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LSD Least significant difference
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MES 2-[N-Morpholino]ethanesulphonic acid

n Number of replicates

N.A. Not applicable

pH. Negative logarithm of the cytosolic proton concentration
pH. Negative logérithm of the extracellular proton concentration
pK, Negative logarithm of the equilibrium constant of an acid
RGD Arginine-Glycirie-Aspartic acid

sec Second

SEM Standard error of the mean

SNARF-1 5(6)-carboxyseminaphthorhodafluor-1

uv Ultraviolet

wiv Weight per volume

viv Volume per volume
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ABSTRACT

The role of external signals (particularly the substratum surface, light and nutrients)
in regulating the pre-penetration phase of Magnaporthe grisea (Herbert) Barr [anamorph,
Pyricularia grisea Sacc] was analysed on rice leaves, artificial substrata and in liquid
suspension. Surface contact was found to be essential for appressorium induction but not
conidium germination. Both a high surface hydrophobicity and light favoured the formation
of short differentiated germ tubes and large numbers of appressoria, but neither factor was
essential for their induction. Light intensity had a graded effect on the lengths of
differentiated germ tubes but not on the number of appressoria formed. No single sugar or
nitrogen source was found to have a marked influence on appressorium formation.
However, a high concentration of a complete nutrient source prevented differentiation in the
dark but not in the light. Higher numbers of appressoria differentiated on rice leaves than on
artificial substrata suggesting that the host provides additional factors, and thus a more
conducive environment, for promoting appressorium formation. Overall, the results
indicated that the pre-penetration phase of rice blast infection involves a programme of
growth and differentiation triggered at conidium germination and regulated by multiple

signals from the host and environment.

The role of cytosolic pH (pH,) in growing germ tubes during conidium germination,
germ tube growth and appressorium formation was analysed by confocal ratio imaging of
the pH-sensitive fluorescent dye 5(6)-carboxyseminaphthorhodafluor-1 (SNARF-1). The
cytosol of these cells was successfully loaded with the AM-ester of the dye and pH
visualised and quantified in living ceﬁs by simultaneous, dual emission confocal ratio
imaging. In vitro calibrations of the free acid and in vivo calibrations pré)duced similar
results in the pH 6.0-8.0 range. The pH, in growing germ tubes was consistently pH 7.2 £+
0.1 during all developmental stages analysed. Only slight changes in pH, (< 0.1 pH unit)
were found in response to alkaline external pH (pH 8.0). No changes in pH, occurred in
response to an acidic extracellular pH (pH 6.0) or to the presence of nutrients. Neither
pronounced gradients nor changes in pH. in growing germ tubes accompanying conidium

germination, germ tube growth or appressorium formation, were observed.
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1. INTRODUCTION

Rice blast is the most destructive fungal disease of rice worldwide. The causative
organism, Magnaporthé grisea, has been the subject of intensive study for more than a
century. However, rice blast infection can still only be controlled rather than prevented.
Fungal pathogens are particularly susceptible to anti-microbial agents during their pre-
penetration phase of infection. Targeting novel anti-microbial compounds at M. grisea
should thus be facilitated by a detailed understanding of the growth and developmental
processes involved during this critical phase of infection. In M. grisea, this pre-penetration
phase involves conidium attachment, conidium germination, germ tube growth, and the
differentiation of an appressorium from which the host surface can be breached. Although
the morphological events which take place during the pre-penetration phase of M. grisea
have been well described (Howard, 1994), the role of environmental factors in regulating
this process has been little studied (Uchiyama & Okuyama, 1990; Lee & Dean, 1993; Xiao
et al., 1994a). In particular, the significance of light, nutrients, temperature and pH as
external signals during the pre-penetration phase of M. grisea has been poorly investigated.
In the present study, the influence of these factors on conidium germination, germ tube
growth and appressorium formation has been analysed in detail, both in vitro and in vivo.

The primary focus of the first part of the study was to determine whether single or multiple

signals are important in regulating different events during the pre-penetration phase.

Temporal and spatial changes in cytosolic pH (pH.) have been implicated in cell
signalling, polarised cell growth and cell differentiation in a range of plant and fungal cells
(see Heath, 1990; Gadd, 1995; Gow 1995a,b). Critical to a rigorous analysis of the role of
pH, in fungal morphogenesis is the ability to measure pH, within living cells. Most of the
established techniques used to measure pH, have limited spatial resolution and are therefore
unsuitable for studies requiring an understanding of the significance of pH, at the cellular
level. Fluorescence microscopy provides an experimental tool with high spatial and
temporal resolution for the analysis of pH.. Recently, this technique has provided evidence
for the existence of pronounced gradients in pH, in tip growing cells (Roncal et al., 1993;
Gibbon & Kropf, 1994). The second part of this study aimed to assess the suitability of
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confocal ratio imaging of the pH-sensitive fluorescence  dye  5(6)-
carboxyseminaphthorhodafluor-1 (SNARF-1) as a tool to image and quantify pH. during
fungal growth and morphogenesis. The method was then to be used to analyse the pH. in
growing and differentiating germ tubes of M. grisea in vitro.
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2. REVIEW OF THE LITERATURE

2.1 GENERAL INTRODUCTION TO RICE BLAST

Rice blast is the most severe disease of rice (Oryza sativa) plants and is caused by
the heterothallic, filamentous ascomycete Magnaporthe grisea (Herbert) Barr [anamorph,
Pyricularia grisea Sacc.], formerly called Pyricularia oryzae Cavara (Rossman et al.,
1990). Yield loss from light infections can be > 5%, whilst epidemics cause much greater
losses (Ou, 1980). Rice blast occurs in all of the major rice growing regions of the world.
The high levels of virulence from polymorphism in pathogen populations usually allow the
fungus to overcome the resistance of new rice cultivars within 2-4 years (Leung & Taga,
1988). Hundreds of races are distinguished among rice infecting strains according to their
ability to infect particular cultivars of rice (Crawford ef al., 1986). Besides rice, M. grisea
also infects > 50 different species of the Gramineae, including rye (Secale cereale) and

wheat (Triticum aestivium) (Ou, 1985; Moss & Trevathan, 1987; Valent, 1990).

M. grisea attacks all aerial parts of the rice plant. Leaf spots are the most
conspicuous symptoms. The initial stages of infection by M. grisea usually require wind
dispersal of asexual conidia which each contain three cells. Attachment involves the
immediate and persistent adhesion of a conidium to the rice leaf by means of a glue (the

spore tip mucilage) released from the spore apex (Hamer ef al., 1988).

Germination can occur from one or more of the conidial cells and each germ tube
has the potential to differentiate a single, terminal pigmented appressorium. The
appressorium acts as a holdfast to allow the penetration peg to pierce the host surface and
invade the plant. Once within the epidermis, the infection peg develops into larger infection
hyphae which, in compatible reactions, colonise the rest of the host tissue (Peng &

Shishiyama, 1988; Bourett & Howard, 1990; Howard et al., 1991a; Howard, 1994) (Fig. 1).
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Appressorium Germ tube
Penetration peg ————— ~ Spore tip mucilage
Infection hypha Conidium
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Cuticle Epidermal cell

Fig. 1. Early infection structures of M. grisea on a rice leaf.

Conidia are produced in lesions on the rice plant about 6 days after inoculation and
are released in high humidity (Ou, 1985). M. grisea is a hemibiotrophic pathogen, meaning
that it is initially biotrophic, obtaining its nutrients from living host cells, and then becomes
necrotrophic when it obtains its nutrients from killed host cells (Luttrell, 1974). The lesions
caused by rice blast infection and the necrotic reactions of the rice host often destroy enough

photosynthetically active tissue to eventually cause the death of the whole plant.

Under natural conditions, only the asexual life cycle described above has been
found. The sexual cycle of M grisea can be readily induced under laboratory conditions,
and the degree of fertility is highly dependent on host origin with isolates from non-rice
hosts such as finger millet (Eleucine coracana), goosegrass (E. indica) and weeping
lovegrass (Eragrostis curvula) being more fertile than isolates from rice hosts (Leung &
Taga, 1988).

M grisea offers an excellent experimental system in which to address many of the
most significant questions in plant pathology (Valent, 1990). In recent years, studies of the
cell biology and molecular genetics of this fungus have permitted a number of critical
elements of host-pathogen interactions to be analysed (Valent, 1990; Valent & Chumley,

1991). One important aspect studied has been the pre-penetration phase of infection.
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2.2 PRE-PENETRATION PHASE OF INFECTION BY THE RICE BLAST FUNGUS

The pre-penetration phase of M. grisea has been studied in vivo on the rice leaf
(Peng & Shishiyama, 1988) and in vitro on different substrata (see section 2.3). The time

course of events occurring during the pre-penetration phase in vitro is shown in Table 1.

Table 1. Sequence of events during the pre-penetration phase of M. grisea grown on

Cellophane (adapted from Bourett & Howard, 1990)

Time after inoculation (h) Event

0.2-15 Gemination of conidia.
Gemm tube elongation.
1.6-4.0 Cessation of germ tube elongation.
Hook formation/apical expansion of germ tube.
Mitosis of nucleus in germinated conidium cell.
One daughter nucleus migrates into incipient
appressorium.
Formation of a septum at base of incipient appressorium.
Membrane cisternae and vesicles abundant.
Cell wall on underside of appressorium thins.
Formation of new outer wall layer over appressorium.
4.1-12.0 : Melanisation of appressorium begins.
Membrane cisternae and vesicles absent.
Formation of appressorium pore.
12.1-24.0 Accumulation of granular substance (possibly an
adhesiye) at appressorium-substratum interface.
Glycogen rosettes abundant in appressorium..
Development of pore ring.
24.1-31.0 Formation of pore wall overlay.
Glycogen rosettes disappear.
Penetration peg emerges.

31.1-70.0 Formation of infection hyphae.
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Conidia of M grisea are usually pyriform and hyaline to pale olive in colour.
During maturation, the apical cell of the conidium releases spore tip mucilage into a
periplasmic compartment at the conidium apex (Hamer et al., 1988). This material serves to
attach the conidium to virtually any surface, even under water. Spore tip mucilage binds the
plant lectin concanavalin A, indicating that it contains glucose and/or mannose residues

(Hamer et al., 1988; Bourett ef al, 1993).

Conidia begin to germinate typically within 3 h of attachment to the rice leaf
surface. Germination of the conidium can occur from any of its three cells and usually
produces 1-3 germ tubes. The 2 pm wide germ tube grows to a variable length until the tip
begins to swell and forms a hook. An appressorium is formed from the swelling 3 h after
germination (Peng & Shishiyama, 1988). In germlings grown on Cellophane, it has been
shown that the nucleus of the germinated conidium cell divides and one daughter nucleus
remains in the conidium cell whilst the other migrates into the incipient appressorium
(Bourett & Howard, 1990). The germ tubes and appressoria of M grisea secrete an
adhesive material which mediates firm contact with the substratum (Hamer et al., 1988).
The appressorium is even more tenaciously adherent to the host surface than are conidia and,
when mature, generates a hydrostatic pressure (> 80 bar) of unprecedented magnitude in
living eukaryotic cells. The appressoria appear darkly pigmented due to a discrete cell wall
layer of melanin (Howard & Ferrari, 1989). It has been suggested that the melanin layer
blocks. the efflux of some glycogen metabolites and thus creétes an osmotic potential inside
the appressorium which causes the influx of water and build up of the large turgor pressure.
This pressure provides a mechanical force which seems to be the primary mechanism by
which an emergent penetration peg pushes through the rice leaf cuticle. However, the
involvement of enzymatic processes cannot be excluded and in vivo this may enhance the

penetration process (Howard & Ferrari, ‘1989; Howard ef al., 1991a; Howard, 1994).

During most of the period of appressorium development, the underside of the
appressorium possesses a wall-less region (the appressorium pore, Howard & Ferrari, 1989).
To seal this pore against pressure leakage, a strong glue and an O-ring of unknown
constitution are built (Howard et al., 1991a; Bourett & Howard, 1992). Shortly before

substratum penetration, the appressorium pore becomes blanketed by the deposition of new
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cell wall material, the pore wall overlay. A penetration peg (< 1um in width) grows through
the overlay and is surrounded by a cell wall, continuous with the overlay (Bourett &
Howard, 1992) (Fig. 2). The cytoplasm of the penetration peg, as well as adjacent
cytoplasm in the appressorium, contains few. organelles but numerous actin filaments have
been immunolocalised in this region (Bourett & Howard, 1992). Once within a host
epidermal cell, the penetration peg differentiates into wider infection hyphae (2 pm in
width).

Cell wall

Melanin

Glycogen ?

Plasma membrane ‘ & ' l
Glucose ?

Pore wall
overlay

Penetration peg

O-Ring

Fig. 2. Schematic representation of an appressorium of M. grisea (adapted from Howard et al.,
1991a).
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The pre-penetration events of M. grisea described above usually occur during the
31 h following conidium attachment (Table 1). During this short period the growth pattern
of the pathogen changes repeatedly. Polarised germination of a conidium cell and polarised
germ tube elongation are followed by unpolarised expansion of an appressorium. After
appressorium maturation, a thin penetration peg again exhibits polarised growth and
subsequently differentiates into wider polarised infection hyphae. This sequence of
switching between polarised and non-polarised growth is typical of all appressorium-

forming fungi regardless of their mode of penetration.

Direct penetration through the cuticle, as exhibited by M grisea, is the most
common strategy for appressorium-forming fungi breaching the host surface. In this respect,
M. grisea shares features in common with other important pathogens including
Colletotrichum (Bailey et al., 1992) and Erysiphe (Mount & Slesinski, 1971). Direct
penetration into the host epidermis as an invasion strategy contrasts with the method used by
rust fungi. The uredospore germlings of these fungi differentiate appressoria over stomata
through which they invade the host tissue (Hoch & Staples, 1991; Read ef al., 1992a).

2.3 EXTERNAL SIGNALS INFLUENCING EARLY INFECTION PROCESSES OF FUNGAL PLANT
PATHOGENS

The period between spore release and successful invasion of host tissue is the most
critical phase in the life cycle of a pathogenic fungus. The pathogen not only lives on
limited endogenous nutrients but is aléo exposed to a hostile environment. Therefore the
pathogen relies on strategies to respond actively to external signals to facilitate swift and
successful invasion of the host. The importance of extemal factors in regulating the early
development of plant pathogenic fungi has been well documented. However, most studies
have focused on rust fungi (Emmett & Parbery, 1975; Lucas & Knights, 1987; Hoch &
Staples, 1991; Read et al., 1992a). For direct-penetrating fungi, similar work has mainly
concentrated on Colletotrichum species (Bailey ef al., 1992). Table 2 summarises key

studies on the responses of plant pathogenic fungi to external signals.



Table 2. Studies on the responses of plant pathogenic fungi to external signals

Signal Specific treatment Response Species Reference
Temperature Tncrease from 20°C  to | Infection structure formation Numerous rust species Read et al., 1992a
30°C (heat shock)
Interaction between Infection structure formation Puccinia graminis Emge, 1958
temperature and light
Light High intensity Inhibition of germination P. graminis Dillon-Weston, 1931; Sharp et al.,
1958, Knights & Lucas, 1980
Hemileia vastatrix Nutman & Roberts, 1963;
High intensity Reduced germination; increased appressorium Colletotrichum falcatum Singh, 1973
formation
Low intensity Stimulation of infection structure formation Colletotrichum gloeosporioides Purkayastha & Gupta, 1973
Unidirectional light - - | Germ tube phototropism Numerous rust species Chang & Calpouzos, 1973
Sunlight Stimulation of germination and development Powdery mildews Yarwood, 1932; Sharp et al., 1958
Water Water gradients Hydrotropism of germ tube growth Cercospora beticola; Rathaiah, 1977,
] Dothistroma pini Peterson & Walla, 1978
Free water Germination Magnaporthe grisea Ou, 1985
High humidity Infection M. grisea Ou, 1985
Nutrients Sucrose, glucose, complete Infection structure formation Numerous rust species Kaminskyj & Day, 1984
media
Glucose and amino acids Stimulation of infection structure formation Colletotrichum gloeosporioides Purkayastha & Gupta, 1973
Amino acids Germination Pythium aphanidermatum Donaldson & Deacon, 1992
Long chain fatty acids Germination and infection structure formation Colletotrichum gloeosporioides Podila et al., 1993
Complete media Inhibition of infection structure formation Colletotrichum lindemuthianum Mercer et al., 1971
Chemicals Acrolein Infection structure formation P. graminis Allen & Dunkel, 1970, Macko et
al., 1978 .
Pelargonaldehyde' Germination P. graminis French & Weintraub, 1957
Hexenol - Infection structure formation P. graminis Grambow, 1977
Ethylene Germination and infection structure formation Colletotrichum musae; Flaishman & Kolattukudy, 1994
Colletotrichum gloeosporioides

- continued -
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Table 2 continued

Signal Specific treatment Response Species Reference
Tons Potassium Infection structure formation Uromyces phaseoli Staples et al., 1983
(=U. appendiculatus)
Iron Germination and infection structure formation Colletotrichum musae Swinburne, 1986
pH Gradients pH-taxis Phytophthora palmivora Cameron & Carlile, 1980
Gradients pH-tropism Uromyces viciae-fabae Fdwards & Bowling, 1986;
) Uromyces appendiculatus Stumpf et al., 1991
Substratum Topography Directional germ tube growth Numerous rust species Hoch & Staples, 1991, Read et al.,
- 1992a
Topography Appressorium formation Numerous rust species Hoch & Staples, 1991, Read et al,
1992a :
Hardness Appressorium formation Uromyces ssp. Freytag et al., 1988
Appressorium formation M. grisea Xiao et al., 1994a
Hydrophobicity Appressorium formation M. grisea Uchiyama & Okuyama, 1990

31M)CI9)T] oY) JO MI1AdY ¢
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The differentiation of appressoria in rust fungi has been shown to be primarily the
response to a single external signal provided by topographical features of the host surface
(Hoch et al, 1987). In direct-penetrating fungi, Emmett & Parbery (1975) proposed that
multiple environmental signals provide a conducive environment which allows the
systematic execution of a pre-programmed sequence of events terminating in appressorium

formation and subsequent penetration.

In M. grisea, most attention has focused on the influence of temperature and
humidity during the pre-penetration phase. The optimal temperature for conidium
germination was found to be 26-28°C (Ou, 1985). Free water is required for germination
and high relative humidity near saturation is necessary for infection (Ou, 1985). The roles
" of other factors, such as light, substratum and nutrients, have not been rigorously analysed
during the pre-penetration phase. It is well established that successful infection of rice
plants can take place in either the light or the dark (Ou, 1985). But it also has been reported
that germ tube elongation is inhibited by light (Abe, 193 1). Furthermore, appressoria have
been shown to differentiate on a wide range of artificial substrata with marked differences in
their hydrophobicity, hardness and other surface properties. Appressoria have thus been
induced to form on Cellophane (Hashioka, 1972; Araki & Miyagi, 1977, Uchiyama et al.,
1979; Hirooka et al., 1982; Bourett & Howard, 1990; Xiao et al., 1994a), Teflon
(polytetrafluoroethylene) and polyethylene (Howard et al., 1991b; Xiao ef al., 1994a), on
Mylar (polyester), Lucite (polymethylmathacrylate), Surylan (polyethylenmethacrylic acid),
Kevlar (p-phenyleneterephtalamide) (Howard et al., 1991b), on polycarbonate, Parafilm,
polypropylene, alkylbenzenestyrene and Nylon (Xiao et al., 1994a), and on wax paper,
polystyrene and gel bond (Lee & D'ean, 1993). There is an interesting discrepancy in the
literature regarding appressorium formation on glass. In several studies it has been shown
that appressoria of M. grisea can de{ielop on this substratum (Uchiyama et al., 1979,
Yaegashi et al., 1987; Uchiyama & Okuyama, 1990; Xiao ef al,, 19942;) whilst other
workers have reported that they do not (Hamer et al., 1988, 1989; Howard et al., 1991b; Lee

& Dean, 1993). The reason for this inconsistency is not clear.

11
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The availability of exogenous nutrients has been reported to cause a deviation from
the normal germination pattern of M. grisea in which only one germ tube typically emerges
from either the apical or the basal cell of the conidium (Howard, 1994). An acceleration of
conidium germination can be stimulated by guttation fluid from rice leaves (Weintraub et
al., 1958). Fatty alcohols promote appressorium formation by M. grisea on Cellophane and
glass (Uchiyama & Okuyama, 1990). Glucose has been shown to have no influence on
appressorium formation (Lee & Dean, 1993). Cyclic AMP, which is elevated in response to
starvation in some eukaryotes (e.g. in Dictyostelium, Gerisch, 1987), also seems to be

involved in appressorium induction in M grisea (Lee & Dean, 1993).

