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The inability to control cell proliferation results in the formation of tumors in many multicellular
lineages. Nonetheless, little is known about the extent of conservation of the biological traits and
ecological factors that promote or inhibit tumorigenesis across the metazoan tree. Particularly,
changes in food availability have been linked to increased cancer incidence in humans, as an outcome
of evolutionary mismatch. Here, we apply evolutionary oncology principles to test whether food
availability, regardless of the multicellular lineage considered, has an impact on tumorigenesis.

We used two phylogenetically unrelated model systems, the cnidarian Hydra oligactis and the fish
Danio rerio, to investigate the impact of resource availability on tumor occurrence and progression.
Individuals from healthy and tumor-prone lines were placed on four diets that differed in feeding
frequency and quantity. For both models, frequent overfeeding favored tumor emergence, while
lean diets appeared more protective. In terms of tumor progression, high food availability promoted
it, whereas low resources controlled it, but without having a curative effect. We discuss our results
in light of current ideas about the possible conservation of basic processes governing cancer in
metazoans (including ancestral life history trade-offs at the cell level) and in the framework of
evolutionary medicine.

One of the leading hypotheses of evolutionary oncology is that the increase in human cancer incidence in
industrialized countries reflects the mismatch between our adaptations to ancestral environments/lifestyles and
the fast-changing existence that humans in modern societies are currently experiencing'. Among the long list
of lifestyle factors that have been proposed to promote oncogenesis in industrialized populations (e.g., lack of
exercise, sun exposure, chronic stress, lack of sleep), one that is often cited is diet. For instance, the westernization
of the diet in Asian countries, characterized by an overabundance of readily available high caloric foods, has been
accompanied by an increase in cancer rates and/or associated mortality (e.g.>*). The exploration of the oncogenic
consequences of diet-related evolutionary mismatches is more than ever a timely topic given that many human
populations have recently changed (i.e. since the industrial revolution), or are in the process of changing, their
dietary habits*. Further, as it is common for wildlife to feed on human waste and consume food that they have
not evolved with, the problem of food mismatches generating cancers is also relevant to several wildlife species™®.

An important aspect of dietary evolutionary mismatch, at least for humans in modern societies, is not only
the quality but also the quantity of food. Indeed, compared to earlier times, a major dietary change in industrial-
ized populations concerns the food intake per meal and the frequency of meals, which have both increased in
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many geographical areas’®. The generally accepted evolutionary explanation behind this propensity to overeat
in these populations is that contemporary humans have remained adapted to past environments, in which it
was advantageous in terms of fitness to constantly seek and consume food, because food was scarce and/or of
variable availability over time'’. The preservation of these habits in current times is now maladaptive in most
developed countries due to the abundance and regularity of food resources''.

Many health problems (e.g., obesity, cardiovascular disease, diabetes, cancers) are associated with the resulting
excessive dietary intake, especially when combined with reduced physical activity relative to our ancestors'>-'4.
Not surprisingly, several studies have shown that calorie restriction has a protective effect against cancer, espe-
cially when applied at an early stage (*>!¢; for review see'”!). While previous data indicate that intermittent
fasting might be more important than caloric restriction in preventing prostate cancer growth in SCID mice',
recent work on a murine breast cancer model revealed that daily caloric restriction is more potent against primary
tumor growth and metastatic burden than periods of fasting and diet composition®. In a related vein, Simone
et al?! proposed that there are actually three types of diets that can not only prevent cancer but also reduce its
progression: calorie restriction without malnutrition, intermittent fasting, and the ketogenic diet. All have the
advantage of limiting, among other things, the carbohydrate intake necessary for tumor growth with limited, if
any, detriment to healthy cells.

Mechanistically, cancer cells’ vulnerability to food availability is thought to be the result of their inability to
switch to the cell maintenance program under nutrient-limited conditions®?. Instead, cancer cells continue to
grow and proliferate and become susceptible to stress-induced damage?*?*. The ability to switch from a repro-
ductive to a survival mode in stressful environments is a fundamental property of all cells and reflects a basic
life history trade-off?>. If the cancer cells’ vulnerability to food availability, well-known in human and rodent
models, reflects this fundamental trade-off between reproduction/proliferation and survival/maintenance, we
would expect to observe similar outcomes in other animal systems that develop tumors. Note that although not
all tumors are, or have the potential to become, cancer (i.e., malignant), tumor development is a pre-requisite
for any oncogenic process. Thus, any negative effect of food availability on tumorigenesis will directly affect the
potential for cancer and its progression.

To address the possibility that food availability can also affect tumorigenesis in non-human systems, we used
a freshwater invertebrate (Hydra oligactis) and a vertebrate (the zebrafish Danio rerio) model and investigated if/
how food levels and frequency can affect the initiation and progression of spontaneous, transmitted, and experi-
mentally induced tumors. Specifically, the experiments in this study were designed to (i) investigate whether
the reported increased sensitivity to starvation of cancer cells in humans is also characteristic of tumoral cells
in other animal lineages (and might be partially responsible for the reduced incidence of tumors/cancers in the
wild) and (ii) address the potential role of evolutionary mismatch (in terms of increased food availability relative
to natural/ancestral systems) in promoting tumorigenesis in non-human animal lineages.

Both model systems used in this study possess strains that can develop tumors with known dynamics. In
hydras, tumor-like abnormal growths (resulting from the uncontrolled proliferation of germline stem cells)
have been reported in several species and strains in laboratory settings**?’. Such tumors can appear spontane-
ously, but in some strains, they can also be transmitted vertically during asexual reproduction. Specifically, in
one Hydra oligactis strain maintained for more than 15 years in the lab, the tumors can be transmitted from the
parental polyp to offspring (through the bud), which will develop tumors in about four weeks (see Fig. 1)%. In
this strain, the tumors cells were shown to differ from normal germline cells in their expression profile, and are
characterize by autonomous growth, insensitivity to environmental stimuli and increased invasive capacity®. In
addition, individuals collected from the wild, which are tumor-free, can sporadically developed tumors when
they are kept in the lab¥. The mechanisms underlying the development and the transmission of these tumors

Figure 1. Phenotype of healthy and tumoral hydras from the clonal strains of St. Petersburg. (A) Healthy
hydra from the tumor-free strain: the body is long and thin, and the number of tentacles does not exceed 7.

(B) Tumoral hydra from the tumoral strain: many tumefactions thickening the body, and the tentacles are
supernumerary (i.e. equal or superior to 8). The pictures are taken with a trinocular magnifier, scale bar: 1 mm.
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as well as their impact on the biology and the ecology of the hosts are not well understood?**. Notably, at least
in one H. oligactis strain bearing transmissible tumors, the tumor-associated microbiome might also play a role
in the maintenance of tumors™®.

In zebrafish, a genetically modified strain has been developed that spontaneously develops a pigmentation
abnormality (i.e. nevi) that can then progress into skin tumors in almost 100% of cases (see Fig. 2). In this strain,
tumor formation is initiated and maintained by HRAS oncogene expression, resulting in melanomas immuno-
logically similar to human melanomas®'. We used both healthy individuals as well as tumor-bearing individuals
at early and late stages of tumorigenesis (i.e., before and after the appearance of nevi or tumors).

We formulated three hypotheses and specific predictions. (i) Under nutrient deprivation, pre-cancerous
cells that are defective in controlling their proliferation are unable to activate their maintenance program and
will continue to divide and sustain stress-induced damage and death; thus, low resource levels or fluctuations
in resource levels (such as during calorie restriction or intermittent fasting, which are likely to characterize
natural systems) should have a preventive or even curative/purging role during early stages of tumorigenesis.
(ii) Abundant and/or frequent food availability (reflecting artificial settings; i.e., evolutionary mismatch) allows
pre-cancerous cells to avoid the consequences of the proliferation/maintenance trade-off (and its purging role)
induced by nutrient limitation and take advantage of available resources to promote proliferation; thus, such
diets facilitate tumorigenesis and/or tumor progression. (iii) As tumor cells accumulate genetic and epigenetic
disorders, they are less affected by ancestral trade-offs (since they acquire additional ways to withstand stress in
response to changes in the tumor microenvironment); thus, fully developed tumors should be less impacted by
the scarcity of resources. Additionally, a lack of resources at this late stage may in fact promote tumor progression
by lowering the efficiency of host anticancer defenses.

