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ARTICLE INFO ABSTRACT

Keywords: Only a few species of swiftlets in the Aerodramus and Collocalia genera can produce edible bird’s nests (EBN).
Aerodramus fuciphagus These saliva-cemented nests have been consumed as delicacies for centuries in Asia. Many researches have re-
Edible bird’s nest ported the aqueous extract of EBN has epidermal growth factor-like (EGF-like) activity. However, no standalone
82111)?61; EGF has been identified in EBN. Moreover, proteome of EBN remained unclear due to lack of genomic data base
Proteome of an EBN-producing swiftlet to support proteomic analysis of EBN. To address this, the first genome of the EBN-

producing swiftlet, Aerodramus fuciphagus, was constructed. Orthology comparison of A. fuciphagus with 10 other
avian species were conducted. The results revealed that the number of predicted paralogous coiled-coil domain-
containing protein 63 (CCDC63) coding sequences (CDSs) in A. fuciphagus was found to be significantly expanded
in comparison to Gallus gallus. There were 3 paralogous CCDC63 genes in the genome of A.fuciphagus. The CDSs
predicted from the genome of A. fuciphagus were used to construct a database for proteomic analysis of EBN. In
total, 398 proteins have been identified in EBN. The proteome of EBN was significant enriched with extracellular
proteins as well as proteins related to extracellular matrix (ECM) organization and immune response. A few
proteins with Ca®*-binding EGF-like domains were found in the proteome of EBN, like fibrillin-1, protocadherin
fat 4 and coagulation factor X. No standalone EGF protein was identified. This indicated that the proteins with
EGF-like domains might be responsible for the EGF-like activity of EBN. In addition, acidic mammalian chitinase
and lysyl oxidase in EBN were found to be active when extracting with distilled water at room temperature. The
current study has not just revealed the species-specific genotype of the EBN-producing swiftlet, A. fuciphagus, but
also revealed the proteome of EBN. This established an important foundation for subsequently studies on effi-
cacies of EBN.

Epidermal growth factor

1. Introduction wide range of health benefits, including improving asthmatic condition,

boosting immune system, preventing stomach illness, as well as

Edible bird’s nests (EBNs) are saliva-cemented nests only built by a
few swiftlet species found in Southeast Asia (Chua & Zukefli, 2016). The
EBNs traded worldwide today are mainly from the white-nest swiftlet
(Aerodramus fuciphagus), the black-nest swiftlet (Aerodramus maximus)
and some species of the Collocalia genera (Ma & Liu, 2012). Among these
species, EBNs from A. fuciphagus are generally much preferred in the
market as they are relatively clean, and seldom contaminated by
feathers or bird droppings (Chua & Zukefli, 2016). According to the
Chinese Compendium of Materia Medica, EBNs are associated with a

restoring stamina (Wong, 2013). As the consumption of EBNs is thought
to be beneficial to human health, they have been consumed as a tradi-
tional Chinese tonic food and delicacy for centuries.

In the past few decades, many research have analyzed compositions
of EBN and investigated efficacies associated with the consumption of
EBN. EBN was found to be rich in polyunsaturated fatty acids (PUFA),
sialic acids, and essential amino acids (Haghani et al., 2016, Hun Lee
etal., 2020, Shangguan et al., 2018). Some the chemical compositions of
EBN can account for the efficacies of EBN. The sialic acid in EBN exerted
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anti-viral activities (Haghani et al., 2016). The PUFA content in EBN
might improve cardiovascular conditions (Hun Lee et al., 2020). Apart
from these efficacies, extracts of EBN were found to have anti-oxidant,
anti-inflammatory, anti-ageing, and anti-cancer effects (Lee et al.,
2021). Besides those, the consumption of EBN was found to improve
bone strength, immunity, intelligence and memory (Yeo et al., 2021).
However, the active ingredients in EBN responsible for those efficacies
remained unknown.

