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Callunene, a natural component of heather (Calluna vulgaris) nectar, has previously been shown to protect 
bumblebees from infection by the trypanosomatid Crithidia bombi. Here, we demonstrate that callunene 
exhibits antiparasitic activity against several trypanosomatid species, including Crithidia bombi, 
Leishmania mexicana, and Trypanosoma brucei. Notably, callunene’s in vitro efficacy against T. brucei 
was comparable to that of nifurtimox, although its cytotoxicity toward human cells may limit direct ther-
apeutic application. Using a biotinylated callunene analog in the pull-down assay, we identified NIPSNAP, 
a mitochondrial protein involved in mitophagy regulation, as a primary molecular target of this com-
pound in C. bombi. Moreover, callunene alters acidocalcisome abundance, further connecting its role to
regulation of mitochondrial physiology. Given its effects on mitochondria and ability to interact with
NIPSNAP, callunene represents a promising chemical probe for studying mitophagy, a poorly understood
process in trypanosomatids, and may provide new insights into mitochondrial biology of these parasites.
© 2025 The Authors. 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. Introductio n

Trypanosomatids is a group of parasitic protists that include 
causative agents for a number of serious human and animal dis-
eases, such as leishmaniasis (Leishmania spp.), sleeping sickness
(Trypanosoma brucei ssp.), and Chagas disease (T. cruzi) (Kostygov 
et al., 2021; Maslov et al., 2019; Stuart et al., 2008). In addition 
to the medical importance, some trypanosomatid parasites can 
infect plants or economically valued insects, such as honeybees
(Frolov et al., 2021; Strobl et al., 2019; Tiritelli et al., 2025). The lat-
ter group of species has recently attracted increased research 
attention due to the harmful effects that some of these trypanoso-
matids have on honeybee and bumblebee populations (Gómez-
Moracho et al., 2020; Liu et al., 2020; Schmid-Hempel et al.,
2018; Schwarz et al., 2015). In line with this, substantial efforts 
are now being invested into the development of anti-
trypanosomatid drugs that can be used in hymenopterans
(Palmer-Young et al., 2022; Yuan et al., 2024). One of the proposed 
potential drugs is callunene, a volatile compound recently purified 
from the heather (Calluna vulgaris) nectar using semi-preparative 
high-performance liquid chromatography (HPLC) and identified 
as 4-(3-oxobut-1-enylidene)-3,5,5-trimethylcyclohex-2-en-1-one. 
This potent secondary metabolite was shown to suppress infectiv-
ity of Crithidia bombi in the bumblebee Bombus terrestris, explained
by flagellum removal, which prevents attachment of these flagel-
lates to the host’s ileum wall and, thereby, makes gut colonization
impossible (Koch et al., 2019). The precise mode of action and 
specific targets of callunene have not been investigated, warrant-
ing further research that could potentially lead to the development
of new drugs against these important parasites.

The recent success in synthesizing callunene (Ferenczei et al .,
2025) has prompted us to investigate its effects in different species
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of Trypanosomatidae. Here we present results of these analyses in 
C. bombi, promastigotes and axenic amastigotes of L. mexicana,  as
well as procyclic and bloodstream forms of T. brucei (PF and BSF,
respectively). The choice of analyzed species was determined by
the following considerations: the effect of callunene was demon-
strated in the first species (Koch et al., 2019), while the other 
two are medically relevant parasites representing distant try-
panosomatid lineages (Albanaz et al., 2023; Kostygov et al., 2024a). 

2. Materials and methods

2.1. Trypanosomatid cultures

The species identity was validated as described previously
(Votýpka et al., 2012; Yurchenko et al., 2008). 

Crithidia bombi isolate 5A (Klocek et al., 2023) was cultivated at 
28 °C with 5 % CO2 in M199 medium pH 5.5 (Sigma-Aldrich/Merck, 
Darmstadt, Germany), supplemented with 2 lg/ml biopterin (Mer-
ck), 2 lg/ml Hemin (Jena Bioscience, Jena, Germany), 25 mM 
HEPES (VWR/Avantor, Radnor, USA), 50 units/ml of penicillin,
50 lg/ml of streptomycin (both from Thermo Fisher Scientific,
Waltham, USA), and 10 % heat-inactivated fetal bovine serum
(FBS, BioSera, Nuaillé, France).

Leishmania mexicana isolate MNYC/BZ/1962/M379 was culti-
vated in the M199 medium with supplem ents listed above at pH
7.4 as described elsewhere (Durante et al., 2020). Amastigotes 
were differentiated and maintained in culture according to the pre-
viously established protocol (Bates, 1994; Ishemgulova et al.,
2017). 

