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Abstrakt

ey

Oxymonady jsou skupinou bi¢ikatych prvoka, zijicich v prostiedi s nizkou koncentraci
kysliku. Obyvaji pfedevSim stfeva hmyzu a obratlovcl. V této studii se zaméfujeme na
analyzu ploidie a karyotypu rtiznych druhi oxymonad pomoci metody fluorescence in situ
hybridizace (FISH) s pouzitim préb proti jednokopiovym genitim a telomerickym repeticim.
Také jsme se pokusili odhadnout velikost genomu téchto druhti oxymonad pomoci pritokové
cytometrie. S pouzitim specifickych FISH prob proti SufDSU genu, ktery je pravdépodobné
ptitomenv jedné kopii v genomu, ukazali, ze vSechny studované kmeny jsou haploidni. Z
genomu Monocercomonoides exilis vime, Ze oxymonady maji pivodni typ telomerické
repetice (TTAGGG). Pouzitim préby proti témto telomerickym repeticim jsme se pokusili
odhadnout pocet chromozomii u sedmi kment (péti druhtt) Monocercomonoides. Kromé
jedné vyjimky byl primérny pocet signalti pod 20, coz naznacuje pocet chromozomi v fadu
jednotek. V kmenech M. mercovicensis jsme ovSem zaznamenali mnohem vy§$i pocet signala
naznacujicich, ze buiiky maji mnohem vyssi poéty chromozomii. Nakonec jsme stanovili
obsah DNA v jadreh téchto kmenli pomoci pritokové cytometrie se standardem M. exilis
PA203, jehoz velikost genomu je znama (82Mbp). Vysledky ukazuji, Ze vétSina kmenli mé
mensi velikost genomu podobnou nebo mensi, nez M. exilis PA203, naproti tomu druh M.

mercovicensis ma velikost genomu témét 130 Mbp.

Klicova slova: oxymonady, FISH, ploidie, karyotyp, obsah DNA, Monocercomonoides



Abstract

Oxymonads are a group of flagellate protists living in low oxygen environments -
mainly the guts of insects and vertebrates. In this study, we focus on the analysis of ploidy
and karyotype of various species of oxymonads using Fluorescence /n Situ Hybridization
(FISH) with probes against single copy genes and telomeric repeats as well as estimating the
DNA content in the nuclei of these oxymonads using flow cytometry. Using specific FISH
probes against SufDSU gene, which is present in a single copy in the haploid genome, we
showed that all studied strains are probably haploid. From the genome of
Monocercomonoides exilis strain PA203 we know that oxymonads have the ancestral type of
telomeric repeat (TTAGGG). Using a probe against these repeats we tried to label
chromosome ends and estimate the number of chromosomes for seven strains (five species) of
Monocercomonoides. With a single exception, the average number of signals per nucleus was
below 20 indicating number of chromosomes below 10. In the strains of M. mercovicensis, we
observed much higher number of signals suggesting that the cells have much higher number
of chromosomes. Finally, we established the DNA content for several strains using flow
cytometry. We used as a standard M. exilis strain PA203 knowing that the haploid genome
size is approximately 82Mbp. Results indicate that most of the strains have genomes smaller

or similar to M. exilis except for M. mercovicensis, whose genome size is almost 130Mbp.
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1. Introduction
Oxymonads are a group of flagellates members of Metamonada (Excavata), where

they are part of the clade Preaxostyla, together with genera Trimastix and Paratrimastix.
Oxymonads live under anaerobic or microaerophilic conditions, usually in the gut of insects
and vertebrates. Most oxymonads possess four flagella, one of which is recurent. One of the
most interesting features of oxymonads is that they lost the mitochondrion and typical Golgi
aparatus. Oxymonads are divided into five families, Polymastigidae, Saccinobaculidae,
Pyrsonymphidae, Streblomastigidae and Oxymonadidae plus the isolated genus Opisthomitus
sp. The phylogenetic relationships within oxymonads are not very well known.

Fluorescence in situ hibridization (FISH) is a technique which allows visualization,
identification, enumeration and localization of specific nucleic acid (DNA or RNA) sequences
by hybridizing fluorescently labelled probes to its complementary sequence on or outside
chromosomes or in the RNA within cells previously fixed on slides. Usually the FISH
protocols consist of six steps: (1) sample preparation, (2) fixation, (3) hybridization with
labeled probe, (4) washing, (5) counterstaining and finally (6) visualization using fluorescence
microscopy. The probe can be labeled directly or indirectly. We used indirect labeling with
digoxygenin and detected it using anti-digoxygenin antibody conjugated with Dylight 488 (in
case of telomeric repeats) or with HRP followed by tyramide signal amplification (in case of
single copy genes).

Flow cytometry is a technology used for counting, sorting and profiling cells in a fluid
mixture using optical and fluorescence characteristics of single cells. The flow cytometer
consists of four systems: fluidics, optics, electronics, and computer interface.

The aim of this thesis was to analyse karyotypes of investigated strains of
Monocercomonoides using FISH and to estimate the ploidy and genome size using single

copy gene FISH and flow cytometry.
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2. Theoretical part

Oxymonads are a monophyletic group of heterotrofic flagellates which live under
anaerobic or microaerophilic conditions (Keeling and Leander, 2003; Simpson et al., 2002;
Treitli et al., 2018). The representatives of this group are morphologically well-defined
protists, and a rather diverse lineage of eukaryotes (Moriya et al., 2003). Morphologically,
they are very diversified, with extreme variations in cell size and shape, from the smallest
flagellates of Monocercomonoides to the huge forms Oxymonas or Pyrsonympha (Moriya et
al., 2003).

With the exception of Monocercomonoides merkovicensis, the members of this group
are not free living (Treitli et al., 2018). Typically, they inhabit the guts of insects (Hampl,
2017; Keeling and Leander, 2003; Treitli et al., 2018), most representatives inhabiting the
hindgut of lower termites and the gut of the wood-feeding cockroaches with the exception of
several species of Monocercomonoides that occur also in guts of vertebrates (Hampl, 2017;
Moriya et al., 2003; Treitli et al., 2018). Oxymonads feed by pinocytosis or phagocytosis, and
they do not have a specialized cytostome (Treitli et al., 2018). The relationship between
termites and these microorganisms is a great example of symbiosis. The small oxymonads do
not ingest cellulose but feed by osmotrophy or by phagocytizing prokaryotes. Larger
oxymonads are cellulose digesters (Dacks et al., 2001; Radek, 1994) with their bacterial ecto-
and endosymbionts which are probably involved in the cellulose digestion process (Hampl,
2017).

Oxymonads ancestrally they possess four flagella, which are arranged in two pairs, and
one of the flagella being recurrent. They have a karyomastigont which is formed by flagella,
nucleus and two pairs of basal bodies which are connected by preaxostyle. A microtubular rod
called axostyle runs through the whole length of the cell (Hampl, 2017; Radek, 1994; Radek
et al., 2014).Trophozoites are the dominant life stages of the cell cycle (Hampl, 2017).
Oxymonads divide by binary fission and closed mitosis with an intranuclear spindle (Hampl,
2017).The most anterior basal body (4) is associated with a microtubular root which underlies
the microtubular sheet called pelta. Pelta and preaxostyle are partially covering the nucleus
(Hampl, 2017). Depending on the genus of oxymonads they can have multiple

karyomastigonts (Radek, 1994). Some oxymonads in the family Oxymonadidaec have a
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microfibrillar structure, called proboscis or ,,rostellum*, which is often situated in the anterior
part of the cell and used to attachment to the intestinal wall (Hampl, 2017; Moriya et al.,
2003).

Among common features in this group is the lack of mitochondria (Hampl, 2017;
Karnkowska et al., 2016; Keeling and Leander, 2003), peroxosimes (Hampl, 2017), typical
Golgi apparatus (Moriya et al., 1998), however, there are present genes which encode proteins
functional in Golgi, indicating the existence of a cryptic Golgi (Karnkowska et al., 2016).

Most oxymonads have prokaryotic symbionts (Noda et al., 2006, 2003). They may
possess bacteria of various morphologies attached as ectosymbionts on the surface of the
protist cells (Leander and Keeling, 2004; Noda et al., 2006). The most common bacterial
symbionts are spirochaetes which are the most common group of bacteria found in the gut of
the termites (Noda et al., 2003) followed by bacteria belonging to order Bacteroidales or
Enterobacterales (Noda et al., 2006). In addition to that, various types of bacteria are located
inside the protist cell, surrounded by two membranes. These intracellular symbionts were

identified as as “Endomicrobium” (TG-1) or methanoarchea (Stingl et al., 2005).

Oxymonads are members of Metamonada (Excavata) where they form a clade
Preaxostyla (Simpson, 2003) together with the genus Trimastix and Paratrimastix (Dacks et
al., 2001; Zhang et al., 2015). The relationships within oxymonads are not well known (Treitli
et al., 2018). Potential evolution and diversity of Preaxostyla are shown in the Figure 1.

Many species have been described only by morphological features with more than 140
species being described to date (Hampl, 2017). There are five families of oxymonads (Moriya
et al., 2003; Treitli et al., 2018) plus the isolated genus Opisthomitus sp. (Radek et al., 2014).
Maximum likelihood tree of Oxymonadida, based on SSU rRNA gene sequences rooted with

genera Trimastix and Paratrimastix 1s shown in Figure 2.
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Saccinobaculus

Figure 1: Schematic drawing of the evolution and diversity of Preaxostyla. With courtesy of LVF
Novak (Unpublished).

2.1.1.1. Family Polymastigidae

Family Polymastigidae is a group of small oxymonads with four flagella, with at least
one of the flagella being recurrent, pelta and axostyle are present, but attachment organelles
are absent. The Polymastigidae family currently includes five genera: Polymastix,

Monocercomonoides, Blattamonas Tubulimonoides, and Paranotila.

Genus Monocercomonoides

Monocercomonoides consists of small oval-shaped oxymonads with cells less than
20um in length (Treitli et al., 2018), with four flagella arranged in two pairs separated by a
preaxostyle, one flagellum is recurrent and partially attached to the cell (Hampl, 2017; Treitli
et al., 2018) and with large nucleus covered by pelta (Brugerolle et al., 2003). About half of
the representatives inhabit the digestive tract of wood-eating insect imagoes (the cockroaches

Cryptocercus and lower termites), insect larvae (7Tipula, Coleoptera) and the rest of the
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species are found in the gut of vertebrates (rodents, bovids, reptiles, and amphibians)

(Brugerolle et al., 2003; Hampl, 2017; Radek, 1994)

Genus Blattamonas

Blattamonas trophozoites are small oval-shaped cells with pointed posterior end,
usually less than 10 pm in length. They possess four flagella, one of which is recurrent and
usually does not adhere to the cell. The most notable difference from Monocercomonoides is
that the axostyle is always protruded from the cell posterior and it is surrouned by

periaxostylar ring (Treitli et al., 2018).

Genus Tubulimonoides

This genus is similar to Monocercomonoides, but the difference lies in its tubular
axostyle. Tubulimonoides was described from the gut of Gryllotalpa Africana (Krishnamurthy
and Sultana, 1976).

Genus Polymastix

Polymastix has spindle shaped cells which are around 10 pm in length, with four
flagella, one of which is longer than the cell body. As opposed to the flagellar organization
found in Monocercomonoides, there is no recurrent flagellum in Polymastix. The
characteristic feature of Polymastix is the presence of long symbiotic fusiform bacteria on the
surface. Polymastix species have been found in the hindgut of insects and myriapods. More

than 11 species are described (Brugerolle et al., 2003; Hampl, 2017).

Genus Paranotila (Cleveland, 1966)
Only one species, P. lata, was described by Cleveland from the gut of Cryptocercus
punctulatus. The cells are larger (15-25 um) and they have a single nucleus and four flagella

which are barely adhering to the cell (Hampl, 2017).

This family contains one genus with only a single species Streblomastix strix, which
was found in the hindgut of the damp-wood termites of the genus Zootermopsis. The cell is
spindle-shaped, typically 15-50 pm long, but the cells can be larger. It has four flagella which
are not adhering to the cell. On the anterior side of the cell there is a thin rostellum with a

holdfast for attachment to the gut epithelium. The cell is covered by long rod-shaped epibiotic
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bacteria closely related to genus Bacteroides (Hampl, 2017; Leander and Keeling, 2004; Noda
et al., 2006).

Saccinobaculidae has representatives which are symbionts found in the hindgut of the

wood-feeding cockroaches Cryptocercus punctulatus and C. relictus.

