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impairs the byssal attachment
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Mussel is an economically and ecologically important species widely

distributed throughout the world. The mussel adheres to the attachment

substrate by secreting byssus external to the body. Various environmental

and biological factors influence the process of byssus secretion, and the

present study investigated the effect of starvation on byssal secretion in the

hard-shelled mussel Mytilus coruscus. Histological changes in mussel foot

secretory glands and gene expression of mussel foot proteins were also

determined. The experimental setup consisted of starvation treatments for 7,

14 and 21 days, and the control groups. The results showed that the number of

produced byssus was higher in the starvation group compared to the control

(CTR) group, and the starvation group had a significantly higher of byssal

shedding number from 6 days of starvation treatment onwards (p < 0.05).

The byssal thread diameter was significantly reduced in all starvation treatment

groups (p < 0.05). However, starvation treatment had no effect on the length of

the byssal thread (p > 0.05). After 21 days of starvation treatment, the byssal

thread volume was significantly lower than that of the CTR group (p < 0.05). A

significant decrease in the breaking force of the byssal thread was observed

after 14 and 21 days of starvation treatment (p < 0.05), along with an upward

shift in the breakpoints. Starvation treatment significantly reduced the

percentage of foot secretory glands area to total tissue (p < 0.05). The

expression of the mussel foot protein genes (Mcfp-1P and Mcfp-1T) was

significantly up-regulated at 7 days of starvation treatment (p < 0.05). These

findings reveal that starvation weakens byssal thread performance by

influencing mussel foot secretory glands, which increases the dislodgment

risks of suspended-cultured mussels.
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Introduction

As benthic organisms, mytilid mussels are ecologically and

economically important species in the coastal marine food webs

(Fitzgerald-Dehoog et al., 2012). Mussels generally aggregate on

the sea floor and rocky shore mussel beds, forming dense mussel

beds, and are thought to support a diverse community structure.

(Buschbaum et al., 2009). Mussels are intermediate between

primary producers and higher consumers in the marine

ecosystem, transferring energy and nutrients to higher levels of

the food web (Harris and Carrington, 2020). In addition, mussels

have been extensively farmed and represent a key economic

species, providing high-quality protein and a wide range of

vitamins and minerals (Buck et al., 2010; Suplicy, 2020).

According to data from FAO, world aquaculture production of

mussels reached 2.1 million tons (worth $4.5 billion) in 2018

(FAO, 2020).

Marine mussels produce the byssal threads that act as

anchors, allowing them to be firmly attached to ropes or other

natural substrates (O’Donnell et al., 2013). The mussel foot is

comprised of secretory glands in which the thread proteins are

stored (Demartini et al., 2017). Foot glands secrete a variety of

mussel foot proteins (mfps) into the foot groove by exocrine

secretion and solidify in vitro after a series of reactions to form

stiff, stretchable threads (Pujol, 1967; Priemel et al., 2017).

Generally, a byssal thread can be subdivided into four distinct

regions: the stem, the plaque, and the proximal and distal

portions of the thread (Harrington and Waite, 2007). The

stem attaches the thread to the mussel tissue, with a

corrugated proximal portion near the stem and a smoother

distal portion (Lucas et al., 2002; Harrington and Waite, 2007).

The plaque contains a series of adhesive foot proteins enriched

in 3,4-dihydroxyphenyl-L-alanine (DOPA) that ensure the

ability to attach to the substrate (Lin et al., 2007).

The adhesion strength of mussels depends on the number

and the mechanical performance of the byssal threads

(Newcomb et al., 2019). The physiological condition of

mussels is influenced by biological and environmental factors

that can alter the production of byssal threads and the strength

of attachment to the substratum (Lachance et al., 2008;

Carrington et al., 2015). Previous studies have demonstrated

that changes in seawater temperature, pH, current, food

availability and hypoxia can affect the secretion of byssus

(Babarro et al., 2008; Fitzgerald-Dehoog et al., 2012; Garner

and Litvaitis, 2013; O’Donnell et al., 2013; Sui et al., 2015;

Clements et al., 2018; George and Carrington, 2018). The

production of byssal threads costs 2-8%, or even up to 47% of

the daily mussel’s energy budget (Roberts et al., 2021). Food

supply determines the amount of energy budget available to

organisms, reflecting the partitioning energy among

reproduction, growth and maintenance functions (Sarà et al.,

2014). Food availability plays an important role in buffering the

energy expenditure caused by byssus secretion (Carrington et al.,
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2015). Energy balance can be disturbed when less food is

available, which may result in less energy being allocated to

mussel byssus secretion (Clarke, 1999; Babarro et al., 2008;

Shang et al., 2021). Reduced feeding or starvation can

compromise the energy balance, resulting in less energy

allocation to mussel byssus secretion (Clarke, 1999; Babarro

et al., 2008). Mussels located close to the rope are within the

mussel aggregation layer and may not have access to enough

food or endure starvation during periods when algae levels

are low.

