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Transmissible tumors are increasingly regarded as a new form of parasitic life, but relatively little 
is known about the ecology and evolution of their interactions with their host. In this work, we 
provide new insights into transmission dynamics of vertically transmitted tumors in the freshwater 
cnidarian Hydra oligactis. First, we found tumoral hydra to be infectious at any age, regardless of 
whether they were in their asymptomatic or symptomatic phases, with the bacteriome composition 
remaining constant during both phases. Interestingly, tumor transmission increased with the number 
of tentacles, particularly for hydras with supernumerary tentacles. Additionally, tumors developed 
earlier in the offspring from parents with more advanced tumors. Furthermore, despite being direct 
descendants of tumoral polyps, some hydras never developed tumoral phenotype. The latter exhibited 
a distinct bacteriome composition, reduced lifespan and a lower tentacle number increase over time. 
Interestingly, the tumor phenotype expression in these hydras appears to be able to skip generations, 
as transmission occurred at any age from parents to offspring. We discuss these results in the context 
of current knowledge on the evolutionary ecology of host-transmissible tumor interactions as well as 
parasite-host interactions and suggest avenues for further research.
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The emergence of multicellularity towards the end of the Precambrian era was dependent on the evolution of 
cooperative interactions among cells. However, a new challenge arose with the advent of mutant “cheater” cells 
that act selfishly to increase their own fitness at a cost to that of the multicellular organism1. These cells violate 
the rules that govern proper functioning in metazoans (e.g., the inhibition of proliferation, controlled cell death, 
allocation of resources, division of labor, and the creation and maintenance of the extracellular environment), 
which gives them a selective advantage, at least transient, over healthy cells2,3. Failure to eliminate these “cheater” 
cells through the many regulatory mechanisms that evolved in animals (e.g.,4) can result in the formation of 
abnormal tissue growth (resulting in a tumor or neoplasm), potentially having devastating consequences for 
the organism’s fitness. This includes not only death caused by the pathology itself, but also fitness reduction due 
to compromised competitive abilities, heightened susceptibility to predation and pathogens, and a diminished 
capacity for dispersal5–7. While tumors, both benign and malignant, are ubiquitous across multicellular life3,8, 
our understanding of the ecology and evolution of host-tumor interactions in the wild remains limited9.

In the vast majority of cases, tumors die with their host. However, some forms have acquired the ability 
to transmit between individuals, sometimes even across different species (see10 for review). Currently, several 
naturally-occurring transmissible tumor types have been documented: Canine Transmissible Venereal Tumor 
(CTVT) in dogs11,12, Tasmanian Devil Facial Tumor Diseases (DFTD1 and DFTD2) in Tasmanian devils13,14, 
Bivalve Transmissible Neoplasia (BTN) in different bivalve species15 and transmissible tumors in freshwater 
cnidarians from the genus Hydra16. For the tumors CTVT, DFTD and BTN, transmission is horizontal, meaning 
that it occurs between individuals which are not necessarily related, and/or even between species (e.g., BTN). 
On the other hand, transmissible tumors in Hydra represent a rare case of tumors transmitted vertically, i.e., 
between parent and offspring (see below). The potential for tumor cells to be transmitted between hosts suggests 
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that they undergo similar evolutionary dynamics as infectious agents, thus classifying them as a “new species 
of parasites”17–19. The intersection of oncology and parasitology introduces an innovative research field that 
challenges conventional notions of cancer by expanding beyond the idea of uncontrolled cell growth within 
an individual, offering potential implications for both human health and wildlife conservation10,20. However, 
this field remains largely unexplored, mainly due to the apparent scarcity of biological models (see21,22) and/or 
the difficulty of studying them in nature, which limits our understanding of the evolutionary ecology of host-
transmissible tumor interactions23. For instance, while it is generally accepted that symptomatic individuals with 
tumors can transmit tumor cells to others, the extent to which asymptomatic individuals (i.e., bearing early-stage 
tumors) can also transmit tumor cells is poorly documented. Similarly, among symptomatic individuals, it is 
unknown if a correlation exists between the extent of symptom manifestations in tumor-bearing individuals and 
the tumor cell transmission rate. We believe that the vertically transmissible tumor system in Hydra, especially 
because of its ease of maintenance in the laboratory16,24, is an appropriate model for answering these types of 
questions and for providing new insights into the ecology and evolution of host-tumor interactions.

Hydra oligactis is capable of both sexual and asexual reproduction25. In this species, notably the Saint 
Petersburg tumorous hydra line (TL), maintained asexually in culture for over 15 years, tumor cells and the 
specific bacteriome associated with them are transmitted (i.e., from parent to offspring) during asexual 
reproduction via budding16,26. The newly produced TL buds (i.e., detached individuals), under commonly used 
rearing conditions (i.e., fed three to five times a week), develop a tumorous phenotype within approximately 
four weeks26–28. Interestingly, this transmission is not consistent, resulting in the production of rare healthy 
descendants from tumoral line hydras (HDTL), showcasing distinct bacteriome compositions16,26,27. Also, 
tumorigenesis alters the external phenotype of hydras at various levels. While healthy hydras are thin and 
typically have 6 to 7 tentacles, symptomatic hydras (SH), exhibit tumefactions visible to the naked eye and 
can develop between eight and up to twenty tentacles5,26. These phenotypic alterations, interestingly, impact 
ecological dynamics: SH have been demonstrated to capture more prey than healthy hydras and, conversely, 
are more susceptible to predation5. Additionally, before becoming symptomatic, asymptomatic hydras (AH) 
show modifications in their life-history traits: similar to what is sometimes observed in hosts infected by lethal 
or castrating parasites29,30, AH maximize their effort for early asexual reproduction before tumors significantly 
impact their budding capacity and survival rate27.

In order to enhance our understanding of the evolutionary ecology of vertically transmissible tumors, we 
have sought to address the following questions using the hydra model: (I) To what extent asymptomatic polyps 
(but capable of developing tumors later) present a risk of tumor transmission to their offspring? (II) Once a 
polyp is symptomatic, is there a correlation between the age of tumor onset, the degree of symptomatology 
exhibited by a polyp, and the time when tumors appear in its descendant buds? (III) Do the rare HDTL have 
particular life-history trait characteristics compared to those that have been infected, and do they infect their 
descendant buds? (IV) What are the dynamics of the bacteriome before and after tumor development? (V) Is the 
presence of supernumerary tentacles associated with a distinct bacteriome composition?

Materials and methods
Animals and culture conditions
Experiments were conducted using TL, derived from the clonal lineage of Domazet-Lošo et al.16. This strain was 
maintained under a feeding regime of three time per week, following standard rearing protocols described in 
Boutry et al.27. For the experiment (refer to the experimental protocol below), hydras displaying visible tumors 
were isolated from cultures and individually placed in wells of cell culture plates (12-well plates, 1.5 mL/well, 
Thermo Scientific). Descendants from these hydras and their subsequent buds were also isolated under the same 
conditions to be monitored throughout the experiment.

