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Abstract
Understanding factors affecting the susceptibility of organisms to thermal stress is of enormous interest in light of our rapidly
changing climate. When adaptation is limited, thermal acclimation and deacclimation abilities of organisms are critical for
population persistence through a period of thermal stress. Holobionts (hosts plus associated symbionts) are key components
of various ecosystems, such as coral reefs, yet the contributions of their two partners to holobiont thermal plasticity are
poorly understood. Here, we tested thermal plasticity of the freshwater cnidarian Hydra viridissima (green hydra) using
individual behavior and population responses. We found that algal presence initially reduced hydra thermal tolerance. Hydra
with algae (symbiotic hydra) had comparable acclimation rates, deacclimation rates, and thermal tolerance after acclimation
to those without algae (aposymbiotic hydra) but they had higher acclimation capacity. Acclimation of the host (hydra) and/or
symbiont (algae) to elevated temperatures increased holobiont thermal tolerance and these effects persisted for multiple
asexual generations. In addition, acclimated algae presence enhanced hydra fitness under prolonged sublethal thermal stress,
especially when food was limited. Our study indicates while less intense but sublethal stress may favor symbiotic organisms
by allowing them to acclimate, sudden large, potentially lethal fluctuations in climate stress likely favor aposymbiotic
organisms. It also suggests that thermally stressed colonies of holobionts could disperse acclimated hosts and/or symbionts
to other colonies, thereby reducing their vulnerability to climate change.

Introduction

Severe ecological and economic consequences of symbiotic
species failure have raised concerns due to the ubiquitous
distribution of symbioses in nature [1]. Consequently, we
need to understand how mutualistic symbiotic species may
respond to climate change in the long term [2, 3]. Symbiotic
species are thought to be more susceptible to environmental

stress because the symbiosis may breakdown from mal-
function in either party, plus most symbionts and some
hosts reproduce asexually, where adaptation via genetic
recombination is limited [4–8]. Thermal tolerance is a cri-
tical factor that determines symbiotic species stability under
climate change, since many symbiotic species, from protists
and plants to invertebrates, are poikilotherms that are sen-
sitive to thermal conditions, especially temperature stress
[9]. However, thermal tolerance of symbiotic species likely
depends on characteristics of the host and/or symbiont.

According to the hologenome theory, holobiont (host
plus symbiont) thermal tolerance is governed by both the
symbiont and the host genes, yet impacts of their plasticity
are overlooked [10]. Previous studies have revealed that
both hosts and symbionts contribute to a holobiont’s stress
tolerance [11–13], and different symbiont or host strains
may vary in the tolerance they confer [14, 15]. Yet we are
not aware of any published study that reports how thermal
stress affects algal densities in green hydra. Our previous
study on green hydra revealed that although symbiotic
hydra did not bleach under heat stress as other marine
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cnidarian do, they died faster than aposymbiotic hydra,
indicating being symbiotic decreased hydra thermal toler-
ance [1, 16, 17]. However, the long-term success of species,
especially for asexually reproducing ones, under climate
change is not only determined by their acute stress sensi-
tivity but also by their plasticity [18–20]. Thermal plasticity
governs the species’ potential to expand thermal tolerance
under prolonged stress and it consists of two main com-
ponents: (1) acclimation capacity and (2) acclimation rate
[21, 22]. Acclimation capacity determines the magnitude of
thermal tolerance change; acclimation rate determines how
fast the organism can reach this limit [23, 24]. Both are
critical to species persistence under climate change. For
example, species that live close to their thermal limits with
little acclimation capacity are threatened by even small
temperature increases [25]; species with low absolute ther-
mal tolerance and high acclimation capacity may persist
even when the ambient temperature elevates by a large
amount, but they may need to acclimate quickly or they
may perish [26]. Some studies suggest that symbiont
acclimation could buffer holobionts during stress [27, 28],
but there is a lack of direct experimental evidence. There-
fore, understanding how the host and symbiont affect
holobiont acclimation is critical for predicting the impacts
of long-term temperature stress on symbiotic species.

