
Abstract Talaromyces macrosporus forms ascospores
that survive pasteurization treatments. Ascospores were
dense (1.3 g ml–1), relatively dry [0.6 g H2O (g dry
weight)–1] and packed with trehalose (9–17% fresh
weight). Trehalose was degraded to glucose monomers
between 30 and 100 min after heat activation of the spores.
The maximal activity of trehalase was calculated as 400–
520 nmol glucose formed min–1 (mg protein)–1 as judged
by measurements of the trehalose content of spores during
germination. During early germination, glucose was re-
leased from the cell (10% of the cell weight or more). The
intracellular concentration of glucose only peaked briefly.
After 160–200 min, the protoplast encompassed by the in-
ner cell wall was ejected through the outer cell wall in a
very quick process. Subsequently, respiration of spores in-
creased strongly. The data suggested that trehalose is pri-
marily present for the protection of cell components as
glucose is released from the cell. Then, an impenetrable
outer cell wall is shed before metabolic activity increases.
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Introduction

Ascospores of the fungi Byssochlamys nivea, Talaromyces
macrosporus and Neosartorya fisheri are very heat-resis-
tant (Beuchat 1988) and survive considerable periods 
of heat above 85°C. These fungi are relevant for food 
science since they cause spoilage of canned and pasteur-
ized fruit products (Tournas 1994). Furthermore, the
spores are constitutively dormant (Sussman 1966) and
need a distinct external physical or chemical trigger, 
in this case heat, for germination (Lingappa and Suss-
man 1959; Katan 1985; Beuchat 1986). Other fungi
(yeasts, the Zygomycete Pilobolus), by contrast, need glu-
cose as the germination trigger (Thevelein 1984b; Bourret
1989).

Germination of several fungal species is associated
with the breakdown of trehalose by the enzyme trehalase.
These species include ascospores of the yeast Saccha-
romyces cerevisiae (Thevelein 1982, erronously desig-
nated in the paper as Pichia pastoris) and Neurospora
crassa (Lingappa and Sussman 1959), Schizosaccharo-
myces pombe (Inoue and Shimoda 1981), and sporan-
giospores of several species of Zygomycetes (van Assche
et al. 1972; Bourret 1989). Trehalase activity peaks
shortly after activation (van Assche 1972; Thevelein
1984a) and is mediated by cAMP in yeast ascospores and
Zygomycete sporangiospores (Thevelein 1984b). Conidia
of Aspergillus nidulans contain trehalose, which is de-
graded to glucose and immediately metabolized to glyc-
erol. The intracellular trehalose pool is degraded during
germination by a neutral trehalase (D’Enfert and Fontaine
1997; D’Enfert 1999).

Insights into the mechanisms of germination of heat-
resistant ascospores are limited, and investigation of this
process may generate methods for the prevention of
spoilage by these organisms. In this study, we identified
different stages during the germination of ascospores of
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Talaromyces macrosporus, including a massive efflux of
glucose and a remarkable ejection phenomenon.

Materials and methods

Organisms, growth conditions, isolation 
and activation of ascospores

Talaromyces macrosporus Stolk and Samson (Frisvad et al. 1990)
CBS 130.89 was grown on oatmeal agar (30°C). For isolation of
ascospores, fungal cultures were flooded with 10 mM ACES
buffer (pH 6.8, N-[2-acetamido]-2-aminoethane-sulfonic acid;
Sigma) supplemented with 0.05% Tween 80. The mycelium was
removed with a Drigalski spatula and fruit bodies were discon-
nected by suction through a 0.9-mm hypodermic needle with a sy-
ringe. The suspension was sonicated briefly (3 times for 15 s, Elma
Transsonic 460H, Singen, Germany) and filtered over sterile glass
wool. Ascospores were spun down at 1,100×g (5 min), washed
three times in buffer and counted with a heamocytometer (Burker-
Turk). The fungal cultures used for the experiments were 5–7
weeks old. Ascospores were heated for 5–10 min at 85°C in a
waterbath (Julabo SW 20, 160 strokes/min) for activation of ger-
mination. Samples were cooled with a jet of water and incubated at
30°C (160 strokes/min).

