchik et al., 2011; Lang et al., 2014), auxin
transport (Liu et al., 2012), gravity response (Tang et al., 2003; Bushart et al., 2013), vesicular
trafficking (Deng et al., 2015) and cell viability (Feng et al., 2015). Additionally, experiments
have also shown that when eATP binds a receptor there is an increase in [Ca2+]cyt and reactive
oxygen species (ROS), and that these secondary messengers lead to diverse downstream changes
that affect plant development, and growth (Clark and Roux, 2011; Tanaka et al., 2014).
In addition to outlining the roles that eATP play in growth and development and the
early signaling steps in the process, studies have shown that the [eATP] is regulated by a class of
nucleotidases called nucleoside triphosphate diphosphohydrolases (NTPDases). These enzymes
hydrolyze nucleoside tri- and diphosphates but do not hydrolyze nucleoside monophosphates.
Experiments have shown that NTPDases, which are also called apyrases, have an effect on plant
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growth and development (Wu et al., 2007; Liu et al., 2012; Lim et al., 2014; Deng et al., 2015).
In Arabidopsis, inhibiting apyrase activity using antibodies and chemical inhibitors caused the
[ATP] in pollen growth media to increase (Wu et al., 2007). This experiment supported the
hypothesis that APYrase 1 (APY1) and APY2 in Arabidopsis regulate [eATP] like their
homologs in animal systems. Additional evidence supporting this hypothesis came from
experiments showing that apyrase suppression increases [eATP] (Lim et al., 2014) and that
gradients of eATP modulate root waving in skewing in Arabidopsis seedlings (Yang et al.,
2015). More recently there has been some debate over the localization of these apyrases, because
two recent publications claim that most of the AtAPY1 is localized in the Golgi not on the
plasma membrane (Chiu et al., 2012; Schiller et al., 2012). Because many proteins dynamically
change their locale depending on stimuli, there is the possibility that although most of APY1
may reside in the Golgi most of the time, some fraction of it may move to the plasma membrane
under specific stimuli conditions.
Most recently, Choi et al. (2014a) identified the first eATP receptor in plants. The
receptor, DORN1 (DOes not Respond to Nucleotides 1), is lectin receptor kinase I.9
(At5g60300). When this receptor is mutated, the ATP-induced increase in [Ca2+]cyt is absent
(Choi et al., 2014a). Collectively, the results outlined above support the hypothesis that eATP
and apyrases regulate plant growth and development in higher plants such as Arabidopsis by
functioning in signaling pathways and altering the transport of downstream growth regulators
such as auxin.
THE ROLE OF EATP IN THE GRAVITY RESPONSE OF ARABIDOPSIS AND CERATOPTERIS
In early studies of the role of eATP signaling in plant growth and development,
exogenously applied ATP inhibited root gravitropism in Arabidopsis seedlings. The growth
phenotypes induced by exogenously applied ATP looked very similar to those observed in auxin
transport mutants, leading to the hypothesis that eATP could regulate auxin transport during
gravitropism (Tang et al., 2003). When roots were treated with 1 mM ATP the roots grew
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horizontally instead of bending down in response to gravistimulation, and 2 mM ATP treatment
caused root curling. After a week of gravistimulation, roots treated with ATP reached a 90˚ bend
resulting in downward growth. This supports the hypothesis that ATP did not block
gravitropism, rather it caused a severe attenuation. This attenuated gravitropic response was also
seen in plants that were grown on untreated media for one week, moved to media containing 5
mM ATP and then gravistimulated (Tang, 2004).
Due to the major role of auxin in gravitropism, and the phenotypic similarity between
ATP-treated roots and auxin transport mutants, experiments were done in order to investigate a
link between eATP and auxin transport. Tang et al. (2003) showed that exogenously applied
ATP increased roots sensitivity to auxin, inhibited basipetal auxin transport in Arabidopsis
seedlings and caused auxin to accumulate in maize root tips. These results support the hypothesis
that eATP disrupts gravitropism by inhibiting auxin transport.
Both the disruption in auxin transport and gravitropism could be due to a disruption in an
endogenously-generated eATP gradient. This idea of an eATP gradient directing growth is
supported by recent studies showing that eATP gradients caused by the touch response in
Arabidopsis roots contribute to waving and skewing (Yang et al., 2015). If an eATP gradient is
necessary for root gravitropism, increasing the [ATP] uniformly in the media would disrupt this
gradient. Additionally, if the eATP is responsible for directing differential auxin flow, having an
abundance of eATP on the outside of gravistimulated roots could completely inhibit auxin
transport.
As a result of the data outlined above, one of the major hypotheses explored in this
dissertation is the role of eATP gradients in the gravity response of multicellular and single cell
plant systems. In order to visualize and quantify eATP gradients in multicellular plants, XLUC
(ecto-luciferase) lines of Arabidopsis thaliana plants engineered to secrete luciferase were used
to visualize and quantify eATP during gravistimulation. Results discussed in Chapter 4 describe
a gradient of eATP, detected by ecto-luciferase, where the [ATP] along the bottom of
gravistimulated roots was higher than the top. In order to analyze the physiological significance
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of this gradient, an eATP receptor antagonist Pyridoxal phosphate-6-azo (benzene-2,4-disulfonic
acid) (PPADS) and ATP hydrolysis were used to disrupt the gradient, and the degree of
gravicurvature and overall growth was assessed. Data presented in Chapter 4 show that when the
eATP response was disrupted with PPADS, the degree of curvature was reduced after 48 h of
gravistimulation. This result is subtler than the attenuated gravitropic response seen in
Arabidopsis seedlings treated with 5 mM ATP (Tang, 2004). However, these results support the
hypothesis that an eATP gradient promotes gravitropism in the primary root of Arabidopsis
seedlings.
Studies of the role of eATP in plant growth and development have recently broadened in
scope to include Ceratopteris spores. In addition to the calcium differential between the top and
bottom of spores, there is now evidence for another gravity-induced chemical gradient in spores
that could help to regulate their polarization; i.e., an eATP gradient. A role for eATP in gravitydirected polarization would be consistent with studies showing that Ca2+ channels in plant cells
can be regulated by extracellular nucleotides and that the concentration of these nucleotides is
regulated by ecto-apyrases (Clark and Roux, 2011), the same enzymes necessary for the
polarized growth of pollen tubes and root hairs. The documented expression of an apyrase-like
enzyme in Ceratopteris during the period of polarity fixation led us to hypothesize that
extracellular nucleotides and apyrases might play a role in gravity-directed early growth and
development (Bushart et al., 2013).
Data in Bushart et al. (2013) and in Chapter 2 show that spores release ATP as they
germinate and grow, and that applied nucleotides and a purinoceptor antagonist suppress gravitydirected polarization. Collectively, these observations are consistent with the hypothesis that
extracellular nucleotides could influence calcium transport in Ceratopteris spores as they do in
Arabidopsis (Demidchik et al., 2009; Demidchik et al., 2011). A hypothetical model was
developed in order to determine how applied ATPS and PPADS could suppress the gravity
response, and is discussed in Chapter 2. In this model, gravity induces the opening of MS
channels preferentially along the bottom of the spore as predicted by the data in Salmi et al.
15

(2011), and these channels would release ATP, as they are known to do from animal and
Arabidopsis cells (Clark and Roux, 2011).
If ATP is released primarily from the bottom of the spore, this asymmetric distribution
could induce the opening of calcium channels (Demidchik et al., 2009) primarily along the
bottom of spore. The bottom-focused gradient of ATP would be disrupted when extracellular
nucleotides or ATP receptor antagonists are applied, thus altering the asymmetrical entry of
calcium. Multiple components of this hypothetical model have been studied and verified in this
dissertation. A key test of the model was to measure the [eATP] in order to determine if a
gradient between the top and bottom of germinating spores exists. As described in Chapter 2, a
self-referencing electrochemical biosensor developed by Vanegas et al. (2015) was used to
directly measure eATP in living cells. After measuring a gradient, the physiological significance
of an eATP gradient in gravity-directed cell polarization was explored by disrupting the gradient.
The eATP gradient was disrupted by applying extracellular nucleotides uniformly around the
spores, by blocking the activity of eATP using a purinoceptor antagonist and by hydrolyzing the
gradient during the polarization period. The source of eATP release was investigated by applying
BFA, an inhibitor of secretion, and GdCl3, an antagonist of MS channels, to spores during the
polarization period and assessing the gravity response. In order to show direct evidence of the
molecular process responsible for ATP release, an ATP specific microelectrode was used to
measure ATP release in spores treated with BFA and GdCl3. The results from all of the
experiments outlined above are thoroughly described in Chapter 2.
In an effort to determine if there is a link between the eATP gradient and Ca2+ uptake in
Ceratopteris spores, recently developed transformation techniques were used to introduce a
FRET-based Ca2+ sensor, Yellow Cameleon 3.60 (YC 3.60), into Ceratopteris. As described in
Chapter 3, microparticle bombardment was used to transform callus derived from the shoot apex
of Ceratopteris sporophytes. Using this technique, stably transformed YC 3.60 Ceratopteris lines
were produced. Chapter 3 describes results from genotypic and phenotypic analyses that show
the transgene is expressed in multiple tissues during various stages of development. However,
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RT-PCR, western blots and Fluorescence Lifetime Imaging Microscopy show that YC 3.60 is
not expressed in spores during the first 24 hours of development. Although the lack of YC 3.60
expression in spores inhibits studies in intracellular Ca2+ during gravity-directed polarization,
other tissues have been used to analyze Ca2+ dynamics in a primitive plant system, Ceratopteris,
for the first time.
In addition to analyzing the role of gravity in plant growth and development, Chapter 5 is
focused on the role of light in Ceratopteris spore germination. The results described in this
chapter support the hypothesis that two distinct light reactions are needed to promote
germination in this system. The molecular components involved in each light reaction were
explored using various light and chemical treatments. The data showed that Ceratopteris spores
posses the unique ability to stall development during energy-intensive processes. However, the
data also point to an evolutionarily conserved mechanism of light-directed germination.
The data collected in Arabidopsis and Ceratopteris have begun to show a clear role for
extracellular nucleotide gradients in the plant gravity response. They help define the signaling
role of eATP gradients in gravity perception and response by investigating the molecular,
cellular and physiological aspects of this process. In addition, the role of light in Ceratopteris
germination was also examined and both unique and conserved developmental mechanisms were
discovered. However, there are still questions that need to be answered in order for our
interpretations to be fully developed. Some of the remaining questions and possible approaches
to address them will be discussed in the Conclusions, Chapter 6.
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Chapter 2: Polarized Distribution of Extracellular Nucleotides Promotes
Gravity-Directed Polarization of Development in Spores of Ceratopteris
richardii

INTRODUCTION
The role of extracellular ATP (eATP) in plant cells was first documented in Dionaea
muscipula, the Venus flytrap. The leaf trap closed faster when ATP was exogenously applied
(Jaffe, 1973). Although this report focused on the potential role of eATP in energy metabolism, it
can now be re-interpreted as being one of the first papers to demonstrate a role for eATP as a
signaling agent. Significant evidence supporting the hypothesis that extracellular nucleotides act
as signaling molecules regulating plant growth and development has accumulated over the last
decade. As reviewed in Clark et al. (2014) and Tanaka et al. (2014), extracellular nucleotides
lead to an increase [Ca2+]cyt and reactive oxygen species (ROS), and that these secondary
messengers lead to diverse downstream changes that affect plant defense, development, and
growth. Studies have also shown that the [eATP] is regulated by a class of nucleotidases called
apyrases, which are nucleoside triphosphate diphosphohydrolases (NTPDases). These enzymes
hydrolyze nucleoside tri- and diphosphates, and their expression has a major effect on auxin
transport and on plant growth and development (Wu et al., 2007; Liu et al., 2012; Lim et al.,
2014; Deng et al., 2015).
The first eATP receptor was recently discovered in Arabidopsis. In contrast to eATP
receptors characterized in animal systems, the plant receptor, DORN1 (DOes not Respond to
Nucleotides 1), is identical to a previously characterized lectin receptor kinase (LecRK-I.9;
At5g60300). It contains an extracellular lectin domain that, upon ATP binding, activates an
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intracellular kinase domain (Choi, 2014). This receptor kinase is required to transduce eATP
effects on the expression of plant defense genes (Choi et al., 2014; Tanaka et al., 2014; Balagué
et al., 2016).
Studies of extracellular nucleotides and their role in plant growth and development have
recently expanded to include a more primitive system, spores from the aquatic fern, Ceratopteris
richardii. This single-cell, model system has been used to study gravity-directed polarization for
decades. Its value as a model system is high because its development is well characterized
(Chatterjee and Roux, 2000), and it can be genetically transformed (Plackett et al., 2014; Bui et
al., 2015; Plackett et al., 2015). Spore germination is initiated by water and red light. Within
hours of initiation, calcium enters through channels at the bottom of spores and exits through
pumps at the top (ul Haque et al., 2007; Salmi et al., 2011). The calcium efflux peaks between 7
and 12 h after light-initiated germination begins. Polarity of development is set by gravity after
24-30 h of growth, and can be clearly visualized by the emergence of a downward-growing
rhizoid 72 h after germination begins.
The calcium differential described above is gravity-responsive and highly dynamic.
When a spore is turned 180°, the calcium current re-orients within 24 seconds (ul Haque et al.,
2007; Salmi et al., 2011). The calcium differential is also sensitive to the magnitude of the gforce (Salmi et al., 2011). During parabolic flight, when spores were exposed to 2g, the
magnitude of the calcium differential increased. When spores are exposed to micro-g on the
same flight, the calcium differential decreased to baseline levels. Additionally, blocking calcium
channels with nifedipine decreased the number of downward growing rhizoids (Chatterjee et al.,
2000). All of these data point to the significance of the calcium current and its role in gravitydirected polarization.
In order to further understand the molecular mechanisms associated with gravitydirected polarization, Bushart et al. (2013) used an RNA-SEQ analysis to identify components of
the transcriptome that influence or respond to the calcium current. In this study, a key sequence
found was one that, when translated, had a 59% identity with an Arabidopsis apyrase that is
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postulated to help control the concentration of extracellular nucleotides (Lim et al., 2014).
Additionally, a western blot using protein from Ceratopteris spores and polyclonal antibodies
raised to bind Arabidopsis apyrase confirmed the presence of an immunoreactive protein band of
the predicted size of Ceratopteris apyrase. Because apyrase expression can be induced by an
increase in eATP (Wu et al., 2007), this discovery suggested the possibility that extracellular
nucleotides could be playing a role in the gravity-directed polarization of spore cells.
As an initial test of this hypothesis, an assay of the ATP released by spores into the
growth media was done, and it showed that extracellular ATP (eATP) accumulates during
gravity-directed polarization of Ceratopteris spores (Bushart et al., 2013). Because eATP can
promote the uptake of Ca2+ into cells (Jeter et al., 2004; Demidchik et al., 2009; Demidchik et
al., 2011), these results raised the question of whether the release of ATP from spores was
polarized, and, if so, whether this eATP could contribute to the gravity-induced polarized entry
of Ca2+ along the bottom of the spores. These questions are addressed in this study. The results,
using an amperometric ATP biosensor to measure the [eATP], show that there is a gradient of
extracellular nucleotides between the top and bottom of germinating spores during gravitydirected polarization, where the highest concentration is present along the bottom of the spore.
They also show that chemicals that would block eATP effects, inhibit mechanosensitive ion
(MS) channels, suppress secretory activity, or disrupt the gradient by altering the [eATP], reduce
spore polarization. Taken together these results indicate that gravity induces the polarized release
of ATP from cells, and that the consequent asymmetric accumulation of eATP can contribute to
one of the earliest steps in gravity signaling, the polarized entry of Ca2+ into cells, which
polarizes cell development.
MATERIALS AND METHODS
Plant Material and Growth Conditions
Ceratopteris richardii spores were surface sterilized by soaking in 20% bleach for 1.5
min and rinsed three times with sterile water. After sterilization, spores were soaked in sterile
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water in the dark at 28C for 5-7 days in order to increase synchronization of development.
Spores were grown in an incubator set at 28C with illumination from two 100W equivalent
daylight (5000K) LED bulbs located on one side of the chamber. Light was given continuously
throughout the germination period. The fluence rate of the incident light was ca. 180 µmol/m2s.
Luciferase Assay of Spore-Released ATP in Media
The [ATP] in growth medium was measured using an ATP bioluminescent assay kit
(Promega). In each sample, 50 mg of spores were surface sterilized and soaked according to the
protocol described above. The water was removed and 3.5 mL of ½ strength Murashige and
Skoog (MS) (Caisson Labs) was added to each sample. The medium and spores were added to
sterile 15 mL sterile tubes. The spores were given constant light in a 28C incubator. At 0.5, 10,
20, and 30 h, 100-µL aliquots of medium were collected from each sample and frozen in liquid
N2 immediately. The eATP was measured by adding 10 µL of sample to 50 µL of the luciferin–
luciferase assay solution. The luminescent signal was measured by doing multiple 1-s reads in a
Mithras luminometer (Berthold Technologies).
ATP Flux Measurements in Ceratopteris Spores
The protocol outlined in Vanegas et al. (2015) was used in order to directly measure ATP
flux during gravity-directed polarization in Ceratopteris spores. Specifically, after soaking for 7
days in the dark, spores were immediately used for measurements or grown at 28C for 16 – 22 h
in an incubator and then used for ATP measurements. Prior to measuring ATP flux, spores were
immobilized on 100 m mesh and submerged in liquid ½-strength MS media (Caisson Labs), pH
6.3. The spores were maintained in a vertical orientation on the mesh for 30 min prior to
measurements in order to ensure that the ATP measured was not be due to mechanostimulation.
ATP flux measurements were taken at the surface of germinating spores for 10 min at both the
bottom and top of each spore. When spores were treated with GdCl3 or BFA, a calibration curve
was measured and the top and bottom of spores were measured prior to the chemical treatment.
The chemical was applied and measurements of the same spores were taken 1 h later. A
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calibration curve was also measured in the presence of the drug. The calibration curve data was
used to correct ATP measurements in the presence and absence of the chemicals used.

Pharmacological Treatment of Ceratopteris Spores
After soaking, spores were exposed to light, rinsed three times with sterile water and ½strength MS medium (Sigma-Aldrich) with 1.25% Noble agar (Difco) was added in order to
achieve a final spore concentration of 1 mg spores/mL of medium. Spores were sown on
microscope slides that had been lightly sanded on one side in order to prevent the spores and
agar from slipping off. After the agar solidified for approximately 5–10 min, the slides were
immersed in 20 mL of liquid ½ MS medium, pH 6.3 in a slide box. Pharmacological treatments
(Sigma-Aldrich) were added to the liquid media prior to pouring it into each slide box. The slides
were maintained in each treatment for 30 h. After 30 h, the spores were rinsed with liquid ½strength MS, pH 6.3 twice, with at least 1 hour between each rinse. Slides remained in this
medium until visualization and assessment of polarized rhizoid emergence at approximately 90
h. After each experiment was set up, the slide boxes were placed in incubator set at 28C with
constant light until polarization and germination assessment.
Polarization and Germination Assessment
After spores had grown for at least 90 h, germination and polarization due to gravity was
assessed. Spores were considered germinated if at least one rhizoid that was at least one spore
diameter long was present or if a prothallus was present. In order to quantitatively assess gravitydirected polarization, the % of downward-growing primary rhizoids was determined. If the
rhizoid was growing below a virtual horizontal line drawn through the center of the spore, the
rhizoid was considered as growing downward, and if the rhizoid was growing above this line it
was considered as growing upward.

