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Calcium is a universal messenger that translates diverse environmental stimuli and developmental cues
into specific cellular and developmental responses. While individual fungal species have evolved complex
and often unique biochemical and structural mechanisms to exploit specific ecological niches and to
adjust growth and development in response to external stimuli, one universal feature to all is that
Ca%*-mediated signaling is involved. The lack of a robust method for imaging spatial and temporal

ge{"_‘"’rdsﬂ i dynamics of subcellular Ca** (i.e., “Ca®" signature”), readily available in the plant and animal systems,
Cznc_lleulr;z'gna ng has severely limited studies on how this signaling pathway controls fungal growth, development, and
Fluorescent protein pathogenesis. Here, we report the first successful expression of a FRET (Férster Resonance Energy Trans-
Biosensor fer)-based Ca?* biosensor in fungi. Time-lapse imaging of Magnaporthe oryzae, Fusarium oxysporum, and

Fusarium graminearum expressing this sensor showed that instead of a continuous gradient, the cytoplas-
mic Ca®" ([Ca?'].) change occurred in a pulsatile manner with no discernable gradient between pulses,
and each species exhibited a distinct Ca®* signature. Furthermore, occurrence of pulsatile Ca* signatures
was age and development dependent, and major [Ca®*]. transients were observed during hyphal branch-
ing, septum formation, differentiation into specialized plant infection structures, cell-cell contact and in
planta growth. In combination with the sequenced genomes and ease of targeted gene manipulation of
these and many other fungal species, the data, materials and methods developed here will help under-
stand the mechanism underpinning Ca**-mediated control of cellular and developmental changes, its role
in polarized growth forms and the evolution of Ca?* signaling across eukaryotic kingdoms.

© 2012 Elsevier Inc. All rights reserved.
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1. Introduction terns of cytoplasmic Ca%* ([Ca?'].). Resulting “Ca®* signatures” are

decoded by coordinated actions of Ca?*-binding proteins (CBPs),

Ca?" translates external stimuli into specific cellular or develop-
mental responses in organisms ranging from unicellular microbes
to animals and plants (Clapham, 2007; Dodd et al., 2010; Nguyen
et al., 2008). How this simple and ubiquitous ion manages to per-
form evolutionary conserved signal processing, yet exquisitely
fine-tuned for individual cell types and organisms, is one of the
most extensively studied questions in cell biology. A prevailing
model is that the influx and efflux of Ca?* through several types
of channels and transporters on organellar and plasma membranes
in response to external stimuli define the spatial and temporal pat-
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such as calmodulin (CaM), CaM-like proteins, calcineurin (a Ca®*
and CaM dependent phosphatase), Ca>*-dependent protein kinases,
certain cytoskeletal proteins and proteins that directly or indirectly
interact with CBPs (e.g., kinases, transcription factors, and ion
transporters), ultimately leading to specific cellular responses
(Clapham, 2007; Dodd et al., 2010).

Relative to plants and animals, very little is known about the
nature of Ca®" signatures in fungi and how they are generated
and change during growth and development. This disparity is in
large part due to the lack of robust tools for imaging subcellular
Ca?* changes over time at the single cell level, which is required
to correlate the function and activity of various Ca®* signaling pro-
teins with Ca* signatures. Although fluorescent dyes as Ca®* indi-
cators have been used in a few fungi (Nair et al., 2011; Read et al.,
1992; Silverman-Gavrila and Lew, 2003), their utility is limited due
to several technical difficulties and low resolution. The advent of
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gene cloning has resulted in several types of protein-based Ca®*
sensors as alternatives to fluorescent dyes (Demaurex, 2005;
Knight et al., 1991b; Zhao et al., 2011). The aequorin gene from
the jellyfish Aequoria victoria and its derivatives have been ex-
pressed successfully in bacteria and diverse eukaryotes including
fungi for monitoring [Ca®*]. (Knight et al., 1991a, 1991b; Nelson
et al,, 2004; Rogers et al., 2007). However, due to its weak signal,
it is limited to observing [Ca%*]. dynamics in populations of cells
and subcellular imaging of Ca®* is generally not practical.

The FRET (Forster Resonance Energy Transfer)-based Ca®* sen-
sors of the Cameleon family offer several advantages over aequorin
and chemical dyes, such as higher resistance to bleaching, less
auto-fluorescence and enhanced brightness (Borst et al., 2008;
Horikawa et al., 2010; Nagai et al., 2004; Truong et al., 2001). Sev-
eral versions of Cameleon have been produced (Demaurex, 2005),
but they all consist of calmodulin (CaM) and the CaM-binding
module M13 sandwiched between cyan (FRET donor) and yellow
(acceptor) fluorescent proteins. In the absence of Ca*, the excita-
tion of CFP results in the emission of cyan fluorescence. However,
when the CaM module takes up four molecules of Ca?* and inter-
acts with M13, the resulting protein conformational change brings
CFP into a more optimal position for FRET to occur to YFP. When
this occurs, the excitation of CFP leads to an energy transfer to
YFP, resulting in yellow fluorescence. This reversible interaction
is detected by increased emission from YFP and a simultaneously
decreased CFP emission, which can be used to monitor Ca®* con-
centration changes in living cells via ratiometric imaging over
time. Cameleon sensors have been successfully expressed in whole
animals (Diegelmann et al., 2002; Hasan et al., 2004; Higashijima
et al., 2003) and plants (Allen et al., 1999; Iwano et al., 2004; Kos-
uta et al., 2008; Monshausen et al., 2008). FRET-based Ca®* sensors
with a Ca?* binding module different from that in Cameleons
(Heim and Griesbeck, 2004; Palmer et al., 2004) as well as single
fluorescent protein (FP)-based Ca?* sensors (Nagai et al., 2001; Na-
kai et al., 2001; Souslova et al., 2007; Tallini et al., 2006; Tian et al.,
2009) have also been developed as alternatives to Cameleons.
However, the use of Cameleons or other types of FP-based sensors
in any fungus has never been reported.

In this study, we imaged and compared the spatial and tempo-
ral [Ca®']. dynamics by expressing the Cameleon YC3.60 (Nagai
et al., 2004) in three important plant pathogenic, filamentous fun-
gi. Magnaporthe oryzae is a major foliar pathogen of rice and other
monocot species (Talbot and Foster, 2001). Fusarium oxysporum
causes wilts in many important crop plants, while Fusarium grami-
nearum infects wheat and barley and produces toxic metabolites in
infected grains (Desjardins, 2006; Ma et al., 2010). Their nature of
Ca%* dynamics during growth, differentiation or pathogenesis was
compared. This major technical breakthrough provides a key miss-
ing tool for exploring the underpinning of fungal Ca?* signaling and
its evolution. All three species are amenable to targeted gene
manipulations and have been sequenced (Coleman et al., 2009;
Cuomo et al., 2007; Dean et al., 2005; Ma et al., 2010). Success in
expressing YC3.60 will help us study how the Ca®* signaling mech-
anism controls hyphal growth, development, pathogenesis, and re-
sponses to environmental stimuli.