Experimental protocol
The graphical summary of the general experimental design is illustrated in Fig.  1A. In order to study the 
tumor transmission rate to the offspring in both pre- and post-tumor appearance phases (asymptomatic and 
symptomatic phases), we individually isolated 18 tumorous H. oligactis in an advanced symptomatic phase 
(meaning visible tumors on the main hydra body, and the presence of supernumerary tentacles, see Fig.  1B 
for differentiation between symptomatic and asymptomatic hydras). These individuals constituted our first 
generation and were referred to as grandparents. The first two buds of the grandparents (F0) were individually 
isolated, and their emergence dates (further referred to as birth or birth dates), as well as the number of tentacles 
at birth (t0), were recorded. This resulted in 36 asymptomatic individuals (F1) of the second generation, referred 
to as parents. Each week, for 9 weeks, we recorded the number of tentacles, the date of the first budding, lifespan, 
and the health status (symptomatic or not) of the F1 parents. The nine week interval was chosen based on 
the known development of tumors in this specific hydra lineage, typically observed after approximately 4 
weeks26–28. In order to capture both the asymptomatic and symptomatic phases, the duration of the experiment 
was determined by allocating 4 weeks to each phase, with an additional week to account for potential individual 
variations. Additionally, each week, the first two F2 buds of the F1 parents were isolated on their date of birth. 
We chose to isolate two buds per week to improve experimental reliability and accommodate for the possible loss 
of a F2 bud from a F1 parent. Any surplus buds produced within the same week of the F1 parent’s life were not 
considered and discarded. This protocol aimed to obtain a maximum of 72 buds per week of the F1 parent’s life. 
Each week, for 6 weeks, we monitored the F2 buds for the number of tentacles, lifespan, and their symptomatic/
asymptomatic status. We chose a period of 6 weeks, because we assumed that tumor development, resulting 
from the transmission of tumor cells between the F1 parents and the F2 buds would have had sufficient time to 
progress to the point of being visually detectable (based on16,27,28).
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Fig. 1.  (A) Graphical summary of general experimental design. (B) Phenotype of asymptomatic and tumoral 
hydras from the tumoral clonal strains of St. Petersburg. (left panel) Asymptomatic hydra: the body is thin, 
without supernumerary tentacles (i.e., fewer than 8). (right panel) Tumoral hydra: tumefactions thicken the 
body, with supernumerary tentacles (i.e., 8 or more). Scale bar: 1 mm. (C) Graphical summary of bacteriome 
experimental design.
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The experimental protocol for bacteriome analysis is summarized in Fig.  1C. The same 18 tumoral F0 
grandparents used in the transmission experiment were used. For each of these F0 grandparents, we isolated 6 
F1 buds, assigning them ranks from 1 to 6 based on their emergence birth order. Before isolating the F1 buds, 
we randomly assigned them an order of freezing, corresponding to the week they were frozen, to arrest their 
growth (and potentially that of their bacteriome). Thus, at t0 (birth) and every week for 5 weeks, we randomly 
froze one F1 bud out of the 6 for each F0 grandparent, regardless of their birth date. This randomization was 
performed to ensure that any unaccounted variables or factors influencing the bacteriome composition were 
evenly distributed across the various frozen batches. After 5 weeks, our goal was to accumulate 108 frozen F1 
polyps ready for bacteriome analysis. However, one out of the six F0 grandparents produced only one F1 polyp. 
Consequently, we supplemented our dataset with an additional F0 grandparent. Some other F0 grandparents 
did not produce their full set of 6 F1 buds, and, among them, some died before the end of the experiment, 
resulting in 104 hydras in total. Metabarcoding of 104 F1 hydras was performed through a 16S rDNA, following 
the protocol adapted from Boutry et al.31. This included DNA extraction with the DNeasy Blood & Tissue kit 
(QIAgen GmbH, Hilden, Germany), amplification of the V4 region of the ribosomal 16S gene, barcoding and 
Illumina sequencing at the GenSeq platform (Genseq, Montpellier University).

Data analysis
Data processing and statistical analyses were performed using the R software (version 4.2.2)32 within the 
RStudio integrated development environment33, and various packages (see the complete list in the electronic 
supplementary material).

Generalized linear mixed-effects models (GLMM) constructed with the glmmTMB package34 were used 
for the transmission dynamics in TL, as well as the transmission dynamics and life-history changes in HDTL 
sections. We followed a model selection procedure described in Zuur et al.35: first, we determined the random 
effect structure using the full model and Restricted Maximum Likelihood (REML); second, we determined the 
fixed effect structure using Maximum Likelihood (ML); and finally, we refitted the best model using REML. 
To identify the most parsimonious model, the selection of random and fixed effects to include in the analyses 
was determined through model comparison using the corrected Akaike Information Criterion (AICc) and the 
associated AICc weight from the MuMIn package36. The fit of the data to the model was evaluated using the 
DHARMa package37 through examination of residual distribution (Kolmogorov-Smirnov test, over-dispersion 
and outlier tests).

For bacteriome analysis, we used the FROGS pipeline38 on the GenoToul genomic platform in the Galaxy 
interface for data processing. Sequences clustering into OTUs (Operational Taxonomic Units) were performed 
using the swarm clustering method39. Rare OTUs were filtered out by retaining only those with a minimum 
abundance of 0.005% of the total sequences, as recommended by Bokulich et al.40. OTUs were taxonomically 
assigned using 16S SILVA 138.1 reference database. Taxonomic assignments were filtered using BLAST with a 
minimum identity of 0.8 and a minimum coverage of 0.8. To standardize OTU abundances, rarefaction-based 
normalization41 was applied to our data, resulting in a consistent read count across samples. Abundance plots of 
OTUs were created using the Phyloseq object42 generated in the FROGS pipeline. The same Phyloseq object was 
also used for both alpha and beta diversity analyses.

Transmission dynamics in TL
We aimed to understand the dynamics of tumor transmission between F1 TL parents (including both AH and 
SH) and their F2 buds, focusing on two key objectives: (1) the probability of tumor transmission between F1 TL 
parents and the F2 buds, and (2) the correlation between the age of tumor onset in F1 TL parents, their degree 
of symptomatology, and the age of tumor onset in their F2 offspring. During the experiment, we obtained 324 
F2 buds from the 29 F1 TL parents. In total, 13 F2 buds that died before 3 weeks (the average time of tumor 
development in our experiment) without developing tumors were excluded due to uncertainty regarding their 
health status. Additionally, 11 buds were excluded from the analysis due to missing parental tentacle number 
information. To address these research objectives, we modeled two response variables: the health status of F2 
buds (asymptomatic or symptomatic, binary) and the age of tumor onset in F2 buds (continuous), represented 
as difference in days between the date of the tumor onset and the birth date.

Several predictor variables were common in both analyses. One of the predictors was Δb, a continuous 
variable representing the difference between the F2 bud’s birth date and the F1 parent’s tumor onset date. It 
represents both the F1 parent’s health status and the time since emergence (hereinafter referred to as age) at the 
birth of the F2 bud. A negative Δb value indicated that the F1 parent was asymptomatic at the F2 bud’s birth, 
while a positive value indicated that the F1 parent was symptomatic at the F2 bud’s birth. The absolute value of 
Δb represented either the time remaining until tumor onset or the time elapsed since tumor appearance. Other 
predictor variables included the number of tentacles of the F1 parent at the week of F2 bud birth (continuous), 
and the order of F2 bud birth (first or second, binary). The latter was included to account for deviations from the 
expected experimental protocol, where some F1 parents produced only one bud instead of the anticipated two, 
potentially affecting tumor transmission (i.e., the uneven representation of F2 buds from the same F1 parent). A 
summary of these deviations is provided in electronic supplementary material, Table S1. To account for the lack 
of independence between measurements, we included random intercepts for grandparental, parental and bud 
identifiers in the model, along with the nested effect of parental identifiers within grandparental identifiers and 
bud identifiers within parental identifiers.

To assess the probability of tumor transmission between F1 TL parents and F2 buds, we modeled the status of 
F2 buds (asymptomatic or symptomatic) using a binomial distribution with a logit link function. The predictor 
variables for this model included the parent’s age at the time of F2 bud birth, as well as the previously described 
Δb, the number of tentacles of the parent at the week of F2 bud birth, and the order of F2 bud birth. Due to a high 
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correlation between Δb and the parent’s age at the time of F2 bud birth (Spearman correlation coefficient = 0.92), 
these variables were analyzed separately to avoid collinearity-induced bias. Given their close correlation, we 
anticipated that the selected model to be very similar between the two variables. The statistical analysis was 
performed on a maximum of 297 F2 buds.

To investigate the factors influencing the age of tumor onset in F2 buds, we modeled the age of tumor onset 
in F2 buds using a negative binomial distribution with a log-link function. Here, negative binomial distribution 
with a log-link function was used since our response variable represents the number of failures (here, the number 
of days) before success (here the tumor onset). The predictor variables for this model included the age of tumor 
onset in F1 parents, as well as the previously described Δb, the order of F2 bud birth, and the number of tentacles 
of the parent at the week of F2 bud birth. Only F2 buds which developed tumors during the experiment were 
included in this analysis. Thus, the statistical analysis was performed on a maximum of 247 F2 buds.

