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While most cancers are not transmissible, there are rare cases where cancer
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cells can spread between individuals and even across species, leading to
epidemics. Despite their significance, the origins of such cancers remain
elusive due to late detection in host populations. Using Hydra oligactis,
which exhibits spontaneous tumour development that in some strains
became vertically transmitted, this study presents the first experimental

Subject Category: observation of the evolution of a transmissible tumour. Specifically, we
Evolution assessed the initial vertical transmission rate of spontaneous tumours
and explored the potential for optimizing this rate through artificial
selection. One of the hydra strains, which evolved transmissible tumours
Subject Areas: over five generations, was characterized by analysis of cell type and
evolution bacteriome, and assessment of life-history traits. Our findings indicate
that tumour transmission can be immediate for some strains and can
be enhanced by selection. The resulting tumours are characterized by
Keywords: overproliferation of large interstitial stem cells and are not associated

neoplasm, transmissible cancer cells, with a specific bacteriome. Furthermore, despite only five generations of

experimental evolution, cnidarian transmission, these tumours induced notable alterations in host life-history

traits, hinting at a compensatory response. This work, therefore, makes the
first contribution to understanding the conditions of transmissible cancer
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emergence and their short-term consequences for the host.
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1. Introduction

The evolution of animal multi-cellularity at the end of the Precambrian was
accompanied by the ability to regulate cell proliferation in a spatio-temporal
context. However, mutations in these regulatory systems can occur, leading
to uncontrolled proliferation that can result in neoplasms (tumours) that, in
some cases, transform into invasive and deadly cancers [1,2]. Even though
malignant progressions can and do occur in the majority of multi-cellular
organisms, only a few cases of transmissible cancers have been reported
(although their number could be underestimated, see [3,4]). Currently, 14
transmissible cancers are known in the wild: two affecting the Tasmanian
devil [5], one observed in the Canidae [6] and 11 identified in bivalves (in
some of the latter cases, they also exhibit the capacity to cross the species
barrier) [7-11]. The transmissibility of these cancer cells aligns their evolu-
tionary dynamics more closely with those of emerging pathogens, fostering
long-term coevolution with their host. For example, approximately 40 years
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after its manifestation [12], the transmissible cancer line associated with the devil facial tumour disease in Tasmanian devils n
seems to evolve into an obligatory parasite that genuinely coevolves with its host [13].

Transmissible tumour cells, in addition to expressing the hallmarks of cancer cells [14], have to match a series of exact
conditions (i.e. a ‘perfect storm’) to emerge and spread as an epidemic. According to Ujvari et al. [15], the perfect storm
theory considers a first barrier made of at least four key factors, namely: (i) the release of tumour cells from the impacted
host, (ii) the persistence of tumour cells during transit between hosts, (iii) a conducive environment supporting invasion, and
(iv) the ability to adapt to new environments while avoiding immune responses in the foreign host. In 2022, Tissot et al.
[16] added an additional hurdle to the emergence of transmissible cancer, beyond acquiring transmissibility itself: the ability
for dissemination within host populations, at least until a prevalence threshold is reached, triggering the epidemic. The key
parameters influencing the crossing of this second barrier, dissemination, pertain to abiotic or biotic variables that act directly
on the cancer cells (e.g. water current in bivalves [17]) and/or on the infected hosts (e.g. predation, parasitism, [15,17-20]),
as well as long-term genetic factors (e.g. accumulation of deleterious mutations [21,22]), potentially halting the outbreak of
an epidemic even if the first transmissibility barrier has been breached. The many conditions required to create a perfect
storm could explain the rarity of transmissible cancers [16]. Furthermore, a significant limitation to our understanding of the
conditions leading to the emergence of transmissible cancers is that their presence is typically observed only after they have
spread widely within host populations, i.e. relatively long after their initial appearance (e.g. [12]).

The freshwater cnidarian Hydra oligactis has been observed to spontaneously develop tumours under laboratory conditions,
particularly in response to extensive feeding [21,23]. In a notable case that occurred 15 years ago in Thomas Bosch’s laboratory
in Germany, a hydra developed a tumour, consisting of overproliferation of large interstitial stem cells, capable of being
transmitted vertically through the asexual reproduction of its host, by budding. The isolation and culture of this polyp enabled
the establishment of a tumoural hydra line, referred to as the St Petersburg strain [24]. As the bud detaches from the tumoural
hydra, it undergoes an initial pre-pathological phase, during which the tumours have not yet developed to the point of being
detectable externally. However, after approximately four or five weeks, tumours become visible, marking the transition into
the pathological phase [24]. Subsequent research revealed that some of these transmissible tumours were linked to a specific
bacteriome, notably involving the co-occurrence of spirochetes and Pseudomonas [25]. Additionally, Boutry et al. [26] recently
demonstrated that some wild H. oligactis, when brought back to the laboratory, develop spontaneous tumours at relatively high
frequencies (i.e. up to 30%, see [27]), depending on the population of origin. However, it remains unclear to what extent these
spontaneous tumours are already transmissible, and/or if this trait can be acquired over time. In this context, the hydra-tumour
model appears to be an excellent model for attempting to explore, for the first time, the evolution of transmissible tumours.

In this study, employing H. oligactis, we observed for the first time, the experimental evolution of a transmissible tumour.
Our aim was to assess the initial transmission rate of these tumours and explore the potential for optimizing this rate through
selection. One of the selected strains was then examined through cell type analysis, and its bacteriome as well as life-history
traits were explored.
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2. Material and methods

(a) Sampling of wild hydra and tumour induction

The hydras used in this study were collected from the Montaud lake in France (43°44'52” N; 3°59'23” E) on 2 May 2022. Fifty
hydras were individually maintained at 18°C in cell culture plates (12-well plates, 1.5 ml per well, Thermo Scientific) filled with
Volvic© water under a photoperiod of 12 h. A previous study on hydra suggests that high dietary availability may favour the
development of tumour cells once they have appeared, by stimulating cell proliferation and providing the energetic resources
necessary for their growth [27]. Then, to ensure a high rate of tumour development [27], budding [28] and thus the chances
of tumour transmission, some of the polyps were fed ad libitum five times a week with nauplii of Artemia salina, obtained as
described in Boutry ef al. [29]. The wells were cleaned 8 h after feeding by removing the leftover artemia and refilled with
Volvic© water. The development of tumour in this initial generation of hydras and in their descendants was characterized
with the help of the scale used by Tissot ef al. [27]. Hydras were considered as tumoural when they showed at least one
medium deformation of their body (figure 1). An additional 100 polyps, placed in mass culture, were fed ad libitum only three
times a week to restrict the occurrence of spontaneous tumours, consequently serving as the initial (FO) control population of
tumour-free hydras (CTRL).

