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SUMMARY

The strobilation process, an asexual reproduction mechanism in Aurelia aurita, transitions from the sessile
polyp to the pelagic medusa stage. This study explored the essential role of the microbiome in strobilation,
particularly through bacterial beta carotene’s impact on the host’s retinoic acid signaling pathway. Experi-
ments demonstrated that native polyps undergo normal strobilation while sterile polyps exhibit morpholog-
ical defects. Supplementing sterile polyps with provitamin A beta carotene or the vitamin A metabolite 9-cis
retinoic acid (RA) remedied these defects, underscoring their crucial role in strobilation. Transcriptional anal-
ysis revealed that beta carotene and 9-cis RA restored expression of strobilation genes in sterile polyps to
native levels. Inhibition of key enzymes in the RA pathway disrupted strobilation, further confirming its impor-
tance. The expression of bacterial B-carotenoid synthesis genes in the native microbiome, contrasted with
tremendously reduced expression in antibiotic-treated polyps, emphasizes the microbiome’s pivotal role

in beta carotene provision, facilitating A. aurita’s strobilation through RA signaling.

INTRODUCTION

The concept of metaorganism has fundamentally transformed
our understanding of the complex relationships between multi-
cellular organisms and their associated microbial communi-
ties.'™ The associated microbiota plays a pivotal role in shaping
fundamental aspects of the host, such as behavior and develop-
ment.”“~° In marine animals, particularly within the phylum Cni-
daria, the microbiome influences developmental transitions’~°
and the reproduction of their hosts.'"'?

Drawing upon this understanding, the moon jellyfish Aurelia
aurita offers valuable insights into the functional interactions be-
tween multicellular hosts and their microbiota, particularly during
metamorphosis.'®'* A. aurita undergoes a complex life cycle
(see Figure 1), commencing with the release of planula larvae
that settle and develop into sessile polyps resembling small cy-
lindrical tubes. These polyps undergo significant morphological
and developmental changes during strobilation, forming con-
strictions and generating an early strobila. These constrictions
further develop and multiply, leading to the formation of bro-
wn-colored late strobila. Eventually, the segments detach from
the strobila to become individual ephyrae, which then mature
into free-swimming juvenile medusae. The characteristic adult
medusae features are transparent, umbrella-shaped bells, and
have delicate tentacles.’®™"” We recently demonstrated the
pivotal role of the native microbiota in orchestrating the polyp-
to-ephyra transition in A. aurita (Figure 1)."®'° Our findings
emphasized that the absence of microbes leads to a cessation

in offspring generation. However, a detailed understanding of
metamorphosis on the molecular level in A. aurita, Cnidarians
in general, or several other invertebrates remains limited. In
contrast, examining representatives such as insects and am-
phibians, which also undergo complex life cycles, reveals that
metamorphosis is intricately regulated by host’s neuronal and
hormonal signals facilitated by nuclear hormone receptors.?°2*
In amphibians, thyroid-stimulating hormone (TSH) triggers
tadpole-to-frog transformation via a thyroid hormone receptor
(TR) and a retinoic X receptor (RxR) heterodimer, while in insects
prothoracicotropic hormone (PTTH) and ecdysone activate
metamorphosis genes through an ultraspiracles-ecdysone re-
ceptor (EcR) heterodimer.?*" Previous studies in A. aurita
have highlighted similar potential regulators, such as retinoids
(vitamin A derivates) and the RxR transcription factor, implicating
the RxR involvement in transitioning from the polyp to medusa
stage.'® Upregulation of RxR during strobilation further sug-
gested a significant role in strobilation.®'® Moreover, compari-
sons with other Cnidarian species showed a broader importance
of retinoid signaling in jellyfish development.?2°
Understanding the crucial role of retinoids and RxR in A. aurita
development requires insight into the broader context of retinoid
signaling. Retinoids are essential for various physiological pro-
cesses in multicellular organisms, including growth, vision, im-
mune function, and cellular differentiation.>°~° The active form
of vitamin A, 9-cis retinoic acid (RA), serves as a signaling
molecule that regulates gene expression and influences cell
fate decisions during development.*® Vitamin A derivatives and
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Figure 1. The role of the microbiome in the
life cycle of Aurelia aurita

A. aurita alternates between the pelagic medusae
and the benthic polyp stages. The native micro-
biome plays a crucial role in the strobilation
process, known as strobilation, by activating
strobilation genes. In the absence of the native
microbiome (sterile conditions), phenotypical ab-
normalities occur, and strobilation genes are
downregulated.
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provitamin A from dietary sources are converted into their active
form within the multicellular host.*”*® In this process, retinol un-
dergoes enzymatic oxidation to form all-trans retinal, mediated
by retinol dehydrogenase (RDH2), which is then further oxidized
to produce 9-cis RA by retinal dehydrogenase (RALDH).*%*°
Once synthesized, 9-cis RA is a potent ligand for nuclear recep-
tors known as retinoic acid receptors (RARs) and RxRs.*"*?
These nuclear receptors function as transcription factors, regu-
lating the expression of target genes involved in various cellular
processes, including development, differentiation, and meta-
bolism.***3~*> Here, the class of RxR receptors often form
heterodimers with other nuclear receptors, including RARs, to
modulate the gene expression.*®

In the context of A. aurita development, RxR likely forms a het-
erodimer with a second receptor upon binding to 9-cis RA."® The
identity of the second receptor in A. aurita remains unknown,
although it is known to be activated by an epithelial CL390 or
its analogous biologically active ligand (pharmacophore) 5-me-
thoxy-2-methyl indole (MMI).'® The heterodimer formed by
RxR and its partner receptor binds to specific DNA sequences
known as retinoic acid response elements (RAREs) within the
regulatory regions of target genes.”' This binding event impacts
the transcription of the target genes (activates or represses),
thereby influencing developmental processes such as strobila-
tion."'® In A. aurita, genes such as CL112, CL355, CL390, and
CL631 have been identified to be involved in asexual reproduc-
tion.'®*"“® The transcriptional expression levels of these genes
were notably increased when polyps had initiated the strobilation
process.'® This indicated that they have a central role in strobila-
tion and thus they will be cited as strobilation genes in the
following. In the absence of native microbiota however, sterile
polyps showed a significantly reduced transcription of those
strobilation genes compared to polyps with native microbiota,
further causing downregulation of general developmental genes
(Figure 1).'°

It is well-established that vitamin A and its derivatives (reti-
noids) are sourced from the diet in two forms: preformed vitamin
A from animal products (retinyl esters, retinol, and small amounts
of RA) and provitamin A carotenoids from vegetables and
fruits.*® Among these, beta carotene is the most abundant
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generate beta carotene, which can then
be absorbed and utilized by the host
organism.®"*? In detail, bacteria utilize
pyruvate and D-glyceraldehyde-3-phos-
phate (GAP) from glycolysis to synthesize isoprenoid precursors
via the methylerythritol phosphate (MEP) pathway, also known
as the non-mevalonate pathway, resulting in geranylgeranyl
diphosphate (GGPP) formation.”®>** Within the carotenoid
biosynthesis pathway two molecules of GGPP condensate to
form phytoene, which is then converted into various intermedi-
ates through a series of desaturation and isomerization reac-
tions.>*°® Subsequently, cyclization reactions occur, leading to
the formation of carotenoids such as beta carotene, lycopene,
lutein, and zeaxanthin.”® Those carotenoids are absorbed by
the host for vitamin A provision.®” Taking together, we hypothe-
size that the Aurelia-associated microbiome produces beta
carotene, which might be as important as dietary sources in
contributing to the host’s vitamin A supply, emphasizing the
metaorganism concept. Such a symbiotic relationship under-
scores the intricate ecological interactions that contribute to
the overall health and well-being of the host. Thus, we hypothe-
size that the native A. aurita polyp microbiome likely plays a
pivotal role for offspring generations in supplementing the host’s
diet with provitamin A carotenoids, particularly beta carotene.

Consequently, we aimed to experimentally decipher the
complex interplay between associated bacteria and the host to
activate downstream strobilation genes through a RxR hetero-
dimer-based mechanism on the molecular level. Based on
different approaches using A. aurita polyps from the North
Atlantic subpopulation, we achieved strong evidence for the
crucial requirement of bacteria-generated provitamin A caroten-
oids for A. aurita offspring generation.