Transmission dynamics and life-history changes in HDTL
The main goal of this analysis was to determine whether HDTL exhibit distinct life-history traits compared 
to TH and assess whether F1 HDTL parents transmit tumors to their descendant F2 buds. For all subsequent 
analyses, HDTL were defined as those which did not develop symptoms during the experiment and survived 
beyond the first 3 weeks (the average time of tumor development in our experiment), to avoid uncertainty in 
their classification. This represented a total of 6 individuals in the F1 parent generation and 69 individuals in the 
F2 bud generation. For transmission analysis, only F2 buds originating from F1 HDTL parents were considered 
(n = 68).

Transmission dynamics in HDTL  The probability of transmission between the F1 HDTL parents and the F2 
buds was modeled using a binomial mixed-effects model. We used the same response, explanatory, and ran-
dom intercept variables as previously detailed for the analysis of tumor transmission in TH parents, with the 
summary of deviations for HDTL parents presented in electronic supplementary material, Table S2. However, a 
supplementary analysis with the Δb variable instead of the F1 parent’s age at the F2 bud’s birth variable was not 
conducted, as it was not possible to calculate the Δb variable for HDTL parents.

Life-history changes in HDTL  To compare life-history traits, we analyzed differences in tentacle number, 
age at first reproduction, and survival between HDTL and TL individuals. Tentacle number evolution between 
HDTL and TL buds was modeled using a Gaussian mixed-effects model with an identity link function. The 
number of tentacles per week was included as the continuous response variable. We included the health status of 
the F2 bud (HDTL or TL, binary), the age of F2 bud (in weeks, continuous), as well as the number of tentacles 
of the F1 parent at the week of F2 bud birth (continuous). Here, we used a Gaussian model instead of a Pois-
son model because our response variable followed a normal distribution. To address the non-independence of 
measurements, we incorporated random intercepts for both parental and bud identifiers in the model, while also 
considering the nested effect of parental identifiers within bud identifiers. We used a total of 2413 observations 
of F2 buds for the analysis.

The age at first reproduction between F1 HDTL and TL parents was compared using a negative binomial 
mixed-effects model, with the Δfb as the response variable. The Δfb represents the difference (in days) between 
the F1 parent’s date of birth and the date of appearance of its first F2 bud. We included the health status of 
the hydra (HDTL or TL, binary) as an explanatory variable. Here, negative binomial distribution with log link 
function was used since Δfb variable represents the number of failures (here, the number of days) before success 
(first F2 bud appearance). The lack of independence between measurements was addressed by incorporating 
random intercepts for parental and grandparental identifiers in the model. A total number of 35 F1 parents was 
used for the analysis.

Survival probability between HDTL and TL was assessed using parametric survival regression with the 
Weibull distribution, implemented in the survival package43,44. The status of the hydra was included as a binary 
explanatory variable (HDTL or TL). Since the durations of the experiments for F1 parent and F2 bud generations 
were not the same (9 weeks for F1 parent vs. 6 weeks for F2 bud), we standardized the analysis to a 6-week 
duration, resulting in total of 309 individuals (35 F1 parents and 274 F2 buds). As part of this standardization, 
we excluded 108 F2 buds produced by the F1 parents on their 7th, 8th, and 9th weeks. Here, Weibull distribution 
was used due to the non-constant hazard observed in the data. Kaplan-Meier survival curves were used to 
illustrate the comparison of survival probabilities between the two groups.

Bacteriome
We aimed to explore bacterial diversity across different conditions (AH, SH and HDTL), and across various 
ages. Specifically, we sought to examine the dynamics of the bacteriome before and after tumor development, 
and whether the presence of supernumerary tentacles was associated with a distinct bacteriome composition.

All hydras that did not develop tumors in weeks 0, 1, and 2 were considered as AH; individuals beyond 
3 weeks (the average time of tumor development in our experiment) were considered as HDTL. We created 
a new binary variable representing the number of tentacles as equal to or above 8 (8+) or 7 and below (-7). 
To maintain taxonomic consistency, all analyses were conducted at the order level due to numerous multi-
affiliations observed at the species and family levels.

Alpha diversity was measured using the Chao1, Inverse Simpson and Shannon indexes based on OTU 
presence and abundance. The Chao1 index provides a measure of species richness within a sample, representing 
the count of OTUs. Meanwhile, the Shannon and Inverse Simpson indexes serve as indicators of community 
diversity, encompassing both species richness and evenness in the community45,46. Non-parametric Kruskal-
Wallis and Wilcoxon rank-sum tests, along with non-parametric Dunn post-hoc tests, were used for the 
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examination of overall differences and pairwise comparisons between alpha indices and variables of interest. 
The p-value obtained from pairwise comparisons was adjusted using a Benjamini–Hochberg false discovery rate 
correction47.

Beta diversity measures were calculated using the Bray-Curtis and Jaccard indexes based on OTU 
presence or absence and their abundance. The Bray-Curtis index assessed dissimilarity in OTU composition 
and abundance between samples, while the Jaccard index focused on the OTU presence or absence45,46. To 
test for significant differences in the abundance of taxa of interest across different groups, non-parametric 
Kruskal-Wallis tests followed by Dunn’s non-parametric post-hoc tests were employed. Overall and pairwise 
comparisons in differences of beta diversity were carried out using permutational multivariate analysis of 
variance (PERMANOVA). Same p-value adjustments as previously described for alpha diversity measures were 
used. Principal coordinates analysis (PCoA) were carried out based on the beta-diversity index matrix.

Results
Transmission dynamics in TL
The measured raw average transmission rate in TL over the whole experiment was 87% with some small non-
significant week to week variations (range: 69-100%) (Fig. 2A). The age and health status of the parents had no 
significant effects on the transmission probability. In 78 out of 107 cases (73%), buds developed tumors during 
the asymptomatic phase of their parent, up to 6 weeks before their parent developed symptoms (Fig. 2B). The 
number of parental tentacles on the week a bud was born, and the variation between the parental hydras lines 
(random effect), were identified as factors explaining differences in transmission rates between the F1 parents 
and the F2 buds (GLMM (logit link); Odds Ratio (OR) = 2.29, SE = 0.3, N = 297, p-value = 0.002). Specifically, 
transmission rates increased depending on the number of supernumerary tentacles of the parent with raw 
transmission rates detailed in Fig. 2C.

The age at which a bud developed a tumor was influenced by how close its parent was to develop its own 
tumor, but also by variations between parental hydra lines (Fig.  3, GLMM (log-link); Incidence Rate Ratio 
(IRR) = 0.99, SE = 0.001, N = 247, p-value < 0.001). For instance, a bud detached 30 days before its parent 
developed a tumor would, on average, develop a tumor after 29 days. In contrast, a bud that detached 40 days 
after its parent developed a tumor would, on average, develop a tumor after only 16 days (Fig. 3). Thus, the longer 
a parental hydra has been bearing a tumor, the faster its buds developed tumors. Conversely, the age of parental 
tumor onset, as well as the parental tentacle number at the week of bud birth, showed no effect on the age of 
tumor onset in buds.

Transmission dynamics and life-history changes in HDTL
Frequency of HDTL appearance
Among the F1 parent generation, 6 out of 35 remained healthy, representing a percentage of 17% in the offspring 
of the F0 grandparents. For the buds from the F2 generation, 69 individuals out of 379 remained asymptomatic, 
which translates to a percentage of 18%.

Transmission dynamics in HDTL
HDTL showed to be infectious to its descendant buds, averaging 72% transmission rate over the course of the 
experiment, with minor, non-significant week-to-week variations (range: 0-100%), including the 0% observed in 
week 1 coming from a single individual (Fig. 4A). The order of bud birth, as well as variation between parental 
hydra lines (i.e. random effect), were factors explaining differences in transmission rates between the F1 HDTL 
parents and their F2 buds. While significant, the effect of the bud order was characterized by a very low effect 
size and thus its influence on the transmission rate is minimal (GLMM (logit link); OR = 0.08, SE = 1.27, N = 68, 
p-value = 0.04). The age and tentacle number of the parent at bud birth had no significant effects on transmission 
probability, indicating that the tumor transmission rate in buds remains constant within a parental HDTL 
lineage (raw transmission rates are detailed in Fig. 4A and B).

