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Larval settlement drives population and community dynamics and evolution of marine invertebrates. While it is well known that larvae sense a variety of biological and environmental factors, there is limited information on how they react to specific factors so as to locate settlement sites. Proteinaceous Waterborne Settlement Pheromone (WSP) was purified from adult barnacles, Amphibalanus amphitrite, in a previous study, but it is unclear how WSP guides barnacle cyprids to the source. Here, a series of settlement assays were conducted to investigate the concentration dependence of recombinant WSP. We report that low concentrations of barnacle WSP decrease the probability of settlement of conspecific cyprids, whereas high concentrations have the opposite effect. We suggest that this is because weak WSP informs cyprids that suitable settlement sites with adult barnacles are distant, inducing them to extend the larval phase. The present study clearly shows that larvae use WSP concentration, rather than presence/absence information. In barnacles, several other conspecific chemical/visual cues also attract larvae. This study opens the door to future research to determine how these cues influence larval behavior in nature.
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Introduction

Drastic transitions from planktonic to benthic phases are very common in marine invertebrates, planktonic larvae of which drift to suitable adult habitats nearby for settlement (Pawlik, 1992; Hodin et al., 2018; Bilodeau and Hay, 2021). Planktonic larvae sense a wide array of physico-chemical and biological factors, such as settlement pheromones, to find suitable settlement sites (Pawlik, 1992; Hodin et al., 2018; Bilodeau and Hay, 2021). These govern the structure and function of benthic communities.

Coastal barnacles, which are models for studies of settlement mechanisms, are generally hermaphroditic and exchange gametes with close conspecifics. The planktonic phase starts when nauplius larvae, released by an adult, disperse in the water column. Then, the nauplii metamorphose into cyprids and cyprids explore possible substrates using a pair of appendages that bear chemo/mechano-sensory setae (Bielecki et al., 2009; Moyse, 1995; Maruzzo et al., 2011). If cyprids judge that a site is suitable, they settle and commence benthic life. Otherwise, they swim using thoracopods and continue exploration of other sites.

Adult barnacles induce settlement of conspecific cyprids nearby to facilitate reproduction. Peptide released into the seawater from adult barnacles induce settlement (Rittschof, 1990; Rittschof, 1993; Rittschof and Cohen, 2004). The active components are reportedly 3-5 kDa (Rittschof, 1985; Tegtmeyer and Rittschof, 1988) or < 500 Da (Clare and Matsumura, 2000). In addition, di- and tri-peptides with arginine or lysine at the N-terminus induce settlement (Tegtmeyer and Rittschof, 1988) although this is not supported by another study (Clare and Yamazaki, 2000). Two other proteinaceous settlement pheromones, Settlement-Inducing Protein Complex (SIPC) (Matsumura et al., 1998b) and Waterborne Settlement Pheromone (WSP) (Endo et al., 2009), are thought to induce settlement of cyprids (reviewed by Clare, 2010). Understanding how such conspecific cues guide larvae to settlement sites illuminates mechanisms underlying population/community dynamics and evolution of marine invertebrates (Jenkins, 2005; Dreanno et al., 2006b; Zimmer et al., 2016). SIPC is presumed to be adsorbed on substrate surfaces and on adult barnacle shells; therefore, it functions in the vicinity of adult barnacles (Matsumura et al., 1998b; Clare and Matsumura, 2000; Endo et al., 2009). In addition, cyprids leave SIPC footprints on the substratum during exploration, which promote larva-larva interactions (Matsumura et al., 1998c; Dreanno et al., 2006a). A recent study revealed that SIPC functions in a concentration-dependent manner (Kotsiri et al., 2018). Settlement is induced at lower SIPC concentrations, whereas it is inhibited at higher concentrations. This bimodal response of barnacle cyprids to SIPC suggests that cyprids judge the density of barnacles on the substrate and do not settle if the site is overcrowded (Kotsiri et al., 2018).