The hard-shelled mussel (Mytilus coruscus) is a major

cultured bivalve in China. In recent years, the sea area

dedicated to the aquaculture of M. coruscus has expanded

rapidly on the coast of Shengsi Island. Increased cultured

mussel density impedes the food available to mussels. It leads

to a reduction in the somatic mass of individual mussels and

elevated mussel dislodgment risk. The present study aims to

explore the effects of starvation on the byssus secretion of the

mussel M. coruscus. We observed byssus secretion and shedding

number and measured byssal breaking force, byssal thread

length, and diameter. Changes in foot glands area and

expression levels of byssus protein genes were determined. The

evidence obtained in this study can reveal the effect of starvation

stress on mussel byssus secretion, providing a theoretical basis

and data support for the study of mussel aquaculture and

benthic ecology.
Material and methods

Experimental animals

Adult mussels (M. coruscus) (shell length: 9.1 ± 0.4 cm) were

obtained in November 2020 from Gouqi Island (30°73′N; 122°77′
E), Zhoushan, Zhejiang Province, China. Upon arrival in the

laboratory, the mussels’ surface attachments were removed, and

the byssus was cut off along the edge of the shell, and then the

mussels were acclimated in a polycarbonate tank with 10 L of

seawater at a salinity of 30 for two weeks at 21°C. The seawater

was changed every day. The mussels were fed with a mixture of

microalgae Platymonas helgolandica var. tsingtaoensis and

Isochrysis zhanjiangensis twice a day at concentrations of 5×106

cells/mL and 1.5×106 cells/mL, respectively. All procedures for

mussel acclimation and experimentation were authorized by the

Animal Ethics committee of Shanghai Ocean University with the

registration number of SHOU-DW-2021-011.
Experimental design

The experimental setup consisted of a starvation treatment

for 21 days and a control group (CTR). Additional starvation

treatment groups for 7 and 14 days were carried out, which were
frontiersin.org
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only for mussel foot sampling. The starvation-treated mussels

were kept without feeding. The control mussels were fed as

described above. Twenty-eight mussels from each treatment

were evenly distributed in four polycarbonate tanks containing

10 L of seawater, with seven mussels in each tank. The seawater

was changed daily during the experiment. The numbers of

byssus secretion and shedding were recorded daily. At the end

of the experiment, byssus and foot samples were collected.
Measurement of byssal threads
parameters

The parameters of byssal threads were determined as

previously described (Li et al., 2020). Briefly, the diameter of

the byssal thread was measured with an ocular micrometer

under a stereo microscope (SZX2, Olympus, Japan). The

proximal, intermediate, and distal plaques (near the adhesive

plaque) of the byssus were used to calculate the mean diameter

of a byssal thread. Byssal thread length was determined from the

proximal region of the thread to the adhesive plaque with a

vernier caliper. The volume of the byssal thread was calculated

on the assumption that the byssal thread is a cylindrical tube

using the formula: V =pr2 × l, where r = byssal thread radius and

l = byssal thread length. A digital force gauge installed on a

testing frame (HLB, Handpi, China) was used to measure the

byssal breaking force. The thread was expanded at a rate of 10

mm min-1 until it broke, and the breaking force were recorded.

The breaking point of each thread was also determined based on

measuring the length of two threads that came from a whole

thread after the breaking force measurement. The value of the

byssal breaking force was calculated based on a total of 405, 512

and 509 measurements from 7, 14 and 21 days of treatment

groups and presented in Newton (N).
Histology of the mussel foot

The foot samples ofM. coruscus were fixed in Bouin’s Fixative

(Phygene Biotechnology Co., Ltd, Fuzhou, China) for 12 h at 4°C.