2. Materials and methods
2.1. Fungal strains and growth conditions

F. oxysporum isolate O-685 (Kim et al., 2011) and F. graminea-
rum PH-1 (Ma et al., 2010) were obtained from Fusarium Research
Center at Penn State. F. graminearum strain GZ3639 (Bowden and
Leslie, 1999) was obtained from Dr. Yin-Won Lee at Seoul National
University. Cultures of F. oxysporum and F. graminearum stored at

—80 °C in 20% glycerol were revitalized by inoculating them on so-
lid minimal medium (Puhalla, 1985) and complete medium (Cor-
rell et al., 1987), respectively. Microconidia of F. oxysporum and
macroconidia of F. gramineraum were produced by culturing in car-
boxymethyl cellulose broth (15g CMC, 1g yeast extract, 0.5g
MgS0,4, 1 g NH4NO3 and 1 g KH,PO,4 per liter). M. oryzae isolate
4360-17-1 (Sweigard et al., 1995), which was stored in the form
of dried culture on filter paper at —20 °C, was grown at 25 °C on
oatmeal agar plate for 14 days to produce conidia. For genomic
DNA extraction, fungal cultures were grown in potato dextrose
broth. After filtering conidia through Miracloth (Calbiochem, La Jol-
la, CA), spores were harvested by centrifugation and washed twice
with sterile water.

2.2. Construction of vectors

Escherichia coli strain DH5a was used for building and mainte-
nance of the vector constructs used here. The sequences of all oli-
gos used here are shown in Supplementary Table 1. The YC3.60
construct under the control of the 35S promoter in pGreenll
(Monshausen et al., 2008) was digested with Ncol and Xbal to re-
lease the coding region of YC3.60. The Fusarium verticillioides elon-
gation factor-1 alpha (EF-1a) gene promoter was amplified by PCR
using the primers EF-EcoRI and EF-Ncol from pSK2325, a clone that
carries a 670 bp EcoRI-Ncol fragment corresponding to this pro-
moter. The amplified promoter was cloned into pPGEM-TEasy (Pro-
mega, Madison, WI) and sequenced to verify the absence of
mutations during PCR. The promoter (Pgr.q4) fragment (EcoRI-
Ncol) and the coding region of YC3.60 (Cycs.0; Ncol-Xbal) were li-
gated between the EcoRI and Xbal sites of pSK1213, which carries
the Neurospora crassa p-tubulin gene terminator (Tg.tubuiin) be-
tween the Sphl and HindllII sites of pGEM3Zf (Promega), producing
pSK2778. The Pgri::Cycz60:: Tprbuin CONstruct, released from
pSK2778 by EcoRI and Hindlll double digestion, was cloned be-
tween EcoRI and HindIIl sites of binary vectors pBHt2 (Mullins
et al, 2001) and pBGt (Kim et al., 2011), resulting in pBHt2-
YC3.60 (SK2780) and pBGt-YC3.60 (SK2828), respectively.

To follow the localization of CaM, the enhanced green fluores-
cent protein (eGFP) gene was fused at the 3’-end of the CaM ORF
using a slightly modified double-Joint PCR and split marker meth-
od (Fu et al.,, 2006; Yu et al., 2004). Two regions of the CaM gene,
1.3 kb fragment corresponding to the 0.3 kb 5 flanking region
and ORF and 1.2 kb fragment of the 3’ flanking region, were ampli-
fied by PCR using primer pairs CaM-5F/CaM-5Rand CaM-3F/CaM-
3R, respectively. A 2.7 kb fragment carrying eGFP::HygR was
amplified from pSK2978 using primers pLC24gfpF and pLC24gfpR.
A mixture of three PCR products (1.3 kb:2.7 kb:1.2 kb =1:3:1) was
used as a template for second round PCR with 10 min annealing
time. The resulting PCR product was split into two overlapping
fragments via the third PCR using the following primer pairs:
CaM-5N/Hyg-H2 and CaM-3N/Hyg-H3. These two fragments were
used for fungal transformation.

2.3. Transformation of fungi and plants

The YC3.60 gene construct (Nagai et al., 2004), cloned under the
F. verticillioides elongation factor-1o. gene promoter, was intro-
duced into M. oryzae, F. oxysporum, and F. graminearum. An Agro-
bacterium tumefaciens-mediated transformation (ATMT) protocol
(Mullins et al., 2001) with EHA105 carrying pBHt2-YC3.60 was
used to express YC3.60 in 0-685 and 4360-17-1. To select transfor-
mants, minimal medium amended with hygromycin B (50 pg/ml
for 0-685 and 250 pg/ml for 4360-17-1) was used. Protoplasts of
F. graminearum PH-1, prepared as previously described (Kim
et al,, 2011; Lee et al, 2002), were mixed with DNA of pBGt-
YC3.60 for transformation, and resulting transformants were se-
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lected using 100 pg/ml of geneticin screened for strong fluores-
cence. Bright fluorescent transformants were subsequently as-
sayed for growth and spore production (Supplementary Fig. 1).
Virulence tests of transformants used in this study were performed
on the highly susceptible cultivar Eunpamil for F. graminearum
(Son et al., 2011), Arabidopsis thaliana ecotype Cvi-0 for F. oxyspo-
rum (Kim et al., 2011) and Nipponbare for M. oryzae (Valent and
Chumley, 1991) as described previously to assure that transforma-
tion had not affected these traits (Supplementary Fig. 2).

One transformant each from 0-685 (named as FSK561), 4360-
17-1 (named as MSK327), and PH-1 (name as FSK604) was used
for imaging [Ca%?']. dynamics. F. graminearum transformants
expressing CaM fused with eGFP at the C-terminus were generated
using a modified double-Joint PCR and split marker method. The
YC3.60 construct under the control of the 35S promoter in pGreenll
(Monshausen et al., 2008) was used to transform Arabidopsis thali-
ana ecotype Cvi-0, which is highly susceptible to F. oxysporum O-
685 (Kim et al., 2011), via the use of a floral dip method (Clough
and Bent, 1998). Transformants of A. thaliana were selected by ger-
minating the sterilized seeds from treated Cvi-0 plants on 0.5 or 1x
Murashige and Skoog mineral salts medium (Sigma, St. Louis, MO)
with 0.8% Phytagel (Sigma) amended with 30 pig/ml hygromycinB,
1% (w/v) sucrose and vitamins. The plates were incubated at 21 °C
under continuous light conditions. At seven days post-inoculation,
seedlings of transformant were transferred into plastic pots filled
with potting mix (Peters Redi-Earth; Grace/Sierra Co., Milpitas,
CA) for seed production. Several independent lines of transformant
were self-fertilized two more generations to obtain homozygous
lines.

2.4. Time-lapse microscopic imaging of [Ca®*]. changes

For imaging [Ca®']. during spore germination and early stages
of hyphal growth (up to 2days post inoculation), 100 ul of
5x 10°ml~! spores were inoculated on the middle of single-
welled Lab-Tek II chambered coverglass system (Nalgene Nunc,
Naperville, IL) coated with 300 pl of Cell-Tak buffer (10 pl of BD
Biosciences Cell-Tak™, 285 pl of 0.1 M sodium bicarbonate, and
5 ul of 1 N NaOH) to immobilize fungal spores on the coverglass
surface. For imaging during later stages of growth, 100 pl of
5 x 10° ml~! conidia were inoculated on 2% or 4% potato dextrose
agar (PDA; M. oryzae, F. oxysporum and F. graminearum) or Vogel's
agar (for F. oxysporum) and grown at room temperature under con-
tinuous light. Square blocks of medium (1 cm x 1 cm), cut from
leading edges of culture, were inverted onto a 20 pl drop of PDB
in the single-welled Lab-Tek II coverglass chamber. To image
changes of [Ca?']. in M. oryzae during spore germination and
appressorium formation on cover glass, 100 pl of 2 x 10° ml~! con-
idia of MSK327, resuspended in PDB amended with 2 ng/mL 1,16-
hexadecanediol (from 0.5 mg/ml stock solution in 0.4% DMSO) to
induce appressorium formation, was dropped in the single-welled
Lab-Tek II coverglass chamber and imaged.

