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ABSTRACT ° The object of this paper is to study the ability of four white-rot fungi (Trametes versicolor, Hypoxylon
fragiforme, Chondrostereum purpureum, and Pleurotus ostreatus) and one brown-rot fungus (Gloeophyllum tra-
beum) to degrade the organochlorine insecticide lindane in liquid cultures. The evaluation of lindane biodegradation
was performed using two analytical procedures. In order to extract and properly quantify the remaining lindane
from fungal liquid cultures, two different extraction procedures were used: extraction from filtrates and extraction
from homogenized fungal cultures. White-rot fungi were able to degrade lindane. The amount of degraded lindane
increased with its exposure period in the liquid cultures of all white-rot fungi used, except C. purpureum. After 21
days of exposure, over 90 % of lindane was degraded by T. versicolor, H. fragiforme, and P_ostreatus. Degradation
of lindane by the brown rot G. trabeum did not occur. The extraction procedures, when liquid cultures of T versicolor,
H. fragiforme, and P_ostreatus were used, had no noticeable effect on the determined degradation after 21 days of
exposure. On the other hand, the amount of remaining lindane in liquid cultures of C. purpureum and G. trabeum de-
pended strongly on the extraction procedure. Our study indicates that mycoremediation studies of lindane should also
consider adsorption onto mycelial biomass as a possible reason for the removal of the insecticide from the liquid me-
dium, especially where shorter exposure periods are studied or fungi with poorer degradation potentials are used.
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SAZETAK e U radu se prikazuje istrazivanje sposobnosti Cetiriju gljiva bijele trulezi (Trametes versicolor, Hy-
poxylon fragiforme, Chondrostereum purpureum i Pleurotus ostreatus) te jedne gljive smede trulezi (Gloeophyl-
lum_trabeum) za razgradnju organoklovova insekticida lindana u tekuc¢im kulturama. Procjena biorazgradnje
lindana izvedena je uz pomocu dvaju analitickih postupaka. Kako bi se izdvojio i pravilno kvantificirao preostali
lindan u tekuc¢im kulturama gljiva, primijenjena su dva razlicita ekstrakcijska postupka: ekstrakcija iz filtrata i
ekstrakcija iz homogenizirane kulture gljiva. Dokazano je da su gljive bijele trulezi razgradile lindan. Kolic¢ina
razgradenog lindana povecava se s trajanjem izlaganja u tekucéim kulturama svih gljiva bijele trulezi, osim gljive
C. purpureum. Nakon 21 dan izloZenosti gljivama T. versicolor, H. fragiforme i P._ostreatus vise od 90 % lindana
bilo je razgradeno. Razgradnje lindana od gljive smede trulezi G. trabeum nije bilo. Postupak ekstrakcije imao je
zamjetan ucinak na razgradnju nakon 21 dan izlaganja tekucoj kulturi gljiva T. versicolor, H. fragiforme i P._os-
treatus. Nasuprot tome, kolicina preostalog lindana u tekuéim kulturama gljiva C. purpureum i G. trabeum znatno
ovisi o postupku ekstrakcije. Ovaj rad pokazuje da bi se u istraZivanju mikorazgradnje lindana trebala razmotriti
i adsorpcija na micelije biomase kao moguci razlog za uklanjanje insekticida iz tekuceg medija, posebno kada se
proucavaju kraca razdoblja izloZenosti ili kada se koriste gljive s manjim potencijalom razgradnje.

Kljuéne rijeci: biorazgradnja, lindan, bijela trulez, adsorpcija, plinska kromatografija
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1 INTRODUCTION
1. UVOD

Lindane (gamma isomer of 1,2,3,4,5,6-hexachlo-
rocyclohexane, y-HCH) is a persistent chlorinated in-
secticide, which has been used worldwide mostly in
agriculture for pest control as well as for human medi-
cinal applications and wood protection. Besides its
high persistence in the environment, lindane also bio-
accumulates in fat tissue due to its high solubility in
lipids, affecting non-target organisms, also including
human beings (Lal and Saxena, 1982; Willet et al.,
1998; Zucchini, 2009). Use of lindane is therefore pro-
hibited in many countries and it was listed under the
Stockholm Convention on Persistent Organic Pollu-
tants in 2009 (UNEP, 2009).

Bioremediation using fungi (mycoremediation)
is possible on a wide range of pollutants. In particular,
white-rot fungi show the capability of degrading a va-
riety of organopollutants. Degradation of such xeno-
biotics is thought to involve lignin-degrading system
and its extracellular enzymes (laccases, lignin peroxi-
dases and manganese peroxidases). The production of
these enzymes is triggered by nutrient deficiency rather
than by the presence of the pollutant (Bumpus et al.,
1985; Kirk and Farrell, 1987). However, there have
been reports on the production of ligninolytic enzymes
even in nutrient sufficient media (Moreira et al., 1997,
Janse et al., 1998).

