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4. Analysis of 2,4,6-TCA biodegradation
by basidiomycetous white-rot fungi.

4.1.- Introduction. 

As we have indicated in the previous chapter, basidiomycetous white-rot fungi
have an immense potential, by means of the enzymes of the ligninolytic com-
plex (mainly lignine peroxidases, manganese peroxidases, versatile peroxidases
and laccases), to degrade many hazardous and contaminant substances, inclu-
ding phenolic compounds (Bollag et al., 1988), chloroaromatics, including
chlorophenols (Bhasker Reddy et al., 1998; Bhasker Reddy and Gold, 2000;
Anke and Weber, 2006), and other xenobiotics, like dioxins (Takada et al., 1996;
Sato et al., 2002).

4.1.1.- Degradation of methoxybenzenes (anisoles) by white-rot fungi.

Methoxybenzenes are natural components of lignin and suberin: in fact, the
phenylpropanoid units of lignin (see figure 1.5 in chapter 1) usually contain
one or two methoxyl groups. Also vanillate and syringate, two of the more com-
mon low-molecular weight compounds originated in lignin biodegradation con-
tain at least one methoxyl group (figure 4.1).

Therefore, it is not surprising that methoxybenzenes are good substrates for the
enzymes of the ligninolytic complex. 
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Some experimental data confirm this hypothesis:

✓ The first data in relation to this subject were reported in 1985 by Kersten
and colleagues. They showed the oxidation of several methoxybenzenes (see
structures in figure 4.1) by the lignin peroxidase (LiP) from Phanerochaete
chrysosporium.
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Figure 4.1.- Chemical structures of the natural methoxybenzene compounds vanillic acid and syringic
acid formed during lignin biodegradation, and some of the methoxybenzenes degraded by ligninolytic

enzymes from P. chrysosporium



✓ Later, the oxidation of several methoxybenzenes by lignin peroxidases and
manganese-peroxidases was reported (manganese-peroxidases or MnP are
produced by many white-rot fungi during lignin degradation. They catalyze
the oxidation of Mn2+ to Mn3+, which in turn oxidises many phenolic com-
pounds, including those originated from lignin biodegradation), and in a
lesser extent by horseradish peroxidase and laccase (Kersten et al., 1990;
Popp and Kirk, 1991).

The capability of several enzymes to carry out the oxidation of different
methoxybenzenes is shown in table 4.1.

Several conclusions can be deduced from this table:

a).- The LiP from Phanerochaete chrysosporium catalyses the oxidation of
several dimethoxy-, trimethoxy-, tetramethoxy- and pentamethoxy-
benzenes.

b).- The MnP of Phanerochaete chrysosporium, physiological concentra-
tions of Mn3+, or horseradish peroxidase can only oxidize low poten-
tial methoxybenzenes such as 1,2,4-trimethoxybenzene, 1,2,3,5-
tetramethoxybenzene, pentamethoxybenzene, and 1,2,4,5-tetrame
thoxybenzene.

c).- Finally, laccase from the same fungi only oxidized the compound
1,2,4,5-tetramethoxybenzene having lower half-wave potential (E1/2).

d).- Methoxybenzene and 1,3-dimethoxybenzene are the only anisoles
reductant to oxidation by any of the enzymes tested due to their
high half-wave potential.

4.1.2.- May basidiomicetous white-rot fungi degrade chloroanisoles?.

As we stated previously it is clear that white-rot fungi can effectively degrade
chlorophenols and also methoxybenzenes or anisoles.
Therefore, we hypothesized (figure 4.2) that given the fact that chloroanisoles
are structurally a kind of hybrid or intermediate compounds between chlorophe-
nols and anisoles, there is a high probability that white-rot fungi would be able
to effectively degrade chloroanisoles by using the enzymes of the ligninolytic
complex.
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In order to test this hypothesis we decided to carry out the following studies:

✓ Firstly, we would select several white-rot fungi with a known high capabili-
ty of biodegradation of aromatic compounds and xenobiotics.

✓ Secondly, we would check the capability of these fungal strains to achieve
the biodegradation of 2,4,6-TCA in liquid medium. Further studies would be
carried out with those strains showing the higher degradation capability.