Trypanosoma brucei procyclic (PF, line SmOxP927) and blood-
stream (BSF, line SmOx2B427) forms (Poon et al., 2012) were cul-
tivated in SDM-79 medium (Thermo Fisher Scientific) 
supplemented with 10 % FBS at 28 °C and HMI-11 medium 
(Thermo Fisher Scientific) supplemented with 10 % FBS at 37 °C
in the presence of 5 % CO2, respectively.

2.2. Synthesis of callunene and its derivatives

The synthesis of callunene and its analogs was based on a pre-
viously published approach (Ferenczei et al., 2025). Detailed infor-
mation on the corresponding procedures along with 
characterization of the obtained compounds are presented in the
Supplementary File 1. 

2.3. Cell viability assay (Trypanosomatids)

A total of 106 cells/ml were seeded in 96-well plates and incu-
bated in 2-fold dilution series of callunene or its derivatives with 
final concentrations ranging from 1,000 to 7.8 lM (100 and 
0.78 lM for T. brucei bloodstream form) for 24 h. The cytotoxic
effect of each compound was assayed using the colorimetric
method based on the reduction of resazurin (alamarBlue, Thermo
Fisher Scientific) by live cells (Mikus and Steverding, 2000). The 
fluorescence intensity was measured on the Infinite 200 Pro M 
Nano spectrophotometer (Tecan, Männedorf, Switzerland) at 
570 nm (reduced form) and 600 nm (oxidized form). The data were 
analyzed using Prism v. 9 (GraphPad Software, San Diego, USA) 
with nonlinear regression to calculate IC50 values (±standard devi-
ation, 95 % confidence intervals). Callunene concentrations of 30
and 60 lMwere selected for all further analyses except for T. brucei
bloodstream form experiments, in which 3 and 6 lM concentra-
tions were used. Nifurtimox (Sigma-Aldrich/Merck), a nitrofuran
derivative currently used in the treatment of Chagas disease and
the sleeping sickness (Barrett, 2025; Cantizani et al., 2021), was 
used as a positive control. All experiments were performed in
triplicates.
2

2.4. Cell viability assay (mammalian cells)

Human lung fibroblasts (cell line MRC-5) and human adult der-
mal fibroblasts (cell line HDF) were obtained from Merck and 
Thermo Fisher Scientific, respectively. Cells were cultivated in 
HEPES-free StableCell Minimum Essential Medium supplemented 
with 10 % FBS and 1 % non-essential amino acids (MRC-5) and Dul-
becco′s modified Eagle′s medium with 10 % FBS (HDF) at 37 °C and 
5  %  CO2. To assess the cytotoxicity of callunene and nifurtimox, 
cells were seeded into 96-well plates at the density of 1 × 104 

per well, kept for 1 day, and treated with the tested compounds
at concentrations ranging from 0 to 100 lM for 24 h. Subsequently,
cells were washed in 1 × PBS and treated with WST-1 reagent
(1:20, Merck) in 100 ll of phenol red-free culture media for 2 h.
Absorbance of the resulting formazan product was measured at
450 nm on a Sunrise spectrophotometer (Tecan). All experiments
were performed in triplicates. The data were analyzed using Prism
software as above.

2.5. Microscopy and morphometry

Morphometric parameters were measured as described previ-
ously (Wheeler et al., 2011). In short, trypanosomatid cells were 
fixed with 4 % paraformaldehyde for 15 min in 1 × phosphate-buf 
fered saline (PBS) at room temperature (RT) and permeabilized 
with 1 % Triton X-100 (Thermo Fisher Scientific). For immunofluo-
rescence microscopy, trypanosomatid flagella were visualized with
anti-polyglutamate (diluted 1:5,000, binding to polyglutamate
chains on flagellar tubulin) and L8C4 (diluted 1:200, staining
paraflagellar rod) antibodies [both kindly provided by Dr. Bastien,
Institut Pasteur] as described previously (Kohl et al., 1999;
Rogowski et al., 2010; Shang et al., 2002). Further, trypanosomatid 
cells were mounted in 4′,6-diamidino-2-phenylindole (DAPI)-
containing medium (Thermo Fisher Scientific) and observed using 
a BX-53 microscope (Olympus, Tokyo, Japan) equipped with the 
DP73 digital camera. Images were taken with the cellSens v. 1.6
software (Olympus), then merged for multichannel visualization
and analyzed in ImageJ v. 1.51 (Schneider et al., 2012). For direct 
detection of biotinylated callunene, C. bombi cells were incubated 
with Alexa Fluor 488-conjugated streptavidin (Thermo Fisher Sci-
entific, diluted 1:1,000) for 1 h at RT and examined as above.

The statistical analyses were performed in Statistica v. 13.5.0.17 
(TIBCO, Santa Clara, USA) with visualization in GraphPad Prism v. 9 
(GraphPad Software/ Dotmatics, Boston, USA). The Mann-Whitney 
U and Wald-Wolfowitz tests were applied to morphometry data.
Binomial confidence intervals for proportions were calculated
using the ‘‘exact” Clopper–Pearson method (Clopper and Pearson,
1934). Comparisons of proportions were performed using the 
‘‘N − 1” v2 test (Campbell, 2007). 