Rhizoids growing along this line were considered as

growing sideways, and not growing downward.
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RESULTS
Assay of eATP Released by Spores into the Medium
Spore growth medium isolated at 0.5, 10, 20 and 30 h post light exposure indicated that
ATP was released from spores during this time. Since all spores incubated in the medium
remained intact, none of the medium ATP was derived from spores that cracked or burst during
the incubation. The average [ATP] in growth media at 0.5, 10, and 20 h was 2.3 nM, 2.7 nM, and
3.7 nM, respectively. Figure 2.1 shows that the average [ATP] in spore growth media did not
change dramatically during the first 20 h of development. There was not a statistically significant
difference when these concentrations were compared using a one-way ANOVA. However, the
[ATP] in spore growth media increased dramatically between 20 and 30 h post light exposure.
There was a 4.5-fold difference in the [ATP] in spore growth media when these two time points
were compared. The average [ATP] in spore growth media at 30 h post light exposure was 17.0
nM. The [ATP] was determined to be statistically significantly higher than the values measured
at all of the earlier time points using a one-way ANOVA and planned comparisons using the
Tukey-Kramer test (Figure 2.1).
Gradient of eATP During Polarization
A micro-biosensor was used to directly measure ATP release at different regions of
Ceratopteris spores during gravity-directed polarization. Figure 2.2A shows the average
concentration of eATP measured on both the top and bottom of multiple spores after 30 min and
16-22 h of light exposure. The [eATP] measured along the bottom of the spore was statistically
significantly higher as early as 30 min after light exposure and throughout gravity-directed
polarization. After 30 min of light exposure, the [eATP] measured along the bottom of the spore
ranged from 2.2 to 3.2 nM. The [eATP] measured along the top of the spore during the same
time period ranged from 0.3 to 0.9 nM. After 16 to 22 h of germination, the [eATP] measured at
the bottom of the spore ranged from 10.3 to 35.4 nM, and the [eATP] measured at the top of the
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spore ranged from 1.0 to 7.6 nM after the same amount of time. Figure 2.2B shows that the
average fold difference when the [eATP] along the bottom is compared to the concentration
along the top is 6.9 at the beginning of germination. Over time as the concentration of ATP
released from spores increased, the fold difference went up to an average of 7.4 fold after 16-22
of light exposure (Figure 2.2B). Both at 0.5 h and at 16-22 h the fold differences between the top
and bottom were statistically significant, but the 6.9-fold and 7.4-fold differences at these two
time points were not statistically significantly different. Overall, these data show that ATP is
released during gravity directed polarization both from the bottom and top of germinating
Ceratopteris spores and that the quantity of ATP released increases significantly over time. The
data also show that the [ATP] released from the bottom of a spore is statistically significantly
higher than the [ATP] released from the top (Figure 2.2A).
Pharmacological Disruption of eATP Gradient Decreases Gravity-Directed Polarization
In order to determine if the eATP gradient is physiologically relevant to gravity-directed
polarization, multiple chemical reagents were used to either block eATP effects or disrupt the
gradient. When a purinoceptor antagonist, Pyridoxal phosphate-6-azo (benzene-2,4-disulfonic
acid) (PPADS), was applied to spores for 24 h, or when the nucleotide gradient was disrupted by
flooding the medium with 150 µM ATPS, a poorly hydrolysable form of ATP, for 24 h, there
was a statistically significant decrease in the gravity response of Ceratopteris spores (Figure
2.3). Ceratopteris spores were also treated with lower concentrations of PPADS in order to
determine the effective threshold concentration. The results showed that the PPADS
concentration required to disrupt the gravity response was between 150 μM and 250 μM (Figure
2.4A). Neither 150 μM nor 250 μM PPADS decreased spore germination (Figure 2.4B). These
treatments either prevented the spores from sensing the gradient, or disrupted the gradient by
destroying the difference in the [eATP] between the bottom and the top of the spores. A second
method of disrupting the gradient was to eliminate it enzymatically by hydrolyzing the eATP
with phosphatases. The phosphatase used was acid phosphatase from wheat germ, and it was
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applied only during the first 30 h of gravity-directed polarization. This treatment caused a subtle
but statically significant decrease in gravity-directed polarization in Ceratopteris spores (Figure
2.5A). Acid phosphatase significantly decreased the % of downwardly growing rhizoids, but
when this enzyme was boiled and applied to spores there was no change in gravity-directed
polarization or germination (Figure 2.5A and 2.5B).
ATP Could Be Released from Mechanosensitive Channels or Secretory Vesicles
Previous studies documented that ATP can be released from angiosperm cells through
secretory activity (Kim et al., 2006; Wu et al., 2007), or through mechanical stimulation of cell
membranes (Jeter et al., 2004; Weerasinghe et al., 2009). To test whether secretory activity
helped to mediate ATP release from fern cells, spores were treated with brefeldin A (BFA),
which could disrupt secretion, including the delivery of MS channels to the membrane. The BFA
caused a statistically significant decrease in gravity-directed polarization (Figure 2.6A), but it
did not cause a statistically significant decrease in germination when 1µM or 5µM was applied
during the first 30 h of development (Figure 2.6B). However, when 10µM BFA was applied to
Ceratopteris spores during the first 30 h, the gravity response was disrupted but germination was
also inhibited as a result of this treatment (data not shown). The [ATP] released from
Ceratopteris spores during gravity-directed polarization decreased when spores were grown in
the presence of 5 M BFA (Figure 2.7). This result supports the hypothesis that BFA treatment
causes a disruption in gravity-directed polarization because the [ATP] released from spores
decreased. However, the decrease in [eATP] may not be a direct result of inhibiting the secretion
of this signaling molecule but instead it could be caused by the inhibition of secretion of another
molecular component involved in eATP signaling or by the degradation of eATP caused by an
indirect effect.
In order to determine whether the activity of MS channels was required for gravitydirected polarization, spores were also treated with 1 mM and 5 mM GdCl3 during the first 30 h
of development. This treatment resulted in a statistically significant decrease in the gravity
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response of spores (Figure 2.8A). Additionally, treatment with 5 mM GdCl3 caused a
statistically significant decrease in germination (Figure 2.8B). The [ATP] released from
Ceratopteris spores during gravity-directed polarization decreased and the gradient between the
top and the bottom was abolished when spores were grown in the presence of 1 mM GdCl 3
(Figure 9). These data are consistent with the hypothesis that ATP released from MS channels
promotes gravity-directed polarization in Ceratopteris spores. Conversely, the degradation of
ATP caused by an indirect result of inhibiting MS channels may also be the cause of a decrease
in [eATP].
Transcripts Encoding Mechanosensitive Channels and Apyrases Are Expressed During
Gravity-Directed Polarization
The developmental polarity of the spore cell is set within the first 24-30 h after
germination is initiated by light, so in order for any MS channel or apyrase, to play a role in the
gravity response of the cell it must be expressed within this time period. An analysis of
transcripts present after 10 h of light exposure, which is near the peak of the essential calcium
differential (Chatterjee et al., 2000), identified isotigs that aligned well with the conserved
domains of apyrase enzymes and some MS channels (Table 2.1). This result provides data
consistent with the model shown in Figure 2.10, which is a modified version of an earlier model
(Cannon et al., 2015). This model outlines a potential role for MS channels as the site of release
of ATP, and a potential role for apyrases to modulate [eATP] after release.
In the model, shown in Figure 2.10, ATP is released from MS ion channels activated
along the bottom of the spore in response to gravity and from secretory vesicles delivering
growth materials to the plasma membrane. This asymmetric release of ATP leads to an
accumulation along the bottom of the spore. The ATP at the bottom of the spore surpasses a
threshold allowing ATP receptors to be activated. The activated ATP receptors directly or
indirectly open additional calcium channels. By opening additional calcium channels, the eATP
gradient is promoting gravity-directed polarization by increasing the magnitude of the calcium
differential.
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DISCUSSION
To determine if eATP is released from germinating spores during gravity-directed
polarization, an assay analyzing spore-released ATP in media and an ATP-specific microbiosensor were used to directly measure ATP release from germinating spores. Both assays
showed that ATP was released from spores during their gravity-directed polarization, and that
this release occurs as early as 30 min after light exposure, nearly coincident with the earliest
detection of a gravity-induced calcium differential. The data presented here favor the hypothesis
that the asymmetric accumulation of eATP preferentially along the bottom of germinating spores
helps promote the gravity-directed polarization of these cells. Because eATP promotes the
uptake of calcium in both animal and plant cells, we postulate that the likely role of eATP in
spore cell polarization is to enhance the entry of calcium into the spores, and thus promote the
trans-cell calcium current that orients cell polarization.
Vanegas et al. (2015) showed that the accumulation of ATP outside of spore cells was
temporally dynamic, meaning that although there was a net efflux of ATP, this signaling
molecule cyclically peaks in concentration every 10-12 min followed by a decrease in its
concentration at the surface of the spores for 6-9 min. The temporally dynamic nature of ATP
accumulation is evidence of modulation of the [eATP], presumably by ecto-phosphatases. The
best characterized of these enzymes are ecto-apyrases, the phosphatases with the lowest Km for
ATP thus far reported (Knowles, 2011). Maintaining precise spatial and temporal control of
eATP during development ensures that a pivotal cellular decision dependent on the presence of
this signal, such as polarization, is tightly regulated. Although the [eATP] dynamically changes,
there is also a net increase in the accumulation of this molecule over time. This increase in
accumulation may point to the necessity to surpass a threshold level in order to activate calcium
channels. The opening of additional calcium channels would lead to an increase in the uptake of
calcium and an increase in the accumulation of intracellular calcium along the bottom of the
spore, promoting polarization.
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Since a gradient of eATP is present as early as 30 min after light exposure and persists
throughout polarization, the physiological relevance of this gradient was explored. That eATP
could play a role in the spore gravity response was first shown in Bushart et al. (2013), who
found that adding to the growth medium either a high concentration of extracellular nucleotides
or an extracellular ATP receptor antagonist caused a statistically significant decrease in gravity
directed polarization. Based on these results, Bushart et al. (2013) postulated that if gravity
induced an asymmetric release of ATP this could help polarize the spore cells. The data
presented here provide support for that postulate.
Blocking eATP responses with PPADS significantly reduced the effect of gravity on
spore polarization In Bushart et al. (2013), 350 M PPADS caused a statistically significant
decrease in gravity directed polarization. In the experiments shown in Figure 2.4A, both 150 M
and 250 M PPADS were applied to spores in order to determine if a lower concentration would
also disrupt the gravity response in Ceratopteris spores. Based on the results shown in Figure
2.4A, the eATP receptor antagonist threshold is 250 M or between the two concentrations
tested because 150 M had no effect on polarization. The statistically significant decrease in
gravity-directed polarization caused by PPADS, ATPS and acid phosphatase show that the
eATP gradient measured using the micro-biosensor is physiologically relevant to gravitydirected polarization.
Hydrolyzing the eATP gradient using acid phosphatase (Figure 2.5A) or apyrase (data
not shown) caused a small but statistically significant decrease in the gravity response in this
system. This result suggests two alternative hypotheses that could explain the subtleness of the
physiological response to this treatment. First, given the relatively large size of acid phosphatase
(58 kD) and apyrase (49 kD) and the denseness of the thick spore coat, it is possible that very
low levels of these enzymes penetrate through to the plasma membrane. This would limit the
access of the enzyme to the site of eATP action and thus limit its effect on the eATP gradient and
on gravity-directed polarization. In addition, since the Km of acid phosphatase and apyrase are in
the µM range, these treatments may not have a substantial effect because the concentration of
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ATP released by spores is in the nM range. The alternative hypothesis is that eATP is promoting
gravity-directed polarization rather than initiating it. According to this second hypothesis, in the
absence of an extracellular nucleotide gradient the majority of spores would still polarize in
response to gravity. However, if more eATP accumulated at the bottom pole of the cell,
additional calcium channels would be opened there, causing an increase in the uptake of calcium
and an increase in the percent of spores polarizing in response to the increased calcium channel
activity.
In order to begin investigating the source of ATP release during polarity fixation, spores
were treated with BFA and GdCl3. In Figure 2.6A, 5 μM BFA treatment caused a statistically
significant decrease in gravity-directed polarization. Since ATP can be released by both MS
channels and as a result of secretory vesicles fusing with the membrane, this treatment does not
differentiate between the two mechanisms but the result in Figure 2.6A could be showing the
necessity of ATP release by one or both of them. The BFA also caused a statistically significant
decrease in the [eATP] measured on the top and bottom of Ceratopteris spores during gravitydirected polarization (Figure 2.7). Although the fold-change between the bottom and the top of
spores does not decrease significantly, the e[ATP] decreased significantly, perhaps enough to fall
below a hypothetical threshold. A decrease in eATP release as a result of BFA treatment has
previously been reported in growing root hairs of Arabidopsis thaliana (Kim et al., 2006).
The release of ATP could also be mediated by MS channels during gravity-directed
polarization in Ceratopteris spores. Treating spores with a MS channel antagonist, GdCl3, caused
a statistically significant decrease in the gravity response (Figure 2.8A). In addition, treating
spores with 1 mM GdCl3 decreased the [eATP] measured on the top and bottom of spores during
gravity-directed polarization. Unlike BFA, GdCl3 treatment disrupted the ATP gradient (Figure
2.9). Treatment of Ceratopteris spores with GdCl3 will also cause a decrease in the uptake of
Ca2+ through MS channels, and, as noted by Kim et al. (2006), a decrease in Ca2+ uptake would
decrease the [ATP] released. These results identify two potential mechanisms of ATP release
during the gravity response in Ceratopteris spores, secretion and MS channels. Overall, the
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statistically significant decrease in gravity-directed polarization after BFA and GdCl3 treatment,
and the lower [ATP] released from spores as a result of BFA and GdCl3 treatments are consistent
with a hypothetical model that predicts the release of ATP by MS channels and targeted
secretion will promote gravity-directed polarization in Ceratopteris spores.
In addition to having direct measurements of ATP and physiological evidence showing
the importance of an eATP gradient, a 454 analysis of transcripts expressed during polarity
fixation reveals that the transcripts encoding two key membrane proteins that have critical
functions in the hypothetical model shown in Figure 2.10 are actually expressed during the
period when gravity is fixing the polarity of the cell. At least one MS channel transcript and one
apyrase-like transcript were present during the critical polarization period in Ceratopteris spores.
Plasma-membrane localized MS channels are activated as a result of changes in
membrane tension that can be caused by the force of gravity. They are found in Archaea,
Bacteria, and Eukarya, pointing to their importance and the necessity of mechanoperception for
all forms of life (Hamilton et al., 2015). The MS channel transcripts found during the 454
analysis have structural similarity to a class of MS channels in E. coli called MscS (MS Channel
of Small conductance). In E. coli, the MscS channels are used as an emergency release valve
when cells experience hypoosomotic shock (Booth and Blount, 2012). The presence of multiple
MS channel transcripts during gravity perception show the importance of mechanotransduction
and ion conductance during this process. It also supports the hypothesis that MS channels are
present during gravity-perception and involved in initiating Ca2+ uptake and could be the source
of ATP release (Peyronnet et al., 2014) in Ceratopteris spores.
In addition to MS channels, an apyrase-like transcript was found within the Ceratopteris
transcriptome at the 10-h time point when the magnitude of the trans-cell calcium current peaks.
Yang et al. (2015) recently showed that APY1 overexpression in Arabidopsis led to less
skewing, a growth response that leads to a deviation from the direction of gravity in response to
mechanostimulation caused by the root growing along an impenetrable surface. That study
revealed that apyrase plays a role in modulating eATP gradients set up by touch stimuli as roots
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are growing along an impenetrable surface (Yang et al., 2015). Apyrases could play a similar
role in modulating eATP gradients in Ceratopteris spores resulting from mechanostimulation
caused by the force of gravity. Apyrase has also recently been shown to play a role in modulating
the rate of vesicular trafficking in response to cold treatment (Deng et al., 2015). In addition to
modulating the concentration of eATP in order to maintain spatial and temporal control during
the gravity-response in Ceratopteris spores, apyrase could regulate [eATP] in order to optimize
the rate of vesicular trafficking during early growth and expansion. The hypothetical model we
are proposing would require the expression of transcripts encoding MS channels and apyrase-like
proteins to explain the role of eATP in gravity-directed polarization of Ceratopteris spores.
Multiple experiments using Ceratopteris spores support the idea that an electrical
gradient is generated by the asymmetrical distribution of Ca2+ during gravity-directed
polarization (Chatterjee et al., 2000; ul Haque et al., 2007; Salmi et al., 2011). This electrical
gradient is essential for gravity-directed polarization in these spores (Chatterjee and Roux, 2000).
The hypothetical model generated and supported by the experiments outlined in this paper
support the hypothesis that ATP released from MS channels, secretory vesicles, or both is
promoting the uptake of Ca2+ necessary to generate an intracellular electrical gradient. This
hypothetical intracellular electrical gradient could be the initiating signal that sets up that
polarization of early growth and developmental steps in Ceratopteris spores, including nuclear
migration, asymmetric cell division, and emergence and growth of a rhizoid in the downward
direction in response to gravity. Previous studies in zygotes of Fucus and Pelvetia, brown algae,
have shown that the formation of an intracellular Ca2+ gradient is essential for directed
polarization (Robinson, 1996). These studies support the hypothesis that the extracellular Ca2+
gradient previously measured in Ceratopteris spores (Chatterjee et al., 2000; ul Haque et al.,
2007; Salmi et al., 2011) is suggestive of an intracellular gradient that is necessary for gravitydirected polarization.
The idea of a differential distribution of a signaling molecule leading to morphological
polarity is not unique. In this regard gradients of auxin are among the best documented to be
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inductive of cell polarity (Dhonukshe, 2009). The differential distribution of eATP during
gravity-directed polarization could be an early step in a series of asymmetrical molecular
mechanisms that ultimately lead to the downstream cellular and morphological changes needed
to generate a gravity-directed, downward growing rhizoid in Ceratopteris spores.
Precedent data relevant to this hypothesis are those of Tang et al. (2003), who showed
that a high [eATP] inhibits the gravity response in Arabidopsis roots. They interpreted their data
as evidence that an eATP gradient could be one of the first steps involved in the gravity response
in plant cells, and, in support of that interpretation, they showed that high levels of eATP
decreased shoot-ward auxin transport in a dose-dependent manner, leading to an inhibition in the
gravity-response.
Like applied ATP, applied brefeldin and gadolinium also block gravity responses in roots
(Abas et al., 2006; Soga, 2013), and all three of these agents would also be expected to affect,
directly or indirectly, tip-focused calcium gradients that are characteristic of polarly growing
cells and required for polarized growth (Campanoni and Blatt, 2007; Rincon-Zachary et al.,
2010). Taken together these data underscore the likelihood that signaling components of the
gravity response have been conserved in evolution from ferns through flowering plants.
These results show a clear role for eATP in gravity-directed polarization of Ceratopteris
spores. However, there are still questions remaining about the molecular components and
downstream mechanisms involved in this response. Although data support the idea that eATP
could open Ca2+ channels leading to a higher influx during polarization, experiments need to be
done in order to show a clear link between eATP and Ca2+ influx. Nonetheless, our data reveal
that quantifying and evaluating gradients of eATP can lead to a more thorough understanding of
how plants use ATP release to direct growth and development.
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Figure 2.1: ATP is released from Ceratopteris spores during gravity-directed polarization. The
average [ATP] in spore growth media during the first 20 h ranged from 2.3 – 3.7
nM. Between 20 and 30 h after germination initiation the [ATP] in spore growth
media increased significantly to 17.0 nM after 30 h of germination. A one-way
ANOVA (F (3,31) =2.91, p= 2.2x10-5) and planned comparisons using the TukeyKramer test revealed that the [ATP] in spore growth media was significantly higher
after 30 h when compared to 0.5, 10, and 20 h time points. Error bars represent
standard error of the mean.
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Figure 2.2: A gradient of eATP develops and persists throughout polarization. (A) The gradient
of eATP is evident within the first 30 min of development and continues for at least
the first 22 h. The [ATP] released at the top and bottom of the spore is significantly
higher after 16-22 h of development. The asterisk indicates statistical significance
as determined by a one-way ANOVA (F (3,34) =2.88, p= 1.3x10-10) and planned
comparisons using the Tukey-Kramer test. (B) The average fold difference between
the bottom and the top is 6.9 after 0.5 h and 7.4 after 16-22 h. A one-way ANOVA
(F (1,17) =4.45, p= 0.87) showed that the fold differences are not statistically
different between the beginning and the end of polarization. Error bars represent
standard error of the mean. (n=3 for 0.5 h and n=16 for 16-22 h)
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Figure 2.3: The percentage of downward growing rhizoids was statistically less when spores
were exposed to extracellular nucleotides or PPADS for 24 h. A χ2 test of
independence of data collected from five replicates for each condition each showed
significant deviation from the control (P≤1). This difference is indicated by an
asterisk. Error bars represent standard error of the mean.
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Figure 2.4: Ceratopteris spores treated with 250 μM PPADS showed a statistically significantly
lower percentage of downward growing rhizoids when compared to the control. (A)
Ceratopteris spores treated with 150 μM PPADS showed no change in the average
number of downward growing rhizoids but 250 μM PPADS caused a decrease from
86.6 % to 77.5%. An asterisk indicates a statistically significant difference in the
gravity response when spores were treated with PPADS as determined by the oneway ANOVA (F (2,15) = 6.96, p=0.007). Planned comparisons using the TukeyKramer test revealed that spores treated with 250 μM PPADS had a statistically
significant lower gravity response when compared to the control and 150 μM
PPADS. (B) An asterisk indicates that there was a statistically significant difference
in the germination determined by the one- way ANOVA (F (2,15) = 5.69, p=0.01).
Planned comparisons using the Tukey-Kramer test showed that spores treated with
150 μM PPADS had a statistically significantly higher rate of germination.
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Figure 2.5: Ceratopteris spores treated with acid phosphatase from wheat germ for 30 h had a
subtle but statistically significant decrease in the percentage of downward growing
rhizoids. (A) The average percent of downward growing rhizoids decreased from
86.5% under control conditions to 81.7% when spores were treated with acid
phosphatase. (B) Germination decreased from 87% to 79.7% in the presence of 0.25
units/mL of acid phosphatase and 72.8% when spores were treated with 0.5
units/mL. There was a statistically significant difference between groups as
determined by the one-way ANOVA (F (3,69) =7.52, p=0.0002). Planned
comparisons using the Tukey-Kramer test revealed that spores treated with 0.25
units/mL and 0.5 units/mL had a statistically significantly lower average number of
downward growing rhizoids when compared to the control. However, when acid
phosphatase is boiled, it has no effect on polarization. There was no statistical
difference in germination between groups as determined by the one-way ANOVA
(F (3,28) =2.95, p=0.07).
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Figure 2.6: Treatment with 5 M Brefeldin A caused a statistically significant decrease in the
gravity response of Ceratopteris spores. (A) A 30 h treatment with 5 M Brefeldin
A caused a statistically significant decrease from 89% downward growing rhizoids
in the control to 76.5%. An asterisk shows that there was a statistically significant
difference in the gravity response when spores were treated with Brefeldin A as
determined by the one-way ANOVA (F (2,26)=5.86, p=0.008). Planned
comparisons using the Tukey-Kramer test revealed that spores treated with 5 M
Brefeldin A had a statistically significant lower average of downward growing
rhizoids when compared to the control. (B) The was no statistical difference in
germination as determined by the one-way ANOVA (F (2,26) = 0.129, p=0.88).
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Figure 2.7: Treatment with 5M Brefeldin A (BFA) caused a statistically significant decrease in
[ATP] measured near Ceratoperis spores during gravity-directed polarization. A
one-way ANOVA (F (3,20) =3.10, p= 2.0x10-16) showed that there was a difference
in the [ATP] released from Ceratopteris spores and planned comparisons using the
Tukey-Kramer test revealed that there was a statistically significantly higher [ATP]
around the bottom of spores compared to the top both pre- and post-drug exposure.
Planned comparisons also showed that [ATP] released after 1h of 5 M Brefeldin A
treatment was statistically significantly lower. Letters represent statistically
significant differences and error bars show standard error of the mean.
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Figure 2.8: Treatment with 1mM and 5mM GdCl3 caused a statistically significant decrease in
the gravity response of Ceratopteris spores. (A) A 30 h treatment with 1mM and 5
mM GdCl3 caused a statistically significant decrease from 86.1% downward
growing rhizoids in the control to 77.8% and 77.4% respectively. Statistical
significance was determined by the one-way ANOVA (F (2,28) =3.34, p=0.0001).
Planned comparisons using the Tukey-Kramer test revealed that spores treated with
1 mM and 5 mM GdCl3 had a statistically significant lower average percentage of
downward growing rhizoids when compared to the control. (B) An asterisk
indicates that treatment with 5 mM GdCl3 caused a significant decrease in
germination as determined by the one-way ANOVA (F (2,22) =3.44, p= 2.1x10-5).
Planned comparisons using the Tukey-Kramer test revealed that spores treated with
5 mM GdCl3 had a statistically significant lower average percent germination
rhizoids when compared to the control.
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Figure 2.9: Treatment with 1mM GdCl3 caused a statistically significant decrease in the [ATP]
near Ceratopteris spores during gravity directed polarization. A one-way ANOVA
(F (3,20) =3.10, p= 2.0x10-16) showed that there was a difference in the [ATP] near
Ceratopteris spores and planned comparisons using the Tukey-Kramer test revealed
that there was a statistically significantly higher [ATP] near the bottom of spores
compared to the top pre-drug exposure. Planned comparisons using the TukeyKramer test also showed that [ATP] near spores after 1 h of 1mM GdCl3 treatment
was statistically significantly lower and a gradient was no longer present. Letters
represent statistically significant differences and error bars show standard error of
the mean.
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Figure 2.10: Model of eATP and calcium signaling in early growth and development of
Ceratopteris spores. ATP is released from MS ion channels as a result of changes in
membrane tension and secretory vesicles delivering growth materials to the plasma
membrane. In the model, the settling of the protoplasm or unidentified cellular
bodies in response to gravity causes the opening of MS ion channels. Because these
channels are preferentially opened along the bottom of the spore, the ATP release
would create a gradient where the highest [eATP] would be predicted to be at the
bottom of the spore. This eATP could be contributing to the Ca2+ differential by
opening additional Ca2+ channels. In addition to releasing ATP, the MS ion
channels may be the initiators of Ca2+ uptake in Ceratopteris spores during gravity
directed polarization. Ca2+ is taken up by MS channels selectively activated at the
bottom of the spore which may lead to an intracellular accumulation of Ca2+ near
the bottom of the spore.
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Ceratopteris
Candidate