(b) Selection for tumour transmissibility

To estimate initial tumour transmission rate, we isolated 19 individuals (F0) from the hydras fed five times a week as soon as
they have developed spontaneous tumours, and collected all the buds that they subsequently produced until their death. These
buds (F1) were placed individually under the same conditions as their parents, and their health status (i.e. development of
tumour or not) over time was monitored. When a tumour develops in the F1 cohort, it may be due to transmission from the FO
parents, or to the spontaneous development of a tumour in an F1 individual. In an attempt to control for the rate of spontaneous
tumour emergence, we simultaneously isolated buds (F1 CTRL) from the initial population of tumour-free hydras (FO CTRL)
and placed them individually under the same rearing conditions for two months, with five feedings per week. At the end of
this period, their health status (i.e. tumour-free, tumoural or dead) was recorded. In buds from FO tumoural parents, if tumours
appeared within two months, the date of tumour appearance was recorded. Then, all buds produced after that date until the



Figure 1. Phenotype of tumour-free and tumoural hydras from the laboratory population established with individuals sampled from Montaud lake. (a) Tumour-free
hydra from the control population: the body is long and thin. (b) Hydra from the tumoural strain presenting numerous masses thickening the body. A trinocular
magnifier was used to take the pictures, scale bar: 1 mm.

individual’s death were isolated and surveyed in the same manner as their parents. If no tumours appeared within two months,
the survey was stopped, and the health status was recorded as ‘tumour-free’. If an individual died during the experimentation,
the associated date was also recorded, and the status was marked as ‘dead’. This process was repeated during eight months in
order to obtain a total of four generations and was then stopped for logistic reasons. Figure 2 summarizes the protocol used to
select for tumour transmissibility from hydras with spontaneous tumours.

(c) Characterization of a selected hydra strain with transmissible tumours
(i) Life-history traits

The fifth generation of a tumoural hydra strain, namely MT40, obtained from the selection experiment described above, was
used to quantify its life-history traits. We used this strain because it had the highest budding rate, allowing us to obtain enough
individuals to carry out this type of analysis. The tumour-free polyps from the same initial population were used as controls.
To estimate the asexual reproductive effort, we monitored 46 buds from tumour-free hydras and 63 from the MT40 tumoural
strain over six months. Of the 63 hydras derived from the tumoural strain, 26 have developed tumours and were identified
as tumoural, while the 37 that have not developed tumours will henceforth be referred to as TFTP (tumour-free hydra from
tumoural parent). Figure 3 summarizes the protocol used to measure life-history traits on the strain of interest and its control.
This analysis involved tracking the age at first budding, the weekly bud count for nine weeks, bud survival at two months,
tumour transmission rate (i.e. the number of infected buds out of the total bud count) and the survival time (in days). To
measure bud survival and tumour transmission rate, firstly during weeks 04, we isolated 84 buds from tumoural hydras
during their pre-pathological phase (i.e. before tumour appearance, see §1), 42 buds from TFTP and 29 buds from tumour-free
hydras as control. Then, from the same polyps, during weeks 5-9 corresponding to the pathological phase for tumoural hydras
(i.e. after tumour appearance), we isolated 40 buds from tumoural polyps, 68 from TFTP and 35 from tumour-free hydras as
control. All the buds isolated in the pre-pathological and in the pathological phase were surveyed for two months, at the end of
which their status was evaluated (i.e. tumoural, tumour-free or dead).

(ii) Bacteriome and cell type

To characterize the aetiology of the tumours, we conducted a bacteriome and cell type analysis. This aimed to determine:
(i) whether they are associated with a specific bacteriome, as observed in the transmissible hydra tumours described by
Domazet-LoSo et al. [24] and (ii) whether the cell type forming the tumour is similar to that reported by Boutry et al. [26] in the
same hydra population.

For the bacteriome analysis, we utilized five tumour-free hydras from the control population, five tumoural hydras and five
TFTP. The water from the wells of each hydra status was also sampled to control that the bacteriome of the water did not
influence those of the hydras. They were first washed in three baths of sterile water (autoclaved MilliQ water) before being
placed at —20°C for storage. DNA was extracted with the Qiagen Blood & Tissue Kit according to the manufacturer’s instruc-
tions, and DNA concentration was measured using a Qubit 2.0 fluorometer. The primers 5 GTGCCAGCMGCCGCGGTAA and
3'GGATTAGAWACCCBDGTAGTCC were used to target the V4 region of the 16S gene during the polymerase chain reaction
(PCR). The products were then sent to the genomic platform (Genseq, Montpellier University) for [llumina sequencing.

For the cell type analysis, two individuals from each status, namely tumour-free (as control), tumoural and TFTP were
macerated together and 100 pl of the solution were spread on gelatin-coated microscope slides according to the procedure
detailed in David [30]. Once dry, the slides were observed by phase contrast under a microscope with a 40x objective, and the
number of epithelial, small interstitial stem cells and large interstitial stem cells were counted.
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Figure 3. Graphical summary of the protocol for life-history trait measurements.

(d) Data analysis

The analyses presented here were performed with the R software (v. 4.2.2) [31] and the graphical representations were realized
with the ‘ggplot2” package [32]. The sequencing data for the bacteriome were checked for their quality and processed via the
FROGS analysis pipeline [33] developed by the GenoToul genomic platform in the Galaxy interface.