Materials and methods
The general experimental design used in this study is summarized in Fig. 3 and detailed in the next sections.

Hydra

We used two different sets of hydras. One set originated from the so-called St. Petersburg lineage (H. oligactis),
which includes both healthy (tumor-free) and tumoral clonal strains that have been kept in culture for more
than 15 years (described in*) (see Fig. 1). The other set was composed of wild hydras collected from the field
(Montaud lake in France; 43° 44’ 52" N; 3° 59’ 23" E) on May 2nd, 2022; under our lab conditions, these wild
hydras can spontaneously develop tumors®2. The specific lab culture conditions are detailed in?’; briefly, polyps
are grown at 18 °C and fed ad libitum three times a week with artemia nauplii.

Figure 2. Phenotype of healthy and tumoral zebrafish. (A) Healthy zebrafish from the AB strain. (B) Zebrafish
with nevi (i.e. premalignant lesions) from the kita-GFP-RAS transgenic strain: the pigmentation pattern is
altered. (C) Zebrafish with nevi and tumor from the kita-GFP-RAS transgenic strain: in addition to the modified
pattern, a melanoma has developed on the fish’s back.
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Figure 3. Graphical summary of the general experimental design.

To test the effect of nutrition on tumor emergence, we used freshly detached hydras from the tumor-free and
the tumoral strain of the St. Petersburg lineages. For each strain, 240 hydras divided in four groups correspond-
ing to the feeding regimes described below, were placed individually in standard cell culture plates (12-well
plates, Thermo Scientific, 1.5 ml/well), which were changed every month. Note that at this stage, the tumors are
not visible.

To evaluate the effect of nutrition on tumor progression, the experiment was started with individuals that
already developed tumors. To obtain those individuals, four groups of 60 juveniles from the tumor-free strain
and 60 juveniles from the tumoral strain were placed in similar plates for five weeks, as in the previous experi-
ment. They were fed ad libitum three times a week with artemia nauplii (Artemia salina, Planktovie S.A.S.,
Marseille, France) hatched according to the procedure described in?'; 8 h after feeding, the remaining artemia
were removed from the wells and the water level was restored. The experiment was initiated when the hydras
were five weeks old - corresponding to the time when the tumor phenotype emerges in the tumoral strain
(i.e. tumors are visible size and the number of tentacles increases®). At that time, the tumoral strain presented
heterogeneous intensities of expression of the tumor phenotype depending on the individual (discussed later).
Details on the number of juveniles and aged hydras at the start of the experiment (i.e. considering the mortality
that occurs between birth and the start of the experiment) for each batch, diet and status are available in the
supplementary material (Table S1).

Concerning the wild hydras from Montaud, directly after sampling, four groups of 48 individuals were placed
individually under the four different feeding regimes in the same plates as described above. Details on the num-
bers of individuals for each diet are available in the supplementary material (Table S2).

All the polyps were exposed to four diets: (i) high-abundance and frequent, with ad libitum feeding five times
a week, (ii) high-abundance and intermittent with ad libitum feeding once a week, (iii) low-abundance and fre-
quent feeding with 5 artemia individuals five times a week, and (iv) low-abundance and intermittent feeding with
5 artemia individuals once a week. For juvenile hydras, the appearance of tumors was monitored for two months,
and the intensity of expression of the tumor phenotype was quantified visually, under a dissecting microscope,
using a 6-level ordinal scale. The assessment was carried out by two independent experimenters, one of whom
was unaware of the regime applied. In 100% of cases, there was consensus between the two experimenters on the
score levels. The 6-level scale was validated using the ratio of large to small germinal cells (the cell type associated
with tumors in hydras,?) ensuring that visual tumor progression matched the accumulation of abnormal cells.
For 5-week-old tumoral hydras, the tumor phenotype expression was measured at the beginning of the experi-
ment and one month later. Full detail on the scale used for the measurement is provided in the supplementary
material (Figs. S1 and S2).

Zebrafish

To non-invasively measure the prevalence and the timing of nevi and tumors in zebrafish, we used the kita-
GFP-RAS transgenic zebrafish line, which is known to spontaneously develop premalignant lesions (nevi) and
tumours/melanomas (see Fig. 2)*!. The strain AB was used as control. Larval and adult zebrafish were maintained
on a light/dark cycle of 12/12 h in a system with a partial renewal of the water up to 30%. Embryos were obtained
by natural spawning of breeding pairs and were kept at 28.5 °C in the tank water. At 9 days post fertilization
(dpf) the larvae were introduced into the rearing system, with 50 individuals in a tank in order to obtain at least

Scientific Reports |

(2023) 13:19825 | https://doi.org/10.1038/s41598-023-46896-1 nature portfolio



www.nature.com/scientificreports/

20 fish at the age of three months. All experimental procedures on zebrafish were carried out in accordance with
European directives and French Ministry of Health animal protection regulations (approval number: F341725)
by the company Azelead based in Montpellier, France. The experiments were approved by the ethics committee
for animal experimentation (Direction départementale de la protection des populations—Hérault). The study
was conducted in accordance with ARRIVE guidelines.

Considering the high natural mortality at the larval stage, expected to affect about 50% of the individuals (L.
Fontenille, personal communication), the number of larvae used to test the effect of nutrition on tumor emergence
(i.e., nevi onset) was fixed at 200 larvae from the tumoral strain (i.e. kita-GFP-RAS strain) and 200 larvae from the
control strain (i.e. AB strain). For each strain, the larvae were separated into four groups and placed in identical
aquariums to those used for rearing. These zebrafish were fed with four diets from 5 dpf.

To evaluate the effect of nutrition on tumor progression, 400 larvae were placed in identical aquariums and
fed in a conventional manner (described in supplementary, Table S3) for three months. Then, for the tumoral
strain, 80 individuals with nevi were selected and separated into the four experimental groups; for the control
strain, 80 individuals were also randomly selected and subjected to the same treatment as the tumoral strain.

All zebrafish were fed with four different diets, using the same categories as for the hydra (see above), but this
time on a dry food basis and with artemia as enrichment. For juvenile zebrafish (i.e. 5dpf), the diets have been
adapted to follow the change in their food needs over time and respected the differences between each diet. The
constitution of the different diets used for zebrafish is available in the supplementary material (Table S3). Juve-
nile zebrafish were followed up for six and a half months in order to check the appearance of nevi, while three-
month-old zebrafish that already had nevi were followed up for seven months to check the appearance of tumors.

Data analysis

The analyses presented here were performed with the R software (version 4.2.2)*® and the graphical representa-
tions were realized with the “GGplot2” package®*. The prevalence of tumors across time for hydras from the
tumor-free and the tumoral strains, and of nevi and tumors for zebrafish from the tumoral strain were analyzed
according to the diet with survival regressions. These specific regressions allow to treat censored data (which
are used when the event of interest was not observed during the experiment) whether or not the instantaneous
risk of observing the phenomenon of interest (in this case, the appearance of a tumor or nevi) is constant, by
changing the distribution law in the model®. The intensity of tumor phenotype expression of hydras from the
tumoral strain and its progression over one month were analyzed according to diet with respectively cumulative
link models (CLM) and cumulative link mixed models (CLMM). A random effect was included for the latter to
account for the lack of independence between repeated measurements of each individual. The number of rep-
licates was too small to quantify potential batch effects in hydra experiments while the zebrafish experimental
design only used a single batch. Table 1 summarizes the distribution, function, and associated packages used to
explore each trait. Then, the procedure detailed in*® was followed to operate the model selection based on the
weight of the Akaike information criterion (AIC) for CLM and on its corrected version (AICc) for CLMM. The
formulas of all the different models constructed, as well as the value of AIC or AICc’s weight were obtained with
the "MuMIn" package®, and are detailed in the supplementary material (Table S4). The prevalence of tumors for
wild hydras was compared between diets with a test of given proportion.

