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Abstract

Previously we demonstrated that peroxisomicine A1 (T-514), a plant toxin isolated from
Karwinskia species, has a deteriorating e�ect on the integrity of peroxisomes of

methylotrophic yeasts. Here we describe two strains of Hansenula polymorpha, a�ected in
the normal utilization of methanol as sole source of carbon and energy due to
peroxisomicine A1 treatment. The two strains isolated (L17 and RV31) grew poorly on

methanol, apparently due to malfunctioning of their peroxisomes. Moreover, the cells
displayed a high peroxisome turnover rate. We argue that the peroxisomicine A1 induced
phenotype of both strains is due to a genomic mutation. Strain L17 was functionally

complemented after transformation with a H. polymorpha genomic library. The
complementing 2.8 kb DNA fragment did not contain a well-de®ned ORF and led us to
speculate that it may contain regulatory sequences that, when present in multiple copies in
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the cell, result in a change of expression of speci®c genes, thus causing restoration of
normal methylotrophic growth. # 1999 Elsevier Science Ltd. All rights reserved.

1. Introduction

T-514 is a plant toxin, isolated from plants of the genus Karwinskia (Fig. 1)
(Dreyer et al., 1975; Waksman and Ramirez, 1992). In mammals it causes severe
damage to the lung, kidney and liver, where it induces the formation of large
intracellular fat deposits and necrosis (Bermudez et al., 1986). Toxicological
studies demonstrated a selective toxicity of T-514 on various human tumor cell
lines in vitro (PinÄ eyro-LoÂ pez et al., 1994). Preliminary morphological observations
suggested that one of the initial e�ects upon experimental intoxication of rats and
monkeys included a signi®cant decrease of the number of peroxisomes present in
their hepatocytes (Sepulveda, unpublished results). The importance of functional
peroxisomes for man is probably best exempli®ed by the discovery of a group of
fatal inherited human diseases (peroxisome de®ciency syndromes, e.g. Zellweger
syndrome (Wanders et al., 1988; Lazarow and Moser, 1989; Bosch et al., 1992).

As a ®rst approach to unravel the mechanism of action of T-514, Sepulveda et
al. (1992) initiated a series of experiments designed to evaluate the e�ect of this
compound on peroxisomes of methylotrophic yeasts. It was shown that
administration of sub-lethal concentrations of T-514 to cultures of Hansenula
polymorpha or Candida boidinii caused an irreversible and selective damage of the
peroxisomal membrane resulting in malfunctioning of the organelle and leakage of

Fig. 1. Structure of toxin 514 (peroxisomicine A1).
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a portion of the major matrix proteins in the cytosol (Sepulveda et al., 1992).
Based on this speci®c e�ect of T-514 on peroxisomes, the drug is now designated
peroxisomicine A1.

During the past few years a series of peroxisome-de®cient yeast mutants ( pex
mutants; Bosch et al., 1992) has been isolated from various yeasts. In case of H.
polymorpha peroxisome-de®ciency is invariably associated with the impairment of
the cells to grow on methanol as sole source of carbon and energy (methanol-
utilization defective: Mutÿ phenotype) (Cregg et al., 1990; Veenhuis, 1992;
Titorenko et al., 1993). The possibility to isolate yeast cells which are defective in
peroxisome function due to treatment of cells with peroxisomicine A1 could be of
considerable value in research on toxin/peroxisome interactions and, related to
this, probably also on peroxisome function. H. polymorpha is a feasible model
organism for such studies because of the extensive knowledge on the biochemistry/
physiology and ultrastructure of the organism (Veenhuis, 1992), combined with its
easy accessibility to classical and advanced molecular genetics (Faber et al., 1994).

In the present contribution we describe the isolation and initial characterization
of two strains of H. polymorpha, defective in normal growth on methanol due to
the exposure of WT cells to sub-lethal concentrations of peroxisomicine A1. The
possible impact of these studies on the use of methylotrophic yeasts as model
organisms in toxicology is discussed.