(i) Selection for tumour transmissibility

To analyse: (i) the proportion of tumoural hydras in the first generation (F1) according to the parental status (i.e. tumoural or
tumour-free) and (ii) the tumour transmission rate according to generation and bud order (i.e. the ratio of bud rank on total
bud number per parent), we used generalized linear mixed-effects models (GLMMs) from the package ‘glmmTMB’ [34], as
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the response variables here were non-normally distributed (i.e. binary or count data). For the proportion of hydras developing [ 5 |
tumours in F1, a random intercept effect of the birth date (i.e. date of polyp detachment from parental hydra) was added
to consider the possible temporal variability, and a binomial distribution was used. Concerning tumour transmission rate, a
random intercept effect of the founder individual (i.e. FO strain) was added to consider possible variability between strains, and
a binomial distribution was applied. In this analysis, buds without siblings were excluded (constituting 3 cases out of 280) to
specifically investigate the impact of bud order on tumoural transmission. According to Zuur ef al. [35], model selection was
made first on the random effect and then on the fixed effect, based on the weight of the corrected Akaike information criterion
(AICc) obtained with the package ‘"MuMIn’ [36]. Then, the fitting of the model obtained was checked with ‘DHARMa’ package
[37] which performs a Kolmogorov—-Smirnov, outlier and overdispersion test on model residuals. The detail of the variable types
(i.e. in this case, continuous, date or factor variables) as well as all the models constructed and the AICc weight associated is
presented in electronic supplementary material, table S1.

(ii) Life-history traits

To analyse: (i) first bud date according to status, (ii) budding rate according to status and phase (i.e. from the first bud date to
the week 4 and weeks 5-9, corresponding to the pre-pathological and pathological phases of tumoural hydras, respectively), (iii)
bud survival according to the status and the phase, and (iv) tumour transmission rate according to status and phase, we used
GLMMs. Concerning the age at first budding and the budding rate analysis, a random intercept effect of birth date was added
to control variability linked, respectively, to different batches, and only for budding rate the random effect of the individual
was also added to consider the repeated measurements on the same individuals. A random effect of the parent’s identity was
added to analyse bud survival and tumour transmission rate, as buds collected in both phases come from the same parents. For
the analysis of the first two traits, a negative binomial distribution was used as the age at first budding counts the number of
failures (i.e. days) before the success (i.e. the first bud production) and the budding rate is too low to use a Poisson distribution
(i.e. the variable is underdispersed). For the last two variables, a binomial distribution was used as they are both binary. The
model selection and validation are identical to the previous section. With regard to the age at first budding, an outlier was
removed from the dataset (58 days versus an average of 17) after being detected by the outlier test during verification of the
established model, which prevented a good fit. Concerning the analysis of bud survival and tumour transmission rate, as only
one control individual developed a spontaneous tumour, it was removed from the dataset in order to test the presence of an
interaction between status and phase. The analysis of tumour transmission rate was performed only on buds from tumoural
hydras and TFTP, as no tumour appearance was observed on buds from control hydras.

For the analysis of the survival time according to the status, survival regressions were used with the exponential distribution,
as the instantaneous risk was constant (verification by plotting the survival curve of individuals). The selection model was also
based on the AICc weight. The details of variable forms, as well as all the models tested and their AICc weights, are presented
in electronic supplementary material, table S2.
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(iiii) Cell type and bacteriome

Only the ratio between interstitial stem cells and epithelial cells has been calculated on the data collected after maceration
(see [26]). The bacterial feature table obtained from the FROGS pipeline was used to compare samples with each other. The
taxonomic affiliation of each operational taxonomic unit (OTU) used RDPtools with the 165 SILVA 138.1 reference database. As
a first step, we compared bacterial microbiota composition of polyp samples with their respective water samples, to evaluate
whether polyp samples differentiate from their environment, as expected if our 16S profiling identified polyp-associated
bacteria rather than environmental contaminants. Next, polyps from different status groups (tumoural, TFTP and tumour-free)
were compared in terms of alpha and beta diversity at the bacterial species (i.e. feature) level. For alpha diversity, we calculated
the chaol index as a proxy for bacterial species richness and used Kruskal-Wallis test to compare treatment groups. For beta
diversity, we calculated distance between samples using the Bray—Curtis index (which takes bacterial abundance into account)
and the Jaccard index (which takes only presence-absence data into account). These distance matrices were subsequently
compared using Adonis with n = 999 permutations and pairwise Adonis to test the statistical null hypothesis that the bacter-
iome composition of treatment groups is not differentiated. All these analyses were subsequently repeated at the bacterial genus
and family level to make sure that results are robust to taxonomic resolution. Abundance data for the most common bacteria
were plotted at the order level in the form of taxonomy barplots available in electronic supplementary material, figures 52-54.
Bacteriome analyses were performed with the microbiome [38], vegan [39] and pairwiseAdonis [40] R packages.

3. Results

(a) Selection for tumour transmissibility

To assess the conditions associated with the emergence and evolution of transmissible tumours in H. oligactis, we investigated
the presence of tumours in the offspring (F1) developed from buds of wild individuals that had developed spontaneous
tumours (F0). For those that had developed tumours, their offspring were also investigated over three additional generations.
The results of this experimental selection are summarized in figure 4. To control for the rate of spontaneous tumour appearance,
buds from tumour-free hydra from the same wild population were surveyed in the same way.
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(i) Prevalence of tumours in the first generation

In the first generation, F1 hydras were approximately four times more likely to develop tumours when they came from tumoural
FO parents than from tumour-free parents (figure 4, GLMM, Odds Ratio (OR) =4.27, s.e. = 2.30, p-value = 0.007). In the tumour-free
population, approximately 7% (i.e. 5 out of 74) of individuals developed tumours, while in the tumoural strain, approximately 24%
(i.e. 17 out of 72) developed tumours.

(ii) Estimation of transmission rate over generations

Concerning the tumour transmission rate, the model selected included the additive effect between generations and bud order,
with a random effect of the founder individual. The tumour transmission rate more than doubled over the course of the
experiment, from 35% in the first generation to 84% in the fourth (figure 5; GLMM, generation effect, OR = 2.13, s.e. = 0.37, p-value
< 0.001). The order of the bud formation has no significant effect on the transmission rate. Thus, the tumour transmission rate
responded positively to artificial selection, but its occurrence among buds seemed to be random within an individual line.