The fixed samples were then cleaned with 30%, 50% and 70%

ethanol for 30, 20 and 20 minutes, respectively. Samples were

dehydrated in a graduated series of ethanol (50%, 70%, 90% and

100% for45min, respectively).After dehydration, the sampleswere

cleaned and waxed with the steps of alcohol and xylene (1:1) for 40

min, xylene twice for 15min each, xylene and paraffinwax (1:1) for

50 min at 60°C and paraffin wax for 3 h at 60°C, followed by

embedding in paraffin blocks. Paraffin-embedded sampleswere cut

at a thickness of 5 mmon amicrotome (Leica, RM2245, Germany).

For the histological analysis, the sections were stained with Harris

hematoxylin and eosin (BBI, Shanghai, China), dipped for 5min in

95%ethanol, two times 5min in100%ethanol, and two times 5min

in xylene. Finally, the sections were covered with neutral balsam
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(Solarbio, Beijing, China), and photographed using the Axio

Imager M2 microscope (Zeiss, Germany). The foot glands area

was determinedusing FIJI software. For each treatment group, nine

replicates were performed.
Quantitative real-time PCR analysis

Total RNA was extracted from the mussel foot samples using

RNAiso Plus reagent and following the manufacturer’s

instructions (Takara, Japan). The concentration of the

extracted total RNA was assessed using a NanoDrop

spectrophotometer (ND-2000, NanoDrop Technologies, USA).

A 1% agarose gel was used to assess the quality of total RNA by

electrophoresis. A volume of 10 mL of the mixture containing 1

mL gDNA Eraser, 500 ng total RNA, 2 mL 5× gDNA Eraser buffer

and RNase-free dH2O was used to eliminate genomic DNA with

the PrimeScript™ RT kit (Takara, China). For cDNA synthesis,

10 mL volume of the mixture was added to a final volume of 20

mL containing 4 mL 5× PrimeScript Buffer 2, 1 mL RT Primer

Mix, 1 mL PrimeScript RT Enzyme Mix I, and 4 mL RNase Free

dH2O. The reactions were performed at 37°C for 15 min and

followed by 5 sec at 87°C.

Three genes (Mcfp-1P, Mcfp-1T and Mccol2) implicated in

byssus formation were analyzed by qPCR. The elongation factor

1a (EF-1a) of M. coruscus was used as the reference gene for

normalization. Primer 6.0 software was utilized to design specific

primers (Table 1). qPCR analysis was performedwith four biological

replicates/treatment in 96 multi-well plates using a LightCycler 960

(Roche). PCR amplicons were sequenced to confirm their identity

andwere used as standards ranging from107 - 101DNAcopies of the

target amplicon for absolutequantification. qPCRreactioncontained

1 mL cDNA, 0.3 mL of each of the primers (10 mM), 5 mL of 2 ×

FastStart Essential DNA Green Master (Roche) and sigma water to

reach a final reaction volume of 10 mL with the following

amplification protocol: 10 min at 95°C followed by 45 cycles of 10

s at 95°C and 10 s at 57°C. Melting curve analysis verified a single

reaction peak and the standard curve confirmed the amplification

efficiency of the primers (90%-110%). As previously mentioned,

absolute quantification was used to calculate the relative mRNA

expression (Li et al., 2019a).
Statistical analysis

JMP™ software (Version 10.0.0) was used to analyze the

data. The Shapiro-Wilk and O’Brien tests were first used to

determine the normality and homogeneity of all data. The

Student’s t-test was performed when data conformed to

normal distribution and homogeneity. Alternatively, the data

were analyzed by the Wilcoxon test when data do not meet the

requirements of normality and homogeneity. Differences were

considered significant at p < 0.05.
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Results

Byssal threads secretion and byssal
shedding

The results of the secretion and shedding of byssal threads

for 21 days of starvation are shown in Figure 1. A significantly

higher number of byssal threads secretion was observed in the

starvation group than in the control group from day 3 to day 8 (p

< 0.05, Figure 1A). The shedding number of byssal threads

significantly increased in the starvation group compared to the

CTR group after six days of treatment (p < 0.05, Figure 1B).
Byssal thread’s mechanical performance

After 7, 14 and 21 days of starvation treatment, byssal thread

diameter was significantly reduced in the starvation group

compared to the CTR group (p < 0.05, Figure 2A). However,

starvation treatment had no effect on byssal thread length (p >

0.05, Figure 2B). The volume of the byssal thread was

significantly lower than the CTR group after 21 days of

starvation treatment (p < 0.05, Figure 2C).