Seedlings of A. thaliana ecotype Cvi-O were grown and inocu-
lated with F. oxysporum 0-685 expressing YC3.60 in single-welled
Lab-Tek chambered coverglass system with 0.5x strength Arabid-
opsis Nutrient agar (0.7%) as previously described (Czymmek et al.,
2007). Leaves of two-week old rice variety Nipponbare were sur-
face inoculated with100 ul of 2 x 10° ml~! conidia of MSK327 at
3 h post-inoculation, inoculated leaf sections were cut, placed on
the Lab-Tek II coverglass chamber, and imaged to follow [Ca®'].
changes as the fungus germinated, formed appresoria, and/or pen-
etrated rice epidermal cells.

Time-lapse imaging was performed on a Zeiss LSM 5 DUO laser
scanning confocal microscope with a 40x oil Plan-NeoFluor (1.3
numerical aperture) objective lens. Images were acquired using a
25 mW argon ion laser at a wavelength of 458 nm with the laser

attenuated to prevent photobleaching. Images from three channels
for YFP, CFP, and transmitted light plus an online ratio image of
YFP/CFP with background subtraction were acquired. The pinholes
for the YFP and CFP channels were set to a 1000 pm diameter and
gain/offsets adjusted to yield a ratio near 1 in the cell cytoplasm.
Images were acquired at 1.33-8.41s intervals depending on
frame-size. For ratiometric Ca®* imaging only, 465-510 nm band
pass and 530 nm long pass emission filters were used for CFP
and YFP FRET signals, respectively. For dual label experiments with
YC3.60 and the lipophilic membrane probe FM4-64FX (Invitrogen,
Carlsbad, CA), 458 nm and 561 nm excitations were used with
465-510 nm band pass, 520-555 band pass and 630 long pass
emission filters for CFP, YFP FRET and FM4-64FX, respectively.
The following functions were performed by the LSM 510 AIM soft-
ware (Rel. 4.2) for post-acquisition ratiometric processing: A 3 x 3
Gaussian lowpass filter was used to reduce noise after the simple
ratio image was generated, a rainbow color look up table was ap-
plied and subsequent images were linearly rescaled via a ramp
function for visualization of small ratio changes (Supplementary
Fig. 14). Once appropriate imaging conditions were established
in vitro, the same imaging conditions were utilized in planta. For
long time-lapse (>1 h) imaging, we utilized the Multi-Time Macro
to periodically autofocus the hypha of interest. Due to significant
leaf topography, Ca?* imaging of M. oryzae in planta typically re-
quired z-stacks taking a total of 30 s/stack and subsequent maxi-
mum intensity projections to document Ca%* changes.

2.5. Treatment with Ca®* channel blockers and ionophores

To image [Ca®*]. changes in the growing hyphae after treat-
ments with Ca?* channel blockers and ionophore, spores were
inoculated on 4% PDA or Vogel’s agar in Ibidi p-wells (2 x 9 p-well,
uncoated; Ibidi, Verona, WI). Each well was administered with
20 uL of Vogel's liquid medium including either 40 uM Br-
A23187 Ca** ionophore plus 100 pM CaCl,, or 100 uM of 2-APB
(2-aminoethoxidiphenylborate; CalBioChem, La Jolla, CA), an
inhibitor of IPs-induced Ca®* release.

2.6. Measurement of mean Ca®* ratio intensity and data periodicity

For each image in a time-lapse experiment, the Ca®" ratio mean
intensity was measured using Image] (http://rsb.info.nih.gov/ij/).
By manually entering a user-defined start and end frame into the
macro the mean intensity for each channel in the defined moving
region of interest (ROI) for every slice was calculated and the val-
ues were exported into Image]’s results view window. The Image ]
tip Tracking Macro text is shown in Supplementary Fig. 13.

For time series analysis using autocorrelation and Fourier anal-
ysis in order to investigate the periodicity, if any, of fungal [Ca®*],
we used SYSTAT (Versions 12 and 13). Autocorrelation tests were
performed to determine if time-lapse data was random or self-cor-
related with a preferred periodicity. The degree of correlation for
data value was measured by a correlation coefficient as follows:

X = X)X — X)
S X —X)?

X; is the ith data point. X is the mean of all N data points. X is i + k
the data point. k is called a lag which is the distance moved from
original data point. As k increases from zero to N, the correlation
coefficient shows a degree of correlation at each lag point k. In gen-
eral, a high correlation coefficient implies that the data exhibited
periodicity. In addition, data was also measured by Fourier analysis
to determine if there was a preferred frequency in Ca* signatures.
This was achieved by transforming the data into frequency (1/s).

Pr =
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3. Results

3.1. Location of the yellow Cameleon (YC) YC3.60 overlaps with
calmodulin (CaM) and the Spitzenkorper

Cameleon had a cytoplasmic distribution and a single intensely
labeled spot at the hyphal apex and was not sequestered into vac-
uoles, aggregates or other organelles (Fig. 1A-D). Staining of the
endocytotic vesicle population associated with the Spitzenkoérper,
the organizing center for hyphal growth and morphogenesis
(Steinberg, 2007), with the lipophilic membrane marker FM4-
64X (Fig. 1B) revealed the bright spot of YC3.60 was located cen-
trally within the vesicle cloud in a position consistent with the
Spitzenkorper actin core (Fig. 1C). CaM fused to GFP (CaM-eGFP)
also had a cytoplasmic distribution with noticeable tip-associated
spot, similar to YC3.60 (Fig. 1E). Close inspection also showed ele-
vated levels of CaM-eGFP just behind the hyhal apex and small foci
in distil regions consistent with spindle pole body (SPB) localiza-
tion (Fig. 1F). The SPB foci were observed in all non-apical cells
as well as CaM-eGFP association with the septum and septal pore
(Fig. 1G-1I).

3.2. Ca®* at the hyphal tip is pulsatile

To monitor the dynamics of intracellular free Ca®* with minimal
perturbation to the cells, we fine-tuned imaging conditions to opti-
mize signal-to-noise without causing detectable photobleaching.
After optimization, we could readily follow [Ca?*]. dynamics in ac-
tively growing hyphae for 30 min to 1 h with an image acquired
every few seconds (Figs. 2A, 3 and Supplementary Figs. 3A, 4,
and 5). To determine the physical relationship of the Spitzenkérper
to the tip high Ca?* gradient observed, we utilized FM4-64X which
clearly delineated the vesicular accumulation and small actin core
devoid of vesicles (Compare Fig. 2A with 2B and Supplementary
Fig. 3A with 3B). Although resolution of the ratiometric image
was not sufficient to ascertain the precise boundary of the
[Ca?*]., gradient, high levels of [Ca®']. at the very apex correlated
well with the Spitzenkorper (Fig. 2A and B, Supplementary
Fig. 3A and B, and Supplementary movie 1). However, the [Ca%'].
gradient clearly extended beyond the most dense vesicle accumu-
lation at the hyphal tip. Time-lapse experiments revealed that the
tip high [Ca®*]. gradient was also pulsatile in nature (Fig. 3 and
Supplementary movie 2, Supplementary Fig. 4 and Supplementary
movie 3). Pulsatile [Ca?*]. fluctuations within two actively growing
hyphal tips of F. oxysporum (Fig. 3) also illustrated that the magni-
tude of [Ca®']. pulses varied significantly from cell-to-cell and
within a single cell over a given period of time.