Candidate
Identifier

Ceratopteris
Contig
Length

BlastP Match

e-value

Identity /
Similarity Over
Aligned Region

1.00E-47

52.3% / 73.5%

contig11101

MscB

576

Predicted: mechanosensitive ion
channel protein 1, mitochondriallike [Solanum lycopersicum] - 520
amino acids

contig07871

MscC

665

MSCS-like 3 - chloroplast
envelope localized [Arabidopsis
thaliana] -678 amino acids

8.00E-05

44.4% / 59.3%

contig14551

MscD

1023

MscS-Like mechanosensitive ion
channel MSCL8 [Physcomitrella
patens] - 404 amino acids

1.00E-117

78.8% / 91%

isotig12126

APY1

4049

apyrase 1 [Arabidopsis thaliana]471 amino acids

2.00E-84

59%/ 72%

Table 2.1: A 454 analysis of transcripts present after 10h of light exposure identified sequences that aligned well with apyrase
enzymes and MS channels.
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Chapter 3: Generation of Transgenic Ceratopteris richardii Spores to
Analyze Ca2+ Dynamics During Gravity-Directed Polarization
INTRODUCTION
Ceratopteris richardii spores are a single-celled plant system that has been used
to study gravity-directed polarization (Edwards and Roux, 1994, 1998; Chatterjee et al.,
2000; Chatterjee and Roux, 2000; Salmi et al., 2005; Salmi et al., 2007; Salmi and Roux,
2008; Salmi et al., 2011; Bushart et al., 2013; Bushart et al., 2014). This system is a
model for these studies because spore growth and development are highly predictable in a
1g environment. Germination in Ceratopteris spores is initiated by hydration and red
light. The first physiological changes that can be measured after germination initiation
are an extracellular calcium differential (Chatterjee et al., 2000; ul Haque et al., 2007;
Salmi et al., 2011) and an extracellular ATP (eATP) gradient (Chapter 2). Gravity
polarizes the development of these cells during the first 24 - 30 h of development. After
this time, all subsequent development is aligned with the direction of gravity perceived
by the spore during this initial period.
As a result of polarity fixation, the nucleus migrates down in response to gravity
around 24 h after light exposure. This nuclear migration sets up an asymmetrical cell
division at 48 h post light exposure. The direction of gravity perceived by the spore is
displayed by the direction that the primary rhizoid grows after emerging around 72 h after
light exposure. This highly predictable growth and developmental pattern allows
scientists to visually observe the effects of disrupting cellular and molecular machinery
during gravity-directed polarization or other developmental events of interest.
Over a decade of work focused on understanding gravity-directed polarization in
Ceratopteris spores provided some insight into the cellular and molecular mechanisms
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governing this process, but these studies were limited by the lack of gene sequence
information and a reliable method of transformation. The first attempt to transiently
transform Ceratopteris spores was done by incubating surface-sterilized spores with
spore growth media that contained double-stranded RNA (dsRNA) (Stout et al., 2003).
The genetic information used in this study was generated during a cDNAsequencing project. Scientists used RNA isolated from spores 20 h after light exposure to
generate a cDNA library, and dsRNA constructs were generated using these sequences.
When dsRNA is produced by or introduced into cells it causes the degradation of
homologous transcripts. Scientists now routinely use this technique, called RNA
interference (RNAi), in order to cause RNA suppression or silencing (Watson et al.,
2005).
Stout et al. (2003) successfully suppressed transcripts related to calcium signaling
in Ceratopteris richardii using this technique. The dsRNA constructs suppressed the
steady-state mRNA levels of target genes without affecting the expression of other genes
assayed. The mRNA levels were suppressed during the entirety of the incubation period.
This level and length of suppression was transient, but it successfully and selectively
knocked down genes during developmental processes of interest, e.g. gravity-directed
polarization. This was the first study to show that RNAi could be used to knock down
gene expression in Ceratopteris richardii.
Since the initial experiment that transiently transformed Ceratopteris spores,
scientists have tried using other techniques in order to stably transform ferns.
Muthukumar et al. (2013) successfully carried out A. tumefaciens-mediated
transformation of spores, but the efficiency was so low, 0.03%, that it would not be a
feasible option. Bui et al. (2015) also used A. tumefaciens-mediated transformation, but
45

they attempted to increase the efficiency of transformation by using gametophytes treated
with cell-wall digesting enzymes. In this method, 12-day-old sporophytes were incubated
with 1.5% (w/v) cellulase and 0.5% (w/v) macerozyme. This treatment disrupted the
majority of the cell walls but the tissue remained intact. After breaking down the cell
wall, sporophytes were co-incubated with Agrobacterium that contained a plasmid with
the β-glucuronidase (GUS) reporter gene for 48 h (Bui et al., 2015). Using this method,
90% of the gametophytes showed GUS expression when the Agrobacterium strain
GV3101 was used after incubation with 1.5% (w/v) cellulase and 0.5% (w/v)
macerozyme. This protocol worked to transiently transform Ceratopteris richardii
sprotophytes.
Bui et al. (2015) developed an altered version of this protocol to achieve stable
transformation. Gametophytes of the same age were incubated in 1.5% (w/v) cellulase,
the optimal treatment to ensure regeneration, and then the cells were co-incubated with
Agrobacterium strain GV3101 that contained a vector with a selection gene, hygromycin
phosphotransferase (HPT) (Bui et al., 2015). After co-incubation, gametophytes were
placed in ½ strength MS containing 100 mg/L cefotaxime in order to kill the bacteria and
2.5 mg/L hygromycin B in order to kill the untransformed gametophytes. A 35S promoter
driven GFP marker gene was used for phenotypic screens. This method led to 1.6% 2.6% stable transformation efficiency, with an average transformation-to-spore time
period of 12 - 15 weeks (Bui et al., 2015).
In addition to Agrobacterium-mediated transformation techniques, a novel
method utilizing callus and microparticle bombardment was recently developed. In this
method, scientists generated callus from the shoot apex of 14-day-old sporophytes
(Plackett et al., 2014; Plackett et al., 2015). Callus was initiated using a cytokinin (CK),
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6-Benzylaminopurine (BAP). Sporophytes treated with BAP did not develop any
additional roots or shoots but grew undifferentiated cells, callus, at the shoot and root
apex. Ceratopteris calli were transformed with a plasmid that contained a GUS gene
driven by a 35S promoter, and an HPT selection gene, using micro-particle bombardment
(Plackett et al., 2014; Plackett et al., 2015). After bombardment, calli recovered for 3 d
prior to being moved to 40 mg/L hygromycin for selection of transformants. Using this
method, the transformation efficiency was 71.58%  2.56%, a much higher level than
previous methods (Plackett et al., 2014; Plackett et al., 2015).
By removing cytokinins from their culture medium, calli were induced to develop
into miniature sporophytes in about eight weeks, after which the newly developed
sporophytes were transferred to soil, and T1 spores could be harvested 10-14 weeks later.
Fully developed fronds of T0 sporophytes showed two distinct patterns of GUS staining
using this method. Either all of the shoot tissues showed expression or the expression was
isolated to the vasculature tissue. Additionally, not all of the shoots that were resistant to
hygromycin showed GUS staining, and, of the shoots that showed staining, the level of
staining varied among shoots generated from the same callus (Plackett et al., 2014;
Plackett et al., 2015). This variability in level, tissue-specificity and number of shoots
displaying GUS staining was evidence of chimeric transgene expression, resulting from
multiple transformation events within a single callus.
In order to determine how well transgenes were maintained in the next generation,
T1 spores from 25 Ceratopteris richardii T0 sporophytes were screened for hygromycin
resistance. Since there were multiple chimeric T0 lines, not all of the T1 spores contained
the transgene. Of the 500 - 1000 spores screened from each line, the percentage of
resistant individuals ranged from 1% - 85%. On average, 90% of hygromycin-resistant
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gametophytes also showed GUS staining, and every line tested showed multiple copies of
the transgene (Plackett et al., 2014; Plackett et al., 2015).
Plackett et al. (2014 and 2015) reported that on average it took 4.5 – 5.5 months,
from the time of bombardment to the time of T1 spore harvest. Additionally, it took at
least 6 weeks for Ceratopteris richardii spores to ripen and germinate at a high enough
percentage to feasibly analyze hygromycin resistance. Although this method took a lot of
time, the transformation efficiency was very high. It was the first method developed that
could feasibly be used to insert genes or knockdown endogenous genes in order to
analyze specific molecular aspects of gravity directed development.
We used the method developed by Plackett et al. (2014 and 2015) to introduce a
Ca2+ sensor into Ceratopteris richardii in an effort to better understand the role of
calcium in gravity-directed cell polarization. The Yellow Cameleon (YC) Ca2+ sensor is a
chimeric protein that utilizes Fluorescence Resonance Energy Transfer (FRET) in order
to monitor calcium changes in plant cells (Choi et al., 2012). The YC reporter is
composed of a cyan fluorescent protein (CFP) and a yellow fluorescent protein (YFP)
that are linked by the C-terminus of calmodulin (CaM), a Gly-Gly linker and the CaM
domain of myosin light chain kinase (M13) (Miyawaki et al., 1997; Miyawaki et al.,
1999). The FRET takes place when there is an increased interaction between the CaM
and M13 domains upon the binding of Ca2+ to CaM. This binding triggers a
conformational change in the protein that brings the CFP into closer proximity of YFP,
and this increases the FRET efficiency between these two fluorophores. This mechanism
allows the YC Ca2+ sensor to show changes in [Ca2+]cyt through changes in FRET
efficiency.
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Different and improved versions of the YC Ca2+ sensor have been developed
since it was created. Ceratopteris richardii was transformed with YC 3.60. This version
is resistant to acidification of the cytoplasm and has a much larger dynamic range than
previous versions (Rincon-Zachary et al., 2010). It has also been used to monitor calcium
dynamics in roots and pollen tubes of Arabidopsis, a model plant system (Haruta et al.,
2008; Michard et al., 2008; Monshausen et al., 2008; Iwano et al., 2009; Monshausen et
al., 2009; Rincon-Zachary et al., 2010; Monshausen et al., 2011).
We transformed Ceratopteris richardii with this Ca2+ sensor to rapidly evaluate
the success of the transformation protocol and monitor intracellular Ca2+ dynamics during
gravity-directed polarization. During the gravity response in Ceratopteris spores, a
dynamic and gravity-responsive calcium differential has been measured extracellularly
(Chatterjee et al., 2000; ul Haque et al., 2007; Salmi et al., 2011). However, intracellular
Ca2+ dynamics have not been monitored during this process. The sporophytes and
gametophytes transformed with YC 3.60 enabled us and others to analyze intracellular
Ca2+ dynamics in Ceratopteris richardii for the first time. Attempts have been made in
the past to visualize intracellular Ca2+ using fluorescent dyes. However, these studies
were unsuccessful because the dye was unable to diffuse through the spore coat.
Transformation was used in an effort to overcome this issue.
MATERIAL AND METHODS
Plant Material and Growth Conditions Prior to Transformation
Spores from two different stains, Hnn and RN5, were used to generate
sporophytes that were then used to grow callus. Spores were surface sterilized by soaking
them in 20% bleach for 1.5 min and then rinsed three times in sterile water for 1 min
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each. After rinsing, the spores were soaked in the dark for 5-7 days prior to use. Spores
were grown on ½ strength Murashige and Skoog (MS) (Caisson Labs), pH 6.3 with 1%
Bactoagar (Sigma-Aldrich) at 28C in 24 h light (5000K daylight LED -100 watt
equivalent; photon flux = 110 µmol /m2s). Spores grown for callus production were sown
on a sterile cellophane disc that had been placed on top of solidified media. The spores
were spread evenly across the cellophane disc and the plate was sealed with Parafilm.
After 9-10 days of germination, 2-3 mL of sterile water was added to each plate and the
plate was sealed with micro-pore tape. This step was repeated again on day 12. After 14
days of germination, sporophytes were transferred to callus plates. Callus media was
comprised of 1x Murashige and Skoog Media (Caisson Labs), 2% Sucrose (SigmaAldrich), 0.7% agar (Sigma-Aldrich) at pH 5.8. Before pouring the plates, enough BAP
was added to the media in order to attain a final concentration of 5 M. Callus media was
poured into deep plates in order to ensure adequate space and airflow for callus
formation. Sterile forceps were used to transfer single sporophytes to the plates. Each
sporophyte’s root was pressed into the media, and plates were sealed with micro-pore
tape. Callus was sub-cultured onto fresh media every two weeks. Callus stocks were
replaced every 4 - 6 weeks in order to maintain relatively high regeneration rates.
Microparticle Bombardment Preparation and Growth Conditions
The callus used for bombardment was transferred to new callus media two weeks
prior to bombardment. Calli were moved to media with 1 g/mL kinetin (KT) two days
prior to bombardment. The calli were placed in a dense cluster in the center of the plate
and covered approximately half of it. Callus bombardment was performed using a PDS100/He Biolistic delivery system (Bio-Rad). Tungsten M-20 microparticles (Bio-Rad)
were prepared by immersing 60 mg of tungsten particles in 1 mL of 70% ethanol,
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vortexed well and incubated for 15 min with periodic vortexing. The particles were spun
down at 5,000g for 5 min. The ethanol was removed and the pellet was washed with 1
mL of sterile water, vortexed, allowed to settle and spun down for 2 min. The particles
were rinsed three times following this protocol. After these rinsings, the particles were resuspended in 1 mL of sterile 50% glycerol and maintained at 4C until used.
Microparticles were coated by aliquotting 25 L of them into each tube used. While the
microparticles were mixed with a vortex, 5 L of DNA, 25 L of 2.5 M CaCl2 (Sigma
Aldrich) and 10 L of 0.1 M spermidine (Sigma Aldrich) were added to the
microparticles. This mixture was vortexed for 2 min and then allowed to settle for 1 min.
After the particles settled, they were spun down at 5,000g for 2 min. The supernatant was
removed and the microparticles were washed with 125 L of 70% ethanol, vortexed for 2
min, allowed to settle and pelleted using a centrifuge set at 5,000g for 2 min. The same
washing protocol was used with 100% ethanol. After the last rinse, the microparticles
were re-suspended in 30 L of 100% ethanol. The microparticles were vortexed and 10
L was applied to each microcarrier (Bio-Rad). Bombardments using these microcarriers
were performed according to the manufacturer’s instructions. Calli were bombarded at
900 psi, with the callus tissue placed at a distance of 6 cm from the firing disc. After the
calli were bombarded, they were allowed to recover on the callus media with 1 g/mL
KT for 3 days prior to being moved to selection.
Selection & Regeneration of Transgenic Ceratopteris Callus
After three days of recovery, bombarded calli were moved to callus media with 40
g/mL hygromycin B and 1 g/mL KT. The callus was separated into individual pieces
that were considered individual lines from this point on. The plates were sealed with
Parafilm and placed in a 28C incubator with 24 h light (5000 K daylight LED -100 watt
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equivalent; photon flux = 110 µmol /m2s). After two weeks, the callus was moved to new
media containing only 40 g/mL hygromycin B. Every two weeks, the regenerating
shoots were passed to new plates containing the antibiotic until 8 weeks after
bombardment. After 8 weeks, the sporophytes were large enough to pass to soil. If the
sporophytes were growing in clumps, only one shoot was transplanted.
Genotypic Screening of Transgenic Lines
Genomic DNA (gDNA) was isolated from fronds of T0 sporophytes using the
DNeasy Plant Mini Kit (Qiagen). Mutants were screened using a PCR with primers
designed to amplify the YC 3.60 gene (Appendix 1). After confirming the presence or
absence of the YC 3.60 gene, the relative expression of YC 3.60 was analyzed using RTPCR. RNA was extracted from Ceratopteris sporophyte fronds using the Spectrum Plant
Total RNA Kit (Sigma-Aldrich). RNA was extracted from spores using a protocol
previously published in Salmi et al. (2005). RNA isolated from spores or fronds was used
for cDNA synthesis. The purity and concentration of RNA was determined using a Nano
Drop UV-Vis spectrophotometer (ThermoFisher). The RNA was also checked for
degradation by running a small volume on a 1% agarose gel. The cDNA synthesis was
done using the Super Script First Strand Synthesis System for RT-PCR (ThermoFisher).
Primers specific to the YC 3.60 gene were used for a PCR using cDNA as a template.
The Ceratopteris richardii Actin and Calmodulin genes were used as positive controls in
semi-quantitative RT-PCR (Appendix 1).
Phenotypic Screening of Transgenic Lines
Imaging of YC 3.60 T0 and T1 roots was done using a Zeiss Axiovert 200M
Fluorescent Microscope (Zeiss) with a 100 W Hg lamp variable intensity power supply
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using a 20x/0.8 NA objective. Fluorescence filter cubes for CFP and YFP were used to
screen for the presence of YC 3.60 in mutant roots. Roots were cut from mature
sporophyte plants, rinsed and maintained in ½ strength MS, pH 6.3 until imaging. Each
root was placed on a microscope slide with ½ strength MS, pH 6.3 and imaged using
each filter cube. In order to account for autofluorescence, each mutant line was screened
and the optimal exposure time was recorded and used to screen wild-type plants with the
same filter cubes. If the fluorescence intensity of the signal was significantly higher than
wild-type using the CFP and YFP filter cubes, the mutant was considered phenotypically
confirmed.
Imaging of Ceratopteris rhizoids was done using an inverted Zeiss LSM 710
Confocal laser scanning microscope (Zeiss) using a 20X/0.8 NA objective. The excitation
wavelengths used were 405nm and 514nm for CFP and YFP respectively. Gametophytes
were placed on microscope slides with ½ strength MS, pH 6.3. After measuring YC 3.60
rhizoid fluorescence, wild-type rhizoids were screened using the same exposure time in
order to look for differences in intensity of fluorescent signals.
Protein Extraction, Gel Electrophoresis and Western Blotting
Protein extraction from spores and roots, gel electrophoresis and western blotting
was performed following a protocol previously published in Bushart et al. (2013) with
some modifications. Protein was extracted from 50 mg of spores that were grown for 16 h
under continuous white light (5000 K daylight LED -100 watt equivalent; photon flux =
110 µmol /m2s) in a 28 C growth chamber. The spores were not filtered but instead
ground immediately after germination in less than 200 L of ½ strength MS, pH 6.3.
Root samples were collected and ground using the same method outlined above. Protein
was quantified using a Direct Detect Infrared-Spectrometer (EMD Millipore). Two gels
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were loaded with 10 µg of protein in each lane. One gel was stained with Coomassie in
order to determine if protein samples were degraded and to compare the quantity of
protein loaded in each lane. The other gel was used for the membrane transfer. After the
membrane transfer, the nitrocellulose was not cut into strips for this assay. An Anti-GFP
(Goat) Antibody Dylight™ 800 Conjugated (Rockland) was used in order to detect YC
3.60. Since this antibody is conjugated to a fluorophore, after blocking in Odyssey
Blocking Buffer PBS (LI-COR) for 1 h at room temperature, the membrane was exposed
to the antibody (1:10,000 in Odyssey Blocking Buffer) overnight. The next day, the
membrane was rinsed three times with Phosphate Buffered Saline (PBS), pH 7.4 (Life
Technologies) and then imaged using the Odyssey IR Imaging System (LI-COR).
Fluorescence Light Microscopy with YC 3.60 Ceratopteris Spores
Imaging of YC 3.60 T2 spores was done using a Leica SP8 microscope with a
Coherent Chameleon Ti:Sapphire mode-locked laser, a 63x/1.3 NA glycerol objective,
and a hybrid (HyD) non-descanned detector with a CFP-YFP beam splitter to detect the
fluorescence. Fluorescence- Lifetime Imaging Microscopy (FLIM) was performed using
a PicoHarp 300 router and analyzed using the SymPhoTime software package. Two
methods, acceptor photo bleaching and FLIM, were used in order to determine if the YC
3.60 protein was present in the spores. A video was constructed using images from a
single time-point that were assembled using Imaris x64 v8.0.1.
RESULTS
Genotypic Screening and Transformation Efficiency
In order to determine transformation efficiency, 48 T0 sporophyte lines were
screened using gDNA. Of the 48 lines tested, 38 contained the YC 3.60 gene. In order to
54