RESULTS

Retinoic acid key genes are induced during strobilation
in A. aurita and beta carotene dependent

To study the effects of key enzymes of the host RA signaling
pathway, the expression of the respective genes encoding
beta carotene dioxygenase (BCO1), retinal dehydrogenase
(RALDH), and retinol dehydrogenase (RDH2) were studied. Their
transcriptional regulation from the polyp stage to the early stro-
bila stage, four days post-strobilation induction with 5-meth-
oxy-2-methyl-indole (MMI), were investigated using gRT-PCR
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(Figure 2, Table S1). Expressions in native polyps, sterile control
polyps, and sterile polyps supplemented with the active vitamin
A metabolite 9-cis RA and provitamin A compound beta caro-
tene was compared. Average cycle thresholds (C+) values, ob-
tained from three biological replicates with three technical repli-
cates each, were normalized using EF1 as a reference gene (Ct
value of 20.66 = 1.42) (Table S1).

BCO1 expression in native control polyps peaked at day 2
post-strobilation induction, declining thereafter until the early
strobila stage (Figure 2A, blue line). Sterile control polyps ex-
hibited five times lower expression levels but a similar pattern
(Figure 2A, gray line). Sterile polyps treated with 9-cis RA had
similar BCO1 expression to sterile polyps during the polyp stage,
but post-strobilation induction levels matched those of native
controls (Figure 2A, green line). Sterile polyps supplemented
with beta carotene initially showed reduced expression (Fig-
ure 2A, red line), later aligning with native polyps and 9-cis RA-
treated polyps. RALDH expression exhibited an undulating
pattern across all polyp groups, with periodic fluctuations from
the polyp to early strobila stages (Figure 2B). In contrast, sterile
polyps showed significantly reduced amplitude in these fluctua-
tions (Figure 2B, gray line), indicating an altered expression in the
absence of the native microbiome. Both beta carotene and 9-cis
RA treatments of sterile polyps displayed similar patterns and
levels to native animals, suggesting a restored response (Fig-
ure 2B, blue, green, and red lines). RDH2 expression in native
control polyps showed biphasic expression, with a decrease in
expression after strobilation induction but stabilized again until
the early strobila phase (Figure 2C, blue line). Sterile controls
and supplemented polyps displayed an oscillatory dynamic
with modest regulation during the polyp stage, peaking on the
third day post induction before declining during the early strobila
stage (Figure 2C, gray, green and red lines). This pattern sug-
gests that RDH2 transcription remains more or less unaffected,
which is inline with the prediction that beta carotene is converted
to 9-cis RA by BCO and RALDH.

Overall the experiment demonstrates that RA pathway key
genes, including BCO1, and RALDH, undergo dynamic regula-
tion during strobilation in A. aurita, marking the first characteriza-
tion of their role in A. aurita. Supplementation of sterile polyps
with 9-cis RA or beta carotene restores their expression patterns
to resemble native conditions in presence of the microbiome.
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Figure 2. Transcription of retinoic acid
signaling genes in A. aurita during the onset
of strobilation

(A-C) Native and sterile A. aurita polyps underwent
T a three-day incubation with 5 M 5-methoxy-2-
methylindole with daily refreshment, inducing
strobilation. Concurrently, 1 uM beta carotene and
100 nM 9-cis retinoic acid (RA) were added to
sterile polyps with 5-methoxy-2-methylindole, re-
freshed daily for 3 days. Gene expression profiles,
represented by normalized Cr values (ACy), were
analyzed using the housekeeping gene EF1 for
normalization of (A) BCO1, (B) RALDH, and (C)
RDHZ2. Ct values were averaged from three bio-
logical replicates, each with three technical repli-
cates (see also Table S1). Data are represented as
mean + SEM.

RDH2

Strobilation in A. aurita requires beta carotene

To unravel the intricate interplay between microbial impact and
host signaling pathways in A. aurita strobilation (an asexual
reproduction), a thorough series of strobilation experiments of
A. aurita polyps was conducted under selective conditions.
The transition from polyp-to-ephyra was monitored by observing
strobilae formation and ephyrae release. This investigation
aimed to dissect the effects of various host-derived components
of the RA pathway compared to most likely bacterial-produced
beta carotene on strobilation progression in A. aurita.

Initially, strobilation was induced in native and sterile control
polyps using MMIL. In native polyps, 88% (N = 48, Table S2) initi-
ated strobilation, forming early strobilae. By day nine, 86% ex-
hibited full segmentation, developing into late strobilae with an
average of eleven segments. Ephyrae release commenced
from day twelve, averaging 10 ephyrae per animal (Figures 3A
and 3B, native control). In contrast, only 49% of sterile polyps
(N =47, Table S2) formed early strobilae, showing morphological
abnormalities such as reduced tentacle length, slim body shape,
colorless appearance, and delayed segmentation. Sterile late
strobilae were shorter, with fewer segments (average of three)
and unabsorbed tentacles (Tables S2 and S3, Figures 3A and
3B, sterile control). Ultimately, only 11% of sterile strobilae
released ephyrae after twelve days, increasing to 51% by the
end of the experiment, with an average of one ephyra per animal
(Figures 3A and 3B, sterile control).

Next, both native and sterile polyps were exposed to the stro-
bilation inducer MMI along with 1 uM of retinol without any effect
on native polyps concerning segmentation (10 constrictions),
early and late strobila formation (88% and 88%, respectively),
or ephyra release (75%, ten released ephyrae) compared to
native conditions without retinol (Table S2). In sterile polyps how-
ever, retinol supplementation led to early strobila formation in
70% of polyps, with an average of eight segments. During stro-
bilation progression, 63% formed late strobilae, with 48%
releasing an average of eight ephyrae (Tables S2 and S3, Figures
3A and 3B, retinol). Similarly, presence of 100 nM 9-cis RA per
polyp did not affect strobilation characteristics or timing in native
polyps (Table S2). Remarkably, in sterile polyps, 9-cis RA fully
restored the strobilation process despite the absence of the
native microbiome. Early strobilae formed in 84% of polyps,
with an average of eleven segments. Late strobilae were formed
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by 87% of polyps, with 80% releasing an average of nine
ephyrae after twelve days (Tables S2 and S3, Figures 3A and
3B, 9-cis RA), comparable to native control polyps. Moreover,
no morphological abnormalities were detected.

The direct impact of 9-cis RA on strobilation was further vali-
dated using UVI3003, a selective RxR antagonist, to inhibit its
binding to the nuclear receptor RxR. The obtained effects of
UVI3003 supplemented in addition to 9-cisRA strongly indicated
the binding of 9-cis RA to RxR, underscoring the specific influ-
ence of 9-cis RA on the strobilation process (Tables S2 and
S8, Figures 3A and 3B, 9-cis RA + UVI3003).

Ultimately, strobilation was induced in native and sterile
polyps to test the hypothesis that beta carotene supplementa-
tion mimics the presence of a carotene-producing microbiota.
Polyps were pre-incubated with 1 uM beta carotene per polyp
for 24 h. They were then treated with 5 uM MMI and 1 uM beta
carotene per polyp for three days. In native polyps, beta caro-
tene did not affect strobilation, segmentation, or ephyrae release
(Tables S2 and S8, Figures 3A and 3B, beta carotene). However,
in sterile polyps, beta carotene supplementation led to the for-
mation of 73% early strobilae and 79% late strobilae, with an
average of nine segments. Additionally, 98% of these polyps
released an average of nine ephyrae, with 51% releasing within
12 days, compared to 69% in native polyps (Tables S2 and S8,
Figures 3A and 3B, beta carotene). The life stage phenotypes
of B-carotene-supplemented polyps were similar to those of
native polyps.

To confirm the role and metabolism of beta carotene in the
strobilation of A. aurita, polyps were treated with 2,6-Di-tert-
butyl-4-methylphenol (BHT) to inhibit beta carotene dioxygenase
(BCO1), preventing beta carotene conversion to all-trans retinal.
In a separate experiment, conversion of all-trans retinal to 9-cis
RA was inhibited with dimethylaminobenzaldehyde (DEAB).
Both inhibitors caused malformed phenotypes and delayed stro-
bilation in the presence of beta carotene (Tables S2 and S8,
Figures 3A and 3B, beta carotene+BHT, beta carotene+DEAB)
due to the interfered RA signaling, again underscoring the critical
role of beta carotene and 9-cis RA in the strobilation process.

