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Abstract

Microbes play a critical role in the development and health of marine invertebrates,
though microbial dynamics across life stages and host generations remain poorly
understood in most reef species, especially in the context of climate change. Here,
we use a 4-year multigenerational experiment to explore microbe-host interactions
under the Intergovernmental Panel on Climate Change (IPCC)-forecast climate sce-
narios in the rock-boring tropical urchin Echinometra sp. A. Adult urchins (F,) were
exposed for 18 months to increased temperature and pCO, levels predicted for years
2050 and 2100 under RCP 8.5, a period which encompassed spawning. After rearing
F, offspring for a further 2years, spawning was induced, and F, larvae were raised
under current day and 2100 conditions. Cross-generational climate effects were also
explored in the microbiome of F, offspring through a transplant experiment. Using
16S rRNA gene sequence analysis, we determined that each life stage and generation
was associated with a distinct microbiome, with higher microbial diversity observed
in juveniles compared to larval stages. Although life-stage specificity was conserved
under climate conditions projected for 2050 and 2100, we observed changes in the
urchin microbial community structure within life stages. Furthermore, we detected
a climate-mediated parental effect when juveniles were transplanted among climate
treatments, with the parental climate treatment influencing the offspring microbiome.
Our findings reveal a potential for cross-generational impacts of climate change on

the microbiome of a tropical invertebrate species.
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1 | INTRODUCTION

Microbial symbionts play a critical role in host health, contribut-
ing to host metabolism, immunity and development (Cavalcanti
et al.,, 2020; McFall-Ngai, 2014; Robbins et al., 2021; Schuh
et al., 2020; Weiland-Brauer et al., 2020). In many animals, de-
velopment and major life cycle transitions are influenced by the
host-associated microbiome through interactions with regulatory
networks at the base of these developmental processes (Russell &
Castillo, 2020). In marine invertebrates with a biphasic life cycle,
bacteria can provide the host with critical compounds necessary
for regulating morphogenetic changes and completing the ani-
mal's life cycle (Cavalcanti et al., 2020; Song et al., 2021; Weiland-
Brauer et al., 2020). To maintain these crucial host-microbe
relationships, key microbial taxa need to be faithfully acquired at
each generation through vertical or horizontal transmission. In the
sponge Amphimedon queenslandica, for example, vertical trans-
mission from adult to embryos ensures the acquisition of three
Proteobacteria taxa that are essential for settlement and metamor-
phosis (Fieth et al., 2016; Song et al., 2021). Instead, relationships
like the squid-Vibrio symbiosis rely on the acquisition of mutual-
istic microbial symbionts from the surrounding seawater for the
formation of functional organs, through complex host-symbiont
interactions resulting in the monospecific colonization of Vibrio
fischeri (Koropatnick et al., 2004; McFall-Ngai, 2014).

Following the establishment of host-microbe associations,
restructuring of the microbiome may occur throughout ontog-
eny (Bernasconi et al., 2019; Carrier & Reitzel, 2019; Damjanovic
et al., 2020; Fieth et al., 2016). These changes are species-specific;
some coral larvae harbour less-diverse microbial communities
than their early juvenile stages (Bernasconi et al., 2019), while
some echinoid species are characterized by a decrease in micro-
bial diversity from early development to juvenile stages (Carrier
& Reitzel, 2019). Characterizing host-microbe relationships across
life history stages is essential to better understand the role of mi-
crobes in host development and fitness, and identifying the im-
pact of climate change on these functionally important microbial
partnerships is critical.

In the marine environment, climate change not only compro-
mises host fitness through physiological and behavioural impair-
ments (Marangon et al., 2020; Pértner & Farrell, 2008) but may also
affect animal-microbe interactions. Ocean warming (OW) and acidi-
fication (OA) have been shown to drive compositional and functional
shifts in the microbiome of marine invertebrates (Botté et al., 2019,
2020; Webster et al., 2016), with both positive and negative con-
sequences for animal health depending on species, environmental
stressors and environmental gradients (Egan & Gardiner, 2016; Ma-
rangon et al., 2021; Pita et al., 2018; Posadas et al., 2022; Ziegler
et al., 2017). For example, a metagenomic study comparing the mi-
crobiome of the sponge Coelocarteria singaporensis between a CO,
seep and an adjacent control reef found an enriched potential for
energy-efficient archaeal carbon fixation at the seep, suggesting
that microbes may contribute to host OA tolerance in this species

(Botté et al., 2019). In contrast, detrimental changes in the micro-
bial community associated with the reef sponge Stylissa flabelliformis
were observed at both the compositional and functional levels under
heat stress, including a reduced capacity for ammonia detoxification
(Botté et al., 2023). Despite climate-induced changes in the micro-
biome structure being widely observed in marine organisms, other
host-associated microbial communities are stable upon environmen-
tal disturbances (Grottoli et al., 2018; Luter et al., 2020; Webster
et al., 2016). This stability may reduce the occurrence of diseases
through pathogen exclusion, though may also preclude beneficial
microbial changes from occurring (Voolstra & Ziegler, 2020). Given
the importance of host-associated microbes for the stability of eco-
logical community structure and broader ecological processes that
underpin ecosystem function and services (Bourne et al., 2009; Pita
et al., 2018), it is crucial to understand microbiome changes under
OW-OA.

Host-microbe responses to altered environmental conditions
may vary when the stressors are experienced over multiple genera-
tions (Donelson et al., 2012; Karelitz et al., 2020; Uthicke et al., 2021).
Emerging evidence suggests that heritability of beneficial alterations
to the microbiome may facilitate host acclimatization over genera-
tions (Baldassarre et al., 2022). For example, it was recently shown
that sea anemone juveniles from temperature-acclimated F, females
were characterized by high thermal tolerance and were associated
with specific members from the parental acclimated microbiota
(Baldassarre et al., 2022). Similarly, Luter et al. (2020) confirmed
that transgenerational effects of climate treatments can alter the
microbiome of the sponge Carteriospongia foliascens, with specific
microbial taxa exclusively identified in recruits whose parents were
pre-exposed to climate stressors. Hence, characterizing the con-
tribution of microbes to transgenerational plasticity is required for
generating realistic predictions of organisms' responses to future
climate and informing reef conservation strategies.

