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Nearly all aerobic organisms are equipped with catalases, powerful enzymes scavenging hydrogen perox-
ide and facilitating defense against harmful reactive oxygen species. In trypanosomatids, this enzyme
was not present in the common ancestor, yet it had been independently acquired by different lineages
of monoxenous trypanosomatids from different bacteria at least three times. This observation posited
an obvious question: why was catalase so ‘‘sought after” if many trypanosomatid groups do just fine
without it? In this work, we analyzed subcellular localization and function of catalase in Leptomonas sey-
mouri. We demonstrated that this enzyme is present in the cytoplasm and a subset of glycosomes, and
that its cytoplasmic retention is H2O2-dependent. The ablation of catalase in this parasite is not detrimen-
tal in vivo, while its overexpression resulted in a substantially higher parasite load in the experimental
infection of Dysdercus peruvianus. We propose that the capacity of studied flagellates to modulate the
catalase activity in the midgut of its insect host facilitates their development and protects them from
oxidative damage at elevated temperatures.
� 2024 The Author(s). Published by Elsevier Ltd on behalf of Australian Society for Parasitology. This is an

open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Hydrogen peroxide (H2O2) is both an oxidizing and a reducing
agent. This is explained by the fact that its two atoms of oxygen
have the oxidation state of �1 in contrast to the most frequent 0
or �2 states in other compounds. Hydrogen peroxide emerges in
cells either as a by-product of aerobic metabolism or, as a small
uncharged molecule, it can penetrate biological membranes via
peroxiporins from the environment (González-Flecha and
Demple, 1995; Bienert et al., 2007; Ouchi et al., 2019). Its accumu-
lation inside the cell must be strictly controlled because, on the one
hand, it serves as a redox signaling molecule, while on the other
hand, it can be decomposed to the extremely reactive and toxic
hydroxyl radical (OH�) (Rhee, 1999; Brand, 2016).

Nearly all aerobic organisms are equipped with catalases, pow-
erful enzymes scavenging hydrogen peroxide (Percy, 1984;
Zámocký et al., 2008). Most of these proteins function as homo-
tetramers with one FeIII heme b group per subunit (Zámocký and
Koller, 1999; Díaz et al., 2012). Catalase decomposes H2O2 into
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molecular oxygen and water in a two-step reaction. In the first
step, a ferric cation FeIII reacts with H2O2 producing an oxidized
FeIV form of an oxoferryl p-cation radical and water. In the second
step, another molecule of H2O2 acts as an electron donor and FeIV is
reduced to its initial stage, followed by the production of molecular
oxygen and the second molecule of water (Nicholls et al., 2000).

When a host cell becomes infected by a pathogen, rapid gener-
ation of reactive oxygen species (ROS), exemplified by the
membrane-permeable and highly reactive hydroxyl radicals as
by-products of H2O2 decomposition, are indispensable for cellular
defense (Diaz-Albiter et al., 2012; Bahia et al., 2013; Nogueira
et al., 2015; Dumas and Knaus, 2021). To neutralize hydroxyl rad-
icals, many pathogens utilize enzymes, among which catalase is a
key component of the detoxification pathway, allowing survival in
such adverse conditions. While this role of catalase has been well
documented in bacteria (Mandell, 1975; Manca et al., 1999;
Lefebre and Valvano, 2001), the situation appears to be more com-
plex in protistan parasites. Indeed, Toxoplasma gondii relies on
catalase for defense against the oxidative stress imposed by the
host (Ding et al., 2004), yet other parasites such as Plasmodium,
Babesia, Leishmania, and Trypanosoma spp. lack this seemingly
ubiquitous enzyme (Kraeva et al., 2017). Hence, the mechanisms
by which they evade the typical host-derived respiratory burst
remain poorly understood.

