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Growth Phase-Dependent Antioxidant Enzyme Defense of Humicola lutea
against Copper Stress
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Abstract

Copper is an essential element for the growth and development of the full range of living organisms,
including filamentous fungi. At the same time, it is toxic for organisms when present in excess. The pres-
ent study was conducted to assess the role of the antioxidant enzymes superoxide dismutase (SOD) and
catalase (CAT) on the tolerance strategy of the fungal strain Humicola lutea 103 at different growth phases
under enhanced Cu ions concentrations. We examined the changes in the growth, intracellular protein con-
tent and levels of antioxidant enzyme defense. The results revealed that the presence of Cu ions affected the
duration of growth phases in a dose-dependent manner. The effect of Cu treatment (150 pug/ml Cu ions) de-
pends on the age of the treated culture. The spores and cells from the stationary growth phase demonstrated
higher resistance compared to the corresponding control due to the enhancement of SOD and CAT activity.
The increased total SOD activity was largely due to the Cu/Zn-SOD isoform. The non-growing cells taken
from cultures of different growth phases demonstrated also up-regulation of both antioxidant enzymes in
response to oxidative stress imposed by the ROS-generating heavy metal. During the stationary-phase, H.
lutea cells demonstrated higher resistance to Cu-induced oxidative stress compared with the exponential
phase cells.
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Pesrome

Menrae 0CHOBEH €IEMEHT 3a pacTeXka M pa3BUTUETO Ha LisjIaTa raMa OT )KMBH OPraHU3MHU, BKITFOUUTEITHO
¢unamenTo3Hu ro0u. B chI110TO BpeMe, BUCOKUTE KOHIICHTPAlMU Ha METHU HOHH OKa3BaT CUIITHO TOKCHYHO
BB3JelcTBHE. HacTod10TO H3caenBaHe € HACOYEHO KbM MPOyYBAaHE 3HAUEHHETO HA aHTUOKCUIAAHTHUTE
eH3uMH - cynepokcu aucmyrtasza (COJ) u karanaza (KAT) 3a TonepanTHOCTTa Ha KYATYpH OT 1iam Humi-
cola lutea 103 B pa3znuunaM (ha3u Ha pacTekK KbM MMOBUILICHU KOoHIIeHTpanuu Ha Cu-iionu. [Ipocnenenu ca
MIPOMEHUTE B pacTeka, ChAbPKAHUETO Ha BBTPEKIIEThUEH OCNTHK U HUBATa HA aHTUOKCHIAHTHATA eH3UMHA
3ammurTa. Pesynrarute mokassar, 4ye Hanmn4yrero Ha Cu HOHM MPOMEHS MPOABIDKUTETHOCTTA Ha (a3uTe Ha
pacTex U Te3u MPOMEHH KOPETUpaT ¢ KOHIeHTpalusaTa Ha Metana. EQexTsT ot Bh3aeiicTBuero ¢ 150 mkr/
MJI MEIHHM HOHH 3aBHCH OT Bb3pacTTa Ha TpeTUpaHaTa KyiTypa. EqHOBpeMeHHO ¢ ToBa ce HabmromaBa
MOBHUIIIEHATa aKTUBHOCT Ha jaBarta aHTHOKcuAaHTHU eH3numa — COJl u KAT. Uunykuusra Ha u30eH3UMa
Cu/ZnCQ[] e otroBopna 3a nopuiieHara ooma COJ] aktuBHOCT. CrTOpHUTE U KIETKUTE OT CTallHOHApHATa
(aza mposBsABaT Hali-BUCOKA YCTOMYUBOCT KbM METHHUTE HOHH. B ekcriepuMeHTUTE C HepacTsIIH KJIETKH OT
pasnuyuHu a3y Ha pacTexk Ce OTUMTA ChIaTa TEHIACHIIHSL.

Introduction

Heavy metals are among the pollutants of
greatest importance and concern in the world to-
day (Luna et al., 2015). Although they are natural-
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ly present in the soil, geologic and anthropogenic
activities increase the concentration of these ele-
ments to amounts that are harmful to both plants
and animals. Some of these activities include min-
ing and smelting of metals, burning of fossil fu-
els, use of fertilizers and pesticides in agriculture,
production of batteries and other metal products in



industries, sewage sludge, and municipal waste dis-
posal (Chibuike and Obiora, 2014). Based on their
chemical and physical properties, three different
molecular mechanisms of heavy metal toxicity can
be distinguished: (a) production of reactive oxygen
species by autoxidation and Fenton reaction; this
reaction is typical of transition metals such as iron
or copper, (b) blocking essential functional groups
in biomolecules; this reaction has mainly been re-
ported for non-redox-reactive heavy metals such
as cadmium and mercury, (c) displacement of es-
sential metal ions from biomolecules; the latter re-
action occurs with different kinds of heavy metals
(Schiitzendiibel and Polle, 2002).

