
The bulk formation of yeast-like (arthrospore-like) cells were typical in carbon-depleted submerged cul-
tures of the high β-lactam producer Penicillium chrysogenum NCAIM 00237 strain independently of the
nitrogen-content of the culture medium. This morphogenetic switch was still quite common in carbon-
starving cultures of the low-penicillin-producer strain P. chrysogenum ATCC 28089 (Wis 54-1255) when
the nitrogen-content of the medium was low but was a very rare event in wild-type P. chrysogenum cul-
tures. The mycelium→yeast-like cell transition correlated well with a relatively high glutathione con-
centration and a reductive glutathione/glutathione disulfite (GSH/GSSG) redox balance in autolysing
cultures, which was a consequence of industrial strain development. Paradoxically, the development of
high β-lactam productivity resulted in a high intracellular GSH level and, concomitantly, in an increased
γ-glutamyltranspeptidase (i.e. GSH-decomposing) activity in the autolytic phase of growth of P. chryso-
genum NCAIM 00237. The hypothesized causal connection between GSH metabolism and cell mor-
phology, if verified, may help us in future metabolic engineering of industrially important filamentous
fungi.
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INTRODUCTION

The high β-lactam producer industrial strain Penicillium chrysogenum NCAIM
00237 showed unexpected yeast-like cell morphology under carbon starvation in
submerged cultures [26, 29–32]. Meanwhile the strain exhibited typical filamen-
tous/pelleted morphology during the exponential and stationary phases of growth,
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while short, one- or two-celled, round-ended “yeast-like” fragments dominated the
autolytic growth phase. These hyphal fragments preserved their capability to revert
to vegetative growth even after a prolonged starvation and, therefore, were regarded
as novel surviving morphological forms of the industrial strain [26, 29–32]. These
findings were of considerable interest because the metabolic engineering of industri-
ally important filamentous fungi is an emerging and promising new option in the
optimisation of submerged bioprocesses [20, 22].

In addition, the virulence of many important opportunistic fungal pathogens of
human, including Candida albicans, Histoplasma capsulatum, Blastomyces dermati-
tidis or Penicillium marneffei highly depends on mycelium↔yeast (M↔Y) mor-
phological transitions [17, 33, 39] and, therefore, a deeper understanding of M↔Y
switches of filamentous fungi were of great biomedical importance as well.

In this study, the cell morphologies observed in autolysing cultures of industrial
and wild-type strains of P. chrysogenum are compared and a strong link between the
glutathione (GSH) status of the cells and the formation of yeast-like cells is hypoth-
esized. We also discuss the physiological and industrial significance of the relative-
ly high GSH concentrations recoded in ageing cultures of the high β-lactam produc-
er P. chrysogenum NCAIM 00237 strain.

MATERIALS AND METHODS

The high β-lactam producer P. chrysogenum NCAIM 00237 strain, the low-level
penicillin-producing industrial strain P. chrysogenum ATCC 28089 (Wis 54-1255)
and a wild-type isolate P. chrysogenum (kindly provided by Dr. G. Winkelmann,
University of Tübingen) were grown in shake flasks (500 ml) containing 100 ml
medium (0.4% K2HPO4, 0.2% KH2PO4, 0.05% MgSO4 and 1% glucose, pH 7.4) sup-
plemented with either 0.5% yeast extract (lowN medium) or with 0.5% yeast extract
and 0.5% peptone (highN medium). Culture media were always inoculated with
100 × 106 spores and were incubated at 25 °C and 200 rpm for 168 h [4].

For glutathione (GSH) and glutathione disulphide (GSSG) determinations,
mycelia were separated from 5–10 ml aliquots of the cultures by filtration on sintered
glass. Cells were washed with distilled water and were re-suspended in ice-cold 5%
(w/v) 5-sulfosalicylic acid by vigorous mixing and were left at 0 °C for 20 min [4].
After centrifugation at 10,000 g for 10 min, the supernatants were neutralised with
triethanolamine at 0 °C. The intracellular GSH and GSSG concentrations were deter-
mined according to Anderson [1]. 