(b) Life-history traits

Using hydras from the tumoural strain MT40 (established during the previous tumour transmission selection), and tumour-free
wild hydras as control, we analysed: (i) age at first budding, (ii) asexual reproduction effort, (iii) bud survival, (iv) transmission
rate, and (v) survival time, according to the status (i.e. tumour-free, tumoural and TFTP) and the phase (i.e. weeks 0—4, and
weeks 5-9 matching for tumoural hydra to the pre-pathological and pathological phases) when relevant.

The status of the hydra had no effect on the age at first budding, as indicated by the model selection. On average, the first
budding occurred at approximately 17 days regardless of whether the hydra was tumoural or not.

The budding rate was explained by the interaction between the status of hydras and the phase with a random effect of the
individual. Precisely, before five weeks, tumour-free hydras produced approximately 30% less buds than tumoural hydras and
TFTP (figure 6; GLMM, status effect, Incidence Rate Ratio (IRR) = 0.68, s.e. = 0.09, p-value = 0.002). However, tumoural hydras
were the only ones for which a decrease in the budding rate was observed after the fifth week, which corresponds to the start
of the pathological phase for these hydras (figure 6; GLMM, interaction effect of status and phase, IRR = 0.61, s.e. = 0.13, p-value
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Table 1. Ratios of large interstitial stem cells to epithelial cells (LISC/EC), small interstitial stem cells to epithelial cells (SISC/EC), and large interstitial stem cells to
small interstitial stem cells (LISC/SISC) according to the status.

ratios

status LISC/EC SISC/EC LISC/SISC

tumoural 2.25 0.63 3.56

= 0.024). The budding rate of tumoural hydra in pathological phase was reduced by approximately 40% compared with the
pre-pathological phase.

For bud survival, the interaction effect between the phase in which the parents were at the time of bud production and
the status were retained, as well as the random effect of parent identity. Buds of the three statuses showed a similar mortality
risk, approximately 25%, when they are produced during weeks 0—4. Only buds from tumoural hydras showed an increased
mortality risk of approximately 25% (from 15% to 40%) when they were produced during weeks 5-9 corresponding for parents
to the pathological phase, compared with weeks 0—4 where tumours are still unnoticeable (figure 6; GLMM, OR = 8.10, s.e. =
5.88, p-value = 0.004). For buds issued from tumour-free hydras and TFTP, the mortality risk remained the same between the
two phases.

The analysis of tumour transmission rate was conducted only on buds from tumoural hydras as no tumours were observed
on buds from tumour-free control hydras. Thus, the model predicting the transmission rate in the MT40 tumoural strain
included the parental status and the phase as fixed effects and controlled for the parental identity as a random effect. The
chances of developing tumours are greatly reduced when the bud is derived from TFTP (figure 6; GLMM, effect of the parental
status, reference group: tumoural hydras, OR = 0.02, s.e. = 0.02, p-value = 0.001). On the other hand, when the bud was produced
by a parent which subsequently developed a tumour, its probability of becoming tumoural was approximately four times
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higher. This is also the case if it is produced during the pathological phase of the parent, i.e. when the parent has already
developed a tumour (figure 6; GLMM, effect of the phase of bud production, reference group: weeks 5-9, OR = 0.36, s.e. = 0.19,
p-value = 0.049). Regarding survival time, tumoural hydras, tumour-free hydras and TFTP all have a half-life of approximately
100 days, as no effect was selected during model selection.

(c) Cell type and bacteriome

Concerning the cell type composition presented in table 1, tumoural hydras showed a 10-fold higher ratio of large interstitial
stem cells to epithelial cells (LISC/EC) compared with TFTP and tumour-free hydras. In addition, their large to small interstitial
stem cells (LISC/SISC) ratio was 20 times higher than that observed in the other two statuses. Thus, as the ratio of small
interstitial stem cells to epithelial cells (SISC/EC) was similar for all three statuses, the tumours seemed to result from overprolif-
eration of large interstitial stem cells.

Regarding the abundance of the 10 most represented orders of bacteria in tumoural hydras, tumour-free and TFTP, they
all appear to be mainly colonized by Chlamydiales (see figure 7). Bacterial microbiota of polyps differed from that of their
surrounding environment (i.e. water) not matter the alpha-diversity indices used (observed F value = 119.7, p-value = 0.001;
Chaol F value = 82.34, p-value = 0.001; Shannon F value = 32.45, p-value = 0.001; invSimpson F value = 7.068, p-value =
0.01) and did not differentiate with respect to polyp status (electronic supplementary material, figure S1), indicating that
bacterial taxa identified on polyps probably represent taxa genuinely associated with the polyps and not contaminants from
the environment. Alpha diversity did not differ significantly between the three groups (Kruskal-Wallis x*> = 1.82, p = 0.403;
electronic supplementary material, figure S2). However, the Adonis analyses showed that the bacteriome composition of the
three groups differed from each other significantly or marginally significantly (Bray—Curtis index: F = 1.97, p = 0.054, electronic
supplementary material, figure S3; Jaccard presence-absence index: F = 1.536, p = 0.002, electronic supplementary material,
figure S4). Nevertheless, in both cases, it was the tumour-free group that differed from the other two (tumour-free versus
TFTP, Bray—Curtis index, adjusted p = 0.040; Jaccard presence-absence index, adjusted p = 0.030; tumour-free versus tumoural,
Bray—Curtis index, adjusted p = 0.040; Jaccard presence—absence index, adjusted p = 0.080), while tumoural and TFTP showed no
significant differences (tumoural versus TFTP, Bray—Curtis index, adjusted p = 0.310; Jaccard presence—absence index, adjusted
p = 0.120). The principal coordinate analyses of the Bray—Curtis index and Jaccard index according to the status are available in
electronic supplementary material, figure S1, along with a graphical representation of alpha diversity for each status.