Genus Saccinobaculus

The mastigont consists of two pairs of basal bodies associated with a preaxostyle.
Multiplication of flagella is associated with multiplication of preaxostyles and the nucleus is
covered by a pelta. Epibiotic bacteria are rarely present. Seven species of Saccinobaculus are
currently recognized (Carpenter et al., 2011; Hampl, 2017; Mcintosh, 1973; Mclntosh et al.,
1973).

Genus Notila

Notila has differences in sexual cycles compared to Saccinobaculus. The main
difference is that both trophozoites and “gametes” of Notila are diploid. Notila differs
morphologically from Saccinobaculus by its axostyle which does not protrude (Hampl, 2017).

All known species are symbionts in the hindgut of termites. To be able to attach to the
intestinal wall, they have a microfibrillar structure, called ,,rostellum®, which can be much
longer than the cell. Epibiotic rod-shaped bacteria are densely covering the whole surface of

the cell.
Oxymonas

Oxymonas has elongated ovoid cell body with the cell length between 5 and 240 pm
and the width between 4 and 165 um. Rodlike bacteria adhere to the surface. More than 30
species have been described (Brugerolle and Konig, 1997; Hampl, 2017; Rother et al., 1999).

Microrhopalodina (syn. Proboscidiella)

The ovoid or pear-like cell body of Microrhopalodina anteriorly elongates into a long
and slender rostellum. The cell size varies from 23 to 165 um in length and 11 to 113 pm in

width and the cell has multiple karyomastigonts, their number can vary from four up to 50 and
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they are located at the base of the rostellum in a collar. The surface of the cell is covered by
external surface structures and rod-like bacteria. Four species have been described (Hampl,

2017; Rother et al., 1999).
Barroella (syn. Kirbyella)

Only two species have been described with the cell size between 27 and 224 um in

length and 11 to 80 um in width. (Hampl, 2017).
Sauromonas

Sauromonas m’baikiensis, is the only species of the genus, and it is a symbiont of the

termite Glyptotermes boukoko. (Hampl, 2017).

The family contains 25 described species in two genera and all of them are symbionts
of the lower termites from genus Reticulitermes. On the surface of the cells they can have
epibiotic bacteria and most of the species have endobiotic bacteria in the cytosol (Hampl,

2017; Hongoh et al., 2007; Iida et al., 2000; Yang et al., 2005).
Genus Pyrsonympha

Pyrsonympha has large cells with 100-150 um in length and 30-40 pm in width. On
the posterior part of cell there is often a holdfast. The surface of the cell is usually covered
with ectosymbiotic spirochaetes. This genus contains 13 described species (Hampl, 2017;

Hongoh et al., 2007; lida et al., 2000; Stingl et al., 2005; Yang et al., 2005).
Genus Dinenympha

Cells of Dinenympha are smaller with four flagella. They are inhabiting the hindgut of
lower-termites. There was a long-lasting debate about Pyrsonympha and Dinenympha that
they don’t represent different genera but they are different morphotypes of the same species,
which was apparently resolved by molecular studies showing that they do not contain the
same SSU rDNA sequence. The Pyrsonympha and Dinenympha clades are strongly supported
as separate clades. To date 12 species have been described (Hampl, 2017; lida et al., 2000;
Moriya et al., 2003).
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Genus Opisthomitus

Opisthomitus is a small oxymonad with an average length of 9.6 um (7—13 um) and an
average width of 2.8 um having four flagella which are 45 times longer than the cell body.
Opisthomitus is morphologically similar to Monocercomonoides, as it possesses pelta, which
is supported by a microtubular root associated with anterior basal body 4. The genus contains
two species Opisthomitus avicularis and O. longiflagellatus, and two species with uncertain
phylogenetic position, O. brasiliensis and O. flagellae. The genus is not classified into any
oxymonad family, but based on the 18S rRNA phylogeny it seems like it is closely associated
with the family Pyrsonymphidae (Hampl, 2017; Radek et al., 2014).
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Figure 2: Maximum likelihood tree of Oxymonadida, based on SSU rRNA gene sequences rooted
with genera Trimastix and Paratrimastix. Names in the brackets represent host species and icons
represent the host main group. Scale bar corresponds to 0.04 expected substitutions per site (Treitli et
al., 2018).
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Fluorescence in situ hybridization (FISH) is a cytogenetic technique which was
developed in the early 1980s (Hu et al., 2014) as a physical mapping tool to sketch genes on
chromosomes (Cui et al., 2016). The earliest in situ hybridizations using radioisotopic probes
(Levsky and Singer, 2003) were performed on Xenopus oocytes and detected by
microautoradiography (Moter and Gobel, 2000) in a study published by Pardue and Gall in
1969 (Clark, 2002).

The first use of FISH in bacteriology was done by Giovannoni with radiolabeled
probes specifically hybridized to unique domains of 16S rRNA sequences from bacteria
(Giovannoni et al., 1988). However, the use of radiolabeled probes had some drawbacks,
mainly because the specific activity of probes was not constant and needed to be recorded on
radiography film, the need for long exposure time which extends the experiment duration and
of course radiolabeled probes are expensive and dangerous (Levsky and Singer, 2003).
Therefore radiolabeled probes were replaced with non-isotopic dyes which are safer and
provide better results (Moter and Gobel, 2000). The first application of fluorescent in situ
detection was reported in 1980 (Bauman et al., 1980; Levsky and Singer, 2003). In 1982, the
first DNA probes labeled with biotin were developed and detected with antibodies conjugated
to fluorescent or enzymatic reagents (Manuelidis et al., 1982). In early 1990s, the first specific
deoxyoligonucleotide probes conjugated with fluorochromes were synthesized which allowed
the direct detection (Kislauskis et al., 1993). Although the number of FISH detection methods
have increased significantly, and the target types have become quite varied, the main
principles of FISH remained the same.

Nowadays the FISH technique is used for visualization, identification, enumeration
and localization of specific nucleic acid (DNA or RNA) sequences by hybridizing
fluorescently labelled probes to its complementary sequence on chromosomal preparations or
whole cells peviously fixed on slides (Hu et al., 2014; Moter and Gdébel, 2000; Shah et al.,
2015; Volpi and Bridger, 2008). Probes are labeled directly, by incorporation of fluorescent
nucleotides, or indirectly, by incorporation of nucleotides labeled with reporter molecules that
are afterwards detected by fluorescent antibodies. Probes and targets are finally visualized in
situ by fluorescent microscopy (Volpi and Bridger, 2008). Compared to the conventional

cytogenetic metaphase karyotype analysis, FISH does not need cell culturing, and can directly
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use fresh or paraffin-embedded interphase nuclei for a rapid detection (Hu et al., 2014). FISH
is usually used for detecting of chromosomal aberrations, aneuploidies, microdeletion or
microduplication syndromes, and subtelomeric rearrangements (Cui et al., 2016; Hu et al.,
2014). FISH is able to identify chromosomal rearrangements in around 80% of the cases,
while conventional cytogenetic techniques can identify chromosomal aberrations in only 40-
50% of the cases (Hu et al., 2014). FISH is also used for detecting malaria infection in blood
smears (Shah et al., 2015) or genetic diseases, hematologic malignancies, and solid tumors
(Cui et al., 2016; Hu et al., 2014). FISH is being increasingly used in clinical genetics,
neuroscience, reproductive medicine, toxicology, microbial ecology, evolutionary biology,
comparative genomics, cellular genomics, and chromosome biology (Giovannoni et al., 1988;
Volpi and Bridger, 2008).

FISH tests are highly reproducible with high resolution to a single gene level with high
sensitivity and specificity (Cui et al., 2016; Shah et al., 2015) and offers advantage of direct
application on both metaphase chromosomes and interphase nuclei, and visualization of

hybridization signals at the single-cell level (Cui et al., 2016).

Usually FISH assays consist of six steps: (1) sample preparation, where the cells are
subjected to a hypotonic shock before fixation in combination with dropping of the cells on
glass slides followed by air drying of the slides, (2) fixation of the sample, followed by
permeabilization of the cell walls and membranes using enzymes or detergents which is
necessary to facilitate entry of the probes or detection reagents, (3) hybridization to promote
duplex formation between labelled probe and the target, (4) washing, to remove unbound
probes, (5) counterstaining and mounting, and finally (6) visualization by fluorescence
microscopy (Amann et al., 2001; Hepperger et al., 2007; Moter and Gobel, 2000; Shah et al.,
2015; Spear et al., 1999; Volpi and Bridger, 2008). Basic steps of FISH are shown on the
Figure 3.
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2.2.2.1. Sample preparation

During the sample preparation the cells are usually subjected to a hypotonic shock.
Hypothonization is performed to swell the cells and nuclei before fixation (Moter and Gobel,
2000). After hypotonization the cells can be either fixed immediately or can be attached to
glass slides then air dried followed by fixation (Moter and Gobel, 2000). For good attachment
of samples on glass slides it is good to treat the surface of the slides with coating agents (e.g.

gelatin, poly-L-lysine).
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Figure 3: Basic steps of fluorescence in situ hybridization (https://www.creative-

biolabs.com/fluorescent-in-situ-hybridization-FISH.html)

2.2.2.2. Fixation

There are two categories of fixatives, cross-linking agents (e.g. formaldehyde,
glutaraldehyde, acrolein, osmium tetroxide) — these fixatives form cross-linkage with their
targets and precipitating agents (e.g. methanol, ethanol) — these fixatives coagulate and/or
precipitate proteins, but do not fix carbohydrates and lipids and are used only for light

microscopy (M. Kuwajima, 2011). Generally, the fixation conditions should preserve the cell
21


https://www.creative-biolabs.com/fluorescent-in-situ-hybridization-FISH.html
https://www.creative-biolabs.com/fluorescent-in-situ-hybridization-FISH.html

integrity and it should have minimal impact on fluorescence. It is always important to think
about the type of sample and the type of fixation which will be used in order to have the
optimal fixation which will provide a good probe penetration, retention of the target RNA or
DNA while maintaining the cell integrity and morphology. (Moter and Gobel, 2000; Spear et
al., 1999).

First, the probes and nucleic acids together with fixed and permeabilized cells or
chromosomal spreads are denaturated (Nedbal et al., 2012), then hybridization must be done
under strict conditions for correct annealing of fluorescent-labeled probe and the target DNA
or RNA sequences. The hybridization mixture must contain certain concentration of
formamide which acts as a destabilizer by lowering the melting temperature of hybrids, thus
increasing the stringency of the probe to target binding. Optimal concentration of formamide
together with strict hybridization temperatures will result in minimal nonspecific
hybridization. For DNA FISH, the hybridization is performed usually overnight in a dark
humid chamber at 37 °C. For RNA FISH, the hybridization time can be shortened.

Afer hybridization, post hybridization washes are necessary to remove nonspecific
interactions between the probe and undesirable regions of the genome, which increases the
probe specifity. Usually the first washes also use formamide to destibilize the double strands,
then the buffers used in post-hybridization washing are SSC based and therefore provide
positively charged sodium ions in solution. However, using too high concentration of SSC in
the washing buffer will produce a poor washing effect with low stringency and too little SSC
(or just water) will tend to wash all the probe away from the sample due to high stringency.
Temperature and pH also influence the washing effect; increasing the temperature increases
the stringency and the pH determines the availability of the positive ions. The inclusion of
TWEEN 20 detergent decreases background staining and enhances the spreading of the
reagents in the wash buffers (Chen and Chen, 2013; Connolly et al., 2002; Moter and Gobel,
2000).

Counterstraining and mounting of all stained biological samples is an important step
before the microscopic analysis. Mounting enables the slides to be archived for long periods

of time. Counterstaining aids in visualization and localization of targets, facilitating
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interpretation of morphology and cell structure within the samples of interest (Rieder et al.,
2011; Wilder, 1935).

Usually FISH samples are counterstained with fluorescent agents which stain DNA.
The most often used counterstain is DAPI. DAPI is a fluorescent dye which strongly binds A-
T rich regions in DNA and is usually used to stain cell nuclei or chromosomes. DAPI has an
absorption maximum at around 358 nm and an emission maximum at 461 nm (Kapuscinski,

1995).

2.2.2.5. Microscopy analysis

Microscopic analysis can be done using epifluorescence microscope or confocal laser
scanning microscope. Confocal microscopy has the advantage that can restrict the collected
signal to a thin section of the investigated object, thus out of focus fluorescence is removed

which is leads to more sharp images (Moter and G&bel, 2000).