B carotene influences the transcription of strobilation
genes in A. aurita

Based on the findings regarding the influence of retinoids on the
morphological expression of strobilation in A. aurita, the impact
of 9-cis RA and beta carotene was also investigated at the mo-
lecular level, compared to native and sterile control polyps.
Expression profiles of the A. aurita-specific strobilation genes
CL112, CL355, CL390, and CL631 were analyzed across the
developmental stages polyp, early strobila, late strobila, and
ephyra in native and sterile control polyps and in sterile polyps
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supplemented with 9-cis RA or beta carotene (Figure 4). In native
control polyps the same expression profile was observed for all
strobilation genes (Figure 4, native control). This pattern entailed
a gradual increase in expression levels from the initial stages,
reaching a peak at the late strobila, and then gradually decre-
asing toward the medusa stage (Figure 4, native control). These
observations aligned with previously documented transcription
patterns'® and corroborated the morphological findings (Fig-
ure 3A). Conversely, sterile control polyps exhibited no expres-
sion of strobilation genes across all monitored life stages, (Fig-
ure 4, sterile control). However, sterile polyps supplemented
with 9-cis RA yielded expression profiles similar to those of
native controls for strobilation genes, undergoing comparable
changes throughout the developmental stages (Figure 4, sterile,
9-cis RA). Similarly, beta carotene led to expression patterns
resembling those observed for 9-cis RA and native controls, ex-
hibiting similar normalized C+ values (Figure 4, sterile, beta caro-
tene, Table S1). This expression pattern of strobilation genes
clearly verifies the beta carotene’s crucial role in strobilation ob-
tained by morphological assessments, in addition at the molec-
ular level.

The associated microbiome provides beta carotene
essential for strobilation in A. aurita

Since the importance of the RA pathway in the strobilation pro-
cess of A. aurita has been verified, the hypothesis that the micro-
biome’s pivotal role in this process is supplying provitamin A
components like beta carotene was further investigated on the
microbiome level. Two strategies were employed to validate
this hypothesis and elucidate the microbiome’s function in facil-
itating strobilation and offspring generation by providing beta
carotene. Firstly, antibiotic treatment was used to reduce micro-
biota complexity with subsequent correlation of the remaining
bacteria with strobilation success. Secondly, genes associated
with the bacterial MEP pathway and carotenoid biosynthesis
within the native A. aurita-associated microbiome were identified
and transcription levels elucidated to assess their potential
contribution to beta carotene production.

A diverse microbial community is needed for strobilation
success

The microbial composition of native polyps analyzed by 16S
rRNA amplicon sequencing has been previously reported.'®'?
In this current study the native microbiota composition was
confirmed, reflected by the presence of the classes Bacteroidia,
v-Proteobacteria, and a-Proteobacteria, with smaller contribu-
tions from other bacterial classes grouped as “Others”. Sterile
control polyps showed no amplification success during sequen-
cing library preparation, confirming successful removal of asso-
ciated microbiota. Single-dose antibiotics (Ampicillin, Neomycin,

Figure 3. Restoration of strobilation by beta carotene in sterile A. aurita polyps

(A) Strobilation progression of native (left panel) and sterile (right panel) polyps was monitored. The influence of compounds from the retinoic acid signaling
pathway and provitamin A component beta carotene on the strobilation process was similarly assessed. The compounds included: 1 uM retinol, 100 nM 9-cis
retinoic acid (RA), 100 nM 9-cis RA along with the inhibitor 5 uM UVI3003, 1 uM beta carotene, 1 uM beta carotene along with the antagonist 5 uM 2,6-Di-tert-
butyl-4-methylphenol (BHT), and 1 uM beta carotene along with the inhibitor 10 uM dimethylaminobenzaldehyde (DEAB). The scale bar, applicable to all images,

corresponds to 2 mm.

(B) Daily monitoring of generated strobilae included quantifying segments per strobila 9 days post-induction and monitoring released ephyrae over 24 days.
Significances (p-values) are detailed in Table S3. Data are represented as mean + SEM.
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Figure 4. Transcription profiles of strobilation genes during the progression of strobilation under the influence of beta carotene and 9-cis

retinoic acid

Transcription profiles of strobilation genes (CL772, CL355, CL390, and CL631) were examined in both native and sterile polyps. Sterile polyps were further
analyzed with daily supplementation of 1 uM beta carotene and 100 nM 9-cis retinoic acid (RA) over a period of three days. These analyses were conducted during
various stages of strobilation (polyp, early and late strobila, ephyra). The gene expression dynamics were depicted using normalized cycle threshold values (ACr),
with normalization performed using the housekeeping gene EF1. The Cr values represent averages obtained from four biological replicates, each comprising
three technical replicates (See also Table S1). Data are represented as mean + SEM.

Rifampicin) and Provasoli’s broad-spectrum antibiotic mixture'®
were used to reduce microbiota in numbers and diversity. After
the respective treatment, viable cell counts revealed a significant
decrease in colony-forming units (CFU) on MB agar plates.
Native control polyps yielded 9100 CFU/polyp, while single-
dose antibiotic-treated polyps showed a reduction to 260-286
CFU/polyp. Provasoli’s treatment resulted in a further decrease
to 68 CFU/polyp (Figure 5A). This reduction was validated by
visualizing absolute abundance after 16S amplicon sequencing,
showing a significant decrease in sequence reads for Provasoli’s
treatment, but not for single-dose treatments (Figure 5B). Addi-
tionally, amplicon sequencing of single antibiotic-treated polyps
showed a relative increase in Bacteroidia, indicating a shift in mi-
crobial community composition. In contrast, Provasoli’s anti-
biotic-treated polyps exhibited a dramatic reduction in overall
bacterial abundance, especially Bacteroidia (Figure 5B).
Amplicon sequencing observations were correlated with mor-
phological observations throughout the life cycle of A. aurita. In
native controls, polyps were healthy and well-formed and
released 10 medusa. Polyps treated with single antibiotics,
Ampicillin, Neomycin, or Rifampicin were similar to native con-
trols but showed effects on segmentation during strobilation
(Figure 5C). Ampicillin-treated polyps had clear segmentation,
Neomycin-treated polyps had slightly less defined segmenta-
tion, and Rifampicin-treated polyps showed the least distinct
segmentation. Late strobilae were less robust, especially in
Rifampicin-treated polyps. Only four to five segments were
formed after single-dose antibiotic treatments compared to
twelve in native controls. Ephyra release decreased from eleven
in native controls to four in single antibiotic-treated animals
(Figure 5D). The released ephyrae were fully formed but less
defined, with Neomycin and Rifampicin resulting in the least
distinct structures. Under Provasoli’s treatment, polyps ap-
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peared deformed and less robust. Early strobilae showed less
distinct segmentation, and late strobilae had poorly differenti-
ated segments. Ephyrae were less robust and defined compared
to native controls. Segmentation and the number of released
ephyrae decreased significantly, similar to single-dose antibiotic
treatments (Figures 5C and 5D). In summary, while all treatments
allowed polyps to reach the ephyra stage, Provasoli’'s broad-
spectrum antibiotic treatment disrupted the normal strobilation
process in A. aurita polyps by significantly reducing microbial
abundance and diversity, highlighting the necessity of an abun-
dant and diverse microbiota for regulating the host RA signaling
pathway. This is in agreement with recolonization experiments
using single isolates, which all failed to restore the phenotype
(data unpublished).

