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ABSTRACT: Extracellular peroxidases act on aromatic compounds such as humic substances result-
ing in the formation of unstable radicals. Most organisms that are known to produce extracellular
peroxidases are terrestrial, e.g. the wood-rotting fungus Phanerochaete chrysosporium and the
Actinobacterium Streptomyces viridosporus. Only few studies focus on the action of these enzymes in
the aquatic environment. In this study, the activities of extracellular peroxidases in 2 distinct com-
partments of the experimentally divided Lake GroBe Fuchskuhle, Germany (an acidic humic rich
compartment and an almost neutral eutrophic compartment) and in the catchment area were inves-
tigated. Additionally, the effects of pH on extracellular peroxidase activity and of the size fractions of
water samples associated with extracellular peroxidase activity were determined. Enzyme activity
and the characterisation of the enzymes were assayed by oxididation of 2,2'-azino-di-(3-ethyl-
benzthiazoline-6-sulphonic acid) (ABTS). In the humic rich compartment, extracellular peroxidase
activity was (except for 1 month) significantly higher than in the eutrophic compartment, with high-
est activities during fall and winter. In contrast, no peroxidase activity was detected in the catchment
area. The pH optimum of extracellular peroxidases was pH 3, and highest activity was detected in the
10 kDa-0.2 pm molecular weight class. Thus we documented the occurrence of extracelluar peroxi-
dases in Lake GroBe Fuchskuhle and suggest that these enzymes are involved in the degradation of
aromatic compounds such as humic substances.
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INTRODUCTION

Extracellular peroxidases are enzymes that are
mainly produced by micro-organisms such as basid-
iomycetous white-rot fungi and related litter-
decomposing fungi, and also by Actinobacteria and
plants (Tuomela et al. 2000). The best studied extra-
cellular enzymes of white-rot fungi are lignin peroxi-
dases, manganese peroxidases and laccases. In addi-
tion to these enzymes other extracellular peroxidases
are known that are comparable to horseradish peroxi-
dase in structure and reactivity (Petersen et al. 1993).

*Email: ubuck@mpi-bremen.de

In the presence of hydrogen peroxide, these proteins
act on aromatic compounds such as humic substances,
resulting in the formation of unstable radicals. These
radicals participate in chemical reactions leading to
bond cleavage and thus degradation of aromatic com-
pounds. Most known extracellular peroxidase-produc-
ing organisms have been isolated from terrestrial habi-
tats (Tuomela et al. 2000, Hatakka 2001); few studies
focus on extracellular peroxidase-producing organ-
isms in the aquatic environment (De Haan 1976, Sins-
abaugh et al. 1992). In the abovementioned investiga-
tions peroxidases were detected as contributors to
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microbial breakdown of humic substances. In addition
to a degradative role, peroxidases are also involved in
the polymerisation of aromatic compounds, e.g. humic
substances (Saccomandi et al. 1998, Piccolo et al. 2000,
Cozzolino & Piccolo 2002), phenols and anilines (Dec &
Bollag 1994, Colosi et al. 2007).

The objective of the present study was to determine
whether extracellular peroxidases occur in Lake Grofie
Fuchskuhle (northern Germany), and if so, whether
they are involved in degradation of humic substances.
Lake GroBe Fuchskuhle was subdivided in 1989 into 4
compartments, which resulted in a divergence of phys-
ical and chemical parameters (Koschel 1995, Sachse et
al. 2001, Burkert et al. 2004), microbial activities (Bittl
& Babenzien 1996, Casper et al. 2003, Burkert et al.
2003), abundance and structure of phytoplankton com-
munities (Hehmann & Krienitz 1996, Hehmann et al.
2001), and structure of the microbial food web (Simek
et al. 1998). These characteristics are also reflected in
differences in the composition and concentration of
dissolved organic carbon (DOC), with considerable
divergence in concentrations of humic substances
(Bittl 1999, Sachse et al. 2001). Due to the high concen-
tration of humic substances, and due to the divergence
in DOC quality, we proposed at the outset that extra-
cellular peroxidase activity would differ between the
compartments of Lake GroBle Fuchskuhle. To test this
proposition, differences in extracellular peroxidase
activity between the compartments of Lake Grofie
Fuchskuhle and in the catchment area were analysed,
and seasonal changes in peroxidase activity assessed.
In addition, we measured changes in DOC over time.

