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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 µg/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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Резюме
Медта е основен елемент за растежа и развитието на цялата гама от живи организми, включително 

филаментозни гъби. В същото време, високите концентрации на медни йони оказват силно токсично 
въздействие. Настоящото изследване е насочено към проучване значението на антиоксидантните 
ензими - супероксид дисмутаза (СОД) и каталаза (КАТ) за толерантността на култури от щам Humi-
cola lutea 103 в различни фази на растеж към повишени концентрации на Cu-йони. Проследени са 
промените в растежа, съдържанието на вътреклетъчен белтък и нивата на антиоксидантната ензимна 
защита. Резултатите показват, че наличието на Cu йони променя продължителността на фазите на 
растеж и тези промени корелират с концентрацията на метала. Ефектът от въздействието с 150 мкг/
мл медни йони зависи от възрастта на третираната култура. Едновременно с това се наблюдава 
повишената активност на двата антиоксидантни ензима – СОД и КАТ. Индукцията на изоензима 
Cu/ZnСОД е отговорна за повишената обща СОД активност. Спорите и клетките от стационарната 
фаза проявяват най-висока устойчивост към медните йони. В експериментите с нерастящи клетки от 
различни фази на растеж се отчита същата тенденция. 
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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-

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 
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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 
(Schützendübel 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; Pócsi, 2011). These ROS include the 
superoxide anion radical (•O2¯), hydrogen peroxide 
(H2O2), 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 x108 spores ml-1 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 CuSO4 
was added to 6 h bioreactor cultures of H. lutea 103 
to bring the final Cu ion concentration to 70, 150 
and 300 µg/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 
µg/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 (KH2PO4 - 5 g/l and 
MgSO4.7H2O - 2.5 g/l, pH 7.8) with or without 150 
µg/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% (A560) 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 H2O2 was followed spectrophotometrically 
at 240 nm. One unit of catalase activity was de-
fined as the amount of enzyme which decomposes 
1 µmol H2O2/min at initial H2O2 concentration of 
30 mM at pH 7.0 and 25°C.
PAGE electrophoresis 

The SOD isoenzyme profile was visualised on 
polyacrylamide gels. Forty µg 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. 

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 
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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 µg/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 µg/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 µg/ml. Moreover, 
at copper concentrations of 150 or 300 µg/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 •O2¯

  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 µg/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 
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(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.

Fig. 2. Biomass and intracellular protein content 
in H. lutea cultures from different growth phases 
treated with 150 µg/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 
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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 µg/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.

Fig. 3. SOD and CAT activity of H. lutea cultures 
from different growth phases treated with 150 µg/
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 
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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 (12th h).

Fig. 4. Effect of copper treatment (150 mg/ml Cu2+) 
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 (Pócsi 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. lutea 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. 

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 
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growth phase of pro- and eukaryotic cells (Michán 
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 H2O2, 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 
H2O2. They suggested that 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 (Rúa 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 (Szilágyi 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.

References
Azevedo, M. M., A. Carvalho, C. Pascoal, F. Rodrigues, F. 

Cássio (2007). Responses of antioxidant defenses to Cu 
and Zn stress in two aquatic fungi. Sci. Total Environ. 377: 
233-243.

Anagnostopoulos, V. A., A. Bekatorou, B. D. Symeopoulos 
(2011). Contribution to interpretation of metal uptake de-
pendence upon the growth phase of microorganisms. The 
case of uranium (VI) uptake by common yeasts, cultivated 
at different temperatures, with or without aeration. J. Ra-
dioanal. Nucl. Chem. 287: 665-671.

Anahid, S., S. Yaghmaei, Z. Ghobadinejad (2011). Heavy 
metal tolerance of fungi. Sci. Iran. C 18: 502-508.

Angelova, M., L. Genova, S. Pashova, L. Slokoska, P. Dola-
shka (1996). Effect of cultural conditions on the synthesis 
of superoxide dismutase by Humicola lutea 110. J. Ferm. 
Bioeng. 82: 464-468.

Avery, S. A. Metal toxicity in yeasts and the role of oxidative 
stress. (2001). Adv. Appl. Microbiol. 49: 111-142.

Beauchamp, C., I. Fridovich (1971). Superoxide dismutase: 
improved assay and an assay applicable to polyacrylamide 
gels. Anal. Biochem. 44: 276-287.

