The University of South Bohemia in Ceské Budg&jovice

Faculty of Science

Exploration of contaminations in Mesodinium species and its

Impact on phylogenomic analysis.

Bachelor Thesis

Thisara Nugapitiya

Advisor: Dr. Martin Kolisko

Ceské Budgjovice 2024



Bibliography:

Nugapitiya, T., 2024: Exploration of contaminations in Mesodinium species and its impact on
phylogenomic analysis. BC. Thesis, in English. — p 29, Faculty of Science, University of South

Bohemia, Ceské Budéjovice, Czech Republic.

Annotation:

Mesodinium species has been a challenging species to position on phylogenomic tree due to its
complex genomic structure and mixotrophic nutritional modes. This study aims to clarify this
species true phylogenetic placement by categorizing genes with gene trees having contradictory
positioning of Mesodinium sp. and then reconstructing phylogenetic trees with each group to

observe if the position varies.

Declaration:

| declare that | am the author of this qualification thesis and that in writing it | have used the

sources and literature displayed in the list of used sources only.

Klagenfurt, Austria, 09/12/2024

Place, date Student's signature


Thisara Nugapitiya 
Klagenfurt, Austria, 09/12/2024

Thisara Nugapitiya 


Table of Contents

A 1] =10 OO 1
INEFOAUCTION....ccssms s 2
MELNOUOIOQY .. 16
RESUILS. ... 17
DASCUSSION......crrssessssssssssm s 19

Y (=] (=] 0= 21



Abstract

Mesodinium sp. belonging to phylum Ciliophora, can be responsible for creating dense marine
algal blooms, that are sometimes large enough to be seen from satellites and plays an important
role in nutrient cycling. They possess a complex genetic make up due to their mixotrophic
lifestyle and kleptoplasty. However, accurate phylogenomic placement of this species has been a
challenge as it has been placed either at the base of the ciliates or as a crown species. In different
phylogenomic studies it has been hypothesized that its deep branching position is due to
contamination by other organisms. The aim of this research is to figure out which one of these
two placements is the most likely, by identifying the genes that branch either at the base or
outside of the ciliates. These genes have then been assembled into another taxon within the
phylogenomic matrix. We expect the two alternative Mesodinium datasets will either be placed
as a crown species or remain as a true deep branching ciliate lineage. This will allow us to
pinpoint or rule out the source of difference between the two conflicting topologies. By
examination of these two distinct trees we would be able to determine if Mesodinium is placed
as a crown species or as a basal lineage. These analyses will help to clarify the phylogenetic
positioning and reveal if contaminations or true genetic divergence influence Mesodinium's

place within ciliates.



Introduction

Phylogenomics

Since the invent of DNA sequencing, the use of sequence data for phylogenetics (1) have
became a major tool for inferring relationships between organism. Initially, this has been done
using single, usually highly conserved gene markers. Gene encoding the small subunit
ribosomal RNA was and still is used predominantly to classify living organisms (2). Over time,
as more different genes were analyzed, more topological incongruences were observed between
phylogenies which were based on single gene data. Most importantly, single gene data were
often insufficient to provide well resolved statistically supported phylogeny (3). The next
generation sequencing methods, that made it cheap and easy to collect large amount of sequence
data from almost any organism of interest, led to the “invention” of phylogenomics.
Phylogenomics aim to combine hundreds of genes into one large dataset for inferring
phylogenies (4). The basic assumption of phylogenomics is that each gene carries little bit of
true phylogenetic signal and some mostly random noise and that by combining multiple genes
together will provide sufficient “true” signal (and still lots of random noise) that will then lead

to well resolved phylogenetic tree (5).

A phylogenetic tree, otherwise known as a cladogram is a visual representation in which various
phylogenetic and evolutionary relationships between biological taxa are denoted based on their
morphological characteristics or genetics (6-8). Initially, homologous DNA (or protein)
sequences are collected from public databases (like GenBank, DDBJ or EMBL) or through the
performed experiments. Sequence alignment is then performed and there are multitude of
accurate methods for multiple sequence alignment (9). Trimming is essential before tree
inference is performed to filter out any unreliable regions of the alignment that might affect the
true outcome (10). Trimming more than what is required can eliminate true evolutionary signal
from the final analysis while insufficient post alignment editing could introduce noise (11, 12).
Selection of an appropriate algorithm for tree reconstruction is important (13). The two major
categories of techniques for tree inferences (14) are distance-based methods (like NJ and
UPGMA methods) (15) and character-based methods (parsimony and likelihood methods).
Distance based methods measure the evolutionary distance between organisms by computing