Expression of ligninolytic genes in general is re-
pressed by the presence of easily available nutrients (e.g.
glucose) and induced in the presence of substrate poly-
mers or their derivatives. Laccase genes are transcribed
at low constitutive levels in many basidiomycetous fun-
gi (Cullen, 1997; Aro et al., 2005). The expression can
be enhanced using inducers such as aromatic compoun-
ds, including degradation products of lignin, which also
induce expression of other ligninolytic genes (Mufioz et
al., 1997; Scheel et al., 2000).

Several studies have been done concerning fungal
degradation of lindane. Reported degradations of linda-
ne with different white-rot fungi vary greatly, with maxi-
mum values ranging between over 90 % and less than 5
% (Bumpus et al., 1985; Mougin et al., 1996; Singh and
Kuhad, 1999; Quintero ef al., 2008). The majority of the
studies were performed using Phanerochaete chryso-
sporium, which was reported to be able to degrade a vast
variety of organopollutants, including lindane (Bumpus
et al., 1985; Mougin ef al., 1996; Pointing, 2001). Mou-
gin et al. (1996) and Singh and Kuhad (1999) also repor-
ted the identification of polar metabolites produced du-
ring fungal degradation of lindane.

In the present research, four white-rot fungi and
one brown-rot fungus were exposed to lindane and its
degradation dynamics was studied. Since the degrada-
tion results in previously published studies were rather
diverse and possible adsorption onto mycelial biomass
was not always taken into consideration in many of
them, two different extraction procedures were used to
quantify the remaining lindane in the liquid media in
order to determine the actual degradation rates.
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2 MATERIALS AND METHODS
2. MATERIJALI | METODE

2.1 Chemicals and fungal cultures
2.1. Kemikalije i kulture gljiva

All chemicals used in the experiment were p.a.
grade. Stock solution of lindane was prepared in aceto-
ne. Final concentration of lindane in liquid fungal cul-
tures was 30 uM.

Trametes versicolor (L.) Lloyd (ZIM L recently
isolated strain), Pleurotus ostreatus (Jacq.) P. Kumm.
(ZIM L recently isolated strain), Hypoxylon fragiforme
(Pers.) J. Kickx (ZIM L108), Chondrostereum purpu-
reum (Pers.) Pouzar (ZIM L007), and Gloeophyllum tra-
beum (Pers.) Murrill (ZIM L017) were obtained from
the ZIM collection (Raspor et al., 1995) at the Biotech-
nical Faculty, Ljubljana and grown on potato dextrose
agar (DIFCO Laboratories). For the study of lindane
mycoremediation, liquid culture medium as described
by Hadar and Cohen-Arazi (1986) was used.

Fungal cultures were grown in 50 mL of liquid
medium, inoculated with three mycelial plugs (9 mm
in diameter), which were excised from seven-day-old
agar cultures of respective fungi. The fungal liquid cul-
tures were kept agitated (100 rpm) on a shaker at 25 °C
in the dark for 26 days.

2.2 Exposure of fungal liquid cultures to lindane
2.2. lzlaganje tekucih kultura gljiva lindanu

Four days prior to lindane addition, veratryl alco-
hol, a fungal secondary metabolite, was added to fun-
gal liquid cultures (final concentration 2 mM) in order
to induce the production of ligninolytic enzymes (Fai-
son and Kirk, 1985; Faison et al., 1986; Scheel et al.,
2000). Fungal cultures were grown for 26 days and lin-
dane was added 10 minutes, two hours, six hours, one
day, three days, and 21 days prior to the end of the ex-
periment. Uninoculated liquid media with addition of
lindane (for 10 min and 21 days) and fungal liquid cul-
tures without lindane were kept as controls. All experi-
ments were carried out in triplicates.

2.3 Remaining lindane extraction and GC analysis
of the extracts

2.3. Ekstrakcija preostalog lindana i GC analiza
ekstrakta

Two different extraction procedures were perfor-
med for each set of samples, one from filtrates and the
other from homogenates. In the first procedure, hexane
(1:1, v/v) was added to the fungal liquid culture and the
content of the flask was shaken vigorously for three
minutes. To remove mycelial biomass, the mixture was
filtrated (Sartorius, Grade 388, 84 g m™) using a water
pump. When necessary, the filtrates were centrifuged
(3 min, 4,000 rpm) to separate the aqueous phase from
the organic phase, which was then further analyzed for
remaining lindane.