MATERIALS AND METHODS

Study site. Lake GroBe Fuchskuhle is a naturally
acidic lake situated 59 m above mean sea level in the
Mecklenburg-Brandenburg Lake District in northeast-
ern Germany (Fig. 1). The surface area of the lake is
15000 m?, the median depth is 3.3 m and its catchment
area is 5000 m2. The lake is connected to a fen of Ledo-
Pinetum vegetation (Succow & Jeschke 1986) on 2
sides, which is extensive in the southwest and less
developed to the northeast. The lake has no inlet or
outlet, but is fed by rain and groundwater.

In 1986 the lake was divided into 2 permanent com-
partments, which were again subdivided in 1989:
southwest (SW), northwest (NW), northeast (NE) and
southeast (SE) compartments (Kasprzak et al. 1988,
Kasprzak 1993).

For the present study, 2 compartments that had
developed very differently were selected: the SW
compartment with an acidotrophic humic character
and a high influx of allochthonous DOC (pH range:

4.69 to 5.03 between September 2000 and September
2001), and the NE compartment with a more eutrophic
character (pH range: 5.79 to 6.79 between September
2000 and September 2001; Burkert et al. 2004). In
order to study the influence of the catchment area on
the microbial activity in the compartments, one exper-
imental well (I/1) located in the fen adjacent to the SW
compartment, and a second (III/1) located in the fen
adjacent to the NE compartment were selected (Fig. 1).
Sampling and fixation. The investigation was done
between June 2000 and September 2001 at approxi-
mately monthly intervals. Lake water from the 2 com-
partments was collected from a depth of 0.5 m. Before
sampling, 2 1 of water from well I/1 and from well III/1
were discarded, samples were collected with a boat
pump after the wells had refilled with interstitial water.
Measurements of extracellular enzyme activity were
made within 2 h of sampling. Cooled subsamples for
DOC analyses were analysed within 48 h.
Extracellular peroxidases. The activity of extra-
cellular peroxidases was measured in a microplate
assay using the chromogen 2,2'-azino-di-(3-ethyl-
benzthiazoline-6-sulphonic acid) (ABTS) as substrate
(Childs & Bardsley 1975, Wolfenden & Willson 1982,
Heinzkill 1995). The rate of ABTS oxidation was mea-
sured at 405 nm (£495 = 3.68 x 10* M~! cm™!) with a spec-
trophotometer (Rainbow Reader, Tecan). The collected
water was filtered at a pressure of 100 mbar, or by
gravity alone, through polycarbonate filters (pore size,
0.2 pm, diameter 25 mm, Schleicher & Schuell). The
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Fig. 1. Location of Lake Grofie Fuchskuhle in the Mecklen-
burg-Brandenburg Lake District in northeastern Germany
(63°10'N, 13°02'E), and the hydrogeology of the catchment
area and the compartments. Modified after Sachse et al. (2001)
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assay mixture contained the prefiltered lake or well
water (240 pl), 1.2 mM ABTS (30 pl) and 1.5 mM hydro-
gen peroxide (30 nl). The ABTS working solution was
prepared in a buffer solution of 50 mM Na,HPO,
(pH 5). The samples for measurements were incubated
for 2 h in the dark at in situ temperature and at the pH
of the source water. For the controls, 0.2 pm autoclaved
prefiltered lake water was used. The determinations
of the pH optimum and the size fractions of water
samples connected to the extracelluar peroxidase
activity were done on 21 May 2001. The optimal pH of
extracellular peroxidase was determined by adding
appropriate buffers to the water samples: 0.1 M
phthalic acid for the pH 3 to 6 and 0.1 M borate buffer
for the pH 7 to 10. In order to determine the size frac-
tions of water samples associated with extracelluar
peroxidase activity, a tangential-flow ultrafiltration
system (Pro Vario-3, Filtron) was used to separate the
lake water into 4 fractions: 0.2—1.2 ym, 10 kDa-0.2 pm,
1-10 kDa, <1 kDa. Measurements of the activity of
extracellular peroxidases in different size fractions of
the water samples were done as described above.
Carbon analyses. The quality and quantity of the
DOC pools were analysed by liquid chromatography
followed by organic carbon detection (LC-OCD)
(Huber & Frimmel 1991, Huber et al. 1994, Sachse et
al. 2001). In this method, size-exclusion chromato-
graphy, using a stainless steel column (250 x 20 mm)
packed with TSK HW-50S resin (Toyopearl), and
detectors for absorbance (245 nm) and DOC are com-
bined. The DOC was UV oxidized in a cylindrical UV
thin-film reactor (Granzel) and CO, was detected by
infrared (IR) absorbance at 185 nm. Phosphate buffer
(0.029 mol I, pH 6.5) was used as the eluent. The flow
rate was 1 ml min!, and 2 ml of the sample were
injected. Four different DOC fractions were distin-
guished and quantified: polysaccharides (PS), humic
substances (HS), low molecular weight carboxylic
acids (LMWA) belonging to the labile fraction of the
carbon pool and others (proteins, peptides or amino
acids) (Huber & Frimmel 1991, Huber et al. 1994). In
contrast to the UV-active HS fraction, the PS fraction
was undetectable in the UV range. All 4 DOC fractions
were identified by use of standards (humic and fulvic
acid standards from the International Humic Sub-
stances Society, IHSS) and simple compounds of differ-
ent origin. For molecular weight (MW) calibration, sac-
charides—raffinose (MW = 594 g mol ™, Merck),
maltose (MW = 360 g mol!, Merck) and glucose
(MW = 180 g mol!, Merck)—methanol (MW =
32 g mol!, Merck)—and polydextranes (MW = 830,
4400, 9900, 21400, 43500 g mol™?, Polymer Standards
Service) were used. The calibration curve (IgM =
-0.0983 tr + 7.4027) was obtained by plotting the
retention times (tr) of the standards against the loga-

