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Abstract

Paramecium caudatum is a single-celled ciliate that sweeps food into its oral groove to

acquire nutrients. The cells become infected through this feeding apparatus by Holospora

undulata, an obligate endosymbiont that occupies the micronucleus of P. caudatum in two

morphologically distinct forms, the infectious and reproductive forms. Once the P. caudatum

cells begin to starve, the reproductive forms of the parasitic bacteria consume most of the food in

the micronuclei and differentiate into infectious forms. The bacteria eventually break out of the

cell and seek other hosts to infect. To better understand the mechanism by which H. undulata

successfully infiltrates their host’s defense systems, P. caudatum strains were infected and

varying levels of susceptibility to infection were identified. Whole genome RNA sequencing

found that certain proteins are significantly upregulated upon uptake of the H. undulata. By

cloning the significantly up-regulated genes into E. coli, feeding this silencing media to naïve

stocks of P. caudatum, and analyzing the infection phenotype of each, we hoped to characterize

the genes that function in the infiltration of H. undulata. Varying levels of infection prevalence

were seen amongst the gene knockdowns and across replicates of each infection. However, five

knockdowns show significant resistance compared to their respective controls, revealing a

possible involvement of 5 genes in H. undulata susceptibility. After finding which genes are

capable of inducing resistance, we plan to identify the associated proteins and track the gene’s

evolutionary divergence in P. caudatum strains with varying infectability.
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Introduction

Symbiotic relationships can develop over the course of millions of years and involve

complex competition between the parasite and its host. (Duncan, 2018). Many endosymbiotic

bacteria provide their hosts with benefits such as nutrient provision, defense from viruses, and

requirements for cell proliferation, but many of these bacteria are also parasitic (Garushyants,

2018). In this case, pathways within the host are often taken advantage of and manipulated to

increase the success of bacterial colonization. For Paramecium, a genus of unicellular ciliates,

Holospora have exploited the unique presence of both a macronucleus (mac) and one or more

micronuclei (mic). This parasitic bacterium has evolved alongside its host, diverging into distinct

species that are mainly specialized for only certain species of Paramecium (Garushyants, 2018).

However, it has even been found that within a species of Paramecium that is the target of one

type of Holospora, there are varying levels of strain susceptibility due to competitive selection

for hosts that are more resistant to infection (Weiler, 2020).

Holospora are immotile, Alphaproteobacteria that thrive only within the Paramecium

genus. The understanding of Holospora has mainly been characterized using Holospora obtusa,

which exhibits a very similar life cycle to Holospora undulata except for its proliferation in the

mac instead of the mic. This bacterium has mixed facultative and obligate endosymbiotic

associations to its host, meaning it exhibits an ability to survive without a host for part of its life,

but is unable to be cultivated on its own (Fujishima, 2009). The gram-negative bacteria also

exhibit two morphologies: the infectious form (IF) and reproductive form (RF). IFs, once taken

up by a susceptible Paramecium, manage to break out of the food vacuole before it becomes

acidified. Once in the cytoplasm, Holospora recruit actin to pull themselves to the micronucleus,

utilizing an invasion tip to break through the plasma membrane (Dohra and Fujishima, 1999).



Within this environment, the IFs begin dividing via binary fission and form RFs, which then

capitalize on the metabolic pathways of their host cell to gain nutrients. Once the RFs detect a

decrease in their available nutrients, they begin to morphologically change into IFs.

The starvation of infected Paramecium cells queues the transformation of RFs into IFs,

and this can play a crucial role in the spread of the endosymbiont. The transmission of H.

undulata can occur vertically as well as horizontally. Vertical transmission has been found to

occur when a dividing cell contains RFs that end up within the micronuclear envelope in the

resulting daughter cells (Fujishima, 2009). Horizontal transmission, which can happen in two

ways, occurs when IFs are phagocytized by a host cell and successful in getting to the

micronucleus. When an infected Paramecium begins to die, the organelles and plasma membrane

break down and allow for the newly exposed IFs to be engulfed by naïve hosts. Additionally, a

cell that is heavily infected with IFs can break apart during mitosis, resulting in the release of its

endosymbionts.