There is ample evidence that exposure of aer-
obic organisms to excess concentrations of redox
active heavy metals such as Cu results in oxidative
injury as a results of increased generation of reac-
tive oxygen species (ROS) (Avery, 2001; Krumova
et al., 2009; Pocsi, 2011). These ROS include the
superoxide anion radical (*O,"), hydrogen peroxide
(H,0,), the hydroxyl radical (OH*) and can cause
peroxidation of lipids, oxidation of proteins, dam-
age to nucleic acids, enzyme inhibition, activation
of programmed cell death (PCD) pathway and ulti-
mately lead to cell death (Fridovich, 1998). At the
same time, Cu serves an essential role in biologi-
cal processes because of its catalytic and structural
properties. Thus, the maintenance of Cu homeosta-
sis at the cellular level is crucial for aerobic organ-
isms (Rees and Thiele, 2004; Krumova et al., 2009;
Lazarova et al., 2014). Antioxidant enzymes play
a very important role in this balance (Luna et al.,
2015).

In filamentous fungi, the effect of Cu stress
on growth and physiological characteristics is cur-
rently under investigation. The published results
concern mainly alterations in the antioxidant de-
fense system in the presence of Cu ions regardless
of the age of the culture.

In our previous studies we focused on as-
sessing the Cu-induced cell response of the fungal
strain Humicola lutea 103. The treatment was ap-
plied at the beginning of growth (Krumova et al.,
2009). But the effect of Cu ions added to cultures at
different growth stages has not been investigated.
The aim of the present study was to gain insight
into the influence of oxidative stress induced by Cu
exposure on H. [lutea cells of different age (0, 12,
18, 24, 36, and 48 h old). We examined the changes
in growth and activities of SOD and CAT.

Materials and Methods
Fungal strain and culture conditions

The fungal strain, H. lutea 103 from the My-
cological Collection at the Institute of Microbiolo-
gy, Sofia, was used throughout and maintained at
4°C on beer agar, pH 6.3. For the submerged culti-
vation, both seed and productive media were used
(Angelova et al., 1996). The cultivation was per-
formed in 500 ml Erlenmeyer flasks or in 3 bioreac-
tor ABR-09 (working volume 2 L) equipped with a
pH and DO monitoring and control system. To pre-
pare the inoculum, 80 ml of seed medium was in-
oculated with 5 ml of spore suspension at a concen-
tration of 2 x10® spores ml"! in 500 ml Erlenmeyer
flasks. Cultivation was performed on a shaker (220
rpm) at 30°C for 24 h. The bioreactor cultures were
performed with 8% (v/v) 24-h-old shake-flask inoc-
ulum and 1800 ml of the production medium. The
fermentation parameters were: temperature 30°C,
impeller speed, 600 rpm, and air flow, 1 vvm (1
volume air per 1 volume liquid per min).

For characterization of the fungal response
to copper stress, a sterile stock solution of CuSO,
was added to 6 h bioreactor cultures of H. lutea 103
to bring the final Cu ion concentration to 70, 150
and 300 pg/ml, respectively. To determine growth,
samples were drawn every 6 h for up to 120 h dry
weight estimation.

The impact of the growth phase on Cu-
stress response was evaluated using growing and
non-growing mycelia. For growing cultures, 150
ug/ml Cu ions were added after 0, 12, 18, 24, 36,
and 48 h of incubation and cultivation continued
until 120 h.

For experiments with non-growing myceli-
um, cells were cultivated for 0, 12, 18, 24, 36, 48,
60 and 72 h, respectively, in the seed medium as
described above. Then 1 g of wet mycelium was
added to 40 ml of medium III (KH,PO, - 5 g/l and
MgSO,.7H,0 - 2.5 g/l, pH 7.8) with or without 150
pg/ml Cu ions in 500-ml Erlenmeyer flasks, fol-
lowed by incubation at 30°C on a shaker (220 rev/
min) for 120 min.

Cell-free extract preparation

The cell-free extract was prepared as previ-
ously described (Krumova et al., 2009). All of the
steps were performed at 0—4°C.

