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Secretome is involved in almost all physiological, developmental, and pathological processes, but to date
there is still a lack of highly-efficient research strategy to comprehensively study the secretome of inver-
tebrates. Adhesive secretion is a ubiquitous and essential physiological process in aquatic invertebrates
with complicated protein components and unresolved adhesion mechanisms, making it a good subject
for secretome profiling studies. Here we proposed a computational pipeline for systematic profiling of
byssal secretome based on spatiotemporal transcriptomes of scallop. A total of 186 byssus-related pro-
teins (BRPs) were identified, which represented the first characterized secretome of scallop byssal adhe-
Bioadhesion sion. Scallop byssal secretome covered almost all of the known structural elements and functional
Scallop domains of aquatic adhesives, which suggested this secretome-profiling strategy had both high efficiency
Foot and accuracy. We revealed the main components of scallop byssus (including EGF-like domain containing
Spatiotemporal transcriptomes proteins, the Tyr-rich proteins and 4C-repeats containing proteins) and the related modification enzymes
primarily contributing to the rapid byssus assembly and adhesion. Spatiotemporal expression and
co-expression network analyses of BRPs suggested a simultaneous secretion pattern of scallop byssal pro-
teins across the entire region of foot and revealed their diverse functions on byssus secretion. In contrast
to the previously proposed “root-initiated secretion and extension-based assembly” model, our findings
supported a novel “foot-wide simultaneous secretion and in situ assembly” model of scallop byssus
secretion and adhesion. Systematic analysis of scallop byssal secretome provides important clues for
understanding the aquatic adhesive secretion process, as well as a common framework for studying

the secretome of non-model invertebrates.
© 2022 The Author(s). Published by Elsevier B.V. on behalf of Research Network of Computational and
Structural Biotechnology. This is an open access article under the CC BY-NC-ND license (http://creative-
commons.org/licenses/by-nc-nd/4.0/).
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eases to bioadhesion, biomineralization, and mucous secretion
processes in various organisms. Bioadhesives, particularly secreted

1. Introduction

Secretory proteins include many enzymes, toxins, and antimi-
crobial peptides, which are involved in almost all physiological,
developmental, and pathological processes. The discoveries and
applications of potential secretory proteins in regenerative medi-
cine, cancer diagnosis and therapy are pioneering and have
spawned the area of secretomics [1-4]. In recent years, secretomic
studies have expanded throughout life science, from human dis-
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by aquatic invertebrates, have long intrigued researchers since
their unique “water-resistant glue” like properties and biocompat-
ible characteristics are convenient for developing biomedical
materials (e.g., surgical adhesives) [5-7]. In addition, adhesive
secretion is a ubiquitous and essential physiological process in
aquatic invertebrates (> 5,000 species), which help animals stea-
dily attach to different substrates and facilitate diverse physiolog-
ical processes including larval metamorphosis, reproduction, prey
capture and intertidal zone fixation [8-10]. Thus it is suggested
that bioadhesion promotes adaptive radiations of species in vio-
lently fluctuant environments [9,11-14].
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As a large animal group of phylum Mollusca, scallops are well-
known for their effective adhesion ability to adapt to turbulent cur-
rents, who can attach to substrates for metamorphosis at pedi-
veliger larvae stage by strong byssal threads which are retained
in adults for semi-sessile life [15]. It has been demonstrated that
foot is the adhesive organ of scallop as many byssal glands were
located in different foot regions [16]. Unlike the permanent adhe-
sion of sessile bivalves (e.g., mussels), scallop remains the ability to
discard its byssus instantly under certain adverse conditions, and
to reattach to new substrates by rapid secretion of new byssus,
which has been proposed as a key biological characteristic for its
successful adaptation to various habitats [12,17]. Moreover,
according to our previous study on Zhikong scallop Chlamys farreri
(Jones et Preston, 1904) [17,18], scallops can secrete more abun-
dant byssus than mussels and possess distinct protein composition
and unusual assembly mechanisms [17,19-21]. The unique adhe-
sive characteristics of scallop byssus make it a valuable biological
model to study the dynamic adhesive secretomic process of byssal
detachment and reattachment. However, the molecular mecha-
nism behind still remains elusive.

Due to the complicated nature of secretory pathways, the stud-
ies of the adhesive secretome in aquatic species are lagging behind.
It has been demonstrated that aquatic adhesive proteins share very
low sequence similarity across species [22,23] and adhesive mech-
anisms are diverse among different aquatic organisms [24,25]. Cur-
rently, the adhesive proteins have only been identified from few
aquatic species by two major approaches [26]. The mass spectrom-
etry (MS)-based proteomics is regarded as the gold standard with
high sensitivity to detect trace secretory proteins, while the proce-
dure is time-consuming and requires prior proteome annotation
[5]. In contrast, RNA-seq could be used for de novo high-
throughput secretome identification, but the false-positive rate is
high and subsequent functional validation is needed [27,28]. More-
over, adhesive secretion is a time-dependent complex process, but
the traditional “one-time snapshot” way of secretome identifica-
tion ignores the dynamic regulatory information. Due to the tech-
nique limitations mentioned above, only 16 candidate byssus-
related proteins (BRPs) of scallop have been identified to date by
mass spectrometric analysis [17], with systematic protein compo-
nents of scallop byssus unreported and the regulatory mechanisms
of byssal secretion and attachment elusive.