Arguably, the most prominent example of complex catalase dis-
tribution is the family Trypanosomatidae (Euglenozoa: Kinetoplas-
tea) (Kostygov et al., 2024). These highly divergent omnipresent
parasites infect insects, leeches, vertebrates, and plants (Lukeš
et al., 2018; Frolov et al., 2021). The evolutionary history of cata-
lase in trypanosomatids is unexpectedly complex (Škodová-Sverá
ková et al., 2020), as the enzyme is absent from other kinetoplas-
tids, implying that their common ancestor lacked it (Opperdoes
et al., 2016). Hence, the genes encoding this enzyme must have
been independently acquired by different lineages of monoxenous
(with one host in the life cycle) trypanosomatids from different
bacteria at least three times (Chmelová et al., 2021). This observa-
tion posited an obvious question: why was catalase so ‘‘sought
after” if many trypanosomatid groups do just fine without it?
One of the approaches to tackle this question was to express cata-
lase in flagellates, which do not possess it. In Trypanosoma cruzi,
the overexpression of catalase enhanced the parasite’s prolifera-
tion in the insect vector, impaired stress-mediated signaling, but
did not affect parasitemia in mice (Freire et al., 2017). However,
in Trypanosoma brucei and Leishmania mexicana, the development
in both insect and vertebrate hosts was impaired upon catalase
expression (Horáková et al., 2020; Sádlová et al., 2021). Out of
the three model species mentioned above, the most intriguing
one seems to be L. mexicana. It belongs to the subfamily Leishmani-
inae (Kostygov and Yurchenko, 2017), whose common ancestor
acquired catalase. The gene encoding catalase was retained in the
monoxenous members of this subfamily, but secondarily lost in
Leishmania sensu lato, which switched to dixeny (life cycle with
two hosts) (Kraeva et al., 2017). A somewhat circumstantial expla-
nation for this prominent loss may lay in the fact that H2O2 was
shown to act as a signaling molecule facilitating Leishmania differ-
entiation and virulence (Mittra et al., 2013; Khan et al., 2018; Xiang
et al., 2019). Moreover, catalase of Leishmaniinae contains an eight
amino acid ‘‘catalase-related immune-responsive” domain, which
triggers a T cell-mediated immune response (Guy et al., 2005;
Hewitt and Degnan, 2023). Thus, loss of a catalase might have been
an event facilitating later adaptation to the vertebrate hosts.

The sub-cellular localization of catalase in eukaryotes remains
debated. An early work in the trypanosomatid Crithidia fasciculata
reported catalase activity in the cytoplasmic fraction (Edwards
and Lloyd, 1977), while a later study on a related flagellate, Lep-
tomonas (now Herpetomonas) samueli, documented its association
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with the glycosomes (Souto-Padrón and de Souza, 1982), orga-
nelles homologous to peroxisomes of other organisms
(Opperdoes and Michels, 1993; Michels and Gualdrón-López,
2022). Due to the presence of peroxisomal targeting signal(s)
(PTS), catalase in most eukaryotes is considered a peroxisomal
enzyme (Gould et al., 1989), which correlates nicely with the
posited glycosomal localization in trypanosomatids. In humans,
the C-terminal PTS of catalase is recognized by the cytosolic recep-
tor Pex5p that facilitates its import into the peroxisomes (Otera
and Fujiki, 2012), although it may also be retained in the cytoplasm
upon oxidative damage induced by ROS (Dubreuil et al., 2020;
Fujiki and Bassik, 2021). Moreover, the cytosolic localization of
catalase was demonstrated in T. gondii (Ding et al., 2004), Chlamy-
domonas reinhardtii (Kato et al., 2021), and Caenorhabditis elegans
(Taub et al., 1999). Notably, the catalases of trypanosomatids lack
the PTS (Chmelová et al., 2021).

To further dissect the role(s) of catalase in trypanosomatids, we
decided to investigate its function in Leptomonas seymouri, a
monoxenous parasite that is often found in coinfections with Leish-
mania in the immunocompromised patients (Ghosh et al., 2012;
Thakur et al., 2020). This species is predisposed to the dixenous life
style due to its ability to withstand elevated temperatures (Kraeva
et al., 2015) and, thus, represents a suitable model for a thorough
characterization of this intriguing enzyme in the family
Trypanosomatidae.
2. Materials and methods

2.1. Cultivation and growth kinetics

Leptomonas seymouri (isolate ATCC 30220) was maintained in
either M199 (Biowest, Nuaillé, France) supplemented with 2 lg/
ml of biopterin (Cayman Chemical, Ann Arbor, USA), 2 lg/ml of
hemin (Merck, Rahway, USA), 25 mM HEPES, 50 units/ml of peni-
cillin, 50 lg/ml of streptomycin (all Biowest) and 10% heat-
inactivated fetal bovine serum (hiFBS) (Biosera, Cholet, France) or
Schneider Drosophila medium (Thermo Fisher Scientific, Waltham,
USA) supplemented with 10% hiFBS, 50 units/ml of penicillin,
50 lg/ml of streptomycin, and 10 lg/ml of hemin (Jena Bioscience,
Jena, Germany) at 23 �C. The species identity was confirmed as in
Yurchenko et al. (2016). For experiments at the elevated tempera-
ture (35 �C), all cultures were adapted to modified conditions for at
least three passages before measurements. Growth kinetics was
assessed for 7 days from the starting density of 5 � 105 cells/ml.
Cell numbers were counted every 24 h in three biological replicates
as in Ishemgulova et al. (2017). Comparison of growth curves was
performed by computing areas below them using Simpson approx-
imation in SciPy v. 1.7.3. (Virtanen et al., 2020). Normality of data
distribution was assessed by a Shapiro-Wilk test and pairwise
comparisons were performed using the unpaired t-test. The
P-values were adjusted using Bonferroni correction. All the statis-
tical analyses were performed in GraphPad Prism v. 9 (GraphPad
Software, San Diego, USA).
2.2. Establishment of the CRISPR/Cas9 system in L. seymouri

