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Abstract 

 Paramecium caudatum is a single-celled pond-dwelling ciliate that can be infected by its 

endosymbiotic partner, bacterium Holospora undulata. Multiple strains of P. caudatum can have 

varying levels of susceptibility to infection by H. undulata, indicating there are factors that 

contribute to susceptibility such as environmental and genetic factors. Previous research in the 

Bright laboratory has determined 38 genes are highly upregulated in P. caudatum during H. 

undulata infection. Further investigation of these genes is presented in this study to determine 

their involvement in infection response. We performed various bioinformatic analyses, such as z-

tests, to determine if any type of selection (i.e., positive, purifying, or neutral selection) is 

occurring on these genes. In this research paper, we want to determine the molecular basis for 

these changes in susceptibility to infection, and to detect any evolutionary constraints on genes 

involved in infection. 
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Introduction 

Paramecia caudatum (P. caudatum) is a strain of Paramecia, a unicellular ciliated protist 

with the ability to be infected by pathogenic bacteria, specifically Holospora undulata (Weiler, 

2020). Paramecium species contain two nuclei to compartmentalize somatic genetic material 

from germline genome, identified as the macronucleus (MAC) and micronucleus (MIC), 

respectively (Rautian, 1996). Many species of bacterial symbionts are present in Paramecium in 

a variety of locations in the host, like the micronucleus, the macronucleus, and the cytoplasm 

(Preer-Jr, 1997). Bacterial symbionts in the Holospora family can enter cells and become part of 

the host’s various cellular functions (Preer-Jr, 1997). The presence of endosymbiosis has 

influenced the host and bacterial evolution, as well as genetic diversity and adaptation to their 

environment (Weiler, 2020). Paramecium is also a useful and versatile model organism for 

experimental investigation, like knockdown research to determine observable molecular gene 

function, genome sequencing to perform bioinformatic evolutionary data analysis, tagging 

specific genes with fusions of fluorescent proteins like GFP for gene and location identification, 

and more (Weiler quoting Preer-Jr. 1997). Paramecia are versatile for testing given their 

translucent body and easily manipulative properties that allow a wide variety of tests to be 

performed to further biological research on unicellular organisms (Rautian, 1996). 

Endosymbiosis is an extremely widespread phenomena among microorganisms and their 

methods of survival. While there are many infectious bacteria that invade different strains of 

Paramecia, Holospora undulata (H. undulata) is one type of non-motile proteobacteria that 

infects the micronucleus of Paramecium caudatum with the ability to evade the digestive system 

of the host and live in the cytoplasm and MIC (Preer-Jr., 1997). H. undulata is an obligate 

micronuclear endosymbiont of P. caudatum, entering the host ciliate through food vacuoles 



during the process of phagocytosis (Sabaneyeva, 2009). H. undulata has two major life stages, 

vegetative and infectious. In the reproductive form, the bacterium grows alongside the host cell 

by binary fission in the MIC and switches to an infectious form when the host cell is in a starving 

state for bacterial preservation (Nakamura, 2004). Reproductive forms (RFs) of H. undulata can 

be vertically transmitted during cell division and horizontally transmitted when infectious forms 

(IFs) are released during cell division or cell death (Weiler, 2020). The ability for Holospora 

species to use nucleotides as an energy source explains infection through the nuclei, specifically 

the MIC or MAC, and the negative effects on host phenotype after infection (Weiler, 2020). The 

MIC has the genetic material that is passed down vertically in Paramecia and the cytoplasm 

passes bacterial information horizontally (Fokin, 1997). H. undulata proliferates as a 

reproductive form in the MIC of its host to be vertically transmitted and must enable horizontal 

transmission through a change to infectious forms to be released into the environment during cell 

division or death (Kaltz, 2003). This aligns with the bacteria feeding off nucleotides for energy 

given that vertical transmission is performed more often than horizontal given that horizontal 

transfer requires host stress, like starvation. 

