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Background: Settlement and metamorphosis are crucial developmental events
in the life cycles of most marine benthic invertebrates. Neuropeptides play an
important role in inducing larval settlement. However, studies on the ciliary genes
and the few studies have examined the pathways regulated by neuropeptides
during larval settlement.

Methods: Here, we employed multiple molecular biology techniques to identify a
ciliary gene, intraflagellar transport protein 20 (IFT20) which played a significant
role in the larval settlement of Urechis unicinctus (Annelida, Echiura), and
revealed the related gene pathway of IFT20 expression regulated by FILal, a
neuropeptide unique to U. unicinctus.

Results: The IFT20 protein of U. unicinctus was highly conserved with that of
other animals and localized at the ciliary base in the trochophore and the
segmentation larvae of U. unicinctus. It was determined that the neuropeptide
FlLalinhibits IFT20 expression through the cAPM-PKA-CREB and Ca®* pathways,
which in turn triggers larval settlement. Knockdown the mRNA level of [FT20
resulted in a reduction in the number of vesicles at the ciliary base, the B-tubulin
protein synthesis, the number and length of cilia, and the beat frequency of the
circumoral cilia. Finally, the settlement rate of the larvae in the IFT20-dsRNA
group increased by 3.64 times and 2.88 times compared to the control group at
48 and 72 h, respectively.

Conclusion: Our findings provide new insights into the function of IFT20 and the
signaling pathways through which neuropeptides regulate ciliary gene
expression during larval settlement.
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1 Introduction

Most marine benthic invertebrates, such as mollusks, annelids,
and crustaceans, undergo a planktonic larval stage in their life cycle
that lives in the upper layer of the water (Toonen and Pawlik, 1994).
These planktic larvae eventually settle on sediments, rocks, or other
surfaces and metamorphosize into benthic living juveniles
(Hadfield et al., 2001; Marshall et al., 2012). The transition
process of larvae from a planktic to a benthic lifestyle is a critical
stage in their life cycle, essential for maintaining population
numbers and community dynamics (Shikuma et al, 2014; Doll
et al, 2022). During the process, cilia-mediated cessation of
swimming marks the beginning of larval settlement (Maldonado
and Young, 1996; Walters et al., 1999; Hadfield and Koehl, 2004).
Neuropeptides are a class of biologically active molecules composed
of amino acids, usually consisting of 3 to 80 amino acid residues
(Williams et al., 2015). They play an important role in signal
transduction in the nervous system and can affect the activity of
neurons and their communication with each other (Bao et al,
2020). Neuropeptides are widely involved in the settlement process
of marine benthic invertebrate larvae (Conzelmann et al., 2011,
2013; Lu et al., 2022). It has been reported that ciliary activity is
regulated by neuropeptides to induce the larval settlement. For
instance, in the annelid Platynereis dumerilii and the nemertean
Lineus longissimus, the ciliary beat frequency is reduced by
neuropeptides, thereby promoting larval settlement behavior
(Conzelmann et al., 2011, 2013; Thiel et al., 2019). However, little
is known about which signaling pathways and ciliary-related genes
regulated by neuropeptides are involved in larval settlement and
their specific roles in this process.

Intraflagellar transport (IFT) is a crucial process in the assembly
and functional maintenance of cilia and flagella (Wang et al., 2021;
Rosenbaum and Witman, 2002; Taschner and Lorentzen, 2016;
Ishikawa and Marshall, 2017). IFT proteins consist of IFT-A and
IFT-B complexes, with IFT-A comprising six proteins and IFT-B
comprising sixteen proteins (Pedersen and Rosenbaum, 2008;
Nakayama and Katoh, 2020). These protein complexes are
essential for cilia assembly and maintenance, facilitating
bidirectional intracellular transport (Jiang et al., 2023). Among
these proteins, IFT20 (intraflagellar transport protein 20) has
emerged as a significant player in ciliary assembly and function
(Taschner et al., 2012; Su, 2020; Zhou et al., 2020; Finetti et al., 2021,
2022; Jin et al, 2022). As anchored to the Golgi apparatus by
GMAP210 (Golgi microtubule-associated protein 210) (Follit et al.,
2008), IFT20 facilitates the encapsulation of cilia-related materials
(ciliary membrane proteins, axonemal proteins, signaling
molecules, and ciliary modification proteins) from the Golgi
apparatus (Keady et al,, 2011; Sung and Leroux, 2013; Rezi et al,,
2024), and then these vesicles encapsulating the ciliary materials are
transported to the base of the cilium by IFT20 under the mediation
of GM130 (Golgi matrix protein 130), aiding in the assembly and
maintenance of ciliary structure and function (Roboti et al., 2015;
Stoetzel et al., 2016; Lee et al., 2018). Currently, research on IFT20
mainly focuses on the cilia of internal organs or sperm flagellum in
several animals, such as human (Yang et al,, 2021; Li et al.,, 2022;
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Qiu et al., 2023), mouse (Yamaguchi et al., 2020; Zhang et al., 2020b;
Kretschmer et al., 2023; Rezi et al., 2024), and nematode (De-Castro
et al,, 2021). However, studies on IFT20 related to the body surface
cilia of marine animals remain a significant lack, particularly
revolved in their movement and development.