2. Material and methods

2.1. Microorganisms and growth conditions

Wild type (WT) Hansenula polymorpha CBS 4732, H. polymorpha leu1-1
(Gleeson et al., 1988), H. polymorpha RV31 (this work) and H. polymorpha leu1-1
L17 (this work) were grown in batch cultures in mineral media at 378C (Veenhuis
et al., 1979; van der Klei et al., 1991). As carbon sources either 0.5% glucose,
0.5% glycerol, 0.5% ethanol or 0.5% methanol were used and as nitrogen source
either 0.25% ammonium sulphate or 0.25% methylamine. Leucine was added to a
®nal concentration of 30 mg lÿ1. Growth was monitored by measuring the optical
density of the cultures at 660 nm in a Vitatron colorimeter (A660). In addition, the
strains were grown in carbon-limited continuous cultures at 378C in mineral
medium (van der Klei et al., 1991) supplemented with either 0.25% glucose or
0.25% glucose/0.3% methanol at a dilution rate (D) of 0.1 hÿ1.

2.2. Peroxisomicine treatment of intact cells

The strains were pregrown to the mid-exponential growth phase (A660=1.5±1.8)
in batch cultures supplemented with 0.5% glucose and subsequently shifted into
fresh 0.5% methanol-containing media at an A660 of 0.1. After 2 h of induction
the cells were concentrated (by centrifugation) in fresh methanol-media to an A660
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of approximately 1.0 and peroxisomicine A1 was administrated at a concentration
of 5 mg mlÿ1. Samples were taken at 1 or 2 h after addition of peroxisomicine A1

and analyzed for cell viability, the capacity to grow on methanol and their
subcellular morphology, using untreated cells as control. Growth was initially
tested on 2% Bacto agar plates containing 0.67% YNB (yeast nitrogen base
without amino acids) and 0.5% glucose (YND) or 0.5% methanol (YNM). For
viability tests peroxisomicine A1 treated cells were spread on YND plates. To
identify methanol-utilization-defective (Mutÿ) strains, cells were spread on YND
plates at a dilution that produced approximately 500 colonies per plate; after
3 days of incubation at 378C the YND plates were replica-plated onto YNM
plates; after another 3 days of incubation at 378C, colonies which failed to grow
on methanol were isolated and further analyzed.

2.3. Preparation of crude extracts and biochemical methods

Crude extracts were prepared as described before (van Dijken et al., 1976).
Alcohol oxidase (AO; EC 1.1.3.13) was assayed as described by Verduyn et al.
(1984) and catalase (EC 1.11.1.6) by the method of LuÈ ck (1963). Protein
concentrations were determined according to Bradford (1976) using bovine serum
albumin as standard. Residual growth substrates in the culture ¯uid were
determined after removal of intact cells by centrifugation in an Eppendorf
microfuge, maximal speed, 5 min. Methanol was determined by gas
chromatography (Laanbroek et al., 1982), and glucose by the glucose oxidase±
peroxidase method (Boehringer, Mannheim).

2.4. Cloning and sequence analysis

To enable cloning of the L17 gene by functional complementation, mutant L17
was transformed by electroporation with a H. polymorpha genomic library in
vector pHRP2. Transformants were screened for the ability to grow at normal
rate on methanol-containing plates. From one positive transformant, a plasmid
pHRP2 with an insert of 2.8 kb could be isolated and retransformation to the L17
mutant showed that indeed this plasmid could functionally complement the L17
mutant. Double-stranded DNA sequencing of the complementing insert was
performed using an ABI 313A automatic sequencer (Applied Biosystems) using
the Taq Dye Deoxy Terminator Cycle Sequence Kit.

2.5. Electron microscopy

Whole cells were ®xed with 1.5% (w/v) KMnO4 for 20 min at room
temperature. The samples were poststained in 1% (w/v) uranylacetate, dehydrated
in a graded ethanol series and embedded in Epon 812. Ultrathin sections were cut
with a diamond knife and examined in a Philips EM 300.
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2.6. Immunocytochemistry

For immunocytochemistry, intact cells were ®xed in 3% (v/v) glutaraldehyde in
0.1 M sodiumcacodylate bu�er, pH 7.2, for 30 min at 08C dehydrated in a graded
ethanol series and embedded in Lowicryl K4M. Immunolabelling was performed
on ultrathin sections according to the method described by Slot and Geuze (1984)
using speci®c antibodies against alcohol oxidase, catalase and dihydroxyacetone
synthase. For labeling of the primary antibodies either 10 nm protein A-gold or
15 nm gold labeled goat-anti-rabbit antibodies were used.