In the other extraction procedure, the fungal li-
quid culture was removed from the Erlenmeyer flask
and the flask was washed thoroughly with hexane (50
mL), which was then added to the fungal culture. The
obtained mixture was homogenized (T25 Digital Ultra-
Turrax, 11,000 rpm, 30 s) and then centrifuged (5 min,
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4,000 rpm). The upper, organic phase was removed and
subjected to analysis.

Remaining lindane was quantified using gas
chromatography (GC). GC analyses were performed
by a Hewlett Packard 6890 Series chromatograph
(Hewlett Packard) equipped with ECD detector and
Restek RTX-5MS capillary column (60 m x 0.25 mm x
0.5 wm). The injector and detector temperatures were
250 °C and 320 °C, respectively. The initial column
temperature was 70 °C for 1 min, then increased line-
arly at 30 °C min' to 300 °C and finally kept constant
for 5 min. The nitrogen carrier gas flow rate was set to
2 mL min! and 1 pL of sample solution (extracts dilu-
ted in hexane, 1:10) was injected each time. The reten-
tion time of lindane was 10.9 min.

3 RESULTS
3. REZULTATI

Fig. 1 presents an example of chromatograms.
Lindane peak area was much larger when the control
sample was analyzed, compared to the sample with P,
ostreatus exposed to lindane, indicating efficient linda-
ne degradation when fungus was used. In both cases
the remaining lindane was extracted after 21 days in
the medium.

Fungal degradation of lindane determined with
different extraction procedures is presented in Fig. 2.
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Figure 1 Chromatogram of control sample, represented with
the thick line (liquid medium with lindane but without
fungal culture), and exposed sample (remaining lindane
extracted from homogenised liquid culture of P, ostreatus),
represented with the thin line, both incubated for 21 days.
The ECD detector used in the analyses mainly detects
chlorinated compounds and therefore also lindane and its
potential degradation metabolites.

Slika 1. Kromatogram kontrolnog uzorka prikazan
zadebljanom linijom (tekué¢i medij s lindanom, ali bez
kulture gljiva) i izloZeni uzorak (preostali lindan ekstrahiran
iz homogenizirane tekuce kulture gljive P. ostreatus),
prikazan tankom linijom, nakon razdoblja od 21 dan. Uz
pomo¢ ECD detektora u analizama uglavnom su otkriveni
klorirani spojevi, dakle i linden, te potencijal za razgradnju
njegovih metabolita.
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Figure 2 Fungal degradation of lindane. Remaining lindane was extracted from the filtrates of fungal liquid cultures (above)

and from homogenized fungal liquid cultures (below).

Slika 2. Razgradnja lindana gljivama. Preostali lindan izdvojen je iz filtrata tekuce kulture gljiva (gore) i iz homogenizirane

tekuce kulture gljiva (dolje).
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Figure 3 Correlation between extraction methods. The amount of residual lindane obtained with filtration of fungal liquid
cultures is plotted on the x-axis and the amount of residual lindane obtained with homogenization of fungal liquid cultures is

plotted on the y-axis.

Slika 3. Korelacija medu ekstrakcijskim metodama. Koli¢ina preostalog lindana dobivena filtracijom tekuéih kultura gljiva
ucrtana je na x-osi, a koli¢ina preostalog lindana dobivenog homogenizacijom tekuc¢ih kultura gljiva ucrtana je na y-osi.

Lindane removal was noticed already after 10 minutes
of exposure, regardless of the extraction procedure and
the fungal species, except in case of P. ostreatus.

After 21 days of exposure in liquid cultures of 7.
versicolor, 98 % of lindane degradation was determi-
ned using extraction from homogenized cultures, which
was the highest degradation percentage observed (Fig.
2, below). Comparing the two extraction procedures in
terms of degradation rates, no significant difference
was observed. The course of lindane degradation with
P. ostreatus resembled that of H. fragiforme. Noticea-
ble degradation started between 6 hours and 1 day of
exposure, and both fungi degraded lindane significan-
tly after 3 days. After 21 days, less than 10 % of initial
lindane was determined. The extraction procedures did
not affect the determination of the remaining lindane,
as both methods resulted in similar degradation inten-
sities.

Degradation of lindane with C. purpureum diffe-
red greatly from the degradation with all the other fun-
gi in this experiment. It appeared that all degradation of
lindane occurred between 6 hours and 1 day of exposu-
re and the amount of degraded lindane did not change
substantially with further increase of exposure time.

Brown rot G. trabeum was the least effective in
lindane degradation, as expected. The highest removal
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of lindane was measured after 1 day of exposure, regar-
dless of the extraction method used.

High coefficients of determination (R?) were ob-
served for T versicolor, P. ostreatus and H. fragiforme
(Fig. 3), indicating a clear correlation between extrac-
tion procedures used. Degree of correlation between
extraction procedures was significantly lower for
C. purpureum and practically no correlation was found
when G. trabeum was studied (Fig. 3).

