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Abstract In single-celled spores of the fern Ceratopteris

richardii, gravity directs polarity of development and

induces a directional, trans-cellular calcium (Ca2?) current.

To clarify how gravity polarizes this electrophysiological

process, we measured the kinetics of the cellular response

to changes in the gravity vector, which we initially esti-

mated using the self-referencing calcium microsensor. In

order to generate more precise and detailed data, we

developed a silicon microfabricated sensor array which

facilitated a lab-on-a-chip approach to simultaneously

measure calcium currents from multiple cells in real time.

These experiments revealed that the direction of the

gravity-dependent polar calcium current is reversed in less

than 25 s when the cells are inverted, and that changes in

the magnitude of the calcium current parallel rapidly

changing g-forces during parabolic flight on the NASA C-9

aircraft. The data also revealed a hysteresis in the response

of cells in the transition from 2g to micro-g in comparison

to cells in the micro-g to 2-g transition, a result consistent

with a role for mechanosensitive ion channels in the gravity

response. The calcium current is suppressed by either

nifedipine (calcium-channel blocker) or eosin yellow

(plasma membrane calcium pump inhibitor). Nifedipine

disrupts gravity-directed cell polarity, but not spore ger-

mination. These results indicate that gravity perception in

single plant cells may be mediated by mechanosensitive

calcium channels, an idea consistent with some previously

proposed models of plant gravity perception.

Keywords Gravity � Calcium channel � Calcium pump �
Polarity

Introduction

Experiments in space (Roux et al. 2003) and on earth

(Edwards and Roux 1998) demonstrate that gravity directs

the polarity of development in single-celled spores of the

fern Ceratopteris richardii. The earliest measured gravity-

directed event in these cells is a vertically polarized, trans-

cellular calcium current that peaks between 8 and 12 h

after the induction of germination by light (Chatterjee et al.

2000). This current is coincident with the period of axis

fixation by gravity (Edwards and Roux 1998) and appears

to be critical for subsequent gravity-directed polarized
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events, including nuclear migration, the first cell division,

and rhizoid emergence, because the ability of gravity to

direct these events, collectively known as gravimorpho-

genesis, is suppressed by a calcium-channel blocker that

also blocks the calcium current (Chatterjee et al. 2000).

The first experiments to measure a gravity-directed

calcium flux in C. richardii spores used a self-referencing

ion-selective electrode system that sequentially measured

the directional flux of calcium at various points around the

spore (Chatterjee et al. 2000). This study also included

experiments that demonstrated the current reorients after

the spore is rotated, but did not reveal how quickly the

gravitational stimulus changed the direction of the current.

This limited an evaluation of the underlying mechanisms

and made it difficult to clarify whether gravity was directly

or indirectly altering the activity of the calcium pumps and

channels that drove the current. That is, the earlier data

were insufficient to differentiate between competing

hypotheses to explain the mechanism for generating the

directional calcium current. Does gravity direct calcium

pumps and channels to redistribute by diffusion through the

plasma membrane to the poles of the cell, or does it acti-

vate mechanosensitive ion channels at the bottom pole of

the cell?

To answer the question of how fast the current reorients

when the cells are turned 180�, we took two approaches.

First we upgraded the self-referencing microsensor system

with a computer-controlled stepper motor to rotate indi-

vidual spores (Supplemental Figure 1). Secondly, to gen-

erate even more precise and detailed data, we developed a

silicon microfabricated sensor array that allowed us to

simultaneously measure calcium currents from multiple

cells in real time. The design, fabrication, and testing of

this cell electrophysiology lab-on-a-chip device, or CEL-C,

and the interface instrumentation and software for mea-

suring differential calcium concentrations have been pre-

viously described (Rokkam et al. 2007; ul Haque et al.

2007). We used the CEL-C to record rapid changes in the

current both when the cells were rotated and when they

were subjected to a wide range of different g-forces during

parabolic flight.

The NASA ‘‘Reduced Gravity Research Program’’ at

Johnson Space Center operates flights of a C-9B aircraft

through a series of parabolas referred to as ‘‘zero-g maneu-

vers.’’ This program is designed to allow researchers to

conduct experiments in a true microgravity environment.