2.7. Miscellaneous

H. polymorpha NCYC 495 (ade11 met6), H. polymorpha RV31, a 5-¯uoro-
urotic-acid (5-FOA) resistant mutant derived from this strain (H. polymorpha
RV31 ura3ÿ) and H. polymorpha L17 were used for genetic analysis. Mating,
complementation analysis, sporulation and random spore analysis were performed
as described previously (Gleeson and Sudbery, 1988; Cregg et al., 1990; Titorenko
et al., 1993).

3. Results

3.1. Peroxisomicine A1 speci®cally a�ects peroxisome integrity of H. polymorpha cells

Previous experiments suggested that the peroxisomicine A1 induced damage of
peroxisomes in methanol-grown cells may be irreversible (Sepulveda et al., 1992).
For this reason we now studied the e�ect of the toxin in H. polymorpha WT cells
which are known to contain generally only a single peroxisome, namely in cells
pregrown in batch cultures to the mid-exponential growth phase on glucose and
subsequently incubated in methanol-containing media for two hours (Veenhuis et
al., 1979). We anticipated that damage of this single organelle might have severe
consequences for the capacity of the cells to grow on methanol since the
metabolism of this compound is strictly dependent on the presence of intact
organelles (van der Klei et al., 1991). However, the growth experiments revealed
that the viability of these freshly methanol-induced cells after peroxisomicine A1

treatment was similar as observed before in that concentrations >10 mg mlÿ1 were
lethal whereas lower concentrations were sub-lethal in a dose/response related
manner (for details see Sepulveda et al., 1992).

Electron microscopical data revealed that treatment of cells, incubated in methanol
for 2 h, with 5 mg mlÿ1 peroxisomicine A1 for 1±2 h speci®cally a�ected peroxisomes.
As expected, the cells contained generally a single organelle, which frequently
displayed ruptures of its surrounding membrane; other subcellular membranes, e.g.
the cell membrane and surrounding membranes of nuclei, mitochondria or vacuoles,
were virtually una�ected (Fig. 2A). Similar results were obtained with the H.
polymorpha leu1-1 auxotrophic strain (data not shown). We conclude from this that
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peroxisomicine A1, when administrated at sub-lethal doses, does a�ect the integrity of
the peroxisomes inH. polymorpha but not their development.

3.2. Isolation and biochemical characterization of methanol-utilization-defective (Mutÿ)
strains from peroxisomicine A1 treated cells

To further investigate the reversibility of the peroxisomicine A1-induced damage
of peroxisomes, cells were incubated in the presence of 5 mg mlÿ1 peroxisomicine
A1 for 1±2 h and subsequently analyzed for growth on glucose and methanol by

Fig. 2. Ultrathin section of KMnO4-®xed cells of H. polymorpha, grown in batch culture on 0.5%

methanol for 4 h (A) and 12 h (B). After subsequent incubation with 5 mg mlÿ1 peroxisomicine A1, the

typical damage of the peroxisomal membrane is observed (C; arrow). (D) shows the relatively large

peroxisomes of irregular shape observed in other incubated strains after peroxisomicine A1 treatment.

Electron micrographs are taken of KMnO4-®xed cells unless otherwise stated. Abbreviations: N,

nucleus; M, mitochondrion; P, peroxisome; V, vacuole. The bar represents 0.5 mm.
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means of the replica-plating technique described in Section 2. These experiments
resulted in the isolation of strains which were impaired to grow on methanol on
solid agar plates, although at very low frequencies. Morphological analyses of
cells, induced for 24 h on methanol, of the various strains obtained revealed that
the cells were invariably a�ected in peroxisome size and/or number, ranging from
cells containing large organelles of abnormal shape ( pss phenotype; Titorenko et
al., 1992) to cells with few relatively small organelles (Fig. 2D).