Here we reported a systematic computational pipeline based on
both sequence feature extraction and spatiotemporal expression
analysis for the construction of scallop byssal secretome. The
byssal secretome refers to a set of BRPs secreted by the foot of scal-
lop that participate in the secretion and assembly process of
byssus. Our findings revealed novel byssal secretory mechanisms
that may underlie scallop’s adaptation to semi-sessile life. The
findings would not only shed light on the understanding of the
aquatic adhesive secretion process, but also provide valuable
molecular resources for further exploration of adhesive biomate-
rial. The proposed strategy represents an effective framework for
future secretome analysis of non-model invertebrates.

2. Methods
2.1. Data source and preprocessing

A large-scale RNA sequencing dataset derived from adult tis-
sues/organs, major developmental stages and spatiotemporal tran-
scriptome data of foot were obtained from the C. farreri genome
project (Table S1) [17]. The spatiotemporal transcriptomes data
covered three different foot regions (proximal end, middle region
and distal end, as shown in Fig. 1a) and five time points during
byssal secretion (t0-4, as shown in Fig. 1b) were also included.
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The old byssal threads dropped off from foot at 1 h (t1) after cut-
ting off the byssus fibers (t0), and then, the scallop foot sticked
out of the shell for environmental perception and began to secrete
byssus for a new attachment after another 30 mins (t2). At 12 h,
the new byssus in white color started to attach to the substrate
(t3). Finally, the byssus established a stable adhesion with the sub-
strate at 24 h (t4). The reference genome of C. farreri was downloaded
from an open-access genomics platform for Mollusca [29] (Mol-
luscDB, https://mgbase.qnlm.ac). High quality reads (> 80% base calls
a quality value > 20) were retained using software fqtrim v.0.9.7, and
then were mapped to the reference genome of C. farreri using STAR
(version 2.7.1c) with default parameters [30]. Mapped reads assigned
to the exon regions were counted using featureCounts (v1.6.5) and
TPM (Transcripts Per Kilobase of exon model per Million mapped
reads) value was calculated to represent the expression level of each
gene [31]. The principal component analysis (PCA) was performed
with the top 5000 most variable genes among the five time points
using the factoextra R package [32].

2.2. Construction of scallop byssal secretome

We searched all the reported marine adhesive proteins identi-
fied from the bioadhesives of eight representitive marine adhesive
organisms from published papers [17,19,20,33-44]. According to
the accession ID provided in these papers, we downloaded the pro-
tein sequences from NCBI or UNIPROT [45,46] with no more inclu-
sion or exclusion criteria. For some proteins without the accession
ID, we got the amino acid sequences from the source papers.
Finally, 144 adhesive proteins (Table S2) identified from the bioad-
hesives were obtained and constituted a gene set of “known mar-
ine adhesive proteins” used for the follow-up analysis. As an
inherent N-terminal sequence of classic secretory proteins, signal
peptides of reported adhesive proteins were predicted using Sig-
nalP [47]. More than 85% of the marine adhesive proteins
(Fig. 1c) were signal peptide positive, which suggested the reason-
ability of screening scallop adhesive proteins by signal peptide.
Thus, we developed a computational pipeline according to the clas-
sical protein secretion pathway [48] to systematically identify the
foot secreted proteins closely linked to byssus fabrication, which
form the byssal secretome of C. farreri (Fig. 1).

The first two steps screened the up-regulated and highly
expressed genes during byssus secretion, aiming to eliminate
redundant proteins in byssal secretome. Firstly, based on the spa-
tiotemporal transcriptomes (three regions across the foot: proxi-
mal end, middle region and distal end, Fig. 1a; at five time
points: t0-4, Fig. 1b), the up-regulated genes (up-DEGs) at t1-4
time points against t0 were obtained using the R package RNen-
tropy [49], with the criteria of the corrected global sample speci-
ficity test P < 0.01 by the Benjamini-Hochberg method and the
local sample specificity test P < 0.01. Then up-DEGs with
TPM > 50 (average expression level of all genes) in at least one foot
region were selected, following with the signal peptide prediction
using SignalP [47] and only signal peptide positive proteins were
kept. To exclude membrane proteins, transmembrane segments
of signal peptide positive proteins were screened using THMHH
v2.0 webserver [50] and MCMBB webserver [51]. Then proteins
without alpha-helix (i.e., 'PredHel = 0’ or 'PredHel 1 and
First60 > 10’) and beta-sheet (MCMBB score < 0) were further
screened by TargetP v2.0 [52] to exclude cytosolic proteins. Finally,
the retained proteins were identified as byssus related proteins
(BRPs) and used in following analysis.