During flight through multiple parabolas, the climb and dive

of each parabola produces hypergravity conditions of

approximately 2g, and when the aircraft has reached the

peak of each parabola, it experiences a period of 15–25 s of

true microgravity (0.002g). Here, we report the results

of these g-changes on the trans-cell calcium current and

of pharmaceutical experiments that assess the relative

contributions of calcium channels and pumps to the ion

current and to the gravity-directed cell polarization.

Materials and methods

Plant materials

Spores from the fern Ceratopteris richardii were surface-

sterilized by soaking for 90 s in 0.875% sodium hypo-

chlorite, and rinsed with sterile water. In order to enhance

the synchronization of spore germination, the spores were

resuspended in deionized water and soaked for 4–6 days in

complete darkness at 29�C (Edwards and Roux 1998). Petri

dishes contained solid growth media made from 1% aga-

rose in half-strength Murashige and Skoog Basal Salt

Mixture pH 6.2 (Caisson Labs, Rexburg, ID).

Calcium measurements with the CEL-C device

The CEL-C device (ul Haque et al. 2007) consists of 16

wells (150 lm2) on a silicon substrate with Ag/AgCl

electrodes (10 lm) leading into each well at each of the

four poles of the cell (top, bottom, and the two sides

(Supplemental Figure 2). An SU-8 polymer layer is used as

the structural and insulating layer and a solid-state calcium

ion selective membrane is used to impart ion selectivity to

the Ag/AgCl electrodes. The calcium electrodes are each

tested against a reference electrode by calibration in stan-

dard CaCl2 solutions. We interrogate the cellular events by

operating these sensors without a reference, as potentio-

metric pairs (Rokkam et al. 2007), using a technique

known as dual electrode differential coupling (DEDC). The

electrode pairs still behave in accordance with the Nernst

equation, where a 28 mV change in differential output

corresponds with a tenfold difference in calcium concen-

tration between the two paired electrodes. While it is

possible to use the calibration data, and intermittent ref-

erence data to convert the DEDC differential into con-

centration values, the data here are presented in terms of

relative calcium concentration differentials that result from

changes in calcium flux into, and out of the cell at different

positions. Note that the DEDC conversion is based on the

Nernstian pre-calibration of the sensors operated against a

Ag/AgCl reference, and background reference concentra-

tions recorded intermittently by changing from DEDC

mode using the switching matrix controlled by the data

acquisition (DAQ) hardware/software system. The advan-

tage of DEDC is the system is auto-zeroing, without the

need for extensive electronics and DAQ functions, which

dramatically improves signal to noise when the signals are

being amplified by filtering out common transients asso-

ciated with the single amplifier circuit. While we do know
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concentrations, the direct DEDC conversion is more

important as we are precisely measuring the concentration

differential which is a direct measure of the trans-cellular

current. For full details of the approach please refer to ul

Haque et al. (2007) and Rokkam et al. (2007).

Individual spores were pipetted and placed into indi-

vidual pores using pulled glass micro-capillaries and a

dissecting microscope. Once in place on the chip the fluidic

chamber over the CEL-C microchip was filled with 1%

agarose in half-strength Murashige and Skoog basal salt

mixture pH 6.2 (Caisson Labs, Rexburg, ID). The agarose

was a low melting point grade and was cooled to at least

37�C before being pipetted carefully into the fluidic

chamber. This CEL-C system was used to investigate the

behavior of spores under a variety of gravity-stimulating

conditions. The calcium flux of individual spores was

measured during and after 180� vertical rotations (Fig. 2).

The effects of micro-and hyper-gravity were also examined

in real time during parabolic flights on the NASA-operated

C-9B aircraft (Figs. 3, 4). Additionally the system was

used to monitor the effects of pharmaceutical agents that

alter calcium pump and channel activity on spores (Fig. 6).

For both in-flight and on-ground studies null-sensor con-

trols were performed that included empty pore chambers,

and dead (boiled) spores.

Drug preparation and use

DMSO was chosen as the solute for the majority of

experiments for consistency with other drug treatments.

Stock solutions were used full strength or diluted with

100% solvent to make ‘‘1,0009’’ working solutions. Sol-

vent was added to control medium at a matching concen-

tration of 0.1%. Treatment media was added and removed

at the indicated times post light exposure. Removal of the

drug was aided by a rinse step consisting of soaking the

spores in 10 mL of drug-free medium for at least 60 min.

This was followed by an exchange for fresh medium for the

remainder of the 3 days of growth.