2.2.3 Probe labeling and synthesis

One of the most critical steps in FISH is the probe design. Probes used for single-copy
targets are typically short fragments derived from the target sequence with known sequence.
FISH on repetitive targets such as chromosomal satellites or telomere repeats can be detected
with conventional DNA probes or labeled oligonucleotides (Nedbal et al., 2012).

DNA probe labeling can be performed by (1) direct labeling using PCR, (2) direct
labeling of the oligonucleotides, (3) nick translation or (4) random primer labeling method.
(Feinberg and Vogelstein, 1983; Morrison et al., 2002). Different types of labeling are
illustrated in the Figure 4.

The probe labeling can be done directly or indirectly as showed in Figure 5. In the case
of direct labeling, a fluorescent dye is directly bound to an oligonucleotide either chemically
in the course of synthesis using the aminolinker at the 5" end of the probe (Figure 4a) or
enzymatically when the fluorescently labeled nucleotides are attached to the 3’end using
terminal transferase (Figure 4b) or using random priming method. Direct labelling is used
more often because it is faster, cheaper and it does not require any other steps after
hybridization, because direct labeled probes can be visualized after post-hybridization washes,
which reduces the processing time significantly. But in this case the signal strength is usually

only 10-15% of that what can be produced by indirect labeling (see below). Also, directly
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labeled probes are prone to photobleaching during preparation and hybridization, so it is
necessary to avoid exposure to strong light.

In indirect labeling a hapten molecule is used, like for example digoxygenin or biotin,
which is later detected immunohistochemically by a fluorophore-tagged antibody (Figure 4c).
Indirect labeling can create better fluorescence signal, but it extends significantly the protocol
duration. Biotin, also known as vitamin H, is detected by streptavidin. But it can happen that
endogenous biotin from biological samples often interferes with biotin detection resulting in
high backgrounds and false positives. The digoxigenin is a steroid present in Digitalis plants
and it is detected by digoxigenin antibody conjugated with a fluorescent dye or a reporter
enzyme. In the latter case, the nucleotides are labeled with digoxygenin and the antibody is
labeled usually with horseradish peroxidase (HRP) that can use fluorescein-tyramide as
substate for catalized deposition and signal amplification (Figure 4d).

Typical oligonucleotide probes are between 15 and 30 bp in length. Shorter probes
should have easier entry to their targets, but there is possibility that they will not be able to
carry enough labels for the signal to be detected. Indirect labeling works better in these
situations and it used for very small genomic targets because of its potential to increase signal
intensity (Chen and Chen, 2013; Morrison et al., 2002; Moter and Gobel, 2000; Ratan et al.,
2017; Sharpe et al., 2002; Spear et al., 1999).

(a) 3-labeling ™,

" oW
(b) 3 -tailing ——
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(d) enzyme-labeling ——— OB

Figure 4: Probe Labeling: Direct labeling of the probes is illustrated in (a) and (b). Indirect probe
labeling with detection using fluorescently labeled antibody is illustrated in (c) and labeling of the
probes using horseradish peroxidase (HRP) followed by Tyramide Signal Amplification (TSA) is
illustrated in (d) (Moter & Gobel, 2000).
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Depending on the regions of interest and labeling type, the probes can be locus-
specific which target specific regions or genes or the probes can be regional painting ones
which are used for specific chromosomal bandings, detection of an entire chromosome or

even whole genome (Cui et al., 2016).

Direct detection Indirect detection
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Streptavidin — Antibody

Reporter Reporter
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Figure 5: Direct and indirect labeling probes. Fluorescently labeled probes can be detected directly
after incorporation (A) whereas indirect detection via Biotin/Streptavidin (B.1) or
Digoxigenin/Antibody (B.2) systems offers possibility for signal amplification and increased stability
(https://www.jenabioscience.com/images/741d0cd7d0/Non_radioactive Labeling DNA RNA_ web.p

d.

2.2.3.1. Oligonucleotide labeling

Direct labeling of oligonucleotides is a method in which a stable bond is formed
between the nucleic acid and the fluorophore complex. The oligonucleotides are synthesized
with primary amino group at the 5’end. The fluorescent dyes are coupled to these amino
groups, and the dye-oligonucleotide conjugates are created (Morrison et al., 2002; Wallner et

al., 1993).

2.2.3.2. Direct incorporation by PCR

Direct incorporation by PCR is one-step labeling of the probes using polymerases to
incorporate labeled nucleotides. In this case the fluorophores are already attached to
nucleoside triphosphates which are then incorporated into the probe by the polymerase
(Morrison et al., 2002).
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Nick translation is a method where labeled nucleotides are incorporated into DNA
using of a combination of two enzymes, deoxyribonuclease I (DNase I) which nicks the DNA,
and DNA polymerase I, which is adding nucleotides starting from the nick location. The 5' to
3' exonuclease activity of the polymerase removes nucleotides from the 5' end of the nick as
the polymerization proceeds. In the end there is no net synthesis of DNA and during the
reaction various length fragments of labeled and unlabled DNA are generated. The resultant

double-stranded fragments must be denatured prior to hybridization (Morrison et al., 2002)..

Random primer labeling is a method where labeled nucleotides are incorporated along
the length of a DNA fragment. The random primer mixture is usually made of hexamers,
octamers, or decamers and this mixture is mixed with the DNA which should be labeled, and
denatured. After denaturation, the small oligonucleotides anneal to the target DNA and act as
primers which are extended using labeled and unlabeled nucleotides by the Klenow fragment
of the DNA polymerase I. The labeled material must be denatured prior to hybridization
(Feinberg and Vogelstein, 1983; Motrrison et al., 2002)..

In this case, the fluorescent dyes are attached to the DNA directly, and no antibody is
used. The most often used fluorophores for FISH include coumarins, fluorescein derivates
(fluorescein  isothiocyanate, FITC), rhodamine derivates (tetramethyl rhodamine
isothiocyanate, TRITC, Texas red) and cyanine dyes like Cy3 and Cy5. The structures of
these fluorophores are shown in Fig. 5 (Amann et al., 2001; Morrison et al., 2002; Moter and
Gobel, 2000). Chemical structures of four common fluorophore classes are shown in the

Figure 6 (A-D).

Most used indirect labels are haptens, which are small molecules that triger a strong
immune response (Erkes and Selvan, 2014). Probes can be labelled with biotin 1-dUTP,
digoxigenin 1-dUTP or fluorescein 1-dUTP (Wiegant et al., 1991). Biotin (vitamin H) can be

detected using fluorescent or enzymatic conjugates of streptavidin. The interaction between
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biotin and streptavidin has one of the highest binding constants known (Langer et al., 1981).
Digoxigenin is derived from a plant steroid hormone (Hart and Basu, 2009). The digoxin
structure is composed of hydrophilic sugar unit and a hydrophobic steroid unit (Shreder,
2000). Digoxigenin it is usually detected using anti digoxigenin antibodies conjugated with

fluorophores or reporter enzymes. Chemical structures of biotin and digoxigenin are shown at

the Figure 6 (E, F).

HO:S S0O:H Re 0 0
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Figure 6: Chemical structures of four common fluorophore classes (A—D) and two common indirect
labels (E and F). A. fluoresceins, B. rhodamines, C. cyanines (Cy 3, Cy 5, and Cy 7 only), D.
coumarins, E. biotin, F. digoxigenin. Specific compounds in each class differ by their chemical
substituents, indicated as R’s in the chemical structures (Morrison et al., 2002).
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Directly labeled probes can be visualized after post-hybridization washes, there is no

needed any antibody detection.

For indirect labelled probes, usually secondary reagents are used for detection. In
indirect labeled probes with a hapten molecule like digoxygenin or biotin, they are detected
with fluorescently labeled antibodies or antibodies labeled with horseradish peroxidase (HRP)

which can later catalyze the deposition of soluble fluorophore at the site of detection.

Hapten molecules present in labeled probes are detected immunohistochemically by a
fluorophore-tagged antibody. Biotin can be detected using anti-biotin antibody conjugated
with a fluorophore but more often biotin is detected using conjugated streptavidin. The
digoxigenin is detected by anti-digoxigenin antibody conjugates with a fluorescent dye

(Morrison et al., 2002).

The tyramide signal amplification (TSA-FISH) it is based on enzymatic deposition of
fluorochrome-conjugated tyramide by a reporter enzyme conjugated to an antibody or
streptavidin (Khrustaleva and Kik, 2001). TSA-FISH is a multi-step procedure involving
detection of a hybridized target with streptavidin-horseradish peroxidase or in case of
digoxygenin with anti-digoxygenin conjugated with HRP followed by signal amplification,
detection of amplified signal and imaging (Schriml et al., 1999). With TSA-FISH the
detection sensitivity can be increased up to 100 times compared other existing techniques.
HRP reacts with hydrogen peroxide and the phenolic part of labelled tyramide to produce
aquinone-like structure bearing a radical on the C2 group. This ‘activated’ tyramide then
covalently binds to tyrosine residues in close vicinity of the HRP, thus depositing many
labelled tyramides closely to the probe that carries the HRP reporter (Khrustaleva and Kik,
2001; Raap, 1998; Schriml et al., 1999).
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There are several critical factors like hypotonic treatment, alcohol exposure time,
duration of chemical and thermal denaturation, reagents like formamide which can lead to
dilatation or attrition of the tissues and cells, strongly influencing chromatin morphology.
Hypotonic treatment can also lead to an extension of the intracellular spaces. Dehydration
leads to a considerable attrition of about 15-20% of the natural volume. The denaturation step
of the target DNA is the most damaging step in the course of the FISH assays (Schwarz-
Finsterle et al., 2007).

Another limitation of FISH comes from autofluorescence of microorganisms
themselves or the autofluorescence of materials which are surrounding them which can
decrease the signal to noise ratio and disguise the fluorescent signals. It can also happen that
the probes will not shine strong enough or the signal intensity will be low because of the
insufficient probe penetration for example in case of organisms with cell walls. Another

problem can be photobleaching (Moter and Gobel, 2000).

Telomeres are essential structures of eukaryotic chromosomes. Telomeres are located
at the ends of eukaryotic chromosomes and they are composed of tandemly arranged short
simple sequence repeats. The form TTAGGG is the telomeric repeat which occurs in

rotest and fungi and seems to be the ancestral type of telomeric repeat (Alverca et al.,
2007; Fulneckova et al., 2013).

Detection of telomeric sequences by FISH can be done using oligonucleotide probes
which should show signals on the interphase nuclei or metaphase chromosomes (Sakai et al.,
2007). Chromosome identification by FISH against the telomeric repeats can be used for
example when the karyotype of chromosomes is difficult or impossible to assess using classic
cytogenic techniques (Rae Rho et al., 2012; Silva et al., 2018).

FISH against telomeric repeats was used for various protists. For example, in the case
of Giardia intestinalis, the telomeres were detected using specific probes prepared by PCR
(Uzlikova et al., 2017). The probe was prepared using PCR with the forward (TAGGG)s and
reverse (CCCTA)s primers which served both as primers and as templates for primer dimer

extension. Labeling was done by random priming using digoxigenin and detected by anti-
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digoxigenin antibody conjugated to horseradish peroxidase followed by tyramide signal
amplification. The FISH signal number varied in cells depending on the cell cycle phase
(Uzlikova et al., 2017).

Similar studies were also done on other protists like Prorocentrum micans and
Amphidinium carterae where the probe was designed against the TTTAGGG repeats of the
telomere and labeled with digoxigenin and detected with anti-digoxigenin antibody
conjugated with FITC showing the signals exclusively at the chromosome ends (Alverca et
al., 2007).

Karyotype analyses were also performed for Chromera velia. The telomere probe
(TTTAGGG), was used to examine the total number of chromosomes. The probe was labeled
with dinitrophenol-11-2"-deoxyuridine 5° triphosphate (DNP-11-dUTP) using the nick
translation and detected by anti-DNP conjugated with HRP and TSA system was applied. The

results suggested presence of four chromosomes (Vazac et al., 2018).

To analyze the ploidy of an organism, usually a specific target is used which is well-
known to be in a single copy per haploid genome. In this case, the method of choice is usually
TSA-FISH. TSA-FISH was successfully used for detection single copy genes in plants
(Khrustaleva and Kik, 2001; Pérez et al., 2009; Wang et al., 2006), humans (Schriml et al.,
1999; Van Tine et al., 2004), animals, (Schriml et al., 1999; Van De Corput et al., 1998)

rotest (Conrad et al., 2011; Vazac et al., 2018; Zubacova et al., 2011), insects (Carabajal
Paladino et al., 2014) or bacteria (Kawakami et al., 2010).