To explore cross-generational effects of climate change on
reef host-microbe dynamics, we employed a tropical sea urchin
species as study system (Echinometra sp. A). Sea urchins are an
emerging model for investigating animal-microbe symbiosis (Car-
rier et al., 2021), showing a re-shaping of the bacterial communi-
ties during major developmental transitions, from pelagic larvae to
benthic juveniles and adults, with microbes inferred to contribute to
larval immunity and nutrition in some species (Carrier et al., 2021;
Carrier & Reitzel, 2019, 2020; Schuh et al., 2020). Urchins are sus-
ceptible to changing climate, in particular, during larval life stages
(Byrne & Przeslawski, 2013), though little is known about the ef-
fects of OW and OA on microbial dynamics in adult urchins and
early developmental stages (Brothers et al., 2018; Carrier & Reit-
zel, 2020; Ketchum et al., 2021; Webster et al., 2016). Along with
an important role in reef resilience through its grazing activity, Echi-
nometra sp. A is widely distributed in reef ecosystems (McClanahan
& Muthiga, 2013) and characterized by relatively short-generation
times, making it an ideal model for our multigenerational experi-
ment. In this study, we employed 16S rRNA gene sequencing analy-
ses to (1) characterize urchin ontogenetic microbial changes (aim 1);
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(2) determine the combined effect of OW and OA on these host-
microbe relationships (aim 2); and (3) identify transgenerational
effects of climate treatments on the urchin microbiome through a
transplant experiment (aim 3). Our 4-year multigenerational study
demonstrated that urchin microbial communities differ across life
stages, and although combined OW/OA can alter these associations,
life-stage specificity was maintained under climate stress. Further-
more, transgenerational effects of climate treatments appeared to
occur in Echinometra sp. A microbiome, with potential implications
for host health.

2 | MATERIALS AND METHODS
2.1 | Urchin collection and experimental setup

Echinometra sp. A adults (F) were collected from the central Great
Barrier Reef (GBR; Trunk Reef; 18.3188° S, 146.8662° E; Permit
G12/35236.1) in February 2016 and transported to the National
Sea Simulator (SeaSim) at the Australian Institute of Marine Science
(AIMS). The experimental setup is described in detail by Uthicke
et al. (2020). Briefly, urchins were randomly distributed across
nine outdoor mesocosm tanks of 1260L each (n=22-24 per tank),
at ambient conditions (28°C). Treatment conditions were gradu-
ally reached over a 4-week period, with target temperature and
pCO, reflecting present-day conditions, predictions for year 2050
(+1°C; ~685 ppm) and year 2100 (+2°C; ~940 ppm) according to an
RCP 8.5 scenario (Collins et al., 2013; Meinshausen et al., 2011),
resulting in three mesocosms under each climate treatment (i.e.
ambient, year 2050, year 2100). Ambient temperature mimicked
natural fluctuations on the central GBR based on the daily average
sea surface temperature at Davies Reef (temperature from 1991
to 2012; Australian Institute of Marine Science, 2020), and am-
bient pCO, reflected present-day conditions (~400 ppm; Uthicke,
Furnas, et al., 2014). pCO, levels of all treatments simulated natu-
ral pCO, variations observed on the GBR (daily +60ppm fluctua-
tions; Karelitz et al., 2020). Temperatures and pCO, levels were
finely managed by three Programmable Logic Controllers (PLC),
which were connected to temperature sensors and gas equilibra-
tion systems with Telaire CO, sensors. Urchins fed ad libitum on
crustose coralline algae (CCA) and biofilms throughout the experi-
mental period.

2.2 | F,urchinspawning and F, urchin larvae

Fo adults were spawned after 18-month exposure to treatment
conditions (15 November 2017) by injecting 0.5mL of 0.5M KClI
(Uthicke et al., 2020). Sperm from multiple adults of the same me-
socosm was pooled (1 pL of sperm per individual into 20 mL Filtered
Seawater [FSW]) and 1 mL of diluted sperm was used to fertilize eggs
from females of the respective mesocosm (spawned eggs pooled in
1L FSW). Fertilization was accomplished in each mesocosm except

for mesocosm #7 (2050 conditions) due to low abundance of indi-
viduals in this system. Fertilization success was high across treat-
ments, as indicated by the presence of a fertilization envelope on
90%-100% of eggs (Uthicke et al., 2020). Cultures were reared in
Schott bottles under parental treatment conditions (1L of 0.5um
FSW; n=1 per treatment) at a density of ~5 embryos per mL. pCO,
levels were stable over the incubation period (Karelitz et al., 2020),
and target temperatures were maintained by placing Schott bottles
on rollers in temperature-controlled water baths. Seawater of the
larval cultures was changed every second day with FSW at the same
treatment conditions, and feeding was carried out twice per day
(Chaetoceros muelleri; 5000 cells/mL from 2 to 10days, 8000cells/
mL thereafter). Larvae competent to settlement were transferred to
0.5L aquaria under ambient conditions 19 and 26days after ferti-
lization, where settlement was induced by placing pre-conditioned
aragonite plugs with CCA into the aquaria. Metamorphized juveniles
were transferred to the mesocosm systems between 4 and 6days
post-settlement.

2.3 | F,urchingrowth

In the mesocosms, juveniles were raised in 50mL polypropylene
centrifuge tubes covered with 150 pm mesh (40 juveniles per tube,
n=2 tubes per mesocosm) and fed on CCA-encrusted aragonite
plugs. In addition to rearing juveniles in the mesocosms under the
respective parent treatments, juveniles from adults held at ambient
conditions were also reared under 2050 and 2100 conditions, and
juveniles from adults at 2050 conditions were also raised under
2100 conditions generating a transplant experiment (Figure 1).
For logistic reasons, 6-month juveniles (F,) were transferred to
indoor 50L flow-through aquaria under the respective treatment
conditions (n=3 tanks under ambient conditions; n=2 tanks for
the other climate treatments), where they fed ad libitum on CCA
and reared until maturity (~25months). In these aquaria, tempera-
ture and pCO, levels were finely controlled by a SeaSim computer
system, and temperature was further stabilized by temperature-
controlled water baths. Light simulated the natural 12h light/dark
cycle (6:00AM-6:00PM) with 4-h ramping at sunrise and sunset
(Aqualllumination SOL LED lights; light 50 pE). At the end of Oc-
tober 2018 (~10.5-month juveniles), a pathogen-induced disease
outbreak affected urchin survival across all treatments, with
ambient-ambient juveniles showing a significantly higher survival
rate than the other treatment groups (see Uthicke et al., 2021 for

detailed information on the outbreak).

2.4 | F, urchinspawning and F, urchin growth

F, urchins reached maturity after >2years of exposure to future
climate scenarios. Urchins under ambient-ambient and 2100-2100
were spawned on 15 January 2020, following the same method-
ology as described above for F, adults. F, larvae were maintained
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EXPERIMENTAL DESIGN
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FIGURE 1 Experimental design and research aims of the transgenerational urchin experiment. Ambient temperature mimicked natural
fluctuations of the central GBR, with an average of 26°C. Samples used for addressing each study aim are highlighted in the illustration.
Sample replication: F adult gonads n2 5; F, larvae n=3; F, juveniles n2 8; F, adult gonads n23; F, larvae n=2. Details in Table S1.

under parental conditions in 1L Schott bottles (n=2 per treatment)

on rollers in temperature-controlled water baths.