The free acid form of EY, 2,4,5,7-tetrabromofluorescein

(H2EY; Sigma-Aldrich, Inc.) was used to make 0.2 M

stock solution in 100% DMSO for direct or diluted use as

above. The solubility of the free acid form limited final

concentrations of EY in the 1/2 MS medium to 2 lM or

less. The disodium salt form of EY (2,4,5,7-tetrabromo-

fluorescein disodium salt, Na2EY) is water soluble and was

used at final concentration up to 100 lM. Stocks were

prepared as above but using sterile distilled water as the

solvent. Untreated controls for Na2EY used either

unmodified 1/2 MS or, in experiments involving DMSO-

soluble drugs and controls, the number of necessary sam-

ples was limited by adding 0.1% DMSO to the Na2EY

treatments.

Scoring and statistics

Directionality of rhizoid growth was scored visually under

a microscope at 409 total magnification. Rhizoids were

categorized according to the major growth direction in

relation to a horizontal midline. For consistency with cal-

culations from Edwards and Roux (1994) ‘‘% down’’ was

calculated based on the number of ‘‘down’’ rhizoids versus

‘‘midline’’ and ‘‘up’’, which make up the population of

spores considered to be non-gravity responsive.

Percent rhizoid emergence and downward rhizoid

growth were calculated for each population. Populations of

the same condition were grouped and averaged. A two

tailed, two-sample unequal variance Student’s t test was

performed to determine statistical difference between

control and treatment averages, using a cut off for signif-

icance of P \ 0.05.

Results and discussion

Initially, we confirmed that gravity directed the polarity of

the trans-cell calcium current using an improved version of

the self-referencing ion-selective (SRIS) microelectrode

technique previously used (Chatterjee et al. 2000). We

corroborated the previous findings that calcium efflux

from the top of cells ranged between 250 and

3,000 fmol cm-2 s-1, always 3–4 times greater than the

efflux measured from the side of the spore (Fig. 1), which

ranged from 0 to 200 fmol cm-2 s-1. These experiments

also showed that there in an influx of calcium at the bottom

of the cell, which quickly was re-established upon rotation

of the cell by 180�. The new platform for these SRIS

measurements allowed us to move the calcium microsensor

around the external surface of the spore while the spore

was held in position by a micropipette that was mounted on

a computer-controlled microstepper motor to facilitate

controlled rotation of the cell. With this setup we could

measure the kinetics of the calcium current reorientation

after cell rotation more rapidly than in the earlier study.

Because the microsensor had to be moved away from the

spore during rotation, there was still some time-lag

between rotation of the spore and current measurement.

Our fastest measurement was able to resume recording

after rotation in approximately 44 s (data not shown). In all

experiments, the directionality of the calcium current was

reoriented, and it resumed to at least 69% its pre-rotation

value, within the time recording was resumed. These sin-

gle-microsensor experiments provided a valuable inde-

pendent data set to compare against the subsequent results

obtained with the CEL-C device; however, the results

obtained were limited in that we could not continuously

measure the calcium flux while the cell was being rotated,
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nor could we simultaneously monitor calcium flux at

multiple locations around the cell.

In order to answer the question of how rapidly the cal-

cium current is redirected after cell inversion we engi-

neered a MEMS-based system to integrate single cells with

microsensors, employing microfabrication techniques

commonly used in the microelectronics industry. The

resulting CEL-C system was fabricated on a silicon sub-

strate with an electronics interface and supporting data

acquisition system and software (Rokkam et al. 2007; ul

Haque et al. 2007). Hydrated and developmentally syn-

chronized spores were placed into individual microfluidic

chambers of the CEL-C device (Supplemental Figure 2)

that act as cell culture chambers. The cells were immobi-

lized using 1% agar media to prevent their movement

during g-force changes.

Data analysis revealed that the calcium differential

signals measured by the CEL-C were statistically signifi-

cant but relatively small. Although the CEL-C was capable

of recording the calcium concentration at the top and

bottom simultaneously, operating the chip in a dual elec-

trode differential coupling (DEDC) configuration was

necessary to measure the low-level signals coming from a

cell (Rokkam et al. 2007). In this mode, the electrodes are

electrically coupled to use each other as a reference. The

electrodes do not directly measure bulk concentrations, but

instead measure relative differences in concentration

between themselves. The advantage is the elimination of

reference noise and background offsets, allowing direct

signal amplification to measure the subtle signal changes

induced by gravity in the cells. This approach was designed

and validated by comparison to previous work with self-

referencing calcium microelectrodes that first showed dif-

ferences in calcium efflux (top) and influx (bottom), sug-

gesting a trans-cellular calcium current is active in

directing cellular polarity (Chatterjee et al. 2000).