The echiuran worm Urechis unicinctus, as the representative
species of Echiurida (Xenopneusta, Urechidae), has a typical larval
settlement process during its life cycle (Zheng et al., 2022). In our
previous study, several neuropeptides (MIP, FILa, FxFa, and FRWa)
have been identified to be involved in the larval settlement of U.
unicinctus (Hou et al., 2020), and the expression of ciliary gene
Tctex1d2 has also been shown to be regulated by the neuropeptide
MIP2, thereby promoting larval settlement (Yang et al., 2024). To
further elucidate the functions of neuropeptide-regulated ciliary
genes in the larval settlement of U. unicinctus. Here, we identified
that FILal significantly downregulated IFT20 expression (P < 0.05)
to induce the larval settlement in U. unicinctus. Furthermore, the
signaling pathways mediating FILal to regulate IFT20 expression
were also verified. Finally, we elucidated the crucial role of IFT20 in
maintaining the ciliary length and number and found that its
knockdown significantly increased the larval settlement rate (3.64
times higher than the control group). These findings not only
enhance our understanding of the ciliary genes involved in the
larval settlement of marine benthic invertebrates but also provide
broader insights into the molecular mechanisms underlying
neuropeptide-mediated ciliary regulation across diverse taxa.
Given the fundamental role of cilia in cell signaling and motility,
these results may have implications beyond marine invertebrates,
potentially contributing to research in developmental biology,
evolutionary conservation of ciliary pathways.

2 Materials and methods
2.1 Animal and sample preparation

U. unicinctus adults were collected from the intertidal zone in
Yantai, China. The procedures for sperm and oocyte collection,
artificial fertilization, and larval rearing followed the methods
outlined by Wei et al. (2022). The embryo incubation
temperature was 17 + 1°C, pH = 7.8 + 0.06, and salinity was 28 +
1. The larvae (early-trochophore larvae, mid-trochophore larvae,
early-segmentation larvae, segmentation larvae, and worm-shaped
larvae) (Supplementary Figure 1) were obtained from the tanks
using a sieve, and the larvae were collected and fixed after brief
centrifugation to remove water according to the methods of Bai
etal. (2022). The early-segmentation larvae were frozen with liquid
nitrogen, and then stored at -80°C.

2.2 Sequence analysis of U. unicinctus
IFT20

The cDNA sequence of U. unicinctus IFT20 was obtained from
the U. unicinctus genome and verified using the specific primers
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(Table 1). To validate the cDNA sequence, total RNA was extracted
from early-segmentation larvae using TRIzol reagent (Yeasen,
Shanghai, China), and reverse transcription to cDNA using
the PrimeScript RT reagent kit with gDNA Eraser (Yeasen,
Shanghai, China). The conserved domains of IFT20 were
identified using the NCBI Conserved Domain Database (https://
www.ncbinlm.nih.gov/cdd/?term=). The three-dimensional model
of IFT20 was constructed using SWISS-MODEL (http://
swissmodel.expasy.org). A Neighbor-Joining phylogenetic tree was
constructed using MEGA 13.4 software with bootstrap trial 1000
replicates based on the deduced amino acid sequences of IFT20
among the different species.

The IFT20 promoter sequence was obtained from U. unicinctus
genome database. The genome DNA was isolated from the
body wall of adult U. unicinctus using the TIANamp® Genomic
DNA Kit (Tiangen Biotech, Beijing, China). PCR amplification was
then performed to verify the IFT20 promoter sequence using
the specific primers (Table 1). The transcription start site
and upstream promoter elements were predicted using the
FPROM software (http://www.softberry.com/berry.phtml?
topic=fprom&group=programs&subgroup=promoter) and the
Berkeley Drosophila Genome Project tool (http://
www.fruitfly.org/seq_tools/promoter.html). The online tool
JASPAR (http://jaspar.genereg.net/) was used to predict the
binding sites of the transcription factor CREB (cAMP-response
element binding protein) on IFT20 promoter.

TABLE 1 Primers used in this study.

10.3389/fmars.2025.1575455

2.3 Expression analysis of IFT20 in embryos
and larvae at different development stage
and adult tissues

To clarify the expression of IFT20 in U. unicinctus embryos,
larvae, and various adult tissues, transcriptome data (Accession
numbers: PRINA485379, PRINA394029, and PRJNA917787) were
retrieved from NCBI (https://www.ncbi.nlm.nih.gov). TPM
(Transcripts per million) values of IFT20 were obtained using the
R package and used as their expression abundance. All the data of
various samples were three biological replicates.