The previously reported CRISPR/Cas9-based strategy developed
in L. mexicana (Beneke and Gluenz, 2019) was applied to L. sey-
mouri. In short, 1 � 107 cells from the early exponential phase of
growth were transfected with the pTB007 plasmid (Beneke et al.,
2017) using Amaxa Nucleofector IIb (Lonza, Basel, Switzerland)
program X-001 and Tb-BSF buffer (90 mM sodium phosphate,
5 mM potassium chloride, 0.15 mM calcium chloride, 50 mM
HEPES, pH 7.3) (Burkard et al., 2007). The resulting transfectants
were selected with 200 lg/ml of hygromycin (VWR/ Avantor,
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Radnor, USA), and clonal lines were isolated on solid complete
M199 medium as in Hamilton et al. (2015). The expression of
Cas9 and T7 RNA polymerase was confirmed by diagnostic PCR,
reverse transcription-quantitative PCR (RT-qPCR) using the 18S
rRNA locus for normalization (Supplementary Table S1), and by
western blotting with mouse monoclonal anti-FLAG M2 antibody
(Sigma-Aldrich/ Merck, Darmstadt, Germany) diluted 1:1,000 and
mouse monoclonal anti-a-tubulin antibody (Sigma-Aldrich/ Mer-
ck) diluted 1:10,000 for loading control as in Kraeva et al. (2014).
2.3. Ablation, add-back, and endogenous tagging of catalase

For the generation of catalase knock-out cell lines, the donor
template and guide (g)RNAs were amplified by PCR as described
previously (Beneke and Gluenz, 2019) (Supplementary Table S1).
Transfectants were selected with 100 lg/ml of hygromycin and
50 lg/ml of G418 (geneticin) antibiotics (Thermo Fisher Scientific).
A clonal cell line (hereafter designated as KO) was established and
used in all downstream experiments. Deletion of the gene was con-
firmed by PCR and Southern blotting (Supplementary Table S1).
The lack of enzymatic activity was also confirmed by the direct
catalase test as described in Sádlová et al. (2021).

The catalase add-back (hereafter designated as AB) was
prepared by integration of the L. seymouri catalase into the 18S
rRNA locus on the KO background. For that, the gene of interest
was PCR-amplified and cloned into pLEXSY-sat2 (Jena Bioscience)
using NcoI and NotI restriction enzymes (Supplementary
Table S1). The resultant plasmid was linearized with SwaI prior
to transfection as described elsewhere (Ishemgulova et al., 2017).
The AB clonal cell line was grown on the solid complete M199
medium supplemented with 100 lg/ml of hygromycin, 50 lg/ml
of G418, and 100 lg/ml of streptothricin acetyltransferase (SAT)
(Jena Bioscience) antibiotics. The correct integration was
confirmed by diagnostic PCR (Supplementary Table S1). The
expression of the add-back gene on the RNA and protein levels
was confirmed by RT-qPCR using a 60S ribosomal protein
L7a-encoding Lsey_1065_0010 (ortholog of Lmex.07.0510) for nor-
malization (Ishemgulova et al., 2016) and the direct catalase test
as described above.