For the experiments with hydras, the appearance of spontaneous tumors in individuals from the tumor-free
strain was monitored. In contrast to the tumors in the St. Petersburg tumoral strain—which have been vertically
transmitted for at least 15 years, these spontaneous tumors are known to appear only sporadically and with a
low prevalence (a more detailed description is available in®?). Therefore, the prevalence of these spontaneous
tumors was analyzed according to the diet treatment using a survival regression as previously described in’®.
The formulas of all the different models constructed, as well as the value of AIC or conditional AIC’s weight are
detailed in the supplementary material (Table S4) and details of the model selected are summarized in Table 1.

Distributions, functions, and R packages used
Biological model Trait Juvenile individuals Mature individuals

. Tumor prevalence . .
Hydras from tumor-free strain Weibull survreg (survival®®)
Tumor timing

Tumor prevalence
Weibull survreg (survival®®)

Hydras from tumoral strain Tumor timing

Tumor size Logistic cIm (ordinal®®) Logistic cImm (ordinal®®)

Nevi prevalence
Weibull survreg (survival®®)

Nevi timing

Zebrafish from tumoral strain
Tumor prevalence

Weibull survreg (survival®®)

Tumor timing

Wild hydras Tumor prevalence | Binomial prop.test (stat'’)

Table 1. Details of distributions, functions, and R packages used for each trait measured for juvenile hydras
(H. oligactis), juvenile zebrafish (D. rerio), five-week-old hydras, and three-month-old zebrafish. Functions are
presented in italics and the associated R packages in parentheses.
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Results
The effect of food availability on tumorigenesis in juvenile hydras from the St. Petersburg
lineage
To assess the effect of food quantity and frequency on tumor emergence and/or progression, juvenile hydras
from both tumor-free and tumoral strains (before tumors are visible) were subjected to four diets varying in food
quantity and frequency. For hydras from the tumor-free strain we recorded the rate of appearance of spontaneous
tumors. For hydras from the tumoral strain, tumor development was monitored for two months and, at the end,
the intensity of tumor phenotype expression was measured to assess the effect of feeding on tumor progression.
We found that diet significantly affected the emergence of spontaneous tumors in juvenile hydras from the
tumor-free strain. The proportion of individuals developing tumors increased as the frequency and/or quan-
tity of food increased. The high-abundance and frequent diet led to a significantly higher rate (90% vs. 35%)
of tumor occurrence (Fig. 4A; survival regression; estimate=0.07, SE=0.04, p-value = 1.5e—06) compared to
the low-abundance and frequent diet (Fig. 4A; survival regression; estimate =0.19, SE=0.53, p-value =2e-03).
For juvenile hydras from the tumoral strain, the models selected to explain the tumor development across
time indicated a significant effect of the diet. The high-abundance and frequent diet was associated with the
highest tumor development rate (Fig. 4B; survival regression; estimate=0.11, SE=0.04, p-value = 3.4e—10),
followed by the high-abundance and intermittent diet (Fig. 4B; survival regression; estimate =0.27, SE=0.10,
p-value=3.9e—04), the low-abundance and frequent diet (Fig. 4B; survival regression; estimate =0.46, SE=0.17,
p-value=3.3e—02), and finally the low-abundance and intermittent diet with the lowest tumor development rate.
Interestingly, in the tumor-free strain, the low-abundance and frequent diet has a stronger effect compared
to the high-abundance and intermittent diet whereas we observed the reverse situation in the tumoral strain.
Food frequency seems to be more important in the former case, whereas abundance seems to be more important
in the latter.
Lastly, for hydras in the tumoral strain that developed tumors, the model selected to explain the intensity
of tumor phenotype expression includes the effect of the diet, revealing that hydras on a high-abundance and
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Figure 4. The effects of four diets on tumorigenesis in hydras from tumoral and tumor-free St. Petersburg
strains. (A) The proportion of juvenile hydras from the tumor-free strain developing spontaneous tumors
across time (days) according to the diet followed. (B) The proportion of juvenile hydras from the tumoral
strain developing tumors across time (days) according to the diet followed. (C) The frequency of the intensity
of tumor phenotype expression in juvenile hydras from the tumoral strain according to the diet followed. (D)
The proportion of five-week-old hydras from the tumor-free strain developing spontaneous tumors across time
(days) according to the diet followed since their fifth week. (E) Changes in the frequency of the intensity of
tumor phenotype expression in hydras from the tumoral strain (five-week-old) according to the diet followed
over one month (i.e. after tumor development).
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frequent diet developed more intense tumor phenotypes than those on the other three diets (Fig. 4C. CLM;
reference group: high-abundance and intermittent diet, OR=10.32, SE=9.66, p value =1.3e-02).

The effect of food availability on tumorigenesis in five-week-old hydras from the St. Peters-
burg lineages

Five-week-old hydras from both the tumor-free and the tumoral strains were subjected, as above, to four diets
varying in food quantity and frequency. The rate of spontaneous tumor development in hydras from the tumor-
free strain was recorded. For hydras from the tumoral strain (with visible tumors), the intensity of tumor phe-
notype expression was measured at the beginning of the experiment and one month later.

Among the models fitted to explain the proportion of hydras from the tumor-free strain developing spon-
taneous tumors, the model with the best AIC contained a significant effect of the diet applied at five weeks of
age. The proportion of hydras that developed spontaneous tumors increased with the frequency and quantity
of provided food. The low-abundance and intermittent diet led to the lowest spontaneous tumor development
rate with less than 5% of individuals showing tumors. The high-abundance and intermittent diet presented a
higher rate with 25% of individuals developing tumors (Fig. 4D; survival regression; estimate=0.20 SE=0.12,
p-value=5.05e-03), the low-abundance and frequent diet has a rate of 50% of individuals (Fig. 4D; survival
regression; estimate =0.10, SE=0.06, p-value =8e-05), and finally the high-abundance and frequent diet with
shows the highest rate of 85% of individuals developing spontaneous tumors (Fig. 4D; survival regression; esti-
mate =0.04, SE=0.02, p-value = 3.6e—08).

In the tumoral hydra strain, we detected a significant effect of the interaction between diet and time on tumor
progression. The intensity of tumor phenotype expression increased over time in hydras in the high-abundance
and frequent diet group (Fig. 4E; CLMM; OR=5.00, SE=3.44, p-value =1.9e-02) while it decreased in hydras
in the low-abundance and intermittent diet group (Fig. 4E; CLMM; OR=0.18, SE=0.15, p-value=3.8e-02). In
addition, we observed a high mortality rate (half-life of less than 30 days) in hydras in the low-abundance and
intermittent diet group. For those individuals, the intensity of tumor phenotype expression was measured on
moribund animals, whose body was altered (i.e. the body became thinner and tentacles got shorter, then the
polyp started to fragment), leading to an underestimation of this intensity.

The effect of food availability on tumorigenesis in wild hydras

In contrast to the tumor-free St. Petersburg strain, we found that wild hydras only developed spontaneous
tumors in the high-abundance and frequent food treatment, with a prevalence of only 33% (compared to 90%
in the tumor-free St. Petersburg strain) (Fig. 5; test of given proportion; X-squared = 16.87, p-value =3.99¢—05).