2.4 INTRACELLULAR SIGNALLING DURING THE PRE-PENETRATION PHASE OF FUNGAL

PLANT PATHOGENS

There is growing evidence for a multiplicity of signal transduction components and
processes operating during the pre-penetration phase of plant pathogens. It has been shown
that several components of well-defined signal-transduction pathways in animal and plant
cells (Trewavas & Gilroy, 1991; Alberts et al., 1994) can induce infection structure
differentiation in rust fungi when added extemally. These components include adenosine-
3’ 5'-cyclic monophosphate (cAMP), guanosine-3',5’-cyclic monophosphate  (cGMP),
guanosine-5'-triphosphate (GTP), calcium ions (Ca”™), and diacyglycerol (reviewed by Read
et al., 1992a). '

The addition of cAMP, cCAMP analogues or inhibitors of phosphodiesterase, which
naturally hydrolyses cAMP, has been shown to induce appressorium formation in M. grisea
(Lee & Dean, 1993), and septum formation and mitosis in germ tubes of Uromyces phaseoli
(= U. appendiculatus) (Hoch & Staples, 1984; Epstein et al., 1989). An elevation of the
intracellular cCAMP concentration has also been observed during the dimorphic transition
from yeast-like to hyphal growth which occurs during infection by the Dutch elm disease
fungus, Ophiostoma ulmi (= Ceratocystis ulmi) (Brunton & Gadd, 1989).

12
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Although the external addition of Ca?" did not induce appressorium formation on
non-inductive surfaces in M. grisea (Lee & Dean, 1993), there is indirect evidence for ca*
having a signalling role during the early infection phase of other plant pathogenic fungi.
Calmodulin, a Ca*'-binding protein and activator of Ca®'-dependent cyclic nucleotide
phosphodiesterase, has been isolated from uredospores of U. appendiculatus (Laccetti ef al.,
1987). Furthermore it has been shown that calmodulin functioning is important in spore
germmanon, regulation of the cell cycle and dimorphism in O. wulmi (Muthukumar &
Nickerson, 1984; Muthukumar et al, 1985).

Preliminary evidence suggests that phosphatidylinositol signalling may play a role
during the early infection phases of plant pathogenic fungi. In O. ulmi this evidence comes
from inhibitor studies on dimorphism (Brunton & Gadd, 1991). All important components
and intermediates of the phosphatidylinositol signal system have been identified in

Fusarium graminearum (Prior et al., 1993)

The high concentration of microtubules and actin microfilaments next to the plasma
membrane at the fungus-substratum interface, and their reorganisation during appressorium
differentiation in rust fungi, suggests a role for the cytoskeleton during contact sensing of
these fungi (Staples & Hoch, 1988; Kwon et al., 1991)

Although the importance of pH, in regulating various cell activities in animal and
plant cells is well established (Madshus, 1988; Guem et al,, 1991), its role in regulating
different growth and differentiation processes during the pre-penetration phase of plant
pathogenic fungi is little understood.
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2.5 CyTosoLIC PH.
2.5.1 Importance of cytosolic pH

The cytosolic concentration of free protons (pH.) is a crucial factor in co-ordinating
the activities of enzyme-catalysed pathways, membrane transport, protein folding, second
messengers and other regulators (e.g. hormones). Furthermore, protons act as both

substrates and products in many metabolic reactions (Guem et al., 1991).

The importance of pH, in influencing cellular activities and the fact that water in the
aqueous, intracellular milieu spontaneously ionises, make it essential for a cell to regulate its
cytosolic H* concentration. The regulation of pH, involves a balance between intracellular

H' production, H' consumption by metabolic processes, and H' transfer across membranes.

2.5.2 Regulation of cytosolic pH

Two major ways of regulating cytosolic H' concentration are known: the
biochemical (internal production or consumption of protons) and the biophysical (net flux of

H'* or OH across membranes) mechanisms.

The internal production or consumption of protons is directly linked to the
concentration of organic acids in tthe cell. In plant cells malic acid concentration in
particular has been shown to respond to artificial changes in pH,. It has therefore been
suggested that malic acid has a key role in regulating pH, (Marre, 1979, Maxhieu et al.,
1986). Further evidence for malic acid being involved in the control of pﬁc comes from
studies which show a strong pH dependence of key enzymes responsible for the production
of malic acid (phosphoenolpyruvate carboxylase and phosphofructokinase) (Trivedi &
Danforth, 1966; Davies, 1986).
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The net flux of H or OH across membranes is mainly achieved by H' pumps.
Proton pumps are likely to have a key role in the control of pH, (Guem et al., 1991).
However, pH, cannot be simply regulated by H'-pumping alone (Kurkdjian & Guem, 1989).
Transmembrane H' fluxes driven by primary H' pumps, such as H'-ATPases, have to be
associated with fluxes of cations in the opposite direction or of anions in the same direction.
Lack of coupling H' fluxes with the fluxes of other ions would produce extensive changes in
the membrane potential which, in many cases, would be incompatible with the physiology

of the cell (Mellman et al., 1986).

Proton pumps, driven by ATP-hydrolysis, are present in animal and plant cells
(Madshus, 1988; Guem et al., 1991) and H'-ATPases have been clearly identified and
characterised in Neurospora crassa (Scarborough, 1980; Slayman, 1987) and yeasts (Dufour
et al., 1982). Plasma membrane H'-ATPases are considered to play a major role in
regulating pH, (Sze, 1984) although the regulation does not depend on the action of the
pump per se (Sanders & Slayman, 1982). Studies on fungal and plant cells indicated that
firstly, a deactivation of the H' pump does not alter significantly the pHc and, secondly, that
an artificial acidification of the cytoplasm can be corrected, even with deactivated proton-
ATPase. These results suggest that the H'-ATPase is only one element of the complex
system involved in pH, homeostasis (Sanders & Slayman, 1982; Mathieu et al., 1986;
Frachisse ef al., 1988). A recent development to elucidate the role of the plasma membrane
H'-ATPase in the regulation of pH, has involved the use of yeast mutants with impaired H'-
ATPase activity. Expression of the mutant phenotype led to an acidification of the cytosol
which was correlated with a reduced growth rate (Portillo & Serrano, 1989).

A further H'-ATPase is located in the vacuolar mcmbréne of plant cells and has also
been reported in the same location in N. crassa and yeast (Bowman et al., 1992; Stevens,
1992). The low sensitivity of this H'-ATPase to pH. changes suggests that the protein is
primarily involved in solute accumulation in the vacuole through the pH gradient and
electrical potential differences it generates across the vacuolar membrane (Guem et al,
1991). In addition to this H'-ATPase, the vacuolar membrane of higher plants also contains
a H'-pumping pyrophosphatase, the existence of which is still uncertain in fungi (Garill,
1995).
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Several other ion-coupled H' transport systems across the plasma membrane are
known (Fig. 3). Whereas the Na'/H' antiport is considered to have a major function in
regulating pH, in animal cells (Madshus, 1988), its function in plant cells is less clear
(Guem ef al., 1991). The exchange of H' against K* is more likely to be involved in the
regulation of pH, in plant cells than a Na'/H" antiport system (Felle, 1989). However, in
higher plants and fungi the relationships between H' and K’ transport at the plasma
' membrane appear rather complex since various different transport systems, namely K"
channels, K'/H -symport and antiport, are involved (Gustin ef al., 1986, Rodriguez-Navarro
et al., 1986; Hedrich & Schroeder, 1989; Bertl & Slayman, 1992). In animal cells, the role
of CI' and HCO™ exchanges in regulating pH, is well established (Madshus, 1988). CI" uptake
has been shown in Chlorella and Chara (Doblinger & Tromballa, 1982; Sanders et al.,
1985) and HCO' exchange has been demonstrated in Acer pseudoplatanus and rose cells
(Murphy et al., 1983; Mathieu et al., 1986) and thus could be part of the processes involved
in the control of pH, in fungal cells.

Transport of a wide range of solutes across the plasma membrane in plant cells is
energised via the coupling of the electrochemical gradient of protons built up and
maintained by the H'-ATPase (Reid & Walker, 1984; Felle & Johannes, 1990; Bush, 1993).
The symport with protons seems in fact to be the predominant mechanism for accumulative
uptake of most nutrients, iﬁcluding sugars, amino acids, inorganic ions and nucleotide
precursors, in plants and fungi (Slayman et al., 1994). Several of the genes involved in this
proton-coupled symport have been cloned and sequenced (Quagliariello & Palmieri, 1992;
Reuss et al., 1993). In N. crassa detailed functional studies of these transport systems have
been performed by measuring currents associated with the nutrient fluxes (Hansen &

Slayman, 1978; Sanders et al., 1983; Rodriguez-Navarro ef al., 1986).
- Mechanosensitive ion channels which are permeable to cations have been identified

in the plasma membrane of several fungi. The influence of these channels on the pH, has so

far not been addressed in any detail.
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Fig. 3. Representation of H'-coupled transport processes identified in the fungal plasma
membrane and vacuolar membrane (adapted from Garrill, 1995). '

1) Plasma membrane H'-ATPase (Neurospora crassa, reviewed in Slayman, 1987;
Saccharomyces cerevisiae, Serrano et al., 1986; Schizosaccharomyces pombe,
Ghislain et al., 1987; Candida albicans, Monk et al., 1991)

2) Vacuolar H*-ATPase (N. crassa, Bowman & Bowman, 1986)

3) H'/Nitrate symporter (C. utilis, Eddy & Hopkins, 1985)

4) High affinity ammonium transporter (S. cerevisiae, Dubois & Grenson, 1979)

5) H'/Phosphate symporter (N. crassa, Lowendorf et al., 1975)

6) H'/Sulphate symporter (N. crassa, Marzluf, 1970)

7) H'/ Potassium symporter (N. crassa, Rodriguez-Navarro et al., 1986)

8) H'/amino acid symporter ( N. crassa, Penicillium chrysogenum and others, reviewed by
Horak, 1986)

9) H'/sugar symporter (N. crassa, Slayman & Slayman, 1975)

10) H'/cation antiporter (S. cerevisiae, Gadd, 1993)

11) H'/amino acid antiporter (S. cerevisiae, Sato et al., 1984)

12) Cation selective stretch-activated channels (S. pombe, Zhou & Kung, 1992; Uromyces

appendiculatus, Zhou et al., 1991; Saprolegnia ferax, Garrill et al., 1992, 1993)
13) Unselective stretch-activated channels (S. cerevisiae, Gustin et al., 1988)
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The cytosolic buffer capacity (B;c) has been estimated in numerous plant and fungal
cells (reviewed in Guem et al., 1991). In general B; was found to be between 20 and
100pEq H+-ml'l-pH unit. However, the importance of B;. for the regulation of pH. is not
well understood. Whereas Guem et al. (1991) discussed a role of B especially in the
regulation of sudden shifts in pH,, Sanders & Slayman (1982) found no significant role for
B in the regulation of pH, in hyphae of Neurospora crassa, other than very small shifts in
pH..

2.5.3 Methods for cytosolic pH measurement

Various methods are available for direct measurements of pH.. The most widely

used of these techniques are summarised in Table 3.

In addition to these direct methods to quantify pH,, indirect information on pH, can
be obtained from:

a) membrane potential measurements using microelectrodes (e.g. Slayman, 1965a,b;
Slayman & Slayman, 1974);

b) measurements of extracellular pH (pH,) with a pH-sensitive microelectrode close
to the cell surface (e.g. Gow ef al., 1984; Takeuchi ef al., 1988),

¢) measurements of electrical fields around cells using a vibrating microprobe
(e.g. Gow et al., 1984; Kropf et al., 1984) and

d) perturbation of component‘s of the pH, regulatory system (e.g. H'-ATPase) using
inhibitors (e.g. Stewart et al., 1988) or mutants (Portillo & Serrano, 1989).
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Table 3. Direct methods for measurements of cytosolic pH

Method Principle Advantages Disadvantages References
3p Nuclear Magnetic Detection of the transition between energy | Non-invasive. Low temporal resolution. Gillies et al., 1981
Resonance (NMR) levels associated with the nuclear magnetic Non-linear sensitivity. Cassone et al., 1983
Spectroscopy moment of the *'P atom. The characteristics Unsuitable for single-cell Stewart et al., 1988
of these transitions depend on the molecular measurement.
environment, including pH. Measurements made under non-
physiological conditions.
Microelectrodes A sensor resin in the electrode acts as a H' | High temporal resolution Invasive technique. Sanders & Slayman, 1982
selective membrane causing the build up of | (msec). Measurement limited to small | .
an H' diffusion potential which, in | Suitable for single-cell area at the site of microelectrode
conjunction with a reference electrode, | measurements. impalement.
allows pH measurements. Continuous recording
possible.
Membrane potential
simultaneously
measured.
Dyes Fluorescence of the dye is pH-dependent and | High temporal resolution Invasive technique. Davies et al., 1990
is measured in a fluorometer or with a | (msec). Dye sequestration within Haworth & Fliegel, 1993
fluorescence microscope High spatial resolution. organelles common. Roncal et al., 1993
Suitable for single-cell Slayman et al., 1994
measurements.
Weak acids/bases The uncharged form of a radioactively | Technically simple. Low temporal resolution. Stewart et al., 1989

labelled or fluorescent weak acid/base is
membrane permeable. The distribution of
the dissociated form is directly dependent on
the cytosolic pH, extracellular pH and the
dissociation constant of the probe. The
distribution of the dissociated probe can then
be measured in a scintillation counter or
fluorometer

Invasive technique.

Unsuitable for single-cell
measurement.

Metabolism or binding of the
probe to cellular constituents.

Dissociated probe form can
sometimes diffuse across the
plasma membrane.

Gresik et al., 1991
Kaur & Mishra, 1994
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2.5.4 Role of cytosolic pH in fungal morphogenesis

In section 2.2 it was indicated that cellular morphogenesis during the pre-penetration
phase of a fungal pathogen involves switches between polarised and non-polarised growth.
Evidence from several systems indicates that pH. plays a role in both growth patterns.

In Candida albicans cytoplasmic alkalinisation accompanies germ tube formation
from yeast cells (Kaur et al, 1988, Stewart et al., 1988). Inhibition of the plasma
membrane H'-ATPase inhibited both the dimorphic switch and cytoplasmic alkalinisation
(Stewart et al., 1988). However, studies on the regulation of the H'-ATPase questioned the
role of changes of the cytosolic H' concentration as the primary determinant in the

morphogenesis of this fungus (Monk et al., 1993).

Indirect evidence for the involvement of pH, in fungal morphogenesis was obtained
from studies on the electrical fields associated with developing cells, and especially from tip
growing cells around which these electrical fields were found to be very prominent
(reviewed by Gow, 1989). Fungal hyphae, as well as fertilised zygotes of the brown algae
Pelvetia, pollen tubes of Lilium, and internode cells of the characean algae, were used to
study transcellular currents in detail. In most of these organisms, positive charge entered
cells at their apices. The transcellular currents were suggested to influence cell activity by
processes such as those involving electrophoresis of vesicles and/or membrane proteins, by
gating of voltage sensitive ion channels, or by influencing polymerisation and
depolymerisation of the cytoskeleton. Later results contested the hypothesis that ionic
gradients play a significant role in controlling polarity (Gow, 1989; Harold & Caldwell,
1990). In Achlya bisexualis and N. crassa, transiently reversed currents were found in
growing hyphae (Kropf et al., 1983; McGillviray & Gow, 1987), and ‘in hyphae of
Allomyces macrogynus the inward current revealed sites of H'-driven nutrient transport (De
Silva et al., 1992). In addition, the current in 4llomyces macrogynus was always found to
be directed outwards even when hyphae exhibited ‘reverse growth’ (Youatt ef al., 1988).
The latter is an active growth process in which the hypha first widens at its apex then widens

backwards towards its base.
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A gradient of protons in growing hyphae of N. crassa was postulated by Slayman,
(1965a,b) and Slayman & Slayman (1974) on the basis of membrane potential
measurements. This gradient is thought to be established by an exclusion of proton
pumping ATPase activity from the apical plasma membrane so that protons are pumped out
subapically from the hypha and are replenished by protons that flow into the hyphal apex,
probably in conjunction with other ions and/or nutrients (Slayman, 1987). This hypothesis

is supported by the following evidence from numerous systems:

a) Measurements of electrical fields around hyphae in experiments, in which
different ions were substituted in the surrounding medium, established firstly, that protons
were the main ions carrying the electrical current in hyphae and secondly, that the current

usually entered the tips of growing hyphae and exited subapically (Gow, 1989).

b) Analysis of pH., using pH-sensitive microelectrodes, showed that there was a
depletion of protons around the tips of growing hyphae of Achlya bisexualis (Gow, 1984)
and N. crassa (Takeuchi et al., 1983).

¢) Measurements of pH, using non-fluorescent and fluorescent pH indicator dyes
(Turian ef al., 1985; McGillviray & Gow, 1987; Roncal et al., 1993) suggested that a
cytoplasmic acidification takes place in hyphal apices. However, these measurements
cannot be regarded as conclusive because they are very prone to artefacts (see section 5.1).
More reliable data have been obtained from the combined use of fluorescent dyes (SNARF-1
imaged by confocal microscopy) and pH-sensitive microelectrodes to measure pH. in
thizoids of the marine algae Pelvetia (Gibbon & Kropf, 1994). This study reported the
presence of a gradient in pH,, with a ApH of 0.5 pH units, over the first 50 pm of growing
thizoids. Although, as indicated, there is preliminary evidence for pH gradients occurring in

growing fungal hyphae, convincing direct evidence of their existence is still lacking.
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3. MATERIALS AND METHODS

3.1 QUANTITATIVE ANALYSIS OF THE EFFECTS OF EXTERNAL SIGNALS
3.1.1 Organism and growth conditions

M. grisea, strain 0-42 (kindly supplied by Dr. Barbara Valent, Du Pont Co.,,
Wilmington, Del., USA) was bulked up and stored as described by Valent ez al. (1991). For
experimentation, oatmeal agar plates (1.5% agar containing 50 g per litre of Scotch porridge
oat flakes) were inoculated with small pieces of filter paper bearing the fungus (Valent ez
al., 1991) and incubated at 25°C for 18-24 days under continuous fluorescent light at 45
pmol photons-m'?'-s‘l in a cooled incubator. Conidia were isolated from 14- to 24-day-old
cultures, using a scalpel and suspended in sterile, double-distilled water. The suspension
was filtered through two layers of sterile cheesecloth and centrifuged at 1000 x g for 5 min.
The concentration of conidia in suspension was adjusted to 1-2 x 10* mI' in sterile,
double-distilled water. At conidial concentrations higher than this, it was not possible to
determine accurately the percentage conidium germination and appressorium formation.
Illumination was minimised during conidial isolation by wrapping the centrifuge tubes
containing conidia in aluminium foil. All conidia produced by this isolation procedure

lacked spore tip mucilage.
3.1.2 In vitro system on solid substrata

For all in vitro experiments, unused glass slides (Blue Star, Chance Propper,
Warley, UK) were washed in Fairy Liquid detergent (Procter and Gamble, Newcastle upon
Tyne, UK) and rinsed thoroughly with double-distilled water. Three silicon gaskets
(Swinnex-13, Millipore, Bedford, Mass,, USA), covered in melted dental wax (Anutex,
Associated Dental Products Ltd, Swindon, UK), were applied to the slides to which they
adhered once the wax cooled. The gasket rings prevented run off of the inoculum drop
during subsequent manipulations. To minimise microbial contamination during
experimentation, the slides with gaskets were treated with UV-A irradiation for at least 4 h
prior to inoculation. For experiments on Cellophane (gauge 525, uncoated 'rayophane' from
A.A. Packaging, Walmer Bridge, Lancs., UK) or Teflon (polytetrafluoroethylene from Du

Pont Co., Wilmington, Del., USA), 10 mm diameter circles of the substrata were cut using a
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cork borer. After autoclaving, the circles were placed within the silicon gaskets.
Experiments on glass were performed directly on the slides. A 20 pl conidium suspension
was applied to the substratum and the slides placed in sterile, 12 x 12 cm square Petri
dishes. To maintain high humidity, sterile tissue paper, saturated with sterile water, was
placed in each dish which was then sealed with Parafilm. Except where stated, the fungal
samples were grown for 24 h and incubated at 25°C under continuous light from fluorescent
tubes at 45 pmol photons-m'z-s'l in a cooled incubator. Dark-grown samples were covered
in light-tight bags normally used to store photographic paper. To determine the effects of
different light intensities, Petri dishes were wrapped in polyester neutral density filters (Lee
Lighting Ltd., Glasgow, UK) of different grades (50%, 25% and 15% transmission).
Temperature measurements with a digital thermometer showed that the temperatures within
sealed Petri disﬁes grown in the light and in the dark, and within the incubator, were the

same (*+ 0.5°C).

