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ABSTRACT
Environmental changes can disrupt long-standing host–symbiont associations and influence tumor dynamics; however, how 
these two aspects interact remains poorly understood, particularly when previously co-evolved symbionts are reintroduced into 
tumor-prone hosts. We experimentally reintroduced a native commensal ciliate symbiont (Kerona pediculus) into two long-term 
cultured symbiont-free lines of the freshwater cnidarian, Hydra oligactis, differing in tumor affliction: one harbors a transmis-
sible tumor, and one has historically low spontaneous tumor incidence. Unexpectedly, spontaneous tumors emerged at high 
frequency in the latter, independently of ciliate acquisition, fundamentally reshaping the experimental framework and enabling 
comparisons of how symbiont reintroduction affects hosts with either transmissible or de novo tumors. While ciliate infection 
did not alter tumor incidence, it slightly accelerated tumor onset, increased the likelihood of supernumerary tentacle formation, 
and reduced asexual reproduction (particularly at high symbiont densities) across tumor contexts. Spontaneous tumors appeared 
later than transmissible tumors, were less often associated with supernumerary tentacles, and induced an earlier reproductive 
burst. Our findings show that symbiont reintroduction and tumor context shape tumor dynamics and life-history traits in tumor-
bearing hosts, emphasizing the potential role of symbiotic history and tumor evolutionary context when assessing the outcomes 
of such pressures in vulnerable host populations.

1   |   Introduction

Human activities are increasingly altering ecosystems across 
the globe, with consequences for both biodiversity and organis-
mal health (Chen et al. 2024; Verma and Prakash 2022). Among 
these consequences are rising cancer incidence (Dujon, Ujvari, 
et al. 2024; Giraudeau et al. 2018; Sepp et al. 2019) and the in-
creased spread of symbionts through dispersal and spillover 

events (Becker et  al.  2015; Bullock et  al.  2018; Gottdenker 
et al. 2014). While these two phenomena are typically studied 
independently, growing evidence suggests they may be closely 
linked. Tumors can alter host physiology and life-history traits 
in ways that increase susceptibility to colonization by opportu-
nistic symbionts (Dujon et al. 2021; Vittecoq et al. 2013; Wang 
et  al.  2017), while some symbionts, particularly parasites and 
pathogens, can modulate oncogenesis by influencing tumor 
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initiation and progression or by altering host life-history strate-
gies (Fonti et al. 2023; Michalakis and Hochberg 1994; Thomas 
et  al.  2000). Although the complex and reciprocal links be-
tween parasitic and cancer dynamics are increasingly studied, 
we still know little about how commensals may interact with 
tumor development, especially given that some can shift toward 
parasitism under specific conditions (Drew et  al.  2021; Maier 
et al. 2024; Proctor et al. 2023; Stoy et al. 2023). As environmen-
tal changes increasingly impact both tumor susceptibility and 
host-symbiont associations, there is a growing need for inte-
grative frameworks that explore how these processes influence 
one another following human-driven disruptions, an area that 
remains largely understudied.

In some cases, these disruptions are not permanent: Humans 
can reintroduce symbiont species into host populations from 
which they have long been absent, with potentially important 
ecological and evolutionary consequences. In many instances, 
including the one considered in this study (see below), it is un-
certain whether the host population historically carried the 
symbiont or retained co-adapted traits after its loss, making 
these scenarios closer to an introduction into a naïve system. For 
example, the arrival of North American gray squirrels (Sciurus 
carolinensis) in the United Kingdom brought parapoxviruses 
into contact with native red squirrels (Sciurus vulgaris), causing 
severe mortality, including in regions where the pathogen had 
been absent for decades (Tompkins et al. 2003). Yet how such 
(re)introductions might interact with tumor development and 
progression in wildlife remains largely unknown.

The freshwater cnidarian Hydra, and in particular Hydra oli-
gactis, is a simple basal metazoan capable of both sexual and 
asexual reproduction (Yoshida et  al.  2006). Under laboratory 
conditions, some strains can develop tumors, some of which 
may become transmissible through asexual budding (Boutry 
et al. 2023; Domazet-Lošo et al. 2014; Dujon, Boutry, et al. 2024; 
Tissot, Meliani, Boutry, et al. 2024). Tumoral H. oligactis labora-
tory strains, such as the Saint Petersburg tumorous transmissible 
line (maintained asexually in culture for over 15 years; Domazet-
Lošo et al. 2014), feature visible tumefactions that typically de-
velop within 3 to 5 weeks following bud emergence (Boutry, 
Tissot, et al. 2022; Stepanskyy et al. 2025; Tissot et al. 2023), as 
well as an increased number of tentacles, which have been sug-
gested to result from tumor-induced manipulation of host phe-
notype (Boutry, Mistral, et al. 2022; Boutry et al. 2025; Dujon, 
Boutry, et al. 2024).