Identification and expression of carotenoid synthesis
genes in the microbiome of A. aurita strongly indicate a
bacterial impacted strobilation by 3-carotenoids supply
To obtain further evidence, the presence and expression of bac-
terial key genes of B-carotenoid synthesis were monitored in the
polyp-associated microbiome. Five genes - dxs, ispC, ispA, crtE,
and crt/ - known to be involved in the B-carotenoid synthesis
were selected (Figure 5E). These gene sequences were sear-
ched in bacterial representatives from the NCBI database.
Conserved regions for each gene were identified, and degener-
ated primers were designed. These primers successfully ampli-
fied all five genes from DNA extracted from native polyps, while
sterile polyps showed no amplification, serving as controls.
Consequently, the presence of B-carotenoid synthesis genes
for provitamin A compound synthesis were identified exclusively
in the native associated microbiota, and not in the host.
Sequencing the amplified gene fragments resulted in the ide-
ntification of A. aurita colonizers, all present in the native
microbiome (Figure 5B), which are most likely responsible for
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providing carotenoids. In more detail, the dxs gene was associ-
ated with uncultured Vibrio sp., ispC was linked to Mycobacte-
rium sp., unclassified bacteria, Actinomycetes sp., Paraburkhol-
deria sp., and Leisingeria sp. The crtE gene was associated with
unclassified bacteria, Mycobacterium sp., Leisingeria sp., Pleio-
nea sp., Caldalkalibacillus sp., and Paludibacterium sp., whereas
crtl was linked to Pseudomonas sp. (Figure 5E, Table S4).

Based on the successful identification of these genes in the
native polyp microbiota, the impact of reduced microbiota due
to single-dose antibiotics (Ampicillin, Neomycin, Rifampicin)
and Provasoli’s broad-spectrum antibiotic administration on
gene expression was investigated using qRT-PCR. Differential
gene expression levels (fold changes) between native and anti-
biotic-treated polyps showed an overall downregulation in all
five genes for all antibiotic-treated animals. Provasoli’s treat-
ment significantly reduced the expression levels of all observed
genes, indicating a profound disruption in the normal gene
expression profile. Single antibiotic treatments had a varied
impact, slightly reducing the expression of some genes, indi-
cating a less drastic effect compared to Provasoli’s treatment.
Specifically, the transcription of dxs, the initial gene of the MEP
pathway, was 50-fold downregulated in all treatments compared
to native control polyps (Figure 5F). This strong downregulation
was also observed in ispC for the single antibiotic-treated pol-
yps, whereas Provasoli-treated polyps showed even a 900-fold
downregulation compared to native controls. For ispA, crtE,
and crtl, expression was moderately downregulated by 2- to
5-fold (Figure 5F). These findings emphasize the indispensable
role of a diverse and abundant microbiota in facilitating the stro-
bilation process in A. aurita most likely by providing provitamin A
compounds, with antibiotic treatments disrupting this process
by reducing microbial diversity and abundance.

DISCUSSION

In this study, the essential role of the native microbiome in
A. aurita asexual offspring generation through strobilation
was uncovered on the molecular and mechanistic level. The
transition from polyp-to-ephyra was monitored by observing
strobilae formation and ephyrae release as well as by eluci-
dating the expression of so-called strobilation genes (CL7112,
CL355, CL390, and CL631). The morphological effects of sup-
plementing sterile polyps with bacteria-produced beta caro-
tene were compared to supplementing downstream vitamin
A metabolites of the host RA signaling pathway. Molecular

iScience

consequences were assessed through expression analysis of
strobilation-specific host genes by gRT-PCR. Ultimately, the
presence and expression of bacterial B-carotenoid synth-
esis genes were analyzed in the native polyp microbiome
compared to antibiotic-treated polyps, demonstrating the mi-
crobiome’s pivotal role in beta carotene provision. Concluding,
we propose that the microbiome-mediated strobilation pro-
cess of A. aurita, is based on the impact of bacterial produced
beta carotene on the host RA signaling pathway, which in turn
modulated strobilation by activating specific genes through
RxR (Figure 6).

The experimental results comprehensively confirmed the
model proposed in Figure 6, which hypothesized that beta caro-
tene, synthesized by associated bacteria, serves as a pre-modu-
lator of strobilation in A. aurita. Initial morphological observations
clearly demonstrated that external supplementation of beta
carotene to sterile polyps effectively restored morphological ab-
normalities induced the absence of a microbiota, validating the
pivotal role of microbial-derived compounds in developmental
processes (Figures 3 and 4). These findings substantiate the hy-
pothesis that beta carotene, originating from a diverse associ-
ated microbiota (Figure 5), plays a central role in RA synthesis
within A. aurita, illuminating the intricate interplay between mi-
crobial and eukaryotic factors in its reproductive cycles. More-
over, these findings emphasize that the abnormalities in the ster-
ile life cycle are not caused by antibiotic treatment but solely by
the consequential absence of microbes and their generated beta
carotene. In a second line of evidence, the enzymatic pathway in
bacteria, involving the condensation of pyruvate and glyceralde-
hyde 3-phosphate to form DXP and subsequent enzymatic reac-
tions yielding IPP and DMAPP, was confirmed through detecting
the presence and expression of key genes of the MEP pathway
and carotenoid synthesis in the associated microbiota (Figure 5).
The taxonomic classification of bacteria associated with genes
involved in the MEP pathway and carotenoid synthesis in A.
aurita (Table S4), revealed significant ecological and functional
implications. Particularly, Mycobacterium sp. was consistently
associated with both the ispC and crtE genes, indicating a dual
role in the MEP pathway and carotenoid synthesis, contributing
to both isoprenoid and carotenoid biosynthesis, which are
crucial for strobilation. Unclassified bacteria were also shown
to exhibit ispC and crtE genes, suggesting that poorly under-
stood or undiscovered bacteria likely contributed to these path-
ways. A higher number of ASVs associated with the ispC gene
was observed, highlighting its central role in the microbial

Figure 5. Reduction of native microbiota diversity affected strobilation

Fasted, single native polyps were treated with Ampicillin, Neomycin, Rifampicin, or Provasoli’s antibiotic mixture.
(A) Colony forming unit (CFU) counts per polyp generated from native and antibiotic-treated polyps were detected after 24 h at 30°C.

(B) Antibiotic-induced changes in bacterial community abundance and diversity were analyzed by 16S rRNA amplicon sequencing. Bar plots show community
structure at the genus level as absolute abundances in sequence reads, averaging six replicates per treatment. Taxa with an absolute abundance of <1% are
reported as “Other”.

(C) Morphology of polyps undergoing strobilation under various conditions, including native polyps and those treated with antibiotics, was examined. Photo-
graphs display the phenotypical appearance of polyps, early strobilae, late strobilae, and ephyrae (left to right). The scale bar for all images is 2 mm.

(D) Monitoring of segment generation per strobila for 9 days post-induction, and ephyrae release over 24 days in native and antibiotic-treated polyps.

(E) Bacterial MEP and carotenoid pathways and involved enzymes and their respective genes.

(F) Relative transcript levels of genes involved in the MEP pathway (dxs, ispC, and ispA) and carotenoid biosynthesis (crtE and crtl) were analyzed in A. aurita
native control polyps and antibiotic-treated counterparts using gqRT-PCR. The analysis included at least three independent biological replicates, each with three
technical replicates (see also Table S5). Data are represented as mean + SEM.

8 iScience 28, 111729, February 21, 2025



iScience

¢ CellP’ress

OPEN ACCESS

native B-carotene

microbiota

CHy

' H.

