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interstitial stem cells) for 2 or 5 months.

4. Younger animals had higher asexual reproduction while individuals in the older
group had more intensive gametogenesis and reproductive cell production. In par-
allel with these age-dependent reproductive differences, somatic maintenance of
older individuals was also impacted: head regeneration, survival and interstitial
stem cell numbers were reduced compared to younger polyps. Some of the traits
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1 | INTRODUCTION

Living in a constantly changing environment poses a challenge for
organisms. The optimal phenotype is expected to change with the
environment (Endler, 1977), hence phenotypic plasticity may main-
tain absolute fitness (Chevin, Lande, & Mace, 2010). Plasticity might
be especially important for clonal populations and species, because
it can reduce the negative effects of low genetic variation, enable the
occupancy of a wide range of habitats and allow sessile species to
adapt to temporal environmental changes (Bruno & Edmunds, 1997).
Theoretical studies suggest that phenotypic plasticity is favoured in
varying environments, when costs of plasticity are low and reliable
environmental cues are available (Fischer, van Doorn, Dieckmann, &
Taborsky, 2014 and references therein). Cues for phenotype modifi-
cations can be both external abiotic agents such as temperature (e.g.
for regeneration in corals; Lester & Bak, 1985), salinity (e.g. for re-
production in copepods; Chen, Sheng, Lin, Gao, & Lv, 2006) or space
limitation (e.g. for growth in corals; Muko, Sakai, & lwasa, 2001), or
biotic factors like bacteria (e.g. for elemental composition in Daphnia;
Frost, Ebert, & Smith, 2008), population density (e.g. for diapause in
rotifers; Schroder & Gilbert, 2004) or presence of predators (e.g. for
morphological defence in Daphnia; Tollrian, 1995).

In addition to external factors, West-Eberhard (2003) mentions
internal environment as well in her definition of phenotypic plasticity,
that is ‘The ability of an organism to react to an internal or external
environmental input with a change in form, state, movement, or rate
of activity’ (p. 33). Internal factors affecting phenotypic plasticity
comprise body size and condition including energy reserves, immune
system or nutritional status, among many other traits (McNamara &
Houston, 1996). Age, as an internal environmental factor, correlates
with condition, reproduction and survival and is part of an organism's
state (McNamara & Houston, 1996). In addition, information acquisition
with age can be crucial for decision-making in precarious environments
(Fischer et al., 2014): if an organism does not have perfect information
about its environment at birth, but can improve its estimate about the
environment with time, phenotypic adjustment is expected to change
with age in a nonmonotonic fashion (Fischer et al., 2014).

Allocation of resources to basic life functions often shows age-
or life stage-dependent plasticity (Radchuk, Turlure, & Schtickzelle,

2013; Richardson & Smiseth, 2019). For instance, an increase in

life-history theory predictions on resource allocation between somatic mainte-
nance and sexual reproduction applying in a partially clonal species. At the same
time, our study also highlights the age-dependent integration of these resource
allocation decisions with sexual/asexual strategies. Accounting for age-related dif-
ferences might enhance repeatability of research done with clonal individuals de-

rived from mass cultures.

eco-evo-devo, partial clonality, phenotypic plasticity, regeneration, resource allocation,

senescence, sexual investment, stem cells

fecundity with age is common in both indeterminate and determi-
nate growers (Berube, Festa-Bianchet, & Jorgenson, 1999; Clutton-
Brock, 1984; Martin, 1995), because when growth stops or declines
after maturity, it is optimal to direct the remaining resources into
reproduction (Cichon, 2001). Repair intensity of somatic damage
(i.e. somatic maintenance) also varies with age but generally declines
after maturity, being highest early in life, diminishing later and stop-
ping completely well before the end of the maximum expected life
(Cichon & Koztowski, 2000). Empirical evidence confirms this pat-
tern in many taxa (e.g. reviewed in: Jones et al., 2013) and the decline
in somatic maintenance is a decisive component in theories of senes-
cence such as the ‘antagonistic pleiotropy’ or ‘disposable soma’ hy-
potheses (Kirkwood & Rose, 1991). Due to competition over limited
energy or nutrients, age-dependent allocation strategies can shape
all main life-history components responsible for growth, reproduc-
tion, somatic maintenance or survival by trade-offs between them
(Koztowski, 1992, but see Cox, Lovern, & Calsbeek, 2014). Resource
acquisition can reduce the extent of these trade-offs in ‘high qual-
ity individuals’ via buffering temporary resource limitation, but re-
source acquisition also varies with an individual's life cycle and is
more important for resource allocation at early ages (Richardson &
Smiseth, 2019; Yearsley et al., 2005).