determine how often lines that contained YC 3.60 but did not contain the HPT gene were
generated during transformation, 7 confirmed T0 lines were tested for the HPT gene. Out
of the 7 lines tested, six contained the HPT gene. Using these 48 T0 lines, transformation
efficiency was determined to be 79.17%.
After their genotyping, roots of T0 sporophytes were phenotypically screened for
CFP and YFP fluorescence. During this screen, it was discovered that the level of CFP
autoflorescence in wild-type roots was relatively high. However, the exposure time and
relative intensity of the YFP signal was much lower and as a result it was used to
phenotypically confirm roots. Using this method, 26 T0 YC 3.60 lines were screened.
Out of the 26 lines, 9 lines showed relatively high fluorescence intensities compared to
the control. A representative example of the fluorescence in these 9 lines is shown in
Figure 3.1. In all nine phenotypically confirmed T0 lines, the YFP signal was isolated to
the vasculature in the body of the root. One of the main goals of this project was to
develop a method that would allow scientists to rapidly determine if Ceratopteris
richardii was transformed. This goal was achieved due to high transformation efficiency
and resolution of the genotypic and phenotypic screens using T0 sporophytes.
After the collection and ripening of T1 spores, gametophytes were generated by
growing T1 spores on selection for 4 days. These gametophytes were screened for YFP
fluorescence. On each slide, 25 – 50 T1 gametophytes were screened and 2 or less
showed a signal higher than autofluorescence. However, this phenotypic screen was
hindered by the presence of an extremely autofluorescent spore coat (Figure 3.2). Many
rhizoids and thalli were located so close to a spore coat that it was difficult to determine
from which part of the gametophyte the fluorescent signal was emitted. This issue limited
the number of spores that could be screened on each slide. In general, rhizoids were used
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for this screen due to their low level of YFP autofluorescence. As seen in Figure 3.2, the
YFP signal was highest close to the tip of fluorescent rhizoids visualized during this
phenotypic screen. Gametophytes produced from T2 spores were also screened. The
rhizoids in Figure 3.2 show that the autofluorescent signal in wild-type rhizoids was not
high enough to interfere with Ca2+ studies and phenotypic screens. The T2 YC 3.60
mutant rhizoids show a high signal in the YFP emission spectrum (Figure 3.2). Using
consistent wild-type controls, Ca2+ dynamics of polarly growing rhizoids could be
assessed with these gametophytes. Figure 3.3 shows high-resolution images of wild type
and YC 3.60 primary rhizoids. The autofluorescence of CFP and YFP in WT rhizoids is
much lower at this level of resolution. The YC 3.60 rhizoid shown in Figure 3.3 has
relatively low CFP fluorescence but relatively higher YFP fluorescence than the wild
type primary rhizoid.
Although the genotypic and phenotypic results from T0 sporophytes showed a
high percentage of stable transformants, the percentage of gametophytes showing a YC
3.60 signal was very low during the phenotypic screen. In order to ensure that
gametophytes were expressing YC 3.60, a RT-PCR was done using cDNA generated
from spore and gametophyte RNA. Figure 3.4 shows that gametophytes express YC
3.60, but this transcript is not detectable in spores.
Based on the results described above, we concluded that in order to conduct a
thorough phenotypic screen using spores, a higher percentage of the spores needed to
express the YC 3.60 calcium sensor. In an effort to increase the percentage of spores
expressing this protein, T1 spores were used to generate T1 sporophytes and T2 spores.
To ensure that the majority of spores produced were transgenic, T1 spores were grown on
selection for eight weeks prior to being transferred to soil. By maintaining the spores on
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selection, the production of sporophytes would have come from the sexual reproduction
of two transformed gametophytes. The T1 sporophytes were screened by gDNA PCR and
RT-PCR prior to the collection of spores. As shown in Figure 3.5, out of the eleven lines
transferred to soil, 9 sporophytes expressed both the YC 3.60 and HPT gene.
Assaying Transfer of Transgenes to the Next Generation
After T2 spores were harvested from 9 lines of confirmed T1 sporophytes, RNA
was isolated and RT-PCR was performed. None of the spores harvested from the 9
mutant sporophytes showed expression of YC 3.60 (Figure 3.6). Protein was also
isolated from roots and spores of these confirmed lines. Every root sample tested
produced the YC 3.60 protein at a relatively high quantity. However, spores from the
same sporophytes did not produce this protein after 16 h of development. This result is
shown in Figure 3.7. The absence of YC 3.60 transcripts and protein in spores could be
due to high turnover rates or the lack of production.
In addition to testing transcript and protein levels, T2 spores from confirmed T1
sporophytes were visualized using multiphoton fluorescence microscopy. Multiphoton
fluorescence microscopy was used in an effort to determine if the YC 3.60 protein could
be detected in spores. Using this technique, the inside of Ceratopteris spores was
visualized at a high level of resolution for the first time. An image of the autofluorescent
spore coat and of the cytoplasm full of autofluorescent granules is shown in Figure 3.8.
During the first 2 h of development post light exposure, spores were filled with many
autofluorescent granules. The fluorescence lifetime of the intracellular autofluorescent
granules was very similar to the spore coat but was not within the range of FRET-based
or chlorophyll proteins. During this experiment, spores from multiple T1 lines were
screened and none of them showed intracellular fluorescence with a lifetime indicative of
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FRET-based proteins. In addition, when the acceptor fluorophore, YFP, was bleached,
the fluorescent signal from the donor, CFP, did not increase. Both of these results support
the conclusion that the autofluorescent granules in Ceratopteris spores did not contain
YC 3.60.
Collectively, the RT-PCR, western blot, and fluorescence lifetime microscopy
conclusively showed that the YC 3.60 transcript and protein are not present in T2
Ceratopteris pre-germinated spores. However, Figures 3.2D and 3.3F show that YC
3.60 is present in the primary rhizoid of germinated spores. In addition, the roots and
fronds of plants that contained the YC 3.60 gene showed fluorescence that is
characteristic of the YC 3.60 protein.
The data summarized above are the results of our first attempt to transform
Ceratopteris richardii with a fluorescent marker that could enable us to visualize calcium
dynamics in gametophyte and sporophyte cells of Ceratopteris and rapidly determine if
ferns are transformed. The transformation technique was effective and the presence of a
fluorescent protein permitted us to screen mutants rapidly. Most of the developmental
stages of Ceratopteris richardii produced the YC 3.60 protein at high levels, so they can
be used for physiological studies focused on understanding the role of intracellular Ca2+
in development. However, spores did not produce detectable levels of either the transcript
or the protein of YC 3.60. Below we discuss methodological changes that could help
ensure that the YC 3.60 transcript and protein are produced and/or maintained at higher
levels in Ceratopteris spores.
DISCUSSION
Using the protocol developed by Plackett et al. (2014 and 2015) allowed us to
achieve a similar and high level of transformation. When compared to previous methods
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used, the transformation efficiency of 79.17% is much higher than what was achieved
using Agrobacterium mediated methods. These experiments led to the development of the
first set of stable lines of transformed Ceratopteris richardii sporophytes that express a
gene that can be used to rapidly determine if a fern is transformed and to monitor
intracellular Ca2+ dynamics during development. They also confirmed the efficacy of the
method, which can now be used for multiple other gene transformations. Due to the
novelty of this work, discoveries about the molecular characteristics and challenges
associated with Ceratopteris transformation were made. These lessons can be used to
optimize transformation in the future.
One discovery made during these experiments was a high level of
autofluorescence in the spore, gametophytic, and sporophytic tissues screened during
phenotypic assays. Autofluorescence is the fluorescence emission produced from
endogenous molecules as a result of excitation from UV/Vis radiation. The major
challenge associated with autofluorescence is the ability to distinguish the intrinsic signal
from fluorescent markers that have been introduced by exogenous application or
genetically encoded after transformation.
The most common autofluorescent molecule in green plants is chlorophyll that
emits light at a wavelength of 600-700 nm in the red/far-red region of the spectrum.
Another common cause of autofluorescence in plants are secondary metabolites such a
phenolics, alkaloids, and terpenoids (Talamond et al., 2015). Secondary metabolites
autofluoresce in the blue region (430-450 nm) and some of the green region (520-530
nm) of the spectrum. Plant secondary metabolites help defend the plant against
herbivores and pathogens but are also involved in plant growth and development. The
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high level of autofluorescence in the CFP emission range could be attributed to these
secondary metabolites.
In general, the autofluorescence in the YFP emission range was very low.
Because of the low level of autofluorescence in this region of the spectrum, all
phenotypic assays were done using the YFP filter cube that collects light between 520
and 550 nm. However, it is important to point out that every tissue screened showed
some level of autofluorescence. In order to overcome this issue, consistent controls will
be needed in order to subtract the average autofluorescent signal of wild-type sporophytes
from fluorescent mutants.
Since the YC 3.60 protein is of limited use in autofluorescent tissues, plant
scientists have recently began using a new Ca2+ sensor called GFP-aequorin (G5A). This
is a chimeric protein composed of a green fluorescent protein (GFP) and aequorin, a
bioluminescent protein. Like the yellow cameleon protein, the transfer of energy in this
protein is Ca2+ dependent so it can be used to monitor calcium dynamics (Xiong et al.,
2014). It is the transfer of energy from GFP to aequorin, referred to as bioluminescent
resonance energy transfer (BRET), which defines the mechanism of Ca2+ detection. Since
luminescence is the emission of light from a substance that does not require radiation, it
is detected with a cooled charge-coupled device (cooled CCD) camera. This method
eliminates issues associated with autofluorescence and has been successfully used to
image Ca2+ dynamics in Arabidopsis leaves, a very autofluorescent tissue (Xiong et al.,
2014).
In addition to GE5, another calcium sensor, R-GECO-1, has recently been used in
plant tissues. R-GECO-1 is an intensity-based reporter. When calcium binds to the CaM
domain of R-GECO-1, it causes CaM to fold around the M13 domain. This change alters
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the chemical environment of the chromophore leading to an increase in fluorescence
intensity (Keinath et al., 2015). The GECO family of reporters has been optimized and
the newest version has an improved dynamic range, stability, and sensitivity. In addition,
the GECO family of Ca2+ reporters has been developed in multiple colors. A GECO
reporter could be used if the emission wavelength was outside of the autofluorescent
range of Ceratopteris tissues.
In conclusion, the issues associated with autofluorescence in Ceratopteris could
be overcome by using the GE5 or a GECO Ca2+ reporter. This would eliminate or
decrease the problems associated with autofluorescent interference.
In addition to learning about the autofluorescence properties of Ceratopteris
tissues, this transformation process also led to a better understanding of the tissue
specificity of the 35S promoter in this fern system. The Cauliflower Mosaic Virus
(CaMV) 35S promoter is the most commonly used general purpose, constitutive promoter
in plant transformation. The expression profile of this promoter has been analyzed in
multiple systems where it shows constitutive expression with varying levels of tissue
specificity (Odell et al., 1985; Battraw and Hall, 1990; Benfey et al., 1990; Yang and
Christou, 1990). When the expression profile of the 35S promoter was analyzed in cotton,
longitudinal sections through the root show the highest level of fluorescence at the tip of
the root and a moderate level of expression in the vasculature (Sunilkumar et al., 2002).
When cotton pollen was analyzed, both wild type and 35S::GFP pollen showed a
moderate level of autofluorescence. However, some mutant pollen showed higher levels
of fluorescence, indicating that this pollen was expressing GFP (Sunilkumar et al., 2002).
Pollen is the best flowering plant tissue for comparison to spores because of the
similarity in their structure. Pollen and spores are both surrounded by a thick, protective
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coat. The pollen tube and spore rhizoid are also both polarly growing single cells.
Scientists have studied the expression of the 35S promoter in pollen of multiple flowering
plants. The expression of the 35S promoter in Tobacco pollen is low, and it is not
detectable in Arabidopsis pollen (Wilkinson et al., 1997). However, Petunia pollen
expressed the 35S promoter (Benfey and Chua, 1989). These conflicting reports support
the conclusion that the 35S promoter has tissue-specific expression patterns that are
specific to the plant in which it is expressed.
One solution to solve the problems associated with the 35S promoter in fern
spores would be to change the promoter in future Ceratopteris richardii transformations.
An alternative promoter that has been used in multiple plant systems is the Arabidopsis
ubiquitin-10 (UBQ10) gene promoter (Norris et al., 1993). This promoter has a higher
level of stability in transiently transformed plants when compared to the 35S promoter
(Grefen et al., 2010; Krebs et al., 2012). Additionally, in a direct side-by-side
comparison, the UBQ10 promoter leads to a higher number of plant lines with suitable
expression levels when compared to the 35S promoter (Behera et al., 2015). An
alternative to a generic promoter is a fern-specific promoter or a spore-specific promoter.
Studies looking into this option are limited by the lack of gene sequence information
available for Ceratopteris richardii. Overall, the tissue-specificity and stability of
expression issues could be overcome by changing the promoter from 35S to UBQ10 or a
fern-specific promoter.
Although the data presented here point to the lack of YC 3.60 expression in
spores, mRNA turnover cannot be discounted as a plausible explanation for the lack of
transcripts and protein in Ceratopteris spores. In order for a transcript to become
translationally mature, RNA Polymerase II must initiate the addition of a 5’ 762

