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Wild aquatic birds are a major reservoir of the influenza A virus in natural ecosystems, facilitating its 
entry into the aquatic microbial food web through their feces. Free-living protozoa and particularly 
bacterivorous ciliates are essential players of the microbial food web. This study investigates the 
interactions between the Influenza A(H1N1)pdm09 virus and the ciliated protozoan Tetrahymena 
pyriformis at the population and ultrastructural levels. Co-cultivation of Influenza A(H1N1)pdm09 
and T. pyriformis resulted in a decline and eventual complete elimination of the viral population. The 
inactivation of the virus was not mediated by products excreted by T. pyriformis but required A(H1N1)
pdm09 endocytosis. Viruses ingested by protozoa lost their virulence within 48 hours post infection 
(hpi) and, as determined by hemagglutination assays, were entirely inactivated within 72 hpi. When 
lysates infected with A(H1N1)pdm09 T. pyriformis were applied to MDCK cells 1.5 and 24 hpi the 
undamaged part of ingested virions caused a cytopathic effect. Confocal laser scanning microscopy 
(CLSM) and transmission electron microscopy (TEM) of infected T. pyriformis cells revealed large 
food vacuoles, including multiple undamaged and partly processed virus particles, at 1.5 and 24 hpi. 
Furthermore, TEM identified coated and half-coated small one-virus endosomes that predominated 
at 48 hpi. These results demonstrated that A(H1N1)pdm09 inactivation by T. pyriformis includes two 
types of endosomes that dominated at different periods of interpopulation interactions. The process of 
A(H1N1)pdm09 inactivation in protozoan cells occurs rapidly, but not instantaneously, that suggesting 
a dual role of protozoa in the fate of influenza A viruses in natural ecosystems, both as predators and as 
potential vectors.
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Influenza A virus is widespread in nature, and aquatic birds, which is known to have a wide range of susceptible 
hosts, including birds, some mammals, and humans. Wild aquatic birds, are considered a major reservoir of 
influenza A virus subtypes in the natural ecosystem, they support virus multiplication and contribute the greatest 
diversity of its population and evolution28,56,59. The number of influenza virions entering the environment in the 
fecal matter of each infected duck is evaluated as approximately 1010 50% embryonic infectious dose (EID50) 
57. Further, avian influenza viruses are stable in water50,56 and have been isolated from the surface of ponds 
containing a large number of waterfowl17,18. Recent reports indicate that the avian influenza A virus can retain 
infectious activity in water for up to 7 months42. Although aerosol transmission cannot be dismissed, the larger 
number of positive cloacal than tracheal swabs, the high fecal virus titer, and the stability of the virions in water 
suggest that low pathogenic avian influenza viruses persist in duck populations through fecal-oral transmission56. 
This mechanism could partially explain the higher prevalence of infection in surface-feeding (dabbling) ducks 
than in diving ducks that typically feed in deeper water22.
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Viruses entering natural aquatic reservoirs through bird feces infiltrate intricate microbial food web. Free-
living protozoa represent a significant part of the plankton biomass of the aquatic ecosystems and an essential 
element of the microbial food web, acting as predators of bacteria and smaller microorganisms while serving 
as prey for carnivorous protists and metazoans19,Bulannga et al., 9,30,41,60. Intensive reproduction, short 
generation time, high population size, long-term preservation in dormant forms (cysts), and bacteriovourus 
and/or carnivourus nature of nutrition determine the role of protozoa in interactions with other members of the 
microbial food web7,12. On the other hand, free-living protozoa are a typical prey of not only crustaceans and 
other multicellular representatives of zooplankton, but as well wild birds and mammals whose diet is based on 
water filtration7,15,39. This intermediate position makes protozoa able to pass smaller microorganisms including 
pathogens to vertebrates via food chains13,15,40.

Interactions between protozoa and viruses are relatively underexplored. Ciliates, primarily T. Pyriformis, 
have been intermittently studied over the past 70 years for possible associations with viruses of humans, 
and less frequently with viruses of fish, with intriguing but not always definitive results. Subsequently, 
laboratory investigations were done, commonly with Tetrahymena. The viruses included influenza virus, 
encephalomyocarditis (EMC) virus, measles virus vaccinia virus, coxsackie B-5 virus, adenovirus type 2 and 
type 3, poliovirus and Simian rotavirus SA11 (Groupé and 14,25,48,53, Kling, 24, Kim and Unno et al., 6,23,34). While 
there is evidences that ciliates destroyed or inactivated some viruses of mammals, Tetrahymena spp were shown 
to increase the titer of the chum salmon reovirus upon incubation of ciliates and CSV at 22 °C37

Rates of protozoan grazing depend on virus although mechanisms determining the rates are unknown19,35. 
Experimental conditions are important for virus inactivation: a number of studies on interactions between the T4 
bacteriophage, phages Phi X174 and MS2 and the ciliate Tetrahymena spp showed alternative results concerning 
phage inactivation although all studies demonstrated T4 ingestion by the protozoan2,16,38. For human viruses, 
the results of their interactions with protozoa range from accumulation on the protozoan surface to rapid 
elimination, depending on unidentified factors5,35. Mechanisms that control interactions between protozoa 
and viruses as well as a potential role of protozoa in circulation of human viruses in aquatic ecosystems are 
essentially unexplored5,16,19,35,38. In this work, we used the ciliate T. pyriformis as a model organism to investigate 
interactions between protozoa and the human Influenza A(H1N1)pdm09 virus.

The significance of this study is in characterization of interactions between influenza A virus and Tetrahymena 
pyriformis, a model protist representing free-living protozoa. The results will enhance our understanding a fate 
of Influenza A virus in aquatic ecosystems and underly a role of the microbial food web in viral maintenance in 
natural ecosystems. Influenza A virus is prototypic among viral infections with natural foci that causes infections 
of both anthropogenic and zoonotic origin, leading to sustained transmission and the emergence of novel 
viruses4,10,28,52.

Materials and methods
Cultivation of Tetrahymena pyriformis
The T. pyriformis strain GL was obtained from Institute of Cytology, Russian Academy of Sciences, St-
Petersburg, Russia. T. pyriformis was routinely maintained axenically at a temperature of 28 °C in the brain heart 
infusion (BHI) broth (BD, Franklin Lakes, NJ, USA) diluted 1:1040. Other workers have reported the growth of 
Tetrahymena in culture media that had been designed for the mammalian cells37. To optimize conditions for 
the protozoan-viral association, the protozoa were adapted to the Eagle’s MEM medium (Eagle’s MEM, Paneco 
Ltd, Moscow, Russia) supplemented with a double set of amino acids (Biolot Ltd, Sankt-Petersburg, Russia) by 
cultivation in this medium for 7 days. The protozoan density utilized in the experiments was 105 trophozoides 
per ml.

Cell line management
MDCK cells (Madin-Darby canine kidney cells (NBL-2), ATCC CCL-34) was obtained from Central of 
Disease and Control (CDC). Cell line was cultivated using standard method21,58 in the Eagle’s MEM medium 
supplemented with a double set of amino acids with 7 % fetal bovine serum (BioSera), 50 μg/ml gentamicin, at 
37°C, 5% CO2 atmosphere.

Virus propagation
Used in the study Influenza A/Guangdong Maonan/SWL1536/2019 H1N1pdm09 (A(H1N1)pdm09 virus was 
a courtesy of the Francis Crick Institute (London, UK) in collaboration with the Global Influenza Surveillance 
and Response System (GISRS), which passed 4 passages in chicken embryos. Routinely, A(H1N1)pdm09 was 
propogated in a culture of MDCK cells at a temperature of 37 °C for 48 hours21,58 with 1μg/ml trypsin TPCK-
treated (tosyl phenylalanyl chloromethyl ketone). Then the virus-containing liquid was filtered using a 0.22 μm 
syringe filter (TPP, 0.22 μm, PES, 33 mm, gamma-sterilized), aliquoted and stored at -70°C.