✓ Thirdly, we would optimize the culture conditions, for the particular selected
strains, in order to get the highest expression of the enzymatic activities of
the ligninolytic complex, hypothetically involved in 2,4,6-TCA degradation.
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Compound LiP +
H2O2

Methoxybenzene

1,3-dimethoxybenzene

1,3,5-trimethoxybenzene

1,2-dimethoxybenzene

1,2,3-trimethoxybenzene

1,4-dimethoxybenzene

1,2,3,4-tetramethoxybenzene

Hexamethoxybenzene

1,2,4-trimethoxybenzene

1,2,3,5-tetramethoxybenzene

Pentamethoxybenzene

1,2,4,5-tetramethoxybenzene

MnP 2.5 mM
Mn3+ /PP

HRP +
H2O2

Laccase

- - - - -

- - - - -

+ - - - -

+ - - - -

+ - - - -

+ - - - -

+ - - - -

+ - - - -

+ + + + -

+ + + + -

+ + + + -

+ + + + +

Table 4.1.- Oxidation of different methoxybenzenes by lignin peroxidase (LiP), manganese peroxidase
(MnP), Mn3+, horseradish peroxidase (HRP) and laccase according to data from (Kesrten et al., 1985
and 1990, and Popp and Kirk, 1991). The compounds are listed according to their half-wave poten-

tials (E1/2), from higher values (up in the table) to lower ones (down in the table).
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Figure 4.2.- The hypothesis of a putative biodegradation of chloroanisoles by the ligninolytic system
of white-rot fungi. Note that chloroanisoles are structurally very similar to chlorophenols and

anisoles. Bearing in mind that the later compounds are effectively degraded by enzymes of the ligni-
nolytic complex we hypothesized a putative capability of white- rot fungi to degrade chloroanisoles
(Picture of the white-rot fungi Pleurotus citrinopileatus growing on a mix of wood and straw kindly

provided by Ramiro Godio and Kristian Apel).



✓ Finally, we would check the "in vitro" 2,4,6-TCA degradation by using super-
natants of cultures containing a high amount of some of the enzymes of the
ligninolytic complex. Alternatively, we would also use semipurified or com-
mercial enzymatic preparations to test their effect on 2,4,6-TCA.

4.2.- Analysis of 2,4,6-TCA biodegradation by 
basidiomycetous white-rot fungi.

4.2.1.- Screening of white-rot fungi strains to check their
putative capability to degrade 2,4,6-TCA. 

The strains selected to carry out this study are shown in table 4.2.

These fungal strains were selected because of their high capability of biodegra-
dation of chlorophenols, xenobiotics and other phenolic compounds (Peláez et
al., 1995; Minussi et al., 2001; Saparrat et al., 2002; Walter et al., 2004; Man-
jio and Ishihara, 2004; Chairattanamanokorn et al., 2006.).

4.2.2.- Analysis of 2,4,6-TCA biodegradation in liquid media
by white-rot fungi.

To test the capability of the selected white-rot fungi strains to degrade 2,4,6-
TCA we used the following protocol:

✓ The selected white-rot fungi strains were grown in malt extract agar at 25ºC
until the surface of the plates was fully covered by the mycelium.

✓ The mycelium was scrapped out from the plates and ground in malt extract
broth by using a kitchen blender.

✓ Liquid cultures for every particular strain were grown in 500 ml Erlenmeyer
flasks containing 100 ml of glucose-peptone-yeast extract medium - K medi-
um - (Martínez et al., 1996). Cultures were grown in conditions to minimize
the loss of 2,4,6-TCA by evaporation: 25ºC and 150 r.p.m in an orbital incu-
bator for 12 days. Also, flasks were covered with aluminium foil and sealed
by using adhesive tape. The medium was supplemented with 2,4,6-TCA 
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(200 µg/ml). A negative control with the yeast Candida utilis was performed
in parallel under the same conditions.

✓ Samples were taken every 24 hours and filtered to remove the mycelia. The
2,4,6-TCA concentration was estimated by HPLC by using a Lichrospher RP-
C18 column. The mobile phase, at a flow rate of 0.7 ml/minute, consisted of
solvent A (0.1% formic acid,) and solvent B (acetonitrile) in a proportion
70: 30. Eluted peaks were detected at 285 nm.

