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Conserved histone methyltransferases of the DOT1 family are involved in

replication regulation, cell cycle progression, stage differentiation, and gene

regulation in trypanosomatids. However, the specific functions of these

enzymes depend on the host evasion strategies of the parasites. In this study,

we investigated the role of DOT1B in Leishmania mexicana, focusing on life cycle

progression and infectivity. In contrast to Trypanosoma brucei, in which DOT1B

is essential for the differentiation of mammal-infective bloodstream forms to

insect procyclic forms, L. mexicana DOT1B (LmxDOT1B) is not critical for the

differentiation of promastigotes to amastigotes in vitro. Additionally, there are no

significant differences in the ability to infect or differentiate in macrophages or

sand fly vectors between the LmxDOT1B-depleted and control strains. These

findings highlight the divergence of the function of DOT1B in these related

parasites, suggesting genus-specific adaptations in the use of histone

modifications for life cycle progression and host adaptation processes.
KEYWORDS

histone methyltransferase, DOT1, Leishmania mexicana, virulence, differentiation,
sand fly
Introduction

One of the greatest challenges for eukaryotic cells is to organize and maintain a

dynamic genome architecture that allows precise access to protein machinery to allow DNA

replication, DNA repair, and gene expression. This balance between compaction and

regulated access is achieved by the organization of DNA into a dynamic nucleoprotein

complex called chromatin. Chromatin properties can be altered through various
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mechanisms, including the action of ATP-dependent chromatin

remodelers, the replacement of core histones with specialized

histone variants, DNA modifications, or a variety of histone

modifications. Posttranslational histone modifications (PTMs) can

modulate histone–histone and histone–DNA interactions, thereby

altering chromatin structure. Furthermore, histone modifications

can serve as binding platforms for effector proteins that mediate

diverse biological processes. One of the most conserved histone

modifiers is the histone methyltransferase DOT1 (disruptor of

telomere silencing), which is the sole enzyme required for

catalyzing mono-, di-, and trimethylation (me1, me2, and me3,

respectively) of histone H3 lysine 79 (H3K79) (Q. Feng et al., 2002;

Frederiks et al., 2008; Min et al., 2003). Loss of DOT1 results in the

complete absence of this methylation mark in humans, mice, flies,

and yeast (Deshpande et al., 2014; Feng et al., 2010; Jones et al.,

2008; Ng et al., 2002; Shanower et al., 2005). Initially discovered for

its role in disrupting transcriptional silencing of reporter genes

adjacent to telomeres, DOT1 has multiple functions beyond

telomeric silencing, including genome-wide marking of actively

transcribed chromatin, cell cycle regulation, maintenance of

genome integrity in response to DNA damage, and initiation of

replication (Farooq et al., 2016; Wood et al., 2018).

In previous work, we investigated the functions of DOT1 enzymes

in trypanosomatids, which are extremely successful single-celled

pathogens belonging to the class Kinetoplastida. The most significant

representatives for human and domestic animal health are

Trypanosoma brucei (African trypanosomiasis), Trypanosoma cruzi

(Chagas disease), and Leishmania spp. (leishmaniasis).

Trypanosomatids have developed sophisticated cell differentiation

strategies to transform into highly specialized stages to survive and

proliferate in different host and vector environments. These adaptation

processes involve changes in many cellular functions and are also

accompanied by changes in nuclear architecture and chromatin

structure (Burri et al., 1994; Povelones et al., 2012; Rout and Field,

2001; Schlimme et al., 1993). However, the exact function of chromatin

structure alterations during developmental differentiation is not well

understood. Already decades ago, different migration of histones in

triton acid urea gels, which separate proteins according to their

hydrophobicity, suggested differences in life cycle-specific histone

PTMs (Burri et al., 1994; Porto et al., 2002). This observation was

supported by mass spectrometry analysis comparing histone PTMs of

different life cycle stages in T. brucei and T. cruzi (Janzen et al., 2006a;

de Jesus et al., 2016; Mandava et al., 2007). Enzymes of the DOT1

family likely contribute to the chromatin remodeling process during

differentiation. For example, TbDOT1B expression is upregulated

during differentiation and is essential for the differentiation of

mammalian-infective bloodstream forms (BSFs) to insect procyclic

forms (PCFs) (Dejung et al., 2016).