Thebreaking force of thebyssal thread significantlydecreased in

14 and21days of treatment groups compared to theCTRgroup (p<

0.05, Figure 3A). The failure location of threads was identified to

understand the weakest part in the byssal threads (Figure 3B). The

breakpoints of the byssal threads mainly occurred in the middle of

the thread, representing 54.4% (7d, CTR), 54.11% (7d, starvation),

40.13% (14d, CTR), 41.04% (14d, starvation), 45.53% (21d, CTR)

and 50.41% (21d, starvation) (Figure 3B). Increased breakpoints in

the upper part of the thread were observed on 14 and 21 days of

starvation treatment compared to the CTR group (Figure 3B).
Histology of the mussel foot secretory
glands

The effect of starvation on the foot tissues of M. coruscus is

shown in Figure 4. The foot was oval in the transverse section. A
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foot groove (fg) was situated in the middle of the ventral surface

(Figure 4). The epidermis of the foot had “creases” that were

depressed inward (Figure 4). The foot glands were located close

to the foot groove with purplish red color (Figure 4). The

muscles of the mussel foot were located at the periphery of the

glands, away from the foot groove side, and the whole muscles

were pink in color (Figure 4). The proportion of foot glands area

versus total foot tissue was analyzed and the results show that

starvation treatment for 7, 14 and 21 days significantly reduced

the percentage of foot secretory glands area relative to CTR

groups (p < 0.05, Figure 4H).
Mfps gene expression profile

As shown in Figure 5, the gene expression of Mcfp-1P and

Mcfp-1T in foot tissue was affected by starvation stress. The

transcript abundance of Mcfp-1P and Mcfp-1T was only

significantly up-regulated after 7 days of starvation (p < 0.05,

Figures 5A, B), while no effect was observed on 14 and 21 days

(p > 0.05, Figures 5A, B). There was no significant difference in

Mccol2 transcript abundance in the starvation group relative to

the CTR group (p > 0.05, Figure 5C).
Discussion

The secretion of the byssus is a biologically and chemically

process by which the mussel anchors itself to the substrate to

resist the impact of enormous waves and predators (Carrington,

2002; Li et al., 2020). Food limitation constrains the energy

available to mussels, which may increase the risk of promoting

mussel detachment (Carrington et al., 2015). The results of this

study show that starvation affects byssal production (including

byssus number, diameter, and the cumulative byssal thread

volume), the number of byssus shedding number, and the

mechanical performance of byssal threads (breaking force and

failure location). Furthermore, we showed that starvation alters

the mussel foot secretory glands area and the expression level of

foot protein genes.
TABLE 1 Primers used to qRT-PCR expression analysis of 3 selected genes and EF-1a.

Target Primer Sequence (5’-3’) Amplicon size (bp) Efficiency (%) r2

Mcfp-1P FW CAAATTAAATCTGTGCCTCCTG 134 90 1.00

RV GTGAACCGGGTAATGTCTTGTA

Mcfp-1T FW ACAGAGCAAATGCTGAGAGCA 155 90 1.00

RV GCCAGAGAAGGATGAGAACGA

Mccol2 FW TAGTATATCCGCGAACCACG 148 91 0.99

RV TAATTTTATCAGCGCCCCCT

EF-1a FW CACCACGAGTCTCTCCCTGA 105 90 1.00

RV GCTGTCACCACAGACCATTCC
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Byssal threads are the fibrous holdfast for mussel attachment,

and unfavorable conditions such as reduced wind-driven water

movement in summer restrict food delivery to the innermost layers

of mussel aggregations, resulting in weaker attachment and

promoting detachment (Carrington et al., 2015). In the present

study, we found that starvation-treated mussels at 21°C did not

show a reduction of byssus secretion number, and even the number

of byssuswas observed to exceed that of the CTR group. This result

is contrary to previous results showing that hard-shelled mussels

(M. coruscus) starved for 21 days at 26°C reduced byssus

production (Shang et al., 2021). This discrepancy in byssus

secretion might be attributed to the variation of temperature and
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the experimental body size of mussels. Temperature is one of the