2.5 | Urchin sampling

To assess microbial community dynamics across urchin life stages,
generations and climate treatments, samples were collected from
F, adult gonad tissue, most major life stages in F, (1-day larvae,
5-day larvae, 5-month juveniles, adult gonad) and F, larvae (1- and
7-day). Following F, spawning, six female adults were dissected

per treatment (ambient, 2050, 2100) and gonads were sampled
using sterile tweezers and scissors. Samples were rinsed with
0.2pum filtered-sterilized seawater, snap frozen in liquid nitrogen
and stored at -80°C until DNA extraction. F, larvae were sam-
pled 1day and 5days after fertilization under ambient, 2050 and
2100 conditions. First, 500mL of larval culture per each treat-
ment was filtered through 50 um membrane and rinsed in 0.2 pm
filtered-sterilized seawater. Larvae within each treatment were
then distributed into three aliquots, concentrated into a pellet
by centrifugation to remove excess seawater, snap frozen and

stored at -80°C until DNA extractions. Five-month juveniles (F,)
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were sampled under all treatment conditions (n=6 treatments,
Table S1), snap frozen in liquid nitrogen and stored at -80°C until
processing. For F; adults, gonads were sampled as described per
F, gonads. F, larvae were sampled 1 and 7 days after fertilization
under ambient and 2100 conditions following the same sampling
procedure as per F, larvae. Seawater samples were collected as
environmental control in parallel with sampling of F gonad adults,
F, larvae, F, juveniles and F, gonad adults. For each seawater
sampling time, 1L seawater was collected from each tank or larval
culture and filtered through 0.2 um sterivex filters (Millipore) and
stored at -80°C until DNA extraction.

2.6 | DNA extraction and sequencing

Genomic DNA was extracted from major life stages across the two
generations and seawater samples (see Figure 1; n=136, details
in Table S1). DNA extractions were undertaken using the DNeasy
PowerSoil Pro kit (QIAGEN) following the Manufacturer's protocol,
with samples homogenized using the FastPrep-24 5G instrument
(MP Biomedicals). DNA purity was examined using the Nanodrop
2000 spectrophotometer (Thermo Scientific), and DNA concen-
tration was quantified using the Qubit 3.0 Fluorometer (Life Tech-
nologies) and then standardized within each sample type. The V4
variable region of the 16S rRNA gene was amplified with the prim-
ers 515F (Parada et al., 2016) and 806rB (Apprill et al., 2015), for
targeting bacteria and archaea. PCRs were performed using the
AmpliTaq Gold 360 Master Mix (Thermo Fisher Scientific), 0.2 uM
primers (Sigma-Aldrich) and 3.1uM MgCl, (QIAGEN). PCR condi-
tions were the following: initial denaturation at 95°C for 10 min,
30cycles at 95°C for 30s, 55°C for 1 min, 72°C for 30s, and final
extension at 72°C for 7 min. PCR amplification products were an-
alysed by agarose gel electrophoresis and then stored at -20°C
before submission to the Ramaciotti Centre for Genomics (UNSW,
Australia) for completion of the 16S library preparation and se-
quencing on the lllumina MiSeq platform (2x250 bp paired-end
reads). In addition to urchin and seawater samples, three blank
DNA extractions were sequenced to detect any potential reagent

contamination.

2.7 | 16S rRNA gene data processing and
statistical analyses

Demultiplexed paired-end reads were analysed in QIIME 2 (v
2020.8; Bolyen et al., 2019). First, poor quality reads and chimeras
were removed using DADA2 (Callahan et al., 2016). High-quality se-
quences were then grouped into amplicon sequence variants (ASVs)
based on 100% sequence similarity in DADAZ2 (Callahan et al., 2016).
Taxonomic assignment was performed using a naive Bayes classi-
fier trained with the feature-classifier plugin using the primer set
515F/806rB on the SILVA 132 database (Quast et al., 2012). FastTree
method was used to build phylogenetic relationships. ASVs table,

taxonomic table, phylogenetic tree and metadata were imported
into R (v 4.0.3; R Core Team, 2020) for data analyses. Contaminants
were identified and removed using the R package decontam (Davis
et al., 2018) using stringent thresholds (p threshold=.5; n=32 con-
taminants identified, Table S2). Reads assigned to Chloroplasts, Eu-
karyotes and Mitochondria, as well as singletons and low-quality
samples (<8400 reads; n=2, F, juvenile from 2050 treatment and
F, gonads from ambient conditions) were removed prior to the
analyses.

To test for differences in microbial community structure be-
tween host life stages, generations and climate treatments (see
below), we calculated beta-diversity on non-rarefied data, with
Bray-Curtis dissimilarities applied on square-root transformed
data normalized using proportions (McKnight et al., 2019). For
beta-diversity analyses, rare ASVs with an overall relative abun-
dance <0.001% were removed (34,412 ASVs). Analyses include
Non-metric Multidimensional Scaling (NMDS, ‘phyloseq package’;
McMurdie & Holmes, 2013), Permutation Multivariate Analysis
of Variance using 10,000 permutations (Adonis, ‘vegan package’;
Oksanen et al., 2020), Multivariate Homogeneity of Group Disper-
sions (‘vegan package’; Oksanen et al., 2020) and pairwise com-
parisons using Benjamini-Hochberg correction (‘RVAideMemoire
package’; Hervé, 2021). Differential abundance analyses (‘DESeq2
package’; Love et al., 2014) were run on filtered data using p=.01,
and significant ASVs that were present across at least 50% of the
samples in one of the compared groups were identified as dif-
ferentially abundant between groups. Furthermore, a 1% mean
relative abundance cut-off was included when determining dif-
ferentially abundant ASVs across life stages (ambient conditions).
Principal component analysis (PCA) and multilevel sparse Partial
Least Squares-Discriminant Analysis (multilevel sPLS-DA) were
performed in the mixOmics package (Rohart et al., 2017) on the
same pre-processed data as above but applying a centred log-
ratio transformation (offset by +1; Chua et al., 2017). To deter-
mine which ASVs were shared between life stages/generations/
climate conditions, ASVs present in at least 50% of samples within
each group were analysed using the function ‘ps_venn’ in ‘MicEco’
(https://github.com/Russel88/MicEco) on rarefied data (8400
sequences).

