
In order to investigate the role of glutathione in response to salt stress in the thermophilic fungus,
Thermomyces lanuginosus, the biomass and the intracellular pool of protein and the glutathione + glu-
tathione disulphid (GSH + GSSG) was measured for four days in a medium with NaCl or KCl added and
in the basal medium. Due to the osmotic and ionic stress imposed by the salts, the growth of T. lanugi-

nosus was delayed and the inhibitory effect of KCl exceeded that of NaCl. Glutathione seemed to be
involved in the response of T. lanuginosus towards high concentrations of salt, as the level of stress was
negatively correlated with the amount of total glutathione. Salt stress did not result in an increased intra-
cellular protein production. GSH accumulated while nutrients were abundant and were subsequently
degraded later, suggesting that nutrients stored in GSH are used when the medium is depleted.
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INTRODUCTION

An intriguing aspect of fungal stress response is the possibility of a universal
response – induced by most stresses and involving mechanisms regulated through
identical pathways [5, 9, 18, 23]. Stress Responsive Elements (STREs) are known
to induce the expression of several genes including HSP12, TPS2, SOD2 and
GXP1 + GXP2 in response to various kinds of stress, e.g. oxidation, salt, heat and
starvation [12]. In accordance with this, microorganisms entering the stationary
growth phase increased their resistance to not only nutritional stress but also to heat
shock and oxidative stress due to formation of protective molecules and the induced
expression of antioxidant enzymes [10, 11, 14]. One of the most abundant stress-
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related compounds is the tripeptide glutathione (GSH), accounting for up to 1% of
dry cell mass in Saccharomyces cerevisiae [22, 24] and known to be a major factor
in the fungal defence against oxidative stress [24]. The resistance to oxidative stress
caused by H2O2 increased in the stationary phase cells of S. cerevisiae with a 3-fold
higher level of cellular glutathione compared to log phase cells [13] and the authors
speculated that GSH protected cells during various kinds of stress and not only
restricted to oxidative stress.

The stress respons in thermophilic fungi has only been observed in relation to heat
and salt shock [15, 20, 26] but has in no cases been related to GSH. In order to inves-
tigate the possible role of GSH in the defence against high concentrations of salt,
Thermomyces lanuginosus was grown in the presence of 1.2 M NaCl. In an attempt
to distinguish between the osmotic and the ionic effect of NaCl the fungus was also
exposed to 1.2 M KCl since K+ is known to be a preferred intracellular ion [4]. The
levels of total intracellular GSH were related to growth in basal medium. Cultivation
was performed in batch cultures where nutritiens are spent after approximately 72 h
under defined growth conditions [2]. In order to observe the influence of nutritional
stress on the GSH pool, all cultures were measured for four days.

MATERIALS AND METHODS

Organism and culture conditions

The thermophilic fungus, Thermomyces lanuginosus (ATCC 2000.65) was main-
tained on YPS-agar containing (g l–1) soluble starch 15, yeast extract (LAB M,
International Diagnostics Group, UK) 4, agar (BACTi Agar, Remel, UK) 15,
K2HPO4

. 3H2O 1, MgSO4
. 7H2O 0.5; trace elements solution [27] 0.5 ml. The pH

was adjusted to 7.0 prior to autoclaving at 121 °C for 20 min. The fungus was incu-
bated at 45 °C. Inoculum for liquid cultures was prepared with conidia from 9-cm
agar plate cultured for at least 7 days. Conidia were scraped from two plates and
suspended in 50 ml distilled water containing 1 drop of Triton X-100 (Sigma) in a
300 ml Erlenmeyer flask and filtered through four layers of sterile gauze.

Cultivation in basal medium was performed in a modified YpS medium contain-
ing (g l–1) dextran (T2000, Amersham Biosciences, Sweden) 15, yeast extract (LAB
M, International Diagnostics Group, UK) 16, K2HPO4

. 3H2O 1, MgSO4
. 7H2O 0.5;

trace elements solution 0.5 ml [27]. The pH was adjusted to 7.0. The liquid cultures
were inoculated into 300 ml Erlenmeyer flask containing 50 ml basal medium, to a
final concentration of 4*105 conidia ml–1. The cultures were incubated on a rotary
shaker at 45 °C and 220 rev min–1.

Salt addition: Either NaCl or KCl was added to the basal medium in concentra-
tions of 1.2 M. All the experiments were performed in triplicates and all the data pre-
sented in this paper are means ± S.D. The Student’s t-test was employed for compar-
isons of physiological parameters recorded in salt-treated and control cultures.



Determination of dry weight and preparation of cell-free extracts

Cultures were harvested on day 1 to 4 by vacuum filtration through a nylon filter (40
μm mesh) after a centrifugation step at 10,000 rpm for 10 min. One half of the
mycelium was dried at 80 °C to constant weight and after cooling for 1 h in an exi-
cator dry weight was determined. For preparation of cell free extract, the other half
of the mycelium was grinded in liquid N2 in an ice-cold mortar. Half of the grinded
mycelium was resuspended in 10 ml 5% (wt/vol) sulfosalicylic acid (5-sulfosalicylic
acid, dihydrate, Merck) as samples for glutathione determination must be prepared
and acidified quickly because GSH is easily oxidized non-enzymatically to GSSG.
The other half used for determination of protein content was resuspended in 10 ml
0.1 M NaH2PO4 buffer. Both samples are centrifuged at 4000 rpm, 4 °C for 10 min
and the supernatants were transferred to Eppendorfs, 1.5 ml in each tube. Cell-free
extracts were stored at –18 °C until further analysis for intracellular glutathione and
protein content.