2.3. Sequence characteristics and expression patterns of identified BRPs

According to the genome annotation file of C. farreri, the gene
structures (gene length, number of exon and ORF length) of 186
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Fig. 1. Profiling of byssal secretome based on spatiotemporal transcriptomes of scallop. (a) Photographs of C. farreri and the diagram showing different regions of the foot. (b)
The byssus secretion process across 5 time points (t0-4). The old byssal threads dropped out from foot at 1 h (t1) after cutting off the byssus fibers (t0), and then, the scallop
foot sticked out of the shell for environmental perception and began to secrete byssus for a new attachment after another 30 min (t2). At 12 h, the new byssus was observed in
white and attached to the substrate (t3). Finally, the byssus established a stable adhesion with the substrate at 24 h (t4). Red arrows indicated the byssus. (¢) The pie charts
showing that 85% of the adhesive proteins from 144 reported marine adhesives (top) and 94% of the 16 adhesive proteins identified from byssus of C. farreri (bottom) were
signal peptide positive proteins. (d) The computational pipeline to identify the scallop byssal secretome. Based on the spatiotemporal transcriptomes, the up-regulated genes
(up-DEGs) at t1-4 time points against t0 with expression level TPM > 50 were obtained firstly, following with screening of signal peptide. Then signal peptide-posititive
proteins were checked for transmembrane segment, only proteins without transmembrane segment were further screened by TargetP v2.0 to exclude cytosolic proteins.
Finally, the retained proteins were identified as byssus related proteins (BRPs) and used in following analysis. (For interpretation of the references to color in this figure

legend, the reader is referred to the web version of this article.)

identified BRPs were obtained and summarized in Table S3. Amino
acid composition of BRPs was calculated using a self-written Perl
script. The mass weight of BRPs were predicted using the Sequence
Manipulation Suite [53]. The grand average of hydropathicities
(GRAVY) of the BRPs sequence was calculated by summation of
the hydropathy values of each amino acid residue, and divided
by the length of the protein sequence to represent the hydropathic-
ity of BRPs [54]. The conserved domains of scallop BRPs (Table S3)
and published adhesive proteins (Table S2) obtained from the
bioadhesives of seven other metazoan taxa, including four perma-
nent adhesive species (mussel, limpet, barnacle and ciona) and
three temporary adhesive species (sea urchin, hydra and flatworm)
were predicted by the Batch CD-Search tool in NCBI database [55].
Though some protein sequences of ciona are not available, the
domain characteristics of which were obtained from the references
[37,56]. The orthologous genes were identified by comparing
against the known marine adhesive protiens using BLASTP with
the E-value cutoff of 1e-4. Multiple sequence alignments of func-
tional domain were performed using MEGAG6 [57] and the align-
ment results were displayed by ESPript [58]. The presence of
post-transcriptional modifications (PTMs) was predicted using a
deep-learning framework MusiteDeep [59]. Gene ages (ps level)
were estimated by using the phylostratigraphic approach as previ-
ously described by Wang et al [60]. Spatiotemporal expression pat-
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terns of BRPs were shown in heatmaps. Comparation of sequence
characteristics and expression patterns between16 byssus-related
proteins of scallop identified by MS and 186 BRPs identified in this
study were also performed.

2.4. Gene co-expression network analysis of BRPs

A total of 15,257 up-DEGs with the TPM value higher than 5
were used for weighted gene co-expression network analysis
(WGCNA) [61] with the parameters of 'softPower = 17, minMod-
uleSize = 250 and cuttHeight = 0.99'. Different gene modules were
labelled with different colors corresponding to the branch cut-off
of the gene tree and unassigned genes were labeled in grey. The
intramodular connectivity (Kuwitmin) vValue was used to measure
the hubness of a gene in a given module, which represents the con-
nection strength of a gene to others in the specified module [61].
To identify BRPs-related modules, over-representation analysis of
186 BRPs was performed for each module using a hypergeometric
test, with P values adjusted by the Benjamini—-Hochberg method
for multiple-test correction [62]. GO and KEGG enrichment analy-
sis of genes in BRPs-related modules were carried out to determine
significant functions using EnrichPipeline [63]. The software Cytos-
cape [64] was used for co-expression network visualization.
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3. Results
3.1. Construction of scallop byssal secretome

