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ARTICLE INFO ABSTRACT

Keywords: Genetically encoded Ca®" indicators (GECIs) enable long-term monitoring of cellular and subcellular dynamics of
Cald‘}m signature this second messenger in response to environmental and developmental cues without relying on exogenous dyes.
Fusarium Continued development and optimization in GECIs, combined with advances in gene manipulation, offer new
Genetically encoded calcium indicators ities for i I h hani £ CaZ" si ling in fi . ing f d . 2t .

Signaling opportunities for investigating the mechanism of Ca®" signaling in fungi, ranging from documenting Ca”" sig-

natures under diverse conditions and genetic backgrounds to evaluating how changes in Ca" signature impact
calcium-binding proteins and subsequent cellular changes. Here, we attempted to express multi-color (green,
yellow, blue, cyan, and red) circularly permuted fluorescent protein (FP)-based Ca®" indicators driven by
multiple fungal promoters in Fusarium oxysporum, F. graminearum, and Neurospora crassa. Several variants were
successfully expressed, with GCaMP5G driven by the Magnaporthe oryzae ribosomal protein 27 and
F. verticillioides elongation factor-lo gene promoters being optimal for F. graminearum and F. oxysporum,
respectively. Transformants expressing GCaMP5G were compared with those expressing YC3.60, a ratiometric
Cameleon Ca?* indicator. Wild-type and three Ca®" signaling mutants of F. graminearum expressing GCaMP5G
exhibited improved signal-to-noise and increased temporal and spatial resolution and are also more amenable to
studies involving multiple FPs compared to strains expressing YC3.60.

Time-lapse imaging

1. Introduction 2014). Extracellular stimuli create specific spatial and temporal distri-

bution patterns of cytoplasmic Ca®™ ([Ca®']), referred to as the Ca®*

A network of signaling pathways coordinates organismal responses
to external stimuli to ensure short-term cellular homeostasis and direct
orderly long-term growth and development. Among the second mes-
sengers that function to regulate and link various signaling pathways,
Ca?* is probably the most versatile and regulates a plethora of cellular
and developmental processes in microbes, animals, and plants (Hofer
and Brown, 2003; Slusarski and Pelegri, 2007; Steinhorst and Kudla,

“signature”, via influxes and effluxes of Ca?* to and from the extracel-
lular environment and internal Ca?* stores through the action of ion
channels, pumps, and transporters on plasma and organellar membranes
(Crichton, 2012; McAinsh and Pittman, 2009). The Ca* signature
modulates the cellular localization or activity of diverse Ca®*-binding
proteins (CBPs) and CBP-interacting proteins. The resulting cascades of
molecular changes and interactions drive specific cellular responses
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(Clapham, 2007; Dodd et al., 2010). Accordingly, to understand the
mechanism of Ca®" signaling, studying how Ga®" signatures form in
response to different stimuli and under different environmental condi-
tions is crucial.

Initial attempts to image the Ca2" signature in fungi employed
ratiometric chemical indicators that change their spectral properties
upon Ca®* binding, such as Indo-1, Fluo-4 with Cell Trace Calcein Red-
Orange-AM, and Fura-2 (Nair et al., 2011; Silverman-Gavrila and Lew,
2003). While highly sensitive to Ca?", these indicators have notable
limitations, including difficulties in intracellular loading, leakage, rapid
conversion of the indicators to membrane-impermeable forms by cell
wall esterases, and sequestration within non-targeted organelles. They
also are unsuitable for long-duration, time-lapse imaging experiments
due to their short in vivo lifetime (Paredes et al., 2008). Diverse genet-
ically encoded Ca?* indicators (GECIs), developed primarily to enable
the visualization and quantification of transient changes of [Ca2+]c in
animal cells (Demaurex, 2005; Grienberger and Konnerth, 2012; Kan-
chiswamy et al., 2014; Takahashi et al., 1999; Thomas et al., 2000),
helped overcome these limitations. Aequorin is a naturally evolved,
bioluminescent GECI produced by Aequorea victoria photocytes (wherein
it provides the natural excitation light for Green Fluorescent Protein,
GFP) and was successfully expressed in filamentous fungi (Knight et al.,
1991; Martin et al., 2007; Nelson et al., 2004). However, due to its low
signal, aequorin is not suitable for imaging [Ca®*]. dynamics in indi-
vidual cells and has been primarily used to quantify collective [Ca%t],
changes in cell populations. Furthermore, its requirement of the exog-
enous substrate coelenterazine hampers usage. GECIs based on GFP and
other fluorescent proteins (FPs) offer multiple advantages: they are
bright and photostable, require no small molecule addition for fluores-
cence, have an excellent signal change, and can be targeted to specific
organelles (Borst et al., 2008; Demaurex, 2005; Nagai et al., 2004).
GECIs have enabled visualization of Ca%" dynamics in plant and animal
cells over time (Hasan et al., 2004; Horikawa et al., 2010; Monshausen
et al., 2008; Rudolf et al., 2004; Watahiki et al., 2004). Such indicators
typically consist of a Ca®" binding protein, such as troponin C or a
combination of calmodulin (CaM) and the myosin light-chain kinase
M13 peptide, fused to one or two FPs. They reversibly change their
spectral properties, either brightness of a single, circularly permuted FP
or Forster resonance energy transfer (FRET) between two FPs, through
association/disassociation with Ca®* (Kotlikoff, 2007; Liu et al., 2011;
McCombs and Palmer, 2008).