Another pheromone, WSP, purified from adults of A. amphitrite diffuses into seawater when embedded in an agarose gel, suggesting that it attracts cyprids on a relatively larger spatial scale (Endo et al., 2009; Clare, 2010). In addition, WSP was identified from cement of adult A. amphitrite (So et al., 2017; Schultzhaus et al., 2019; Schultzhaus et al., 2020; Schultzhaus et al., 2021), which indicates that WSP exists in the adhesive layer of adult barnacles. Although it remains to be confirmed that WSP exists in seawater, these findings suggest that WSP is released into the environment. WSP was also detected from a stalked barnacle, Pollicipes pollicipes (Schultzhaus et al., 2021), suggesting that a phylogenetically wide variety of barnacles use WSP to attract conspecific cyprids. Recent studies indicate that there are several homologs of WSP (So et al., 2017; Abramova et al., 2019; Schultzhaus et al., 2019; Schultzhaus et al., 2020; Schultzhaus et al., 2021). Endo et al. (2009) reported N-terminal amino acid sequences of the “original WSP”. In 2012, we sequenced more peptide fragments and determined the full-length cDNA sequence deposited in EMBL/Genbank/DDBJ databases as unpublished data (accession number AB695090), which is reported in this paper. Among the WSP homologs in A. amphitrite, this one is highly expressed during settlement (Abramova et al., 2019) and most concentrated in the cement of adult barnacles (So et al., 2017; Schultzhaus et al., 2019; Schultzhaus et al., 2020), supporting the idea that the “original WSP” is a major cyprid attractant among WSP homologs. In the present study, we extended our studies on the “original WSP” (hereafter, “WSP”). The original study showed a linear response of cyprids to WSP concentrations. High concentrations of WSP induced settlement, but low concentrations did not (Endo et al., 2009). Interpretation of these results requires caution, because larval densities in the test arena affect settlement rates (Clare et al., 1994; Head et al., 2003; Elbourne et al., 2008). This is because larva-larva interactions and settlement induction by pre-settled individuals occur when multiple larvae are added to a test arena; therefore, single-larva settlement assays are recommended to investigate factors stimulating larval settlement (Elbourne et al., 2008).

To understand how cyprids use settlement cues to find suitable settlement sites, it is essential to investigate the effect of WSP by itself. Here, we performed a series of settlement assays to investigate the effect of WSP concentration on individual cyprids using recombinant WSP.



Methods


Partial amino acid sequence analysis

WSP was purified from adult A. amphitrite according to a previous study (Endo et al., 2009). Purified protein was reduced and S-carboxymethylated with dithiothreitol and iodoacetic acid. The protein solution was dialyzed against 0.5 M Tris-HCl buffer (pH 8.5) that contained 7 M guanidine and 10 mM EDTA. After addition of 1 mM dithiothreitol, the solution was bubbled with nitrogen, and incubated for 2 h at 60°C. After incubation, 2.2 mg iodoacetic acid were added and the solution was incubated for 30 min at room temperature. Then, it was dialyzed against 50 mM Tris-HCl buffer (pH 9.0) containing 4 M urea. The carboxymethylated protein was then digested at 37°C for 15 h using lysyl endopeptidase (Achromobacter proteinase I; Wako Pure Chemicals) at an enzyme/substrate ratio of 1:200 (mol/mol). Peptide fragments generated were separated by reverse phase high-performance liquid chromatography (HPLC) using a TSKgel® ODS-120T column (4.6×250 mm; Tosoh Co., Tokyo, Japan). The column was eluted at a flow rate of 1 mL/min using a linear gradient of acetonitrile (0-80% in 120 min) in 0.1% trifluoroacetic acid. Amino acid sequences of peptide fragments were determined using a PPSQ-21A automated gas-phase protein/peptide sequencer (Shimadzu Co., Kyoto, Japan) and the following sequences were obtained (LEP1-8).