Age-dependent allocation decisions to reproductive and somatic
maintenance functions can be much more complex in clonal or par-
tially clonal species. Resource allocation priorities of clonal animals
in certain life stages can differ from what is expected in non-clonal
species (Clutton-Brock, 1984; Engen & Saether, 1994; Stearns, 1992)
and the integration of clonal growth into life-history models is com-
plicated (Gardner & Mangel, 1999). For instance, resource allocation
models of conventional life histories predict an optimal strategy
of growing early, then stopping growth and starting reproduction
(Cichon, 1997). However, empirical studies of clonal animals detect
a different pattern: clonal reproduction can be more emphasized in
early life in individuals with good condition and growth is more im-
portant later (Glazier & Calow, 1992). An additional major life-history
decision in partially clonal species compared to non-clonal ones is
the switch from asexual to sexual reproduction, the timing of which
can be flexible and might be triggered only when clonal reproduc-
tion is limited by exogenous factors (Burke & Bonduriansky, 2018;
Harvell & Grosberg, 1988).
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While the reciprocity of asexual and sexual strategies has been
relatively well studied in partially clonal organismes, it is still unclear
how somatic maintenance co-varies with these age-dependent re-
productive allocation decisions. In partially clonal animals, asexual
forms often have higher somatic maintenance functions, such as
higher regeneration ability (Krois, Cherukuri, Puttagunta, & Neiman,
2013; Saccucci, Denton, Holding, & Gibbs, 2016), increased telo-
merase activity (Tan et al., 2012), and—possibly as a consequence
of these—a lower rate of senescence, such that some of them
(e.g. Hydra species; Schaible et al., 2015) are potentially immortal
(reviewed in Skold & Obst, 2011, but see Martinez & Levinton, 1992;
Skaold, Asplund, Wood, & Bishop, 2011). Despite the exceptional
somatic maintenance abilities of clonal animals, these traits are
not constant during their lifetime (for instance, telomerase activity
[Skold et al., 2011], regeneration [Meesters & Bak, 1995] or survival
[Orive, 1995] decrease with ageing). However, information is scarce
about how resource allocation between reproductive modes and re-
generation or any other somatic maintenance trait varies with age in
clonal or partially clonal organisms. This lack of knowledge hinders
understanding senescence in clonal or partially clonal species that
often exhibit unconventional, complex senescence patterns such as
negligible senescence (constant mortality and fecundity with age) or
even negative senescence (decreasing mortality and increasing fe-
cundity with age; Vaupel, Baudisch, Délling, Roach, & Gampe, 2004).

Here, we studied age-dependent plasticity in both reproductive
investment (gametogenesis and asexual reproduction) and somatic
maintenance (regeneration capacity and survival rate) in a partially
clonal freshwater cnidarian Hydra oligactis. Hydra polyps have ex-
ceptional regeneration capacity (e.g. whole body regeneration from
a piece of tissue as small as 1% of the normal polyp; Shimizu, Sawada,
& Sugiyama, 1993) that has captured the imagination of scientists
since the 18th century (Trembley, 1744). Regeneration research in
hydra has focused on the physiological, developmental and mo-
lecular processes underlying this phenomenon (e.g. Bode, 2003;
Schaller, 1976; Tardent, 1974) but regeneration as a life-history
trait and its age-dependent modulation are less well understood.
Regeneration provides obvious advantages via eliminating the
negative effects of crucial body part injuries, which is especially
important when the probability of repeated injuries is high (Bely &
Nyberg, 2010). But as many other traits—like growth or reproduc-
tion—regeneration also requires resource investment, thus may im-
pair other life-history traits or vice versa (Henry & Hart, 2005).