In contrast to yeast and humans, trypanosomes possess two

paralogs of DOT1, namely, DOT1A and DOT1B, with distinct

catalytic activities. DOT1A mediates mono- and dimethylation of

H3K76, while DOT1B catalyzes trimethylation of the same residue

(Janzen et al., 2006b). H3K76 methylation exhibits a cell cycle-

dependent pattern (Gassen et al., 2012). Histones are predominantly

trimethylated on H3K76 in the G1 phase of the cell cycle. Newly

synthesized histones are not modified during the S phase. DOT1A-
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mediated mono- and dimethylation can be detected at the earliest in

the G2 phase and seem to be crucial for replication regulation because

depletion of DOT1A abolishes replication, and overexpression causes

continuous reinitiation of replication (Gassen et al., 2012). In contrast,

TbDOT1B is not essential for cell viability under standard cell culture

conditions but is involved in the repression of silent variant surface

glycoprotein (VSG) genes and in switching kinetics of VSGs

(Figueiredo et al., 2008; Janzen et al., 2006b). In addition to its

contribution to the transcriptional control of VSG genes, TbDOT1B

is essential for developmental differentiation from BSF to PCF (Janzen

et al., 2006b). During this process, the replicative so-called long slender

forms initially differentiate into short stumpy forms, a process that is

accompanied by cell cycle arrest in the G1 phase. Short stumpy forms

are preadapted for survival in the midgut of the tsetse fly, and upon

further environmental stimuli in the fly, they are able to differentiate

into the next life cycle stage, the PCF. TbDOT1B-deleted cells still

express the stumpymarker PAD1 and can re-enter the cell cycle during

differentiation to the PCF but exhibit asymmetric nuclear division and

accumulation of DNA damage after the S phase (Dejung et al., 2016).

Chromatin structure and nuclear architecture of BSF and PCF are

different (Burri et al., 1994; Povelones et al., 2012; Rout and Field, 2001;

Schlimme et al., 1993). Chromatin remodeling may occur during the

first S phase after the initiation of differentiation, and TbDOT1B

appears to be essential for this process (Dejung et al., 2016).

Little is known about the functions of DOT1 enzymes in other

trypanosomatid species. In T. cruzi, H3K76 cell cycle-specific

mono- and dimethylation patterns are conserved (de Jesus et al.,

2016). However, unlike in T. brucei, TcDOT1B is involved in proper

cell cycle progression (Nunes et al., 2020). Depletion of TcDOT1B

causes a growth phenotype due to an accumulation of parasites in

the G2 phase and increased DNA damage. The function of

TcDOT1A has not been investigated yet. To date, little is known

about DOT1 enzymes in Leishmania. In this study, we aimed to

investigate the functions of DOT1 in Leishmania mexicana. We

generated double-knockout cell lines of LmxDOT1B and analyzed

the cell cycle-dependent H3K73 methylation patterns (based on

sequence alignment of the homologous residue of T. brucei H3K76)

as well as the influence of LmxDOT1B on parasite life cycle

progression. Surprisingly, unlike in T. brucei, LmxDOT1B is not

essential for the differentiation of axenic procyclic promastigotes to

amastigotes in vitro. Additionally, we show that LmxDOT1B is

dispensable for efficient establishment of an infection in bone

marrow-derived macrophages and sand fly vectors. Our findings

suggest that while the enzymatic activity of the LmxDOT1B enzyme

is conserved, L. mexicana parasites have developed novel functions

specific to their life cycle requirements.
Materials and methods

Leishmania cultivation and cell
line generation

L. mexicana procyclic promastigotes were grown in Schneider’s

Drosophila medium (Serva). The basic medium was supplemented

with 10% heat-inactivated fetal calf serum, 10 mM 4-(2-
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hydroxyethyl)-1-piperazine ethanesulfonic acid (HEPES), 2%

sterile-filtered human urine, and 4% acid–antibiotics–pyruvate

solution (AAP mix) [200 mL AAP: 50 mL penicillin/streptomycin

solution (Invitrogen, Carlsbad, CA, USA), 50 mL sodium pyruvate

(100 mM stock), 50 mL L-glutamine (200 mM stock), 50 mL

“Dulbecco’s modified Eagle’s medium” (DMEM) without phenol

red with 1 g/L glucose and NaHCO3 (Sigma, St. Louis, MO, USA),

0.18 g L-asparagine, and 0.58 g L-arginine)]. For routine culture, L.

mexicana procyclic promastigotes were grown at 28°C and 5% CO2

in humidified air. To maintain the logarithmic growth phase (1 ×

105 to 1 × 107 cells/mL), the cells were regularly diluted based on cell

counts obtained using a Coulter Counter Z2 particle counter.