For example, TSA-FISH was used to study the ploidy in the human parasite
Trichomonas vaginalis using probe against single copy genes. In this study the coding
sequences of asparaginase-like threonine peptidase, acetylornithine amino- transferase,
putative serine palmitoyltransferase and tryptophanase were used as probes. The probes were
labeled by digoxigenin and detected using TSA with anti-digoxigenin antibody conjugated
with HRP (Zubacova et al., 2011). Also, the ploidy of C. velia was determined using TSA-
FISH using probes for three different single copy genes. The probes were labeled with
dinitrophenol-11-2"-deoxyuridine 5" triphosphate (DNP-11-dUTP) and detected by anti-DNP
conjugated with HRP and TSA system was applied. Resulting single signal from the cell
indicated that cells are haploid (Vazac et al., 2018).
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FISH using single copy genes was also used for the human parasite Giardia
intestinalis (Tamova et al., 2016). In this case, single color FISH was used where the probes
were labeled with digoxigenin using random priming and detected using anti-digoxigenin
conjugated with HRP and TSA system. Moreover, for Giardia intestinalis two-color FISH
was also used with a combination of (1) a dig-labeled probe, anti-dig-HRP antibody, and
TSA-Plus TMR and (2) a biotin-labeled probe, streptavidin-HRP, and TSA-Plus Fluorescein.

The results showed that the Giardia cells are constitutively aneuploid (Timova et al., 2016).

Flow-cytometry is a fast, highly sensitive technique, which can quantitatively monitor
many cell functions using a technology based on laser for counting, sorting and profiling of
the cells in a fluid mixture (Fleck et al., 2006). The advantage of flow cytometry is that in a
short time we can analyze large numbers of cells. Flow cytometry can measure optical and
fluorescence characteristics of single cells (Brown and Wittwer, 2000; Trask et al., 1982). The
flow cytometer consists of four main systems: fluidics, optics, electronics, and computer
interface (Betters, 2015). The original flow cytometer was the Coulter counter invented by

Wallace Coulter in the 1950s (Bakke, 2001).

The flow cytometer as an instrument which consist of a fluidics system where the fluid
sample is injected, an optics system which is used to illuminate the sample stream and detect
the light signals and the electronics system which converts the light signals to data that can be
visualized and interpreted by software (Bakke, 2001).

Flow cytometer uses the resistance of a cell in an electrical stream as it passes through
a slot to resolve the number and the size of particle (Bakke, 2001). Cells in suspension are
going through narrow fluid stream which allows the cells to go through individually (Brown
and Wittwer, 2000; Olson et al., 1983). The cells are passed through a beam of
monochromatic light, usually from a laser. When the particles from the sample stream pass
through the laser beam, the light is scattered in all directions and is collected via optics
through the filters and dichroic mirrors that isolate particular wavelengths. Some key
parameters which are measured by the machine include forward light scatter (FSC), side light
scatter (SSC), and fluorescence emission signals. Forward scattered light (FSC) is the light

that is refracted by a cell in the forward direction and continues in the same direction and it is
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proportional with the cell diameter. Usually, bigger particles produce more forward scattered
light than smaller ones, and larger cells will have a stronger forward scatter signal. The light
is also reflected by the cell and the cell internal structures. This is termed side scatter (SSC),
right-angle light scatter (RALS), or 90- degree light scatter (90LS). Side scattered light
(SSC) is the light that is refracted by cells and travels in a different direction than its original
course (measured at a 90° angle to the excitation line). It usually provides information about
the granularity and complexity of the cells. Cells with a low granularity and complexity will
produce less side scattered light and highly granular cells with a high degree of internal
complexity will result in a higher side scatter signal (Bakke, 2001; Brown and Wittwer,
2000).

Fluorescence detectors measure the fluorescence signal intensity emitted from the
cells. Within the flow cytometer, all these different light signals are split into defined
wavelengths and channeled by a set of filters and mirrors in sucha a way that each sensor will
detect fluorescence only at a specified wavelength. The signals are detected either using
photodiodes or by photomultiplier tubes (PMTs) which converts the light signal into an
electrical signal. Photodiodes are usually used to measure forward scatter when the signal is
strong. PMTs are more sensitive instruments and are ideal for scatter and fluorescence
readings. When light hits a photodetector, a small current is generated. Its associated voltage
has an amplitude proportional to the total number of light photons received by the detector.
This voltage is then amplified by a series of linear or logarithmic amplifiers, and by analog to
digital convertors (ADCs), into electrical signals large enough (5-10 volts) to be plotted
graphically. The amplification of the initial signal can be either linear or logarithmic. Linear
amplification provides a direct visual relationship and is useful for scatter signals and
fluorescent measurements of DNA. Logarithmic amplification is used for most other biologic
signals, including immunofluorescence, mainly because of the extreme dynamic range of
these signals.

The resulting data are represented as a 1-parameter histogram of the measured
parameters for a cell population, described either as the percentage of cells within a set of
markers or as the mean fluorescence intensity of a population, or two-dimensional dot-plot
formats usually divided into four quadrants, each containing a percentage of the total
population. 1-parameter histogram plots use typically the Y-axis as the number of events (the
cell count) that show a given fluorescence, and the X-axis as the relative fluorescence
intensity detected in a single channel. A large number of events detected at one particular
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intensity will be represented as a peak on the histogram. Schematic overview of a typical flow
cytometry is shown at Figure 7.

For analyzing data from the flow cytometry, it is important to selectively visualize the
cells of interest and eliminate dead cells and debris. This strategy is called gating and it should
contain the minimal or maximal gating boundaries to minimize data variability. It is important
to have gating setting consistently during the course of the experiment to minimize data
variability and to prevent conscious or unconscious data manipulation. (Bakke, 2001; Brown
and Wittwer, 2000; der Strate et al., 2017; Olson et al., 1983; Rahman, 2014; Trask et al.,
1982).
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Figure 7: Schematic overview of a typical flow cytometry setup (https://www.bosterbio.com/protocol-
and-troubleshooting/flow-cytometry-principle).
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2.3.2. Flow cytometry applications

Flow cytometry has a wide spectrum of applications. One of the newest applications is
in the field of infection biology, where flow cytometry is used for cell counting,
internalization score, and subcellular patterns of co-localization for intracellular pathogen

Toxoplasma gondii (Haridas et al., 2017).
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Also, flow cytometry was used for phenotypic readout of the digestive vacuoles of
Plasmodium falciparum which were treated with drugs and screened to identify drugs that are
able to disrupt the digestive vacuole of the parasite (Chia et al., 2017). There are even
methods of identifying and quantifying each of the four parasite blood stages of Plasmodium
falciparum (Dekel et al., 2017). Imaging flow cytometry was used to survey the
morphological features of Blastocystis subtypes species complex composed of 19 subtypes
(Yason and Tan, 2015).

Flow cytometry is also used in the clinical laboratories for a variety of analyses
including diagnostic immunophenotyping, DNA content analysis for prognosis of
malignancies, screening of hematologic disorders, analyses of lymphocyte profiles, evaluation
of peripheral stem cell products for transplantation, monitoring monoclonal antibody therapy
and so on (Akao et al., 2018; Bakke, 2001; Betters, 2015). This technique can be even applied
to the analysis of plankton samples. Flow cytometry can be used to measure phytoplankton
composition on the basis of biovolume and chlorophyll (Becker et al., 2002; Brown and

Wittwer, 2000; Olson et al., 1983; Trask et al., 1982).

Flow cytometry has been widely used in the determination of ploidy level and DNA
content (Yan et al., 2016). The measurement of cellular DNA content by flow cytometry uses
fluorescent dyes, the most commonly used ones being DAPI, propidium iodide (PI), and 7-
aminoactinomycin D (7-AAD). All these dyes intercalate into the DNA helical structure. The
fluorescent signal is directly proportional to the amount of DNA in the nucleus (Brown and
Wittwer, 2000; Darzynkiewicz et al., 2017).

Cellular ploidy is the number of complete sets of chromosomes in a cell. Many
eukaryotic species have two (diploid) or one (haploid) sets of chromosomes. Sometimes,
more than two (polyploid) sets of chromosomes can be identified which can be an effect of
ancient whole genome duplication or hybridization events which happened during the
evolution of plants, animals, and fungi. Ploidy changes also can occur at different stages of
development of an organism and can vary within different tissues of the same organism and
between individuals of the same species. Ploidy changes also arise during the sexual cycle of
eukaryotes, from haploid gametes to diploid somatic cells. Aneuploidy represents an
abnormal chromosome number and it is observed in novel environments, during periods of

cellular stress, and during ploidy level changes. Ploidy is commonly measured by flow
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cytometry of fluorescently labeled cells where the relative fluorescence of an unknown isolate
is compared to strains with known ploidy (Poulickova et al., 2014; Todd, Forche, & Selmecki,
2017).

Few studies for DNA content analyses were done for protists. For example a study on
genus Micrasterias tried to analyze the interspecific and intraspecific DNA content variation
by measuring the DNA content for 34 different strains to find out if the phylogeny of the
genus Micrasterias is associated with DNA content variation in order to evaluate the
evolutionary importance of polyploidy in the genus Micrasterias (Poulickova et al., 2014). It
was found a strong correlation between nuclear DNA content and chromosome number in the
strains of genus Micrasterias and significant positive correlation between DNA content and
cell size and morphology in the species Micrasterias rotata. Also, the authors showed the
importance of life cycle studies for interpretation of DNA content measurements in
microalgae (Poulickova et al., 2014).

DNA content analysis by flow cytometry was successfully used for comparative
analysis and ploidy investigation between Trypanosoma cruzi and T. rangeli isolated from
different hosts, where propidium iodide (PI) staining was used, showing that DNA content
analysis by flow cytometry can be successfully used for discrimination between this two
species, when G1 peaks for strains of each species are distinct (Naves et al., 2017). Flow
cytometry was also used for monitoring the changes in the DNA content and nuclear and cell
morphology during cell cycle of Alexandrium minutum (Dapena et al., 2015).

Another interesting study focused on genome size analyses was done on chrysophytes
where authors analysed the genome sizes beetwen heterotrophic, mixotrophic and
phototrophic strains. The genome size was generally correlated with cell volume and it
increased as the cell volume increased. The study suggested that the cell volume is the
dominant factor in determining genome sizes, thus all factors that influence cell size should
also affect genome size evolution (Olefeld et al., 2018). Another study focused on the
genomes of nine species members of the Trichomonadea group. Here the genomes were
estimated using flow cytometry using the genome of Trichomonas vaginalis as a calibration
point (Zubacova et al., 2008). The authors showed that the largest genomes were in the
Trichomonas and Tritrichomonas genera (133—177 Mbp) and the smallest genome was the
genome of Tetratrichomonas gallinarum (86 Mbp). As in the case of the other studies
mentioned above, this study also showed that the genome size is correlated with the cell
volume and size. (Zubacova et al., 2008).
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. The aims of the work

To analyse ploidies of various strains of Monocercomonoides using FISH against

single copy genes.

To analyse karyotypes of various strains of Monocercomonoides using FISH against

telomeric repetitions.

To estimate the genome sizes and DNA content of various strains of

Monocercomonoises using flow cytometry.
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4. Materials and methods
4.1. Cultivation of the investigated strains

All investigated strains are established cultures of oxymonads cultivated in our
laboratory. Each of the cultures are regularly inoculated once a week into fresh TYSGM-9
medium (Diamond, 1982). All Monocercomonoides strains used in this study are growing in
xenic cultures with an admixture of bacteria. The cultures are inoculated in bacterized
TYSGM-9 media. The bacterization consists in inoculation of one drop of bacteria mixture
into 10 ml media one-week prior inoculation of Monocercomonoides. The inoculated and
bacterized cultures are kept at room temperature (most of the strains) or at 37° C (in case of
Monocercomonoides exilis strain PA203).

Most of the investigated strains were isolated from reptiles, two of them were isolated
from cesspits and one single strain was obtained from a vertebrate host. The list of the studied

strains and their original host is presented in Table 1.

Table 1: Studied strains of Monocercomonoides.