2.4 Treatment of U. unicinctus larvae with
mature peptide FlLal

The active mature peptide FILal was synthesized by Sangon
Biotechnology (Shanghai, China) through amidation of carboxyl
terminal in the last amino acid of its sequence (SLRLNDFIL).
According to the method established by Lu et al. (2022), the
early-segmentation larvae swimming in the upper layer water
were collected and transferred to glass tubes filled with solution.
The solution in treatment group was the filtered seawater (FSW)
with 10 uM FILal mature peptide, while that of the control group
was the FSW without FILal. Each tube contained 200 larvae, and
there were 3 replicates for each group. The larvae were respectively

Primer name Sequence (5'>3) Purpose
IFT20-F ATGGCAGACGAAGCTCTC
Sequence amplification

IFT20-R CTTGTTCCTCCTTGTTCAGT
q-1FT20-F AGTTAGTTGATGGTGTCTCC
q-IFT20-R TGTTCTTGTTCCTCCTTGTT

q-CREB-F AAGGTGGAGGAGGATTCTAA

qRT-PCR

q-CREB-R CCGTGTCATTGGTCATAGT

q-ATPS-F GGATTGTGGAGCACTCGTTTG

q-ATPS-F CCAGCGGTTTCAGGTATTTC
p-IFT20-F CCCTCGAGGGGACTCGCCACCCAGGCGA
p-IFT20-R CCAAGCTTGGTCCTTGCATTCTTCTTTTAGTTCAC

Plasmid construction
ORF-CREB-F GGTACCCGATGGTAGCATCTGTCGGGTCA
ORF-CREB-R CCTCGAGGCTAACTCTGAGCTTCCTTTTGAC

d-IFT20-S TAATACGACTCACTATAGGGAGACAATGGCAGACGAAGCTCTC

d-IFT20-A TAATACGACTCACTATAGGGAGACACTTGTTCCTCCTTGTTCAGT
S dsRNA synthesis

d-EGFP-S TAATACGACTCACTATAGGGAGACAAGGGCGAGGGCGATGCCACCTACGG
d-EGFP-A TAATACGACTCACTATAGGGAGACAAAGTTCACCTTGATGCCGTTC

The double underlines indicate restriction endonuclease sites are underlined, and the single underlines indicate T7 promoter sequences are underlined.
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collected at 1 min, 3 min, and 5 min of the treatment, and then
frozen and stored according to the methods described in section 2.1.
Furthermore, early-segmentation larvae respectively treated with
three concentrations of the FILal (5, 10, 15 uM) was performed
using the above experiment system and were sampled and stored
following the procedure above.

2.5 qRT-PCR

Total RNA was isolated from the treated larvae using TRIzol
reagent (Yeasen, Shanghai, China) according to the manufacturer’s
instructions. The first-strand ¢cDNA was synthesized using the
Hifair® AdvanceFast 1st Strand cDNA Synthesis Kit with gDNA
Eraser (Yeasen, Shanghai, China). The specific primers (Table 1)
were designed according to the target gene sequences, and the
ATPase gene was employed as an internal reference. The qPCR-
PCR was performed based on the method of Zhang et al. (2020a)
using Hieff UNICON® Universal Blue SYBR Green Master Mix
(Yeasen, Shanghai, China) on a qTOWER3G Real-Time PCR
Thermal Cycler (Analytikjena, Jena, Germany). The relative
expression level of target mRNA was calculated using the 2°
AAC method.

2.6 Immunofluorescence

According to the protocol outlined by Lu et al. (2022), the larvae
samples were rehydrated with a gradient methanol (100%, 75%,
50%, and 25%), treated with 3% bovine serum albumin diluted in
PBT (pH 7.4). Subsequently, the samples were incubated overnight
on a shaker at 4°C with the primary antibody, B-Tubulin antibody
(Solarbio, Beijing, China) or IFT20 antibody (Solarbio, Beijing,
China) diluted 1:200 in PBT, and then incubated for 2 h at room
temperature in dark with the secondary antibody, donkey anti-
rabbit Alexa Fluor 488 (Yeasen, Shanghai, China) or anti-mouse
Alexa Fluor 564 (Yeasen, Shanghai, China) diluted 1:300 in PBT.
Finally, the larvae were incubated in the dark with 2.5% DAPI
(Solarbio, Beijing, China) for 15 min to label the nuclei. The
antibody specificity was assessed using the pre-immune serum.
All samples were observed using an Olympus BX43 microscope
(Olympus, Tokyo, Japan). Images and final panels were prepared
using Image].