Life-history changes in HDTL
When examining tentacle number changes between HDTL and TL buds, we observed a significant interaction 
between the health status of F2 buds and their number of tentacles. Indeed, the number of tentacles increased 
at a larger rate over time in TL compared to HDTL (Fig. 5A, GLMM (identity link); estimate = 0.17, SE = 0.028, 
N = 2422, p-value < 0.001). In addition, the number of tentacles in F2 buds tended to increase with age (Fig. 5A, 
GLMM (identity link); estimate = 0.21, SE = 0.025, N = 2422, p-value < 0.001). Finally, the number of tentacles 
of F2 buds was positively associated with the number of tentacles of their F1 parents (Fig. 5B, GLMM (identity 
link); estimate = 0.19, SE = 0.04, N = 2422, p-value < 0.001). On average, for each additional tentacle in the F1 
parent, the F2 buds tend to show an increase of 0.19 tentacles.

In terms of age at first reproduction, no significant difference was observed between HDTL and TL parents 
(Fig.  5C, GLMM (log link); the best-fitted model does not include the effect of any parameter, N = 35). The 
average age at first budding rate estimated by the model was approximately 11 days.

Survival analysis revealed that being HDTL significantly influenced the risk of death (Weibull survival 
regression: estimate = -0.41, scale = 0.23, SE = 0.09, N = 309, p-value < 0.001). HDTL had a 5.82 times higher risk 
of dying during the experiment compared to TL (Fig. 5D, Hazard Ratio = 5.82, 95% CI: 3.18 − 10.69). This risk 
decreases over time and is more prevalent early on, as indicated by a scale value below 1 (0.23).

Bacteriome
The overall bacterial diversity, as measured by alpha diversity indexes (Shannon, Inverse Simpson, and Chao1), 
remained similar among AH, HDTL and SH groups, as well as across different ages (from birth to 5 weeks) 
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(Fig. 6A and B, Kruskal-Wallis test, p-value > 0.05). However, when analyzing hydra tentacle number and its 
impact on bacterial diversity, individuals with − 7 tentacles exhibited higher bacterial richness compared to 
those with 8 + tentacles (electronic supplementary material, Figs. S1A and S1B, Chao1 index, Wilcoxon test, 
p-value < 0.001).

In terms of beta diversity, HDTL exhibited a distinct bacterial community composition compared to AH 
and SH (Fig. 6A; see also electronic supplementary material, Fig. S2A), Jaccard index, Pairwise Adonis Test, 
p-value < 0.05). Chlamydiales were detected in 88% of HDTL, compared to 55% in AH and 47% in SH, with 
significantly higher abundance in HDTL (Dunn’s Test, p-value < 0.001), while no significant difference was 
observed between AH and SH (Dunn’s Test, p-value > 0.05). Leptospirales were present in all hydras across 
the three groups, but showed significantly lower abundance in HDTL (Dunn’s Test, p-value < 0.001), with no 
significant difference between AH and SH (Dunn’s Test, p-value > 0.05). Pseudomonadales, while present in only 

Fig. 2.  Tumor transmission rate in F1 TH parents. The bar plots represent the proportion of F2 buds that 
become symptomatic in relation to (A) the age of their F1 parent at F2 bud’s birth, (B) the Δb variable (in 
weeks), where x = 0 corresponds to the date of tumor onset in the parent (negative values indicate the number 
of weeks before tumor onset, and positive values correspond to the number of days after tumor onset) and (C) 
the number of tentacles of their F1 parent at the week of the F2 bud’s birth. Asymptomatic buds are represented 
in green, and symptomatic buds in purple.
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41% of HDTL samples, exhibited a significantly lower abundance (Dunn’s Test, p-value < 0.05) compared to AH 
(71%) and SH (76%), with no significant difference between AH and SH (Dunn’s Test, p-value > 0.05).

We also found that bacterial composition did not vary with age for AH and SH. However, HDTL at 5 weeks 
showed a distinct bacterial composition compared to AH at emergence, 1st, and 2nd weeks, and SH at 2nd, 4th, 
and 5th weeks (Fig. 6B; see also electronic supplementary material, Fig. S2B), Jaccard index, Pairwise Adonis 
Test, p-value < 0.05). At week 5, HDTL bacteriome was mainly dominated by Chlamydiales and Leptospirales 
(Fig. 6B). No significant differences in bacterial composition were found between hydras with − 7 tentacles and 
those with 8 + tentacles, as indicated by the Jaccard dissimilarity (Electronic supplementary material, Fig. S1, 
Adonis test, p-value > 0.05). We obtained the same conclusions using the Bray-Curtis dissimilarity index (results 
not shown).

Discussion
Transmissible tumors represent a rare form of parasitic life, with limited understanding of the biology of their 
interactions with their host21,48. Using the freshwater cnidarian Hydra oligactis and its vertically transmissible 
tumors as a model, we aimed to provide new fundamental insights into this biological interaction.

Transmission dynamics in TL
A first important result of our study is that TL were found to be infectious to their offspring at any age, i.e., 
regardless of whether they were in their asymptomatic or symptomatic phases, with no significant differences 
in tumor transmission between weeks 1 to 9 since birth. Similar findings were described by Boutry et al.27 
regarding hydras in their 2nd (i.e., asymptomatic) and 5th (i.e., symptomatic) weeks since birth. Here, we 
found comparable transmission rates to those previously reported by Boutry et al.27, and additionally provided 
transmission rates for the 1st and 3rd weeks (asymptomatic phases), as well as the 4th weeks, 6th, 7th, 8th, and 
9th weeks (symptomatic phases) since birth, which expands our understanding of tumor temporal transmission 
dynamics in hydras. These results suggest that asymptomatic individuals, although they do not visually present 
detectable tumors, already harbor and transmit a sufficient quantity of tumor cells to their offspring for them to 
develop tumors several weeks later. In their previous study, Boutry et al.27 explored whether the increased budding 
capacity of hydras before becoming symptomatic was a maximization of immediate reproductive effort (i.e., a 
compensatory response by the host before tumor development impacts budding capacity) or a manipulation 
by the tumors to enhance their transmission. Boutry et al.27 concluded that it was likely an adaptation of the 
hydra, as the same pattern is observed with sexual reproduction (i.e., gamete production), despite tumors not 
being transmitted through this reproductive way. Thus, the present results suggest that the selective advantage a 
hydra could gain from early maximization of its efforts in asexual reproduction (see Introduction and27), a priori 
doesn’t result in producing descendants that would remain healthy in the long term (i.e., quality of offspring), 
but rather in increasing the quantity of offspring before the onset of tumor detrimental effects (i.e., reduced 
budding and survival).

Fig. 3.  Age of tumor onset in F2 buds. The scatter plot represents the age of tumor onset in F2 buds in relation 
to Δb variable (in days). Here, x = 0 corresponds to the date of tumor appearance in the F1 parent. Negative 
values reflect the number of days before tumor onset, and positive values correspond to the number of days 
after tumor onset in F1 parents. The purple line represents the model-predicted average value along with its 
95% confidence interval.
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Building on these insights into tumor transmission dynamics, our study also uncovered a potential link 
between the variation in hydra tentacle number and the tumor transmission process. Interestingly, we observed 
that tumor transmission increased with the number of supernumerary tentacles in the parent, in accordance 
with the host manipulation hypothesis proposed by Boutry et al.49. Previous research has shown that TL 
with supernumerary tentacles capture more prey compared to their healthy counterparts5. Consequently, 
we hypothesize that TL, by capturing more prey due to an increased number of tentacles, would provide a 
more abundant nutrient supply, facilitating tumor growth and consequently amplifying tumor cells and their 
transmission to the new hosts. Moreover, this enhanced feeding may also contribute to the hydras asexual 
reproductive potential, given the positive correlation between food intake and budding rate in hydras50. These 
findings support the idea that once tumors become transmissible, selection may favor adaptive traits that are 
usually observed in the world of parasites sensu stricto51, with a similar conclusion reached regarding another 
transmissible cancer in bivalves (see19). As the ability of tumor cells to be transmitted to offspring in H. oligactis 
is a selectable trait52, it cannot be ruled out that the tumors have been favored by selection to transmit as early 

Fig. 4.  Tumor transmission rate in HDTL F1 parents. The bar plots represent the proportion of F2 buds from 
F1 healthy parents born from F0 tumoral grandparents that become symptomatic in relation to (A) the age of 
their F1 parent at bud’s birth and (B) the number of tentacles of their F1 parent at the week of the bud’s birth. 
Asymptomatic buds are represented in green, and symptomatic buds in purple.
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as possible, when their host maximizes its early reproductive effort (e.g., exploitation of host compensatory 
responses, see53). However, further research is needed to ascertain the proximate factors behind this phenotypic 
alteration. Interestingly, this phenomenon also appears to be widespread, as Dujon et al.54 observed similar 
tumor formations with the growth of supernumerary tentacles in two independent Australian hydras from 
river networks (within six months of their transportation to the laboratory). Given these observations, it will 
be necessary in the future to investigate the timing of supernumerary tentacle appearance - whether it occurs 
before or after tumor onset - to better understand the sequence of events in tumor-induced phenotypic changes.