the sequence differences in the alignment (16). While the character based methods aim to search
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all possible (or its approximation through heuristic search) trees and choose the one with best
score based on the criterion(17). Today, maximum likelihood-based methods are generally
always used as the methods of choice as they are best at encompassing the complexity of
sequence evolution. As for the reliability of phylogenies based on morphological characters and
or single genes depend on the suitability of the data and the reconstruction method. A reliable
gene can be considered as genes that have undergone minimal change over time. Multiple

changes create noise (homoplasy) hiding true phylogenetic signal (18).

In most phylogenomic studies the two main steps of classical phylogenetic inference are
retained. Which is the identification of homologous characters (finding genes and constructing

their alignments) and tree reconstruction.

In the Phylogenomic sequence based methods, multiple sequence alignments are used for tree
reconstruction. Once the alignments are completed, tree reconstruction can be done in two ways.
Via the so-called supermatrix or supertree approach. For super matrix approach, all of the
alignments are concatenated into one large “super alignment”, which is then analyzes as “one
gene”. The supermatrix methods is the most straight forward approach in “adding” the weak
phylogenetic signal in individual genes for tree reconstruction. As “supermatrix” is made of
multiple concatenated genes, many taxa might be missing from certain genes. The sequences of
genes that are not present in an individual species are coded as dashes or sometimes as question
marks. Many recent studies (19, 20, 21, 22) have shown that the effect of the missing data is
relatively well tolerated during tree reconstruction. The reason that the impact of missing data is
minimal, is likely that most taxa are still largely represented in other genes (19). The
supermatrix approach is very effective for phylogenetic studies because it can handle missing
data well. This makes it possible to create phylogenomic datasets cheaply by using information
from existing databases (20, 23) or sequencing specific genes through PCR (24, 25, 26). As a
result, this method allows researchers to include many different species in their analysis, rather
than being limited to only those with fully sequenced genomes.

The second approach creates a “supertree” by combining all trees constructed from individual
genes. Various methods for supertree construction have been proposed (27). But due to the
inherent simplicity of the approach, matrix representation using parsimony (MRP) method(28,

29) is being used often(30). Examples of supertree methods in phylogenomics are reconstructing



the evolutionary relationships of bacteria (31) and model eukaryotic species with fully
sequenced genomes (32). Another popular method using individual gene trees as input is
ASTRAL (33; Accurate species tree algorithm). Astral is very effective at resolving conflict
between individual genes cause by incomplete lineage sorting (ILS) (34). ILS is phenomenon
when time between speciation events is shorter relatively to the size of population (35). To
counter ILS the coalescent based approach ASTRAL (Accurate species tree algorithm) takes
groups of four taxa (quartets) derived from individual gene trees, and then identify and resolve
conflicts in gene tree topologies putatively caused by ILS. This method explicitly accounts for
ILS since it is based on a multi-species coalescent model, which takes into account how genes
coalesce back to their common ancestors over time. ASTRAL has been found out to be more
accurate than the other methods under simulated conditions. The relative accuracy of ASTRAL
as well as other methods like concatenation depend on the amount of ILS, where ASTRAL
possesses an advantage when the ILS levels are at least. This approach also enables analysis

with unrooted gene trees as input trees broadening it’s application (33).

Another approach to genome-wise phylogenetic analysis is genome feature based method, that
avoids the requirement of multiple sequence alignment step. But it still depends on the correct
assessment of homology and orthology for accurate inferences. In this method the presence or
absence of genes in a genome is noted and analyzed to infer evolutionary relationships between
organisms. Each gene or a set of genes is assigned a binary character which indicates its
presence or absence in the genome. Changes in gene content are considered to be robust since it
involves numerous combinations of genes presence and absence across a genome. This leads to
a less likelihood of Homoplasy caused by convergence or reversal(36), potentially making them
good phylogenetic markers (37). Once the gene content matrix is generated for the organisms of
interest, standard phylogenetic tree reconstruction methods like distance (37-43) and
parsimony(43-46) are generally used. A phenomenon known as “big genome attraction”(47)
hinders the use of this method where organisms with large genomes tend to get grouped together
due to the sheer number of shared gene absences rather than due to true evolutionary
relationships. Gene order (the rearrangement of genes within a genome) was identified as a
valuable marker for evolutionary studies since it reflected rearrangements in the genome across
time.(48) The mathematically complex nature of this approach where the estimation if the

evolutionary distance between genomes based on the number of rearrangements required to
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transform one genome into another.(49) Current methods only consider inversions but new
methods are being developed to include a broader range of rearrangement events such as

duplications, insertions and deletions into phylogenetic reconstruction (50).