Regeneration ability in H. oligactis is a highly plastic trait, for ex-
ample, it is impaired or delayed in sexual individuals (Galliot, Buzgariu,
Schenkelaars, & Wenger, 2018; Sebestyén, Barta, & Tokolyi, 2018;
Tomczyk et al., 2017). Loss of regeneration in this species may be
a consequence of their unique life history within the genus Hydra:
they switch from asexual reproduction to sexual reproduction during
autumn, in order to produce a relatively high number of sexual organs
and resting eggs (compared to other Hydra species: Schuchert, 2010)
then the polyps regularly degenerate and die (Schenkelaars
etal., 2017; Tokolyi, Osz, Sebestyén, & Barta, 2017; Yoshida, Fujisawa,

Hwang, lkeo, & Gojobori, 2006). Post-reproductive senescence is

accompanied by drastic changes in cellular composition: the number
of interstitial stem cells (ISC) declines while the number of reproduc-
tive cells increases, suggesting that ISCs differentiate into reproduc-
tive cells (Sebestyén et al., 2018; Tardent, 1974; Yoshida et al., 2006).
Importantly, a recent population genetic analysis indicated substan-
tial phenotypic plasticity in reproductive strategies in this species
under field conditions (Miklés et al., 2019), but the factors inducing
this plasticity are unclear.

We used clonal offsprings of a male and a female H. oligactis
polyp to examine the role of age-dependent plasticity in life-history
traits. We asked whether investment into different reproductive
modes and somatic maintenance traits differs if sex is induced in
young versus older individuals. We experimentally induced gameto-
genesis by lowering temperature and measured several aspects of
both reproduction and somatic maintenance for eight weeks after
induction of gametogenesis in two bud age groups (1 and 4 weeks
old): the number of reproductive organs (eggs and testes), start of
gametogenesis along with asexual reproduction, head regeneration
ability and survival. We also investigated the cellular requirements
for these functions: the number of reproductive cells as a mea-
sure of sexual investment, and the number of somatic interstitial
stem cells as a requirement for somatic maintenance and asexual
reproduction.

If fecundity increases and somatic maintenance decreases with
age (as general life-history theory suggests), we expect more sexual
organs and reproductive cells in older animals, while their regen-
eration ability, survival and interstitial stem cell number should be
reduced. Conversely, it is also possible that both fecundity and so-
matic maintenance is higher in older individuals because these might
have more time to accumulate sufficient resources to sustain both
life functions. Asexual reproduction might be prioritized in younger
animals in accordance with observations on other partially clonal
animals (e.g. Harvell & Grosberg, 1988), although it might show an

opposite pattern due to higher condition of adults.

2 | MATERIALS AND METHODS

2.1 | Hydra strains, culture conditions and
experimental design

Experimental animals originate from an oxbow lake near
Tiszadorogma in Eastern Hungary (47.6712°N, 20.8641°E) and have
been kept in the laboratory as culture strains for 1 year prior to
the experiments described here. We kept animals individually in
6-well tissue culture plates under standardized conditions in a cli-
mate chamber (18°C temperature, 12/12 hr dark/light photoperiod)
and ~5 ml standard hydra medium (1.0 mM CacCl,, 0.1 mM MgCl,,
0.03 mM KNO,, 0.5 mM NaHCO,, 0.08 mM MgSO,; Sebestyén
et al., 2018). We fed the hydras with 20 pl freshly hatched Artemia
spp. nauplii (T6kolyi et al., 2016) two times a week, on the same days.
We changed hydra medium on feeding days and on days after feed-

ing (for removing food remains).
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We used one male (number of animals (N) = 666) and one female
strain (N = 660) for our experiments, in which freshly detached buds
were used 0-4 days after their detachment. Experimental treatment
consisted of moving polyps to a wine cooler with even air flow on 7°C
and 8 hr light/16 hr dark photoperiod. We conducted this at either
of two different time points: 3 days or 24 days after their initiation
(Figure 1). Because of the variation in the detachment time, these time
intervals resulted in a maximum possible bud age of 7 days (henceforth
called ‘1 week’ group) or 28 days (‘4 week’ group). We used different
animals for different types of measurements (head regeneration, cellular
composition and survival). We measured both head regeneration and
cell number eigth times (weekly for 2 months) after cooling. For logistical

reasons, experimental animals were initiated in several distinct batches.

