O water
]

Article

Settlement Induction in Mytilus coruscus Is Driven by Cue
Diversity: Evidence from Natural Biofilms and Bacterial Isolates

Ni Chen?, Yonghui Fu 1 Qianyu Zhang 2 Jie Dul, Wanting Liu 1 Xinjie Liang 1Q, Yingying Ye 1

check for
updates
Academic Editors: Michele Mistri and

Antonia Granata

Received: 10 October 2025
Revised: 17 November 2025
Accepted: 26 November 2025
Published: 28 November 2025

Citation: Chen, N.; Fu, Y;; Zhang, Q.;
Du, J; Liu, W;; Liang, X.; Ye, Y,; Li, J.
Settlement Induction in Mytilus
coruscus Is Driven by Cue Diversity:
Evidence from Natural Biofilms and
Bacterial Isolates. Water 2025, 17, 3395.
https:/ /doi.org/10.3390/w17233395

Copyright: © 2025 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license

(https:/ /creativecommons.org/
licenses /by /4.0/).

and Jiji Li 1*

National Engineering Research Center for Marine Aquaculture, Zhejiang Ocean University, Zhoushan 316022,
China; ¢1990075617@163.com (N.C.); fuyonghui@zjou.edu.cn (Y.E.); 19939297997@163.com (J.D.);
liuwantingl@zjou.edu.cn (W.L.); liangxinjie@zjou.edu.cn (X.L.); yeyy@zjou.edu.cn (Y.Y.)

Marine Science and Technology College, Zhejiang Ocean University, Zhoushan 316022, China;
zhanggianyu0831@zjou.edu.cn

Abstract

Muytilus coruscus, a commercially important mariculture mussel in China, has shown a
marked decline in larval settlement and metamorphosis over the past decade, a trend often
linked to environmental degradation and resource depletion. Numerous studies have
identified bacterial biofilms as key modulators of mussel larval settlement. To investigate
this, we deployed PVC plates in situ within aquaculture zones near Shengsi (Zhoushan,
Zhejiang) and Lianjiang (Fuzhou, Fujian). After natural biofilm colonization on the plates,
juvenile M. coruscus were introduced to assess settlement rates. The attached juveniles were
homogenized, leading to the isolation of four dominant bacterial strains: Pseudomonas sp.
LJBF001, Vibrio sp. LJBF002, Pseudomonas sp. LJBF003 and Bacillus sp. LJBF004. Compared
to control PVC plates, natural biofilms significantly promoted juvenile settlement, with
the Lianjiang (LJ) group reaching up to >29% under our assay conditions. In contrast,
monospecific biofilms prepared from these isolates did not significantly increase larval
metamorphosis; the numerically highest response (LJBF004) reached ~9% and was not
significant versus the control. These contrasting outcomes are consistent with a threshold—
multi-cue synergy mechanism, whereby cue diversity and partial redundancy in natural
biofilms favour threshold crossing, while restricted cue sets in single-strain films often fall
short. Guided by this framework, priority next steps include testing c-di-GMP delivery
(soluble and via OMVs), probing EPS structure—function and EPS-OMYV /LPS—free-fatty-
acid blends alongside minimal multi-strain consortia, and adopting stage-gated assays
with time-to-event endpoints and effect-size/CI reporting.

Keywords: bacterial biofilms; metamorphosis; Mytilus coruscus; settlement

1. Introduction

Muytilus coruscus, a bivalve species of the genus Mytilus, is naturally distributed along
the coasts of China, including the Yellow Sea, the Bohai Sea, and the East China Sea.
Similarly to most marine invertebrates, M. coruscus larvae pass through planktonic and
benthic stages during development [1]. During the planktonic stage, larvae must locate
suitable substrates on which to initiate settlement and then undergo metamorphosis before
transitioning into the benthic adult stage [2,3].

Recent studies on M. coruscus have primarily focused on aquaculture optimization,
immune-related gene functions, proteomic profiling, functional analyses, and the mech-
anisms governing larval and juvenile settlement and metamorphosis [4-6]. Chen et al.
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employed RNA interference to knock down «2-AR expression and observed a pronounced
suppression of M. coruscus larval metamorphosis, establishing «2-AR as a pivotal regulator
of this process [7]. Li et al. showed that antithyroid drugs methimazole (MMI) and propy-
Ithiouracil (PTU) markedly inhibit larval settlement and metamorphosis, underscoring
the critical role of thyroid hormones in M. coruscus development [8]. Zhu et al. further
revealed that L-arginine modulates larval settlement and metamorphosis by promoting
NO synthesis [9].

Microbial biofilms play a key role in regulating the settlement and metamorphosis
of M. coruscus larvae [10]. Depending on their composition, bacterial biofilms can either
promote or inhibit settlement and metamorphosis. Biofilms attract larvae by releasing
chemical cues that activate surface receptors, initiating settlement behaviours and down-
stream signalling. Moreover, biofilm components such as extracellular polysaccharides
and proteins significantly influence larval settlement and metamorphosis. Satuito et al. [11]
provided early direct evidence that specific bacterial strains within biofilms can mediate
mussel larval settlement and metamorphosis. Yang et al. [12] demonstrated that live bacte-
ria play a crucial role in mussel larval settlement and metamorphosis, and that bacterial
extracellular products such as polysaccharides and lipids also significantly contribute to
this process. Wu et al. [13] suggested that specific chemical signals in biofilms may exert
synergistic effects on larval metamorphosis. Hu et al. [14] demonstrated that inactivation
of the tesA gene alters the fatty-acid profile of bacterial biofilms and elevates c-di-GMP
levels, thereby attenuating the inductive activity of the biofilm on larval metamorpho-
sis; supplementation with exogenous fatty-acid mixtures partially restores this activity.
Yang et al. [15] indicated that substrate type influences bacterial community structure
and density, thereby affecting the settlement of mussel juveniles. In addition to microbial
cues, environmental factors—including light, temperature [16], salinity, pH, ions [2], and
substrate properties—also modulate mussel settlement.