4. Discussion

As transmissible cancers are most often detected once they have already spread within host populations, the conditions
associated with their emergence remain poorly understood. The cnidarian H. oligactis is emerging as a particularly promising
model to investigate the evolution of transmissible tumours because it can develop spontaneous tumours relatively easily in the
laboratory [26], and one laboratory strain harbours a transmissible tumour [24]. In this experimental study, we succeeded for
the first time to observe the evolution of a transmissible tumour in the hydra. We have also shown that the rate of transmission
of spontaneous tumours can increase over time; namely, four times in just five generations of selection. Finally, it is remarkable
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to note that this fifth generation of hydras carrying transmissible tumours is already showing changes in its life-history traits E
compared with its healthy counterparts.

First, this study confirms that H. oligactis is a species that easily develops spontaneous tumours in the laboratory [26]. In
line with the tumours described by Boutry et al. [26], those from this study (that are coming from hydras collected in the
same sampling area) also involve abnormal proliferation of large interstitial stem cells. However, in contrast to the tumours
described by Rathje et al. [25], these tumours do not appear to be associated with a specific microbiota (since the tumoural and
tumour-free individuals from the same strain did not differ from each other in microbiota composition). The reason why H.
oligactis of the St Petersburg strain, unlike these hydras or those of the Pelmatohydra robusta strain (see [25]), diverge in their
reliance on a particular bacteriome for tumour initiation and maintenance needs to be elucidated by further studies.

Our findings regarding the occurrence of tumours in the descendants of individuals with tumours are prima facie consistent
with three potential scenarios. One possibility is that these tumours are also spontaneous (i.e. not vertically transmitted from
their parents). A second hypothesis suggests parental hydras transmit to their offspring a genetic vulnerability that predisposes
them to tumour formation under some conditions. The final possibility is that the tumour itself is transmitted. We favour
this last scenario for several reasons. Firstly, the observation that the rate of tumour development in descendants of hydras
with tumours is higher than the one of tumour-free hydras reared under the same conditions, implies that these tumours
are not spontaneous. In addition, the fact this rate increases over time reinforces this statement. Secondly, the fact that the
offspring of TFTP, which share the same genetics as the tumour-bearing hydras but remain tumour-free, do not develop as
many tumours as the offspring of tumoural parents, indicates that we cannot attribute the issue to a genetic predisposition for
tumour development. Therefore, the most likely explanation for these results is that the tumours observed in the offspring of
tumoural parents are transmissible, like those observed in the St Petersburg strain.

Concerning the transmissibility, our findings remarkably indicated that some spontaneous tumours can be immediately
transmissible, even if this was not systematic. However, since we lack information on whether the wild individuals used to
establish the different strains had different genotypes or were clones when sampled, we cannot draw definitive conclusions
regarding the precise proportion of spontaneous tumours that are directly transmissible. To assess the risk of pseudo-replication
in this context, further studies would be necessary to estimate the number of genetically distinct hydras in field samples, as well
as the probability of two genetically identical hydras both developing spontaneous, transmissible tumours. In addition to being
sometimes immediate, tumour transmissibility can be artificially selected across generations. It is important to highlight that
if an individual did not develop a tumour within two months, the follow-up observations were terminated. This interruption
occurred without knowing whether tumours would later develop or if the individuals had the potential to produce buds
that could develop tumours. In both scenarios, this could result in an underestimation of the transmission rate. Despite the
fact that tumours have acquired the ability to be transmitted, this ability appears to be fragile, as it is particularly vulnerable
to environmental conditions such as the availability of food. For instance, we observed a reduction in the rate of tumour
transmission from 90% to 50% in one generation between the end of the experimental selection of tumour transmissibility
(fifth generation) and the start of the analysis of life-history traits. This change coincides with a modification in the feeding
protocols between the two experiments, leading to reduced food availability during the measurement of life-history traits. This
observation is consistent with a previous study [27] that demonstrated a close link between diet and tumoural development
in H. oligactis. The propensity to develop tumours, as well as the rate at which they develop, is positively correlated with the
amount of food. Thus, this study suggests that the ability of spontaneous tumours that acquire transmissibility to maintain it, is
also dependent on food intake.

In contrast to the first identified transmissible tumour in hydra (St Petersburg strain), which exhibits a constant transmission
rate (71% at two weeks when asymptomatic and 71% at five weeks when symptomatic) [29], our current study on the MT40
strain reveals that the tumour is twice as likely to be transmitted when the host has entered the pathological phase (i.e.
developed a tumour) compared with the pre-pathological phase (25% at two weeks versus 50% from the fifth week). Several
non-exclusive scenarios may account for this disparity. Firstly, during the tumour transmission selection protocol, only buds
born during the pathological phase of their parents were surveyed, potentially biasing the selection towards transmission
during the pathological phase and resulting in a lower transmission rate in the pre-pathological phase. A second explanation
is that the tumours from the St Petersburg strain had more time (i.e. 15 years in mass culture) to optimize their transmission,
thereby improving it even during the early stages of the tumorigenesis, i.e. during the pre-pathological stage. This hypothesis
would further support the conclusion that transmissibility is a selectable trait. Another explanation could be attributed to the
distinct aetiology of the tumour. In the St Petersburg strain, tumour development is induced and persists only in the presence of
a specific bacteriome [25], absent in the MT40 strain. Our results could be explained if we assume that bacteriome transmission
remains constant regardless of the age of the hydra, leading to similar tumour development thereafter. However, when tumour
development depends on the initial tumour cells’ number transmitted rather than the bacteriome (i.e. MT40), it is expected that
symptomatic individuals could be more likely to infect their offspring than those in the pre-pathological stage.