The top/bottom differential electrode signal was moni-

tored continuously during the rotation experiments (Fig. 2)

using the DEDC configuration noted above. We recorded

continuously during a 5-s rotation of the spore and found

that the average response time for reorientation of the

calcium differential started in less than 5 s and was com-

plete in 24.1 ± 3.2 s (Fig. 2).

We also used the CEL-C system to observe the effect of

microgravity on the magnitude of the calcium current.

Spores were flown onboard the NASA-operated C-9 air-

craft during parabolic flights. In these experiments, the

calcium current was monitored in alternating hyper-g

(1.8g) and reduced-gravity (0.002g) conditions (Fig. 3).

Cells were flown on three separate flights. Each flight

consisted of the aircraft flying through four sets of

approximately ten parabolas. On each flight 8–10 cellular

recordings were sufficiently free of background and tran-

sient noise artifacts to observe the top–bottom calcium

differential. The cells responded to hyper-g by increasing

the magnitude of the top–bottom calcium differential,

whereas the transition of flight into micro-g caused the

signal to decrease (Figs. 3b, 4). Evidence that the cells did

Fig. 1 Relative Ca2? flux before and after spore rotation. For each

rotation recorded, measurements taken at each position before and

after rotation were averaged and then normalized to the Ca2? flux

recorded at the top of the spore prior to rotation. The top efflux was

significantly greater than the measured efflux from the side or influx

at the bottom (Student’s t test, P \ 0.05). There were no significant

differences within a position before or after rotation (Paired t test,

P [ 0.05). For top measurements, n = 28; for side, n C 16; for

bottom, n = 3. Error bars represent standard error
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Fig. 2 Calcium current reorientation during rotation of spores as

detected by CEL-C calcium sensor device. The top/bottom differen-

tial electrode signal was monitored continuously during these rotation

experiments using dual electrode differential coupling. The rotation of

the shielded metal housing that contain the spore loaded CEL-C chip

was facilitated by a computer-controlled stepper motor that rotated

the chip with the cells by 180� in 5 s. Data were collected every 0.5 s,

and the chip was loaded with 14 spores, of which 12 responded. The

average response time for current reorientation was 24.1 ± 3.2 s.

This plot is a representative reading from one spore. The experiment

was replicated 5 times with similar results
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not move downward during hypergravity stimuli was that if

they did, this should have moved the cells closer to the

bottom electrodes and further from the top ones, thus

lowering the ratio of top-to-bottom calcium measurements,

but instead hypergravity actually increased this ratio.

The decrease in the calcium differential in micro-g was

reliable and significant compared to hyper-g in all parab-

olas, but the magnitude of the signal in micro-g did not

decrease to the magnitude observed in 1-g condition. This

may have been due to the limited length of time spent in

micro-g condition and/or a significant hysteresis in the

response. During the transitions in gravitational force from

hyper-g to micro-g, we observed a 10–15 s lag before the

cell started to respond (Fig. 4); in the micro-g to hyper-g

change, however, the change in calcium current occurred

within 2 s.

One explanation of the hysteresis phenomenon could be

the g-force threshold necessary for channel activation. The

force necessary to activate these channels may be in the

0.01-g range rather than 1g. In this case, the spores

would actually spend more time in g-force conditions that

activate ion channel opening (above 0.01g) than in the

micro-g condition that causes relaxation or closing of the

channels.