Determination of protein

Defrosted Eppendorf tubes containing samples resuspended in phosphate buffer were
centrifuged at 10,000 rpm, 4 °C for 10 min. The intracellular content of protein was
determined by the Bradford method [21] with bovine serum albumin (Sigma, USA)
as the standard.

Determination of glutathione

The method for determination of intracellular glutathione is based on the method
DTNB-GSSG Reductase Recycling Assay for GSH and GSSG [1]. The recycling
assay for total GSH (GSHT = GSH + 2GSSG, in GSH equivalents) is expressed as
nmol (mg dry weight)–1.

RESULTS AND DISCUSSION

Growth yield

Thermomyces lanuginosus was grown in either basal medium or with 1.2 M NaCl or
1.2 M KCl added to this medium and growth (biomass) are presented in Fig. 1A. The
pH was not affected by the salt treatments, as the pH on day 1 of all cultures
decreased to a value approx. 6.0, and then gradually increased, reaching a value
approx. 8.5 on day 4.

The growth course of T. lanuginosus in basal medium corresponded well with
results obtained under similar growth conditions described in [2], and the biomass
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reached maximum value after 24 hours and began to decline after approx. 72 hours
indicating lack of nutrients. The growth yield of the KCl cultures was reduced by
55% compared to controls on day 1 (P < 0.05) but was similar to controls on day 2–4
indicating that the growth of the fungus was delayed but not otherwise inhibited by
a high concentration of potassium. A high sodium concentration seemed to exert a
similar but more severe influence than potassium on the growth of T. lanuginosus, as
the growth yield of NaCl cultures were significantly reduced both on day 1 and day
2 by 68% and 13%, respectively.

Similarly the growth of S. cerevisiae with 0.9 M NaCl imposed an additional ener-
gy expenditure of 28–51% compared to growth in basal medium and the growth yield
was up to 55% lower than that of the culture in basal medium [28]. Approximately
40% of the additional energy requirement was conserved in glycerol production. The
growth-delaying effect of alkaline ions on Thermomyces lanuginosus might be due
to increased production of osmolytes, as a high extracellular concentration of salt
imposed osmotic stress on the fungus. Under osmotic stress, energy that would nor-
mally have been used to produce of new biomass are spent both on the production of
suitable organic solutes like polyols in order to reach a successful adjustment to high-
salinity conditions, and on the active efflux of superfluous alkaline ions.

Protein content

The protein content of the samples are shown in Fig. 1B. Day 1, the protein contents
of the control cultures exceed NaCl and KCl value by approx. 50%. The differences
are equalized on day 2 and thereafter.

The high salt concentration imposed on Thermomyces lanuginosus resulted in
lower concentration of intracellular proteins. The opposite effect have been found in
other organisms as exposure of cells to salt shock induced stress protein synthesis
[17] and may also be due to an enhanced synthesis of carrier proteins involved in the
efflux of sodium ions [16].

Glutathione during osmotic stress

The level of GSHT was significantly decreased in both sodium- and potassium-treat-
ed cultures on days 1 and 2, compared to cultures grown in basal medium (Fig. 1C).
KCl cultures had an intermediate value of GSHT on day 1, and since the inhibiting
influence of NaCl was higher than that of KCl, the result indicates a negative corre-
lation of GSHT with the level of salt stress. This is in contrast to the function of GSH
during oxidative stress, since the level of GSHT seems to be positively correlated
with the level of oxidative stress [7]. Salt stress imposes an increased level of oxida-
tive stress on organisms [28], so the synthesis of GSH would be expected to increase,
even if glutathione is not directly involved in the cellular defence against salt.
However, fungi are known to secrete glutathione disulphide (GSSG) to stabilise a
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Fig. 1. The thermophilic fungus, T. lanuginosus was grown at 45 °C in basal medium (black), in basal
medium with 1.2 M KCl (white) or 1.2 M NaCl (grey). A) dry weights, B) intracellular protein content
and C) intracellular content of total glutathione were compared to cultures grown. All the data

presented are means of three replicates ± S.D.
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physiological GSH/GSSG redox balance [3, 25] and, as a consequence, intracellular
GSTT levels may drop even if de novo synthesis of GSH by glutathione syntheses
and the reduction of GSSG by glutathione reductase are increased under oxidative
stress [24].

An alternative explanation for the decreased intracellular levels of GSHT in KCl
and NaCl-treated cultures could be that the elevated protein synthesis performed by
these cultures left a smaller amount of energy for the synthesis of N/S-storage in the
form of GSH [19]).

The GSH-contents obtained with control cultures of T. lanuginosus, which lie in
the range of 20–120 nmol (mg protein)–1, equals that of Penicillium chrysogenum
(about 30 nmol (mg protein)–1 [6, 7, 8]). In this context, the glutathione-levels of KCl
and NaCl-treated cultures are not particularly low, and they may still provide the cells
with satisfactory protection against salts and subsequent oxidative stress.
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