2.7 Dual-luciferase reporter assay

To verify the binding of transcription factor CREB to IF20 gene,
the full-length CDS sequence of CREB was amplified using a pair of
primers (Table 1) and cloned into the pcDNA3.1 (+) expression
vector. The promoter sequence of IFT20 from U. unicinctus genome
database was amplified and subcloned into the pGL4.17 reporter
vector. HEK293T cells cultured in high-glucose medium
(Servicebio, Wuhan, China) supplemented with 10% fetal bovine
serum (Gibco, Grand Island, NE, USA) at 37°C in 5% CO,, were
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used for the transfection assay. Two co-transfection groups were set:
in group 1, the recombinant pGL4.17-IFT20-Luc vector (450 ng)
was co-transfected with the pcDNA3.1 (+) (200 ng) and the Renilla
luciferase reporter vector (20 ng); in group 2, the recombinant
pGLA4.17-IFT20-Luc vector (450 ng) was co-transfected with the
pcDNA3.1-CREB (200 ng) and Renilla luciferase reporter vector (20
ng). The constructed vectors were transiently co-transfected into
the HEK293T cells using Lipofectamine® 3000 transfection reagent
(Thermo Fisher Scientific, Wilmington, NC, USA). After 48 h of the
co-transfection, luciferase activity was assayed using the Dual-
Luciferase® Reporter Assay System (Beyotime, Shanghai, China).

2.8 Analysis of signaling pathways
mediating FILal to regulate IFT20
expression and trigger larval settlement

Most neuropeptides regulate down-stream gene expressions by
GPCR (G protein-coupled receptors) activating the different
signaling pathways (Caers et al, 2012). To clarify the signaling
pathways mediating FILal to regulate IFT20 expression, the
inhibitors/activators of cAMP-PKA and Ca”* pathways were
obtained from MedChemExpres (Princeton, USA), including the
forskolin (AC activator, a diterpene compound that directly
activates AC, leading to increased intracellular cAMP levels), Br-
cAMP (cAMP analog, a membrane-permeable analog of cAMP that
mimics endogenous cAMP signaling), H89 (PKA inhibitor, a
selective inhibitor of PKA that competes with ATP for binding to
the catalytic subunit), 2-APB (IP;R inhibitor, a non-specific
inhibitor of IP;R that blocks intracellular calcium release from
the endoplasmic reticulum), calmidazolium (calmodulin
antagonist, a calmodulin (CaM) antagonist that inhibits CaM-
dependent signaling by binding to its active sites), and KN-62
(CaM-1I inhibitor, a specific inhibitor of calcium/CaMK-II that
prevents calmodulin binding, thereby blocking its activation). The
experiment was conducted in 6-well plates, and each well was added
200 early-segmentation larvae. A total of 4 groups were set,
including the FILal treatment group, the control group, the
inhibitors/activators treatment group, and the inhibitors/
activators + FILal treatment group, and each group was set three
replicated wells. In the FILal treated group, the larvae were treated
with filtered seawater (FSW) containing the mature peptide FILal
with a final concentration of 10 UM for 48 h. In the inhibitors/
activators treated group, the larvae were treated with FSW
containing the forskolin (3 uM), Br-cAMP (3 uM), H89 (0.5
uM), 2-APB (3 uM), calmidazolium (0.5 uM), or KN-62 (3 uM)
for 48 h, respectively. In the inhibitors/activators + FILal treated
group, the larvae were first treated for 1 h respectively with above
inhibitors/activators, and then the mature peptide FILal with a final
concentration of 10 uM was added to the experimental system for a
further co-incubation. The control larvae were treated with only
FSW without inhibitors/activators or mature peptide FILal. The
number of settled larvae was recorded after the treatment for 48 h.
The settled larvae were defined as those adhering to the bottom of
the plates, and unable to swim into the seawater layer. The
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settlement rate of larvae was calculated using the formula: (number
of settled larvae/total number of larvae) x 100%. In addition, the
larvae in the 4 groups after the experiment were respectively
collected, and then their total RNAs were extracted, reverse
transcribed according to the methods described in section 2.5.
The mRNA levels of IFT20 were assessed using qRT-PCR method.

2.9 RNAI

The cDNA fragments of IFT20 and EGFP (Enhanced green
fluorescent protein gene) were generated using the primers
(Table 1) labeled with T7 sequences for dsRNA synthesis. The
quality of the PCR products was confirmed by 1% agarose gel
electrophoresis, and then the products were purified using the
MolPure® PCR Purification Kit (Yeasen, Shanghai, China). The
IFT20-dsRNA and EGFP-dsRNA (used as a negative control) were
synthesized using the MEGAscript® RNAi Kit (Invitrogen,
Waltham, MA, USA) following the manufacturer’s protocol. The
quality and quantity of dsRNA were assessed using a NanoDrop
spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA)
and 1% agarose gel electrophoresis, and then the dsRNA was stored
at -30°C until use.