most critical environmental factors affecting mussel physiology,

controlling many biological and chemical processes (Zippay and

Helmuth, 2012). Moreover, high temperatures inhibited mussel

byssus production (Young, 1985; Newcomb et al., 2019; Li et al.,

2020). In addition, the experimental body size of mussels could be

another reason for the contrary results. The mussels with a shell

length of 9.1 ± 0.4 cmwere used in this study,whichwas larger than

the mussels (shell length of 7.5 ± 0.2 cm) used in a previous study

(Shang et al., 2021). Larger musselsmay havemore energy reserves

to ensure their byssus production under starvation (Babarro

et al., 2008).
A

B

FIGURE 1

Effects of 21 days of starvation on the (A) secreted byssal thread number and (B) byssal shedding number in M. coruscus. CTR: control group.
Asterisks indicate significant differences between starvation groups and CTR groups. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
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A

B

C

FIGURE 2

Effects of 21 days of starvation on (A) byssal thread diameter, (B) byssal thread length and (C) the cumulative byssal thread volume in M.
coruscus. Asterisks indicate significant differences between starvation groups and CTR groups. **p < 0.01; ***p < 0.001.
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Mussels undergo migration under unfavorable conditions,

which can be reflected in the secretion and shedding of byssus

(Côté and Jelnikar, 1999; Carrington et al., 2015; Li et al., 2015).

Passive migration can be seen as a form of self-protection for

mussels when they encounter unfavorable environments,

dislodging themselves from the substrate to find suitable

habitats (Hunt and Scheibling, 2001; Duchini et al., 2015;

Iwasaki, 2015). Hard-shelled mussels (M. coruscus) are more

prone to shedding byssus under high temperatures, low pH, and

predator presence (Li et al., 2015; Li et al., 2020). In the present

study, we found that starvation led to a significant increase in the
Frontiers in Marine Science 07
number of byssus shedding. This could be an adaptive response

to passive migration in a hostile environment (food scarcity),

where mussels may release themselves from attachments

and move.

Unfavorable environmental stresses may compromise the

integrity of the byssal thread structure and ultimately weaken the

attachment (Carrington et al., 2015; Li et al., 2017; Clements

et al., 2018; Li et al., 2020). In this study, the starvation treatment

decreased the byssal thread diameter and byssal breaking force,

which undermined the byssal attachment strength in starved

mussels. These results were consistent with a previous study
A

B

FIGURE 3

Effects of 21 days of starvation on (A) breaking force of the byssal thread and (B) failure location in the mussel M. coruscus. Each green dot and
the red dot represent a thread breaking force test measurement. Each green dot and the red dot on the Y-axis corresponds to the breakpoints
of a single byssal thread on the right side of the diagram. The value 100 on the Y-axis represents the proximal region of the thread, and the
value 0 on Y-axis represents the distal region of the thread (close to the plaque). The amount of byssal breaking force measurements was as
follows: 184 (7d, CTR), 221 (7d, starvation), 256 (14d, CTR), 256 (14d, starvation), 253 (21d, CTR) and 256 (21d, starvation). Asterisks indicate
significant differences between starvation groups and CTR groups. ****p < 0.0001.
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FIGURE 4

The foot of M. coruscus stained with hematoxylin and eosin (H&E). (A) A schematic depiction of foot section sampling. (B) 7d CTR, (C) 7d
starvation, (D) 14d CTR, (E) 14d starvation, (F) 21d CTR, (G) 21d starvation. (H) The percentage of foot gland area versus total foot tissue. CTR:
control group; fg: foot groove; m: muscle; e: epidermis; V: ventral; D: dorsal. Scale bar = 500 mm. Asterisks indicate significant differences
between starvation groups and CTR groups. ***p < 0.001; ****p < 0.0001.
Frontiers in Marine Science frontiersin.org08
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showing decreased byssal attachment strength in non-feedingM.