The main prerequisite for any concatenated phylogenomic analyses is “congruence” of the
phylogenetic signal between individual genes that are being used for tree reconstruction. There
are three main sources of incongruent signal in phylogenomics: paralogy, laterally transferred
genes and incomplete lineage sorting (see above). Paralogy originates via gene duplications.
Because gene can duplicate at any point within its evolutionary history, paralogs can exist in all
studies organisms (i.e.: in all eukaryotes), only within a specific group (i.e.: paralogs only within
animals or vertebrates) and also only within one species (i.e.: multiple copies of individual gene
only within Tetrahymena thermophila). Combining gene sequences from multiple species that
are paralogous to each other will lead to false signal (Fig 1). Therefore, only orthologous genes
(genes derived from an ancestor from speciation events) should be included in the analyses and
careful paralog/ortholog assessment is crucial in phylogenomic studies. This assessment is
traditionally carried out manually through inspection of individual gene datasets (51). The



movement of genetic material between species (horizontal gene transfer) can also disrupt the

assumption that gene similarity reflects orthology (52).
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Figure 1 False phylogenetic interpretation caused by the inclusion of multiple paralogous genes.

Phylogenomic studies focusing Eukaryotes where sequence based approach was used at a larger
scale, have confirmed the monophyly of many phyla which were defined using morphological
features and rRNA data (53). Although, the clarification of the eukaryotic tree of life is often
held back due to the lack of genomic data from several key species (Rhizaria, Cryptophytes,
Haptophytes and Jakobids). Therefore, confirmation of the hypothesis of the six proposed
Eukaryotic supergroups (Opisthokonta, Amoebozoa, Plantae, Chromalveolata, Rhizaria,
Excavata) (54, 55) stemming from decades worth of molecular and ultrastructural studies has



been difficult. But follow up phylogenomic studies (56) leads to a partially reshuffled tree with

7-8 major supergroups and still several lineages without proper home (Fig2).
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Figure 2 A summarization of the recent phylogenomic studies. Colored groups represent the supergroups. Bifurcated or
multifurcated lines represent unresolved branching pattern amongst lineages. Dashed lines showcase minor
uncertainties about the monophyly of some groups. The star annotate the supergroups which were also considered as
supergroups in the previous version. The circular dots denote lineages with no molecular data at the time of the previous
model. Modified from ADD NAME and et al.(56)

Another concern for phylogenomics are systematic errors. A systematic errors mean that, as
more data of the same type are included, the stronger the signal for false results. The causal
cause for a systematic errors is the failure of the assumptions made by the method about
evolutionary processes to account for the properties of the data. In other words, the phylogenetic
methods tend to oversimplify the evolutionary processes on the sequence level. This is main
reason why methods like Maximum Parsimony, simple distance methods or even Maximum
Likelihood with simple models are exceptionally susceptible. Systematic errors are amongst one
of the earliest issues faced by phylogenetics (57). The most common sources of systematic
errors are long branch attraction artifact and compositional bias. Long branch attraction is a
common issue when a particular species evolves at a faster rate than the rest (57, 58). This is
also called heterotachy. These fast-evolving species can be “attracted” to each other in

phylogenies. This attraction is caused by the fact that as they mutate very fast any real



phylogenetic signal is overwritten by multiple mutations. As a result, these organisms often end
up grouping falsely together even though they are not closely related (57). Compositional bias
has similar effect, here species with biased composition of their sequences might appear closely
related simply due to the fact that they are for example GC rich. While large datasets, like
phylogenomic ones, generally result in an overall enhancement of the resolution of the
phylogenetic trees by generating high statistical probabilities from either bootstrap analysis (59)
or Bayesian posterior probabilities (60), they are not immune to these systematic errors. It is
therefore important to use state of the art most realistic models, like for example mixture models
and perform checks for presence of systematic errors like fast evolving site removal or amino
acid recoding (61, 62).