Changes in the specific γ-glutamyltranspeptidase (γGT) activities were followed
in separate experiments. In these cases, mycelia harvested by filtration on sintered
glass were washed with distilled water and resuspended in ice-cold 0.1 M K-phos-
phate buffer (pH 7.5). Cell-free extracts were prepared by X-pressing and centrifu-
gation [4]. Specific γGT activities were measured according to Emri et al. [4].

4’,6-Diamidino-2-phenylindole (DAPI) and calcofluor stainings were carried out
according to Streiblova [35] and Johnson et al. [15], respectively.



Dry cell mass (DCM) was determined as described in previous publications
[29–30] and the protein contents of the cell-free extracts were measured by a modi-
fication of the Lowry method [24].

RESULTS

All three Penicillium strains tested showed similar growth kinetics and glucose con-
sumption rates in the exponential phase of growth independently of the N-content of
the culture media (data not shown; for more information on exponential growth
phase physiology, see 29–32). As far as the autolytic phase of growth is concerned,
a progressing loss of biomass was recorded for all strains after the stationary phase
of growth (after 50 h cultivation time; 29) but meanwhile an equilibrium between
autolysis and cryptic growth was clearly reached in ageing wild-type and P. chryso-
genum NCAIM 00237 cultures between 96–148 h of cultivation the autolysis was
uninterruptedly progressing in P. chrysogenum ATCC 28089 cultures (Fig. 1; [29]).
By 168 h of cultivation, the autolytic loss of biomass was the same for P. chryso-
genum ATCC 28089 and P. chrysogenum NCAIM 00237 with a residual DCM of
1.8–2.3 g/l, meanwhile, the wild-type strain lost significantly less biomass
(DCM = 3.4–3.8 g/l at 168 h cultivation time; Fig. 1). Importantly, neither the autolyt-
ic phase growth kinetics nor the residual DCMs were dependent on the N-content of
the culture media for the Penicillium strains tested (Fig. 1).

Concerning GSH metabolism and cell morphology, exponential-growth-phase-
related GSH and GSSG concentrations, GSH/GSSG values and pelleted macromor-
phological forms were similar for each strain (Fig. 1; [26]) but quite significant dif-
ferences were recorded later, starting from the stationary phase of growth. For exam-
ple, in ageing cultures of the wild-type P. chrysogenum isolate, both the GSH levels
and the GSH/GSSG values decreased markedly (from 11.5–12.0 to 0.70–0.75
mmol/kg DCM and from 76.7–85.7 to 18.9–21.4, respectively, measured at 24 and
168 h of cultivation; Fig. 1), and the morphology remained always filamentous even
after the disintegration of pellets with only a very few short hyphal fragments inde-
pendently of the N-content of the culture medium (data not shown). In the low peni-
cillin-producer P. chrysogenum ATCC 28089 strain, the lowN medium stabilised a
relatively high intracellular GSH concentration and a more reductive GSH/GSSG
balance (2.50–3.80 mmol/kg DCM and 63.0–76.0, respectively, recorded between
96–168 h cultivation times; Fig. 1) with the concomitant formation of yeast-like cells
(Fig. 2). The disturbance of the GSH metabolism was concomitant with a decrease
in the specific γGT activity in comparison to the wild-type isolate (Fig. 1). On the
other hand, the highN medium resulted in a wild-type level γGT activity and, conse-
quently, in a drop in the intracellular GSH concentration and a decreased GSH/GSSG
ratio (Fig. 1).

In the industrial P. chrysogenum NCAIM 00237 strain, the autolytic-growth-
phase-related decreases in the intracellular GSH concentrations, which were signifi-
cant only after 144 h cultivation time, were counterbalanced with the decreases in
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Fig. 1. A: Changes in the DCM values (Parts A, B, C; �, �), in the intracellular GSH (�, �) and GSSG
(�, �) concentrations (Parts D, E, F), in the GSH/GSSG values (Parts G, H, I; �, �) and in the spe-
cific γGT activities (Parts J, K, L; �, �) in a P. chrysogenum wild type isolate (Parts A, D, G, J), the
low penicillin producer industrial strain P. chrysogenum ATCC 28089 (Parts B, E, H, K) and the high β-
lactam producer P. chrysogenum NCAIM 00237 strain (Parts C, F, I, L) cultivated in highN (open sym-
bols) and lowN (filled symbols) media. Symbols represent mean values calculated from 3 independent
experiments. S.D. values were less than 10% (for DCMs, GSH and GSSG concentrations as well as for
specific γGT activities) or 17% (for GSH/GSSG values) and, therefore, are not shown here for clarity