Species name Strain Host
Monocercomonoides exilis PA203 Chinchilla lanigera
Monocercomonoides sp. ERYMI1 Eryx sp.
Monocercomonoides sp. Murall Podarcis muralis
Monocercomonoides acer TENE79 Testudo marginata
Monocercomonoides sp. OEV Ophisops elegans
Monocercomonoides sp. LEI Leiocephalus carrinatus
Monocercomonoides merkovicensis Marek?2 Cesspit
Monocercomonoides merkovicensis VAVI1B Cesspit

4.2. Composotion and preparation of culture media
4.2.1. TYSGM - 9 (Diamond, 1982)

The components of the TYSGM-9 media are summarized in Table 2. All components
except horse serum are dissolved in about 950 ml of distilled water and the pH is adjusted to

7,2. After adjusting the pH, we bring up the volume to 970 ml. The prepared media is
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sterilized by autoclaving. After autoclaving 30 ml of inactivated horse serum is added. The

media is aliquoted in 15 ml centrifuge tubes and stored in fridge at 4°C.

Table 2: The composition of TYSGM-9 media. The values represent the amount needed to prepare

one liter of media.

Component Amount
Tryptone 2g
Yeast extract lg
K,HPO, 28¢g
KH,PO, 04¢g
NaCl 75¢g
Distilled water 970 ml
Inactivated horse serum 30 ml

SOC (Super Optimal broth with Catabolite repression) medium is used for the
recovery of transformed bacterial cells. SOC maximizes the transformation efficiency of
competent cells. The components of the media are presented in Table 3. The media without
glucose is prepared and sterilized by autoclaving. Afterwards the glucose is added under
sterile conditions to the autoclaved media. The prepared media is then aliquoted in 1.5 ml

microcentrifuge tubes and stored at -20 °C.

Table 3: The composition of SOC media. The values represent the amount needed to prepare one liter

of media.

Component Amount
Tryptone 20¢g
Yeast extract 5¢g
10 mM NaCl 0,584 g
2.5 mM KCI 0,186 g
MgCl, (Anhydrous) 0,952 ¢
IM sterile glucose solution 20 ml
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LB media (lysogeny broth) is used as a growth medium for the transformed bacteria.
The media is provided in powdered form and it is dissolved in water (Table 4). After

dissolving the media is sterilized by autoclaving.

Table 4: Composition of liquid LB Broth medium. The values represent the amount needed to prepare
500 ml of media.

LB Broth (Sigma) 10g

Distilled water Add to 500 ml

The solid LB media is a mixture of LB broth and agar which is then poured into Petri
dishes and it was used for plating of the transformed bacteria. The components of the media
are presented in Table 5. The Powder LB broth was dissolved in distilled water and
bacteriological agar was added to the media. The media was sterilized by autoclaving and

after mild cooling it was poured into Petri dishes under sterile conditions.

Table 5: Mixture of LB Broth and agar at Petri dishes. The values represent the amount needed to
prepare a 500 ml of media.

LB Broth (Sigma) 10g
Agar (Oxoid) 6g
Distilled water Add to 500 ml

To minimize bacterial contamination before the isolation of DNA it was necessary to
filter the culture of Monocercomonoides sp. The filtration procedure was similar to the one
described by Hampl (Hampl et al., 2005). First, the culture was filtered through a filter paper
to remove big aggregates of bacteria. Then the flow through was filtered through a 3.0 um
polycarbone filter membrane (Whatman). To speed up the filtration, partial pressure was
applied by pipetting. At this stage the bacteria can pass through the filter, but most
Monocercomonoides cells are retained. After initial filtration, the cells were washed two times

using TYSGM-9 media without added horse serum. After filtration, the concentrated cells
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were collected in 50 ml centrifuge tubes. It is important to filter the culture as fast as possible

because the cells are sensitive to oxygen.

The cells collected after filtration were centrifuged for 10 minutes at 1200 g at 4°C.
The supernatant was discarded and pellet was resuspended in 200 pl of sterile PBS. The DNA
was isolated using DNeasy® Blood & Tissue Kit (Qiagen) according to the manufacturer’s
protocol, and the DNA was eluted twice in 50 ul of elution buffer. The quantity and the
quality of the DNA was estimated using a spectrophotometer (NanoDrop 2000 UV-Vis

spectrophotometer, Thermo Fisher Scientific).

Initially the culures of different strains of Monocercomonoides sp. were filtered using
the procedure described above. The filtered cells were centrifuged for 10 minutes at 1200 g at
4°C. The supernatant was removed and the cells were hypothonised with 75mM KCl for 5
minutes at RT followed by centrifugation for 10 minutes at 1200 g at 4°C. After
centrifugation the hypotonic solution was removed and the cells were fixed in 15 ml of
methanol acetic acid 3:1 mixture for 20 minutes at RT. The fixed cells were harvested by

centrifugation and resuspended in 500 pl methanol acetic acid 3:1 and stored at 4°C.

Similarly to the cells used in FISH, the cells used for flow cytometry were also filtered
using the method described above. The filtered cells were divided into three 15 ml tubes each
of them containing 14 ml of culture. The cells were then fixed by adding formaldehyde into
each tube to a final concentration of 1 % and incubated for 20 minutes on ice followed by
centrifugation for 10 minutes at 1200 g at 4°C. After centrifugation the supernatant was
discarded, and the cells were washed three times in 5 ml of PBS and pelleted by
centrifugation at same conditions as described above. Finally, the pellet was resuspended in
Iml LB-01 solution (Dolezel et. al., 1989) and the suspension was passed through a 20 pm
Nylon Net membrane (Milipore). Then the cells were strained using DAPI at a final

concentration of 1pg/ml and used immediately for flow cytometry measurement.
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For amplification of the SufDSU gene from our Monocercomonoides strains we

designed specific primers based on the alignment of the SufDSU genes from
Monocercomonoides exilis, Blattamonas nauphoetae and Paratrimastix pyriformis. The
designed primers are shown in the Table 6. Amplifications were carried out using
PrimeSTAR® Max DNA Polymerase Premix. The reaction mixture was prepared according
to the manufacturer’s recomandation and it is detailed in Table 7 and the PCR conditions for

amplification are presented in Table 8.

Table 6: Designed primers for SUFDSU.

Title of sequence Sequence 5" — 3’
SU-OX-F1 SYCKSTSRTYTACCTCGACAACG
SU-OX-F2 CATYRTKCTSACTGAGCTGGAGCA
SU-OX-R1 GAYGCRCACTTCACWCGCGACGGG
SU-OX-R2 GTYGTGATGAGSYSGTGGAACTGC

Table 7: The reaction mixture with PrimeSTAR® Max DNA Polymerase Premix.

Components Volume
2 x Premix (Primer Star Max) 12,5 ul
Primer F (SU-OX-F1, SU-OX-F2) 1,25 ul
Primer R (SU-OX-R1, SU-OX-R2) 1,25 ul
DNA 1wl
H,0 Add to 25 pl

Table 8: Cycler parameters used with PrimeSTAR® Max DNA Polymerase.

Part of the cycle Number of cycles Temperature Time

Initial denaturation Ix 98°C 4 min
Denaturation 36 x 98°C 0:10 min
Annealing 61°C 0:15 min
Elongation 72°C 0:15 min

Final elongation Ix 72°C 5 min
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The preparation of the DNA template for telomere repeats was done according to the
protocol described in Ijdo et al 1991 (Ijdo et al., 1991) with following modifications: the
extension time was halved and Tag polymerase was replaced with Q5 polymerase to minimize
polymerase errors during the synthesis. The reaction mixture was done according to the Table
9. The PCR was carried out in the absence of template using primers (TTAGGG)s (Telo F)
and (CCCTAA)s (Telo R). Amplification consisted of 15 cycles with 1 minute at 94°C, 30s at
55°C and 30s at 72°C, followed by 40 cycles with 1 minute at 94°C, 30s at 60°C, 45s at 72°C

and finally 5 minutes at 72°C. The cycler parameters are summarized in the Table 10.

Table 9: The reaction mixture for amplification of telomeric repeats using Q5 polymerase.

Components Volume
5 x Q5 reaction buffer 10 pl
10mM dNTPs 4 ul
10uM Telo R 0,5 ul
10uM TeloF 0,5 wl
Q5 polymerase 0,5 ul
Nuclease-free H,O Add to 50 ul

Table 10: Cycler parameters used with Q5 polymerase for amplification of telomere repeats.

Part of cycle Number of cycles Temperature Time
Denaturation 14 x 94°C 1 min
Annealing 55°C 0:30 min
Elongation 72°C 0:30 min
Denaturation 40 x 94°C 1 min
Annealing 60°C 0:30 min
Elongation 72°C 0:45 min
Final elongation I x 72°C 1 min

To check for the presence of the desired amplified PCR products we performed

horizontal electrophoresis. For this we a prepared 1% agarose gel in an Erlenmayer flask
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consisting of 0,4 g of agar (Gibco) and 40ml TAE buffer (1x). The mixture was boiled to
dissolve the agar, then the solution was slightly cooled down and 40ul of SYBR safe
(LifeTechnologies) was added. The gel was poured into a casting tray and a comb was added
then the gel was left to solidify for about 20 minutes. After solidification we placed the gel
into an electrophoresis tank and added TAE buffer to completely cover the gel with buffer.
Afterwards, we loaded our samples together with a DNA ladder. Usually we loaded 5 pl of
our sample which was mixed with 1 pl of loading dye. The electrophoresis ran for about 30

minutes at 100V, followed by examination of the gel under a transilluminator.

In situations where only one band was present after the PCR amplification the sample
was purified directly using High Pure PCR Product Purification Kit (Roche) according to the
manufacturer’s protocol. When multiple bands were present in our PCR reaction, the correct
band was cut out from the gel using a sterile scalpel and placed in a sterile microcentrifuge
tube. Then the DNA was extracted using QIAquick Gel Extraction Kit (Qiagen) according to
the manufacturer’s protocol. The eluted DNA was measured using nanodrop. The purified

DNA was used for sequencing and later for cloning.

For probe labeling and sequencing the purified products were initially cloned into pJet

vector using CloneJet PCR Cloning kit (Thermo Scientific) and TOP10 competent cells.

Table 11: The reaction mixture for the ligation.

Component Volume
2x reaction buffer 10 pl
Purified PCR product use in a 3:1 molar ratio with pJET 1.2/blunt

(in case of 2200kb fragment we used 100ng of
DNA; for 1700kb fragment 85ng DNA)

pJET1.2/blunt cloning vector (50ng/ul) 1 ul
Water, nuclease free Up to 19 pul
T4 DNA ligase 1 ul
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The CloneJet PCR Cloning kit contains a zero-background vector, which means that the
bacteria which do not contain any insert in the vector will not grow on the plate. The ligation

reaction mixture is summarized in Table 11.

The ligation mixture was vortexed briefly and centrifuged for few seconds followed by
incubation at RT for 30 minutes. After incubation, the ligation mixture was pipetted on
competent cells and the cells were incubated 30 minutes on ice, followed by a heat shock for
45 seconds at 42°C. After heat shock the cells were placed immediately on ice for 2 minutes.
Then 250ul of SOC media was added and the bacteria were incubated for recovery for 60-90
minutes by shaking at 37°C. Meanwhile we prepared LB plates with ampicillin by adding 30
ul of ampicillin on the plate (stock solution 100mg/ml, Sigma) and plating it. After incubation
150 pl of bacteria were plated on LB plates and incubated overnight at 37°C.

Next day 10 bacterial colonies were randomly selected and we did colony PCR using
EmeraldAmp® MAX PCR Master Mix. We prepared the mixture for colony PCR (Table 12)
and finally a small part of the colony was directly added in the tube using a pipette tip. Then

we run the colony PCR using the parameters described in Table 13.

Following colony PCR we did horizontal electrophoresis to check if we colony contains
the right insert and decided which colonies will be used for further analysis and plasmid
isolation. For plasmid isolation the selected colonies were cultured in 15 ml centrifuge tubes
with 4 ml LB media + 4 ul AMP (stock solution 100mg/ml). The colony was inoculated
directly into the tube using a pipette tip and the tubes were incubated overnight at 37°C with

agitation

Table 12: Reaction mixture with Emerald Amp® MAX PCR Master Mix.