M. coruscus is primarily cultivated in high-yield aquaculture zones located in Zhe-
jlang and Fujian provinces [17-19]. Driven by growing market demand and advances in
aquaculture technologies, the industry has continued to grow. However, Zhoushan relies
heavily on sourcing seedlings from Fujian Province. This dependency presents several
challenges, including unstable seedling supply and low survival rates [20]. Concurrently,
local hatcheries experience procurement disruptions caused by price fluctuations, which
hinder the selective breeding of improved varieties. Aquaculture in Zhoushan is further
challenged by declining biomass and germplasm degradation, driven by over-harvesting,
habitat destruction, and environmental pollution [21]. Additionally, there are technical
bottlenecks in seedling breeding, inconsistent seedling quality, and slow expansion of
improved varieties. In particular, low success rates of metamorphosis induction during
artificial production in the Zhoushan area have severely constrained local seed supply,
further weakening Zhoushan'’s capacity for self-sufficient juvenile production [22,23].

In response to the pressing challenges in seedling supply for M. coruscus aquaculture in
Zhoushan, we initiated this study to explore microbial solutions. We examine how biofilm
communities from aquaculture waters in different regions affect the settlement behaviour
of M. coruscus. We also test monospecific biofilms produced from dominant bacterial strains
isolated from successfully settled juveniles, assessing their effects on larval settlement and
metamorphosis. The goal is to elucidate the functional role of these microbial communities
in regulating M. coruscus larval settlement and metamorphosis, thereby offering insights to
improve aquaculture practices.
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2. Materials and Methods
2.1. Preparation of Natural Biofilms, Juveniles and Larvae of M. coruscus

Based on mussel hatchery practice in which PVC plates are commonly used for spat
collection, fifty white 20 cm-diameter PVC plates (Shenzhen Fenyuxing Plastic Co., Ltd.,
Shenzhen, China) were deployed in situ in aquaculture zones at Shengsi (SS, 122°45'46" E,
30°42/42" N) and Lianjiang (L], 119°47'31" E, 26°16'36” N) for a 120-day (January to May)
(Figure 1). To ensure stability under flow, holes were drilled 5 cm and 15 cm from one edge
of each 20 cm-diameter PVC plates, with an additional hole 10 cm from the opposite
edge. The upper two holes were tied with nylon rope (Binzhou Youyang Rope Net Co.,
Ltd., Binzhou, China) to attach the PVC plate to a floating raft, while the bottom hole
was connected to a lead weight (Taihe Jinhong Fishing Tackle Co., Ltd., Anhui, China)
to keep the plate vertically suspended in the water column. Plates were deployed at
1 m depth with 0.5 m spacing between plates. Before deployment, the PVC plates were
disinfected with potassium permanganate solution (Hubei Zhongshui Chemical Co., Ltd.,
Wuhan, China) and rinsed with sterile seawater to remove surface contaminants and ensure
experimental consistency.

32°N

30°N

28°N

26°N

Ocean Data View

24°N

115°E 125°E

Figure 1. Locations of PVC plate deployment in Shengsi and Lianjiang.

The juvenile settlement experiment was conducted in January 2024. Juveniles
(Figure 2a) were obtained from a commercial hatchery located in Pinghai Town, Putian
City, Fujian Province. Upon arrival at the laboratory, the juveniles were acclimated for
one week under controlled conditions before being used in settlement assays. During
acclimation, culture water was maintained at 18 °C with continuous aeration via air stones,
and filtered seawater (salinity 25 %0) was renewed every 24 h. Juveniles were fed three
times daily with a mixed algal diet consisting of Isochrysis galbana, Platymonas subcordiformis,
and Phaeodactylum tricornutum.

The larval settlement experiment was conducted out in March 2025. Eyed larvae
(Figure 2b) were purchased from the Mussel Breeding Center of Donghai Mussel Co., Ltd.,
located in Shengsi County, Zhoushan, China. The larvae were acclimated for one week
before being used in the biofilm-induced settlement assays. During acclimation, larvae
were cultured at 18 °C with constant aeration; seawater (salinity 25 %.) was replaced
daily. Larvae were fed three times daily with the same mixed microalgal diet as in the
juvenile trial.
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Figure 2. Laboratory observation of a juvenile (a) and a larva (b) of M. coruscus.

2.2. Natural Biofilm-Induced Settlement Assay for M. coruscus Juvenile

Settlement plates bearing natural biofilms were placed in sterile containers filled
with 5 L of sterile, filtered seawater. A micropipette (Taizhou Bodi Medical Equipment
Co., Ltd., Taizhou, China) was used to evenly distribute 100 juveniles onto the surface of
each settlement plate. Sterile settlement plates were used as the control group, and the
settlement rate of juveniles was recorded. All conditions (experimental and control) were
run in triplicate (n = 3 biological replicates) to ensure reproducibility.

2.3. Isolation and Identification of Bacteria from Attached Juveniles

Successfully settled juveniles were collected and thoroughly homogenised. The result-
ing mixture was centrifuged, and the precipitate was resuspended in liquid culture medium
(Qingdao High-tech Industrial Park Hope Bio-technology Co., Ltd., Qingdao, China). This
suspension was then incubated in a shaking incubator (Beijing DSA Instruments Co., Ltd.,
Pinggu District, Beijing, China) at 20 °C until it reached the logarithmic growth phase. An
aliquot was streaked onto nutrient agar and incubated at 20 °C for 24 h. Single colonies
were picked and further purified on fresh nutrient agar, incubated at 20 °C for 12 h. Purified
isolates were then expanded for downstream assays. A sample of the bacterial suspension
was subjected to Gram staining and observed under an optical microscope (Beijing Precise
Instrument Co., Ltd., Beijing, China).