In the wild, Hydra is frequently colonized by the ciliate Kerona 
pediculus (hereafter referred to as ciliates), a species that lives 
on the host's external surface (i.e., the ectoderm), feeding 
on suspended particles or surface debris, and is typically de-
scribed as commensal (Warren and Robson  1998). Notably, 
Coleman  (1966) reported that ciliate persistence varies with 
host feeding condition and that ciliates may rely on host-derived 
secretions, describing the association as potentially parasitic. 
To date, the net fitness consequences of this association for the 
host have not been clearly established, leaving its ecological sta-
tus ambiguous and potentially dependent on the ecological and 
physiological context. Some laboratory Hydra lines, by contrast, 
have been maintained ciliate-free for over 15 years, providing 
a contrasting context for examining the effects of long-term 

symbiont absence. More recently, studies have shown that when 
given a choice between a healthy and a tumorous hydra, ciliates 
preferentially colonize tumorous individuals, where they repli-
cate more rapidly and reach higher population densities (Boutry, 
Mistral, et  al.  2022). As a result, tumorous hydras can act as 
super-spreaders, facilitating ciliate transmission both within 
and between host species, and amplifying their populations 
(Tissot, Meliani, Chee, et al. 2024).

Altogether, the Hydra-ciliate system, with its biological simplic-
ity, experimental accessibility, and the ecological ambiguity of 
its symbiont, offers a rare opportunity to investigate the inter-
play between tumor development and symbiosis, particularly 
along the commensal-parasite continuum. Yet no study has ex-
perimentally tested how long-term symbiont absence followed 
by reintroduction interacts with tumor dynamics and host life-
history traits in Hydra. This is especially relevant in a context 
where human-driven environmental changes are expected to 
increase cancer susceptibility, disrupt long-standing associa-
tions between hosts and their symbionts, and in some cases rein-
troduce previously co-evolved partners into naïve hosts, where 
the effects can be particularly important under tumor-prone 
conditions.

To experimentally investigate these interactions in the context of 
symbiont reintroduction, we assessed how ciliate re-exposure, 
in hosts with different baseline susceptibility to tumors, (i) in-
fluences tumor onset, progression, and supernumerary tentacle 
development, and (ii) affects key host life-history traits, includ-
ing age at first reproduction and budding rate. We used two H. 
oligactis lines that have been maintained ciliate-free in the labo-
ratory for over 15 years: a tumorous line bearing a transmissible 
tumor (Domazet-Lošo et al. 2014), and a control line with histor-
ically low rates of spontaneous tumor formation under standard 
laboratory conditions (Boutry, Tissot, et  al.  2022). However, 
during the experiment, individuals from the control line unex-
pectedly developed tumors at higher frequencies than previously 
observed, reshaping the experimental framework and enabling 
comparisons of how symbiont reintroduction affects hosts with 
either transmissible or de novo (spontaneous) tumors.

2   |   Material and Methods

2.1   |   Animals and Culture Conditions

Experiments were conducted using the transmissible tumor lines 
(TL) and the nontransmissible control lines (CL) of the H. oligac-
tis Saint Petersburg strain, both derived from the clonal lineage 
described in Domazet-Lošo et al. 2014. Both F0 TL and CL had 
been maintained under ciliate-free conditions for over 15 years 
and were cultivated in mass cultures at 18°C under a 12-h photo-
period, using Volvic water (a natural spring water routinely used 
in Hydra research for its mineral stability; see Boutry, Tissot, 
et al. 2022 for rearing protocols). F0 hydras were fed five times 
per week with Artemia salina nauplii to accelerate their asexual 
reproduction (Tökölyi et al. 2016). The ciliates originated from 
a separate mass culture of wild H. oligactis collected from the 
field (Montaud lake in France; 43°44′52′′ N; 3°59′23′′ E). For 
the experiment (see protocol below), F0 hydras from both the 
TL and the tumor-free CL were isolated from mass cultures and 
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individually placed into wells of cell culture plates (12-well cell 
culture plates; 1.5 mL per well; Thermo Scientific). Following at 
least 7 days of acclimation, their F1 descendants were then iso-
lated and maintained under a standard feeding regime (three 
times per week). To avoid artificially amplifying ciliate numbers 
in the culture plates, the standard water-change protocol (with 
water changed 8 h after feeding) was modified by changing the 
water 1 h after feeding. This timing allowed for the removal of 
Artemia nauplii that had not been ingested by the hydras be-
fore they began to decompose, thereby limiting artificial ciliate 
proliferation and preventing the loss of ciliates that temporarily 
detach from the host to feed on decaying Artemia (preliminary 
observations, data not shown). A preliminary test confirmed 
that changing the water at this time point did not significantly 
reduce ciliate numbers (see Supporting Information). A subse-
quent cleaning step was deemed unnecessary, as only Artemia 
cuticles remained in the medium. Unlike decomposing nauplii, 
ciliates were not observed on these cuticles, suggesting they are 
unlikely to serve as a major resource for ciliate growth, and the 
cuticles were subsequently removed during the next scheduled 
water change.