To date, how symbiont presence affects holobiont
acclimation is unclear, and how acclimation in the symbiont
and in the host influence holobiont thermal tolerance have
not been well studied. Most experiments focused on
detecting variation in acclimation responses among differ-
ent holobiont populations conducted reciprocal transplants
[29, 30]. Although these studies revealed acclimation could
occur in both the host and the symbiont, they did not further
explore relative contributions of acclimation in each party to
holobiont thermal tolerance, nor did they investigate the rate
or the magnitude of such acclimation. For example,
researchers found symbionts such as dinoflagellates and
arbuscular mycorrhizae were able to acclimate to heat, but
they did not test impacts of such acclimation on holobionts
[28, 31]. Because symbiotic organisms are often very sen-
sitive to heat [32–34], it has been suggested that they may
be less able to acclimate to thermal stress compared to
aposymbiotic organisms [35]. Manipulative studies of
holobiont acclimation are rarely performed and even then
host and symbiont acclimation are coupled due to the dif-
ficulties in separating them [36]. In addition, past studies
neglected responses of holobiont populations during ther-
mal acclimation, instead they monitored individual phy-
siological responses, such as transcriptome, protein content,
algae density, or respiration [21, 28, 30, 37, 38]. The lack of
holobiont population data could limit our ability to predict
their population dynamics under global climate change so
direct experiments and observations are needed.

Another critical process that shapes poikilotherms’ suc-
cess in unstable temperature environments is deacclimation,
especially the rate and the extent to which the organism
loses gained tolerance [39]. Cold acclimated organisms
such as plants could lose their resistance during transient
warm periods in winter, and are subject to damage accrued
from subsequent low temperatures [40, 41]. Thus a low
deacclimation rate may be beneficial so the organism could
retain acquired tolerance to overcome recurring stresses. In
fact, studies have revealed that such acquired plasticity
could even persist in both asexually and sexually repro-
duced offspring, which are known as trans-generational
effects [20, 42, 43]. However, for symbiotic species, such
trans-generational effects have not been investigated for the
host and the symbiont independently, and their impacts over
multiple asexual generations is not well studied [20, 44, 45].

In this study, we conducted experiments on the fresh-
water cnidarian Hydra viridissima (green hydra) and
derived aposymbiotic hydra (hydra without algae) to
understand how thermal acclimation and deacclimation in
the host (hydra) and/or the symbiont (algae) affect holobiont
thermal tolerance. In addition, we tracked hydra motion
activities during acclimation using microfluidic micro-
arenas designed for hydra [46]. Hydra contract sponta-
neously under normal conditions, and stress could disrupt
both the rhythm and magnitude of the movements [47].
Tracking hydra motions allowed us to make direct obser-
vations of the acclimation rates of symbiotic and aposym-
biotic hydra, and detect algal impacts on hydra acclimation
at the individual physiological level. We also reassociated
acclimated hydra hosts with non-acclimated algal symbionts
and vice versa, to tease apart the roles of symbiont and host
in holobiont thermal acclimation and deacclimation.
Although green hydra is a simple cnidarian model with low
intra-host symbiont diversity in contrast to more complex
symbiotic organisms such as corals, our work could have
general implications for other symbiotic species [48–52].

Materials and methods

Focal organisms

Hydra viridissima is a freshwater invertebrate that hosts
symbiotic green algae (Chlorella sp.) in its body [53]. The
host relies on the symbiont for carbohydrates, while the
symbiont relies on the host for nitrogen compounds
[54, 55]. However, aposymbiotic hydra (those that have had
their symbionts experimentally eliminated) can live inde-
pendently if given enough food and can be reassociated
with algae [56, 57].