rithms of their molecular weights (MW). The limits of
quantification for the various fractions were 0.3 mg 1~}
C for DOC, 0.02 mg I"! C for PS, 0.2 mg 1! C for HS,
0.15 mg I"! C for LMWA and 0.1 mg 1! C for others.

Statistical analyses. All statistical tests were per-
formed with the program SPSS 9.0. ANOVA (Post hoc
test, Scheffe) was used to investigate significance
differences in the measured parameters. Significance
was given at p-values <0.05.

RESULTS
Extracellular peroxidase activity

In the SW compartment, extracellular peroxidase
activity was detected from June 2000 until June 2001
and in September 2001 (Fig. 2), but only from June 2000
until October 2000 and in May 2001 in the NE compart-
ment (Fig. 2). Except for July 2000, the activity of extra-
cellular peroxidases was significantly higher in the
humic SW compartment (0.06 to 4.71 mmol 1"* h™!, mean
1.39 mmol I"! h™!) than in the eutrophic NE compartment
(0.16 to 1.36 mmol I"'* h™!, mean 0.73 mmol "' h™).

The pH optimum of extracellular peroxidase activity
was around pH 3 (Fig. 3). Below 10 kDa, no peroxidase
activity was detected. We detected the highest peroxi-
dase activity (mean * SD, 4.4 + 0.24 mmol I"'* h™!) in the
size class 10 kDa-0.2 pm, which implies that peroxi-
dases were released into the water and persisted as
dissolved free extracellular enzymes. The activity of
peroxidases in the size class 0.2 -1.2 pm was 2.1 +
0.15 mmol I"* h !, which indicates that surface-bound
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Fig. 2. Extracellular peroxidase activity in the humic SW and
the eutrophic NE compartments of Lake GroBe Fuchskuhle.
Means = SE, n=3
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Fig. 3. pH optima of extracellular peroxidases in the humic
SW and eutrophic NE compartments of Lake GroBe Fuchs-
kuhle. Means + SE, n=3

enzymes were measured. In the catchment area, no
peroxidase activity was detected due to the method
used for enzyme activity determination (high concen-
trations of humic substances interfere with this
method).