Three groups, the IFT20-dsRNA group, EGFP-dsRNA group,
and blank control group were set, and each group consisted of three
replicates. The early-segmentation larvae were employed, and about
170 larvae were randomly assigned to each replicate. The larvae in
the IFT20-dsRNA and EGFP-dsRNA groups were first soaked in 3
mL FSW with dsRNA (final dsSRNA concentration of 50 nmol/L) for
12 h, then transferred to glass tubes containing 50 mL FSW for a
further 60 h. While the larvae in the blank control group were
treated only with 3 mL FSW, and all other conditions were identical
to those of the dsRNA treatment groups. At the end of the
treatment, the settlement rate of larvae was recorded as described
in section 2.8. To assess the efficiency of gene knockdown, larvae in
each group were collected at 72 h post dsRNA treatment. The
procedures of sampling, RNA extraction, cDNA synthesis, and
qRT-PCR were performed as described above. The primers used
for qQRT-PCR were shown in Table 1.

2.10 Swimming speed measurements

Videos of larval movement were recorded for both the RNAi
and control groups, which were imported into Image] software to
track the larvae’s movement trajectories using the Animal Tracker
plugin. The distance traveled by the larvae in each frame was
calculated using the formula S (distance) = Y [(x1-%2)*+(y1-y2)*]s
where x and y represented the horizontal and vertical coordinates of
the larvae’s position, respectively. The total distance traveled by the
larvae across all frames was summed, and then divided by the
swimming time to obtain the larvae’s swimming speed. Twenty-five
larvae per group were used for statistical analysis.
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2.11 Circumoral cilia beat frequency
analysis

Following the method described by Thiel et al. (2019), single
larva in the RNAi and control groups were randomly collected and
transferred onto a glass slide to record the beat frequency of the
circumoral cilia (a band of cilia encircling the larval body, which are
the primary structures responsible for larval movement and
locomotion) using a Leica DM2500 LED microscope (Leica,
Weztlar, Germany). The recorded videos were imported into
Image] software, and the Plot Z-axis Profile function was used to
determine the number of frames required for one complete cycle of
ciliary movement. The frequency of ciliary movement was
calculated by dividing the total number of frames in the video by
the number of frames required for one cycle of movement.
Statistical analysis was performed using 25 larvae per group.

2.12 Sample preparation and scanning
electron microscopy observation

The larvae of control and RNAi groups were fixed in 2.5%
glutaraldehyde and 1% osmium tetroxide solution, respectively
according to the usual method. Subsequently they were dehydrated
through a series of ethanol and isopropyl acetate solution, and dried
using a critical point dryer (K850, Quorum Technologies Ltd.,
Laughton, UK). Finally, the samples were sputter-coated with gold,
and then observed and photographed using a Hitachi TM 4000
scanning electron microscope (Hitachi, Tokyo, Japan).

2.13 Sample preparation and transmission
electron microscopy observation

The larvae of control and RNAi groups were fixed and
dehydrated using the SEM method described above, and then
transferred to pure acetone for 20 min. Next, the samples were
immersed in a mixture of epoxy resin and acetone (1:1, v/v) for 1 h,
followed by treatment with a mixture of epoxy resin and acetone
(3:1, v/v) for 3 h, and then left in epoxy resin overnight at room
temperature. The embedded samples were sectioned into 80 nm
thick slices using an ultramicrotome (Leica Microsystems, Wetzlar,
Germany). The sections were first stained with uranyl acetate for 30
min, and then stained with lead citrate for 15 min, and placed on
copper grids. Finally, observations and imaging were performed
using a Hitachi HT-7800 transmission electron microscope
(Hitachi, Tokyo, Japan).

2.14 Statistical analysis

All data were presented as mean + SEM. Significant differences
among different groups were determined using one-way analysis of
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variance (ANOVA) followed by Duncan’s multiple range test. The
independent samples t-test was used to determine significant
differences between the control group and treatment group. All
statistical analyses were performed using the SPSS v22 software
(SPSS Inc., Chicago, IL, USA). Statistical significance was set at P
< 0.05.

3 Results

3.1 Sequence characterization of U.
unicinctus IFT20

The open reading frame of U. unicinctus IFT20 was 399 bp,
encoding 133 amino acids (Figure 1A). Multiple sequence
alignment results indicated that the IFT20 sequence was highly
conserved across various species, with an alignment rate of 85.61%
compared with Capitella teleta (Figure 1A). It was identified that U.
unicinctus IFT20 was most closely related to that of annelids, then
clustered with mollusks, and finally groups with other animals,
being consistent with traditional evolutionary relationships
(Figure 1B). A three-dimensional structural model of IFT20 was
constructed to provide a visual representation (Figure 1C). Like
other species, the deduced protein sequence of U. unicinctus IFT20
exhibited the presence of an IFT20 domain (Figure 1D).