Beers, R. F., I. W. Sizer (1952) A spectrophotometric meth-
od for measuring the breakdown of hydrogen peroxide by 
catalase. J. Biol. Chem. 195: 133-140.

Bellion, M., M. Courbot, C. Jacob, D. Blaudez, M. Chalot 
(2006). Extracellular and cellular mechanisms sustaining 
metal tolerance in ectomycorrhizal fungi. FEMS Microbi-
ol. Lett. 254: 173-181.

Borghouts, C., A. Werner, T. Elthon, H. D. Osiewacz (2001). 
Copper-modulated gene expression and senescence in the 
filamentous fungus Podospora anserine. Mol. Cell Biol. 
21: 390-399.

Chibuike, G. U., S. C. Obiora (2014). Heavy metal polluted 
soils: effect on plants and bioremediation methods. Appl. 
Environ. Soil Sci. Article ID 752708, 12 pages.

Cyrne, L., L. Martins, L. Fernandes, H. S. Marinho (2003). 
Regulation of antioxidant enzymes gene expression in the 
yeast Saccharomyces cerevisiae during stationary phase. 
Free Rad. Biol. Med. 34: 385-393.

Cuéllar-Cruz, M., M. Briones-Martin-del-Campo, I. 
Cañas-Villamar, J. Montalvo-Arredondo, L. Riego-Ruiz, 
I. Castaño, A. De Las Peñas (2008). High resistance to 
oxidative stress in the fungal pathogen Candida glabrata 
is mediated by a single catalase, Cta1p, and is controlled 
by the transcription factors Yap1p, Skn7p, Msn2p, and 
Msn4p. Eukaryot. Cell 7: 814-825.

de Castro, C., P. del Valle, J. Rúa, M. R. García-Armesto, M. 
Gutiérrez-Larraínzar, F. Busto, D. de Arriaga (2013). Anti-
oxidant defence system during exponential and stationary 
growth phases of Phycomyces blakesleeanus: response to 
oxidative stress by hydrogen peroxide. Fungal Biol. 117: 
275-287.

de Souza, P. M., P. H. Marinho, M. A. B. de Lima, A. E. do 
Nascimento, G. M. de Campos Takaki (2005). Copper in-
fluence on polyphosphate metabolism of Cunninghamella 
elegans. Braz. J. Microbiol. 36: 315-320.

Fridovich, I. (1998). Oxygen toxicity, a radical explanation. J. 
Exp. Biol. 201: 1203-1209.

Gessler, N. N., A. A. Aver’yanov, T. A. Belozerskaya (2007). 
Reactive oxygen species in regulation of fungal develop-
ment. Biochemistry (Moscow), 72: 1091-1109.

Hao, Z. N., L. P. Wang, R. X. Tao (2010). Defence genes and 
antioxidant enzymes in stage-dependent resistance to rice 
neck blast. J. Plant Pathol. 92: 747-752.

Krumova, E. T., S. R. Stoitsova, T. S. Paunova-Krasteva, S. 
B. Pashova, M. B. Angelova (2012). Copper stress and 
filamentous fungus Humicola lutea 103 - ultrastructural 
changes and activities of key metabolic enzymes. Can. J. 
Microbiol. 58: 1335-1343.

Krumova, E. Z., S. B. Pashova, P. A. Dolashka-Angelova, T. 
Stefanova, M. B. Angelova (2009). Biomarkers of oxida-
tive stress in the fungal strain Humicola lutea under cop-



9

per exposure. Process Biochem. 44: 288-295.
Lazarova, N., E. Krumova, Ts. Stefanova, N. Georgieva, M. 

Angelova (2014). The oxidative stress response of the fil-
amentous yeast Trichosporon cutaneum R57 to copper, 
cadmium and chromium exposure. Biotechnol. Biotech. 
Eq. 28: 855-862.

Lijun, L., L. Xuemei, G. Yaping, M. Enbo (2005). Activity of 
the enzymes of the antioxidative system in cadmium-treat-
ed Oxya chinesis (Orthoptera Acridoidae). Environ. Toxi-
col. Pharmacol. 20: 412-416.

Lowry, O. H., H. J. Rosenbrough, A. L. Faar, R. J. Randall 
(1951). Protein measurement with the Folin phenol rea-
gent. J. Biol. Chem. 193: 265-275. 