2.6. Pull-down of biotinylated callunene and mass spectrometry
analysis

Fifty million C. bombi cells were harvested and resuspended in 
100 ll of a lysis buffer (50 mM Tris-HCl pH7.4, 150 mM NaCl, 
0.1 % sodium dodecyl sulfate (SDS), 0.5 % Na-deoxycholate, 1 % 
NP-40, 1 mM EDTA) supplemented with the protease inhibitors 
cocktail (all reagents from Sigma-Aldrich/Merck). Lysates were 
incubated either with 1 mM of biotinylated callunene or biotin in 
the binding buffer (20 mM HEPES pH7.4, 10 mM MgCl2, 0.1 mM 
DTT) for 30 min at 25 °C. The soluble protein fractions were then 
incubated with 15 ll of pre-equilibrated Dynabeads MyOne Strep-
tavidin C1 coated magnetic beads (Thermo Fisher Scientific) for 2 h 
at 4 °C. The beads were washed thrice in the washing buffer
(20 mM HEPES pH7.4, 10 mM MgCl2, 0.1 mM DTT, 0.1 % NP-40)
supplemented with protease inhibitors. Small aliquots of both
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pull-downs were separated by PAGE and silver-stained to evaluate 
the quality. All experiments were performed in biological
triplicates.

Eluted samples from the beads were resuspended in 20 % SDS 
(Thermo Fisher Scientific) and incubated at 50 °C for 20 min, fol-
lowed by a reduction step with DTT at a final concentration of
100 mM for 15 min at 95 °C and processing via filter-aided sample
preparation protocol (Wiśniewski, 2018). The obtained proteins 
were alkylated with iodoacetamide, incubated with trypsin for 
18 h at 37 °C, and resuspended in 15 ll of 0.1 % formic acid. For 
proteomic analysis, the eluted peptides were separated by C18 
reversed-phase chromatography on the UltiMate 3000 RSLCnano 
coupled with the Fusion Lumos Mass Spectrometer (both from
Thermo Fisher Scientific) in an optimized 134 LC gradient. The
MS/MS spectra after HCD fragmentation were recorded in Orbitrap
analyzer (Thermo Fisher Scientific) at the resolution 30,000 at
200 m/z using a Data Independent Acquisition (DIA) mode in the
precursor m/z range of 400–850.

The raw DIA LC-MS data were processed with DIA-NN v. 1.8
(Demichev et al., 2020) in a library-free search mode using the pre-
dicted proteome of C. bombi (NCBI GCA_900240985. 1), C. fascicu-
lata (NCBI GCA_000331325.2), and a cRAP database v. 1.8.1
(https://www.thegpm.org/crap/) to filter out common contami-
nants. The false discovery rate (FDR) thresholds were set at 1 % 
for both precursor and protein levels; a minimum number of pro-
teolytic peptides threshold was set at 1.

2.7. Gene Ontology (GO) and ortholog analyses

GO enrichment analyses for the differentially expressed genes 
were performed in TriTrypDB release 68 (Shanmugasundram 
et al., 2023) using a p-value cutoff of 0.05. Trypanosoma brucei 
orthologs were identified using the same database and their local-
ization was analyzed in the TrypTag (Billington et al., 2023; Sunter
et al., 2023). 

2.8. Phylogenetic analyses

NIPSNAP protein homologs were searched in the genomic data-
set of Kinetoplastea taken from previous studies (Albanaz et al.,
2023; Kostygov et al., 2024b) using the amino acid sequence of C. 
bombi NIPSNAP (Cbom_Cb.1.19010) as a query. The searches were 
performed by BLASTp against predicted proteomes (when avail-
able) and tBLASTn against genome assemblies with e-value thresh-
old of 10−5. The results were mapped to a cladogram of
Trypanosomatidae (Kostygov et al., 2024a). 

The collected amino acid sequences were aligned in MAFFT v.
7.520 (Katoh and Standley, 2013) using L-INS-I algorithm and BLO-
SUM45 substitution matrix. The alignment was trimmed with tri-
mAl v. 1.5 (Capella-Gutiérrez et al., 2009) using a gap threshold 
of 0.5. Maximum likelihood analysis was performed in IQ-TREE v.
2.3.6 (Minh et al., 2020) under the automatically selected Q.Plant + 
I + G4 model with branch support estimated using 1,000 ultrafast
bootstrap replicates. Bayesian inference was carried out in
MrBayes v. 3.2.7 (Ronquist et al., 2012) under the LG + I + G model 
for 1,000,000 generations with every 100th of them sampled and
other parameters set by default.