0‘ o
&

dioxygenase
(BCO)

o

all-trans retinal

o
o
retinal
dehydrogenase
(RALDH)

9-cis retinoic acid o

>
©
3
=
]
©
%
=
)
c
(7]
3
o
2
©
o

T

5 e

—

0 >
HC \ ~P—o.
| Wu
o

o
o

MEP pathway

1
o

Pyruvate

HsC

2,6-Di-tert-butyl-4-
B-carotene \/ methylphenol (BHT)

l— Diethylaminobenzaldehyd (DEAB)

CH,

CHs
retinol

HC CH, CH, % "
+* \ (dietary source)

o

cH,

retinol

retinol dehydrogenase (RDH2)

CL390 (epithelial)

/ HJCOD’\L

5-methoxy-2- #
methyl-indole

H,

strobilation
[—>(CL112,CL390, CL631)

3¢

Figure 6. Model of the microbial impact on strobilation in Aurelia aurita

Microbial-produced beta carotene, synthesized via the 2-C-methyl-D-erythrol 4-phosphate (MEP) and carotenoid pathways, is hypothesized to present a pre-
modulator of strobilation in A. aurita. In bacteria, pyruvate and glyceraldehyde 3-phosphate condense to form 1-deoxy-D-xylulose 5-phosphate (DXP), which
undergoes enzymatic reactions to yield isopentenyl pyrophosphate (IPP) and dimethylallyl pyrophosphate (DMAPP). Geranylgeranyl pyrophosphate (GGPP), a
precursor in isoprenoid biosynthesis, is produced in the carotenoid pathway through the condensation of IPP and DMAPP, subsequently forming beta carotene.
Upon cellular uptake, beta carotene undergoes enzymatic cleavages in the polyp host. beta carotene dioxygenase1 (BCO1), antagonized by BHT, catalyzes all-
trans retinal production. All-trans retinal is further yielded through reversible isomerization (e.g., retinol dehydrogenase 2). Subsequent oxidation through retinal
dehydrogenase (RALDH), inhibited by DEAB, forms 9-cis retinoic acid. This acid serves as a ligand for nuclear receptors, including RxR (inhibited by UVI3003).
Upon binding of 9-cis retinoic acid RxR forms a heterodimer with another nuclear receptor, likely activated by 5-methoxy-2-methyl indole. This heterodimer
modulates the gene expression of strobilation genes, proposing a microbial-driven pathway where beta carotene, derived from bacteria, plays a crucial role in

retinoic acid synthesis, emphasizing the intricate interplay between microbial

community’s metabolic activities. This finding suggests that the
ispC gene is critical for the biosynthesis of isoprenoids, which is
essential for the host organism. Conversely, the crt/ gene was
found to be associated with a single ASV from Pseudomonas
sp., indicating that this bacterium might have fulfilled a special-
ized or niche role in carotenoid synthesis. The diversity of taxa
across these genes indicates a complex microbial ecosystem
with various functional capabilities, highlighting the importance
of microbial interactions in host processes such as strobilation
in A. aurita. Future studies, e.g., the isolation of representatives
of those identified bacterial taxa might clarify which exact
bacteria are involved in contributing in carotenoid biosynthesis.
Moreover, recolonization experiments with those isolates and
genetically manipulated derivatives might allow identifying in
detail which component(s) they are contributing and potentially
how they interact with the host.

Gene expression analyses on host RA production and subse-
quent signaling strongly supported these findings, revealing
elevated levels of BCO1 and RALDH in native controls and sterile
polyps supplemented with beta carotene, in contrast to very low
expression levels in sterile polyps (Figure 2). This highlights not

and eukaryotic factors in the reproductive processes of A. aurita.

only the microbiome’s influence on the transcription of key genes
in the host RA pathway crucial for strobilation but also represents
the first identification of these key genes in A. aurita. Further-
more, transcriptional analyses demonstrated that beta carotene
significantly influences the expression of strobilation genes
across developmental stages in both native and supplemented
polyps (Figure 5), strongly indicating that microbiota-derived
beta carotene is required for strobilation in A. aurita via host
RA signaling.

This discovery significantly enhances the mechanistic and
molecular understanding of the microbial control mechanisms
of the strobilation in A. aurita. Given that A. aurita plays a funda-
mental role in marine ecosystems globally, particularly during jel-
lyfish blooms,>® understanding the complex life cycle of A. aurita,
especially the strobilation process on the molecular level, is
crucial. Jellyfish blooms can significantly impact local ecosys-
tems, fish populations, food webs, and human activities such
as fishing and tourism.'”°®° Consequently, comprehending
the strobilation process is key to managing these blooms and
mitigating their effects on marine environments and human
industries.®’
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Moreover, the findings from our study on A. aurita contribute to
a growing body of evidence underscoring the essential roles of
microbial symbionts and their metabolites in host developmental
processes across a wide range of model organisms.®?5°
Numerous studies have been conducted on various taxa, from
Cnidarians to vertebrates, highlighting the intricate and
conserved nature of host-microbiome interactions.®*°¢ In the
Cnidarian Hydra, research has demonstrated that its associated
microbiota is crucial for normal development and homeosta-
sis.®” For instance, specific bacterial strains are necessary for
the proper development of the epithelial surface.®®®® Within
the invertebrates, the nematode C. elegans has been extensively
studied, with bacteria-derived folate influencing germline stem
cell proliferation.”” Similarly, in the insect Drosophila mela-
nogaster, the gut microbiota impacts host development and
metabolism, with gut bacteria affecting insulin signaling and,
consequently, growth and development.”' Among vertebrates,
the zebrafish model has provided significant insights into host-
microbiome interactions, demonstrating that gut microbiota is
essential for normal intestinal development and function in ze-
brafish.”? In mammals, particularly mice, the role of gut micro-
biota has been extensively studied, revealing its influence on
various aspects of host development, immunity, and meta-
bolism. A landmark study by Béckhed et al. (2004)"° showed
that gut microbiota impacts the host’s energy storage and fat
deposition, highlighting the complex interactions between mi-
crobial communities and host physiology. Across these diverse
studies, several key trends and mechanisms have emerged. Mi-
crobial-produced metabolites, such as short-chain fatty acids,
vitamins, and carotenoids, play significant roles in modulating
host signaling pathways.”*’® The microbiota also influences
the host’s immune system development and function, often by
shaping the gut-associated lymphoid tissue.”” Additionally, mi-
crobiota affects various developmental signaling pathways,
such as insulin signaling in Drosophila.”®

During the writing process of this paper, Peng et al. (2023)79
published a study on Aurelia coerulea that highlighted micro-
biota-mediated host phenotype dynamics during strobilation in
the jellyfish A. coerulea via antibiotic-induced microbiome
alteration. They demonstrated that microbial depletion delayed
strobilation and reduced segment and ephyra numbers, clearly
illustrating the microbiota’s influence on development in another
species of Aurelia.”® Moreover, metatranscriptome analysis of
antibiotic-depleted versus native polyps using the KEGG data-
base pointed to a potential bacterial role in the retinol pathway.
Based on their findings, the authors predict that the microbiota
regulates the retinal synthesis, and hence affect the production
of downstream signaling metabolites, but not directly the RA
cascade. PICRUSt2 analysis of 16S rRNA gene sequences re-
vealed the functional potential of associated unclassified Cyano-
bacteria to promote the expression of RA signaling metabolites
before the beginning of strobilation.”® Our study on A. aurita
now conclusively complements these findings by experimentally
demonstrating with several lines of evidence for the first time,
that microbial-derived beta carotene most likely serves as a
pre-modulator of strobilation via RA synthesis and gene expres-
sionin A. aurelia. This discovery underscores the detailed molec-
ular mechanisms and intricate microbial-eukaryotic interactions
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specific to our model. While Peng et al. focused on broader life
cycle transitions and nematocyte dynamics in A. coerulea,”®
our research provides a detailed pathway analysis based on
experimental data, emphasizing the complementary nature of
both studies in understanding microbial influences on Aurelia
life cycles. In a related context, the findings of Ohdera et al. on
Cassiopea xamachana further highlight the role of endosymbiont
carotenoids in developmental processes, supporting the bro-
ader significance of carotenoid-driven metamorphosis across
different cnidarian species.®?’ Typically, plants are recognized
as primary sources of carotenoids.®’ However, in recent years,
there has been increasing recognition of bacterially produced
carotenoids in the study of host-microbe interactions, especially
through the identification of endosymbiotic bacteria as signifi-
cant carotenoid contributors.®>%°

Importantly, many of these host-microbe interactions are
evolutionarily conserved, indicating that microbiota have long
played a critical role in the development and physiology of
diverse organisms.®*®° Our findings in A. aurita, which demon-
strate the central role of bacteria-derived beta carotene in RA
synthesis and strobilation, align with these broader trends. This
study not only advances our understanding of the microbial mo-
lecular control mechanisms underlying strobilation in A. aurita
but also underscores the evolutionary significance of host-mi-
crobiome interactions. These insights can pave the way for
further research into developmental biology and potential bio-
technological or medical applications, emphasizing the ancient
and complex relationship between hosts and their microbiota.