Previous research has observed that specific P. caudatum genes are upregulated in

response to H. undulata infection (Kagemann, in prep). In fact, RNA sequencing experiments

have found that 34 genes are expressed in the hosts at a significantly increased amount, both

when initially infected and 30 minutes post inoculation. These results have given rise to the

hypothesis that the influence of particular genes may be the culprit for allowing IFs to

successfully infect their host. The mechanism by which these genes would carry out this effect is

entirely unknown, and the function of 21 genes identified have yet to be understood even by

homology-based methods. By knocking down these individual genes in P. caudatum and

carrying out controlled infections, we are hoping to discover phenotypic variations in the

susceptibility of the altered P. caudatum caused by the knockdowns. If any of the genes have



significant effects on infection prevalence, then it can be concluded that these genes are directly

involved in allocation of H. undulata infiltration and maintenance within the mic.

Materials and Methods

Stock Maintenance

Naive P. caudatum were obtained from Ishikawa, Japan, and held in Oliver Kaltz’s

(University of Montpellier, France) lab before being transferred to Lydia Bright’s (State

University NY, United States) lab. Stocks containing H. undulata, collected from a pond located

near Stuttgart, Germany, were composed of several unknown susceptible strains of P. caudatum.

All cultures were maintained at room temperature (22-25 ºC) and grown in wheat grass media

inoculated with Klebsiella. Weekly feedings consisted of roughly 50% media replacement.

Genetic Knockdown Procedure

Gene knockdowns were started using 3 mL samples of HT115 strain Escherichia coli

harboring the L4440 plasmid containing the gene fragment of interest (or an empty plasmid, for

the negative control) and two convergent T7 promoters, that were grown in LB medium

containing ampicillin and tetracycline (LBAT). After growing overnight, 1 mL samples were

transferred to 9 mL of fresh LBAT and shaken at 37 ºC until the concentration reached an optical

density read at 600 nm of 0.3-0.6 absorbance units. IPTG was then added and the samples were

shaken for 4 hours. Samples were then spun down and washed using wheat grass media twice

before being vortexed with 10 mL of wheatgrass media containing ampicillin. These solutions

were then aliquoted into 500 µL volumes in 15 separate tubes. After being spun down, the

supernatants were removed and the tubes were placed in a -80 ºC freezer for future feeding.



Concentrated 500 µL cultures of P. caudatum were prepared in glass tubes using 30 mls

of starved, naïve stocks of the C147 strain, spun down at 7000 RPM. Three gene knockdowns as

well as one control using L4440 bacteria were prepared in triplicate for a total of 12 samples. P.

caudatum samples were then fed 500 µL of the knockdown media, which were obtained from the

-80 ºC freezer and resuspended using wheat grass media containing ampicillin. All samples

within an experimental block were fed daily for a total of 4 feedings, where the fifth day

consisted of feeding with lysate containing H. undulata.

Holospora Infection

The H. undulata life cycle (Figure 1A) begins with a Paramecium cell that sweeps an IF

into its oral apparatus (Figure 1B). Once the IF is engulfed and present within a phagosome or

food vacuole, it breaks out into the cytoplasm and manages to make its way into the

micronucleus (Figures 1C-E). In the micronucleus, the IF differentiates into multiple RFs and the

endosymbionts occupy this organelle until they detect a signal to differentiate into IFs (Figures

F,G). This signal occurs when Paramecium cells are starved, due to a decrease in the number of

nucleotides available for RFs to metabolize.