Components Volume
Master mix 12,5 ul
Primers F used 1,25 ul
Primers R used 1,25l
H,0 10 pl
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Table 13: Cycler parameters used with with EmeraldAmp® MAX PCR Master Mix for colony PCR

Part of the cycle Number of cycles Temperature Time

Initial denaturation Ix 95°C 5 min
Denaturation 35x 95°C 0:30 min
Annealing 55°C 0:30 min
Elongation 72°C 2:30 min

Final elongation Ix 72°C 7 min

Next day, the culture was centrifuged at 6000g at 5 minutes. The supernatant was
discarded and we isolated the plasmid from the pellet using High Pure Plasmid Isolation kit
(Roche). Then we measured the concentration of the DNA by spectrophotometer (NanoDrop
2000 UV-Vis spectrophotometer, Thermo Fisher Scientific). The resulting DNA was used for

sequencing.

Sequencing reactions were prepared by mixing H,O, primer and DNA into a
microcentrifuge tube to a final volume of 8 ul (Table 14). For sequencing of the fragments
from plasmids we used PJF and PJR primers, which are complementary to plasmid, but we
also used our specific primers (Table 6). The sequencing was done by the OMICS core

facility in BIOCEV.

Table 14: Sequencing reaction components.

Component Amount
H,0 Add to 8 ul
Primer 0,5 wl
DNA 2-5ng DNA/100bp
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The DNA chromatographs which we received from the sequencing facility were
analyzed and assembled using Geneious program. After assembly the primer sequences were
removed and resulting contig was saved as a FASTA file, and added to our dataset. For
phylogenetic analysis of the SufDSU gene we used a dataset containing known oxymonad
sequences and another eukaryote or bacterial sequences including sequences from various
unpublished oxymonad genomes on which we are working in our laboratory. This dataset was
kindly provided by Vojtéch Vacek and consisted of 162 sequences plus five new sequences
which we amplified. The alignment of the sequences was made on the MAFFT server (Katoh
and Standley, 2013) using default parameters. Alignment was automatically trimmed using
BMGE (Criscuolo and Gribaldo, 2010) with the matrix BLOSUM 30. The final alignment
contained 281 amino acid positions. A maximum likelthood phylogenetic tree was
constructed using using RAXML version 8.2.7 (Stamatakis, 2006) with the LG model. Branch
support was estimated by bootstrapping with 1000 replicates. The resulting phylogenetic tree
was viewed in FigTree, v1.4.3 (http://tree.bio.ed.ac.uk/software/figtree/), and adjusted using

Inkscape.

For labelling we re-amplified the SufDSU genes from our isolated plastids which
contained the cloned sequence. For this, we diluted the plastid 1:100 with water and used 1 pl
of the diluted plastid as a template for PCR amplification using PrimeSTAR® Max DNA
Polymerase Premix. PCR conditions for amplification are presented in the Table 8. After
amplification, the fragment was checked by gel electrophoresis, followed by purification
using High Pure PCR Product Purification Kit (Roche). The labeling mixture is summarized
at the Table 15. For labeling we used Decalabel DNA Labeling Kit (Thermo Fisher
Scientific). First, we mixed 1 ug of DNA + 10ul of decanucleotide in 5x reaction buffer and
water was added to 42pul. The mixture was vortexed and centrifuged briefly. This mixture was
denatured by boiling for 10 minutes, then placed immediately on ice for 3 minutes. To the
denatured mixture, we added Syl of ANTP mix, 1,75ul Digoxygenin-11-dUTP (Roche) and
water to final volume 50ul. The mixture was incubated overnight at 30°C. The next day we
purified the labeled probe using QIAquick Gel Extraction Kit (Qiagen) and eluted it in a final
volume of 50pl.
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Table 15: Components of the labelling mixture.

Component Volume
Decanucleotide in 5 x reaction buffer 10 ul
DNA I pg
H,O Add to 42 ul
Non-radioactive labelling mix (ANTP mix) 5ul
ImM Digoxygenin-11-dUTP (Roche) 1,75 ul
Klenow fragment 1wl
H,0 Add to 50 pul

For FISH analysis we used the protocol described by Zuzana Zubacova (Zubacova et
al., 2011) which was slightly modified for our experiments. For FISH preparations we used
Superfrost slides (Thermo Fisher Scientific).

First, the hypotonized and fixed cells were dropped on the slide from a height of about
30 cm and left to air dry at room temperature. Then the slides were immersed for a second in
50% acetic acid, to remove the cytoplasmic residues, and dried at 37°C, followed by
incubation in 50 pg/ml pepsin (Sigma) in 3mM potassium acetate and 0,01M HCI for 5
minutes at 37°C. Then the slides were washed in phosphate-buffered saline (PBS) pH 7.4 at
RT for 5 minutes. Subsequently the samples was post fixed with 2% formaldehyde in PBS for
30 minutes at RT.

Afterwards, the slides were washed tree times in PBS at RT. To remove any
endogenous peroxidases and minimize background, the slides were incubated in 3% H,O, for
an hour at RT followed by dehydration in series of 70% 90% and 100% methanol for 3
minutes in each. Afterwards 50 pl of hybridization mixture containing the probe in 50%
deionized formamide and 2 x SSC was added on the slides. The amount of the probe for
telomeric repeats was always 0,1 pl, but for SufDSU the amount of the probe was 0,2 ul in
case of Monocercomonoides sp. strain LEI and for Monocercomonoides sp. strains Murall
and OEV, and Monocercomonoides merkovicensis strains Marek2 and VAV1B we used 0,5

ul of the probe. After adding the hybridization mixture on the slide, the slide was covered
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with a coverslip and denatured at 82°C for 5 minutes. After denaturation the edge of the slide
was sealed with rubber cement and incubated over night at 37°C in a wet chamber.

Next day, the coverslips were removed and the slides were washed three times for 5
minutes at 45°C in 50% formamide (Fluka) in 2 x SSC, followed by three washes for 5
minutes in 2 x SSC at 45°C. After stringency washes the slides were washed once more in
TNT buffer (100 mM Tris—HCI, 150 mM NacCl, 0.05% Tween 20, pH 7.5) at RT by shaking
for 5 minutes. Then the slides were blocked in TNB blocking buffer (PerkinElmer) for 30
minutes in a wet chamber, followed by incubation with antibody for one hour. For single copy
gene FISH were used anti-digoxigenin antibody conjugated with horseradish peroxidase
(Roche) diluted 1:2000 in TNB buffer. For telomeric FISH we used anti-digoxigenin antibody
conjugated with Dylight 488 diluted 1:2000 in TNB buffer. After incubation with the antibody
the slides were washed three times for 5 minutes in TNT buffer by shaking at RT. For
preparations which were used for telomeric FISH after washing in TNT buffer we finally
washed the slides for three minutes in MilliQ water and air dried. For single copy gene FISH
preparations we did tyramide signal amplification (TSA) using the TSA — Plus TMR System
(PerkinElmer), according to the manufacturer’s protocol. For amplification the slides were
incubated for 5 minutes with the amplification mixture containing 2 pl of fluorophore plus 98
ul amplification diluent plus 0,33 ul of 0,1 % H,0,. The amplification time was adjusted in
such a way to minimize background, in our case 5 minutes of amplification was estimated to
be optimal. Afterwards, the slides were washed three times for 5 minutes in TNT buffer and
one time for three minutes in MilliQ water and air dried.

Finally, the slides were mounted using Vectashield mounting medium with DAPI
(VectorLabs). The slides were analyzed using IX81 Olympus microscope equipped with an
[X2-UCB camera. The acquired images were deconvolved using Huygens 16.10 and further

processing was done using ImageJ.

We tried to estimate DNA content of various Monocercomonoides strains using flow
cytometry. For this we measured the fluorescence of DAPI stained cells from various strains
of Monocercomonoides and compared it to Monocercomonoides exilis strain PA203 which
was used as a reference, knowing that its haploid genome size it is approximately 82 Mbp

(Hampl, personal information).
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For flow cytometry the cells were fixed as described in the chapter 6.5. Prior
measurement the samples were kept on ice. Stained nuclei were analyzed with BD
LSRFortessa™ flow cytometer. At least 10000 cells were measured for each sample.

DNA content was estimated according to Dolezel (Dolezel et al., 1992). The emitted
fluorescence is proportional to DNA content, and the fluorescence ratio (FR) is equal to the
ratio of the genome sizes FR = GSs / GSr, where GSr is the genome size of the reference and
GSs is the genome size of our strain. Thus, the genome size of a sample can be calculated as
GSs = GSr x FR. Conversion between the DNA content and genome size was made using the

conversion factor 1 pg of DNA = 978 million base-pairs (Mbp) (Dolezel et al., 2003).
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5. Results

To analyse the ploidy of our selected Monocercomonoides strains we used FISH
against single copy genes. We decided for SufDSU gene which is known from genome
sequence of M. exilis to be a single copy gene. Our primers were designed in such a way to
amplify the fusion of the SufS and SufU parts of the SufDSU. The primers were designed
based on the alignment of the SufDSU genes from Monocercomonoides exilis, Blattamonas
nauphoetae and Paratrimastix pyriformis and are shown in Table 6. For Monocercomonoides
mercovicenis strains Marek2 and VAV 1B and Monocercomonoides sp. strain OEV we used
primers SU-OX-F1 and SU-OX-R1, which amplified fragment about 2000bp. For
Monocercomonoides sp. strains LEI and Murall we used SU-OX-F2 and SU-OX-R2, which
amplified fragment about 1700bp. For Monocercomonoides acer strain TENE79 and
Monocercomonoides sp. strain ERYM1 we were not able to amplify the fragment of interest
using our primers. The amplified fragment were subcloned in pJet Vector using TOP10
competent cells and completely sequenced. We did phylogenetic analyses to be sure that our
obtained fragments are from oxymonads and group with other Preaxostyla on the tree. For this
we used a dataset of 162 SufS sequences downloaded from NCBI which was provided by
Vojtéch Vacek (Vacek et al., 2018) to which we added our sequenes. We aligned the
sequences using MAFFT followed by manual examination and trimmed the alignment using
BMGE with the matrix BLOSUM 30. The final alignment contained 281 amino acid
positions. Phylogenetic tree from these sequences (Figure 8) was constructed by maximum
likelihood method in program RAxXxML using LG model. Branch support was estimated by
bootstrapping with 1000 replicates. Our phylogenetic analysis failed to clearly pinpoint the
bacterial donor of the Suf system in oxymonads but clearly showed that our obtained

sequences are of eukaryotic origin and group together with another oxymonad sequences.
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30 - Gamma-proteobacteria
Cysteine desulfurase Thiomonas intermedia K12 ADG31813.1
Cysteine desulfurase Erythrobacter litoralis KE096538.1
—_— ] roteobacteria