Dimensions of the ascospores

Length and width of ascospores (n=100) were measured by means
of an ocular grid and were within the range estimated by Stolk and
Samson (1972). Importantly, the inner cell diameter was also mea-
sured. From these data we calculated the internal cell volume (pro-
toplast) and total cell volume (assuming a cell wall thickness of 
0.5 µm, Stolk and Samson 1972) by regarding the spores as ellip-
soidal and using the equation: V=4/3 πabc, where a, b, c are the
radii of the three axes of the ellipsoid.

The specific weight of ascospores was estimated by weighing
500 µl of an ascospore suspension on a microbalance and then sub-
tracting the weight of exactly the same volume of buffer alone.
The weight difference reflects the spore density which can be cal-
culated with the volume of the cells known. For estimation of the
dry weight (minimally seven repetitions were done) spores were
dried overnight under a flow of air (3% relative humidity or less).

Optical density of ascospore suspensions

The optical density of ascospores was measured at 660 nm in reac-
tion tubes in a spectrophotometer before and after activation. Sus-
pensions were measured within a range of optical densities of
0.6–1.1 (about 106 cells/ml).

Analysis of trehalose and glucose in cell-free extracts 
of ascospores

Ascospores were broken by agitation with glass beads combined
with sonication. Equal volumes of a dense spore suspension (ap-
prox. 1–2×108 cells/ml in ACES buffer) and glass beads (diameter
<0.5 mm, rinsed in 37% HCl) were vortexed twice for 30 s. Be-
tween vortex treatments the suspension was sonicated for 45 s
(Elma Transsonic 460H). Between agitation and vortexing the
samples were kept on ice. The suspensions were centrifuged for 
5 min (13,000×g) in an Eppendorf centrifuge and the pellet was
used to determine the ratio of broken cells (by optical microscopy).
The cell-free extract was filtered through a 0.45-µm sterile syringe
filter (Corning) and samples were stored at –20°C prior to analysis
of sugars and protein.

Sugars present in the medium outside the germinating spores
were determined after brief centrifugation (10 s, 13,000×g) of sus-
pensions. The remaining pellet was subsequently resuspended in

buffer, and cells were broken for the determination of intracellular
sugars.

HPLC was carried out as described by (Kuo et al. 1988) using
a Waters Sugar Pak-I column (6.5×300 mm). Samples were kept at
4 °C in the autosampler and diluted five to ten times for optimal
separation. Results were analyzed by means of the Waters Mille-
nium32 chromatography manager. As standards, trehalose (Merck)
and D-(+)-glucose (Sigma) were used.

Protein was estimated according to the method of Bradford
(1976) and a Bio-Rad protein assay was used.

Microscopical analysis

Activated ascospores were incubated in 2% malt extract and ACES
buffer in a rotary incubator (30°C, 160 rpm, Gallenkamp). The
number of ejected cells was counted at different time intervals us-
ing phase-contrast microscopy (Zeiss, Axioskop). The time at
which 50% of the cells had undergone ejection was calculated af-
ter regression analysis of the linear part of the plotted curves
(r2>0.98). These experiments were also done in the presence of
30% glucose (w/w) and 1 M sorbitol in buffer. Spores were acti-
vated by heat in buffer alone and subsequently were brought into
the osmoticum.

In other experiments, germinating cells were washed three
times with buffer 90 min following the beginning of activation. In
controls, cells were suspended in the supernatant. Then the number
of ejected cells was counted over time.

Low-temperature scanning electron microscopy of ascospores
was done as described by Dijksterhuis et al. (1992). Dormant and
activated ascospores were placed upon small (<0.5 cm2 ) excised
squares of 5% malt extract agar (5% agar, 2% malt extract) and in-
cubated at 30°C. The agar squares were mounted in the specimen
holder with a mixture of Cryoblock (Klinipath, Duiven, The
Netherlands) and colloidal graphite (Emscope Laboratories, Ash-
ford, UK). Images were acquired as bitmaps using the Semafore
3.02 software packet.