The hysteresis could also have been due to differences in

closing and opening rates in mechanosensitive channels

that have been previously reported in other cells. Mecha-

nosensitive channels of Xenopus oocytes can be activated

Fig. 3 Representative data depicting the measured changes in top–

bottom trans-cellular calcium flux related to gravitational force during

a parabolic flight experiment on NASA’s C-9 aircraft. a The aircraft

flies through four sets of ten parabolas, during which the g-force

within the plane is modulated between micro-g and approximately

1.8g, as recorded by an accelerometer. Between each set of parabolas

the spores experienced a period of 1-g flight. b Each cell responded to

hypergravity by increasing the calcium differential between top and

bottom, whereas microgravity caused the signal to decrease. For these

experiments 2–4 cell chambers were left empty, without a cell, as a

control for signal artifacts. On each of three flights we obtained 8–10

cellular recordings that were sufficiently free of noise, and transient

noise artifacts. c Voltage reading from a null fluidic sensor chamber

that lacked a cell did not have any measurable signal that correlated

with the gravitational force. Data were collected at a rate of 1 data

point per second
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Fig. 4 Representative plots of two different cells (top and bottom
plots) associated with changes in g-force. Dashed lines indicate the

time of the change in g-force as recorded by an accelerometer. Here

we are focusing on the detailed signals during the transitions in

gravitational force from hyper-g to micro-g, and back to hyper-g.

Arrows point to the time point at which the calcium current was

altered. Note that the hyper-g to micro-g phase has approximately a

10- to 15-s lag before the cell starts to respond. The micro-g to hyper-g
change occurs within 2 s. Similar results were observed in all

responding cells in all of the flight experiments. Data were collected

at a rate of 1 data point per second
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to full capacity an order of magnitude more rapidly than

they can be inactivated (McBride and Hamill 1993). While

the patch clamp studies reveal response times faster than

100 ms (Mcbride and Hamill 1993), our recordings suggest

that the concerted activities of thousands of channels at the

whole cell level takes seconds for full trans-cellular current

changes. Similarly, hysteresis in mechanosensitive ion

channels in mammalian smooth and cardiac muscle is well

documented (Lin et al. 2007). Another example is a

mechanosensitive ion channel from the chloroplast of

Chlamydomonas (Nakayama et al. 2007), which opens

readily when mechanical stimulation begins but will not

close until the mechanical stimulus is completely removed.

Our results do not require that the mechanosensitive

channel be on the plasma membrane. In addition to the

Chlamydomonas example, plant mechanosensitive chan-

nels have been identified in Arabidopsis plastid locales

(Haswell and Meyerowitz 2006), and mechanically

induced transport changes in these organelles could induce

the ion uptake changes across the plasma membrane we

observe.

Mechanosensitive channels could also be involved in the

change in the calcium current observed during parabolic

flight when the spores underwent transition from micro-g to

hyper-g (Figs. 3, 4). In the few cases where it has been

identified, ion transport across a membrane in response to

mechanical stimulation occurs through channel activity,

driven by a chemiosmotic gradient (Syntichaki and

Tavernarakis 2004). In keeping with this, the alteration in

calcium current that occurred in parabolic flight (Fig. 3)

and upon rotation of spores (Fig. 2) may be due to regu-

lation of mechanosensitive or stretch-activated (SA) cal-

cium channels. Of course, the increase in calcium current

when the spores transited into hyper-g would very likely

have involved changes in efflux (calcium pump activity) as

well as changes in calcium-channel activity. This gravity-

induced regulation of trans-cellular calcium flux occurred

so quickly it must be very closely associated with the

primary gravity perception mechanism in C. richardii.

Finding mechanosensitive ion channels (MSCs) in

Ceratopteris spores would not be surprising, since MSCs

have been detected in all biological systems tested,

including many plant cells (Ding and Pickard 1993). They

have been detected and analyzed by diverse methods,

including patch-and pressure-clamp (Leonetti et al. 2004;

Pickard and Fujiki 2005; Robinson and Jaffe 1975), and

pharmacological approaches employing drugs that specifi-

cally inhibit SA channels (Chen et al. 1996; Dutta and

Robinson 2004). Many members of the bacterial gene

family Mechanosensitve channel Large (MscL) have been

cloned and extensively characterized (Sachs 2002).

Recently, a mechanosensitive SA calcium channel was

cloned from Arabidopsis (Nakagawa et al. 2007). The

Arabidopsis gene mid1-complementing activity 1 (MCA1),

rescues the mutant phenotype when transformed into

mid1yeast. There is another possible orthologue of this

gene in Arabidopsis, as well as a possible orthologue in

rice, but the authors found no gene sequences with sig-

nificant similarity to MCA1 in any other plants and sug-

gested that this may be a gene family unique to flowering

plants.