Transfections and drug selections were carried out as described

previously (Beneke et al., 2017; Burkard et al., 2007). The transgenic

Cas9 T7-expressing cell line was used as a parental cell line. Briefly,

2 × 107 log-phase promastigotes were harvested by centrifugation

and washed once with 10 mL phosphate-buffered saline (PBS). The

pellet was resuspended in 400 mL of 90 mM Na2PO4, 5 mM KCl,

0.15 mM CaCl2, and 50 mM HEPES, pH 7.3, and electroporated

using a Nucleofector II (Amaxa Biosystems, Cologne, Germany;

single pulse “X001 free choice”). For genome editing using CRISPR/

Cas9 technology (Beneke et al., 2017), 7 mg of PCR products and 20

mL of sgRNA templates were transfected. For the add-back, 10 mL of
plasmid was used. To generate DDOT1B cells, both alleles of

LmxDOT1B (LmxM.20.0030) were successively replaced with a

geneticin and puromycin resistance cassette, using the pTNeo_v1

and pTPuro_v1 plasmids and primers designed with LeishGedit

(Supplementary Table S1) (Beneke et al., 2017). To generate the

add-back cell line DDOT1B[DOT1B], the open reading frame

(ORF) of DOT1B and the flanking 3′ and 5′ untranslated regions

(UTRs) were PCR-amplified and inserted into pRM005 using the

EcoRI and SpeI cloning sites (Supplementary Table S1). The

resulting plasmid was then transfected, and cells were selected

using phleomycin. For antibiotic selections, the following

concentrations were used: 32 mg/mL hygromycin B, 40 mg/mL

G418 disulfate, 20 mg/mL puromycin, and 25 mg/mL phleomycin

(Beneke et al., 2017).
BMDM generation and infection

All experiments followed the EU Directive 2016/63/EU, Article

23, Function A, and the German Tierschutz-Versuchstierverordnung

(TierSchVersV, Anlage 1, Abschnitt 3). Bone marrow-derived

macrophages (BMDMs) were generated from myeloid progenitor

cells isolated from C57BL/6 mice. Differentiation was induced by

incubation with macrophage colony-stimulating factor (M-CSF)

secreted by L929 cells in a 10% conditioned medium for 7 days at

37°C and 5% CO2. The macrophages were harvested by incubation

on ice for 5 min and gently scraped; a total of 2 × 105 cells per well

were seeded in 24-well plates with coverslips in each well and allowed

to adhere to the coverslips overnight. The next day, the macrophages

were infected with stationary phase promastigotes at a multiplicity of

infection of 5. Leishmania was incubated with BMDMs for 4 h and

washed before they were incubated at 37°C and 5% CO2 for 12 h, 24

h, 48 h, or 72 h. After the designated infection time, the wells were
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washed with prewarmed PBS to remove dead cells. The remaining

cells were fixed with 4% paraformaldehyde (PFA)/PBS for 10 min in

the dark. After an additional three washes with PBS, the samples were

permeabilized with 0.5% Triton X-100/PBS for 20 min. After two

washing steps in 0.1% Triton X-100/PBS for 1 h, the samples were

mounted on microscopy slides with 4′,6-diamidino-2-phenylindole

(DAPI) Fluoromount-G mounting medium. Infection rates were

determined manually by counting infected and non-infected

macrophages in at least five fields of view (50–100 macrophages

per FOV) of the microscope (Zeiss, Oberkochen, Germany; 60 × 1.25

oil). The mean and standard deviation were calculated for the bar

graphs. Statistical analysis was performed using GraphPad Prism

9.5.1 (Dotmatics, Bishop’s Stortford, UK) and included tests for

normal distribution, which were inconclusive due to the small

replicate number (n = 6–8). Thus, the Mann–Whitney test was

used to compare infection rates at individual timepoints.
Western blotting analysis

Western blotting analyses were carried out according to

standard protocols. In brief, lysates of 2 × 106 cells were separated

by sodium dodecyl sulfate–polyacrylamide gel electrophoresis

(SDS–PAGE) on 12% to 15% polyacrylamide gels and transferred

to polyvinylidene difluoride (PVDF) membranes. After blocking the

membranes [1 h, room temperature (RT)], they were incubated

with primary antibodies [rabbit anti-H3K73me2 (1:2,000), rabbit

anti-H3K73me3 (1:2,000), and mouse anti-PFR1,2 (L13D6)

monoclonal antibodies were a gift from Keith Gull (Oxford, UK)

(Kohl et al., 1999)] diluted in 0.1% Tween/PBS (1 h, RT). After three

washing steps with 10 mL of 0.2% Tween/PBS, the membranes were

incubated with IRDye 800CW- and 680LT-coupled secondary

antibodies (LI-COR, Lincoln, NE, USA) diluted 1:20,000 in 0.1%

Tween/PBS supplemented with 0.02% SDS (1 h, RT). The signals

were imaged using a LI-COR Odyssey CLx and quantified using the

Image Studio software.
Immunofluorescence analysis

In 1 mL of culture medium containing 4% formaldehyde, 1 ×

107 cells were fixed for 5 min at RT. After three washes with 1 mL of

PBS (1,000 × g, 5 min, RT), the cells were resuspended in 300 µL of

PBS. Cells were allowed to settle on poly-L-lysine-coated slides

(Sigma) in a humidified chamber for 30 min. The cells were

permeabilized in 100 µL of 0.2% Igepal CA-630/PBS (5 min, RT),

and the slides were washed twice for 5 min in a glass slide jar filled

with PBS. The cells were blocked with 100 µL of 1% bovine serum

albumin (BSA)/PBS (1 h, RT) in a humidified chamber. After

removing the blocking solution, 100 µL of primary antibody

solution [anti-H3K73me2 (1:2,000) or anti-H3K73me3 (1:2,000)]

