










Even under these conditions, the cat-360 mutant strain still had
3.7 times more carotenes than did the Wt (Fig. 5).

Increased hyphal adhesion and protein oxidation in the
cat-3mutant. Hyphal adhesion is dependent on air and is the
first morphogenetic step toward the conidiation process. Aerial
hyphae in a mycelial mat develop only from a layer of adherent
hyphae (38). Hyphal adhesion can also be observed in liquid
cultures under oxidative stress conditions, such as increased
aeration (i.e., an increase in the air-to-liquid ratio). To analyze
hyphal adhesion in cat-3RIP mutant strains, liquid medium was
inoculated with conidia and distributed among 25-ml Erlen-
meyer flasks at different air-to-liquid ratios. Adhesion of Wt
hyphae was minimal at the highest air-to-liquid ratio. In the
cat-360 mutant strain, adhesion was observed at all ratios and
increased considerably with aeration from many small aggre-
gates to a single clump (Fig. 6A). Under these conditions, the
final biomasses of all stains were similar (data not shown).

To confirm that hyphal adhesion observed was related to
oxidative stress, protein oxidation was measured in total my-
celial extracts. Protein oxidation, measured as carbonyl content
in total protein, increased with hyphal adhesion and aeration in
both strains but was consistently higher in the cat-360 mutant
strain (Fig. 6B).

cat-3mutants show increased development of aerial hyphae
and formation of conidia. The second and third steps in the
conidiation process are development of aerial hyphae and for-
mation of conidia at the tips of aerial hyphae. The amount of
aerial hyphae and conidia was determined in air-exposed my-
celial mats. Aerial hyphae and conidia were more abundant in
the cat-360 mutant strain than in the Wt (Fig. 7A and B). In
fact, the mutant strain produced six times more aerial hyphae
and conidia than did the Wt (Fig. 7C).

Aerial hyphae and conidia were also more abundant in
7-day-old colonies of the cat-360 mutant strain than in those of
the Wt (Fig. 8A and B). To confirm that this trait was related
to oxidative stress, protein oxidation was determined in colo-
nies. After 3 days of growth in petri dishes, Wt and cat-360

mutant colonies had similar amounts of carbonyls in their total
protein. Four days later, protein oxidation was lower in Wt
colonies and twofold higher in cat-360 colonies (Fig. 8C), indi-
cating oxidative stress in mutant colonies.

Counting of aerial hyphal initials per unit of area was not
possible because aerial hyphae rapidly form a syncytium. To
show an increase in aerial hyphae per unit of area, mycelial
mats were covered with dark-purple-stained filter paper
through which aerial hyphae can grow. In the cat-360 mutant,
the whole paper was covered with aerial hyphae, while in the
Wt, there was some uncovered space (Fig. 9A). Edges of the
mycelial mat are more air exposed and develop more aerial
hyphae, particularly in the cat-360 mutant strain (Fig. 9A). The
height of aerial hyphae was measured by placing standing mi-
croscope slides on mycelial mats or holding them on the sur-
face of liquid cultures. Aerial hyphae of the cat-360 mutant
strain grew to a greater height than did those of the Wt and
conidiated later in both systems (Fig. 9B and C). Compared to
the Wt strain, the density of aerial hyphae that adhered to the
slide was 2.75 times higher in the mutant in mycelial mats and
1.75 times higher in standing liquid cultures (Fig. 9D). The
protein content per unit of dry weight of aerial hyphae was
198.5 	 6.7 �g/mg in both strains. There was no indication of
precocious development of aerial hyphae: aerial hyphae start
to grow 2 h after air exposure of mycelial mats and 4 h in
standing liquid cultures.

FIG. 5. Carotene contents of Wt and cat-360 mutant colonies. Spectra of isolated carotenes from cell extracts containing 4 mg of protein.
Three-day-old Wt and cat-360 colonies, grown in the dark on cellophane-covered solid medium, were illuminated for 1 h with intense light (5
W/cm2), and carotenes were immediately extracted (Wt � L and cat-360 � L). Control plates were also illuminated but wrapped with aluminum
foil (Wt � D and cat-360 � D). The results of an experiment representative of the four independent experiments performed are shown.
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DISCUSSION

Here we present evidence indicating that cat-3-null strains
tend to develop oxidative stress (increased protein oxidation)
and react by increasing antioxidant levels (carotenes) and de-
veloping large amounts of differentiated cell structures (adher-
ent hyphae, aerial mycelium, and conidia). These results are in
accordance with the O2 avoidance theory of cell differentiation
(13, 15).