3.2 The mRNA expression and protein
localization characteristics of the IFT20
gene

Based on the transcription data from U. unicinctus embryos and
larvae, abundance of the IFT20 mRNA increased progressively during
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the development from 2-8 cell embryos (E) to early-trochophores (ET)
which reached a peak of 7.92 in the ET, and then gradually decreased
from mid-trochophores (MT) to worm-shaped larvae (WL)
(Figure 2A). Based on the transcription data from the adult tissues,
the IFT20 expression level was the highest in the gut, while the lowest
in the coelomic fluid (Figure 2B). Immunofluorescence results showed
that the localization of IFT20 was basically the same as that of 3-
tubulin, the microtubule marker protein, mainly localized in the
circumoral cilia and the posterior cilia of the trochophore and the
segmentation larvae (Figure 2C). In addition, it was also identified in
the apical region and/or the posterior region of the larvae, although the
localization of IFT20 in these regions varies among the larvae at
various developmental stages. Furthermore, co-localization with the 3
tubulin protein showed that IFT20 was localized at the base of the
circumoral cilia in trochophore larvae and segmentation larvae, as well
as at the base of posterior cilia in segmentation larvae (Figure 2C).

3.3 The FlLal decreased IFT20 and CREB
expressions as well as IFT20 transcription
requlated by CREB

The expression of U. unicinctus IFT20 in early-segmentation
larvae was assessed at various time points following treated with the
mature peptide FILal. qRT-PCR results demonstrated a time-
dependent downregulation of IFT20 expression in response to
FILal induction (Figure 3A). Meanwhile, the expression levels of
IFT20 decreased significantly in the larvae of the FILal treatment
groups with the different doses than that of the control group,
although no significant differences were observed between the FILal
treatment groups (Figure 3B). Furthermore, we detected that the
level of the CREB mRNA was also significantly downregulated in a
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FIGURE 2

The expression and localization of the IFT20 in U. unicinctus. (A) The mRNA levels of IFT20 in U. unicinctus embryos and larvae at the different
stages; (B) The mRNA levels of /IFT20 in adult tissues; (C) Localizations of IFT20 and B-tubulin in U. unicinctus larvae at the different stages. E, 2-8
cell embryos; M, Multicellular embryos; B, Blastulae; G, Gastrulae; ET, Early-trochophores; MT, Mid-trochophores; LT, Late-trochophores; ES, Early-
segmentation larvae; SL, Segmentation larvae; WL, Worm-shaped larvae; Bod, Body wall; Coe, Coelomic fluid; For, Fore-gut; Mid, Mid-gut; Hin,
Hind-gut; Ana, Anal sac; Nep, Nephridium. Different letters indicate a significant difference at P < 0.05 in (A, B) pictures. White arrows indicate the

magnified part in picture C

time-dependent manner after the FILal treatment (Figure 3C). To
identify the transcription factor CREB could regulate the expression
of IFT20, we predicted five CREB binding sites including an 8-base
palindrome sequence (5-TGACGTCA-3’) in the promoter region
of IFT20 (Figure 3D), which was recognized as a conserved CREB-
binding motif. The dual-luciferase reporter assay confirmed that the
transcription factor CREB can bind to the promoter sequence of
IFT20 (Figure 3E). These findings suggested that the
downregulation of IFT20 expression by FILal may be mediated
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by the transcription factor CREB in cAMP-PKA-CREB
signaling pathway.

3.4 |dentification of signal pathways
mediating FILal to down-regulate the
IFT20 expression

To further elucidate signal transduction mediating the FILal
downregulating the expression of IFT20 to promote larval
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The effect of FILal on IFT20 and CREB mRNA levels as well as IFT20 transcriptional regulation by CREB. (A) The IFT20 expressions in the early-
segmentation larvae treated by 10 uM FILal at the different treatment times; (B) The IFT20 expressions in the early-segmentation larvae treated by
FILal with the different concentrations at 3 min; (C) The CREB expressions in the early-segmentation larvae treated by 10 uM FlLal at the different
times; (D) Upstream elements in the promoter region of IFT20 gene and the predicted binding sites for CREB; (E) The /FT20 transcription regulation
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settlement, potential signaling pathways were examined. For the
cAMP/PKA pathway, the expression level of IFT20 in the larvae co-
treated with AC activator (forskolin) or cAMP analog (Br-cAMP)
and FILal was significantly higher than that in the larvae treated
with FILal alone (Figures 4A, B), and the settlement rates of the
larvae in the co-treatment groups were significantly lower than that
in the group treated with FILal alone (Figures 4A’, B’). Meanwhile,
the expression level of IFT20 in the larvae co-treated with PKA
inhibitor (H89) and FILal was not significantly different from that
in the larvae treated with FILal alone (Figure 4C), but the
settlement rate of larvae in the co-treated group was significantly
higher than that in the group treated with FILal alone (Figure 4C’).
For the Ca** pathway, the similar results to co-treatment of FILal
with the AC activator (forskolin) or cAMP analog (Br-cAMP)
occurred when the larvae were treated with the IP; receptor
blocker (2-APB) or the CaM antagonist (calmidazolium)
(Figures 4D, E, D', E’). The expression level of IFT20 in the larvae
co-treatment with CaMK-II blocker (KN-62) and FILal was lower
than that in the larvae treated with FILal alone (Figure 4F), and the
settlement rate of the larvae in the co-treatment group was lower
than that in the group treated with FILal alone (Figure 4F’).
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3.5 Effect of knocking down the IFT20
expression on the ciliary structure and
settlement of U. unicinctus larvae