Fungal strain

Bjerkandera adusta

Coriolopsis gallica

Ganoderma applanatum

Ganoderma australe

Lentinus edodes

Peniophora gigantea

Phanerochaete chrysosporium

Phlebia radiata

Pleurotus eryngii

Pleurotus pulmonarius

Poria placenta

Pycnoporus cinnabarinus

Trametes versicolor

IJFM A616

IJFM A241

IJFM A272

IJFM A130

IJFM A531

IJFM A104

IJFM A547

IJFM A588

IJFM A169

IJFM A578

CECT 20147

IJFM A168

IJFM A136

Family Collection
Reference*

Coriolaceae

Coriolaceae

Ganodermataceae

Ganodermataceae

Lentinaceae

Peniophoraceae

Meruliaceae

Meruliaceae

Lentinaceae

Lentinaceae

Polyporaceae

Coriolaceae

Coriolaceae

Table 4.2.- Species of white-rot fungi used in the current study selected
by their high biodegradation capability.

* IJFM: Jaime Ferrán Institute of Microbiology. Consejo Superior de Investigaciones Científicas, Madrid,
Spain. Strains kindly provided by Dra. Mª Jesús Martínez (CIB, CSIC).

* CECT: Spanish Type Culture Collection. Valencia. Spain. 



An initial screening for every white-rot fungi strains rendered the biodegrada-
tion rates (%) shown in table 4.3.

As it can be seen all the white-rot fungi were able to degrade 2,4,6-TCA at dif-
ferent rates.

The lower biodegradation rates were exhibited by P. gigantea and P.
chrysosporium (49,58% and 41,95% respectively), whereas the rest of the
strains tested could biotransform more than half of the 2,4,6-TCA initially
present in the liquid medium.

The six species which showed biotransformation efficiencies higher than 80%
(marked in yellow in table 4.4) were selected for further studies. Basically, we
then carried out triplicate liquid cultures analyzing the 2,4,6-TCA concentra-
tion every 24 h for 10 days. 

The biodegradation course of 2,4,6-TCA for the six selected strains is shown in
figure 4.3.
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Bjerkandera adusta

Coriolopsis gallica

Ganoderma
applanatum

Ganoderma australe

Lentinus edodes

Peniophora gigantea

Phanerochaete
chrysosporium

87,29%

82,46%

94,07%

72,13%

76,02%

90,25%

0%

Fungal strain
Biodegradation

rate (%)

82,88%

76,44%

67,80%

86,86%

61,52%

49,58%

41,95%

Fungal strain
Biodegradation

rate (%)

Phlebia radiata

Pleurotus eryngii

Pleurotus pulmonarius

Poria placenta

Pycnoporus
cinnabarinus

Trametes versicolor

Candida utilis
(negative control)

Table 4.3.- Biodegradation rate (%) of 2,4,6-TCA at 120 h of incubation in liquid K medium cultures
of white-rot fungi containing 2,4,6-TCA (200 µg/ml). The values indicated are relative to the Candida
albicans negative control: a value of 0% biodegradation rate was assigned to this culture to minimize

the effect of 2,4,6-TCA volatilization. 
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The conclusions of this study are the following:

✓ Volatilization of 2,4,6-TCA was not detected until 192 h of incubation 
(8 days).

✓ 2,4,6-TCA removal from the cultures was detected after 24 hours of incuba-
tion for most of the white-rot fungi tested.

✓ The highest capabilities to remove 2,4,6-TCA at the end of the experiment
were exhibited by P. eryngii (88,5% biodegradation rate) and P. radiata
(94,1%), and for that reason they were selected for further studies.

P. eryngii has the ability to remove lignin preferentially (i.e., with limited
degradation of cellulose). Laccases (Muñoz et al., 1997), aryl alcohol oxidases
(Guillén et al., 1992) and two isoenzymes of a versatile peroxidase (Martínez
et al., 1996) activities have been described in this white-rot fungi 

Figure 4.3.- Time course of 2,4,6-TCA biotransformation by the six species of white-rof fungi selected
in the previous screening. In order to minimize the effect of 2,4,6-TCA volatilization 

the biodegradation rates (%) were calculated by comparison with a 
C. utilis negative control whose biotransformation rate was 0%.