Utilizing a plugin created for Image ] (Supplementary Fig. 13),
we plotted ratiometric changes of [Ca%*]. over time from a defined
region of interest from the first 10 um of the hyphal tip (Fig. 4).
These plots over a 1000 s (16.67 min) period confirmed that the
pulsatile nature of [Ca?*]. at the hyphal tip was a general phenom-
enon in all three species but that their Ca%* signatures were unique.
For example, F. graminearum, the fastest growing (5.22 pm/min)
had the most frequent and regular pulses, while M. oryzae, the
slowest growing (3.05 pm/min) had the least regular pulses. Typi-
cally, the pulses in M. oryzae were of lower amplitude (ratio change
0.1-0.2) interspersed with occasional larger amplitude pulses. The
growth rate of F. oxysporum was 3.66 pum/min with pulses being
less frequent compared to F. graminearum and M. oryzae. Further-
more, the pulses were primarily restricted to the hyphal tip in all
species, as measurements of distil regions (50-60 um from the
tip) of the same cell typically showed relatively static basal
[Ca?*]. levels (Supplementary Fig. 5).

']
-

F

Fig. 1. Calmodulin and YC3.60 localization in F. graminearum. (A) YC3.60 showed
uniform cytoplasmic distribution with a single bright spot located at hyphal tip
apex. (B) FM4-64X labeling (red) of the same hypha revealed tip high accumulation
of vesicles associated with the Spitzenkorper. (C) Overlay of (A) and (B) demon-
strated that the YC3.60 spot appeared to localize at the Spitzenkdrper core. (D)
Differential interference contrast (DIC) image of hypha from (A-C). (E) Expression of
CaM-EGFP showed a similar Spitzenkorper associated spot in this fluorescence/DIC
overlay image. (F) Fluorescence only channel of (E) showed CaM-EGFP cytoplasmic
distribution and distil spindle pole body associated foci (arrow). (G-I) Fluorescence,
brightfield, and overlay images showed spindle pole body associated foci (arrow-
heads) and localization at the septum (asterisk). Scale bars =5 um. (For interpre-
tation of the references to color in this figure legend, the reader is referred to the
web version of this article.)

In order to better understand the nature of tip-high [Ca®']. gra-
dient and determine whether the maintenance of continuous gra-
dient was a requirement for hyphal growth as suggested by earlier
studies (Silverman-Gavrila and Lew, 2000, 2001, 2003), we imaged
10 different hyphae each of F. oxysporum and M. oryzae to find the
location, extent and temporal nature of the gradient (Supplemen-
tary Fig. 6). For this analysis, we drew a line transecting the center
of each hypha along the longitudinal axis and plotted the ratiomet-
ric change over distance (Supplementary Fig. 6A). The resulting
line profiles from each hypha were averaged into a single profile.
This [Ca®*]. versus distance line profile was generated either when
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Fig. 2. Ratiometric imaging of subcellular Ca®* in F. oxysporum. (A) YFP/CFP ratio
showed intracellular Ca®* was tip high at the apex of two adjacent hyphal tips. (B)
FM4-64X labeling of vesicles at the Spitzenkorper showed overlap with tip high
calcium in (A). (C) DIC image of (A) and (B). Scale bar = 10 um.

hyphal tip [Ca?*]. was at its maximum (Peak Profile) or when hy-
phal tip [Ca**]. was at its minimum (Valley Profile). The data
showed that in both fungi, a rapid decrease in [Ca%*]. concentration
in the first 10 pm but the gradient often extended 20-30 pm from
the tip when measured at the peak pulse (Supplementary Fig. 6B
and C). However, a prominent gradient was not required to be
maintained between pulses for growth to occur (Supplementary
Fig. 6B and C).

3.3. Pulsatile Ca®* signatures are age dependent

A comparison of germ tube tips at 6 h post-inoculation (hpi),
young hyphae at 15 hpi and at 48 hpi demonstrated a lack of dis-
cernable repetitive pulsatile [Ca®*]. at cell tips during the first
two time points but were prominent at 48 hpi (Fig. 5). Sporadic
large Ca* transients were observed in all ages. This data suggested
that pulsatile [Ca®*]. was age or developmentally dependent,
which also was the case in M. oryzae (Fig. 8) and F. oxysporum
(Fig. 6B and Supplementary movie 4). We sought to further charac-
terize early stages of germ tube formation and development in F.
oxysporum (Fig. 6A and B and Supplementary movie 4). One notice-
able difference was basal levels of [Ca?*]. in the spore was greater
than young germ tube (compare inset Fig. 6 T=0.0h with
T=3.71h and Fig. 6B). Furthermore, due to the small size of the
germ tube, tip Ca®* transients often propagated throughout the en-
tire germ tube and into the spore at these early stages of develop-
ment and frequently were elevated for longer periods (Fig. 6,
T=3.72-3.75 h). At later stages, presumably following septation,
spores (Fig. 6, T=4.79-4.8 h), and associated germ tubes exhibited
independent Ca®* transients that did not always propagate to adja-
cent cell compartments (Supplementary movie 4).

3.4. Periodicity in [Ca®*]. pulses was observed in F. graminearum and
F. oxysporum

We further examined the pulsatile nature of hyphal tip Ca?*
using time series statistical approaches (autocorrelation and Fou-
rier analysis) to determine if there was any correlation or preferred
frequency between pulses. First, we approximated the frequency of
pulses in leading hyphae, by counting the number of peaks above
background divided by total time. F. graminearum exhibited a

T=0.00sec

Fig. 3. Time-lapse ratiometric Ca?* imaging of F. oxysporum. An approximately
2 min time-lapse image sequence of two adjacent hyphae which showed pulsatile
cytoplasmic Ca®* originating at hyphal tips with peak ratios at 47.8 s and 71.7 s for
top hypha and 15.9s, 47.8 s, 79.6 s, and 111.5 s for bottom hypha. Scale = 10 pm.
See Supplementary movie 2.

[Ca?*]. pulse on average every 14.6 s (range 8.1-18.8 s, total time
analyzed = 6.05 h, 16 hyphae), F. oxysporum every 29.7 s (range
12.5-45.2 s, total time analyzed = 12.65 h, 19 hyphae) and M. ory-
zae every 22.4 s (range 12.4-30.0 s, total time analyzed = 5.15 h, 10
hyphae). Next we determined if the pulsatile Ca?* was periodic
using time-lapse autocorrelation analysis. For this, we acquired
and analyzed time-lapse Ca®* ratiometric data which exhibited
both linear growth and level Ca®* signatures (i.e., signature did
not trend up/down/curve) for autocorrelation up to a lag of 50. F.
graminearurm frequently showed significant correlation of Ca®*
pulses as shown with this example with the first lag at 8 (14.2 s)
and lag maxima at 8, 16, 28, 38, and 46 (Supplementary Fig. 7A).
In F. oxysporum, although Ca®* pulse correlation was documented
with the first lag at 12 (31.8 s) and lag maxima at 12, 24, 36, and
48 (Supplementary Fig. 7B), this level of correlation was the excep-
tion when compared to the faster growing F. graminearum. In M.
oryzae no significant peak correlation was ever observed (Supple-
mentary Fig. 7C). While autocorrelation of Ca®* pulses was ob-
served with F. graminearum and F. oxysporum, Fourier analysis of
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Fig. 4. Comparison of representative hyphal tip pulsatile Ca®" signatures in F.
graminearum, F. oxysporum, and M. oryzae over 1000 s period. (A) F. graminearum
exhibited frequent low amplitude pulses with occasional high amplitude pulses. (B)
F. oxysporum displayed less frequent and longer duration pulses compared to F.
graminearum. (C) M. oryzae showed lower amplitude basal pulses compared to
Fusarium spp. but interspersed with prominent large amplitude calcium transients.
All starting time points were normalized to a ratio of 1.

time-lapse data never showed a dominant frequency for any of the
three species tested.