Analyses of alpha diversity were based on Shannon diver-
sity index calculated on a dataset rarefied to 8400 sequences
(‘phyloseq package’; McMurdie & Holmes, 2013), with the effect
of host life stages, generations and climate treatments tested
through linear mixed effect models (‘glmmTMB package’; Brooks
et al., 2017) and pairwise comparisons with Benjamini-Hochberg
correction (‘emmeans package’; Lenth, 2022). The assumption
of normality and homogeneity of variances was tested both vi-
sually and through DHARMa residual diagnostics (‘DHARMa
package’; Hartig, 2021). Additional alpha diversity measures (i.e.
Pielou's evenness, Simpson's diversity, richness, Faith's phyloge-
netic diversity) were calculated using the phyloseq (McMurdie &
Holmes, 2013) and btools (https://github.com/twbattaglia/btool
s/) packages. Data manipulation was performed using the dpylr,
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forcats and tidyr packages (Wickham et al., 2019), graphs were
generated using ggplot2 and RColorBrewer (https://github.com/
cran/RColorBrewer) packages, and illustrations were further styl-
ized in Affinity Designer. All analyses were performed in R (v 4.0.3;
R Core Team, 2020).

2.71 | Aim 1: Microbial community across urchin
life stages and generations under ambient conditions

To examine microbial community dynamics across life stages and
generations, we first investigated urchins under ambient condi-
tions (see Figure 1, aim 1). The interaction between life stage (fixed
factor with four levels: ‘adult gonad’, ‘larvae [1-day and older lar-
vae were pooled], ‘ juvenile’, ‘seawater’) and generation (fixed fac-
tor with three levels: ‘F’, ‘F/, ‘F,’) was explored using Permutation
Multivariate Analysis of Variance (Adonis, ‘vegan package’; Oksanen
et al., 2020) including tank as fixed factor fitted first in the model to
account for tank-to-tank variation. The effect of age on the larval
microbial community was assessed across generations using Permu-
tation Multivariate Analysis of Variance (Adonis, ‘vegan package’;
Oksanen et al., 2020), with larval age (two levels: ‘1day’, ‘> 1 day’)
and tank as fixed factors. To test for differences in Shannon diversity
among life stages, linear mixed effect models (‘glmmTMB package’;
Brooks et al., 2017) were performed with life stage and generation
tested as fixed effect (seven levels: ‘F, adult gonad’, ‘F, larvae’, ‘F;
juvenile’, ‘F; adult gonad’, ‘F, larvae’, ‘F, seawater’, ‘F, seawater’) and

tank as random, nested effect.

2.7.2 | Aim 2: Effects of combined OW and OA
on the urchin microbiome

Effects of future climate scenarios predicted for years 2050 and
2100 on urchin microbial community structure (see Figure 1, aim
2) were investigated using Permutation Multivariate Analysis of
Variance (Adonis, ‘vegan package’; Oksanen et al., 2020), includ-
ing climate scenario (three levels: ‘ambient’, ‘2050’, ‘2100’), life
stage (three levels: ‘F adult gonad’, ‘F, larvae [1- and 5- day larvae
were pooled]’, ‘F, juvenile’) and tank as fixed factors, as well as
climate scenarioxlife stage. As F, adults were not reared under
2050 conditions, the effect of climate scenario (two levels: ‘ambi-
ent’, ‘2100’; fixed factor) on the microbiome associated with adult
gonads (F,) was tested separately. Climate effects on each F, lar-
val stage (1- and 5-day) were also explored, with climate scenario
(three levels: ‘ambient’, ‘2050’, ‘2100’) included as fixed factor.
Finally, the effect of climate treatments on the seawater microbi-
ome was tested, including climate scenario (three levels: ‘ambient’,
‘2050’, '2100’), time point (‘F, adult gonad’, ‘F, larvae’, ‘F, juve-
nile’, ‘F, adult gonad’) and tank as fixed factors, as well as climate
scenario x time point. Climate effects on F, larvae were not sta-
tistically investigated due to insufficient replication. Liner mixed
effect models (‘glmmTMB package’; Brooks et al., 2017) were used

to test any climate treatment, life stage and generation effects on

the Shannon diversity index.

2.7.3 | Aim 3: Effects of parental exposure to
climate treatments on the offspring microbiome

Finally, transgenerational effects of climate change on the urchin mi-
crobiome were tested through a transplant experiment (see Figure 1,
aim 3). Permutation Multivariate Analysis of Variance (Adonis, ‘vegan
package’; Oksanen et al., 2020) was performed to test any effect of
the interaction between parental (F;) climate treatment (three lev-
els: ‘ambient’, ‘2050’, '2100’) and offspring climate treatment (three
levels: ‘ambient’, ‘2050’, ‘2100’) on the 5-month juvenile microbiome,
with tank included as fixed effect. Differences in alpha diversity
(Shannon index) among juveniles exposed to the six reciprocal climate
treatments were tested using linear mixed effect models (‘glmmTMB
package’; Brooks et al., 2017) with climate treatment as fixed factor
and tank as random, nested effect. Multilevel sPLS-DA was run fol-
lowing the example Case Study Multilevel sPLS-DA: Vac18 available
on the mixOmics website (http://mixomics.org/case-studies/multi
level-vac18-case-study/). For this analysis, ambient-ambient juve-
niles were excluded. Multilevel sPLS-DA is a supervised approach for
data classification of repeated measures (‘tank’ in our study). Briefly,
a sPLS-DA was run with 10 components and then tuned using the
‘perf’ and ‘tune.splsda’ (n=_3 folds, n=50 repeat, Maximum Distance,
Balanced Error Rate measure) functions to select the optimal number

of components and variables.

3 | RESULTS

We performed a 4-year multigenerational experiment to character-
ize the combined effect of high temperature and pCO, levels on the
microbial community dynamics in the tropical sea urchin Echinome-
tra sp. A across major life stages (experimental design illustrated
in Figure 1; replicates per life stage/treatment conditions listed in
Table S1). A total of 4,767,687 high-quality 16S rRNA amplicon reads
was obtained, with an average of 35,580 reads per sample rang-
ing between 8495 and 104,419 reads. Following quality trimming,
chimera removal and data filtration, a total of 40,599 ASVs were
identified. Rarefaction curves based on sample diversity reached
an asymptote, confirming sequencing depth for this study was ad-

equate (Figure S1).

3.1 | Microbial dynamics across urchin life
stages and generations under ambient conditions
(aim 1)

The microbial community across life history stages and generations
held under ambient conditions, including adult gonads (F, and F,),
larvae (F,: 1- and 5-day; F,: 1- and 7-day) and 5-month juveniles (F,)
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were characterized (Figure 1, aim 1). Although there were significant
differences in dispersion (dispersion in adult gonads was lower than
larvae and juvenile), NMDS and permutational multivariate analy-
sis of variance revealed that microbial communities shifted signifi-
cantly during developmental stages and between generations, with
changes in the presence/absence of taxa as well as in their relative
abundance (PERMANOVA, life stagexgeneration: pseudo-F=4.1,
p <.001; Figures 2 and 3, Table S3). Each life stage (i.e. adult [gonad],
larvae and juvenile) was significantly different from one another
(p<.001), as well as from the seawater-associated microbial com-
munity (p<.001; Figure 2, Table S3). Age also affected the microbial
community associated with urchin larvae, with 1-day larvae signifi-
cantly different from older larvae (PERMANOVA, pseudo-F=8.1,
p<.001; Figure 2, Table S3b). In addition to these microbial changes
during host development, microbial community structure shifted
across generations within adult gonads (PERMANOVA, p=.002; Fig-
ure 2, Table S3) and larvae (larval ages were pooled; PERMANOVA,
p=.03; Figure 2, Table S3).