Modeling of the A(H1N1)pdm09 / T. pyriformis association
The experimental design was developed based on the works of the Groupé14 and the Olive35 with some 
modifications. An A(H1N1)pdm09 suspension in 10 ml Eagle’s MEM medium with an hemagglutination titer 
of 128 hemagglutination units per 50 µl (HAU/50 µl) and an infectious titer of 107.75TCID50/0,1 ml (50% tissue 
culture infectious dose) was added to 10 ml of a T. pyriformis suspension with the concentration of 105 cells/
ml. The mixed culture was incubated at a temperature of 25 °C for 7 days. 0.5 ml aliquots were taken at various 
time intervals (1.5 h, 24 h, 48 h, 72 h, 96 h, 120 h, 168 h). Taken aliquots were centrifuged at 1000 rpm for 5 
minutes, the supernatant was passed into a sterile tube to be frozen, the pellet was washed with 500 µl of the 
Eagle’s MEM medium, then the pellet was resuspended in 250 µl of the MEM medium, then the samples (the 
supernatant and the cell sediment suspension) were frozen and stored at −70 °C. As a virus control (positive 
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control), the A(H1N1)pdm09 suspension was diluted with the equal volume of the sterile Eagle’s MEM medium 
and incubated under the same conditions and aliquots were taken at the same time points and processed in the 
same way. An intact culture of T. pyriformis grown in the Eagle’s MEM was used as a negative control.

A(H1N1)pdm09 growth in the medium conditioned by T. pyriformis
T. pyriformis was grown in to the Eagle’s MEM medium supplemented with a double set of amino acids for 5 
days. Then the supernatant was sterilized via nitrocellulose filter (1.0 μm). The A(H1N1)pdm09 was mixed with 
the conditioned medium in the ratio 1:1 (v:v). As a control, fresh medium was added to the virus culture in the 
same ratio.

Hemagglutination (HA) assay
The hemagglutination assay was performed by standard technique58. 50  μl of 0.75% suspension of human 
erythrocytes of the 0(I) blood group, diluted with 0.9% PBS (phosphate-buffered saline, pH 7.2) were added 
to 50 μl of serial two-fold dilutions of T. pyriformis/ A(H1N1)pdm09 suspension and placed in round-bottom 
96-well plates. The plates were incubated 60 minutes at a temperature of +6  °C until complete erythrocyte 
sedimentation. The titer of the virus was expressed in HAU/50 µl, corresponding to the reciprocal of the last 
dilution, giving erythrocyte agglutination49. The hemagglutination activities of the positive (A(H1N1)pdm09 
alone) and negative (T. pyriformis alone) cultures were evaluated in the same way.

Reverse transcription/ quantitative PCR (RT/Q-PCR)
Viral RNA was isolated using the QIAamp Viral RNA Mini kit (Qiagen GmbH, Hilden, Germany), followed by 
amplification using the CDC rRT-PCR Flu Panel test system58 and the CFX96 PCR amplifier (BioRad, Hercules, 
CA, USA) for the qualitative determination of influenza A H1N1 virus45 with using a calibrator for quantitative 
analysis. Results were shown as a mean of genome equivalent of influenza virus per ml (GE/ml). The detectable 
limit CDC rRT-PCR Flu Panel test system was 1000 GE/ml. GE/ml value calculated from three independent 
experiments. The concentration of genome equivalent of influenza virus was determined with using standard 
curve (R2=0.999).

The tissue culture infectious dose (TCID50) assay
Infectious titers of A(H1N1)pdm09 were established in the MDCK cell culture as follows a confluent MDCK 
cell culture monolayer was formed in 96-well plates58. Then serial decimal sample dilutions were added to the 
MDCK monolayer washed twice with MEM Double Amino Acid Kit Eagle’s Medium (Biolot). Infected cells 
were incubated at 37°C and 5% CO2 for 1 hour, then 100 μl of Eagle’s medium MEM supplemented with a double 
set of amino acids, 50 μg/ml of gentamicin, and 2 μg/ml of trypsin (TPCK), was added to all wells, and cells were 
incubated at 37°C and 5% CO2 for 48 hours. Cytopathic effect (CPE) was evaluated visually using an Olympus 
CKX31 microscope. Infectious virus titer (lg(TCID50)) was calculated using the Spearman-Kerber formula27 .

Fluorescent microscopy
Samples placed in the 96-well plates and fixed with a 4% paraformaldehyde were treated with 0.5% Triton X 
-100 and washed with PBS 2 times. Then 50 µl specific antibodies to the influenza A nucleoprotein conjugated 
with the fluorescent protein GFP (1/16 dilution, PPDP, Saint-Petersburg, Russia) were added, plates were 
incubated at room temperature for 30 minutes, washed once PBS and twice with bidistilled water, and dried at 
room temperature. Virus was visualized with ZEISS AxioVert.A1 (Zeiss, Oberkochen, Germany) fluorescent 
microscope at a magnification of 900x.

Confocal laser scanning microscopy (CLSM)
0.5  ml samples were placed in microcentrifuge tubes with a filter (AmiconUltra 100K, Merck, Darmstadt, 
Germany), centrifuged at 13,000 rpm for 5 min, the filter was washed with 450 µl of MEM Eagle medium with 
a double set of amino acids 2 times. The concentrated precipitate (from 30 to 50  μl) was shaken, collected, 
transferred to a glass slide, dried, and fixed with 50 μl of 96% alcohol (the glass was left at room temperature 
until the alcohol was completely dry). After fixation, slides were treated with 0.5% Triton X-100 for 15 min, then 
washed with PBS 2 times. Next, 50 µl specific antibodies to the influenza A nucleoprotein conjugated with the 
fluorescent protein GFP (1/16 dilution) were added, glasses were incubated at room temperature for 30 minutes, 
washed once with PBS and twice with bidistilled water; slides were then dried at room temperature. Images were 
taken with a confocal microscope ZEISS Ism 800 at a magnification of 40, with a zoom of 3.4, using immersol 
518f immersion oil.

Transmission electron microscopy
Samples were fixed in the Ito-Karnovsky reagent20, then post-fixed in 1% aqueous solution of OsO4 and 1% 
uranyl acetate solution (Serva, Germany) in 0.2 M maleate buffer (Science Services GmbH, Germany). Ultrathin 
sections were obtained with LKB III ultratome (LKB, Switzerland). Then ultrathin sections were contrasted with 
1% alcohol solution of uranyl acetate and 0.3% aqueous solution of lead citrate (SERVA Electrophoresis GmbH, 
Heideberg, Germany) and analyzed using a JEM-2100Plus transmission electron microscope (JEOL Ltd, Tokyo, 
Japan) at an accelerating voltage of 160 kV.

Quantification of mitochondria
Mitochondria were counted quantified using at least 20 independent TEM images taken 1.5 h post addition of 
the A(H1N1)pdm09 virus or a sterile medium as a control.
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MTT assay
The MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) dye was added to virus-fed or control 
T. pyriformis cultures up to the concentration of 10 mg ml−1. Samples were incubated in the dark at 25 °C for 
3 h or 24 h, then the samples were centrifuged at 6000 rpm for 10 min. The precipitate was dissolved in 200 µl 
of dimethyl sulfoxide (DMSO) and transferred into the wells of a 96-well plate, 100 µl each, then the optical 
density was detected on an IMark plate reader (BioRad) at a wavelength of 490 nm. To evaluate the T. pyriformis 
metabolic activity (Zilberg, 61), optical density was normalized to the number of protozoan cells in the sample.

Statistics
All experiments were repeated from three to five times. The mean and standard deviation (SD) values were 
calculated from the entire data set where applicable. Statistical analysis was performed using one-way ANOVA 
with the post hoc Tukey’s test. The homogeneity of variance assumption was tested using Levene’s test. Statistical 
differences were considered significant when the p value was <0.05.