The effect of food availability on tumorigenesis in juvenile zebrafish

Juvenile zebrafish from both control and tumoral strains were subjected to four diets varying in food quantity and
frequency, and tumor onset was surveyed for 6 months and a half. Zebrafish from the control strain did not show
nevi or tumor development, regardless of diet. In the fish from the tumoral strain, the proportion of individuals
developing nevi is well explained by the effect of the diet; an increase in food availability was associated with an
increased development of tumors. Zebrafish exposed to the high-abundance and frequent diet had the highest
nevi development rate with 100% of individuals affected (Fig. 6A; survival regression; estimate = 0.40, SE=0.05,
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Scientific Reports |

(2023) 13:19825 | https://doi.org/10.1038/s41598-023-46896-1 nature portfolio



www.nature.com/scientificreports/

Juveniles Three months old
S 100%] G, 100%]
[ =
£ 52 7su 5E 75%]
S < [T 9 05 o
2852 =
P v g‘g. 50% 1 gg- 50% 1
~ = | S5 o]
=R =2 =8 25w
Q 288~ 0 4 e T
N E|¢ F= So — = S
= 0% = o 0% 1
= 0 50 100 150 200 0 50 100 150 200
A Days B Days
Diet followed
High-abundance and Frequent ] Low-abundance and Frequent
High-abundance and Intermittent ] Low-abundance and Intermittent

Figure 6. The effects of four diets on tumorigenesis in zebrafish from the tumoral strain. (A) The proportion
of juvenile zebrafish from the tumoral strain developing nevi across time (days) according to the diet followed.
Given the high natural mortality (see “Materials and methods”), the analysis was performed only on individuals
still alive at the end of the study or having developed nevi before dying. (B) The proportion of zebrafish with
nevi from the tumoral strain developing tumors across time (days) according to the diet followed since their
third month (i.e. after nevi development).

p-value=3.6e—12), followed by the low-abundance and frequent diet with 88% of individuals affected (Fig. 6A;
survival regression; estimate =0.54, SE =0.07, p-value =4.7e-06), the high-abundance and intermittent diet with
68% of individuals affected (Fig. 6A; survival regression; estimate =0.69, SE=0.10, p-value=9.1e-03), and finally
the low-abundance and intermittent diet with 32% of individuals developing nevi.

The effect of food availability on tumor progression in three-month-old zebrafish

Three-month-old zebrafish from the control strain and tumoral strain (with visible nevi) were also fed the four
diets. Tumor development and/or progression (i.e. from nevi to tumors) was studied for two to seven months.
Neither nevi nor tumors were observed in the zebrafish control strain in any of the four diet treatments. Con-
cerning the proportion of zebrafish from the tumoral strain developing tumor across time, the relevant model
contained the significant effect of diet. Zebrafish following the high-abundance and frequent diet had higher
tumor development rates than those in the three other diets, with 55% of individuals affected (Fig. 6B; survival
regression; reference group: high-abundance and intermittent diet, estimate =0.15, SE=0.12, p-value =1.8e-02).

Discussion

Extensive research on the roles of diet on human cancer dynamics resulted in important advances over the past
decades*'~*. For example, it is now clearly established that many cancers can be prevented by adopting appro-
priate dietary measures*®~*%. There is also growing evidence that certain diets are more favorable than others
in terms of the likelihood of recovery in cancer patients*. However, the subject remains topical, particularly
because numerous human populations, especially in industrialized countries, have recently altered, or are in
the process of, changing their dietary habits*. This will likely generate some evolutionary mismatches with still
under-investigated oncological consequences’. The objectives of this study were to (i) test whether food quan-
tity and frequency affect tumor initiation and progression in non-human systems, and (ii) identify whether the
vulnerability of tumoral cells to nutrient availability is a conserved trait in evolutionarily distant animal lineages
(i.e., mammals, fish and hydra).

The effect of food intake on tumor emergence
In hydra, we explored the link between tumor emergence and diet by considering three categories of polyps.
They included two types of healthy polyps and one polyp type presumably tumoral but asymptomatic. The
healthy polyps included (i) polyps from the tumor-free St. Petersburg laboratory strain, and (ii) polyps from
the wild, which are likely healthy since tumor polyps have never been found in nature®. The presumed tumoral
polyps were juvenile polyps from the St. Petersburg tumoral strain that just detached from tumoral parents; in
standard laboratory conditions, these young polyps usually develop tumors in about four weeks as a result of
vertical transmission (see?). Our results confirm that diet is a key variable influencing the likelihood of tumor
occurrence, with frequent overeating being a risk factor favoring tumor emergence, whereas lean diets (restricted
diet and/or intermittent fasting) appear to be protective.

For the two categories of healthy hydras, it is unclear if high food availability is directly responsible for (i.e.,
induces) the initiation of tumors, and/or if it favors the accumulation of already present abnormal cells that
originated due to other reasons. The food we used (artemia) is not itself mutagenic, but its high availability is
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likely to boost cell proliferation (since the budding rate of hydras is positively correlated with food intake*->?)
and hence tumoral risks linked to cell divisions. This impact of food abundance is likely due to metabolic effects
because reduced calorie intake produces metabolic reprogramming® that can prevent or slow down cancer
progression®. Of note, recent studies showed that reduced caloric intake and periodic fasting do not have the
same metabolic effects. The different effects of these modes of caloric restriction might explain their differential
impact on tumor growth and metastatic burden®, suggesting a possible explanation for the effects of the different
diets in this study. Furthermore, because tumor development in H. oligactis is mediated by bacteria (i.e. Rathje
et al.’® demonstrated that the development of tumors is induced and persists only in the presence of a bacterial
conflict between bacteria from the genus Pseudomonas and the spirochete Turneriella), we cannot rule out that
food availability alters the composition of the microbiome, which in turn influences tumorigenesis. In any case,
our findings support the hypothesis that low food availability has a protective effect, perhaps by limiting the
energy supply and/or raw material for biomass expansion (e.g. carbon, phosphorous, nitrogen) that tumoral
cells need to grow and proliferate. Since this observation also applies to hydras from the tumoral strain (which
inherited tumoral cells), it suggests that the protective role of lean diets is strong and durable even when tumoral
cells are already present inside the body.

It should be noted, however, that although the hydras of the St. Petersburg strains developed fewer tumors
when maintained on the three food limiting regimes, they also showed a lower survival rate relative to the hydras
in the high-abundance and frequency regimen (see supplementary data). This difference in survival can prob-
ably be attributed to the fact that the food limiting regimes we used imposed a long-term malnutrition for this
strain. Nevertheless, wild hydras do not show differential mortality between the different diets, suggesting that
the increased mortality with decreased food availability is specific to the St Petersburg strain. This sensitivity
is likely associated with the long-term maintenance of the strain in laboratory conditions (including increased
high levels of food).

Another major lesson from the hydra experiments comes from wild individuals, since this experiment in fact
simulated a dietary evolutionary mismatch. Indeed, hydras in the wild consume freshwater crustaceans®, but not
artemia which live in brackish ecosystems. Moreover, it is unlikely that a similar high-abundance and frequent
diet as the one we used would be found in the wild. We therefore simulated a substantial qualitative and quanti-
tative dietary change, and our results, showing that only individuals overfed with this new diet develop tumors,
strongly supports the idea that dietary evolutionary mismatches can promote the dynamics of tumoral processes.

Finally, our experiments on hydra indicate that a high-abundance and frequent diet favors the emergence
of tumors, irrespective of whether the individuals have had this diet from early in life or from five weeks of age.
Thus, a lean diet early in life does not provide a lasting protective effect if a switch to food-rich lifestyles occurs
later in life. This result is consistent with those of Pomatto-Watson et al.?* who showed that daily calorie restric-
tion limits tumor processes better than calorie cycling. These findings support the idea that tumor processes
are continuous, and that it is the availability of resources at the time they are initiated that explains whether
tumors will succeed in progressing. This observation also suggests that a lean diet is protective mainly through
non-genetic processes. If it was protective against mutagenic processes compared to the high-abundance and
frequent diet, it would reduce or delay the appearance of tumors after the switch to food-rich lifestyle because
less mutated cells would be present to fuel tumor development.