For the quantitation of germination and appressorium formation under different pH
conditions a universal buffer with the following composition was used: 28.6 mM citric acid;
28.6 mM KH,PO,; 28.6 mM boric acid and 28.6 mM diethylbarbituric acid (Perrin &
Dempsey, 1974). To titrate the buffer to the appropriate pH 200 mM NaOH was added to
" 100 ml of the buffer stock solution followed by dilution to 200 ml (Table 4).

Table 4. Amount of NaOH added to universal buffer for titration to

defined pH value
pH ml 200 mM NaOH pH mi 200 mM NaOH
2.6 0 7.0 50
3.0 6 8.0 62
4.0 16 9.0 72
5.0 28 10.0 82
6.0 40 - -

All nutrients were obtained from Sigma, Poole, UK. The complete nutrient medium

used contained 1% sucrose, 0.6% yeast extract and 0.6% casein hydrolysate.
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3.1.3 In vitro system in liquid suspension

In order to analyse conidium germination in liquid suspension, hanging drop
cultures were prepared. This involved adding 20 pl drops of conidium suspension to glass
slides, immediately inverting the slides, and then incubating them on a support over damp
tissue paper in Petri dishes (as described in section 3.1.2). Conidium germination and
appressorium formation in the hanging drops were assessed after 24 h using a Nikon

Diaphot inverted microscope.

3.1.4 Fixation and quantitative analysis

After 24 h (48 h for the temperature experiments), the silicon gaskets were removed
and each sample immobilised and fixed by applying a molten drop of 20 pl 2% agarose
(Type VIII, Sigma, Poole, UK) containing 5% glutaraldehyde (Sigma) at 50°C. For the
time-course experiments, samples were immobilised and fixed at the times indicated.
Percentage conidium germination, germination patterns and appressorium formation were
assessed using a Reichert-Jung Polyvar Photomicroscope with a x 10 plan apo objective and
a total magnification of x 125. Germ tube lengths were measured using a Bio-Rad MRC-
600 laser scanning confocal system (Bio-Rad Microscience Ltd., Hemel Hempstead, UK)
mounted on a Nikon Diaphot inverted microscope and the images analysed with CoMOS
(Bio-Rad) software. Unless stated otherwise, 6 replicates were performed for each
experiment which was done at least twice. All conidia (100-300) were counted in each
replicate.  Percentage appressorium differentiation was taken as the percentage of
germinated conidia (sporelings) that were differentiated. An appressorium was regarded as
a rounded, pigmented, terminal swelling of a germ tube (Fig. 5). Statistical analyses were
performed using either Fig P for Windows v. 1.0 (Biosoft, Cambridge, UK) or Microsoft
Excel v. 4.0. Statistical tests (t-test and analysis of variance) were done after arcsine

transformation.
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3.1.5 Plant growth conditions and infection

Rice plants (M-201, California Cooperative Rice Research Foundation Inc.) were
grown in standard soil (Fisons, Type M3) and watered with Hoagland's nutrient solution
(Hoagland & Amon, 1950). Plants were grown under a 14 h photoperiod at 27°C in the
light (300 pmol photons-m'z-s'l) and 21°C in the dark. Plants were transferred to a cooled
incubator 14-18 days after seed germination. The third or fourth leaf of each plant was
placed in a Petri dish (50 mm diameter) by guiding it througi\ small openings cut in the
dishes. Care was taken not to damage the leaf or touch the leaf surface to be studied. Damp
filter paper was placed in the base of the Petri dish to maintain a high humidity. Prior to
inoculation, the leaves were left for at least 8 h in open Petri dishes, after which 8 pl drops
of conidial suspension were pipetted on to the upper surfaces of leaves. The Petri dish lids
were then replaced. For dark samples, the Petri dishes were wrapped in black photographic
bags in such a way that they were light-tight. Incubation conditions were as described for

the in vitro system (section 3.1.2)

3.1.6 Staining of infected leaves

Leaves were rerﬁoved and sprayed with 0.05% Calcofluor M2R (Sigma, Poole, UK)
24 h after inoculation. Quantitation of germination patterns and appressorium formation
was performed immediately afterwards by fluorescence microscopy, using the Ul filter
block (containing a 330-380 nm excitation filter, 420 nm dichroic mirror, and 418 nm long
path barrier filter) of the Reichert—]uﬂg Polyvar microscope. Germ tube, lengths were

measured using CoMOS image analysis software.
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3.2. IMAGING AND ANALYSIS OF CyTosoLic PH
3.2.1 In vitro system

For all experiments unused glass coverslips (20 x 50 mm, N2 13, Chance Propper,
Warley, UK) were used. One silicon gasket, covered in dental wax, was applied to each
coverslip to which it adhered once the wax cooled. Eighty ul conidium suspension was then
applied to each glass slip which was immediately inverted, and then incubated on a support
over damp tissue paper in Petri dishes (for further details see section 3.1). For dye loading
hanging drops were transferred on to similarly prepared coverslips. The samples were then
kept for at least 30 min in a humid chamber to allow the germinated conidia to recover from
any physical stress experienced during transfer and to adhere tightly to the glass surface.
For dye loading and imaging ﬁle sample was placed on the microscope stage where water
from the sample was carefully removed with filter paper and replaced by 50 pl of 2.5 uM
dye. After 5-10 min the dye was removed and the sample washed once with double-distilled
water. Images were captured in the first 15 min following dye loading because thereafter the
signal became too weak due to dye sequestration and leakage. To assess the effects of higher
concentrations of SNARF-1 and extended loading times, germlings were incubated in 50
uM of dye. After removing the dye, gemmlings were incubated as described in section 3.1.2.
To assess the effects of extémal buffers on cytosolic pH (pH.), germinated conidia were
loaded with dye dissolved in 50 mM MES-HEPES buffer adjusted with KOH to pH 6.0, 7.0
or 8.0. Imaging was then performed in the same buffer in the absence of dye. To
investigate the effects of nutrients on pH,, conidia were hydrated and incubated in a
complete nutrient medium (see section 3.1.2). Dye was then applied directly to the
complete medium. Images were captured during continuous loading of germlings for 15

min after dye application.
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3.2.2 Dyes

The free acid form, the acetoxymethyl (AM)-ester and the 70 KDa dextran conjugate
of the pH-indicator dye SNARF-1 [5(6)-caIboxyseminé.phthorhodaﬂuor—l] and Pluronic F-
127 were obtained from Molecular Probes Inc. (Eugene, OR, USA). The pH-sensitive dye
. SNARF-1 exhibits a pH-dependent shift in its emission spectrum. When excited at 514 nm,
it exhibits two peaks in its emission spectrum: one at 588 nm (the acid form) and one at 643
nm (the basic form) (Fig. 4). As a result of its marked pH-dependent shift in its emission
spectrum, SNARF-1 is ideally suited to ratio imaging of pH. '

pH 9.0

8.0

= 7.6
(/)]

_*E 7.0
5

'a \ 10
R
£
i

| i
550 600 650 700

Fig. 4. pH-dependent emission spectrum of SNARF-1 excited at 514 nm (adapted from
Haugland, 1992). '

In order to solubilise the SNARF-1 ester the detergent Pluronic F-127 was used.
Pluronic was diluted in dimethyl sulphoxide (DMSQ) to give 25% w/v stock and then
further diluted to 2% in double-distilled water. The dilutions of SNARF-1 used are shown
in Table 5.
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Table 5. SNARF-1 preparation used in the present study

SNARF-1 free acid SNARF-1-AM SNARF-1 dextran

Stock 2 mM in water 20 mM in anhydrous | 2 mM in water
(adjusted to pH 6.0 DMSO
with KCl)
- Storage 4°C -70°C 4°C
Substock 100 pM in water 200 puM in 0.05% 500 uM in water
Pluronic
Storage 4°C -20°C 4°C
Final concentration 20 uM in buffer 2.5 pM in buffer or 100 pM in buffer
water

Pluronic: < 0.01%
DMSO0: <0.1%

Experiments in vitro calibrations measurements of in vitro calibrations
cytosolic pH, and in
vivo and in situ
calibration

Carboxyfluorescein-diacetate (Sigma, Poole, UK) was first dissolved in 50°C hot
ethanol (1 mg/150 ul) and then diluted to a final concentration of 20 pg/ml in water. The

concentration of ethanol in the final solution was 0.3% (v/v).

3.2.3 Dye loading

Dye loading of living cells was performed with the membrane-permeant ester of
SNARF-1 and carboxyfluorescein. For loading with SNARF-1 germinated conidia were
incubated for 10 min in 50-100 pul of dye solution which was then removed with filter paper
and the cells immediately imaged in double-distilled water. For experiments which required
the application of a buffer, germinated conidia were first washed with 50 pl buffer and then

imaged in fresh buffer. For loading with carboxyfluorescein, germinated conidia were
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incubated fqr 15 min in the dye-ester and then washed twice with double-distilled water.

Before imaging, the dye was allowed to accumulate within the vacuolar system for 30 min.

3.2.4 Imaging

Confocal fluorescence imaging was performed with the Bio-Rad MRC-600 LSCM
(Laser Scanning Confocal Microscope) controlled from the CoMOS (Version 6.03), TCSM
(Version 1.1C) and MPL (Version 1.01) software. The confocal system was interfaced with

a Nikon Diaphot inverted microscope.

The set-up procedures were followed as described in the manufacturer’s operating
manual. Briefly, the excitation laser beam and then the emission signal beams were aligned
after the excitation filter block (514 nm excitation filter, 540 nm dichroic mirror and 550 nm
long pass filter) and a custom-built SNARF-1 filter i)lock had been inserted. The required
settings for imaging were then set up. Optimal settings used are shown in Table 12 (section

5.2.1.2).

Bright field images were collected via a transmission device which gathered
transmitted laser light and delivered it, via a fibre-optic cable, direct to the second
photomultiplier detector. Collection of sequential optical sections in the z-plane was made
with the CoMOS z-series command using the focus motor to step the focus up or down

through the specimen.

Simultaneous dual-emission ratio imaging was performed by simultaneous
collection of two fluorescence images, at different wavelengths, with two photomuitipliers.
To get the best alignment of the two images for calculating the ratio of the individual pixels,
the initial emission signal beam alignment was found to be critical. It was also important to
use the exact setting for the correétion rings on the objectives to correct for coverslip
thickness and have the same confocal aperture settings for both channels. The emission of
SNARF-1 was collected simultaneously at 580 + 15 nm (Channel 2) and 640 = 18 nm

(Channel 1) via a Nikon x 40 plan apo objective. Black levels were set to give a background
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current signal of 10 pixel intensity. All settings were kept at exactly the same values for all
experiments. Special care was taken to keep the individual electronic amplification of either
emission signal, and the aperture settings for each channel, at virtually the same settings

during all experiments as changes in these settings would significantly alter the ratio values.

3.2.5 Image processing and analysis

Image processing was kept to a minimum, and continual reference made during
image processing to the original images captured to reduce or avoid the creation of imaging
artefacts. The only enhancement used was the 3 x 3 rank filter command of the TCSM

software.

To measure growth rates, the lengths of individual germ tubes in successive images

were measured using the CoMOS length command.

The ratio values were calculated pixel-by-pixel using the TCSM software. If not
stated otherwise, ratio values for whole germ tubes were extracted by measuring the pixel
intensity of the first 30 pm of the growing germ tube by using the Histogram command in
CoMOS. Care was taken not to include areas close to the edge of the germ tube since low
fluorescence intensity and image enhancement caused artefacts in this region (see section

5.2). Ratio values were converted to pH values after suitable calibration (see next section)

Pixel-by-pixel intensity measurements in transects along the lengths of germ tubes

were done using the line command in MPL.

Hard copies of coloured images were produced with a Mitsubishi CP 200B video
copy processor (Mitsubishi Electrical Corporation, Japan). Black-and-white images were
recorded on Kodak TMax 100 film using a Polaroid VI-350 Quick print (Polaroid
Corporation, Mass., USA).
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3.2.6 Calibration

The in vitro calibrations of SNARF-1 free acid and SNARF-1 dextran were done in
10 mM MES-HEPES buffer titrated with KOH to the appropriate pH. SNARF-1 free acid
was additionally calibrated in a buffer designed to mimic conditions in the cytoplasm
(Fricker, M.D,, personal communication). This pseudocytoplasmic buffer consisted of: 100
mM KCI, 20 mM NaCl, 1 mM MgSO,, 10 mM MES, 10 mM HEPES. Viscosity was
increased by adding 60% (w/v) sucrose and the hydrophobicity altered by inclusion of 25%
(v/v) ethanol. For each pH value two samples of 25 pl of dye, at the final concentration as
indicated in Table 5, were then imaged on a cover slip (20 x 50 mm, N? 1«, Chance Propper,
Warley, UK). The dye concentration was chosen so that at pH 7.0 the signal intensity gave
a pixel intensity of approximately 100 at each wavelength. The electronic amplification of
the signals was adjusted so that at pH 7.0 both channels gave a similar signal and which
after diversion gave a ratio = 1. In each case, dye closest to the cover slip was measured as

it gave the brightest signal. Each calibration was done three times.

For the in situ calibration, germinated conidia were incubated for 5 min in 50 pM
solubilised amphotericin B (Sigma, Poole, UK). The ionophore solution was then replaced
by 2.5 uM SNARF-1-AM in 50 mM MES-HEPES buffer plus 100 mM KClI titrated to the
appropriate pH with KOH. Irﬁaging was performed in the first 5 min after dye loading to
avoid interference from dye leakage/sequestration and increasing vacuolation. Experiments
demonstrated that the change in the pH,, caused by this treatment, was completed within 2

min of buffer application (data not shown).

For the in vivo calibration, the pH, in growing germ tubes was clamped with either a
weak acid or a weak base. Thirty mM propionic acid Na-salt was titrated with the free acid
form to pH 6.0 and 30 mM NH,CI was adjusted to pH 7.0 and 8.0 with NH,OH. The acid or
base was then applied to dye-loaded samples. Images were captured 10 min after the
application of buffer. Preliminary experiments in which germ tubes were incubated for 1 h
and repeatedly loaded with dye revealed that complete equilibration of the pH, with the

external pH under these conditions was achieved within 10 min (data not shown).
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4. THE ROLE OF EXTERNAL SIGNALS IN REGULATING THE PRE-
PENETRATION PHASE OF INFECTION

4.1 INTRODUCTION

As explained in section 2.3 very little is known about the role of external factors in
regulating the pre-penetration phase of M. grisea. The aim of the work covered in this
chapter is to provide a detailed analysis of the influence of the substratum, light,
temperature, nutrients and pH on conidium germination, germ tube growth and
appressorium differentiation. These analyses were carried out on both artificial substrata

(Cellophane, glass and Teflon) and rice leaves.

4.2 RESULTS

The pre-penetration phase of M. grisea starts with the attachment of a hydrated
conidium to a surface, such as a rice leaf. Soon after attachment up to three germ tubes can
emerge from the conidial cells. One of the germ tubes will commonly swell at its tip and
form a melanised appressorium. Fig. 5 shows the appearance of the conidium, germ tube
and appressorium on Cellophane, glass, Teflon and the rice leaf. With the exception of the
lengths of germ tubes (see below), the general appearance of germinated conidia bearing
appressoria was similar on rice leaves and artificial substrata. Mature appressoria were
pigmented and typically circular in!proﬁle. Sometimes, however, the appressoria on rice
leaves were irregular in outline (not shown) because they tend to mould themselves around

the protrusions (papillac) found on the rice leaf surface (Hirooka et al. 1982; Talbot, 1995).
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Fig. 5. Brightfield light micrographs of a germinated conidium (c) of M. grisea from which
a germ tube (gt) has differentiated an appressorium (a) on Cellophane (A), Teflon (B) or
glass (C). In (D) a fluorescence light micrograph is shown of a germinated conidium from
which a germ tube has differentiated an appressorium on a rice leaf. The germinated and

differentiated sporeling was loaded with calcofluor. Bar represents 10 pm
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4. The Role of External Signals

4.2.1 Conidium germination

4.2.1.1 Light and substratum

To investigate the influence of surface contact and the influence of different
substrata on the germination of hydrated conidia, germination was quantified in hanging
drops and on varous substrata. Furthermore, the influence of light on germination was
evaluated. The mean percentage of conidium germination, on the different substrata and in
hanging drops, ranged from 92.8 + 3.5 (SEM) to 98.3 + 1.3 (SEM) in the light and in the
dark (Table 6). No significant difference between the light and dark treatments was found

for any of the substrata.

Table 6. Percentage germination (+ SEM) of M. grisea conidia on
rice leaves, Cellophane, Teflon and glass in the light and in the dark

after24 h
% Germination
Light Dark
Rice leaf 983+13 98127
Cellophane 98.0+£0.9 978+£22
Teflon 950+1.6 965+1.3
Glass 949122 952+1.8
Hanging drop  940%06 92.8+35

Four patterns of germination were representative of > 90% of all patterns exhibited
by differentiated sporelings (Fig. 6). The relative proportion of sporelings within each of
these four classes did not differ significantly (P < 0.05) on all substrata. Conidia germinated
from one or more of their three cells although < 2% germinated from their middle cells.
Greater than 70% of sporelings possessed one germ tube only; the most common type had
one differentiated germ tube which had emerged from the apical cell of the conidium.
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Fig. 6. Germination and differentiation patterns of M. grisea conidia on rice leaves,

Cellophane, Teflon and glass in the light (D) and in the dark (W) after 24 h. Bars represent

SEMs. Graphics on the x-axis symbolise germinated conidia. Open ended lines symbolise

undifferentiated germ tubes whereas lines ending in black circles indicate differentiated

germ tubes bearing appressoria. (The measurements made to obtain the results for Teflon

and glass were done in collaboration with H. A. Page.)

To determine if light influenced the rate of germination, the percentage germination

was quantified at different times after hydration in the light and in the dark on Cellophane.

More than 65% of the conidia had germinated within 4 h after hydration (Fig. 7). Between

4 and 6 h after hydration the rate of germination was greater in the dark than in the light. In

both treatments, germination was completed within 8 h.
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Fig. 7. Time course of germination of M. grisea conidia on Cellophane in the light (O) and

in the dark (@). Bars represent SEMs.

4.2.1.2 pH

The influence of pH on germination in the light and in the dark on Cellophane was
quantified using a universal buffer (see section 3.1.2) to control external pH. Comparison
between germination in double-distilled water (pH 6.5-7.0 in the laboratory) and in the
buffer at pH 7.0 indicated that there wa§ little if any inhibition of germination in the buffer
used (Table 7). Between 80.3% and 98.1% of conidia germinated over the pH-range of 2.6
to 8.0 on Cellophane in the light and in the dark. At more alkaline pH values the percentage

of germination was significantly lower (P < 0.01).
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Table 7. Influence of external pH on percentage germination (+ SEM) of M. grisea conidia
after 24 h incubation on Cellophane in the light and in the dark

External
buffered pH 2.6 3.0 40 5.0 6.0 7.0 8.0 9.0 10.0 Water

Germination  80.7 908 956 96.6 968 98.1 955 272 60 984

M 0,
Light (%) | 1¢0 +31 +05 +23 +19 +10 +28 +118 *60 +08

Germination 803 921 935 969 946 931 826 301 1.8 96.7

o,
Dark (%) +144 +20 +21 +12 +24 +07 51 £70 £10 =07

4.2.1.3. Nutrients and temperature

Percentage germination was > 80% in all of the nutrient solutions (glucose,
3-o-methyl-glucose, fructose, sucrose, NH,NO; or complete medium) tested. Greater than
80% of conidia also germinated over the 15-30° C temperature range investigated (data not

shown).
4.2.2 Germ tubes
The lengths of differentiated germ tubes were assessed in the light and in the dark
on different substrata, in various solutions of nutrients and at different external pH values.

The lengths of undifferentiated germ tubes were also measured at different external pH

values.
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4.2.2.1 Light and substratum

The lengths of differentiated germ tubes were measured to investigate the effects of
light and the substratum on germ tube differentiation. On the rice leaf, germ tubes with
appressoria showed a marked tendency to be shorter in the light than in the dark: 97% and
77% of the germ tubes were < 60 pm long in the light and in the dark, respectively (Fig. 8).
Of the artificial substrata, only differentiated germ tubes on Cellophane were significantly
shorter in the light (80% < 60 um long) than in the dark (51% < 60 pm long). On Teflon,
100% and 97% of germ tubes were < 60 um in the light and in the dark, respectively; on
glass, 93% and 90% were < 60 um in the light and in the dark, respectively.
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Fig. 8. Percentage of differentiated M. grisea germ tubes in defined length classes on rice
leaves, Cellophane, Teflon, and glass in the light (O) and in the dark (m) after 24 h. Bars
represent SEMs.
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Of the three artificial substrata tested, only Cellophane resembled rice leaves by
inducing the fungus to produce shorter differentiated germ tubes in the light than in the dark
(Fig. 8). It was, therefore, chosen as a substratum to investigate further effects of light,

nutrients, temperature and pH on germ tube lengths and/or appressorium formation.

