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Abstract Filamentous fungi are covered by a cell wall consisting mainly of chitin
and glucan. The synthesis of chitin, a B-1,4-linked homopolymer of N-acet-
ylglucosamine, is essential for hyphal morphogenesis. Fungal chitin synthases are
integral membrane proteins that have been classified into seven classes. ChsB, a
class IIT chitin synthase, is known to play a key role in hyphal tip growth and has
been used here as a model to understand the cell biology of cell wall biosynthesis in
Aspergillus nidulans. Chitin synthases are transported on secretory vesicles to the
plasma membrane for new cell wall synthesis. Super-resolution localization
imaging as a powerful biophysical approach indicated dynamics of the
Spitzenkdrper where spatiotemporally regulated exocytosis and cell extension,
whereas high-speed pulse-chase imaging has revealed ChsB transport mechanism
mediated by kinesin-1 and myosin-5. In addition, live imaging analysis showed
correlations among intracellular Ca®* levels, actin assembly, and exocytosis in
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growing hyphal tips. This suggests that pulsed Ca®* influxes coordinate the tem-
poral control of actin assembly and exocytosis, which results in stepwise cell
extension. It is getting clear that turgor pressure and cell wall pressure are involved
in the activation of Ca** channels for Ca®* oscillation and cell extension. Here the
cell wall synthesis and tip growth meet again.

1 Introduction

Filamentous fungi grow as highly polarized tubular cells called hyphae that extend
the cell body at one end in a process called ‘tip growth.” Cell extension sites are
maintained at hyphal tips, where simultaneous actin assembly, exocytosis, and tip
extension occur (Fischer et al. 2008; Riquelme et al. 2011; Takeshita et al. 2014;
Riquelme et al. 2018). Several filamentous fungi that extend cells in this manner are
excellent systems for analyzing this process (Lopez-Franco et al. 1994). Some
filamentous fungi are pathogenic to animals and plants and invade host cells via
hyphal growth (Perez-Nadales et al. 2014). Others have uses in biotechnology and
food production such as enzyme production and fermentation, respectively, as they
secrete large amounts of enzymes (Kobayashi et al. 2007; Punt et al. 2002). Both
the pathogenicity and enzyme secretory ability of fungi are closely associated with
hyphal growth. Thus, understanding polarized growth in filamentous fungi can
provide insights that are important to medicine, agriculture, and biotechnology.

2 Chitin Biosynthesis

The cell wall not only imparts physical strength to the cell but also plays a role in
transmitting information about the natural or artificial environmental conditions to
the inside of the cell. The cell walls of Aspergillus fumigatus are composed of
B-(1,3)-glucan, chitin, B-(1,3)-/B-(1,4)-glucan, o-(1,3)-glucan, galactomannan
(GM), galactosaminogalactan (GAG), and proteins (Latge et al. 2017). Most cell
wall proteins are modified by N-glycan, O-glycan, and/or a glycosylphos-
phatidylinositol anchor. These components are complexly intertwined to form the
three-dimensional structure of cell walls (Fig. 1a). During hyphal tip growth, var-
ious glycan synthases, including B-(1,3)-glucan synthases, chitin synthases, and oc-
(1,3)-glucan synthases, are transported to the tips by secretory vesicles. The
transported glycan synthases generate the corresponding glycans, which then
penetrate into the interstices of the cell wall skeleton, where they act like cement.
Thus, the hyphae grow by forming a complicated three-dimensional structure.
Chitin, a B-(1,4)-linked polymer of N-acetylglucosamine (GIcNAc), is a major
skeletal component of the cell wall of A. fumigatus and gives the wall mechanical
rigidity. The higher amount of chitin (>10%) present in the walls of Aspergillus
sp. as compared to yeast (Blumenthal and Roseman 1957; Johnston 1965) indicates
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Fig. 1 Scheme of tip growth in A. nidulans hyphae. a Schematic representation of structural
organization of the cell surface of Aspergillus. The different polysaccharides have their roles;
glucans are the most abundant compounds in the fungal cell walls and an amorphous gel-like
matrix, chitin as a cell wall skeleton. b Secretory vesicle trafficking via the microtubule and actin
cytoskeleton depending on kinesin-1 and myosin-5, respectively. Before fusion with the plasma
membrane, secretion vesicles accumulate at Spitzenkorper. ¢ Scheme of the function of cell end
markers in A. nidulans. d Localization of GFP-ChsB at Spitzenkorper (upper). Localization of cell
end markers mRFP1-TeaA and GFP-TeaR at the hyphal tip (lower)