The lack of CAT-3 in mutant strains was not compensated
for by other catalase activities, even under oxidative stress
conditions, in contrast to what is observed in Xanthomonas
campestris (44). In N. crassa, CAT-1 is expressed mainly in
nongrowing cells (8, 30), CAT-4 is presumably restricted to
peroxisomes, and CAT-2 is expressed in lysing hyphae (31a).
Besides catalases, three peroxiredoxins, a glutathione peroxi-
dase, cytochrome c peroxidase, and probably other peroxidases
are found in the N. crassa genome (www.genome.wi.mit.edu).
However, these enzymes are efficient only at low concentrations

of H2O2; millimolar concentrations of H2O2 can only be dis-
posed of by catalases (18, 32). Thus, despite such a high re-
dundancy of H2O2-detoxifying enzymes, other enzymes cannot
compensate for loss of CAT-3 activity because these enzymes
are much less efficient, are expressed in other cells, or have a
different intracellular localization. This may explain why the
lack of CAT-3 had a great impact on the antioxidant capability
and cell differentiation of N. crassa.

The susceptibility of cat-3RIP mutant strains was made evi-
dent by treatment of colonies with H2O2. Wt colonies were
hardly affected by 20 mM H2O2, while cat-3RIP mutant strains
did not survive this treatment. CAT-3 was shown to be secreted
from Wt colonies and from hyphae in liquid cultures. The
protein has a signal peptide for secretion that is processed (30).
However, CAT-3 detected in the growth medium represents
only a few percent (
3%) of the total catalase activity in cell
extracts (data not shown). Thus, loss of CAT-3 into the me-
dium is low and most of the activity in mycelial cell extracts is
intracellular or bound to the cell wall.

Because lack of CAT-3 was not compensated for enzymati-
cally, other antioxidants are expected to be induced in cat-3-
null strains. Carotenes are antioxidants that are especially
effective at quenching 1O2 (36). In N. crassa, carotenes are
induced by light through the WC1/WC2 pathway but carotene

FIG. 6. Adhesion of hyphae and carbonyl content of mycelia grown
under different aeration conditions. Conidia from either Wt or cat-360

mutant cells were inoculated in liquid medium. Volumes of 20, 15, 10,
or 5 ml were then poured into 25-ml Erlenmeyer flasks and incubated
for 15 h at 30°C and 250 rpm. Cultures were transferred to petri dishes
for documentation of hyphal adhesion, and thereafter, mycelium was
recovered for determination of protein carbonyl content. Panels: A,
adhesion of Wt and cat-360 mutant hyphae (lanes: 1, 5 ml [4:1 ratio]; 2,
10 ml [3:2 ratio]); B, protein carbonyl content from Wt or cat-360

mutant mycelium growing at an air-to-liquid ratio of 1:4 (columns 1),
2:3 (columns 2), 3:2 (columns 3), or 4:1 (columns 4). The results shown
are averages of two independent experiments.

804 MICHÁN ET AL. EUKARYOT. CELL

 on S
eptem

ber 28, 2020 by guest
http://ec.asm

.org/
D

ow
nloaded from

 

http://ec.asm.org/


induction during conidiation is independent of light and WC
genes (16, 24). 1O2 is an inducer of carotene synthesis in
Phaffia rhodozyma (33). 1O2 is produced by blue light through
photosensitization reactions. However, in the dark, H2O2 is a
main source for 1O2 generation (reviewed in reference 27). N.
crassa carotene mutant strains are sensitive to light and 1O2

(37). 1O2 is generated during N. crassa conidial germination
(26) and conidiation and under different stress conditions
(heat shock or paraquat treatment) (30). Wt colonies hardly
made carotenes when grown in the dark and synthesized them
mainly when in the presence of light. Instead, cat-360 mutant
colonies grown in the dark had increased carotene content.
These results are consistent with 1O2 generation and 1O2 in-
duction of carotene synthesis in mutant strains growing in the
dark. Carotene synthesis in the Wt and cat-360 mutant strains

was enhanced further by light and/or by 1O2 generated by
photosensitization.