Among various efficacies, epidermal growth factor-like (EGF-like)
activity of EBN was one of the most famous and well-studied. The
aqueous extracts of EBN were found to stimulate growths of human
peripheral blood monocytes, adipose-derived stem cells and rabbit
corneal keratocytes (Kong et al., 1987, Matsukawa et al., 2011, Ng et al.,
1986, Zainal Abidin et al., 2011). Although the chemical compositions
of EBN were well characterized, it still failed to fully account for the
EGF-like activities of EBN. As around 65% of the dry weight of EBN was
composed of protein, so it was suspect that some of the proteins in EBN
were responsible to the efficacies reported in the previous studies (Quek
etal., 2018). However, the proteome of EBN remained largely unknown.
In the literature, a few studies have attempted to identify proteins that
composed of EBN using different techniques. EBN was found to contain
some glycoproteins by examining Raman shift using Raman micro-
spectroscopy (Shim et al., 2016). Another study, using 2D-gel electro-
phoresis and MALDI-TOF-TOF mass spectrometry, had identified acidic
mammalian chitinase in EBN (Liu et al., 2012). In our previous study,
with de-novo sequencing using MALDI-TOF-TOF mass spectrometry, a
dozen of proteins have been identified in EBN, including mucin 2 and 5
(Kong et al., 2016). However, no standalone EGF has ever been identi-
fied in EBN. Although more proteins in EBN have been identified with
the advancement of de-novo sequencing, the number of proteins that had
been identified were still limited due to the lack of an appropriate
genomic or transcriptomic database to support proteomic analysis and
bioinformatic searches.

Looi et al., (2017) have conducted a comparative transcriptomic
analysis of salivary glands between EBN-producing swiftlets and non
EBN-producing swiftlets (Looi et al., 2017). The transcriptomes of the
salivary glands from the EBN-producing swiftlets could be used as the
database for identification of proteins composing EBN. However, gene
expression varied due to different intrinsic and extrinsic factors, like
gender, age and growth conditions. Thus, the transcriptome of the
salivary glands may not contain all the coding sequences (CDSs) of the
proteins composing EBN. To identify a more complete proteome of EBN,
the first genome of the EBN-producing swiftlet A. fuciphagus has been
constructed in order to establish a complete CDS database for proteomic
analysis of EBN. In addition, an orthology comparison between the
genome of A. fuciphagus and 10 others non EBN-producing avian species
was conducted to reveal species-specific genotypes of A. fuciphagus.

2. Material and methods
2.1. Chemicals and materials

Chemicals and solvents were purchased from Sigma Aldrich (USA)
and Merck Millipore (Germany). They were either in molecular grade,
RNase and DNase-free or compatible to mass spectrometry analysis.
Plastic consumables, which were purchased from Eppendorf (USA),
were either compatible to mass spectrometry or molecular analysis.

2.2. Collecting live specimens from swiftlet house

To construct the genome of the EBN-producing swiftlet, live speci-
mens were required for extracting genomic DNA. An EBN supplier in
Cirebon, Indonesia, kindly donated 4 of their EBN-producing swiftlets
from their swiftlet houses. The supplier was responsible to produce and
supply EBNs to a local vendor, Hing Kee Java Edible Bird’s Nest
(HKJEBN) Co. Ltd. in Hong Kong. Nine intact EBNs used for subsequent
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proteomic analysis were also donated by HKJEBN Co. Ltd. The live
specimens were transported to Prof. Kris Herawan Timotius’s research
laboratory in Faculty of Medicine, Krida Wacana Christian University
Cirebon, Indonesia. Within 24 h after capture, the live specimens were
euthanized before being dissected to collect tight skeletal muscles.
Before the dissection, the working space was cleaned with RNase
decontamination solution (Invitrogen, USA). All the dissection tools
were cleaned and autoclaved. All the plastic consumables were DNase-
and RNase-free (Neptune Scientific, US). All the tissues were cut into
around 2 mm x 2 mm pieces and persevered in RNAlater solution
(Thermo Fisher Scientific) before DNA extractions.

2.3. Genomic DNA extraction

Genomic DNA (gDNA) of the specimens was extracted using
Genomic-tip 500/G column according to protocols from the manufac-
turer (Qiagen, USA). In brief, 100 mg of tight muscle was ground into
powder with liquid nitrogen. The powder was resuspended with 20 ml of
lysis buffer with RNase A and Protease K. After incubation at 50°C for 2
h, the lyse was loaded to a 500/G column. The column was washed,
subsequently eluted. The gDNA in the elute was precipitated by adding
isopropanol (0.7-fold of volume) at room temperature, and then
centrifuged at 5000g for 15 min at 4°C. The pellet was washed with 4 ml
of ice cold 70% ethanol twice before air dried. The pellet was re-
dissolved in 0.1 ml of 10 mM Tris-Cl, pH 8.5. The length of the gDNA
was visualized by gel electrophoresis. The length of the gDNA was < 40
kb.