3.5. Effects of 4-bromo-A23187 and 2-APB on Ca®* Signatures

We determined the responsiveness of YC3.60 expressing fungal
strains to pharmacological agents that are known to interfere with
the Ca?* signaling pathway in order to use them as a potential tool
for analyzing the mechanism underpinning the generation of Ca%*

signatures. In F. oxysporum, we applied the Ca?* ionophore 4-bro-
mo-A23187 (40 uM) which enabled Ca®* to cross the plasma mem-
brane and resulted in a conspicuous alteration in the signature
with a large amplitude-long duration Ca®* influx, loss of pulsatile
Ca?* and concomitant cessation in growth (Supplementary
Fig. 8A and Supplementary movie 5A). Interestingly, addition of
100 uM 2-APB, which is known to inhibit IP3 (inositol 1,4,5-tris-
phosphate)-mediated Ca?* release, resulted in multiple large
amplitude transients and their subsequent decay, however hyphal
growth continued unabated (Supplementary Fig. 8B and Supple-
mentary movie 5B).

3.6. Ca®* transients were observed during hyphal branching, septum
formation, and cell-cell contact

Available data suggested the involvement of Ca?" in controlling
many cellular and developmental changes. For example, hyphal
branching has been shown to be influenced by Ca®* (Reissig and
Kinney, 1983; Robson et al., 1991), and mutations in certain genes
involved in Ca®" signaling affected hyphal morphology (Brand
et al.,, 2009; Chen et al., 2011; Nguyen et al., 2008). In F. oxysporum,
branching is often associated with bifurcation of the tip (Fig. 7A).
While low amplitude pulsation still occurred during the branching
process, clear large amplitude transients were characteristic and
surprisingly, occurred after short but prominent hyphal initials
had already formed (Fig. 7A, T=18.6 s and 24.8 s). Occasionally,
tip branching would involve multiple large transients (Supplemen-
tary movie 6A). In M. oryzae hyphal branching typically occurred
just behind newly formed septa (Fig. 7B and Supplementary movie
6B). In this case a very small extension was visible just behind the
septum and shortly thereafter (Fig. 7B, T = 8.41 s) a prominent Ca%*
transient was observed on the distil side of the septum while a sec-
ond smaller pulse was observed at T=25.2 s. In both F. oxysporum
and M. oryzae, these branching-related multiple transients were of-
ten characterized by far greater magnitude changes in the Ca®* ra-
tio and also propagated further back from branching region than
steady state pulses observed at leading hyphal tips.

In both F. oxysporum and M. oryzae, a localized [Ca®*]. transient
was observed prior to the appearance of visible septum with vari-
able time periods between the transient and septum appearance,
ranging from 0.5 min to 5 min. At T=0s of a time series in F. oxy-
sporum (Supplementary Fig. 9 and Supplementary movie 7), the
transmitted light image showed no visible septum. At T=10.63 s
a single Ca®* pulse approximately 100 um away from the hyphal
tip was observed, and within the next 40 s, a septum was visible.
A similar pattern was also observed in M. oryzae.

Large amplitude Ca®* transients were also affiliated with direct
cell-cell contact (Supplementary Fig. 10). These transients typi-
cally had greater amplitude [Ca®*]. changes than those at the tip
(Supplementary Fig. 10A, T=17.7s and 44.2's, Supplementary
Fig. 10C, T=6.19 s). The first example showed a hyphal tip coming
into contact with a stationary distal hypha of F. oxysporum induced
a large amplitude hyphal tip [Ca?*]. transient at the tip followed by
a responding transient in the adjacent hypha. In a second example,
a large distil transient occurred in one of two adjacent hyphae
growing parallel to each other without stimulating a response in
the second hypha (Supplementary Fig. 10C and Supplementary
movie 8).

3.7. Ca®* signatures during appressorium formation in M. oryzae

Some plant fungal pathogens form a specialized infection struc-
ture prior to host invasion (Perfect and Green, 2001). M. oryzae pro-
duces one such structure called the appressorium to breach the
host epidermal layer (Howard and Valent, 1996). Gene functional
studies suggested the involvement of Ca?* signaling in M. oryzae
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Fig. 5. Pulsatile Ca®* signatures at the cell apex were age dependent. Germ tubes (blue) and young hyphae (red- less than 2 days old) of F. graminearum lacked discernable
pulsatile [Ca?*]. at cell tips as was typically observed in older rapidly growing hyphae (green). Although Ca* transients were observed in all ages, the more periodic larger
amplitude pulsatile patterns were typically only observed in ~48 h post inoculation of spores onto media. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)
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Fig. 6. Ca®" signatures in F. oxysporum during spore germination and germ tube elongation. (A) Time-lapse analysis of calcium signatures in F. oxysporum during spore
germination revealed occasional large amplitude transients but no discernable repetitive pulsatile pattern. Single germinating spore over 4.8 h period shows calcium
transients extending through entire cell from T=3.73 h to 3.75 h (Inset t-series). Also note calcium transients did not necessarily propagate to adjacent cell compartments
(T=4.79 h). Scale bar = 10 um. (B) YFP/CFP ratio plot illustrated calcium signature pattern in (A) inset germ tube over entire 6.11 h. See Supplementary movie 4.
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Fig. 7. Ca®* transients correlated with hyphal branching in F. oxysporum and M.
oryzae. (A) Time-lapse ratiometric calcium imaging of F. oxysporum during hyphal
tip branching showed pulsatile Ca%* with one to several large amplitude transients
(T=18.6s and 24.8 s) following branch formation. (B) Multiple high amplitude
calcium transients (T = 8.41 s and 25.2 s) also correlated to M. oryzae hyphal branch
point immediately behind a previously formed septum. Scale bars =10 um. See
Supplementary movies 6A and 6B.

appressorium formation (Choi et al., 2011; Nguyen et al., 2008).
We imaged [Ca®*]. changes during appressorial formation both
in vitro and in planta. While pulsatile [Ca®*]. was not observed in
germ tubes in M. oryzae (Fig. 8 and Supplementary movie 9), as
shown for Fusarium (Fig. 6), tip associated [Ca®*]. transients affili-
ated with localized swelling as part of early appressorial formation
were prominent (Fig. 8, T=1.22 h and 1.28 h). Indeed, several large
amplitude transients were documented through appressorial
development over this 7.26 h sequence (Fig. 8 and Fig. 8 inset,
T=232h, 2.91h, and 3.25 h). Furthermore, basal levels of [Ca®*].
within the appressorium were elevated (Fig. 8 inset yellow,
T=227h, 238h, 296 h, and 7.26 h), relative to the germ tube
(Fig. 8 inset blue-green and Supplementary movie 9). Individual
conidial cells also exhibited Ca* transients at various times during
this sequence (Supplementary movie 9).