Results
T. pyriformis inactivates viral population
The first objective of our study was to investigate the dynamic of A(H1N1)pdm09 population following its 
interaction with T. pyriformis cultures. The starved protozoan culture was mixed with A(H1N1)pdm09 viruses 
with multiplicity of infection MOI 1:104 (cell : virus). At different time points, T. pyriformis cells were settled 
down by centrifugation and viral RNA loads was enumerated by RT/Q-PCR reaction separately in cell lysates 
and in cell-free culture supernatant (Fig. 1). Viral RNA concentration was detected in T. pyriformis cell lysates 
up to 96 hours post infection (hpi), decreasing genome equivalent (GE/ml) from the value of 1.4∙105 GE/ml at 
1.5 hpi up to 3.4∙103 GE/ml at 96 hpi. At latter time points, viral RNA was below the detection limits. In culture 
supernatant, viral RNA loads gradually decreased from 1.7∙106 GE/ml at 1.5 hpi up to 8.9∙103 GE/ml at 168 hpi. 
The control A(H1N1)pdm09 culture changed insignificantly from 1.8∙106 GE/ml at 1.5 hpi up to 1∙106 GE/ml at 
168 hpi, which is typical for cell-grown influenza virus of A(H1N1)pdm09 clade 6B.1A5.5a1. Notably, the viral 
RNA concentration predominates in the supernatant when compared to the lysate at the different time points. 
Since the protozoa not only engulf and digest viral particles, but also release their degradation products into 
the culture medium, the viral RNA from both intact and degraded influenza viruses is more prevalent in the 
supernatant than in the cell lysate.

To assess whether RNA loads correlated with persistence of viral proteins activity, specifically hemagglutinin, 
we performed a hemagglutination (HA) assay (Fig. 2). Indeed, these methods exhibit different sensitivities and 
offer distinct insights into the intracellular processes of the protozoa and the surrounding culture medium. 
The HA assay confirmed accumulation of the virions in association with protozoan cells within the first hours 
of interaction. Protozoan lysate-associated signal was detected at nearly the same value up to 48 hpi and then 

Fig. 1.  Quantification of A(H1N1)pdm09 RNA in cell lysates and culture supernatants obtained from the 
A(H1N1)pdm09/ T. pyriformis co-culture. The A(H1N1)pdm09 virus and T. pyriformis were co-cultivated at 
25°C and 0.5 ml samples were collected at specified time points. Reverse transcription followed by Q-PCR was 
conducted on viral RNA isolated from T. pyriformis cell lysates (white) and culture supernatants (black). The 
unmixed A(H1N1)pdm09 culture was used as a control (grey). The mean virus concentration was genome 
equivalent per ml (GE/ml) and Standard Deviation (SD) from 3 independent experiments are shown. The 
detectable limit was 1000 GE/ml; p<0.05 compared to the1.5 h time point.
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it gradually decreased. The HA titer decreases at 48 hours, suggesting that the HA protein is likely inactivated 
due to both proteolytic enzymes and low pH levels within the protozoan phagosomes. After 72 hpi, the HA 
assay was totally negative. HA titers in the cell-free supernatant smoothly diminished from first hours to 48 
hpi. After 96 hpi, no HA titers were detected neither in cell-free supernatant no in cell lysates, because HA titers 
dropped below detectable levels at 96 hpi. It should be noted that the HA titers are higher in the lysates then 
supernatant. In contrast to the viral RNA quantity (Fig. 1), these results suggest more active degradation of viral 
particles within the phagosomes than in the culture medium (supernatant). It is evident that, in the viral control, 
there was an initial decrease in titers over 48 hours, followed by an increase in HA titers at 96 and 168 hours as 
degradation of viral particles escalates. On the other hand, the predominance of HA titers in the lysate, it may 
indicate for a change in the mechanisms of virus penetration into the Tetrachymena.

Virus destruction occurred via direct protozoan-virus interactions but not due to T. pyriformis 
secreted products
The rapid and smooth decline in the number of free-floating viruses and the more abrupt decrease observed 
for virions associated with protozoan cells suggested that free-floating viruses were ingested and destructed 
by protozoan cells. The alternative explanation suggested that protozoa produced a certain virus destroying 
substance(s) that could result in a rapid destruction of viruses in the supernatant.

To choose between these suggestions, we incubated A(H1N1)pdm09 viruses in the medium conditioned 
by T. pyriformis (Fig. 3a,b). Within first 96 hpi, the RT/Q-PCR assay did not reveal noticeable changes of RNA 
concentrations in the viral culture incubated in the conditioned medium comparatively to the control (Fig. 
3a). However, TCID50 assay results (Fig. 3b) indicated a gradual decrease in infection titers (log(TCID50) over 
168 hours of incubation both in the conditioned media and in the control, with a decreased in the conditioned 
media from 7.75 log(TCID50) to 4.5 log(TCID50) in control, and from 7.75 log(TCID50) to 3.94 log(TCID50) 
in conditioned medium). Comparing with the data on a rapid decreasing of viral loads in the presence of T. 
pyriformis cells, these results suggested that the decrease of viral population in the presence of T. pyriformis 
was due to direct contacts of viruses with protozoa. By 168 hpi, RNA loads in the viral culture incubated with 
the conditioned medium decreased comparatively with the control (from 1.6∙106 GE/ml to 2.2∙104 GE/ml). We 

Fig. 2.  Hemagglutination assay in cell lysates and culture supernatants obtained from the influenza virus 
A(H1N1)pdm09/ T. pyriformis co-culture. Experimental conditions for co-cultivation of A(H1N1)pdm09 
virus and T. pyriformis are detailed at the Fig. 1 legend. The HA test was performed on T. pyriformis cell 
lysates (white) and culture supernatants (black). The unmixed A(H1N1)pdm09 culture was used as a control 
(grey). The mean values and Standard Deviation (SD) from 3 independent experiments are shown. *, p<0.05 
compared to the 1.5 h time point.
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propose that partial virion destruction may have occurred at this time point in both cultures. Such a destruction 
could make viral RNA accessible for hydrolases that presented in the conditioned medium but not in the 
control. Results from TCID50 assay (see below) support this notion. Collectively, these findings indicate that the 
inactivation requires contact between protozoa and virus.

T. pyriformis captured A(H1N1)pdm09 viruses into endosomes of two types
To understand mechanisms of A(H1N1)pdm09 inactivation by T. pyriformis cells, we used microscopy with 
capsid specific antibodies (Fig. 4). The fluorescent microscopy affirmed that virus was captured by protozoan 
cells (Fig. 4a). The efficiency of staining decreased with time to disappear 96 hpi that was in line with the data of 
RT/Q-PCR and HA assays. The confocal laser scanning microscopy (CLSM) was used to analyze intracellular 

Fig. 4.  Temporal and spatial distribution of A(H1N1)pdm09 captured by T. pyriformis cells. The A(H1N1)
pdm09 virus and T. pyriformis were co-cultivated at 25°C; at specified time points 100 μl samples were 
transferred to wells of the 96-well plates/glass slides, fixed with paraformaldehyde and A(H1N1)pdm09 was 
visualized using nucleoprotein -specific monoclonal antibodies (mabs NP). The images were taken with 
fluorescent (a) and CLSM (b) microscopy. A comparison is provided as a control the staining of control 
protozoan cells with those treated with the mabs to NP.

 

Fig. 3.  Quantification of influenza virus A(H1N1)pdm09 RNA (a) and infectious titers TCID50 (b) in the 
conditioned medium. The A(H1N1)pdm09 culture in the Eagles’MEM medium was diluted 1:1 with the 
culture supernatant of the T. pyriformis grown in the same medium for 5 days (white columns) or with the 
sterile medium (grey columns). The cultures were cultivated at 25°C and 0.5 ml samples were harvested 
at specified time points for isolate RNA and TCID50-assay. Reverse transcription followed by Q-PCR was 
performed on viral RNA as described previously. The mean virus concentration was genome equivalent per ml 
(GE/ml) and Standard Deviation (SD) from 3 independent experiments are shown. The detectable limit was 
1000 GE/ml, p<0.05 comparatively to the initial point. Infectious titers TCID50 were determined in the MDCK 
cells and represented as mean values from 3 independent experiments are shown (p<0.05, compared to the 
initial point).

 

Scientific Reports |        (2025) 15:35986 6| https://doi.org/10.1038/s41598-025-19490-w

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


virus distribution (Fig. 4b). CLSM revealed multiple brightly colored phagosomes within T. pyriformis cells 
1.5 hpi. Twenty-four hours h later, the cytoplasm of protozoa weakly fluoresced, and against this background, 
phagosomes, which were much less bright than after 1.5 hours, were still noticeable. No visible phagosomes were 
observed within T. pyriformis cells 48 hpi although light fluorescence of the cytoplasm was still distinguishable.