The Cameleon family of FRET GECIs has been used to study [Ca2+]c
in animals and plants (Diegelmann et al., 2002; Hasan et al., 2004; Krebs
et al., 2012; Miwa et al., 2006; Rincon-Zachary et al., 2010). We re-
ported the first successful expression of Yellow Cameleon YC3.60 in
filamentous fungi (Kim et al., 2012), which allowed the visualization
over time of Ca®" signatures in hyphal tips as they grew on different
media and interacted with plants. This success also allowed us to study
how individual or combinations of genes involved in Ca?* signaling
contribute to the formation of Ca®" signature via mutagenesis of these
genes in Fusarium oxysporum (Kim et al., 2015) and F. graminearum (Kim
et al., 2018). However, imaging with YC3.60 has several shortcomings:
it has a relatively limited dynamic range and slow kinetics, and FRET
indicators occupy a large portion of the visible spectrum. GECIs with
faster kinetics, larger signal change, and wider dynamic range of [Ca®*]
detection are needed to enable more experiments. In particular, single-
FP GECIs occupy less spectral bandwidth than FRET-based GECIs,
allowing simultaneous multi-color imaging.

Advances in protein engineering have expedited the development of
GECIs with specific characteristics for different purposes (Akerboom
etal.,, 2013, 2012). Camgaroo (Baird et al., 1999), a single-FP GECI, was
used to produce the original GCaMP - a fusion of GFP, CaM, and the
M13/RS20 CaM-binding peptide (Akerboom et al., 2013, 2012; Nakai
et al., 2001; Tian et al., 2009). The original scaffold of GCaMP has been
iteratively improved by several labs over the last 20 years (Kostyuk
et al, 2019), resulting in GCaMP2 (Nagai et al., 2004), GCaMP3
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(Akerboom et al., 2013, 2012; Nakai et al., 2001; Tian et al., 2009),
GCaMP5 (Akerboom et al., 2013, 2012; Nakai et al., 2001; Tian et al.,
2009), GCaMP6 (Chen et al., 2013), and jGCaMP7 (Dana et al., 2019).
Other color variants, particularly red sensors, have also been developed.
Available red GECIs include RCaMP (Akerboom et al., 2013, 2012),
RGECO1 (Zhao et al., 2011), and their improved variants jRCaMP1 and
JRGECO1la (Dana et al., 2016). GCaMP indicators detected local cat
changes in very small structures thanks to increased brightness and
reduced Ca?" buffering capacity compared to other Ca’" indicators
(Ohkura et al., 2005).

In this study, we evaluated if a group of multi-color, circularly
permuted FP-based GECIs developed for imaging neural activity
(Akerboom et al., 2013, 2012) could be expressed in three fungal species
for subcellular time-lapse imaging of Ca%t dynamics.

2. Materials and methods
2.1. Strains and growth conditions

Fusarium graminearum strain GZ03639 (Bowden and Leslie, 1999)
and F. oxysporum f.sp. lycopersici strain Fol4287 (Ma et al., 2010) were
stored as a conidial suspension in 20% glycerol at —80 °C. Potato
dextrose agar (PDA; Difco, Sparks, MD) was used to activate these strains
for experiments. Macroconidia of F. graminearum and microconidia of F.
oxysporum were produced by culturing them in carboxymethyl cellulose
(CMC) medium (Kim et al., 2012) at 25 °C for 7 days with vigorous
shaking. Neurospora crassa strain FGSC 2489 (Galagan et al., 2003),
which was preserved on silica gel at —20 °C, was cultured on Vogel’'s N
medium (Davis and de Serres, 1970). Genomic DNA was extracted from
mycelia cultured in potato dextrose broth (HiMedia, India) at 25 °C for 5
days. Escherichia coli strains DH5a and XL1Blue were used for building
and maintaining vector constructs.

2.2. Construction of vectors carrying GECIs driven by multiple fungal
promoters

The primers used for vector construction are listed in Supplementary
Table 1. The GECIs evaluated include two GCaMPs (GCaMP3 and
GCaMP5@G), five RCaMPs (RCaMP1d, RCaMPle, RCaMP1f, RCaMP1g,
and RCaMP1h), two YCaMPs (YCaMP1la and YCaMP1b), two CyCaMPs
(CyCaMPla and CyCaMP1lb), and two BCaMPs (BCaMPla and
BCaMP1b) (Akerboom et al., 2013). The open reading frames (ORFs) of
these GECIs (1.2-1.3 kb), except that of RCaMP1d, were amplified by
PCR using primers GCaMP-F and CaMP-R, which contain BamHI and
Sphl restriction sites, respectively, at the 5’ end to facilitate subsequent
cloning under multiple promoters. The ORF of RCaMP1d was amplified
using primers RCaMP1d-F, containing BamHI site at the 5 end, and
CaMP-R. Amplified ORFs were cloned into pGEM-T Easy (Promega,
Madison, WI) and sequenced to confirm that PCR did not cause sequence
changes.