Given the typically low cytoplasmic concentration of

free calcium in plant cells relative to their extracellular

environment, we expect that the calcium influx in the fern

spore is mediated by calcium channels (Chatterjee et al.

2000), and the efflux is mediated by calcium pumps.

Finding that the C. richardii calcium current reorients in

response to rotation within 25 s (Fig. 2) suggests a gravity-

induced localized change in the activity of the ion channels

and/or pumps is involved in this response. We propose that

the calcium transport components mediating this current

are uniformly distributed in the spore plasma membrane

and are locally activated to generate the polar calcium

current (Fig. 5a) measured by both the CEL-C and the self-

referencing ion-selective electrode systems.

An alternative hypothesis (Fig. 5b) would require that

the channel and pump transporters have localized positions

which are redistributed in the cell membrane upon reori-

entation. This localized redistribution could happen by

polarized turnover and secretion of channels and pumps or

by their polarized movement in the plane of the fluid

membrane. C. richardii spores typically have a circum-

ference of 300 lm or more. To travel from one pole to the

opposite, the transporters would have to move at a velocity

of approximately 6.0 lm s-1 in order to reorient the cal-

cium transport in 25 s or less. Recently, the diffusion

constant for the free movement of a transporter in a

membrane was estimated to be 0.6 lm2 s-1 (Adkins et al.

2007) and the typical diffusion coefficients for the directed

movement of proteins in membranes are even smaller

(Carlsson et al. 2002; Kucik et al. 1989; Pelham and Chang

2001; Waddle et al. 1996). Thus, it would be highly

unusual for a transporter protein to move at a velocity

sufficient to travel half the perimeter of a cell the size of a

C. richardii spore in less than 25 s.

In order to dissect the connection between the gravity-

directed calcium current and spore polarity alignment,

pharmacological agents were chosen that could selectively

inhibit plasma membrane calcium channels or plasma

membrane Ca2?-ATPase activities (Fig. 6). In previous

experiments we used nifedipine, a calcium-channel

blocker, and demonstrated that this drug inhibited both

gravity-dependent cell polarity, and calcium flux in the

spores (Chatterjee et al. 2000). In this study we replicated

the previous work with nifedipine using the CEL-C system

to assay the effects of the drug on the calcium current.
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Nifedipine treatment resulted in an attenuated differential

current that reached a plateau at a much lower ratio than

observed in untreated spores (Fig. 6). In the previous

electrode studies, 100 lM nifedipine dramatically reduced

(*40-fold) the efflux of calcium from the top of the spore

as well as the side (*15-fold less) (Chatterjee et al. 2000).

As measured by the CEL-C system, nifedipine reduced the

trans-cellular calcium current by 97%. The residual 3% of

the trans-cellular calcium current measured may reflect

remaining channel, and associated pump, activity.

In untreated spores (Fig. 6a), the extracellular calcium

concentration at the top of the cell is approximately 1,000-fold

higher (D[Ca?] = 103, approximately 1 mM at the top and

1 lM at the bottom) than the bottom, whereas in the

nifedipine-treated spores the differential was only 25-fold

higher (D[Ca?] = 101.4). This 97% reduction in the trans-

cellular current is comparable to that measured by SRIS

method (Chatterjee et al. 2000). The nifedipine treatment

also randomized the direction of rhizoid emergence; i.e., it

blocked the ability of the cells to establish a downward

polarity in response to gravity. The fact that nifedipine can

impact axis alignment without completely removing the

calcium flux implies that there is a threshold level of

stimulus required to induce gravity-directed polarity.

Fig. 5 Two alternative models of the role of calcium pumps and

channels in the transcellular current. In the localized activation

hypothesis (a), membrane calcium pumps and mechanosensitive

calcium ion channels are all evenly distributed in the membrane of the

cell, and activation of the ion channels at the bottom of the cell allows

calcium to move into the cell. This influx would supersede the efflux

driven by calcium pumps in this region only. The membrane

redistribution hypothesis (b) requires gravity-driven movement of

channels and pumps to the bottom and top of the cell, respectively. In

this model the calcium current might promote cell polarity but may

not itself be the primary mechanism of gravity sensing

a b c3.0

2.0

1.0

0.0Lo
g 

[Δ
C

a+
+
]
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2 6 10 18 622214 10 14 62 1410 16 20

Time (hours)Time (hours)

Fig. 6 Representative data depicting the localized top and bottom

calcium concentration differential associated with cell polarity

development in untreated or drug-treated C. richardii spores during

germination. The top–bottom electrode pair was measured continu-

ously in DEDC mode for the indicated time. The differential signal

was recorded once every 1.75 s. It took approximately 3 h to load and

configure the device after illumination. a This curve is representative

of the pattern exhibited by untreated spores held in fixed orientation.