Regarding life-history traits, the tumoural hydra of the MT40 strain exhibits, compared with a tumour-free population, (i)
a similar first bud date, (ii) an initial increase in asexual reproductive effort only preceding tumour development, followed by
a substantial decrease in budding rate thereafter, (iii) higher mortality in buds produced after the appearance of tumours, and
(iv) a comparable survival time. The tumour appears to exert a detrimental influence on hydra budding immediately after the
development of external tumoural manifestations, without diminishing overall survival. This could suggest a castration-like
phenomenon akin to certain host-parasite systems [41], ultimately leading to a decline in fitness. In conjunction with the lower
transmissibility of the tumour in the pre-pathological phase (i.e. before tumour appearance), these modifications suggest an
adjustment of life-history traits of the host to offset the tumour’s costs by producing more buds when they are more likely to
survive and remain tumour-free. Interestingly, Boutry et al. [29] also found that tumoural hydras from the St Petersburg strain



adjust their life-history traits. However, what is remarkable here is that such adjustments can appear from the fifth generation, m
i.e. in only a few months. Further research is needed to specify when hydras bearing transmissible tumours start to adjust their
life-history traits. Similarly, additional experiments are necessary to clarify the mechanisms responsible for these alterations (e.g.
gene frequency changes, epigenetic modifications and phenotypic adjustments).

This study has enabled the evaluation, for the first time, of transgenerational effects of tumours on their host by investigating
life-history traits in TFTP. These polyps have similar characteristics to those of tumoural polyps during the pre-pathological
phase, but their asexual reproduction rate does not diminish after the fifth week as in tumoural polyps. Consequently, it seems
that hydras that do not inherit tumours from their tumoural parents still inherit some tumoural factors that induce an early
increase in budding, and this increase is remarkably not subsequently hindered by the presence of tumours. This result, for the
initial nine weeks, in a superior asexual fitness compared with both tumoural and tumour-free polyps. Although we have not
been able to measure trade-offs in TFPT, we cannot rule out that more in-depth studies would detect them. This could manifest
as a reduction in budding rates occurring later (beyond nine weeks) or modifications in sensitivity to biotic and abiotic stress,
for instance. Therefore, further research is necessary to comprehensively evaluate the transgenerational effects of tumours on
overall fitness.

In the Perfect Storm theory initially proposed by Ujvari et al. [15] and further developed by Tissot et al. [16], two critical
barriers have been proposed to explain the evolution of transmissible cancers. The first barrier pertains to the acquisition of
transmissibility by tumour cells, while the second relates to the capacity to spread in host populations. The results of the
present study suggest, at least in a hydra model, that the first barrier does not appear to be a major obstacle since a significant
proportion of spontaneous tumours are immediately transmissible. Indirectly, these results support the idea that the scarcity
of transmissible cancers in ecosystems is probably more attributed to the lack of suitable ecological conditions for their spread
within populations, i.e. the second barrier (e.g. the presence of predators that would rapidly eliminate diseased individuals,
the sensitivity of tumours to environmental stress—such as food availability, accumulation of deleterious mutations). If this
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conclusion is confirmed in the future, it is crucial to consider these aspects in the study of ecosystems disturbed by human
activities, as they could potentially modify the conditions that favour the spread of transmissible cancers (see [42]).

Finally, it is important to highlight the significant distinction between this vertical transmission experiment and vertical
transmission in nature. In nature, vertical transmission should disfavour the propagation of cancer cells (or any other parasite).
A cancer cell lineage that is transmitted only vertically could not be maintained over time if transmission were solely vertical
because the affected lineages would have lower fitness than unaffected lineages. Our experimental procedure has actively
enhanced the fitness of vertically transmitted tumours by positively selecting host lineages that have the tumour. Indirectly, this
suggests that the presence of transmissible tumours in wild hydra would imply some horizontal transmission of the tumour
cells or a pathogen that could be contributing to tumorigenesis. However, until now, no tumorous hydras have been directly
found in the field (despite many investigations), in accordance with the hypothesis that transmission occurs only vertically in
this system.

Ethics. This work did not require ethical approval from a human subject or animal welfare committee.
Data accessibility. Scripts and data associated are provided in supplementary information [43]. 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: PRINA1072327) [44].
Declaration of Al use. We have not used Al-assisted technologies in creating this article.
Authors” contributions. S.T.: conceptualization, formal analysis, investigation, methodology, visualization, writing—original draft, writing—review
and editing; ].M.: investigation, methodology, writing—review and editing; J.B.: writing—original draft, writing—review and editing; L.B.:
investigation, methodology, writing—review and editing; J.T.: investigation, visualization, writing—original draft, writing—review and editing;
B.R.: validation, writing—review and editing; B.U.: validation, writing—review and editing; A.M.N.: validation, writing—original draft, writing
—review and editing; F.T.: conceptualization, funding acquisition, supervision, validation, writing—original draft, writing—review and editing;
AM.D.: supervision, validation, writing—original draft, writing—review and editing.

All authors gave final approval for publication and agreed to be held accountable for the work performed therein.
Conflict of interest declaration. We declare we have no competing interests.
Funding. This work was funded by the CNRS, the HOFFMANN Family and by the following grants: ANR TRANSCAN (ANR-18-CE35-0009) and
ANR EVOSEXCAN (ANR-23-CE13-0007).
Acknowledgements. This work was carried out within the framework of the Camargue Health-Environment ‘Zone Atelier’ (ZACAM) of the
‘Long-Term Socio-Ecological Research network’ (LTSER-RZA), funded by the Ecology & Environment of the French National Center for
Scientific Research (EE-CNRS). We want to thank the two anonymous referees for their constructive comments that contributed to improving
this article. Data used in this work were (partly) produced through the GenSeq technical facilities of the ‘Institut des Sciences de 1'Evolution
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 Pyrenees and Sigenae group for computing thanks to Galaxy instance https://vm-galaxy
prod.toulouse.inra.fr.

References

1. Aktipis CA, Nesse RM. 2013 Evolutionary foundations for cancer biology. Evol. Appl. 6, 144—159. (doi:10.1111/eva.12034)

2. Ujvari B, Roche B, Thomas F. 2017 Ecology and evolution of cancer. London, UK: Academic Press.

3. Dujon AM, Bramwell G, Roche B, Thomas F, Ujvari B. 2021 Transmissible cancers in mammals and bivalves: how many examples are there? BioEssays 43, 2000222. (doi:10.1002/
bies.202000222)

4. Aktipis CA, Boddy AM, Jansen G, Hibner U, Hochberg ME, Maley CC, Wilkinson GS. 2015 Cancer across the tree of life: cooperation and cheating in multicellularity. Phil. Trans. R. Soc. B
370, 20140219. (doi:10.1098/rsth.2014.0219)


https://vm-galaxy-prod.toulouse.inrae.fr/Galaxy_menu/galaxy-sigenae.html
https://vm-galaxy-prod.toulouse.inrae.fr/Galaxy_menu/galaxy-sigenae.html
http://dx.doi.org/10.1111/eva.12034
http://dx.doi.org/10.1002/bies.202000222
http://dx.doi.org/10.1002/bies.202000222
http://dx.doi.org/10.1098/rstb.2014.0219

21.
22.
23.
24,

25.