Luna, M. A. C., E. R. Vieira, K. Okada, G. M. Campos-Taka-
ki, A. E. do Nascimento (2015). Copper-induced adapta-
tion, oxidative stress and its tolerance in Aspergillus niger 
UCP1261. Electron. J. Biotechnol. 18: 418-427.

Michán, C., C. Pueyo (2009). Growth phase-dependent var-
iations in transcript profiles for thioredoxin- and glu-
tathione-dependent redox systems followed by budding 
and hyphal Candida albicans cultures. FEMS Yeast Res. 
9: 1078-1090.

Osiewacz, H. D., S. W. Stumpferl (2001). Metabolism and ag-
ing in the filamentous fungus Podospora anserina. Arch. 
Gerontol. Geriatr. 32: 185-197.

Oves, M., M. Saghir Khan, A. Huda Qari, M. Nadeen Felem-
ban, T. Almeelbi (2016). Heavy metals: biological impor-
tance and detoxification strategies. J. Bioremed. Biodeg. 
7: 334. doi: 10.4172/2155-6199.1000334

Paraszkiewicz, K., P. Bernat, M. Naliwajski, J. Długoński 
(2010). Lipid peroxidation in the fungus Curvularia luna-
ta exposed to nickel. Arch. Microbiol. 192: 135-141.

Pócsi, I. (2011). Toxic Metal/Metalloid Tolerance in Fungi - A 
Biotechnology-Oriented Approach. In: Bánfalvi, G. (Ed.), 
Cellular Effects of Heavy Metals. Springer Science+Busi-
ness Media B.V. pp. 31-58.

Radhika, P. (2013). Investigation into the growth phase de-
pendent sensitivity of Mycobacterium aurum to chlorine 
and quantification of reactive oxygen species. Int. J. Sci. 

Technol. Res. 2: 32-39. 
Rees, E. M., D. J. Thiele (2004). From aging to virulence: 

forging connections through the study of copper homeo-
stasis in eukaryotic microorganisms. Curr. Opin. Microbi-
ol. 7: 175-184.

Rúa, J., C. de Castro, D. de Arriaga, M. R. García-Armes-
to, F. Busto, P. del Valle (2014). Stress in Phycomyces 
blakesleeanus by glucose starvation and acetate growth: 
response of the antioxidant system and reserve carbohy-
drates. Microbiol. Res. 169: 788-793.

Soares, A. M. S., T. F. de Souza, T. Jacinto, O. L. T. Macha-
do (2010). Effect of methyl jasmonate on antioxidative 
enzyme activities and on the contents of ROS and H2O2 
in Ricinus communis leaves. Braz. J. Plant Physiol. 22: 
151-158. 

Schützendübel, A., A. Polle (2002). Plant responses to abiotic 
stresses: heavy metal‐induced oxidative stress and protec-
tion by mycorrhization. J. Exp. Bot. 53: 1351-1365.

Seto, S. W., D. Chang, W. M. Ko, X. Zhou, H. Kiat, A. Ben-
soussan, S. M. Y. Lee, M. P. M. Hoi, G. Z. Steiner, J. Liu 
(2017). Sailuotong prevents hydrogen peroxide (H2O2)-in-
duced injury in EA.hy926 cells. Int. J. Mol. Sci. 18: 95; 
doi:10.3390/ijms18010095

Shahid, M., B. Pourrut, C. Dumat, M. Nadeem, M. Aslam, 
E. Pinelli (2014). Heavy-metal-induced reactive oxygen 
species: phytotoxicity and physicochemical changes in 
plants. Rev. Environ. Contam. Toxicol. 232: 1-44.

Sharma, P., A. Jha, R. Dubey, M. Pessarakli (2012). Reac-
tive oxygen species, oxidative damage, and antioxidative 
defense mechanism in plants under stressful conditions. 
J. Bot. Article ID 217037, 26 pages. doi: 10.1007/978-3-
319-06746-9_1.

Szilágyi, M., M. Miskei, Z. Karányi, B. Lenkey, I. Pócsi, T. 
Emri (2013). Transcriptome changes initiated by carbon 
starvation in Aspergillus nidulans. Microbiology 159: 
176-190.

Tsekova, K, D. Todorova (2002). Copper (II) accumulation 
and superoxide dismutase activity during growth of As-
pergillus niger B-77. Z. Naturforsch. 57: 319-322. 