Each OREF, released using BamHI and Sphl, was cloned under several
fungal promoters (Supplementary Fig. 1). For cloning these ORFs be-
tween the Cochliobolus heterostrophus glyceraldehyde-3-phosphate de-
hydrogenase gene promoter (Pgapp) and the N. crassa p-tubulin gene
terminator (Tp.tubuiin), PSK1732, a vector that carries the EGFP ORF
between Pgapp and Tp.wpulin in pPGEM-3Zf (Promega, Madison, WI), was
used. We replaced the EGFP ORF in pSK1732 with each GECI ORF. In-
dividual GECI ORFs were also ligated between the M. oryzae ribosomal
protein 27 gene promoter (Prp27) and Tp.qubulin in pSK1736. The 670-bp
F. verticillioides elongation factor-1o gene promoter (Pgr1) was released
from pSK2325 (Kim et al., 2012) using EcoRI and BamHI. This fragment
was inserted into EcoRI-BamHI digested pRP27-GCaMP3 (Pgpyy:
Cacamp3::Tp-tubulin) to construct Pgr14::Cgcamps::Tp-tubuline Vectors car-
rying other GECIs driven by Pgp1 were generated using the strategy
employed for pEF1a-GCaMP3 construction. For expression of GCaMP3,
GCaMP5G, RCaMP1d, and RCaMPle in N. crassa, the N. crassa ccg-1
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gene promoter (Pccg1) was amplified from pAL3-Lifeact (Berepiki et al.,
2010), which was provided by Dr. Nick Read at the University of Man-
chester, using primers CCGlp-F_EcoRI and CCG1lp-R. The amplified
Pccg1 was cloned into pGEM-T Easy vector for sequence verification.
The P¢cgi, released via EcoRI and BamHI digestion, was ligated into
EcoRI and BamHI digested pRP27-GCaMP3, pRP27-GCaMP5G, pRP27-
RCaMP1d, and pRP27-RCaMP1le. All constructs generated in this study
are noted in Supplementary Table 2.

2.3. Generation and screening of fungal transformants

Each GECI construct and a gene conferring resistance to hygromycin
B or geneticin were introduced to individual fungi using a polyethylene
glycol (PEG)-mediated transformation protocol (Son et al., 2011). The
amount of lysing enzymes and the digestion time to generate protoplasts
varied among N. crassa, F. graminearum, and F. oxysporum. We moni-
tored the progression of protoplast formation using a hemocytometer
and microscope.

Transformants of F. graminearum were generated by mixing pro-
toplasts with each GECI construct, linearized using a restriction enzyme
Nael or EcoRI, and a construct harboring the geneticin resistance gene
(Lee et al., 2010). Twenty-four geneticin-resistant transformants with
each construct were screened via PCR with primers CaMP-scrF (5'-
CATCACGTCGTAAGTGGAATAAGAC-3') and CaMP-scrR (5'-
CTCTGCTTCTGTGGGGTTCTG-3'). These primers were designed to
anneal to the conserved parts of all GECI ORFs. We checked fluorescence
of 10 randomly chosen PCR-positive transformants using a fluorescence
microscope (Leica DM6 B, Germany). For N. crassa and F. oxysporum, we
skipped PCR and directly screened 20-50 randomly selected trans-
formants with each construct using a fluorescence microscope (Zeiss
Axiovert 200, Germany). The hygromycin B and geneticin resistance
genes used for cotransformation of N. crassa and F. oxysporum were
amplified from pSK2978 (primers Gen-For and PLC24-gfpR) and pII99
(primers Gen-For and Gen-Rev), respectively. We screened 3-5 trans-
formants per construct using a Zeiss LSM780 imaging system to deter-
mine whether their fluorescence intensity and stability was suitable for
time-lapse imaging of [Ca®*]. dynamics (performed as described in 2.5).

2.4. Mutagenesis of F. graminearum strain GZ03639 expressing
GCaMP5G

Strain FSK719, a geneticin-resistant transformant of GZ03639 with
PRP27-GCaMP5G, was chosen for disrupting the CCH1, MID1, and FIG1
genes. Colony growth, conidiation, sexual development, trichothecene
production, and virulence on wheat plants of FSK719 and GZ03639 were
measured as described in our previous study (Kim et al., 2018) to ensure
that the transformation process and the expression of GCaMP5G did not
affect GZ03639. The mutant alleles for CCH1, MID1, and FIG1 were
constructed using a split marker strategy as previously described (Kim
et al.,, 2018) with the hygromycin B resistance gene as a selection
marker. Each mutant allele was introduced into protoplasts of FSK719.
All mutants were confirmed using PCR and Southern analysis.

2.5. Microscopy and data analyses

After inoculating 1 pl of 5 x 10°/ml spore suspension at the bottom
of p-dish 50 mm-low Ibidi chamber or p-slide 8 well with uncoated #1.5
Ibidi polymer coverslip (Ibidi, Fitchburg, WI) containing PDA or Vogel’s
medium supplemented with 1 mM CacCly, they were incubated at 26 °C
with minimal light (Kim et al., 2015). For consistency, hyphal tip
[Ca®*]. imaging was performed 2 days post inoculation. Three leading
hyphal tips for each strain were imaged every 1.84 s for at least 20-30
min with three replicates.