For in planta Ca®>* imaging of M. oryzae, the leaf topography pre-
sented special challenges. Namely, the lack of planarity required z-
stacks and thus temporal information was reduced (Supplemen-
tary Fig. 11). Nevertheless, important insights were gained from
these experiments with commonalities shared with the in vitro
system including Ca®* transients in appressoria (Supplementary
Fig. 11 marked A, T = 0.0 h), conidia (Supplementary Fig. 11 marked
C, T=333h) and germ tube tips (Supplementary Fig. 11,

T=3.75h). It appeared however, that Ca®" signatures in planta
were more complex in conidia and especially germ tubes as they
grew along the plant surface (Supplementary movie 10), likely
due to much more heterogeneous chemical and physical environ-
ment on the rice leaf surface that the glass surface used for
in vitro observation.

3.8. Ca®* dynamics during F. oxysporum-A. thaliana interactions

Fusarium oxysporum is a root pathogen that colonizes the plant
xylem, a water-conducting system, of its hosts, including A. thali-
ana (Czymmek et al., 2007; Kim et al., 2011). The resulting disrup-
tion of water and mineral transport causes the characteristic
symptoms of wilting, vascular discoloration, and death of aerial tis-
sues (Di Pietro et al., 2003). In the setup optimized to monitor
time-lapse in vivo infection process without disrupting roots
(Czymmek et al., 2007), we observed [Ca®*]. pulses in a hypha of
F. oxysporum contacting the root surface of A. thaliana ecotype
Cvi-0 expressing YC3.60 (Supplementary Fig. 12). This ecotype is
highly susceptible to F. oxysporum strain 0-685 (Czymmek et al.,
2007; Kim et al., 2011). In this case, within 35 s of contact with
the epidermal root, a F. oxysporum hyphal tip exhibited a large
pulse (Supplementary Fig. 12, T=35.45s) followed by a second
smaller pulse (Supplementary Fig. 12, T=88.5s) and return to
steady state (Supplementary movie 11). We were unable to detect
any unusual large amplitude Ca®* transients for 30 min prior to
host-pathogen contact as the fungus approached. Furthermore, a
concomitant [Ca®*] response was observed in A. thaliana cytoplasm
(Supplementary Fig. 12. T=35.4 s) and remained elevated for the
duration of this sequence. We also determined that F. oxysporum
hyphae exhibited tip high Ca?* pulses within vascular tissues of
A. thaliana as with in vitro experiments. Clear tip high pulsatile
Ca®* was observed (Fig. 9 and Supplementary movie 12). However,
in planta pulses were far less regular and less well-defined than
those observed during in vitro growth (compare Fig. 9 with Fig. 4B).

4. Discussion

4.1. Expression of YC3.60 provided novel insights into the nature of
spatial and temporal dynamics of [Ca®’]. in fungi

The Ca?* signaling pathway has been shown to control spore
production and germination (Choi et al.,, 2011; Shaw and Hoch,
2001), hyphal growth and differentiation (Brand et al., 2009; Chen
et al,, 2011), sexual development (Cavinder et al., 2011; Hallen
et al., 2007), circadian rhythm (Yang et al., 2001), toxin biosynthe-
sis (Chung, 2003), appressorium formation (Choi et al., 2011, 2009),
and pathogenesis in both plants and animals (Bowman et al., 2009;
Nguyen et al., 2008; Steinbach et al., 2006). Rapidly increasing fun-
gal genome sequences have facilitated systematic identification of
genes involved in Ca?* signaling (Nguyen et al., 2008; Rispail et al.,
20009; Zelter et al., 2004), and the functions of some of these genes
have been characterized via targeted mutagenesis (Choi et al.,
2011; Nguyen et al., 2008; Soriani et al., 2008). However, a major
void in fungal Ca?* signaling mechanisms exists, because visualiza-
tion of [Ca%*]. dynamics in fungal cells at the single cell level has
been hampered by a number of significant technical challenges.

Fluorescent dyes such as Indo-1 and Fura-2 have been widely
used for imaging intracellular Ca?* in animals and plants due to
the advantage of dual-wavelength for ratio imaging. However,
their application in fungal cells has been very limited due to: (i)
leakage of the loaded dye, (ii) rapid sequestration within non-tar-
geted organelles, and (iii) poor intracellular loading because of ra-
pid conversion to membrane-impermeable forms by cell wall
esterases. Similar to aequorin, these dyes have been used mainly
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Fig. 8. Ca®* transients in M. oryzae during appressorial development on an artificial surface. Ca?* transients were observed in germ tubes, appressoria (arrow), and conidia on
glass, although tip high gradients were only present during the occasional Ca®* transients (inset T = 1.28 h). Time-lapse sequence of inset over 7.26 h illustrated large calcium
transients at T=1.28 h, T=2.32 h, T=2.91 h, and T = 3.25 h. Also note the elevated basal calcium levels (yellow) at T=2.27 h, T=2.38 h, T=2.96 h, and T = 7.26 h compared to
blue/green in germ tube at T = 0.87 h. Scale bar = 10 um. See Supplementary movie 9. (For interpretation of the references to color in this figure legend, the reader is referred

to the web version of this article.)
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Fig. 9. Pulastile Ca?>* was observed F. oxysporum hyphae growing through the root
xylem of A. thaliana. (A) Tip high pulsatile Ca** was observed as F. oxysporum
hyphae grew within in A. thaliana root vascular tissue with peaks at T=15.6s,
T=39.0s, T=54.65, and T=78s. Scale bar = 10 um. (B) Tracking and plotting the
hyphal tip YFP/CFP calcium ratio from (A) dataset, showed pulsatile nature over a
2500 s time-lapse sequence. See Supplementary movie 12.

to monitor collective [Ca%*]. changes in populations of fungal cells,
and imaging of rapid Ca?* dynamics in individual cells was not em-
ployed or practical. Because data from cell populations or tissues
only show averaged patterns of Ca?* change, alternative tools are

needed to monitor rapid subcellular Ca?* changes in individual
cells and subcellular variation to understand how Ca?* and signal-
ing proteins change in response to specific stimuli.

Expression of YC3.60 permitted for the first time in fungi the
ability to image and compare the rapidly changing spatial and tem-
poral patterns of [Ca?*]. both in vitro and in planta at the sub-cel-
lular level. The cytoplasmic distribution pattern of YC3.60
overlapped with that of CaM with both proteins forming a single
large apical spot within the vesicle cloud of the Spitzenkorper
(Fig. 1), supporting that YC3.60 can serve to accurately reveal dy-
namic [Ca%*]. changes to which CaM, components of the Spit-
zenkorper and other cellular machineries are exposed.

The spatial and temporal dynamics of [Ca%*]. provided a num-
ber of novel findings for fungal Ca®* signaling, one of which was
the pulsatile nature of the tip-high [Ca®']. gradient in actively
growing hyphae (Figs. 2-4 and Supplementary Figs. 3 and 4). It
has been shown that polarized animal and plant cells, such as
fibroblasts, neurons, root hairs and pollen tubes, also display a pul-
satile pattern of [Ca®*]. (Cardenas et al., 2008; Monshausen et al.,
2008), but in fungi, our study is the first to demonstrate pulsatile
tip high [Ca®*].. The pulsatile [Ca?*]. change conserved in these
three kingdoms suggests that this process is a very ancient regula-
tory mechanism underpinning polarized cell growth. Loss of pulsa-
tile signatures and cessation of growth in F. oxysporum
(Supplementary Fig. 8A and Supplementary movie 5A) and similar
changes of root hairs (Monshausen et al., 2008) after application of
the Ca?* ionophore Br-A23187 are consistent with this supposition.