The process of inoculating a naïve sample of P. caudatum began when a stock sample

was identified as having starved cells visibly infected with H. undulata. This was determined by

placing 1 mL samples of HU1 containing stocks into 3 well dishes, that were then imaged using

light microscopy at 10X magnification. Highly infected samples were then poured into 15 mL

Falcon tubes and 45 mL of these cultures were concentrated using centrifugation. Roughly 1 mL

of the supernatant was left after centrifugation and the IFs were extracted manually using a bead

beater to lyse the Paramecium cells. The lysates were then combined and close inspection was

carried out to ensure that all the Paramecium cells were lysed. The concentration of IFs was



Figure 1: (A) Holospora life cycle within host. (B–G) Representative timepoint images of infected Paramecium caudatum by Holospora
undulata (on both the diagram and the microscope image panels): (B) IF within the oral apparatus (OA) at 10 min post inoculation. (C) IF in a
food vacuole (FV) at 30 min post inoculation. (D) IF in the cytoplasm at 1 h post inoculation. (E) RFs in the micronucleus (MIC) at 3 days
post inoculation. (F,G) IFs and RFs in the MIC at 7 days post inoculation. (B-D, F,G) Live cell images, differential interference contrast. (E)
Cell fixed with 5% glutaraldehyde and stained with lacto-aceto-orcein. All cells imaged on a Nikon Ti-S inverted microscope, using phase
contrast, 40× objective. (H) Infection protocol. Example experimental block involves 4 cultures in triplicate and IF quantification using
hemocytometry.



determined using a hemocytometer, imaged at 400X magnification (phase-contrast). Final IF

concentrations varied between biological replicates but were the same for all samples within

each experimental block. On day 2 as well as day 7 post inoculation, 5 mL of media were added

to each sample to maintain high cell density and prevent mortality. This procedure is shown in

Figure 1H.

Infection success was determined at 14 days or 15 days post inoculation when infection

was present solely in the micronucleus. Samples were placed into 3 well dishes and 30 µL of

concentrated cells were placed onto plexi-glass slides. Lacto-aceto orcein stain was utilized to

visualize RFs and 10 µL of 5% glutaraldehyde was used to fix the cells. Cover slips were left on

the slides for 25 minutes before they were sealed with clear nail polish to preserve the quality of

the samples. Inspections of 20-25 individual cells from each replicate were scored as either

non-infected, IF containing, or RF containing, and the infection prevalence was calculated.

Results

Knockdown Assays

The determination of knockdown success was measured by performing real-time qPCR

on several key samples of interest. Primers were used for the genes of interest as well

housekeeping genes, in order to identify if the silencing medium sufficiently removed the

presence of the specific gene. A lower Ct value would suggest that a higher number of the

amplified mRNA was present in the sample, meaning the knockdown was not completely

sufficient (Livak, 2020). Efficiency can be calculated by observing the Ct value proportionality

during a set of dilutions of the collected sample. Once the slope of this line is calculated,

efficiency is found using the following formula: Efficiency . An efficiency far= 10−1/𝑠𝑙𝑜𝑝𝑒 − 1



Figure 2: (A) Table of RT qPCR results for RNA extracted from P. caudatum after 4 days of exposure to silencing media. Genes shown
in top row alongside respective expression levels below. Bold genes represent significantly different expression levels compared to the
other genes. (B) Bar chart of RT qPCR efficiency velocities. V1 shown in orange while V2 shown in blue. CN1 and TVP15 data is
shown with different Y-axis to account for significantly higher efficiencies.

below or above 100 % indicates the presence of ribonucleases which could destroy the sample,

inaccurate primers for the knockdown, issues with the reagents, and more. This measurement

works similarly to relative expression, which describes the abundance of the gene in the sample.

Incredibly successful silencing medium would produce a knockdown culture with no gene

expression of the target mRNA. Results of one these assays on the experimental cultures is

shown in Figure 2A.