Hydra used in our experiment were strain 1695C
acquired from Dr. Daniel Martinez at Pomona College, CA,
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and originally cultured in an 18 °C (optimal temperature)
walk-in room. For our experiments, these hydra were sub-
jected to different thermal regimes to acquire five different
acclimation states. (1) Non-acclimated (control) hydra
continued to be kept at 18 °C. (2) Acclimating hydra were
those transferred to a 30 ± 1 °C (sublethal heat stress) walk-
in room and maintained at the elevated temperature for no
more than 1 month, (3) Acclimated hydra were those that
had been cultured at 30 °C for 2 months. (4) Deacclimating
hydra were previously acclimated hydra transferred back to
18 °C and maintained at this optimal temperature for no
more than 1 month. (5) Deacclimated hydra were previously
acclimated hydra transferred back to 18 °C for 2 months.
All hydra were illuminated by 3000 lux fluorescent lights
with a 12:12 h light-dark cycle in petri dishes in hydra
medium [58].

Population growth rate measurement

We measured population growth rates of symbiotic and
aposymbiotic hydra in non-acclimated, acclimating, and
acclimated states. For both symbiotic and aposymbiotic
hydra, eight replicates containing five non-budding hydra in
the non-acclimated state were fed with brine shrimp (Brine
Shrimp Direct, Inc., Ogden, UT, USA) and counted on
Monday, Wednesday and Friday every week [58]. The
experiment was terminated when any hydra population
reached 100 polyps to exclude effects of crowding. Simi-
larly, six replicates of non-acclimated symbiotic and apos-
ymbiotic hydra (five polyps each) were transferred to 30 °C
respectively, then fed and counted (as described above) to
acquire population growth curves of acclimating hydra. The
same process was applied to acclimated hydra.

Contraction activity monitoring

We monitored symbiotic and aposymbiotic hydra contrac-
tion frequency for the first 12 h of acclimation. Eight
symbiotic and eight aposymbiotic hydra were placed toge-
ther into each of a pair of microfluidic behavioral micro-
arenas (i.e., N= 32) previously reported for constraining
hydra movements in the vertical direction [46]. The
microfluidic chip was fabricated using conventional
microfabrication techniques and permanently bound to a
glass slide. The master mold for the micro-arenas was 3D
printed with 1-mm tall parallel chambers. The two chips
were transferred from the 18 °C culture room to a 24 °C
room for 2 h (to avoid potential heat shock effects) before
being transferred to a 30 °C water bath. We took pictures of
hydra at one frame per second (EOS T3 camera, Canon
USA, Melville, NY, USA). The pictures were then pro-
cessed with Adobe After Effects (Adobe Systems, San Jose,
CA, USA) to count the number of full contractions for each

symbiotic and aposymbiotic hydra on an hourly basis. A
full contraction was defined as: hydra contracts from an
elongation position that is greater than 50% of the max-
imum length to under 20% of the maximum length. We
repeated this procedure with non-acclimated hydra at 18 °C
for 6 h and acclimated hydra at 30 °C for 6 h (N= 32 for
each [eight symbiotic and eight aposymbiotic in two
chips]).

Thermal tolerance

Non-acclimated, acclimated, and deacclimated hydra ther-
mal tolerances were assessed by their persistence time after
they were transferred from their cultivation temperature to a
38 °C (lethal heat stress) water bath. Longer persistence
time implies higher upper thermal limits. This temperature
level was chosen because treatments varied at this tem-
perature in a pilot study. The endpoint was the time hydra
started to disintegrate. Twenty-four to forty non-budding
polyps from each group were randomly selected for the
experiment.

Acclimating symbiotic and aposymbiotic hydra thermal
tolerances were assessed on day 0.5, 1, 2, 3, 5, 7, 14, and 21
after they were transferred from 18 °C to 30 °C. Each time,
eight to ten non-budding hydra polyps were randomly
picked from each of the populations, and their persistence
times were measured at 38 °C as described above. Thermal
tolerances of deacclimating hydra were assessed in a similar
way after acclimated hydra were transferred back to 18 °C.
During acclimation and deacclimation, hydra were fed on a
weekly basis to limit budding.