A(H1N1)pdm09 viruses associated with T. pyriformis cell lysates caused cytopathic effect in 
MDCK cells within first 48 h
The presence of visibly intact viruses within protozoan phagosomes suggested that at least a part of the associated 
with protozoa viral population was undamaged and potentially virulent within the initial hours of interaction. 
To verify this suggestion, we infected MDCK cells with lysates of infected T. pyriformis taken at different times 
points and with corresponding cell-free supernatants. Indeed, lysates from infected T. pyriformis produced 
cytopathic effects (CPE) in MDCK cells within first 24 h. The CPE diminished to the threshold 48 hpi and it 
was not observed at later stages of co-incubation (Fig. 5). Correspondingly, the CPE in the cell-free supernatant 
gradually decreased to reach the threshold 120 hpi. Within the first 1.5 h, infectivity of virus in supernatant 
was similar to the control, while infectivity of virus in T. pyriformis lysates was at a substantially lower level. 
These findings align with TEM data and suggest that viral population associated with T. pyriformis- was rapidly 
inactivated, b while retaining some recoverable capacity. The TCID50 assay corroborated our assumption that 
a partial destruction of the virions took place to 168 hpi. The virion destruction resulted in decreasing of viral 
titers of intact viruses in the control culture and RNA destruction in the presence of the medium conditioned by 
T. pyriformis (compare Fig. 3a,b and Fig. 5).

To get more evidences on interactions between protozoan cells and viruses, we performed transmission 
electron microscopy (TEM) of T. pyriformis from taken 1.5, 24, and 48 hpi. Across all time points, we found 
undamaged/partly damaged virus particles with the size of about 100-110 nm within membrane-coated 
endosomes (Fig. 6a,b,c,d,f). This size corresponded to viral particles observed within control MDCK cells (Fig. 
6e). 1.5 and 24 hpi, large virion-including phagosomes were observed supporting results of CLSM microscopy 
(Fig. 6a, b). These phagosomes resembled food vacuoles formed in grazing T. pyriformis. 48 hpi, virions were 
found only within relatively small endosomes (Fig. 6c,d). Some of these virus-containing vesicles were half-
smooth and half-coated (Fig. 6d) while others were predominantly coated (Fig. 6c), resembling the coated 
endosomes formed in MDCK cells infected influenza A. Round shaped particles with sizes ranged from 70 
to 90 nm were identified as partially destroyed viruses lacking their surface proteins “brush” (hemagglutinin) 
(Fig. 6b,d), and bigger membranous structures were observed in both large and small phagolysosomes starting 
from 1.5 hpi (Fig. 6f). We suppose that the virus particles and intraphagosomal membranous structures might 
represent different stages of virus digestion. This hypothesis is consistent with the HA-test data, and the varying 
mechanisms of viral penetration over time. Up to 1.5 hours, phagocytosis predominates; from 1.5 to 24 hours, 
there is a decrease in phagocytosis; and from 24 hours onward, endocytosis predominates (Figs. 4 and 6).

The analysis illustrated the formation of small endosome (Fig. 7 a,b,c) originating from of parasomal sacs/
pellicular pores (Fig. 7 a,b) within the cytoplasm at 48 hpi. Intracellular undamaged virion A(H1N1)pdm09 
were detected within in small endosome of T. pyriformis (Fig. 7 b, c). These undamaged virion A(H1N1)pdm09 

Fig. 5.  Cytotoxicity of the mixed A(H1N1)pdm09/T. pyriformis co-culture to MDCK cells. The TCID50 
assay was performed on MDCK cells infected with lysates (white) or cell-free culture supernatant (black) of 
A(H1N1)pdm09-infected T. pyriformis cells. Lysates were made at specified time points after T. pyriformis 
infection with (H1N1)pdm2009. The pure A(H1N1)pdm09 culture was used as a control (grey). The mean 
values and Standard Deviation (SD) from 3 independent experiments are shown, p<0.05
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Fig. 6.  The TEM view of intracellular A(H1N1)pdm09 in T. pyriformis (a, b, c, d) and MDCK (e) cells. The 
A(H1N1)pdm09 virus and T. pyriformis were co-cultivated at 25°C. The samples of the A(H1N1)pdm09 / 
T. pyriformis co-culture were taken 1.5 h (a), 24 h (b, f), 48 h (c, d) post virus addition. For control of virus 
particles, virus-containing medium from MDCK cells infected with A(H1N1)pdm09 was utilized (e). Virus 
particles were observed in big (a, b, f) and small (c, d) membrane-coated endosomes. Small endosomes were 
coated predominantly (c) or half-smooth and half-coated (d). On the figure (f) bigger membranous structures 
were observed in both large and small phagolysosomes starting from 1.5 hpi. The virus particles are marked 
with arrows.
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appeared similar to control virions (Fig. 7 d), indicating the persistence of virus particles for 48 hours and 
supporting our previous findings.

Virus digestion in food vacuoles was accompanied by an increase in the number and activity 
of protozoan mitochondria
Obtained data demonstrated that significant virus uptake and destruction occurred within first 24 h in parallel 
with active formation of big virus-containing phagosomes. To analyze the impacts of these activities on protozoan 
metabolism, we conducted the MTT test. Metabolic activities of protozoan cells increased 2.5-fold 1.5 post virus 
addition and about two-fold 24 h latter (Fig. 8e). The increase in metabolic activities correlated with the almost 
three-fold increase in the number of mitochondria 1.5 hours post virus addition (Fig. 8 b,c,d). These findings 
support the suggestion that the observed bid phagosomes represent food vacuoles forming by grazing protists. 
Despite this increased metabolic activity, introduction of viruses only slightly enhanced protozoan growth (Fig. 
8a).

Discussion
In this study, we demonstrated that prolonged up to 168 h co-cultivation of influenza A(H1N1)pdm09 and T. 
pyriformis resulted in a decrease and finally a total removal of the viral population. The inactivation of virus 
occurred due to endocytosis of viruses by protozoan cells but not due to effects of products excreted by T. 

Fig. 7.  The TEM view of formation of small endosome (a, b, c) through of parasomal sacs / pellicular pores 
(a, b) in the cytoplasm at 48 h post-infection. Intracellular undamaged virion A(H1N1)pdm09 is observed 
in small endosome of T. pyriformis (b, c). For control of virus particles (d), virus-containing medium from 
MDCK cells infected with A(H1N1)pdm09 was utilized. The viruses are shown by arrows, the formation of 
small endosome is marked with a circle.
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pyriformis. Microscopic analyses revealed two types of virus-containing endosomes that dominated at different 
periods of interpopulation interactions and might differ in mechanisms of formation and virus processing.

We employed three methodologies, including the RT/Q-PCR, HA and TCID50 assay, to quantify the virus 
present in the protozoan cell lysates and culture supernatants. Although, these methods gave controversial 
results when analyzing viral dynamics, they provided varying insights into the internal mechanisms occurring 
within the protozoan cells and their culture media. HA test detected the activity of the surface viral protein 
hemagglutinin; while quantitative PCR quantified viral particle (viral RNA), and the TCID50 assay assessed 
the infectious activity of intact viral particles and the potential for damage restoration in compromised viral 
particles. Additionally, TEM Additionally, at the ultrastructural level. In the lysate of protozoan cells, the HA 
titer drops by 48 hours, which means that the HA protein is most likely inactivated by proteolytic enzymes inside 
the phagosomes of the ciliate, which is confirmed by confocal microscopy data.

The predominance of HA titers in the lysate relative to the supernatant, in contrast to the amount of viral 
RNA, is caused by a more active destruction of viral particles inside phagosomes than in the culture medium (the 
supernatant). Notably, in the viral control, titers initially decreased within 48 hours, followed by an increase at 96 
and 168 hours as viral particle destruction and degradation intensified, even though infectivity (as measured by 
TCID50) was decreasing. Another possible explanation for the higher of HA titers in the lysate could be changes 
in the mechanisms of viral penetration into the Tetrachymena. Initially, phagocytosis through the cytopharynx 
predominated during the first 1.5 hours. Subsequently, from 1.5 to 24 hours, phagocytosis decreased, and after 
24 hours, endocytosis became the dominant mechanism through parasomal sacs and pellicular pores in the 
cytoplasm. This observation correlates with phagocytosis dynamics observed through CLSM and aligns with the 
predominance of smaller endosomes as indicated by TEM data.