methylguanosine cap during transcription and the addition of a 3’ poly A tail immediately
after transcription by the poly A polymerase (Proudfoot, 2000). The addition of both of
these components directly affects the stability of a transcript. They also affect mRNA
processing, nuclear export and translation.
The turnover of YC 3.60 has not been investigated in the systems in which it has
been used because stable lines with relatively high fluorescence have been produced. In
these lines, if mRNA turnover or translation efficiency is an issue, it is not affecting the
scientist’s ability to use the YC 3.60 mutants. However, it is important to note that studies
were not done to differentiate between an issue with mRNA stability and an issue with
expression. An experiment could be done to differentiate between the two using the
nonsense-mediated decay (NMD) inhibitor, cyclohexamide (Dolatshad et al., 2016). If
cyclohexamide were added to spores and the concentration of the YC 3.60 transcript
increases, it would support the conclusion that it is the degradation of the YC 3.60
transcript by NMD, not the lack of expression in Ceratopteris spores causing the absence
of the transcript in RT-PCR studies.
Although there were multiple issues associate with transforming Ceratopteris
richardii with 35S::YC 3.60, one major success of these experiments was the discovery
of a fluorescence microscopy method that can be used to visualize the intracellular region
of spores at a high level of resolution. The technique used, multiphoton fluorescence
microscopy, has been used in order to visualize dynamic processes in multiple living
systems (Hoover and Squier, 2013). Multiphoton microscopes are chosen over other
fluorescent microscope systems due to their inherent optical sectioning method that
restricts excitation of a fluorophore to the focal plane of the objective. This prevents
photobleaching outside of the field of view. In addition, multiphoton microscopes can be
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used to visualize and penetrate highly scattering tissue because they can utilize longer
wavelengths than standard confocal microscope systems.
The unique attributes of the multiphoton microscope were necessary in order to
visualize the inside of Ceratopteris spores. The serrated edges, high autofluorescent
signal and density of the spore coat made it very difficult to penetrate using a standard
confocal microscope. The multiphoton system overcame the scattering and penetration
issue associated with the spore coat. In order to visualize the entirety of the cell, a
glycerol objective with a large numerical aperture, 1.3, was used. The near-infrared
wavelengths along with a large numerical aperture objective allowed us to visualize the
autofluorescent intracellular components of an optically turbid Ceratopteris spore for the
first time.
In conclusion, Ceratopteris richardii was stably transformed with a Ca2+ sensor
that allowed for the first time an analysis of both Ca2+ dynamics during development and
a rapid detection of transformed ferns. Because of the novelty of this project, many issues
came up during the process that would have been hard to predict. However, establishing a
reliable method of transformation and detection of transformation success will allow
scientists to efficiently proceed through this process in the future. Additionally, using the
current YC 3.60 lines, scientists will be able to analyze intracellular Ca2+ dynamics
during different physiological events that cause changes in Ca2+ flux, e.g.
mechanostimulation. These calcium signatures can be compared to other systems and
lead to a better understanding of the evolutionary aspects of calcium signaling by
comparing pteridophytes to gymnosperms and angiosperms.
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Figure 3.1: Tissue specific expression of Yellow Cameleon 3.60 in T0 Ceratopteris
richardii roots. Wild-type roots (A and B) showed a low level of
autofluorescence in the yellow fluorescent protein (YFP) emission spectrum.
Two independent lines (C, D, E, and F) showed varying levels of YFP
expression but in every line screened the signal was isolated to the
vasculature. Images A, C, and E are the bright field images associated with
the YFP fluorescence images shown in B, D, and F. All of the scale bars =
100µm.
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Figure 3.2: Ceratopteris richardii T1 gamtophytes showed YC 3.60 expression in
rhizoids. Wild type gametophytes (A and B) showed a low level of
autofluorescence in rhizoids in the yellow fluorescent protein emission
spectrum. The spore coat in wild type (A and B) and YC 3.60 (C and D)
gametophytes showed a very strong autofluorescent signal. The rhizoids in
YC 3.60 gametophytes (C and D) showed a relatively strong YFP
fluorescent signal. All of the scale bars = 100µm.

66

Figure 3.3: Ceratopteris richardii T2 rhizoids showed a higher fluorescent signal than
wild type in polarly growing rhizoids. Wild type gametophytes (A, B, and
C) showed a low level of autofluorescence in rhizoids in the emission
spectrum wavelengths for the CFP (B) and YFP (C). The YC 3.60 mutant
rhizoids (D, E, and F) showed a low CFP fluorescent signal (E) but showed
a relatively higher YFP fluorescent signal (F). Brightfield images
corresponding to the fluorescent images are shown in A (wild type) & D
(YC 3.60). All of the scale bars = 25µm.

67

Figure 3.4: The YC 3.60 transcript was not detected in T2 Ceratopteris richardii spores
but it was detected in T2 gameotphytes. The approximate fragment size is
500bp.
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Figure 3.5: The YC 3.60 transcript was detected in 6 out of 7 T1 sporophytes. It was also
detected in 3 our 4 T0 clones generated from vegetative buds. Out of the 11
sporophytes tested, 9 contained the HPT gene.
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Figure 3.6: The YC 3.60 transcript was not detected in T2 Ceratopteris richardii spores
but it was detected in T1 fronds from which the spores were harvested. The
approximate fragment size is 500bp.
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Figure 3.7: The YC 3.60 protein was not detected in T2 Ceratopteris richardii spores, but
it was detected in T1 roots harvested from the sporophytes that produced the
spores. The YC 3.60 protein migrates at approximately 75 kDa.
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Figure 3.8: Multiphoton fluorescence microscopy was used to visualize the intracellular
region of Ceratopteris spores at a high resolution. (A) The Ceratopteris
spore coat has a strong autofluorescence signal. (B) Ceratopteris richardii
spores are full of autofluorescent granules with a fluorescence lifetime
similar to the autofluorescent spore coat.
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Chapter 4: A Gradient of Extracellular Nucleotides Promotes
Asymmetric Growth in the Gravitropic Response of Arabidopsis
Primary Roots

INTRODUCTION
ATP is commonly known as the energy currency of the cell. It is a valuable
resource that cells use to store energy that is collected from photosynthesis and
glycolysis. Cellular processes are powered by the energy that is produced when a
phosphate group is released through the process of ATP hydrolysis.
In addition to providing energy, ATP also plays an essential role as an
extracellular signaling molecule in animal and plant systems. The signaling role of
extracellular ATP (eATP) was discovered simultaneously with purinergically-sensitive
nerves in the early 1970’s (Khakh and Burnstock, 2009b). Since that time, scientists have
identified the P2 family of eATP receptors in animals. In this family, the P2X receptors
are ATP-gated ion channels and P2Y receptors are G-protein linked metabotropic
receptors (North, 2002; Abbracchio et al., 2006). The activation of P2X and P2Y
receptors by ATP binding leads to an increase in [Ca2+]cyt . Ca2+ acts as a secondary
signal that directs downstream molecular events that lead to changes in physiology.
Purinergic signaling is involved in a variety of processes in animals including
neurotransmission in taste buds (Kinnamon et al., 2013), embryonic and stem cell
development (Burnstock and Ulrich, 2011), physiology of the lower urinary tract
(Burnstock, 2013) and bone development (Lenertz et al., 2015).
In plants systems, eATP signaling is not as well understood, but studies over the
last 15 years have begun to define a very clear role for this signal in growth and
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development. Initial experiments showed that exogenously applying eATP and
extracellular ADP (eADP) caused an increase in [Ca2+]cyt in roots (Demidchik et al.,
2009a; Demidchik et al., 2011a) and aerial parts of the plant (Jeter et al., 2004b). Since
these early experiments, scientists have shown that extracellular nucleotides are involved
in many different aspects of plant growth and development and stress responses
(reviewed in Clark et al. 2014).
One class of nucleotidases, nucleoside triphosphate diphosphohydrolases
(NTPDases), which are commonly called apyrases, modulates the concentration of
extracellular nucleotides. Apyrases hydrolyze nucleoside tri- and diphosphates but do not
hydrolyze nucleoside monophosphates. Studies have also shown that apyrases play a role
in plant growth and development (Wu et al., 2007; Liu et al., 2012; Lim et al., 2014;
Deng et al., 2015). Inhibiting apyrase activity and suppressing the expression of AtAPY1
and AtAPY2 genes leads to an increase [ATP] in plant growth media (Wu et al., 2007;
Lim et al., 2014). These results support the hypothesis that apyrases regulate [eATP] in
plant systems, just like their homologs in animal systems.
A major breakthrough that provided a missing link in plant eATP signaling was
the identification of the first plant eATP receptor. Choi et al. (2014a) identified this
receptor by screening mutants that did not show an increase in [Ca2+]cyt when ATP was
exogenously applied. Using this assay, DORN1 (DOes not Respond to Nucleotides 1), a
previously discovered lectin receptor kinase I.9 (At5g60300) was identified as an eATP
receptor (Choi et al., 2014a).
In addition to documenting multiple roles for eATP and apyrases in plant growth
and development, scientists have also identified many sources or causes of ATP release
in plant systems. One obvious cause of ATP release is wounding or disruption of the
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plasma membrane. As a result of this disruption, the cellular contents, including ATP,
flow out of the broken cell into the wall space (Song et al., 2006). ATP is also released
through multi-drug resistant transporters (Thomas et al., 1999), from secretory vesicles
delivering growth materials to the plasma membrane (Kim et al., 2006; Wu et al., 2007),
and as a result of osmotic or mechanical stress (Jeter et al., 2004).
Collectively, the studies outlined above support the hypothesis that eATP plays a
major role in multiple plant growth and development processes. However, the unresolved
question is if the [eATP] released during different developmental events is enough to
elicit a physiological change. In order to begin addressing this question, a tool was
developed based on the ATP dependent luciferin/luciferase reaction. In this reaction, the
oxidation of the substrate, luciferin, results in the production of light and oxyluciferin.
When this reaction is catalyzed the luminescent output is dependent on the quantity of a
co-substrate, ATP-Mg2+. In order to use this tool, scientists ligated the firefly (Phontinus
pyralis) luciferase gene into the pET-36b (+) vector next to a cellulose binding domain
(CBD) (Kim et al., 2006). The CBD-luciferase plasmid was expressed in E. coli and the
protein was purified using the CBD or a S-tag. In order to visualize the eATP
surrounding actively growing root hairs, CBD-luciferase protein solution was added to
roots. After adding the substrate, luciferin, the luminescence was measured using a
confocal microscope or a deep-cooled CCD camera (Kim et al., 2006).
The hybrid protein, CBD-luciferase, allowed scientists to visualize eATP in plant
cells for the first time. The eATP visualized using this tool was released through active
secretion at the tip of polarly growing root hairs. ATP release was blocked when
brefeldin A, an inhibitor of vesicular transport, was added to roots. In addition, the
release of ATP was also shown to be dependent on mechnosensitive ion (MS) channels
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and Ca2+ (Kim et al., 2006). This set of experiments provided some insight into the
signaling mechanisms involved in ATP release and signaling during polar growth.
In order to continue studies on eATP visualization and release during
development, Clark et al. (2011) used another tool based on the luciferin/luciferase assay.
The tool, which was originally constructed by Wen-Qiang Tang in the Roux lab, was
generated by transforming Arabidopsis thaliana with a construct that contained a 35S
promoter and a signal peptide from a pollen coat protein, SCR13 from Brassica oleracea,
which was incorporated at the N-terminus of the luciferase gene. Transformation with
this construct resulted in Arabidopsis plants that secrete luciferase. The development of
this construct and transformation methods used were described in Clark et al. (2011).
Using these lines, scientists monitored eATP levels in stomates during ABA-induced
closing and light-induced opening. ATP was released during both of these developmental
events and could be monitored using ecto-luciferase (XLUC) lines (Clark et al., 2011). In
order to ensure that expression of the XLUC protein was uniform, 1mM ATP was added
to each root assayed after the eATP measurement and unless there was a uniform
response the data was not used.
To continue exploring the role of eATP in development, this Chapter describes
the use of XLUC lines to monitor [eATP] during asymmetric growth as a result of
gravistimulation. The gravity stimulus was chosen for this assay because previous studies
by Tang et al. (2003) showed that high levels of exogenously applied ATP disrupt the
gravitropic response in Arabidopsis primary roots.

These prior results led to the

hypothesis that an eATP gradient is directing asymmetric growth during the gravitropic
response of Arabidopsis primary roots. The experiments described in this chapter tested
this hypothesis and revealed that when roots are gravistimulated, a gradient of eATP,
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where the highest concentration is on the bottom of roots, develops within 30 min of
stimulation, but only transiently persists. The physiological significance of this gradient
was investigated by either inhibiting its effects using Pyridoxal phosphate-6-azo
(benzene-2,4-disulfonic acid) (PPADS), a purinoceptor antagonist, or disrupting it using
acid phosphatase from wheat germ, an enzyme that hydrolyzes ATP.
MATERIALS AND METHODS
Plant Material and Growth Conditions
The XLUC construction and plant transformation are described in Clark et al.
(2011). Arabidopsis thaliana XLUC seeds were surface sterilized, dried, and maintained
on sterile filter paper in Petri dishes for 6 months or less. The XLUC seeds were sown on
cellophane sheets placed directly on solidified plates containing Growth Media (GM)
(Murashige and Skoog basal salts (Caisson Labs) with 1% sucrose (Sigma-Aldrich) and
1% agar (Sigma-Aldrich) at pH 5.7). The seeds were stratified in the dark at 4°C for 3 d.
After the seeds were stratified, the plates were placed upright in a growth chamber at 23°
C under 24 h fluorescent light illumination from cool white (4100K) fluorescent bulbs
located on one side of the chamber for 3.5 – 4 d. Light was given continuously
throughout the germination period. The fluence rate of the incident light was ca. 120
µmol/ m2s. The plates were placed upright in order to ensure that roots grew parallel to
the surface of the plate.
Imaging of Luminescence in XLUC Plants
The 3.5 – 4-day-old seedlings were lifted off of the agar using the cellophane
sheet, and placed on a microscope slide. Then the roots were submerged for 30 s in
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luciferin solution (20X stock of D-luciferin, GoldBio) diluted to a final concentration of
37.5 mM in flash assay buffer (20 mM Tricine, 2.67 mM MgSO4, 0.1 mM EDTA, 2 mM
dithiothreitol), as described in Kim et al. (2006). A cellophane sheet was placed on top of
the seedling prior to imaging. Imaging was performed using a Lecia DME microscope
with a Leica HC PLAN APO 20X/ 0.7 NA objective installed in a Night Owl II LB 983
instrument (Berthold Technologies). Luminescence readings and analyses were done
following the protocol and specifications described in Clark et al. (2011). However,
instead of selectively visualizing guard cells, the apical tip of each root was manually
selected and measured.
Roots were gravistimulated by rotating the seedlings 90° by laying the upright
plate flat with the agar side up.
Treating Arabidopsis with PPADS and Acid Phosphatase
Arabidopsis seedlings were grown and exposed to chemical treatments according
to a previously published protocol in Tang et al. (2003). Specifically, wild-type
Arabidopsis, ecotype Wassilewskija (Ws), were grown on plates containing GM for 6 d.
Seedlings were transferred to plates containing GM, or to plates with GM that included
either PPADS or acid phosphatase, wrapped in foil, and placed back in the growth
chamber for 1 h. After 1 h, the plates were rotated 90°. Prior to rotation, the position of
the tip of the root was marked on each plate. After 24 h and 48 h of gravistimulation,
images were taken. The angle of root curvature was measured using Fiji (Schindelin et
al., 2012). The angle was measured by drawing a horizontal line along the periphery of
the imaged primary root to the initial point of any curvature that may have occurred due
to gravistimulation, and an adjoining line from the point of initial curvature to the tip of
the root.
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RESULTS
eATP Gradient is Present 30 min After Gravistimulation
An eATP gradient can be visualized and quantified during gravitropism using
XLUC Arabidopsis seedlings. As seen in Table 4.1, after 30 min of gravistimulation, 78
% of the roots have a higher [eATP] along the bottom of compared to the top. The eATP
is concentrated in the apical tip of growing Arabidopsis roots. After 45 - 60 min of
gravistimulation, the percentage of Arabidopsis roots showing a gradient of eATP
decreases to 15.4% (Table 4.1).
Arabidopsis XLUC lines can be used to visualize and quantify eATP in
gravistimulated roots. The Berthold Night Owl II LB 983 produces pseudo-colored
images with Look Up Table (LUT) intensity scales. An example of an image set acquired
during gravistimulation is shown in Figure 4.1. In these images, the intensity scale shows
a higher [eATP] on the bottom of the root after 30 min of gravistimulation (Figure 4.1-E
and F). However, prior to this time, at 0 min (Figure 4.1-A and B) and 15 min (Figure
4.1-C and D), there is not a visible or quantifiable ≥ 2-fold bottom-focused gradient.
However, after 45 min of gravistimuliation (Figure 4.1-G and H), there is still a visible
and quantifiable eATP gradient where the highest [eATP] is on the bottom of the root.
Figure 4.1 illustrates the instrument output that allows users to visualize and quantify
eATP in gravistimulated Arabidopsis roots.
Physiological Significance of eATP Gradient in Arabidopsis Primary Roots
Since a gradient of eATP is present during gravistimulation, the physiological
significance of this gradient was examined using an eATP receptor antagonist, PPADS,
and eATP hydrolysis by acid phosphatase treatment. When Arabidopsis roots were
treated with 150 µM and 250 µM PPADS, the gravitropic response was disrupted
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(Figure 4.2 and 4.3). As shown in Figure 4.2 and 4.3, this disruption caused a visible
decrease in the gravitropic root angle. The average gravitropic root angle in non-treated,
wild-type roots was 99º after 48 h of gravistimulation. However, 150 µM and 250 µM
PPADS caused an average angle of curvature of 122º and 120º respectively. Since a
standard angle of gravicurvature is 90º, angles above this value represent a “lower”
degree of curvature in response to gravistimulation. Treatment with acid phosphatase, an
enzyme that hydrolyzes ATP, did not cause a statistically significant decrease in
gravicurvature. Treatment with 0.25 units/mL and 0.5 units/mL of acid phosphatase
changed the average angle of root curvature to 116º and 99º respectively.
CONCLUSIONS
The culmination of the gravity response in multicellular plant roots is a period of
asymmetric growth where the rate of growth on the top of the root is higher than on the
bottom. This differential growth response leads to the root re-orientating back to the
downward direction by curving 90º before resuming uniform growth. Previously, data
have shown that eATP and apyrases can alter growth rates in Arabidopsis (Wu et al.,
2007). The characteristics of the gravity response and the data published in Wu et al.
(2007) led to the hypothesis that eATP could play a role in regulating growth during the
gravity response in Arabidopsis roots. During a differential growth response, a high
[eATP] could inhibit or slow growth while a relatively lower [eATP] could promote
growth.
In gravistimulated Arabidopsis seedlings, the [eATP] along the bottom of primary
roots was at least 2-fold higher than [eATP] along the top in the majority of roots tested.
This gradient of eATP could be inhibiting or slowing the rate of growth on the bottom of
roots. The majority of roots tested also showed a relatively lower [eATP] along the top of
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roots that could be promoting or increasing the rate of growth in this region. Collectively,
this asymmetric response would lead to the characteristic root curvature seen as a result
of gravistimulation.
In Chapter 1, the gravity response in multicellular plants was summarized and the
role of the plant growth regulator, auxin, was discussed. Auxin accumulates along the
bottom of roots as a result of gravistimulation. This accumulation leads to the inhibition
or decrease in the rate of growth. Studies have shown that exogenously applied ATP
blocks auxin transport and attenuates the gravitropic response in Arabidopsis primary
roots (Tang et al., 2003). Additional support for the role of eATP in growth suppression
and auxin transport came from experiments by Liu et al. (2012) showing that apyrase
suppression inhibits polar auxin transport and suppresses growth. These results provide
support for the hypothesis that eATP regulates growth and auxin transport during the
gravitropic response of Arabidopsis primary roots.
The results outlined in this chapter provide additional support for this hypothesis
by showing that a gradient of eATP is present in the majority of roots tested after 30 min
of gravistimulation. The gradient of eATP visualized and quantified in these experiments
could be contributing to the gravitropic response by regulating growth and polar auxin
transport. In order to continue investigating the role of eATP in auxin transport and
growth, this method could be used to evaluate [eATP] in additional tissues during other
asymmetric growth responses.
In addition to regulating auxin transport, eATP could play a role in initiating the
gravitropic Ca2+ response. In Chapter 2, the role of eATP in the gravity response of
Ceratopteris spores was discussed. In this single cell system, eATP is released during the
gravity response through MS channels and targeted secretion. MS channels could also be
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involved in the gravity response of multicellular plants (Leitz et al., 2009). The same
principles outlined in the hypothetical model of graviperception in Ceratopteris spores
(Figure 2.10) could be used to explain the process of graviperception in columella and
other gravity-responsive root cells. In this model, the movement of statoliths or settling of
the protoplasm in response to gravity could activate MS channels. The activation of these
channels could initiate the uptake of Ca2+ and the release of ATP in response to gravity.
Since the MS channels would be primarily activated along the bottom of the gravityresponsive cells, a bottom-focused eATP gradient would accumulate and open additional
Ca2+ channels. This would lead to a localized influx of Ca2+ along the bottom of
gravistimulated roots. A Ca2+ gradient along the bottom of roots during gravistimlation is
well documented (Dauwalder et al., 1985; Moore et al., 1987a; Bjorkman and Cleland,
1991). However, the potential role of eATP in this process is original.
The physiological significance of eATP in the gravity response of Arabidopsis
primary roots was initially investigated by Tang et al. (2003), who showed that the
gravity response is dramatically attenuated when ATP is exogenously applied to roots. In
order to follow up on this result, a purinoceptor antagonist, PPADS, and acid
phosphatase, an enzyme that hydrolyzes ATP, were exogenously applied to Arabidopsis
roots during gravistimulation. When roots were unable to sense eATP during
gravistimulation, the gravity response was reduced. However, hydrolyzing eATP did not
disrupt the gravity response. The acid phosphatase treatment may not have had a
statistically significant effect because the enzyme was unable to penetrate the cell wall
and hydrolyze eATP near the plasma membrane, the region where eATP receptors would
be activated. Acid phosphatase would have trouble penetrating the cell wall because it is
a relatively large molecule with a molecular weight of 58 kDa. In addition, since the Km
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of acid phosphatase is in the µM range, these treatments may not have a substantial effect
if the concentration of ATP released by roots is in the nM range. However, this result is
also consistent with the hypothesis that eATP may be promoting the gravity response but
it is not required for that response.
In conclusion, this set of data further supports the previously proposed hypothesis
that eATP is involved in the gravitropic response of Arabidopsis primary roots. However,
a novel approach was taken in order to visualize and quantify this signaling molecule
during gravistimlation. In order to confidently confirm the presence of an eATP gradient
during gravitropism, an amperometric ATP biosensor could be used to directly measure
the [ATP] released during this response. The role of eATP in asymmetric growth could
be further investigated using other differential growth responses such as phototropism
and other plant tissues such as the hypocotyl.
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Table 4.1: The majority of Arabidopsis primary roots show at least a 2-fold gradient on
the bottom after 30 min of gravistimulation. Only 1 out of 9 roots show at
least a 2-fold gradient on the top of the root. After 45 – 60 min of
gravistimulation, 84.6% of Arabidopsis primary roots show less than a 2fold difference when the bottom and top of the roots are compared.
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Figure 4.1: Pseudocolored images of Arabidopsis primary roots 0 min (A, B), 15 min (C,
D), 30 min (E, F), and 45 min (G, H) after gravistimulation. The top of the
roots is shown in A, C, E and G. The bottom of the roots is shown in B, D, F
and H. In the majority of Arabidopsis primary roots, the [eATP] on the
bottom of the root is higher than the top after 30 min (E-top, F-bottom) of
gravistimulation. The gradient of [eATP] that is ≥ 2-fold is no longer present
in the majority of roots after 45 min (G-top, H-bottom) of gravistimulation.
The arrow in each image is pointing to the apical tip of the root, the region
where ATP is released.
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B