in 0.1% BSA/PBS was added, and the slides were incubated for 1 h

in a humidified chamber. Slides were washed three times for 5 min

with PBS prior to the addition of 100 µL of secondary antibody

solution [polyclonal goat Alexa Fluor 594 anti-rabbit (1:2,000)

(Thermo Fisher Scientific, Waltham, MA, USA) in 0.1% BSA/PBS
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supplemented with 5 mg/mL Hoechst or 1 µg/mL DAPI] or

ExtrAvidinCy3 (Sigma) solution (1:100 in 0.1% BSA/PBS

supplemented with 5 mg/mL Hoechst). The slides were incubated

in a humidified chamber for 30 min at RT in the dark. After three

washes with PBS, the cells were mounted with 10 µL of Vectashield

(Vector Laboratories, Burlingame, CA, USA) and capped with

coverslips. Images were captured using a Leica DMI 6000B

microscope and processed using the Fiji software.
Scanning electron microscopy

Briefly, 1 × 107 L. mexicana cells per sample were harvested

(1,000 × g, 3 min, RT), and the supernatants were removed, except

for a few microliters. The cells were fixed by the addition of 900 µL

of prewarmed (27°C) Karnovsky solution (2% paraformaldehyde,

100 mM cacodylate buffer, pH 7.2, and 2.5% glutaraldehyde), mixed

by inversion, and incubated for 1 h at RT. Fixed cells were harvested

(1,000 × g, 2 min, RT), washed three times with cacodylate buffer

(100 mM, pH 7.2) (1,500 × g, 5 min, RT), and resuspended in 500

µL of cacodylate buffer. The attachment of cells to poly-L-lysine-

coated coverslips was carried out in 24-well plates by centrifugation

(1,000 × g, 5 min, RT). Then, the samples were washed with 1 mL of

cacodylate buffer for 5 min (1,000 × g, 5 min, RT). To increase the

contrast, the samples were incubated in 2% tannic acid in cacodylate

buffer for 1 h at 4°C. Afterward, the cells were washed again once

with 1 mL of cacodylate buffer and three times with H2O for 5 min

each (1,000 × g, 5 min, RT). The coverslips were divided and

transferred into vessels suitable for critical point drying. The

samples were dehydrated in a series of ethanol (EtOH) solutions

(30%, 50%, 70%, and 90% EtOH for 5 min each and six times in

100% EtOH for 5 min), critical point-dried in CO2, coated with gold

palladium, and imaged using a JEOL JSM-7500F scanning

electron microscope.
Sand fly infection

A colony of Lutzomyia longipalpis (Jacobina, Brazil) was

maintained under standard conditions (temperature 25°C–26°C,

humidity 70%–95%) as described previously (Volf and Volfova,

2011). Sand fly adult females (3–5 days old) were infected by feeding

through a chicken skin membrane on heat-inactivated sheep blood

containing 1 × 106 log-phase promastigote Leishmania per mL.

Engorged females were separated and maintained at 25°C with free

access to 50% sugar solution. On days 2, 6, and 9 post-infection,

females were dissected in drops of saline solution. The individual

guts were checked for the presence of Leishmania promastigotes

under a light microscope. The intensities of Leishmania infections

were classified into three categories, as follows (Myskova et al.,

2008): light (<100 parasites/gut), moderate (100–1,000 parasites/

gut), and heavy (>1,000 parasites/gut). In each experimental group,

120 females were used, and approximately one-half of them were

willing to take blood through the chicken skin membrane. The
Frontiers in Cellular and Infection Microbiology 04
mortality of infected females of both groups was comparable to that

observed in uninfected females reared in the colony, not exceeding

20%. The experiment was repeated twice with two different batches

of sand fly females (each batch contained 240 females).
Results

The enzymatic activity of LmxDOT1B
is conserved

The catalytic cores of HsDOT1L and ScDOT1p share only a few

conserved sequence motifs responsible for substrate and cofactor

binding (Q. Feng et al., 2002; Min et al., 2003). Trypanosomatids

possess two paralogs of DOT1 enzymes, namely, DOT1A and

DOT1B (Janzen et al., 2006b). Both paralogs contain conserved

sequence motifs responsible for substrate and cofactor binding,

along with trypanosomatid-specific motifs, which confer unique

product specificity and distinct functions. Leishmania also possesses

two DOT1 paralogs (Janzen et al., 2006b), and this study focused on

LmxDOT1B. To determine whether LmxDOT1B contains conserved

motifs essential for enzymatic activity within the DOT1 family, we

conducted a sequence alignment with other trypanosomal DOT1B

enzymes (Figure 1A). The alignment revealed conserved motifs

important for co-factor and substrate binding in LmxDOT1B.