Biological oxygen monitoring of germinating ascospores

Suspensions were diluted in buffer or malt extract broth and equi-
librated at 30°C. Oxygen was measured with a Clark-type elec-
trode (Davies 1962) during several stages of germination. Data
were collected with an analog/digital converter, and oxygen con-
sumption rates were calculated using Mathcad software (Mathsoft,
Cambridge, Mass., USA).

Results

Ascospores are dense, relatively dry 
and contain large amounts of trehalose

The inner dimensions (within the cell wall) of the ellip-
soidal spores were 5.9±0.4 µm by 4.6±0.4 µm. From this,
we calculated an average internal volume as 67 fl/cell,
and with the cell wall included as 89 fl. The amount of
trehalose ranged from 11 to 21 pg/cell (n=5), which is
9–17% of the wet cell weight. The mass ratio between the
protein and trehalose was close to 1:3 (range: 2.7–3.3 in
four experiments). The density of the spores was calcu-
lated (knowing the volume and the number of cells) as
1.34 g/ml. With the total cell volume calculated as 89 fl,
the cells have an average fresh weight of 120 pg. After
drying, this was 75±2 pg. This suggests that the water
content of the spores on a fresh-weight basis is approxi-
mately 38% [0.6 g H2O (g dry weight)–1].
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Ascospores show a distinct drop in optical density 
after heat activation

Heat activation was followed by a decrease in optical den-
sity at 660 nm of suspensions of ascospores. This process
included a sudden and rapid drop between 40 and 60 min
after the beginning of the experiment and a slower de-
crease thereafter (Fig.1A). The decrease measured at
t=92±8 min (in 17 experiments) was 16±1% of the initial

optical density. Without exception, suspensions that were
not activated showed no change in optical density. Identi-
cal kinetics were measured for spores in malt extract broth
and buffer. The onset of the process was at 38±1 min
(n=3) in malt extract broth and at 40±2 min (n=4) in
buffer.

Trehalose is degraded to glucose after activation 
and released into the surrounding medium

Following heat activation, trehalose was invariably (six
experiments) broken down within 2 h (Fig. 1B). Ascospores
were disrupted and the amount of sugars was assessed by
HPLC. In cell-free extracts, trehalose and glucose concen-
trations did not change in time, even when kept at 30°C
for 30 min. This indicates that the measured amounts of
sugar indeed reflect the intracellular concentrations. Tre-
halose breakdown was complementary to the formation of
glucose. The maximal rate of trehalose breakdown was
calculated from samples taken during early germination
and was used as an indication of combined trehalase ac-
tivity. A rate of 210–260 nmol trehalose degraded min–1

(mg protein)–1 (in 2 experiments) was calculated, which is
equivalent to 420–520 nmol glucose formed min–1 (mg pro-
tein)–1.

Surprisingly, glucose was also detected in supernatants
of germinating intact ascospores, indicating an efflux of
glucose from the cells (Fig.1B). During initial germina-
tion, massive amounts (14 pg/cell, 12% of the cell weight)
of glucose were released into the external medium. Tre-
halose was never observed outside germinating spores.
Intracellular glucose levels only peaked after 51 min (av-
erage for 2 experiments) and then quickly dropped, corre-
sponding with a rise in the external levels (Fig.1B). Dur-
ing later stages of germination, glucose levels outside the
cells decreased, which indicates uptake and metabolisa-
tion of the compound (Fig.1B, and other experiments, not
shown).