For endogenous tagging, the N-terminal HA-V5 tag of the plas-

mid pVY149 (GenBank accession number OR805450) was substi-
tuted by HA3 via BsrGI-BglII swap. The modified sequences (HA3,
GS linker, untranslated region (UTR)) were PCR amplified (Supple-
mentary Table S1) and fused together as in Merritt and Stuart
(2013). The sequence of the resultant plasmid was submitted to

GenBank under the accession number OR519720.
2.4. Southern blotting

Probes annealing to the gene of interest open reading frame
(ORF), 30 UTR, and neomycin resistance gene, were amplified by
PCR (Supplementary Table S1) using the PCR digoxigenin probe
synthesis kit (Roche Life Science, Basel, Switzerland). For Southern
blotting, 30 lg of genomic DNA was digested with NcoI and EcoRV,
separated on a 0.75% agarose gel, probed and processed as
described previously (Ishemgulova et al., 2018; Kraeva et al., 2019).
2.5. Vectors for episomal enhanced (e)GFP expression

The vectors for episomal eGFP expression were constructed by
replacing Cas9 gene in the pTCas9 plasmid (Sollelis et al., 2015)
with eGFP after digestion with HpaI and PmeI. The eGFP fragments
were PCR generated using pTUBneoF4rev (Kushnir et al., 2005) as a
template and primers that included sequences coding for the addi-
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tional C-terminal peptides (Supplementary Table S1). Transfected
L. seymouri cells were selected with 200 lg/ml of hygromycin.

2.6. Digitonin permeabilization of untreated and H2O2-treated cells

Fifty million L. seymouri cells were washed twice in the ice-cold
PBS and resuspended in the STE buffer (25 mM Tris-HCl pH 7.9,
1 mM EDTA, 250 mM sucrose) supplemented with 150 mM NaCl
and complete mini EDTA-free protease inhibitor cocktail (Roche
Life Science). The protein concentration was measured using a
Pierce BCA protein assay kit (Thermo Fisher Scientific). Cell ali-
quots were subsequently incubated with increasing concentrations
of digitonin (PanReac AppliChem ITW, Darmstadt, Germany) for
4 min at room temperature followed by centrifugation at 16,000
g for 5 min. Supernatants were analyzed by western blotting with
mouse monoclonal anti-hemagglutinin (anti-HA) antibody (Sigma-
Aldrich/ Merck) diluted 1:1,000, rabbit polyclonal anti-enolase
antibody at 1:5,000 (Verplaetse et al., 2009), anti-triosephosphate
isomerase (anti-TIM) antibody at 1:1,000, and anti-BiP (major
endoplasmic reticulum (ER) chaperone binding of immunoglobulin
heavy chain protein) antibody at 1:1,000. The same number of cells
was incubated with 200 lM H2O2 (Sigma-Aldrich/ Merck) for
30 min as described previously (Okumoto et al., 2020) at 23 �C
and 35 �C and processed as above using Tubulin as a loading
control.

2.7. Cell viability assay

The cytotoxic effect of hydrogen peroxide was assayed by con-
version of resazurin (alamarBlue, Thermo Fisher Scientific) to
resorufin (Mikus and Steverding, 2000). In brief, 1 � 106 L. seymouri
cells were treated with serial dilutions of H2O2 (from 64 mM to
62.5 lM at 23 �C and from 256 mM to 250 lM at 35 �C) for 1 h fol-
lowed by incubation with alamarBlue (final concentration 50 lM)
for 24 h. The readouts at 570 nm (reduced alamarBlue) and 600 nm
(oxidized alamarBlue) were taken on Infinite 200 Pro M Nano
(Tecan, Männedorf, Switzerland) and analyzed using GraphPad
Prism v. 9 (GraphPad Software) by non-linear regression with vari-
able slope to obtain half maximal inhibitory concentration (IC50)
values. All experiments were performed in three biological and
three technical replicates in the absence or presence of H2O2. In
the latter case, the concentrations were 0.865 mM for 23 �C and
1.29 mM for 35 �C (halves of the lowest IC50 values at a given tem-
perature). Obtained IC50 values were tested for normal distribution
using a Shapiro-Wilk test and pairwise comparisons were per-
formed using the unpaired t-test.

2.8. Measurements of cellular ROS

To estimate the level of total ROS in L. seymouri wild-type (WT),
knock-out (KO), and add-back (AB) cell lines, 5 � 10 8 cells in expo-
nential phase of growth were harvested and incubated in fresh
growth medium supplemented with 10 lg/ml of dichlorodihy-
drofluorescein diacetate (Sigma-Aldrich/ Merck). This cell-
permeable non-fluorescent probe turns into the highly fluorescent
20,70-dichlorofluorescein upon oxidation. After 1 h of incubation at
23 �C or 35 �C, the cells were examined with a ZEISS fluorescence
microscope (Carl Zeiss Microscopy, Oberkochen, Germany) and
the fluorescence intensity was evaluated using ImageJ Fiji v.
2.14.0 (Schindelin et al., 2012) by selecting one cell at a time and
measuring its area and integrated intensity. Data values were cal-
culated for 100 examined cells per each sample and condition. The
background readings were sampled and averaged from five mea-
surements for each image. The correlated total cell density was cal-
culated as integrated density � (area � mean fluorescence of the
background readings). The obtained data were tested for normality
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of distribution by the D’Agostino-Pearson K2 test. The statistical
analysis was done using the Mann-Whitney test.