Specifically, LmxDOT1B contains conserved motifs (I, I′, II, and
D2) that are crucial for cofactor S-adenosylmethionine (SAM)

binding and the formation of lysine-binding channels, similar to

other DOT1 enzymes (Min et al., 2003). Interestingly, in T. brucei, the

conventional D1 motif is substituted by the CAKS sequence, which

constitutes one side of the lysine-binding channel (Dindar et al.,

2014). This CAKS sequence is also present in LmxDOT1B.

Additionally, LmxDOT1B harbors the DOT1B-specific CYjS motif

(where j represents hydrophobic amino acids), positioned adjacent

to the CAKS sequence, contributing to the geometry of the lysine-

binding channel. Furthermore, a negatively charged acidic patch near

the active site of TbDOT1A and TbDOT1B is proposed as a binding

counterpart for the positively charged residues of H3K76 and is

therefore involved in nucleosome targeting (Dindar et al., 2014). This

patch is conserved among trypanosomal DOT1 enzymes and is also

present in LmxDOT1B.

To test for conserved or novel functions of DOT1B in L.

mexicana, DOT1B-deficient procyclic promastigote cells were

generated. The LmxCas9 T7 (hereafter referred to as LmxCas9)

cell line was co-transfected with two PCR-amplified sgRNA

templates, creating a double-strand break upstream and

downstream of the LmxDOT1B ORF, thereby generating

LmxDOT1B knockout cells (referred to as “LmxDDOT1B”).

LmxDOT1B deletion and successful integration of the drug

resistance markers were confirmed by PCR using specific primer

pairs annealing in the UTRs of LmxDOT1B, drug resistance ORFs,

and LmxDOT1B ORFs (Figure 1B). To examine the specific

trimethylation activity of LmxDOT1B on H3K73, whole-cell

lysates from LmxCas9 and LmxDDOT1B were analyzed by
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Western blotting using antibodies against H3K73me3 and

H3K73me2 (Figure 1C). Lysates of wild-type and DOT1B-

depleted T. brucei (TbSM and TbDDOT1B) were included as

positive and negative controls, respectively. Deletion of DOT1B

led to an increased dimethylation signal as shown previously, while

trimethylation signals were undetectable, indicating that histone H3
Frontiers in Cellular and Infection Microbiology 05
is methylated at the conserved H3K73 residue in Leishmania and

that LmxDOT1B specifically catalyzes the trimethylation of H3K73.

Restoring LmxDOT1B expression by introducing an add-back

construct (LmxDDOT1B[DOT1B]c1-c3) also restored H3K73

trimethylation signals (Figure 1D), confirming that LmxDOT1B is

solely responsible for H3K73 trimethylation in L. mexicana.
FIGURE 1

Leishmania mexicana DOT1B deletion in procyclic promastigotes. (A) Alignments of TbDOT1B, TcDOT1B, and LmxDOT1B sequences. Conserved
structural motifs are highlighted with blue boxes. The black background indicates sequence identity, and the gray background indicates sequence
similarity. (B) Schematic representation of the DOT1B gene locus in L. mexicana Cas9 and DDOT1B cells. Both alleles of DOT1B were replaced by
introducing neomycin (NeoR) and puromycin (PurR) resistance cassettes (left panels). Red arrows indicate the primers used for integration control.
Black dotted lines indicate the sites of the double-strand breaks. Right panels show integration PCR with different primer pairs to verify LmxDOT1B
gene deletion. (C) Confirmation of trimethyl transferase activity in LmxDOT1B. Whole-cell lysates from LmxCas9 and LmxDDOT1B cells were
subjected to immunoblotting with anti-H3K76me2 and anti-H3K76me3 antibodies as indicated. The blots were also probed with anti-paraflagellar
rod (PFR) antibodies as a loading control. Lysates of Trypanosoma brucei were included as controls. (D) Confirmation of trimethyl transferase activity
in LmxDOT1B through “add-back” (ab) cell lines, which restored H3K73me3.
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The H3K73 methylation pattern is cell
cycle-regulated

Precise regulation of cell cycle-dependent methylation patterns is

crucial for proper replication control. TbDOT1A-specific mono- and

dimethylation of TbH3K76 occur only during the G2 and M phases,

while trimethylation can be observed throughout the cell cycle

(Gassen et al., 2012; Janzen et al., 2006b). Similar cell cycle-specific

methylation patterns have been observed in T. cruzi (de Jesus et al.,

2016; Nunes et al., 2020). To investigate whether L. mexicana H3K73

methylation (the homologous residue of TbH3K76 based on

sequence alignment) is also cell cycle-regulated, the presence of

H3K73me2 and H3K73me3 was monitored in procyclic

promastigote cells using immunofluorescence analysis (Figure 2).