The bacterial suspension was centrifuged to collect the pellet, from which genomic
DNA was extracted using the salt-extraction method [24]. The concentration and purity of
the extracted DNA were measured using a NanoDrop UV-Vis spectrophotometer (Thermo
Fisher Scientific (China) Co., Ltd., Shanghai, China). Fragments of the bacterial 165 rRNA
gene were amplified using universal primers 27F and 1492R [25]. PCR amplification
followed the protocol of Kadri [26], with minor modifications. PCR was performed in a
20 pL reaction mixture containing 4 puL of 5x FastPfu buffer, 2 uL of 2.5 mM dNTPs, 0.8 pL
each of forward and reverse primers (5 uM), 0.4 uL of FastPfu polymerase, and 10 ng of
template DNA. The thermal cycling conditions were as follows: initial denaturation at
95 °C for 5 min; 30 cycles of denaturation at 95 °C for 30 s, annealing at 58 °C for 30 s,
and extension at 72 °C for 45 s; followed by a final extension at 72 °C for 10 min. Each
sample was amplified in triplicate to ensure reproducibility. PCR products were verified
and purified by 2% agarose gel electrophoresis and subsequently sent to Beijing Qingke
Biotechnology Co., Ltd. (Beijing, China) for Sanger sequencing. The resulting sequences
were aligned against the NCBI GenBank database using BLAST (https://www.ncbi.nlm.
nih.gov/), and a phylogenetic tree was constructed using MEGA 11 software.
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2.4. Larval Settlement Induced by Different Bacterial Biofilms

Bacterial biofilms were prepared indoors using a photo incubator (Aianmu Scientific
Instrument (Beijing) Co., Ltd., Beijing, China) maintained at 20 &= 1 °C. Sterilized PVC plates
were immersed in 2 L beakers (Sichuan Shubo (Group) Co., Ltd., Chongzhou, Sichuan,
China) containing bacterial suspensions diluted at a ratio of 1:100. A control group was
established using sterile PVC plates without biofilm. Each beaker received 20 mL of bacte-
rial suspension at a concentration of 1 x 10* cells/mL. One hundred larvae were evenly
distributed onto each PVC plate in both experimental and control groups. Larval devel-
opment was observed under a light microscope, and the percentage of metamorphosed
individuals was recorded at 24, 48, 72 and 96 h. All experiments were conducted at 20 °C,
with each condition replicated in triplicate to ensure result reliability.

2.5. Statistical Analysis

In this study, all data were subjected to statistical analysis, and the standard errors
were calculated for all results. One-way analysis of variance (ANOVA) was used to assess
significant differences among group means, with p-values < 0.05 considered statistically
significant. Each group included three biological replicates (1 = 3). All statistical analyses
were conducted using SPSS (version 23.0) (IBM SPSS Statistics for Windows, IBM Corp.,
Armonk, NY, USA) and Origin (version 2022) (OriginLab Corp, Northampton, MA, USA).

3. Results
3.1. Analysis of M. coruscus Juvenile Settlement on Natural Microbial Biofilms

The inductive activity of natural biofilms from the SS and L] marine areas on juvenile
settlement of M. coruscus exhibited similar trends during the experimental period. There-
fore, only the inductive activity results within the 0-96 h period are presented. As shown in
Figure 3, the number of juveniles attached to the settlement plates gradually decreased over
time, while an increasing proportion of individuals sank to the bottom of the tank. At 24 h,
the settlement rate was relatively high, with the highest settlement observed in the control
group. At 48 h, the settlement rate began to decline in all three groups. At 72 h, the SS
group exhibited the highest settlement rate. At 96 h, all three groups showed their lowest
settlement rates, with the L] group exhibiting the relatively highest rate among them. The
contrasting profiles—L] plateau versus continued decline in the control and SS—support a
site-specific advantage of L] biofilms, leading to earlier stabilization of settlement in line
with field practice.

—=— Control
—e—SS

100 LI

0
(=]
Il

60+

Number(per/group)

Zglh 4g§h 7éh 9éh
Time(h)
Figure 3. Juvenile settlement on natural biofilms originating from different marine environments.
Letter labels (a, b) denote significant differences between groups, as determined by ANOVA. The
significance threshold was set at p < 0.05.
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3.2. Bacterial Isolation and Identification

The colony morphology of the selected strains on 2216E solid medium and Nutrient
Broth solid medium, as well as the results of Gram staining, are shown in Figure 4. As
shown in Figure 4, strains 1 (LJBF001) and 3 (LJBF003) appeared grayish-white, were Gram-
negative, and were identified as Pseudomonas by 165 rRNA sequencing. Strain 2 (LJBF002)
exhibited a beige color, was Gram-negative, and was identified as Vibrio. Strain 4 (LJBF004)
showed a milky-white color, was Gram-positive, and was assigned to the genus Bacillus.

(b)

Figure 4. (a) Colony morphology of strains on ZMA 2216 and NA selective medium; (b) Gram

staining and microscopic examination. Both panels (a) and (b) contain four photographs labeled
(1), (2), (3), and (4) in the upper left corner, corresponding to strains LJBF001, LJBF002, LJBF003, and
LJBF004, respectively.