2.2 | Detection of sexual organs and asexual
reproduction rate

Hydra oligactis males spread their sperm from several separate tes-
tes on their body column, and females produce eggs which detach
after maturation (Reisa, 1973). Gametogenesis in both sexes is con-
tinuous during the sexual period. We used a stereo microscope to
count number of testes on one side of males two times a week and
number of detached eggs in females four times a week (each time
the medium was exchanged), following temperature change. We
measured gametogenesis for 2 months after cooling, since all ani-
mals had started their sexual cycle by the end of the second month
and repeated sexual cycle has not been reported in this species. We
recorded the number of detached buds twice a week on feeding
days for 20 weeks after cooling, because asexual reproduction can
be repeated several times.

2.3 | Head regeneration measurements

We measured head regeneration in 711 individuals. Each individual
was used only once. We decapitated the animals below their mouth

‘4 weeks’

Group

‘1 week’

Time (weeks)

at about 15% of body length (containing the mouth tip, tentacles and
10% of the body column). We recorded the initiation of regeneration
and coded the presence or absence of emerging tentacles 1 week
after decapitation (Sebestyén et al., 2018). Animals were not fed
during these measurements and not used for subsequent regenera-

tion or other type of measurements.

2.4 | Cell number measurements

We performed cell number measurements on 187 animals ap-
proximately weekly for 2 months after temperature change. Each
individual was used only once. We macerated polyps according to
standard technique (David, 1973), placed 5 ul of a sample on mi-
croscopic slide, which was then examined under 400x magnifica-
tion in a Euromex iScope phase contrast microscope. We recorded
epithelial cell, sperm precursor/nurse cell and interstitial stem cell
number (by recording the number of 1, 2, 3-4, 5-8, >8 nests i.e.
group of cells) for each sample. Sample measurements were made
until we counted at least 100 epithelial cells and cells around them
belonging to different cell types (Sebestyén et al., 2018). We used
each individual for cell counts measurements only once, mean-
ing that in different time points we collected data from separate
individuals.

In males, sperm precursor and non-mature spermatid cells
were identified according to the work of Littlefield, Dunne, and
Bode (1985). We estimated sperm precursor and non-mature
spermatid cell number by counting cell groups, because the large
number of cells made exact counting impossible. In females, in-
terstitial cells largely increase their size before reproductive cell
formation and give rise to nurse cells (Zihler, 1972), hence in early
stages of development reproductive cells are distinguishable from
interstitial cells by their increased cytoplasm volume. We counted
a cell as a nurse cell if the diameter of its nucleus was at least half-
sized compared to the diameter of the cell or smaller. A subset
of nurse cells produces gametes while the others are phagocyto-
sed by the oocyte (Alexandrova, Schade, Bottger, & David, 2005),

Sexual phase ®)

Measurements

sexual reproductive investment and timing
asexual reproduction rate
regeneration rate and survival
cellular composition

7°C

v
‘4 weeks' B

Time (weeks)

FIGURE 1 Experimental design containing two groups: 1 or 4 weeks old according to their bud age at cooling. Following the temperature
change, we measured the number of sexual organs and their first appearance, asexual reproduction rate, head regeneration rate and cellular
composition (reproductive and interstitial stem cell number) for 2 months, and survival rate at the end of the fifth month after cooling.
Experimental animals were propagated asexually (a). Photos were taken about 1 and 4 weeks old individuals of the female strain kept at

18°C (b)



SEBESTYEN ET AL.

Journal of Animal Ecology 5

hence all nurse cells contribute to reproductive investment. We
were not able to do histological preparations in females 8 weeks
post-cooling because all individuals involved consisted of acellular

necrotic tissue.

2.5 | Survival measurements

We kept experimental animals for 5 months and recorded death
when animals were fully disintegrated or disappeared. We retained
hydras even if they shrank to a very small size. Animals were binary
scored as survived or not. Animals were scored as survived if they
had intact tentacles, body and foot at the end of the fifth month.
Animals were coded as not survived, if they failed to meet these cri-
teria and showed only necrotic tissue. We excluded 12 animals from

the analysis due to their accidental loss.

2.6 | Statistical analysis

We used generalized linear mixed models (GLMMs) followed by
likelihood ratio tests (LRTs) to test the effects of bud age at cool-
ing variable and time after cooling variable on measured traits.
We performed LRTs by comparing the models with bud age at
cooling or time after cooling to a null model. To test the inter-
action between dependent variables, we compared the additive
model and the model with interaction as well. We also used LRTs
to establish the valid distributions of dependent variables. We
fitted time after cooling as a continuous variable and included
start date as a random effect to every model, because animals
entered into the experiment at different dates may slightly dif-
fer from each other. To gain insight to the mechanisms behind
the observed patterns, we also fitted our models with time after
detachment (i.e. absolute age) and experimental treatment as
predictors. This allows us to distinguish ontogenetic effects from
age-dependent plasticity.