Overall, 23 microbial classes represented at least 1% mean rel-
ative abundance across life stages and generations, of which Alp-
haproteobacteria (Proteobacteria), Deltaproteobacteria (Proteobacteria),
Gammaproteobacteria (Proteobacteria) and Bacteroidia (Bacteroidetes)
were the only classes with >1% abundance in all life stages (Figure 3a).
Some microbial classes were characteristic of specific life stages, for
example, Fusobacteriia-affiliated sequences were highly abundant
only in adult gonads (F,: 14.3%, F,: 13.5%), Nitrososphaeria in F,
1d-larvae (8.2%) and Oxyphotobacteria in juveniles (7.5%). To better
characterize the potential drivers of the differences among life his-
tory stages, we explored microbial dynamics at the family level (Fig-
ure 3b and Figure S2). The microbiome of adult gonads (F, and F,) was

primarily composed of Vibrionaceae (Gammaproteobacteria), Desul-
fobulbaceae (Deltaproteobacteria), Fusobacteriaceae (Fusobacteriia),
Cryomorphaceae (Bacteroidia) and Prolixibacteraceae (Bacteroidia);
and F, gonads showed a high relative abundance also in Kiritimatiella-
ceae (Kiritimatiellae)-affiliated sequences (Figure S2). In contrast, larval
stages were dominated by Rhodobacteraceae (Alphaproteobacteria)-
and Alteromonadaceae (Gammaproteobacteria)-affiliated sequences,
constituting up to 27% and 32%, respectively, in mean relative abun-
dances (Figure 3b). Other bacterial families were abundant at this life
stage, such as Halomonadaceae (Gammaproteobacteria) in F, larvae,
and Oleiphilaceae (Gammaproteobacteria) and Cellvibrionaceae (Gam-
maproteobacteria) in F, larvae (Figure S2). In juveniles, Rhodobacter-
aceae relative abundance was similar to the larvae life stage (11.9%),
while Alteromonadaceae and Vibrionaceae represented 1.5% and
16.3% of the community, respectively (Figure 3b). The most abundant
families in the urchin-associated tissue across life stages were a minor
component of the seawater samples, indicating that urchin microbial
communities are host-specific (Figure 3b and Figure S2), which was
also confirmed by the small proportion of ASVs shared between life
stages and seawater (Figure S3).

When exploring microbial community structure at the ASV level,
DESeq analyses identified ASVs that were differentially abundant
between life stages. In F, larvae, seven ASVs were present exclu-
sively at 1- or 5-day, and sequences affiliated to the archaea Nitro-
sopumilus were significantly reduced from 1-day to older larvae (F,;
from 7.3% to 2.2%) (Figure 3d). Some ASVs were also differentially
abundant between F, larvae and juveniles (Figure 3e). For example,
one ASV assigned to Ruegeria constituted on average 2.1% of the mi-
crobial community in juveniles, though was absent in F, larvae; and
Alteromonas-affiliated sequences showed about a 10-fold reduction
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FIGURE 3 Urchin microbial community structure under ambient conditions. (a) Mean relative abundance of prevalent microbial

classes (>1% relative abundance; relative abundance mean in larvae F, is based on two replicates/larval age) and (b) boxplot of dominant
three families across sample types and generations (colours based on taxonomic classes, see a). Box=inter-quartile range (IQR), line in

box =median, whiskers =minimum and maximum values not outliers (i.e. -/+1.5xIQR). Seawater represents an environmental control, and
we here show the seawater-associated microbial community pooled across time and generations. (c) Venn diagrams illustrating the number
of shared ASVs between life stages and generations. Only ASVs present in at least 50% of the samples within each life stage/generation
were considered; data were rarefied. (d) ASVs with significantly different relative abundances between 1- and 5-day F, larvae, and (e) larvae
F, (pooled 1- and 5-day) and juvenile F, identified using DESeq analyses (1% mean relative abundance cut-off). Taxonomy is shown as Family
and Genus, and colours are based on taxonomic classes, see (a).

in juveniles compared to F, larvae. This clear distinction between
life history stages was also reflected in the low number of ASVs ob-
served across all life stages, with few ASVs present in at least 50% of
the samples and shared between developmental stages (Figure 3c;

Table S4). Only four microbial taxa were shared between F; adult
gonads and F, 1-day larvae, which were not retained in older lar-
vae (Figure 3c; Table S4). While a high number of ASVs (n=31) were
retained from 1-day to older larvae, only three of them remained
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in association with the juveniles (Figure 3c; Table S4). These three
ASVs were also present in F, larvae at both sampling times and were
assigned to Alcanivorax, Hyphomonas and Oleiphilus strains. When
comparing the microbial composition between generations, 44% of
ASVs associated with F adult gonads was also present in F, gonads,
and 29% of the microbiome in F, 1-day larvae was retained in the
next generation (Figure 3c). Some ASVs associated with the urchin
tissue were also present in the seawater, with the proportion of
shared microbial taxa between urchin and seawater varying among
life stages (Figure S3).

Alpha diversity based on Shannon index varied significantly
across life stages but not generations under ambient conditions
(Figure 4a, Table S5). Specifically, post-hoc comparisons revealed
that juveniles (4.97 +0.77 SE) had significantly higher alpha diver-
sity than F, larvae (3.83+0.40 SE; p=.002), F, larvae (3.47+0.32
SE; p=.0005), F, adult gonads (3.42+0.38 SE; p=.0002) and F,
adult gonads (3.30+0.50 SE; p<.0001; Figure 4a, Table S5). Similar
patterns were observed for Pielou's evenness, Simpson's diversity,
richness (total number of ASVs) and Faith's phylogenetic diversity
(Figure S4).