2.2   |   Experimental Protocol

A graphical summary of the experimental design is presented 
in Figure 1. For the experiment, 36 TL and 36 CL ciliate-free H. 
oligactis from the St. Petersburg strain were individually isolated 
to constitute the F0 generation (sample size based on logistical 
feasibility and previous studies showing sufficient statistical 
power; e.g., Boutry, Tissot, et al. 2022). Tumor phenotype inten-
sity of F0 tumorous individuals was recorded using the six-level 
visual scale described in Tissot et al. (2023), which combines two 
criteria characteristics of the TL: the extent of body deformation 
and the presence of supernumerary tentacles. Scores range from 
0 (no visible symptoms) to 5 (severe body deformation with su-
pernumerary tentacles). Each F0 individual was expected to 
produce two F1 buds within a week, which were collected at 
the beginning of the week; their emergence dates (hereafter re-
ferred to as births or birth dates) were recorded. Individuals that 
produced only one bud during a week were excluded from the 
weekly sampling, and collection was postponed to the following 

week. In total, 144 F1 buds were expected. Small batches (e.g., 
fewer than three F1 pairs) were excluded, and the procedure 
was repeated the following week if necessary. Potential batch 
effects arising from these weekly cohorts were accounted for in 
the analyses (see Data analysis section).

F1 buds were then individually placed into wells of 12-well plates 
(1.5 mL/well) and randomly assigned to infected or noninfected 
treatment groups, to minimize potential experimenter bias. This 
randomization was stratified by parental line to ensure balanced 
representation of each F0 parent across treatments and experi-
mental batches. In the infected group, two ciliates were intro-
duced per well to increase the likelihood of successful infection, 
following a similar approach described by Tissot, Meliani, Chee, 
et al. (2024). These were aspirated along with 5 μL of water from 
a mass culture of ciliates maintained on field-derived H. oligac-
tis, using a P10 pipette (Thermo Finnpipette) under a dissecting 
microscope. The 5 μL solution, containing two ciliates, was then 
transferred into a well containing an F1 hydra. In the nonin-
fected group, 5 μL of water from the same ciliate culture (with-
out ciliates) was introduced. The presence of ciliates was verified 
15 h post-infestation, prior to the onset of asexual reproduction. 
The two-ciliate infection method demonstrated high success, as 
only one F1 hydra lost its ciliates within the first 7 days post-
infestation; this individual was subsequently excluded from the 
analysis.

Three times a week, before feeding and until the fifth month 
of the experiment (a duration limited by logistical constraints), 
we recorded the following variables: age at first reproduction, 
age at first supernumerary tentacle development (defined as the 
appearance of the eighth tentacle), age at tumor onset (defined 
as the appearance of visible tumors on the main body of the 
hydra), budding rate, and ciliate density. Hydras from CL that 
developed tumors spontaneously during the experiment were 
referred to as STH, while those from TL that developed visible 
tumors were referred to as TTH. Ciliate density was categorized 
into five classes, based on preliminary observations (data not 
shown) of typical abundance and the ease and accuracy with 
which individuals could be counted on infected hydras. The five 
classes of density were defined as follows: 1–9 ciliates (Class A), 
10–19 (Class B), 20–29 (Class C), 30, or more (Class D), and those 

FIGURE 1    |    Graphical summary of general experimental design.
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who lost their ciliates (Class 0), with representative examples 
provided in the Supporting Information. Buds were removed 
from individual wells after being counted, and the number of 
ciliates present on them was recorded prior to removal. Raw 
ciliate counts observed on buds are provided in the Supporting 
Information.