The RT/Q-PCR assay revealed viral RNA up to 96 hpi in T. pyriformis lysates and up to 168 hpi in the culture 
supernatant. The HA assay indicated a stable viral population in both cell lysates and culture supernatants up 
to 48 h, after which a decline led to eventual disappearance by 72 hours into the experiment. The TCID50 assay 
suggested that viruses associated with the protozoa retained their virulence for 48 h only. The results from the 
infectivity test imply that that the HA assay may detect partly destroyed surface viral proteins and virions, while, 
the RT/Q-PCR likely reveals viral-specific RNA from destroyed virions. The relatively long detection time of 
A(H1N1)pdm09 detection by RT/Q-PCR can be attributed to high sensitivity of the method. Collectively, these 
findings indicate relatively rapid inactivation of Influenza A(H1N1)pdm09 virus uptaken by T. pyriformis.

The rapid inactivation of A(H1N1)pdm09 suggested its heightened sensitivity to digestion by ciliates 
compared to phages. The suggestion about the diverse virus resistance to digestion by protozoa is in line with 
observations by Olive et al., who recently demonstrated that water-borne viruses possess distinct resistance 

Fig. 8.  The metabolic activity of T. pyriformis co-culture with A(H1N1)pdm09 (virus) was analyzed using the 
MTT test (e). T. pyriformis was grown in Eagle’s MEM medium alone (control) or in the with A(H1N1)pdm09 
(virus). Samples were collected 1.5 h and 24 h after virus addition. The number of T. pyriformis cells (a) was 
counted using light microscopy at magnification of 40X. The number of mitochondria (b) was counted using 
TEM: 1.5 h post addition of sterile medium (c) or virus (d), the mitochondria are shown with arrows.
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to removal byT. pyriformis 35. Battistini et al5 found adenovirus type specific immunofluorescence up to 105 
days of adenovirus type 2 co-cultivation with another ciliate species Euplotes octocarynatus5. Similarly, Olive et 
al34 described the uptake of Tetrahymena from adenoviruses without inactivation, virus particles were detected 
outside the digestive vacuoles, within the cytoplasm. This phenomenon may elucidate the long-term preservation 
of adenoviruses within protozoa in aquatic ecosystems, as it protects the virus from degradation. Our results 
demonstrated that immunofluorescence and/or persistence of virus-specific RNA are not reliable markers for 
ensuring viral integrity. Moreover, it is probable that ciliate species might possess a different virus-destructive 
potential. However, TEM results indicating the presence of intact viral particles within small endosomes at the 
48-hour mark suggest a brief retention of viral integrity within protozoa.

The microscopy studies demonstrated accumulation of viruses in protozoan endosomes suggesting that 
virus inactivation by T. pyriformis predominantly occurs within phagosomes/phagolysosomes. The rapid pH 
drop and the activation of proteolytic enzymes during phagosome maturation likely expedite the inactivation of 
enveloped influenza viruses compared to phages.

CLSM and TEM microscopy identified two types of virus-containing endosomes. The first was big 
phagosomes similar to food vacuoles formed by T. pyriformis and other bacteriovourus protists grazing on 
bacteria3,40,44, Aijaz et al1. Such big phagosomes were observed during the initial hours up to 24 hours following 
the introduction of the virus culture to the protozoa. By 48 hours post virus addition, TEM revealed the presence 
of small endosomes slightly larger than the viral particles. At this time point, CLSM registered discrete and 
markedly weaker fluorescence across the protozoan cell volume. The shift in the predominant type of endosomes 
corresponded with the dynamics of the intracellular accumulation of A(H1N1)pdm09 as it was demonstrated 
by the HA test. This correlation suggests potential differences in the quantity, efficiency, and mechanisms of 
endosome formation of ”big” and “small” endosomes.

The formation of big virus-containing food vacuoles has been documented in Tetrahymena spp with E. coli 
phages. E. octocarynatus forms similar food vacuoles grazing on the adenovirus5. Viruses and phages are smaller 
than particles that trigger phagocytosis in ciliates, which are typically above 0.2 μm44. Pinheiro et al38 suggested that 
virus uptake by Tetrahymena may occur via macropinocytosis through the cytopharynx of the oral apparatus38. 
Pinocytosis is a process of fluid internalization. Macropinocytosis involves fluid internalization, enabling the 
formation of food vacuoles containing culture fluid when Tetrahymena grown in fluid axenic medium lacking 
any particles43,44. Prolonged cultivation of ciliates in such a medium as well as starvation immediately before 
addition of the viral culture might be a trigger to induce macropinocytosis of the medium containing viruses46.
The formation of A(H1N1)pdm09-containing food vacuoles was accompanied by up-regulation of protozoan 
cell metabolism that supports the notion of virus digestion and utilization. Nevertheless, virus utilization was 
not sufficient to provide a sustainable growth of the protozoan population thus confirming that viruses are not 
a preferable food source for Tetrahymena. Notably, there are reports about the ciliate Halteria, that reportedly 
feeds exclusively on chloroviruses, suggesting a unique phenomenon termed “virovory” (Sultana Q et al11,51, 
Vasuja P et al55).

Small one-virus endosomes observed at 48 hpi may represent an alternative uptake pathway that could 
operate in parallel or in the absence of food vacuoles. Among the known endocytic pathways Tetrahymena, 
the clathrin-dependent endocytosis seems to be the most relevant candidate for an uptake of individual virus 
particles. Ciliates form clathrin‐coated vesicles at the adjacent to cilia sites known as parasomal sacs where the 
plasma membrane makes direct contact with the cytoplasm33, Elde et al32. Mechanisms of clathrin‐coated vesicle 
formation have been under intensive studies in the last years (Elde8,32,54). However, signals that initiate clathrin-
dependent phagocytosis in protozoa remain elusive. In epithelial cells the clathrin-mediated phagocytosis is an 
important internalization pathway for the Influenza A, which provides capsid uncoating and release of viral 
ribonucleoprotein complexes (vRNPs)26,29,31,36,47. Matlin et al29 observed both fully coated and half-coated and 
half-smooth virus-containing endosomes in the MCDK cells and suggested that clathrin-coated endosome 
lose their coating upon fusing with other vacuoles29. Our observations of similar half-coated as well as fully 
coated virus-containing endosomes in T. pyriformis cells underscore the potential role of clathrin-mediated 
phagocytosis in viral uptake by free-living protozoa.

In summary, the results obtained in this study demonstrated that the interactions between Influenza 
A(H1N1)pdm09 and T. pyriformis mainly result in inactivation of the viral population. The inactivation 
of A(H1N1)pdm09 by T. pyriformis occurs within endosomes and can be mediated by at least two distinct 
endocytic pathways thus providing a wider range of opportunities for the ingested virus. Significantly, the 
identification of two distinct types of virus-containing endosomes indicates varied pathways for viral uptake 
and processing. The initial phagocytic uptake transitioned to the formation of smaller endosomes, suggesting 
alternative internalization mechanisms such as clathrin-mediated endocytosis. These findings provide novel 
insights into the viral uptake strategies employed by T. pyriformis and underscores the potential ecological 
implications of protozoan interactions with viruses in aquatic ecosystems. Within limited timeframe of several 
hours following, infected T. pyriformis may provide a mechanism for the intact passage of A(H1N1)pdm09 
virus along the food chain, a feature that could be particularly significant in rapidly changing conditions within 
natural water reservoirs, where a unicellular predator may quickly become prey for larger predators, including 
birds and mammals. Such dynamics may facilitate the transmission of intact viruses through the food chain, 
contributing to viral resilience in changing aquatic ecosystems.

Data availability
The authors declare that the data supporting the findings of this study are available within the paper. Should any 
raw data files be needed in another format they are available from the corresponding author upon reasonable 
request.