Figure 3: Success of positive controls Mob1 and IFT80 analyzed at 4 days of knockdown feeding. (A-C) Representative images of C147 strain P.
caudatum. (A) Normal cell fed empty vector plasmid L4440. (B) Cell with phenotypic response of mishappen plasma membrane due to Mob1
silencing media. (C) Cell fed IFT80 silencing media, shown missing cilia on the bottom left region. Cells imaged on a Nikon Ti-S inverted
microscope, using phase contrast, 40× objective. (D) Bar chart of mishappen Mob1 cell proportions from 6 replicates (N=50). (E) Bar chart of
deciliated IFT80 cells from 6 replicates (N=50).

Another way to determine the success of silencing medium is the use of positive controls

that result in visible differences in affected individuals. When this type of knockdown is carried

out properly in Paramecium, it produces a phenotypic variation from the normal Paramecium

cells. Many genes can be used to identify if a knockdown has succeeded, but the Mob1 gene is

very common for its very obvious effects on cells. Studied on yeast, Mob1 has been found to

encode a co-activator of kinase proteins, and helps to regulate mitotic division. More specifically,

without Mob1, cells are unable to localize spindle poles prior to metaphase, resulting in irregular



growth and budding on the cell. In Tetrahymena, this phenotype is seen as improper orientation

of the daughter cell’s oral groove, and in Saccharomyces, this knockdown often results in cells

that are completely unable to separate during binary fission, leaving a chain of cells connected by

their plasma membrane (Chalker, 2014). Figure 3 shows a representative normal cell (A) and a

mob1 deficient phenotypic P. caudatum (B) after 4 days of feeding. The predicted substantial

phenotype for Mob1 deficient cells was not identified in P. caudatum until more days of feeding,

but initial signs of the gene absence were able to be identified at four days. Knockdown success

was quantified at only four days since this duration of feeding was the time point for the

inoculation of IFs in the experimental trials. Infection prevalence for each knockdown sample

was then recorded based on the proportion of phenotypically abnormal cells identified in each

sample (3D). Variability in the degree of abnormality in these cells was observed. Besides the

fact that the knockdown heterogeneity was high across the 6 replicates, not all of the abnormal

cells had the same relative amount of phenotypic variance from the normal cells.

Another positive control was analyzed using the IFT80 gene, which is responsible for the

ciliation of the plasma membrane. When Tetrahymena thermophila cells are missing this gene,

they not only are missing the majority of their cilia, but their motility suffers greatly and this can

be observed under much lower magnification using light microscopy (10X) (Beales, 2007).

Deciliated cells are shown (3C) along with the quantification of affected cells from IFT80

silencing media (3E). Figures 3D-E reveal a high level of heterogeneity within each sample as

well as across all cultures fed with silencing medium prepared from the same induced E. coli.

IFT80 knockdowns showed easier to identify phenotypic differences between the knocked down

cells and normal cells, which may have contributed to the higher prevalence of cells with



abnormalities. This may have also caused a decrease in the heterogeneity between the replicates,

though heterogeneity was still present within each of the samples.

Figure 4: Infection prevelences of H. undulata in 29 P. caudatum knockdowns measured at 14-15 days post inoculation. (A) Recorded data from
all infections. Dots represent measured data while the different colors signify different genes shown in legend. (B) Several key genes compared
to one another from different trials. Red dots are L4440, navy blue are CC2, cyan are CC5, green are MORN, yellow are TVP15, and purple are
UK10. Weekly infection trials are separated by a light grey line, where all samples within the boundaries received the same inoculum. The
left-most sample within each trial was fed negative control L4440 producing E. coli. Averages are shown as black bar in each sample, with error
bars defining the standard deviation.



Infection Assays

Infection prevalence was recorded in triplicate for every gene, and each infection was

performed alongside a negative control empty vector plasmid (L4440). Proportions were

calculated using both RF and IF containing cells in the infected population. All data is shown in

Figure 4A with samples clustered by infection date. Figure 4B shows key gene knockdowns that

result in at least one trial where the silenced gene results in resistance with no overlap in standard

deviation. Within each of the knockdowns with significant genes of interest, heterogeneity is still

very visible across trials where the infection prevalence would be expected to remain consistent.