Another important finding of this study was that the age of tumor onset in parents had no influence on the 
age of tumor onset in their offspring, suggesting that this trait is neither genetically inherited across generations 
(e.g., through heritable genes that predispose hydras to earlier or later tumor onset) nor genetically coded in 

Fig. 5.  Life-History Traits of HDTL. The scatter plots (A and B) represent relationship between the number 
of tentacles of F2 buds and (A) their age (in weeks, from emergence to week 6) and (B) the tentacle number 
of their F1 parent at birth, between healthy descendants of tumoral line hydras (HDTL) and tumoral line 
hydras (TL) F2 buds. (C) The boxplots represent the relationship between the number of days before first bud 
appearance and the health status of the F1 parent at the end of experiment (9 weeks), between HDTL and TL 
F1 parents. (D) Kaplan-Meier survival curves represent the survival probability between HDTL and TL, in 
relation to the age of hydras (in days). HDTL are shown in green, and TL in purple.
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tumor cells (e.g., mutations specific to tumor cells that could influence their growth patterns), and may be 
influenced by other factors. Interestingly, we also found that tumors developed earlier in offspring as their 
parent’s tumoral progression advanced. One possible explanation is that as hydras harbor increasingly growing 
tumors, the number of cells in the transmitted tumoral inoculum increases, along with other factors involved in 
tumorigenesis, thereby accelerating tumor development in the next generation. The size of the inoculum leaving 
the host is indeed one of the few factors influencing transmission in host-parasite models55, and potentially in 
transmissible cancers too (see56). For instance, experimental transmission of transmissible cancers, such as BTN, 
have shown that injecting a larger inoculum into new hosts results in a higher probability of transmission57.

Fig. 6.  Bacteriome composition between different health statuses and during different weeks. Relative 
abundance plots showcase the (A) overall bacterial composition of asymptomatic hydras (AH), healthy 
descendants of tumoral line hydras (HDTL), and symptomatic hydras (SH), as well as (B) the bacterial 
composition evolution over 5 weeks. Identified through 16S rDNA sequencing, the plots present the ten most 
prevalent bacterial orders.
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Transmission dynamics and life-history changes in HDTL
Frequency of HDTL appearance
We provided a clear insight into the occurrence rate of HDTL in both the F1 (17%) and F2 (18%) generations 
over a 9-week experimental period, underscoring its uncommon occurrence. Prior documentation of HDTL 
frequency in the literature was scarce. While Boutry et al.27 presented transmission data for weeks 2 and 5, the 
discussion did not explicitly address HDTL related issues, and Domazet-Lošo et al.16, Rathje et al.26 described 
them as very rare without providing any quantification, leaving our study as the most comprehensive assessment 
of HDTL frequency over an extended period. Interestingly, in the case of newly emerged transmissible tumors, 
a similar prevalence rate of 16% was observed in the fourth generation of the study52, closely aligning with 
the rates found in our study. We further explore potential explanations for the uncommon occurrence and 
asymptomatic phenotype of HDTP observed in our study in the following sections.

Transmission dynamics in HDTL
The expression of the tumoral phenotype appears to skip generations, as it occurred in both the F0 and F2 
generations, while F1 generation remained asymptomatic (i.e., HDTL). The latter was found to be infectious 
at any age, from F1 HDTL parents to F2 offspring. To our best knowledge, this study is the first to document 
this phenomenon in the tumorous Saint Petersburg strain of H. oligactis. One potential explanation could be 
that HDTL harbor tumorigenic factors (i.e., specific bacterial composition), yet there is a delicate equilibrium 
between factors promoting and inhibiting their expression, thereby sustaining an asymptomatic phenotype. 
However, for reasons as yet unknown, this equilibrium might be disrupted in their descendants, leading to 
tumor development. The specific bacteriome composition of HDTL, as shown by Rathje et al., 2020, and also 
observed in our study, could potentially affect the expression of the tumoral phenotype (see the Bacteriome 
section). An imbalance in the bacteriome could disfavor the expression of the tumor phenotype, or alternatively, 
certain bacterial strains within the bacteriome may inhibit tumor development by competing with or 
suppressing tumor-promoting bacteria. To explore this idea further, investigating the bacteriome composition 
of tumoral descendants of HDTL is needed in the future. In the context of parasite transmission, it is increasingly 
demonstrated that the microbiome of parasites plays a crucial role in several aspects of parasite biology58–60. 
Also, the microbiome’s variability in arthropod vectors such as mosquitoes and ticks is shaped by environmental 
factors, host life stage, and sex. This variability can lead to diverse host phenotypes and significantly influence 
vector competence (parasite transmission) and disease dynamics, for example by affecting pathogen interactions 
or modulating host immune responses61,62. An alternative hypothesis to our results would be that F1 HDTL 
parents are free of tumoral cells, and that the tumors observed in the F2 offspring are not the result of tumoral 
transmission but rather spontaneous tumor development. However, we do not favor this hypothesis because the 
consistent transmission rate observed at any age between the F1 and F2 HDTL generations is not characteristic 
of patterns usually associated with spontaneous tumor development.

Biodynamic factors affecting health outcomes in HDTL
The overall reduced health condition of HDTL is potentially influenced by a variety of factors. For instance, the 
specific bacteriome composition (see26 and the Bacteriome section) may compromise their viability and impede 
the effective expression of the tumoral phenotype, despite the potential presence of tumoral cells. Furthermore, 
Boutry et al.27 observed a reduced survival rate in the tumorous Saint Petersburg strain of H. oligactis, suggesting 
that the reduced lifespan of this strain might interact with the altered bacteriome of HDTL in a way that 
contributes to the particular phenotype of HDTL. In contrast, in the case of newly emerged transmissible tumors, 
notably the MT40 strain, tumor-free hydras from tumoral parents (TFTP) did not exhibit reduced survival52. 
This could be explained by the fact that, unlike our study, the MT40 strain shows no significant differences in 
bacteriome composition between tumoral hydras and TFTP, meaning their viability remains uncompromised. 
Additionally, the lower transmission rate of tumor cells in TFTP (if any) of the MT40 strain, compared to the 
rate observed in HDTL, suggests that the tumor inoculum is smaller, placing fewer metabolic demands on the 
host and thus having a more limited impact on survival.

The reduced number of tentacles in HDTL, potentially resulting from hidden developmental abnormalities 
or their specific bacteriome composition (see26 and the Bacteriome section), likely impairs their ability to gather 
sufficient resources, exacerbating the deleterious effects of tumoral cells (if any) and/or of an altered bacteriome. 
Moreover, decreased feeding efficiency due to fewer tentacles could in itself be responsible for a reduced survival, 
particularly if resource acquisition is severely compromised. This may lead to fewer resources being allocated to 
tumoral growth, potentially resulting in a less pronounced tumoral phenotype or even a non-tumoral one. Given 
that HDTL may harbor tumoral cells, there appears to be a complex interplay between tentacle development, 
resource acquisition, and tumoral growth. This is supported by a recent study by Boutry et al.49, which used 
grafts of tumoral tissue on healthy hydras and showed that tumoral cells are actively manipulating the host to 
facilitate their own growth, by promoting the development of additional tentacles. We speculate that even in 
the absence of visible tumors, the presence of tumoral cells or subtle physiological changes may still impose 
metabolic demands on the host. These demands could potentially lead to increased mortality if the host is unable 
to acquire sufficient resources to meet both its own needs and those of the tumor cells.