The sequencing results showed 165 rRNA gene fragment lengths of 959 bp (LJBF001),
967 bp (LJBF002), 910 bp (LJBF003), and 1020 bp (LJBF004). The sequences were com-
pared with known sequences in GenBank using the NCBI BLAST tool. Phylogenetic trees
were constructed using the 16S rRNA gene sequences of LJBF001, LJBF002, LJBF003 and
LJBF004 in MEGA version 11 (Figure 5a—c). Strains LJBF001 and LJBF003 were identified
as belonging to the genus Pseudomonas. Phylogenetic analysis using high-similarity refer-
ence sequences showed that LJBF001 and LJBF003 clustered together and then grouped
with Pseudomonas sp. strain P F2 PP430616. Based on this phylogenetic evidence, these
strains could be reliably assigned to the genus level. Strain LJBF002 was assigned to the
genus Vibrio. Phylogenetic analysis with closely related sequences indicated that LJBF002
clustered with Vibrio reference strains (accessions CP009354, JX069804, and MIN846265),
supporting its placement at the genus level without species-level resolution. Strain LJBF004
was assigned to the genus Bacillus. Phylogenetic analysis using high-similarity reference
sequences showed that LJBF004 clustered with Bacillus cereus strains PP437493. Based on
this phylogenetic analysis, this strain could be reliably assigned at the genus level.
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100%
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Bacillus sp. FSQl  ON532842
85%

Bacillus cabrialesii strain TE3 NR180419

Bacillus cheonanensis strain PFS-5  MT276317

(b)

#% " Pseudohongiella acticola strain GBSW-5 NR136444
Pseudomonas aeruginosa strain DSM 50071  NR026078
Pseudomonas quercus strain hsmgli-8 NR181080
Pseudomonas protegens strain CHAO  NR114749

000 Pseudomonas sessilinigenes strain CMR12a  CP077074

9% Pseudomonas fortuita strain GMI12077  CP114035
Pseudomonas arcuscaelestis strain P66 NR179480

%[ Pseudomonas songnenensis strain NEAU-STS-5 MW111153

8% Pseudomonas sihuiensis strain WM-2  MN901206
8% Pseudomonas oryziphila strain 1257 CP034338
9% Pseudomonas mosselii strain DSM 17497~ CP081966
Pseudomonas promysalinigenes strain RW10S1 ~ CP077094
Pseudomonas entomophila str. 148~ CT573326
98% Pseudomonas sp. strain VNH5 ~ PV449545
0% 9% Pseudomonas sp. strain RS1  OK210096
Pseudomonas putida strain PD584  CP115665
9% o4t Pseudomonas sp. strain P F2 PP430616
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LIBF003 @
Pseudomonas alloputida strain Kh7  MW111146
Pseudomonas sp. strain A5 MT613653
Pseudomonas muyukensis strain COW39 ~ CP077073

(c)

100%

Vibrio xuii partial LN812995
100%

100%| Vibrio hepatarius strain D3-11  OP852959

100% Vibrio hepatarius strain UST950701-002  EU834019

100%
| Vibrio sp. 3-14 MNB846265

100%
] Vibrio hepatarius strain GRKJAN2  JTX069804
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Vibrio tubiashii ATCC 19109  CP009354

99%

LIBF002 ()

100%
Vibrio iocasae strain HNO07 CP145311

90%
‘ Vibrio viridaestus strain LJC006  NR179904

Vibrio ishigakensis strain C1  NR156028

Vibrio cholerae strain CECT 514  CP053555

Figure 5. (a) Phylogenetic tree of LJBF001 and LJBF003 (Pseudomonas sp.); (b) phylogenetic tree
of LJBF002 (Vibrio sp.); (c) Phylogenetic tree of LJBF004 (Bacillus sp.). Red dots highlight the four
bacterial strains isolated in this study.

3.3. Dominant Bacteria Induce Metamorphic Development in M. coruscus Larvae

Here, we report the 48 h data, which showed that all biofilms resulted in similarly
low metamorphic success. As illustrated in Figure 6, none of the four bacterial biofilms
significantly promoted larval metamorphosis compared with the control group, and the
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number of successfully metamorphosed larvae remained low across all treatments. Among
the tested treatments, the LJBF004 plates showed the highest metamorphosis rate in M.
coruscus larvae (9%). Although LJBF004 yielded the highest observed metamorphosis, it
was not significantly different from the control (Dunnett’s test after one-way ANOVA on
arcsine-square-root transformed proportions, « = 0.05; p > 0.05).

Control
20 [ |LIBFo01
I LiBF002
[ LIBFOO3
] LIBF004

Figure 6. Percentages of M. coruscus post-larvae on the bacterial biofilms formed by different strains
at 48 h. Bars represent the mean =+ standard deviation (SD) of replicate measurements. No significant
differences were detected between any treatment and the control (p > 0.05).

3.4. Mechanistic Conceptual Framework: Threshold—Multi-Cue Synergy

Here, we propose a “Threshold-Multi-Cue Synergy” framework. Natural multispecies
biofilms provide diverse and redundant chemical and physical cues (EPS, polysaccha-
rides/lipids, OMVs/LPS, second-messenger molecules), which more readily enable them
to surpass the “settlement-metamorphosis induction threshold” (Table 1). In contrast,
monospecific biofilms offer limited cues, often failing to reach this threshold, resulting in
weak or failed induction efficacy. This concept is illustrated via two parallel pathways: a
left-hand “Success Path” (solid arrows) and a right-hand “Failure Path” (dashed arrows),
demarcated by a central “Threshold” ellipse (Figure 7). This framework simultaneously
explains our results—wherein natural biofilms were effective while monospecific biofilms
showed limited effects—and aligns with existing research findings on the influence of
biofilm age, bacterial density, and community structure on induction success.