Scientific Reports |        (2025) 15:35986 11| https://doi.org/10.1038/s41598-025-19490-w

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


Received: 1 February 2025; Accepted: 9 September 2025

References
	 1.	 Aijaz, I. & Koudelka, G. B. Tetrahymena phagocytic vesicles as ecological micro-niches of phage transfer. FEMS Microbiol. Ecol. 

https://doi.org/10.1093/femsec/fix030 (2017).
	 2.	 Akunyili, A. A. et al. Ingestion without inactivation of bacteriophages by Tetrahymena. J. Eukaryot. Microbiol. 55, 207–213. ​h​t​t​p​s​:​

/​/​d​o​i​.​o​r​g​/​1​0​.​1​1​1​1​/​j​.​1​5​5​0​-​7​4​0​8​.​2​0​0​8​.​0​0​3​1​6​.​x​​​​ (2008).
	 3.	 Amaro, F., Wang, W., Gilbert, J. A., Roger Anderson, O. & Shuman, H. A. Diverse protist grazers select for virulence-related traits 

in Legionella. ISME J. 9, 1607. https://doi.org/10.1038/ismej.2014.248 (2015).
	 4.	 Baselga-Moreno, V. et al. Influenza epidemiology and influenza vaccine effectiveness during the 2016–2017 season in the global 

influenza hospital surveillance network (GIHSN). BMC Public Health https://doi.org/10.1186/s12889-019-6713-5 (2019).
	 5.	 Battistini, R. et al. Ciliate-adenovirus interactions in experimental co-cultures of Euplotes octocarinatus and in wastewater 

environment. Eur. J. Protistol. 49, 381–388. https://doi.org/10.1016/j.ejop.2012.11.003 (2013).
	 6.	 Benyahya, M., Laveran, H., Bohatier, J., Senaud, J. & Ettayebi, M. Interactions between the ciliated protozoan Tetrahymena 

pyriformis and the simian rotavirus SA11. Eur. J. Protistol. 33, 211–213. https://doi.org/10.1016/S0932-4739(97)80038-7 (1997).
	 7.	 Bjorbækmo, M. F. M., Evenstad, A., Røsæg, L. L., Krabberød, A. K. & Logares, R. The planktonic protist interactome: Where do we 

stand after a century of research?. ISME J. 14, 544–559. https://doi.org/10.1038/s41396-019-0542-5 (2020).
	 8.	 Bright, L. J., Kambesis, N., Nelson, S. B., Jeong, B. & Turkewitz, A. P. Comprehensive analysis reveals dynamic and evolutionary 

plasticity of Rab GTPases and membrane traffic in tetrahymena thermophila. PLoS Genet 6, 1–18. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​3​7​1​/​j​o​u​r​n​a​l​
.​p​g​e​n​.​1​0​0​1​1​5​5​​​​ (2010).

	 9.	 Bulannga, R. B. & Schmidt, S. Two predators, one prey–the interaction between bacteriophage, bacterivorous ciliates, and 
Escherichia coli. Microb. Ecol. https://doi.org/10.1007/S00248-022-02163-W (2023).

	10.	 Burtseva, E. Enhance the surveillance system on influenza viruses to decrease the risk: The current progress in Russia. Biosaf. Heal 
2, 115–116 (2020).

	11.	 DeLong, J. P., Van Etten, J. L. & Dunigan, D. D. Lessons from chloroviruses: the complex and diverse roles of viruses in food webs. 
J. Virol. 97(5), e0027523. https://doi.org/10.1128/jvi.00275-23 (2023).

	12.	 Edgcomb, V. P. Marine protist associations and environmental impacts across trophic levels in the twilight zone and below. Curr. 
Opin. Microbiol. 31, 169–175. https://doi.org/10.1016/j.mib.2016.04.001 (2016).

	13.	 Greub, G. & Raoult, D. Microorganisms resistant to free-living amoebaeclinical microbiology reviews. Clin. Microbiol. Rev. ​h​t​t​p​s​:​/​
/​d​o​i​.​o​r​g​/​1​0​.​1​1​2​8​/​C​M​R​.​1​7​.​2​.​4​1​3​-​4​3​3​.​2​0​0​4​​​​ (2004).

	14.	 Groupé V & Pugh, L. H. Inactivation of influenza virus and of viral hemagglutinin by the ciliate tetrahymena geleii. Science 115, 
307–308 (1952).

	15.	 Hechinger, R. F. & Lafferty, K. D. Host diversity begets parasite diversity: bird final hosts and trematodes in snail intermediate 
hosts. Proc. Biol. Sci. 272, 1059–1066. https://doi.org/10.1098/rspb.2005.3070 (2005).

	16.	 Hennemuth, W. et al. Ingestion and inactivation of bacteriophages by tetrahymena. J. Eukaryot. Microbiol. 55, 44–50. ​h​t​t​p​s​:​/​/​d​o​i​.​o​
r​g​/​1​0​.​1​1​1​1​/​j​.​1​5​5​0​-​7​4​0​8​.​2​0​0​7​.​0​0​3​0​3​.​x​​​​ (2008).

	17.	 Hinshaw, V. S., Webster, R. G. & Turner, B. Water-bone transmission of influenza a viruses?. Intervirology 11, 66–68. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​
g​/​1​0​.​1​1​5​9​/​0​0​0​1​4​9​0​1​4​​​​ (1979).

	18.	 Hinshaw, V. S., Webster, R. G. & Turner, B. The perpetuation of orthomyxoviruses and paramyxoviruses in Canadian waterfowl. 
Can. J. Microbiol. 26, 622–629. https://doi.org/10.1139/m80-108 (1980).

	19.	 Ismail, N. S., Olive, M., Fernandez-Cassi, X., Bachmann, V. & Kohn, T. Viral transfer and inactivation through zooplankton trophic 
interactions. Environ. Sci. Technol. 54, 9418–9426. https://doi.org/10.1021/acs.est.0c02545 (2020).

	20.	 Ito, S. & Karnovsky, M. Formaldehyde-glutaraldehyde fixatives containing trinitrocompounds. J. Cell. Biol. 39, 168A-169A (1968).
	21.	 Ivanova, V. T. et al. Osobennosti virusov grippa, obuslovivshikh épidemicheskiĭ pod"em zabolevaemosti v Rossii v 2002-2003 gg. 

Vozvrat tsirkuliatsii virusov grippa, podobnykh V/Viktoria/2/87 [Influenza viruses which preconditioned the epidemic rise in 
Russia in 2002-2003. A resumed circulation of influenza viruses similar to V/Victoria/2/87]. Vopr Virusol. 49(3), 12–17 (2004).

	22.	 Kim, J. K., Negovetich, N. J., Forrest, H. L. & Webster, R. G. Ducks: the “Trojan horses” of H5N1 influenza. Influenza. Other Respi. 
Viruses 3, 121–128. https://doi.org/10.1111/j.1750-2659.2009.00084.x (2009).

	23.	 Kim, T. D. & Unno, H. The roles of microbes in the removal and inactivation of viruses in a biological wastewater treatment system. 
Water Sci. Technol. 33, 243–250. https://doi.org/10.2166/wst.1996.0681 (1996).

	24.	 Kling, C., Olin, G., Fahraeus, J. & Norlin, G. Sewage as a carrier and disseminator of poliomyelitis virus. Acta. Med. Scand. 112, 
250–263 (1942).

	25.	 Kovács, E., Bucz, B. & Kolompár, G. Propagation of mammalian viruses in protista I. Visualization of fluorochrome labelled EMC 
virus in yeast and tetrahymena. Life Sci. 5, 2117–2126. https://doi.org/10.1016/0024-3205(66)90253-0 (1966).

	26.	 Lakadamyali, M., Rust, M. J., Babcock, H. P. & Zhuang, X. Visualizing infection of individual influenza viruses. Proc. Natl. Acad. 
Sci. USA 100, 9280–9285. https://doi.org/10.1073/pnas.0832269100 (2003).

	27.	 Lorenz, R. J. & Bögel, K. Laboratory techniques in rabies: methods of calculation. Monogr. Ser. World Heal Organ. 23, 321–335 
(1973).

	28.	 Lycett, S. J., Duchatel, F. & Digard, P. A brief history of bird flu. Philos. Trans. R. Soc. Lond. B Biol. Sci. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​0​9​8​/​r​s​t​b​
.​2​0​1​8​.​0​2​5​7​​​​ (2019).

	29.	 Matlin, K. S., Reggio, H., Helenius, A. & Simons, K. Infectious entry pathway of influenza virus in a canine kidney cell line. J. Cell. 
Biol. 91, 601–613. https://doi.org/10.1083/jcb.91.3.601 (1981).

	30.	 Mikhailov, I. S. et al. Co-occurrence patterns between phytoplankton and bacterioplankton across the pelagic zone of Lake Baikal 
during spring. J. Microbiol. 57, 252–262. https://doi.org/10.1007/s12275-019-8531-y (2019).