3.2 | Effects of combined OA and OW predicted
for years 2050 and 2100 on the urchin microbiome
(aim 2)

Urchins were reared under future RCP 8.5 climate scenarios pre-
dicted for years 2050 and 2100 (see Figure 1, aim 2; experimental
design described in Uthicke et al., 2021) and the microbial community
changes to OW/OA across host generations were assessed. NMDS
visualization showed that the greatest difference in microbial com-

munities was driven by life stage rather than combined temperature

and pCO, levels (Figure 5a). However, PCA revealed that climate
treatment had an effect on the microbial structure within life stages
(Figure 5b) and permutational multivariate analysis of variance con-
firmed this climate effect on F, adult gonads and F, juveniles (PER-
MANOVA, life stage*climate scenario: pseudo-F=1.86, p=.01), 1-day
F, larvae (PERMANOVA, climate scenario: pseudo-F=3.38, p=.004),
5-day F, larvae (PERMANOVA, climate scenario: pseudo-F=6.69,
p=.003) and F, adult gonads (PERMANOVA, climate scenario:
pseudo-F=1.84, p=.028, Table Sé). Microbial community dispersion
was significantly different across life stages. Post-hoc comparisons
showed that the microbial community of adult gonads (F) reared
under ambient conditions was significantly different from adult go-
nads under the 2050 treatment (p=.01; Figure 5b, Table Sé), and ju-
veniles (F,) under ambient were different from juveniles under 2050
(p<.001) and 2100 (p=.04, Table Sé) treatments.

Changes in relative abundances of Fusobacteriaceae, Prolixibac-
teraceae and Desulfobulbaceae were observed in gonads of adults
exposed to 2050 treatments (Figure S5), and for example, an ASV as-
signed to Desulfobulbaceae was significantly enriched in both 2050
and 2100 treatments compared to ambient conditions (Figure Sé). In
juveniles (F,), Haliangium strains (Haliangiaceae) were differentially
abundant among ambient and 2100 juveniles (F,), while two ASVs
assigned to Flavobacteriaceae were differentially abundant between
ambient and 2050 F, juveniles (Figure 5c). Climate treatment ap-
peared to have an effect on the larval microbial structure at each age/
generation (Figure 5), but low replicate numbers precluded statistical
confirmation of this pattern in F, larvae. An increase in Pseudomo-
nadaceae and decrease in Rhodobacteraceae-affiliated sequences
were observed in 1-day F, larvae reared under climate treatments,
while a decrease in Flavobacteriaceae and increase in Alteromona-
daceae and Vibrionaceae occurred in 5-day F, larvae under 2100

conditions (Figure S5). DESeq analyses revealed that distinct ASVs
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FIGURE 4 Boxplots of Shannon diversity index representing alpha diversity of the microbiome in adult gonads, larvae (1d and >1d larvae
were pooled), juveniles and seawater under (a) ambient, (b) 2050 and (c) 2100 treatments.
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FIGURE 5 Urchin microbial responses to combined OW and OA predicted for years 2050 and 2100 (RCP 8.5). (a) Non-metric
Multidimensional Scaling (NMDS, square-rooted data; stress=0.14) based on Bray-Curtis dissimilarities calculated on relative abundance
of ASVs present in adult gonad, juvenile, larvae and seawater across generations (FO, F. F2) and climate treatments (ambient, 2050, 2100).
(b) Principal Component Analysis (PCA, centred log-ratio transformation) on relative abundance of ASVs in F, adult gonads, F, larvae at 1
and 5days, and F, juveniles. (c) ASVs with significantly different relative abundances between climate treatments within 1-day F, larvae
and F, juveniles identified using DESeq analyses. Only ASVs present across at least 50% of the samples in one of the compared groups are
illustrated. Taxonomy is shown as Family and Genus, and a significant increase (A) or decrease (V) in relative abundance between ambient
and 2050 treatment (blue), ambient and 2100 (red), and ambient and both climate treatments (black) is illustrated for each ASV.

were differentially abundant among the ambient and two climate
treatments (Figure 5¢ and Figure Sé). Importantly, 48% of the micro-
bial community in 1d-larvae (F,) under 2050 conditions comprised
one ASV identified as a Pseudomonas strain, and ASVs identified as
Psychrobacter, Acinetobacter, Aestuariibacter and Vibrio were lost in 1-
day larvae reared under 2050 and 2100 climate scenarios (Figure 5c).
Despite the microbial variation observed in urchins exposed to future
climate scenarios, linear mixed effects models revealed that Shannon

diversity was not affected by climate treatment, with life stage being
the major driver of differences in microbial diversity among samples
(Figure 4, Table S7, Figure S7).

We also explored the number of ASVs retained across life stages
and generations under climate treatments. No ASVs were shared be-
tween adult gonads (FO) and 1-day larvae (F1) under 2050 conditions,
while one ASV was shared under 2100 conditions (Figure S8). In con-
trast, 31% and 38% of ASVs associated with 1-day larvae were also
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present in 5-day larvae (F,) under 2050 and 2100 conditions, respec-
tively. These findings indicate that a higher proportion of microbial
taxa was retained during larval development under these treatments
compared to ambient conditions (20%, Figure 3c). Finally, the pro-
portion of ASVs retained from 5-day larvae to 5-month juveniles
was minor (2% under 2050; 4% under 2100; Figure S8). The three
ASVs that were consistently associated with larvae and juveniles
under ambient conditions were not present at each life stage under
climate treatments (Tables S8 and S9). Under 2050 and 2100 con-
ditions, the ASV affiliated with Alcanivorax was absent in juveniles;
and 1-day larvae (F,) were not associated with Oleiphilus under 2050
conditions, and Hyphomonas under 2100 conditions (Tables S8 and
S9). When exploring differences in microbial composition between
generations of urchins reared under 2100 treatment, we found that
42% of ASVs associated with F; adult gonads was also present in
F, gonads, and 35% of ASVs in F, 1-day larvae was present in F, 1-
day larvae (Figure S8), similar to the pattern observed under ambient
conditions (Figure 3c).

3.3 | Effects of parental exposure to climate
treatments on the offspring microbiome (aim 3)

Parental effect on the urchin microbiome was investigated through
a transplant experiment in which F, juveniles from ambient par-
ents were reared under ambient, 2050 and 2100 conditions, and
juveniles from 2050 parents were reared under 2050 and 2100
conditions (Figure 1, aim 3). Parental climate treatment, as well as
offspring climate treatment, was sufficient for discrimination of
the F, juvenile samples by multilevel sparse Partial Least Squares-
Discriminant Analysis (sPLS-DA, six optimal components; Figure 6a).
Permutational multivariate analysis of variance confirmed this pat-
tern (PERMANOVA, parental climate treatment*offspring climate

treatment: pseudo-F=1.78 p<.001; Table S10), with the micro-
biome of juveniles whose parents were exposed to 2050 or 2100
conditions different to juveniles from parents under ambient con-
ditions (Figure 6a). However, the dominant microbial families (>2%)
appeared to have similar relative abundances across parental climate
treatments (Figure S9). At the ASV level, DESeq analyses identified
a wide range of ASVs differently abundant across parental and off-
spring treatments (Figure 6b). However, parental treatment did not
have a significant effect on the Shannon diversity index of F, juve-
niles, although highest diversity was observed in parents exposed to
ambient conditions and lowest under 2050 treatment (Figure S10,
Table S11).