that the synthesis of chitin is essential for hyphal morphogenesis (Rogg et al. 2012).
Chitin is biosynthesized by several chitin synthases localized at the plasma mem-
brane; these are responsible for the sequential synthesis of GIcNAc using
UDP-GIcNAc as a sugar donor.
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Fungal chitin synthases are integral membrane proteins that have been classified
into seven classes and three divisions according to their structural properties
(Lenardon et al. 2010a, b; Gongalves et al. 2016). Aspergillus fumigatus and
Aspergillus nidulans have eight different chitin synthases (ChsA-ChsD, ChsF,
ChsG, CsmA, and CmsB in A. nidulans) (Horiuchi 2009; de Groot et al. 2009).
Among these, ChsB, a class III chitin synthase, is known to play a key role in hyphal
tip growth, maintenance of cell wall integrity, and development (Yanai et al. 1994;
Borgia et al. 1996; Fukuda et al. 2009). The chsB disruptant hyphae have enlarged
tips, a high degree of branching, and disorganized lateral walls (Borgia et al. 1996).
Class III chitin synthases are important for hyphal morphology, cell wall integrity,
and pathogenicity in other filamentous fungi as well (Rogg et al. 2012; Muszkieta
et al. 2014). Meanwhile, ChsA and ChsC are required for the formation of the
septum and a normal conidiophore (Motoyama et al. 1994; Fujiwara et al. 2000;
Ichinomiya et al. 2005). CsmA and CsmB, that are widely distributed in filamentous
fungi and dimorphic yeasts but lacking in S. cerevisiae and S. pombe, have myosin
motor-like domains (Fujiwara et al. 1997). The myosin motor-like domains bind to
actin filaments, suggesting a direct link between the actin cytoskeleton and polarized
cell wall synthesis (Takeshita et al. 2005, 2006). ChsB has been used as a model to
understand the vesicles trafficking in chitin synthesis.

3 Transport of Chitin Synthase

Polarized growth of fungal hyphae is sustained by the continuous delivery of
vesicles loaded with biomolecules to the hyphal tips (Rittenour et al. 2009; Sudvery
2008; Schuster et al. 2016; Takeshita 2016; Riquelme et al. 2018; Zhou et al. 2018).
Vesicle trafficking supplies the required proteins and lipids via actin, as well as
microtubule cytoskeletons and their corresponding motor proteins (Fig. 1b)
(Taheri-Talesh et al. 2008; Steinberg 2011; Egan et al. 2012; Penalva et al. 2017,
Renshaw et al. 2016). Microtubules serve as tracks of secretory vesicles for
long-distance transport to hyphal tips and are important for rapid hyphal growth
(Horio and Oakley 2005; Seiler et al. 1997). Actin cables formed from the hyphal
tip in the retrograde direction are involved in exocytosis and secretory vesicle
accumulation before exocytosis (Berepiki et al. 2011; Bergs et al. 2016). These
vesicles accumulate at the apices prior to fusion with the membrane. They form a
structure called Spitzenkdrper (Harris 2009), which is thought to act as a vesicle
supply center, a site where cargo for the hyphal tip is sorted (Riquelme and
Sanchez-Leon 2014).

Besides their role as tracks for vesicle traffic, microtubules are necessary to
maintain the direction of hyphal growth (Riquelme et al. 1998). Polar organization
of the actin cytoskeleton is mediated mainly by microtubule-dependent positioning
of polarity marker proteins (Fig. 1c). One polarity marker in Aspergillus nidulans
(TeaA) is specifically delivered to the apex by growing microtubules, and it is
anchored to the apical membrane by direct interaction with another polarity marker
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(TeaR) at the plasma membrane (Fig. 1c) (Fischer et al. 2008; Takeshita et al.
2008). Their interdependent interaction at the apical membrane initiates the
recruitment of additional components including the formin which polymerizes actin
cables for targeted cargo delivery (Higashitsuji et al. 2009). Defective polarity
markers result in hyphae that are curved or zigzagged instead of straight (Takeshita
et al. 2008).