The data represented are the average of duplicate measurements corresponding 
to three independent experiments



P. radiata is a well studied lignin-degrading basidiomycete naturally causing
white rot in hardwood and softwood. Its ligninolytic system includes a laccase
(Saloheimo et al., 1991), at least three isoenzymes of manganese peroxidases
(Hilden et al., 2005), and also four isoenzymes of lignin peroxidases (Hilden et
al., 2006).

4.3.- Analysis of the putative role of the ligninolytic
complex in the biodegradation of 2,4,6-TCA.

Once selected P. eryngii and P. radiata as the white-rot fungi that were able to
degrade 2,4,6-TCA more efficiently in liquid cultures, we decided to analyze the
putative involvement of their ligninolytic complex in the biodegradative process.

4.3.1.- Analysis of the expression of enzyme activities of the 
ligninolytic complex under the growth conditions tested. 

Basically, the cultures were carried out in K medium at 25ºC and 140 r.p.m in
an orbital shaker incubator for 10 days. The evolution of the enzyme activities
of the ligninolytic complex in P. eryngii and P. radiata in this culture conditions
are shown in figure 4.4:

✓ As it can be seen in figure 4.4, in P. radiata a clear laccase activity was
detected, whereas the LiP and MnP levels were lower. On the contrary no aryl
alcohol oxidase (AAO) was detected under the growth conditions tested.

✓ The P. eryngii culture exhibited a high AAO activity with lower levels for the
VP and laccase.

4.3.2.- Optimization of the expression of the enzymatic activities
of the ligninolytic complex in P. radiata and P. eryngii.

Although laccases are constitutive enzymes, their expression levels can be
increased after adding different compounds to the cultures. For example, a
drastic increase in the laccase levels by copper addition has been reported. This
effect is exerted at the transcription level (Collins and Dobson, 1997).
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Figure 4.4.- Time course production of enzyme activities of the ligninolytic complex
from P radiata (up) and P. eryngii (down) in K medium



Organic solvents such as methanol, ethanol or dimethylsulfoxide also increase
laccase production in some basidiomycetes (Jones et al., 2001; Lomascolo et
al., 2003), although the molecular basis of this effect is not well understood.

In order to get higher levels of enzymatic activities of the ligninolytic complex
in supernatant cultures, the role of cooper (Cu2+ cation) and ethanol addition
was tested.

As it can be seen in figure 4.5 the addition of Cu2+ to a P. eryngii culture pro-
duced a clear increase of the laccase and versatile peroxidase levels. The simul-
taneous addition of ethanol and Cu2+ did not improve the effect of Cu2+ alone.

On the contrary, the effects detected in a P. radiata culture were less evident
(figure 4.6). In this microorganism the joint addition of ethanol and Cu2+ pro-
duced a drastic increase in the laccase levels, as it has been described for lac-
case of Pycnoporus coccineus (Jaouani et al., 2005), whereas addition of Cu2+

alone did not support any increase of this enzymatic activity.

No significant effect was detected on LiP, whereas, on the contrary, the addi-
tion of ethanol and Cu2+, or even Cu2+ alone resulted in a strong inhibition of
MnP activity.
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Figure 4.5.- Effect of the addition to K medium of Cu2+ (CuSO4, 150 µM) and Cu2+ + ethanol (500 mM)
on the production of ligninolytic enzymes from P. eryngii at different times of growth. 
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From these data we can conclude that whereas in P. eryngii the addition of
ethanol and Cu2+ produces an increase of both laccase and VP levels, in P. radi-
ata this stimulating effect is only exerted on laccase activity, inhibiting the
production of MnP.

Figure 4.6.- Effect of the addition to K medium of Cu2+ (CuSO4, 150 µM) and Cu2+ + ethanol (500 mM)
on the production of ligninolytic enzymes from P. radiata at different times of growth.



4.3.3.- Analysis of the effect of different compounds on the 
biodegradation rate of 2,4,6-TCA by P. radiata and P. eryngii.

In order to establish the optimal culture conditions to achieve both a higher
expression level of enzymes of the ligninolytic complex, and an improved 2,4,6-
TCA biodegradation rate, we performed analyses to check the effect of several
additives on the 2,4,6-TCA biodegradation. The compounds and cations tested
were benzoic acid, EDTA, Cu2+, Mn2+ and guaiacol, since it has been described a
positive effect of these compounds on the expression of some ligninolytic
enzymes in certain white-rot fungi.