The limited resource acquisition might also explain why there is no significant difference in the age of first 
reproduction, suggesting that HDTL do not advance their first reproduction age to compensate for future fitness 
loss. Similar findings were observed regarding the age of first reproduction in both tumoral and healthy Saint 
Petersburg strain hydras by Boutry et al.27 as well as in newly emerged transmissible tumors in the MT40 strain 
between healthy, tumoral and TFTP52. This suggests that earlier reproduction does not result in significant 
fitness gains and therefore is not favored by selection. Furthermore, species can only adjust their life-history 
traits to a certain extent (see63), and hydra may already be at their maximum capacity for such adjustments. 
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Alternatively, HDTL, potentially burdened by tumoral cells and by a compromised microbiome (see Bacteriome 
section), may be unable to optimize their reproductive timing. Lastly, the association between tentacle numbers 
in F1 parents and F2 buds for both HDTL and TL suggests that tentacle number tends to be inherited across 
generations, though with some variability.

Bacteriome
We found no significant changes in microbial diversity trajectory before and after tumor development in hydras, 
maintaining a microbial composition and abundance similar to that observed at advanced tumoral stages from 
the earliest phases of bud emergence. This aligns with consistent tumor cell transmission before and after tumoral 
development. Interestingly, while Leptospirales were consistently detected in all individuals, Pseudomonadales, 
whose interaction with Leptospirales was deemed essential for tumor initiation26, were not universally present. 
Additionally, HDTL, which demonstrated potential infectiousness at any stage, lacked a typical tumor-specific 
bacteriome composition. In the case of transmissible tumors in other strains, such as the newly emerged MT40 
or Pelmatohydra robusta strains, these tumors intriguingly do not appear to be associated with any specific 
bacteriome26,52. This raises questions about the bacteriome’s direct role in tumor initiation, suggesting that its 
influence might not be causative but rather supportive in the proliferation of the tumor to the point of being 
visible. For example, in the case of human colorectal carcinoma, Fusobacterium nucleatum has shown to promote 
colorectal tumor growth and inhibit T cell-mediated immune responses against colorectal tumors64.

Furthermore, Chlamydiales (first described in hydra by Boutry et al.31) were detected in most samples, 
particularly abundant in HDTL, especially in those at their fifth week of life, where they, along with Leptospirales, 
appeared to dominate, with no presence of Pseudomonadales or other bacteria. Interestingly, Pseudomonadales 
were not entirely absent in HDTL overall. This finding contrasts with Rathje et al.26, who reported a spontaneous 
loss of Pseudomonadales in HDTL. Due to the lack of detailed information regarding the age and sample size 
in Rathje’s study, we cannot exclude the possibility that their observations might pertain to older individual. 
It is also possible that HDTL presenting Pseudomonadales in their bacteriome in our study were actually AH 
that would eventually develop a tumoral phenotype. Also, it remains possible that the observed differences with 
Rathje et al.26 may be influenced by slightly different hydra culture conditions (e.g., in our experiment, hydras 
were fed three times a week compared to two times a week in Rathje et al.26). In addition, given that culture 
conditions could also affect fungal communities, it would be worthwhile, in future studies, to investigate whether 
fungal interactions contribute to the observed variations in the bacteriome, including potential influences from 
the F0 generation.

The limited presence of Pseudomonadales in HDTL at their fifth week could possibly be explained by the 
competitive dynamics within the environment. Chlamydiales, found in the endoderm31, and Leptospirales as 
well as Pseudomonadales, located in the mesoglea26,31, may exert indirect effects on the bacteriome. Despite 
occupying distinct niches, Chlamydiales presence could alter the overall bacterial balance, potentially providing 
them with a competitive advantage and leading to the replacement or reduction of Pseudomonadales and 
other bacteria in HDTL bacteriome. For instance, similar competitive interactions have been observed in 
other contexts, such as human colorectal cancer (CRC), where CRC-associated metabolic and physiological 
changes would recruit tumor-foraging commensal-like bacteria, presenting a competitive advantage in the 
tumor microenvironment and replacing the pathogenic bacteria that may be implicated in CRC etiology65. 
Alternatively, HDTL in our study could represent individuals that did not inherit the proper bacteriome 
composition necessary for promoting a tumorous phenotype or for being healthy, which may also explain their 
survival rate. This “bad bacteriome” could promote the proliferation of other bacteria, such as Chlamydiales. 
For further studies, the correlation between tumoral phenotype expression/tumoral cell abundance and the 
ratio of Chlamydiales, Pseudomonadales and Leptospirales in these individuals needs to be explored. This will 
involve analyzing the bacteriome of individuals with varying intensities of tumoral phenotype expression (from 
stage 0 to stage 6, see28). Additionally, following the same protocol as in Rathje et al.26 we propose injecting 
Chlamydiales into hydra at different proportions and observing the resulting changes in tumoral phenotype 
expression/cell abundance. This approach will help us better understand the potential causal relationships and 
underlying mechanisms between these bacterial orders and tumoral development.

Finally, we found that the presence of supernumerary tentacles in hydras is associated with a lower bacterial 
richness, while showing no difference in bacterial composition. The lack of differences in microbial composition 
between hydras with and without supernumerary tentacles is somewhat unexpected. One might have assumed 
that the altered microenvironment created by the supernumerary tentacles could lead to distinct bacterial 
communities. The fact that this is not the case suggests that although the overall bacterial richness may be affected 
by the presence of supernumerary tentacles, the specific taxa constituting the bacterial community remain 
relatively stable. This observation hints at the possibility that certain bacterial taxa exhibit greater resilience or 
adaptability to changes in the hydra’s physiology compared to others, thereby maintaining a consistent presence 
regardless of external factors such as the presence of supernumerary tentacles. Additionally, the reduced richness 
of bacterial communities in hydras with supernumerary tentacles may indicate that the microenvironment 
generated by the supernumerary tentacles could selectively favor certain bacterial species over others. These 
favored species may possess traits that make them more competitive (e.g., faster reproduction rates, metabolic 
flexibility) and enable them to occupy similar ecological niches, consequently diminishing the abundance of 
less competitive ones. Similarly, in some diseases, such as cystic fibrosis (CF), the thick mucus and nutrient-rich 
environment of the CF lungs create a breeding ground where opportunistic pathogens can outcompete other 
bacteria, leading to dominance and exacerbation of the disease symptoms66.

To enhance our comprehension of the ecological interactions between hosts, tumors, and their associated 
bacteriomes in hydra, additional research could delve into the long-term effects of supernumerary tentacles on 
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the hydra’s bacteriome. This research could also aim to elucidate the mechanisms that contribute to the stability 
of microbial composition over time.

Conclusion
This study provides new insights into the transmission dynamics of tumors in Hydra oligactis, a rare model 
of vertically transmissible tumors. We found that TL can transmit tumoral cells to their offspring at any age, 
whether in asymptomatic or symptomatic stages, with no significant differences in transmission rates. This 
suggests that even AH harbor and transmit sufficient tumor cells to initiate tumoral formation in their offspring, 
indicating that these tumors act similarly to parasites by exploiting their host for transmission and propagation. 
Furthermore, the association between a higher number of tentacles and increased tumoral transmission supports 
the hypothesis of host manipulation by the tumor, promoting its own growth and spread.

We also found that while the age of tumor onset in parents did not directly influence the age of tumoral 
onset in their offspring, tumors appeared earlier in offspring when the parent’s tumoral progression was more 
advanced. This suggests that the size of the tumoral inoculum—the quantity of tumor cells transmitted—likely 
increases as the parent’s tumor develops, thereby accelerating tumoral growth in the next generation. This is 
consistent with models of host-parasite transmission, where a larger infectious inoculum leads to higher 
transmission efficiency and faster disease progression.