For imaging [Ca?"]. changes in response to chemical treatment, two
days old hyphal tips in p-slide 8 well were imaged for several minutes to
establish the baseline. After applying 40 pM of 4-Bromo A-23187
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(Thermo Fisher Scientific, Waltham, WA), a Ca®" ionophore, in 1 mM
CaCly solution, the same hyphal tips were imaged for 30-60 min. A Zeiss
LSM 5 DUO or Zeiss LSM 780 laser scanning confocal microscope with
40x oil Plan-Neofluor (1.3 numerical aperture) oil immersion objective
lens was used for imaging. Ratiometric imaging of [Ca®*]. was per-
formed for strains expressing Cameleon YC3.60. LSM 510 AIM software
(Rel. 4.2) was used for ratiometric data processing. The 458 nm laser
line of a 25 mW argon ion laser was used to acquire data via three
channels (YFP, CFP, and transmitted light). Corresponding YFP/CFP
ratio images with background subtraction were acquired as previously
described (Kim et al., 2015, 2012). For [Ca2+]C imaging based on
GCaMP, YCaMP, RCaMP, BCaMP, and CyCaMP, a Zeiss LSM780 (ZEN
2009) imaging system equipped with the following filter sets was used:
(a) GCaMP with a laser excitation of 488 nm, Filters: 490-560 nm, Beam
Splitters-MBS 488 nm; (b) YCaMP with a laser excitation of 514 nm,
Filters: 520-555 nm, Beam Splitters- MBS 488/514/561 nm; (c) RCaMP
with a laser excitation of 560 nm, Filters: 575-615 nm, Beam Splitters-
MBS 458/514/561 nm; (d) BCaMP with a laser excitation of 405 nm,
Filters: 420-480 nm, Beam Splitters-MBS 405/488/561 nm; and (e)
CyCaMP with a laser excitation of 458 nm, Filters: 465-510 nm, Beam
Splitters-MBS 458 nm.

2.6. Analysis of Ca®" signatures

We quantified the mean fluorescent intensity in a region of interest
(ROI) of individual hyphal tip images in a time-lapse series (for both
ratiometric or non-ratiometric indicators) using an ImageJ automated
tip Tracking Macro (http://rsb.info.nih.gov/ij/), as previously described
(Kim et al., 2015, 2012). The resulting images and plots were processed
and generated using the ZEN 2009 software tool and ImageJ background
subtraction.

3. Results

3.1. Evaluation of multiple circularly permuted FP-based GECIs with
different spectral properties in three fungal species

To expand a toolbox for studying the spatial and temporal dynamics
of Ca* signature and the mechanism underlying fungal Ca?* signaling,
we evaluated whether 13 GECIs developed for neural activity imaging
(Akerboom et al., 2013, 2012) could function in F. oxysporum, F. gra-
minearum, and N. crassa. The GECIs evaluated (Supplementary Table 2)
included those based on green FP (GCaMP3 and GCaMP5G), red FP
(RCaMP1d, RCaMP1le, RCaMP1f, RCaMP1lg and RCaMP1h), blue FP
(BCaMP1la and BCaMP1b), yellow FP (YCaMPla and YCaMP1b), and
cyan FP (CyCaMPla and CyCaMP1b). We also tested four fungal gene
promoters (Supplementary Fig. 1 and Supplementary Table 2),
including the C. heterostrophus glyceraldehyde-3-phosphate dehydroge-
nase gene promoter (Pgapp), the M. oryzae ribosomal protein 27 gene
promoter (Pgpay), the F. verticillioides elongation factor-la gene pro-
moter (Pgp1,) and the N. crassa ccg-1 gene promoter (Pccg1), to identify
promoter(s) that work best in individual species.

Because the number of GECI constructs and transformants to be
screened was very large, we did not transform all species with all con-
structs. Instead, we initially tested the expression of GCaMP3,
GCaMP5G, RCaMP1d, and RCaMP1e driven by Pgapp, Prp27 and Pgpiq
(Supplementary Table 2) in F. oxysporum, F. graminearum, and N. crassa.
Because we cotransformed these species with individual constructs with
a gene conferring resistance to hygromycin B or geneticin as a selection
marker, some transformants would only carry the hygromycin B or
geneticin resistance gene. To evaluate the frequency of cotransforma-
tion, 24 randomly chosen transformants of F. graminearum with each of
the 12 constructs were screened by PCR for the presence of GECI. More
than 50% of the transformants were PCR positive. Ten PCR-positive
transformants with each construct were screened using a fluorescence
microscope (Supplementary Table 2). For N. crassa and F. oxysporum, we
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directly screened 20-50 randomly selected transformants with each
construct for fluorescence (20 in cases many transformants were fluo-
rescent; up to 50 in cases none or only a very few were fluorescent)
without performing PCR. Based on the initial evaluation using a regular
fluorescent microscope, we screened 3-5 transformants per construct
using a confocal microscope to determine whether their fluorescence
intensity and stability was suitable for time-lapse imaging of [Ca®'],
dynamics.