	LEP1: FNVMVPK

	LEP2: PEVHHEDGYFEEHGH

	LEP3: EVILGNPIYHK

	LEP4: MAGPRFVSPVK

	LEP5: GTFNGVEEPTFSYVNNM

	LEP6: VHMLTSGGIHK

	LEP7: QLELQDALDIHWREGK

	LEP8: NTYCIFESLSEEESTFSSFV



Based on these partial amino acid sequences, degenerate primers for cDNA amplification were designed as follows.

5′-GAGCCNCANCCNGGNGTNCCNWSNACNCCNCAGCTNGCCGG-3′

5′-TTNACNGGNSWNACRAANCKNGGNCCNGCC-3′



cDNA cloning

Adult A. amphitrite were collected in Hamana-ko, Japan, and total RNA was extracted from muscle tissue using a QuickGene-Mini80 with a QuickGene RNA tissue kit SII (FUJIFILM Co., Tokyo, Japan). mRNA was purified using an Oligotex™-dT30<Super> mRNA purification kit (TaKaRa Bio Inc., Shiga, Japan), and first strand cDNA was synthesized using a SMART™ RACE cDNA Amplification Kit (Clontech Laboratories, Inc., CA, USA) and PrimeScript™ Reverse Transcriptase (TaKaRa Bio Inc.). PCR was carried out with the cDNA template, primers described above, and an Advantage® 2 PCR Kit (Clontech Laboratories, Inc.), with initial denaturation at 95°C for 1 min, followed by 35 cycles of 95°C for 30 s, 55°C for 30 s, and 68°C for 30 s with a final extension at 68°C for 3 min. The PCR product was subjected to electrophoresis on 2% agarose gels and then extracted using a QIAquick® Gel Extraction Kit (Qiagen, GmbH, Germany). Purified PCR product was subcloned into pCR® 2.1-TOPO® vectors (Invitrogen Corporation, CA, USA), and One Shot® TOP10 Chemically Competent Escherichia coli (Invitrogen Corporation) transformants harboring plasmid constructs were screened on Luria-Bertani agar plates containing 50 μg/mL of ampicillin. Plasmid DNA was purified using a Miniprep DNA Purification Kit (TaKaRa Bio Inc), and the inserted DNA was sequenced with M13 forward (-20) and reverse primers using an ABI Prism® 3130xl Genetic Analyzer (Applied Biosystems). Complete cDNA sequences of WSP were determined using the following primers for 5’ and 3’ RACE designed from partial cDNA sequences, respectively.

5′-GTTGGTCAGCACGCCGGCCAGCTGCG-3

5′-CCAACCTGTACCGCCGCTTCCTGCACAC-3′

Amplified DNA was subcloned and sequenced as described above. The presence and locations of signal peptide cleavage sites were predicted using SignalP 3.0 (Bendtsen et al., 2004). Nucleotide sequence data reported in this paper are available from the EMBL/GenBank/DDBJ databases under accession number AB695090.



Recombinant protein

DNA fragments of the full-length ORF of WSP that lacked its signal peptide were synthesized with an Ndel site (5′-CATATG-3′) and a His-Tag (5′-CACCATCATCATCATCAT-3′) at the 5′ end and a Hind III site (5′-AAGCTT-3′) added at the 3′ end (Figure S1). Then it was ligated into pET30a vectors, and transformed into E. coli. After the IPTG incubation of E. coli, protein solution was obtained from the E. coli pellet and the recombinant WSP was purified on His Trap. A quality check and estimation of relative molecular mass were conducted using SDS-PAGE. All procedures were conducted with GenScript Japan Inc. (Tokyo, Japan).



Adult barnacles and larval culture

Adult A. amphitrite were collected in Kobe, Japan during 2021-2022, and maintained in aquaria by feeding them with brine shrimp. Nauplii released from adults were cultured in filtered sea water (FSW) containing penicillin/streptomycin (FUJIFILM Wako Pure Chemical Co. Osaka, Japan) and fed with Chaetoceros calcitrans at 22°C under a 12h:12h light cycle. Nauplii metamorphosed into cyprids after 5-6 days. Only swimming cyprids were collected. These were rinsed with FSW, and kept at 5°C for 1 day.