Conclusion

In conclusion, this study offers significant mechanistic and mo-
lecular insights into the microbiota-mediated regulation of stro-
bilation in A. aurita, simultaneously opening several new avenues
for further investigations and generating new questions. One
example is to elucidate, whether the underlying mechanism of
beta carotene transfer from microbiota to the host is an active
or passive transfer. Various mechanisms for B-carotenoid export
from bacteria to host organisms have been proposed.®®®” These
include passive diffusion through the bacterial cell membrane,
facilitated transport by specialized proteins like efflux pumps
or specific carriers, and transport via outer membrane vesicles
(OMVs) that fuse with host cell membranes.?®%° Additionally,
B-carotenoids may be released upon bacterial cell lysis, influ-
enced by environmental stressors.”® However, the exact
mechanisms of carotenoid transfer remain unclear.®' Preliminary
experiments from our group suggest that direct contacts be-
tween polyps and the microbiota is crucial for regular reproduc-
tive output, possibly mediated through mucus interaction.'®
Understanding these transfer mechanisms will not only shed
light on bacterial environmental (host) interactions but will also
allow identifying strategies to enhance the bioavailability and
health benefits of bacterial B-carotenoids for hosts.

A second avenue for investigation involves exploring the tem-
poral dynamics of microbiome changes and their immediate ef-
fects on strobilation, which could clarify causal relationships.
Metagenomic approaches to identify specific microbial species
or strains responsible for beta carotene production might pro-
vide additional mechanistic insights. Finally, studying how these
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findings translate to natural environments, with their complex mi-
crobial diversity, would be insightful. Assessing the long-term ef-
fects of microbiota disruption on jellyfish growth, survival, and
subsequent generations could reveal broader ecological impli-
cations. Additionally, exploring alternative sources or mecha-
nisms of RA pathway activation beyond beta carotene may un-
cover additional regulatory pathways in A. aurita strobilation.
These research avenues underscore the need for continued
investigation into the intricate interactions between microbiota
and hosts in marine environments, promising deeper insights
into developmental processes and ecosystem dynamics.

Ultimately, understanding how microbes facilitate crucial
developmental processes in hosts could lead to innovative stra-
tegies for managing jellyfish blooms and mitigating their impact
on marine ecosystems.

Limitations of the study

While this study provides valuable insights into the role of micro-
biota-derived beta carotene in the strobilation process of Aurelia
aurita, there are two limitations that should be acknowledged.
First, although we demonstrated the restoration of strobilation
through the addition of beta carotene on morphological and mo-
lecular level, we did not determine the precise concentration of
beta carotene. Furthermore, while we focused on four key genes
reported to be associated with strobilation, knockout experi-
ments to directly assess their functional roles in strobilation
were not performed due to a missing genetic system. Future
studies incorporating those aspects will further strengthen the
mechanistic understanding of how beta carotene and RA
signaling influence strobilation.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER
Chemicals, peptides and recombinant proteins, samples
Ampicillin Carl Roth K029.2
Chloramphenicol Carl Roth 3886.3
Neomycin Carl Roth 8668.2
Streptomycin Carl Roth 0236.3
Rifampicin Carl Roth 4163.2
Spectinomycin Carl Roth HP66.2
Penicillin G Carl Roth CN28.1
Polymyxin B Carl Roth 0235.3
Tetracycline Carl Roth 0237.1
Gentamycin Carl Roth 0233.3
5-methoxy-2-methyl indole Merck M15451
B-carotene Thermo Fisher Scientific H60106.06
9-cis retinoic acid Thermo Fisher Scientific J62219.LBO
retinol Thermo Fisher Scientific J62079.MC
2,6-di-tert-butyl-4-methylphenol Thermo Fisher Scientific A16863.30
dimethylaminobenzaldehyde Thermo Fisher Scientific X867.1
UVI3003 Merck SML1950
Critical commercial assays
WIZARD Genomic DNA purification kit Promega A2920
RapidOut DNA Removal Kit Thermo Fisher Scientific K2981
SuperScript IV first-strand synthesis kit Thermo Fisher Scientific K1612
PCR Clean-up kit Machery-Nagel 740609.50
Oligonucleotides
27F 5°’-AGAGTTTGATCCTGGCTCAG-3’ Eurofins N/A
338R 5’-TGCTGCCTCCCGTAGGAGT-3’ Eurofins N/A
1492R 5’-GGTTACCTTGTTACGACTT-3’ Eurofins N/A
EF1_F 5-AGTTCCAGGGGACAATGTTGG-3’ Eurofins N/A
EF1_R 5’-TGGATTTCGCCAGGATGGTTC-3’ Eurofins N/A
CL112_F 5’-GAAGCTACCAGATCCGTTTGG-3’ Eurofins N/A
CL112_R 5’-TGCAAGCGCATCTGTTCACAG-3’ Eurofins N/A
CL355_F 5’-TTCCGGAGAGCAGACCAATG-3’ Eurofins N/A
CL355_R 5’-CCAACGGCTGCATATACCATC-3’ Eurofins N/A
CL390_F 5’-AAGGTGCGACAATGAAGGTCC-3’ Eurofins N/A
CL390_R 5’-GTCTACAGGCTCAATGGTGTC-3’ Eurofins N/A
CL631_F 5’-GCCTTGACGGTGAAAGATGAG-3’ Eurofins N/A
CL631_R 5’-ACCTCGTCCTCATCCTTTTCG-3’ Eurofins N/A
BCO1_F 5-GGCCTAAACTACATGCATGACT-3’ Eurofins N/A
BCO_R 5’-TTGTTGTGCTGTACCGAAGTGAT-3’ Eurofins N/A
RDH2_F 5°-TCATCTAGAGTCAGCTGCTTGC-3’ Eurofins N/A
RDH2_R 5’-CCGTCTAGCTTTGTTACTGAGC-3’ Eurofins N/A
RALDH_F 5’-CCAGCTCTTTGCTGTGG-3’ Eurofins N/A
RALDH_R 5’-TTTGCCGGCAGCTTGCT-3’ Eurofins N/A
dxs_F 5’-TCAAARTACCCRACWCTKGC-3 Eurofins N/A
dxs_R 5’-CMGTVARRATYTTRTGTGGGTA-3’ Eurofins N/A

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

ispC_F 5’-GGYKCNACNGGHTCDRT-3’ Eurofins N/A

ispC_R 5’-CNACRATNGCNGCSRT-3’ Eurofins N/A

ispA_F 5’- CHKSVATGGAYRATGAYG-3’ Eurofins N/A

ispA_R 5’-TTGNCCVVYRMMCATVC-3’ Eurofins N/A

crtE_ F 5’-GARMTGRTBCAYKSSG-3’ Eurofins N/A

crtE_R 5’-AASAGSRYSCYGGTYTT-3’ Eurofins N/A

crtl_F 5’-TVATYGGBGCVGGHYTK-3’ Eurofins N/A

crtl_R 5’-ABBBBRTARAASGGVKHVA-3’ Eurofins N/A

Deposited data

Raw 16S rRNA gene sequencing data NCBI BioProject PRUINA1125839
gene sequencing data Zenodo https://zenodo.org/records/13284011
Software and algorithms

QIIME2 (version giime2-2021.2) N/A N/A

DADA?2 pipeline N/A N/A

Geneious Prime (version 2020.0.5) Novartis N/A

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animal use of Aurelia aurita polyps

Aurelia aurita polyps (no gender) from the North Atlantic subpopulation (Roscoff, France) were maintained in the laboratory following
established protocols.'* 8 In brief, polyps were kept in 2 L plastic tanks with artificial seawater (ASW; Tropical Marin Sea Salt, Hob-
by, Grafschaft-Gelsdorf, Germany) of 30 practical salinity units (PSU) at 19°C with weekly water change. Polyps were fed twice a
week with freshly hatched Artemina salina (Hobby, Grafschaft-Gelsdorf, Germany).