In zebrafish, the link between the emergence of tumoral processes and diet was explored in both healthy (con-
trol) individuals and individuals that are expected to develop tumors (i.e. the equivalent of the third category of
hydra). In the control group, no tumors developed regardless of the diet used, while in the tumoral group there
was a higher prevalence of nevi among the overfed individuals, in accordance with a previous report showing,
using a different feeding system, that increased feeding enhances melanoma formation in a p53/BRAF-dependent
model'®. These findings confirm that a high availability of food is not in itself directly oncogenic, but it boosts
the proliferation of (pre)malignant cells that are already present. Stated differently, these findings support the
theoretical expectation that low resource levels are detrimental to emerging tumors® because malignant cells are
highly dependent on energy and/or raw material for biomass to proliferate, and/or are more sensitive to nutri-
ent limitation and stress-induced damage. Of note, spontaneous tumorigenesis does not occur in the zebrafish
non-tumoral strain regardless of the diet, whereas the hydra tumor-free strain developed tumors at a different
rate depending on the diet. This result indicates a different sensitivity to diet for tumor development in these dif-
ferent organisms, vertebrates being less sensitive possibly due to stronger defense systems against tumorigenesis.

Results on the impact of food availability (quantity and frequency) on tumor emergence in different hydra
lines and zebrafish also highlight differential sensitivities according to tumor type. Indeed, spontaneous tumors
developed by hydras of the tumor-free strain, as well as those developed by zebrafish, show greater sensitivity
to feeding frequency than to food quantity, in contrast to the transmissible tumors present in the hydra tumor
strain. Although further research is needed to confirm this link, these preliminary results suggest that transmis-
sible tumor cells, thanks to their longer evolutionary time than non-transmissible tumor cells, may have acquired
adaptations to better withstand a momentary cut in food availability. Among other things, these adaptations
could involve exploiting other metabolic pathways® to ensure their maintenance while awaiting additional
resources to continue to proliferate. Non-transmissible tumor cells, having just occurred in the host organism,
are confronted for the first time with this selection pressure, which will result in the elimination of most of these
premalignant cells. On the other hand, a low but constant food availability could be sufficient to maintain these
pre-existing tumor cells, and even allow some cells to proliferate by diverting resources from the host, probably
to its detriment.
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The effect of food intake on tumor progression

In hydra, we found that overfed juvenile polyps developed larger tumors relative to individuals fed lean diets.
These results clearly indicate that tumor progression in tumoral polyps is positively influenced by the amount
and the frequency of food intake by the host. Consistent with this finding, when the different diets were applied
on older hydras with already developed tumors, overfeeding favored tumor progression while the lean diets were
associated with a stabilization of tumor size, but not with regression. This supports the idea that lean diets can
help control tumor size in tumor-bearing individuals, but is not curative in itself.

In zebrafish, as a measure of tumor progression we used the proportion of individuals with precancerous
lesions (i.e., nevi) that developed tumors following the various diets. The overfed individuals showed higher
tumor prevalence while those on lean diets were less likely to develop tumors, even if the premalignant lesions
(nevi) were maintained. These data confirm that, as in hydra, high availability of food boosts the proliferation of
tumor cells that are already present, and that lower resource levels help to control tumor progression but with-
out being curative. These findings are thus consistent with the theoretical expectation that in advanced tumors,
cells may have already evolved ways to survive stress such as that induced by low food availability in the tumor
microenvironment®.

It is tempting to speculate on the reasons why the most food rich treatment - the high-abundance and
frequent diet, favored tumor progression. In zebrafish, one possibility is that such high food ration can divert
a considerable proportion of available energy to digestion itself, forcing an energetic trade-off resulting in less
energy available to fight cancer. Indeed, high feeding rations can use up to 70% of fish aerobic scope®® leaving
little energy for other purposes, including for fueling anti-cancer processes in the body>*’. Using a human
analogy, this situation might be described as a ‘food coma’ akin to what we experience after eating excessively,
leaving us lethargic due to energy diversion to digestion. Additional research is warranted to improve our com-
prehension of the phenomena operating at a mechanistic level. Various avenues could be explored, one of which
is the potential generation of mutagenic reactive oxygen species, a phenomenon that might be intensified in the
context of excessive food availability.

While our study draw attention to the fact that increased food intake can favor tumor development, the
potential positive effects of resource availability on other aspects of fitness need also to be considered. From an
evolutionary standpoint, gaining a comprehensive and holistic understanding would involve examining how
overfeeding, while promoting cancer, might contribute to enhanced reproductive success in early life. This per-
spective is crucial for a more intricate evaluation of the selection pressures at play.

Cancer's vulnerability to food availability is evolutionarily conserved and reflects ancestral life
history trade-offs

Our results suggest that tumor/cancer’s vulnerability to food availability is conserved among three evolutionar-
ily distant lineages. Such deep conservation might reflect ancestral processes associated with the control of cell
proliferation. Specifically, although unicellular organisms are often considered “immortal” and in a constant
proliferative mode (hence the common view of cancer cells as a reversal to unicellularity; e.g.,*!), they are able
to control cell proliferation in response to signals from environment or neighboring cells. For instance, under
stress (including nutrient deprivation), single-celled organisms repress proliferation to ensure long-term survival
(i.e., a basic life history trade-off) (e.g.,°%). Mutants that are unable to control proliferation do have an immediate
reproductive advantage but incur long-term costs in their ability to withstand stress-induced damage (e.g., see
discussion and examples in®*~7°). It has been suggested that during the transition to multicellularity, the genes
involved in the expression of such trade-offs were co-opted into the evolution of the two main specialized cell
types—somatic and reproductive’"’?. Consequently, mutations in such genes can result in uncontrolled prolif-
eration but also increased sensitivity to stress. Such antagonistic effects are thought to contribute to the stability
of cooperative behaviors, including during the evolution of multicellularity, by eliminating “cheater” cells’>"%.
Trade-off reproduction for survival in response to stress can still play a role in purging cheaters—including pre-
cancerous cells, in extant multicellular lineages’. Our findings, together with the proposed differential stress
resistance of cancer cells (e.g.,”>**) are consistent with this possibility.

Another possibility is that reduced calorie intake reduces the incidence and progression of spontaneous
tumors in both hydra and zebrafish through common mechanisms relying on evolutionary conserved intracel-
lular pathways like the Insulin/Insulin-like growth factor (IGF) signaling pathway that connects nutrient levels
to metabolism, growth, development, longevity in both vertebrates and invertebrates. Of note, Hydra utilizes the
insulin signaling to regulate its own size”. This evolutionary conserved control of cell proliferation and growth
promoting factors by insulin signaling might also be of particular relevance to explain the fact that cancer’s
vulnerability to food availability is a conserved trait.

Concluding remarks

Although further functional studies are needed to explain the genetic and molecular basis of our findings, this
study supports the hypothesis that low food availability can have a preventive role against tumoral processes
when applied at first stages of tumorigenesis, in both human and non-human systems. From an evolutionary
perspective, these outcomes might reflect ancestral life history trade-offs at the cellular level that are expected
to be conserved in all multicellular lineages. However, when tumoral processes are advanced, the scarcity of
resources alone is not enough to be curative. On the other hand, increases in the quantity and/or the frequency
of food may facilitate tumorigenesis as well as tumor progression. From an evolutionary medicine perspective,
these results support the idea that fluctuations in food availability may have acted in the past (and still be acting
in species in the wild) as a purging mechanism against premalignant cells that can occur spontaneously and
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frequently in the host body. And, furthermore, that the recent increase in food availability can by-pass this evolu-
tionarily conserved anti-cancer mechanism and generate evolutionary mismatches leading to higher cancer risk.

Data availability
Scripts and data are provided in supplementary information.

Received: 11 August 2023; Accepted: 7 November 2023
Published online: 14 November 2023

References

1.

Aktipis, C. A. & Nesse, R. M. Evolutionary foundations for cancer biology. Evol. Appl. 6(1), 144-159. https://doi.org/10.1111/eva.
12034 (2013).

2. Kagawa, Y. Impact of westernization on the nutrition of Japanese: Changes in physique, cancer, longevity and centenarians. Prev.
Med. 7(2), 205-217. https://doi.org/10.1016/0091-7435(78)90246-3 (1978).

3. Heidemann, C. et al. Dietary patterns and risk of mortality from cardiovascular disease, cancer, and all causes in a prospective
cohort of women. Circulation 118(3), 230-237. https://doi.org/10.1161/CIRCULATIONAHA.108.771881 (2008).