2.9. Immunofluorescence microscopy and transmission electron
microscopy (TEM)

Cells were fixed with 4% paraformaldehyde on glass slides, per-
meabilized with 1% NP-40, and blocked with 1% BSA. Next, they
were incubated with mouse monoclonal anti-HA (Sigma-Aldrich/
Merck) and rabbit polyclonal anti-aldolase or anti-MVAK (phos-
phomevalonate kinase) antibodies (both at 1:1,000) and visualized
with Cy3-conjugated goat anti-rabbit IgG (Millipore/ Merck,
Burlington, USA) and Alexa Fluor488-labeled goat anti-mouse IgG
(Thermo Fisher Scientific) antibodies (both at 1:5,000). The nucleus
and kinetoplast DNAs were stained with DAPI (Sigma-Aldrich/
Merck) as described previously (Yurchenko et al., 2014). Images
were acquired on Olympus BX53 fluorescent microscope (Olym-
pus, Tokyo, Japan) equipped with the Olympus DP72 camera and
processed in ImageJ Fiji v. 2.14.0. High-pressure freezing in anhy-
drous acetone with 2% osmium tetroxide and TEM using a JEM-
1400 transmission electron microscope (JEOL, Tokyo, Japan) were
performed as described previously (Yurchenko et al., 2014).

2.10. High resolution respirometry

The oxygen production of 1� 106 cells was triggered by the addi-
tion of 0.09% H2O2 and monitored for 5 min using the Oroboros O2k
oxygraph (Oroboros Instruments, Innsbruck, Austria) calibrated
with the growth medium. The catalase activity was measured as
the increase in oxygen concentration (pM) per cell per second. All
experiments were performed in two biological and 4–6 technical
replicates. The data were analyzed using GraphPad Prism v. 9.

2.11. Experimental infection in the insect host

Insects of the Dysdercus peruvianus colony established at the
Laboratory of Insect Biology, Universidade Federal Fluminense,
Brazil were reared in glass pots with water and cotton seeds and
maintained under controlled conditions of 25 �C, 75% relative
humidity, and 16:8h light:dark cycle. Fifth instar nymphs were
randomly chosen and maintained as above until they molted into
adults. Before the experimental infection, the insects were
deprived of water and food for 24 h. For the infection, pieces of cot-
ton soaked in a culture of L. seymouri (WT, KO, or AB) at the con-
centration of 1 � 106 parasites/ml (or water for the control) were
placed in glass containers with 30 specimens each. There were
two containers for each of the three experimental groups. On days
1, 7, and 10 after infection, 10 insect specimens per group were dis-
sected and the parasite load was estimated by direct counting
under a light contrast microscope. The data were analyzed using
GraphPad Prism v. 9.
3. Results

3.1. Leptomonas seymouri is amenable to genetic manipulation

In the first step, we episomally expressed Cas9 nuclease and T7
RNA polymerase employing the approach that was successfully
used in Leishmania mexicana (Beneke et al., 2017, 2019). The resul-
tant four clonal lines (labeled Cl1-4) were tested by diagnostic PCR
for the plasmid presence (Supplementary Fig. S1A), RT-qPCR for
the mRNA levels of Cas9 and T7 RNA polymerase (Supplementary
Fig. S1B), and western blotting for the protein level of Cas9-FLAG
(Supplementary Fig. S1C). The clonal cell line 4 was chosen for
all subsequent experiments.
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Next, we applied the established CRISPR/Cas9 system to
endogenously tag N-termini of both alleles of catalase with HA3

(Supplementary Fig. S2A). N-terminal tagging was chosen because
of the putative localization-determining amino acids presence at
the other end of the catalase (see below). We confirmed expression
of the tagged catalase by western blotting (Supplementary
Fig. S2B) and its enzymatic activity by the direct catalase test (Sup-
plementary Fig. S2C) using the WT strain of L. seymouri as negative
(for western blotting) and positive (for direct catalase test) con-
trols. Out of the three tested populations (labeled Pop1-3), popula-
tion 2 was cloned out and a representative clone was used in all
subsequent experiments.