In A. nidulans, microtubules extend all the way to the hyphal tip, whereas actin
cables are found mostly near the hyphal tip (Bergs et al. 2016). Vesicles containing
components of the growth machinery are transported along microtubules from
posterior sites to the apical region, transferred to actin cables, and finally delivered
to the apical cortex of the hypha (Egan et al. 2012; Fischer et al. 2008;
Pantazopoulou et al. 2014; Taheri-Talesh et al. 2008; Takeshita et al. 2014). These
secretory vesicles (SVs) are released from the trans-Golgi network after maturation
(Pantazopoulou et al. 2014; Pinar et al. 2015). Since gene deletion of kinesin-1 or
myosin-5 decreases the amount of SVs at the hyphal tips, resulting in growth
retardation, SVs are believed to be transported along microtubules by kinesin-1 and
further along actin filaments by myosin-5 to the hyphal tip for exocytosis
(Pantazopoulou et al. 2014; Seiler et al. 1997; Taheri-Talesh et al. 2012). However,
localization analysis reported that kinesin-1 diffuses in the cytoplasm and myosin-5
accumulates at the hyphal tip (Requena et al. 2001; Taheri-Talesh et al. 2012). SV
transport was not directly observed, probably due to the small size and fast motion.
Early endosomes (EEs) are easier to track, so their bi-directional transport along
microtubules by kinesin-3 and dynein has been thoroughly studied (Abenza et al.
2009, 2010; Egan et al. 2012; Lenz et al. 2006; Schuster et al. 2011).

Chitin synthases are thought to be transported on SVs to the plasma membrane
for new cell wall synthesis (Fig. 1d), where they are subsequently internalized by
endocytosis and transported on EEs for degradation in vacuoles, or recycled back to
the plasma membrane (Sacristan et al. 2012). Actin patches are peripheral punctate
structures, where the endocytic machinery is probably located (Araujo-Bazén et al.
2008). Kinesin-1 is required for transport of ChsB to the subapical region.
However, mechanistic details could not be resolved due to high background
fluorescence near the hyphal tip, insufficient time resolution to resolve fast motions,
and the inability to distinguish between SVs and EEs (Takeshita et al. 2015).

An essential role for chitin synthase phosphorylation in the polarized biosyn-
thesis of fungal cell walls is demonstrated in the polymorphic human pathogen
Candida albicans (Lenardon et al. 2010a, b). Class III chitin synthase (Chs3) is
localized at the tips of growing buds and hyphae, and at the septum.
A phospho-proteome analysis of C. albicans revealed that Chs3 is phosphorylated.
Mutation of this site showed the phosphorylation is required for the correct local-
ization and function of Chs3.
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4 Super-resolution Imaging and Cluster Analysis of Chitin
Synthase

ChsB localizes to hyphal tips and concentrates at the Spitzenkorper in A. nidulans
(Fukuda et al. 2009). In recent study, super-resolution localization imaging and
high-speed pulse-chase imaging as a powerful biophysical approach have been used
to analyze ChsB transport and dynamics of the Spitzenkdrper (Zhou et al. 2018).
The resolution of conventional light microscopy techniques is limited to around
250-300 nm due to light diffraction. Super-resolution microscopy techniques, such
as STORM, PALM, etc., have overcome the diffraction limit, resulting in lateral
image resolution as high as 20 nm, providing a powerful tool to investigate protein
localization in high detail (Sahl and Moerner 2013).