2.9. Transmission electron microscopy (TEM)

Trypanosomatid cells were fixed with 2.5 % glutaraldehyde in 
0.1 M sodium cacodylate buffer (pH 7.4), washed with 1 × PBS,
and post-fixed with 1 % osmium tetroxide for 2 h at RT as described
previously (Yurchenko et al., 2014). The samples were then washed 
with 1 × PBS, dehydrated in a graded series of ethanol (30, 50, 70,
3

80, 90, 95 and 100 % for 15 min each) and infiltrated with a resin/ 
acetone mixture at sequential ratios of 1:2, 1:1, and 2:1, each for 
1 h. This was followed by overnight incubation in pure resin under 
vacuum in a desiccator and polymerization at 62 °C for 48 h. Ultra-
thin sections prepared using an Ultracut UCT microtome (Leica
Biosystems, Nussloch, Germany) were stained with alcoholic ura-
nyl acetate for 30 min and, then, by lead citrate for 20 min. Images
were taken using a 1400 Flash transmission electron microscope
(JEOL, Tokyo, Japan). The number of acidocalcisomes was quanti-
fied from longitudinal TEM cell sections.

2.10. Measurement of cellular ROS (Reactive Oxygen Species)

To estimate the level of ROS, 1 × 106 C. bombi cells were incu-
batedwith 30 and 60 lMof callunene for 24 h. Then, approximately 
5 × 106 cells in exponential phase of growth were harvested for 
5 min at 18,000 × g and the cell pellet was resuspended in 1 ml of 
fresh medium containing 10 lg/ml of 2′,7′-dichlorodihydrofluores 
cein diacetate (DCFH-DA, Sigma-Aldrich/Merck) for 1 h at 17 °C.
After incubation, cells were washed twice with 1 × PBS, fixed in
4 % paraformaldehyde on poly-lysine adhesion slides, stained with
DAPI and analyzed as above in ImageJ. At least 300 cells per condi-
tion were examined. Statistical analyses (Mann-Whitney U and
Wald-Wolfowitz tests) were performed as above.

2.11. In silico prediction of callunene binding to NIPSNAP protein

The structure of C. bombi NIPSNAP protein was predicted using
Chai-1 (Discovery, 2024). As a control, a homology model based on 
the solved crystal structure of NIPSNAP from Paraburkholderia xen-
ovorans (PDB: 5K9F) as the template, was constructed using the 
Molecular Operating Environment v. 2024.0601 (Chemical Com-
puting Group ULC, Montreal, Canada), showing a good agreement
between the homology model and the co-folded structure. The
binding site identified by Chai-1 was confirmed using the Site Fin-
der tool from the Molecular Operating Environment and P2Rank v.
2.5 (Krivák and Hoksza, 2018), accessed via its web server. Molec-
ular docking was employed to structurally validate binding of cal-
lunene and its derivatives to NIPSNAP (Paggi et al., 2024) using 
AutoDock Vina v. 1.2.0 (Eberhardt et al., 2021) and Molecular Oper-
ating Environment. Detection and visualization of Protein-Ligand 
interactio ns was done using Protein-Ligand Interaction Profiler
(PLIP (Salentin et al., 2015)) and PyMOL Molecular Graphics Sys-
tem v. 3.0 (Schrödinger, New York, USA).

3. Results 

3.1. Sensitivity of trypanosomatids to callunene and its cytotoxic effect
against human fibroblasts

It has been recently shown that callunene purified from heather 
nectar is racemic and, therefore, identical to that produced by
chemical synthesis (Ferenczei et al., 2025). Only the latter one 
was used throughout this study. Our analysis showed that IC50

value of callunene in C. bombi is ∼40 lM (Table 1) after 24 h treat-
ment contrasting with the previously reported value of ∼110 lM
(Koch et al., 2019). The discrepancy in the values can be attributed 
to differences in cultivation conditions and incubation times
between two experimental settings, although the influence of
other factors cannot be ruled out.

Callunene is similarly effective against L. mexicana (both pro-
cyclic promastigotes and axenically differentiated amastigotes) 
and T. brucei PF (Table 1). Of note, the IC50 value of callunene 
against T. brucei BSF was an order of magnitude lower (∼5 lM). 
This value was comparable to that for nifurtimox (a clinically

https://www.thegpm.org/crap/
move_t0005
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Table 1 
Antiparasitic activity of callunene and nifurtimox against different species of 
Trypanosomatidae and cytotoxic activity against selected noncancerous human cell
lines. The IC50 values (mean ± standard deviation) are from three independent
experiments.