The experiments showed that in comparison to
the controls, the addition of lindane did not inhibit the
growth of all examined fungi nor affect it in any other
way.

4 DISCUSSION AND CONCLUSIONS
4. RASPRAVA | ZAKLJUCCI

Comparison of the degradation results using
T. versicolor, H. fragiforme, and P. ostreatus, obtained
with the two extraction procedures, indicates that these
fungi degraded lindane and that its removal was not
due to adsorption onto the fungal biomass. High R? va-
lues observed for the linear correlation between resi-
dual lindane amounts, which were separately determi-
ned in liquid cultures of these fungi with both extraction
procedures, further support our findings. In all cases
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similar degradation intensity was observed. However,
it can be seen that differences in the amount of residual
lindane, obtained with the two extraction methods are
more evident in case of fungi, which lack or exhibit
lower remediation potential and in samples where
shorter exposure periods were examined. This is in ac-
cordance with the hypothesis that lindane is removed
from the medium also via adsorption onto mycelia,
which is a rather quick phenomenon. After longer ex-
posure periods these differences diminished, as lindane
was successfully degraded by fungal enzymes over
time. During homogenization of the sample, the whole
amount of the remaining lindane in the medium was
extracted, including the possible adsorbed portion, ma-
king this procedure more suitable for the evaluation of
degradation of lindane from the liquid medium.

When exposed to a brown rot G. trabeum, low
lindane removal was observed, probably all due to ad-
sorption. The same can also be concluded from the re-
spective R? value, which does not prove any correlation
between extraction procedures. This corresponds to the
forecasts, since brown-rot fungi lack the ligninolytic
enzymes, which degrade lignin and most likely orga-
nopollutants as well. Similar results were obtained with
C. purpureum, a white-rot fungus, which degraded lin-
dane to a lesser extent than the other white-rot fungi
used in this experiment and presumably lindane remo-
val from the culture media occurred by adsorption as
well (supported by R? value of 0.5). There were major
differences in determined degradation intensity of lin-
dane by C. purpureum with respect to the extraction
procedure used (Fig. 2). In all samples, the amount of
extracted remaining lindane was much higher when
homogenization was used, indicating that a significant
amount of added lindane adsorbed onto the mycelial
surface and could not be detected with extraction from
filtrates. It can therefore be assumed that C. purpureum
degraded lindane to a lower extent than the other tested
white-rot fungi and that lindane removal from the li-
quid media occurred not only due to fungal degrada-
tion but also as a result of adsorption. Ghosh et al.
(2009) reported a very fast rate of adsorption of lindane
onto the fungal biomass. This coincides with the re-
sults of this study, as the amount of lindane, extracted
from the filtrates of the cultures of this fungus, exposed
to lindane for only 10 minutes, was already significan-
tly lower than in the controls.

Lindane is capable of adsorption onto various
surfaces, e.g. glass and fungal mycelia (Young and
Banks, 1998; Nollet, 2007; Ghosh et al., 2009). It was
therefore suspected that not the full amount of adsor-
bed lindane could be extracted when extracting lindane
from the filtrates. On the contrary, the whole amount of
lindane should be extracted from the homogenized li-
quid cultures. By comparing the measured degradation
rates obtained by respective protocols, it is possible to
deduce whether lindane was removed from the media
because of degradation by the fungi, adsorption onto
fungal biomass, or both. Based on our study it can be
concluded that adsorption may be one of the mechani-
sms for lindane removal from the liquid medium. Fun-
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gal mycelia, representing extensive potential surface
adsorption sites, should therefore also be analyzed for
possible adsorption as sole filtered samples taken from
the medium are not adequately representative for the
degradation analyses.

Interactions between the growth mycelia, fungal
enzymes, growth medium, pollutant and its putative
metabolites or even growth medium and the pollutant
alone contribute to a complex matrix, which makes ex-
traction of organic pollutants difficult, leading to aber-
rations such as residual lindane exceeding 100 % (Ri-
vero et al., 2012). Homogeneity of fungal liquid
cultures, as well as of all other biological systems, is
hard to achieve, which together with difficult lindane
analytical procedures adds to such deviations.

The chromatograms of the extracts, regardless of
the fungal species, contained no additional peaks,
which could be correlated to chlorinated degradation
metabolites of lindane. Some representative samples
were analyzed with gas chromatography coupled to
mass spectrometry (data not shown), which also did
not confirm any chlorinated products of lindane degra-
dation. Complete absence of any degradation metabo-
lites adds to the obscurity of the degradation mechani-
sm previously described (Mougin et al., 1996; Singh
and Kuhad, 1999) and remains the subject of further
studies.
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