Rapid cell ejection through the outer cell wall 
and increased respiration of the spore occur 
during later stages of germination

After nearly 3 h, a sudden ejection of the cell, encom-
passed by the inner cell wall, through the outer cell wall
(bearing the spines) was observed. In malt broth extract,
50% of the spores had undergone ejection at t=160±
15 min (n=7). In buffer alone this was markedly delayed,
namely 201±20 min (n=6) after the start of the experiment
(p<0.002, two-tailed t test). The proportion of cells that
ejected per min, when the rate of the process was maxi-
mal, did not significantly differ (2%/min and 1.4%/min,
respectively). In 1 M sorbitol in buffer the ejection
process was delayed for more than 1 h (62 min, Fig. 1C),
indicating that the phenomenon is responsive to a hyper-
osmotic environment. Ejection was also observed when
10–40% (w/w) glucose was supplied to the malt extract.
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Fig.1A–D Germination of ascospores of Talaromyces macro-
sporus. A Ascospores of T. macrosporus showed a distinct de-
crease in optical density after activation. The spores were incu-
bated in tubes and heat-activated at 85°C (open squares). In all
experiments t=0 at the beginning of heat treatment. Controls in-
variably did not show any decrease (open triangles) in optical den-
sity. B Trehalose breakdown and subsequent glucose efflux during
germination of ascospores in ACES buffer. Intracellular trehalose
(closed triangles) was broken down into glucose, which only
briefly accumulated inside the cell (closed squares), and then was
measured in the supernatant outside the spores (open squares). 
C Ejection of the cell through the outer cell wall was delayed when
1 M sorbitol was added to ACES buffer (open squares) compared
to the controls (closed squares). D Upon activation, ascospores
showed a sudden increase of respiration after 150–200 min. These
cells were incubated in ACES buffer



With 30% glucose the process was markedly delayed 
(32 min).

Figure 2a shows the spinulose ascospores before acti-
vation. After 125 min many spores had ejected their con-
tents (Fig. 2b) and germ tubes were observed after 350 min
(Fig.2c). The ejection process included two stages, namely
a slower one (minutes), during which the outer cell wall
opened and the inner wall became partly visible (Fig.3a),
and a rapid one, in which cell ejection occurred in less
than a second as was clear from optical microscopy 
(Fig.3b). The ejected cell had very smooth features com-
pared to the original outer cell wall of the ascospore. Fig-
ure 3c, d shows completely ejected cells. Notably, a sort
of connection (ligament) with the emptied outer layer was
present (Fig.3c, d, arrow).

In another experiment we assessed whether the re-
leased glucose was important for cell ejection. Activated
spores were washed three times in fresh buffer 90 min af-
ter activation, but cell ejection was not delayed. The cells
also formed a germ tube during later stages of germina-
tion, albeit thinner and shorter than in the presence of glu-
cose.

Germinating ascospores had low rates of respiration
(0.2–0.3 fmol O2 per cell min–1) during early stages of
germination. After 195–255 min (3 experiments, buffer)
the level of respiration was markedly elevated and in-
creased ten-fold to 3 fmol per cell min–1 after 6 h (see 
Fig.1d). In malt extract broth, the elevation of respiration
was earlier (175 min) and the increase was greater,
namely to 6 fmol per cell min–1 after 6 h. This indicates
that the high nutrient status of the environment results in a
higher metabolic activity.

Discussion

Trehalose as a stress protectant in ascospores

The amount of trehalose observed in ascospores (9–17%
wet cell weight) occurs also in anhydrobiotic organisms
(desiccation-tolerant), e.g. nematodes (Madin and Crowe
1975) and cysts of the shrimp Artemia (Clegg 1986).
Pollen accumulates another sugar, namely sucrose, in
amounts up to 20% of the cell weight (Hoekstra 1992).

The abundance of trehalose in ascospores may be pri-
marily dedicated to the protection of cell components
(Wiemken 1990), making the cell competent to withstand
complete dehydration (Beuchat 1992) and heat (Beuchat
1986). Trehalose protects membranes (Crowe et al. 1984)
and proteins (Carpenter and Crowe 1988). Sugars prevent
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Fig.2a–c Germination of ascospores of T. macrosporus on malt
extract agar blocks as observed with low-temperature scanning
electron microscopy. a Prior to activation, the spores showed their
spinulose outer cell wall. b After 125 min, many cells showed
ejection of the protoplast, which is encompassed by the inner cell
wall (bottom left). c After 350 min, most cells formed a hyphal tip.
Bars 10 µm