Trypanosomatid species or human cells IC50, l M
Callunene Nifurtimox 

C. bombi 38.9 ± 11.1 6.7 ± 2.1
L. mexicana (promastigote) 53.1 ± 15.8 4.7 ± 0.7
L. mexicana (amastigote) 37.7 ± 10.9 19.2 ± 0.8
T. brucei (procyclic form) 42.0 ± 9.9 45.7 ± 10.7
T. brucei (bloodstream form) 5.1 ± 1.4 8.6 ± 0.9
HDF-1 (human dermal fibroblasts) 26.8 ± 8.0 >100 
MRC-5 (human lung tissue-derived fibroblasts) 31.3 ± 9.0 >100
approved drug for treatment of Chagas disease and African try-
panosomiasis) against the procyclic promastigotes of L. mexicana
and BSF T. brucei (Barreiro-Costa et al., 2022; Enanga et al., 2003;
Vincent et al., 2012). We concluded that the callunene’s effect on 
trypanosomatids is neither limited to C. bombi nor species-specific.

Next, the effect of different concentrations of callunene on cell 
morphology was assessed in selected species of Trypanosomatidae
(Supplementary Fig. S1). Consistent with the previous report (Koch 
et al., 2019), the compound caused dose-dependent flagellum 
shortening in C. bombi, a pattern also observed in promastigotes 
of L. mexicana. Notably, this effect was less pronounced in the pro-
cyclic or bloodstream forms of T. brucei, although other traits were
clearly affected (Supplementary Fig. S1). These observations fur-
ther reaffirm the conclusion that the effects of callunene on try-
panosomatids are not species-specific.

The most striking previously reported phenotypic effect of cal-
lunene in C. bombi was the appearance of aflagellated cells (Koch 
et al., 2019). To assess whether their proportions differ between 
C. bombi and L. mexicana promastigotes in untreated and
callunene-treated conditions (Supplementary Fig. S2), flagella were 
visualized using immunofluorescence microscopy. In all conditions 
tested, the proportion of aflagellated cells in C. bombi was signifi-
cantly higher (v2 test: 0 lM: v2 (df = 1, N = 360, 439) = 136.9, 
p = 1.27e−31 ); 30 lM: v2 (df = 1, N = 356, 362) = 44.7,
p = 2.25e−11); 60 lM: v2 (df = 1, N = 458, 283) = 14.1,
p = 1.73e−04). In both species, the proportion of aflagellated cells
increased in a dose-dependent manner with higher callunene
concentrations.

Leishmania mexicana and T. brucei are responsible for serious 
diseases in humans. Given the callunene activity against these par-
asites, its cytotoxicity against human fibroblasts (HDF, MRC-5) was 
evaluated. Selectivity for trypanosomatids’- over the host cells’ is a 
critical factor in assessing a compound’s potential as a hit for fur-
ther therapeutic development. The cytotoxic activity of callunene
after 24 h treatment was comparable between trypanosomatids
and human fibroblasts, except for the BST T. brucei, in which the
effect on the parasites was more pronounced than against the
human cells (Table 1). However, the selectivity index remained 
low (SI = 6.1; calculated as the ratio of IC50 for MRC-5 to IC50 for 
T. brucei BSF). Under the same conditions, nifurtimox showed no 
toxic effect against human fibroblasts (IC 50 over 100 lM). Since
the cytotoxicity of callunene limits its direct application in treat-
ment of trypanosomatid infections in humans or cattle, further
experiments focused exclusively on its effects in C. bombi.

3.2. Sensitivity of C. bombi to callunene derivatives

To identify structural moieties responsible for the biological
activity of callunene (Fig. 1, compound 1a) and suitable sites for 
biotin labeling, a series of callunene analogs were synthesized
4

(Supplementary File 1) and tested for cytotoxic activity against C.
bombi (Table 2).

We first explored substitutions at the methyl group of the cal-
lunene side chain (compounds 1b–d). The activity has slightly 
improved when the side chain was extended by two carbons (com-
pound 1b). However, further elongation of the side chain resulted 
in a decrease in activity (compound 1c). Nevertheless, substituting 
the methyl group with a phenyl group (compound 1d) led to only a 
slight loss of activity compared to that of callunene. The contribu-
tion of the keto groups was investigated by converting them into 
hydroxy groups. Each keto group was studied separately, with 
the keto group in the side chain being converted into either a
secondary- or a tertiary alcohol (compound 2a and 2b, respec-
tively). Substitution of the allenic moiety by a hydroxyalkyne
group (compound 3) also decreased cytotoxicity of the resulting
derivate. Compound 4was used to assess the role of the keto group
in the cyclohexanonemoiety. The corresponding alcohols 2a–b and
4 exhibited substantially higher IC50 values compared to that of
callunene, confirming the importance of the keto groups for
activity.

Results of the activity were used to design a biotinylated mole-
cule, in which the biotin tag was attached to the side chain of cal-
lunene. The resulting compound 5 exhibited an IC50 approximately
twice that of the callunene (Table 2) and was, therefore, considered 
suitable for downstream analyses.