4 | DISCUSSION

Marine organisms are frequently associated with microbial
communities that underpin their health and survival (McFall-
Ngai, 2014; Robbins et al., 2021). Characterizing microbial dynam-
ics throughout the development of marine invertebrate species
and determining the effect of climate stressors on microbe-host
relationships is critical for making predictions on ecological com-
munity structure in the context of environmental change. Using
16S rRNA gene sequencing, we determined that within the tropi-
cal sea urchin Echinometra sp. A, microbial life-stage specificity
was maintained across generational exposure to future OW/OA
conditions. However, results also indicated that shifts in microbial
community composition occurred for specific urchin life stages
under climate treatments, with a transplant experiment demon-
strating that exposure of parents to climate treatments influenced
the microbiota in subsequent urchin generations, thereby indicat-
ing potential for transgenerational effects of climate change on

the microbiome.
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FIGURE é F, 5-month juvenile urchin microbiome in the transplant experiment. (a) Multilevel sPLS-DA on the relative abundance of
ASVs in F, juveniles following centred log-ratio transformation (visualization of the first two components). (b) Top ASVs with significantly
different relative abundances across parental climate treatments (DESeq analysis). Only ASVs present across at least 50% of the samples in
one of the compared groups are illustrated. Treatments are reported as ‘parental (FO) climate treatment - juvenile (F1) climate treatment’,
and taxonomy is shown as Family and Genus. A significant increase (A) or decrease (V) in relative abundance between ambient-2100 and
2050-2100 (blue), ambient-2100 and 2100-2100 (red), and ambient-2100 and both parental climate treatments (black) is illustrated for each

ASV.
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4.1 | Major life history stages harbour a distinct
microbiome under ambient conditions (aim 1)

We first investigated microbial community dynamics throughout
the urchin life cycle (Figure 1, aim 1) and found that adult gonads,
larvae and juveniles harboured a distinct microbiota under ambi-
ent conditions (Figures 2 and 3). Microbiome tissue specificity has
been widely reported for many reef marine invertebrates, includ-
ing other urchin species (Bernasconi et al., 2019; Carrier & Reit-
zel, 2019). In urchins, Carrier and Reitzel (2019) suggested that the
establishment of a microbial community commences prior to ferti-
lization since bacteria were detected in unfertilized eggs of three
confamilial echinoids using 16S rRNA gene sequencing. However,
ASVs retrieved from adult female gonads were not similar to lar-
vae in our experiment; while only four ASVs were shared between
Fo gonads and 1-day F, larvae (Figure 3c), a higher number of ASVs
were shared between 1-day F, larvae and seawater (Figure S3),
indicating that microbial vertical transmission from parents to off-
spring may not be the primary mode of acquisition of these com-
munities in Echinometra sp. A. Importantly, gonad sampling was
performed following spawning; hence, the sampling methodology
could also have precluded the detection of some microbial taxa
associated with the pre-spawning gonads. In regard to microbial
diversity, an increase was observed from larvae to juveniles (Fig-
ure 4a), suggesting that more bacterial niches become available
for colonization throughout development. Although these results
contrast with previous findings in other urchin species (Carrier &
Reitzel, 2019), they are consistent with studies on other reef spe-
cies with biphasic life cycles, where microbial alpha diversity in-
creases during development, such as in the coral Acropora digitifera
(Bernasconi et al., 2019). Although urchin microbial diversity was
conserved within each life stage between generations (Figure 4a),
transgenerational changes in microbial community composition
were observed. For example, a higher abundance of Alteromon-
adaceae-, Oleiphilaceae- and Cellvibrionaceae-affiliated taxa was
present in F, larvae compared to F, larvae (Figure S2). And in the
adult gonads, less than 50% of ASVs were shared between genera-
tions (Figure 3c). Given that Echinometra sp. A appears to acquire
microbes primarily from the surrounding environment, we hypoth-
esize that microbial composition may be influenced by the avail-
able environmental microbial pool at each generation. We do not
exclude that these microbial changes may be driven by stochastic
mechanisms, as previously observed in the microbiota associated
with echinoids eggs over multiple years (Carrier et al., 2020).

The microbiome of urchin larvae was dominated by Alteromona-
daceae and Rhodobacteraceae families at 1-day in both F, and F,
generations (Figure 3b). These bacterial taxa have been observed at
high relative abundance in larvae of other reef species, including the
corals A. digitifera and Acropora tenuis (Bernasconi et al., 2019; Dam-
janovic et al., 2020). The larval microbial community structure was
shaped by age (Figure 3d), with the observed microbial changes likely
linked to the emergence of new niches available for colonization
during development. However, these changes may also occur due

to the commencement of feeding in >1-day larvae, as food has been
shown to be the main source of bacterial uptake within larvae across
multiple urchin species (Carrier et al., 2021; Schuh et al., 2020).

In urchin juveniles, members of the class Oxyphotobacteria were
at higher abundances compared to all other life stages (Figure 3a),
and ASVs affiliated to Rhodobacteraceae and Vibrionaceae were
also dominant at this stage (Figure 3b and S2), in line with previ-
ous studies on cnidarian species (Bernasconi et al., 2019; Mortzfeld
et al., 2016; Quigley et al., 2020). In contrast, Alteromonadaceae-
affiliated sequences were present in low relative abundances (Fig-
ure 3b), mirroring the observed reduction of Alteromonadaceae
reported in the coral A. digitifera during development into juveniles
(Bernasconi et al., 2019). While members of the Rhodobacteraceae
family were abundant in both juveniles and larvae, ASV level abun-
dance within this family was widely variable across these life stages
(Figure 3e).

Urchin adult gonads (female) were dominated by Gammaproteo-
bacteria, Bacteroidia, Deltaproteobacteria and Fusobacteriia classes
(Figure 3a), as well as several families, including Vibrionaceae, Desul-
fobulbaceae, Cryomorphaceae and Fusobacteriaceae (Figure S2). In
contrast to juvenile and larvae, adult gonads were characterized by
low abundance in Rhodobacteraceae (Figure 3b). However, itis worth
noting that our sampling design was unable to separate tissue-type
effects (gonad) from life stage effects in adults. Hence, the observed
differences between adult gonads and larvae/juveniles may be due
to gonad microbiome specificity. Although the echinoderm gonad
microbiome remains considerably underexplored, the microbiome
associated with female gonads in the crown-of-thorns sea star Acan-
thaster cf. solaris appears to be highly variable (Hgj et al., 2018), and
a recent study reports high relative abundance of Tenericutes and
Spirochaetae in multiple sea star taxa (Jackson et al., 2018), which
has not been observed in the Echinometra gonads collected within

our study.