We could not detect discernable red fluorescence in any of the
transformants containing any RCaMPs under all three promoters, with
one exception (Supplementary Table 2). In one F. graminearum trans-
formant, we noted that RCaMP1d was expressed but appeared aggre-
gated (non-uniform distribution in the cytoplasm presumably due to
aggregation or sequestration of the FP). Only GCaMP3 under Pgpi, was
detectably expressed in N. crassa, but fluorescence was unstable.
Accordingly, we also generated constructs with GCaMP3, GCaMP5G,
RCaMP1d, and RCaMP1e under the control of Pccg1, a promoter that has
been commonly used for constitutively expressing proteins in N. crassa.
However, none of the constructs generated detectable fluorescent sig-
nals or produced signals strong enough for time-lapse Ca%* imaging. The
M. oryzae RP27 promoter (Prpay), which worked best in F. graminearum,
was chosen to express the remaining GECIs in F. graminearum. Unfor-
tunately, none of the RCaMPs produced a detectable fluorescence signal.
BCaMP1b and CyCaMP1b were expressed, but not at the level that is
suitable or responsive for time-lapse Ca?" imaging. The other BcaMP
and CyCaMP did not express at a detectable level. Only YCaMP1la
exhibited brightness comparable to that of GCaMP5G. In F. oxysporum,
we observed expression strong enough for Ca®" imaging only with
GCaMP5G under Pgp1. We introduced the remaining GECIs under Pgpyy
into F. oxysporum, but fluorescence signals from all BCaMPs, CyCaMPs,

A

GCaMP5G
C

YC3.60 cyan
E

¥C3.60 yellow

GCaMP5G
K

YCaMPla
M

BCaMP1la
(0]

GCaMP3

Fig. 1. Comparison of GECI localization at basal and peak [Ca2+]c
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and YCaMPs were not detectable or too weak. Thus, we focused our
subsequent imaging and Ca®" signature analysis on transformants with
Pgrp27-GCaMP5G and Pgpyy-YCaMPla for F. graminearum, Pgpiq-
GCaMP5G for F. oxysporum, and Pgp;,-GCaMP3 for N. crassa. We chose
transformants with colony growth rates comparable to untransformed
parental strains. Assessment and confirmation of the cytoplasmic
localization of Ca®* in the selected strains showed a pattern with overall
uniform distribution and single bright foci at actively growing hyphal
tips (noted by arrows in Fig. 1A, B, E, I, and K) and best visualized in
respective movies. The location of low intensity fluorescence foci with
GCaMP5G variants matched to calmodulin localization at the Spitzen-
korper core (Chen et al., 2010; Kim et al., 2012; Wang et al., 2006), but
was very difficult to discern in YC3.60 (only yellow channel, Fig. 1E and
respective movie) and never visible in the ratio image (Fig. 1G & H and
1G movie). The ability to simultaneously monitor the Spitzenkérper core
in relation to Ca** dynamics via GCaMP5G provides an indication of the
Spitzenkorper status and is beneficial for multi-label experiments.

3.2. Comparison of Ca?* signatures in multiple species analyzed using
spectral variants of GCaMP

Using the GECI variants expressed in individual species, we deter-
mined whether they could be used for imaging pulsatile Ca%* signatures,
similar to our previous work with YC3.60 (Kim et al., 2018, 2015, 2012).
First, we analyzed CaZ* signatures in F. graminearum using GCaMP5G
and YCaMPla driven by the promoter Pgpy;. In general, both trans-
formants grown for 2 days on Vogel’s medium supplemented with 1 mM
CaCl, showed excellent signal-to-noise (S/N) and exhibited conspicuous
pulsatile signatures (Fig. 2A). However, with YCaMP1la, we noted an
increased tendency of gradual photobleaching (~36% over 10 min

»

transients in hyphal tips of F. graminearum, F. oxysporum and N. crassa. The left and right columns

show images corresponding to basal (non-gradient) and peak (gradient) [Caz*]c transients, respectively. F. graminearum expressing GCaMP5G (A and B),
F. graminearum expressing YC3.60 - cyan channel (C and D), F. graminearum expressing YC3.60 - yellow channel (E and F), F. graminearum expressing YC3.60 — ratio
(G and H), F. oxysporum expressing GCaMP5G (I and J), F. graminearum expressing YCaMP1la (K and L), F. graminearum expressing BCaMP1la (M and N), N. crassa
expressing GCaMP3 (O and P). Arrowheads indicate Spitzenkorper affiliated calmodulin puncta when visible and confirmed in time-lapse movies. All samples were
imaged after culturing on Vogel containing 1 mM CaCl, for 2 days at 25 °C. Scale bars = 10 pm.
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Fig. 2. Comparison of Ca®* signatures imaged using different GECIs. (A) Ca®* signatures in F. graminearum expressing YCaMP1a and GCaMP5G. Representative
hyphal tips of F. graminearum strain GZ03639 transformed with pRP27-GCaMP5G (black line) and pRP27-YCaMP1a (red line) were imaged after culturing them on
Vogel containing 1 mM CaCl, for 2 days at 25 °C. (B) Comparison of Ca>* signatures in three fungal species expressing GCaMP. Hyphal tips of F. graminearum
transformed with pRP27-GCaMP5G (black line), F. oxysporum transformed with pEF1a-GCaMP5G (red line), and N. crassa transformed with pEF1a-GCaMP3 (blue
line) were imaged after culturing them on Vogel agar containing 1 mM CaCl, for 2 days at 25 °C. (C) Comparison of F. graminearum Ca>* signatures analyzed using
GCaMP5G and YC3.60. Hyphal tips of strain GZ03639 transformed with pRP27-GCaMP5G (black line) and YC3.60 (red line) imaged after culturing them on Vogel
agar containing 1 mM CaCl, for 2 days at 25 °C. (D, E) Ca" signatures in F. graminearum in response to 4-Bromo A-23187, a Ca®* ionophore. Hyphal tips of strain
GZ03639 transformed with (D) pRP27-GCaMP5G and (E) YC3.60 cultured on PDA for 2 days at 25 °C were imaged before and after the application of 40 pM of 4-
Bromo A-23187 in 1 mM CaCl, (noted by the red bar). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of