To further explore how symbionts could affect hosts
during long-lasting thermal stress under starvation, we kept
20 acclimated aposymbiotic hydra and 20 acclimated
symbiotic hydra at 30 °C for 20 days without feeding. A
control group of 20 non-acclimated aposymbiotic hydra and
20 non-acclimated symbiotic hydra were kept at 18 °C for
20 days without feeding.

To evaluate effects of acclimation by the host vs. the
symbiont on holobiont thermal tolerance and their stability
across asexual generations, we reassociated hydra and algae
with different thermal histories, and created four types of
symbiotic hydra that had previously experienced high,
elevated temperature (30 °C) in: (1) both the hydra and the
algae, by injecting algae removed from acclimated sym-
biotic hydra (HA: high-temperature history algae) into
acclimated aposymbiotic hydra (HH: high-temperature his-
tory hydra). (2) only the hydra, by injecting algae removed
from non-acclimated symbiotic hydra (LA: low-temperature
history algae) into acclimated aposymbiotic hydra. (3) only
the algae, by injecting acclimated algae into non-acclimated
aposymbiotic hydra (LH: low-temperature history hydra).
(4) neither the hydra or the algae by injecting
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non-acclimated algae into non-acclimated aposymbiotic
hydra. All hydra that turned green were picked and cultured
at 18 °C until the algae density stabilized after 3 weeks,
from which another three generations were derived [59–61].
We then placed 50 non-budding polyps of each type in
beakers with hydra medium in a 37 °C water bath sepa-
rately. The hydra were relocated to 18 °C after 70 min, and
their survival (determined by whether completely disin-
tegrate or not) was tracked for 4 days.

Statistical analysis

We analyzed the dependence of population sizes (log
transformed) on acclimation status (non-acclimated, accli-
mating, or acclimated hydra), symbiosis status and their
interactions in a repeated-measures ANOVA (Proc Mixed,
SAS 9.4) where time was treated as a categorical fixed
variable. Then we used an ANCOVA (continuous time) and
post-hoc tests to compare the exponential population
growth rates for different combinations of acclimation and
symbiosis statuses.

We examined the dependence of individual contraction
rates on acclimation status (non-acclimated or acclimated),
symbiosis status, and their interaction in an ANOVA (Proc
Mixed). We used additional repeated-measures ANOVAs to
analyze the dependence of individual contraction rates on
symbiosis status during the acclimating and acclimated
stages. We used a segmented regression [62] to analyze
contraction frequencies during the first 12 h of acclimation
(segmented package, R v3.4.3). This enabled us to compare
the breakpoints of symbiotic and aposymbiotic hydra during
acclimation, which were the times they stopped exhibiting
abnormal behavior.

We examined the dependence of persistence time at
38 °C on acclimation status (acclimating or deacclimating),

symbiosis status and their interaction with a repeated-
measures ANOVA (Proc Mixed). We used an ANOVA to
test the dependence of persistence time at 60 days on
acclimation status (non-acclimated, acclimated, deaccli-
mated), symbiosis status and their interaction (Proc Mixed).

We tested the dependence of starving hydra survival time
under prolonged sublethal heat stress on symbiosis status
using an ANOVA (Proc Glimmix, binomial distribution,
logit link, SAS 9.4).

Finally, we performed a set of pairwise analyses to
examine the survival time of different combinations of
hydra and algal acclimation (Proc Lifetest, method=
Kaplan–Meier, SAS 9.4).