To investigate the effect of irradiance on the length of differentiated germ tubes,
germinating conidia were exposed to light of different intensities (photon flux densities). It
was found that light intensity had a marked effect on the lengths of differentiated germ tubes
and this was a graded response: the higher the light intensity, the lower the number of long
(> 100 um) differentiated germ tubes (Fig. 9).
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Photon flux density (umol Photons-m?.s™)
Fig. 9. Influence of photon flux density on the percentage of differentiated germ tubes of M

grisea > 100 um long after 24 h incubation on Cellophane. Bars represent SEMs of nine
replicates per treatment. The line was fitted by regression analysis (r = 0.98; P < 0.01).
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4.2.2.2 Nutrients

The influence of different sugars, ammonium nitrate and a complete medium (yeast
extract plus casein hydrolysate plus sucrose) on the lengths of differentiated germ tubes on
Cellophane was evaluated to investigate the effects of nutrients on germ tube growth.
Glucose had a marked effect on the length of differentiated germ tubes in the dark but not in
the light (Fig. 10). The proportion of germ tubes > 60 pm in length increased from 47%
with 1 mM glucose to almost 70% with 250 mM-glucose in the dark. No such effect was
caused with glucose in the light or with 3-o-methyl-glucose, a non-metabolisable analogue
of glucose, in either the light or the dark. Strong effects were not observed on the lengths of
differentiated germ tubes when germ tubes were grown in the presence of fructose, sucrose
or a-mmonium nitrate at any of the concentrations examined. Growth in complete medium
increased the proportion of germ tubes > 60 um in length by between 15 and 33% compared

with the control incubated in water.
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Fig. 10. Percentage of differentiated M. grisea germ tubes in defined length classes
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the dark (m) after 24 h. Note that no germ tube differentiated in some of the treatments with
ammonium nitrate or complete medium. Bars represent SEMs.
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4.2.2.3pH

To assess the effects of external pH on growth of germ tubes, the lengths of
differentiated and undifferentiated germ tubes were measured on Cellophane in buffers with
different pH values. Over the pH range 3.0 to 7.0, the mean length of differentiated germ
tubes was between 38.5 pm at pH 3.0 and 90.0 pm at pH 6.0 in the light (Table 8). The
average length of differentiated germ tubes in water was 81.5 um. Undifferentiated germ
tubes were consistently longer than differentiated germ tubes over the whole pH range
tested. The longest undifferentiated germ tubes grew at pH 4.0 where the average length

was 168.2 pm.

Table 8. Lengths of differentiated and undifferentiated germ tubes (+ SEM) of M. grisea in
buffers of different pH on Cellophane after 24 h in the light

Buffered pH 3.0 4.0 5.0 6.0 7.0 8.0 Water
(Control)
Germ tube length
(um)
differentiated 385 . 595 73.9 90.0 69.8 16.2 815

+7.0 +13.2 +145 +£263 £224 1102 +12.4
*undifferentiated 77.1 168.2 131.0 132.2 78.2 70.8 185.1
+202 +300 £238 £296 +7.1 +12.7 +43.9

*: Results represent 4 replicates from one experiment instead of the normal 9 replicates from

3 experiments
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4.2.3 Appressorium formation
4.2.3.1 Light and substratum

To investigate the influence of contact with a surface and the influence of different
substrata on appressorium formation, differentiation was quantified in hanging drops and on
various substrata. The influence of light on appressorium formation in the different

treatments was also evaluated.

Table 9 shows that on rice leaves 98% of germinated conidia differentiated
appressoria in the light whilst fewer (92%) did so in the dark. On the artificial substrata,
differentiation was > 69% in the light and 20-30% lower in the dark. On each substratum,
the percentage differentiation in the light was significantly greater than in the dark
(P <0.01). Comparisons of all the light-grown treatments, or all of the dark-grown
treatments, showed that percentage differentiation on rice leaves was significantly higher (P
< 0.02) than on any of the artificial substrata. The results were subjected to a two-way
analysis of variance to detect significance of difference between the effects of the light/dark
treatments and the type of substratum used. The analysis showed a significant influence (P
< 0.01) of light and the substratum type, but no significant interaction between these factors,
on the percentage of appresso}ia formed. In the hanging drops, it was notable that after 24 h
none of the germ tubes differentiated appressoria unless they made contact with the glass

surfaces from which the drops were suspended.

Table 9. Percentage differentiation of M. grisea appressoria on rice leaves, Cellophane,

Teflon and glass in the light and in the dark after 24 h

Rice Leaf Cellophane Teflon Glass * Means
Light 98.0 79.9 91.2 69.0 84.5
Dark 91.5 545 68.1 39.0 63.3
Means 94.7 67.2 79.6 54.0 1%LSD 1.9
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Four patterns of differentiation were representative of > 90% of all pattems
exhibited by sporelings (Fig. 6, section 4.2.1.1). The relative proportion of sporelings
within each of these four classes did not differ significantly (P < 0.05) on all substrata.
Furthermore, the percentage of sporelings in the four differentiation pattemns did not differ
significantly (P < 0.05) if conidia were incubated in the light or in the dark on any of the
surfaces investigated.

To investigate the effect of light on differentiation in further detail, appressorium
formation on Cellophane was quantified after certain time intervals in the light and in the
dark. Germ tube differentiation began 5 h post-inoculation in both the light and the dark
(Fig. 11). However, the first morphological indicator of appressorium formation (hook
formation; Bourett & Howard, 1990) was observed 1 h earlier in the light than in the dark
(data not shown). Under both conditions, differentiation of appressoria ceased 14 h post-
inoculation. The number of appressoria which differentiate per unit of time over the 6-12 h

period was approximately 50% higher in the light than in the dark (Fig. 11).
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Fig. 11. Time course of differentiation of M. grisea appressoria on Cellophane in the light
(O) and in the dark (@). Bars represent SEMs.
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Although light per se enhanced the number of appressoria formed (Table 9), the
photon flux density (15-110 pmol photons-m'z-s’l) did not seem to be important in this
response (Table 10). Under all light intensities tested, the percentage of conidia which
produced appressoria was > 20% higher than in the dark. This difference was highly
significant for all treatments (P < 0.01) and no significant difference between light

intensities was found.

Table 10. Influence of photon flux density on percentage differentiation of M. grisea

appressoria after 24 h incubation on Cellophane

Photon flux density (umol photons-m'z-s") 1% LSD
110 60 30 15 0
%
Appressorium ¢, 85.7 86.4 809 589 36

Differentiation

4.2.3.2 Nutrients

To investigate the influence of nutrients on the differentiation process, conidia were
incubated in solutions of various sugars, ammonium nitrate and a complete nutrient medium
(yeast extract plus casein hydrolysate plus sucrose) in the light or in the dark on Cellophane.
In high concentrations of the complete medium, < 4% of germ tubes differentiated
appressoria in the dark (Fig. 12). In the light > 43% of germ tubes differentiated under the
same nutrient conditions. A 1:20 dilution of the nutrient solution increased the proportion

of appressoria formed to > 17.0 in the dark and > 81.0 in the light.
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In high concentrations (100 mM and 250 mM) of the monosaccharides tested
(glucose, 3-o-methyl-glucose and fructose) the percentage of germ tubes undergoing
differentiation decreased. This effect was more notable in the dark than in the light.

Sucrose had no effect on appressorium formation at all concentrations tested (1 mM - 250
mM).

Less than 4% of germ tubes formed appressoria in 250 mM ammonium nitrate in

either the light or the dark. No other source of nitrogen was tested.

None of the nutrient treatments significantly increased the percentage of germ tubes

differentiating appressoria.

4.2.3.3pH

To assess the effect of pH on differentiation, conidia were incubated in buffers of
different pH values. In buffered solution the average percentage of appressorium formation
on Cellophane in the light was lower than in water over the pH range from 3 to 8 (Table 11).
The highest number of appressoria were formed at pH 4.0, where > 42% of germ tubes

differentiated.

Table 11. Percentage differentiation (+ SEM) of M. grisea appressoria in buffer of different
pH on Cellophane after 24 h in the light

Buffered pH 3.0 40 . 50 6.0 7.0 8.0 Water
(Control)
% Appressorium  20.9 426 39.7 32.1 12.5 3.0 71.5
formation +91  +98 +129 £150 %27  £13 +6.9
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4.2.3.4 Temperature

The influence of temperature on differentiation was characterised by incubating
hydrated conidia at different temperatures in the light and in the dark on Cellophane. The
percentage differentiation of appressoria in the light was significantly greater than in the
dark over the 15-30°C temperature range (P < 0.05). Thus the promotive effect of light on
appressorium differentiation was independent of temperature. At 30°C, far fewer

appressoria were formed in both treatments (Fig. 13).
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Fig. 13. Differentiation of M. grisea on Cellophane at different temperatures after 24 h in
the light (O) and in the dark (@). Bars represent SEMs.
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4.3 DISCUSSION

The data presented here indicate ‘that the pre-penetration phase of infection by M.
grisea involves a programme of growth and differentiation triggered at spore germination

and regulated by multiple signals from the host and surrounding environment.

4.3.1 Role of contact sensing

Surface contact was found to be essential for appressorium induction but not
conidium germination. It is well established that contact of a germ tube with a solid surface
is an essential prerequisite for appressorium formation in many plant pathogens (Emmett &
Parbery, 1975; Hoch & Staples, 1991; Read et al., 1992a). The present study does not
support the conclusions of Lee & Dean (1993a) who reported for M. grisea that contact with
a surface induces conidium germination whilst a high surface hydrophobicity, as found on a
rice leaf, induces appressorium formation. These authors did show that appressoria
differentiated readily on substrata with a high hydrophobicity (wax paper, polystyrene and
polyester) but not on glass and agarose which were more hydrophilic. In contrast to these
findings, Xiao er al. (1994ab) reported that M. grisea forms appressoria readily on
hydrophilic and hydrophobic surfaces and concluded that surface contact per se was
triggering appressorium formation. ~Additionally, M. grisea has been shown to form
appressoria on hydrophilic substrata such as Cellophane (Hashioka, 1972; Araki & Miyagi,
1977; Uchiyama ef al., 1979; Hirooka et al., 1982; Bourett & Howard, 1990; Xiao et al.,
1994a) and glass (Uchiyama et al., 1979; Yaegashi ef al, 1987; Uchiyama & Okuyama,
1990; Xiao ef al., 1994a), and the results presented here confirm this.

There is an interesting discrepancy in the literature regarding - appressorium
formation on glass. Although, as indicated, a number of works have shown that appressoria
of M. grisea can develop on this substratum, other workers have reported that they do not
(Hamer et al., 1988, 1989; Howard ef al., 1991a; Lee & Dean, 1993). The reason for this
inconsistency is not clear but may be attributable to differences in the type of glass used,
strain variation or instability of certain genes involved in appressorium formation. In

relation to the latter point, of possible significance is that M. grisea is highly mutable at
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certain genetic loci (Valent & Chumley 1991). One such locus is SMO (spore morphology)
and Hamer ef al. (1989) found that Smo™ mutants, in contrast to the wild type from which

they were isolated, formed significant numbers of appressoria on glass.

The ability of germ tubes to differentiate into appressoria may be related to how
they adhere to their substratum - an important aspect of plant-pathogen interactions about
which little is known (Nicholson & Epstein, 1991). Xiao ef al. (1994b) found evidence that
glycoproteins contained in an extracellular sheath around the germ tube are mediating
contact sensing in M. grisea. It has been also suggested that a hydrophobin-like protein
produced by the MPGI/ gene may be important for appressorial adhesion through
hydrophobic interactions with the rice leaf (Talbot ef al., 1993). However, it seems unlikely
that such a mechanism is involved in the adhesion of appressoria to Cellophane considering

the latter's hydrophilic nature.

Evidence was found for germ tubes, but not conidia, exhibiting contact sensing.
Firstly, a solid surface was required for germ tubes to differentiate. Secondly, a high
substratum hydrophobicity (of Teflon or rice leaves) resulted in shorter differentiated germ
tubes than on more hydrophilic substrata (glass and Cellophane). This may be a result of
earlier differentiation, or alternatively slower growth, on the hydrophobic substrata.
However, it should be noted 'that the conidia used in the present analysis lacked spore tip
mucilage (Hamer ef al., 1988) and it is conceivable that this may play a role in conidial

contact sensing. This aspect needs to be addressed in a future study.

4.3.2 Role of light

There is a dearth of knowledge on the significance of light in regulating the pre-
penetration phase of plant pathogens (Emmett & Parbery, 1975). The data presented here
show that on rice leaves and Cellophane the lengths of differentiated germ tubes were, on
average, shorter in the light than in the dark. A possible explanation of this phenomenon is
that light stimulates germ tubes to differentiate earlier after germination than in the dark, but
this needs to be confirmed by further analysis. On all substrata, germinated conidia
incubated in the light consistently produced more appressoria than those kept in the dark.

-
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The mechanistic basis of how light is perceived by germ tubes is unknown.
However, it was interesting to note that the lengths of differentiated germ tubes, but not the
number of appressoria formed, were significantly influenced by the intensity of light. Thus
the effect on the length of differentiated germ tubes was a graded response to the intensity of
light whilst increased appressorium numbers were not. This distinction suggests that these

two responses involve different signal transduction pathways.

Increasing light levels usually are associated with higher temperatures in those parts
of the world where rice blast is endemic. The data here demonstrated that temperatures
above 30°C reduced appressorium formation. Conidia of M. grisea are dispersed mainly at
night (Ou, 1985). Since it takes several hours after spore deposition for appressoria to be
initiated, this process will sometimes occur in early daylight as temperatures start to rise.
The advanced formation of appressoria at this time before temperatures rise too high may be
a distinct advantage for M. grisea, particularly since appressoria can endure more adverse

conditions than germ tubes (Emmett & Parbery, 1975).

4.3.3 Role of nutrients_

Starvation has been implicated as a signal influencing appressorium formation in M
grisea (Talbot et al., 1993). The present study is the first time that the effects of nutrients
on differentiation of germ tubes in M. grisea have been studied in detail. Glucose, but none
of the other nutrients tested, was found to increase the number of longer &ifferentiated germ
tubes in the dark. This probably indicates that appressorium differentiation was delayed,
suggesting that exhaustion of internal ‘stores of glucose (e.g. from glycogen hydrolysis)
might play a role in signalling appressorium formation. Interestingly, this effect was not
observed in the light, indicating that light can override this effect. No specific effect of any
other sugar on appressorium formation was found. The other notable finding was that
incubation with a complete nutrient medium inhibited appressorium formation in the dark
but not in the light. None of the treatments increased the numbers of appressoria formed.
These results are substantially different from those obtained by Kaminskyj & Day (1984)

who showed that simple sugars and complete media induced infection structure formation in
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several rust species. However, their findings and the results presented here indicate that the
germ tube is able to respond to external nutrients. Howard (1994) reported that in the
presence of exogenous nutrients a single conidium will commonly give rise to many germ
tubes from one conidial cell in M grisea. .This is a significant deviation from the
germination pattem observed under conditions without nutrients. To respond to nutrients by
increasing the number of germ tubes per conidium, and at the same time inhibiting
differentiation, is a useful adaptation to environmental changes. The main reason for a
hemibiotrophic fungus to penectrate into the host tissue from the nutrient-deprived leaf
surface is to acquire nutrients from the host. Ifnutrients are present before penetration, no
energy has to be wasted in breaching the host surface. Accordingly, a lack of nutrients (e.g.
glucose) could be a signal for appressorium induction. In support of this is the finding that
RNA transcripts of the MPG! gene, which is differentially expressed at a high level during
appressorium formation, are also elevated in cultures starved of a carbon or nitrogen source
(Talbot et al., 1993). Furthermore, cAMP, which is elevated in response to starvation in
some eukaryotes (e.g. in Dictyostelium, Gerisch, 1987), also seems to be involved in

appressorium induction in M. grisea (Lee & Dean, 1993).

None of the single nutrients applied to germ tubes mimicked the dramatic inhibitory
effects of the complete medium on appressorium formation in the dark. This suggests that
either a combination of nutﬁents or an unidentified factor in the complete medium is
responsible for this effect. Light served partially to overcome this inhibitory effect. This
result indicates that light and certain nutrients, or other factors in the complete medium,

interact through a common signalling pathway.

1

4.3.4 Role of external pH

Spore germination was found to be mainly unaffected by the external pH. The
formation of appressoria was favoured at low pH values (pH 4.0-5.0). A preference to form
appressoria in an acidic environment has also been reported for Colletotrichum capsici and
Uromyces appendiculatus (Muruganandam et al., 1991; Stumpf et al, 1991). The
interpretation of these results is difficult due to the possible effect of counter-ions used to

adjust the buffer pH. Furthermore, the low number of appressoria formed in the present
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study indicates that the buffer used had toxic effects. Therefore, the results presented here
need to be compared with results from experiments using different buffers. Despite the
apparent inhibitory effect of the buffer used, the ability of M. grisea to form appressonia
over such a large pH range (pH 3.0-8.0) seems remarkable. How far the extemal pH
actually affects intracellular pH is reported and discussed in the next chapter.

4.3.5 A 'conducive environment' is required for appressorium initiation

Signalling during the pre-penetration phase of infection by M. grisea inevitably
involves an extremely complex network of interactions rather than independent, linear
pathways of signalling events. Visualising appressorium initiation in M. grisea as being
controlled by just one or even a few extemal factors is probably too simplistic. Instead, a
network of external and internal signals may exert control, but each component of the
network to varying extents (e.g. see: Kacser & Porteous 1987, Trewavas 1987).
Appressorium initiation might be achieved in a variety of ways depending on the precise
mixture and balance of signals and signal-transduction elements present. Emmett & Parbery
(1975) concluded that few plant pathogens require specific external stimuli for appressorium
induction but instead, need a conducive environment for the process to take place. The
presented results suggest that what comprises a conducive environment may vary depending

on the signalling capabilities of the germ tube and the environmental factors prevalent.

The germ tube seems to act as a specialised 'sense organ' which grows out from the
conidium. So which environmental signals, influencing its differentiation into an
appressorium, does it sense? The evidence presented here shows that surface contact,
surface hydrophobicity, light, light intensity, nutrients, temperature and to a lesser extent pH
are all important. However, other factors are also influential, including water and signals
derived from the host. Free water is required for conidium germination and a high relative
humidity is essential for infection (Ou, 1985). Host-derived signals must also be important
because the results presented here show that consistently higher numbers of appressoria were
formed on rice leaves than on any of the artificial substrata used in this study. Rice leaves

consistently provided the most conducive environment for appressorium formation under the
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different illumination conditions employed. ~Whether these host-derived signals are
chemicals or physical attributes (¢.g. microstructure) of the leaf surface, is not clear.

Of signals identified as playing a role in regulating the pre-penetration phase, we
can distinguish between those that are essential and those which are not. The essential
factors (e.g. surface contact and a high relative humidity) seemed to be passive in effect
rather than providing active stimulation of appressorium formation. The passive role of
surface contact is indicated by the observation that germ tubes did not differentiate
immediately on making contact with a surface but grew to different lengths before forming
appressoria. Other factors (e.g. light and the precise physical and chemical make-up of the
contact surface) may not be indispensable but can play important roles as modulatory
signals providing the conducive environment necessary for appressorium initiation. It is
possible that all of these external signals act in concert to make the germ tube competent to

respond to an, as yet unidentified, internal signal (see next section).

Although most fungal leaf pathogens, like M. grisea, do not seem to rely on specific
external signals for appressorium formation (Emmett & Parbery, 1975), some clearly do so.
In this respect, rusts deserve special mention. A number of rusts respond to well-defined
topographical features as primary signals of appressorium induction (Allen ef al., 1991a;
Hoch & Staples 1991; Read ét al. 1992a). For example, > 90% of germ tubes of the bean
rust (U. appendiculatus) grown on artificial substrata are optimally induced to differentiate
appressoria over steps with a height of 0.5 pm (Hoch et al., 1987; Allen et al., 1991a). This
topographical signal was closely correlated with the guard cell lip (or ledge) of the host plant
Phaseolus vulgaris (Hoch et al., 1987; Allen et al., 1991b; Terhune et al., 1991). Rusts
have evolved this type of sensing process in order to locate precisely appressoria over
stomata through which they penetrate. M grisea and many other leaf pathogens, however,
have no requirement for such a mechanism because they penetrate directly through the leaf
cuticle and thus do not need to form appressoria at specific locations on the leaf surface.
However, the direct penetrating Colletotrichum spp. which infect tomato, avocado and
banana seem to rely on a specific external signal to synchronise appressorium formation
with fruit ripening (Flaishman & Kolattukudy, 1994). Spores of these fungi remain dormant
until the respective fruit ripens and releases ethylene, a plant hormone involved in fruit

ripening. Ethylene then induces germination and appressorium formation. This signal
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enables the fungus to invade the host during the most susceptible phase of fruit

development.