Larval settlement assays

At first, we conducted a multi-larva settlement assay to confirm that settlement-inducing activities of recombinant WSP were identical to those of native WSP by comparing the results with previous research (Endo et al., 2009). Recombinant protein (1, 10 and 100 nmol/L) and 10 cyprids were added to wells of 48-well polystyrene plates with 80% FSW at a final volume of 600 µL with 10 replicates. 50 mM Tris-HCl buffer (pH 7.5) was added for the control. After incubation for 5 h at 22°C in dark, the number of settled individuals were counted. Each treatment comprised 10 replicates from two batches of larvae. Binominal Generalized Linear Mixed Model (GLMM) was performed to assess the effect of WSP concentration on cyprid responses among treatments with larval batch as a random effect.

Larval settlement-inducing activities were also determined in single-larva settlement assays using 48-well polystyrene plates. Recombinant WSP (1, 10 and 100 nmol/L) and single cyprids were placed in the wells with 80% FSW at a final volume of 600 μL. After incubation for 24 h at 22°C in dark, the number of settled cyprids was counted. 50 mM Tris-HCl buffer (pH 7.5) was added for the control. Each treatment had about 48 replicates from six batches of larvae. Binominal GLMM was performed to assess the effect of WSP concentration on cyprid response among treatments with larval batch as a random effect. All statistical analyses were performed with R 4.0.4 (R Core Team, 2021). GLMM and post-hoc tests were performed using lem4 (Bates et al., 2015) and the Anova function of the car (Fox and Weisberg, 2018) package, respectively. The Holm-Bonferroni method (Holm, 1979) was used to adjust P values.




Results


cDNA cloning and recombinant protein

We determined full-length cDNA sequences that consisted of 907 bp and encoded 251 amino acids. This amino acid sequence contained a signal peptide with the N-terminal 15 residues, and the sequence was consistent with that of a previous study (Endo et al., 2009). All peptide sequences determined by amino acid sequencing were contained in the structure of WSP. Our sequence has already been cited in a recent study (Abramova et al., 2019) that showed discussed gene structure of WSP and its homologs in A. amphitrite and A. improvisus. Recombinant WSP showed a single band in SDS-PAGE with a relative molecular mass of 28.1 kDa (Figure S1).



Settlement assay with multiple larvae

Binominal Generalized Linear Mixed Model (GLMM) indicated that settlement rate was significantly higher in 100 nmol/L WSP (=2.81 µg/mL) than at lower concentrations (Figure 1). These results are consistent with a previous study (Endo et al., 2009) that showed 1.0 and 10 µg/mL of native purified WSP increased settlement rate while 0.1 µg/mL did not.




Figure 1 | The number of settled cyprids in settlement assays using multiple larvae. Colors correspond to larval batches with black bars indicating results of pooled data. Bars indicate 95% confidence intervals. Different letters indicate significant differences (P < 0.05).





Single-larva settlement assay

Amphibalanus amphitrite cyprids showed a non-linear response to conspecific WSP concentration (Figure 2). While variances of settlement probabilities are high among larval batches, binominal GLMM indicated that the probability of settlement was significantly lower in 1 nmol/L WSP than in controls or in 10 nmol/L WSP. The probability of settlement was significantly higher in the 100 nmol/L treatment than in the other treatments. Out of six replicate batches, a single batch showed lower settlement probability in controls than in 1 nmol/L treatment.




Figure 2 | Probability of settlement based on single-larva assays. Colors correspond to larval batches, with black bars indicating results from pooled data. Bars indicate 95% confidence intervals. Different letters indicate significant differences (P < 0.05).