Results

On a population level, acclimation status (F2,320= 120.84,
p < 0.0001), symbiosis status (F1,320= 94.28, p < 0.0001),
and their interaction (F2,320= 66.66, p < 0.0001) had sig-
nificant effects on hydra growth rate (Fig. 1). Population
growth rates were highest for non-acclimated (especially
aposymbiotic), intermediate for acclimated, and lowest for
acclimating (higher for aposymbiotic) (Table 1).

On the individual level, hydra contraction frequency was
higher after they acclimated to 30 °C (Time 1440 h, Fig. 2)
compared with that at 18 °C (F1,111= 5.98, p= 0.0160,
Time 0 h, Fig. 2) but the difference did not depend on
symbiosis status (F1,111= 1.13, p= 0.2899). During accli-
mation, the contraction frequency of symbiotic and apos-
ymbiotic hydra declined first and then recovered (Fig. 2).
From hour 1 to 5, the contraction rate declined more rapidly
for symbiotic than for aposymbiotic hydra (F1,148= 14.73,
p= 0.0002). The contraction rate was higher for aposym-
biotic hydra from hours 5 to 12 (F1,239= 4.92, p= 0.0275)
but the contraction rates did not vary with time overall
(F1,239= 3.21, p= 0.0746) or between types (F1,239= 0.31,
p= 0.5813). The estimated breakpoint for aposymbiotic

Fig. 1 Growth of symbiotic hydra (green symbols and lines) and
aposymbiotic hydra (black symbols and lines) at 18 °C before accli-
mation (controls—squares), acclimating at 30 °C (triangles), or accli-
mated at 30 °C for 2 months (circles)

Table 1 Growth rates of symbiotic and aposymbiotic hydra with
different acclimation and symbiosis statuses (ln[#]= a+ k × days)

Acclimation status Symbiosis status Growth rate k

Before acclimation (at 18 °C) Symbiotic 0.119 ± 0.004b

(Non-acclimated—controls) Aposymbiotic 0.137 ± 0.004a

During acclimation (at 30 °C) Symbiotic 0.072 ± 0.003e

(Acclimating) Aposymbiotic 0.081 ± 0.003d

After acclimation (at 30 °C) Symbiotic 0.097 ± 0.003c

(Acclimated) Aposymbiotic 0.089 ± 0.007cd

Growth rates with the same letters were not different in post-hoc tests,
where "a" represents the highest growth rate and "e" represents the
lowest growth rate
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(4.12 ± 0.42 h) and symbiotic (4.34 ± 0.38 h) hydra were
similar (p= 0.7060). Here the breakpoint refers to a switch
from declining to increasing contraction frequency.

Previously acclimated hydra (“Deacclimating” in Fig. 3)
had higher thermal tolerance than acclimating hydra, espe-
cially acclimating symbiotic hydra (F1,297= 10.81, p=
0.0011). Over the 21 days, persistence time at 38 °C
decreased for deacclimating hydra and increased for accli-
mating hydra (acclimation status effect: F1,325= 56.50, p <
0.0001) but the change in persistence time did not depend
on symbiosis status (F1,325= 2.34, p= 0.1267) or the
interaction of acclimation and symbiosis status (F1,326=
1.32, p= 0.2512). After 60 days, hydra that acclimated

during this experimental period (“Acclimated” Fig. 3) had
the greatest persistence time, hydra that deacclimated during
this experimental period had intermediate persistence time
(“Deacclimated” Fig. 3) and non-acclimated controls had
the lowest persistence time (F2,107= 80.73, p < 0.0001).
Symbiosis status affected persistence time only in interac-
tion with acclimation status (main effect: F1,107= 3.65, p=
0.0586; interaction effect: F2,107= 3.22, p < 0.0439) with
symbiotic controls having shorter persistence time than
aposymbiotic controls.

Without feeding for 20 days at 30 °C, aposymbiotic
hydra died more quickly than symbiotic hydra under
sublethal heat stress (F1,16= 19.31, p= 0.0005, Fig. 4); on
the contrary, all symbiotic and aposymbiotic hydra survived
a similar period at 18 °C (data not shown).