the GSSG concentrations resulting in high GSH/GSSG values independently of the
N-content of the culture media (75.0–92.6, between 96 and 168 h cultivation times;
Fig. 1; [31]). The high-producer strain possessed remarkably high specific γGT activ-
ities in highN medium (0.19–0.24 mkat/kg protein, between 96 and 168 h cultivation
times), and even enzyme activities recorded in lowN medium (0.14–0.18 mkat/kg
protein) were higher than those found with the wild-type isolate and the low-pro-
ducer strains in highN medium between 96 and 168 h of cultivation (0.10–0.15
mkat/kg protein; Fig. 1).

In terms of cell morphology, the yeast-like cells observable in P. chrysogenum
ATCC 28089 and NCAIM 00237 cultures typically consisted of one or two cells with
one nucleus in each, were round-ended and possessed thick cell wall as visualised by
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Fig. 2. Nitrogen source dependence of the morphology of the low penicillin producing industrial strain
P. chrysogenum ATCC 28049. Part A: Filamentous morphology observed in highN medium at 100 h cul-
tivation time. Bar = 20 μm. Part B: Yeast-like cells of the same strain observable in the lowN medium at

100 h of cultivation. Bar = 10 μm
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DAPI and Calcofluor stainings (Fig. 3). Both random death of hyphal compartments
and regular fragmentation of hyphae gave rise to yeast-like cells (Fig. 3).

DISCUSSION

Among the numerous physiological parameters that are hypothesized to influence
cell morphology in fungi, changes in the GSH redox status of the cells quantified by
glutathione/glutathione disulfite (GSH/GSSG) values together with changes in the
specific activities of GSH metabolic enzymes like γGT have been demonstrated to
correlate with M↔Y morphological transitions [16, 18, 19, 27, 38]. The GSH/GSSG
redox couple plays a pivotal role in controlling thiol and disulfide nano-switches reg-
ulating proliferation, differentiation and programmed death of cells [34] and, not sur-

Fig. 3. Morphogenesis of yeast-like cells in P. chrysogenum NCAIM 00237. Parts A and B: Formation
of yeast-like cells by cell death (cd) and fragmentation (fr) in 70 h culture in highN medium. Part C:
Calcofluor staining of dormant (d), germinating (g) and cryptically growing (cg) yeast-like fragments in
an autolysing 110 h culture. Part D: DAPI staining of a typical two-celled yeast-like fragment clearly

indicating two nuclei – one nucleus in each cell (110 h cultivation time). Bars = 2 μm



prisingly, is one of the key factors influencing genome-wide transcriptional changes
in stress-exposed filamentous fungi [27, 28]. Hence, it is reasonable to assume that
changes in the GSH/GSSG redox balance may also put into operation transcription-
al programmes ultimately leading to altered cell morphology.

Supporting this hypothesis, the GSH/GSSG redox status of P. chrysogenum corre-
lated strictly with cell morphology allowing the bulk formation of yeast-like cells in
autolysing cultures with high GSH/GSSG ratios (Figs 1–3; [31]). It is noteworthy
that such a reductive GSH/GSSG balance is very rare in autolysing filamentous fungi
[27]. Instead, a sharply decreasing GSH/GSSG ratio seems to be physiologically rel-
evant, which is likely to trigger programmed cell death as has been demonstrated in
carbon-starving A. nidulans cultures [8, 9, 11]. A morphological survey covering
several wild-type isolates of Aspergilli (A. nidulans, A. fumigatus, A. niger, A. car-
bonarius) and Penicilli (P. citrinum, P. pinophylum) further strengthened the view
that the extensive age-dependent fragmentation of the P. chrysogenum NCAIM
00237 (in both lowN and highN media) and P. chrysogenum ATCC 28089 (in lowN
medium) strains is unique among filamentous fungi (data not shown; [27]) and,
hence, is a probable consequence of industrial strain development.