However in the present case, and as it is shown in figure 4.7, the addition of
these compounds and cations to liquid cultures of P. radiata did not support
any significant improvement in the 2,4,6-TCA biodegradation. Only the addi-
tion of guaiacol led to slight improvement in the degradation rate. Similar
results were obtained for P. eryngii (data not shown).
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Figure 4.7.- Effect of different compounds and cations on the 
biodegradation of 2,4,6-TCA by P. radiata. 



153Chapter 4 Analysis of the biodegradation of 2,4,6-TCA by white-rot fungi

4.3.4.- The enzymes of the ligninolytic complex are not involved in the
biodegradation of 2,4,6-TCA by P. radiata and P. eryngii. 

Once we had determined the optimal growth conditions that led us to obtain
a high level of expression of enzymes of the ligninolytic complex we carried out
liquid cultures of P. eryngii (supplemented with Cu2+) and P. radiata (supple-
mented with guaiacol). The mycelia were removed by filtration and the super-
natants containing the enzymatic activities were concentrated by using filters
with a 10-kDa cut-off.

Finally we performed different reactions in vitro to check a putative 2,4,6-TCA
degradation by using several enzymatic crude preparations, or purified and
commercial enzymes as shown in table 4.4. The reactions were carried out at
the optimal conditions for every particular enzyme and in the case of laccase-
containing preparations we use mediators (ABTS and HBT) to improve the reac-
tion. It has been reported that the use of these mediators led to the laccase-
mediated oxidation of very recalcitrant compounds like benzopyrene, which,
however, are not attacked in their absence (Rodriguez et al., 2004).

Table 4.4.- Absence of 2,4,6-TCA degradation in analyses carried out in vitro by using different prepa-
rations containing enzymes of the ligninolytic complex and commercial horseradish peroxidase. The

supernatant cultures of P. coccineus and the purified VP from P. eryngii were kindly provided by 
Dra. Mª Jesús Martínez (CIB, CSIC, Madrid)

Enzyme preparation and level
of enzyme activities

Pycnoporus coccineus supernatant culture
(laccase 4,3 U/ml)

P. eryngii supernatant culture
(VP 3,1 U/ml and laccase 37,0 U/ml)

Purified VP from P. eryngii (1,2 U/ml)

P. radiata supernatant culture
(containing  laccase, LiP and MnP activities)

Commercial horseradish peroxidase (100U/ml)

Commercial laccase from Trametes versicolor (100U/ml)

-

-

-

-

-

-

Laccase
mediators

2,4,6-TCA
degradation

+

+

-

+

-

+



As it can be deduced from the data shown in table 4.4 it seems evident that
the enzymes of the ligninolytic complex are not apparently involved in the ini-
tial attack of 2,4,6-TCA. This was an unexpected result, bearing in mind the
high capability of these enzymes to degrade chlorophenols and chloroanisoles,
as we indicated before.

Therefore we can conclude that the biodegradation of 2,4,6-TCA by white-rot
fungi probably occur through an unidentified, likely to be novel, biodegrada-
tive process. Hence , our next goal will be the elucidation of the molecular
mechanism involved in this degradative process.

4.4.- Identification of intermediates in the biodegradation of
2,4,6-TCA by the white-rot fungi Phlebia radiata.

The fungus P. radiata was chosen for further studies bearing in mind that it
exhibited the highest capability to degrade 2,4,6-TCA.

The identification of putative biodegradative intermediates in culture super-
natants was our first goal. Once some of the intermediates were identified, and
according to their structure, we could infer the likely enzymatic activities
involved in the process.

The experimental strategy used to identify some of these biodegradative inter-
mediates is described next:

I).- In order to determine the best conditions for the biodegradation of
2,4,6-TCA, P. radiata liquid cultures were grown at 25ºC and 200 r.p.m
in an orbital shaker incubator. The culture media tested were: LN
medium (a defined medium with a low nitrogen concentration; see the
composition below), LN-1 medium (LN medium supplemented with
0,5% malt extract) and glucose-peptone-yeast extract medium - K
medium - (Martínez et al., 1996). All the media were supplemented
with 2,4,6-TCA (200 µg/ml or 0,95 mM).