Susceptibility of P. caudatum appears to be heritable (Weiler 2020, also previously 

Fujishima 1985 and Skoblo 1997) and varies within strains across the tree of P. caudatum. The 

capacity for infection is distinct from the host’s ability to maintain the infectious bacteria, given 

that bacterial maintenance in the host is a specific property of certain P. caudatum strains 

(Fujishima, 1985). This is further indication that the capability of infection is influenced by 

genes in the nucleus of the host. Previous studies have shown that different strains of P. 

caudatum have varying infection susceptibility, some strains appearing to be universally 

susceptible to infection while other strains are either more difficult to infect or are completely 



resistant to infection (Weiler, 2020). Weiler et. al.’s paper used controlled inoculation 

experiments to investigate quantitative genetic variation in resistance to H. undulata across 

multiple P. caudatum strains. 

Also based on previous research in our lab, 36 genes were identified to be highly 

upregulated in P. caudatum during infection (unpublished previous research), indicating that 

specific genes and their products are associated with infection. Resistant variant strains were also 

compared to susceptible strains (specifically regarding infection by H. undulata). This was 

discovered through growing a variety of cell strains of P. caudatum and infecting them with H. 

undulata and determine infection success. The results of this study show these upregulated genes 

are directly involved in the infection process, and variations in these genes across strains likely 

explain what makes a strain genetically more resistant than another closely related strain. 

 

 



 
Figure 3. Genes highly upregulated at both timepoints in infection. RNA sequencing data gathered in 
a previous study (manuscript in review) represent upregulated genes in response to early Holospora 
infection and provide knockdown targets. a, DEG’s from RNA sequencing experiment which were 
greater than 2-fold upregulated at both 10- and 30-minute timepoints. Fold expression change from the 0 
to 30-minute time is represented. Genes with no expression data reported for 0-minute time point not 
included in the analysis. b, DEG’s were mapped to P. caudatum strain c147 and DEGs were investigated 
for their putative functions via domain search and homology.  

 

High conservation of genes stems from the organism’s need for that gene’s function for 

survival. Some genes can be highly conserved, or acting under purifying selection, typically 

genes involved in the process of transcription and translation. Other genes can be positively 

selected for, indicating the gene is subject to change based on selective pressures present in the 

environment surrounding the organism and the neighboring organisms that occupy the same 

niche.  While it is possible that synonymous substitutions can cause phenotypic changes in the 

gene, the most likely outcome is a gene with its normal function regardless of the mutation. 

Nonsynonymous changes in a gene indicate the codon is altered to a different amino acid, 



therefore potentially changing the function and/or structure of the protein the gene codes for. 

This can have large effects on the gene, completely changing the protein for a new potentially 

beneficial or detrimental function. The ratio 𝑑! 𝑑""  quantifies selection pressures by comparing 

the rate of nonsynonymous (dN) change sites (or amino acid substitutions in a gene that change 

the correct amino acid) to the rate of synonymous (dS) change sites (or amino acid substitutions 

in a gene that do not change the amino acid) in a gene sequence. The closer to one the ratio is, 

the less selective pressure the gene is under; the closer to zero the ratio is, the more purifying 

selection the gene is under (Kryazhimskiy, 2008).  

To determine how much purifying selection versus positive selection there might be in 

relation to infection of P. caudatum by bacterium H. undulata, gene sequence comparisons were 

performed across all genes highly upregulated during infection, to determine the presence of 

positive selection or purifying selection across closely related strains.  