For the crossed hydra-algae reassociation experiment,
survival analysis showed that survival time varied among
hydra and algae treatments (chi-sq= 77.5, p < 0.0001, 3df,
Fig. 5) with LH.LA (both hydra and algae were not exposed
to high temperature) survival differing from the other three
treatments in pairwise comparisons (all p < 0.0001) but
the other three treatments did not differ from each other
(0.38 < p < 0.96).

Discussion

Adaptation and acclimation, the two major mechanisms that
alleviate organisms’ stress in changing environments, have
been proposed to be influenced by both symbionts and hosts
in holobionts [10, 15, 27, 63]. Our previous studies on green
hydra thermal tolerance support that holobiont stress toler-
ance is controlled by both the host and the symbiont, and
here we looked further into impacts of their plasticity [16].
We found once symbionts are acclimated, they will not limit

Fig. 2 Variation in contraction frequency of symbiotic and aposym-
biotic hydra in non-acclimated state (time 0 h, 18 °C), acclimating state
(time 1–12 h, transferred to 30 °C), and acclimated states (time 1440 h,
30 °C) with time

Fig. 3 Thermal tolerance of hydra heat shocked at 38 °C in states of (1)
non-acclimated controls at 18 °C (triangles). (2) acclimating at 30 °C
(circles). (3) acclimated after 2 months at 30 °C (circles). (4) deac-
climating that were transferred back to 18 °C (squares). (5) deaccli-
mated after 2 months back to 18 °C (squares). Controls are the starting
point for acclimating hydra. Acclimated hydra are the starting point for
deacclimating hydra

Fig. 4 Survival of symbiotic and aposymbiotic starving hydra at 30 °C
after acclimation
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hosts’ persistence under stress as previously suggested
[1, 35, 64], although they could be detrimental initially
during heat stress [16]; indeed, having symbionts turned out
to be more advantageous during long-lasting sublethal heat
stress when starvation co-occurs. We demonstrate that in
addition to genetic variation in both the symbiont and the
host [10], plasticity could also alter the holobiont phenotype
and generate positive carryover effects over multiple asex-
ual generations, adding another layer of complexity to
hologenome theory, and imply that interactions may exist
between alleles as well as epialleles of the host and the
symbiont [65, 66].

Unlike results found in sea anemones (Exaiptasia sp.)
and corals, we detected improved tolerance under heat
stress at the holobiont level after acclimation [36, 38]. By
measuring several distinct characteristics of symbiotic and
aposymbiotic hydra, we found presence of algae had no
negative impacts on hydra acclimation rate or thermal tol-
erance after acclimation (Fig. 2, Fig. 3). However, the more
rapid decrease in contraction rate (Fig. 2) and lower per-
sistence time of control symbiotic hydra (Fig. 3) indicate
that symbiotic hydra are less thermally tolerant than apos-
ymbiotic ones if they have no previous heat exposure,
which is consistent with our past study [16]. The greater
increase in persistence time of symbiotic hydra than apos-
ymbiotic hydra gained through acclimation suggests the
former has larger acclimation capacity. That the initially
thermally sensitive algae became thermally tolerant after
acclimation could be a result of resource re-allocation.
Algae allocate more energy to carbonate production than
synthesizing heat-stable saturated fatty acids under normal
conditions, which benefits hosts [67–69]. Once heat stress
occurs, acclimation alone could mitigate the negative

impacts of these symbionts on holobiont thermal tolerance,
perhaps at the cost of supplying less carbonates to hosts
[70–72].