Besides carotene synthesis, cat-360 mutant hyphae tended to
adhere to each other when grown in liquid cultures. Hyphal
adhesion is related to a carbohydrate that is secreted and
polymerized at the cell wall, functioning as cement between
hyphae (W. Hansberg, unpublished observations). When a my-

FIG. 7. Enhancement of aerial hyphae and conidium formation in
a cat-360 mutant strain. Wt and cat-360 mutant cultures (100 ml) were
filtered, and the resulting mycelial mats were exposed to air for 24 h.
Side (A) and top (B) views of the mycelial mats showing aerial myce-
lium (A) and conidia (B) from Wt and cat-360 mutant strains and aerial
mycelium dry weight and numbers of conidia from Wt and cat-360

mutant strains (C) are depicted. The results shown in panel C are
averages of four independent experiments.

FIG. 8. Conidiation of Wt and cat-360 mutant colonies. Colonies
were grown on VSM for 7 days at 30°C. Panels: A, 7-day-old Wt and
cat-360 colonies; B, number of conidia per colony (averages of three
groups of 20 colonies picked at random are shown); C, protein car-
bonyl contents of Wt (dark bar) and cat-360 mutant (gray bar) colonies
grown in the dark on cellophane-covered VSM plates after 3 (columns
1) or 7 (columns 2) days. The results shown are averages of four
independent experiments.
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celial mat is exposed to air, a layer of adherent hyphae is
formed within minutes. This layer of adherent hyphae is often
mistakenly interpreted as desiccation. A layer of adherent hy-
phae also forms in standing liquid cultures and is not formed in
mycelial mats in the absence of air or in the presence of anti-
oxidants. Aerial hyphae develop only from the layer of adher-
ent hyphae and represent the first step of the conidiation
process (38). Only in this layer of the mycelial mat are proteins
and specific enzymes oxidized and degraded and are some of
them resynthesized (41). Hyphal adhesion correlated with pro-
tein oxidation in liquid cultures. cat-360 mutant hyphae grew as
aggregates that increased in size depending on aeration; Wt
hyphae also tend to form aggregate at a high aeration rate. Hy-
phal adhesion is a cellular response to oxidative stress. It prob-
ably has the effect of reducing the local concentration of O2 by
active respiration. Deposited carbohydrates at the cell wall
could also reduce the entrance of O2 into the adherent hyphae.

Aerial hyphae develop from adherent hyphae and conidia
are formed at their tips, representing the second and third
steps of the conidiation process. The most conspicuous fea-
tures of cat-3-null strains are the increased amount of aerial

hyphal mass and the number of conidia produced; both were
six times the amount determined in the Wt strain. The in-
creased amount of aerial hyphae was due to a combination of
high density and a prolonged growth period, producing an
aerial hyphal mass of increased height and density. The in-
creased amount of aerial hyphae produced an increased
amount of conidia. Conidiation was retarded in both the air-
exposed mycelial mat and the standing liquid culture systems.
The aerial hyphal morphology analyzed under a light micro-
scope was similar in both strains.

Interestingly, the N. crassa Cu, Zn SOD-null mutant strain
sod-1 (5) has a phenotype similar to that of the cat-3 mutant
strain with respect to carotene production, adhesion of hyphae,
and increased amount of aerial mycelium and conidium for-
mation (Hansberg, unpublished). However, and as expected,
the sod-1 mutant is more resistant to H2O2 and more sensitive
to paraquat treatment than is the cat-3 mutant.