I used the ratio of 𝑑! 𝑑""  to estimate the type of selective evolutionary pressure each gene 

identified as being involved in infection is under. Using bioinformatic software GENEious and 

MEGA, we were able to create and input each multisequence alignment correlating to each 

upregulated gene among the nine strains to determine the number of synonymous and 

nonsynonymous changes in the gene and whether those values indicated the type of selection that 

gene might be evolving under. GENEious was used for gene sequence input and multisequence 

alignment of the extracted gene from each strain. MEGA was used to perform overall and 

sequence pair z-tests on each gene multisequence alignment. If the number of nonsynonymous 

changes is greater than the normalized number of synonymous changes in the multisequence 

gene alignment, the gene is evolving under positive selection; if the number of nonsynonymous 

changes is less than the number of synonymous changes in the multisequence gene alignment, 



the gene is evolving under purifying selection. If the number of both nonsynonymous and 

synonymous changes are equal, then neutral selection is present for that gene. Positive selection 

indicates evolution is promoting sequence change, and purifying selection indicates evolution is 

promoting gene conservation. 

For this work, I searched for gene homologs across strains of Paramecium that have 

varying levels of infection susceptibility or resistance (Figure 2). I made sequence alignments 

and performed tests of selection across the homologs for 32 of 38 genes (five genes were not 

found in other strains; two genes were positive controls for knockdown and only one was found 

in the tested strains).  

 
Figure 2. Heatmap of resistance of 30 Paramecium caudatum strains against Holospora 
undulata. Strains represented in red indicate highest level of resistance, and stains represented in 
yellow indicate lowest level of resistance. 
 



 
 
Results 

32 genes were analyzed, one being a positive control for gene knockdown from previous 

research, and 31 of the initial upregulated genes during infection. Homologs for five of the initial 

36 upregulated genes were not found in any of the nine P. caudatum strains being studied. All 

genes being analyzed are coding genes, and a portion of them have gene description from 

previous research. Genes CC1-CC8 and CC10 have a coiled coil domain; gene ABCT1 is an 

ABC transporter-like protein; BT1 is a biopterin transport-related protein; TVP15 is a Golgi 

apparatus membrane protein; Sant1 is a Myb domain; Sig3 and Sig4 is a protein kinase-like 

domain; ER1 is a stress-associated endoplasmic reticulum protein; MF1 is a major facilitator 

superfamily domain, CN1 is a tetratricopeptide-like helical domain; GR1 is a glutaredoxin. The 

remaining 12 genes do not have known functions. Positive control gene ITF80 is an intraflagellar 

transport protein. Genes denoted UK1-12 and CN1 are small and do not contain any predicted N-

terminal signal sequences. CN1 was previously identified as a cyclic nucleotide binding protein 

in a high throughput analysis. It was later determined that, due to inconsistencies between the 

two P. caudatum genome annotations, this putative protein was not representative of the gene 

identified in our dataset. The gene encodes a 56 amino acid peptide which has no predicted 

domains within it. 

Sant1 is the most conserved gene according to pairwise identity in GENEious shown in 

Table 1. Sant1 is a member of the Myb domain, which is a large gene family composed of 

transcription factors, meaning that Sant1 is of incredible functional importance to P. caudatum 

across all the studied strains. Histone acetylation is a major role of Sant1, causing chromatin 

structure opening and closing for gene expression and transcription to occur (Boyer, 2004). Gene 



function of Sant1 aligns with the resulting sequence analysis based on the principle that highly 

conserved genes in a genome are differentiated from genes that are under selective pressures or 

otherwise given that they are so functionally important to the organism in its sequence that 

nonsynonymous changes would be detrimental to the organism. 

Table 1. Percent pairwise identity statistics across 9 homologs of each of the 32 total genes. 
Genes are in order of increasing similarity across all 9 homologs of each gene from the 9 strains 
of P. caudatum. Each row represents the percent similarity that respective gene has across all 9 
homologs of the gene. 