Generation of germ-free polyps

Generation of germ-free polyps followed an established protocol'? involving animal fasting at least three days before antibiotic treat-
ment. Sterile polyps were generated by exposing them to an antibiotic mixture for three days, comprising 50 mg/L each of Chloram-
phenicol, Neomycin, Ampicillin, Streptomycin, and Rifampicin, along with 60 mg/L Spectinomycin in sterile ASW (all antibiotics from
Carl Roth, Karlsruhe, Germany). The absence of cultivable bacteria was confirmed by plating the polyp homogenate on Marine
Bouillon (MB) and R2A agar plates (Carl Roth, Karlsruhe, Germany) and examining the absence of bacterial colonies after two
days of incubation at 30°C. Furthermore, full-length amplification of the 16S rRNA gene was conducted using GoTaqg polymerase
and the universal primer pair 27F (5’-AGAGTTTGATCCTGGCTCAG-3’) and 1492R (5’-GGTTACCTTGTTACGACTT-3’). Genomic
DNA isolated from randomly selected antibiotic-treated polyps, extracted using the WIZARD Genomic DNA purification kit (Promega,
Madison, WI, USA), served as the template. The lack of amplification verified the observation of sterility. The germ-free life stages
early strobila, late strobila, and ephyra were derived from germ-free polyps under sterile keeping conditions during animal develop-
ment (described above).

METHOD DETAILS

Strobilation induction
Single native and sterile polyps were placed in separate wells of a 48-well plate (Greiner AG, Kremsmunster, Austria), each containing
1 mL of ASW. Strobilation was induced by daily addition of 5 uM 5-methoxy-2-methyl indole per polyp for three days during water
exchange (48 replicates per treatmen’().18 The initial occurrence of the early strobila stage was identified by the constriction of the first
segments at the apical part, marking the onset of the strobilation on day five in native polyps. The segmentation process was
completed on day nine for native controls (late strobila). Subsequently, the ephyrae were continuously released from native strobilae
from day twelve onwards and their release was monitored until the end of the experiment on day 24. A stereomicroscope (Novex
Binoculares RZB-PL Zoom Microscope 65.500, Novex, Arnhem, the Netherlands) equipped with a high-definition multimedia inter-
face camera was utilized for the daily recording of segment development and ephyrae release. Two sample t-test was used to deter-
mine the statistical significance between the average numbers of segments and ephyrae per treatment.

Carotenes act as precursors to retinol, which subsequently serves as a precursor to retinoic acid in the metabolic pathway respon-
sible for supplying active vitamin A in animals.®®® Stock solutions of B-carotene (1 mM), retinol (1 mM) and 9-cis retinoic acid
(100 pM) (all from Thermo Fisher Scientific, Darmstadt, Germany) were prepared in 100 % ethanol and stored at - 20°C. Initially, single

e2 iScience 28, 111729, February 21, 2025


https://zenodo.org/records/13284011

iScience ¢? CellPress
OPEN ACCESS

native and sterile polyps were supplemented with 5 uM of 5-methoxy-2-methyl indole per polyp, concurrently with either 1 uM of
retinol per polyp/well or 100 nM of 9-cis retinoic acid per polyp/well, aiming to replicate host metabolism for vitamin A. Substances
were administered daily for three consecutive days. Final concentrations of retinol and 9-cis RA used in the experiments were deter-
mined based on a preliminary experiment involving various concentrations (Figure S1). In a second approach, strobilation induction in
single native and sterile polyps was initiated based on the hypothesis that B-carotene supplementation would simulate a carotene-
providing microbiota. Therefore, polyps were incubated with 1 uM of B-carotene per polyp for 24 h. Subsequently, polyps were
treated with 5 uM of 5-methoxy-2-methyl indole simultaneous to 1 uM of B-carotene per polyp for three days, with daily replace-
ments. Pre-incubation of polyps with 1 uM of B-carotene for 24 h was determined based on a preliminary experiment involving
different administration times of B-carotene in relation to 5-methoxy-2-methyl indole induction (Figure S2). Controls consisted of
native and sterile polyps receiving exclusive administration of 5-methoxy-2-methyl indole, retinol, 9-cis retinoic acid, or B-carotene,
following a similar protocol. Furthermore, both native and sterile polyps were subjected to 0.1 % ethanol exposure for a duration of
one week in order to evaluate any potential detrimental impacts of the solvent on the organisms. However, neither the phenotypes nor
the survival rates were impacted by the exposure, thus abstaining from the presentation of those evaluation results. Each treatment
consisted of 48 replicates and native control groups induced with retinol, 9-cis retinoic acid, or f-carotene implicated 8 replicates.

Inhibition of BCO1, RALDH, and RxR

A series of experiments were conducted to investigate the impact of inhibitors and antagonist on the strobilation process in polyps,
each involving 24 native and sterile polyps. In experiment 1, polyps in 1 mL sterile ASW were exposed to a mixture of 5 pM 5-methoxy-
2-methyl indole, 1 uM B-carotene, and 1 uM 2,6-di-tert-butyl-4-methylphenol (BHT) for three days. In experiment 2, the polyps were
exposed to 5 uM 5-methoxy-2-methyl indole, 1 M B-carotene, and 10 uM di-ethylaminobenzaldehyde (DEAB) for three days. Exper-
iment 3 involved treatment with 5 tM 5-methoxy-2-methyl indole, 100 nM 9-cis retinoic acid, and 5 uM UVI30083 for three days. Stro-
bilation progression was monitored after the removal of chemicals.

Gene expression analysis

In order to investigate the impact of microbial metabolites, namely B-carotene and 9-cis retinoic acid (RA), on gene expression during
the strobilation process in A. aurita, qRT-PCR analysis was conducted. In a first experiment, 48 samples were collected and
analyzed. These included native polyps, sterile polyps without supplementation, and polyps supplemented with either -carotene
or 9-cis RA. The transcript levels of host key genes involved in the metabolism of these compounds, specifically B-carotene dioxy-
genase 1 (BCO1), retinaldehyde dehydrogenase (RALDH), and retinoid X receptor (RxR), were assessed. Samples were collected
daily over a 4-day period until the emergence of early strobilae. In a second experiment, the analysis was expanded to include
different life stages: polyp, early strobila (4 days post-induction), late strobila (9 days post-induction), and ephyra (12 days post-in-
duction). Each stage consisted of 12 replicates, totaling 60 samples. The expression of strobilation-related genes following supple-
mentation with B-carotene or 9-cis RA was investigated.

Total RNA isolation and cDNA synthesis

Individual animals were washed three times with sterile ASW and transferred to 1.5-mL reaction tubes containing 50 ul RNAlater®
(Sigma-Aldrich Chemie GmbH, Taufkirchen, Germany). Subsequently, the samples were frozen in liquid nitrogen and stored at
-80°C. The frozen animals were homogenized with a motorized pestle (Kontes, DWK Life Science, Wertheim, Germany) resuspended
in a 200 pL solution containing 100 nM Tris-HCI (pH 5.5), 10 mM EDTA, 0.1 M NaCL, 1 % SDS, 1 % 2-mercaptoethanol and 2 uL
Proteinase K (25 mg/mL; Thermo Fisher Scientific, Darmstadt, Germany). The mixture was incubated for 10 min at 55°C. Protein pre-
cipitation was initiated by adding 10 uL of 3 M potassium acetate, followed by treatment with 200 uL ROTI phenol and 70 puL ROTI
chloroform / isoamyl alcohol (both from Carl Roth, Karlsruhe, Germany) for 15 min on ice. After a centrifugation step (13,000 rpm for
15 min, 4°C), 200 uL ROTI chloroform / isoamyl alcohol was added to the RNA and centrifuged again under the same conditions. RNA
precipitation was performed by adding 1 volume of 2-propanol with a followed centrifugation at 13,000 rpm for 15 min at 4°C. The
RNA pellets were washed once with 70 % ice-cold ethanol. Finally, the RNA pellets were dissolved in 40 pL RNase-free water (Carl
Roth, Karlsruhe, Germany). According to the manufacturer protocol, DNA contaminations were removed from the RNA samples by
DNase treatment with the RapidOut DNA Removal Kit (Thermo Fisher Scientific, Darmstadt, Germany). DNA removal was confirmed
by standard PCR analysis with the GoTaq PCR Kit (Promega, Madison, WI, USA; see the manufacturer’s protocol) using the 27F and
1492R primers.®? Following DNA removal, RNA was reverse-transcribed using random hexamers from the SuperScript IV first-strand
synthesis kit (Thermo Fisher Scientific, Darmstadt, Germany) according to the manufacturer’s instructions. Synthesized cDNA was
purified using the PCR Clean-Up Kit (Machery-Nagel, Diren, Germany).