Natural biofilms, particularly mature, high-density communities, are potent induc-
ers of M. coruscus settlement and metamorphosis, largely owing to extracellular poly-
meric substances (EPS). Specific bacterial taxa from diverse environments can trigger the
complete settlement-metamorphosis cascade, whereas bacterial outer-membrane compo-
nents such as lipopolysaccharides (LPS) and outer membrane vesicles (OMVs) may serve
as universal cues [3,12,27,28]. Emerging evidence highlights bacterial bis-(3'-5')-cyclic
dimeric guanosine monophosphate (c-di-GMP) as a direct metamorphosis-inducing signal,
with intra-species production variation explaining differential inductive capacities [29,30].
Microalgae-bacterial consortia form synergistic “composite cues” that enhance settlement
across taxa [31-33], whereas neuroactive substances (epinephrine, dopamine, serotonin,
GABA) and ions (K*, NH4") act primarily as pharmacological benchmarks rather than
ecological cues, inducing metamorphosis at 107° to 10~ M [8,34-36]. A broader review
suggests settlement in bivalves is linked to dopaminergic pathways, while metamorphosis
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involves distinct or synergistic signalling pathways, indicating cue-specific roles for these
critical developmental endpoints [9,37].

Natural Multispecies Biofilm Monospecific Biofilm

¥

(1) Microbial community & secreted cues

Genera: Pseudoalteromonas, Shewanella, Vibrio, Alteromonas, Paracoccus, Cobetia, etc.OMVs / LPS;
¢-di-GMP; motility; biofilm age/density

(2) Biogenic macro/small molecules

EPS & polysaccharides: cellulose, alginate,Mixed & specific fatty acids; nucleobases (Hyp+Gua);
vitamins B7/B12

(3) Pharmacological / ionic surrogates T y
Catecholamines, 5-HT, GABA; IBMX,K+/NH4+, Ca2+/Mg2+ (benchmarks, pathway probes) Limited Cue

(4) Physical & environmental modulators
Diatom/microalgal films; substrate context Salinity, temperature, pH, light, density

(5)Bacterial Communities and Secretions

EPS & Polysaccharides: Key components about attachment and metamorphosis.
LPS & OMVs: Directly induce metamorphosis in marine invertebrates, potential "universal cues.

l

\J

Redundancy
‘ Threshold Not Reached
Settlement-Induction Threshold I
} .
Stable Attachment and Metamorphosi Induction Failure

Figure 7. Horizontal listing of key literature points. (Natural multi-species biofilms provide diverse
and redundant cues (e.g., EPS, lipids, nucleotide signals, OMVs-LPS), enabling larvae to cross the
induction threshold for full metamorphosis. Single-species biofilms offer limited cues, which often
proves insufficient to trigger complete metamorphosis, resulting in only settlement or induction
failure. Supporting evidence: Efficacy correlates with biofilm age/density in natural systems; single-
species biofilms consistently underperform in comparative studies.).
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Table 1. Settlement Induction Effectiveness.
. Natural Attaches Post- . Inducing Environmental Parameters Inducin Inducing Success
No. Species Metamorphosis Time Metamorphosis? Inducing Factor S T pH DO Time 8 R§te Ref.
1 M. coruscus May—October Y Psi?g%rggii s 25 20 7.6 - 7d 8.6% Srgfcllsy
2 M. coruscus May-October Y Vibrio LJBF002 25 20 7.6 - 7d 7% This
study
3 M. coruscus May-October Y Pseudormonas 25 20 7.6 - 7d 5.3% This
: y LJBF003 : 27 study
. o This
4 M. coruscus May—October Y Bacillus LJBF004 25 20 7.6 - 7d 9% study
5 M. coruscus May-October Y Fatty acids (5 mg/L) - - - - 48 h 40.5% [38]
6 M. coruscus May—October Y Cellulose (2 mg/L) - - - - 48 h 25% [39]
Pseudoalteromonas 0
7 M. coruscus May-October Y marina pilZ - - - - 48 h 10.56% [40]
8 M. coruscus May—October Y Virgibacillus sp.1 - - - - 48 h 35% [41]
9 M. coruscus May—October Y Paracoccus sp.1 - - - - 24 h 61% [34]
10 M. coruscus May—October Y Bacillus sp.2 - - - - 12h 68% [42]
Calcium,
11 M. coruscus May-October Y Pseudoalteromonas - - - - 24h 35.56% [43]
marina
12 M. coruscus May-October Y Adrenergic - - - - 24h 43% [44]
' Y (10~* mol /L) °
13 M. coruscus May—October Y Middle wettablllty - - - - 48 h 70% [45]
surfaces Cobetia sp.3
Light intensity,
14 M. coruscus May-October Y Water temperature 13-23 - - - 12h 53.3% [16]
and density
15 M. coruscus May-October Y Silanizing surfaces - - - - 12h 47% [46]
Staphylococcus sp.1
16 M. coruscus May—October Y Vibrio cyclitrophicus - - - - 48 h 57% [27]
Salinity, o
17 M. coruscus May-October Y Temperature 27.4-35.3 21-24 7.7-8.5 - 10d 78% [47]
18 M. coruscus May—October Y Vitamin B7 - - 7.6 - 72h 28.33% [48]
19 M. coruscus May—October Y Cellulose - - - - 48 h 25% [49]
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Table 1. Cont.
. Natural Attaches Post- . Inducing Environmental Parameters Inducin Inducing Success
No Species Metamorphosis Time Metamorphosis? Inducing Factor S T pH DO Time & R§te Ref.
20 M. coruscus May—October Y Wild-type - - - - 48 h 38.89% [28]
21 M. coruscus May—October Pseudz&lzéii;c;monas - - - - 48 h 38.33% [50]
22 M. coruscus May—October Y OMV - - - - 48 h 56.42% [51]
23 M. coruscus May—October Y Shewanella marisflavi - - - - 48 h 46.67% [52]
24 M. coruscus May—October Y Bacillus sp.4 (larvae) _ _ _ _ 48 h 42.78% 53]
Phaeobacter sp.1 24h 92229,
(plantigrades) eere
25 M. coruscus May—October Y Alginate - - - - 48 h 42% [54]
2 A%zﬁ%ls" June—October Y Alteromonas sp. 1 28-32 2-26,10-14 80-85 - 2h >60% [29]
27 M. coruscus May-October Y Pseudomonas sp. 30 18 7.8 - 24h 44.44% [55]
M. gallo- - o 0
28 provincialis June—October Y Natural biofilm - 12-28 - - 48 h >80% [12]
M. gallo- 3 weeks old natural o
29 provincialis June—October Y biofilm - 17+ 1 - - 48 h 78% [56]
30 M. coruscus May—October Y Shewanella sp.1 30 18 - - 48 h 88.9% [57]
Muytilopsis o
31 ysczzzg - Y Hyp + Gua 30 28 - - 48 h 67.8% [58]
32 M. coruscus May—October Y Temperature (22 °C) - 14-31 - - 48 h 36% [59]
33 M. coruscus May—October Y Vibrio sp.17 - 18 - - 12h 67% [60]
P o
34 M. coruscus May-October Y seudoalferomonas 30 18 ; - 48h 53.3% [61]
35 Oyster - Y NH,Cl - - 8.0 - <5 min 90.6% [62]
Pinctad Biofil i o
36 Lctada December-March Y iofi ﬁ;ji}l‘)’t"“m - - : - 6h 54% [63]
Pinctada o
37 Margaritifera October-May Y GABA - - - - 24h 25% [64]
1 biofil f o
38 M. coruscus May—October Y Naéllilf?zrsﬁ? ;;elss ° - 18 - - 48 h 93% [37]
39 M. coruscus May—October Y GABA (10~% M) - 18 - - 96 h 27.2% [35]
40  Mercenaria April-October Y Ca2* /Mg2* - ; ; - 2%h 59.16% [65]