Figure 4.2: Treatment with an eATP receptor antagonist, PPADS, disrupted gravitropism
in Arabidopsis primary roots. (A) A one-way ANOVA (F (4, 121) = 2.44, p
= 6x10-4) and planned comparisons using the Tukey-Kramer test showed
that roots treated with 150 µM or 250 µM PPADS showed a statistically
significantly higher average root angle or less gravicurvature. Treatment
with 0.25 units/mL or 0.5 units/mL of acid phosphatase did not cause a
statistically significant change in the average root angle. Error bars represent
standard error of the mean. For each treatment, n ≥ 20 roots. (B) Image of a
wild-type root showing the method used to measure root angles. The wildtype root angle measured in B is 99º.
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Chapter 5: Two Distinct Light Reactions Are Needed to Promote
Germination in Spores of Ceratopteris richardii

INTRODUCTION
Plants use many different environmental stimuli to regulate their development and
morphology throughout their lifetime. Although the majority of this dissertation has
focused on the role of gravity in plant growth and development, light, another common
environmental stimulus, has a most profound effect on plant development. Plants are very
sensitive to any illumination, sensing the quality, intensity, direction, and duration of the
light and altering their development in relation to all of these factors. In seed plants, light
responses occur throughout post-embryonic growth. Light affects germination, seedling
development, shade escape, and the timing of flowering. Light signaling in lower plants
that reproduce using spores (e.g. ferns and mosses), is not as well understood because
fewer studies have been done on these systems.
Based on studies largely focused on angiosperms, we know that plants primarily
respond to UV light, blue light, red light, and far-red light. To respond to these various
light qualities, plants use photoreceptors, proteins responsible for converting light into
signals that direct their development. Most of these photoreceptors consist of a protein
bound to a light-absorbing pigment called a chromophore.
Phytochromes, photoreceptors primarily responsible for perceiving red and farred light, are involved in initiating germination in seeds of flowering plants and in spores
of ferns. Phytochromes exist as two, interconvertible conformations that have distinct
absorption spectra. Pr, the inactive conformation, absorbs in the red region, and Pfr, the
active conformation absorbs most strongly in the far-red region. In the presence of red
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light, Pr is converted to Pfr; and far-red light converts Pfr back to Pr. Fern phytochromes
control both red/far-red light, reversible spore germination and de-etiolation (Possart and
Hiltbrunner, 2015). Light can also affect spore polarization, because the rhizoid will
emerge in the direction opposite to the direction of unilateral light treatment. This
directional response to light is induced by the blue-light photoreceptor, phototropin
(Edwards and Roux, 1998)
Preliminary studies have shown that when spores are exposed to 8 h of light, they
can be moved to the dark during the remainder of polarization and will still germinate if,
and only if, they are re-illuminated after 48 h (Figure 5.1). Keeping the cells in darkness
between 8 and 48 h makes it less likely that light could influence the direction of gravityinduced cell polarization, because gravity does not fix this direction until about 24 h after
the initial light treatment starts. Understanding how much less light than 8 h could be
used in order to initiate germination in Ceratopteris is a new piece of information that
would be needed to allow scientists studying gravity-directed spore polarization to
eliminate light as an additional variable in their experiments. Moreover, learning when
and why the second illumination is needed would help resolve what photoreceptor is
required for the completion of the germination process. Thus, investigating the timing
and quantity of light treatments necessary to irreversibly induce germination in
Ceratopteris spores would provide novel data and insight into light-signaling responses
that are not well understood.
The preliminary data discussed above suggest the hypothesis that two separate
light stimuli are needed to irreversibly induce germination in Ceratopteris spores. This
discovery raises the questions of how little light is needed to initiate germination and
whether the molecular mechanism needed to continue germination after 48 hours is
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photosynthesis or another molecular process. These questions were investigated during
the Discovery Laboratory in Plant Biology last spring. In this class, students design and
conduct experiments based on a hypothesis presented at the beginning of the semester. As
the teaching assistant for this course, I was both a mentor and a technician for 14 groups
of students working on the study outlined above. Four undergraduate students followed
up the major results from this course this summer.
MATERIALS AND METHODS
Plant Material and Growth Conditions
Ceratopteris richardii spores were surface sterilized and soaked using the same
protocol described in Chapter 2 and 3. In short, spores were sterilized by soaking them in
20% bleach for 1.5 min and rinsed three times with sterile water. After sterilization,
spores were soaked in sterile water in the dark at 28C for 5-7 days. After soaking, spores
were exposed to light, rinsed three times with sterile water and ½-strength Murashige and
Skoog (MS) medium (Caisson Labs) with 1% Bactoagar (Sigma Aldrich) was added in
order to achieve a final spore density of 1 mg spores/mL of medium. Spores were sown
in 65 mm x 15 mm petri dishes. Using a 1000 µL pipette, 1 mL of media with spores was
added to each dish. The agar plates were left for 10 min to dry before being wrapped in
Parafilm and placed in a growth chamber. Dishes were grown vertically in order to
ensure that rhizoids grew down in a visual plane. Spores were grown in an incubator set
at 28C with illumination from two 100W equivalent daylight (5000K) LED bulbs
located on one side of the chamber. Light was given continuously throughout the
germination period. The fluence rate of the incident light was ca. 180 µmol/m2s. During
dark treatments, spores were grown in a 28°C chamber that did not contain lights.
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For Diuron treatments, spores were sown on microscope slides that had been
lightly sanded on one side in order to prevent the spores and agar from slipping off.
Spores were added to ½ strength MS (Caisson Labs), pH 6.3 with 1.25% Bactoagar
(Sigma Aldrich) in order to achieve a final density of 1 mg spores/mL of media. After the
agar solidified for approximately 5–10 min, the slides were immersed in 20 mL of liquid
½ strength MS medium, pH 6.3 in a slide box. Diuron (Sigma-Aldrich), dissolved in
ethanol, was added to the liquid media prior to pouring it into each slide box. The slides
were maintained in 120 mg/L of Diuron for a limited period of time. When Diuron was
removed, the spores were rinsed with liquid ½-strength MS, pH 6.3 twice, with at least 1
hour between each rinse. Slides remained in this medium until visualization and
assessment of germination at 96 h. Spores were considered germinated if at least one
rhizoid that was at least one spore diameter long was present or if a prothallus was
present.
RESULTS
The hypothesis that two distinct light reactions are needed in order to promote
germination in Ceratopteris spores was based on a preliminary experiment that showed if
spores are exposed to 8 h of light, placed in the dark until 48 h after light exposure and
placed back in the light until 96 h, the percentage of germination will be equivalent to
spores exposed to light for the full 96 h. Data confirming these preliminary results are
shown in Figure 5.1.
After this initial discovery, the initial light exposure was decreased to 1 h or less
in order to determine which photoreceptor is responsible for initiating germination in
Ceratopteris spores. Figure 5.2A shows that 1 h of initial light is enough to initiate
germination as long as the spores are placed back in the light from 24 - 48 h. After this
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light treatment, spores germinated equivalently to spores exposed to 96 h of light. When
spores were exposed to 1 h of initial light but the second light exposure was delayed until
48 h, it took 24 additional hours for germination to be equivalent to spores exposed to
light for 96 h (Figure 5.2B). Both of these results would be predicted by an earlier report
that revealed phytochrome, a photoreceptor that can be activated by 1 h or less of light, is
responsible for initiating germination in Ceratopteris spores (Cooke et al., 1987). An
alternative hypothesis, that the 1 h light treatment is needed to activate photosynthesis, is
disproved by data showing that if photosynthesis is inhibited during the first 24 h,
germination is still initiated, and spores germinate as though they have been exposed to
96 h of light (Figure 5.2C). Collectively, data in Figure 5.2 support the conclusion that
the first light responses in Ceratopteris spores needed to initiate germination, are induced
by phytochrome and do not require photosynthesis.
Although 1 h of light is enough to initiate germination in Ceratopteris spores,
development will arrest if the spores are not returned to the light between 24 and 48 h
after the initial light exposure. Development in Ceratopteris spores between 24 and 48 h
includes two energy-intensive developmental events, nuclear migration and cell division.
Data shown in Figure 5.2A and 5.2B support the hypothesis that light exposure between
24 and 48 h is necessary for development to progress. Figure 5.2B also supports the
hypothesis that in the absence of light, development will arrest until the spores are given
enough light.
In order to determine if photosynthesis is required during the second light
exposure, spores were given 8 h of initial light but a photosynthesis inhibitor, Diuron,
was added to the spores prior to returning them to the light from 48 - 96 h. Diuron
inhibits photosynthesis by disrupting the electron transport chain. When photosynthesis
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was inhibited during the second light treatment, an average of 5% of spores germinated
(Figure 5.3A). The small percentage of spores that germinate after this light and
chemical treatment could have received enough light during the initial 8 h to generate the
energy necessary for the remainder of germination. However, when spores are given 1 h
of initial light before the addition of Diuron and returned to light at 48 h, an average of
4% of spores germinate (data not shown). This could be evidence that the [Diuron] is not
high enough to fully inhibit photosynthesis in all of the spores. The hypothesis that
photosynthesis is required during the second light treatment is further supported by the
data shown in Figure 5.3B. In this figure, spores exposed to 8 h of initial light, and 1 h of
light between 48 and 49 h had a germination rate of 2%. The data shown in Figure 5.3
support the hypothesis that the second light treatment has to be intense enough to provide
sufficient photosynthetic energy for the spore to proceed through nuclear migration and
cell division.
The genetic components expected to be involved in the initial light reaction were
investigated using RT-PCR. RNA was extracted from Ceratopteris spores after various
light treatments to determine if transcripts encoding phytochome and chlorophyll a/bbinding proteins are expressed. Results in Figure 5.4 shows that the transcription of
mRNA for chlorophyll a/b binding protein is initiated by light exposure and requires over
1 h to accumulate. This expression pattern makes it unlikely that photosynthesis is
required for the first light reaction. However, PHYtochrome 1 (PHY1) and PHY 2
transcripts are present in spores that have never been exposed to light. The relative
abundance of PHY 2 transcripts increases as a result of light exposure. In addition, the
expression of PHY 4a is light dependent, but the transcript abundance goes down when
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the spores are no longer exposed to light. This transcript abundance data is shown in
Figure 5.4.
The pattern of PHY expression shows that the expression of some Ceratopteris
phytochrome transcripts is light dependent. It also reveals that it takes less than 1 h of
light to initiate the expression of some phytochrome transcripts and that the level of some
of these transcripts is stable in spores in both darkness and light. Overall, Figure 5.4
provides more support for the hypothesis that phytochrome may be the only
photoreceptor needed for the first light reaction in Ceratopteris spores. In addition, these
results show that 1 h of light initiates the synthesis of transcripts for chlorophyll a/b
binding proteins, but it takes time for these transcripts to accumulate.
CONCLUSIONS
The novel conclusion from these studies is that Ceratopteris spores do not need to
remain in the light during the first 24 h, the polarity fixation period, in order for
germination to progress. Based on the data presented, there are two distinct light
reactions needed to promote germination. The first light reaction is mediated by
phytochrome, a photoreceptor that requires less than 1 h of light to be activated.
However, the second light reaction requires photosynthesis due to the energy intensive
processes taking place, nuclear migration, cell division and rhizoid emergence. In
addition to requiring photosynthesis, a recent study showed that phytochrome induces
asymmetric cell division in dark grown Ceratopteris richardii prothalli (Murata and
Sugai, 2000). However, results from the same study showed that the initiation of rhizoid
development requires continuous irradiation. These two results support the hypothesis
that both phytochrome and photosynthesis are required during the second light reaction.
Overall, the mechanism identified during these experiments is a two-light reaction
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germination process that is analogous to germination mechanisms identified in
angiosperms.
Due to the small size of a Ceratopteris spore, which has an average diameter ~
125 µm, there is limited space for energy storage. However, because spores lack
chlorophyll, the energy for the first steps of the germination process is initially generated
from respiration using stored energy reserves. In angiosperms the relationship of seed
size and germination response to light is well documented in seed-bearing plants
(Milberg et al., 2000). As seed size decreases, the need for light during germination
increases. This relationship can be explained by the fact that as seed size decreases, the
amount of space that can be used to store energy reserves decreases, so it is important
that small seeds be near the soil surface and be exposed to light to be induced to
germinate. For small seeds, just as for the small Ceratopteris spores, the photoreceptor
that induces their germination is typically phytochrome. As a result of their relatively
small size, Ceratopteris spores require light in order to proceed through germination. A
key difference is that once phytochrome is activated in small seeds they can germinate
without additional light treatment, but even after phytochrome activation, spores, which
almost certainly have less stored energy reserves than even small seeds, need additional
energy from photosynthesis to complete germination.
Overall the results of this chapter confirm that two distinct light reactions are
needed to promote germination in Ceratopteris spores, and they point to an evolutionarily
conserved mechanism of light-regulated germination in plant systems. They also show
that in order to ensure survival, Ceratopteris spores have developed a mechanism to stall
development temporarily if light is scarce during energy intensive processes. To fully
understand the role of photosynthesis in spore germination, future experiments should
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determine the rate of ATP depletion in light-activated spores and when photosynthesis
becomes the primary source of energy.
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Figure 5.1: Ceratopteris richardii spores require two distinct light reactions in order to
germinate. If spores are exposed to 8 h of light, moved to the dark until 48 h,
and returned to the light until 96 h, the average germination rate is
equivalent to spores grown in 96 h of light. If spores are only exposed to 8 h
of light and placed in the dark until 96 h they will not germinate. Error bars
represent standard error of the mean.
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Figure 5.2: Ceratopteris spores do not require photosynthesis for germination initiation.
(A) Spores exposed to 1 h of light, placed in the dark until 24 h and placed
back in the light from 24 - 48 h germinate at the same rate as spores exposed
to 96 h of continuous light. (B) Spores given 1 h of light, placed in the dark
until 48 h and placed back in the light until 96 h have delayed germination.
After an additional 24 h of light, the spores brought back into the light at 48
h have the same germination rate as spores in light for 120 h. (C) Inhibiting
photosynthesis during the first 24 h of development does not decrease the
germination rate. Error bars represent standard error of the mean. Statistical
tests were not run because n = 2.