Discussion

Recombinant WSP had a relative molecular mass of 28.1 kDa, which is about 4 kDa smaller than native WSP (Endo et al., 2009). This suggests post-translational modifications, such as glycosylation in native WSP. Larval settlement-inducing activity of another pheromone, SIPC, was inhibited by lentil lectin, suggesting that sugar chains are functionally important in SIPC (Matsumura et al., 1998a). In contrast, treatments with lentil lectin had no effect on function of native WSP (Endo et al., 2009). Additionally, our assay using multiple larvae with recombinant WSP showed settlement-inducing activities that were identical to those of natural WSP reported in a previous study (Endo et al., 2009). These results suggest that sugar chains are not important for settlement-inducing activity of WSP.

A previous study showed that the settlement-inducing activity of seawater collected 1 cm from adult barnacle habitats induced settlement, while that collected 19 cm away did not (Elbourne and Clare., 2010). This suggests that WSP exists at “high” concentration levels within a few centimeters from adult habitats while it is diluted to “low” concentration levels over tens of centimeters. However, it remains unknown how WSP disperses in the field, much less how cyprids sense WSP and orient to its source. Studies on symbiotic and parasitic barnacles suggested that larvae may need to sense only the presence or absence of the host-derived chemical attractant (Pasternak et al., 2004a; Pasternak et al., 2004b). Our single-larva assays, however, clearly show that barnacle cyprids monitor the WSP concentration. If cyprids detect low levels of WSP, they may recognize that suitable adult habitat is distant from their location, and they extend their pelagic phase in an attempt to find better habitat. If cyprids detect high levels of WSP, they may recognize that adult habitat exists nearby, and are highly likely to settle. Such scenarios are consistent with a nonlinear cyprid response to WSP concentration. In all probability, WSP has an important role in guiding cyprids to suitable settlement sites, and not only in directly inducing settlement. However, these results must be interpreted with caution because the variance of settlement probability is high among larval batches, suggesting that larval responses can vary depending upon their physiological conditions (Tremblay et al., 2007). Additional study is needed to identify WSP in seawater, and to determine how cyprids orient to its source.

SIPC works as an avoidance cue when its concentration is high, indicating overcrowding (Kotsiri et al., 2018). In addition, a homolog of Balanus glandula SIPC, which has been named MULTIFUNCIN, attracts predator dogwhelks, which indicates that expression of SIPC/MULTIFUNCIN increases the predation risk for barnacle prey (Zimmer et al., 2016). In addition, waterborne peptide pheromones attract barnacle predators (Rittschof et al., 1984). In contrast to SIPC, WSP induces settlement when the concentration is high. Here, we suggest that high WSP with intermediate conspecific SIPC informs cyprids that a site has an optimal population density and reduced predation risk. However, this requires further study to clarify whether WSP also attracts predators.

Recent transcriptome and proteome studies identified homologs of WSP and SIPC/MULTIFUNCIN (So et al., 2017; Abramova et al., 2019; Schultzhaus et al., 2019; Schultzhaus et al., 2020; Schultzhaus et al., 2021). Abramova et al. (2019) suggested that the blend ratio of WSP homologs may determine conspecificity. Additionally, a distance tree of amino acid sequences of WSP homologs from A. amphitrite and Pollicipes pollicipes indicated that these proteins separate by species rather than WSP family, which suggests that WSPs have species specificity in settlement inducing activity (Schultzhaus et al., 2021). Peptides obtained from seawater conditioned by Semibalanus balanoides induced settlement of A. amphitrite cyprids (Rittschof, 1985), which suggests that peptide pheromones do not have con-specificity. In contrast, SIPC has variable regions that may contribute to species specificity (Yorisue et al., 2012) and it is suggested to function in a species-specific manner (Matsumura et al., 2000; Dreanno et al., 2007). Additional studies are required to clarify how cyprids use multiple settlement pheromones and the role of homologs for species recognition and habitat selection.
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