4.2 | Microbial changes under exposure to
2050 and 2100 climate scenarios (aim 2)

To determine the multigenerational effects of OW and OA on the ur-
chin microbiome, we assessed microbial community composition in
urchin adult gonads, larvae and juveniles reared under future climate
scenarios across three generations (Figure 1, aim 2). Despite micro-
bial life-stage specificity being maintained under OW/OA (Figure 5a),
treatment-attributed microbial changes were observed within each
life stage (Figure 5b). In adult gonads (F), microbial shifts were ob-
served in urchins raised under 2050 and 2100 for ~2years, with an
ASV belonging to Desulfobulbaceae being present only at both high
OWY/OA conditions (Figure Sé). Although these results contrast with
previous experimental studies on adult urchins (spines, gut) show-
ing that the urchin microbial community is stable under exposure
to OW/OA (Brothers et al., 2018; Webster et al., 2016), the discrep-
ancy in microbial responses may be explained by the different tissue
types as well as the extended exposure periods investigated within
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this study. Indeed, Ketchum et al. (2021) recently confirmed that
temperature-driven microbial shifts occur in the gut of the urchin
Echinometra sp. EZ in natural conditions, suggesting that tempera-
ture can be a predictor of community variation.

Similar to adult gonads, the microbial community associated with
larvae and juveniles was also altered under climate treatments. In
1-day larvae (Fl), for example, an ASV identified as Pseudomonas
significantly increased in larvae exposed to 2050 conditions, repre-
senting the dominant ASV under this climate treatment (Figure 5c).
In juveniles, Muricauda strains, which have been suggested to miti-
gate light and temperature stress through the provision of the anti-
oxidant carotenoid zeaxanthin in cultured Symbiodiniaceae (Motone
et al., 2020), were absent under ambient conditions but present at
both climate treatments (Figure 5c). Furthermore, the three ASVs
consistently associated with each developmental stage (1-day lar-
vae, older larvae and juvenile) under ambient conditions, were not
present at each life stage under 2050 and 2100 conditions, indicat-
ing potential disruption of critical host-microbe interactions under
climate treatments.

In parallel to characterizing the urchin microbial community,
host health was also assessed under exposure to future climate
conditions (see Uthicke et al., 2020, 2021). In contrast to previ-
ous short-term experiments (Uthicke, Liddy, et al., 2014), F, adult
health (growth, respiration rates and gonad development) was not
impacted by climate conditions in our long-term experiment (an-
alysed in Uthicke et al., 2020), suggesting that adult urchins may
have acclimated to the treatment conditions. Despite the main-
tenance of standard physiological performances in Fy adults, a
negative carryover effect was observed between F, and F, gener-
ations (Karelitz et al., 2020; Uthicke et al., 2021). Indeed, Karelitz
et al. (2020) assessed F, larval survival rates under ambient and
2100 conditions in the same experiment and found that larvae
from 2100-acclimated parents were characterized by a reduced
survival. Furthermore, juveniles from 2050 and 2100 parents
showed a decline in physiological performances at 9 months of
age, until a pathogenic mortality event occurred in 10-month juve-
niles, which may have selected for phenotypes adapted to climate
conditions (Uthicke et al., 2021).

Host physiological responses may be associated with the re-
structuring of the microbial community, as observed in other marine
invertebrates (Botté et al., 2019). While changes in the gonad micro-
biome could be related to positive acclimatory mechanisms in our
urchin species, the microbial alteration observed in larvae reared
under climate treatments is likely a sign of dysbiosis occurring in
parallel to a decrease in survival. The dominance of specific ASVs
under climate conditions, which were absent or a minor component
under ambient, further supports the hypothesis that larval micro-
bial changes were detrimental. Similarly, microbial shifts in 5-month
juveniles may represent an early sign of decline in urchin health
due to negative parental carryover effects, although juvenile's size
was not impacted by climate treatments at this sampling time (Uth-
icke et al., 2020). Finally, microbial alterations observed in F, adult
gonads may be linked to the host phenotypic adaptation under

treatment conditions following the mortality event. Stochastic pro-
cesses, however, may also underlie the observed microbial changes
(Sieber et al., 2019). It should also be noted that the urchin genetic
diversity was reduced over generations, with potential implications
for host acclimatory responses. To conclude, although microbial re-
structuring occurred under climate treatments, the influence of the
microbiome in mitigating host stress and maintaining host physiol-
ogy cannot be determined and additional studies investigating the
link between microbial metabolic activities and host performance

under environmental stress would be required.

4.3 | Parental cross-generational effects observed
on the offspring microbiome (aim 3)

Cross-generational effects on the microbiome have been observed
in some marine species, but few studies have confirmed this mech-
anism in coral reef invertebrates. In our transplant experiment,
parental (F,) exposure to climate treatment affected the offspring
microbiome (F1 5-month juvenile; Figure 1 aim 3, and Figure 6),
with potential implications for host health. For example, some
ASVs belonging to Gammaproteobacteria were present in juveniles
raised under 2100 conditions whose parents were under ambi-
ent treatment, but not in juveniles whose parents were exposed
to 2050 or 2100 conditions (Figure 6b). Given the likelihood that
most Echinometra sp. A ASVs are acquired from the environment,
experimental treatment conditions combined with host physiol-
ogy and niche colonization likely drive these microbiome changes,
rather than cross-generational transmission. Despite these dif-
ferences at the ASV level, major microbial changes were not de-
tectable at the family level (Figure S9). However, larvae were kept
at the same treatment conditions as their parents, and thus, our
experimental design may have impacted our ability to fully iden-
tify cross-generational effects. Given older juveniles (9 months
old) whose parents were reared under climate treatments showed
signs of carryover effects on their physiology and behavioural re-
sponses (Uthicke et al., 2021), we hypothesize the microbial shifts
observed in 5-month juveniles may be linked to early signs of de-
cline in host health. Functional studies are needed to validate this
hypothesis and characterize any metabolic change associated with
the observed microbiome restructuring.

5 | CONCLUSIONS

Understanding how microbe-host interactions vary across host
generations in a warming and acidifying ocean is critical for predict-
ing realistic responses of reef species to future climate. Our 4-year
experiment provides the first insights into microbial dynamics across
life stages in a tropical urchin species exposed to OW/OA over mul-
tiple generations. Microbial communities were distinct across life
stages, and this life-stage specificity was maintained under tempera-
ture and pCO, levels predicted for years 2050 and 2100 (RCP 8.5).
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However, microbial dynamics were affected by exposure to OW/OA
within life stages, and the offspring microbiome was also influenced
by parental exposure to climate treatments. As Echinometra sp. A
appears to acquire microbes primarily from the surrounding environ-
ment, we exclude that inheritance of shuffled microbes is the basis
of the observed parental effect but postulate that urchin hosts may
modify microbiome recruitment in response to parental exposure to
OW/OA.
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