The population response results also suggest being
symbiotic does not impede hydra from acclimation, and can
even become beneficial when stress is not transient. While
symbiotic hydra growth was greatly suppressed by elevated
temperature initially, their growth rate became similar to
that of aposymbiotic hydra after they were acclimated
(Fig. 1). The growth of aposymbiotic hydra, on the other
hand, remained relatively constant during and after accli-
mation. Having symbionts was more advantageous when
starvation co-occurred with sublethal heat stress, as accli-
mated symbiotic hydra persisted for a longer time under
these conditions than aposymbiotic ones (Fig. 4). This may
reflect higher energy consumption by organisms at elevated
temperature due to higher metabolic rates (indicated by
higher contraction frequency in our experiment) [73, 74].
As the relative fitness of symbiotic and aposymbiotic hydra
changed once acclimation takes place, we propose that: first,
high and variable potentially lethal stress favors aposym-
biotic organisms while symbiotic organisms suffer from
discordant stress responses in the symbiont and the host;
second, less intense stress favors symbiotic organisms as the
acclimated symbiont provides supplementary functions to
the host.

There is a concern that symbiotic species will be unable
to withstand global climate change given high thermal
sensitivity in the symbionts [35], but here we found sym-
bionts may not limit holobiont persistence under prolonged
sublethal heat stress as long as acclimation takes place. In
our pilot experiments determining the appropriate acclima-
tion temperature for hydra, we found algae but not hydra
(neither symbiotic or aposymbiotic ones) were able to sur-
vive at 35 °C. Although stress responses have mainly been
reported for symbionts under thermal stress, transcriptome
analysis of transplanted corals showed that symbionts had
significantly altered gene expression after 1 year of accli-
mation [29, 75, 76]. Thus a small portion of the remaining
symbionts in hosts after heat stress may be able to achieve
higher thermal tolerance after acclimation [33]. This is
consistent with the idea that thermal sensitivity does not
determine acclimation capacity [77]. Baker et al. [72] sug-
gest symbionts may shift to parasitism in corals at elevated
temperature; however, we show that short-term costs of
hosting symbionts in acute environment changes appears to
be offset once symbionts get acclimated. Because animals
such as corals differ from hydra in within-polyp symbiont
diversity, algal density stability, or transmission models,
their responses to stress might not be the same as we have
observed here [48, 59, 60, 78–81]. Nevertheless, we showed
that symbiotic organisms could ultimately persist in the
most extreme conditions of which hosts alone are capable,

Fig. 5 Thermal tolerance of reassociated algae and hydra: (1) Both
hydra and algae experienced acclimation (HH.HA). (2) Both hydra and
algae were not exposed to high temperature (LH.LA). (3) Only hydra
experienced acclimation (HH.LA). (4) Only algae experienced accli-
mation (LH.HA)

Thermal plasticity of a freshwater cnidarian holobiont: detection of trans-generational effects in. . . 2063



but they may need more time to reach such maxima in
tolerance given lower initial tolerance.

The heat sensitivity of algae did not reappear even after
2 months of deacclimation, as we found deacclimated
symbiotic and aposymbiotic hydra had similar thermal tol-
erances (Fig. 3). In fact, deacclimated hydra exhibited
higher thermal tolerance compared with non-acclimated
hydra for either symbiosis status, which further suggests the
host also retained acquired thermal tolerance. The first
rapidly and then steadily decreasing hydra thermal tolerance
during deacclimation (without acquired tolerance being
lost) supports two different modes of heat acclimation: a
short-term and a long-term one [21]. The improvement in
heat resistance due to previous thermal exposure could be
explained by the long-term mechanism that alters baseline
stress responses [82]. However, whether the symbiont will
eventually return to its tolerance baseline is unclear; it is
possible that over longer timescales the symbiont loses
acquired tolerance so the symbiotic hydra becomes less
resistant to heat again.