galloprovincialis (Babarro et al., 2008). The process of byssus

formation may consume a large portion of the mussel’s energy

budget (Li et al., 2017). Under starvation stress, insufficient
Frontiers in Marine Science 09
energy intake may negatively affect protein synthesis in mussels,

leading to thinner byssal thread and reduced breaking force, and

these directly lead to weakened attachment strength, increasing

the risk of mussels detaching from the attachment substrate. The
A

B

C

FIGURE 5

Effects of 21 days of starvation on gene expressions of mfps in foot tissue of M. coruscus. Mcfp-1P: adhesive plaque matrix protein; Mccol2:
byssus collagen protein 2; Mcfp-1T: thread protein. CTR: control group. The results of statistical significance of the starvation groups compared
to the control group were marked with asterisks above the columns. *p < 0.05.
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weakest part of the thread might be an important factor that

determines the strength of mussel attachment. We found that

the mean value of the failure location on day 7 was mainly found

in the upper part of the thread, while the breakpoints mainly

occurred in the lower part of the thread due to increased

breakpoints after 14 and 21 days of starvation treatment.

However, after 14 and 21 days of starvation treatment, the

mean value of the failure location increased due to the

increase of break points in the upper part of the threads.

Reduced byssal breaking force and shifted failure location both

lead to reduced adhesion (Li et al., 2020). Similar results suggest

that changes in the location of byssal thread breakage are also an

indication of environmental stress in mussels (O’Donnell et al.,

2013; Li et al., 2019b; Li et al., 2020). Considering that byssus is

formed by proteins that secrete proteins, it can be hypothesized

that starvation may regulate byssus performance by affecting the

synthesis and secretion of proteins in the mussel foot.

Many animals suffer from stress due to food scarcity in their

natural environment, and though some can tolerate such

conditions, they still respond physiologically (Sánchez-Paz et al.,

2008; Watts et al., 2014). For example, chronic starvation led to

changes in the activity of some key enzymes in the digestive glands

of redclaw crayfish (Cherax quadricarinatus), and histological

analysis showed structural alterations (Sacristán et al., 2016).

There was a significant difference in the size of the digestive

glands between mussels (M. galloprovincialis) fed more food per

day and those fed less food per day (Albentosa et al., 2012). Pacific

oysters (Crassostrea gigas) differed significantly in thewet weight of

digestive glands when fed low and high rations (Huvet et al., 2003).

In this study, we found that starvation resulted in a decrease in the

percentage of foot secretory glands area to total foot tissue.

Therefore, the reduction in the foot secretory glands area

observed in this study might be due to the atrophy of mussel foot

secretory glands caused by starvation. The mussel foot tissue

consists mainly of muscles and secretory glands (collagen,

enzyme and phenolic glands) that are responsible for the

synthesis and storage of the molecular components of the byssus

(Waite, 1992; Waite, 2017). The mussel foot secretory glands

contain large amounts of endoplasmic reticulum, ribosomes and

secretory vesicles containing proteins essential for byssus

production (Tamarin and Keller, 1972; Priemel et al., 2017).

Given the close association between byssus production and foot

secretory glands, it is hypothesized that foot secretory glands

atrophy leads to abnormal gland function, further impacting the

structure and strength of the byssus.

Various molecular precursor proteins that form the byssus

are assembled in the foot, and the increased expression of the

mussel foot protein genes promotes the accumulation of mussel

foot proteins, which is essential for byssus production (Waite,

2017; Li et al., 2020). Mcfp-1P and Mcfp-1T are located in the

plaque and thread of the byssus, respectively (Inoue et al., 1996;

Liao et al., 2012). In this study, we found that starvation

treatment for 7 days increased Mcfp-1P and Mcfp-1T mRNA
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expression levels. The up-regulation of Mcfp-1P and Mcfp-1T

mRNA expression corresponded with the increase in the

number of byssuses reflected the involvement of mussel foot

proteins in byssus synthesis. However, after 14 days, the mRNA

expression of Mcfp-1P and Mcfp-1T in control and starvation

mussels showed no difference, although the number of byssuses

was higher in the starved group than in the control group. Thus,

suggesting that Mcfp-1P and Mcfp-1T are not the most critical

element in the production of byssus.

Conclusion

The present study shows that starvation increases the number

of byssus secretions in mussels, but also increases the number of

shed byssus and weakens byssus performance. Furthermore,

starvation treatment reduced the percentage of mussel foot

glands area to total foot tissue which might be a cause for the

weakened byssal thread strength. Food limitation might alter the

mussel foot gland’s physiology, which needs further investigation.

Food scarcity has potentially adverse effects on the byssus

production of mussels in a variety of habitats, which can increase

the dislodgment risks of suspended-cultured mussels.
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