2.4. Genomic DNA library preparation and sequencing

A library of gDNA was prepared by using Chromium Genome HT
Library Kit & Gel Bead Kit v2 (10xGenomic, USA). Around 1 ng of was
used for preparing linked reads (barcoded reads) for sequencing
following the protocols from the manufacturer. The resultant linked
reads were comprised with a standard Illumina P5 adapter, followed by
a 16 bp 10X Genomics barcode at the start of read 1, the gDNA insert, an
8 bp sample index and standard Illumina P7 adapter at the end. Sub-
sequently, the linked reads were amplified for 10 thermal cycles
(denaturing at 98°C for 20 s, annealing at 54°C for 30 s, elongating at
72°C for 20 s). The library was then sequenced with an Illumina Nova-
Seq 5000. The sequencing data was then cleaned up and assembled
using Supernova v2.1.1 (10xGenomic, USA). The details of the library
preparation and sequencing strategy were provided in the supplemen-
tary material.

2.5. Gene prediction and annotation

GeneWise was used to predict genes by homology searching with
coding sequences (CDS) and transcriptomic data from other avian spe-
cies in the NCBI database (Birney et al., 2004). The species used were
Chaetura pelagica, Gallus gallus, Meleagris gallopavo, Anas platyrhychos,
Columba livia, and Calypte anna. The predictions were then aligned and
assembled by Program to Assemble Spliced Alignments (PASA) (Haas
etal., 2003). EvidenceModeler was used to compute weighted consensus
gene structure annotations based on the above data and the CDSs were
exported in GFF3 format. The CDSs were extracted from the genome
based on the information of GFF3 file using getfasta in BEDTools v2.29.0
(Quinlan, 2014). The CDSs were annotated using Blast2GO with NCBI
non-reductant database (RefSeq, release 93, 13th March 2019,
52,033,004,779 amino acid residues) as well as Swiss-Prot (UniProtKB/
Swiss-Prot UniProt release 2019 02, 13th Feb 2019, 559,228 entries).
The details of gene prediction and annotation were provided in the
supplementary material.
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2.6. Assessing quality of genome assembly

The quality of the new genome assembly was assessed by using
BUSCO in genome mode with tBLASTn v2.10, Augustus v3.3.3, and
HMMER v3.3 (Seppey et al., 2019). The DNA sequence of the genome in
fasta format was submitted for the assessment. The BUSCO datasets used
was Aves Odb10 which was the most taxonomically related dataset for
the assessment.

2.7. Orthology analysis

Orthology analysis was conducted between A. fuciphagus and 10
other avian species using OrthoFinder v.2.2.7 (Emms & Kelly, 2019).
The species used were C. pelagica, G. gallus, M. gallopavo, A. platyrhychos,
C. livia, C. anna, Antrostomus carolinensis, Taeniopygia guttata, Hirundo
rustica and Zonotrichia albicollis. The coding sequences of the above
avian species were downloaded from the NCBI genome database
(https://www.ncbi.nlm.nih.gov/genome/). The information related to
the version of the genomes was summarized in Table 1. The coding se-
quences from all the genomes were submitted to the OrthoFinder
coupled with Blast + v.2.8.1, FastME v.2.1.6.1_1, and Markov cluster
algorithm (MCL). After homology search, the orthologous genes among
the genomes were clustered into orthogroups. A phylogenetic tree of the
avian species was generated based on the sequence homology. The gene
counts of each avian species in each orthogroup and the phylogenetic
tree were imported to CAFExp for further statistical analysis (Han et al.,
2013). CAPExp used birth and death statistical model to estimate ex-
pansions and contractions of gene families (Hahn et al., 2005). Before
importing the data, the orthogroups were filtered according to the
guidelines provided by the developer of CAFExp. The orthogroups with
1 or more avian species that had a CDS count of more than 100 were
discarded. Since there were only 11 avian species in the orthology
analysis, it was assumed that the results from CAFExp would not be
reliable if orthogroups with 7 or more species which had a CDS count
equal to 0. Thus, those orthogroups were also discarded. As it was sus-
pected that avian species in different orders might have different rates of
gain and loss, 4 As (birth-death parameters) were estimated according to
their clades/ orders. Genome assembly errors were also estimated and
applied to control inflations of A due to the errors in the genome
assembly.