We discovered heat resistance was conferred to holo-
biont offspring by acclimated hosts and algae independently
(Fig. 5), exemplifying trans-generational plasticity exists in
both parties over asexual generations. Although somatic
mutations could occur during asexual reproduction of both
the hydra and the algae in this study, we pooled all offspring
together to evaluate their thermal tolerance and did not
select for those with high heat resistance. Offspring of
reassociated hydra, that received either heat-exposed hosts
or symbionts or both, had much greater thermal tolerance
than the control group after three asexual generations at
18 °C, so acclimation rather than adaptation is likely the
main contributing factor to this increase in thermal tolerance
[83]. This trans-generational plasticity has also been docu-
mented in other asexual species [43, 84–86]. For example,
Verhoeven and van Gurp [45] discovered parental stress
history would affect offspring’s stress tolerance. Dewan
et al. found temperature history on parents could affect
phenotypes of asexually produced offspring [84]. Thus, for
asexually reproducing holobionts, acclimation in either the
host or the symbiont could benefit the holobiont as well as
the offspring with future stress [87]. It implies that instead
of experiencing heat stress directly, symbiotic species like
corals could improve their thermal tolerance by receiving
either hosts and/or larvae from heat-exposed colonies [82].
Nevertheless, the relative contribution of the host and the
symbiont acclimation to holobiont stress tolerance
improvement might not be equal as we found in our
experiment, since acclimation responses differ among
holobiont species [88].

The positive trans-generational effects we observed were
probably caused by epigenetic modifications rather than
maternal provisioning [89]. Because the reassociated hydra

had been cultured at 18 °C for three to four generations
before their thermal tolerances were tested, any maternal
provisioning effects should have already faded away [90].
Such positive trans-generational effects were also detected
in potentially sexually reproducing corals as revealed by
Putnam and Gates [87, 91, 92], although they only tested for
one offspring generation, and the larvae experienced pre-
conditioning within parents. In addition, almost exclusively
asexual reproduction of hydra and algae could promote
epigenetic inherence [20, 53]. Since both the host and the
symbiont only went through mitosis in this study, they
could retain the same DNA methylation or histone mod-
ifications from their acclimated parents [20]. We suggest
that maternal provisioning might influence immediate off-
spring fitness when the holobiont reproduces during stress,
while epigenetic modification could confer tolerance for
multiple asexual generations even if the holobiont is stres-
sed before but not during reproduction. This adds another
layer of complexity on the phenotype of holobionts, which
appears now to be controlled by the host’s and the sym-
biont’s genomes, their genome interactions, their epigen-
omes, and their epigenome interactions [10, 65, 93].

Conclusions

Our study experimentally verified that acclimation could
occur in both the host and the symbiont, which benefits
holobionts and their offspring under stress. Although sym-
biotic hydra had lower thermal tolerance than aposymbiotic
hydra before acclimation, they both had similar acclimation/
deacclimation rates and thermal tolerance after acclimation,
indicating symbiotic hydra have greater acclimation capa-
city. It was unexpected to find that the presence of sym-
bionts increased hydra fitness in prolonged sublethal heat
stress when paired with starvation. To the best of our
knowledge, our study is the first to show positive trans-
generational effects in both hosts and symbionts of asexu-
ally reproducing holobionts, which demonstrates that sym-
biont presence can promote host survival rather than
constrain it under climate change. It should be kept in mind
that we only manipulated algal symbionts in this study, and
it could be possible that associated bacterial microbiota also
contribute to hydra thermal tolerance and acclimation [47,
94, 95]. Our work is based on a photosynthetic symbiosis
model organism and thermal stress, yet the results may also
be applicable to other kinds of abiotic stress and other
symbiotic organisms. We propose symbionts provide hosts
a dual insurance under climate change when the initial
change is not sudden and large as symbiont acclimation can
significantly improve holobiont stress tolerance. It indicates
a previously stressed population not only may more readily
survive subsequent stress but also could disperse acclimated
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hosts and/or symbionts to other populations and buffer them
from future stress. This might guide symbiotic ecosystem
management (e.g., coral reefs) by implying that a natural
area experiencing less intense stress may be a priority for
preservation and may even facilitate preservation of others
experiencing more intense perturbations.
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