97

Figure 5.3: Photosynthesis is required for germination to continue through energyintensive developmental events in Ceratopteris spores. (A) Inhibiting
photosynthesis during the second light treatment, 48 - 96 h, prevents
germination. A one-way ANOVA (F (2,6) =5.14, p= 2.8x10-7) showed that
there was a difference among the light and chemical treatments. Planned
comparisons using the Tukey-Kramer test showed that Diuron caused a
statistically significant decrease in germination. (B) The second light
treatment must be longer than 1 h in order for germination to progress. This
result supports the hypothesis that phytochrome is not the only
photoreceptor involved. A one-way ANOVA (F (1,6) =5.99, p= 2.8x10-7)
showed that there was a difference among the light treatments and planned
comparisons using the Tukey-Kramer test showed that a 1 h light exposure
caused a statistically significant decrease in germination.
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Figure 5.4: Chlorophyll a/b binding transcripts and some phytochrome transcripts are
light regulated. PHYtochrome 1 (PHY 1) is present in spores prior to
germination initiation and is not light dependent. PHY 2 is present prior to
germination initiation and light increases the abundance of this transcript.
PHY 4a may be present prior to germination initiation but accumulation of
PHY 4a is also light dependent. Chlorophyll a/b binding transcripts do not
begin accumulating until spores have been exposed to light.
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Chapter 6: Conclusions
Over the last decade, extracellular ATP (eATP) signaling in plant systems has
been extensively studied. The research described in this dissertation provides additional
evidence to support the hypothesis that extracellular nucleotides serve as key regulators
in plant growth and development. Specifically, these studies describe a key role that
extracellular nucleotide gradients likely play in the plant gravity response in single cell
and multicellular systems.
Chapter 2 describes novel data in support of a role for eATP in gravity-directed
polarization of Ceratopteris spores. This study provided evidence that ATP is primarily
released from mechanosensitive ion (MS) channels and secretory vesicles along the
bottom of spores during gravity directed polarization, generating a gradient where the
highest [eATP] is present at the bottom of spores. When this gradient is disrupted by
chemical treatments that prevent the spores from sensing the gradient, by hydrolyzing the
eATP, or disrupting the release of ATP, gravity-directed polarization is statistically
significantly lower. All of these data support the hypothesis that a polarized distribution
of extracellular nucleotides promotes gravity-directed polarization in Ceratopteris spores.
The study described in Chapter 2 was the first to show that a primitive, single-cell
plant system uses eATP signaling in order to direct growth and development. These
results provide evolutionary context for the role of extracellular nucleotides in plant
growth and development. Previous studies have shown that a species of macroalga,
Dasycladus vermicularis, releases ATP as a result of wounding (Torres et al., 2008). In
addition, this same macroalga uses common downstream wound signaling steps, the
production of nitric oxide and hydrogen peroxide (Ross et al., 2005), shown to be
induced by ATP in Arabidopsis and needed to propagate the wound signal. Collectively,
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these results create an evolutionary timeline of eATP signaling. In this timeline, eATP is
acting as a signaling molecule in the ancestors of land plants, algae, in primitive plant
systems, ferns, and in angiosperms such as Arabidopsis.
In order to continue understanding the similarities between eATP signaling in
algae, primitive plant systems and seed bearing plants, the molecular components
involved in this signaling process need to be identified in these three systems. In animal
systems, the P2 class of purinoceptors binds extracellular nucleotides. Although a
candidate purinoceptor was identified in green algae (Fountain et al., 2008), no protein
with sequence similarity to animal purinoceptors could be identified in the Arabidopsis
genome. Instead of a purinoceptor, the first eATP receptor in plants was identified as a
lectin receptor kinase (Choi, 2014a). In order to continue tracking the evolutionary
history and molecular mechanisms of eATP signaling in plant systems, transcriptome
data from Ceratopteris richardii could be used to identify purinoceptors or lectin receptor
kinases that play a role in gravity-directed polarization and other developmental events in
which eATP is involved.
In addition to providing evolutionary context to eATP signaling, studies of the
link between eATP and Ca2+ signaling in Ceratopteris led to the development of a novel
tool that can be used to visualize and quantify intracellular Ca2+ in this system for the first
time. For decades, Ceratopteris richardii studies have been hindered by a lack of gene
sequence information and the inability to produce stable tranformants. As described in
Chapter 3, a technique developed by Plackett et al. (2014) allowed the production of
multiple generations of Ceratopteris richardii sporophytes and gametophytes expressing
a FRET-based Ca2+ sensor, Yellow Cameleon 3.60. However, because the CaMV 35S
promoter is not expressed in spores, intracellular Ca2+ dynamics during gravity-directed
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polarization could not be explored using this tool. In future transformations aimed at
analyzing molecular and cellular aspects of gravity-directed polarization, a spore-specific
promoter should be used.
In addition to producing plants that can be used to monitor intracellular Ca2+
dynamics in Ceratopteris richardii, this study led to the discovery of a new technique
that can be used to visualize intracellular components of Ceratopteris richardii spores at
a high level of resolution for the first time. In the past, cellular aspects of gravity-directed
polarization could not be analyzed because the spore coat was so opaque and
autofluorescent. Using multi-photon fluorescent microscopy, the autofluorescent
intracellular components of Ceratopteris spores could be visualized and evaluated using
fluorescent lifetime analyses. In future studies, this method could be used to study the
intracellular aspects of gravity-directed polarization in Ceratopteris spores.
In addition to identifying a novel role for extracellular nucleotides in the gravityresponse of single, plant cells, the role of eATP in the gravity response of multicellular
plant systems was examined. Previous studies have shown that exogenously applied
ATP inhibits polar auxin transport and disrupts primary root gravitropism in Arabidopsis
(Tang et al., 2003). However, the proposal that exogenously applied ATP could be
disrupting a gradient of extracellular nucleotides during root gravitropism is a novel one.
Chapter 4 describes experiments in which XLUC Arabidopsis seedlings were used to
visualize and quantify a gradient of eATP across primary roots during their gravitropism.
In the majority of seedlings screened, the [ATP] on the bottom of roots was at least 2-fold
higher than the top after 30 min of gravistimulation but the 2-fold gradient was no longer
present after an additional 15 - 30 min.
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The data in Chapter 4 indicated that a gradient of eATP promotes gravitropism in
Arabidopsis primary roots. When the gradient was disrupted by exogenously applying an
abundance of ATP, or if the root was prevented from sensing the gradient using PPADS,
a purinoceptor antagonist, gravitropism was reduced. In the studies presented, a gradient
of eATP was shown for the first time to be consistently present in Arabidopsis roots and
to be physiologically significant.

To more rigorously test the hypothesis that the

observed bottom-to-top gradient of eATP was critical for root gravitropism, future
experiments should be done to determine if chemically inhibiting apyrases, the enzymes
that modulate [eATP], reduces the gravitropic response. In addition, experiments may be
done to determine the effects of creating an artificial gradient; e.g., by developing a
method to affix an agar block containing ATP on one side of a vertically growing root.
Finally, the [ATP] released from gravistimulated roots could be directly measured using
an amperometric ATP biosensor during gravistimulation. Results from these experiments
would provide further insight into the concentration, significance, and consequences of
ATP released during gravitropism in Arabidopsis primary roots.
In addition to exploring the role of gravity in plant development, Chapter 5
describes a study focused on the role of light in Ceratopteris spore germination. These
experiments were done in order to determine the timing and quantity of light needed in
order to irreversibly induce germination. The data presented support the hypothesis that
germination in Ceratopteris spores is initiated by phytochrome, but in order to progress
through energy-intensive processes, photosynthesis is required. This study provided
valuable insight into the molecular components involved in light-regulated development
of Ceratopteris spores.
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Many questions were answered during the experiments presented in this
dissertation. However, these answers led to more questions that should be addressed in
future studies. In Ceratopteris spores, two extracellular gradients, ATP and Ca2+, are
involved in gravity-directed polarization. However, the intracellular aspects of this
developmental process need to be explored. Using multiphoton fluorescence microscopy,
the cytoskeleton, nucleus and cell wall formation could be monitored during early growth
and development of Ceratopteris spores. Understanding more about the development and
timing of intracellular changes could link extracellular gradients to intracellular actions.
The identification of a spore specific promoter could open the door to numerous
studies on the role of molecular and cellular components in gravity-directed polarization
of Ceratopteris spores. Using transformation, genes thought to be involved in gravitydirected polarization could be knocked out and over expressed in Ceratopteris spores and
the effects of these changes on the gravity response could be assessed. These experiments
would provide direct evidence of the role that specific molecular components play in this
process.
In order to continue studying the role of eATP gradients in Arabidopsis, the
release of ATP could be monitored during different developmental events, e.g.
phototropism, drought stress and microbe interactions. If eATP gradients are measured
during these developmental processes, the role and significance of these gradients could
be explored.
The role of light in Ceratopteris germination could continue to be explored by
focusing on the role of photosynthesis in energy production. Intracellular ATP
measurements in both the presence and absence of a photosynthesis inhibitor could be
used to determine when spores begin using photosynthesis for energy production.
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Understanding more about the timing and role of photosynthesis in development will
allow the light treatments studied to be correlated with intracellular processes.
In this dissertation, a novel plant cell signaling mechanism, an eATP gradient,
was measured using various methods in two plant systems and shown to be
physiologically significant in both of the systems studied. In addition, two-distinct light
reactions needed for Ceratopteris spore germination were identified. This collection of
data is a novel contribution to the fields of plant cell signaling and plant gravitational
biology. In addition to contributing new insights into the role of eATP in the plant gravity
response, these studies opened the door to many new experiments focused on
understanding the role of eATP gradients in other aspects of plant growth and
development.

105

Appendix: Primers Table

Table A.1: Table of primers used in Chapter 3 and Chapter 5 of this dissertation.

106

References
Abas, L., Benjamins, R., Malenica, N., Paciorek, T., Wirniewska, J., MoulinierAnzola, J.C., Sieberer, T., Friml, J., and Luschnig, C. (2006). Intracellular
trafficking and proteolysis of the Arabidopsis auxin-efflux facilitator PIN2 are
involved in root gravitropism. Nature Cell Biology 8, 249-256.
Abbracchio, M.P., Burnstock, G., Boeynaems, J.M., Barnard, E.A., Boyer, J.L.,
Kennedy, C., Knight, G.E., Fumagalli, M., Gachet, C., Jacobson, K.A., and
Weisman, G.A. (2006). International union of pharmacology LVIII: Update on
the P2Y G protein-coupled nucleotide receptors: From molecular mechanisms and
pathophysiology to therapy. Pharmacological Reviews 58, 281-341.
Antosiewicz, D.M., Polisensky, D.H., and Braam, J. (1995). Cellular-localization of
the Ca2+ binding TCH3 protein of Arabidopsis. Plant Journal 8, 623-636.
Balagué, C., Gouget, A., Bouchez, O., Souriac, C., Haget, N., Boutet-Mercey, S.,
Govers, F., Roby, D., and Canut, H. (2016). The Arabidopsis thaliana lectin
receptor kinase LecRK-I.9 is required for full resistance to Pseudomonas syringae
and affects jasmonate signalling. Molecular Plant Pathology (Accepted Article).
Baldwin, K.L., Strohm, A.K., and Masson, P.H. (2013). Gravity sensing and signal
transduction in vascular plant primary roots. American Journal of Botany 100,
126-142.
Battraw, M.J., and Hall, T.C. (1990). Histochemical analysis of CaMV 35S promoterbeta-glucuronidase gene-expression in transgenic rice plants. Plant Molecular
Biology 15, 527-538.
Behera, S., Wang, N.L., Zhang, C.X., Schmitz-Thom, I., Strohkamp, S., Schultke, S.,
Hashimoto, K., Xiong, L.Z., and Kudla, J. (2015). Analyses of Ca2+ dynamics
using a ubiquitin-10 promoter-driven Yellow Cameleon 3.6 indicator reveal
reliable transgene expression and differences in cytoplasmic Ca2+ responses in
Arabidopsis and rice (Oryza sativa) roots. New Phytologist 206, 751-760.
Benfey, P.N., and Chua, N.H. (1989). Regulated genes in transgenic plants. Science
244, 174-181.
Benfey, P.N., Ren, L., and Chua, N.H. (1990). Tissue-specific expression from CaMV
35S-enhancer subdomains in early stages of plant development. EMBO Journal 9,
1677-1684.
Biro, R.L., Hale, C.C., Wiegand, O.F., and Roux, S.J. (1982). Effects of
chlorpromazine on gravitropism in Avena coleoptiles. Annals of Botany 50, 737745.
Bjorkman, T., and Leopold, A.C. (1987). Effects of inhibitors of auxin transport and of
calmodulin on a gravisensing dependent current in Maize roots. Plant Physiology
84, 847-850.
Bjorkman, T., and Cleland, R.E. (1991). The role of extracellular free-calcium
gradients in gravitropic signaling in Maize roots. Planta 185, 379-384.
107

Blancaflor, E.B., and Masson, P.H. (2003). Plant gravitropism. Unraveling the ups and
downs of a complex process. Plant Physiology 133, 1677-1690.
Blancaflor, E.B., Fasano, J.M., and Gilroy, S. (1998). Mapping the functional roles of
cap cells in the response of Arabidopsis primary roots to gravity. Plant Physiology
116, 213-222.
Booth, I.R., and Blount, P. (2012). The MscS and MscL families of mechanosensitive
channels act as microbial emergency release valves. Journal of Bacteriology 194,
4802-4809.
Bui, L.T., Cordle, A.R., Irish, E.E., and Cheng, C.L. (2015). Transient and stable
transformation of Ceratopteris richardii gametophytes. BMC Research Notes 8,
214.
Burnstock, G. (2013). Purinergic signalling in the lower urinary tract. Acta Physiologica
207, 40-52.
Burnstock, G., and Ulrich, H. (2011). Purinergic signaling in embryonic and stem cell
development. Cellular and Molecular Life Sciences 68, 1369-1394.
Bushart, T.J., Cannon, A., Clark, G., and Roux, S.J. (2014). Structure and function of
CrACA1, the major PM-type Ca2+-ATPase, expressed at the peak of the gravitydirected trans-cell calcium current in spores of the fern Ceratopteris richardii.
Plant Biology 16, 151-157.
Bushart, T.J., Cannon, A.E., ul Haque, A., San Miguel, P., Mostajeran, K., Clark,
G.B., Porterfield, D.M., and Roux, S.J. (2013). RNA-seq analysis identifies
potential modulators of gravity response in spores of Ceratopteris (Parkeriaceae):
Evidence for modulation by calcium pumps and apyrase activity. American
Journal of Botany 100, 161-174.
Campanoni, P., and Blatt, M.R. (2007). Membrane trafficking and polar growth in root
hairs and pollen tubes. Journal of Experimental Botany 58, 65-74.
Cannon, A.E., Salmi, M.L., Clark, G.B., and Roux, S.J. (2015). New insights in plant
biology gained from research in space. Gravitational and Space Biology 3, 3-19.
Chatterjee, A., and Roux, S.J. (2000). Ceratopteris richardii: A productive model for
revealing secrets of signaling and development. Journal of Plant Growth
Regulation 19, 284-289.
Chatterjee, A., Porterfield, D.M., Smith, P.S., and Roux, S.J. (2000). Gravity-directed
calcium current in germinating spores of Ceratopteris richardii. Planta 210, 607610.
Chiu, T.-Y., Christiansen, K., Moreno, I., Lao, J., Loque, D., Orellana, A.,
Heazlewood, J.L., Clark, G., and Roux, S.J. (2012). AtAPY1 and AtAPY2
function as golgi-localized nucleoside diphosphatases in Arabidopsis thaliana.
Plant and Cell Physiology 53, 1913-1925.
Choi, J., Tanaka, K., Cao, Y., Qi, Y., Liang, Y., Lee, S.Y., Stacey, G. (2014a).
Identification of a plant receptor for extracellular ATP. Science 343, 290-294.

108

Choi, J., Tanaka, K., Liang, Y., Cao, Y., Lee, S.Y., and Stacey, G. (2014b).
Extracellular ATP, a danger signal, is recognized by DORN1 in Arabidopsis.
Biochemical Journal 463, 429-437.
Choi, W.G., Swanson, S.J., and Gilroy, S. (2012). High-resolution imaging of Ca2+,
redox status, ROS and pH using GFP biosensors. Plant Journal 70, 118-128.
Clark, G., and Roux, S.J. (2011). Apyrases, extracellular ATP and the regulation of
growth. Current Opinion in Plant Biology 14, 700-706.
Clark, G., Fraley, D., Steinebrunner, I., Cervantes, A., Onyirimba, J., Liu, A.,
Torres, J., Tang, W.Q., Kim, J., and Roux, S.J. (2011). Extracellular
nucleotides and apyrases regulate stomatal aperture in Arabidopsis. Plant
Physiology 156, 1740-1753.
Clark, G., Wu, M., Wat, N., Onyirimba, J., Pham, T., Herz, N., Ogoti, J., Gomez, D.,
Canales, A.A., Aranda, G., Blizard, M., Nyberg, T., Terry, A., Torres, J., Wu,
J.A., and Roux, S.J. (2010). Both the stimulation and inhibition of root hair
growth induced by extracellular nucleotides in Arabidopsis are mediated by nitric
oxide and reactive oxygen species. Plant Molecular Biology 74, 423-435.
Clark, G.B., Morgan, R.O., Fernandez, M.P., Salmi, M.L., and Roux, S.J. (2014).
Breakthroughs spotlighting roles for extracellular nucleotides and apyrases in
stress responses and growth and development. Plant Science 225, 107-116.
Cooke, T.J., Racusen, R.H., Hickok, L.G., and Warne, T.R. (1987). The photocontrol
of spore germination in the fern Ceratopteris richardii. Plant and Cell Physiology
28, 753-759.
Dark, A., Demidchik, V., Richards, S.L., Shabala, S., and Davies, J.M. (2011).
Release of extracellular purines from plant roots and effect on ion fluxes. Plant
Signaling & Behavior 6, 1855-1857.
Darwin, C.R. (1880). The power of movement in plants (London: John Murray), pp.
523-545.
Dauwalder, M., Roux, S.J., and Rabenberg, L.K. (1985). Cellular and subcellularlocalization of calium in gravistimulated corn roots. Protoplasma 129, 137-148.
Daye, S., Biro, R.L., and Roux, S.J. (1984). Inhibition of gravitropism in oat
coleoptiles by the calcium chelator, ethylenegycol-bis-(beta-aminoethyl ether)N,N'-tetraacetic acid. Physiologia Plantarum 61, 449-454.
Demidchik, V., Nichols, C., Oliynyk, M., Dark, A., Glover, B.J., and Davies, J.M.
(2003). Is ATP a signaling agent in plants? Plant Physiology 133, 456-461.
Demidchik, V., Shang, Z., Shin, R., Colaco, R., Laohavisit, A., Shabala, S., and
Davies, J.M. (2011). Receptor-like activity evoked by extracellular ADP in
Arabidopsis root epidermal plasma membrane. Plant Physiology 156, 1375-1385.
Demidchik, V., Shang, Z., Shin, R., Thompson, E., Rubio, L., Laohavisit, A.,
Mortimer, J.C., Chivasa, S., Slabas, A.R., Glover, B.J., Schachtman, D.P.,
Shabala, S.N., and Davies, J.M. (2009). Plant extracellular ATP signalling by
plasma membrane NADPH oxidase and Ca2+ channels. Plant Journal 58, 903-913.
109

Deng, S., Sun, J., Zhao, R., Ding, M., Zhang, Y., Sun, Y., Wang, W., Tan, Y., Liu,
D., Ma, X., Hou, P., Wang, M., Lu, C., Shen, X., and Chen, S. (2015). Populus
euphratica APYRASE2 enhances cold tolerance by modulating vesicular
trafficking and extracellular ATP in Arabidopsis plants. Plant Physiology 169,
530-548.
Dharmasiri, N., Dharmasiri, S., and Estelle, M. (2005). The F-box protein TIR1 is an
auxin receptor. Nature 435, 441-445.
Dhonukshe, P. (2009). Cell polarity in plants: Linking PIN polarity generation
mechanisms to morphogenic auxin gradients. Communicative and Integrative
Biology 2, 184-190.
Dolatshad, H., Pellagatti, A., Liberante, F., Llorian, M., Repapi, E., Steeples, V.,
Roy, S., Scifo, L., Armstrong, R., Shaw, J., Yip, B., Killick, S., Taylor, S.,
Mills, K., Savage, K., Smith, C., and Boultwood, J. (2016). Cryptic splicing
events in the iron transporter ABCB7 and other key target genes in SF3B1-mutant
myelodysplatic syndromes. Leukemia (Accepted Article).
Edwards, E.S., and Roux, S.J. (1994). Limited period of graviresponsiveness in
germinating spores of Ceratopteris richardii. Planta 195, 150-152.
Edwards, E.S., and Roux, S.J. (1998). Influence of gravity and light on the
developmental polarity of Ceratopteris richardii fern spores. Planta 205, 553-560.
Ewart, A.J. (1902). "On the physics and physiology of the protoplasmic streaming in
plants." Proceedings of the Royal Society of London 69, 466-470.
Fasano, J.M., Massa, G.D., and Gilroy, S. (2002). Ionic signaling in plant responses to
gravity and touch. Journal of Plant Growth Regulation 21, 71-88.
Feng, H.Q., Guan, D.D., Bai, J.Y., Jia, L.Y., Fang, Y., and Sun, K. (2015).
Extracellular ATP alleviates the salicylic acid-induced inhibition of cell viability
and respiration through a Ca2+-dependent mechanism. Biologia Plantarum 59,
193-197.
Fountain, S.J., Cao, L.S., Young, M.T., and North, R.A. (2008). Permeation properties
of a P2X receptor in the green algae Ostreococcus tauri. Journal of Biological
Chemistry 283, 15122-15126.
Friml, J., Wisniewska, J., Benkova, E., Mendgen, K., and Palme, K. (2002). Lateral
relocation of auxin efflux regulator PIN3 mediates tropism in Arabidopsis. Nature
415, 806-809.
Gilroy, S., Bethke, P.C., and Jones, R.L. (1993). Calcium homeostasis in plants.
Journal of Cell Science 106, 453-462.
Grefen, C., Donald, N., Hashimoto, K., Kudla, J., Schumacher, K., and Blatt, M.R.
(2010). A ubiquitin-10 promoter-based vector set for fluorescent protein tagging
facilitates temporal stability and native protein distribution in transient and stable
expression studies. Plant Journal 64, 355-365.
Hamilton, E.S., Schlegel, A.M., and Haswell, E.S. (2015). United in Diversity:
Mechanosensitive ion channels in plants. In Annual Review of Plant Biology, Vol
66, S.S. Merchant, ed (Palo Alto: Annual Reviews), pp. 113-137.
110