Two strains, designated RV31 and L17 (leu1-1), were selected for further
analysis on the basis of their growth properties and peroxisome morphology.
YND-grown colonies of both strains, replicated on YNM plates, failed to grow in
a period of 5 days, after which growth started albeit very slow as compared to
WT controls (Fig. 3). Subsequent studies in liquid cultures showed that the strains
were able to grow on various carbon and nitrogen sources tested, including those

Fig. 3. Replica-plating technique showing methanol-utilization defective colonies isolated after

treatment of Hansenula polymorpha WT cells with peroxisomicine A1. The plates were incubated for

5 days at 378C. Upper panel: WT controls, A: glucose, B: methanol; lower panel: RV31 cells (C:

glucose, D: methanol).
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that require peroxisome-borne enzyme activities for growth (Table 1; not shown
for strain L17). However, the ®nal optical density of the cultures always remained
below the values observed for WT controls. Of all compounds tested, growth on
methanol was most severely a�ected (Fig. 4). As is evident from Fig. 4, the rate of
methanol utilization by RV31 cells is reduced compared to WT controls, although
methanol is fully used up in both cultures. This is in agreement with the ®nding
that AO activity is normally induced, although at a reduced levels compared to
WT cells; in contrast, catalase activities were not a�ected (Table 2). However,
comparison of the amounts of methanol used and the optical density of the
culture, e.g. at a residual concentration of approximately 0.25% methanol (Fig. 4;
A660 RV31 =22, A660 WT =23), clearly show that the conversion of the
carbon source into biomass is much less e�cient in the RV31 strain.

A reduced yield was also evident in glucose-limited chemostat cultures of both
strains, to which methanol was added as a second growth substrate. The data
obtained showed that the ®nal yield of cultures of L17, measured as A660 at steady
state conditions, was slightly reduced compared to WT controls (L17 A660=6.6,
WT A660=7.0). In both the L17 and the WT cultures no residual glucose or
methanol could be detected in the culture medium when the cultures had reached
steady state conditions. Similar results were obtained with strain RV31. Also in
chemostat-grown cells the speci®c AO activity remained signi®cantly below the
values normally found in WT cultures (AO activity L17 = 2.2 units (mg
protein)ÿ1, WT = 8.0; van der Klei et al., 1991).

3.3. Ultrastructural analysis

The morphological adaptations of L17 and RV31 cells, following a shift of cells
from glucose to methanol-containing media, was examined by electron
microscopy. The data, summarized in Fig. 5, show that in the initial 4 h after the

Table 1

Optical densities of H. polymorpha wild type (WT) cells and RV31 cells,

grown in batch cultures supplemented with various carbon and nitrogen

sources

Strain Growth conditions Optical density (A660)

WT glucose/ammonium sulphate 5.520.1

RV31 glucose/ammonium sulphate 5.220.2*

WT ethanol/ammonium sulphate 5.020.2

RV31 ethanol/ammonium sulphate 3.420.03*

WT glycerol/ammonium sulphate 8.620.1

RV31 glycerol/ammonium sulphate 6.220.02*

WT glucose/methylamine 4.320.1

RV31 glucose/methylamine 3.420.02*

Data are presented as ®nal optical density of cultures in the stationary

growth phase. Each value is shown as mean of three determinations2S.E.

* Signi®cant statistical di�erence by Student's t-test ( P < 0.05).
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shift peroxisomes developed (Fig. 5A). Typically, the organelles showed ruptured
peroxisomal membranes in ultrathin sections of KMnO4-®xed cells, while other
organelles showed no obvious morphological deviations. Before this time no
visible di�erences had occurred in the cells. As described previously, within the
®rst 2 h after the change over the methanol, one small peroxisome per cell,

Table 2

Activities of alcohol oxidase and catalase in Hansenula polymorpha RV31 cells after a shift of cells from

glucose into methanol-containing media

Alcohol oxidase* Catalase

Time (h) RV31 cells WT cells RV31 cells WT cells

0 0 0 2.920.8$ 3.120.2

4 0.720.2 0.720.3 9322.1 9821.8

8 1.220.1 2.520.3 14421.5 14821.8

12 2.320.5 4.221.2 17721.6 17322.0

24 2.520.2 4.721.5 19622.5 19023.1

* Alcohol oxidase is expressed as units�mg proteinÿ1, catalase as DE240�minÿ1�mg proteinÿ1.
$Each value is shown as mean of three determinations2S.E.