3.2. Dual localization of catalase is sensitive to H2O2 treatment

Using a cell line with the endogenously tagged catalase, we
explored its localization by immunofluorescent microscopy. Under
normal conditions, the enzyme has a dual localization, being dif-
fusely distributed in the cytoplasm and concentrated in a presum-
ably membranous compartment in front of the nucleus and close
to the kinetoplast. The compartment in question did not co-
localize with aldolase, a bona fide glycosomal marker, representing
an enzyme involved in both glycolysis and gluconeogenesis in try-
panosomatids (Hart et al., 1987; Kovářová et al., 2018) (Fig. 1A).
This pattern notably resembled the subcellular localization of cata-
lase in T. gondii (Kaasch and Joiner, 2000). Since glycosomes of try-
panosomatids are known to be heterogeneous (Crowe and Morris,
2021), we also investigated co-localization of catalase with another
glycosomal marker, phosphomevalonate kinase (MVAK), an
enzyme of the isoprenoid biosynthesis pathway (Carrero-Lérida
et al., 2009) (Fig. 1B). The colocalization of MVAK and catalase sug-
gests that the latter is confined to a subset glycosomes, which are
not involved in glycolysis. Ultrastructural analysis revealed an
accumulation of round and elongated glycosomes in the anterior
region of the cell (Supplementary Fig. S3) further supporting the
fluorescent microscopy data. We did not observe unusual or
unidentified organelles in the cells.

To complement our localization data, we employed one more
technique, namely digitonin permeabilization (Kiaira and Njogu,
1983; Vercesi et al., 1991), followed bywestern blotting analysis with
antibodies against enolase (a cytoplasmic marker), triosephosphate
isomerase TIM (a glycosomal marker), and a major endoplasmic
reticulum (ER) chaperone binding of immunoglobulin heavy chain
protein (BiP, an ER marker) (Swinkels et al., 1986; Wang et al.,
2010; Škodová et al., 2013). Confirming previous results, we docu-
mented low abundance of catalase in the cytoplasmic fraction, while
most of the signal was associated with a membranous compartment
of the sterol composition reminiscent of the glycosomes (Fig. 2A).
Prompted by recent intriguing observation that in the mammalian
cells H2O2 suppresses the import of catalase into the peroxisomes,
leading to the spatiotemporal increase of its concentration in the
cytoplasm to counteract ROS (Okumoto et al., 2020), we investigated
this phenomenon in L. seymouri. Indeed, the treatment with H2O2

resulted in an increased level of catalase in the cytoplasm (Fig. 2B),
while the total amount of the enzyme was not affected at either
low or elevated temperature (Fig. 2C), further confirming that its dual
localization and cytoplasmic abundance are H2O2-dependent.

The catalases of monoxenous trypanosomatids lack canonical
peroxisomal targeting signals PTS1 or PTS2 (Chmelová et al.,
2021). However, the studied enzyme of L. seymouri bears an addi-
tional Trp-Pro dipeptide on its very C-terminus (Supplementary
Fig. S4A). To address the question of whether this motif determines
catalase localization, we exogenously expressed eGFP with
C-terminal extensions of L. seymouri (�SEAEIWP), Leptomonas
pyrrhocoris (�SEAEI), and a canonical PTS1 (�AKL). As expected,
eGFP-AKL localized to the glycosomes, while eGFP, eGFP-SEAEI,



Fig. 1. Localization of Leptomonas seymouri catalase analyzed by microscopy. Immunofluorescence analysis of N-terminally hemagglutinin (HA)-tagged L. seymouri catalase
(green). Co-stainings with anti-aldolase (A, red) and anti- phosphomevalonate kinase MVAK (B, red) antibodies were used to assess colocalization. Nuclei and kinetoplasts are
stained with DAPI. BF, bright field. Scale bar = 5 lm. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. Localization of Leptomonas seymouri catalase analyzed by the differential
digitonin permeabilization method. (A, B) Hemagglutinin (HA)-tagged catalase
localization after digitonin fractionation in untreated (A) and 0.2 mM hydrogen
peroxide-treated (B) cultures of L. seymouri analyzed by western blotting with anti-
HA, �BiP (major endoplasmic reticulum (ER) chaperone binding of immunoglobulin
heavy chain protein), �triosephosphate isomerase (TIM), and �enolase antibodies.
Molecular weights in kDa are indicated. (C) The total amount of HA-tagged catalase
in treated and untreated samples at low and elevated temperatures analyzed by
western blotting with anti-HA antibody. Tubulin was used as a loading control.
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and eGFP-SEAEIWP were cytosolic (Supplementary Fig. S4B) prov-
ing that the C-terminal WP motif does not determine catalase
localization in the studied flagellate.
3.3. Catalase is dispensable in vitro but enhances resistance to H2O2