4. Singh, J. E. et al. Mapping the global evidence on nutrition transition: A scoping review protocol. BM] Open 10(6), 034730. https://
doi.org/10.1136/bmjopen-2019-034730 (2020).

5. Giraudeau, M., Sepp, T., Ujvari, B., Ewald, P. W. & Thomas, F. Human activities might influence oncogenic processes in wild animal
populations. Nat. Ecol. Evol. 2(7), 7. https://doi.org/10.1038/s41559-018-0558-7 (2018).

6. Pesavento, P. A., Agnew, D., Keel, M. K. & Woolard, K. D. Cancer in wildlife: Patterns of emergence. Nat. Rev. Cancer 18(10),
646-661. https://doi.org/10.1038/s41568-018-0045-0 (2018).

7. Brunstrom, J. M., Drake, A. C. L., Forde, C. G. & Rogers, P. J. Undervalued and ignored: Are humans poorly adapted to energy-
dense foods?. Appetite 120, 589-595. https://doi.org/10.1016/j.appet.2017.10.015 (2018).

8. Drewnowski, A. & Darmon, N. The economics of obesity: dietary energy density and energy cost. Am J Clin Nutr 82(1 Suppl),
265S-273S. https://doi.org/10.1093/ajcn/82.1.265S (2005).

9. Peter Herman, C., Polivy, J., Pliner, P. & Vartanian, L. R. Mechanisms underlying the portion-size effect. Physiol. Behav. 144,
129-136. https://doi.org/10.1016/j.physbeh.2015.03.025 (2015).

10. Brownell, K. D. & Horgen, K. B. Food fight: The inside story of the food industry, America’s obesity crisis, and what we can do about
it (McGraw-Hill, 2004).

11. Brunstrom, J. M. & Cheon, B. K. Do humans still forage in an obesogenic environment? Mechanisms and implications for weight
maintenance. Physiol. Behav. 193(Pt B), 261-267. https://doi.org/10.1016/j.physbeh.2018.02.038 (2018).

12. Carrera-Bastos, P.,, Fontes-Villalba, M., O’Keefe, J. H., Lindeberg, S. & Cordain, L. The western diet and lifestyle and diseases of
civilization. RRCC 2, 15-35. https://doi.org/10.2147/RRCC.S16919 (2011).

13. Gluckman, P. & Hanson, M. Mismatch: Why our world no longer fits our bodies (Oxford University Press, Oxford, 2006).

14. Gluckman, P. et al. Principles of evolutionary medicine 2nd edn. (Oxford University Press, 2016).

15. Hursting, S. D., Dunlap, S. M, Ford, N. A., Hursting, M. J. & Lashinger, L. M. Calorie restriction and cancer prevention: A mecha-
nistic perspective. Cancer Metab. 1(1), 10. https://doi.org/10.1186/2049-3002-1-10 (2013).

16. Grigura, V., Barbier, M., Zarov, A. P. & Kaufman, C. K. Feeding amount significantly alters overt tumor onset rate in a zebrafish
melanoma model. Biol. Open 7(1), 030726. https://doi.org/10.1242/bi0.030726 (2018).

17. Alidadi, M. et al. The effect of caloric restriction and fasting on cancer. Semin. Cancer Biol. 73, 30-44. https://doi.org/10.1016/j.
semcancer.2020.09.010 (2021).

18. Lv, M., Zhu, X., Wang, H., Wang, F. & Guan, W. Roles of caloric restriction, ketogenic diet and intermittent fasting during initia-
tion, progression and metastasis of cancer in animal models: A systematic review and meta-analysis. PLOS ONE 9(12), e115147.
https://doi.org/10.1371/journal.pone.0115147 (2014).

19. Buschemeyer, W. C. IIL. et al. Effect of intermittent fasting with or without caloric restriction on prostate cancer growth and survival
in SCID mice. Prostate 70(10), 1037-1043. https://doi.org/10.1002/pros.21136 (2010).

20. Pomatto-Watson, L. C. D. et al. Daily caloric restriction limits tumor growth more effectively than caloric cycling regardless of
dietary composition. Nat. Commun. 12(1), 1. https://doi.org/10.1038/s41467-021-26431-4 (2021).

21. Simone, B. A. et al. Selectively starving cancer cells through dietary manipulation: Methods and clinical implications. Future Oncol.
9(7), 959-976. https://doi.org/10.2217/fon.13.31 (2013).

22. Buono, R. & Longo, V. D. Starvation, stress resistance, and cancer. Trends Endocrinol. Metab. 29(4), 271-280. https://doi.org/10.
1016/j.tem.2018.01.008 (2018).

23. Lee, C. et al. Fasting cycles retard growth of tumors and sensitize a range of cancer cell types to chemotherapy. Sci. Transl. Med.
4(124), 12427. https://doi.org/10.1126/scitranslmed.3003293 (2012).

24. Raffaghello, L. et al. Starvation-dependent differential stress resistance protects normal but not cancer cells against high-dose
chemotherapy. Proc. Natl. Acad. Sci. 105(24), 8215-8220. https://doi.org/10.1073/pnas.0708100105 (2008).

25. Stearns, S. C. Trade-offs in life-history evolution. Funct. Ecol. 3(3), 259-268. https://doi.org/10.2307/2389364 (1989).

26. Domazet-Logo, T. et al. Naturally occurring tumours in the basal metazoan Hydra. Nat. Commun. 5(1), 1. https://doi.org/10.1038/
ncomms5222 (2014).

27. Boutry, J. et al. Spontaneously occurring tumors in different wild-derived strains of hydra. Sci. Rep. 13(1), 1. https://doi.org/10.
1038/541598-023-34656-0 (2023).

28. Boutry, J. et al. Tumors (re)shape biotic interactions within ecosystems: Experimental evidence from the freshwater cnidarian
Hydra. Sci. Total Environ. 803, 149923. https://doi.org/10.1016/j.scitotenv.2021.149923 (2022).

29. Boutry, J. et al. Tumors alter life history traits in the freshwater cnidarian Hydra oligactis. iScience 25(10), 105034. https://doi.org/
10.1016/j.i5¢i.2022.105034 (2022).

30. Rathje, K. et al. Dynamic interactions within the host-associated microbiota cause tumor formation in the basal metazoan Hydra.
PLOS Pathog 16(3), €1008375. https://doi.org/10.1371/journal.ppat.1008375 (2020).

31. Santoriello, C. et al. Kita driven expression of oncogenic HRAS leads to early onset and highly penetrant melanoma in zebrafish.
PLOS ONE 5(12), e15170. https://doi.org/10.1371/journal.pone.0015170 (2010).

32. J. Boutry et al. Spontaneously occurring germline tumors in different wild-derived strains of hydra (in press).

33. R Development Core Team, R: A language and environment for statistical computing. In: R Foundation for Statistical Computing
(Vienna, Austria, 2020).

34. H. Wickham et al. ggplot2: Create Elegant Data Visualisations Using the Grammar of Graphics 2023 (accessed 13 February 2023).
https://CRAN.R-project.org/package=ggplot2

35. Maxime HERVE - R et statistiques. (accessed 04 July 2023). https://www.maximeherve.com/r-et-statistiques

36. Zuur, A. E, Ieno, E. N., Walker, N., Saveliev, A. A. & Smith, G. M. Mixed Effects Models and Extensions in Ecology With R (2009).