qRT-PCR detection showed that the IJFT20 mRNA level in the
IFT20-dsRNA group decreased significantly (P < 0.001), which was
58.37% of that in the control group at 72 h post RNAi (Figure 5A). In
the IFT20-dsRNA group, a reduced swimming range of the larvae was
first observed at 24 h after the RNAi (Figure 5B, Supplementary Movie
S1), and the larval swimming speed significantly decreased (P < 0.001)
which was 62.38% of the control group (Figure 5C). After RNAi for 72
h, the beat frequency of circumoral cilia in the larvae of IFT20-dsRNA
group decreased significantly to 77.36% of that in the larvae of the
control group (Figure 5D), and the ciliary length of the circumoral
cilia in the larvae was also significantly reduced to 76.12% of the
control group (Figures 5E, F). Moreover, the reduced positive signals
of the ciliary marker protein B-tubulin were observed in IFT20-
interfered larvae (Figure 5G). Furthermore, the larval settlement
rates in the IFT20-dsRNA group at 48 h and 72 h were significantly
higher than those of the control group, being 3.46 times (P < 0.001)
and 2.88 times (P < 0.001) higher, respectively (Figure 5H).
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Furthermore, the observation was performed by scanning

electron microscopy (SEM), and transmission electron

microscopy (TEM) to reveal the ultrastructural changes of the
cilia in the larvae after knocked down the IFT20 expression. SEM
images showed that the length and number of the circumoral cilia
were obviously lower in the larvae of the IFT20-dsRNA group than
that of the control group (Figure 6A). TEM results showed that the

Frontiers in Marine Science

number of vesicles around the base of cilia in the ciliary cells of the
larvae in the IFT-dsRNA group obviously decreased, and the basal
body of the cilia vacuolated (Figure 6B). In addition, significant
mitochondrial damages were also indicated in the ciliary cells of the
larvae in the IFT-dsRNA group, mainly manifested as the smaller
size, the less prominent cristae and the decreased electron density
matrix (Figure 6C).
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Different letters indicate a significant difference at P < 0.05. The red arrows indicate the circumoral cilia in the larvae.

4 Discussion

Larval settlement in marine invertebrates typically involves in
the cessation of swimming and the initiating substrate exploration,
such as crawling or settling (Dobretsov and Rittschof, 2020). In
many species, neuropeptides as a kind of signaling molecules have
been reported to play a crucial role in larval settlement (Schmich
et al., 1998; Grasso et al., 2011; Whalan et al., 2012; Williams, 2020;
Yang et al., 2024). These neuropeptides promote the settlement
behavior by inhibiting ciliary beating in response to environmental
cues. In annelids, Conzelmann et al. (2013) demonstrated that
neuropeptides from sensory cells can directly govern larval cilia
and stop ciliary movement, causing larvae to settle. In nemerteans,
the neuropeptide CCHamide can induce the settlement of Lineus
longissimus larvae by reducing the frequency of cilia beating.
However, some studies from transcriptome data suggested that
changes in gene expression are also involved in settlement behavior
of some animals, including the sponges, ascidians, gastropods,
corals, shellfish, and annelids (Azumi et al.,, 2007; Grasso et al.,
2008; Grasso et al., 2011; Heyland et al., 2011; Conaco et al., 2012;
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Ventura et al,, 2015; Sedanza et al., 2022; Yang et al., 2024). Our
previous transcriptome data has revealed that the expressions of
numerous cilia genes and signaling pathways are triggered in the U.
unicinctus larvae treated with neuropeptide MIP2 during settlement
(Yang et al,, 2024). This suggests that neuropeptides may activate a
regulation cascade of ciliary gene expression to promote the
settlement behavior in U. unicinctus. However, little is known
about the specific roles of neuropeptide-regulated pathways and
ciliary genes in larval settlement.

In this study, we first revealed that IFT20 regulated expression
by the FILal, plays a multifaceted role in the settlement behavior by
impacting the ciliary structure and function. We found that the
FILal, endemic to U. unicinctus, can down—regulate the IFT20
expression in U. unicinctus larvae (Figure 3). The cAMP-PKA
and Ca®" signaling pathways are common neuropeptide-mediated
pathways and have been reported to be involved in larval settlement
(Conzelmann et al,, 2013; Yang et al.,, 2024). To further identify the
signaling pathways mediating FILal downregulating the IFT20
expression, the activators or inhibitors of the cAMP-PKA and

Ca®" signaling pathways were employed and co-treated with
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Ultrastructure observation of the cilia and the ciliary cells in the larvae after knocked down the IFT20 expression for 72 h. (A) The SEM observation;
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the circumoral cilia. The white arrows in picture (A) indicate the magnified parts; the orange arrows indicate the basal body of cilia; the red arrows
indicate the vesicles; the cyan arrows indicate the ridges in mitochondria; and the red * indicates the low electron density matrix in mitochondria.