To quantitatively analyze the spatio-temporal development of the Spitzenkdrper
with very high resolution, hyphae expressing ChsB was imaged as a fusion protein
with mEosFPthermo (Wiedenmann et al. 2011). The thermostable monomeric
green fluorescent chromophore can be permanently photoconverted to red with
near-UV irradiation (Nienhaus et al. 2005, 2006). That is widely employed for
fluorescence imaging, pulse-chase experiments, and super-resolution photoactiva-
tion localization microscopy (PALM) (Betzig et al. 2006; Hess et al. 2006). PALM
uses photoswitchable fluorophores to achieve temporal control of the emission
through conversion between fluorescent ‘on/red’ and ‘off/green’ states. When
sample excitation is a sufficient low intensity, only a random sparse fluorophore
subset will be in the ‘on/red’ state at any time, allowing these molecules to be
imaged individually, precisely localized. Such strategy leads to the construction of a
super-resolution image.

Single-molecular imaging-based localization microscopy revealed a pronounced
fluorescent cluster of mEos-ChsB at the hyphal apex, representing the
Spitzenkdrper, and multiple speckles mostly near the plasma membrane (Fig. 2a)
(Zhou et al. 2018). ChsB accumulation at the hyphal tip was classified by cluster
analysis, where more than 10 molecules within 50 nm are defined as a cluster
(Fig. 2b). Cluster images of 2.5 s time intervals were generated for a total period of
120 s with a moving window binning technique (500 frames binning with 50
frames shift) (Fig. 2c) (Ishitsuka et al. 2015). Each cluster is shown in different
colors. The cluster areas and numbers of ChsB molecules within each cluster were
calculated over the time course of the experiment (Fig. 2d). The green cluster of
0.1 pm? containing ~ 100 molecules is visible from 7.5-60 s. It grows via fusion
with the blue cluster and evolves into the pink, crescent-shaped cluster of ~0.2

um? containing ~200 molecules, visible from 62.5-80 s. Subsequently, this
cluster breaks up into two smaller ones (~0.05-0.1 um?, ~50—100 molecules),
depicted in light green and light blue. The shape change of the cluster from globular
to crescent reflects the transition from vesicle accumulation prior to exocytosis to
vesicle fusion with the apical plasma membrane during exocytosis.
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Fig. 2 Super-resolution imaging of Spitzenkérper dynamics. a Localization image of a hypha
with mEosFP-ChsB clusters (constructed with 500 frames for 25 s). Scale bars; 1 um. b Top:
image of the hyphal tip. Each dot indicates single molecule. Bottom: ChsB accumulations
classified by cluster analysis; more than ten molecules within 50 nm are defined as a cluster.
¢ Sequence of ChsB cluster images (clusters in different colors) rendered from images
reconstructed by time-lapse PALM (2.5 s interval by moving window binning for 120 s). Scale
bars; 300 nm. d Time courses of number of ChsB molecules. Lines are drawn in colors
corresponding to the clusters in (¢) (modified Zhou et al. 2018)

5 Pulse-Chase Analysis of mEosFP-ChsB After
Photoconversion

High-speed pulse-chase imaging of mEos-ChsB after photoconversion was
employed to monitor its transport (Zhou et al. 2018). After photobleaching all
red-emitting molecules with a 561 nm laser, a spot ~5 pum behind the hyphal tip
was irradiated for 1 s with a tightly focused 405 nm laser beam to locally photo-
convert mEos-ChsB to its red-emitting form (Fig. 3a). In Fig. 3b, image ‘0’ shows
the red fluorescence excited by the 405 nm laser, marking the local photoconver-
sion spot. Then, the 561 nm laser was again switched on (image ‘1’), and images
were acquired for 15-30 s with a dwell time of 50 ms. A large red-emitting spot
appeared at the site of photoconversion, which gradually faded and dispersed due to
vesicle transport away from the photoconversion region. By taking advantage of the
low background in this pulse-chase imaging scheme, both anterograde (from back
to tip) and retrograde (from tip to back) vesicle movements are easily observed in a
kymograph along the axis of the hypha (Fig. 3c). The typical linear vesicle dis-
placements were occasionally interrupted by brief stops, and there were also some
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Fig. 3 High-speed pulse-chase analysis of mEos-ChsB transport. a Sequence of pulse-chase
analysis of mEosFP-ChsB after photoconversion at back of hyphae. b Images of mEosFP-ChsB
prior to photoconversion (—1), with 405-nm light applied at the spot marked by the dashed line for
1 s (0) and after photoconversion for 15 s. ¢ Kymograph calculated from panel (b); arrows indicate
anterograde and retrograde transport. The blue dashed line and the red asterisk mark the positions
of the hyphal tip and the photoconversion locus, respectively; the red square indicates the
photoconversion interval. d Speed distribution of anterograde transport. Slow anterograde
(red) and fast anterograde (blue) transport (mean £+ SD; n = 42, and 7, respectively) (modified
Zhou et al. 2018)