Alpha-
99 Cysteine desquur!;e Rhgdoferax errireducens T118 ABD69589.1
Cysteine desulfurase Nitrosomonas eutropha C91 ABI59491.1
Cysteine desulfurase SufS subfamily Ktedonobacter racemifer DSM 44963 EFH79841.1
Cysteine desulfurase-like protein SufS subfamily Cyanobium gracile PCC 6307 AFY28214.1
MULTISPECIES cysteine desulfurase Ralstonia WP 031328936.1
Cysteine desulfurase Polaromonas naphthalenivorans CJ2 ABM35863,1
Cysteine desulfurase SufS subfamily Gloeobacter kilaueensis 151 AGY58179.1
Cysteine desulfurase Azoarcus tolulyticu WP_088179646.1
—[_l__sms subfamily cysteine desulfurase Thauera linaloolentis DSM 12138 ENO89943.1
Cysteine desulfurase SufS subfamily Pseudogulbenkiania sp. NH8B BAK76993.1
Cysteine desulfurase SufS Coxiella burnetii Q321 EDR35111.1
—:Cysteine desulfurase Melioribacter roseus WP_014855022.1
71 Cysteine desulfurase SufS subfamily Niastella koreensis GR20-10 AEV96620.1
Cysteine desulfurase SufS subfamily Fulvivirga imtechensis AK7 ELR68967.1
Cysteine desulfurase-like protein SufS subfamily Bernardetia litoralis DSM 6794 AFM03508.1
Cysteine desulfurase SufS subfamily Dokdonia sp. 4H-3-7-5 AEE19473.1
SufS family cysteine desulfurase Capnocytophaga granulosa ATCC 51502 EPD27389.1
Cysteine desulfurase Anaerophaga thermohalophila WP_016777347.1
Cysteine desulfurase SufS subfamily Akkermansia muciniphila ATCC BAA-835 ACD04037.1
Cysteine desulfurase SufS subfamily Bacteroides fragilis 3_1_12 EFR54037.1
SufS subfamily cysteine desulfurase Salinibacter ruber DSM 13855 YP_445508.1
Cysteine desulfurase-like protein SufS subfamily Alistipes finegoldii DSM 17242 AFL78989.1
Cysteine desulfurase SufS Burkholderia mallei ATCC 10399 EDP88523.1
Cysteine desulfurase Escherichia coli ATCC 25922 AIL18531.1
Cysteine desulfurase Vibrio sp HENC-01 EKM13119.1
Cysteine desulfurase SufS subfamily Coraliomargarita akajimensis DSM 45221 ADE54133.1
Paratrimastix pyriformis SufS
Blattamonas nauphoetae NAU3 SUFSU
Streblomastix strix SUFSU
100 Monocercomonoides exilis PA203 SUFSU
Monocercomonoides sp. LEI SUFSU
1p0,Monocercomonoides merkovicensis Marek2 SUFSU
Monocercomonoides merkovicensis VAV1B SUFSU
77| ,Monocercomonoides sp. Murall SUFSU
100 Monocerco{nonoidgs sp. OEV SUFSU
Verrucomicrobia
Cysteine desulfurase SufS Lactobacillus helveticus CIRM-BIA103 CDI61907.1
¥ Cysteine desulfurase Legionella pneumophila SUbS‘F' Eneumoghh‘a str. Philadelphia 1 YP_094637.1
L 77  SufS family cysteineé desulfurase Facklamia hominis ACS-120-V-Sch10 EPH07735.1
SUF system FeS cluster assembly protein cysteine desulfurase Acholeplasma laidlawii PG-8A ABX81814.1
Cysteine desulfurase Spiroplasma apis B31 AHB36627.1
Cysteine desulfurase SufS subfamily Erysipelothrix rhusiopathiae ATCC 19414 EFY09288.1
Cysteine desulfurase Arcobacter nitrofigilis DSM 7299 ADG92535.1
Thermotogae
Cysteine desulfurase SufS subfamily Slackia exigua ATCC 700122 EEZ61206.1
Cysteine desulfurase SufS subfamily Atopobium vaginae DSM 15829 EGF22888.1
Cysteine desulfurase SufS subfamily Ruminococcus albus 7 DSM 20455 ADU22908.1
Cysteine desulfurase SufS subfamily Leptotrichia wadei FO279 ERK52319.1
N - Cysteinedesulfurase SufS subfamily Treponema denticola H1-T EMB31408.1
Firmicutes
Cysteine desulfurase Caldilinea aerophila WP 014433312.1
Cysteine desulfurase SufS subfamily Rubinisphaera brasiliensis DSM 5305 ADY58484.1
Cysteine desulfurase SufS subfamily Rhodopireliula baltica SWK14 ELP32782.1
Cysteine desulfurase SufS subfamily Pirellula staleyi DSM 6068 ADB15994.1
Cysteine desulfurase SufS subfamily Herpetosiphon aurantiacus DSM 785 ABX03060.1
Cysteine desulfurase Roseiflexus sp. RS-1 ABQ89126.1
Cysteine desulfurase Thermomicrobium roseum DSM 5159 ACM05280.1
Cysteine desulfurase SufS subfamily Conexibacter woesei DSM 14684 ADB53802.1
Cysteine desulfurase SufS subfamily Acidimicrobium ferrooxidans DSM 10331 ACU53521.1
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3 - Actilgob?ct_erif Iactid
Y —
_w Tialobactarly yanobacteria + plastids

renprchaeota ) )
LU Cysteine desulfurase SufS subfamily Thermofilum pendens Hrk 5 ABL78349.1
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Figure 8: Maximum likelihood (ML) tree of SufS gene. Values at the nodes represent the ML
bootstrap support. Values below 50 are not shown besides the Preaxostyla branch. Sequences
from Preaxostyla are highlighted in red, and sequences from photosynthetic organisms are
highlighted in green. The branch length of Legionella pneumophila was shortered by 50%.
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The subcloned SufDSU fragments were labelled with digoxigenin. The FISH protocol
was performed according to the protocol described in Zubacova et al. (Zubacova et al., 2011)
with some modifications as described in the chapter 4.13. The concentration of H,O, was
increased from 1% to 3% to reduce the background signal and also the probe concentration
was reduced from 2 pl to 0,2 pl in the case of Monocercomonoides sp. strain LEI and 0,1 pl
in the case of Monocercomonoides sp. strains Murall and OEV and Monocercomonoides

mercovicenis strains VAV 1B and Marek?2 to reduce the background.

Table 16: Number of signals for for SufDSU gene in the 50 nuclei of Monocercomonoides strain.

Species Strain Number of nuclei Number of nuclei
with a single signal with double signals

OEV 49 1
M. .

onocercomonoides [EL 13 7

sp.

Murall 48 2

Monocercomonoides Marek?2 47 3
merkovicensis

Monocercomonoides VAVI1B 50 0
merkovicensis

For most of our strains the probe efficiency for the single copy gene was rather low. In
most of the cases approximately 3 out of 10 nuclei had positive signal which means that the
probe efficiency was around 30%. We analysed 50 nuclei containing at least one signal for
each strain and counted the recorded the number of signals (Table 16). The FISH results
suggest that all the strains are haploid, with most of the analyzed cells having one clear signal
in the nucleus. Examples of nuclei are given in the Figure 9. In case of Monocercomonoides

sp. strain OEV the cell nuclei had a lower DAPI intensity.
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Figure 9: Fluorescence in situ hybridization using single copy genes suggest that all investigated
strains are haploid. (A) Monocercomonoides sp. strain OEV, (B) LEI, (C) Murall, (D)
Monocercomonoides mercovicenis strain Marek2 and (E) strain VAVI1B. Scale bar in all images
indicates 5 um.
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5.2. Karyotype analyses

FISH was also used for the analysis of karyotype of our investigated strains. For this
analysis we used protocol described by Ijdo et al (1991) to prepare the telomeric probes using
primer dimer extension. In our case, the protocol was slightly modified by replacing Taq
polymerase with Q5 polymerase and elongation times were halved. The PCR amplification
was carried out using primers (TTAGGG)s (Telo F) and (CCCTAA)s (Telo R), and the
obtained DNA was labeled with digoxigenin and detected by anti-digoxigenin antibodies
conjugated with DyLight 488. Compared to the single copy genes, which were also labeled
with digoxigenin, we did not use TSA system for signal amplification because the individual
signals would be too strong, and we would not be able to distinguish between single signals
from the nuclei and count them. The processing of the pictures and counting of telomeric
signals was done using Image] program. 100 nuclei were analysed for each strain and the
statistics is shown in the Figure 10. The average number of telomeric signals in the case of
Monocercomonoides sp. strains LEI, Murall, ERYMI1, OEV and Monocercomonoides acer strain
TENE79 were in between 9 and 17 (Figure 11), while significantly higher number of
telomeric signals were observed in the nuclei of M. mercovicensis strains Marek2 and

VAVI1B (Figure 11), with an average number of signals of 58 and 107, respectively.
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Figure 10: Number of telomeric signals for each investigated Monocercomonoides strain. The values
on the graph represent the average number of signals, and the error bars represent the standard
deviation.
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Figure 11: Fluorescence in situ hybridization using probes against telomeric repeats for investigated

Monocercomonoides strains. (A) Monocercomonoides sp. strain OEV, (B) Monocercomonoides sp.
strain LEIL, (C) Monocercomonoides sp. strain ERYMI, (D) Monocercomonoides acer strain
TENE79, (E) Monocercomonoides sp. strain Murall, (F) Monocercomonoides mercovicenis strain
Marek2 and (G) Monocercomonoides mercovicenis strain VAV1B. Scale bars indicates 10um.
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Flow cytometry was used for the analysis of DNA content of our investigated strains of
Monocercomonoides. Cell were prepared as described in chapter 6.5, stained with DAPI and
immediately measured using BD LSRFortessa flow cytometer. For the estimation of DNA
content, we used the cells of Monocercomonoides exilis PA203 as standard, for which we
know that the haploid genome size is approximately 82 Mbp. For Monocercomonoides
mercovicensis strain VAVI1B, Monoccercomonoides sp. strains OEV and Murall we
succeeded to estimate the DNA content from three replicates, however, for
Monocercomonoides acer strain TENE79 and Monocercomonoides sp. strain LEI we
managed to measure it just two times and Monocercomonoides sp. strain ERYM1 was
measured only once. We were not able to measure DNA content in Monocercomonoides
mercovicensis strain Marek2, because it was not possible to distinguish between our
investigated cells and bacterial aggregates or other debris, which were still retained in the
sample even after filtration. The Monocercomonoides exilis used as standard was measured at
the beginning of each session of the measurement to make sure that the calibration is accurate
and there is not any variation which can be caused by the instrument. In the case of our
PA203 standard, the histogram clearly shows a nice sharp peak for G1 and the G2 phase was
also observed (Figure 12). For Monocercomonoides sp. strains OEV (Figure 13), Murall
(Figure 14) and LEI (Figure 15) it seems that the DNA content is smaller compared to our
reference with the estimated genome size being 30, 36 and 42 Mbp respectively (Figure 18).
For Monocercomonoides sp. strain ERYM1 the DNA content was estimated to be around 69
Mbp (Figure 18) which is close to the DNA content of Monocercomonoides exilis, but here
we managed to measure the cells just once and the histogram for this strain is not shown.
Monocercomonoides acer strain TENE79 has an estimated DNA content of 106 Mbp (Figure
18) which is slightly bigger compared to Monocercomonoides exilis but from the histogram
(Figure 16) we can see that the peak is really wide. Monocercomonoides mercovicensis strain
VAVI1B appears to have the biggest DNA content with the estimated size of about 129Mbp
(Figure 18) but in this case the histogram is also really wide (Figure 17). The table with the
summary values of DNA content for the investigated Monocercomonoides strains is shown in

the Table 16.
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Figure 12: Histogram of fluorescence intensity corresponding to DAPI stained DNA in cells of

Monocercomonoides exilis strain PA203. The Y-axis represents the number of cell counts and the X-
axis is the relative fluorescence intensity of DAPI. G1 and G2 phases are clearly visible.
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Figure 13: Histogram of fluorescence intensity corresponding to DAPI stained DNA in cells of
Monocercomonoides sp. strain LEL. The Y-axis represents the number of cell counts and the X-axis is
the relative fluorescence intensity of DAPI. G1 is clearly visible.
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Figure 14: Histogram of fluorescence intensity corresponding to DAPI stained DNA in cells of

Monocercomonoides sp. strain Murall. The Y-axis represents the number of cell counts and the X-axis
is the relative fluorescence intensity of DAPI. G1 is clearly visible.
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Figure 15: Histogram of fluorescence intensity corresponding to DAPI stained DNA in cells of

Monocercomonoides sp. strain OEV. The Y-axis represents the number of cell counts and the X-axis
is the relative fluorescence intensity of DAPI. G1 is clearly visible.
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Figure 16: Histogram of fluorescence intensity corresponding to DAPI stained DNA in cells of
Monocercomonoides acer strain TENE79. The Y-axis represents the number of cell counts and the X-
axis is the relative fluorescence intensity of DAPI. G1 is clearly visible.
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Figure 17: Histogram of fluorescence intensity corresponding to DAPI stained DNA in cells of
Monocercomonoides merovicenis strain VAV 1B. The Y -axis represents the number of cell counts and
the X-axis is the relative fluorescence intensity of DAPL
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Table 16: DNA content estimation for investigated Monocercomonoides strains. The values represent
average with standard deviation (for strains marked with * the measurement was not done in tree

replicates).
Species Strain DNA content (Mbp)
OEV 30 +£2.37
Monocercomonoides sp. Murall 36 £5,05
LET* 42
Monocercomonoides acer TENE79* 106
Monocercomonoides sp. ERYMI1* 69
Monocercomonoides VAVI1B 129 £2,79
mercovicenis
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Figure 18: Estimated DNA content (Mbp) for the investigated Monocercomonoides strains. The
values on the graph represent the estimated DNA content (Mbp) and the error bars represent the
standard deviation. Strains marked with star were not measured three times.
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6. Discussion

To analyze the ploidy of various species of Monocercomonoides we designed the
primers for one single copy gene. We decided to use SufDSU gene which we know from
genome sequences of Monocercomonoides exilis to be in a single copy. The primers were
designed in the way to amplify the regions of SufS and SufU, which are specifically fused in
oxymonads. We tried to amplify this part of gene for the seven strains of Monocercomonoides
investigated, but we successfully amplified the sequences for Monocercomonoides
mercovicenis strains VAV 1B and Marek2 and Monocercomonoides sp. strains OEV, LEI and
Murall, but in the case of Monocercomonoides acer srain TENE79 and Monocercomonoides
sp. strain ERYMI1 we were not be able to amplify this fragment using any combination of our
primers. This could be caused by the fact that Monocercomonoides acer strain TENE79 is
more divergent in the sequence of this gene compared to the other strains. ERYMI had a
similar problem although it is closely related to the strain LEI and for the latter our primers
managed to amplify this part of the SufDSU gene. Knowing that the diversity of the genus
Monocercomonoides is high (Treitli et al., 2018) and the fact that we used only limited set of
sequences for design of the primers we think that improved sampling of SufDSU sequences
may help to design better primers which could in the future would amplify part of this gene
from other Monocercomonoides strains.