DOC analyses

DOC concentration in the humic SW compartment
ranged from 12.0 to 16.2 mg C I"!, and in the eutrophic
NE compartment from 10.0 to 11.9 mg C 1I"! (Fig. 4).
The HS fraction made up the largest proportion of
DOC in all samples (Fig. 4). In the SW compartment,
the concentration of HS ranged from 8.4 to 12.5 mg C
1" (68 to 82 % of the DOC), and in the NE compartment
from 4.9 to 6.3 mg C I"! (47 to 55% of the DOC). The
concentration of PS ranged from 0.7 to 2.2 mg C 17! (5.3
to 13.5% of the DOC) in the SW compartment, and
from 2.4 to 4.4 mg C I"! (22.7 to 42.1 % of the DOC) in
the NE compartment. The concentrations of LMWA
were negligible in both compartments. In the SW com-
partment, the concentration of the fraction ‘others’ (e.g.
proteins, amino acids) ranged from 1.5 to 3.3 mg C 1!
(9.9 to 23.5% of the DOC) and in the NE compartment
from 1.1 to 3.6 mg C 1"! (10.6 to 32.4 % of the DOC). The
DOC concentration ranged from 56.3 to 64.2 mg C 17}
in well I/1, and from 24.6 to 27.6 mg C I"! in well I11/1
(Fig. 5). High concentrations of HS were detected in
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Fig. 4. Concentration and composition of DOC in the humic

SW and eutrophic NE compartments of Lake GroBle Fuchs-

kuhle from June 2000 through September 2001. HS: humic

substances; Other: proteins, peptides or amino acids; PS:

polysaccharides; LMWA: low molecular weight carboxylic

acids. Data are means, n = 3. 10.07.00: only tendencies
shown for these data

wells I/1 and III/1 (50.5 to 58.4 and 17.4 to 22.4 mg C
I, respectively). The concentration of LMWA and the
PS were negligible (Fig. 5). In well I/1, the concen-
tration of the fraction ‘others’ ranged from 5.5 to
10.9 mg C I"! and from 4.3 to 6.5 mg C 1'%, in well I11/1.

DISCUSSION

In Lake GroBe Fuchskuhle, there were differences in
DOC composition between the 4 compartments
(Fig. 4). In the SW compartment, humic substances

19.09.01
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Fig. 5. Concentration and composition of the DOC in wells I/1

and III/1 of the catchment area of Lake GroBe Fuchskuhle

from June 2000 through September 2001. HS: humic sub-
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Data are means, n =3

were in higher concentrations and polysaccharides in
lower concentrations than in the NE compartment,
which is in good agreement with earlier studies
(Sachse et al. 2001, Burkert et al. 2004). During our
study period, the portion of humic substances of the
DOC were on average 74 % in the SW and 51 % in the
NE compartments. From February to August 1998, the
average humic acid fraction comprised 58 % in the SW
and 33 % in the NE compartments of the DOC (Sachse
et al. 2001). In 2004 samples of the SW compartment,
this fraction increased to 80 % (E. Zwirnmann unpubl.
data). However, there were not only differences in the
quality of DOC over time, there was also an increase in
DOC concentration (Hehmann et al. 2001, Burkert
2006) These observations are concordant with reports
of increased DOC concentrations in waters draining

through peat (Robson & Neal 1996) and in streams
(Reynolds et al. 1997). In the catchment area (well I/1)
adjacent to the humic SW compartment, there was
a high concentration of humic substances (50.5 to
58.4 mg C I'!) (Fig. 5). A portion of these humic sub-
stances may enter the lake, as shown in a previous
study (Burkert et al. 2004). This indicates that the
hydrology in the catchment area was and likely will
continue to be responsible for changes in the quality
and quantity of the DOC pool that in turn influence the
diversity and physiology of aquatic organisms. Organ-
isms that are able to attack humic substances might be
favoured by these conditions.

High molecular weight compounds such as humic
substances become available to bacteria after they are
broken down by the action of extracellular enzymes
that are located outside the cytoplasmic membrane
(exoenzymes). These enzymes are dissolved in water
and/or adsorbed to particles (Priest 1984). In order to
avoid cell disruption and release of intracellular and
surface bond peroxidases, the samples were prepared
by passing them through 0.2 pm pore size polycarbon-
ate filters under a low filtration pressure of 100 mbar or
using gravity only. This procedure minimised potential
cell damage.