2.3   |   Data Analysis

All data processing and statistical analyses were per-
formed using R software (version 4.2.2; R Core Team  2022) 
within the RStudio integrated development environment 
(Posit team  2025). Generalized linear mixed-effects models 
(GLMMs) were fitted using the “glmmTMB” package (Brooks 
et  al.  2017) when appropriate. Model selection followed the 
three-step procedure described in Zuur et  al.  (2009): first, 
we selected the random effect structure (including F0 iden-
tity, batch, F0 tumor intensity, and F1 identity where appro-
priate; see below for details) using the full model fitted with 
restricted maximum likelihood (REML; see Millar  2011 for 
non-Gaussian distributions); second, we determined the fixed 
effect structure using maximum likelihood (ML); and third, 
we refitted the selected model using REML. To identify the 
most parsimonious model at each step, model selection was 
based on the corrected Akaike Information Criterion (AICc) 
and associated AICc weight, calculated using the MuMIn 
package (Bartoń  2023). The fit of the data to the model was 
evaluated using the DHARMa package (Hartig 2022) through 
examination of residual distribution, including Kolmogorov–
Smirnov tests, overdispersion diagnostics and outlier tests. 
When applicable, pairwise comparisons were made using 
estimated marginal means (via the “emmeans” package), 
with p-values adjusted for multiple comparisons using the 
Benjamini–Hochberg correction (Lenth et al. 2023). A full list 
of additional R packages used is provided in the Supporting 
Information. Ciliate density, recorded as a five-level cate-
gorical variable (see section above), was included only in the 
analysis of budding rate. For traits such as age at first repro-
duction, tumor onset, and supernumerary tentacle develop-
ment, the most frequent density class observed during the 
period preceding the event was excluded from analysis due 
to insufficient and unbalanced sample sizes across classes. 
Similarly, because only a small number of individuals in both 
lineages did not develop tumors (see the Results section), 
these were excluded from all analyses except for tumor onset, 
where including both tumorous and nontumorous individuals 
was necessary to assess incidence. This exclusion helped avoid 
extreme data imbalance (e.g., groups where nearly all individ-
uals developed tumors), which would lead to limited statisti-
cal power and numerical instability in model estimation.

2.3.1   |   Effects of Ciliate Infection on 
Tumor and Supernumerary Tentacle Development

This analysis aimed to evaluate whether ciliate infection af-
fects the probability and timing of tumor onset and super-
numerary tentacle development. All GLMMs included F0 
identity, batch, and F0 tumor intensity as random intercepts 
to account for nonindependence due to repeated measures and 

batch-related variability. F0 tumor intensity was also included 
as a categorical random intercept to account for potential 
shared variance among F1 offspring originating from parents 
with the same disease severity level. The probability of tumor 
onset and supernumerary tentacle development was modeled 
using binomial GLMMs, with lineage (TL or CL) and infec-
tion status (infected or uninfected) as fixed effects. The tim-
ing of tumor onset and supernumerary tentacle development 
was modeled using negative binomial GLMMs, with the same 
fixed effects as in the binomial model, except that only indi-
viduals who developed tumors (TTH and STH; i.e., differing 
by tumor context) were included.

2.3.2   |   Effects of Ciliate Infection on Life-History Traits

This analysis aimed to evaluate whether ciliate infection influ-
ences key life-history traits, including age at first asexual repro-
duction and budding rate.

2.3.2.1   |   Asexual Reproduction.  We modeled the effects 
of ciliate infection on age at first reproduction using a Pois-
son GLMM. To assess weekly budding rate, we fitted two sep-
arate Poisson models: one testing the effect of ciliate infection 
(infected vs. uninfected), and another testing the effect of ciliate 
density (within the infected group, classified into five levels). 
Ciliate density was determined weekly for each F1 individual 
as the most frequent class to align the predictor with the weekly 
scale of the budding rate and to represent the sustained ciliate 
exposure during that period. All models included tumor context 
(TTH or STH) as a fixed effect, along with the same random 
effects structure as described above (F0 identity, batch, and F0 
tumor intensity). Infection status (infected vs. not infected) was 
included as a fixed effect in all models except the ciliate density 
budding model, where only infected individuals were consid-
ered. In the budding rate models, week (F1 age, in weeks) was 
also included as a fixed effect to account for temporal variation 
in reproduction, and F1 identity was added as a random inter-
cept to account for repeated measures within individuals.

3   |   Results

3.1   |   Effects of Ciliate Infection on 
Tumor and Supernumerary Tentacle Development

3.1.1   |   Tumor Onset and Timing

Ciliate infection did not significantly affect the likelihood of 
tumor development (Figure 2A; binomial GLMM; p = 0.102). 
As expected, most individuals from TL developed tumors, 
with 32 out of 36 (89%) in the noninfected group and 33 out 
of 35 (94%) in the infected group. A similarly high proportion 
of CL individuals developed spontaneous tumors, with 31 out 
of 36 in the noninfected group and 35 out of 36 in the infected 
group. Accordingly, lineage had no significant effect on tumor 
incidence, as it was not retained in the best-fitting model. 
Although this high incidence in the CL lineage precluded 
comparisons with a truly tumor-free control group, thereby 
limiting our ability to assess infection effects in healthy 
hosts, it revealed a striking shift in tumor susceptibility, 
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enabling comparisons of how symbiont reintroduction af-
fects hosts with either transmissible (TTH) or de novo (spon-
taneous, STH) tumor contexts. While infection did not alter 
overall tumor incidence, it accelerated tumor onset across 
tumor contexts by 13% (Figure 2B; negative binomial GLMM; 
IRR = 0.86, CI [0.77–0.96], p = 0.008). This corresponded to 
model-predicted tumor onset occurring approximately 6 days 
earlier in the STH and 2 days earlier in the TTH. In addition, 
tumors appeared significantly earlier in TTH than in STH, 
with a 63% shorter delay on average (Figure 2B; negative bi-
nomial GLMM; IRR = 0.37, CI [0.31–0.44], p < 0.001), corre-
sponding to a model-predicted difference of approximately 
29 days (46 vs. 17 days).