Enzyme activity determination

SOD activity was measured in CFE by NBT
reduction (Beauchamp and Fridovich, 1971). One
unit of SOD activity was defined as the amount
of SOD required for inhibition of the reduction
of NBT by 50% (A. ) and was expressed as units
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per mg protein (U/mg protein). KCN (5 mM) was
used to distinguish between the cyanide-sensitive
isoenzyme Cu/Zn-SOD and the cyanide-resistant
Mn-SOD. The Cu/Zn-SOD activity was obtained as
total activity minus the activity in the presence of 5
mM cyanide. Catalase was assayed by the method
of Beers and Sizer (1952), in which the decomposi-
tion of H,O, was followed spectrophotometrically
at 240 nm. One unit of catalase activity was de-
fined as the amount of enzyme which decomposes
1 umol H,O,/min at initial H,O, concentration of
30 mM at pH 7.0 and 25°C.
PAGE electrophoresis

The SOD isoenzyme profile was visualised on
polyacrylamide gels. Forty pg of total protein were
applied to 10% nondenaturing PAGE and stained
for superoxide dismutase activity, as described by
Beauchamp and Fridovich (1971).
Other analytical methods

Protein was estimated by the Lowry proce-
dure (1951), using crystalline bovine albumin as a
standard. The dry weight determination was per-
formed on samples of mycelia harvested through-
out the culture period. The culture fluid was filtered
through a Whatman (Clifton, USA) No 4 filter. The
separated mycelia were washed twice with distilled
water and dried to a constant weight at 105°C.

Results and Discussion
Aging of H. lutea cells in the presence of enhanced
concentrations of Cu ions

The growth of H. lutea in medium supple-
mented with varied Cu ions concentrations at the
beginning of cultivation is demonstrated in Fig. 1.

20 -

15
€
S
S
=
S 10 —a— Control
~ —o— 70
@ —a—150
g —v— 300
5 os|
=

00|

0 % 8 % 120
Time of cultivation [h]

Fig. 1. Effect of Cu ion concentrations on the
growth profile of H. lutea 103

Although the curves demonstrated typical
fungal growth phases for each experiment, it can be

seen that the presence of Cu ions affected the du-
ration of growth phases in a dose-dependent man-
ner. Supplementation of the medium with 70 pg/ml
Cu ions did not have a significant influence on the
growth rate and growth phase duration. There was
a slight delay in the onset of the exponential phase,
but in the process of active growth the culture rap-
idly reached the parameters of the control. It should
be noted, however, that the stationary phase con-
cluded about 12 hours earlier than the control.

On the other hand, the treatment with higher
Cu concentrations (150 or 300 pg/ml) caused 40-
45% reduction in the life span. Figure 1 demon-
strates a prolonged lag-phase and shortened expo-
nential and stationary growth phases, which was
more significant at a dose of 300 pg/ml. Moreover,
at copper concentrations of 150 or 300 pg/ml, H.
lutea 103 accumulated about 50% and 80% less
biomass (dry mass), respectively, than the control.
Similar results on the growth and phase duration
have been reported for Aspergillus niger (Tsekova
and Todorova, 2002; Luna et al., 2015), Cunning-
hamella elegans (de Souza et al., 2005) etc. Our
previous results revealed that the addition of copper
ions 18 h after cultivation more slightly affected the
growth phase and biomass content (Krumova et al.,
2012). Probably, cultures in the exponential growth
phase exhibited greater copper tolerance compared
to those in the lag phase (current study). Anahida et
al. (2011) found such relationship between the age
of exposure and heavy metal tolerance of Aspergil-
lus and Penicillium strains.

If we compare the effect of copper ions on the
H. lutea growth with our previous results (Krumo-
va et al., 2009), we have to note that copper stress
imposes an oxidative burden, of which *O,” would
be a major component. According to Osiewacz
and Stumpferl (2001), cellular copper levels play
a significant role in the generation of oxygen me-
tabolites by the fungus Podospora anserina. Oth-
er studies have examined copper-induced ROS in
higher eukaryotes (Sharma et al., 2012; Shahid et
al., 2014). Probably, the Cu-induced ROS genera-
tion in the cells plays a main role in the control of
the life span of fungi (Borghouts et al., 2001).
Growth-phase-dependent response of H. lutea cul-
tures against Cu stress

The results from the experiments with grow-
ing cells have revealed that the degree of Cu effect
(150 pg/ml) on H. lutea depends on the age of the
treated culture (Fig. 2). Spores demonstrated the
highest resistance compared with other variants.
The amount of biomass formed by treated spores



(albeit lower than the control) was about 20-40%
higher than in the cultures from different growth-
phases (Fig. 2). The cells of the early exponential
phase (12th and 18th h) were most sensitive. They
maintained dry weight about 40% of the control.
The exposure of cells after 36 and 48 h of culti-
vation (the end of exponential phase and the be-
ginning of stationary phase, respectively) led to a
gradual increase in the biomass content, i.e. in the
fungal resistance to Cu ions. At the end of the cul-
tivation, the treated stationary growth cells showed
55% enhanced dry weight compared to those mea-
sured by culturing the Cu-stressed cells of expo-
nential phase.
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Fig. 2. Biomass and intracellular protein content
in H. lutea cultures from different growth phases
treated with 150 pg/ml Cu ions.