Ciliophora and Mesodinium

Phylum Ciliophora being one of the most diverse of lineages amongst unicellular eukaryotes
has been long recognized as a monophyletic group. Ciliates have been thriving since a billion
years ago in a myriad of ecosystems, and this was long before the emergence of multicellular
organisms. These are one of the most complex unicellular organisms both genetically and

morphologically.

Ciliates are recognized as a taxonomic phylum related to two other sister phyla which are
Apicomplexa and Dinozoa. This relation is due to these phyla sharing membrane bound alveoli
and pellicles in common. These three phyla groups together are called Alveolates. The name
Alveolates is due to the fact that they possess subpellicular alveoli. Small subunit ribosomal
RNA genes (SSU-rRNA) also shows monophyly of these groups. The ciliates consist of eleven
lineages (classes). These categorizations were initially made by factoring in the differences in
somatic kinetid patterns, and sometimes oral structure patterns and cell division (63, 64). But
morphological overlaps can be observed amongst these different classes. Subphylum
Postciliodesmatophora has been confirmed from the gene sequence data of both SSU and LSU
rRNA samples, which also suggests two main sub phyletic radiations (65, 66). The subphylum

Intramacronucleata divides their macronuclei using an assembly of microtubules inside the



macronuclear envelope, hence the so-called intra macronuclear microtubules (65, 66). Unlike in
Postciliodesmatophora with some similarities in the somatic Kinetid arrangement across classes,
Intramacronucleata shows a wide diversity in molecular phylogenies (Fig 5). Therefore,
Intramacronucleata classes are categorized mostly based on the somatic kinetid arrangements,
oral region features and oral development patterns (64, 67, 68). Ciliates exhibit both
heterotrophic and autotrophic nutritional modes, like for example, Mesodinium that exhibits

autotrophic nutritional mode by integrating prey chloroplasts within their cytoplasm.

The phylum Ciliophora can be characterized by three main features (6):

1.Ciliates exhibit nuclear dimorphism. A cellular condition in which two different kinds of
nuclei are present in the cytoplasm. The first type is called the macronucleus, is transcriptionally
active. This produces messenger ribonucleic acid (RNA) to maintain cellular functions and it
usually contains many copies of the ciliate genome. Micronucleus which is diploid meaning it
contains two sets of chromosomes serving as the germline deoxyribonucleic acid (DNA),
undergoing meiosis during conjugation. Typically, the macronucleus contains many copies of

the ciliate genome.

2. Conjugation is the second unique feature where through the temporary fusion by cytoplasmic
bridge, two ciliates exchange gametic nuclei derived from the mitotic division of the
micronuclei of each partner. Genetic recombination events might occur leading to greater

genetic diversity with the phylum.

3. Ciliates possess cilia at least at one point of their life cycle. These hair-like structures are
flagella that may envelope the entire cell, in some species forming specialized organelles called
“cirri”. In some sessile species of ciliates, cilia can be localized to specific regions like the oral
and the cilia appearing on the body or somatic regions only during dispersal. Other sessile

ciliates might lack cilia in all stages except during the dispersal stage as observed in suctorians.
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Figure 3 Depicts the life cycle of ciliated protists. (a) Shows the general 3 phases of the life cycle.(b) Life cycle of the
hymenostome Tetrahymena patula which possesses a microstome phase which feeds on bacteria, a macrostome
phase to feed on microstomes when bacterial food supply is low and a dividing phase (tomonts) and the tormites escape
the cyst when bacteria are abundant to feed on. (c) Life cycle of hymenostome Ichthyophthirius multifiliis is a parasitic
ciliate which cause the white spot disease on the skin of fish. The small cell (Theront) burrows under the skin of fish and
converts into a Phoront that feeds. And a division stage similar to (b) (based on 64, 71) (69).
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The survival strategies that have been adapted by the ciliate decide the sort of life cycle it has.
The typical life cycle of a ciliate can be divided into three categories as in Fig 3a. The presence
of prey organisms leads to ciliate growth and then reproduction. Reproduction is usually
accomplished by transverse binary fission following bi-partitioning of the macronucleus and
mitosis of the micronucleus (70). During nutrient scarce conditions, ciliates are often signaled to
be sexually active entering the conjugation phase (Fig 3a). Researchers exploit this for studying
the process in the laboratory to gain insight into the particular cellular and molecular processes
occurring during the phase. When no sexual partners are available, ciliates undergo encystment
(formation of a protective wall around the cell preventing desiccation) which is also seen in
majority of the protists. When favorable conditions arise, the ciliate reverts back to trophozoites
undergoing excysment. Dispersal of these ciliates to distant habitats most likely occur during the
cyst stage. As observed in (Fig 3b) and (Fig 3c), there are many variations to this basic life

cycle.