 

Z-Tests in MEGA 

According to z-tests on overall sequences performed on nucleotide alignments for each 

infection-based upregulated gene in the software program MEGA, 30 out of the 32 genes 

analyzed appear to be evolving under purifying selection (Table 1). This can be concluded based 



on the rejection of the null hypothesis of strict neutrality occurring only in favor of the 

alternative hypothesis of purification. This can be attributed to the small amount of data available 

for data analysis regarding P. caudatum and infection-based evolution. Of the 32 genes, three 

indicate some type of potential selection due to rejecting the null hypothesis of strict neutrality, 

but also not being in favor of the alternative hypotheses. These three genes, CN1, UK3, and 

potentially UK1, therefore indicate a potential for positive selection, and their z-test scores 

pushed for pairs of sequence z-tests to be performed for a more specific analysis. 

 

Table 2. Z-Test Results determining the presence of positive, purifying, or neutral selection 
for multisequence alignments of 32 genes. Results in bold indicate the potential for some type 
of selection other than purifying and were used for further testing. 

 

Sequence pair z-tests of both purifying (Table 2) and positive selection performed on 

UK1 resulted in complete favor of the strict neutrality null hypothesis. This is true as well for the 



positive selection sequence pair z-tests of positive selection performed on CN1 and UK3. 

Interestingly, CN1 and UK3 did indicate certain strain pairs rejected strict neutrality in favor of 

purifying selection. For UK3, every strain paired with P. caudatum C026 resulted in favor of 

purifying selection (Table 3). In contrast, for CN1, sequence pairs of strains appeared to result in 

favor of purifying selection (Table 4). 

 
Table 2. Sequence Pairs Z-Test for Gene UK1. Warm colors (yellows, oranges, reds) indicate 
infection proportions, red strains indicate highest level of resistance and yellow strains indicate 
lowest level of resistance. Clade represents the grouping of strains based on genetic similarity. 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Table 3. Sequence Pairs Z-Test for Gene UK3. Warm colors (yellows, oranges, reds) indicate 
infection proportions, red strains indicate highest level of resistance and yellow strains indicate 
lowest level of resistance. Clade represents the grouping of strains based on genetic similarity. 
Boxes in blue represent null hypothesis rejection in favor of purifying selection. 

 

 

 
 
Table 4. Sequence Pairs Z-Test for Gene CN1. Warm colors (yellows, oranges, reds) indicate 
infection proportions, red strains indicate highest level of resistance and yellow strains indicate 
lowest level of resistance. Clade represents the grouping of strains based on genetic similarity. 
Boxes in blue represent null hypothesis rejection in favor of purifying selection. 

 

 



Strains were labeled with their clade as determined by research in Johri et. al.’s paper 

(Figure 3). All nine strains of P. caudatum we observed were differentiated into two major 

clades, clade A and clade B, and one outgroup noted as clade C. Sequence pair z-test analysis 

between two strains for CN1 further indicated purifying selection was detected between strains 

of different clades (i.e., only present between clade A and B). 

 
 

Figure 3. Genetic separation of studies P. caudatum strains into two clades. C_C026 is <75% 
genetically similar to Clades A and B, with a * to indicate being an outgroup. Figure taken from 
Johri et. al.’s paper (2017). 
 

Each strain was labelled with their corresponding level of infection based on research 

conducted in Weiler et. al.’s paper (2020). Yellow indicates low resistance level to infection and 

red indicates high resistance. This labelling demonstrated that most of the favorable purifying 

selection results are also between strains with different levels of infection resistance. 

Discussion 

Most genes are constrained in their evolution, as shown by experimental results from 

Sella et. al.’s paper. Evolutionary analysis suggests deleterious and neutral mutations are more 

common than advantageous ones, especially when referring to functionally important genes, and 

are removed efficiently by purifying selection. Much of the Drosophila genome is under 

purifying selection (Sella et. al., 2009), suggesting it is functionally important; most amino acid 



mutations are under purifying selection, and over half of the mutation in noncoding regions of 

the genome are deleterious, indicating that genes with unknown function (GUFs) have either not 

been explored or do not have any known functional relevance and might be able to afford 

accumulating deleterious mutations more than genes with known functions (Sella et. al., 2009). 