The same trend was shown for intracellular
protein content, but the evaluated increase at the
end of exponential phase and the beginning of sta-
tionary phase was less pronounced (Fig. 2). The
content of total protein indicates that a significant
effect on the protein content has not been found
between the treated cultures from exponential and
stationary phases. There was a decrease in compar-
ison with the control, which might demonstrate the
inhibitory effect of the copper content on the pro-
tein isolated from H. lutea.

A possible reason could be an age-dependent
metal uptake due to qualitative changes in the cell
wall structure when the cells pass from exponen-
tially to stationary phase. Anagnostopoulos et al.
(2011) reported the highest metal uptake for the
exponential phase cells of Saccharomyces scere-
visiae, Kluyveromyces marxianus and Debaromy-
ces hansenii. Copper, as a redox metal, can direct-
ly generate oxidative injury via the Haber-Weiss
and Fenton reactions, which leads to production of
ROS, resulting in cell homeostasis disruption, DNA

strand breakage, defragmentation of proteins, or
cell membrane and damage to photosynthetic pig-
ments, which may trigger cell death (Bellion et al.,
2006; Luna et al., 2015; Oves et al., 2016). It has
been reported that Cu induces plasma membrane
disruption in fungi (Azevedo et al., 2007). The data
on Cu effect on A. niger revealed that oxidative
stress is involved in the mechanisms of copper tox-
icity and suggests that this fungus exhibits an in-
creased level of lipid peroxides (Luna et al., 2015).
In the mycelia of Curvularia lunata exposed to Ni,
the levels of lipid peroxidation products increased
and ranged between 156 and 823% over the control
(Paraszkiewicz et al., 2010).

To compare the antioxidant response of the
fungal cells to Cu toxicity and oxidative stress,
altered cellular antioxidant enzyme defense was
investigated in the presence of 150 ug/ml copper
concentration (Fig. 3). The activities of SOD and
CAT were simultaneously assayed in Cu-treated
growing cells taken from different growth phases
(see Materials and methods).

During the aging, the SOD and CAT activi-
ty increased in a time-dependent manner. The ob-
served increase was from 1.4- to 2.5-fold above
the activity of the controls. Entry in the stationary
phase resulted in some attenuation of the response,
but both enzyme activities were significantly higher
than those of the untreated cells.
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Fig. 3. SOD and CAT activity of H. lutea cultures
from different growth phases treated with 150 pg/
ml Cu ions

The increased total SOD activity was largely
due to the Cu/Zn-SOD isoform, which showed a
1.7- to 2.5-fold increase as compared to the con-
trol culture; we found no change in the activity of
Mn-SOD (data not shown). To confirm the levels
of MnSOD and Cu/ZnSOD activity in the fungal
cultures, we used the native gel technique. Figure



4 shows that Mn-SOD activity did not change with
aging. In contrast, Cu/Zn-SOD activity was signif-
icantly increased in the cells taken after 24 and 48
h of cultivation compared with the cells from the
beginning of exponentially phase (12" h).
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Fig. 4. Effect of copper treatment (150 mg/ml Cu**)
on isoenzyme profiles of SOD in H. lutea cells. Mn-
and Cu/Zn-SOD activity evaluated by polyacryla-
mide gel electrophoresis (10% gel) lane 1, stand-
ard Cu/Zn-SOD from bovine erythrocytes; lane 2,
standard Mn-SOD from E. coli; lane 3, SOD in the
cells of early exponentially phase (12 h); lanes 4,
SOD in the cells taken after 24 h of cultivation; lane
5, SOD in the cells taken after 48 h of cultivation.