	31.	 Moreira, E. A., Yamauchi, Y. & Matthias, P. How influenza virus uses host cell pathways during uncoating. Cells ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​
.​3​3​9​0​/​c​e​l​l​s​1​0​0​7​1​7​2​2​​​​ (2021).

	32.	 Elde, N. C., Morgan, G., Winey, M., Sperling, L. & Turkewitz, A. P. Elucidation of clathrin-mediated endocytosis in tetrahymena 
reveals an evolutionarily convergent recruitment of dynamin. PLoS Genet. 1(5), e52. https://doi.org/10.1371/journal.pgen.0010052 
(2005).

	33.	 Nusblat, A. D., Bright, L. J. & Turkewitz, A. P. Conservation and innovation in tetrahymena membrane traffic: proteins, lipids, and 
compartments. Methods Cell Biol. 109, 141–175. https://doi.org/10.1016/B978-0-12-385967-9.00006-2 (2012).

	34.	 Olive, M., Daraspe, J., Genoud, C. & Kohn, T. Uptake without inactivation of human adenovirus type 2 by Tetrahymena pyriformis 
ciliates. Environ. Sci. Process. Impacts. 25(7), 1181–1192. https://doi.org/10.1039/d3em00116d (2023).

	35.	 Olive, M., Moerman, F., Fernandez-Cassi, X., Altermatt, F. & Kohn, T. Removal of waterborne viruses by Tetrahymena pyriformis 
is virus-specific and coincides with changes in protist swimming speed. Environ. Sci. Technol. 56, 4062–4070. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​
0​2​1​/​a​c​s​.​e​s​t​.​1​c​0​5​5​1​8​​​​ (2022).

	36.	 Piccinotti, S., Kirchhausen, T. & Whelan, S. P. J. Uptake of rabies virus into epithelial cells by clathrin-mediated endocytosis 
depends upon actin. J. Virol. 87, 11637–11647. https://doi.org/10.1128/JVI.01648-13 (2013).

	37.	 Pinheiro, M. D. O. & Bols, N. C. Activation of an aquareovirus, chum salmon reovirus (CSV), by the ciliates tetrahymena 
thermophila and T. canadensis. J. Eukaryot. Microbiol. 65, 694–704. https://doi.org/10.1111/jeu.12514 (2018).

Scientific Reports |        (2025) 15:35986 12| https://doi.org/10.1038/s41598-025-19490-w

www.nature.com/scientificreports/

https://doi.org/10.1093/femsec/fix030
https://doi.org/10.1111/j.1550-7408.2008.00316.x
https://doi.org/10.1111/j.1550-7408.2008.00316.x
https://doi.org/10.1038/ismej.2014.248
https://doi.org/10.1186/s12889-019-6713-5
https://doi.org/10.1016/j.ejop.2012.11.003
https://doi.org/10.1016/S0932-4739(97)80038-7
https://doi.org/10.1038/s41396-019-0542-5
https://doi.org/10.1371/journal.pgen.1001155
https://doi.org/10.1371/journal.pgen.1001155
https://doi.org/10.1007/S00248-022-02163-W
https://doi.org/10.1128/jvi.00275-23
https://doi.org/10.1016/j.mib.2016.04.001
https://doi.org/10.1128/CMR.17.2.413-433.2004
https://doi.org/10.1128/CMR.17.2.413-433.2004
https://doi.org/10.1098/rspb.2005.3070
https://doi.org/10.1111/j.1550-7408.2007.00303.x
https://doi.org/10.1111/j.1550-7408.2007.00303.x
https://doi.org/10.1159/000149014
https://doi.org/10.1159/000149014
https://doi.org/10.1139/m80-108
https://doi.org/10.1021/acs.est.0c02545
https://doi.org/10.1111/j.1750-2659.2009.00084.x
https://doi.org/10.2166/wst.1996.0681
https://doi.org/10.1016/0024-3205(66)90253-0
https://doi.org/10.1073/pnas.0832269100
https://doi.org/10.1098/rstb.2018.0257
https://doi.org/10.1098/rstb.2018.0257
https://doi.org/10.1083/jcb.91.3.601
https://doi.org/10.1007/s12275-019-8531-y
https://doi.org/10.3390/cells10071722
https://doi.org/10.3390/cells10071722
https://doi.org/10.1371/journal.pgen.0010052
https://doi.org/10.1016/B978-0-12-385967-9.00006-2
https://doi.org/10.1039/d3em00116d
https://doi.org/10.1021/acs.est.1c05518
https://doi.org/10.1021/acs.est.1c05518
https://doi.org/10.1128/JVI.01648-13
https://doi.org/10.1111/jeu.12514
http://www.nature.com/scientificreports


	38.	 Pinheiro, M. D. O. et al. Use of Tetrahymena thermophila to study the role of protozoa in inactivation of viruses in water. Appl. 
Environ. Microbiol. 73, 643–649. https://doi.org/10.1128/AEM.02363-06 (2007).

	39.	 Poulin, R. The functional importance of parasites in animal communities: many roles at many levels?. Int. J. Parasitol. 29, 903–914. 
https://doi.org/10.1016/s0020-7519(99)00045-4 (1999).

	40.	 Pushkareva, V. I. & Ermolaeva, S. A. Listeria monocytogenes virulence factor Listeriolysin O favors bacterial growth in co-culture 
with the ciliate Tetrahymena pyriformis, causes protozoan encystment and promotes bacterial survival inside cysts. BMC Microbiol. 
10, 26. https://doi.org/10.1186/1471-2180-10-26 (2010).

	41.	 Pushkareva, V. I., Podlipaeva, J. I., Goodkov, A. V. & Ermolaeva, S. A. Experimental Listeria-Tetrahymena-Amoeba food chain 
functioning depends on bacterial virulence traits. BMC Ecol. https://doi.org/10.1186/s12898-019-0265-5 (2019).

	42.	 Ramey, A. M. et al. Influenza a viruses remain infectious for more than seven months in northern wetlands of North America. 
Proc. Biol. Sci. https://doi.org/10.1098/rspb.2020.1680 (2020).

	43.	 Rasmussen, L. On the role of food vacuole formation in the uptake of dissolved nutrients by Tetrahymena. Exp. Cell. Res. 82, 
192–196. https://doi.org/10.1016/0014-4827(73)90261-9 (1973).

	44.	 Rasmussen, L. Nutrient uptake in Tetrahymena pyriformis. Carlsberg. Res. Commun. 41, 143–167. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​0​0​7​/​B​F​0​2​9​0​
6​5​3​9​​​​ (1976).

	45.	 Reina, J., Morales, C., Busquets, M. & Norte, C. Usefulness of Ct value in acute respiratory infections caused by respiratory 
syncytial virus A and B and influenza virus A (H1N1)pdm09, A (H3N2) and B. Enfermedades Infecc y Microbiol+- Clínica (English 
Ed) 36, 332–335. https://doi.org/10.1016/j.eimc.2017.04.008 (2018).

	46.	 Ricketts, T. R. The induction of endocytosis in starved Tetrahymena pyriformis. J. Protozool. 19, 373–375. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​1​1​1​/​
j​.​1​5​5​0​-​7​4​0​8​.​1​9​7​2​.​t​b​0​3​4​8​0​.​x​​​​ (1972).

	47.	 Rust, M. J., Lakadamyali, M., Zhang, F. & Zhuang, X. Assembly of endocytic machinery around individual influenza viruses during 
viral entry. Nat. Struct. Mol. Biol. 11, 567–573. https://doi.org/10.1038/nsmb769 (2004).

	48.	 Sepp, T., Järvekülg, L. & Saarma, M. Investigations of virus-protozoa relationships in the model of the free-living ciliate Tetrahymena 
pyriformis and adenovirus type 3. Eur. J. Protistol. 28, 170–174. https://doi.org/10.1016/S0932-4739(11)80046-5 (1992).