However, though there is also variation in the replicates within each sample, all of these

knocked-down genes in Figure 4B feature average proportions of infected individuals at lower

levels than their respective controls. Additionally, there are greater differences between the

experimental samples and their respective controls, than there is variation between all of the

controls, despite significant disparities in IF concentrations in the inoculum across trials.

Cellular microscopy at 14-15 days post inoculation featured mostly non-infected cells and cells

containing RFs. The cells containing IFs were the easiest to identify and almost every sample in

the entire experiment had at least one cell that had IFs, thus confirming that every infection

worked. Additionally, for the Mob1 and IFT80 genes, the other knockdowns did not express any

abnormalities. Because environmental factors remained conserved throughout the experiments,

the cultures were always roughly the same starvation level by the day of imaging. Despite the

attempts to keep all the conditions the same, variation still persisted among the different

experiments in the L4440 negative control gene knockdown, with a range of 30-90 % infected.

The five key genes in Figure 4B also show a consistent amount of variation between biological

replicates, yet each gene knockdown correlates with having a lower infection prevalence



compared to its respective control. The range in infection prevalence in the key knockdowns was

from 15-80 % infected, which is noticeably less than the range of infection proportions across the

controls.

Discussion

This research reveals important findings related to the mechanism by which P. caudatum

becomes infected by H. undulata. It was discovered earlier that different strains of P. caudatum

have varying levels of susceptibility to this symbiont, and the identification of specific genes

upregulated in response to this infection generated the question of whether these genes may be

linked to the allocation of Holospora into the host. Real-time qPCR was performed and results

show that gene expression of the knocked down target gene were variable, and this was

confirmed by phenotypic analysis of positive controls Mob1 and IFT80. Dissimilarity was found

between cultures of these positive controls, as well as within each sample. It is assumed that

higher proportions of phenotypically knocked down samples had negative correlations with the

expression levels of the genes of interest, however this needed to be further analyzed using

qPCR. Ultimately, variation within a sample is expected, and it is hypothesized that knocked

down and/or infected cells will divide at a slower rate than WT cells. This phenomenon may

contribute to a greater variability between samples at later time points, since these tubes with

infected or knocked down cells may gradually become dominated by the more rapidly dividing

normal cells. An increase in sample sizes would provide greater precision in the infected and

knocked down proportions found, but further data is required to find the efficacy of the

knockdowns over a 2-week period. More frequent imaging would also expose the effects of the



different division rates in infected and uninfected cells, since the accumulated divisions would

make for greater differences at later time points.

Figures 3F-G show that there were lower abnormal proportions of cells found in the

Mob1 knockdowns than the IFT80 knockdowns. A reason for this difference may have been due

to the inability for Mob1 silenced cells to divide completely. Not only did some cells appear to

not separate completely, making them count as only one cell during imaging, but the absence of

the gene product may have caused the knocked down cells to be odd shapes that held up worse

during preparation of the slides. Centrifugation of larger cells with more significant phenotypic

effects from the knockdown may end up lysing the cells, as well as the act of putting on the

cover slide. Visible malformations in the Mob1 positive controls are also seen at higher

proportions in later time points, but cells were only imaged after four days to get a sense of the

knocked down culture proportion at the same time point the infections take place. It is

hypothesized that certain gene products are responsible for the allocation of H. undulata

infection, so by maximizing the silencing of gene products at the time of inoculation, it is

expected that a gene linked to infection will produce the most significant resistance in the

culture. Real-time qPCR time course assays of the Mob1 and IFT80 silenced cultures would also

reveal the most efficient infection day due to a maximal amount of gene suppression, though the

4 day time point has been seen to be sufficient in similar organisms (Jenkins, 2020).