Fig. 4. Growth (R) and methanol utilization (r) of H. polymorpha wild type and RV31 cells (w
growth; . methanol concentration) after a shift of cells from glucose into fresh cultures, supplemented

with 0.5% methanol. Growth is expressed as optical density at 660 nm (A660), methanol concentrations

as percentages in the culture medium. Each value is the mean of three determinations.
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surrounded by a single continuous membrane, were found (Veenhuis et al., 1979).
Immunocytochemical experiments on sections of these cells, using a-AO, a-CAT
or a-DHAS, revealed that bulk of the labeling was concentrated on peroxisomal
pro®les; however, also a low but speci®c labeling was observed in the cytosol
(Fig. 5C,D); not shown for DHAS). After approximately 8 h of incubation the
initially formed organelles had reached their mature size and multiplied by ®ssion.
At this stage of cultivation also the ®rst degrading peroxisomes were observed.
Our data strongly suggested that in particular the larger, mature organelles were
subject to degradation resulting in cells which generally contained only few,
relatively small peroxisomes in conjunction with one or few organelles in various
stages of degradation (Fig. 5B). After entering the stationary growth phase
(>24 h of incubation) the cells of the culture gradually degenerated and
subsequently died. Also in chemostat cultures of L17 and RV31 on glucose/
methanol mixtures a high turnover rate of individual peroxisomes was observed

Fig. 5. Ultrathin section of strain RV31, grown in batch culture on 0.5% methanol for 4 h, showing

development of a peroxisome with a ruptured peroxisomal membrane (A; arrow). Compare also

Fig. 2(A/C) for details. (B) shows the initial stage of peroxisome degradation, namely uptake of the

organelle (*) in the vacuole. (C, D) Immunocytochemical experiments on ultrathin sections of

methanol-induced RV31 cells, labeled with speci®c polyclonal antibodies against alcohol oxidase (C)

and catalase (D). In both experiments most of the labeling is observed on peroxisomal pro®les while a

minor labeling is evident on the cytoplasm (Lowicryl sections; a-AO or a-CAT and goat-a-rabbit/gold,
uranyl acetate). Electron micrographs are taken of KMnO4-®xed cells unless otherwise stated.

Abbreviations: N, nucleus; M, mitochondrion; P, peroxisome; V, vacuole. The bar represents 0.5 mm.
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(not shown). As a consequence, such cells contained a relatively low volume
density of peroxisomes. This low volume density was in good agreement with the
observed speci®c AO activities (see above).

3.4. Genetic analysis

In order to study whether the L17 and RV31 strains were in fact mutants
a�ected in the same gene, genetic analysis was performed. Since mating of RV31
and L17 leu1-1 with the auxotrophic H. polymorpha ade11 met6 strain failed, we
generated a 5-¯uoro-orotic-acid (5-FOA) resistant mutant from RV31 (Boeke et
al., 1984). The resulting H. polymorpha RV31 ura3ÿ strain was crossed with L17.
In order to establish whether the eventual mutations in RV31 ura3ÿ and L17
leu1-1 causing the mutÿ phenotype were recessive or dominant, both mutants were
crossed with their corresponding mutual isogenic strains carrying complementary
markers, namely ura3ÿ and leu1-1, respectively. After crossings, all diploids
normally grew on methanol at WT rates. Random spore analysis revealed that
strains L17 and RV31 behave as recessive mutants which cannot complement each
other.

The H. polymorpha L17 leu1-1 strain was used for transformation with a H.
polymorpha genomic library (Gleeson and Sudbery, 1988). Transformation was
carried out by the routine procedure, described before (Faber et al., 1994).
Transformants were selected on YND plates, lacking leucine. After 3±4 days the
transformants were replica-plated onto YNM-plates and selected for the
restoration of growth on methanol as a sole source of carbon and energy at WT
rates. One positive transformant was selected; plasmid DNA was isolated from
this strain and ampli®ed in E. coli. Restriction analysis of puri®ed plasmid DNA
from E. coli revealed a 2.8 kb H. polymorpha genomic fragment which, after
retransformation in H. polymorpha L17, complemented the original growth defect
of the strain on methanol. Electron microscopical analysis of the transformed H.
polymorpha L17 strain revealed that the cells contained normal peroxisomes and
did not display the typical peroxisome membrane ruptures and organelle turnover
events of the L17 host strain during methylotrophic growth. The complementing
fragment was isolated as a Nhel-Sphl fragment and cloned into the Smal site of
pBluescript ll SK+ using blunt-end cloning. Sequencing of the 2.8 kb fragment
revealed no apparent open reading frames (ORFs); also, the sequence obtained
did not show any signi®cant homologies with known sequences in the databases.