To analyse cumulative number of asexual buds during the ex-
periment, we used GLMMs with Poisson error distribution since the
number of detached buds is a count variable. We performed GLMMs
to analyse timing (start day after cooling) and investment (cumula-
tive number of sexual organs) of gametogenesis in groups with dif-
ferent bud age at cooling. We excluded individuals which did not
start gametogenesis during the 2 months of measurement. We used
Poisson error distribution for these mixed models, except for female
gametogenetic investment where the valid distribution was Negative
binomial.

For sperm precursor/nurse cell number and male interstitial stem
cell number we used zero-inflated models, because our data con-
tained more zero values in some groups than it could be expected
by Poisson or Negative binomial distributions. We checked the ne-
cessity of zero-inflated models by LRTs and simulated frequencies of
zeros of the fitted model (Figure S1). For female interstitial stem cell

number, the valid distribution was Negative binomial. Our models

contained cell number (sperm precursor or nurse cell, interstitial
stem cell) as the dependent variable and bud age at cooling and time
after cooling as predictors. We included epithelial cell number as a
fixed effect, to normalize to epithelial cell number which was not
exactly identical in every sample.

We analysed head regeneration by GLMMs with binomial dis-
tribution. Our model contained head regeneration (presence or
absence) as dependent variable and bud age at cooling, time after
cooling and their interaction as independent variables. For testing
the effect of bud age at cooling on survival data, we performed bi-
nomial GLMMs followed by LRTs. All analyses were performed in R
Statistical Environment version 3.4.4 (R Core Team, 2018) using the
GLMMapapTive package (Rizopoulos, 2019).

3 | RESULTS
3.1 | Asexual reproduction rate

Bud age at cooling had a significant effect on overall budding rate
in males (LRT = 42.95, degrees of freedom (df) = 1, p < 0.001, co-
efficient (b) = —0.404, SE = 0.061). In females, bud age at cooling
was a non-significant effect on bud number (;(f =2.64, p = 0.104,
b = —0.6 + 0.29), although its trend was similar to males (Figure 2b).
As Figure 2 shows, budding rate tended to increase in all groups dur-
ing the experiment.
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groups in two stains. Error bars show standard errors (SE)
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3.2 | Sexual investment and timing

Males in the ‘4 week’ group had significantly more testes (;(f =22.04,
p < 0.001, b = 0.356 + 0.073) and initiated gametogenesis signifi-
cantly earlier (;(f =149.04, p < 0.001, b = —0.752 + 0.06), than males
which were 1 week old at cooling (Figure 3). Females in the ‘4 week’
group had significantly more detached eggs (;(f =64.76, p < 0.001,
b = 0.538 + 0.148) and more advanced gametogenesis (y% = 193.32,
p < 0.001, b = —0.225 + 0.041) compared to 1-week-old females at

cooling.
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3.3 | Sexual reproductive cell number

In isolation, bud age at cooling had a significant effect on the num-
ber of sexual reproductive cells in both sexes (in males: ;(g =941,
p =0.009, b =0.866 + 0.276, in females: ;(% =7.82,df=2,p=0.02,
b = —1.286 + 0.643) and time after cooling was also significant
(in males: ;(% =3442, p < 0.001, b = —0.242 + 0.064, in females:
;(g =19.17, p < 0.001, b = —0.488 + 0.138). The interaction be-
tween these two were significant in males (;(g =13.15, p = 0.001,
b = —0.435 + 0.115) and marginally significant in females (;{% =4.75,
p=0.093,b=-0.671+0.277). In both sexes, reproductive cell num-
bers indicated a delayed start of gametogenesis in animals which
were younger at cooling (Figure 3).

3.4 | Initiation of gametogenesis

The proportion of individuals which started gametogenesis during
2 months of measurements was 100% both in 1 week old (N = 42)
and 4 weeks old (N = 65) males, and it was 92.9% in both 1 week old
(N =56) and 4 weeks old (N = 56) females.