As exponentially growing promastigotes progress asynchronously

through the cell cycle, the DNA of the nucleus and kinetoplast was

stained to distinguish between parasites in different cell cycle phases

(Wheeler et al., 2011). In LmxCas9, H3K73me2 was detected only in

mitotic/cytokinetic cells, similar to the pattern observed in T. brucei

(Figure 2A). H3K73me3 was detectable throughout the cell cycle

(Figure 2B). In LmxDDOT1B, no trimethylation signal was detected,

confirming the loss of LmxDOT1B activity. Consistent with the loss

of H3K73me3 in LmxDDOT1B, the H3K73me2 signal increased and

was detectable in all cell cycle phases. We did not include the add-

back cell lines (LmxDDOT1B[DOT1B]) because we noticed a

heterogeneous expression in these cells most likely due to

heterogeneous episomal copy numbers. These findings indicate that

the DOT1-mediated cell cycle-dependent H3K76 methylation

pattern found in T. brucei is conserved in Leishmania.
LmxDOT1B is not essential for life
cycle progression

The kinetoplastid parasites have evolved complex developmental

cycles enabling adaptation to different host environments. Previous
Frontiers in Cellular and Infection Microbiology 06
studies have shown that TbDOT1B is essential for differentiation from

the mammalian BSF to the insect PCF (Dejung et al., 2016; Janzen

et al., 2006b). In our study, the differentiation capacity of LmxDDOT1B
was compared to that of LmxCas9 (Figure 3). To differentiate procyclic

promastigote Leishmania, cells were first grown until they reached the

stationary phase. For differentiation into amastigotes, stationary phase

promastigotes were transferred to SDM (pH 5.4) and cultivated at

elevated temperatures (Figure 3A). First, the growth of procyclic

promastigotes in axenic culture conditions was monitored, and a

minor growth delay was observed in DOT1B-depleted parasites (left

panel). No significant differences were detected in the proportions of

dead cells in either the promastigote or amastigote stage, as determined

by live/dead analysis via flow cytometry (Supplementary Figure S1).

Thus, cell death was ruled out as a cause of the slight growth delay in

the LmxDDOT1B cells. DOT1B-depleted parasites reached the

stationary phase with a slight delay but at identical cell density

compared to wild-type (WT) cells (middle panel). Finally,

LmxDDOT1B and WT cells were differentiated to amastigotes in

vitro. Both cell lines started to proliferate after induction of

differentiation, although LmxDDOT1B parasites again exhibited a

slight growth delay (left panel). The transition from the procyclic to

the amastigote stage in L. mexicana was marked by profound

morphological changes. While procyclic cells exhibited an elongated

shape and long flagellum, amastigote cells were ovoid-shaped and

possessed short flagella. Scanning electron microscopy was used to

compare morphological changes in LmxDDOT1B andWT cells during

the differentiation process (Figure 3B). No discernible differences were

observed between the two populations, which led us to conclude that

DOT1B is not involved in the morphological transition during

differentiation of L. mexicana. In addition to morphology, the

differentiation process can be further monitored by the analysis of

stage-specific protein abundance. For example, the paraflagellar rod

(PFR) protein is downregulated during differentiation to amastigotes

due to the shortening of the flagellum. Thus, PFR expression levels

were measured via Western blotting analysis, and different life cycle

stages in parental LmxCas9 cells and LmxDDOT1B cells were evaluated
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FIGURE 2

Methylation patterns in procyclic promastigotes during the cell cycle. Immunofluorescence analysis was performed to investigate the methylation
patterns of H3K73 in the procyclic promastigote cells of the LmxCas9 and LmxDDOT1B strains. (A) H3K73me2 was predominantly observed during
mitosis and cytokinesis in LmxCas9 cells. In LmxDDOT1B cells, cell cycle specificity was absent, and H3K73me2 was also observable in G1- and S-
phase cells. (B) No cell cycle-dependent distribution of H3K73me3 was detected. Notably, LmxDDOT1B cells lack H3K73me3. DNA was stained with
4′,6-diamidino-2-phenylindole (DAPI).
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(Figure 3C). No major differences could be detected between WT and

DOT1B-depleted parasites. While the PFR signal was present in lysates

of procyclic and stationary phase promastigotes, it was undetectable in

amastigotes for both LmxCas9 and LmxDDOT1B cells.