Another notable finding was that the Ca?* signatures in three
species were consistently distinct (Fig. 4). F. graminearum, the fast-
est growing, exhibited the most regular pulses (peak approxi-
mately every 14.6 s) with occasional high amplitude pulses. In F.
oxysporum, pulses were less frequent and less regular (peak
approximately every 29.7 s) compared to F. graminearum. M. ory-
zae, the slowest growing, displayed lower amplitude and noisier
pulses interspersed with occasional large pulses compared with
the two Fusarium species. However, the pulsing frequency in M.
oryzae was faster than that of F. oxysporum with a peak approxi-
mately every 22.4 s. Furthermore, in F. graminearurm and F. oxyspo-
rum these oscillations in some instances could be correlated
(Supplementary Fig. 7A and B) and were thus not random, while
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in M. oryzae temporal correlation of pulses was never observed.
Whereas significant autocorrelation was common in F. graminea-
rum, in F. oxysporum it was atypical. Autocorrelation analysis also
revealed significant preferred peak lags that overall were consis-
tent with manually derived average time between peaks (compare
F. graminearurm 14.6s vs autocorrelation 15.2's; F. oxysporum
29.7 s vs autocorrelation 28.8 s). While this data demonstrated that
under certain conditions, [Ca®*]. peaks can be correlated, it must be
noted that more often than not, the correlation was weak or in
some cases non-existent, as with M. oryzae. This data serves to
accentuate not only the species differences in [Ca®*]. signatures,
but also that hyphal tips are highly sensitive to local environmen-
tal cues.

The age-dependent nature of [Ca®*]. signature at the cell apex
(Figs. 5 and 6) also was a novel finding. Although Ca?" transients
were observed in all ages with YC3.60, the pulsatile patterns were
typically only observed ~48 h post inoculation of spores onto med-
ia. Germ tubes and young hyphae lacked discernable [Ca%*]. pulses
at cell tips but exhibited occasional [Ca®']. transients (Figs. 5 and
6). Interestingly, in germinating spores of F. oxysporum and M. ory-
zae, we observed Ca?" transients not only at the tip of germ tube
but also inside the spore (Figs. 6 and 8, and Supplementary
Fig. 11). One intriguing question is why the growth of mature hy-
phae is associated with pulsatile fluctuations of [Ca%*], while the
growth of polarized germ tubes and young hyphae lacked this phe-
nomenon. Does this suggest that tip growth requires different
types of [Ca®"]. signature and Ca?" signaling machineries depend-
ing on age? Are Ca®* channels and transporters and ion pumps dif-
ferentially expressed during different stages of growth? Genes
involved in Ca?* influx and efflux have been identified in many fun-
gi, including the species analyzed in our study (Rispail et al., 2009;
Zelter et al., 2004), and analyzing their expression patterns in time
and space should help answer these questions.

4.2. Fungal growth and the tip high Ca®* gradient

A number of investigators (Jackson and Heath, 1993; Lew, 1999;
Silverman-Gavrila and Lew, 2001, 2003) have analyzed hyphal
growth of fungi or the water mold Saprolegnia ferax in light of hy-
phal Ca?* using dual Ca?* indicator dyes and suggested mainte-
nance of a tip-high [Ca?']. gradient as a requirement for
continued hyphal growth. In our analysis, although [Ca®*]. pulses
at the growing hyphal tip created such a gradient in all three spe-
cies, the gradient was not required between pulses (Supplemen-
tary Fig. 3). In addition, polarized germinating conidia and many
young hyphae (even with a Spitzenkorper as assessed by FM4-
64X or YC3.60 spot at hyphal tip) never exhibited detectable repet-
itive pulsatile [Ca%*]. and displayed only occasional tip high tran-
sients, leading to much longer intervals between [Ca®'].
gradients similar to young pollen tubes which also appeared to
lack pulsatile [Ca**]. (Feijé et al., 2001; Iwano et al., 2004; Messerli
and Robinson, 1997). Taken together, these results suggest that the
presence of a tip high [Ca?’]. gradient does not require continuous
maintenance for growth. It is not possible to ascertain whether
imaging or dye loading conditions prevented this observation
previously.

Considering our data demonstrated pulsatile behavior more
consistently in older hyphae, an obvious question is what role pul-
satile [Ca%*]. plays in growth. The [Ca®*]. gradient resulting from
pulses extended up to 30 microns from the hyphal apex, but
[Ca?*]. concentrations decreased rapidly beyond the first 10 mi-
crons (Supplementary Figs. 5 and 6), and individual images in N.
crassa, measured using Fluo-3 and Fura-Red micro-injection (Silv-
erman-Gavrila and Lew, 2003), were comparable to what we ob-
served. The overlap between [Ca®']. gradient and the
Spitzenkorper is consistent with the prevailing model that change

in [Ca?']. in response to external stimuli and tip expansion directs
hyphal growth through interactions with various type of vesicles
carrying building materials, the actin cytoskeleton and many other
proteins (Jackson and Heath, 1993; Zelter et al., 2004). For exam-
ple, Ca?* ions have been known to regulate actin in a number of
ways, binding directly to actin, changing the monomer synthesis
or conformation and regulating the structure and the function of
the actin network through a variety of actin-binding proteins
(Adamikova et al., 2004; Holdaway-Clarke and Hepler, 2003).
Therefore, hyphal tip Ca?* signature likely plays an important role
in regulating hyphal growth and morphogenesis through control of
the apical actin network. Furthermore, our observation that germ
tubes lacked detectable pulsatile [Ca%*]. brings the intriguing pos-
sibility that the unique organization/structure/function of the germ
tube plays (i.e., lack of Spitzenkorper) compared with the well-de-
fined Spitzenkdorper in faster growing older hyphae, plays a pivotal
role in presence and/or activities of the [Ca®*]. signaling protein
machinery in these morphology distinct polarized cell tips. How-
ever, the lack of pulsatile signatures in many young hyphal tips
with the apparent presence of a Spitzenkérper was a conundrum
and it may suggest that key proteins and/or local environmental
factors might be required for the calcium pulse to occur despite a
conspicuous vesicle supply center. Exploring the subtle differences
between younger and older hyphae in the context of calcium
pulses or lack thereof, may not only help us elucidate their biolog-
ical significance, but perhaps also deepen our understanding of
Spitzenkdrper organization.