when overexpressed

To further dissect the role of catalase, we ablated the correspond-
ing gene (Lsey_0026_0490) using the CRISPR/Cas9 system and estab-
lished the AB cell line by integrating the gene of interest into the 18S
rRNA locus on the KO background (Supplementary Fig. S5). The
selected AB clonal cell line had approximately twofold higher RNA
level of catalase compared with the WT strain (Supplementary
Fig. S5B). Importantly, estimation of the enzymatic activity showed
the same difference, as the production of molecular oxygen in the
WT and AB cells (with KO strain used as a negative background)
amounted to 17.9 and 35.8 fmol O2/min � cell, respectively (Supple-
mentary Fig. S5D). This is in line with the previously reported activ-
ity of catalase in L. pyrrhocoris (Bianchi et al., 2019).
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Comparison of the growth kinetics under different tempera-
tures in the absence of hydrogen peroxide revealed that L. seymouri
multiplies faster at 35 �C than at 23 �C. Moreover, AB cells divided
slower, a difference that was more pronounced at 35 �C (Fig. 3A).
When cultivated in the presence of hydrogen peroxide, AB cells
withstood these conditions better, again showing more pro-
nounced difference at the elevated temperature (Supplementary
Fig. S6). Using the alamarBlue assay, we examined the ability of
cells to withstand the cytotoxic effects of H2O2 (Fig. 3B). At 23 �C,
the ablation of catalase had little (if any) effect, while its overex-
pression provided a significant survival advantage with IC50 values
of 1.76 ± 0.15, 1.73 ± 0.15, and 4.07 ± 0.79 mM for the WT, KO, and
AB cell lines. In agreement with the previously demonstrated ele-
vation of catalase expression at 35 �C (Kraeva et al., 2015), the tol-
erance of WT, KO, and AB cell lines to H2O2 increased with the IC50

values of 3.42 ± 0.03 mM, 2.83 ± 0.26, and 5.71 ± 1.21 mM, respec-
tively. At this elevated temperature, ablation and modest overex-
pression of catalase in the KO and AB cell lines had a negative
and a positive influence on L. seymouri survival, respectively
(Fig. 3B). This correlated well with levels of intracellular ROS mea-
sured at both temperatures (Fig. 3C), providing additional evidence
to support the conclusion that catalase plays a protective role in
protecting L. seymouri from the oxidative damage.
3.4. Catalase is dispensable in vivo but facilitates infection when
overexpressed

The cotton stainer D. peruvianus (Hemiptera: Pyrrhocoridae) is
the only host in which L. seymouri has been demonstrated to com-
plete its developmental cycle (Moraes et al., 1994). This bug is
closely related to Dysdercus suturellus, a species from which
L. seymouri was originally isolated (Wallace, 1977). Experimental
infections of the cotton stainer with the WT, KO, and AB strains
of L. seymouri demonstrated a situation similar to that observed
in vitro. Specifically, the ablation of catalase had no detectable
effect on infectivity, while its overexpression resulted in a signifi-
cant increase (approximately an order of magnitude on day 10)
in parasite abundance (Fig. 4).
4. Discussion

Using the model of L. seymouri, we aimed to answer two intrigu-
ing questions about trypanosomatid catalase. The first one con-
cerned cellular localization of this extremely potent enzyme,
which was reported to be cytoplasmic in C. fasciculata, while con-
fined to glycosomes in the related Leptomonas (now Herpetomonas)
samueli (Edwards and Lloyd, 1977; Souto-Padrón and de Souza,
1982). To settle this discrepancy, we used a battery of methods
to show that in yet another related flagellate, catalase is localized
in both the glycosomes and cytoplasm, proving the earlier reports
correct. Such a dual localization is not unprecedented, since a sim-
ilar pattern was documented in Saccharomyces cerevisiae, T. gondii,
and a range of other species (reviewed in Fujiki and Bassik, 2021).
Of note, the localization of enzymes in two cellular compartments
is not unusual in trypanosomatids, as was demonstrated for hexok-
inase 2 (Joice et al., 2012), lyso-phospholipase A (Monic et al.,
2022), UDP-glucose pyrophosphorylase (Villafraz et al., 2021), or
iso-citrate dehydrogenase (Pyrih et al., 2023). It remains to be
established what determines the glycosomal localization of cata-
lase in L. seymouri, as it lacks identifiable PTSs. Since it was previ-
ously shown that an internal import signal governs the glycosomal
localization of T. cruzi phosphoglucomutase even in the absence of
PTS1 or PTS2 (Penha et al., 2009), similar mechanisms may be in
place for catalase. To complicate the picture further, our data indi-
cate that catalase is present only in a subfraction of glycosomes,