Regarding HDTL, we observed that these individuals exhibit distinct life-history traits, such as reduced 
lifespan and fewer tentacles. However, they remain capable of transmitting tumor factors to their progeny, 
suggesting a delicate balance between the presence of tumoral cells and the mechanisms inhibiting their 
phenotypical expression.

Furthermore, while no significant differences in bacterial composition were found between AH and SH, 
those with supernumerary tentacles exhibited reduced bacterial richness. This suggests that certain tumor-driven 
phenotypic changes may affect the bacterial community structure, potentially influencing tumoral dynamics and 
transmission.

The novelty of our research lies in demonstrating that tumors can be transmitted vertically across multiple 
generations, even when hosts are asymptomatic at any age, and in identifying the biological factors that may 
influence this process, such as parental age at tumor onset (which had no effect), the size of the tumoral 
inoculum, the presence of supernumerary tentacles and the composition of the bacteriome. These findings 
expand our understanding of host-transmissible tumor interactions, broadening our view of tumors as parasitic 
infectious agents. Lastly, this study provides a foundation for future research, particularly on the mechanisms of 
host manipulation by tumors and the role of the bacteriome in tumoral phenotype expression and transmission.

Data availability
Scripts and data associated are provided in electronic supplementary material. The 16S rRNA raw sequence files 
for this study have been deposited in FASTQ format and can be found in the Sequence Read Archive from NCBI 
(BioProject: PRJNA1203433).

Received: 17 December 2024; Accepted: 31 January 2025

References
	 1.	 Domazet-Loso, T. & Tautz, D. Phylostratigraphic tracking of cancer genes suggests a link to the emergence of multicellularity in 

metazoa. BMC Biol. 8, 66 (2010).
	 2.	 Merlo, L. M. F., Pepper, J. W., Reid, B. J. & Maley, C. C. Cancer as an evolutionary and ecological process. Nat. Rev. Cancer. 6, 

924–935 (2006).
	 3.	 Aktipis, C. A. et al. Cancer across the tree of life: cooperation and cheating in multicellularity. Philos. Trans. R Soc. B Biol. Sci. 370, 

20140219 (2015).
	 4.	 DeGregori, J. Evolved tumor suppression: why are we so good at not getting cancer? Cancer Res. 71, 3739–3744 (2011).
	 5.	 Boutry, J. et al. Tumors (re)shape biotic interactions within ecosystems: experimental evidence from the freshwater cnidarian 

Hydra. Sci. Total Environ. 803, 149923 (2022).
	 6.	 McAloose, D. & Newton, A. L. Wildlife cancer: a conservation perspective. Nat. Rev. Cancer. 9, 517–526 (2009).
	 7.	 Vittecoq, M. et al. Cancer: a missing link in ecosystem functioning? Trends Ecol. Evol. 28, 628–635 (2013).
	 8.	 Boutry, J. et al. The evolution and ecology of benign tumors. Biochim. Biophys. Acta Rev. Cancer. 1877, 188643 (2022).
	 9.	 Thomas, F. et al. The importance of cancer cells for animal evolutionary ecology. Nat. Ecol. Evol. 1, 1592–1595 (2017).
	10.	 Dujon, A. M. et al. Transmissible cancers in an evolutionary perspective. iScience 23, 101269 (2020).
	11.	 Novinski, M. Zur Frage Uber die Impfung Der Krebsigen Geschwulste Zentralbl. Med. Wissensch. 14, 790–791 (1876).
	12.	 Das, U. & Das, A. K. Review of canine transmissible venereal sarcoma. Vet. Res. Commun. 24, 545–556 (2000).
	13.	 Pearse, A. M. & Swift, K. Transmission of devil facial-tumour disease. Nature 439, 549–549 (2006).
	14.	 Pye, R. J. et al. A second transmissible cancer in tasmanian devils. Proc. Natl. Acad. Sci. 113, 374–379 (2016).
	15.	 Metzger, M. J. et al. Widespread transmission of independent cancer lineages within multiple bivalve species. Nature 534, 705–709 

(2016).
	16.	 Domazet-Lošo, T. et al. Naturally occurring tumours in the basal metazoan Hydra. Nat. Commun. 5, 4222 (2014).
	17.	 Dingli, D. & Nowak, M. A. Infectious tumour cells. Nature 443, 35–36 (2006).
	18.	 Metzger, M. J. & Goff, S. P. A Sixth modality of Infectious Disease: contagious Cancer from devils to Clams and Beyond. PLOS 

Pathog. 12, e1005904 (2016).
	19.	 Burioli, E. V. et al. Traits of a mussel transmissible cancer are reminiscent of a parasitic life style. Sci. Rep. 11, 24110 (2021).
	20.	 Dujon, A. M. et al. On the need for integrating cancer into the One Health perspective. Evol. Appl. 14, 2571–2575 (2021).
	21.	 Dujon, A. M. et al. A review of the methods used to induce cancer in invertebrates to study its effects on the evolution of species 

and ecosystem functioning. Methods Ecol. Evol. 13, 1885–1898 (2022).
	22.	 Dujon, A. M., Bramwell, G., Roche, B., Thomas, F. & Ujvari, B. Transmissible cancers in mammals and bivalves: how many 

examples are there? Predictions indicate widespread occurrence. BioEssays 43, 2000222 (2021).

Scientific Reports |         (2025) 15:5886 14| https://doi.org/10.1038/s41598-025-88895-4

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


	23.	 Ujvari, B., Gatenby, R. A. & Thomas, F. Chapter 12 - Transmissible Cancer: The Evolution of Interindividual Metastasis. In Ecology 
and Evolution of Cancer (eds. Ujvari, B. et al.) 167–179 (Academic Press, 2017).

	24.	 Lenhoff, H. M. & Brown, R. D. Mass culture of hydra: an improved method and its application to other aquatic invertebrates. Lab. 
Anim. 4, 139–154 (1970).

	25.	 Yoshida, K., Fujisawa, T., Hwang, J. S., Ikeo, K. & Gojobori, T. Degeneration after sexual differentiation in hydra and its relevance 
to the evolution of aging. Gene 385, 64–70 (2006).

	26.	 Rathje, K. et al. Dynamic interactions within the host-associated microbiota cause tumor formation in the basal metazoan Hydra. 
PLOS Pathog. 16, e1008375 (2020).

	27.	 Boutry, J. et al. Tumors alter life history traits in the freshwater cnidarian, Hydra oligactis. iScience 25, 105034 (2022).
	28.	 Tissot, S. et al. The impact of food availability on tumorigenesis is evolutionarily conserved. Sci. Rep. 13, 19825 (2023).
	29.	 Minchella, D. J. & Loverde, P. T. A cost of increased early Reproductive effort in the snail Biomphalaria glabrata. Am. Nat. 118, 

876–881 (1981).
	30.	 Vézilier, J., Nicot, A., Gandon, S. & Rivero, A. Plasmodium infection brings forward mosquito oviposition. Biol. Lett. 11, 20140840 

(2015).
	31.	 Boutry, J. et al. Spontaneously occurring tumors in different wild-derived strains of hydra. Sci. Rep. 13, 7449 (2023).
	32.	 R Core Team. R: A language and environment for statistical computing  (R Foundation for Statistical Computing, 2022).
	33.	 Posit team. RStudio: Integrated Development Environment for R. Posit Software (PBC, 2023).
	34.	 Brooks, M. glmmTMB balances speed and flexibility among packages for zero-inflated generalized Linear mixed modeling. R J. 9, 

378 (2017).
	35.	 Zuur, A. F., Ieno, E. N., Walker, N., Saveliev, A. A. & Smith, G. M. Mixed Effects Models and Extensions in Ecology with R (Springer, 

2009).
	36.	 Bartoń, K. & MuMIn Multi-Model Inference (2023).
	37.	 Hartig, F., Lohse, L. & DHARMa Residual Diagnostics for Hierarchical (Multi-Level / Mixed) Regression Models (2022).
	38.	 Escudié, F. et al. FROGS: find, rapidly, OTUs with Galaxy Solution. Bioinforma Oxf. Engl. 34, 1287–1294 (2018).
	39.	 Mahé, F., Rognes, T., Quince, C., de Vargas, C. & Dunthorn, M. Swarm: robust and fast clustering method for amplicon-based 

studies. PeerJ 2, e593 (2014).
	40.	 Bokulich, N. A. et al. Quality-filtering vastly improves diversity estimates from Illumina amplicon sequencing. Nat. Methods. 10, 

57–59 (2013).
	41.	 Xia, Y. Statistical normalization methods in microbiome data with application to microbiome cancer research. Gut Microbes 15 

(2023).
	42.	 McMurdie, P. J. & Holmes, S. Phyloseq: an R Package for Reproducible Interactive Analysis and Graphics of Microbiome Census 

Data. PLOS ONE. 8, e61217 (2013).
	43.	 Klein, J. P. & Moeschberger, M. L. Survival Analysis: Techniques for Censored and Truncated Data (Springer, 2003).
	44.	 Therneau, T. M. & Elizabeth, A. until 2009), T. L. (original S.->R port and R. maintainer, & Cynthia, C. survival: Survival Analysis. 