mercenaria
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. Natural Attaches Post- . Inducing Environmental Parameters Inducin Inducing Success
No. Species Metamorphosis Time Metamorphosis? Inducing Factor S T pH DO Time 8 R§te Ref.
41 M. coruscus May—October Y 10 mg/L LPS 30 18 - - 48 h 53.3% [66]
Mytilus IBMX o
42 Edulis June—October Y (10-6-10~4 M) 24 11 - - 24 h 75% [67]
. gallo- 0
43 pi\fm%zii;lis May-October Y Alteromonas sp.1 - 11 - - 48 h 74% [13]
4 M.coruscus May-October Y Pseudoalteromonas - 18 - - 72h 30% [30]
Ferric ions,
Shewanella marisflavi o
45 M.coruscus May-October Y ECSMB14101 - 18 - - 96 h 43% [68]
biofilms
Phragmatopoma o
46 califomica May—October Y FFA - 20 - - 24h 24.5% [69]
47 M. coruscus May—October Y Bacterial biofilms 10, 20, 30 8,18, 28 - - 48 h 68% [70]
48 M. coruscus May-October Y Bacterial biofilms - 18 - - 48 h 63.33% [71]
49 pﬁumrziligc’?e . March-November Y Microalgae 33 28 - - 21d 17.21% [31]
Pinctada . 0
50 maxima October-May Y Density 30.8-32.5 27.5-31.0 8.0-8.3 - - 18% [72]
51 P. maxima October-May Y Bacterial biofilms - - - - 48 h 25.78% [73]
Chlamys Benthic diatom o
52 farreri March-November Y bacterial biofilms - 8—10 - - 7d 43.02% [32]
53 Perna viridis October-May Y Salinity 26-28 24.3-29.2 7.5-8.4 - 15d 77.32% [33]
54 P. maxima October-May Y Salinity (31.1) 11.53-46.76 - - - 24h 75.36% [74]
55 g HAOlS - \arch-November Y Benthic diatoms 31.06 20 ; - 21d 67% [75]
Styela o
56 cariopus March-November Y Photorhabdus - 25 - - 48 h 66.96% [76]
Mytilus
57 M. coruscus May-October Y galloprovincialis 30 18 - - 48 h 81% [77]
peptide
Serpula
58 vermicularis, March-November Y Bacterial biofilms - 28 - - 1h 10% [78]
Bryozoa
59  S.vermicularis March-November Y 10~4 IBMX - 28 - - 48 h 12% [79]
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. Natural Attaches Post- . Inducing Environmental Parameters Inducin Inducing Success
No. Species Metamorphosis Time Metamorphosis? Inducing Factor S T pH DO Time 8 R§te Ref.
60 mi %Zﬁfte March-November Y Navicula ramosissima - 25 - - 24h 53% [80]
61 Bryozoa March-November Y ijxigfolr)r?%ie(f%ialﬁ;d - - - - - 90% [81]
62 ﬁ:%ggf;}iesn May-October Y KC1 - - - - 12 h 72% [36]
63 C;ai;s;;);;lzea October-May Y Epinephrine 32-33 26-28 - - 1h 54.55% [82]
Scapharca Polyethylene mesh Y
64 subcrenata March-November Y sheet substrate - - - - 24 h 14.9% [83]
. Ostrea edulis April-November y GABA, Bacterial _ 18 - - 24 h 15.7% [84]
(L. biofilms

Note: Y: Yes; S: Salinity, %o; T: Temperature, °C; DO: Dissolved Oxygen.
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3.5. Future Research Directions Inferred from the Comparative Evidence