3.1.2   |   Supernumerary Tentacles Onset and Timing

The probability of developing supernumerary tentacles in-
creased with both ciliate infection and tumor context. Infected 
individuals were 5.5 times more likely to develop supernu-
merary tentacles (Figure 3A; binomial GLMM; OR = 5.49, CI 
[1.23–24.49], p = 0.026), and TTH were 17.8 times more likely 
compared to STH (Figure  3A; binomial GLMM; OR = 17.77, 
CI [2.99–105.45], p = 0.002). Although the near-complete sep-
aration of supernumerary tentacles in certain groups results 
in wide confidence intervals and affects the precision of the 
OR estimates, both effects remain statistically significant. 
However, infection did not significantly affect the timing of 
supernumerary tentacle emergence (the best-fitting model did 
not retain the infection variable). In contrast, TTH developed 
supernumerary tentacles significantly earlier than STH, with 
an 89% shorter delay on average (Figure 3B; negative binomial 

GLMM; IRR = 0.11, CI [0.09–0.14], p < 0.001), corresponding 
to a model-predicted difference of approximately 87 days (98 
vs. 11 days).

3.2   |   Effects of Ciliate Infection on 
Life-History Traits

3.2.1   |   Age at First Asexual Reproduction

The effect of tumor context on age at first reproduction varied 
by infection status. In the absence of infection, TTH reproduced 
32% later than STH (Figure 4A; Poisson GLMM; IRR = 1.32, 95% 
CI = [1.07–1.64], p = 0.003), corresponding to model-predicted 
averages of approximately 11.2 and 8.4 days, respectively. This 
difference was no longer apparent under infection, where TTH 
and STH reproduced at similar times (9.9 days for TTH vs. 
9.6 days for STH, p = 0.75). This apparent convergence resulted 
from opposing nonsignificant trends: infection was associated 
with a slight delay in STH (from 8.4 to 9.6 days, p = 0.14) and a 
slight acceleration in TTH (from 11.2 to 9.9 days, p = 0.14). While 
neither trend was statistically significant within tumor contexts, 
their combination resulted in a lack of detectable difference in 
age at first reproduction between TTH and STH observed under 
infected conditions.

3.2.2   |   Asexual Reproduction Rate

Ciliate infection had a significant negative effect on asexual 
reproduction. Infected individuals produced 17% fewer buds 
per week than not infected ones, regardless of tumor context 

FIGURE 2    |    Tumor incidence and onset timing. (A) Bar plots show the proportion of F1 that became symptomatic across infection status (not 
infected or infected) and lineage (transmissible tumor line, TL; control line, CL). Asymptomatic F1 are shown in blue, and symptomatic F1 in pink. 
(B) Boxplots show the age at tumor onset (in days) across tumor contexts (spontaneous tumoral hydras, STH; transmissible tumoral hydras, TTH), 
for both infected (purple) and not infected (green) F1.
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(Figure 4B; Poisson GLMM; IRR = 0.83, 95% CI = [0.74–0.93], 
p = 0.002). Budding rate also declined over time in all groups 
(Figure 4B; Poisson GLMM; IRR = 0.93, 95% CI = [0.92–0.94], 
p < 0.001). TTH initially reproduced less than STH (Figure 4B; 
Poisson GLMM; IRR = 0.80, 95% CI = [0.65–0.99], p = 0.037), 
but the decline in budding rate over time was less pronounced 
in the TTH (Figure 4B; Poisson GLMM; interaction IRR = 1.04, 
95% CI = [1.03–1.05], p < 0.001), suggesting that while TTH 
started with lower budding activity, they maintained it better 
over time.

Within infected hydras, budding rate was lowest in Class D 
(≥ 30 ciliates), which performed significantly worse than Class 
B (Figure  4C; Poisson GLMM; IRR = 0.57, 95% CI [0.39–0.83], 
p < 0.001), Class C (Figure 4C; Poisson GLMM; IRR = 0.66, 95% 
CI [0.44–0.98], p = 0.01), and Class 0 (Figure 4C; Poisson GLMM; 
IRR = 0.67, 95% CI [0.44–1.03], p = 0.02), and showed a marginal 
trend toward lower budding than Class A (Figure 4C; Poisson 
GLMM; IRR = 0.74, 95% CI [0.50–1.09], p = 0.06). Conversely, 
Class B (10–19 ciliates) exhibited the highest budding rate, sig-
nificantly outperforming Class A (Figure 4C; Poisson GLMM; 
IRR = 1.31, 95% CI [1.08–1.60], p = 0.0004) and Class D, and 
showing marginal trends toward higher rates than Class C 
(Figure  4C; Poisson GLMM; IRR = 1.16, 95% CI [0.93–1.45], 
p = 0.09) and Class 0 (Figure  4C; Poisson GLMM; IRR = 1.19, 
95% CI [0.92–1.54], p = 0.09). Budding rates among Classes 0, A, 
and C did not differ significantly. Although sample sizes across 
density classes were not balanced, these results suggest that, 
within infected individuals, moderate ciliate densities appear 
to be associated with increased asexual reproduction, whereas 
high densities appear detrimental.