(2023).
	45.	 Galloway-Peña, J. & Hanson, B. Tools for analysis of the Microbiome. Dig. Dis. Sci. 65, 674–685 (2020).
	46.	 Knight, R. et al. Best practices for analysing microbiomes. Nat. Rev. Microbiol. 16, 410–422 (2018).
	47.	 Benjamini, Y. & Hochberg, Y. Controlling the false Discovery rate: a practical and powerful Approach to multiple testing. J. R Stat. 

Soc. Ser. B Methodol. 57, 289–300 (1995).
	48.	 Ujvari, B. et al. Cancer and life-history traits: lessons from host-parasite interactions. Parasitology 143, 533–541 (2016).
	49.	 Boutry, J. et al. First evidence for the evolution of host manipulation by tumors during the long-term vertical transmission of 

tumor cells in Hydra oligactis. eLife 13 (2024).
	50.	 Tökölyi, J. et al. Effects of food availability on asexual reproduction and stress tolerance along the fast–slow life history continuum 

in freshwater hydra (Cnidaria: Hydrozoa). Hydrobiologia 766, 121–133 (2016).
	51.	 Host Manipulation by Parasites (Oxford University Press, 2012).
	52.	 Tissot, S. et al. De novo evolution of transmissible tumours in hydra. Proc. R Soc. B Biol. Sci. 291, 20241636 (2024).
	53.	 Lefèvre, T. et al. Exploiting host compensatory responses: the ‘must’ of manipulation? Trends Parasitol. 24, 435–439 (2008).
	54.	 Dujon, A. M. et al. The widespread vulnerability of Hydra oligactis to tumourigenesis confirms its value as a model for studying the 

effects of tumoural processes on the ecology and evolution of species. Sci. Total Environ. 951, 175785 (2024).
	55.	 Barfield, M., Orive, M. E. & Holt, R. D. The role of pathogen shedding in linking within- and between-host pathogen dynamics. 

Math. Biosci. 270, 249–262 (2015).
	56.	 Ujvari, B., Gatenby, R. A. & Thomas, F. The evolutionary ecology of transmissible cancers. Infect. Genet. Evol. J. Mol. Epidemiol. 

Evol. Genet. Infect. Dis. 39, 293–303 (2016).
	57.	 House, M. Transmission of Disseminated Neoplasia in the soft Shell clam, Mya arenaria (Oregon State University, 1997).
	58.	 Hahn, M. A. et al. Host phenotype and microbiome vary with infection status, parasite genotype, and parasite microbiome 

composition. Mol. Ecol. 31, 1577–1594 (2022).
	59.	 Salloum, P. M., Jorge, F., Dheilly, N. M. & Poulin, R. Eco-evolutionary implications of helminth microbiomes. J. Helminthol. 97, e22 

(2023).
	60.	 Salloum, P. M., Jorge, F., Dheilly, N. M. & Poulin, R. Adoption of alternative life cycles in a parasitic trematode is linked to 

microbiome differences. Biol. Lett. 19, 20230091 (2023).
	61.	 Dennison, N. J., Jupatanakul, N. & Dimopoulos, G. The mosquito microbiota influences vector competence for human pathogens. 

Curr. Opin. Insect Sci. 3, 6–13 (2014).
	62.	 Saldaña, M. A., Hegde, S. & Hughes, G. L. Microbial control of arthropod-borne disease. Mem. Inst. Oswaldo Cruz. 112, 81–93 

(2017).
	63.	 Dujon, A. M. et al. The complex effects of modern oncogenic environments on the fitness, evolution and conservation of wildlife 

species. Evol. Appl. 17, e13763 (2024).
	64.	 Mima, K. et al. Fusobacterium nucleatum in colorectal carcinoma tissue and patient prognosis. Gut 65, 1973–1980 (2016).
	65.	 Marchesi, J. R. et al. Towards the human colorectal cancer microbiome. PloS One. 6, e20447 (2011).
	66.	 Menetrey, Q., Dupont, C., Chiron, R., Jumas-Bilak, E. & Marchandin, H. High occurrence of bacterial competition among clinically 

documented opportunistic pathogens including Achromobacter xylosoxidans in cystic fibrosis. Front. Microbiol. 11  (2020).

Acknowledgements
Data used in this work were (partly) produced through the GenSeq technical facilities of the « Institut des 
Sciences de l’Évolution de Montpellier » with the support of LabEx CeMEB, an ANR “Investissements d’avenir” 
program (ANR-10-LABX-04-01). We are grateful to the genotoul bioinformatics platform Toulouse Midi-Pyre-
nees and Sigenae group for computing thanks to Galaxy instance https://vm-galaxy-prod.toulouse.inra.fr.

Author contributions
N.S.: conceptualization, data curation, formal analysis, investigation, methodology, visualization, writing—
original draft, writing—review and editing; M.P.: formal analysis, investigation, visualization, writing—original 

Scientific Reports |         (2025) 15:5886 15| https://doi.org/10.1038/s41598-025-88895-4

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


draft, writing—review and editing; K.A.: formal analysis, investigation, visualization, writing—original draft, 
writing—review and editing; L.B. : formal analysis, investigation, methodology, validation, visualization, writ-
ing—review and editing; J.M. : resources, writing—review and editing; S.T. : conceptualization, formal analysis, 
visualization, methodology, writing—review and editing; A.M.N. : validation, writing—review and editing; J.T. : 
validation, writing—review and editing; B.U. : validation, writing—review and editing; F.T. : conceptualization, 
funding acquisition, supervision, validation, writing—original draft, writing—review and editing; A.M.D.: con-
ceptualization, formal analysis, supervision, visualization, validation, writing—original draft, writing—review 
and editing.

Funding
This work was supported by the Hoffmann Family and by the ANR EVOSEXCAN (ANR-23-CE13- 0007) to FT.

Declarations

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​
0​.​1​0​3​8​/​s​4​1​5​9​8​-​0​2​5​-​8​8​8​9​5​-​4​​​​​.​​

Correspondence and requests for materials should be addressed to N.S.

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-NonCommercial-NoDerivatives 
4.0 International License, which permits any non-commercial use, sharing, 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 you modified the licensed material. You do not have 
permission under this licence to share adapted material derived from this article or parts of it. 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 ​h​t​t​p​:​/​/​c​r​e​a​t​i​v​e​c​o​m​m​o​
n​s​.​o​r​g​/​l​i​c​e​n​s​e​s​/​b​y​-​n​c​-​n​d​/​4​.​0​/​​​​​.​​

© The Author(s) 2025 

Scientific Reports |         (2025) 15:5886 16| https://doi.org/10.1038/s41598-025-88895-4

www.nature.com/scientificreports/

https://doi.org/10.1038/s41598-025-88895-4
https://doi.org/10.1038/s41598-025-88895-4
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.nature.com/scientificreports

	﻿Ecology of vertical tumor transmission in the freshwater cnidarian ﻿Hydra oligactis﻿
	﻿Materials and methods
	﻿Animals and culture conditions
	﻿Experimental protocol
	﻿Data analysis
	﻿Transmission dynamics in TL
	﻿Transmission dynamics and life-history changes in HDTL
	﻿Transmission dynamics in HDTL
	﻿Life-history changes in HDTL



	﻿Bacteriome
	﻿Results