The peak calcium differential was between 2 and 3 mM and occurred

between hour 8 and 12 of the germination process. This experiment

was replicated 7 times with similar results. b Representative effects of

the calcium-channel blocker nifedipine on the localized top/bottom

calcium concentration differential. Nifedipine was added to the spores

at 4 h. Similar results were achieved in 2 additional replicates.

c Representative effects of the calcium pump blocker eosin Y on

localized top/bottom calcium concentration differential. Eosin Y was

added to the spores at 5 h. Similar results were obtained in 2

additional replicate experiments
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Neither nifedipine nor the pump inhibitor used in these

experiments had an inherent impact on CEL-C calcium

electrode readings or functionality (Fig. 6).

Calcium extrusion rates are clearly linked to Ca2?-

ATPase activity (Luoni et al. 2000; Rasi-Caldogno et al.

1987), and these rates play a key role in adjusting intra-

cellular calcium concentrations (Kordyum 2003). A lower

influx of calcium into cells would be expected to induce a

lower efflux, a pattern seen here in the 97% decrease in the

overall differential induced by nifedipine.

We used EY to assess the role of plasmalemma calcium

pumps in the gravity response. EY is a fluorescein deriv-

ative, a class of compounds known to bind to Ca2?-ATP-

ases in an inhibitory manner. De Michelis et al. (1993)

demonstrated a 10,000-fold higher specificity of EY for

plasma membrane Ca2?-ATPases over H?-ATPases. A

24 h treatment of spores with EY (2 lM H2EY) suppressed

the trans-cellular calcium current (Fig. 6c), but had no

impact on spore gravity perception and response. Exposure

to the chemical caused a nearly complete abolishment of

the calcium differential between the two recording elec-

trodes. In these treatments, when EY was removed after

24 h, the treatment did not induce statistically significant

alterations in spore polarity at any tested concentration,

although germination was delayed. Longer treatment with

this compound caused significantly reduced rhizoid emer-

gence, so was not used. If endomembrane Ca-ATPases, for

which EY has lower affinity (De Michelis et al. 1993), are

still functional, spores treated with EY may still have the

ability to remove calcium from the cytosol.

Although EY did not alter the ability of gravity to direct

cell polarity, nifedipine did. This finding demonstrated that

the general disruption of the calcium current does not

impact spore polar development, while specific inhibition

of calcium entry into cells, as demonstrated by the treat-

ment with nifedipine (Fig. 6b), can hinder the gravity-

directed polar development.

As yet, the identity of the channels and pumps involved

in gravity-regulated polarity of C. richardii spores are

unknown. However, a translated query BLAST search

(blastx) against C. richardii EST sequences identified one

positive match for a possible Ca2?-ATPase, which we refer

to as CrACA1 (AY333123). The full-length gene sequence,

obtained from a chromosome walking technique, matches

sequences for plasma membrane Ca2?-ATPases in Oryza

sativa, Arabidopsis thaliana, Medicago truncatula, and

Glycine max. Quantitative real-time RT-PCR assay indi-

cates that CrACA1 expression is maintained in a time

frame that correlates with the profile of the trans-cellular

calcium current (Supplemental Fig. 3). Further tests are

needed to determine if this pump is the principal Ca2?-

ATPase driving the efflux of calcium from the top of gravi-

responding spore cells.

The data presented do not predict where the gravity

sensor is. In plants, nifedipine is a channel blocker of both

internal membranes (Vallée et al. 1997) and the plasma

membrane (Demidchik and Tester 2002). In principle, a

gravity sensor anywhere in the cell whose activation

resulted in shutting down calcium channels throughout the

cell could explain the results shown. Nonetheless, the

model we propose (Fig. 5a) gives the specific example of a

stretch-activated channel in the plasma membrane, because

those localized at the plasma membrane are better char-

acterized in the literature, and because some stretch-acti-

vated plasma membrane channels are blocked by

nifedipine (Ryder and Duncan 2001).