3.5 | Head regeneration

Overall, both older males and females had significantly lower re-
generative ability than younger males and females respectively
(Figure 4). Bud age at cooling and time after cooling significantly

affected head regeneration in both sexes (bud age at cooling:

Bud age at cooling  (0) Male strain

I 1 week . 4 weeks 100%1

(a)

100% A

75%

50%

25%
75%4

0%

i (c) Female strain
100%
* 75% 1
l
50% 1
25% 4
0%

Male Female 10 20 30 40 50
Sex Time after cooling (days)

50% 1

25%4

Proportion of initiated head regeneration

0%

FIGURE 4 Overallinitiated head regeneration rate in the two
strains (a) and the proportions of weekly measurements in the male
strain (b) and the female strain (c). Error bars show 95% confidence
intervals
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males: 3 =117.1,p < 0.001, b = —0.14 + 0.015, females: y7 = 47.12,
p < 0.001, b = —0.085 + 0.013; time after cooling: males: ;(f =5.9,
p = 0.015, b = -0.151 + 0.064, females: ;(f =40.5 p < 0.001,
b = —0.059 + 0.01). The interaction between bud age at cooling and
time after cooling had no significant effect on head regeneration in
males (y? = 0.04, p = 0.836, b = 0.001 + 0.007) or females (y? = 1.71,
p=0.191,b =0.012 + 0.009).

3.6 | Survival

Polyps in the ‘4 week’ group had significantly lower proportion
of survived individuals 5 months after cooling in males (;(f =9.56,
p = 0.002, b = —0.117 + 0.051) and marginally significantly in fe-
males (;(f =3.75,p = 0.053, b = —0.042+0.019, Figure 5).

3.7 | Interstitial stem cell number and bud age

In the case of males, bud age at cooling had significant effects
on the number of interstitial stem cells (;{f =8.24, p = 0.004,
b = —0.73 + 0.247) and time after cooling had a significant ef-
fect on male interstitial stem cell number (;(f =17.65, p < 0.001,
b = —0.201 + 0.045). There was no significant interaction between
the effect of bud age at cooling and time after cooling in males
(x? =044,p=0.508, b = 0.069 + 0.08).

In females, the effect of bud age at cooling and time after cooling
had significant effects independently (bud age at cooling: ;(% =19.72,
p < 0.001, b = -2.647 + 0.624; time after cooling: ;{? =24.43,
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p < 0.001, b = —0.415 + 0.078). The interaction between bud age
at cooling and time after cooling was significant in the case of fe-
males (;(f =16.9,p <0.001, b =-0.598 + 0.147). Interstitial stem cell
number of males and females showed a decreasing tendency in both
bud age groups during the weeks at cool temperature, as Figure 6
indicates.

3.8 | Ontogenetic effects versus age-dependent
plasticity

Bud numbers calculated by time after detachment rather than
time after cooling still showed timing and intensity differences
(Figure S2). Reproductive cell numbers, head regeneration in fe-
males and interstitial stem cell numbers calculated by time after
detachment show that the shift in the temporal dynamics of the
two age groups relative to each other was less pronounced, but the

effect of age at cooling remained significant (Figures S3-S5).

4 | DISCUSSION

Here, we demonstrated that bud age has an effect on life-his-
tory traits in a partially clonal freshwater cnidarian H. oligactis.
Our results highlight the role of age in phenotypic plasticity and
suggest that the relation between reproductive modes and so-
matic maintenance changes with age. Despite that some clonal
or partially clonal species (including Hydra) can have exceptional
regenerative abilities, high survival rates and negligible or even
negative senescence, we found marked age-dependent changes
in their reproductive investment and resource allocation deci-
sions in response to experimental induction of sex. Our results
suggest that age-dependent reproductive mode strategies are
linked to different somatic maintenance. This linkage likely plays
a role in evolved senescence patterns (as sexual reproduction is

usually paired with decreasing somatic maintenance [Kirkwood
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& Rose, 1991] and asexual reproduction can be associated with
negligible or negative senescence [Vaupel et al., 2004]); however,
our study implies that these patterns might change during an or-
ganism's lifetime.