26.
27.
28.
29.
30.

31
32.
33.
34.
35.

36.
37.

38.
39.
40.
41.
42.
43.
44,

Pye R et al. 2016 Demonstration of immune responses against devil facial tumour disease in wild Tasmanian devils. Biol. Lett. 12, 20160553. (doi:10.1098/rshl.2016.0553)

Ganguly B, Das U, Das AK. 2016 Canine transmissible venereal tumour: a review. Vet. Comp. Oncol. 14, 1-12. (doi:10.1111/vc0.12060)

Garcia-Souto D et al. 2022 Mitochondrial genome sequencing of marine leukaemias reveals cancer contagion between clam species in the seas of Southern Europe. elife 11,
€66946. (doi:10.7554/eLife.66946)

Metzger MJ, Reinisch C, Sherry J, Goff SP. 2015 Horizontal transmission of clonal cancer cells causes leukemia in soft-shell clams. Cell 161, 255-263. (doi:10.1016/j.cell.2015.02.
042)

Metzger MJ, Villalba A, Carballal M), Iglesias D, Sherry J, Reinisch C, Muttray AF, Baldwin SA, Goff SP. 2016 Widespread transmission of independent cancer lineages within multiple
bivalve species. Nature 534, 705-709. (doi:10.1038/nature18599)

Yonemitsu MA et al. 2019 A single clonal lineage of transmissible cancer identified in two marine mussel species in South America and Europe. eLife 8, e47788. (doi:10.7554/eLife.
47788)

Hammel M et al. 2024 Marine transmissible cancer navigates urbanized waters, threatening spillover. Proc. R. Soc. B Biol. Sci. 291, 20232541. (doi:10.1098/rspb.2023.2541)
Stammnitz MR et al. 2023 The evolution of two transmissible cancers in Tasmanian devils. Science 380, 283—-293. (doi:10.1126/science.abq6453)

Hamede R et al. 2023 The tumour is in the detail: local phylogenetic, population and epidemiological dynamics of a transmissible cancer in Tasmanian devils. Evol. Appl. 16, 1316
1327. (doi:10.1111/eva.13569)

Hanahan D, Weinberg RA. 2011 Hallmarks of cancer: the next generation. Cell 144, 646-674. (doi:10.1016/j.cel.2011.02.013)

Ujvari B, Gatenby RA, Thomas F. 2016 Transmissible cancers, are they more common than thought? Evol. Appl. 9, 633—634. (doi:10.1111/eva.12372)

Tissot S et al. 2022 Transmissible cancer evolution: the under-estimated role of environmental factors in the “Perfect Storm” theory. Pathogens 11, 241. (doi:10.3390/
pathogens11020241)

Burioli EAV, Hammel M, Bierne N, Thomas F, Houssin M, Destoumieux-Garzon D, Charriére GM. 2021 Traits of amussel transmissible cancer arereminiscent of a parasitic life style. Sci.
Rep. 11. (doi:10.1038/s41598-021-03598-w)

Hawkins CE et al. 2006 Emerging disease and population decline of an island endemic, the Tasmanian devil Sarcophilus harrisii. Biol. Conserv. 131, 307-324. (doi:10.1016/j.biocon.
2006.04.010)

Livieri TM. 2021 Saving the tasmanian devil: recovery through science-based management. J. Mammal. 102, 358—359. (doi:10.1093/jmammal/gyaa168)

Hollings T, Jones M, Mooney N, McCallum H. 2014 Trophic cascades following the disease-induced decline of an apex predator, the Tasmanian devil. Conserv. Biol. 28, 63-75. (doi:
10.1111/cobi.12152)

Ewald PW, Swain Ewald HA. 2015 Infection and cancer in multicellular organisms. Phil. Trans. R. Soc. B Biol. Sci. 370, 20140224. (doi:10.1098/rsth.2014.0224)

Bramwell G, DeGregori J, Thomas F, Ujvari B. 2024 Transmissible cancers, the genomes that do not melt down. Evolution 78, 1205-1211. (doi:10.1093/evolut/qpae063)

Vittecog M et al. 2013 Cancer: a missing link in ecosystem functioning? Trends Ecol. Evol. 28, 628—635. (doi:10.1016/.tree.2013.07.005)

Domazet-Lo3o T, Klimovich A, Anokhin B, Anton-Erxleben F, Hamm MJ, Lange C, Bosch TCG. 2014 Naturally occurring tumours in the basal metazoan hydra. Nat. Commun. 5, 4222.
(doi:10.1038/ncomms5222)

Rathje K, Mortzfeld B, Hoeppner MP, Taubenheim J, Bosch TCG, Klimovich A. 2020 Dynamic interactions within the host-associated microbiota cause tumor formation in the basal
metazoan hydra. PLoS Pathog. 16, 1008375. (doi:10.1371/journal.ppat.1008375)

Boutry J et al. 2023 Spontaneously occurring tumors in different wild-derived strains of hydra. Sci. Rep. 13, 7449. (doi:10.1038/541598-023-34656-0)

Tissot S et al. 2023 The impact of food availability on tumorigenesis is evolutionarily conserved. Sci. Rep. 13, 19825. (doi:10.1038/541598-023-46896-1)

Gurkewitz S, Chow M, Campbell RD. 1980 Hydra size and budding rate: influence of feeding. Int. J. Invertebr. Reprod. 2, 199-201. (doi:10.1080/01651269.1980.10553355)

Boutry J et al. 2022 Tumors alter life history traits in the freshwater cnidarian, Hydra oligactis. iScience 25, 105034. (doi:10.1016/j.isci.2022.105034)

David CN. 1983 Dissociating hydra tissue into single cells by the maceration technique. In Hydra: research methods (ed. HM Lenhoff), pp. 153—156. Boston, MA: Springer US. (doi:10.
1007/978-1-4757-0596-6_21)

R Core Team. 2020 R: a language and environment for statistical computing. Vienna, Austria: R Foundation for Statistical Computing. See https://www.R-project.org.