There is a clear observable diversity in the morphology across different species of ciliates,
which has led to the majority of taxonomic classifications prior to phylogenetics. However, the
basic morphological features can be generalized (Fig 4). The cilia can be separated into two
main categories as oral and somatic. The somatic cilia reside on the surface arranged in
longitudinal lines called kineties. Each kinety is composed of multiple kinetids which is
composed of either one kinetosome and its cilium (monokinetids) or two kinetosomes and their
cilia (dikinetids, Fig 4). These somatic cilia function as propellers for locomotion in ciliates.
Some perioral kinetids modify into a more complex arrangement near the oral region assisting in
food capturing (Fig 4). Oral cilia are arranged as dikinetids around the cytostome (cell mouth).
Some of these dikinetids can form paroral kinety, which functions as a food filtration technique
in water which are usually restricted to the right side of the oral region. Food particles are
filtered by the compound movement of these oral cilia and formed into food vacuoles which are
passed across the cytoplasm. After digestion, it is excreted via a cytoproct (permanent cell anus)
(Fig 4). Water from the food vacuoles which is continuously phasing across the cell membranes
is expelled through the contractile vacuole pore. Plasmalamella (cell membrane) covers the cell
surface of ciliates. Underlying this layer are alveoli (Fig 4). Beneath these alveoli, a fibrous

layer called the pellicle is formed (Fig 4). These fibrillar layers provide structural support for the
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ciliates maintaining its unique cell shape. Together with the substructures of kinetids and

pellicles, the ciliate cortex is formed.

There is a variation in the fibrillar arrangements in somatic kinetids for each group of ciliates.

These variations have led to the characterizations of ciliate lineages in various studies (64,

67,71).
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Figure 4 A generalized morphological image of Ciliates. (based on Lynn and Small 1989)(69).

There are about 8000 known species of ciliates where around two third are free living and the
remaining are symbionts (69), but the true number could be drastically larger. The free living
species are globally distributed (72) and can be commonly found in benthos or sediments in
marine and freshwater ecosystems (72), in environmental soil (73), in marine plankton (74) and

in fresh water (75). And they even have been adapted to living in extreme habitats like hot water

springs.
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Usually, ciliates are the apex species of microbial food webs, feeding on flagellates,

phytoplankton and bacteria. In return these ciliates are consumed by jellyfish, zooplanktons and

small fish species.

Phylogeny of ciliates based on gene sequence data
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In this study, we focused on the phylogenetic position of the genus Mesodinium. This genus as
most ciliates has a global distribution, residing in fresh water and marine habitats. Mesodinium
possesses a distinctive double banded arrangement around the midsection of the cell (Fig 6).
The first Mesodinium sp. which was discovered was Mesodinium rubrum (by H. Lohmann, in
1908). This species has been the focus of many studies due to it being one of the main marine

primary producers (76) and in certain aquatic ecosystems creating dense massive red algal
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blooms (forming red tides) (77). Several other members of the genus have been identified since
the discovery of M. rubrum. These form distinct individual phylogenetic lineages. But a
categorization could be done according to the manner in which these species handle their prey.
M. rubrum and M. major receive most of the required energy by photosynthesis via stolen prey

chloroplasts, while M. pulex and M. pupula are exclusively heterotrophic while the two other

lineages which are M. chamaeleon and M. coatsi being hybrid.

Figure 6 (A,B) Lateral and apical view of M. pulex with ingested prey. (C,D) Lateral and apical view of M. chamaeleon with
phycocyanin plastids. (E,F) Lateral and apical view of M. rubrum with phycoerythrin plastids. (G) An M. rubrum bloom in
the Columbia River, (H) outer banks of North Carolina, near Oregon, USA (78).