qRT-PCR analysis

Gene expression dynamics in A. aurita were analyzed during the strobilation process, focusing on a total of nine genes. Three genes
(BCO1, RDH2, and RALDH), associated with the carotenoid/retinoic acid pathway, were analyzed in polyps over a five-day period of
incubation with either supplemented B-carotene or 9-cis retinoic acid. The polyps were investigated daily to observe their gene
expression dynamics throughout the progression of strobilation. Similarly, strobilation-specific genes CL112, CL355, CL390, and
CL631 were analyzed across the different life stages polyp, early and late strobila, and ephyra in control native and sterile animals
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compared to animals supplemented with B-carotene or 9-cis retinoic acid. The housekeeping gene elongation factor 1 (EF7) was uti-
lized as a reference for normalization.'® Reactions were performed in 25 pL using Platinum SYBR green qPCR SuperMix-UDG
(Thermo Fisher Scientific, Darmstadt, Germany), incorporating 5 uL of cDNA (20 ng) and 0.4 uM forward and reverse primers, spec-
ified in key resources table. Cycle conditions included an initial denaturation step of 50°C for 2 min, followed by 95°C for 2 min, fol-
lowed by 40 cycles of 95°C for 15 s; 60°C for 30 s; 95°C for 15 s, and 60°C for 30 s, concluding with 95°C for 15 s. Normalization of
average cycle thresholds (Cy) values for all samples (four biological with three technical replicates) was performed using EF1'® as a
reference, with a C+ maintaining a consistent value of 20.66 + 1.42. Fold changes in gene regulation were calculated with the AACt
method.*®

Reduction of the A. aurita-associated microbiota

Before initiating antibiotic treatment, the polyps underwent a fasting period of at least three days. Single native polyps were individ-
ually placed in wells of a 48-well plate, each containing 1 mL of sterile ASW. The native polyps were then treated with a dose of Ampi-
cillin, Neomycin, or Rifampicin (each at 50 mg/L; covering different modes of action), dissolved in sterile ASW, or the broad-spectrum
Provasolis$ antibiotic mixture containing Penicillin G (360.000 U/L), Chloramphenicol (1.5 mg/L), Neomycin (1.8 mg/L), Polymyxin B
(9.000 U/L), Tetracycline (15 mg/L), Ampicillin (120 mg/L), Streptomycin (60 mg/L), and Gentamycin (60 mg/L) (all components from
Carl Roth, Karlsruhe, Germany), dissolved in sterile ASW. Treatment was administered for three days, with daily replacement of anti-
biotic mixture. On the fourth day, the antibiotics were washed out three times with sterile ASW before inducing the strobilation pro-
cess with 5 uM of 5-methoxy-2-methyl indole. The strobilation process was monitored with eight replicates, while eight replicates of
native and sterile polyps served as controls. Additionally, twelve native controls and each twelve antibiotic-treated polyps were used
for RNA isolation, cDNA synthesis and subsequent qRT PCR analysis to analyze bacterial B-carotene synthesis. For CFU (colony
forming units) calculation of native and antibiotic treated polyps, single polyps (3 replicates) were homogenized with a motorized
pestle (Kontes, DWK Life Science, Wertheim, Germany) and diluted in 1 mL sterile ASW. The homogenate were plated on MB
agar plates and incubated for 24 h at 30°C.

Moreover, further six native, sterile and antibiotic-treated polyps were subjected to DNA isolation following three washing steps
with sterile ASW to eliminate transient bacteria. Individual animals were homogenized using a motorized pestle, and total bacterial
DNA was extracted using the Wizard Genomic DNA purification kit (Promega, Madison, WI, USA). The 16S rRNA gene primer pair
27F/338R (27 F, 5’-AGAGTTTGATCCTGGCTCAG-3’; 338 R, 5’-TGCTGCCTCCCGTAGGAGT-3’) was used in a 25 uL PCR reaction
that included 15.3 pL DEPC-water (Roth, Karlsruhe, Germany), 5 uL 5x GoTaq buffer (Promega, Madison, WI, USA), 1 uL 10 uM for-
ward and reverse primers, 2 pL of DNA (20 ng) and 0.2 pL GoTag® G2 DNA polymerase (Promega, Madison, WI, USA). The PCR
program comprised a 3 min pre-denaturation step at 95°C, followed by 29 cycles (95°C for 30 sec, 50°C for 30 sec, and 72°C for
30 sec), and a final 5 min elongation step at 72°C. Samples were used for amplicon sequencing of the bacterial 16S rRNA V1 -
V2 region on the MiSeq platform (lllumina) at the Institute for Clinical Molecular Biology, Kiel University.

Paired-end raw read files were processed using QIIME 2 (version giime2-2021.2). The 16S rRNA gene sequences were denoised
using DADA2 via g2-dada2. Quality profile plots were inspected to select values for truncation of forward and reverse reads. The
truncation and trimming were set to ""-p-trim-left-f 13, -p-trunc-len —f 250, -p-trunc-len -r 250"". All resulting amplicon sequence
variants (ASVs) were aligned with the mafft via g2-align, and this was used to construct a midpoint-rooted phylogeny with fasttree2.
The taxonomy for ASV was assigned by aligning ASVs to the SILVA v.138 database.’ The data were imported into Excel to construct
bar plots for bacterial taxonomic assignment. Sequence data was deposited under NCBI BioProject PRJNA1125839.

Bacterial MEP and carotenoid synthesis
To investigate the presence of the 2-C-methyl-D-erythriol 4-phosphate (MEP) and carotenoid synthesis pathways within the native
microbiota of A. aurita polyps, sequences of key enzymes at the beginning and end of the respective pathways (dxs, ispC, ispA, crtE,
and crtl) from representatives of the A. aurita microbiota were obtained from the NCBI platform. These sequences were aligned using
the Geneious Prime program (version 2020.0.5). Degenerated primers were designed and tested (key resources table) for subse-
quent use. Therefore, a gradient PCR was conducted to amplify the gene fragments from bacterial DNA, extracted from native
and sterile control polyps and native polyps treated with single dose antibiotics and Provasolis antibiotic mixture using the Wizard
Genomic DNA purification kit (Promega, Madison, WI, USA) and the GoTag® G2 DNA kit (Promega), following the manufacturer’s
instructions. PCR reactions with successful amplification were purified using the PCR Clean-Up Kit (Machery-Nagel, Duren,
Germany).

lllumina sequencing was conducted to identify bacteria within the complex microbial community associated to A. aurita capable of
performing the MEP pathway and carotenoid synthesis (dxs, ispC, crtE, and crtl). Bacterial DNA served as template for amplicon
library preparation targeting genes from the MEP pathway and carotenoid synthesis (dxs, ispC, crtE, and crtl) with unique identifier
sequences (barcode). Briefly, the primers contained the lllumina adapters (forward: 5'-AATGATACGGCGACCACCGAGATCTACAC
XXXXXXXX-3) and (reverse: '5'- CAAGCAGAAGACGGCATACGAGAT XXXXXXXX-'3’), indicated by italics. Both primers contained
an unique eight-base multiplex identifier (indicated as XXXXXXX) to tag the PCR products. Amplification was carried out in a 20 pL
PCR reaction with a Phusion high-fidelity DNA polymerase (New England Biolabs) with a cycle of 98°C for 30 sec, followed by 30
cycles (98°C, 9 sec, 55°C, 60 sec, 72°C 90 sec), finalized by a 10 min extension at 72°C. Following, the amplicons were sequenced
on an lllumina MiSeq v3 platform. ASVs were then profiled using Kraken2°® with default settings, against the bacteria RefSeq
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complete genomes database made available through kraken2-build (Date of access 05.08.2024). Bracken®® with a read length of 100
was used to estimate abundances at the family level based on the taxonomic assignments by Kraken2.

QUANTIFICATION AND STATISTICAL ANALYSIS

The recorded number of segments and released ephyrae were shown as mean + SD. The statistical analysis was performed with a
two sample t-test to determine the statistical significance between the average numbers of segments and ephyrae per treatment.
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