Age or life stage may affect how allocation to reproduction,
regeneration, growth or maintenance is prioritized, but there is
a difference in this nexus between non-clonal and clonal organ-
isms. In a clonal or partially clonal organism, growth is not just
the increase in size of a single somatic unit, but it inheres the pro-
duction of physically separated clones as well (which can sexually
propagate in the future; Harvell & Grosberg, 1988). Asexual re-
production is thought to maintain a population of locally adapted
clones (Ayre & Miller, 2004) and less costly than sexual repro-
duction (Rispe, Pierre, Simon, & Gouyon, 1998). For this reason,
asexual reproduction can be advantageous for animals in good
conditions and early in their life, since they can rapidly colonize
resources for their own genotype, while later they can use more
costly sexual reproduction to increase genotypic diversity (Burke
& Bonduriansky, 2018).

Our study confirms that sexual reproduction is prioritized later
in life in H. oligactis. This is in accordance with previous findings
in other partially clonal species. For instance, female stick in-
sects that mated in early life (prior to the start of parthenoge-
netic reproduction) produce fewer eggs, possibly because they
were not fully mature at pairing (Burke & Bonduriansky, 2018).
Age-dependent sexual maturity is also known in some coral spe-
cies (Kai & Sakai, 2008), while in Pelmatohydra robusta (likely syn-
onymous to H. oligactis; Schwentner & Bosch, 2015) a decreased
sexual maturation time and increased fecundity with polyp age
were reported previously by Noda (1982). Our study also con-
firms that asexual reproduction in H. oligactis is more important
at a younger age, paralleling other partially clonal animals where
asexual cycles usually forgo sexual cycles (Olive, 2002; e.g. in ro-
tifers: Denekamp et al., 2009, planaria: Castle, 1927 and ascidians:
Gasparini et al., 2015). Although these general age-dependent re-
productive mode patterns are known, experimental induction of
reproductive mode switch in different ages is less frequently in-
vestigated but is needed to explicitly assess the costs and benefits
of switching to sex.

We also found that these age-dependent reproductive modes
are associated with different somatic maintenance costs: young
polyps with higher asexual reproduction, delayed and reduced
gametogenesis had higher regeneration and survival during our
measurements, while the opposite was true for older hydra pol-
yps. In other partially clonal species, high regeneration ability also
often associates with asexual reproduction capabilities and higher/
increasing survival rate (Mouton, Grudniewska, Glazenburg,
Guryev, & Berezikov, 2018; Zattara & Bely, 2016), while the more
costly sexual reproduction usually impairs these traits (Harvell &
Grosberg, 1988; Henry & Hart, 2005). The negative effect of sex-
ual reproduction is more emphasized when it is usually induced by
stress and harsh conditions (Harvell & Grosberg, 1988), thus the

response and investment is more urgent and intense (hypothesized

in the study species H. oligactis as well e.g. Tardent, 1974), although
these relations are generally not studied simultaneously with
age-dependent changes. Although somatic maintenance traits as
regeneration and survival usually do not decline with age in clonal
organisms (Tanner, 2001; Yun, 2015), opposite patterns are ob-
served in some cases (e.g. Meesters & Bak, 1995; Orive, 1995;
Skold et al., 2011). This may further suggest that predicting age-
related somatic maintenance changes and senescence patterns
depend on other life-history parameters of the organism as well
(Orive, 1995), like the mode of reproduction. Finally, it is import-
ant to mention that we studied age-dependent differences in sex-
induced individuals, but our study raises the question whether
somatic maintenance changes with age in the asexual stage as well,
and if so, how can negligible senescence be maintained with these
age-dependent changes.

Beside age, sexual maturity can be also affected by body size,
because age might be its predictor and in long-lived partially clonal
animals there is often a minimum size for sexual reproduction
(Harvell & Grosberg, 1988). Body size might have played a role
in our experiment as well, because the importance of growth is
known in another hydra species (H. vulgaris, in which growth oc-
curs during the first three weeks even in starvation; Levitis &
Goldstein, 2013) and the early investment into growth could set
back gametogenesis in our study species. Ontogenesis can lead
to dynamic changes especially in early life-history stages in clonal
or partially clonal organisms (e.g. in corals: Bythell, Brown, &
Kirkwood, 2018), and the constant readjustment of energy budget
can be a driving mechanism for age-dependent plasticity. Indeed,
the age-dependent differences observed in this study might re-
flect a fixed ontogenetic response. The temporal dynamics of
reproductive and interstitial stem cell numbers and regeneration
appeared to be shifted by approximately 3 weeks in the ‘1 week’
group relative to the ‘4 weeks’ group (Figures 3, 4 and 6). However,
if we take time after detachment (i.e. absolute age) as a predictor to
standardize age differences between the experimental groups, age
at cooling still influences the traits investigated (Figures S2-S5).
Overall, an ontogenetic shift and age-dependent plasticity might
both contribute to explain variation in life-history strategies in
H. oligactis.