We obtained five sequences of SufSU part of SufDSU gene and using phylogenetic
analysis we showed that these sequences are truly oxymonad in origin as they group together
with other sequences from oxymonads with high bootstrap support. However, we could not
pinpoint the bacterial donor of the SUF system in oxymonads, even with our improved
sampling of oxymonads. However, it has been shown that the bacterial donor of the SUF
system cannot be determined even with multigene phylogeny and wider taxon sampling of
Preaxostyla (Vacek et al., 2018).

For FISH analyses we used protocol from Zubacova et al. (2011), but our initial FISH
experiment showed high background and we needed to adapt the protocol. In our final
protocol we increased the concetration of H,O, from 1% to 3%. It seems that some of our
cultures have high endogenous peroxidase activity, but it is not clear if the endogenous
activity comes from bacteria or eukaryote, since the background was randomly scattered on

the slides and not localized. Since our probes have sufficient length, we also increased the
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washing temperature after hybridization from 42°C to 45°C. The probe concentration was
also lowered from to 2 pl to 0,1 pl in the case of Monocercomonoides mercovicenis strains
VAVI1B and Marek2, Monocercomonoides sp. OEV and Murall, and 0,2 pl in the case of
Monocercomonoides sp. strain LEI. Finally, we reduced the time of amplification from 7
minutes to 5 minutes. All these changes helped to lower the background, however, the probes
had a low hybridization efficiency of about 30%. The ploidy analyses using single copy genes
using probes laleled with digoxigenin and detection with TSA system were also successfully
used on other protists (Timova et al., 2016; Vazac et al., 2018; Zubacova et al., 2011).

For the single copy gene FISH, we analyzed 50 nuclei for each strain. For all strains,
we observed most of the time a single signal and rarely two signals (Table 16). The frequency
of nuclei with two signals was usually around 5% which is expected when the culture is not
synchronized and has a certain population of cells in G2 and S phases of the cell cycle. FISH
against single copy genes strongly supported that all of our investigated strains are haploid. In
another members of Metamonada, the haploid genome was reported in nine representatives of
Parabasalia (e.g. Trichomonas vaginalis) (Zubacova et al., 2011, 2008), while the members
of diplomonadida like Giardia intestinalis (Morrison et al., 2007), Spironucleus salmonicida
(Xu et al., 2014) or Spironucleus barkhanus (Roxstrom-Lindquist et al., 2010) have two
similar diploid nuclei, which makes them tetraploid.

Various karyotype analyses among metamonads were performed using classical
cytological methods with cells arrested in metaphaze by treatment with colchicine (Shen et
al., 2011; Zubacova et al., 2011, 2008).Unfortunately, in case of Monocercomonoides spp.
this procedure was not working, so the analysis of karyotype were performed using FISH
using probe against the telomeric repeats. We generated telomeric fragments using the
protocol described by Ijdo (Ijdo et al., 1991) with a few modification. The telomeric DNA
fragments generated by PCR were labelled using digoxygenin and vizualised by using
DyLight 488 conjugated to anti-digoxygenin antibodies simular to the protocol used in
Alverca et al. (Alverca et al., 2007). Even if successful telomeric detection using TSA-FISH
was reported (Uzlikova et al., 2017; Vazac et al., 2018) we did not use signal amplification
because the signals obtained without amplification were strong enough, moreover, with TSA,
the signals would probably be too strong and we would not be able to distinguish between the
individual signals.

For telomeric FISH we still kept the higher washing temperature of 45°C as in the
protocol for single copy gene FISH. In order to reduce the human error when counting the
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number of signals for each nucleus, we decided to count the number of signals automatically
using ImagelJ program. Since Image] marks all the signals which were counted, we also
checked briefly each counted nucleus, to make sure that no signal was missed by the software.
Our results suggest that the Monocermonoides sp. strains LEI, Murall, ERYMI1, OEV and
Monocermonoides acer strain TENE79 have lower number of telomeric signals, the averages
ranging from 9 to 17, which should correspond to approximately 4 to 9 chromosomes. These
results are similar to the estimated karyotype of of ~7 chromosomes in Monocermonoides
exilis strain PA203 (Karnkowska et al,. under review). These number of chromosomes are
close to already known karyotypes of other Metamonada, namely 7Trichomonas vaginalis (6
chromosomes), Trichomonas tenax (6 chromosomes), Tetratrichomonas gallinarum (5
chromosomes), Pentatrichomonas hominis (6 chromosomes), Tritrichomonas foetus (5
chromosomes), Tritrichomonas augusta (5 chromosomes), Monocercomonas colubrorum (4
chromosomes), Trichomitus batrachorum (6 chromosomes) and Hypotrichomonas acosta (5
chromosomes) in haploid genomes (Zubacova et al., 2011, 2008). For Tritrichomonas foetus
and Tritrichomonas suis 10 chromosomes were obseeved durin metaphase.(Xu et al., 1998).
In Giardia intestinalis who has two diploid nuclei in the trophozoite stage, making the cell
tetraploid (Wampfler et al., 2014), the chromosome number was 10 with two sets of
chromosomes in each nucleus (Shen et al., 2011). Interestingly the number of chromosomes
slightly differ between Giardia intestinalis strains and even between the nuclei within the
same cell (Tamova et al., 2016).

In order to correlate the telomeric FISH and single copy gene FISH we also tried two
colour FISH for simultaneous detection of single copy genes and telomeric repeats in one
nucleus. The two-color FISH was successfully used on Giardia intestinalis (Timova et al.,
2016). Unfortunatelly, due to endogenous biotin present in bacteria we could not use biotin
for labeling of the probes. Using direct labeling with FITC dUTP for telomeric signals, the
signal was not strong enough.

Monocercomonoides mercovicensis strain Marek2 and VAVI1B were exceptional
among our strains, because they showed a high number of telomeric signals with average 58
for strain Marek 2 and 107 for strain VAV1B. Intrestingly these two strains are classified to
the same species (Treitli et al., 2018), moreover, the amplified SufDSU part of the gene from
the two strains is identical. All of these could suggest that these two strains could represent
two different life stages. However, our single copy gene FISH suggests that both strains are
haploid, which does not support this hypothesis. In addition, flow cytometry measurement

63



showed a really wide distribution of the DNA content in the strain VAV1B. One possible
explanation for such observation is aneuploidy. This is, however, not supported by the single
copy gene results, since cells with more than one signal were observed with similar frequency
as in the case of other strains. Another reason for such a high number of telomeric signals can
be caused by the presence of the telomeric-like repeats at internal sites of the chromosomes
(intrachromosomal or interstitial telomerics equences, ITSs) (Aksenova et al., 2013; Nergadze
et al., 2004; Ruiz-herrera et al., 2008). It is also possible that Monocercomonoides
mercovicensis posses a population of minichromosomes, similarly to Trypanosoma sp.
(Garside et al., 1994; Melville et al., 1998; Stanne et al., 2011). It is important to note, that our
cultures are not clonal which can also cause the variation in DNA content. Flow cytometry
measurement of the second strain Marek2 could help us to further shed light on the weird
situation which we observe in this two strains. Unfortunatelly these measurements were not
successful.

For flow cytometry analyses, we tried fixation of cells in 70% ethanol and various
concentrations of formaldehyde, and in the end we decided that the optimal fixation condition
is 1% formaldehyde. Because of our cultures are not axenic we always needed to filter the
culturers before fixation, but even after these steps we still had plenty of bacteria in the
sample. Before staining, we passed the samples through a 20 um membrane to remove
aggregates which can clog the flow cytometer. In the initial experiments the nuclei were
stained with the Hoechst 33342 which was used also by Zubacova et al. (2008), but this was
not working very well in case of Monocercomonoides strains and we obtained better results
using DAPI staining. For the calculation of the DNA content we needed a reference with the
know DNA content. For this we used Monocercomonoides exilis, where we know that the
haploid genome size is 82Mbp. This strain was always measured before each investigated
strain to avoid any instrument variation between experimental days (eg. laser instability). We
also kept the same setting during the measurements. The results (Figure 18) show that
Monocercomonoides sp. strains OEV and Murall have smaller DNA content (= haploid
genome sizes), with 30 and 36 Mbp respectively. Even in the case of strain LEI the estimated
genome size was estimated to be 42 Mbp, but only two measurements were performed. For
Monocercomonoides sp. strain ERYM1, we were able to measure DNA content only once due
to the difficulty to culture this particular strain in larger volumes which are needed for flow
cytometry. But it seems that genome size is close to Monocermonoides exilis, with a DNA
content of approximately 69Mbp. In the case of TENE79 strain, we performed two replicates,
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both suggesting larger genom size of about 106Mbp. But the largest DNA content appears to
be in VAV 1B strain, with the estimated genome size 129 Mbp.

Genomes of all Monocercomonoidesstrains are generally smaller when compared to
the genomes of parabasalids like Trichomonas vaginalis (160 Mbp), Trichomonas tenax (133
Mbp), Tetratrichomonas gallinarum (86 Mbp), Pentatrichomonas hominis (94 Mbp),
Tritrichomonas foetus (177 Mbp), Tritrichomonas augusta (165 Mbp), Monocercomonas
colubrorum (114 Mbp), Trichomitus batrachorum (125 Mbp) and Hypotrichomonas acosta
(114 Mbp) (Zubacova et al., 2008). On the other hand, they are bigger than Kipferlia bialata
with 51 Mbp (Tanifuji et al., 2018), Giardia intestinalis (11,7 Mbp) (Morrison et al., 2007) or
Spironucleus salmonicida (12,9 Mbp) (Xu et al., 2014).

We also observed a wide variation of the DNA content in Monocercomonoides
mercovicensis. A similar situation was found within various isolates of Trypanosoma brucei
gambiense, T. b. rodensiense and T. b. brucei. The highest DNA content was observed in 7. b.
brucei and the lowest in 7. b. gambienese, and it was suggested that the reduction of genome
size may be caused by the depletion of minichromosomes (Kanmogne et al., 1997). This
large range of DNA content among species was also observed for Micrasterias species.
Interestingly, high variability in DNA content was also detected among different strains
belonging to a single species (Poulickova et al., 2014).

In the study of Zubacova (Zubacova et al., 2008) focused on genome sizes and
karyotypes of various parabasalids positive correlation between DNA content and the cell and
nucleus size was found. This corresponds with the hypothesis of Skeletal DNA, which claims
that nuclear volumes are determined primarily by the DNA amounts (Cavalier-Smith, 2005).
A strong correlation between the absolute nuclear DNA content and the cell size was also
reported within genus Micrasterias (Poulickova et al., 2014). Although not statistically
analysed, Monocercomonoides strains with larger cells and nuclei (Tretli et al. 2018, Table 2)
tend to have larger genome sizes. Exception represents Monocercomonoides acer strain
TENE79, however, the measurement of DNA content for this strain was not made in in three

replicates.
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7. Summary

e Based on the FISH analyses and flow cytometry measurements, the Monocermonoides
sp. strains OEV, LEI, Murall, ERYM1 and Monocermonoides acer strain TENE 79
appears to be haploid with the number of chromosomes ranging between 4 and 9. The
haploid genome sizes of these strains are ~ 106 Mbp in the case of Monocermonoides

acer strain TENE79 and 30 to 69 Mbp in the case of the other strains.

e Monocercomonoides mercovicensis strains Marek2 and VAV1B represent exceptions.
They both have much higher number of telomeric signals, average 58 signals for the
strain Marek2 and 107 for the strain VAV1B. Still, single copy gene FISH suggests
that both strains are haploid. Flow cytometry measurements showed a really wide
distribution of the DNA content in strain VAV 1B with the average haploid genome
size 129 Mbp.
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