During the study period, there was a higher activity
of extracellular peroxidases in the humic SW compart-
ment than in the eutrophic NE compartment (Fig. 2).
No correlation was found between peroxidase activity
and concentration of humic substances; this lack of
correlation may be due to the heterogeneity and chem-
ical complexity of these high molecular weight com-
pounds (data not shown). A positive correlation be-
tween extracellular peroxidase activity and aromatic
carbon uptake (using a labelled hydroxybenzoic acid)
has been documented for a humic boreal lake (Miin-
ster et al. 1999). Suitable model compounds of humic
substances would help verify enzymatic degradation
processes, but there are few high molecular weight
compounds available. In addition, we are still lacking a
comparable analytical system for aromatic carbons.

In contrast to the eutrophic NE compartment, the
more acidic conditions in the humic SW compartment
favoured the activity of extracellular peroxidases,
which had a pH optimum at pH 3 (Fig. 3). This is simi-
lar to the pH optima for related enzymes (extracellular
lignin peroxidases) of the fungi Phanerochaete
chrysosporium (pH 2.5) (Tien et al. 1986, Gold et
al. 1989) and Vaccinium myrtillus (pH 3.4) (Melo et
al. 1995). Extracellular peroxidases have molecular
masses of approximately 40 kDa (Hatakka 2001), a size
comparable to our measurements (highest activity in
the size class 10 kDa-0.2 pm). The activity of extracel-
lular peroxidases in the humic SW and the eutrophic
NE compartments ranged from 0.06 to 4.71 and 0.16 to
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1.36 mmol I"! h™!, respectively. The activities of extra-
cellular lignin peroxidase range from 0.001 to 0.5 pmol
It h™! in a river system (Sinsabaugh & Linkins 1990)
and from 0.08 to 0.28 pmol I"! h™! in a polyhumic lake
(Miunster et al. 1998), values that are much lower than
the activities of extracellular peroxidases in Lake
GroBe Fuchskuhle. In these studies other substrates,
namely veratryl alcohol (VeraOH) and dihydroxy-
phenylalanine (L-DOPA) were used, which may be
one reason for these remarkable differences in the
detection of extracellular peroxidase activity. In our
study, the activity of extracellular peroxidases was
assayed by oxidizing ABTS. This chromogen was cho-
sen because of its specificity to extracellular peroxi-
dase activity (Heinzkill 1995, Mercer et al. 1996), its
ease of handling, its well defined reactivity and chem-
ical properties (Becker 1974, Childs & Bardsley 1975,
Wolfenden & Willson 1982).

In addition to numerous species of basidiomycetes
(especially white-rot fungi), actinobacterial strains from
terrestrial habitats are able to produce extracellular
peroxidases (Ramachandra et al. 1987, 1988, Godden et
al. 1992, Mercer et al. 1996). For example, the Actino-
bacterium Streptomyces viridosporus T7A produces a
variety of extracellular enzymes such as peroxidases
that play a role in lignin degradation (Yee et al. 1996).
In Lake GroBle Fuchskuhle, the Actinobacteria group
was an important component of the microbial commu-
nity in the SW and NE compartments, comprising on
average 23 and 20 %, respectively, of all cells (Burkert
et al. 2003). These aquatic Actinobacteria may be able
to produce extracellular peroxidases in ways similar to
their relatives in the soil. Support for this proposition
may be found in the concurrence between high abun-
dances of Actinobacteria and elevated extracellular
peroxidase activity in November and December 2000 in
the humic SW compartment (Burkert et al. 2003)
(Fig. 2). During these months, the abundance of Acti-
nobacteria was lower in the eutrophic NE compartment
and no extracellular peroxidase activity was detected. It
is possible that the more neutral pH in the NE compart-
ment does not favour extracellular peroxidase activity.
There were also differences in phylo-genetic diversity
and seasonal abundance dynamics of freshwater
Actinobacteria between the eutrophic NE and humic
SW compartments (Allgaier & Grossart 2006). Further
investigations using molecular genetic techniques
based on PCR amplification of genes encoding peroxi-
dases or oxygenases would be appropriate for detection
and quantification of aromatic catabolic pathways and
the organisms in which these metabolic processes occur
(Broda et al. 1995, Chambers et al. 1999, Baldwin et
al. 2003, Brzostowicz et al. 2003)

In summary, the high concentration of humic sub-
stances, the high extracellular peroxidase activity and

O

[

the high abundance of Actinobacteria as potential pro-
ducers of these enzymes in the SW compartment of
Lake GroBe Fuchskuhle may be an indication of the
utilisation of humic substances by this bacterial group.
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