Fig. 3. The effect of catalase ablation in Leptomonas seymouri in vitro. (A) Comparison of growth rates of wild-type (WT), knock-out (KO), and add-back (AB) lines of L.
seymouri at 23 �C and 35 �C. (B) Half maximal inhibitory concentration (IC50) for the WT, KO, and AB L. seymouri at 23 �C and 35 �C. The data and statistical analyses represent
three independent biological replicates. (C) Intracellular reactive oxygen species (ROS) in WT, KO, and AB L. seymouri cells at 23 �C and 35 �C. The error bars indicate S.D.;
*P � 0.05; **P � 0.001; ***P � 0.00001; ns, not statistically significant.
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Fig. 4. Development of Leptomonas seymouri in experimental infection of Dysdercus
peruvianus. Intensity of infection was assayed on days 1, 7, and 10. The error bars
indicate S.D.; *P � 0.05; **P � 0.001; ***P � 0.00001; ns, not statistically significant.
WT, wild-type; KO, knock-out; AB, add-back.
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likely in those not involved in glycolysis. However, how such speci-
ficity would be achieved remains unclear.

In the mammalian cells, catalase was implicated in the pro-
tection against ROS because a substantial proportion of this
enzyme was retained in the cytoplasm upon treatment with
H2O2 (Okumoto et al., 2020; Fujiki and Bassik, 2021). Our obser-
vation of a very similar pattern in L. seymouri argues that the
cytoplasmic retention of catalase is a widespread phenomenon
in eukaryotes.

The second question we wanted to addressed is the function of
catalase in trypanosomatids, since its absence in the serious
human pathogens Leishmania and Trypanosoma spp. indirectly
implied that the presence of this enzyme is incompatible with par-
asitism in the vertebrate hosts (Kraeva et al., 2017). However, the
apparent absence of catalase in the last common ancestor of all try-
panosomatids argues against this scenario (Butenko et al., 2021). It
is clear that for some extant trypanosomatids the presence of cata-
lase is useful, if not essential, as reflected by at least three indepen-
dent acquisitions of the catalase-encoding genes from different
bacterial linages (Chmelová et al., 2021). Given such a patchy
distribution, it is not surprising that the ablation of catalase in
L. seymouri has little effect in vitro and in vivo. This observation
correlates well with the generally asymptomatic phenotype of
catalase depletion in the bacteria Escherichia coli and Salmonella
typhimurium, as well as in the eukaryote S. cerevisiae (Ma and
Eaton, 1992; Buchmeier et al., 1995; Izawa et al., 1996). At the
same time, its overexpression in T. gondii leads to an increased fit-
ness and invasiveness (Ding et al., 2004) reminiscent of the data
reported here for L. seymouri.

Based on the available data, especially the upregulation of cata-
lase at elevated temperatures, we propose that catalase acts under
stressful conditions and provides higher tolerance against H2O2.
Indeed, at high temperatures, the insect host experiences oxidative
stress accompanied by an increase in the levels of ROS and H2O2

(Zhong et al., 1998; Neven, 2000). As such, the catalase of L. sey-
mouri seems to serve as an emergency enzyme needed mainly
when its host becomes overheated, a situation expected to occur
regularly considering that Dysdercus spp. live in the tropics.

In conclusion, we show that in L. seymouri catalase is present in
the cytoplasm and a subset of glycosomes, and that its cytoplasmic
retention is H2O2-dependent. The ablation of catalase in L. seymouri
is not detrimental in vivo, while its overexpression resulted in a
substantially higher parasite load in the experimental infection of
D. peruvianus. We propose that the capacity of studied flagellates
to modulate catalase activity in the midgut of its insect host facil-
398
itates their development and protects them from oxidative damage
at elevated temperatures.
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Kovářová, J., Nagar, R., Faria, J., Ferguson, M.A.J., Barrett, M.P., Horn, D., 2018.
Gluconeogenesis using glycerol as a substrate in bloodstream-form
Trypanosoma brucei. PLoS Pathog 14, e1007475.

Kraeva, N., Ishemgulova, A., Lukeš, J., Yurchenko, V., 2014. Tetracycline-inducible
gene expression system in Leishmania mexicana. Mol Biochem Parasitol 198,
11–13.
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