immobile spots. We further noticed that the fluorescence from the hyphal tip stayed
constant beyond ~ 5 s after photoconversion.

The slopes of the lines in the kymograph encode the speed of ChsB vesicle
movement. From observations of a large number of hyphae, we noticed that most
displacements occurred at speeds of 2—4 um s™'; however, there were also clearly
faster processes with speeds of 7-10 um s~ '. Accordingly, the speed histogram of
anterograde movements appears to consist of two sub-distributions (Fig. 3d), a pre-
dominant distribution associated with slow transport centered on 3.0 & 1.0 pm s~ !
and a smaller distribution representing fast transport centered on 8.3 & 0.7 um s .
By comparison with the transport of EE and SV markers, the slow transport and fast
transport were unambiguously assigned to ChsB associated with EEs and SVs,
respectively. In fungi, EEs are 4-5 times larger than SVs (Gibeaux et al. 2013; Lin
etal. 2016). Therefore, the slower transport of EEs is probably caused by the size of the
cargo. Of note, in cultured mammalian cells, the speeds of kinesin-1 and kinesin-3 are
similar, ~1-2 um s ! (Hammond et al. 2009; Tanenbaum et al. 2014). Comparative
analysis using motor protein deletion mutants allowed us to assign the fast movements
(7-10 um s~ 1) to transport of secretory vesicles by kinesin-1, and the slower ones
(2-7 pm s Hto transport by kinesin-3 on early endosomes (Zhou et al. 2018). These
results show how motor proteins ensure the supply of vesicles to the hyphal tip, where
temporally regulated exocytosis results in stepwise tip extension.



Control of Actin and Calcium for Chitin Synthase Delivery ... 121

6 Oscillation of Fungal Tip Growth

Time-lapse super-resolution PALM (photoactivation localization microscopy)
analysis revealed that membrane-associated polarity marker TeaR in A. nidulans
transiently assembles (approximately 120 nm) at the hyphal tip membrane and
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Fig. 4 Pulses of Ca®* coordinate actin assembly and exocytosis. a Fluorescence image of F-actin
and SV visualized by GFP-TpmA and mCherry-ChsB, respectively, in the growing hypha.
Kymographs of F-actin (green) and SV (red) along the growth axis in the growing hypha. Total
180 s. b Scheme of the Ca®" biosensor, R-GECO. ¢, d Fluorescence images and kymographs
along the growth axis of F-actin (GFP-TpmA) (c) or secretory vesicles (GFP-BglA) (d) and Ca%*
(R-GECO). Total 180 s. Scale bar: 2 um. (e) Scheme of oscillation in fungal tip growth
coordinated by Ca?* influx (modified Takeshita et al. 2017)
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disperses along the membrane after exocytosis, which inserts a new membrane that
results in local membrane extension (Ishitsuka et al. 2015). These findings gave rise
to a ‘transient polarity assembly model’ to explain how fungal tip cells extend
through repeated cycles of TeaR assembly/disassembly, actin polymerization, and
exocytosis, rather than by constant elongation (Ishitsuka et al. 2015; Takeshita
2016). The findings of colocalization studies further support the notion that TeaR
clusters represent zones of exocytosis and are prerequisite for apical membrane
extension. In line with this model, recent work on Neurospora crassa has identified
bursts of exocytotic events at various sites within the apical membrane rather than a
persistent exocytosis site (Riquelme et al. 2014).