The possession of cryptophytic endosymbionts makes Mesodinium interesting from an
evolutionary point of view (79, 80, 81). The morphological characteristics of this species have
also not been verified due to the lack of complete descriptions of the intraciliary structures and
silverline system (82). In some phylogenetic studies Mesodinium occupies an inconclusive
phylogenetic position and was considered to cluster within Litostomatea in the order
Cyclotrichida (76, 83). While some studies (84) defining Mesodinium as a species that branches
early on the evolutionary timescale. Mesodinium is a phylogenetically hard to position taxon
taxon, likely prone to artifacts as long branch attraction, at least in the small and large subunit
rDNA gene trees (77, 82, 85, 86, 87, 88, 89, 90). It is a common practice to exclude Mesodinium
in phylogenetic analysis due to their rapid evolutionary rates (82, 85, 91). Even though SSU
rDNA sequences representing Mesodinium rubrum and Mesodinium pulex share three
similarities with other Litostomatea, it still possesses additional deletions, substitutions and
insertions which are not shared by other ciliates (77, 82, 92, 93). Morphological classification
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has equally been problematic. In one study, light microscopic analysis of the species identified
them as a well defined group due to their unique overall morphology (94). While in one, being
placed within the class Litostomatea based on mouth positioning and inconspicuous oral
ciliature (95). Or either being localized to an uncertain taxonomic status due to these unique
characters and their somatic ciliature (67, 96). More recent analyses suggests that the only
common feature between Mesodiniidae and Litostomatea was the ciliary transition region (81,

94, 97, 98) with the phylogenetic position of Mesodinium still being inconclusive.

A variety of nutritional modes are being adapted by Mesodinium. This mixotrophic nature has
made Mesodinium (example- M. rubrum and M. major) to not only sequester the cryptophyte
plastids and mitochondria, but the kleptokaryon as well. This is kept transcriptionally active for
their own metabolism (79, 99, 100). As a resul, mixotrophic Mesodinium possess prey genetic
material within their own. This mixing of Mesodinium and cryptophytic genetic material leads

to conflicting phylogenetic placements of the genus.

In this study, the aim is to answer this contradictory placements of Mesodinium. Studies suggest
that the placement of Mesodinium outside the Litostomatea is likely due to the data being mixed
in with contaminating sequences (86, 89, 90). If the basal deep branching position of
Mesodinium is due to a contamination, it would likely stem from genes introduced by an
organism that is either a deep branching ciliate or a lineage in close proximity to ciliates. By
removing genes associated with this basal signal we hypothesized that Mesodinium should either
retain its basal position or shift to a crown species further verifying its phylogenetic positioning.
This will allow us to gain further insight into ciliate evolution and to further clarify the

Eukaryotic tree of life.
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Methodology

The dataset of Rotterova et al. (101) was used as a starting point. The raw trees, which included
all considered sequences for the phylogenomic analyses (i.e.: single gene datasets prior to
ortholog and paralog selection), were manually parsed again using the software Parasorter (102)
with special attention being paid to the position of Mesodinium. The genes were then split into
two groups: one where Mesodinium branched basal to the Ciliates and another where it

convincingly branched within Ciliates.

Next, in each final single gene dataset (i.e.: clean final single gene dataset just prior to
concatenation) the Mesodinium were renamed to “DEEP” and “CROWN” based on whether
Mesodinium branched basal to or within other Ciliates, respectively. The individual genes were
then concatenated using alvert.py software from BARREL-0-MONKEYS (http://roger

lab.biochemistryandmolecularbiology.dal.ca/Software/Software.htm#Monkeybarrel). A

phylogenomic tree was constructed from the resulting dataset using Maximum Likelihood with

C60+LG+G as implemented in the program 1Q-Tree with 2000 ultrafast bootstraps.

To test for long branch attraction, the outgroup sequences and long branching Protocruzia
ciliate were then manually removed (using the program Aliview) from the original final single
gene alignments (i.e.: with Mesodinium not split into DEEP and CROWN). The phylogenetic
tree was then recomputed using Maximum Likelihood with C60+LG+G as implemented in 1Q-
Tree with 2000 ultrafast bootstraps. The trees were visualized and saved as pdfs in the program

TreeView.
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Results
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Figure 7 Phylogenomic tree with each Mesodinium species being split into two groups based on their position in single
gene trees. The tree was computed in IQ-Tree using LG+C60+G model and 2000 ultrafast bootstraps. Black dots denote
BP support 100.
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Figure 8 Close up image of the branching pattern of the two groups of Mesodinium which where categorized as IN for the
ones branching clearly within ciliates and OUT for the ones branching outside ciliates. (As also seen in figure 7).