The present study also showed that copper-induced
oxidative stress was indicated by enhanced antiox-
idant enzyme activities. Fungi, like all aerobic or-
ganisms, have a set of defense mechanisms to deal
with oxidative stress. Enzymes, such as SOD and
CAT, have been reported to be activated against
ROS in several organisms under Cu stress (Tsekova
et al., 2002; Azevedo et al., 2007; Krumova et al.,
2009; 2012). Both enzymes are crucial for cellular
detoxification, controlling the levels of superoxide
anion radical and hydrogen peroxide (Pocsi et al.,
2011). The effect of Cu ions depends on H. lutea
growth stage. Fast enhancement of the antioxidant
enzyme activity was observed in the cells from
lag- and exponential phases. The experiments with
cultures grown for 36 or 48 h did not demonstrate
further increase in SOD and CAT activity. Taking
into account that the level of Cu-induced ROS
generation in H. [utea cells had a tendency to keep
rising (Krumova et al., 2009), it can be assumed
that these ROS caused also enzyme inhibition via
denaturation and protein degradation (Gessler et
al., 2007; Seto et al., 2017). Similar results were
observed about plants treated with ROS-generat-
ed agents (Lijun et al., 2005; Soares et al., 2010).
Cyrne et al. (2003) have described that oxidative
stress modifies Cu/Zn-SOD and Mn-SOD gene ex-
pression in a complex way, at the transcriptional,

posttranscriptional, translational, and posttransla-
tional levels.
Antioxidant enzyme activity in non-growing H. lu-
tea cells under conditions of Cu stress

The non-growing cells taken from cultures of
different growth phases were used as cell systems
for a rapid induction of antioxidant enzymes in the
absence or presence of Cu ions. Figure 5 illustrates
the activity of both antioxidant enzymes, SOD and
CAT, as a result of treatment with 150 mg/ml Cu
ions.

The growth phase-dependent alteration of
SOD outlined a trend similar to those obtained
with growing cells. Cultures from lag- and early
exponential phases drastically enhanced SOD ac-
tivity in the presence of Cu ions compared to the
corresponding control. The results revealed that
the cells from the 12-, 18-, 24- and 36-h cultures
showed about a 4-fold increase in the enzyme ac-
tivity during 120 min exposure to a heavy metal. It
was also shown a phase-dependent up-regulation of
antioxidant enzyme activity in cells of 48-, 60- and
72-h cultures. Cu exposure of H. lutea cells had a
comparable effect on CAT profile and changes in
the activity provide support for growth phase-de-
pendent manner of enzyme induction. Although
the older cells demonstrated a significant increase
in SOD and CAT levels compared to the control,
the activities were lower than those in the younger
ones.
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Fig. 5. Growth phase-dependent induction of SOD
(A) and CAT (B) activity in non-growing cells of H.
lutea 103 treated with Cu ions.

From the above experiments it is clear that
there is a direct relationship between the antioxidant
response and growth phase of H. lutea cultures. The
influence of oxidative stress on the antioxidant en-
zyme activity has been found to be dependent on the



growth phase of pro- and eukaryotic cells (Michan
and Pueyo, 2009; Radhika, 2013). Candida albi-
cans and C. glabrata showed growth phase-depen-
dent SOD and CAT induction by enhanced ROS
generation (Cuéllar-Cruz et al., 2008). Hao et al.
(2010) also reported that the antioxidant enzymes
participate to different degrees in stage-dependent
resistance to rice blast fungus Magnaporthe ory-
zae. A differential expression of SOD and CAT de-
pending of the growth stage has been determined in
Phycomyces blakesleeanus treated with H,O,, CAT
being expressed in the exponential and SOD in the
stationary phase (de Castro et al., 2013).

Furthermore, H. lutea cell response to oxida-
tive stress generated by Cu ions increased SOD and
CAT activity to a greater extent in the exponential
phase than in the stationary growth phase. De Cas-
tro et al. (2013) found the opposite trend in Phyco-
myces blakesleeanus cultivated in the presence of
H,0O, They suggested tha oxidative stress increased
the activity of SOD and glutathione-S-transferase
to a greater extent in the stationary phase than in the
exponential growth phase. Glucose starvation in-
duced CAT activity in P. blakesleeanus during both
phases (Rua et al., 2014). The high activity of CAT
could be due to the induction of an isoform which
would be expressed in these conditions, similar to
CatD from A. nidulans induced during the late sta-
tionary phase by glucose starvation (Szilagyi et al.,
2013).

Conclusion

Our results suggest the importance of both
the Cu ion concentration and growth phase in how
the fungal strain maintains its intrinsic redox state.
The H. lutea cells up-regulate their defense system
against oxidative stress imposed by the ROS-gener-
ating heavy metal. Antioxidant enzymes SOD and
CAT were induced by Cu exposure and protected
the fungus from further damage. The higher resist-
ance of stationary fungal cultures to Cu stress is due
to the activation of the antioxidant enzyme defense.
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