4. Discussion

We have isolated two strains of the methylotrophic yeast Hansenula polymorpha
a�ected in the normal use of methanol as sole source of carbon and energy, which
were obtained after treatment of whole cells with the plant toxin peroxisomicine
A1. As shown before (Sepulveda et al., 1992), peroxisomicine A1 a�ects the
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integrity of the peroxisomal membrane when administrated at sub-lethal doses to
methanol-grown cells of H. polymorpha. Our present result suggests that damage
of the peroxisomal membrane of H. polymorpha by peroxisomicine A1 is a highly
reproducible event and furthermore con®rmed the suggestion that peroxisomes
may indeed represent the initial target organelle of the toxin-514, which is
therefore now designated peroxisomicine A1. Likely, the ®rst target of the toxin is
one (or more) speci®c peroxin(s), essential for peroxisome integrity (Distel et al.,
1996). Possible target molecules are HpPex3p (Baerends et al., 1996), an integral
membrane protein essential for the membrane biosynthesis and integrity, or
HpPex6p, a AAA ATPase essential for peroxisome biogenesis and associated with
the peroxisomal membrane (Kiel et al., submitted).

The two strains isolated (RV31 and L17) are clearly a�ected in peroxisome
function. This was convincingly demonstrated by the ®ndings that (i) the enzymes
essential for methanol catabolism were present and (ii) the biomass in batch
cultures of both strains was signi®cantly decreased compared to WT controls
while methanol was fully consumed by the cells. However, methanol can normally
be used as additional energy source in glucose-limited cultures and then results in
an increase in biomass which is largely comparable to identically grown WT
cultures, indicating that the cytosolic dissimilation pathway is apparently
e�ciently operative. Our data therefore led us to conclude that growth of strains
RV31 and L17 in batch cultures on methanol as the sole carbon and energy
source su�ers from speci®c energetic disadvantages in particular in the catabolism
of methanol. We speculate that these disadvantages are related to peroxisome
dysfunction rather than to other defaults in methanol intermediary metabolism
and are most likely related to hydrogen peroxide metabolism. As shown before
(van der Klei et al., 1991), decomposition of hydrogen peroxide in methanol-
grown H. polymorpha other than by peroxisomal catalase is energetically
disadvantageous and leads to reductions in biomass. In L17 and RV31 cells
hydrogen peroxide leakage from damaged organelles can easily be envisaged thus
explaining the negative growth e�ects.

At present we can only speculate on the nature of the mechanism which
accounts for the functional complementation of strain L17 with the isolated 2.8 kb
genomic fragment. Clearly, this fragment does not contain a well-de®ned open
reading frame (ORF) and as a consequence it does not contain a complete gene
encoding for a speci®c protein. A likely explanation for its complementing e�ect is
that the DNA fragment contains regulatory sequences which either interfere with
a speci®c suppressor gene or, less likely, that it encodes for only part of the
mutated protein and complements by a recombination event. If the fragment acts
as a promoter it may bind to transcription factors resulting in a change in the
expression of certain genes and thus in faster growth on methanol.

It is also not beyond doubt whether peroxisomicine A1 can act as a mutagenic
agent. After peroxisomicine-treatment of WT cells only few constitutive Mutÿ

colonies were picked up and these low frequencies could readily be interpreted as
representing spontaneous mutations. However, the genomes of the H. polymorpha
strains used are very stable and spontaneous mutations are extremely scarce under
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normal laboratory conditions. Moreover, at least one example is known in which
a comparable drug (the cytostaticum adriamycin, Keyhani and Keyhani, 1980) has
a strong e�ect on peroxisome proliferation in yeast apparently due to a mutation
of the proliferation machinery. Therefore, a mutagenic e�ect on the yeast by the
toxin might be possible. In both strains isolated, it resulted in an irreversible slow
growth on methanol after removal of the toxin. A possible explanation for this is
that the mutation caused overexpression (or suppression) of a speci®c gene which
resulted in restoration of normal growth of the strain on methanol. The yeast
multidrug resistant phenotype due to overexpression of certain genes has been
®rmly documented (Balzi and Go�eau, 1995); the Saccharomyces cerevisiae PDR1,
PDR3, PDR7 and PDR9 genes encode transcription regulators that control the
expression of the gene PDR5 which encodes a membrane protein of the ATP-
binding-cassette protein family, functioning as a drug extrusion pump (Swartzman
et al., 1996). The possibility to use H. polymorpha as a model organism for
toxicology, related to peroxisome function, is currently explored.
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