The absence of a H3K73me2 in stationary phase LmxCas9 points

toward cell cycle arrest in the G1 phase since we previously

demonstrated that the H3K73me2 mark is missing in this phase

(Gassen et al., 2012). To determine whether DOT1B-depletion
Frontiers in Cellular and Infection Microbiology 07
influences cell cycle progression during differentiation in L.

mexicana, cells were stained with propidium iodide (PI) and

analyzed by flow cytometry (Figure 3D; Supplementary Figure S2).

The fluorescence intensity of the DNA-intercalating PI correlated with

the DNA content of the cells, allowing us to classify the cells into G1-,

S-, and G2/M-phase populations. When comparing parental with

DOT1B KO cells, no statistically significant differences were

observed. Forty percent of the exponentially growing procyclic
FIGURE 3

In vitro differentiation of LmxDDOT1B. (A) For differentiation, logarithmically growing procyclic promastigotes were diluted to 1 × 105 cells/mL and
left to grow to stationary phase for 5 days (28°C, pH 6.9). Stationary phase promastigotes were differentiated into axenic amastigotes at 32°C and pH
5.4. The growth of two LmxDDOT1B clones and LmxCas9 cells was monitored during the differentiation process. Compared to the LmxCas9 cells,
the LmxDDOT1B mutants exhibited slightly slower growth. The means and standard deviations of four biological replicates are shown. (B) Procyclic
promastigote and axenic amastigote LmxDDOT1B populations show life cycle stage-specific morphologies, as observed by SEM. LmxCas9 cells were
analyzed as a control. (C) Western blotting confirming the expression of the promastigote-specific marker paraflagellar rod (PFR) in procyclic
promastigotes (PPs) and its loss in axenic amastigotes (AxAs). The H3K73me2 signal is undetectable in G1-arrested stationary phase (SP) LmxCas9
cells but reoccurs in AxA cells upon resumption of the cell cycle. LmxDDOT1B results in a decrease in H3K73 trimethylation and a simultaneous
increase in dimethylation, irrespective of the life cycle stage. Histone H3 was used as a protein loading control. (D) Evaluation of the cell cycle
profiles of fixed propidium iodide (PI)-stained LmxCas9 and LmxDDOT1B cells at different life cycle stages. Growth to the stationary phase leads to
the arrest of cells in the G1 phase. Following differentiation into the amastigote form, the cells resume their cell cycle. The percentage of the mean
values of each cell cycle stage is displayed in the bar graph (n = 3). No significant differences could be observed (Mann–Whitney test).
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promastigote WT cells could be assigned to the G1 phase, 20% to the S

phase, and 35% to the G2 phase. The proportion of G1 phase cells

increased to 70% with a concomitant decrease in the other cell cycle

stages in stationary procyclic promastigotes, demonstrating that most

cells were arrested in the G1 phase. After differentiation to the

amastigote form, G1-arrested parasites re-entered the cell cycle,

which is indicated by an increase in S-phase and G2-phase populations.
Loss of LmxDOT1B does not impair sand
fly and macrophage infection

Next, the ability of WT and DOT1B KO Leishmania to infect the

sand fly vector L. longipalpis was addressed. The female sand flies were

infected by feeding heat-inactivated sheep blood containing log-phase

promastigote LmxCas9 or LmxDDOT1B Leishmania. Engorged

females were separated; dissected at 2, 6, or 9 days post-infection;

and evaluated microscopically according to their infection rates and

intensities. To monitor the progress of infection, the localization of the

parasites within the sand fly midgut was also assessed.

No significant differences in infection rates or intensities were

detected between LmxCas9 and LmxDDOT1B. Both experimental

groups showed similar proportions of light, moderate, and heavy

infection intensities (Figure 4A) and yielded infection rates of

approximately 80% throughout the experiment. The course of

infection was also quite similar between LmxCas9 and LmxDDOT1B.
Starting on day 6, in 70%–80% of infected sand fly females, Leishmania

parasites colonize the stomodeal valve, an important prerequisite for

further transmission during the parasite’s life cycle (Figure 4B). These
Frontiers in Cellular and Infection Microbiology 08
data suggest that LmxDOT1B is dispensable for efficient and

transmissible infection of the sand fly vector.