4.3.6 Induction of conidium germination and appressorium differentiation

The work presented here shows that the pre-penetration phase of M. grisea involves
a defined programme of cell lineage to which the fungus becomes committed at conidium
germination. A similar conclusion was reached by Howard et al. (1991b) who described
this succession of growth and developmental events as comprising together a morphogenetic
unit. What triggers germination is not known precisely. However, since percentage
germination was > 92% in the light and in the dark on all substrata and in liquid suspension,
this indicates that water is probably important because it was a common, external factor in
all these experiments. However, whether spore hydration provides a primary stimulus for
germination, or whether water allows the release from spores of a germination self-inhibitor

(Macko, 1981), remains to be determined.

As indicated earlier, no evidence was found for an external inductive signal for
appressorium differentiation. This suggests that appressorium initiation is dependent on
intracellular signalling. Since the whole of the pre-penetration phase can occur in water,

devoid of external nutrients, starvation may provide this stimulus.

It is clear from the present study that the different artificial substrata did not
completely mimic results obtained on the more conducive environment of rice leaves. This
indicates a shortcoming of solely using in vitro systems to analyse experimentally the pre-
infection phase in M. grisea, and probably other pathogens as well. It emphasises the need
to perform experiments in parallel on the natural host substratum.
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5. CYTOSOLIC pH OF GERM TUBES DURING GROWTH 'AND
DIFFERENTIATION

5.1 INTRODUCTION

In this chapter, confocal ratio imaging has been used to analyse cytosolic pH (pH.)
in germ tubes of M grisea during growth and appressorium formation in vitro.
Additionally, the influence of external pH and nutrients on pH, were assessed. Much of the
work described involved a critical assessment of dual emission confocal ratio imaging of the
pH-sensitive dye 5(6)-carboxyseminaphthorhodafluor-1 (SNARF-1) as a tool to study pH, in

living cells.

The role of ion gradients, especially H' gradients, in tip-growing cells is not well
understood (see section 2.5.4). Proton gradients have been imaged in living cells and their
presence correlated with tip growth but their relationship with cell polarity is still unclear
(Turian ef al., 1985; Roncal ef al., 1993; Gibbon & Kropf, 1994). The present study is the
first in which pH, has been imaged in germ tubes of a fungal plant pathogen during the pre-
penetration phase. This phase in the infection cycle of a plant pathogen involves repeated
switches between polar and non-polar growth patterns (see section 2.2) and therefore offers
an interesting system in which to study the relationship between pH, and fungal

morphogenesis.

Confocal ratio imaging was chosen as the best technique to obtain measurements of
pH, because of the high spatial and temporal resolution which can be achieved in living cells
(see Chapter 2, Table 3). However, the jon imaging and quantitation using fluorescence

dyes is fraught with potential problems including those arising from:

(a) dye cytotoxicity;

(b) autofluorescence, background fluorescence and stray light;
(c) dye photobleaching and irradiation damage;

(d) dye sequestlatidn into organelles and leakage from cells;
(¢) uneven dye distribution within the cells;

(f) optical and image processing artefacts; and

(g) calibration of the dye signal.
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Fluorescent dyes have been used in numerous studies to quantify intracellular pH in
yeast cells (e.g. Slavik, 1982; Slavik & Kotyk, 1984; Eraso et al., 1987; Haworth et al.,
1991; Haworth & Fliegel, 1993) and filamentous fungi (Turian et al., 1985; Davies et al,,
1990; Roncal et al., 1993; Slayman et al., 1994). However, in none of these studies were
the necessary precautions taken, or the critical controls performed, to account for all the
aforementioned problems. The present study has attempted to address the significance of all

of these problems in the interpretation of pH, measurements made in M. grisea.

5.2 RESULTS
5.2.1 Dye loading and imaging

The following requirements had to be fulfilled to allow satisfactory imaging of pH,

in living germ tubes:

(a) the method of dye-loading, concentration of dye and length of dye loading had to
perturb as little as possible conidium germination, germ tube growth and
appressorium formation;

(b) the dye had to be predominantly localised within the cytosol;

(c) the dye concentration had to be sufficient to provide a strong enough signal
intensity for imaging and pH quantification;

(d) the dye introduced into the cytosol had to exhibit a significant shift in its emission
spectrum; and

(e) the conditions used for imaging (e.g. laser intensity) had to have insignificant

effects on germination, growth and development.
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5.2.1.1. Dye loading

To load conidia and germ tubes with the pH-sensitive fluorescent dye SNARF-1, the
cells were incubated in the non-fluorescent esterified form of the dye. In this state the dye
molecule is non-polar and therefore able to permeate through the plasma membrane. Once
in the cytosol, non-specific esterases remove the ester residues from the dye molecule. In
this way, the dye molecule becomes pH-sensitive and fluorescent. Additionally, the dye
molecule becomes charged, membrane impermeant and, in theory, it remains within the
cytosol. In principle this loading method should be preferable to any other presently
available method (e.g. microinjection, iontophoretic injection, electroporation) because it

should cause less damage to the cell and because it is easy to perform.

Cytotoxicity. A common problem with the use of many fluorescent probes is their
cytotoxicity. Cytotoxicity will depend on the concentration of the probe employed, the
duration of its application and its interaction with cellular constituents. To investigate

potential deleterious effects of SNARF-1, three different approaches were used:

(1) microscopic examination of loaded cells;

(2) quantification of germination and appressorium formation after dye
loading; |

(3) measurement of growth rates of loaded cells under imaging

conditions.

Germ tubes loaded with 2-50 uM SNARF-1 did not reveal any signs of plasmolysis,
increased vacuolation or abnormal swelling of the germ tubes, which were observed to be

typical stress responses.

Loading 50 uM SNARF-1 (20 times the concentration used in subsequent
experiments) for 15 min did not affect germination and appressorium formation
significantly (P < 0.01) (Fig. 14). Longer loading times reduced the number of appressoria
formed compared with numbers obtained from unloaded cells. However, in subsequent
experiments loading times of < 10 min were used because they were found to be sufficient

for pH, imaging and quantification.

58



d. Cytososic pri

[%] 100 T Germination Appressorium differentiation

T
1

©
(=]
|

H

[=1]
o
|

Germination
‘Appressorium differentiation
S
|

G2,

Yz

A

V58
V222225

0 - 1
Unloaded

I
5 60 10 Unloaded 15 60 10
Loading time (min)

-

o
o

Fig. 14. Percentage germination and appressorium formation of M. grisea conidia loaded
with 50 uM SNARF-1 for various periods of time. Data obtained after 24 h incubation on
Cellophane. Bars represent SEMs.

When germlings were incubated in 2.5 pM SNARF-1 (the concentration used for all
subsequent experiments) the growth rates of both loaded and unloaded germ tubes were
found to be the same (0.37 um-min'l, see section 5.2.1.2) and thus unaffected by

introduction of the dye.

Dye sequestration and leakage. Some fluorescent dyes can be sequestered by cell
organelles other than those of interest or, alternatively, can leak out of cells (Oparka & Read,
1994). In both cases the dye signal will become weaker, or even lost altogether, from the
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cell compartment under study. Sequestration of the dye into the wrong compartment may
also mask the dye fluorescence of interest. Recent work has highlighted the problems of dye
sequestration and leakage in filamentous fungi (Read ef al., 1992b; Knight ef al., 1993;
Slayman ef al., 1994). Esterified dyes, in particular, seem to be prone to sequestration since
partial hydrolysis of the dye in the cytosol allows further passage of the dye into organelles
(Slayman ef al., 1994). In yeast this seems to be less of a problem as it has been found that
SNARF-1 is clearly excluded from the vacuole and has a long half-life (> 1.5 h) in the
cytosol (Haworth ef al., 1991).

Careful microscopic examination of germinated conidia and germ tubes was
performed to determine the extent of visible organelles such as vacuoles. Using differential

interference contrast (DIC) light microscopy, no conspicuous organelles were observed in

germ tubes. Germinated conidia, however, were significantly vacuolated in each of the three

cells (Fig. 15).

Fig. 15. Differential interference light micrograph of a conidium and germ tube of M. grisea
6 h after hydration. Note the large vacuoles (v) in each of the conidial cells. Bar represents

10 pm.
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A more sensitive technique than DIC microscopy is to use the fluorescence dye
carboxyfluorescein-diacetate to localise the vacuolar system in fungi (Rees er al., 1994:
Oparka & Read, 1994). Pronounced dye fluorescence, clearly indicative of a vacuolar
system, was mainly localised 30 um back from the germ tube tip although a low uniform
background fluorescence was observed throughout the germ tube. Significant fluorescence

was evident in the vacuoles of the germinated conidium (Fig. 16)

Fig. 16. Carboxyfluorescein-loaded conidium and germ tube of M. grisea 6 h after

hydration. A. Brightfield laser scanned image. B. Simultaneously acquired confocal
fluorescence image. Note that the 20-30 um long apical region directly behind the germ
tube tip is not intensely fluorescent indicating that it does not contain large vacuole

compartments. Bar represents 10 pm.

Dye leakage from loaded germ tubes was not directly observed and any problem
arising from dye sequestration or leakage was minimised by the immediate analysis of the

cell under investigation within 15 min of the end of dye loading
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5.2.1.2 Imaging

Autofluorescence, background fluorescence, and stray light. A common problem
in fluorescence microscopy is masking of the dye signal by autofluorescence, background
fluorescence, or stray light. Autofluorescence may result from the biological specimen
itself, or various other sources such as glass slides, coverslips or immersion oils (Oparka &
Read, 1994). To determine whether these other sources of light would present problems,
unloaded sporelings were examined at the wavelengths (580 nm and 640 nm) used to image
SNARE-1 emission. With the parameters used for confocal ratio imaging (see Table 12,
this section), no light other than from the dye was detected. This was partially due to the
confocal imaging of optical sections which are free of out-of-focus light, much of which can
be from autofluorescence, background fluorescence or stray light (Webb et al., 1990,

Sandison & Webb, 1994).

Dye photobleaching and irradiation damage. A further problem in fluorescence
microscopy is the fading of fluorochromes during illumination. This photobleaching is
mainly due to photochemical reactions induced by the excitation light (Oparka & Read,
1994). To account for this effect, all experiments were performed in a semi-dark laboratory
environment. The excitation light was reduced to the minimum level, which still produced
sufficient fluorescence intensity for ratio analysis (see below and Table 12, this section).
The time the cell was exposed to the excitation light was significantly reduced by setting up
imaging parameters to bg used on a nearby cell and then switching to the cell to be analysed.
Focusing on the cell under investigation was done with the shortest possible dwell time of
the laser (0.25 sec/frame at 128 lines/frame). For ratio imaging of pH,, each cell was

scanned no more than twice.

Uneven dye distribution. Uneven dye distribution in the cell compartment under
investigation produces a more intense fluorescence signal from areas containing high
amounts of dye compared with areas which contain low amounts of dye. Uneven dye
distribution can be the result of regional differentiation within the compartment examined or

" due to a variation in dye concentration within the cytoplasm. The use of a dual emission
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ratio dye, such as SNARF-1, greatly reduced any problem arising from uneven dye
distribution because the ratio values, which can be calibrated as ion concentrations, are
independent of the amount of dye measured as long as the dye signal is sufficiently strong
(see below). - Additionally, the use of a confocal microscope allowed the investigation of
optical sections free of out-of-focus information from the rest of the cell under examination.
It has been found that in order to obtain accurate ratio values representing different pH
values, the signal at each of the two emission wavelengths detected must have a minimum
pixel intensity of 50 (R.M. Parton, in preparation). The calculation of ratio values when the
signal intensity at each wavelength, or at one of the wavelengths, is < 50 produces
inaccurate ratios. This latter effect caused regions of low emission intensity (e.g. at the edges
of cells, Fig. 17) to appear to have a different pH from regions of higher signal intensity.
This edge effect required balancing measures which increased the signal intensity (¢.g. use of
higher dye concentration, higher excitation intensity; longer excitation periods and signal
acquisition from thicker optical sections) against the harmful effects of these different
parameters on cell function. The edge-effect artefact was further reduced by subtraction of
pixels with low signal intensity from images before calculating ratio values. However, the
edge effect could not be completely eliminated. Measures to increase signal intensity also
increased harmful side effects to the cell. A further problem was that by increasing the
signal intensity in regions of low signal intensity, the signal strength in other parts of the cell
sometimes became saturated (i.e. had a pixel intensity of 255). This also produced

erroneous ratio values.
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Fig. 17. Signal intensity across widths of SNARF-1 loaded germ tubes of M. grisea (n =5). A.
Intensity of dye fluorescence in both channels (O, channel 1, 640 nm; @, channel 2, 580 nm).
Pixel-by-pixel measurement. Results from individual germ tubes had to be modified to correct
variations in germ tube width. B. Ratio values from processed image. C. Colour-coded ratio
image of part of a SNARF-1 loaded germ tube of M. grisea showing the effects of low
fluorescence on ratio values. The dark blue at the edges represents the lowest ratio values

whilst green in the middle represents the highest ratio value.
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Optimal imaging parameters. The conditions which were found to be optimal for

ratio imaging of unperturbed, living cells of M. grisea are listed in Table 12.

Table 12. Conditions used for SNARF-1 ratio imaging of germ tubes of M. grisea

Dye concentration

2.5 uM

Loading time

10 min

Laser intensity

approximately 0.3 mW at 514 nm (neutral
density filter 2)

Confocal aperture

33% opened (optical section ~ 2.5 pum)

Electronic signal amplification:

Channel 1 (640 nm emission)

Channel 2 (580 nm emission)

low signal ON; gain 55%
low signal ON; gain 64%

Scan speed

3 sec/image (512 lines)

Objective
Electronic zoom

Pixel size

x 40 plan apo, 0.95 numerical aperture
x4
116 x 116 nm

Image accumulation

2 times

The electronic amplification used to detect fluorescence was adjusted to give a
similar intensity of the signal at the two wavelengths at around pH 7.0. This allowed for the

highest sensitivity of the system in the pH, range found under normal: physiological

conditions.

Germ tubes loaded with SNARF-1 and imaged, using the parameters given in Table

12, continued to grow and differentiate (Fig. 18). To evaluate the effect of these imaging

conditions on the growth rates of germ tubes, loaded and imaged germ tubes were compared

with unloaded germ tubes imaged with a laser intensity which was 3 times lower
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(approximately 0.1 mW). The growth rate of unloaded and SNARF-1 loaded germ tubes in
the first 6 h after hydration of the conidia was 0.37 pm min”"' (SEM for unloaded cells

0.11 pm -min ' SEM for loaded cells 0.13 pm -min 1 =10). In addition. it was observed
that cells which were brightly fluorescent tended to be more susceptible to growth inhibition
after scanning with the laser beam than were less fluorescent cells. Therefore. dye
concentration and laser intensity were chosen to give a sufficient fluorescence signal without

deleterious effects on germ tube growth

Fig. 18. Pairs of simultancously acquired fluorescence images of two sporelings of M

orisea loaded with SNARF-1. Each pair of images represents fluorescence detected at 580
and 640 nm. A. Germinated conidium. B. Appressorium development. The pairs of images
were taken in 15 min intervals 1 h (A) or 3.5 h (B) after conidium hydration. Bar represents

10 pm
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5.2.2 Imaging artefacts

Imaging artefacts can arise from the optical properties of the equipment and sample
examined or from digital image processing. Three different imaging artefacts were
identified as significant in the work described here.

Chromatic aberration. The differential refraction of light of different wavelengths
(chromatic aberration) led to a misalignment of the two simultaneously acquired images at
the two different emission wavelengths of SNARF-1 (580 nm and 640 nm). During the
pixel-by-pixel calculation of the ratio values, the misalignment caused pixels from adjacent
areas, rather than exactly the same area in the sample, to be ratioed. This artefact was
particularly evident in regions close to the edges of cells and resulted in apparently lower
ratio values because in one channel a pixel from outside the cell area was used in the
calculation. Furthermore, misalignment of the signals from the two emission wavelengths
was affected by adjustment of mirrors in the light path of the confocal microscope and this
had to be regularly corrected. When misalignment occurred it was corrected before the
calculation of the ratio values. The correction was made by moving of one of the two
simultaneously acquired images by one pixel using the CoMOS move command until the
two images were in perfect register (Fig. 19).
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Acidic

Fig. 19. Pseudocoloured ratio image of a germinated conidium of M. grisea loaded with
SNARF-1. A. Ratio image obtained from misaligned fluorescence images. B. Ratio image
obtained after correction of the misalignment of the fluorescence images. Bar represents

10 pm

Signal attenuation. The optical properties of the germ tube caused differential
signal attenuation at each wavelength which resulted in a change in ratio values as one
focused through the z-axis of a cell. Light detected from optical sections close to the
objective gave lower ratio values than light from sections further away. To test that this did
not really represented a pH-gradient in the z-plane of a germ tube, the same germ tube was
imaged right-side up and upside down. In either case the apparent gradient indicated a lower

pH value for the plane closest to the objective (Fig. 20)
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Alkaline

Fig. 20. Pseudocoloured ratio images indicating apparent pH, of successive z-planes of a
germinated conidium of M grisea loaded with SNARF-1. Images showing, from left to
right. subsequent overlapping focal planes in 0.3 pm intervals starting within the plane
closest to the substratum. A. Specimen right-side up. B. Specimen upside down. Note in
either case the apparent more alkaline pH, in the optical sections closer to the substratum

Bar represents 10 pm

To minimise the influence of signal attenuation in different images, all images were
acquired from median focal planes of the germ tubes. Signal attenuation was therefore
similar in all images and thus ratio values could be directly compared in different germ

tubes
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Processing artefacts. Digital image enhancement caused an edge effect different
from that previously mentioned (see section 5.2.1.2). This edge effect gave lower ratio
values for pixels bordering the edge of the cell. A commonly used method for improving
the appearance of images is to adjust pixel intensity in pixel arrays of variable size
depending on the overall intensity of all pixels in the array. This process, called median
filtering or ranking, transforms the individual intensities of pixels in a square of, for
example, 3 x 3 pixels into the median value of all pixel intensities in this square. In cases
where some of the pixels in this square are part of a region outside a cell, which can have a
pixel intensity of zero, or close to zero, the median of the 3 x 3 pixels square can be
considerably below the value calculated if none of those pixels outside the cell were

included in the calculation (Fig. 21).

Median =

Fig. 21. Schematic representation of the effect of median filtering on the pixels close to the
edge of a germ tube. Note that the pixel size, relative to the size of the germ tube, is
significantly larger than normal.
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Because of this effect, image enhancement by median filtering was kept to an
absolute minimum and image areas affected by this edge effect were excluded from
numerical quantifications. The significance of this imaging artefact was found to be much
less than that caused by low signal intensities at the edge of cells.

5.2.3 Calibration of SNARF-1

A critical step in the use of SNARF-1 to precisely quantify pH, is the calibration of
the fluorescence signal in relation to different pH values. Four different calibration methods

were used:

(1) In vitro (in buffer): the signal of the SNARF-1, either as its free acid or as a
70 kDa dextran conjugate, was measured in buffers with different pH values. Dextran-dye
conjugates are commonly used to avoid dye sequestration within organelles (Gibbon &

Kropf, 1994).

(2) In vitro (in pseudocytoplasmic buffer): the signal of the SNARF-1 free acid was
measured in buffers with different pH values which mimicked the cytoplasm in their

composition and viscosity.

(3) In situ (within dead cells): the fluorescence signal from cells loaded with the
fluorescent dye was measured and the pH, equilibrated with the pH of the external medium

by using an ionophore (e.g. amphotericin). Treatment with ionophores usually causes cell

death.

(4) In vivo (within living cells): the fluorescence signal from cells loaded with
SNARF-1 was measured over a range of pH values, and the pH. equilibrated with the
external pH using a weak organic acid (e.g. propionic acid) and a weak base (eg.

ammonium hydroxide).