While it would be inconsiderate to assume GUFs are functionally irrelevant since they are still 

conserved in certain genomes, it is likely their functional conservation is not to the same degree 

as genes we can assign definitive importance to, like immune response genes or transcription 

factors, until more research can be done to define these genomic regions. Purifying selection 

eliminates chromosomes with deleterious mutations are eliminated relatively quickly from a 

population, creating a stable population chromosomal balance overall (Sella et. al., 2009). 

Based on our results, most of the genes are evolving under purifying selection. This 

aligns with various studies on evolution and the Neutral Theory because most nonsynonymous 

substitutions are deleterious and therefore removed by purifying selection for preservation of the 

functional version of those genes (Ellegren, 2008). However, the Neutral Theory also proposes 

that most of the variation within and between species is neutral and that genetic drift is 

responsible over selective pressures when there is an increase in changes in population 

frequencies of neutral alleles (Sella, 2009).  Immune response genes in a host coevolving with a 

parasitic counterpart is one example of genes that are likely to show strong signatures of positive 

selection given that both the host and the parasite are in competition for the same environment 

(the host). While the immune response genes are very important, and not all of them would be 

under positive selection given their necessity to the host in their functional form, a portion of 

them are likely under positive selection so they can evolve with and respond to parasitic invasion 

advancement. Only a small portion of the genome is under selection given high conservation of 



functionally important genes , and it is difficult to determine an accurate amount of functional 

DNA from the amount of conserved DNA given how much noncoding or “junk DNA” there is in 

genomes due to lack of sequencing and easily identifiable gene functions (Ellegren, 2008). 

 Most of the 31 genes related to infection response in P. caudatum are highly conserved 

(under purifying selection), but a small number of them are undergoing some form of selection to 

change presumably to aid in host resistance to H. undulata. Within a population, the 𝑑! 𝑑""  ratio 

is impervious to selection pressure (Kryazhimskiy, 2008). This aligns with our results of majorly 

purifying selection among the genes. Divergent population selection pressure differs greatly from 

selection pressure within a population. The genes under purifying selection align with what 

genes are expected to be under purifying selection, given that the genes we studied are highly 

upregulated and therefore definitively associated with Holospora infection (genes with 

functional importance).  

However, a small number of our genes do appear to be under positive selection or relaxed 

constraint of some sort. This may indicate genes involved in coevolutionary arms races, where 

both the host and parasite are continually undergoing pressure to adapt due to competition with 

each other for survival (i.e., evolving to outcompete the other, survival based on resisting 

infection). It is likely there is positive selection present in genes related to infection resistance to 

evade parasitic invasion. The 3 genes that are not under purifying selection based on z-tests are 

most likely GUFs given they do not have any prior research to define their functions based on 

their sequences. Interestingly, some GUFs are more conserved than others (Table 4). GUFs may 

be involved in signaling or trafficking but are not even conserved enough to know what their 

function is. 



It is difficult to pinpoint the function of genes UK1 (for UnKnown) and UK3 given that 

previous research investigated these genes, that were upregulated during the infection process, 

and did not identify any known functions,. They most likely have important functions related to 

infection given their high upregulation, but until further analysis can be done on Paramecia 

genomes, no definitive function can be attributed to them outside of infection related. CN1 has 

been identified to be a type of cyclic-nucleotide-binding-like coding gene. Due to inconsistencies 

between the two P. caudatum genome annotations, an accurate gene description is not possible. 

The gene encodes a 56 amino acid peptide which has no predicted domains within it. This brings 

up the possibility of CN1 being a paralog, as an alternative theory to the two reference genome 

discrepancies for the gene being the likely reason CN1 is so different. 

Sant1 is the most conserved gene among the 32 genes tested, indicating it has the most 

functional relevance, or most conserved function. This aligns with Sant1’s predicted function as 

a transcription factor, meaning it most likely functions as such. The vital importance of 

transcription factor genes, especially in relation to parasitic infection, supports that the gene 

would be the most conserved of the 32 upregulated genes we investigated.  