4   |   Discussion

In a context where environmental changes increasingly disrupt 
host–symbiont relationships and increase tumor susceptibil-
ity, the Hydra-ciliate system (H. oligactis and its ectosymbiotic 
ciliate K. pediculus) offers valuable opportunity to examine 
the interplay between tumor development and symbiont rein-
troduction in shaping tumor dynamics, physiology, and life-
history traits in hosts with different baseline susceptibility to 
tumors. As outlined in previous sections, the unexpectedly 
high incidence of spontaneous tumors in CL precluded com-
parisons with a truly tumor-free control group, thereby lim-
iting our ability to assess infection effects in healthy hosts. 
While this reshaped our experimental framework, rather than 
compromising the study, it allowed for a unique comparison 
of how symbiont reintroduction affects hosts within either 
transmissible or de novo (spontaneous) tumor contexts. We 
therefore discuss our findings in light of both the intrinsic dif-
ferences between spontaneous and transmissible tumors, and 
how these tumor contexts are influenced by ciliate infection 
across key aspects of host biology.

4.1   |   Unexpected Incidence 
of Spontaneous Tumors

One of the unexpected results of this study was the high in-
cidence of spontaneous tumor development in CL. Although 
rare spontaneous tumors have been observed in this strain 
in the past, their frequency in this experiment mark-
edly exceeded previously reported levels under standard 

FIGURE 3    |    Supernumerary tentacles incidence and onset timing in tumor-bearing hydras. (A) Bar plots show the proportion of F1 developing 
supernumerary tentacles (≥ 8) across infection status (not infected or infected) and tumor contexts (transmissible tumoral hydras, TTH; spontaneous 
tumoral hydras, STH). F1 without supernumerary tentacles are shown in blue, and those with supernumerary tentacles in pink. (B) Boxplots show 
the age at first appearance of supernumerary tentacles (in days) across tumor contexts (TTH vs. STH), for both infected (purple) and not infected 
(green) F1.
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7 of 11Ecology and Evolution, 2026

laboratory conditions (Boutry, Mistral, et  al.  2022; Boutry, 
Tissot, et  al.  2022). Several nonexclusive hypotheses could 
explain this outcome, although they require further exper-
imental confirmation. First, although CL has been main-
tained free of transmissible tumors for over 15 years, it shares 
the same genetic origin as TL (despite some possible somatic 

mutations). It is therefore possible that latent tumorigenic 
potential remains in the genome and may re-emerge under 
certain unknown conditions. Indeed, the original TL itself 
emerged from a hydra with spontaneous tumors in the same 
strain (Domazet-Lošo et al. 2014), raising the hypothesis that 
we could be witnessing the early stages of a new transmissible 

FIGURE 4    |    Asexual reproduction traits in tumor-bearing hydras. (A) Boxplots show the age at first reproduction (in days) across tumor contexts 
(spontaneous tumoral hydras, STH; transmissible tumoral hydras, TTH) and infection statuses (not infected or infected). STH are shown in blue and 
TTH in orange. (B, C) Scatter plots show weekly budding rate across tumor contexts (STH vs. TTH), depending on infection status (Panel B; green for 
not infected and purple for infected) or ciliate density among infected individuals (Panel C; red for A, blue for B, green for C, purple for D, and gray 
for 0). Lines represent model-predicted average values with 95% confidence intervals.
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tumor line, although there is currently no direct evidence for 
this in the present study. Second, although noninfected indi-
viduals were not exposed to ciliates, they did receive inoculum 
water that had previously been in contact with both ciliates 
and tumorous hydras. While this solution was filtered to re-
move ciliates, it may still have contained soluble tumorigenic 
factors, including microbiota capable of promoting tumor for-
mation in predisposed individuals. Tissot et  al.  (2023) using 
the same CL reported similarly high rates of spontaneous 
tumors under a different feeding regime, where hydras were 
fed more frequently (five times per week) than in the pres-
ent study (three times per week). The authors proposed sev-
eral possibilities, including that altered food availability could 
affect microbiome composition and thereby affect tumori-
genesis (Tissot et  al.  2023). This possibility remains actively 
debated in the H. oligactis literature (Boutry et al. 2023; Rathje 
et  al.  2020; Stepanskyy et  al.  2025; Tissot, Meliani, Boutry, 
et  al.  2024) and is increasingly supported by findings from 
other systems linking microbiota to cancer susceptibility 
(Fulbright et al. 2017; Garrett 2015). In this context, it remains 
to be confirmed whether the spontaneous tumors observed in 
CL share microbial, but also cellular and molecular features 
with those previously reported. Furthermore, while the pre-
cise cause of the unexpectedly high tumor incidence in CL 
remains unclear, the potential role of filtered inoculum water 
represents a limitation of this study, as it could have acted as 
a confounding factor across all groups. Replicating the design 
using inoculum water alone could help determine whether 
soluble factors promote tumor formation, and testing Hydra 
strains with no documented tumor cases may clarify whether 
this effect reflects a broader susceptibility to microbiota-
driven dysbiosis.