The pH range was between pH 6.0 and 8.0 for the comparison of the calibration
methods.and was well within the dynamic range of SNARF-1 (Haugland, 1992).
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In vitro calibrations. For all methods used, the pH-dependent change in the
fluorescence ratio of SNARF-1 was nearly linear between pH 6.5 and pH 7.5 (Fig. 22). The
in vitro calibration curves for the SNARF-1 free acid in the pseudocytoplasmic buffer and in
a simple MES-HEPES buffer, were very similar. The in vitro calibration of the 70 kDa
SNARF-1 dextran conjugate showed that this dye exhibited a significantly smaller dynamic
range of the ratio values, in resi)onse to changes in pH, than did the SNARF-1 free acid.
Furthermore, the signal intensity of the SNARF-1 dextran was found to be 5 times lower
than the intensity of the SNARF-1 free acid at equivalent dye concentrations (data not

shown).
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Fig. 22. Comparison of different calibration curves obtained from SNARF-1 and SNARF-1
dextran. @ —— : In vitro, SNARF-1 free acid in pseudocytoplasmic buffer. @ ——: In
vitro, SNARF-1 free acid, in simple buffer. A-— : In vitro, SNARF-1 dextran in simple
buffer. *.---- - In situ, SNARF-1 AM in dead cells. @ : In vivo, SNARF-1 AM in live
cells. Bars represent SEMs. (The measurements made to obtain the in vitro curves were

done in collaboration with R.M. Parton.)
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The calculation of the regression for the linear part of the calibration curve obtained
with SNARF-1 free acid in simple buffer gave a slope of this part of the curve of -1.15 and
an intersect with the x-axis at 8.24. Ratio values were therefore converted to pH values by

using following equation:

pH =ratio - (-1.15) + 8.24

The limits of precision for pH measurements under ideal conditions (as used to
obtain the in vitro calibrations) were determined by electronic noise generated by the
hardware used. The standard errors of measurements of the pixel intensity in individual
ratio images, used to calculate the in vitro calibration curves, were well below 0.1 (number
of pixels: 98304, measured in a 2530 pmz square sized area). The conversion of pixel
intensities into ratio values (pixel intensities 1-255 converted into ratio values 1-4) gave a
standard error of a ratio value for each ratio image of << 0.01. The 99.9% confidence limits
of the ratio value were << 0.03. After conversion of the ratio value into pH values using the
equation given above, this indicated a precision of << £ 0.03 pH units of the mean value for

each ratio image obtained with the standard settings given in Table 12.

Table 13 shows a répresentative set of results from an in vitro calibration.
Additional to the software-generated ratio values (produced from pixel-by-pixel division),
ratio values based on division of the average intensities of the two simultaneously acquired
fluorescence images, have also been added. This was done as an internal control to assess

the effects (if any) of misalignment and image processing (see previous section).
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Table 13. Representative results from one in vitro calibration experiment of SNARF-1 free
acid. Ratio values were obtained in two different ways. For the results shown in column B
the mean fluorescent intensities of the simultaneously acquired fluorescent images from
column A were divided. For the results in column C the pixel intensities in the
simultaneously acquired fluorescent images were divided on a pixel-by-pixel basis by the

TCSM software and the mean ratios of the resulting images determined.

A B C
pH Mean intensity of ARatio calculated Mean ratio from
fluorescence image Channel 2 / Channel 1 pixel-by-pixel
(after background calculated
subtraction) ratio image
Channel 1 / Channel 2 (SEM << 0.01)
(SEM << 0.1)
6.0 22.0/ 48.6* 2.20 1.68
6.0 66.1/110.4 1.67 1.66
6.5 71.2/103.3 1.45 1.49
6.5 65.3/96.8 1.48 1.52
6.7 66.3/91.1 1.37 1.40
6.7 71.0/98.6 1.39 1.40
6.9 74.4/90.8 1.22 1.24
6.9 81.3/96.9 1.19 1.21
7.1 79.5/82.5 1.04 1.05
7.1 85.8/86.7 1.01 1.02
7.3 112.1/928 0.83 0.83
73 115.8/95.3 _ 0.82 0.83
1.5 101.8/69.2 ' 0.68 0.69
7.5 93.2/64.2 0.69 : 0.69
8.0 132.0/53.1 0.40 - 039
8.0 134.1/55.0 0.41 0.41

*. Data discarded since pixel intensity was below 50
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In situ calibration. The antibiotic amphotericin was used to modify the pH
Amphotericin-, a polyene type antibiotic, binds to sterol-type membrane components which
are particularly prominent in fungal cells. It specifically promotes permeability of the
plasma membrane for H and K ions (Bolard, 1986). When use;d at a concentration of 50
uM, germ tube growth was completely inhibited and did not recover after washing out the
antibiotic (data not shown). The dynamic range of the pH dependent response of SNARF-1
between pH 6.0 and 8.0 was much smaller under these conditions than that obtained with
any of the other calibration methods (see Fig. 22). Attempts were also made to equilibrate
the intracellular and extracellular pH with the ionophores nigericin and valinomycin.
Neither ionophore caused a measurable effect on pH, in germ tubes at concentrations up to

50 uM for 60 min incubation periods, even when the two ionophores were combined.

In vivo calibration. Changing pH, with either a weak acid (propionic acid) or a
weak base (ammonium hydroxide) did not inhibited germ tube growth (data not shown) and
thus this method can be regarded as a true in vivo calibration. The fluorescence ratios
obtained with this approach gave a good agreement over the pH 6.0-8.0 range with the
results obtained in vitro with SNARF-1 free acid (Fig. 22). In Fig. 23 pseudocoloured ratio
images are shown, indicating pHc of growing germ tubes of M. grisea loaded with SNARF-

1 and incubated in either weak organic acids or bases at pH 6.0, 7.0 or 8.0.
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Alkaline

Fig. 23. Pseudocoloured ratio image indicating pH, of growing germ tubes of M. grisea
loaded with SNARF-1 incubated in either weak organic acids or bases at different pH
values. A. Propionic acid, pH 6.0. B. Ammonium hydroxide, pH 7.0. C. Ammonium

hydroxide, pH 8.0. Bar represents 10 um.

For the interpretation of all subsequent experiments in vitro calibrations of the free
acid in buffer were used in combination with in vivo calibrations to determine pH, values
because the two calibrations showed close agreement with each other (see Fig. 22). It
should be noted, however, that the precision of pH, measurements obtained in vivo was
lower than the precision achieved for in vitro measurements. This lower precision for in
vivo measurements was due to the smaller size of the measurable area within germ tubes;
this gave a smaller number of pixels averaged for the mean ratio value of an individual
image. However, the 99.9% confidence limit for in vivo measurements was in all cases

t 0.06 pH units.
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5.2.4 Cytosolic pH in germ tubes during the pre-penetration phase

Cytosolic pH was initially investigated and quantified in 1.5-4 h old growing germ
tubes with a maximal length of approximately 80 um. The measurements were performed
on the first apical 20-30 um of the growing germ tube. Measurements in more distal
regions were more difficult due to bends in the germ tubes and to the presence of the

vacuolar system (Fig. 16).

When germ tubes were grown on glass in double-distilled water, the average ratio
value of the SNARF-1 fluorescence in growing germ tubes was found to be 0.89 + 0.01
(SEM) (n = 13). On the basis of the in vitro calibration (see previous section), this ratio
value indicated a mean cytosolic pH value of 7.22 (Fig. 24). The lowest mean cytosolic pH

measured for an individual growing germ tube was pH 7.09; the most alkaline mean pH, for

a growing germ tube was pH 7.28.
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Fig. 24. Pseudocoloured ratio image indicating pH, of growing germ tubes of M. grisea

loaded with SNARF-1. Bar represents 10 pum.
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When germ tubes were grown on glass and incubated in a complete nutrient
medium, the mean ratio value of the SNARF-1 fluorescence in growing germ tubes was
found to be 0.84 + 0.01 (SEM) (n = 10). This indicated a mean pH, value of 7.27. The
lowest mean pH, found in any one of those germ tubes was 7.21; the highest mean pH, of an

individual germ tube was pH 7.34.

To analyse localised variation in pH, within growing germ tubes, ratio values were
measured at defined intervals along a one-pixel-wide mid-line through the first apical 30 um
of ratio images of these cells. The measurements of individual pixels along this mid-line
gave ratio values between 1.08 and 0.56. This corresponded to pH, values between 7.0 and
7.6 (Fig. 25A). However, much of this variation represented noise generated during the
detection of low fluorescence from the germ tubes. By averaging pixel intensities in
2 x 2 um squares along the lengths of these germ tubes, much of the noise was averaged out
and ratio values were found to be between 0.78 + 0.02 (SEM) and 0.87 + 0.02 (SEM). This
indicated pH, values between pH 7.35 and pH 7.24 (Fig. 25B).

The influence of nutrient supply on localised differences in pH. was tested by
incubating germinating conidia in a complete nutrient source. The complete medium used
had marked effects on germ tube growth and differentiation (see sections 422.2 and
4.2.3.2). Averaging pixel intensities in 2 x 2 pm squares along the lengths of growing germ
tubes indicated mean ratio values varying between 0.77 + 0.03 (SEM) and 0.85 + 0.02
(SEM). This represented pH, values between pH 7.35 and pH 7.26 (Fig. 25C).

These results strongly suggested that pronounced pH, gradients were not present in

germ tubes grown in either distilled water or nutrient medium.
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Fig. 25. Ratio values and corresponding pH, values of growing germ tubes of M. grisea in
successive regions behind the germ tube tip. A. Pixel-by-pixel measurements along a one-
pixel-wide mid-line of an individual germ tube growing on glass in distilled water (pixel
size 113 x 113 nm). B. Values of ratios and pH averaged over 2 x 2 pum squares along the
lengths of germ tubes growing on glass in distilled water (n = 10) C. Values of ratios and
pH averaged over 2 x 2 pum squares along the lengths of germ tubes growing on glass in
complete nutrient medium (n = 10). The data set marked by * is based on weak
fluorescence and thus erroneous but has been added for completeness (see following

section). Bars represent SEMs.
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In the first 2 pm of the germ tube apex the fluorescence signal detected at each
emission wavelength was usually below the intensity of 50 which was found necessary for
reliable ratiometric measurements (see section 5.2.1.2). The primary reason for this problem
was the shape of the germ tube tip which caused less volume of cytosol to contribute to the
voxel (3-dimensional pixel) in this region (Fig. 26).

Voxel (with relative SNARF-1 loaded
signal intensity in %) germ tube

Fig. 26. Schematic representation of the influence of the germ tube shape on the signal
intensity of dye detected from within the germ tube. A voxel represents the smallest 3-
dimensional unit the hardware can resolve. Digitisation of the signal converts the

information received from voxels into 2-dimensional pixels in the image.

Older germ tubes, which could be > 100 pm long, were imaged at lower
magnification (using a x 20 objective instead of a x 40 objective) in order to visualise the
entire length of a germ tube in one field of view. As before, this study was performed on
germ tubes grown on glass for 24 h in either double-distilled water or in a complete nutrient
medium. No pronounced gradients in pH, along the full lengths of these germ tubes were
observed (data not shown).

80



5. Cytosolic pH

To investigate possible temporal changes in pH, of living germ tubes following
germination and up to and including the early stages of appressorium formation, SNARF-1
fluorescence ratio values were measured at specific developmental stages. Four distinct

stages were chosen for closer investigation (Fig. 27). These were:

(A) germ tubes shortly after germination (3-5 pm in length; germ tubes shorter than
this gave unreliable ratio values; see Figs. 25 and 26);

(B) germ tubes 6-80 pm in length;

(C) germ tubes which have swollen (early stage of appressorium formation

before the septum is formed); and

(D) differentiated germ tubes (stage of appressorium formation after septum

has formed).

Areas of the germ tubes in which the pH, was investigated are indicated in Fig. 27.

A Conidium B Germ tube
T -
C Swelling D Septum

3

: Appressorium
Measured area

Fig. 27. Developmental stages of M. grisea during which pH. in germ tubes was
investigated. Shaded regions indicate areas on which the measurements were -performed. A.
Germ tubes shortly after germination. B. Germ tubes 6-80 pm in length. C. Germ tubes
which have swollen (no septum has been formed). D. Differentiated germ tubes (after

septum has formed).
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The ratio values obtained for germ tubes at these developmental stages are
summarised in Table 14. The ratio values ranged between 0.80 + 0.01 (SEM) and 0.88 *

0.02 (SEM) with no significant differences between the results. This equates to pH, values
between 7.32 and 7.23 (Fig. 28).

Table 14. Ratio values and corresponding pH values obtained from SNARF-1 loaded
cytosol of M. grisea germ tubes at different developmental stages. Swollen and

differentiated parts of the germ tubes were not included in the investigated area.

Developmental phase Time after Ratio values  Mean cytosolic ~ Number of
hydration (h) (£ SEM) pH measured
individuals
Germ tubes 3-5 pm in 05-15 0.80+0.01 7.32 15
length
Germ tubes 6-80 pm 1.5-4.0 0.89 £0.01 7.22 12
in length
Germ tubes swollen 40-6.0 0.84 £ 0.03 7.27 15
Differentiated germ 6.0-9.0 0.85 £0.02 7.27 20
tubes
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Fig. 28. Pseudocoloured ratio image indicating pH, in sporelings of M. grisea at different

developmental stages following loading with SNARF-1. A. Germinated conidium 1 h after
hydration. B. Same growing germ tube at 3 h and 3.25 h after hydration. C. Swelling germ
tube 5 h after hydration before a septum has formed between germ tube and appressorium.
D. Differentiated germ tube 7 h after hydration after a septum has formed between germ

tube and appressorium. Bar represents 10 pm.

Analysis of the swollen region of the germ tube before septum formation gave a
mean ratio value of the SNARF-1 fluorescence of 0.85 + 0.02 (SEM) indicating a mean pH,
value of 7.26 (n = 15). The lowest mean pH; found in one of these swellings was 7.10,

whilst the highest mean pH, of an individual swelling was pH 7.43.

In the present study, the imaging parameters and calibrations had been carefully
optimised for accurate ratio measurements of SNARF-1 fluorescence in growing germ
tubes. Different parameters will have to be used to obtain similar measurements in
appressoria and conidia because differences in their cell structure and the biochemical and
biophysical properties of their cytosol will have a significant influence on the outcome (see
sections 5.2.1-5.2.3). For this reason, a detailed and rigorous analysis of pH, within these

cells was not attempted.



5.2.5 Response of pH, to external pH

To investigate the effects of changes in extracellular pH on the pH, of germ tubes

and thus internal pH homeostasis, 4-6 h old germlings were grown in 25 mM MES-HEPES

buffer of different pH values

To check for the viability of the germ tubes grown under the imaging conditions
(Table 12). SNARF-1 loaded germ tubes were assessed for growth. Fig. 29 shows that
germlings continued growth after double-distilled water was replaced with buffers of pH 6.0.

7.0 or pH 8.0

Fig. 29. Fluorescence images of growing germ tubes of M. grisea loaded with SNARF-I

and incubated in buffer of pH 6.0 (A). pH 7.0 (B) and pH 8.0 (C). Emission wavelength
640 nm. Time interval between two images of each germ tube was 15 min. Bar represents

10 um
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When germ tubes were grown in buffer of slightly acidic (pH 6.0) or neutral pH (pH
7.0) the ratio of the fluorescence emission of SNARF-1 was 0.88 + 0.02 (SEM) and 0.86 +
0.01 (SEM), (n = 12). This represented a mean pH, of pH 7.23 and 7.25, respectively. In
slightly alkaline buffer (pH 8.0), the ratio of the emission signal was 0.80 + 0.02 (SEM)
indicating a mean cytosolic pH in growing germ tubes of 7.31 (n = 12) (Fig. 30). The
results were subjected to an analysis of variance to detect significance of differences
between the effects of the buffer treatments. The analysis showed a significant difference
(P < 0.01) between the ratios obtained from germ tubes grown in acidic and neutral buffer

when compared with the ratio values obtained from germ tubes grown in alkaline buffer.
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Fig. 30. Pseudocoloured ratio images indicating pH, in growing germ tubes of M. grisea
loaded with SNARF-1 and incubated in buffers of pH 6.0 (A), pH 7.0 (B), and pH 8.0 (C).

Bar represents 10 pum.

I'o check whether a slow equilibration between external pH and pH, occurred, some
germlings were grown for > 1 h in the appropriate buffer. No change of the measured ratio

values of the SNARF-1 emission was observed over this period (data not shown).
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5.3 DISCUSSION

The results presented here have critically assessed and improved confocal ratio
imaging of SNARF-1 as a high precision method for the spatial analysis and quantification
of pH. in living fungal cells. Employing this technology, the pH, in germ tubes of M. grisea
was found to be tightly regulated between pH 7.2 and pH 7.3 during germ tube growth and
the induction of appressoria. Furthermore, the pH, within germ tubes was largely
independent of the presence of external nutrients or chahges in extracellular pH. No

pronounced pH gradients were observed in growing germ tubes.

5.3.1 Assessment of method of pH measurement

Dual emission confocal ratio imaging of the H'-sensitive dye SNARF-1 can give
high precision quantification, with a high spatial and temporal resolution, of the pH, in
living germ tubes. Under ideal conditions, as achieved with in vitro calibrations, this
method could achieve a precision of + 0.03 pH units. This is similar to the degree of
precision obtained with methods involving weak acids and bases and pH-sensitive
microelectrodes which have pfeviously been used to measure pH, in fungal cells (Table 3,
section 2.5.3; Sanders & Slayman, 1982; Kaur & Mishra, 1994). All of these methods
provide more precise measurements of pH. than has been achieved with NMR of fungal
cells (Stewart ef al., 1988). The measurement precision, however, was lower for in vivo
measurements due to the fact that information from smaller areas was averaged and therefore
random noise from the hardware had a proportionately greater influence on the
measurements obtained. The measurement precision that can be achieved therefore depends
on the size of the measured area, which in tum is dependent on the type of specimen
analysed and the magnification used. The temporal resolution of simultaneous dual
emission ratio imaging is only limited by the hardware used (laser scan speed and data
saving time). For pH, measurements, only microelectrodes can achieve a similar or greater
temporal resolution. The spatial resolution of fluorescence imaging is far superior to any of
the other methods employed for pH, measurements and this is limited only by the optical

properties of the microscope used and sample imaged.
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Imaging artefacts were found to influence extensively the results if the necessary
precautions were not taken. Imaging artefacts have been identified as a significant cause in
the misinterpretation of results from ratiometric measurements (Silver et al., 1992).
However, in most studies involving ratio analysis of pH-sensitive fluorescence dyes (Roncal
et al., 1993; Gibbon & Kropf, 1994 and references given in Table 15) imaging artefacts
have not been addressed in a satisfactory way. Recently Slayman et al. (1994) emphasised
the problem of sequestration of esterified pH-indicator dyes, including SNARF-1, within
organelles of Neurospora hyphae. They concluded that the interference between the
fluorescence of organelle-sequestered dye with that of cytosolic-located dye can be greatly
reduced by using confocal microscopy. Confocal microscopy, as has been used in the
present study, allows the exclusion of out-of-focus signals from organelles above and below
the optical section under investigation (Webb et al., 1990; Sandison & Webb, 1994).
Furthermore, Slayman et al. (1994) stressed the importance of correlative structural analysis
of the cell under investigation to interpret the location of intracellular fluorescence from pH-

sensitive dyes.

In the present study, the first 30 pm of the germ tube apex was found to be free of
large organelles, notably parts of the vacuolar network, which might significantly influence

the measurements of pH,.

It was found essential to reduce image processing to a minimum because this could
cause imaging artefacts. The use of a median filter on adjacent pixels led both to a loss of
spatial resolution and to an edge effect where pixels from around a cell contributed to the
pixel value attributed to areas inside the cell. The interpretation of ratio values obtained
close to the edges of cells is additionally complicated by the weak fluorescence signal
obtained from this region. The weak signal received from the cell periphery is usually due
to the smaller volume of cytosol in this part of the cell and thus the smaller amount of dye
available for measurements. The low signal and the effects of image processing make
interpretation of the results obtained close to the cell periphery difficult. Roos (1992)
reported an acidic layer of peripheral cytoplasm in protoplasts of Gossypium hirsutum and
Penicillium cyclopium. No details of the image processing employed in Roos's study were

given, so interpretation of the data is difficult, if not impossible. Roncal et al. (1993), using
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fluorescence ratio imaging of fluorescein, observed a similar layer of apparently more acidic
cytoplasm in hyphae of P. cyclopium but were aware of the problem of the low signal

intensity, and thus inaccuracy of pH, measurements, in this region of the cell.

The present study provides the first detailed comparison of different calibration
methods for SNARF-1: in vitro (in buffer); in vitro (in pseudocytoplasmic buffer); in situ (in
dead cells); and in vivo (in live cells). In Table 15 significant studies employing SNARF-1
for intracellular pH measurements are listed. In none of these studies has all four calibration

methods been compared.