	49.	 Shubladze, A. K. & Gaidamovich, S. Y. A short course in practical virology (Medgiz, 1964).
	50.	 Stallknecht, D., Shane, S., Kearney, M. & Zwank, P. Persistence of avian influenza viruses in water. Avian. Dis. 34, 406–411 (1990).
	51.	 Sultana, Q. et al. Virovore: a breakthrough in virology. Microbiol. Insights. 16, 11786361231190332. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​1​7​7​/​1​1​7​8​6​

3​6​1​2​3​1​1​9​0​3​3​3​​​​ (2023).
	52.	 Taubenberger, J. K. & Kash, J. C. Influenza virus evolution, host adaptation, and pandemic formation. Cell Host Microbe 7, 440–

451. https://doi.org/10.1016/j.chom.2010.05.009 (2010).
	53.	 Teras, J., Entzeroth, R., Scholtyseck, E., Kesa, L. & Schrauf, I. Light and electron microscope observation of virus-induced 

Tetrahymena pyriformis in newborn mice (Mus musculus albinicus) brain. Parasitol Res. 74, 221–227. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​0​0​7​/​B​F​
0​0​5​3​9​5​6​9​​​​ (1988).

	54.	 Turkewitz, A. P. & Bright, L. J. A Rab-based view of membrane traffic in the ciliate Tetrahymena thermophila. Small GTPases 2, 
222. https://doi.org/10.4161/sgtp.2.4.16706 (2011).

	55.	 Vasuja, P. & Kunal,. Virovory: control of viral pathogenesis by the protists and the way forward. Crit. Rev. Microbiol. 21, 1–9. 
https://doi.org/10.1080/1040841X.2025.2493908 (2025).

	56.	 Webster, R. G., Bean, W. J., Gorman, O. T., Chambers, T. M. & Kawaoka, Y. Evolution and ecology of influenza A viruses. Microbiol 
Rev 56, 152–179. https://doi.org/10.1128/mr.56.1.152-179.1992 (1992).

	57.	 Webster, R. G., Yakhno, M., Hinshaw, V. S., Bean, W. J. & Copal, M. K. Intestinal influenza: replication and characterization of 
influenza viruses in ducks. Virology 84, 268–278. https://doi.org/10.1016/0042-6822(78)90247-7 (1978).

	58.	 WHO (2011). Manual for the laboratory diagnosis and virological surveillance of influenza.
	59.	 Yoon, S. W., Webby, R. J. & Webster, R. G. Evolution and ecology of influenza A viruses. Curr Top Microbiol Immunol 385, 359–375. 

https://doi.org/10.1007/82_2014_396 (2014).
	60.	 Yu, Y., Yan, Q. & Feng, W. Spatiotemporal heterogeneity of plankton communities in Lake Donghu, China, as revealed by PCR-

denaturing gradient gel electrophoresis and its relation to biotic and abiotic factors. FEMS Microbiol Ecol 63, 328–337. ​h​t​t​p​s​:​/​/​d​o​i​
.​o​r​g​/​1​0​.​1​1​1​1​/​j​.​1​5​7​4​-​6​9​4​1​.​2​0​0​7​.​0​0​4​3​0​.​x​​​​ (2008).

	61.	 Zilberg, D. & Sinai, T. Optimization and validation of a colorimetric assay for Tetrahymena sp. survival. Res Microbiol. 157(4), 
355–359. https://doi.org/10.1016/j.resmic.2005.09.012 (2006).

Acknowledgements
Authors are grateful to Dr. Yu.I. Podlipaeva for the gift of T. pyriformis strain. The authors would also like to 
express their gratitude to Dr. I.V. Dolzhikova for generously providing some materials for our investigation

Author contributions
V. I. Pushkareva contributed toward conceptualization, methodology, formal analysis, investigation, writing—
original draft, and writing - review and editing. A.S. Krepkaia contributed toward investigation, methodology, 
formal analysis, investigation, visualization, writing—original draft, and writing—review and editing. Anna V. 
Ignatieva contributed toward investigation, experiment design, methodology, formal analysis, validation, visu-
alization, writing – original draft, and writing—review and editing, supervision. Elizaveta Fofanova contributed 
toward investigation, resources, visualization, editing. Natalya V. Shevlyagina, Svetlana G. Andreevskaya, Elena 
V. Sysolyatina contributed toward investigation, visualization, formal analysis, editing. Vladimir G. Zhukhovit-
sky contributed toward methodology, investigation, writing - original draft, and writing—review and editing. 
Elena I. Burtseva contributed toward conceptualization, methodology, writing—original draft, and writing - 
review and editing funding acquisition, and project management. Svetlana A. Ermolaeva contributed toward 
conceptualization, methodology, formal analysis, investigation, writing - original draft, and writing—review and 
editing and project management.

Funding
Ministry of Health of Russian Federation,grant № 056-00093-25-04,grant № 056-00093-25-04,grant № 
056-00093-25-04,grant № 056-00093-25-04,grant № 056-00093-25-04,grant № 056-00093-25-04,grant № 
056-00093-25-04,grant № 056-00093-25-04,grant № 056-00093-25-04,grant № 056-00093-25-04

Scientific Reports |        (2025) 15:35986 13| https://doi.org/10.1038/s41598-025-19490-w

www.nature.com/scientificreports/

https://doi.org/10.1128/AEM.02363-06
https://doi.org/10.1016/s0020-7519(99)00045-4
https://doi.org/10.1186/1471-2180-10-26
https://doi.org/10.1186/s12898-019-0265-5
https://doi.org/10.1098/rspb.2020.1680
https://doi.org/10.1016/0014-4827(73)90261-9
https://doi.org/10.1007/BF02906539
https://doi.org/10.1007/BF02906539
https://doi.org/10.1016/j.eimc.2017.04.008
https://doi.org/10.1111/j.1550-7408.1972.tb03480.x
https://doi.org/10.1111/j.1550-7408.1972.tb03480.x
https://doi.org/10.1038/nsmb769
https://doi.org/10.1016/S0932-4739(11)80046-5
https://doi.org/10.1177/11786361231190333
https://doi.org/10.1177/11786361231190333
https://doi.org/10.1016/j.chom.2010.05.009
https://doi.org/10.1007/BF00539569
https://doi.org/10.1007/BF00539569
https://doi.org/10.4161/sgtp.2.4.16706
https://doi.org/10.1080/1040841X.2025.2493908
https://doi.org/10.1128/mr.56.1.152-179.1992
https://doi.org/10.1016/0042-6822(78)90247-7
https://doi.org/10.1007/82_2014_396
https://doi.org/10.1111/j.1574-6941.2007.00430.x
https://doi.org/10.1111/j.1574-6941.2007.00430.x
https://doi.org/10.1016/j.resmic.2005.09.012
http://www.nature.com/scientificreports


Declarations

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to A.V.I.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give 
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and 
indicate if changes were made. The images or other third party material in this article are included in the article’s 
Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included 
in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or 
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy 
of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2025 

Scientific Reports |        (2025) 15:35986 14| https://doi.org/10.1038/s41598-025-19490-w

www.nature.com/scientificreports/

http://creativecommons.org/licenses/by/4.0/
http://www.nature.com/scientificreports

	﻿The free-living ciliate ﻿Tetrahymena pyriformis﻿ inactivates engulfed influenza A(H1N1)pdm09 virus via two distinct types of endosomes
	﻿Materials and methods
	﻿Cultivation of ﻿Tetrahymena pyriformis﻿
	﻿Cell line management
	﻿Virus propagation
	﻿Modeling of the A(H1N1)pdm09 / T. pyriformis association
	﻿A(H1N1)pdm09 growth in the medium conditioned by T. pyriformis
	﻿Hemagglutination (HA) assay
	﻿Reverse transcription/ quantitative PCR (RT/Q-PCR)
	﻿The tissue culture infectious dose (TCID﻿50﻿) assay
	﻿Fluorescent microscopy
	﻿Confocal laser scanning microscopy (CLSM)
	﻿Transmission electron microscopy
	﻿Quantification of mitochondria
	﻿MTT assay
	﻿Statistics

	﻿Results
	﻿T. pyriformis inactivates viral population
	﻿Virus destruction occurred via direct protozoan-virus interactions but not due to T. pyriformis secreted products
	﻿T. pyriformis captured A(H1N1)pdm09 viruses into endosomes of two types
	﻿A(H1N1)pdm09 viruses associated with T. pyriformis cell lysates caused cytopathic effect in MDCK cells within first 48 h
	﻿Virus digestion in food vacuoles was accompanied by an increase in the number and activity of protozoan mitochondria

	﻿Discussion
	﻿References