4.2   |   Differences Between Spontaneous 
and Transmissible Tumors

Despite sharing a common genetic background, STH and TTH 
differed in tumor dynamics and reproductive traits, confirm-
ing that tumor context and long-term coevolutionary dynam-
ics strongly shape host–tumor interactions. Tumors in TTH 
developed earlier and were more frequently associated with 
supernumerary tentacles, hallmarks of the long-maintained 
transmissible line and likely reflect coevolution between tumor 
cells and their host (Boutry, Mistral, et al. 2022; Boutry, Tissot, 
et al. 2022; Stepanskyy et al. 2025). In contrast, tumors in STH 
appeared later and were less often accompanied by supernu-
merary tentacles, consistent with the idea that these newly 
arisen tumors have not yet undergone similar evolutionary re-
finement. Indeed, spontaneous tumors arising in CL are inten-
tionally eliminated early under laboratory conditions, limiting 
their opportunity for persistence or adaptation. This difference 
in maintenance history may help explain the greater variability 
observed in STH; while TTH derive from a transmissible tumor 
lineage shaped by long-term propagation and repeated artificial 
selection, STH represent sporadic cases that have not undergone 
similar selective processes and may therefore reflect a wider 
range of spontaneous phenotypes. However, given that tumor 
transmissibility can evolve within a few generations (Tissot, 
Meliani, Boutry, et al. 2024), it is plausible that similar features 
could emerge in STH if allowed to persist.

These divergent tumor dynamics may help explain differences 
in reproductive patterns. STH reproduced earlier and more in-
tensely at first, but their budding rate declined more sharply 
over time. TTH, by contrast, reproduced later and more slowly 
at first, but maintained a steadier budding rate across the 
study period. Several hypotheses could account for the pat-
tern, although causal inference is limited in the absence of 
direct testing. One possibility is that STH reflect a baseline re-
productive pattern typical of tumor-free individuals, and that 
the later emergence of tumors disrupts reproduction only at 
later stages, causing a decline. However, this view contrasts 
with prior work showing that TTH tend to reproduce more 
intensely early in life as a compensatory response to tumor 
burden (Boutry, Tissot, et al. 2022). If STH were merely tumor-
free early on, their initial reproduction would likely be lower, 
not higher, than that of TTH. This suggests that STH may also 
engage in a compensatory reproductive strategy, possibly in a 
more pronounced manner. However, because STH represent 
newly emerged tumors without a long-term association with 
their host, this pattern is more likely to reflect a generalized 
physiological response to the early presence of tumor cells, 
rather than a specific reproductive strategy shaped by long-
term association with tumors. Alternatively, we hypothesize 
that the high budding rate in STH (e.g., due to unknown phys-
iological responses to inoculum exposure) could potentially 
contribute to tumor development, as budding involves intense 
cell proliferation that may promote dysregulation in geneti-
cally predisposed individuals. This would be consistent with 
classical life-history trade-offs, in which elevated reproductive 
effort compromises somatic maintenance and increase vul-
nerability to cancer (Jacqueline et al. 2016). In contrast, TTH 
individuals already harbor a long-established transmissible 
tumor lineage, and their reproductive dynamics likely reflect 
physiological responses to the persistent presence of tumor 
cells rather than a cause of tumor emergence. A third possibil-
ity is that the transmissible tumor lineage could be evolving 
toward earlier tumor onset, potentially reducing the window 
for early-life reproduction. This could explain why TTH do not 
show the same initial reproductive intensity as STH.

Altogether, our findings underscore that the evolutionary con-
text of tumors, whether newly emerged or long established, can 
profoundly shape host reproductive allocation. These results 
highlight the importance of considering not only tumor pres-
ence but also its temporal dynamics and evolutionary back-
ground when evaluating host life-history responses.