the formation of extended β-sheets of protein during dry-
ing as a mechanism to avoid denaturation (Prestrelski et
al. 1993; Wolkers et al. 1998). In ascospores of T. macro-
sporus the ratio between protein and sugar was 1:3. This
is a sufficient amount of sugar for protection. Wolkers et
al. (1998) found that ratios of 2:1 to 1:1 were effective in
the case of glucose, which was found to be more protec-
tive than sucrose. Hecker and Sussman (1973) found that
trehalase from Neurospora crassa was maximally pro-
tected against heat (30 min, 65°C) in 16% trehalose. This
amount of trehalose fits very well within the range we cal-
culated for T. macrosporus in this study.

Trehalose breakdown as the first step 
in the transition towards a vegetative cell

The first major step of the transition process from dor-
mant and resistant ascospores to metabolising, growing
fungal cells is the breakdown of trehalose to glucose
monomers. In this study, maximal trehalase activity was
calculated from the maximal difference in the trehalose
content between two time points and related to the amount
of protein. In T. macrosporus we estimated a trehalase ac-
tivity of 210–260 nmol trehalose degraded min–1 (equiva-
lent to 420–520 nmol glucose formed min–1). These val-
ues were calculated from the amounts of these sugars pre-
sent in the cell at the moment that the spores were dis-
rupted. Our estimations resulted in much higher activities
than observed in previous studies. Maximal activities of
trehalase, as measured in an enzyme assay, ranged from
10 to 175 nmol glucose formed min–1 (mg protein)–1 in
cell-free extracts of sporangiospores of Zygomycetes
(Thevelein et al. 1980, 1983; Thevelein 1984b; Bourret et
al. 1989) and Saccharomyces cerevisiea (Gupta et al.
1987).

The onset of trehalose breakdown may have a major
influence on the light-dispersing characteristics of the
cells and hence the physical properties of the cytoplasmic
matrix, as is suggested by the decrease in optical density
during initial germination. Decreases in optical density
were also measured in ascospores of yeast (Rousseau et
al. 1973; Inoue and Shimoda 1981) and were similar to
those measured in this study.

Normalization of intracellular sugar concentration 
after trehalose breakdown

Upon trehalose breakdown, the concentration of glucose
inside the cell reached very high values (approx. 1 M) and
then quickly dropped to low levels due to its release into
the (micro)environment. Conidia of A. nidulans contain
trehalose which is degraded in approximately 2 h during
early germination. The formed glucose is directly metab-
olised into glycerol (D’Enfert and Fontaine 1997; D’En-
fert et al. 1999). With T. macrosporus, glucose accumu-
lates to high levels inside the cell. Unlike conidia, the as-
cospores of T. macrosporus do not metabolise glucose
during early stages of germination.

High intracellular glucose levels may be detrimental
for the regulation of metabolic routes (glycolysis). For in-
stance, the ATP pool is exhausted when too much glucose
is added to starving yeast cells (Teusink et al. 1998;
Thevelein and Hohmann 1995). With Talaromyces, regu-
latory constraints of metabolic routes may require  only
low glucose levels inside the germinating spores, so that a
very large glucose efflux, approx. 10% of the cell weight,
is necessary. This is very remarkable when the natural
habitat of Talaromyces, namely the soil, is taken into ac-
count. Here, other microorganisms may readily benefit
from the glucose efflux. It suggests that trehalose is pri-
marily present for protection of the cell, as was suggested
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Fig.3a–d Ejection through the outer ascospore cell wall occurred
within a very short time. a Ascospore with split outer cell wall. 
b Actual ejection occurred within a second. c The outer cell wall
was shed and remained cleaved because of the process. d Ejected
cell connected with the outer cell wall by a ligament-like structure
(arrow). Bars 1 µm



by Wiemken (1990). In addition, the released glucose can
be taken up and metabolised by the cells during later
stages of germination.