The time course for biodegradation of 2,4,6-TCA and the concomitant
release of chloride ion (determined as indicated in section 3.4) are
shown in figure 4.8. As it can be seen, 2,4,6-TCA is totally removed
from the cultures in the three media, although the biodegradation rate
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is faster in LN medium (2,4,6-TCA was never detected beyond 60 h of
incubation).

The chloride release was also faster in this medium, reaching a final
value of 2.5 mM, which indicates that almost all the chloride atoms
present in 2,4,6-TCA are released during the degradative process (a
maximum value of 2.85 mM would be expected if chloride was fully
removed from the 2,4,6-TCA molecule).

LN médium (composition in g/L)

✗ Glucose 10 g
✗ Ammonium acetate 0,15 g
✗ KH2PO4 0,2 g
✗ MgSO4 x 7H2O 0,05 g
✗ Trace elements solution 1 ml

pH 4,5 (adjusted with acetic acid)

Trace elements solution (g/L)

✗ MgSO4 . 7H2O 3,0 g
✗ MnSO4 . 5 H2O 0,5 g
✗ FeSO4 . 7H2O 0,1 g
✗ ZnSO4 . 7H2O 0,18 g
✗ CuSO4 . 5 H2O 0,01 g
✗ H3BO3 0,01 g
✗ NaMoO4 . 2H2O 0,012 g
✗ CoSO4 0,1 g



II).- Once determined that LN defined medium was the best option to ana-
lyze the biodegradation of 2,4,6-TCA in P. radiata, we carried out a
liquid culture. Samples were taken at different times which were ana-
lyzed by both HPLC and GC-MS to try to detect putative biodegrada-
tive intermediates.

The production of a putative intermediate (with an elution time of
11.2 minutes) was detected by HPLC in 24h-old samples, until 168
hours. Besides, beyond 144 hours of incubation a small peak of a prod-
uct with an elution time identical to that of 2,4,6-TCP standard was
detected (figure 4.9). The absorption spectrum of this compound was
identical to that of 2,4,6-TCP. The appearance of both compounds was
dependent on the addition of 2,4,6-TCA to the medium.

III).- We also carried out an analysis by GC-MS of the putative biodegrada-
tive intermediates present in culture supernatants. Briefly, a P. radiata
culture was performed in LN medium. Supernatant samples were taken
at different times and  they were saturated with NaCl and acidified to
pH 2 by adding HCl. Then they were extracted twice with ethyl acetate
and the organic phase evaporated to near dryness. The residue was dis-
solved in hexane or in acetic acid:pyridine for acetylation. Finally the
samples were injected into a gas chromatograph and the peaks were

156 Chapter 4 Analysis of the biodegradation of 2,4,6-TCA by white-rot fungi

Figure 4.8.- Time course-biodegradation of 2,4,6-TCA by cultures of P. radiata in LN, LN-1 
and K media (A) and concomitant release of chloride ions (B)
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fragmented by mass spectrometry. The fragmentation spectra obtained
were searched against a compounds database.

This kind of analyses led us to the identification of two chlorinated compounds
in supernatant cultures: 2,4,6-TCP (data not shown) and  1,2-dimethoxy-3,5-
dichlorobenzene (or 6-methoxy-2,4-dichloroanisole) -see figure 4.10-.

Figure 4.9.- HPLC analysis of a 144-hours old supernatant of a P. radiata culture in LN medium
supplemented with 2,4,6-TCA (blue line) as compared to another culture performed in LN medium
(red line). Please, note the appearance of clear peaks at 11 (putative biodegradative intermediate)

and 22 minutes (2,4,6-TCP) depending on the addition of 2,4,6-TCA to the culture.



4.4.1.- Analysis of the nature and chemical structure of the putative
biodegradative intermediate detected by HPLC with an elution
time of 11 minutes. 

As we reported above, and show in figure 4.9, a compound with an elution time
of 11 minutes (from now on compound 11M) was detected in culture super-
natants of P. radiata depending on the addition of 2,4,6-TCA to the cultures.