Examination of data derived from plant pollen tube tip growth
provides additional clues. The regular pulsatile fluctuation in
growth rate of pollen tube tips has been noted (Cole and Fowler,
2006; Hepler et al., 2001; Holdaway-Clarke and Hepler, 2003). Fur-
thermore, the oscillatory changes of Ca?* and other ions in the
cytoplasm were correlated with the pulsatile fluctuation in growth
rate. Others also have shown the strong relationship between pul-
satile [Ca®*]. and pulsatile growth (Cardenas et al., 2008; Hold-
away-Clarke and Hepler, 2003 #132; Monshausen et al., 2008).
Thus, it is tempting to speculate that the reported pulsatile hyphal
extension in filamentous fungi and water molds (Lépez-Franco
et al, 1994; Money, 2001, 2007) could be correlated with the
[Ca?*]. signatures we observed. However, the phenomenon of
pulsed growth in fungi remains an area of debate since others
(Sampson et al., 2003) observed no pulsatile growth of the hyphae
of N. crassa and S. ferax, and modeling has suggested that helical
growth could induce a measurement artifact based on the resolu-
tion limitations of optical microscopes (Jackson and Heath, 1993).
Fortunately, ratiometric based pulsatile [Ca®']. measurements do
not have the same measurement limitations as previous growth
studies since they are based on intensity data at first 10 um of
tip. However, our available data was not sufficient to draw conclu-
sions about this relationship, in part due to the same optical con-
straints reported previously for growth measurements and the
very small increases in hyphal growth between [Ca?*]. pulses. This
is because the optical configuration needed to acquire sufficient
fluorescent signals for ratiometric imaging, while maintaining cell
viability without photobleaching over long time-lapse experi-
ments, was not suitable for reliable growth measurements at the
scale required. Likewise, measurements and correlation of pulsatile
[Ca?*]. with growth as done with pollen tubes (Ovecka et al., 2005;
Parton et al., 2001) was not possible. Ultimately, due to their small
size and relatively slow growth, accurately correlating growth
rates with the rapid periodicity of [Ca®*]. pulses in fungi will re-
quire an improvements in probes and/or instrumentation
sensitivity.

In this study, we also tested suitability for pharmacological
studies using the Ca%* ionophore Br-A23187 and 2-APB to investi-
gate the relationship between hyphal growth and [Ca®*]. signature.
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Br-A23187 induced a large amplitude and broad [Ca®*]. transient
with subsequent loss of pulsatile signatures and growth in F. oxy-
sporum (Supplementary Fig. 8A). This response was consistent with
other reports (Nelson et al., 2004; Robson et al., 1991). Use of 2-
APB, which inhibits IP; receptors and activates TRP channels in a
concentration dependent fashion (Bootman et al., 2002), induced
high amplitude transients over a 2-3 min period (Supplementary
Fig. 8B) and slowed but did not stop growth which illustrated the
utility of subcellular temporal examination, as such transients
would be averaged out in population analysis (Silverman-Gavrila
and Lew, 2002).

4.3. Ca®* transient is associated with key developmental and
morphological events and cell-cell contact

The Ca?" signatures associated with developmental and mor-
phological events such as hyphal branching (Fig. 7), septation (Sup-
plementary Fig. 9), and appressorium formation (Fig. 8 and
Supplementary Fig. 11) were similar to those observed in tips of
germinating spores and young hyphae; only sporadic large Ca®*
transients were observed. Transients associated with hyphal
branching typically were far greater in magnitude and extended
a longer distance compared with regular pulses observed at hyphal
tips. Although the site and mode of hyphal branching was different
between F. oxysporum (at the hyphal tip via bifurcation) and M.
oryzae (behind newly formed septa), in both species these tran-
sients occurred after hyphal initials had formed (Fig. 7), suggesting
the formation of hyphal initials triggered cellular changes leading
to Ca®" transients. Given that a new site of polarized growth is
established in both branching and spore germination, similarity
in [Ca?']. signature in both processes suggests the important role
these transients play in establishing polarized tip growth.

In contrast to the order of [Ca®*]. transient relative to the initi-
ation of hyphal branching, an internally localized [Ca®*]. transient
was observed 0.5-5 minutes before the appearance of visible sep-
tum in both species (Supplementary Fig. 9), suggesting that the
[Ca?*]. transient may function to define the site of septum. How-
ever, considering that very early stages of cellular change during
septum formation were not possible to detect under the imaging
conditions used and that the interval between [Ca?']. transient
and septum formation was very short (0.5 min) in some cases
(e.g., Supplementary Fig. 9), it is possible that the [Ca%*]. transient
is a result rather than the cause of septum formation.

Cell-cell contact also caused a large amplitude [Ca?*]. transient
not only at the tip but also at distil regions (Supplementary Figs.
10A and 10C). We also demonstrated the occurrence of Ca%* tran-
sients at both the host and fungal pathogen sides following a con-
tact at the root surface (Supplementary Fig. 12). Early cell-signaling
events play critical roles at both the pathogen and the host as the
host attempts to ward off an invader while the pathogen maneu-
vers to exploit a nutrition source. Whether these contact-induced
Ca?* responses at both sides play roles in detecting and responding
quickly remains to be investigated. Both types of physical contact
led to similar patterns of Ca®* response, suggesting the involve-
ment of a mechano-sensing mechanism in both, but other possibil-
ities (e.g., chemical induced response) cannot be ruled out.

4.4. Complex patterns of [Ca®*]. change were observed during plant-
fungus interactions

The appressorium of M. oryzae is essential for pathogenicity, be-
cause the high turgor pressure built in this dome-shaped structure
drives penetration of the leaf surface (Howard and Valent, 1996). In
vitro, as observed in germinating spores of F. oxysporum (Fig. 6),
regularly pulsatile [Ca®]. was absent in germ tubes of M. oryzae
(Fig. 8 and Supplementary movie 9). However, as the tip of germ

tube swells, a differentiation process that proceeds appressorial
formation, and forms an appressorium, multiple [Ca?*]. transients
were observed (Fig. 8). In addition, [Ca®*]. transients were not lim-
ited to appressoria and the tip of germ tube but occurred in conidia
too. However, for these transients we could not identify a particu-
lar or consistent sequence. On the leaf surface of rice, a complex
pattern of [Ca%*]. transients, with transients occurring in appresso-
ria, conidia and germ tubes, was observed (Supplementary Fig. 11
and Supplementary movie 10). Consistent with the intimate asso-
ciation of [Ca%*]. transients during appressorium formation in M.
oryze, loss of function of many Ca?* signaling genes affected
appressorium formation and pathogenicity (Choi et al., 2009; Liu
et al., 2009; Nguyen et al., 2008). Although clear tip high pulsatile
[Ca?*]. changes were observed in F. oxysporum hyphae growing
within vascular tissues of A. thaliana (Fig. 9 and Supplementary
movie 12), these pulses were far less regular and less well-defined
than those observed during in vitro growth.

4.5. Fungi as models for the evolution of Ca®* signaling and polarized
growth

Even though the Ca?* signaling pathway is well conserved, to
execute idiosyncratic organism-specific cellular and developmen-
tal responses and to adapt to specific ecological niches, the Ca®*
signaling pathway likely has gone through evolutionary fine-tun-
ing. The unique Ca?* signatures in the three species support this
hypothesis. With the means for imaging Ca?* dynamics in individ-
ual cells, the genetic tractability of many fungi, and the availability
of genome sequences from >100 species of fungi, we should be able
to determine whether the evolutionary fine-tuning involves spe-
cies-specific modification of the nature of [Ca®*]. signatures, acqui-
sition and/or loss of specific genes, changes in the expression,
cellular location, and/or interactions of signaling components, or
various combinations of these changes. Components of the fungal
Ca?* signaling pathway gleaned from genome sequences of se-
lected species also revealed many features distinct from those in
animals and plants (Rispail et al., 2009; Zelter et al., 2004). These
results suggest that comparing the Ca®* signaling mechanism in
fungi with those in animals and plants will likely provide new in-
sights into how this ancient cellular language has been modified in
different kingdoms. Furthermore, filamentous fungi potentially
serve as an excellent model for polarized growth and the role
Ca?* plays in this process. Polarized cellular growth is ubiquitous
among all eukaryotes. While in plants and animals, polarized
growth typifies only a few cell types (e.g., pollen tubes and root
hairs in plants, neurons in animals), it predominates in fungi in
the form of growing tips of spores and mycelium.
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