Cell ejection as a prerequisite for further germination

The next stage of the germination process is a dramatic
ejection phenomenon. We suggest the name prosilition
(from the Latin verb prosilíre which means “to jump out”)
to describe the quick ejection of the protoplast encom-
passed by the inner cell wall(s) through the outer layer(s).
Explosive discharge after the rapid breakdown of tre-
halose has been observed with dormant microsporidia of
the protist Nosema algerae (Undeen and van der Meer
1994; Undeen et al. 1987). After activation, this organism
degraded 70% of its trehalose (present in amounts similar
to those observed in T. macrosporus) and later the polar
tube was expelled vigorously. With T. macrosporus, glu-
cose was released from the spores within 100 min, which
is approx. 1 h before the onset of prosilition. High con-
centrations of external glucose and sorbitol delayed pro-
silition, suggesting internal high osmotic pressures, which
cannot be caused by an excess of internal glucose. There-
fore, other compounds may be accumulated inside the cells.

What might be the reason for prosilition? The very dis-
tinct increase in the respiration rate after 2–3 h suggests
that prosilition liberates the protoplast from the protective
but impermeable outer cell wall layer. Ascospores of As-
cobolus crenulatus, Sordaria spec, Daldinia concentrica
and Neosartorya fisheri possess thick (approx. 0.5 µm),
multi-layered cell walls(Read and Beckett 1996; Conner
et al. 1987). In several fungi, ascospore germination in-
cludes a stage in which direct contact between the inner
cell wall and the external environment increases strongly.
Daldinia concentrica forms a “germinal slit” that opens
during initial stages of germination (Beckett 1976a, b),
and Neosartorya fisheri has a lateral groove that widens
dramatically. (J. Dijksterhuis, unpublished observation).
Very rapid events are observed during germination of the
fungus Hypoxylon fragiforme in which the pigmented
outer cell wall opens along a germinal slit in a process that
takes about 10 s (Chapela et al. 1990). These spores, like
those of T. macrosporus, are dormant and germinate after
being discharged on host (beech) material. The inner cell
wall is plastic, and this process may result in better con-
tact of the spore with the host (Chapela et al. 1993). In
general, prosilition may be a mechanism in ascospore ger-
mination that leads to an increased accessibility of the
protoplast for nutrients or signaling compounds.

Becoming less protected

In this study, the gradual removal of protection during
germination of highly resistant ascospores was followed.
At this stage we do not know whether other protective el-
ements, such as proteins, are involved in this process. The
transition from a very dense, trehalose-packed, thick-walled

ascospore to a metabolizing and growing fungal hyphae
includes the breakdown of trehalose and the quick release
of glucose monomers from the cell. In a later stage, the
outer cell wall is shed in an ejection process termed
prosilition. Trehalose breakdown seems to be relatively
insensitive to environmental parameters, as it is indepen-
dent of the medium (or the presence of azide, unpublished
results). In contrast, prosilition is more responsive to ex-
ternal factors such as nutrients, pH, and osmolality. Dur-
ing and after prosilition the rate of respiration increases,
and 3 h later the cells swell and form hyphal outgrowths.

Acknowledgements Jan Dijksterhuis was funded by the Wa-
geningen Centre for Food Sciences (WCFS). The work was done
on the Agrotechnological Research Institute (ATO) at Wagenin-
gen. The authors thank Folkert Hoekstra, Bas Hamstra and Eddy
Smid for valuable discussions. Remco Hamoen and Edwin de
Winter provided the equation for the volume of an ellipsoid. The
authors are indebted to Mr. Massimiliano Silvestri, Mrs. Paola
Morettini (Perugia, Italy) and Prof. K.W. Gams for help with the
Latin translation.