37. Barton, K. {MuMIn}: {Multi}-{Model} {Inference} (2020).

Scientific Reports|  (2023) 13:19825 | https://doi.org/10.1038/s41598-023-46896-1 nature portfolio


https://doi.org/10.1111/eva.12034
https://doi.org/10.1111/eva.12034
https://doi.org/10.1016/0091-7435(78)90246-3
https://doi.org/10.1161/CIRCULATIONAHA.108.771881
https://doi.org/10.1136/bmjopen-2019-034730
https://doi.org/10.1136/bmjopen-2019-034730
https://doi.org/10.1038/s41559-018-0558-7
https://doi.org/10.1038/s41568-018-0045-0
https://doi.org/10.1016/j.appet.2017.10.015
https://doi.org/10.1093/ajcn/82.1.265S
https://doi.org/10.1016/j.physbeh.2015.03.025
https://doi.org/10.1016/j.physbeh.2018.02.038
https://doi.org/10.2147/RRCC.S16919
https://doi.org/10.1186/2049-3002-1-10
https://doi.org/10.1242/bio.030726
https://doi.org/10.1016/j.semcancer.2020.09.010
https://doi.org/10.1016/j.semcancer.2020.09.010
https://doi.org/10.1371/journal.pone.0115147
https://doi.org/10.1002/pros.21136
https://doi.org/10.1038/s41467-021-26431-4
https://doi.org/10.2217/fon.13.31
https://doi.org/10.1016/j.tem.2018.01.008
https://doi.org/10.1016/j.tem.2018.01.008
https://doi.org/10.1126/scitranslmed.3003293
https://doi.org/10.1073/pnas.0708100105
https://doi.org/10.2307/2389364
https://doi.org/10.1038/ncomms5222
https://doi.org/10.1038/ncomms5222
https://doi.org/10.1038/s41598-023-34656-0
https://doi.org/10.1038/s41598-023-34656-0
https://doi.org/10.1016/j.scitotenv.2021.149923
https://doi.org/10.1016/j.isci.2022.105034
https://doi.org/10.1016/j.isci.2022.105034
https://doi.org/10.1371/journal.ppat.1008375
https://doi.org/10.1371/journal.pone.0015170
https://CRAN.R-project.org/package=ggplot2
https://www.maximeherve.com/r-et-statistiques

www.nature.com/scientificreports/

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

. Therneau, T. M., Lumley, T. (original S.->R port and R. maintainer until 2009), Elizabeth, A. & Cynthia, C. Survival: Survival
Analysis 2022 (accessed 15 June 2022). https://CRAN.R-project.org/package=survival

Christensen, R. H. B. Ordinal: Regression Models for Ordinal Data 2022 (accessed: 09 February 2023). https://CRAN.R-project.
org/package=ordinal

Bolar, K. STAT: Interactive Document for Working with Basic Statistical Analysis 2019 (accessed: 29 October 2022). https://CRAN.R-
project.org/package=STAT

Mayne, S. T., Playdon, M. C. & Rock, C. L. Diet, nutrition, and cancer: Past, present and future. Nat. Rev. Clin. Oncol. 13(8), 8.
https://doi.org/10.1038/nrclinonc.2016.24 (2016).

Grosso, G. et al. Possible role of diet in cancer: Systematic review and multiple meta-analyses of dietary patterns, lifestyle factors,
and cancer risk. Nutr. Rev. 75(6), 405-419. https://doi.org/10.1093/nutrit/nux012 (2017).

Murphy, R. An integrative approach to assessing diet-cancer relationships. Metabolites 10(4), 123. https://doi.org/10.3390/metab
010040123 (2020).

Papadimitriou, N. et al. An umbrella review of the evidence associating diet and cancer risk at 11 anatomical sites. Nat. Commun.
12(1), 1. https://doi.org/10.1038/s41467-021-24861-8 (2021).

Veettil, S. K. et al. Role of diet in colorectal cancer incidence: Umbrella review of meta-analyses of prospective observational stud-
ies. JAMA Netw Open 4(2), €2037341. https://doi.org/10.1001/jamanetworkopen.2020.37341 (2021).

Glade, M. J. Food, nutrition, and the prevention of cancer: A global perspective. American Institute for Cancer Research/World
Cancer Research Fund, American Institute for Cancer Research, 1997. Nutrition 15(6), 523-526. https://doi.org/10.1016/s0899-
9007(99)00021-0 (1999).

Brown, K. E. et al. The fraction of cancer attributable to modifiable risk factors in England, Wales, Scotland, Northern Ireland, and
the United Kingdom in 2015. Br. J. Cancer 118(8), 1130-1141. https://doi.org/10.1038/s41416-018-0029-6 (2018).

Parkin, D. M., Boyd, L. & Walker, L. C. The fraction of cancer attributable to lifestyle and environmental factors in the UK in 2010.
Br J Cancer 105(Suppl 2), S77-S81. https://doi.org/10.1038/bjc.2011.489 (2011).

Castro-Espin, C. & Agudo, A. The role of diet in prognosis among cancer survivors: A systematic review and meta-analysis of
dietary patterns and diet interventions. Nutrients 14(2), 348. https://doi.org/10.3390/nu14020348 (2022).

Otto, J. J. & Campbell, R. D. Tissue economics of hydra: Regulation of cell cycle, animal size and development by controlled feeding
rates. J. Cell Sci. 28(1), 117-132. https://doi.org/10.1242/jcs.28.1.117 (1977).

Gurkewitz, S., Chow, M. & Campbell, R. D. Hydra size and budding rate: influence of feeding. Int. J. Invertebr. Reproduct. 2(3),
199-201. https://doi.org/10.1080/01651269.1980.10553355 (1980).

Hecker, B. & Slobodkin, L. B. Responses of Hydra oligactis to temperature and feeding rate. In Coelenterate Ecology and Behavior
(ed. Mackie, G. O.) 175-183 (Springer, Boston, 1976). https://doi.org/10.1007/978-1-4757-9724-4_19.

Anderson, R. M. & Weindruch, R. Metabolic reprogramming, caloric restriction and aging. Trends Endocrinol. Metab. 21(3),
134-141. https://doi.org/10.1016/j.tem.2009.11.005 (2010).

Vidoni, C. et al. Calorie restriction for cancer prevention and therapy: Mechanisms, expectations, and efficacy. J. Cancer Prev.
26(4), 224-236. https://doi.org/10.15430/JCP.2021.26.4.224 (2021).

Deserti, M. L, Esquius, K. S., Escalante, A. H. & Acuia, E H. Trophic ecology and diet of Hydra vulgaris (Cnidaria; Hydrozoa).
Anim. Biol. 67(3-4), 287-300. https://doi.org/10.1163/15707563-00002537 (2017).

Aktipis, C. A., Boddy, A. M., Gatenby, R. A., Brown, J. S. & Maley, C. C. Life history trade-offs in cancer evolution. Nat. Rev. Cancer
13(12), 12. https://doi.org/10.1038/nrc3606 (2013).

Boroughs, L. K. & DeBerardinis, R. J. Metabolic pathways promoting cancer cell survival and growth. Nat. Cell Biol. 17(4), 4.
https://doi.org/10.1038/ncb3124 (2015).

Norin, T. & Clark, T. D. Fish face a trade-off between ‘eating big’ for growth efficiency and ‘eating small’ to retain aerobic capacity.
Biol. Lett. 13(9), 20170298. https://doi.org/10.1098/rsbl.2017.0298 (2017).

Biro, P. A, Thomas, E, Ujvari, B. & Beckmann, C. Can Energetic Capacity help explain why physical activity reduces cancer risk?.
Trends Cancer 6(10), 829-837. https://doi.org/10.1016/j.trecan.2020.06.001 (2020).

Biro, P. A., Thomas, E, Ujvari, B. & Beckmann, C. A novel perspective suggesting high sustained energy expenditure may be net
protective against cancer. Evol. Med. Public Health 10(1), 170-176. https://doi.org/10.1093/emph/eoac012 (2022).

Chen, H., Lin, E, Xing, K. & He, X. The reverse evolution from multicellularity to unicellularity during carcinogenesis. Nat. Com-
mun. 6(1), 1. https://doi.org/10.1038/ncomms7367 (2015).

West, S. A, Diggle, S. P, Buckling, A., Gardner, A. & Griffin, A. S. The social lives of microbes. Annu. Rev. Ecol. Evolut. Syst. 38(1),
53-77. https://doi.org/10.1146/annurev.ecolsys.38.091206.095740 (2007).