Hao, L.-H., Wang, W.-X., Chen, C., Wang, Y.-F., Liu, T., Li, X., and Shang, Z.-L.
(2012). Extracellular ATP promotes stomatal opening of Arabidopsis thaliana
through heterotrimeric G protein a subunit and reactive oxygen species.
Molecular Plant 5, 852-864.
Haruta, M., Monshausen, G., Gilroy, S., and Sussman, M.R. (2008). A cytoplasmic
Ca2+ functional assay for identifying and purifying endogenous cell signaling
peptides in Arabidopsis seedlings: Identification of AtRALF1 peptide.
Biochemistry 47, 6311-6321.
Hickok, L.G., Warne, T.R., and Slocum, M.K. (1987). Ceratopteris richardiiApplications for experimental plant biology. American Journal of Botany 74,
1304-1316.
Hoover, E.E., and Squier, J.A. (2013). Advances in multiphoton microscopy
technology. Nature Photonics 7, 93-101.
Iwano, M., Entani, T., Shiba, H., Kakita, M., Nagai, T., Mizuno, H., Miyawaki, A.,
Shoji, T., Kubo, K., Isogai, A., and Takayama, S. (2009). Fine-tuning of the
cytoplasmic Ca2+ concentration is essential for pollen tube growth. Plant
Physiology 150, 1322-1334.
Jaffe, M.J. (1973). The role of ATP in mechanically stimulated rapid closure of the
venus's flytrap. Plant Physiology 51, 17-18.
Jeter, C.R., Tang, W.Q., Henaff, E., Butterfield, T., and Roux, S.J. (2004). Evidence
of a novel cell signaling role for extracellular adenosine triphosphates and
diphosphates in Arabidopsis. Plant Cell 16, 2652-2664.
Keinath, N.F., Waadt, R., Brugman, R., Schroeder, J.I., Grossmann, G.,
Schumacher, K., and Krebs, M. (2015). Live cell imaging with R-GECO1 sheds
light on flg22-and chitin-induced transient Ca2+cyt patterns in Arabidopsis.
Molecular Plant 8, 1188-1200.
Kepinski, S., and Leyser, O. (2005). The Arabidopsis F-box protein TIR1 is an auxin
receptor. Nature 435, 446-451.
Khakh, B.S., and Burnstock, G. (2009). The double life of ATP. Scientific American
301, 84-92.
Kim, S.-Y., Sivaguru, M., and Stacey, G. (2006). Extracellular ATP in plants.
Visualization, localization, and analysis of physiological significance in growth
and signaling. Plant Physiology 142, 984-992
Kiss, J.Z. (2000). Mechanisms of the early phases of plant gravitropism. Critical
Reviews in Plant Sciences 19, 551-573.
Kleine-Vehn, J., Ding, Z.J., Jones, A.R., Tasaka, M., Morita, M.T., and Friml, J.
(2010). Gravity-induced PIN transcytosis for polarization of auxin fluxes in
gravity-sensing root cells. Proceedings of the National Academy of Sciences of
the United States of America 107, 22344-22349.
Knowles, A.F. (2011). The GDA1_CD39 superfamily: NTPDases with diverse functions.
Purinergic Signalling 7, 21-45.
111

Krebs, M., Held, K., Binder, A., Hashimoto, K., Den Herder, G., Parniske, M.,
Kudla, J., and Schumacher, K. (2012). FRET-based genetically encoded
sensors allow high-resolution live cell imaging of Ca2+ dynamics. Plant Journal
69, 181-192.
Lang, T., Sun, H., Li, N., Lu, Y., Shen, Z., Jing, X., Xiang, M., Shen, X., and Chen,
S. (2014). Multiple signaling networks of extracellular ATP, hydrogen peroxide,
calcium, and nitric oxide in the mediation of root ion fluxes in secretor and nonsecretor mangroves under salt stress. Aquatic Botany 119, 33-43.
Leitz, G., Kang, B.H., Schoenwaelder, M.E.A., and Staehelin, L.A. (2009). Statolith
sedimentation kinetics and force transduction to the cortical endoplasmic
reticulum in gravity-sensing Arabidopsis columella cells. Plant Cell 21, 843-860.
Lenertz, L.Y., Baughman, C.J., Waldschmidt, N.V., Thaler, R., and van Wijnen,
A.J. (2015). Control of bone development by P2X and P2Y receptors expressed
in mesenchymal and hematopoietic cells. Gene 570, 1-7.
Lim, M.H., Wu, J., Yao, J., Gallardo, I.F., Dugger, J.W., Webb, L.J., Huang, J.,
Salmi, M.L., Song, J., Clark, G., and Roux, S.J. (2014). Apyrase suppression
raises extracellular ATP levels and induces gene expression and cell wall changes
characteristic of stress responses. Plant Physiology 164, 2054-2067.
Liu, X., Wu, J., Clark, G., Lundy, S., Lim, M., Arnold, D., Chan, J., Tang, W.,
Muday, G., Gardner, G., and Roux, S. (2012). Role for apyrases in polar auxin
transport in Arabidopsis. Plant Physiology 160, 1985-1995.
Lüttge, U., Schöch, E., and Ball, E. (1974). Can externally applied ATP supply energy
to active ion uptake mechanisms of intact plant cells ? Australian Journal of Plant
Physiology 1, 211-220.
Malcolm, H.R., Blount, P., and Maurer, J.A. (2015). The mechanosensitive channel of
small conductance (MscS) functions as a jack-in-the box. Biochimica Et
Biophysica Acta-Biomembranes 1848, 159-166.
Marchant, A., Kargul, J., May, S.T., Muller, P., Delbarre, A., Perrot-Rechenmann,
C., and Bennett, M.J. (1999). AUX1 regulates root gravitropism in Arabidopsis
by facilitating auxin uptake within root apical tissues. EMBO Journal 18, 20662073.
Michard, E., Dias, P., and Feijo, J.A. (2008). Tobacco pollen tubes as cellular models
for ion dynamics: Improved spatial and temporal resolution of extracellular flux
and free cytosolic concentration of calcium and protons using pHluorin and
YC3.1 CaMeleon. Sexual Plant Reproduction 21, 169-181.
Milberg, P., Andersson, L., and Thompson, K. (2000). Large-seeded species are less
dependent on light for germination than small-seeded ones. Seed Science
Research 10, 99-104.
Miyawaki, A., Griesbeck, O., Heim, R., and Tsien, R.Y. (1999). Dynamic and
quantitative Ca2+ measurements using improved cameleons. Proceedings of the
National Academy of Sciences of the United States of America 96, 2135-2140.
112

Miyawaki, A., Llopis, J., Heim, R., McCaffery, J.M., Adams, J.A., Ikura, M., and
Tsien, R.Y. (1997). Fluorescent indicators for Ca2+ based on green fluorescent
proteins and calmodulin. Nature 388, 882-887.
Monshausen, G.B., Messerli, M.A., and Gilroy, S. (2008). Imaging of the yellow
cameleon 3.6 indicator reveals that elevations in cytosolic Ca2+ follow oscillating
increases in growth in root hairs of Arabidopsis. Plant Physiology 147, 16901698.
Monshausen, G.B., Bibikova, T.N., Weisenseel, M.H., and Gilroy, S. (2009). Ca2+
regulates reactive oxygen species production and pH during mechanosensing in
Arabidopsis roots. Plant Cell 21, 2341-2356.
Monshausen, G.B., Miller, N.D., Murphy, A.S., and Gilroy, S. (2011). Dynamics of
auxin-dependent Ca2+ and pH signaling in root growth revealed by integrating
high-resolution imaging with automated computer vision-based analysis. Plant
Journal 65, 309-318.
Moore, R., Cameron, I.L., Hunter, K.E., Olmos, D., and Smith, N.K.R. (1987). The
locations and amounts of endogenous ions and elements in the cap and elongating
zone of horizontally oriented roots of Zea mays - An electron probe EDS study.
Annals of Botany 59, 667-677.
Murata, T., and Sugai, M. (2000). Photoregulation of asymmetric cell division followed
by rhizoid development in the fern Ceratopteris prothalli. Plant and Cell
Physiology 41, 1313-1320.
Muthukumar, B., Joyce, B.L., Elless, M.P., and Stewart, C.N. (2013). Stable
transformation of ferns using spores as targets: Pteris vittata and Ceratopteris
thalictroides. Plant Physiology 163, 648-658.
Norris, S.R., Meyer, S.E., and Callis, J. (1993). The intron of Arabidopsis thaliana
polyubiquitin genes is conserved in location and is a quantitative determinant of
chimeric gene-expression. Plant Molecular Biology 21, 895-906.
North, R.A. (2002). Molecular physiology of P2X receptors. Physiological Reviews 82,
1013-1067.
Odell, J.T., Nagy, F., and Chua, N.H. (1985). Identification of DNA-sequences
required for activity of the Cauliflower Mosaic Virus-35S promoter. Nature 313,
810-812.
Petrasek, J., and Friml, J. (2009). Auxin transport routes in plant development.
Development 136, 2675-2688.
Peyronnet, R., Tran, D., Girault, T., and Frachisse, J.M. (2014). Mechanosensitive
channels: Feeling tension in a world under pressure. Frontiers in Plant Science 5,
558.
Plackett, A.R.G., Rabbinowitsch, E.H., and Langdale, J.A. (2015). Protocol: Genetic
transformation of the fern Ceratopteris richardii through microparticle
bombardment. Plant Methods 11, 37.

113

Plackett, A.R.G., Huang, L.D., Sanders, H.L., and Langdale, J.A. (2014). Highefficiency stable transformation of the model fern species Ceratopteris richardii
via microparticle bombardment. Plant Physiology 165, 3-14.
Plieth, C., and Trewavas, A.J. (2002). Reorientation of seedlings in the earth's
gravitational field induces cytosolic calcium transients. Plant Physiology 129,
786-796.
Possart, A., and Hiltbrunner, A. (2015). An evolutionarily conserved signaling
mechanism mediates far-red light responses in land plants. Plant Cell 25, 102-114.
Proudfoot, N. (2000). Connecting transcription to messenger RNA processing. Trends in
Biochemical Sciences 25, 290-293.
Reichler, S.A., Torres, J., Rivera, A.L., Cintolesi, V.A., Clark, G., and Roux, S.J.
(2009). Intersection of two signalling pathways: Extracellular nucleotides regulate
pollen germination and pollen tube growth via nitric oxide. Journal of
Experimental Botany 60, 2129-2138.
Rincon-Zachary, M., Teaster, N.D., Sparks, J.A., Valster, A.H., Motes, C.M., and
Blancaflor, E.B. (2010). Fluorescence resonance energy transfer-sensitized
emission of yellow cameleon 3.60 reveals root zone-specific calcium signatures in
Arabidopsis in response to aluminum and other trivalent cations. Plant Physiology
152, 1442-1458.
Robinson, K. (1996) Calcium and the photopolarization of Pelvetia zygotes. Planta 198,
378-384.
Ross, C., Kupper, F.C., Vreeland, V., Waite, J.H., and Jacobs, R.S. (2005). Evidence
of a latent oxidative burst in relation to wound repair in the giant unicellular
chlorophyte Dasycladus vermicularis. Journal of Phycology 41, 531-541.
Roux, S.J., and Steinebrunner, I. (2007). Extracellular ATP: An unexpected role as a
signaler in plants. Trends in Plant Science 12, 522-527.
Roux, S.J., Chatterjee, A., Hillier, S., and Cannon, T. (2003). Early development of
fern gametophytes in microgravity. Space Life Sciences: Missions to Mars,
Radiation Biology, and Plants as a Foundation for Long-Term Life Support
Systems in Space 31, 215-220.
Salmi, M.L., and Roux, S.J. (2008). Gene expression changes induced by space flight in
single-cells of the fern Ceratopteris richardii. Planta 229, 151-159.
Salmi, M.L., Bushart, T.J., Stout, S.C., and Roux, S.J. (2005). Profile and analysis of
gene expression changes during early development in germinating spores of
Ceratopteris richardii. Plant Physiology 138, 1734-1745.
Salmi, M.L., Morris, K.E., Roux, S.J., and Porterfield, D.M. (2007). Nitric oxide and
cGMP signaling in calcium-dependent development of cell polarity in
Ceratopteris richardii. Plant Physiology 144, 94-104.
Salmi, M.L., ul Haque, A., Bushart, T.J., Stout, S.C., Roux, S.J., and Porterfield,
D.M. (2011). Changes in gravity rapidly alter the magnitude and direction of a
cellular calcium current. Planta 233, 911-920.
114

Sato, E.M., Hijazi, H., Bennett, M.J., Vissenberg, K., and Swarup, R. (2015). New
insights into root gravitropic signalling. Journal of Experimental Botany 66, 21552165.
Schiller, M., Massalski, C., Kurth, T., and Steinebrunner, I. (2012). The Arabidopsis
apyrase AtAPY1 is localized in the golgi instead of the extracellular space. BMC
Plant Biology 12, 123.
Schindelin, J., Arganda-Carreras, I., Frise, E., Kaynig, V., Longair, M., Pietzsch, T.,
Preibisch, S., Rueden, C., Saalfeld, S., Schmid, B., Tinevez, J.Y., White, D.J.,
Hartenstein, V., Eliceiri, K., Tomancak, P., and Cardona, A. (2012). Fiji: an
open-source platform for biological-image analysis. Nature Methods 9, 676-682.
Sinclair, W., and Trewavas, A.J. (1997). Calcium in gravitropism. A re-examination.
Planta 203, S85-S90.
Slocum, R.D., and Roux, S.J. (1983). Cellular and subcellular-localization of calcium in
gravistimulated oat coleoptiles and its possible significance in the establishment
of tropic curvature. Planta 157, 481-492.
Soga, K. (2013). Resistance of plants to the gravitational force. Journal of Plant Research
126, 589-596.
Song, C.J., Steinebrunner, I., Wang, X.Z., Stout, S.C., and Roux, S.J. (2006).
Extracellular ATP induces the accumulation of superoxide via NADPH oxidases
in Arabidopsis. Plant Physiology 140, 1222-1232.
Staves, M.P., Wayne, R., and Leopold, A.C. (1997). The effect of the external medium
on the gravity-induced polarity of cytoplasmic streaming in Chara corallina
(Characeae). American Journal of Botany 84, 1516-1521.
Stout, S.C., Clark, G.B., Archer-Evans, S., and Roux, S.J. (2003). Rapid and efficient
suppression of gene expression in a single-cell model system, Ceratopteris
richardii. Plant Physiology 131, 1165-1168.
Sunilkumar, G., Mohr, L., Lopata-Finch, E., Emani, C., and Rathore, K.S. (2002).
Developmental and tissue-specific expression of CaMV 35S promoter in cotton as
revealed by GFP. Plant Molecular Biology 50, 463-474.
Talamond, P., Verdeil, J.L., and Conejero, G. (2015). Secondary metabolite
localization by autofluorescence in living plant cells. Molecules 20, 5024-5037.
Tanaka, K., Choi, J., Cao, Y., and Stacey, G. (2014). Extracellular ATP acts as a
damage-associated molecular pattern (DAMP) signal in plants. Frontiers in Plant
Science 5, 446.
Tang, W.Q. (2004). Effects of extracellular ATP and ADP on growth and development
of Arabidopsis seedlings. Doctoral Dissertation.
Tang, W.Q., Brady, S.R., Sun, Y., Muday, G.K., and Roux, S.J. (2003). Extracellular
ATP inhibits root gravitropism at concentrations that inhibit polar auxin transport.
Plant Physiology 131, 147-154.
Thomas, C., Sun, Y., Naus, K., Lloyd, A., and Roux, S. (1999). Apyrase functions in
plant phosphate nutrition and mobilizes phosphate from extracellular ATP. Plant
Physiology 119, 543-551.
115

Torres, J., Rivera, A., Clark, G., and Roux, S.J. (2008). Participation of extracellular
nucleotides in the wound response of Dasycladus vermicularis and Acetabularia
acetabulum (Dasycladales, Chlorophyta). Journal of Phycology 44, 1504-1511.
Toyota, M., and Gilroy, S. (2013). Gravitropism and mechanical signaling in plants.
American Journal of Botany 100, 111-125.
Toyota, M., Furuichi, T., Tatsumi, H., and Sokabe, M. (2008). Cytoplasmic calcium
increases in response to changes in the gravity vector in hypocotyls and petioles
of Arabidopsis seedlings. Plant Physiology 146, 505-514.
Udvardy, J., and Farkas, G. (1973). ATP stimulates the formation of nucleases in
excised Avena leaves. Zeitschrift fü Pflanzenphysiologie 69, 394-401.
ul Haque, A., Rokkam, M., De Carlo, A.R., Wereley, S.T., Roux, S.J., Irazoqui, P.P.,
and Porterfield, D.M. (2007). A MEMS fabricated cell electrophysiology
biochip for in silico calcium measurements. Sensors and Actuators B-Chemical
123, 391-399.
Vanegas, D.C., Clark, G., Cannon, A.E., Roux, S., Chaturvedi, P., and McLamore,
E.S. (2015). A self-referencing biosensor for real-time monitoring of
physiological ATP transport in plant systems. Biosensors and Bioelectronics 74,
37-44.
Vitha, S., Yang, M., Sack, F.D., and Kiss, J.Z. (2007). Gravitropism in the starch
excess mutant of Arabidopsis thaliana. American Journal of Botany 94, 590-598.
Wang, F., Jia, J., Wang, Y., Wang, W., Chen, Y., Liu, T., and Shang, Z. (2014).
Hyperpolization-activated Ca2+ channels in guard cell plasma membrane are
involved in extracellular ATP-promoted stomatal opening in Vicia faba. Journal
of Plant Physiology 171, 1241-1247.
Wang, W.J., Black, S.S., Edwards, M.D., Miller, S., Morrison, E.L., Bartlett, W.,
Dong, C.J., Naismith, J.H., and Booth, I.R. (2008). The structure of an open
form of an E. coli mechanosensitive channel at 3.45 angstrom resolution. Science
321, 1179-1183.
Watson, J.M., Fusaro, A.F., Wang, M.B., and Waterhouse, P.M. (2005). RNA
silencing platforms in plants. FEBS Letters 579, 5982-5987.
Wayne, R., and Staves, M.P. (1997). A down to earth model of gravisensing.
Gravitational and Space Biology Bulletin 10, 57-64.
Wayne, R., Staves, M.P., and Leopold, A.C. (1990). Gravity-dependent polarity of
cytoplasmic streaming in Nitellopsis. Protoplasma 155, 43-57.
Weerasinghe, R.R., Swanson, S.J., Okada, S.F., Garrett, M.B., Kim, S.-Y., Stacey,
G., Boucher, R.C., Gilroy, S., and Jones, A.M. (2009). Touch induces ATP
release in Arabidopsis roots that is modulated by the heterotrimeric G-protein
complex. FEBS Letters 583, 2521-2526.
Wilkinson, J.E., Twell, D., and Lindsey, K. (1997). Activities of CaMV 35S and NOS
promoters in pollen: Implications for field release of transgenic plants. Journal of
Experimental Botany 48, 265-275.
116

Wu, J., Steinebrunner, I., Sun, Y., Butterfield, T., Torres, J., Arnold, D., Gonzalez,
A., Jacob, F., Reichler, S., and Roux, S.J. (2007). Apyrases (nucleoside
triphosphate-diphosphohydrolases) play a key role in growth control in
Arabidopsis. Plant Physiology 144, 961-975.
Xiong, T.C., Ronzier, E., Sanchez, F., Corratge-Faillie, C., Mazars, C., and Thibaud,
J.B. (2014). Imaging long distance propagating calcium signals in intact plant
leaves with the BRET-based GFP-aequorin reporter. Frontiers in Plant Science 5,
43.
Yang, N.S., and Christou, P. (1990). Cell type specific expression of a CaMV 35S-GUS
gene in transgenic soybean plants. Developmental Genetics 11, 289-293.
Yang, X.Y., Wang, B.C., Farris, B., Clark, G., and Roux, S.J. (2015). Modulation of
root skewing in Arabidopsis by apyrases and extracellular ATP. Plant and Cell
Physiology 56, 2197-2206.

117