The byssal proteins of scallop are secreted by the byssus glands
inside the foot and assembled outside the body. Hindered by the lack
of effective profiling strategy, the secretion process, composition of
byssal secretome and underlying adhesion mechanisms of scallop
byssal secretion are still unclear. Traditional strategies have either
as time-consuming or low throughput as MS-based proteomics or
high false positive rate as RNA-seq based secretomics [5,27,28].
What's more, adhesive secretion is a time-dependent complex pro-
cess, but the traditional “one-time snapshot” ways of secretome
identification are usually unable to profile the dynamic regulatory
process of adhesion. To overcome these limitations, we developed a
systematic computational pipeline to profile the foot secretome of
C. farreri based on the spatiotemporal transcriptomes during byssal
secretion (Fig. 1a, 1b). According to the classical protein secretion
pathway, secretory proteins should be characterized by N-terminal
signal peptide. To verify this, we collected the amino acid sequences
of 144 known marine adhesive proteins identified from adhesives in
eight different taxa (Table S2). According to SignalP prediction, 85% of
them possess signal peptides (Fig. 1c, top, Table S2), while the pro-
portion was even higher (94%) in reported scallop adhesives
(Fig. 1c, bottom). Thus, we incorporated this sequence characteristic
into our computational pipeline to identify the scallop byssal secre-
tome as shown in Fig. 1d. First, to avoid the “long list of candidates”
obtained from comparative transcriptome analysis between adhesive
organ and non-adhesive organs, we firstly screened the significantly
up-regulated genes during byssus secretion, ensuring the targeted
proteins were closely involved in byssal secretion and adhesion. Con-
sidering the abundant secretion of byssus, the expression levels of
up-DGEs were filtered with TPM higher than the average expression
level of all genes. Secreted proteins were picked out according to
their signal peptide prediction. However, some proteins with signal
peptides were membrane proteins or had specific retention signals
that hold them back in the endoplasmic reticulum/Golgi/lysosomes
[48,52]. Hence, the transmembrane proteins or cytosolic proteins
were predicted and removed. Finally, the retained proteins were
identified as byssus related proteins (BRPs) forming the secretome
and used in following analysis.

By using this strategy, we firstly identified 1,543 up-regulated dif-
ferentially expressed genes (DEGs) with expression level filtering
(TPM > 50) during scallop byssal secretion. After removing potential
transmembrane or cytosolic proteins, a total of 186 BRPs with signal
peptide were eventually remained and regarded as the byssal secre-
tome (Table S3), which covered 87.5% of the reported adhesive pro-
teins in C farreri detected by mass spectrometry (Fig. Sla)
[17,19,21,65]. The two exceptional adhesive proteins either had low
expression level (CF54475.1, average TPM = 6.82) or none predicted
signal peptide (CF23353.17). The 186 BRPs were further categorized
into three groups (group 1, structural BRPs; group 2, enzymes; group
3, protease inhibitors and others that could not be easily classified)
according to the sequence features and functional annotations
(Fig. S1b, Table S3). The gene length, ORF length, exon numbers and
mass weight of identified BRPs were highly variable (see Table S3
for detail). More than 87% (162/186) BRPs were hydrophilic with
GRAVY value < 0 (Fig. S1c, Table S3). Our study constructed the first
secretome of scallop foot during byssal adhesion and the physico-
chemical properties of identified BRPs were systematically studied.

3.2. Functional domain of identified BRPs

Compared against all organisms with reported adhesive pro-
teins (including mussel, limpet, barnacle, ciona, sea urchin, hydra
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and flatworm), scallop was the only one that maintained all the
total eight conserved domains (shared by > 3 metazoan taxa) in
the BRPs (Fig. 2a; Table S3). In the 16 byssus-related proteins of
scallop identified by MS, the EGF-like and A2M domain were found
while many other domains (collagen and vVWFA et al.) were absent
(Fig. S2a). Among them, the EGF-like domain was most conserved
as shared by seven metazoan taxa. A total of 12 BRPs containing 1
to 49 EGF-like domains were identified in the scallop byssal secre-
tome (Fig. 2b; Table S3). 11 of those BRPs had the “EC protein” chi-
meric structures with 1-5 Calx-beta (CBD) domains inserted into
tandem EGF-like domains (Fig. 2b; Table S3). Each EGF-like domain
contained six highly conserved cysteine residues (Fig. 2b), which
could form three disulfide bridges that enhanced calcium binding
[66]. The longest “EC protein” CF52787.5 (i.e. Sbp9) was identified
as one of the most important components of byssal root based on
the proteomics approach in our earlier research. The EGFL,4 rescue
assay demonstrated that the CF52787.5 protein was indispensable
for byssal root integrity [19]. Among scallop BRPs, five genes con-
tained von Willebrand factor type A (VWFA) domain with con-
served DxSxS motif and TDG motif (Fig. S3a; Fig. S3b). Three
collagens with 4-8 collagen domains in scallop (Fig. S3c¢) shared
the typical triple-helical repeat (glycine-X-Y), with mussel byssal
proteins (preCol-NG, preCol-D and preCol-P) (Fig. S3d). A scallop
BRP (CF55753.4) contained EGF domain, VWFA domain, vWD
domain and TSP1 domain, which was annotated as a putative
adhesin (Fig. S4a). In addition, 15 other BRPs with adhesion-
relevant protein domains such as LDLa, Efh, A2M and CLECT
domains were also annotated as putative adhesive proteins
(Fig. S4b; Table S3). Besides, a variety of enzymes (e.g., peroxidase,
tyrosinase, isomerase and laccase) and protease inhibitors (e.g.,
metalloproteinase inhibitor, peptidase inhibitor and serine pro-
tease inhibitor) were identified as BRPs based on their functional
domains (Table S3). The function of some of these BRPs have been
reported in our previous studies. For instance, we proved the
tyrosinase activity in foot by a catechol oxidase activity assay
and the presence of DOPA in byssus threads by nitroblue tetra-
zolium staining, emphasizing the importance of tyrosinase in scal-
lop byssal adhesion [17]. Biochemical analyses and protein
polymerization assays implied the potential cross-linker role of
the most abundant metalloproteinase inhibitor (CF9441.24, e.g.
Sbp8-1, Table S5) [20]. Furthermore, another 104 BRPs were classi-
fied into group 3, 28.7% of which were molluscan specific genes (ps
level > 9, Table S3). In this class of BRPs, the most significant up-
regulated gene was a Bivalvia-specific gene riched in cysteine
and proline residues (CF44339.34) with function unknown
(Table S3 & S4 & S4), which deserved in-depth analysis for more
understanding on the evolution of scallop bioadhesives and the
exploration of water-resistant adhesive biomaterial.