Out of 206 genes, 174 show both Mesodinium species branching clearly within ciliates, while 36
had both Mesodinium species branching as basal taxa. After these genes were grouped into
independent taxa marked as “DEEP” and “CROWN?”, the phylogenomic tree was reconstructed.
Both groups of Mesodinium branched in a similar deep branching position, as basal taxa, and
not with Litostomatea (103) (Figure 7 and 8). This was followed by removal of the outgroup and
Protocruzia, the longest branching taxon, from the dataset. The resulting tree also showed

Mesodinium as a deep branching taxon.
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Discussion

Almost all previously published phylogenomic studies that included Mesodinium showed it to
be a deep branching ciliate taxon (84, 101). This has been contradicted in 2019 by Lasek-
Nesselquist et al (103), where it was suggested that this position of Mesodinium is artificial. The
authors assume this is the result of contamination of Mesodinium, which might stem from food
sources or happen during RNA isolation or sequencing. They carefully parsed Mesodinium’s
position in all of their single gene trees and removed Mesodinium when it appeared as a
contamination (i.e. not branching within ciliates), which resulted in Mesodinium branching
within Litostomatea (103). However, during recent analyses done in collaboration between the
laboratories of Dr. Martin Kolisko and Dr. lvan Cepicka, Mesodinium still kept branching as a
deep branching taxon even after rigorous contamination filtering (101). Even though
Mesodinium was not included in the final analyses (101), it has posed an interesting
phylogenomic problem. During preparation of the datasets, the authors included both
Mesodinium sequences that branched convincingly inside the Ciliate monophylum as well as
Mesodinium sequences that branched as the most basal Ciliate lineage and could in some
extreme case represent a contamination. Here, we aimed to distinguish whether the position of
Mesodinium in the Roterrova et al. (2024) (101) dataset is caused by inclusion of genes where
Mesodinium branches at the base of ciliates and might represent contamination from some other
ciliate group. Splitting the individual genes into two groups based on the phylogenetic position

of Mesodinium showed no difference in the results (Fig 7).

Our results have clearly revealed that the position of Mesodinium in the Roterrova et al. (101)
datasets has not been caused by insufficient removal of Mesodinium contaminations. While this
is positive news for the future usage of the Rotterova et al. dataset, it does not explain the
difference with the results of Lasek-Nesselquist et al. (103).

Another explanation could be long branch attraction (LBA) artifact, since Mesodinium forms
fairly long branches on the phylogenetic tree (77, 82, 85, 86, 87, 88, 89, 90) and could be
attracted to the long branching Protocruzia and outgroup taxa. Therefore, as the next step, we

have removed the outgroup and ciliate Protocruzia from the dataset and recomputed the tree.
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The constructed tree shows no change in Mesodinium’s position, as it remains in a position
consistent with the tree with full taxon sampling. It can therefore be concluded that the
problematic position of Mesodinium in many phylogenomic datasets might not have only been
caused by the inclusion of contaminations (even though in some early studies this might also
have been a cause), but that the conflicting positions are either caused by gene sampling, taxon

sampling, or some other biases in the preparation of the data.

The placement of Mesodinium as an early branching lineage of ciliates has a few implications. It
might be considered additional evidence for a previous morphological study that identified
Mesodinium as its own group (94). Early branching lineages can also provide valuable insights
for understanding the evolution of traits of the group. As a continuation of our study, it would be
interesting to perform additional analyses, such as including more Mesodinium species in our
dataset or including genes used by Lasek-Nesselquist et al. (103) and performing full LBA
analyses on both ours and the Lasek-Nesselquist et al. datasets. Additionally, further expanding
the taxonomic sampling could help researchers clarify the precise placement of Mesodinium.
Further studies of Mesodinium using functional genomics to investigate the genomic features
which contributed to Mesodinium’s unique traits like kleptoplasty could reveal the evolutionary
events which led to its complex genome. Comparative studies of Mesodinium to other basal
lineages and crown ciliates could advance our knowledge of evolutionary traits across ciliates in

the tree of life.
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