Building on the evidence map and our re-analysis, we propose a focused, testable
agenda to pinpoint causal cues that complete metamorphosis in M. coruscus. First, bac-
terial second-messenger signalling should be prioritized: we hypothesize that c-di-GMP
(delivered as a soluble metabolite and/or via OMVs) functions as a direct metamorphic
trigger; it should elicit dose-response effects and show pharmacological specificity (e.g.,
sensitivity to phosphodiesterase depletion or competitive analogs), with strain-level dif-
ferences in production explaining divergent biofilm potencies. Second, we posit an EPS
structure—function threshold, whereby distinct EPS architectures or selected free fatty acids
supply the additional signals required to cross the induction threshold and complete meta-
morphosis. Third, we predict community redundancy and complementarity: minimal sets
of co-occurring taxa should be sufficient to reproduce induction, and potency should track
composite exudate/vesicle spectra rather than cell counts alone. Fourth, we advocate stage-
gated assays that decouple “settlement” from “metamorphosis”, using partial induction
cues and mechanistic probes to test the settlement-to-metamorphosis transition. Fifth, neu-
roactive agents (catecholamines, 5-HT, GABA) should be used as mechanistic surrogates
to map downstream pathways—by comparing transcriptomic/proteomic readouts and
inhibitor sensitivities with ecological cues, we can identify convergent signalling nodes.
Across all experiments, we recommend the use of time-to-event endpoints (hazard ratios
for time to stable settlement and metamorphosis), together with clear effect-size estimates
and confidence intervals. Full experimental conditions should be archived alongside raw
counts and code, so that the evidence map can be iteratively refined and cue combinations
that robustly and reproducibly induce complete metamorphosis can be identified.

4. Discussion

Microorganisms dominate numerically in marine environments, playing crucial roles
in the origin of life, the decomposition of organic matter, biogeochemical cycling, and the
maintenance of ecosystem stability [85,86]. Biofilms are complex microbial communities
embedded within an extracellular polymeric substance (EPS) matrix. They develop on
submerged surfaces through the accumulation of metabolic products and are composed
primarily of bacteria [87]. This structure functions as an important defense mechanism
against external environmental stresses [88,89]. Owing to their remarkable taxonomic
diversity and broad habitat range, these microbes are pervasive across marine, terres-
trial, and artificial surfaces, and in aquatic systems their composition and function are
shaped by environmental factors—including temperature, salinity, pH, light, and substrate
properties [90-92]. Compared with terrestrial microbes, marine microorganisms have
evolved unique adaptations to extreme oceanic conditions—such as high salinity, elevated
hydrostatic pressure, and low light availability—and are widely distributed in aquatic envi-
ronments [93]. In these environments, they provide essential ecosystem services, including
primary production, organic matter decomposition, and nutrient cycling [94-96]. In natural
marine environments, biofilm formation begins with bacterial settlement on solid surfaces,
followed by the release of metabolic products that attract protozoa and algae. This process
ultimately facilitates the settlement of larger organisms, such as shellfish and fish, thereby
contributing to marine biodiversity formation and material cycling [97].

The interaction between offshore bacteria and invertebrate recruitment has long been
widely recognized. Satuito et al. first demonstrated that specific bacterial strains can
directly induce Mytilus larval settlement and metamorphosis [11]. Subsequently, Hadfield’s
group showed that Hydroides elegans settlement is not dependent on any single taxon but
is instead triggered by insoluble, surface-bound components of the biofilm [98]. Rahim
et al. further revealed that, in larvae of Pseudocentrotus depressus and Anthocidaris cras-
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sispina, bacterial cues outweigh diatom-derived signals, and that the inductive activity
can be abolished by heat, ethanol, or HCI [99]. Huggett’s combined field and laboratory
assays identified Pseudoalteromonas biofilms as potent inducers of settlement in Heliocidaris
erythrogramma [100]. Michael et al. demonstrated that H. elegans larvae exhibit a selec-
tive response to bacterial constituents within biofilms [101]. Yang et al. documented a
synchronous increase in metamorphic activity with biofilm age, season, dry weight, and
bacterial density, confirming that live bacteria and their EPS are pivotal agents [12]. Bao
et al. elucidated a density-dependent effect of Alteromonas sp. 1, implying a synergistic
chemical signalling mechanism [13]. Yang et al. quantified the biofilm-larva relationship in
M. coruscus, establishing a positive correlation among biofilm age, thickness, and microbial
density, and providing direct evidence that bacteria govern mussel larval settlement and
metamorphosis [3].