3.3. Identification of putative callunene targets

The biotinylated callunene (Fig. 1, compound 5) was used to 
pull down its putative interaction partners in C. bombi. Using Alexa 
Fluor 488-conjugated streptavidin, internalization of the com-
pound by the flagellates was confirmed (Fig. 2A), justifying down-
stream analysis. Indeed, examination using gel electrophoresis
(Fig. 2B) followed by mass spectrometry (Fig. 2C) revealed 56 pro-
teins overrepresented (over 2.8-fold with adjusted p-value below 
0.05) in the pull-down fractions of biotinylated callunene com-
pared to the biotin-only control (Supplementary Table S1). Among 
these 56 candidates, 19 were conserved hypothetical proteins and
16 had no orthologs in T. brucei.

The most notable candidate was a homolog of NIPSNAP pro-
teins. In other model systems including vertebrates, the NIPSNAP
proteins have been implicated in mitophagy (autophagy of dam-
aged mitochondria) (Fathi et al., 2021; Princely Abudu et al.,
2019), and this function appears to be preserved in at least some 
trypanosomatids, suggesting that callunene acts by modulating 
the function of mitochondria in C. bombi (of note, the mechanism 
of callunene action in these species possessing a single mitochon-
drion must differ from that in other model organisms). This 
hypothesis is further supported by GO analysis of the callunene-
bound targets, which showed significant enrichment of mitochon-
drial proteins involved in oxidoreductase and glutathione dehydro-
genase activities, as well as NAD/NADPH and cation binding.
Furthermore, T. brucei orthologs of many of these proteins localize
to the single reticulated mitochondrion (Supplementary Table S1). 

3.4. N IPSNAP

Because NIPSNAP was by far the most overrepresented candi-
date with clear implication for a possible biological function, it 
was investigated further. A search for homologs of this protein in
the representative dataset (Kostygov et al., 20 24a) returned 
single-copy genes for the majority of species within Trypanoso-
matidae, but none for the salivarian trypanosomes (Trypanosoma 
(Trypanozoon) brucei ssp., T. (Nannomonas) congolense, and T. (Dut-
tonella) vivax), the piscine parasite Trypanosoma boissoni, and the 
monoxenous Vickermania spp. Among outgroups, the protein was
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Fig. 1. Chemical structure of callunene and its synthetic derivatives. 1a, parent 
callunene; 1b–d, side-chain modifications (methyl extension or phenyl substitu-
tion); 2a–b, conversion of the terminal keto group to secondary or tertiary alcohol;
3, allenyl ketone isomerized to hydroxyalkyne; 4, keto-group reduction in the
cyclohexanone ring; 5, biotinylated derivative.
found only in the free-living Bodo saltans, the closest known rela-
tive of the family Trypanosomatidae (Fig. 3).

The length of the protein is rather conserved being around 200 
amino acids, with the shortest one documented in Jaenimonas 
drosophilae and the longest one – in Blastocrithidia nonstop (194 
and 220 amino acids, respectively). The fact that it was longer in
B. nonstop is not surprising, as proteins of Blastocrithidiinae are
known to harbor numerous insertions that do not seem to interfere
−

Table 2 
Antiparasitic activity of callunene derivatives in C. bombi. The IC50 values (in lM, mean ± sta
tailed t-test are shown on the right.

Compound IC50 ± SD, lM W

a

1a (callunene) 38.9 ± 11.1
1b 23 ± 5.5 3
1c 71 ± 23.5 3
1d 48 ± 11.1 4
2a 78.1 ± 14.1 4
2b 381.4 ± 17.5 3
3 181.3 ± 86.3 2
4 127.3 ± 36.1 2
5 88.9 ± 14.4 4

5

with their function or structure (Afonin et al., 2024; Nenarokova
et al., 2019). The identity levels of NIPSNAPs within trypanoso-
matids ranged from 31.37 % between T. marinkellei and Phytomonas 
francai to 100 % between closely related Leishmania guyanensis and 
L. panamensis. The protein from Bodo saltans was the most diver-
gent one in the dataset showing only 18.36–33.17 % identity to
those of trypanosomatids. NIPSNAP was not identified in more dis-
tantly related Trypanoplasma and Perkinsela spp. (Fig. 3). Phyloge-
netic analysis of the NIPSNAP orthologs demonstrated uneven 
evolutionary rates among lineages with the longest branches lead-
ing to the plant-parasitic Phytomonas spp. and the monoxenous
insect-infecting Wallacemonas spp. (Supplementary Fig. S3). Topol-
ogy was generally correct within the terminal clades, as judged by
the most comprehensive phylogenomic inference available
(Kostygov et al., 2024a). The only noticeable discrepancy was a 
position of Kentomonas sorsogonicus sequence placed far from its
relatives Angomonas and Strigomonas spp. (Motta et al., 2025;
Votýpka et al., 2014). This can likely be explained by the high 
divergence of the sequence in that particular endosymbiont-
bearing trypanosomatid.