FILal to U. unicinctus larvae. We found that co-treatment with the
AC activator, cAMP analog, IP3 receptor blocker (2-APB), or CaM
antagonist blocked FILal-induced IFT20 downregulation and larval
settlement (Figures 4A, B, A’, B, D, E, D’, E’). However, in larvae
treated with PKA inhibitor or CaMK-II blocker together with FIL1,
the effect of FILal on downregulating IFT20 expression was not
significantly changed. A possible explanation was that the
inhibitory effect of PKA inhibitor or CaMK-II blocker alone on
IFT20 expression was already strong, so co-treatment of PKA
inhibitor or CaMK-II blocker with FILal did not enhance the
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downregulation of IFT20. Moreover, the binding of CREB, a
down-stream transcription factor in the cAMP-PKA pathway, to
IFT20 gene also verified that FILal can regulate the expression of
IFT20 through cAMP-PKA-CREB pathway (Figure 3E). In P.
dumerilii, Conzelmann et al. (2013) demonstrates through in vitro
experiments (CHO cells) that MIP2 induces settlement via the Ca®*
signaling pathway. Bai et al. (2022) show in vitro (HEK293T cells)
that MIP1 in U. unicinctus regulates settlement behavior through
cAMP signaling. However, the downstream molecules and their
functions in these two neuropeptide-mediated pathways remain
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unclear. Normally cAMP activates PKA to regulate gene expression,
and subsequently phosphorylates the transcription factor CREB to
promote transcriptional activation (Moreira, 2014). In this study,
we identified and elucidated the signaling pathways involved in
FILal-mediated settlement behavior (cAMP-PKA-CREB and Ca**
pathways) through in vivo experiments and revealed for the first
time that these pathways induce settlement behavior by inhibiting
the expression of the ciliary gene IFT20.

IFT20 has been revealed to be involved in the transport of
vesicles and regulate the related functions with cilia of human cells
and several model animals. In human cells, IFT20 has been
indicated to localize in the Golgi apparatus and the base of cilia
for transporting vesicles from the Golgi to the ciliary base (Follit
et al, 2006; Yang and Huang, 2020). The disruption of vesicle
trafficking rich in IFT20 affects chondrocyte formation in humans
and mice (Martin et al., 2018). In male mice, mutations of IFT20
disrupt the “9 + 2” microtubule structure of cilia, leading to a
reduced sperm count (Zhang et al., 2016). In the retinal epithelium,
knockout of IFT20 ablates primary cilia and leads to retinal
degeneration in mice (Kretschmer et al., 2023). In addition, A few
studies on IFT20 in invertebrates have also been reported. In
Drosophila, IFT20 is localized in cilia (Hou et al, 2023). In C.
elegans males, the lack of IFT20 leads to shorter cilia that cannot
properly perform mating functions (De-Castro et al., 2021).
However, localization and function of IFT20 in marine animals,
especially the cilia on body surface of the larvae are unclear. In this
study, we discovered that IFT20 proteins were localized at the base
of the cilia in U. unicinctus larvae. This was confirmed by the co-
localization of IFT20 and the ciliary protein marker B-tubulin
(Figure 4). This finding is consistent with previous studies and
suggests that the localization of IFT20 is a conserved characteristic
across species (Rosenbaum and Witman, 2002). When IFT20
expression was knocked down, the length and number of
circumoral cilia in U. unicinctus larvae were significantly reduced
(Figures 5F, G, 6A). In addition, ultrastructural damages were
observed by TEM, including a reduction in vesicles at the ciliary
base, vacuolization at the ciliary base, and damage to the
mitochondria near the ciliary base (Figures 6B, C). Therefore, we
suggested that IFT20 participates in maintaining the number,
length and function of the body surface cilia in U. unicinctus
larvae by transporting vesicles to the ciliary base, but the FILal
disrupts this balance, leading to settlement behavior.

5 Conclusion

In summary, we identified the IFT20 in U. unicinctus and found
that its protein was located at the base of the circumoral cilia in U.
unicinctus larvae. The IFT20 expression level was inhibited by
mature peptide FILal through the cAPM-PKA-CREB and Ca®*
pathways promoting the larval settlement. In addition, our study
demonstrated that the knockdown of IFT20 expression in U.
unicinctus larvae reduced the number of basal body vesicles. This
reduction consequently led to basal body vacuolization, a decrease
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in ciliary microtubule protein, a diminished beat frequency of the
circumoral cilia, and a reduction in both the number and length of
the circumoral cilia. Furthermore, these effects were ultimately
resulting in the decreased larval swimming speed and triggered
the larval settlement. The findings of this study provided new
insights into the ciliary genes regulated by neuropeptides played
an important role in the settlement of marine benthic invertebrates.
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