References

van Assche JA, Carlier AR, Dekeersmaeker HI (1972) Trehalase
activity in dormant and activated spores of Phycomyces blakes-
leeanus. Planta 103:327–333

Beckett A (1976a) Ultrastructural studies on exogenously dormant
ascospores of Daldinia concentrica. Can J Botany 54:689–697

Beckett A (1976b) Ultrastructural studies on germinating as-
cospores of Daldinia concentrica. Can J Botany 54: 698–705

Beuchat LR (1986) Extraordinary heat resistance of Talaromyces
flavus and Neosartorya fisheri ascospores in fruit products. 
J Food Sci 51:1506–1510

Beuchat LR (1988) Thermal tolerance of Talaromyces flavus as-
cospores as affected by growth medium and temperature, age
and sugar content in the inactivation medium. Trans Br Mycol
Soc 90:359–374

Beuchat LR (1992) Survival of Neosartorya fisheri and Ta-
laromyces flavus ascospores in fruit powders. Lett Appl Micro-
biol 14:238–240

Bourett JA, Flora LL, Ferrer LM (1989) Trehalose mobilization
during early germination of Pilobolus longipes sporangiospores.
Exp Mycol 13:140–148

Bradford MM (1976) A rapid and sensitive method for the quanti-
tation of microgram quantities of protein utilizing the principle
of protein dye binding. Anal Biochem 72: 248–254

Carpenter JF, Crowe JH (1988) Modes of stabilization of a protein
by organic solutes during desiccation. Cryobiology 25: 459–
470

Chapela IH, Petrini O, Petrini LE (1990) Unusual ascospore ger-
mination in Hypoxylon fragiforme: first steps in the establish-
ment of an endophytic symbiosis. Can J Botany 68:2571–2575

Chapela IH, Petrini O, Bielser L (1993) The physiology of as-
cospore eclosion in Hypoxylon fragiforme: mechanisms in the
early recognition and establishment of an endophytic symbio-
sis. Mycol Res 97: 157–162

Clegg JS (1986) The physical properties and metabolic status of
Artemia cysts at low water contents: The “water replacement
hypothesis”. In: Leopold (ed) Membranes, metabolism, and dry
organisms. Cornell University Press, Ithaca, New York, pp 169–
187

Connor DE, Beuchat LR, Chang CJ (1987) Age-related changes in
ultrastructure and chemical composition associated with
changes in heat resistance of Neosartorya fischeri ascospores.
Trans Br Mycol Soc 89:539–550

6



Crowe JH, Crowe LM, Chapman D (1984) Preservation of mem-
branes in anhydrobiotic organisms: the role of trehalose. Sci-
ence 223:701–703

Davies PW (1962) The oxygen cathode. In: Nastuk WL (ed) Phys-
ical techniques in biological research, vol 4. Academic, New
York, pp 137–179

D’Enfert C, Fontaine T (1997) Molecular characterization of the
Aspergillus nidulans treaA gene encoding an acid trehalase re-
quired for growth on trehalase. Mol Microbiol 24:203–216

D’Enfert C, Bonini BM, Zapella PDA, Fontaine T, Da Silva AM,
Terenzi HF (1999) Neutral trehalases catalyse intracellular tre-
halose breakdown in the filamentous fungi Aspergillus nidu-
lans and Neurospora crassa. Mol Microbiol 32:471–483

Dijksterhuis J, Harder W, Wyss U, Veenhuis M (1991) Coloniza-
tion and digestion of nematodes by the endoparasitic nemato-
phagous fungus Drechmeria coniospora. Mycol Res 95:873–
878

Frisvad JC, Filtenborg O, Samson RA, Stolk AC (1990) Chemo-
taxonomy of the genus Talaromyces. Antonie van Leeuwen-
hoek 57: 179–189

Gupta J, Harris SD, Cotter DA (1987) Evidence for nonregulatory
trehalase activity in Dictyostelium discoideum. Curr Microbiol
16:101–104

Hecker LI, Sussman AS (1973) Activity and heat stability of tre-
halase from the mycelium and ascospores of Neurospora. 
J Bacteriol 115:592–599

Hoekstra FA, Crowe JH, Crowe LM, Van Roekel T, Vermeer E
(1992) Do phospholipids and sucrose determine membrane
phase transitions in dehydrating pollen species? Plant Cell En-
viron 15:601–606