We postulate that the gravity-directed calcium current

reported here is regulated primarily by the activation of

calcium channels at the bottom of the spore. How a

change in the g-force vector would activate these chan-

nels is not clear, but one speculative model would pro-

pose, in accord with the tensegrity model of Ingber

(1999) and the recent results of Yang et al. (2008) that

gravity can deform the cytoskeleton sufficiently to alter

the hinge motion of proteins, including, we propose,

mechanosensitive calcium channels. These calcium

channels would be located on the plasma membrane or in

organelles all around the spore periphery, but only active

on the lower half of the spore with respect to the gravi-

tational field. Such a mechanosensitive channel would

have a threshold force necessary for activation. Assuming

the cytoskeleton-linked mass of the cytoplasm and

organelles would shift downward under the force of

gravity, this compression force would be highest at the

bottom-most point of the spore, where these channels

would have a higher probability of activation. The com-

pression force impacting mechanosensitive channels

would decrease with distance from the bottom of the cell,

and thus fewer channels would be activated.

In principle, the mechanosensitive channels could be in

organelles near the spore bottom, and the release of cal-

cium from these organelles could then activate plasma

membrane-localized channels to allow entry of calcium

from the ECM. More simply, these channels could be on

the plasma membrane, as depicted in the model. Because

channels have on the order 103 times the activity of pumps,

the entry of calcium near the bottom of the spore could

counter the effect of any calcium pumps that were active.

The export of calcium from all surfaces of the cell mem-

brane, with only localized influx at the bottom would create

a standing cytoplasmic [Ca2?] gradient, with the elevated

calcium concentrations in the basal region of the spore

(Fig. 5). This localized cytoplasmic [Ca2?] gradient may

be the initial gravity perception event that is transduced

into the polarization events of nuclear migration, polar cell

division, and direction of primary rhizoid growth.
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The role of calcium in signaling, polarity, and

mechanosensing in plants is well established (see reviews

Braam 2005; Hepler 2005; Hetherington and Brownlee

2004; Sanders et al. 1999). In algae, Fucus and Pelvetia

zygotes are two well studied systems where polar calcium

currents are known to precede cell polarity in single cells

(Leonetti et al. 2004; Robinson and Jaffe 1975). The recent

review by Messerli and Robinson (2007) discusses studies

that have characterized the role of SA channels in the tip

growth of four different organisms. Tip growth in pollen

tubes is dependent on localized calcium influx to establish

polarity (Holdaway Clarke et al. 1997), and SA calcium

and potassium channels localized in the plasma membrane

have been well characterized in protoplasts and pollen

grains of Lilium longiflorum (Dutta and Robinson 2004).

Although the Ceratopteris cellular events documented here

happen many hours before the spore rhizoid will commence

its tip growth, the underlying cellular mechanisms that control

this growth may be interconnected with the establishment of

the spore’s polarity. There are notable similarities between the

polarized growth of fern rhizoids and the tip growth of pollen

tubes (Bushart and Roux 2007), and the involvement of SA

calcium channels in establishing polarity may prove to be an

evolutionarily conserved feature, as it appears to be in the

process of tip growing. Only recently have any specific

molecular markers been identified in the development of cell

polarity that is guided by bio-electric mechanisms; e.g., in ion

current-driven wound healing in animal cells (Zhao et al.

2006).

Our data are consistent with the model that mechanical

regulation of a calcium transport channel is important for

initiating and controlling the gravity-directed calcium current

that directs polar development in a single plant cell. Further

tests of the model proposed here will include identifying the

gravity-regulated channels and the pumps that drive the

current and assaying what, if any, post-translational changes

are induced in these transporters in response to altered

gravity. Investigation of other components that may modify

internal calcium concentrations, such as endomembrane

Ca2?-ATPases, should also allow us to further refine our

model. Because calcium signaling is a universal regulatory

feature of cell polarization in both plants and animals

(Pickard and Fujiki 2005; Rasi-Caldogno et al. 1987) the

CEL-C device, which is adaptable to many cell types, could

be used on future C-9 flights to test other cells which respond

dramatically to the micro-g environment (Kordyum 2003;

Luoni et al. 2000). Such tests would reveal whether the

transport phenomena reported here are evolutionarily con-

served features of cellular responses to gravity or is unique to

only some cell types.
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