Similar to A. nidulans [8], a carbon-starvation and age-dependent induction of
γGT activity to mobilise intracellular GSH reserves [21] may also play a pivotal role
in feeding surviving P. chrysogenum hyphal fragments under starvation-related envi-
ronmental stress (Fig. 1). Depletion of carbon has been shown to set into operation
the general amino acid transport system of P. chrysogenum even in the presence of
repressive NH4

+ ions [2], and amino acids entering the cells in this way may facili-
tate the degradation of GSH via transpeptidation reactions catalysed by γGT [14, 27].
Strain development towards higher β-lactam productivity seems to effect negatively
the γGT-dependent degradation of GSH both in lowN and, in the high penicillin pro-
ducer strain, even in highN culture media (Fig. 1).

It is well known that GSH (γ-L-glutamyl-L-cysteinyl-glycine) is a potent inhibitor
of the β-lactam biosynthesis pathway at the enzymes δ-(L-α-aminoadipyl)-L-cys-
teinyl-D-valine (ACV) synthase and isopenicillin N synthase (IPNS; 5–7, 25, 37). On
the other hand, the penicillin biosynthesis machinery is oxidative-stress-sensitive
especially at IPNS and, therefore, the depletion of intracellular GSH blocks antibiot-
ic synthesis [5, 25]. Considering that the detoxification of the reactive intermediates
and side-products of the penicillin V and G side-chain precursors phenoxyacetic acid
(POA) and phenylacetic acid (PA) is a glutathione S-transferase and γGT dependent
process [6, 7] it is reasonable that the high producer strain possessed a remarkably
high specific γGT activity (Fig. 1). That is a paradoxically high γGT (GSH-decom-
posing) activity together with a quite stable intracellular GSH concentration and
GSH/GSSG redox balance (Fig. 1) seem to be pre-requisites of a high β-lactam pro-
ductivity.

Although the molecular background of the negative effect of P. chrysogenum
strain development on the γGT-dependent GSH-degradation is not known (substrate
specificity or intracellular localization of γGT may be effected either alone or togeth-
er with amino acid uptake and GSH biosynthesis) this physiological change is likely
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to be responsible for triggering the formation of and stabilizing yeast-like cells (Figs
1–3; [26, 27, 29, 32]). This hypothesis is supported by the lack of bulk formation of
yeast-like cells in the presence of POA or PA, i.e. under penicillin producing condi-
tions (data not shown), when the intracellular GSH levels and GSH/GSSG values are
lower [5, 6].

The formation of yeast-like cells (“arthrospores”) is also common in Acremonium
chrysogenum cultures under cephalosporin C (CPC) producing conditions [3, 23].
Although hyphal fragmentation and antibiotic production are co-regulated in this
fungus [13], and high intracellular GSH pools together with an increased γGT activ-
ities are beneficial for CPC productivity no correlation between the GSH/GSSG
redox status of the cells and the observed cell morphology was found by Nagy et al.
[23]. Although, alterations in the GSH/GSSG redox balance regulate genome-wide
transcriptional changes in filamentous fungi including elements of cell development
and secondary metabolite production [28] many other signals independent of the
GSH metabolism of the cells also influence fragmentation of hyphae and autolysis
[9–11].

The formation of yeast-like cells in autolysing P. chrysogenum cultures proceeds
via intercalary death of hyphal compartments and regular fragmentation of hyphae
(Fig. 3) – both processes are typical in the genesis of arthospores [12, 36]. It is
remarkable that in submerged cultures of P. chrysogenum where no conidiospore for-
mation takes place, the fragmentation of hyphae may give rise to arthrospore-like or
yeast-like surviving morphological forms (Figs 2 and 3; [26, 29, 32)].

Summing up, P. chrysogenum strain development resulted in high β-lactam pro-
ducer industrial strains with a modified GSH metabolism, where the degradation of
GSH was reduced in order to make the adaptation to high concentrations of toxic
penicillin side-chain precursors easier. Interestingly, this strain improvement con-
comitantly resulted in yeast-like morphological forms in carbon-depleted cultures in
the absence of the side-chain precursors, which observation may shed light on a
causal relationship between the GSH status and the morphology of fungal cells. If
verified, this relationship may also give us a new and powerful tool in the metabolic
engineering of the morphology of filamentous fungi.
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