this article.)

continuous imaging) and more frequent large amplitude peaks (i.e., up
to ~ 5X intensity change from basal cytoplasm levels; Fig. 2A, red line).
We then analyzed Ca?* signatures in F. graminearum carrying Prpoy-
GCaMP5G, F. oxysporum transformed with Pgp1,-GCaMP5G, and
N. crassa carrying Pgp1-GCaMP3 (Fig. 2B). Both F. graminearum carrying
Prp27-GCaMP5G and F. oxysporum carrying Pgp1-GCaMP5G exhibited
Ca?* signatures that were high-quality and consistent with our prior
data based on YC3.60 (compare Figs. 1A & 2A in Kim et al., 2015, with
Fig. 2B red line). However, N. crassa containing Pgp;,-GCaMP3, the only
construct that produced detectable fluorescence signal in N. crassa,

lacked consistent or intense Ca" signatures during time-lapse hyphal
tip imaging. Additionally, photobleaching was severe, with the basal
fluorescence signal decreasing nearly 51% in this 550-second repre-
sentative series. Unfortunately, while some [Caer]C transients could be
documented, N. crassa with Pgp1,-GCaMP3 was not suitable for mean-
ingful long-term observations.
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3.3. Comparison of the Ca®" signatures imaged using GCaMP5G and
YC3.60 under identical genetic backgrounds and culture conditions

We evaluated whether GCaMP5G exhibited tip high pulsatile Ca®*
signatures comparable to those observed using YC3.60. Time-lapse ex-
periments (1,000 s) with F. graminearum expressing GCaMP5G showed
representative Ca®" signatures with repetitive low level Ca*" oscilla-
tions every 10-30 s and occasional large amplitude spikes (Fig. 2C).
While the overall pattern observed using GCaMP5G was quite similar to
that based on YC3.60, notable differences were the increased amplitude
of both small and large peaks and improved signal-to-noise ratio (black
vs. red lines in Fig. 2C). These differences were partly due to the non-
ratiometric FP design and the lack of fluorescence from GCaMP5G
when unbound to Ca?*, reducing overall background.

3.4. Comparison of GCaMP5G and YC3.60 via [Ca2+]C response to a
Ca®*-selective ionophore

We tested if F. graminearum transformants expressing GCaMP5G and
YC3.60 respond comparably to 4-Bromo A-23187, a non-fluorescent
Ca?*-selective ionophore. We noted experimental variability in initial
[Ca?*]. response following ionophore application (Fig. 2D & E, red bar),
which was likely due to differences in diffusion and local concentration
of the ionophore as it passed through the agar to the observed hyphal tip.
Irrespective of onset delay, 4-Bromo A-23187 disrupted the periodic low
amplitude Ca®* signatures in both transformants. Instead, it caused a
series of pronounced high-amplitude, closely spaced peaks with broad
profiles lasting several minutes (Fig. 2D & E) and temporary cessation of
hyphal tip growth. Upon treatment with 4-Bromo A-23187, GCaMP5G
typically exhibited a ~ 4-fold change in signal intensity increase over
basal levels (Fig. 2D) while YC3.60 exhibited a 2-fold ratio (Fig. 2E)
maximal change over basal levels. Together, this data suggested that
GCaMP5G and YC3.60 respond to 4-Bromo A-23187 as expected: the
transient opening of Ca%* channels results in a massive cytoplasmic Ca>*
influx, likely from both internal and external pools, and then [Ca2+]c
gradually returns to homeostasis.