3.3. Amino acid composition and post-transcriptional modifications of
BRPs

Biased amino acid composition and post-transcriptional modifi-
cations (PTMs) are also typical characteristics reported in bioadhe-
sives. The BRPs had a strong preference for cysteine across all genes
in C. farreri genome (Fig. S5a; Table S3 & S4). Principal component
analysis (PCA) based on the amino acid composition revealed the
sequence diversity of structural BRPs in scallop was mostly driven
by glycine and proline (Fig. S5b; Table S3). Among all structural
BRPs, five Cys-rich BRPs (cysteine ratio > 8%) contained multiple
4C-repeats (Fig. 2c; Table S3). Three BRPs contained significantly
higher tyrosine content (Table S3, tyrosine ratio > 7%, two times
higher than the mean value), one of which contained 12 repeats
and shared high sequence similarity with mussel adhesive protein
Mefp1 (Fig. S5c; Tables S3 & S4). Similar to the reported bioadhe-
sives, phosphorylation, hydroxylation and glycosylation were
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Fig. 2. Sequence characterization of scallop BRPs. (a) Commonly used domains of adhesive proteins from C. farreri and other seven bioadhesive taxa. (b) Exhibit of EGF-like
domain containing BRPs. Eleven of them had the “EC protein” chimeric structures with 1-5 Calx-beta (CBD) domains inserted into tandem EGF-like domains. Each EGF-like
domain possesses 6 conserved cysteine residues. (c) Protein sequence alignment of the 4C-repeats containing BRPs. (d) The PTM sites prediction of scallop BRPs and 144
reported adhesive proteins with the PTM scores > 0.5 (see Table S6 for details). EGF, epidermal growth factor domain; vVWFA, von Willebrand factor type A-like domain; TSP1,
thrombospondin 1-like domain; vWD, von Willebrand factor type D-like domain; LDLa, Low Density Lipoprotein Receptor Class A domain; Efh, EF-hand motif; A2M: Alpha-2-
macroglobulin domain; CLECT: C-type lectin (CTL)/C-type lectin-like (CTLD) domain.

found as the dominant PTMs in scallop (Fig. 2d; Table S6). The lat-
ter two showed higher levels in scallop BRPs compared to other
bioadhesives (Fig. 2d). Hydroxylation was mainly found on proline
and lysine residues of scallop collagen and the phosphorylation
was found in the Tyr-rich BRPs. Among which, CF57509.5 and
CF20079.1 possessed small molecular weights (20.54/28.85 kDa)
(Table S3). O-linked glycosylation and serine phosphorylation were
found in a vVWFA-containing BRP (CF61295.40), which was rich in
six low complexity regions and two internal repeat regions
(Fig. S5d; Tables S3 & S6).

3.4. Spatiotemporal transcriptome profiling of BRPs

Here, we constructed a spatiotemporal transcriptome landscape
covering major developmental stages, adult tissues/organs and dif-
ferent foot regions (Table S1). Scallop BRPs showed significant
expression bias in the adult foot (Fig. S6; Fig. S2). Consistent with
the metamorphosis timing, most BRPs significantly expressed at
the pedi-veliger larval stage (Fig. 3a; Fig. S2). During the secretion
of scallop byssus (from tO to t4; Fig. 1b), 186 BRPs displayed an
interesting temporal expression pattern, with 66.6—74.0% of which
were instantly up-regulated since the old byssal root was dis-
charged (t1) and remained comparably high expression level until
the new byssus reattached (t4) (Fig. S7; Fig. S2d). The rapid tran-
scriptional response of BRPs to byssal secretion process was also
confirmed by PCA analysis (Fig. S7).