An important part of the Leishmania life cycle is the ability to

infect mammalian hosts, where the parasites differentiate and

multiply inside macrophages. They developed sophisticated

strategies to modulate the host immune response to survive

within a hostile environment, which is usually responsible for the

elimination of pathogens. To determine whether such complex

processes are impaired upon the loss of LmxDOT1B, we infected

BMDMs with LmxDDOT1B parasites to analyze the uptake and

survival rates of the mutant parasites within the first 3 days post-

infection. LmxDOT1B parasites showed no statistically significant

differences in the ability to infect macrophages compared to

LmxCas9 cells (Figure 4C). Both cell lines were able to achieve

approximately 50% initial infection rates after 24 h, which declined

to approximately 40% 72 h post-infection. We did not include the

add-back cell lines (LmxDDOT1B[DOT1B]) in the infection

experiments because we did not observe a phenotype that could

be rescued by adding back a DOT1B gene.

In summary, in contrast to other Kinetoplastida members,

LmxDOT1B is not essential for normal growth in cell culture or

stage differentiation. Furthermore, it is dispensable for the

establishment of an infection efficiently in mammalian macrophages

and the insect vector.
Discussion

T. brucei, T. cruzi, and L. mexicana, despite all being members

of the Kinetoplastida, exhibit distinct dependencies on DOT1B for
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FIGURE 4

Infection of sand flies and macrophages. (A) LmxDCas9 and LmxDDOT1B infection rates and intensities in Lutzomyia longipalpis were assessed on
days 2, 6, and 9 post-infection of the sand flies. The numbers above the bars indicate the total number of dissected females. Leishmania infection
intensities were categorized into three classes: light (<100 parasites/gut), moderate (100–1,000 parasites/gut), and heavy (>1,000 parasites/gut). (B)
Localization of infections in the abdominal midgut (AMG), thoracic midgut (TMG), and stomodeal valve (SV) on days 2, 6, and 9 post-infection. The
numbers above the bars represent the total number of evaluated females with detectable infections. (C) Stationary phase promastigotes were used
to infect C57BL/6 bone marrow-derived macrophages (BMDMs) at a multiplicity of infection of 5. The percentage of infected macrophages was
assessed at 24, 48, and 72 h post-infection. The mean and standard deviation were calculated for the bar graphs (n = 6–8). No significant
differences could be observed between LmxCas9 and LmxDDOT1B cells (Mann–Whitney test).
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their growth, stage development, and pathogenicity. Understanding

these differences at a molecular level can provide valuable insights

into parasite biology and open possibilities for targeted therapeutic

strategies that exploit these species-specific dependencies. In this

study, we aimed to shed light on the function of DOT1B in

L. mexicana.

In T. brucei and T. cruzi, DOT1B is necessary for some of these

processes. Although TbDOT1B is not essential for cell viability under

standard cell culture conditions, it is involved in the repression of silent

variant surface glycoprotein genes and the kinetics of VSG switching

(Figueiredo et al., 2008; Janzen et al., 2006b). Furthermore, TbDOT1B

is crucial for developmental differentiation from bloodstream forms to

procyclic forms (Dejung et al., 2016; Janzen et al., 2006b).

Differentiation to so-called stumpy forms, including G1 arrest, is not

impaired in TbDOT1B knockout cells. However, after re-entry into the

cell cycle, DDOT1B T. brucei exhibits defects in karyokinesis and

accumulation of DNA damage. This suggests that TbDOT1B is

required for changes in chromatin structure that occur in the first S

phase after re-entry into cell cycle progression during

developmental differentiation.

In T. cruzi, DOT1B also plays a significant role in cell cycle

progression. Deletion of TcDOT1B causes a growth phenotype

characterized by an accumulation of parasites in the G2 phase

and increased DNA damage markers. While the exact mechanism

by which DOT1B is necessary for normal cell cycle progression in T.

cruzi remains elusive, Nunes and colleagues suggested that DOT1B

is involved in checkpoint activation after DNA damage

accumulation (Nunes et al., 2020).

The function of DOT1B in Leishmania seems to be different

compared to that in the aforementioned trypanosomes. Our

findings demonstrate that DOT1B is dispensable for the parasite’s

life cycle progression, infectivity, and differentiation. However, as in

T. brucei and T. cruzi, dimethylation could be observed only in

mitotic or cytokinetic cells, while trimethylation was detectable

throughout the cell cycle, indicating that LmxDOT1-mediated

methylation could also be involved in DNA replication regulation

as described in other trypanosomes (Gassen et al., 2012). The

mechanisms of DNA replication and damage repair in

Leishmania spp. are not well understood. One explanation for the

absence of defects in cell cycle progression and karyokinesis after

DOT1B depletion may be that Leishmania parasites mainly utilize

different strategies for DNA damage detection compared to other

kinetoplastids, and rearrangements of chromatin structure may not

be necessary during stage development in these parasites. These

results underscore the diversity of chromatin and DNA repair

strategies across kinetoplastids, suggesting that Leishmania has

evolved distinct regulatory pathways less dependent on DOT1B

for life cycle progression.
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