3.5. Comparison of GCaMP5G and YC3.60 for imaging [Ca®t]. changes
in Ca®* channel mutants of F. graminearum

Previously, we used YC3.60 to assess how disruption of Ca?* chan-
nels affects Ca* signatures in F oxysporum (Kim et al., 2015) and
F. graminearum (Kim et al., 2018). We tested the suitability of GCaMP5G
for similar studies using F. graminearum mutants defective in three Ca®*
channel genes, including CCHI1 and MID1, which encode a high-affinity
Ca?* uptake system, and FIGI, a low-affinity Ca®* channel. The CCHI,
MID1, and FIG1 genes in strain FSK719, a transformant of GZ03639 with
pRP27-GCaMP5G, were disrupted via transformation-mediated gene
replacement. No significant differences in colony growth, conidiation,
sexual development, trichothecene production, and virulence were
detected between FSK719 and GZ03639 (Supplementary Fig. 2), sug-
gesting that the transformation process and the expression of GCaMP5G
did not affect GZ03639. Analysis of Ca?" signatures in the mutants
Amidl, Acchl, and Afigl expressing either YC3.60 or GCaMP5G was
performed (Fig. 3B-D). As shown in Fig. 2C, GZ03639 expressing
GCaMP5G exhibited comparable and consistent Ca%" signatures to those
observed in strains expressing YC3.60 (Fig. 3). Likewise, all mutants
expressing GCaMP5G (Fig. 3B-D, black traces) showed pulsatile patterns
(or lack thereof) consistent with their respective YC3.60 comparators
(Fig. 3, red traces). Other subtle differences between pulsatile patterns
for the various GCaMP5G or YC3.60 expressing strains were not
discernable due to cell-to-cell variations commonly observed in time-
lapse experiments. Overall, improvement in S/N with GCaMP5G rela-
tive to YC3.60 helped detect subtle oscillations in basal levels of [Ca%']..
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Fig. 3. (A) Comparison of Ca®* signatures in F. graminearum strain GZ03639
and its Ca®* channel mutants using GCaMP5G and YC3.60. Hyphal tips of
GZ03639 (WT) expressing GCaMP5G, GZ03639 expressing YC3.60, and three
mutants Amid1(B), Acch1(C), and Afigl(D) derived from both strains imaged
after culturing them on Vogel agar containing 1 mM CaCl, for 2 days at 25 °C.
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4. Discussion

Research on how Ca2* signaling controls fungal growth, develop-
ment, and pathogenesis had been hampered by the lack of a robust
method for imaging spatial and temporal dynamics of subcellular Ca*
until the successful expression of YC3.60 in M. oryzae and two Fusarium
spp. (Kim et al., 2012). With YC3.60, Nakai et al. (2004) achieved a
greater than 5-fold Ca%*-dependent increase in the dynamic range of
YFP/CFP ratio through a circular permutation of the bright YFP acceptor
Venus. Stable expression of YC3.60 enabled imaging of Ca®* signatures
over extended periods in vitro and in planta, allowing the subcellular
spatial and temporal dynamics of [Ca12+]C to be elucidated in selected
stages of the fungal life/disease cycle (Kim et al., 2012). Additionally, as
hyphal tips are exquisitely sensitive to the addition of exogenous factors,
monitoring Ca>" signatures in response to different stimuli becomes less
prone to artifacts caused by the application of Ca®" indicators based on
organic dyes. This Cameleon GECI also enabled inquiries about how
disruption of critical genes involved in Ca?* signaling affects the for-
mation of Ca®* signatures and how resulting changes in Ca®* signatures
correlate with phenotypic changes (Kim et al., 2018, 2015).

However, despite technical improvements and multiple advantages
of YC3.60 over Ca?" indicator dyes and new insights enabled by Ca%*
imaging via YC3.60, especially in combination with targeted gene
disruption, it is not a panacea. Its characteristics presented some limi-
tations depending on experimental requirements. First, because it con-
sists of two intact FPs (CFP and YFP), it limits the spectral range and
number of fluorophores that can be employed for multi-color experi-
ments. Additionally, in cells expressing ratiometric GECIs, there is al-
ways a background signal, even in the absence of Ca®t. YC3.60 has
inherently reduced S/N due to the required mathematical signal image
processing. Finally, the presence of two FPs as part of a fusion protein is
more likely to cause artifacts due to steric hindrance compared to
smaller single FP indicators.

Here, we sought to expand the toolbox available for fungal Ca®*
signaling research and circumvent some of the limitations of YC3.60 by
seeking to express a variety of circularly permuted FP-based GECIs
(Akerboom et al., 2013, 2012) in three fungi. The first reported appli-
cation of GCaMP3 and GCaMP6f and subcellular imaging in a yeast
system (Carbo et al., 2017) demonstrated [Ca2+]c spikes during cell
polarization that were dependent on pheromone concentration and the
Mid1/Figl complex. Here, we sought to realize similar benefits of
improved sensitivity and S/N of this collection of GECIs to facilitate
future experiments involving the simultaneous imaging of multiple FP-
fused proteins in filamentous fungi. We also evaluated multiple pro-
moters to optimize their expression in different fungal species.
GCaMP5G exhibited superior imaging and photophysical characteristics
for studying Ca®* signatures in Fusarium spp. GCaMP5G, driven by the
RP27 gene promoter in F. graminearum and the EFla gene promoter in
F. oxysporum, had the most consistent and strong expression levels
(Fig. 1A, B, I, J and movies). Although pRP27-YCaMP1la was also suit-
able for Ca®" signature imaging (Figs. 1K, 1L, and 2), it exhibited low
levels of photobleaching with continuous imaging for >5 min (Fig. 2A
red trace). We also explored a matrix of other spectrally unique circular
permuted GECIs (GCaMP3, BCaMP, CyCaMP, RCaMP) with various
promoter combinations. While these variants were weakly expressed in
some instances, many did not express at all (Supplementary Table 2).
Unfortunately, in instances of weak expression, we deemed that these
transformants were not suitable for routine monitoring or character-
ization of Ca2" signatures, due to the poor S/N, decreased sensor
sensitivity for capturing low level Ca®" fluctuations, and the increased
propensity to photobleaching (see Fig. 1M-N and 10-P movies; Fig. 2B.
blue trace).