How oxidative stress triggers conidiation remains to be de-
termined. During a hyperoxidant state, the amount and ratio
of NAD(P)H/NAD(P) and glutathione/glutathione disulfide
changes dramatically (40, 42) and this will change many met-

FIG. 9. Aerial hyphal height in mycelial mats and in standing liquid cultures. (A) Mycelial mats were covered with darkly stained filter paper
at the start of development. Aerial hyphae grew through the filter paper. Photographs taken after 24 h show increased density of aerial hyphae
in the cat-360 mutant strain. Aerial mycelium heights in mycelial mats (B) and in standing liquid cultures (C) are also shown. Wt, open circles;
cat-360, closed circles. The arrow labeled “c” indicates the time when conidiation was observed under a light microscope. (D) Amounts of aerial
hyphae that stuck to 1-cm2 microscope slides placed on mycelial mats (columns 1) and on standing liquid cultures (columns 2). The results in panels
B to D are averages of two independent experiments.

806 MICHÁN ET AL. EUKARYOT. CELL

 on S
eptem

ber 28, 2020 by guest
http://ec.asm

.org/
D

ow
nloaded from

 

http://ec.asm.org/


abolic fluxes. Besides, the redox state in cells is sensed through
a cascade of protein kinases. Cytoplasmic catalase in Saccha-
romyces cerevisiae is induced by the HOG1 pathway (34). Un-
der these conditions, SOD is also regulated although through
the protein kinase A-cyclic AMP (cAMP) and Skn7 pathways
(11). In Schizosaccharomyces pombe (7) and Aspergillus nidu-
lans (22), osmotic and oxidative stress activates the HOG1
homologues Spc1 and SakA, respectively. In N. crassa, the S.
cerevisiae mitogen-activated protein kinase kinase kinase Ste11
homologue NRC-1 and also a Tre/Ser protein kinase, NCR-2,
have been found to be required for vegetative growth and to
repress the onset of conidiation (23). The HOG1 homologue
os-2 has been cloned, and its deletion has been shown to be
osmosensitive and resistant to some fungicides, but there is no
indication of an effect on conidiation (48). It would be inter-
esting to find out if a catalase is regulated by one of these
protein kinases in N. crassa.

Deletion of N. crassa gna-1, which encodes a G�i protein,
reduces the cAMP level, causing a decreased apical extension
rate, carotene accumulation, increased tolerance to heat shock
and H2O2 treatment, short aerial hyphae, and hyperconidia-
tion, a phenotype similar to the adenylate cyclase-deficient cr-1
mutant strain. Mutant strains with G�i permanently activated
show an increased cAMP level, have an apical extension rate
close to that of the Wt, a low carotene content, decreased tol-
erance to heat shock and H2O2 treatment, and increased pro-
liferation of aerial hyphae but a low level of conidium forma-
tion (47).

cAMP levels are probably inversely related to stress intensity
in N. crassa. In the cat-3 mutant, the stress is increased, and in
the gna-1 mutant, the signal is increased. The stress and the
signal both will induce antioxidant mechanisms (carotene syn-
thesis). Thus, we expect low levels of cAMP in cat-3 mutant
strains and induction of CAT-3 in gna-1 mutant strains.

During the conidiation process, oxidative stress is not con-
tinuous but is only generated at the start of each morphoge-
netic transition. Thus, in a cat-3RIP mutant strain, both aerial
hyphal growth and conidiation are stimulated. In a gna-1 mu-
tant strain, the signal is always on at its maximum (no cAMP)
and the response is correspondingly maximal. Thus, the strain
conidiates profusely, with no delay and without much growth
of aerial hyphae.

Double and triple catalase mutant strains of A. nidulans had
no apparent effect on conidiation, although colonies from catB
mutant strains and conidia from catA mutant stains are sensi-
tive to H2O2 (20, 21, 31). This could indicate different fungal
strategies by which to cope with oxidative stress and to start
cell differentiation. A. nidulans has been used mainly for ge-
netic studies, and growth conditions and strains have been
selected for rapid and abundant production of conidia. A.
nidulans laboratory strains grow in pellets, which could be a
protection mechanism against oxidative stress. Thus, we will
test the phenotype of CatB-null strains, the CAT-3 homologue,
under growth conditions similar to those used for N. crassa.

ACKNOWLEDGMENTS

This research was supported in part by grant IN214199 from DGAPA,
Universidad Nacional Autónoma de México, and grant 33148-N from
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