A consensus-based approach was applied to analyze binding of 
callunene to NIPSNAP of C. bombi. This identified a putative binding
pose, in which callunene forms hydrogen bonds with Gln67 and
Arg81 of the protein (Fig. 4, of note, Gln and Arg are predominant 
but not absolutely conserved in these positions among trypanoso-
matids). To further support this specific pose, constrained docking 
was performed on a series of callunene derivatives except for 
biotinylated callunene, which skewed the docking score because 
of its significantly higher molecular weight. The docking scores of 
the derivatives correlated well with their measured IC50 (Pearson 
correlation coefficient = −0.86; p = 0.006; Spearman’s rank correla-
tion coefficient = −0.88; p = 0.0038), supporting the identified pose.
In silico analysis of callunene binding to the NIPSNAP of L. mexicana
(72.5 % pairwise identity to the C. bombi ortholog) demonstrated a
good overlay of both residues Gln67 and Arg81 potential binding
sites (RMSD 1.10 Å) and of the overall pose (RMSD 1.65 Å). This fur-
ther supports the conclusion that the mode of callunene action is
not species-specific, as the compound can efficiently bind to NIPS-
NAP proteins of different trypanosomatid species.

3.5. Consequences of callunene treatment: modulation of mitophagy
and mitochondrial metabolism

Results presented in the previous section suggested that cal-
lunene may act on the C. bombi mitochondrion, as NIPSNAP pro-
teins are known to induce mitophagy and modulate 
mitochondrial metabolism. Since acidocalcisomes are known as 
key players in trypanosomatid autophagy (Li and He, 20 14,
2017), we used TEM to estimate their number per cell upon the cal-
lunene treatment (Fig. 5). Indeed, treatment with callunene signif-
icantly increased the number of acidocalcisomes in C. bombi. It is
− −

ndard deviation) are from three independent experiments. Results of the Welch’s one-

elch’s one-tailed t -test

pprox. df t-value p-value 

−2.223 0.091 
2.139 0.100 
1.004 0.186 
3.784 0.009 
28.63 2.7e-06 
2.835 0.064 
4.054 0.028 
4.763 0.004 
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Fig. 2. Identification of potential targets of callunene. (A) Biotinylated callunene inside C. bombi cells, visualized with streptavidin-Alexa 488 (green) and DAPI (blue). Scale 
bar, 10 lm. (B) Pull-down of C. bombi proteins using biotin or biotinylated callunene, visualized by silver staining after PAAG separation. Molecular weight marker sizes (kDa) 
are indicated on the left. (C) Volcano plot of identified candidate proteins. Highly confident hits (log2 fold change >1.5 and adjusted p-value <0.05) are in light blue. The
NIPSNAP homolog is marked. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
tempting to speculate that acidocalcisomes may also participate in 
regulating mitophagy, thereby linking this process to NIPSNAP 
function. This hypothesis is indirectly supported by the recent
analysis of contact sites between acidocalcisomes and kinetoplasts
in Trypanosomatidae (Ramakrishnan et al., 2018).

Next, we analyzed ROS levels in C. bombi upon callunene treat-
ment. As expected, they positively correlated with a drug concen-
tration (Fig. 6) further validating our conclusion that callunene 
affects mitochondrial metabolism in Trypanosomatidae.

Taken together, these findings indicate that callunene interferes 
with mitophagy in C. bombi supporting a previously posited idea
that mitochondrion and mitochondrial proteins are promising drug
target in trypanosomatid parasites (Fidalgo and Gille, 2011; Pedra-
Rezende et al., 2022). 

4. Discussion 

Callunene (4-(3-oxobut-1-enylidene)-3,5,5-trimethylcyclohex-
2-en-1-one), a volatile secondary metabolite recently isolated from 
heather nectar, has been implicated in flagellum removal in Crithi-
dia bombi, resulting in inability of the parasites to colonize bumble-
bees (Koch et al., 2019). 

The first question posed in this study concerned callunene 
specificity across different trypanosomatid species. The compound
showed similar in vitro efficacy against C. bombi, L. mexicana, and
6

PF T. brucei, which together cover a broad spectrum of Trypanoso-
matidae. Flagellar removal, previously reported in C. bombi and
showcased as an intriguing and novel phenotype (Koch et al.,
2019), could have placed callunene alongside other compounds 
demonstrated to specifically target the trypanosomatid flagellum
of these mono-flagellated protists (da Silva et al., 2021; Santos
et al., 2023). Our data showed that flagellar shortening was not 
restricted to C. bombi, as a similar effect was documented in L. mex-
icana. This phenomenon may be linked to the fact that aflagellate
forms of trypanosomatids (termed amastigotes or endomastigotes
in different species) are typically more resistant to adverse envi-
ronmental conditions (Frolov et al., 2021; Jara et al., 2022;
Saunders et al., 2021). Thus, the formation of such cells in response 
to callunene may represent a common survival strategy. In any 
case, similar sensitivity to callunene across analyzed trypanoso-
matids (except for BSF T. brucei discussed below) confirms that
its mechanism of action is general. Nevertheless, the molecular
details of the flagellar detachment (for example, interactions with
proteins involved in flagellar assembly/depolymerization) warrant
further investigation.