On the proximate level, the increasing sexual propensity with
age and the higher costs of reproduction in older polyps could be
explained by the differentiation patterns of the underlying cell lin-
eages. Reproductive cells in hydra are produced by germline stem
cells (a stem cell lineage that is morphologically very similar to
multipotent interstitial stem cells but is restricted to gamete pro-
duction (Nishimiya-Fujisawa & Kobayashi, 2012). Germline stem
cells derive from multipotent somatic interstitial stem cells that
also give rise to somatic derivatives such as nematocytes, gland
cells and nerve cells. Hence, sexual maturation might result in a
shift in the differentiation of multipotent interstitial stem cells
from somatic to reproductive derivatives. There are some obser-
vations indicating that the number of germline stem cells might

increase with age after detachment from the asexual parent, at
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least in females (Littlefield, 1991). These indicate a preparedness
for sexual reproduction in terms of the number of germline stem
cells in older age, and it is possible that there are not enough ger-
mline stem cells to produce a high number of reproductive cells
in 1-week-old polyps. The cost of sexual reproduction could
emerge from the reduced availability of limited amount of multi-
potent interstitial stem cells and their somatic derivatives, which
are necessary for asexual reproduction, regeneration and somatic
maintenance in general (Nishimiya-Fujisawa & Kobayashi, 2012).
Alternatively, the higher costs of reproduction in 4 weeks than
1 week groups might have been caused by a difference in stress
susceptibility in response to cold stress (higher susceptibility to
cold stress in the younger group). However, in a previous study,
we found that resistance to a different stressor (UV-radiation) in-
creases, rather than decreases, with age in this species under a
similar age range (Tokolyi et al., 2017). The sex of polyps can make
understanding the proximate mechanisms behind the costs of re-
production in H. oligactis more complicated, and although we did
not compare males and females since each sex was represented
by only one clone, some differences between the male and female
clones were present.

The presence of age-dependent plasticity in H. oligactis could
explain some of the variation in life-history strategies observed
in natural populations of this species. Sexual reproduction in
H. oligactis is thought to be a diapausing strategy resulting in rest-
ing eggs that can survive winter conditions which the adults can-
not survive (Reisa, 1973). However, in natural populations sexual,
asexual and non-reproductive polyps regularly co-occur at the
same time during autumn (Sebestyén et al., 2018). Some of this
variation might be explained by genetic differences, as we have
previously found different sexual propensity of clonal lineages de-
rived from the same population, when kept under standard condi-
tions in the laboratory (T6kélyi, Osz, et al., 2017). However, there
is clear evidence for phenotypic plasticity in reproductive modes
from population genetics of field-collected individuals (Miklos
et al., 2019). Based on the results presented in this study, polyp
age could be one of the factors determining this plasticity, such
that younger polyps reproduce asexually, while older ones initiate
sexual reproduction when temperature drops during autumn. In
addition to age, external factors such as food availability (Tokolyi,
Kozma, Sebestyén, Miklds, & Barta, 2017) or population density
(Bell & Wolfe, 1985) might contribute to variation in reproduc-
tive strategies, but the relative role of these factors remains to be
elucidated.

The remarkable clonal plasticity observed in H. oligactis in this
study has implications for reproducibility in laboratory studies
involving clonal or partially clonal species. Forms of asexual re-
production (e.g. fragmentation, parthenogenesis or budding) are
widespread among several model systems (i.e. planarians of the
family Dugesiidae, the cladoceran Daphnia, rotifers, the starlet
sea anemone Nematostella vectensis and hydroids of the genus
Hydra [Hughes, 1989 and references therein]). These organisms

are often kept in strain cultures (e.g. planaria, Daphnia, rotifers,

N. vectensis or Hydra [Hughes, 1989 and references therein]), im-
plying a mass of asexually propagated animals with varying age.
Our study implies that the same environmental effect can induce
different resource allocation and reproductive patters at differ-
ent ages of individual polyps. Therefore, controlling for age in
other clonal or partially clonal organisms might reveal similar pat-
terns and certainly enhance the repeatability of studies in other
fields.
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