Inoue H, Shimoda C (1981) Changes in trehalose content and tre-
halase activity during spore germination in fission yeast Shi-
zosaccharomyces pombe. Arch Microbiol 129: 19–22

Katan T (1985) Heat activation of dormant ascospores of Ta-
laromyces flavus. Trans Brit Mycol Soc 84:748–750

Kuo TM, VanMiddelsworth JF, Wolf WJ (1988) Content of raffi-
nose oligosaccharides and sucrose in various plant seeds. 
J Agric Food Chem 36:32–36

Lingappa Y, Sussman AS (1959) Changes in the heat resistance of
ascospores of Neurospora upon germination. Am J Botany
49:671–678

Madin KAC, Crowe JH (1975) Anhydrobiosis in nematodes: car-
bohydrate and lipid metabolism during dehydration. J Exp Zool
193:335–337

Prestrelski SJ, Tedeschi N, Arakawa T, Carpenter JF (1993) Dehy-
dration-induced conformational transitions in protein and their
inhibition by stabilizers. Biophys J 65: 661–671

Read ND, Beckett A (1996) Ascus and ascospore morphogenesis.
Mycol Res 100: 1281–1314

Rousseau P, Halvorson HO, Bulla LA, St Julian G (1973) Germi-
nation and outgrowth of single spores of Saccharomyces cere-
visiea viewed by scanning electron and phase-contrast mi-
croscopy. J Bacteriol 109:1232–1238

Stolk A, Samson RA (1972) The genus Talaromyces. Studies on
Talaromyces and related genera II. Studies in mycology, vol 2.
CBS, Baarn, The Netherlands

Sussman S, Halvorson HO (1966) Spores, their dormancy and ger-
mination. Harper and Row, New York

Teusink B, Walsh MC, Van Dam K, Westerhoff HV (1998) The
danger of metabolic pathways with turbo design. Trends Bio-
chem Sci 23:162–169

Thevelein JM (1984a) Cyclic-AMP content and trehalase activity
in vegetative cells and ascospores of yeast. Arch Microbiol
138:64–67

Thevelein, JM (1984b) Regulation of trehalose mobilization in
fungi. Microbiol Rev 48:42–59

Thevelein JM, Hohmann S (1995) Trehalose synthase: guard to the
gate of glycolysis in yeast? Trends Biochem Sci 20:3–10

Thevelein JM, Van Assche JA, Heremans K (1980) Effect of high
pressure on the heat activation in vivo of trehalase in the spores
of Phycomyces blakesleeanus. Eur J Biochem111:171–175

Thevelein JM, Hollander JA, Shulman RG (1982) Changes in the
activity and properties of trehalase during early germination of
yeast ascospores: correlation with trehalose breakdown as stud-
ied by in vivo 13C NMR. Proc Natl Acad Sci USA 79:3503–
3507

Thevelein JM, Van Leare AJ, Beullens M, Van Assche JA, Carlier
AR (1983) Glucose-induced trehalase activation and trehalose
mobilization during early germination of Phycomyces blakes-
leeanus spores. J Gen Microbiol 129:719–726

Tournas V (1994) Heat-resistant fungi of importance to the food
and beverage industry. Crit Rev Microbiol 20:243–263

Undeen AH, Van Der Meer RK (1994) Conversion of intrasporal
trehalose into reducing sugars during germination of Nosema
algerae (Protista: Microspora) spores: a quantitative study. 
J Euk Microbiol 41:129–132

Undeen AH, ElGazzar LM, Van Der Meer RK, Narang S (1987)
Trehalose levels and trehalase activity in germinated and
ungerminated spores of Nosema algerea (Microspora: Nose-
matidea). J Invertebr Pathol 50:230–237

Wiemken A (1990) Trehalose in yeast, stress protectant rather than
reserve carbohydrate. Antonie van Leeuwenhoek 58:209–217

Wolkers WF, Van Kilsdonk MG, Hoekstra FA (1998) Dehydra-
tion-induced conformational changes of poly-L-lysine as influ-
enced by drying rate and carbohydrates. Biochim Biophys Acta
1425:127–136

7