Callunene exhibits antiparasitic activity comparable to that of 
nifurtimox against T. brucei, but cytotoxicity toward human fibrob-
lasts precludes its direct therapeutic use in medicine. In addition to 
identifying the NIPSNAP protein as a potential target in pull-down 
assays, the antiparasitic activity data align with the results of
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Fig. 3. NIPSNAP presence (filled circles) and absence (open circles) in different 
lineages of Kinetoplastea. For the genera Leishmania and Trypanosoma, recognized
subgenera are shown.

Fig. 4. (A) Crithidia bombi NIPSNAP protein structure with callunene in the binding pocke
Gln67 participate in hydrogen bonding, the remaining residues are involved in hydroph
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molecular docking studies. The oxo groups of callunene are key 
structural features for maintaining activity and, indeed, mediate 
binding to NIPSNAP. Given the high conservation of NIPSNAP pro-
teins, it is plausible that callunene affects both trypanosomatid and
human mitochondria, contributing to the limited selectivity
observed. However, testing this hypothesis goes beyond the scope
of the present study.

The exact role of NIPSNAP in trypanosomatid mitophagy 
remains unclear, given that these flagellates invariably possess a 
single mitochondrion per cell. However, it forms an extensively
branching, interconnected network dynamically remodeled
throughout the life cycle (Bílý et al., 2021). Mitophagy may play 
a crucial role in this process, with NIPSNAP serving as a potential 
regulator. The observed effect of callunene on the abundance of 
acidocalcisomes—organelles associated with autophagy—likely 
represents the link to mitophagy. In multicellular organisms, NIPS-
NAP proteins have been shown to modulate mitochondrial meta-
bolism and participate in processes such as pain transmission,
neurological function, and cancer signaling (Fathi et al., 2021;
Princely Abudu et al., 2019). 

Although NIPSNAP appears to be involved in the mode of cal-
lunene’s action in both C. bombi and L. mexicana, its antiparasitic 
effect was also observed in T. brucei, which lacks a gene encoding 
NIPSNAP. This suggests that, in addition to interacting with NIPS-
NAP, callunene may target other molecules (not identified in our 
pull-down assay) that are shared across the three tested trypanoso-
matid species. Identifying these additional targets remains an open 
question for future research. The elevated sensitivity of the blood-
stream form of T. brucei may provide a clue in this regard, as this 
stage is physiologically distinct from the procyclic form and the 
other trypanosomatids studied in this work. For example, the BSF 
T. bruc ei does not contain a respiring electron transport chain poten-
tially leading to the downregulation of anti-oxidant features in this
life cycle stage and appearance of ‘‘extra-vulnerable” mitochondria.

In conclusion, the antiparasitic effect of callunene against try-
panosomatids is not species-specific. However, its limited selectiv-
ity compromises its suitability for further antiparasitic drug 
development. Our findings demonstrate that callunene affects 
mitochondrial function, with NIPSNAP identified as a molecular 
target of callunene in C. bombi. Nevertheless, its activity against 
T. brucei lacking NIPSNAP indicates the existence of other targets
in trypanosomatids. The additional cellular target remains to be
t as predicted by Chai-1. (B) Amino acid residues forming the binding site. Arg81 and
obic interactions.
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Fig. 5. Abundance of acidocalcisomes per longitudinal section of a cell.

Fig. 6. Intracellular reactive oxygen species (ROS) after 24 h of 0, 30 and 60 lM 
callunene treatment. The error bars indicate standard deviation. Statistical signif-
icance (Wald-Wolfowitz and Mann-Whitney U tests) is shown by asterisks (****
symbolize p-values <0.0001).
identified. Despite these limitations, callunene represents a 
promising chemical probe for studying mitophagy in Trypanoso-
matidae or for controlling parasites in non-mammalian hosts (for
example, honeybees). Given the challenges associated with
monotherapy, the development of multi-target drugs is becoming
increasingly important (Braga, 2019; Cavalli and Bolognesi, 2009;
Gomes et al., 2024). 
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Wiśniewski, J.R., 2018. Filter-aided sample preparation for proteome analysis.
Methods Mol. Biol. 1841, 3–10. 

Yuan, X., Sun, J., Kadowaki, T., 2024. Aspartyl protease in the secretome of honey bee
trypanosomatid parasite contributes to infection of bees. Parasit. Vectors 17, 60. 
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