It remains unknown why most GECIs failed to express or expressed
only at very low levels in the evaluated fungal species/strains. We used
co-transformation to screen a large number of GECIs under the control of
multiple promoters quickly for expression in three species and
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confirmed the integration of introduced GECIs only for F. graminearum
transformants. Although we screened 20-50 transformants of
F. oxysporum and N. carssa with each construct, we cannot completely
rule out the possibility that some GECI constructs were not inserted in all
transformants. Since we did not check the copy number of inserted GECI
constructs and where in the genome they were inserted, we do not know
if the copy number or chromosomal context affected their expression. It
is conceivable that kingdom/species-specific codon usage bias, which
has been shown to impact both transcriptional and translational effi-
ciency (Deng et al., 2020), could play a role. Codon optimization has
proven indispensable for successfully expressing GFPs in fungal species
that did not express the original mammalian optimized constructs, such
as N. crassa (Zhoua et al., 2016), Ustilago (Roy and van Staden, 2019),
and Aspergillus (Iriarte et al., 2012). Optimization of GECIs for expres-
sion in fungi via codon changes may allow their stable expression. The
dim fluorescence of the early-generation blue, cyan, and yellow GECIs
used here likely hampered our ability to see weak expression; newer,
brighter variants could yield usable signals at similar expression levels.

It should be noted that the GECIs used in this study have all under-
gone extensive optimization in the time since our experiments began.
The performance of GCaMP5G was improved first to the GCaMP6 var-
iants (Akerboom et al., 2013; Chen et al., 2013) and then to jGCaMP7
(Dana et al.,, 2019). The RCaMP variants have been dramatically
improved in terms of brightness and signal change, leading to jRCaMP1a
and jRCaMP1b (Dana et al., 2016). A distinct red GECI, RGECO1 (Zhao
et al., 2011), has undergone optimization to jRGECO1la (Dana et al.,
2016). The original YCaMP sensors were quite dim and photolabile and
had low signal change. The performance of this scaffold has been
significantly increased with the jYCaMP indicators (Mohr et al., 2020).
The blue BCaMP and cyan CyCaMP sensors perform quite poorly and
have not yet been systematically optimized. Separate construction of a
blue GECI led to B-GECO1 (Zhao et al., 2011), with similar performance
to BCaMP. Other families of single-wavelength GECIs have also been
developed based on other fluorescent proteins. The green NCaMP7
(Subach et al., 2020) and mNG-GECO1 (Zarowny et al., 2020) were
based on mNeonGreen, the red K-GECO1 (Shen et al., 2018) from mKate,
and the infrared NIR-GECO1 (Qian et al., 2019) based on mIFP, among
others. Future experiments using these GECIs in filamentous fungi will
be required to ensure that the performance enhancements seen in other
systems help advance fungal Ca®* signaling research. The improved
GECI GCaMP6s has been successfully expressed in Trichoderma atroviride
to investigate how CaZt signaling regulates a putative innate immune
system during regeneration (Medina-Castellanos et al., 2018).

In combination with state-of-the-art imaging and gene manipulation
tools, the expanding selection of GECIs will facilitate studies on the
mechanism by which pulsatile [Caz*]c and other tip constituents (i.e.,
organelles, cytoskeleton, Ca®" signaling proteins) control fungal hyphal
tip growth and cellular responses to external stimuli. In particular, we
are intrigued by new analogs of circular permutated GCaMP, which hold
promise in compartmentalization of GECIs in mammalian organelles for
simultaneous visualization of Ca?* dynamics in the cytoplasm, mito-
chondria, and endoplasmic reticulum (ER) through an approach called
Calcium-Measuring Organelle-entrapped Protein Indicators (CEPIA)
(Suzuki et al., 2014). The CEPIA strategy exquisitely revealed temporal
and spatial heterogeneity in Ca®" dynamics between the cytoplasm and
organelles, which should help investigate the precise origin of tip high
gradients and pulsatile Ca®" signatures. It is conceivable that tip high
[CaZ*]C oscillations are derived from storage organelles (ER, vacuoles,
and mitochondria) immediately adjacent to the Spitzenkorper. It has
been demonstrated that Ca?' transients in polarized cells facilitate
vesicle fusion (Hoffmann et al., 2019), including the Spitzenkorper
(Takeshita et al., 2017). Indeed, in Saccharomyces cerevisiae, correlative
cryo-electron tomography of cells showed elevated [Ca®']. using
GCaMPé6f facilitated membrane bending of the ER and its fusion to the
plasma membrane. As has been shown in S. cerevisiae, we found that the
specific improvements in GCaMP5G performance over YC3.60 make it a
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more robust tool in evaluating a host of Ca?" signaling-related cell
phenomena in filamentous fungi. The improved S/N and multi-color
experiment flexibility with these circular permutated non-ratiometric
GECIs will facilitate future studies on the role of Ca®" signatures and
dynamics.
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