F-actin and secretory vesicles (SV) were visualized by fluorescence of
GFP-tagged tropomyosin (TpmA) and mCherry-tagged ChsB, respectively
(Fig. 4a) (Takeshita et al. 2017). Prominent signals were visible at the hyphal tip,
and time-resolved recording and frame analysis by kymographs revealed that the
signal intensity oscillated. The mean interval of the intensity of F-actin peaks was
29 + 8 s, whereas the mean interval of peaks of SV was comparable to the one of
F-actin, 30 &= 7 s. The temporal relationship between the presence of F-actin and
SV was calculated as the normalized cross-correlation of their signal intensities,
revealing the central peak is 0.50, indicative of a positive correlation between the
signals of F-actin (green) and SV (red) (1 and —1 represent perfect positive and
negative correlations, respectively). There were a few second delays in the signals
of SV in comparison to the signals of F-actin, indicating that SV accumulate during
actin polymerization phases and SV are depleted due to exocytosis during actin
depolymerization.

7 Ca** Oscillation

Intracellular Ca®* levels regulate actin assembly and vesicle fusion (Janmey 1994;
Schneggenburger and Neher 2005). The red-fluorescent Ca®* biosensor R-GECO
was produced in A. nidulans (Fig. 4b) (Takeshita et al. 2017). Pulses of the
R-GECO signal were observed: The mean interval between peaks was 26 & 7 s.
The R-GECO signal appeared as a tip-high gradient and diffused backwards. Such
R-GECO pulses continued for multiple times before they disappeared (max. n = 8
in 180 s), probably due to a limited turnover of R-GECO. The fluorescence of
R-GECO could not be detected in media without CaCI2 or with 1 pM CaCl2
+ 10 mM EGTA, indicating that the increase of the intracellular Ca* level is
induced by the influx of Ca* to the cells at hyphal tips.

The signals of R-GECO and GFP-TpmA (F-actin) or BglA-GFP (cx-glycosidase,
secreted protein as a marker for SV) showed oscillation in kymographs along the
growth axis indicated temporal changes of signal intensities (Fig. 4c, d). The signal
intensities of F-actin (green) and the Ca”* concentration (red) at the tip indicated
that oscillations of peak intensities had similar periods (29 £ 8 and 26 £ 7 s,
respectively) and were synchronized. Normalized cross-correlation analysis yielded
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a positive correlation between the concentrations of F-actin (green) and Ca* (red),
with the central peak at 0.40 and indicated that the peaks of Ca®* appeared a few
seconds earlier than those of F-actin. These results are in agreement with the notion
that Ca®* influx at the growing hypha induces actin depolymerization. Hyphae
producing R-GECO and BglA-GFP (SV) also showed oscillations of the GFP
intensity at the tip and R-GECO pulses (Fig. 4d), with similar periods (30 4 7 and
26 £ 7 s, respectively), which were synchronized. Normalized cross-correlation
analysis yielded a positive correlation with a central peak value of 0.43 and a few
seconds delay of BgIA-GFP, indicating that Ca®* influx affords exocytosis medi-
ated by fusion of SV with the plasma membrane as well as actin depolymerization.

The oscillation of Ca®* levels at the hyphal tips of filamentous fungi suggested
the stepwise extension of hyphal tips (Kim et al. 2012). Indeed, critical correlations
were shown between intracellular Ca** levels, actin polymerization, exocytosis, and
cell extension at fungal tips (Takeshita et al. 2017). Thus, the pulsed Ca”* influx
coordinates the temporally controlled actin polymerization and exocytosis that drive
stepwise cell extension (Fig. 4e). Several Ca** channels, pumps, and transporters,
such as the plasma membrane, ER, Golgi, mitochondria, and vacuoles function in
fungal organelles (Zelter et al. 2004). The Ca®* channels at the plasma membrane of
Saccharomyces cerevisiae, Midl and Cchlp, share a single pathway that responds
to environmental stressors and ensures cellular Ca>* homeostasis (Iida et al. 1994,
Locke et al. 2000; Paidhungat and Garrett 1997). Deletion of the orthologs midA
and cchA from A. nidulans causes defective polarized growth and cell wall syn-
thesis (Wang et al. 2012). Proper tip growth and the oscillation of F-actin, secretory
vesicles, and growth rates require Ca®* channels (Takeshita et al. 2017). The
oscillatory model explains how transient Ca®* influx depolymerizes F-actin at the
cortex, stimulates secretory vesicles to fuse with the plasma membrane, and extends
the cell tip faster. After Ca®* diffusion, F-actin and secretory vesicles accumulate at
hyphal tips.