4.3   |   Ciliate Infection Across Tumor Contexts

Ciliate infection influenced multiple aspects of host biology, in-
cluding reproduction, tumor progression, and supernumerary 
tentacle development, with no strong evidence for differences 
between tumor contexts. Overall, infected hydras produced 
fewer buds than uninfected ones, with the reduction becoming 
more pronounced at high ciliate densities. In parallel, infection 
appeared to attenuate the difference in age at first reproduction 
previously observed between uninfected TTH and STH, al-
though the opposing trends within each tumor context lacked 
statistical significance, likely due to limited power. Infection 
was also associated with earlier tumor onset, and a higher 
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probability of supernumerary tentacle formation. Several non-
exclusive hypotheses could explain these effects.

Although ciliates remain external, their presence and feeding 
behavior may alter the host's epithelial surface microenvi-
ronment. In Hydra, epithelial homeostasis is tightly coupled 
to tissue regeneration and budding, and depends on interac-
tions between epithelial and interstitial cells (Shostak 2017). 
Disruption of this interface could reduce budding efficiency, 
especially at high symbiont densities, as observed in indi-
viduals with more than 30 ciliates. By perturbing epithelial 
homeostasis, ciliate infection may also disrupt morphoge-
netic patterning, potentially contributing to the increased 
frequency of supernumerary tentacles observed in infected 
hydras. This could reflect a disruption of the epithelial sig-
naling processes that govern tentacle morphogenesis in Hydra 
(Vogg et al. 2022), or alternatively, a compensatory response to 
infection-driven stress. Indeed, hydras experiencing reduced 
budding might invest in tentacle growth to enhance prey cap-
ture (Boutry, Mistral, et al. 2022), a plastic strategy that could 
help restore reproductive output since resource intake is pos-
itively linked to budding (Tökölyi et  al.  2016), although the 
underlying mechanisms remain to be elucidated.

In addition to direct effects on epithelial homeostasis, ciliate in-
fection might indirectly influence host physiology by introduc-
ing microbial associates or altering the host's native microbiota. 
While protozoa have been shown to act as microbial vectors in 
other systems (Balczun and Scheid 2017; Margarita et al. 2020), 
the extent to which this occurs in our study remains to be de-
termined as microbial composition was not assessed. This per-
spective is particularly relevant since the Hydra microbiome 
is known to modulate various aspects of host physiology (He 
and Bosch 2022; Murillo-Rincon et al. 2017), and is frequently 
associated with the presence of tumors in H. oligactis (Boutry 
et al. 2023; Rathje et al. 2020; Stepanskyy et al. 2025). Future 
work should therefore investigate whether ciliate colonization 
leads to shifts in the microbiota, and whether such shifts con-
tribute to the physiological patterns observed here.

Another factor worth considering is the evolutionary history be-
tween host and symbiont. The Hydra lines used in this study 
have been maintained in the laboratory without exposure to 
K. pediculus for over 15 years, which corresponds to approxi-
mately 500–700 generations, assuming a constant generation 
time of 8 to 11 days. From an evolutionary perspective, this 
prolonged absence may have disrupted co-adaptative dynamics 
that previously existed between host and symbiont. While this 
hypothesis remains to be tested, it is possible that these Hydra 
may now be naïve to K. pediculus, lacking the regulatory or tol-
erance mechanisms needed to buffer its physiological effects. 
Such a breakdown in host-symbiont coadaptation could am-
plify infection-induced changes by increasing host sensitivity 
or reducing the host's ability to regulate or tolerate the symbi-
ont. As an illustrative analogy, similar phenomena have been 
observed in other systems: for instance, sigma virus infections 
in Drosophila show that host shifts into evolutionarily naïve 
species can dramatically increase viral virulence (Longdon 
et  al.  2011, 2015), highlighting how disrupted coevolutionary 
history can intensify physiological responses. Lastly, as outlined 
earlier in the Introduction, it remains uncertain whether this 

specific host population historically carried the symbiont, a sce-
nario that could also reflect an introduction into a naïve host.

5   |   Conclusion

Together, our findings reveal that both symbiont reintroduction 
and tumor context can reshape tumor dynamics and host life-
history traits in tumor-bearing H. oligactis. This work underscores 
the importance of considering symbiont reintroductions, espe-
cially following prolonged absence, in shaping host physiology, 
tumor dynamics, and life-history traits in hosts physiologically 
compromised by internal stressors such as tumors. Furthermore, 
these findings suggest that K. pediculus may not always act as a 
strict commensal, especially at high densities, highlighting its 
potential to exert deleterious effects in hosts presumably lacking 
recent coevolutionary history with the symbiont or already bur-
dened by tumors. More broadly, as environmental changes can dis-
rupt host–symbiont associations and elevate cancer susceptibility, 
this study provides experimental insight into how such pressures 
might shape disease dynamics, host fitness, and the ecological 
roles of reintroduced symbionts in vulnerable host populations.
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