M. coruscus is a marine invertebrate that exhibits secondary settlement behaviour.
In this study, natural microbial biofilms formed in different marine areas were evalu-
ated for their capacity to induce settlement in this mussel. The results showed that all
tested natural biofilms promoted settlement activity in juveniles, with no significant dif-
ferences in inductive potency among geographic origins. Natural multispecies biofilms
outperformed single-strain films because cue diversity and partial redundancy increase
the probability of crossing a settlement-induction threshold (Figure 8). In practical terms,
diverse biofilms co-deliver adhesive and physical cues (EPS-mediated surface properties)
together with chemical triggers (OMVs/LPS-associated signals and second-messenger-
related molecules). This framing also explains the earlier stabilisation under L] biofilms
in our time-course (72-96 h plateau), whereas the control and SS treatments continued to
decline. L] biofilms likely provided an earlier, sufficiently rich cue set to reach a stable state,
while reduced cue sets failed to maintain settlement over time. The evidence map (Figure 7)
indicates stage specificity: adhesive/physical cues (EPS, biofilm age/density, substrate-
linked properties) tend to favour settlement, whereas distinct chemical triggers are typically
required to complete metamorphosis. A testable sequence is: (i) surface recognition/near-
surface behaviour driven by community exudates/EPS (substrate receptors, tactile/chemo-
reception); (ii) signal transduction via bacterial products associated with OMVs/LPS and
second-messenger exposure (c-di-GMP), converging on larval neural/epithelial signalling
nodes; and (iii) cellular/behavioural effects (adhesion strengthening, ciliary /velum remod-
elling) that consolidate stable settlement, and—only when sufficient chemical triggers
are present—initiate metamorphic pathways. In our single-strain assays, the restricted
cue spectrum did not reach this threshold, consistent with the numerically higher but
non-significant metamorphosis rate observed under LJBF004 and the overall low efficacy
of monospecific biofilms. This indicates that settlement induction strength is not directly
correlated with the geographic provenance of the biofilm. Instead, the observed variation
in inductive activity is likely attributable to differences in bacterial taxonomic composition.
The dominant inductive bacterial strains isolated from settled juvenile were distributed
across distinct genera. Strains LJBF001 and LJBF003, belonging to the same genus, exhibited
no significant difference in inductive capacity. Likewise, LJBF002 and L]JBF004 did not differ
significantly in the percentage of post-larval settlement. Because bacterial species within
the same genus do not necessarily exhibit identical inducing activities, this finding is in
line with those of Yang et al. [57] and Hadfield [101]. These findings suggest that bacterial
taxonomic identity alone may not determine the capacity to induce larval settlement, and
the underlying mechanisms remain to be elucidated. Anchored to Figure 8, our data yield
three practical implications without additional experiments: (1) Interpretation—single-
strain negative results are mechanistically informative (insufficient cue breadth), not merely
inconclusive. (2) Design—adopt stage-gated assays (report time-to-stable-settlement and
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effect sizes with 95% Cls) so that settlement and metamorphosis are analytically decou-
pled in future comparisons. (3) Prioritisation—within existing samples and the literature
synthesis (Figure 7), focus on EPS structure—function and candidate chemical triggers
(OMVs/LPS-associated signals, c-di-GMP exposure) as minimal composite cue sets most
likely to account for L]’s earlier stabilisation and the weakness of single-strain films.
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Figure 8. A threshold-multi-cue synergy model for bivalve settlement and metamorphosis. (a) A
schematic diagram of the threshold—multi-cue synergy model; (b) Comparative analysis of multi-
cue-induced settlement and metamorphosis responses. Natural multispecies biofilms supply diverse
and partially redundant cues—including microbial community signals (OMVs/LPS, ¢-di-GMP, strain
motility, biofilm age/density; genera such as Pseudoalteromonas, Shewanella, Vibrio, Alteromonas,
Paracoccus, Cobetia), biogenic molecules (EPS/polysaccharides such as cellulose/alginate; mixed
and specific free fatty acids; nucleobases Hyp + Gua; vitamins B7/B12), pharmacological /ionic surro-
gates (catecholamines/5-HT/GABA, IBMX, K* /NH,*, Ca?* /Mg?"), and physical/environmental
modulators (diatom/microalgal films, substrate context; salinity, temperature, pH, light, density).
These cues jointly increase the probability of crossing a settlement-induction threshold, yielding
stable settlement and full metamorphosis. Monospecific films or impoverished cue sets often fail
to reach the threshold, resulting in induction failure. Stage-specificity is highlighted: some cues
predominantly drive settlement, whereas others are necessary to complete metamorphosis. The cue
list is synthesized from our literature matrix.

Consistent with the threshold—multi-cue synergy framework, our data support the
view that natural multispecies biofilms supply a diverse and partly redundant set of
cues—encompassing EPS/polysaccharides and lipids, OMV /LPS-associated signals, c-di-
GMP and community attributes such as biofilm age and density—that jointly increase the
probability of crossing a settlement-induction threshold. By contrast, single-strain biofilms
undersupply cues and therefore often fail to elicit complete metamorphosis [3,12,30]. The
evidence map further benchmarks inducer classes across bivalves and endpoints, indi-
cating that settlement is frequently associated with adhesive/physical signals (e.g., EPS
and substrate properties), while metamorphosis typically requires distinct chemical trig-
gers; pharmacological positives (catecholamines, 5-HT, GABA) should thus be regarded
as pathway probes/assay benchmarks rather than ecological cues [8,34,35]. Building on
this synthesis, we outline testable priorities for future work: (i) quantify bacterial c-di-GMP
production as a direct metamorphosis-inducing messenger with clear dose-response and
pharmacological specificity; (ii) resolve an EPS structure-function threshold, including po-
tential synergy with OMV /LPS-associated signals or selected free fatty acids; (iii) evaluate
minimal multi-strain consortia to probe community redundancy and complementarity; and
(iv) adopt stage-gated assays that first secure stable settlement and then metamorphosis,
using time-to-event endpoints, effect-size estimates with 95% confidence intervals (CIs)
and equivalence/non-inferiority margins, while archiving informative negative results to
iteratively refine the evidence base [3,8,29,35].
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5. Conclusions

Natural multispecies biofilms from two aquaculture regions consistently promoted
juvenile settlement in Mytilus coruscus, whereas single-strain biofilms prepared from dom-
inant isolates showed low, non-significant metamorphosis relative to the control under
our assay conditions. These results support a threshold-multi-cue synergy framework
in which diverse, partly redundant chemical/physical cues in natural biofilms increase
the probability of crossing the settlement induction threshold, while restricted cue sets in
monospecific films often fall short. Future work should prioritise testing c-di-GMP delivery
(soluble and via OMYVs), probing EPS structure-function and EPS-OMV /LPS-FFA blends
to define minimal effective cue sets, and adopting stage-gated designs with time-to-event
endpoints and effect-size/CI reporting.
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