Finkel, S. E. Long-term survival during stationary phase: Evolution and the GASP phenotype. Nat. Rev. Microbiol. 4(2), 2. https://
doi.org/10.1038/nrmicro1340 (2006).

Eraso, P. & Gancedo, J. M. Use of glucose analogues to study the mechanism of glucose-mediated cAMP increase in yeast. FEBS
Lett. 191(1), 51-54. https://doi.org/10.1016/0014-5793(85)80991-1 (1985).

Wilson, R. B. & Tatchell, K. SRA5 encodes the low-Km cyclic AMP phosphodiesterase of Saccharomyces cerevisiae. Mol. Cell Biol.
8(1), 505-510. https://doi.org/10.1128/mcb.8.1.505-510.1988 (1988).

Chang, C.-W., Moseley, J. L., Wykoff, D. & Grossman, A. R. The LPB1 gene is important for acclimation of Chlamydomonas rein-
hardtii to Phosphorus and Sulfur deprivation. Plant Physiol. 138(1), 319-329. https://doi.org/10.1104/pp.105.059550 (2005).
Moseley, J. L., Chang, C.-W. & Grossman, A. R. Genome-based approaches to understanding phosphorus deprivation responses
and PSR1 control in Chlamydomonas reinhardtii. Eukaryot. Cell 5(1), 26-44. https://doi.org/10.1128/EC.5.1.26-44.2006 (2006).
Davies, J. P, Yildiz, E H. & Grossman, A. Sacl, a putative regulator that is critical for survival of Chlamydomonas reinhardtii during
sulfur deprivation. EMBO J. 15(9), 2150-2159 (1996).

Vachovd, L. & Palkovd, Z. Physiological regulation of yeast cell death in multicellular colonies is triggered by ammonia. J. Cell Biol.
169(5), 711-717. https://doi.org/10.1083/jcb.200410064 (2005).

Strassmann, J. E. & Queller, D. C. Evolution of cooperation and control of cheating in a social microbe. Proc. Natl. Acad. Sci. 108(2),
10855-10862. https://doi.org/10.1073/pnas.1102451108 (2011).

Nedelcu, A. M. & Michod, R. E. The evolutionary origin of an altruistic gene. Mol. Biol. Evol. 23(8), 1460-1464. https://doi.org/
10.1093/molbev/msl016 (2006).

Saggere, R. M.. S, Lee, C. W. ], Chan, I. C. W,, Durnford, D. G. & Nedelcu, A. M. A life-history trade-off gene with antagonistic
pleiotropic effects on reproduction and survival in limiting environments. Proc. R. Soc. B Biol. Sci. 289(1967), 20212669. https://
doi.org/10.1098/rspb.2021.2669 (2022).

Foster, K. R., Shaulsky, G., Strassmann, J. E., Queller, D. C. & Thompson, C. R. L. Pleiotropy as a mechanism to stabilize coopera-
tion. Nature 431(7009), 7009. https://doi.org/10.1038/nature02894 (2004).

Cameron-Pack, M. E., Konig, S. G., Reyes-Guevara, A., Reyes-Prieto, A. & Nedelcu, A. M. A personal cost of cheating can stabilize
reproductive altruism during the early evolution of clonal multicellularity. Biol. Lett. 18(6), 20220059. https://doi.org/10.1098/
1sb.2022.0059 (2022).

Mortzfeld, B. M. et al. Temperature and insulin signaling regulate body size in Hydra by the Wnt and TGF-beta pathways. Nat.
Commun. 10(1), 1. https://doi.org/10.1038/s41467-019-11136-6 (2019).

Scientific Reports |

(2023) 13:19825 | https://doi.org/10.1038/s41598-023-46896-1 nature portfolio


https://CRAN.R-project.org/package=survival
https://CRAN.R-project.org/package=ordinal
https://CRAN.R-project.org/package=ordinal
https://CRAN.R-project.org/package=STAT
https://CRAN.R-project.org/package=STAT
https://doi.org/10.1038/nrclinonc.2016.24
https://doi.org/10.1093/nutrit/nux012
https://doi.org/10.3390/metabo10040123
https://doi.org/10.3390/metabo10040123
https://doi.org/10.1038/s41467-021-24861-8
https://doi.org/10.1001/jamanetworkopen.2020.37341
https://doi.org/10.1016/s0899-9007(99)00021-0
https://doi.org/10.1016/s0899-9007(99)00021-0
https://doi.org/10.1038/s41416-018-0029-6
https://doi.org/10.1038/bjc.2011.489
https://doi.org/10.3390/nu14020348
https://doi.org/10.1242/jcs.28.1.117
https://doi.org/10.1080/01651269.1980.10553355
https://doi.org/10.1007/978-1-4757-9724-4_19
https://doi.org/10.1016/j.tem.2009.11.005
https://doi.org/10.15430/JCP.2021.26.4.224
https://doi.org/10.1163/15707563-00002537
https://doi.org/10.1038/nrc3606
https://doi.org/10.1038/ncb3124
https://doi.org/10.1098/rsbl.2017.0298
https://doi.org/10.1016/j.trecan.2020.06.001
https://doi.org/10.1093/emph/eoac012
https://doi.org/10.1038/ncomms7367
https://doi.org/10.1146/annurev.ecolsys.38.091206.095740
https://doi.org/10.1038/nrmicro1340
https://doi.org/10.1038/nrmicro1340
https://doi.org/10.1016/0014-5793(85)80991-1
https://doi.org/10.1128/mcb.8.1.505-510.1988
https://doi.org/10.1104/pp.105.059550
https://doi.org/10.1128/EC.5.1.26-44.2006
https://doi.org/10.1083/jcb.200410064
https://doi.org/10.1073/pnas.1102451108
https://doi.org/10.1093/molbev/msl016
https://doi.org/10.1093/molbev/msl016
https://doi.org/10.1098/rspb.2021.2669
https://doi.org/10.1098/rspb.2021.2669
https://doi.org/10.1038/nature02894
https://doi.org/10.1098/rsbl.2022.0059
https://doi.org/10.1098/rsbl.2022.0059
https://doi.org/10.1038/s41467-019-11136-6

www.nature.com/scientificreports/

Acknowledgements
We are grateful to Marina Mione for providing us with the pictures of zebrafish.

Author contributions

The original idea for the article came from discussions between A.M.N., ET. and S.T;; S.T., ].B. and ET. designed
the study. S.T., L.G. and ].M. collected the data on hydra, whereas L.F. and N.D.K. collected the data on zebrafish.
S.T. supported by J.B. and A.M.D. performed the analyses. S.T. wrote the manuscript with the support of ET.,
B.U, AMN,].T,PAB, C.B.,RH,]J.-PC. and B.R., and all authors significantly contributed to revisions.

Funding
This work was funded by the MAVA Foundation, HOFFMANN Family, and by the following grant: EVOSEXCAN
project (ANR-23-CE13-0007).

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-023-46896-1.

Correspondence and requests for materials should be addressed to S.T.
Reprints and permissions information is available at www.nature.com/reprints.

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

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

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

© The Author(s) 2023

Scientific Reports |

(2023) 13:19825 | https://doi.org/10.1038/s41598-023-46896-1 nature portfolio


https://doi.org/10.1038/s41598-023-46896-1
https://doi.org/10.1038/s41598-023-46896-1
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	The impact of food availability on tumorigenesis is evolutionarily conserved
	Materials and methods
	Hydra
	Zebrafish
	Data analysis

	Results
	The effect of food availability on tumorigenesis in juvenile hydras from the St. Petersburg lineage
	The effect of food availability on tumorigenesis in five-week-old hydras from the St. Petersburg lineages
	The effect of food availability on tumorigenesis in wild hydras
	The effect of food availability on tumorigenesis in juvenile zebrafish
	The effect of food availability on tumor progression in three-month-old zebrafish

	Discussion
	The effect of food intake on tumor emergence
	The effect of food intake on tumor progression
	Cancer’s vulnerability to food availability is evolutionarily conserved and reflects ancestral life history trade-offs

	Concluding remarks
	References
	Acknowledgements