In the present study, marked differences were found between some of the
calibration methods. Whereas the in vivo calibration was in good agreement with the in
vitro calibrations using SNARF-1 free acid, results obtained in situ, and from SNARF-1
dextran in vitro, differed significantly from the other calibration methods. The reasons why
results obtained in vivo by using weak acids/bases and in situ by using an antibiotic were
different are not immediately clear. Discrepancies between results from in vitro calibrations
of SNARF-1 and calibrations obtained intracellularly using ionophores have been reported
before (Seksek et al., 1991; Owen, 1992; Owen et al., 1992; Opitz et al., 1994). The
observed shift in the pK, of the fluorescent dye inside cells, compared with in vitro, was
attributed to the binding of the probe to cellular proteins. The results presented here do not
support those findings reporting discrepancies between in vitro and in vivo calibrations of
SNARF-1. However, good agreement between in vitro and in vivo calibrations of SNARF-1
have been reported in studies on Saccharomyces cerevisiae (Haworth ef al., 1991; Haworth
& Fliegel, 1993). In these analyses saponine, a glycoside, was used to equilibrate
extracellular pH and pH,. It may wéll be that the ionophores (some of which are proteins
themselves) used in those studies reporting discrepancies between in vitro and in vivo
calibrations of SNARF-1 (Seksek ez al.,‘ 1991; Owen, 1992; Owen et al., 1992; Opitz et al.,
1994), interfered with the dye molecules rather than the cellular proteins, as suggested in
these works. This potential problem of interactions between dye molecules and ionophores
was avoided in the present study by the use of weak acids/bases to equilibrate the

extracellular pH with the pH; of living cells.
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Table 15. Calibration methods used for SNARF-1 ratio imaging

Calibration Buffer or Cell type Reference
method Ionophore ‘
in vitro HEPES N.A. Opitz ef al., 1994
(in buffer) MES + HEPES Martinez-Zaguilan ef al., 1991
Roos, 1992
MES + HEPES Owenet al., 1992
+ Bicine
Mops Haworth et al., 1991
Phosphate Owen, 1992
buffered saline
Ethanol/water Owen et al., 1992
in vitro Sonicated cells ~ Hamster spleen  Owen, 1992
(in pseudo-
cytoplasmic buffer) Hamster ovary Owen ef al., 1992
Not specified Pelvetia thizoid ~ Gibbon & Kropf, 1994
in situ Nigericin Human glioma  Opitz et al., 1994
(in dead cells) ‘Rat carotid body  Buckler & Vaughan-Jones,
1990
Rabbit proximal Dubbin et al., 1993
tube
Rat muscle and  Cody ef al., 1993
glioma
Mouse Martinez-Zaguilan et al., 1991
fibroblasts
in vivo Nigericin/ " Rat carotid body Seksek et al., 1991
(in live cells) Valinomycin Murine Owen, 1992*
lymphocyte
Hamster spleen  Owen et al., 1992*
Hamster ovary
Saponine S. cerevisiae Haworth et al., 1991*

*: Cell viability not tested
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5.3.2 Measurements of cytosolic pH in germ tubes

Cytosolic pH in germ tubes of M. grisea was shown to be tightly regulated between
77 and 7.3. This is in good agreement with measurements of pH. in hyphae of other
filamentous fungi (Sanders & Slayman, 1982; Davies et al. 1990; Roncal et al., 1993,
S. Fischer, personal communication). In the present study the pH, of germ tubes was not
found to be markedly influenced by variations in external pH between pH 6.0 and pH 8.0.
This result, and the fact that conidium germination and germ tube growth were little affected
by external pH in the range between pH 3.0 and pH 8.0 (see section 4), suggests that pH. in
conidia and germ tubes is well maintained. Sanders & Slayman (1982) reported similar
results for N. crassa hyphae from measurements using pH-sensitive microelectrodes, and
these have been confirmed recently by confocal ratio imaging of SNARF-1 in the same
species (S. Fischer, personal communication). The data from Sanders & Slayman (1982),
which included results obtained after inhibiting the plasma membrane H'-ATPase, led them
to discuss the possibility that the plasma membrane of N. crassa was less permeable for H
than previously thought. This would imply that no regulation of pH, in response to changes
in extracellular pH would be required. The present study does not provide any insight
regarding the mechanisms involved in maintaining pH, in M grisea. This will require
further experimentation, inclﬁding perturbation of the plasma membrane H'-ATPase and
other proteins involved in fungal pH, homeostasis (see section 2.5.2). Nevertheless, the
ability to grow unaffected by external pH has adaptive value for any immotile organism
which might need to survive and grow in a microenvironment markedly different in pH.
However, deleterious effects of extreme external pH values on appressorium formation (see
section 4.2.3.3) suggest that this differentiation process is more sensitive to changes in

external pH than are conidium germination or germ tube growth.

Measurements of pH, along the length of growing germ tubes did not reveal any
marked gradients in pH. Pronounced pH, gradients have also not been observed in
vegetative hyphae of N. crassa ratio imaged in the same way as in the present study (S.
Fischer, personal communication). These data suggest that prominent pH, gradients are not
important for tip growth in filamentous fungi as has been suggested for the polarised growth
of Pelvetia thizoids (Gibbon & Kropf, 1994).
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No pronounced differences in pH. during germ tube growth or early stages of
appressorium differentiation were observed. In other filamentous fungi, a change in pH.
during distinct developmental phases has been reported. Turian (1983) showed a polarised
acidification at germ tube outgrowth from spores of Morchella and conidia of Neurospora
although in this study is was not clear that the cells were unperturbed by the loaded dye.
Roncal et al. (1993) presented results indicating a role for changes in pH, during conidiation
of Pe;n'cillium cyclopium. In Candida albicans, a yeast which can switch from yeast-like to
hyphal-like growth, pH, changes have been clearly correlated with the outgrowth of germ
tubes from yeast-like cells (Kaur ef al., 1988; Stewart et al., 1988; Kaur & Mishra, 1994).
Based on these results Gadd (1995) discusses the role of intracellular pH as a second
messenger in the dimorphic regulation of this fungus. To establish the idea that protons act
as intracellular signals in this process would, however, need more experimental support.
One type of experiment which might contribute further evidence to support the signalling
role of protons in the dimorphic switch could involve the use of photoactivated caged probes
such as Diazo-3 (a form of caged protons). Diazo-3 can be introduced into a cell in various
ways and protons can be released in response to illumination with UV-light. The initiation
of a specific process due to the intracellular elevation in the concentration of a putative
signal molecule provides good evidence for it having a role in signalling that process (Read

etal., 1993).

Most of the studies on the importance of protons in filamentous fungi have been on
indirect measurements of external currents using the vibrating probe (Gow, 1989, 1995b).
In recent years more evidence has accumulated which suggests that the inwardly directed H
currents reveal sites where H'-driven nutrient transport is localised. This indicates that the
measured H' current is mainly concemned with local nutrient uptake rather than having a
primary function in tip growth (reviewed by Gow, 1995b). Considering that.the germ tube
and conidium of M. grisea are self-contained systems in which nutrients are probably in
many cases exclusively supplied from stores within the conidium, the need for nutrient
uptake by symport with protons may not arise and thus extracellular or intracellular H'-
gradients might not be generated. Results presented in sections 4.2.2.2 and 4.2.3.2,
however, indicated that the supply of a rich external nutrient medium can influence the

morphogenesis of the germ tube. The observed effects suggest that the germ tube is
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competent to take up nutrients such as glucose. The measurements of pH in germ tubes
incubated in complete medium did not reveal any gradient in the pH. Whether this finding
indicates that nutrients are taken up in all parts of the germ tube rather than just in the tip
region, or whether any gradients in pH,, if they exist, are too small to be resolved by
confocal ratio imaging, is not clear. Also, little is known about the buffering capacity of the
cytosol in M grisea germ tubes, which, if large enough, could prevent any build up of a
pronounced pH. gradient.

Most of the electrical currents associated with tip growth extend over more than 200
pm behind the hyphal tips of fungi (Gow, 1984; Kropf ef al, 1984; McGillviray & Gow,
1987; Takeuchi ef al., 1988). A pHc gradient linked to this current might then be extended
to stretch over a similar distance. Gow ef al. (1984) reported a pH gradient in the external
medium corresponding to the electrical current surrounding the hyphae of Achlya bisexualis.
This external pH gradient was assumed to be generated by the spatially separated apical
uptake and sub-apical release of protons over the apical 200 pm, or so, of the hypha. Germ
tubes of M. grisea were shown to be usually between 1 and 100 pum long (see section
422.1). Gradients of pH,, of the type which might possibly exist in 4. bisexualis, may not
be evident in the short germ tubes of M. grisea. However, recent studies have reported that
pH, gradients occur over the first 30 pm behind the tips of Penicillium hyphae (Roncal et
al., 1993) and Pelvetia rhizoids (Gibbon & Kropf, 1994).

In summary, the work in this chapter has shown that:

(a) no changes in pH, > 0.1 pH unit are involved during germ tube growth and
induction of appressoria in M. grisea;

(b) the pH_ is little affected by external factors such as pH or nutrients; and

(c) pronounced gradients in pHé‘ associated with tip growth and/or nutrient uptake

are not evident.
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6. SUMMARY

The objectives of the first part of this study were to investigate the influence of
external factors on the pre-penetration phase of infection of M. grisea. Surface contact was
found to be essential for appressorium induction but not conidium germination. Other
factors such as light, surface properties, temperature and pH had modulatory influences on
the pre-penetration events of infection. However, a high concentration of a complete
nutrient source prevented differentiation in the dark but not in the light. Higher numbers of
appressoria differentiated on rice leaves than on artificial substrata suggesting that the host
provides additional factors, and thus a more conducive environment, for promoting
appressorium formation. Overall, the results indicated that the pre-penetration phase of rice
blast infection involves a programme of growth and differentiation triggered at conidium

germination and regulated by multiple signals from the host and environment.

In the second part of this work confocal ratio imaging of the pH-sensitive dye 5(6)-
carboxyseminaphthorhodafluor-1 (SNARF-1) has been shown to be a highly precise method
for the analysis of cytosolic pH (pH.) in growing germ tubes. However, it was found that
considerable precautions have to be taken to avoid the numerous artefacts which can arise
during dye loading, imaging, image processing and image analysis to obtain accurate
imaging and quantitation of pH,. Measurements of pH, in growing germ tubes of M. grisea
during germ tube growth and early differentiation showed it to be remarkably stable between
pH 7.2 and pH 7.3 and no changes in pH; > 0.1 pH unit during these processes were
observed. Furthermore, the pH. was little affected by external factors such as pH or
nutrients, and pronounced gradients in pH, associated with tip growth and/or nutrient uptake

were not evident.
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7. FUTURE WORK

7.1 THE ROLE OF EXTERNAL SIGNALS IN REGULATING THE PRE-PENETRATION
PHASE OF INFECTION

(@) Conidium germination appears to initiate a programme of growth and
differentiation which leads to the formation of infection structures (see section 4.3). The
events involved in the induction of gemmination thus seem to be critical for this process to
occur. Studies using inhibitors of intracellular signalling pathways (see section 2.4) could

be useful to further understand the signalling processes involved.

(b) The importance of contact with a surface for appressorium formation (see section
4.2.3.1) suggests the involvement of mechanosensitive ion channels and/or transmembrane
signalling by integrins (or integrin-like proteins) in the plasma membrane of the germ tube.
Possible roles of these plasma membrane components could be initially investigated using

suitable inhibitors (e.g. Gd** for stretch-activated channels and RGD peptides for integrins).

(c) The application of single, or combinations of, nutrients could reveal which
component(s) of the complete nutrient medium, used in this study, fully inhibited
appressorium formation in the dark (see section 4.2.3.2). This analysis might indicate which

signalling processes are involved in preventing differentiation.

(d) The promotion of appressorium formation by light could be further investigated
by producing an action spectrum of wavelengths which are effective in this process. This
should give an indication of what type of photoreceptor mediates this response (e.g. blue
light or red light receptor). "
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7.2 ROLE OF cYTOSOLIC PH DURING THE PRE-PENETRATION PHASE OF INFECTION

(a) Because of the novelty of dual emission ratio imaging of SNARF-1 to
investigate pH, in living cells, the results obtained here would benefit from being compared
with results obtained using an independent method of pH. measurement. However, the
small size of Magnaporthe germ tubes does not allow the use of pH-sensitive
microelectrodes for analysing pH, in these cells, and other methods do not provide the
necessary spatial resolution (see section 2.5.3). Therefore, larger hyphae of another fungus
(e.g. Neurospora crassa) should be used to obtain these correlative measurements with pH-

sensitive microelectrodes.

(b) Although the pH, in germ tubes does not seem to change markedly during
growth and appressorium induction, there may be important changes in pH. during the
complex differentiation events which follow (see Table 1, section 2.2) Therefore, confocal
ratio imaging of SNARF-1 could be used to analyse pH, during the formation of appressoria,

infection pegs and infection hyphae which can all be studied in vitro.

~ {(c) The role of the plasma membrane H'-ATPase in the regulation of pH, in M
grisea could be investigated by application of specific inhibitors of this enzyme (c.g.

vanadate).
(d) Precise manipulation of pH. by applying weak organic acids or bases or by the

intracellular photorelease of caged protons (e.g. Diazo-3), could be used to investigate
further the importance of the pH, during the pre-penetration phase of M. grisea.
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bstract. The role of external signals (particularly the
bstratum surface and light) in regulating the pre-pene-
ation phase of Magnaporthe grisea (Herbert) Barr
namorph, Pyricularia grisea Sacc.] were analysed on
ce (Oryza sativa L.) leaves, artificial substrata and in
juid suspension. Surface contact was found to be essen-
al for appressorium induction but not conidium germi-
1tion. Both a high surface hydrophobicity and light fa-
yured the formation of short differentiated germ tubes
1d large numbers of appressoria, but neither factor was
sential for their induction. Light intensity had a graded
fect on the lengths of differentiated germ tubes but not
1 the number of appressoria formed. Higher numbers of
ppressoria differentiated on rice leaves than on artificial
1bstrata suggesting that the host provides additional
ctors, and thus a more conducive environment, for pro-
oting appressorium formation. Our study indicates that
e pre-penetration phase of rice blast infection involves
programme of growth and differentiation triggered at
bnidium germination and regulated by multiple signals
om the host and environment. No evidence was found
r a single, external signal which initiates appressorium
yrmation. Starvation is suggested as providing the nec-
ssary intracellular signal.

ey words: Appressorium — Contact sensing — Infection
ructure — Magnaporthe — Oryza — Rice blast

itroduction

ice blast is considered the most important disease of
ce in the world (Ou 1980, 1985). The causative agent,
fagnaporthe grisea (Herbert) Barr [anamorph, Pyricu-
iria grisea Sacc.], offers an excellent experimental system
y which to address many of the most significant ques-
ons in plant pathology. In recent years, studies of the

orrespondence to: N.D. Read; FAX: 44 (31) 650 5392; e-mail:
read@srv0.bio.ed.ac.uk

cell biology and molecular genetics of this fungus have
permitted a number of critical elements of host-pathogen
interactions to be analysed (Valent 1990; Valent and
Chumley 1991; Dobinson and Hamer 1992). One impor-
tant aspect of study has been the pre-penetration phase of
infection.

The initial stages of infection by M. grisea usually
require the deposition and attachment of three-celled
conidia to aerial parts of the rice plant. Attachment typi-
cally involves the immediate and persistent adhesion of a
conidium to the rice leaf by means of a glue (the spore tip
mucilage) released from the spore apex. The spore tip
mucilage will also stick strongly to various artificial sur-
faces, including ‘non-stick’ Teflon (Hamer et al. 1988).
Germination of the conidium can occur from any of its
three cells and resuits in one or more germ tubes which,
after a period of growth, can differentiate terminal, pig-
mented appressoria (Peng and Shishiyama 1988; Bourett
and Howard 1990; Howard et al. 1991b). The appressori-
um is even more tenaciously adherent to the host surface
than are conidia, and generates a hydrostatic pressure (>
80 bar) of unprecedented magnitude in living eukaryotic
cells. This pressure provides a mechanical force which
seems to be the primary mechanism by which an emer-
gent penetration peg pushes through the rice leaf cuticle
{Howard and Ferrari 1989; Howard et al. 1991a).

The pre-penetration phase of infection by M. grisea
involves differential gene expression. Three genes, differ-
entially expressed during appressorium formation, have
been cloned (Lee and Dean 1993b; Talbot et al. 1993) and
one encodes a hydrophobin-like protein (Talbot et al.
1993). Other genes involved in appressorium morpho-
genesis and pigmentation have also been identified by
mutant analysis (Woloshuk et al. 1983; Hamer et al
1989; Howard and Ferrari 1989; Chumley and Valent
1990). However, little is known about how these different
genes are regulated by signals from the host, environment
or from within the fungus itself. Nevertheless, recent evi-
dence suggests that cAMP, but not Ca®*, plays an im-
portant role as an intracellular signal in mediating ap-
pressorium formation (Lee and Dean 1993a).
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A useful approach to the experimental analysis of sig-
1als which influence the initial stages of infection is to
study the process in vitro. In M. grisea, the pre-penetra-
ion phase readily occurs on artificial substrata in drops
of water (e.g. see Bourett and Howard 1990). In this way,
one can avoid the complex influences of the host which,
tself, may also be affected by the same environmental
factors that directly affect the fungus.

Two important factors which can influence pathogen-
esis are light and the physical nature of the host surface
(Emmett and Parbery 1975; Hoch and Staples 1991;
Read et al. 1992). However, the role of neither of these
factors has been the subject of rigorous analysis during
the pre-penetration phase of M. grisea. Nevertheless, it is
well established that successful infection of rice plants can
take place in either the light or dark (Ou 1985). Further-
more, appressoria have been shown to differentiate on a
wide range of artificial substrata with marked differences
in their hydrophobicity, hardness and other surface prop-
erties (Araki and Miyagi 1977; Uchiyama et al. 1979;
Yaegashi et al. 1987; Bourett and Howard 1990; Uchiya-
ma and Okuyama 1990; Howard et al. 1991a; Lee and
Dean 1993a,b).

The aim of the present study was to determine the
roles of external signals (particularly the substratum sur-
face and light) in regulating the pre-penetration phase of
infection by M. grisea. For this purpose, we have quanti-
fied conidium germination, germination patterns, germ-
tube lengths, and appressorium formation in the fungus
under light and dark conditions on rice leaves, cel-
lophane, Teflon and glass, and in liquid suspension. Our
study indicates that appressorium induction occurs with-
in a conducive environment providing multiple regulato-
ry signals rather than being exclusively stimulated by a
single external signal.

Materials and methods

Organism and growth conditions. Magnaporthe grisea, strain 0-42
(kindly supplied by Dr. Barbara Valent, DuPont Co., Wilmington,
Del., USA) was bulked up and stored as described by Valent et al.
(1991). For experimentation. oatmeal-agar plates (1.5% agar con-
taining 50 g per litre of Scottish porridge oat flakes) were inoculated
with small pieces of filter paper bearing the fungus (Valent et al.
1991) and incubated at 25° C for 18-24 d under continuous light
from fuorescent lamps at 45 pmol photons-m=s™" in a cooled
incubator. Conidia were isolated as described by Bourett and
Howard (1990). The concentration of conidia in suspension was
adjusted to 1-10*-2-10*-mi™" in sterile, double-distilled water. At
conidial concentrations higher than this, it was not possible to
determine accurately the percentage conidium germination and ap-
pressorium formation. [llumination was minimised during conidial
isolation by wrapping the centrifuge tubes containing conidia in
aluminium foil. All conidia produced by this isolation procedure
lacked spore tip mucilage.

In-vitro system on solid substrata. For all in vitro experiments, un-
used glass slides (Blue Star: Chance Propper, Warley, UK) were
washed in Fairy Liquid detergent (Procter and Gamble, Newcastle
upon Tyne, UK) and rinsed thoroughly with double-distilled water.
Three silicon gaskets (Swinnex-13; Millipore. Bedford, Mass,,
USA), covered in melted dental wax (Anutex; Associated Dental
Products, Swindon, UK), were applied to the slides to which they
adhered once the wax cooled. The gasket rings prevented run-off of
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the inoculum drop during subsequent manipulations. To minimise
microbial contamination during experimentation, the slides with
gaskets were treated with UV-A irradiation for at least 4 h prior to
inoculation. For experiments on cellophane (gauge 525, uncoated
‘rayophane’ from A.A. Packaging, Walmer Bridge, Lancs., UK) or
Teflon (polytetrafluoroethylene from DuPont Co., Wilmington,
Del., USA), 10-mm-diameter circles of the substrata were cut using
a cork borer. After autoclaving, the circles were placed within the
silicon gaskets. Experiments on glass were performed directly on the
slides. A 20-pl conidium suspension was applied to the substratum
and the slides placed in sterile, 12 cm- 12 cm square Petri dishes. To
maintain high humidity, sterile tissue paper, saturated with sterile
water, was placed in each dish which was then sealed with Parafilm.
Except where stated, the fungal samples were grown for 24 h and
incubated at 25° C under continuous light from fluorescent tubes at
45 pmol photons-m™-s™" in a cooled incubator. Dark-grown sam-
ples were covered in light-tight bags normally used to store photo-
graphic paper. To determine the effects of different light intensities,
Petri dishes were wrapped in polyester neutral density filters (Lee
Lighting, Glasgow, UK) of different grades (50%, 25% and 15%
transmission). Temperature measurements with a digital thermome-
ter showed that the temperatures within sealed Petri dishes grown
in the light and dark, and within the incubator, were the same
(+ 0.5°C).