Gene CN1 is the most variable of the three genes further analyzed for sequence pair 

variations (Table 4), indicating that we may be analyzing paralogs as well as orthologs. Paralogs 

are gene copies that arise from a duplication event within the same genome, while orthologs are 

genes in different species that evolved from a common ancestor gene by some type of speciation 

event (McGrath, 2014). CN1 is so variable in comparison to the remaining 30 genes that there 

are potentially other factors contributing to its “uniqueness”, including mis-annotation as an 

ortholog when it may be a paralog. 



Tables 2 through 4 combine genetic variation based on location in addition to clade 

differentiation. While Paramecia can be found all over the globe in a variety of pond conditions, 

regions making up each clade were majorly in close enough proximity to note genome-wide 

variation among varying populations of P. caudatum strains (Aury, 2006). Global trends align 

with purifying selection constraints on opposing clade strain comparisons. 

Future directions 

Future directions extending this research would involve gene investigation of function to 

determine the role of all upregulated genes presented in this study. Determining why these genes 

are highly upregulated during Holospora infection of P. caudatum would not only offer an 

explanation to this research, but also provide the opportunity to investigate these genes in other 

Paramecia species, and potentially other single-celled ciliates, infected by some parasitic 

bacteria (Holospora or otherwise). Our data show the comparison of nine closely related strains 

of P. caudatum and how their upregulated genes during H. undulata infection. This opens the 

door for research either furthering this data to investigate the genes themselves, or to look at 

other species of Paramecia and their corresponding Holospora partnership to compare their 

upregulated infection genes. Investigating other species of ciliates, with genome-wide data and 

an endosymbiotic relationship, is another future extension of research. The world of ciliate 

species is easy to study for their size, reproductive rate, simplicity, and visible nature. Extending 

research in this field can help us explain the complex nature of a single-celled immune response.  

Methods 

Data Collection 

 The P. caudatum strains comprising clades A and B sequenced and tested in Johri et. al.’s 

paper, along with outgroup strain C026, were obtained and uploaded into bioinformatic software 



GENEious for gene extraction and multisequence alignment for a comparison of each respective 

gene sequence among all nine P. caudatum strains. 

Geneoious. 

Nine closely related strains of P. caudatum in clades A and B had 883 single-copy 

orthologous protein-encoding genes (that are present in all species). These were used to make the 

analyses in this paper. Previous research identified 38 genes highly upregulated during 

Holospora infection, but only 32 of these genes were present in all of the strains obtained and 

analyzed in this paper. Each of the 32 genes that are heavily upregulated during Holospora 

infection were extracted from each strain, aligned, and compared in a multisequence analysis 

using the program GENEious. The multisequence alignment also indicated the percent pairwise 

identity, or how conserved each nucleotide base in the gene sequence is compared across all nine 

strains. Lower pairwise percent identity score indicated there was more variation across the 

strains of P. caudatum for that gene, and a higher pairwise percent identity score indicated less 

variation and higher conservation of the gene across the strains of P. caudatum for that gene. 

 

MEGA. 

Sequence data was uploaded to MEGA, or Molecular Evolutionary Genetic Analysis 

program, for further analysis. Z-tests were performed on the multisequence gene alignments for 

overall comparison testing against a null hypothesis of strict neutrality (𝐻#:	𝑑! = 𝑑") for an 

alternative hypothesis of either not neutral selection	(𝐻$:	𝑑! ≠ 𝑑"), positive selection (𝐻$:	𝑑! >

𝑑"), or purifying selection (𝐻$:	𝑑! < 𝑑"). Overall sequence z-tests were performed on all 32 

multisequence alignment of genes, and sequence pair z-tests were performed only on 

multisequence alignments of genes CN1, UK1, and UK3.  
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