By contrast, BRPs revealed distinct region-biased expression
patterns (Fig. 3b). According to the sequence characteristics and
functional annotations, 38 putative structural BRPs were further
categorized into 10 groups (Fig. 3¢). Collagens, vVWFA domain con-
taining proteins, 4C-repeats containing proteins and three biomin-
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eralization related genes [67,68] were significantly up-regulated in
the proximal end of the foot. The Tyr-rich proteins were up-
regulated in the middle region and the distal end of the foot, while
the amyloid, adhesin, galectin, LDLa domain containing proteins
and other three biomineralization related proteins were up-
regulated in the distal end of the foot [69]. The EGF-like domain
containing BRPs showed an interesting expression tendency: BRPs
with more EGF-like domain repeats tended to express in the prox-
imal end whereas BRPs with less EGF domain repeats prefer
expressing in the distal end (Fig. 3c), which were also observed
in our previous study particularly focusing on “EC proteins” [19].
Among them, the EGF-like domain containing proteins, the Tyr-
rich proteins and the 4C-repeats containing proteins displayed sig-
nificantly higher expression levels than others, suggesting that
they are the main components of scallop byssus (Fig. 3c). However,
the expression patterns of most enzymes among BRPs were
regional-uniform (Fig. S8). Phenoloxidases and peroxidases were
most important modification enzymes in addition to protein
processing-related BRPs. Among them, tyrosinases and peroxidase
showed spatio-prefered expression patterns in different foot
regions. Besides, enzymes involving in forming and breaking of
disulfide bonds (Pdia 3/5/6 and Txndc12) were mainly expressed
in the distal end and the middle region of the foot.

3.5. Gene co-expression network of byssus secretion

The key genes and pathways involved in byssus secretory regu-
lation of C. farreri were identified by constructing the weighted
gene co-expression network of DEGs during byssal secretion. A
total of 15,256 genes were assigned to seven modules (M1-M7)
with differential expression patterns among three different foot
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regions (proximal end, middle region and distal end) and five time
points (t0-4) (Fig. S9). The 186 identified BRPs were significantly
enriched in three modules (M4, M5 and M7, with adjusted p-
value < 0.01), which were thus labeled as the BRP-related modules
(Fig. 4a; Table S7). The module M7 was significantly up-regulated
in the proximal end. The genes in M7 were enriched in the GO
terms of transmembrane transporter activity and disulfide iso-
merase/oxidoreductase activity related molecular functions and
the KEGG pathways of O-Glycan biosynthesis signal transduction
and O-Glycan biosynthesis (Fig. 4b; Tables S8 & S9). Module M5
mainly responded in the distal end, with genes participating in
neurotransmitter transporter activity, metal ion binding (e.g., ferric
iron binding and calcium ion binding), peroxidase activity and tyr-
osine metabolism (Fig. 4b; Tables S8 & S9). Compared with the
other two modules, M4 genes functioned primarily in the proximal
end and the middle region, which mainly involved in translation,
protein processing, protein transport, disulfide bonds formation/
hydrolyzation related molecular functions and cutin biosynthesis
(Fig. 4b; Tables S8 & S9). A total of 15 TFs were identified as the
hub genes (the top 200 genes of each module sorted by the Kyithin
values) in the co-expression network of byssus secretion, suggest-
ing their key roles in adhesive regulation (Table S10; Fig. 4c).
According to the predicted functions and expression patterns of
scallop BRPs, we proposed a hypothetical model of scallop byssus
secretion and adhesion (Fig. 5).

4. Discussion

Originating from the “signal hypothesis” [48], signal peptide is
known as the “zip code”, which is an universal sequence feature
of all secretory proteins via classical pathway [52]. Indeed, we col-
lected 144 known adhesive proteins from eight taxa, and found
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that 85% of which are signal peptide-positive, suggesting the feasi-
bility to screen adhesive proteins by integrating the sequence fea-
tures. Hence, we proposed a computational pipeline to profile
secretome by considering both gene composition and expression
level at the same time. Using this systematic strategy, a total of
186 BRPs were identified, which represented the first secretome
of scallop byssal adhesion. The identified BRPs covered almost all
of the basic recipe that were summarized by Liu et al. from known
aquatic adhesive proteins, including structural elements (e.g., Cys-
rich domains, Tyr-rich repeats, PTMs), functional domains (e.g.,
EGF-like, vWFA, TSP-1,vWD), enzymes (e.g., tyrosinase, peroxidase,
isomerase), proteinase inhibitors (e.g., metalloproteinase inhibitor,
peptidase inhibitor and serine protease inhibitor) and others
including Cys-rich and Pro-rich proteins et al. [56,70]. The most
complete domain recipe was found in scallop compared against
all organisms with reported adhesive proteins. It's quite possible
that the reported secretomes from other species are incomplete
due to the complexity of the marine adhesive proteins and the lim-
itation of screening strategy [5,27,28|. For example, domains
including collagen, VWFA, LDLa and so on were absent in the 16
MS-identified BRPs of scallop. Based on the above all, this
sequencing-driven strategy proposed in this study had both high
efficiency and accuracy, which provided a generic framework for
other secretome profiling studies. The core gene sets obtained in
this study present important resources for better understanding
of marine bioadhesive systems and biomaterial design.