In-vitro system in liquid suspension. In order to analyse spore germi-
nation in liquid suspension. hanging-drop cultures were prepared.
This involved adding 20-ul drops of spore suspension to glass slides,
immediately inverting the slides, and then incubating them on a
support over damp tissue paper in Petri dishes (as described in the
previous section). Spore germination and appressorium formation
in the hanging drops were assessed after 24 h using an Nikon Di-
aphot (Tokyo, Japan) inverted microscope.

Fixation and quantitative analysis. After 24 h (48 h for the tempera-
ture experiments), the silicon gaskets were removed and each sam-
ple immobilised and fixed by applying a molten drop of 20 ul 2%
agarose (Type VIII; Sigma, Dorset, UK) containing 5% glutaralde-
hyde (Sigma) at 50° C. For the time-course experiments, samples
were immobilised and fixed at the times indicated. Percentage
conidium germination, germination patterns and appressorium for-
mation were assessed using a Reichert-Jung Polyvar Photomicro-
scope with a x 10 plan apo objective and a total magnification of
x 125. Germ-tube lengths were measured using a Bio-Rad (Wat;
ford, Herts., UK) MRC-600 laser scanning confocal system mount.
ed on an Nikon Diaphot inverted microscope, and the images
analysed with CoMOS (Bio-Rad) software. Unless stated otherwise
six replicates were performed for each experiment which was done
at least twice. All conidia (100-300) were counted in each replicate
Percentage appressorium differentiation was taken as the percent
age of germinated conidia (sporelings) that were differentiated. Ar
appressorium was regarded as a rounded, pigmented, termina
swelling of a germ tube (Fig. 1). Statistical analyses were performec
using either Fig P for Windows v. 1.0 (Biosoft, Cambridge. UK) o
Microsoft Excel v. 4.0. Statistical tests (t-test and analysis of vari
ance) were done after arcsine transformation.

Plant growth conditions and infection. Rice (Oryza sativa L.) plant
{M-201; California Cooperative Rice Research Foundation Inc
were grown in standard soil (Fisons, Type M3) and watered witl
Hoagland’s nutrient solution (Hoagland and Arnon 1950). Plant
were grown under a 14-h photoperiod at 27° C in the light (30
umol photons-m=:s"') and 21° C in the dark. Plants were tran:
ferred to a cooled incubator 14—18 days after seed germination. Th
third or fourth leaf of each plant was placed in a Petri dish (50 mr
diameter) by guiding it through small openings cut in the dishe
Care was taken not to damage the leaf or touch the leaf surface t
be studied. Damp filter paper was placed in the base of the Pet
dish to maintain a high humidity. Prior to inoculation. the leave
were left for at least 8 h in open Petri dishes, after which 8-ul drog
of conidial suspension were pipetted onto the upper surfaces ¢



~. Jellito et al.: Cell signalling dunng rnce biast 1niection

ves. The Petri dish lids were then replaced. For dark samples, the

ri dishes were wrapped in black photographic bags in such a way

1t they were light-tight. Incubanon conditions were as described
- the in-vitro system.

lining of infected leaves. Leaves were removed and sprayed with
5% Calcofluor M2R (Sigma, Poole, Dorset, UK) 24 h after inoc-
tion. Quantitation of germination patterns and appressorium
mation was performed immediately afterwards by fluorescence
croscopy, using the U1 filter block (containing a 330- to 380-nm
itation filter, 420-nm dichroic mirror, and 418-nm-long path
rrier filter) of the Reichert-Jung (Slough, UK) Polyvar micro-
ype. Germ-tube lengths were measured using CoMOS image
alysis software.

sults

onidium germination. The mean percentage of conidium
rmination, on the different substrata and in hanging
ops, ranged from 92.8 + 3.5(SE) to 98.3 + 1.3(SE)in
e light and dark. In the hanging drops, it was notable
at after 24 h none of the germ tubes differentiated ap-
essoria unless they made contact with the glass surfaces
>m which the drops were suspended.

rmination and differentiation patterns. With the excep-
»n of the lengths of germ tubes (see below), the general
ypearance of germinated conidia bearing appressoria
as very similar on rice leaves and artificial substrata.
ature appressoria were pigmented and typically circu-
r in profile (Figs. 1, 2). Sometimes, however, the appres-
ria on rice leaves were irregular in outline (not shown)
cause they tend to mould themselves around papillae
1 the leaf surface (see Hirooka et al. 1982).

Four patterns of germination and differentiation were
presentative of > 90% of all patterns exhibited by
orelings (Fig. 3). The relative proportion of sporelings
ithin each of these four classes was broadly the same on
| substrata. Conidia germinated from one or more of
eir three cells although < 2% germinated from their
iddle cells. Greater than 70% of sporelings possessed

gt

1

ig. 1. Brightfield light micrograph of a germinated conidium of
lagnaporthe grisea (c) from which a germ tube (gr) has differentiat-
| an appressorium (a) on Teflon. Bar = 10 um

ig. 2. Fluorescence light micrograph of a germinated conidium
om which a germ tube has differentiated an appressorium on a rice
af. Magnification same as Fig. 1
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Flg 3. Differentiation patterns of germinated M. grisea conidia on
rice leaves, cellophane, Teflon and glass in the light ((J) and dark
(M) after 24 h. Bars represent SEs
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Fig. 4. Percentage of differentiated M. grisea germ tubes in defined
length classes, on rice leaves, cellophane, Teflon and glass in the
light ({(J) and dark (W) after 24 h. Bars represent SEs

one germ tube only; the most common type had one
differentiated germ tube which had emerged from the
apical cell of the conidium. The differentiation patterns
did not differ significantly (P < 0.05) if conidia were incu-
bated in the light or dark.

Lengths of differentiated germ tubes. On the rice leaf, germ
tubes with appressoria showed a marked tendency to be
shorter in the light than the dark: 97% and 77% of the
germ tubes were < 60 um long in the light and dark,
respectively (Fig. 4). Of the artificial substrata, only differ-
entiated germ tubes on cellophane were significantly
shorter in the light (80% < 60 pum long) than the dark
(51% < 60 um long). On Teflon, 100% and 97% of germ
tubes were < 60 um in the light and dark, respectively;
on glass, 93% and 90% were < 60 um in the light and
dark, respectively.

Appressorium differentiation. Table 1 shows that on rice
leaves 98% of germinated conidia differentiated appres-
soria in the light whilst fewer (92%) did in the dark. On



Table 1. Percentage differentiation of M. grisea appressoria on rice
leaves, cellophane, Teflon and glass in the light and dark after 24 h
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Table 2. Influence of photon flux density on percentage different
tion of M. grisea appressoria after 24 h incubation on cellophar

Rice Cellophane Teflon Glass. Means

Leaf
Light 98.0 79.9 91.2 69.0 84.5
Dark 91.5 54.5 68.1 39.0 63.3
Means 94.7 67.2 79.6 540 1% LSD 1.9
30 ~
y = - 4.5x+26.6

»n
o
1

Germ tubes >1001m (%)
s
1

Lf 1 1

L L]
0 15 30 60 110
Photon Flux Density (Hmol Photons:ms™)
Fig. 5. Influence of photon flux density on the percentage differenti-
ated of M. grisea germ tubes > 100 um long after 24 h incubation

on cellophane. Bars represent SEs of nine replicates per treatment.
The line was fitted by regression analysis

the artificial substrata, differentiation was > 69% in the
light and 20-30% lower in the dark. On each substratum,
the percentage differentiation in the light was significant-
ly greater than in the dark (P < 0.01). Comparisons of all
the light-grown treatments, or all of the dark-grown
treatments, showed that percentage differentiation on
rice leaves was significantly higher (P < 0.02) than on
any of the artificial substrata. The results were subjected
to a two-way analysis of variance to detect significance of
difference between the effects of the light/dark treatments
and the type of substratum used. The analysis showed a
significant influence (P < 0.01) of light and the substra-
tum type, but no significant interaction between these
factors, on the percentage of appressoria formed.

Influence of irradiance. Of the three artificial substrata
tested, only cellophane resembled rice leaves by inducing
the fungus to produce shorter differentiated germ tubes
in the light than the dark (Fig. 4). It was, therefore, chosen
as a substratum to investigate the effects of irradiance on
germ tube lengths and appressorium formation.
Irradiance had a marked effect on the lengths of differ-
entiated germ tubes and this was a graded response: the
higher the photon flux density, the lower the number of
long (> 100 pm) differentiated germ tubes (Fig. 5).
Although light per se, enhanced the number of appres-
soria formed (Table 1), the photon flux density (15-110
umol photons-m™-s7') did not seem to be important in
this response (Table 2). Under all irradiances used, the
percentage of conidia which produced appressoria was

Photon flux density 1% LS

(umol-m~2-57")

110 60 30 15 0

% Appressorium

Differentiation 87.0 857 864 809 589 3.6
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Fig. 6. Time course of differentiation of M. grisea appressoria in t
light (O) and dark (@). Bars represent SEs
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Fig. 7. Differentiation of M. grisea appressoria on cellophane
different temperatures after 24 h in the light (Q) or dark (@). Ba
represent SEs

> 20% higher than in the dark. This difference was hig]
ly significant for all treatments (P < 0.01) and no signil
cant difference between irradiances was found.

Time course of appressorium differentiation. On ce
lophane, conidium germination in the light and dark ar
was completed within 8 h (data not shown). On the san
substratum, germ-tube differentiation began 5 h post i
oculation in both the light and dark (Fig. 6). Howeve
the first morphological indicator of appressorium form:
tion (hook formation, Bourett and Howard 1990) w:
observed 1 h earlier in the light than the dark (data n
shown). Under both conditions, differentiation of appre
soria ceased 14 h post-inoculation. The number of a
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essoria which differentiate per unit of time over the 6-
12-h period was approximately 50% higher in the light
an in the dark (Fig. 6).

fluence of temperature on appressorium differentiation.
n cellophane, the percentage differentiation of appres-
ria in the light was significantly greater than in the
rk over the temperature range 15-30°C (P < 0.05).
hus the promotive effect of light on appressorium differ-
tiation was independent of temperature. At 30° C, far
wer appressoria were formed in both treatments
ig. 7).

iscussion

ur data indicate that the pre-penetration phase of infec-
>n by M. grisea involves a programme of growth and
fferentiation triggered at spore germination and regu-
ted by multiple signals from the host and surrounding
1vironment.

ole of contact sensing. Surface contact was found to be
sential for appressorium induction but not conidium
-rmination. It is well established that contact of a germ
1be with a solid surface is an essential prerequisite for
ppressorium “formation in many plant pathogens
“mmett and Parbery 1975; Hoch and Staples 1991;
ead et al. 1992). Our study does not support the conclu-
ons of Lee and Dean (1993a) who recently reported for
{. grisea that contact with a surface induces conidium
ermination whilst a high surface hydrophobicity, as
yund on a rice leaf, induces appressorium formation.
Infortunately, we cannot comment on their findings re-
arding conidium germination because of the lack of ex-
erimental details in their paper. These authors did show
hat appressoria differentiated readily on substrata with

high hydrophobicity (wax paper, polystyrene and
olyester) but not on glass and agarose which were more
ydrophilic. However, M. grisea has been shown to form
ppressoria on cellophane (Hashioka 1972; Araki and
Aiyagi 1977; Uchiyama et al. 1979; Hirooka et al. 1982;
Jourett and Howard 1990) and glass (Uchiyama et al.
979; Yaegashi et al. 1987; Uchiyama and Okuyama
990), and our results confirm this.

There is an interesting discrepancy in the literature
egarding appressorium formation on glass. Although, as
ndicated, a number of papers have shown that appresso-
ia of M. grisea can develop on this substratum, other
vorkers have reported that they do not (Hamer et al.
988, 1989; Howard et al. 1991a; Lee and Dean 1993a).
"he reason for this inconsistency is not clear but may be
ttributable to differences in the type of glass used, strain
/ariation or instability of certain genes involved in ap-
yressorium formation. In relation to the latter point, of
yossible relevance is that M. grisea is highly mutable at
ertain genetic loci (Valent and Chumley 1991). One such
ocus is SMO and Hamer et al. (1989) found that smo’
nutants, in contrast to the wild type from which they
vere isolated, formed significant numbers of appressoria
on glass.

i

The ability of germ tubes to differentiate into appres-
soria may be related to how they adhere to their substra-
tum — an important aspect of plant-pathogen interac-
tions about which little is known (Nicholson and Epstein
1991). It has been suggested that a hydrophobin-like
protein produced by the MPG1 gene may be important
for appressorial adhesion through hydrophobic interac-
tions with the rice leaf (Talbot et al. 1993). However, it
seems unlikely that such a mechanism is involved in the
adhesion of appressoria to cellophane considering the
latter’s hydrophilic nature.

Evidence was found for germ tubes, but not conidia,
exhibiting contact-sensing. Firstly, a solid surface was re-
quired for germ tubes to differentiate. Secondly, a high
substratum hydrophobicity (of Teflon or rice leaves) re-
sulted in shorter differentiated germ tubes than on more
hydrophilic substrata (glass and cellophane). This may be
a result of earlier differentiation, or alternatively slower
growth, on the hydrophobic substrata. However, it
should be noted that the conidia used in our analysis
lacked spore tip mucilage (Hamer et al. 1988) and it is
conceivable that this may play a role in conidial contact
sensing. This aspect needs to be addressed in a future
study.

Role of light. There is a dearth of knowledge on the signif-
icance of light in regulating the pre-penetration phase of
plant pathogens (Emmett and Parbery 1975). We found
on rice leaves and cellophane that the lengths of differen-
tiated germ tubes were, on average, shorter in the light
than the dark. A possible explanation of this phe-
nomenon is that light stimulates germ tubes to differenti-
ate earlier after germination than in the dark, but this
needs to be confirmed by further analysis. On all sub-
strata, germinated conidia incubated in the light pro-
duced consistently more appressoria than those kept in
the dark.

The mechanistic basis of how light is perceived by
germ tubes is unknown. However, it was interesting to
note that the lengths of differentiated germ tubes, but not
the number of appressoria formed, were significantly in-
fluenced by the photon flux density of the light. Thus the
effect on the length of differentiated germ tubes was a
graded response to the irradiance, whilst increased ap-
pressorium numbers were not. This distinction suggests
that these two responses involve different signal trans-
duction pathways. _

Increasing light levels usually are associated with
higher temperatures in those parts of the world where
rice blast is endemic. Our data demonstrated that tem-
peratures above 30° C resulted in reduced appressorium
formation. Conidia of M. grisea are dispersed mainly at
night (Ou 1985). Since it takes several hours after spore
deposition for appressoria to be initiated, then this pro-
cess will sometimes occur in early daylight as tempera-
tures start to rise. The advanced formation of appressoria
at this time before temperatures rise too high may be a
distinct advantage for M. grisea, particularly since ap-
pressoria can endure more adverse conditions than germ
tubes (Emmett and Parbery 1975).



A4

A ‘conducive environment’ is required for appressorium ini-
tiation. Signalling during the pre-penetration phase of
infection by M. grisea inevitably involves an extremely
complex network of interactions rather than indepen-
dent, linear pathways of signalling events. Visualizing ap-
pressorium initiation in M. grisea as being controlled by
just one or even a few external factors is probably too
simplistic. Instead, a whole network of external and inter-
nal signals may exert control but each component to
varying extents (e.g. see: Kacser and Porteous 1987; Tre-
wavas 1987). Appressorium initation might be achieved
in a variety of ways depending on the precise mixture and
balance of signals and signal transduction elements
present. Emmett and Parbery (1975) concluded that few
plant pathogens require specific external stimuli for ap-
pressorium induction but instead, need a conducive envi-
ronment for the process to take place. We suggest that
what comprises a conducive environment may vary de-
pending on the signalling capabilities of the germ tube
and the environmental factors prevalent.

The germ tube seems to act as a specialised ‘sense
organ’ which grows out from the spore. So what environ-
mental signals, influencing its differentiation into an ap-
pressorium, does it sense? We have shown that surface
contact, surface hydrophobicity, light, light intensity and
temperature are all important. However, other factors
are also influential, including water, pH. and signals
derived from the host. Free water is required for conidi-
um germination and a high relative humidity is essential
for infection (Ou 1985). Germ tubes form most appresso-
ria in the pH range 5.0-6.0 (data not shown). Host-
derived signals must also be important because we found
that consistently higher numbers of appressoria were
formed on rice leaves than on any of the artificial sub-
strata used in our study. Rice leaves consistently provid-
ed the most conducive environment for appressorium
formation under the different illumination conditions
employed. Whether these host-derived signals are chemi-
cals or physical attributes (e.g. microstructure) of the leaf
surface, is not clear.

Of signals identified as playing a role in regulating the
pre-penetration phase, we can distinguish between those
that are essential and those which are not. The essential
factors (e.g. surface contact and a high relative humidity)
seemed to be passive in effect rather than providing ac-
tive stimulation of appressorium formation. The passive
role of surface contact is indicated by the observation
that germ tubes did not differentiate immediately on
making contact with a surface but grew to different
lengths before forming appressoria. Other factors (e.g.
light and the precise physical and chemical make up of
the contact surface) may not be indispensible but can
play important roles as modulatory signals providing the
conducive environment for appressorium initiation. It is
possible that all of these external signals act in concert to
make the germ tube competent to respond to an, as yet
unidentified, internal signal (see next section).

Although most fungal leaf pathogens, like M. grisea,
do not seem to rely on specific external signals for appres-
sorium formation (Emmett and Parbery 1975), some
clearly do. In this respect, rusts deserve special mention.

LG, JCUHITO C©L al.. LI Siglidillilyg Uullilyg IO Ulddost 1kt u

A number of rusts respond to well-defined topographic
features as primary signals of appressorium inducti
(Allen et al. 1991a; Hoch and Staples 1991; Read et
1992). For example, > 90% of germ tubes of the be:
rust (Uromyces appendiculatus), grown on artificial su
strata, are optimally induced to differentiate appressos
over steps with a height of 0.5 pm (Hoch et al. 1987; All
et al. 1991a). This topographical signal was closely cort
lated with the guard-cell lip (or ledge) of the host pla
Phaseolus vulgaris (Hoch et al. 1987; Allen et al. 1991
Terhune et al. 1991). Rusts have evolved this type of ser
ing process in order to precisely locate appressoria ov
stomata through which they penctrate. Magnaport
grisea and most other leaf pathogens, however, have 1
requirement for such a mechanism because they direct
penetrate through the leaf cuticle and thus do not need
form appressoria at specific locations on the leaf surfa

Induction of conidium germination and appressorium d
ferentiation. Our work shows that the pre-penetrati
phase of M. grisea involves a defined programme of ¢
lineage to which the fungus becomes committed at coni
ium germination. A similar conclusion was reached
Howard et al. (1991b) who described this succession
growth and developmental events as representing a
phogenetic unit. What triggers germination is not defini
ly known. However, since percentage germination was
92% in the light and dark on all substrata and in liqu
suspension, this indicates that water is probably impc
tant because it was a common, external factor in all the
experiments. However, whether spore hydration provic
a primary stimulus for germination, or whether walt
allows the release from spores of a germination self-
hibitor (Macko 1981), remains to be determined.

As indicated earlier, we found no evidence for an ¢
ternal inductive signal for appressorium differentiatic
This suggests that appressorium initation is depende
on intracellular signalling. Since the whole of the p
penetration phase can occur in water devoid of exterr
nutrients, starvation may provide this stimulus. In su
port of this is the finding that RNA transcripts of t
MPG1 gene, which is differentially expressed at a hi
level during appressorium formation, are also elevated
cultures starved of a carbon or nitrogen source (Talbot
al. 1993). Furthermore, cAMP, which is elevated in
sponse to starvation in some eukaryotes (e.g. in Dicty:
telium, Gerisch 1987), also seems to be involved in a
pressorium induction in M. grisea (Lee and Dean 1993

It is clear from our study that the different artific
substrata used did not completely mimic results obtain
on the more conducive environment of rice leaves. T
indicates a shortcoming of soley using in-vitro systems
experimentally analyse the pre-infection phase in
grisea, and probably other pathogens as well. It empl
sizes the need to perform experiments in parallel on 1
natural host substratum.
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