Imaging of the 29 different knockdowns of different upregulated genes revealed mixed

results. The majority of the genes did not provide significantly different infection proportions

compared to the negative control, and the infection prevalence differed between trials. The

heterogeneity within each sample was expected in the controls since C147 Paramecium cultures

on average maintain roughly 50 % infection prevalence at 15 days post inoculation (Weiler,



2020). Since the effects of the genes had yet to be characterized in terms of infection

maintenance, it was expected that many of the genes may not infer resistance in any way to H.

undulata. However, any gene knockdown that causes resistance would be expected to still

contain heterogeneity due to the moderate level of knockdown efficiency seen from Figure 2.

In an attempt to keep the concentration of IFs in each inoculum at a very high amount,

the concentration was strived to be a minimum of 100,000 IF’s/tube, but the concentration did

drop below 100,000 IFs/tube in trials 3 and 7. Large fluctuations in the inoculum concentration

could have had an effect on the number of Paramecium that successfully swept a bacterium into

its oral apparatus across trials. It was found through previous research that at concentrations

above 60,000 IFs per tube, the proportion of infected cells among different trials stayed roughly

the same (Weiler, 2020). Thus, normalization of the inoculum concentration was not necessary at

the levels achieved in the rest of the trials where the concentration ranged from

(100,000-500,000 IFs/Tube).

Figure 2 shows the prevalence of the genes of interest that were the targets of the

knockdowns, despite the use of silencing medium for four days. Results in Figure 2A show that

expression of all the genes were present, except in MORN and UK10 which have yet to be

analyzed via qPCR. Figure 2B shows high irregularity seen across all of the samples, with very

few having quality results. BT1, UK7, ER1, UK2, CC8, GR1, CC5, and Ptub, have the most

consistent efficiency readings from two trials, however ER1 and Ptub are the most successful

knockdowns with average efficiencies at 97.8 % and 99.4 % respectively. At these very

successful efficiencies, it would be expected to see the lowest expression levels for ER1 and

Ptub, however, the culture given Ptub has not had its expression quantified yet and the value

calculated for ER1 is significantly different and much higher than that of the other knockdowns.



Ideally, primers and samples would be analyzed several more times until the efficiency is

maximized around 100 % and the expression is as low as possible. This would ensure a sufficient

amount of gene silencing at the time of infection.

Analysis of Figure 4 shows that variation is not only present within each sample, but

variation also exists across the entire experiment from trial to trial. The majority of the

knockdowns exhibit overlapping standard deviation in infection prevalence with the negative

control, showing an absence of significant resistance caused by the lack of the genes of interest.

However, as seen in Figure 2, the efficiencies and expression levels are not adequate enough to

propose complete success of the silencing mediums. Further refinement of the protocol needs to

be carried out to confirm the success of every knockdown. Once this is done, imaging of the cells

can be done with higher confidence, allowing for knocked down cultures with induced resistance

to be more easily identified based on more precise infection prevalence.

Figure 4B shows there are some consistencies present regardless of the fact that there is

such high variation between the knockdowns. All of these knockdowns had at least one trial in

which the experimental sample was significantly different from the control, however some of

these genes produced more resistant results than others. CC5 and MORN show the most

promising results, but further experiments need to be carried out to make sure the silencing

medium was successful. A higher quantity of samples in each trial, as well as a larger number of

cells per slide, would increase the accuracy and precision of the proportions infected, but

ultimately, if a very high percentage of the cultures are knocked down, there will be much higher

definitions between the control and phenotypically affected cultures.

Future directions include repeated infections of each of the knockdowns as well as

cleaner mRNA extractions to ensure more accurate real time qPCR analysis. Once certain genes



are found to be linked to the maintenance of H. undulata infection, the gene products and

mechanism by which these genes allow for the infiltration of IFs will be investigated. Infection

time courses will be carried out to determine the exact point at which infection is prevented in

these induced resistant cells. Further analysis of these genes can then be studied to possibly

identify homologs with other ciliates and organisms that may exhibit obligate endosymbiotic

relationships. Since different strains of P. caudatum display different levels of susceptibility to

this parasitic infection, the quantity of key gene products as well as their sequences can be

studied, in order to further understand the roles and mechanisms of the notable genes.
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