As an ancestral feature, bioadhesion is essential for the semi-
sessile life of scallop C. farreri through byssal secretion [15]. How-
ever, the secretion process, composition of byssal secretome and
adhesion mechanisms during scallop byssus secretion were still
unclear. Our systematic strategy for identification of scallop byssal
secretome and spatiotemporal co-expression network analysis
enabled us to acquire the global view of byssal secretion and illus-
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trate the dynamic process of byssal adhesion at molecular level.
The classical foot-byssal complex proposed by Gruffydd et al.
[16,71] hypothesized that the byssus ribbons were secreted by
the primary byssus gland at the proximal end of foot, passing down
along the byssus duct and eventually firmly attached to the sub-
stratum (Fig. 5a). However, according to the spatiotemporal
expression patterns of scallop BRPs, we proposed that the sec-
ondary byssal gland running along the pedal groove was also
involved in the secretion of byssus ribbons (Fig. 5b), which was
thought to be merely responsible for the secretion of byssal
sheaths [16,71]. There are three main points supporting our infer-
ence. First, as the main components of scallop byssus, the EGF-like
domain containing proteins expressed at distinct foot regions and
displayed an interesting spacial-related expression tendency,
which was difficult to be explained by Gruffydd’s model if the
byssus ribbons were elongated from the proximal end. Secondly,
most BRPs were simultaneously up-regulated at the initial stage
t1 in three different foot regions during byssus secretion, which
suggested the secretion of byssal proteins was not likely to be a

sequentially activated process extension. The participation of both
the primary and secondary byssus gland could preferably explain
the simultaneous expression pattern of scallop BRPs and meets
the need of the rapid secretion of large amounts of byssus. Thirdly,
the spatial expression patterns of the structural BRPs could better
correspond to the components of each byssal region (byssal root,
thread and plaque). For instance, the spatial expression tendency
of EGF-like domain containing BRPs was consistent with the ultra-
structural transformation from scallop byssal root (wavy coiled fib-
rils) to the thread (densely packed fibrils) [71]. Among them,
CF52787.5 was specifically expressed in proximal end of foot and
was proved to be indispensable for the integrity of scallop byssal
root [19]. Moreover, the Tyr-rich BRP, CF53671.1, was highly
expressed in the distal end and middle region of foot and likely
to be involved in the formation of byssal cuticle, according to its
high similarity with the cuticle protein Mefp1 in mussel [72]. Over-
all, different with the previous view that the byssal ribbon was
produced by the primary byssus gland, our study proposed a
new model of byssal secretion (Fig. 5a, b).
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Byssal adhesion is a complex biological process, involving
multi-level factors such as protein structure, post-translational
modification and chelation of metal ion [73]. Benefiting from our
comprehensive secretome profiling strategy, the main components
of scallop byssus, the major enzymes and the key regulatory mod-
ules of byssal secretion and adhesion were identified (Fig. 5¢). We
revealed that the EGF-like domain containing BRPs were main
components of scallop byssus, which were characterized by the
“EC protein” chimeric structures (e.g., the EGFL/CBD fusion domain
architecture). This characteristic was unique to scallop and our
previous research regarded “EC protein” as a novel chimeric gene
family resulted from a gene fusion event [19]. This structural evo-
lutionary innovation probably enhances Ca?* binding and strength-
ens the self-assembly properties of byssal proteins [74-76]. Gene
translation, protein processing and protein transport processes
were up-regulated and correlated well with the assembly and
modification of scallop byssus during secretion process [16,71].
In the proximal end of foot, the 4C-repeats containing BRPs dis-
played the highest expression levels. Consistent with the 6-Cys
residues in EGF-like domain, the 4C-repeats may also participate
in the formation of intramolecular disulfide bonds, mediating the
interactions with other byssal proteins [66]. In addition, VWFA
domain containing BRPs were also up-regulated in the proximal
end of foot during byssus secretion. The VWFA domain of scallop
BRPs showed high sequence similarity with the mussel PTMP1 pro-
tein and ciona ASP1, which could contribute to the cross-linking
between adhesive proteins [37,77]. The involvement of O-linked
glycosylation and phosphorylation may contribute to protein sta-
bility and enhance cohesion and adhesion abilities [5,79,79]. Dif-
ferent from the collagenous thread of mussel, almost no collagen
was detected in scallop byssus [71]. Although all three collagens
identified in this study were up-regulated in the proximal end of
foot, their expression levels were negligible, which suggested that
collagens might act as “additives” contributing to the elasticity of
byssal root [19]. In the distal end of foot, Tyr-rich BRPs were signif-
icantly activated during byssal secretion, which was involved in
the formation of byssal thread and plaque. Based on the high
sequence similarity with mussel Mefp1, CF53671.1 may be able
to bind environmental Fe?* ions to form a protective cuticle con-
sisting of tris-dopa-iron coordination complexes, which could pro-
tect byssus against corrosion by seawater and degradation by
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microorganisms[80]. Two other Tyr-rich BRPs (CF57509.5 and
CF20079.1) with smaller molecular weight were supposed to be
easy to diffuse and form more binding sites in the byssal plaque
[81]. The metal ion binding, peroxidase activity and tyrosine meta-
bolism related biological processes were significantly activated in
distal end of scallop foot. These processes were known to play
important roles in interfacial adhesion by forming strong cross-
link between adhesive proteins [19,42,76,83,83] or in the oxidation
of amino acid residues [9,85,85]. Our results suggested that these
processes might contribute to the integrity of scallop byssal
plaque.