The key event appears to be the activation of Ca®* channels. One attractive
notion is that the Ca®* channels could be stretch-activated. Cells gradually build up
turgor pressure against the membrane and the cell wall during slow growth phases,
and Ca”* channels might be activated when membrane tension exceeds a threshold.
The entry of Ca®* into the cell promotes exocytosis and leads to cell extension,
which in turn decreases turgor pressure and inactivates the channels. Indeed, the
ortholog Midl of S. cerevisiae is stretch-activated (Kanzaki et al. 1999). The next
items to address would be missing links between turgor pressure and cell wall
extension.

8 Biological Meaning of Oscillations

Relationships between cellular responses and receptor stimuli are encoded by the
spatial and temporal dynamics of downstream signaling networks (Kholodenko
2006). Positive feedback, alone or in combination with negative feedback, can
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trigger oscillations, for example, the Ca** oscillations that arise from Ca**-induced
Ca’* release (Goldbeter 2002). The shape of oscillations is characterized by their
amplitude and phase. The frequency modulation of Ca®* oscillations provides an
efficient means to differentiate intracellular biological responses (Smedler and
Uhlen 2014).

The oscillation of cortical F-actin presumably follows that of Ca®* and correlates
with the oscillations of vesicle secretion. These coordinated steps result in growth
oscillation (Takeshita 2018). A feedback cycle might be efficient for all these steps
to continuously proceed. In addition, oscillatory cell growth allows cells to respond
more rapidly and frequently to internal and external cues such as chemical or
mechanical environmental signals. Indeed, Ca** influx by Ca** channels is involved
in the control of directional hyphal growth in C. albicans (Brand et al. 2007). The
influx of Ca®* promotes Cdc42 GTPase trafficking and amplifies Cdc42-mediated
directional growth signals (Brand et al. 2014). Stepwise growth coordinated by a
transient Ca®* influx might link growth with chemotropism and chemotaxis. Cell—
cell fusion is essential for colony development in N. crassa (Herzog et al. 2015).
Before growing partners fuse in a tip-to-tip manner, the cells coordinately switch
between two physiological stages via the oscillatory recruitment of a MAP kinase
(MAK-2) and a protein of unknown molecular function (SO) to the apical plasma
membrane of growing fusion tips (Fleissner et al. 2009; Serrano et al. 2017). The
oscillation of signaling, which is probably related to signal sending and signal
receiving, allows cells to coordinate their behavior and achieve efficient cell fusion
(Goryachev et al. 2012).

9 Conclusion and Perspective

The dynamic responses to external and internal signals are fundamental to the
increased understanding of chemotropism, cell-cell fusion, microbial interaction,
and the fungal penetration of plant and animal cells. The pulsed Ca®* influx
coordinates the temporally controlled actin polymerization and exocytosis that drive
stepwise cell extension of filamentous fungi. Besides them, to understand the
hyphal tip growth, we need to pay attention to the balance between turgor pressure
and cell wall pressure, which is regulated by cell wall synthesis, degradation, and
maturation. The filamentous fungus elongates hyphae by tip growth while forming
a cell wall comprising a complex three-dimensional structure. Understanding the
cell wall biosynthesis is very important in understanding the interaction with other
microorganisms and the infection mechanism of filamentous fungi to plants and
animals. Recent studies have identified many glycosyltransferase genes involved in
biosynthesis of constituent polysaccharides. Next open questions are the formation
mechanism of the polysaccharide structure which changes according to the envi-
ronmental changes and the cell wall formation mechanism at the time of differ-
entiation, also how all the chitin and glucan synthases and cell wall relating proteins
are trafficking coordinated in the formation of the cell wall skeletons.
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