Wickham H et al. 2023 ggplot2: create elegant data visualisations using the grammar of graphics. See https://CRAN.R-project.org/package=ggplot2 (accessed 13 February 2023).
Escudié F et al. 2018 FROGS: find, rapidly, 0TUs with galaxy solution. Bioinformatics 34, 1287—1294. (doi:10.1093/bioinformatics/btx791)

Brooks M et al. 2022 glmmTMB: generalized linear mixed models using template model builder. See https://CRAN.R-project.org/package=glmmTMB (accessed 29 October 2022).
Zuur AF, leno EN, Walker N, Saveliev AA, Smith GM. 2009 Mixed effects models and extensions in ecology with R. In Statistics for biology and health. New York, NY: Springer. (doi:10.
1007/978-0-387-87458-6). See http://link.springer.com/10.1007/978-0-387-87458-6.

Barton K. 2022 MuMIn: multi-model inference. See https://CRAN.R-project.org/package=MuMIn (accessed 29 October 2022).

Hartig F, Lohse L. 2022 DHARMa: residual diagnostics for hierarchical (multi-level/mixed) regression models. See https://CRAN.R-project.org/package=DHARMa (accessed 29
October 2022).

Lahti L, Shetty S et al. Tools for microbiome analysis in R. See http://microbiome.github.com/microbiome.

Oksanen J et al. 2022 vegan: community ecology package. See https://cran.r-project.org/web/packages/vegan/index.html (accessed 12 February 2024).

Arbizu PM. 2017 pmartinezarbizu/pairwiseAdonis. See https://github.com/pmartinezarbizu/pairwiseAdonis (accessed 12 February 2024).

Lafferty KD, Kuris AM. 2009 Parasitic castration: the evolution and ecology of body snatchers. Trends Parasitol. 25, 564—572. (doi:10.1016/}.pt.2009.09.003)

M. Dujon A et al. 2021 On the need for integrating cancer into the one health perspective. Evol. Appl. 14, 2571-2575. (doi:10.1111/eva.13303)

Tissot S, Meliani J, Boutry J, Brazier L, Tokolyi J, Roche B et al. 2024 Data from: De novo evolution of transmissible tumors in hydra. Figshare. (doi:10.6084/m9.figshare.c.7437408)
2024 Microbiome associated with tumors in Hydra oligactis. Bioproject Accession PRINA1072327 https://www.ncbi.nlm.nih.gov/bioproject/PRINA1072327.

9ELZ07 1167 9054 0ig  qdsyjeumol Buobunsigndiaosiefor [


http://dx.doi.org/10.1098/rsbl.2016.0553
http://dx.doi.org/10.1111/vco.12060
http://dx.doi.org/10.7554/eLife.66946
http://dx.doi.org/10.1016/j.cell.2015.02.042
http://dx.doi.org/10.1016/j.cell.2015.02.042
http://dx.doi.org/10.1038/nature18599
http://dx.doi.org/10.7554/eLife.47788
http://dx.doi.org/10.7554/eLife.47788
http://dx.doi.org/10.1098/rspb.2023.2541
http://dx.doi.org/10.1126/science.abq6453
http://dx.doi.org/10.1111/eva.13569
http://dx.doi.org/10.1016/j.cell.2011.02.013
http://dx.doi.org/10.1111/eva.12372
http://dx.doi.org/10.3390/pathogens11020241
http://dx.doi.org/10.3390/pathogens11020241
http://dx.doi.org/10.1038/s41598-021-03598-w
http://dx.doi.org/10.1016/j.biocon.2006.04.010
http://dx.doi.org/10.1016/j.biocon.2006.04.010
http://dx.doi.org/10.1093/jmammal/gyaa168
http://dx.doi.org/10.1111/cobi.12152
http://dx.doi.org/10.1098/rstb.2014.0224
http://dx.doi.org/10.1093/evolut/qpae063
http://dx.doi.org/10.1016/j.tree.2013.07.005
http://dx.doi.org/10.1038/ncomms5222
http://dx.doi.org/10.1371/journal.ppat.1008375
http://dx.doi.org/10.1038/s41598-023-34656-0
http://dx.doi.org/10.1038/s41598-023-46896-1
http://dx.doi.org/10.1080/01651269.1980.10553355
http://dx.doi.org/10.1016/j.isci.2022.105034
http://dx.doi.org/10.1007/978-1-4757-0596-6_21
http://dx.doi.org/10.1007/978-1-4757-0596-6_21
https://www.R-project.org
https://CRAN.R-project.org/package=ggplot2
http://dx.doi.org/10.1093/bioinformatics/btx791
https://CRAN.R-project.org/package=glmmTMB
http://dx.doi.org/10.1007/978-0-387-87458-6
http://dx.doi.org/10.1007/978-0-387-87458-6
http://link.springer.com/10.1007/978-0-387-87458-6
https://CRAN.R-project.org/package=MuMIn
https://CRAN.R-project.org/package=DHARMa
http://microbiome.github.com/microbiome
https://cran.r-project.org/web/packages/vegan/index.html
https://github.com/pmartinezarbizu/pairwiseAdonis
http://dx.doi.org/10.1016/j.pt.2009.09.003
http://dx.doi.org/10.1111/eva.13303
http://dx.doi.org/10.6084/m9.figshare.c.7437408
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA1072327

	De novo evolution of transmissible tumours in hydra
	1. Introduction
	2. Material and methods
	(a) Sampling of wild hydra and tumour induction
	(b) Selection for tumour transmissibility
	(c) Characterization of a selected hydra strain with transmissible tumours
	(d) Data analysis

	3. Results
	(a) Selection for tumour transmissibility
	(b) Life-history traits
	(c) Cell type and bacteriome

	4. Discussion