Moreover, tyrosinase, laccase, peroxidase and enzymes involved
in disulfide-bond formation dominant the modification of byssal
adhesives, which were primary contributors to the rapid byssus
assembly and adhesion. Tyrosinase is the key polyphenol oxidase
that catalyzes the modification of tyrosine residues into DOPA.
DOPA mediated the strong interface adhesion between byssal pla-
que and the underwater substrates by forming hydrogen bonds
[8,9,85]. However, in the proximal end of foot, DOPA was oxidized
into less adhesive DOPA-quinone by polyphenol oxidase laccase
[8], which might enable the detach of scallop byssal root. The
cross-linking pathway catalyzed by peroxidase was important to
interfacial adhesion of barnacle cement [22,84]. Isomerase has
been reported to catalyze the formation and breakage of disulfide
bonds of EGF-like domain containing BRPs and contribute to the
stability of the protein complex [28,86]. In addition, gene co-
expression networks revealed the key transcription factors
involved in the regulation of byssus secretion. Some neural stem
cell marker genes, such as Sox2 [87] and Lhx1 [88], were hub genes
in M5 module, while the genes associated with the neurotransmit-
ter transporter activity were significantly up-regulated at the distal
end of foot during the byssal secretion, which corresponded well
with the perceptive function of foot to surrounding environment
[16]. More interestingly, it has been reported that transcription
factors Sox2, Copb2, Meis2 and homeobox genes (Lhx1, Ubx, Hoxc11)
were key regulators of hair follicle development [89-92], indicat-
ing the sighs of convergence evolution between byssus secretion
and hair growth. In contrast to the previously proposed “root-
initiated secretion and extension-based assembly” model [16,71]
that assumed the byssus ribbons were secreted by the primary
byssus gland and assembled at the proximal end of foot, our
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“foot-wide simultaneous secretion and in situ assembly” model
hypothesized that both the primary and secondary byssus glands
were involved in the rapid production of byssal ribbon, with the
byssal “raw materials” of different regions of scallop byssus were
secreted in situ by the byssus glands in the corresponding foot
regions and stored in the nearby pedal groove until needed. When
adhesion occurred, the “raw materials” quickly assembled in situ
and a new byssus formed (Fig. 5). Our findings suggested the
EGF-like domain containing proteins, the Tyr-rich proteins and
4C-repeats containing proteins were the main components of scal-
lop byssus and the modification enzymes (e.g., peroxidase, tyrosi-
nase, isomerase and laccase) primarily contributed to the rapid
byssus assembly and adhesion. Prior to the attachment, the byssal
“raw materials” would be assembled quickly with the catalysis of
enzymes and cross-linking between adhesive proteins.

5. Conclusion

In this study, we proposed a computational pipeline for system-
atic profiling of byssus secretome based on the spatiotemporal
transcriptomes of the scallop C. farrari and comprehensive charac-
terization of gene features of scallop BRPs. A total of 186 BRPs were
identified and categorized into three groups according to the
sequence compositions and functional annotations. Our findings
suggested the prevalence of adhesion-relevant protein features in
putative structural BRPs and the related enzymes and proteinase
inhibitors primarily responsible for the rapid byssus assembly
and adhesion. Spatiotemporal expression and co-expression net-
work analyses of BRPs revealed diverse functions on byssus secre-
tion, which supported a novel “foot-wide simultaneous secretion
and in situ assembly” model of scallop byssus secretion and adhe-
sion. Overall, the byssal secretome-based approach provided
important molecular resources for better understanding of the
mechanisms behind byssal secretion and adhesion and established
a common framework for other secretome profiling studies.
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