In order to elucidate its chemical structure we carried out several studies:

I).- First, the compound 11M was collected from the HPLC and analyzed by
GC-MS. The spectrum of fragmentation obtained, showed in figure
4.11, did not match with any known compound deposited in databases.
The analysis of the spectrum indicated that 11M has some structural
homology to 2,4,6-TCP, so we thought that it could be a molecule
derived from 2,4,6-TCA by some unknown modification. 

II).- When a 72-hours old culture supernatant of a P. radiata grown in LN
medium is treated with catalase, the formation of 2,4,6-TCP was
observed. However, it is important to remark that the appearance of
this compound only takes place with supernatants of cultures supple-
mented with 2,4,6-TCA. Obviously, the substrate of this reaction is
somehow derived from 2,4,6-TCA. Therefore, we decide to perform an
in vitro catalase reaction by using the 11M compound as substrate.
Surprisingly, after 3 hours of reaction at 30 minutes, the 11M com-
pound totally disappeared, with a concomitant production of 2,4,6-
TCP as it can be seen in figure 4.12.

Based on the data reported above we can hypothesize that the biodegradation
of 2,4,6-TCP could take place through three different pathways (figure 4.13):

✓ 2,4,6-TCP could be originated directly from 2,4,6-TCA in a typical reaction
catalyzed by a O-demethylase.

✓ Alternatively, an unknown enzyme could transform 2,4,6-TCA in the com-
pound named 11M, which could be latter transformed into 2,4,6-TCP by a
catalase-like activity.

The 2,4,6-TCP generated could be easily oxidized by some of the enzymes of
the ligninolytic complex (laccase, LIP or MnP).
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✓ Finally, a putative dehalogenase could catalyze the oxidative dehalogena-
tion of the chlorine atom in position 6 (ortho) on the 2,4,6-TCA molecule to
produce the compound 6-hydroxi-2,4-dichloroanisole. This compound may
be latter transformed by a putative O-methyltransferase into the compound
6-methoxy-2,4-dichloroanisole, detected in culture supernatants.
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Figure 4.12.- Catalase reaction with the 11M compound as substrate. Note the disappearance of this
compound and the concomitant formation of 2,4,6-TCP 



4.5.- Conclusions and future prospects. 

4.5.1.- Conclusions.

The more important conclusions that we have obtained from the experimental
work carried out are as follow:

I).- 2,4,6-TCA can be degraded by a wide variety of white-rot fungi,
although the highest biodegradation rates were exhibited by P. eryn-
gii and P. radiata.

II).- The enzymes of the ligninolytic complex do not seem to be involved
in the initial attack to the 2,4,6-TCA molecule, since in vitro reactions
performed with preparations containing laccase, VP, MnP or LiP did not
produce a significant decrease in the 2,4,6-TCA levels.

III).- The analyses of the culture supernatants of P. radiata led us to the
identification of 2,4,6-TCP and 6-methoxy-2,4-dichloroanisole (or
1,2-dimethoxy-3,5-dichlorobenzene) as putative biodegradative
intermediates.

IV).- A compound with a retention time of 11 minutes (compound 11M), at
the HPLC conditions used, is released into culture supernatants of P.
radiata depending on the presence of 2,4,6-TCA in the medium.

V).- The compound 11M is transformed into 2,4,6-TCP in an in vitro reac-
tion in the presence of catalase.

4.5.2.- Future prospects.

The finding that the initial attack of the molecule of 2,4,6-TCA is not carried
out by the enzymes of the ligninolytic complex is intriguing, if we bear in mind
that both chlorophenols and anisoles (methoxybenzenes) can be effectively
degraded by many white-rot fungi. This also implies that the 2,4,6-TCA
biodegradation would be mediated by some unknown, and likely novel, enzy-
matic pathway.
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The detection of some putative chlorinated biodegradative intermediates in
the culture supernatant led us to go deeply into the identification of the enzy-
matic activities responsible for their formation.

In this context our future tasks will be the following:

✓ The elucidation by Nuclear Magnetic Resonance (NMR) of the structure of the
compound 11M is of great interest, as a putative intermediate in the 2,4,6-
TCP formation.

✓ We will try the identification of typical intracellular enzyme activities like a
putative O-demethylase, hypothetically responsible for the 2,4,6-TCP forma-
tion, or the dehalogenase and O-methyltrans-
ferase which may be involved in the forma-
tion of 6-methoxy-2,4-dichloroanisole.
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