2.8. Phylogenetic analysis

To reveal the taxonomy of the specimens from Indonesia,
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mitochondrial cytochrome b sequences (Cytb, 840 nucleotides in length)
from the sequencing data were aligned with other avian Cytb sequences
in the NCBI nucleotide database using NCBI Blastn (Forni et al., 2019,
Sanita Lima & Smith, 2017). To construct a phylogenetic tree of the
specimen, the Cytb sequences from Aerodramus, Apus, Chaetura, and
Collocalia (genus under Apodinae) with at least 800 nucleotides in length
(full length of Cytb should be around 1100 bp) were exported in txt file
format and then imported to NGPhylogeny.fr for the phylogenetic
analysis (Lemoine et al., 2019). NGPhylogency.fr was a pipeline that
included tools for aligning sequences, cleaning up the alignment, and
building the tree. A multiple alignment program for amino acid or
nucleotide sequences (MAFFT) v.7.407_1 was used to align the cytb
sequences (Katoh & Standley, 2013). Block Mapping and Gathering with
Entropy (BMGE) v.1.12_1 was used to select highly conserved regions of
the alignment for constructing the tree (Criscuolo & Gribaldo, 2010).
The tree was built using FastME v.2.1.6.1_1 (distance algorithms) (Lefort
et al., 2015). Finally, the tree was visualized using Newick display v.1.6
(Junier & Zdobnov, 2010).

2.9. Functional enrichment analysis

PANTHER v14 (Protein Analysis Through Evolutionary Relation-
ships) was also used for the functional enrichment analysis (Mi et al.,
2019). As the genome of A. fuciphagus was annotated with NCBI non-
reductant database as well as Swiss-Prot, the UniProt entries and gene
symbols of the annotated genes (16081 annotated genes) were first
mapped to databases in PANTHER. The model organism was G. gallus.
After mapping, the lists of mapped UniProt entries or gene symbols of
the genes and proteins of interest were submitted to an over-
representation test. G. gallus was used as the model organism. Fisher’s
exact test with false discovery rate correction was used to compute
significances of the analysis. As recommended by the developer, all
annotated genes in the genome of A. fuciphagus that could be mapped to
the databases of PANTHER (13747 genes mapped to PANTHER) were
used as reference set for the analysis (Mi et al., 2019). The Gene ontology
terms in molecular function, biological process and cellular component
with false discovery rate < 0.05 were considered significantly enriched.
The details of the function enrichment analysis ware provided in the
supplementary material.

2.10. Mapping of scaffolds to reference genome

Minimap2 was used to map the scaffolds in the genome of
A. fuciphagus to the chromosomes from the reference genome of G. gallus

Table 1
Summary of the assembly versions of 10 avian species used for the orthological analysis.
Specie Common name Clade/ Order Assembly version link
Gallus gallus chicken Galloanserae Genome Reference Consortium Chicken Build 6a https://www.ncbi.nlm.nih.gov/assem
(GRCg6a) bly/GCF_000002315.6
Meleagris gallopavo turkey Galloanserae Turkey 5.1 https://www.ncbi.nlm.nih.gov/assem
bly/GCF_000146605.3
Anas platyrhynchos mallard Galloanserae TASCAAS _PekingDuck PBH1.5 https://www.ncbi.nlm.nih.gov/assembly/GCF_00
3850225.1
Taeniopygia guttata Zebra finch Passeriformes bTaeGut2.pat.W.v2 https://www.ncbi.nlm.nih.gov/assembly/GCF_00
8822105.2
Hirundo rustica Barn swallow Passeriformes Chelidonia https://www.ncbi.nlm.nih.gov/assembly/GCA_00
3692655.1
Zonotrichia albicollis white-throated Passeriformes Zonotrichia_albicollis-1.0.1 https://www.ncbi.nlm.nih.gov/assem
sparrow bly/GCF_000385455.1
Columba livia rock pigeon Columbiformes Cliv_2.1 https://www.ncbi.nlm.nih.gov/assem
bly/GCA_000337935.2
Antrostomus chuck-will’s-widow Caprimulgiformes ~ ASM70074v1 https://www.ncbi.nlm.nih.gov/assemb
carolinensis ly/GCF_000700745.1/
Calypte anna Anna’s hummingbird ~ Apodiformes bCalAnnl _v1.p https://www.ncbi.nlm.nih.gov/assembly/GCF_00
3957555.1
Chaetura pelagica Chimney swift Apodiformes ChaPel 1.0 https://www.ncbi.nlm.nih.gov/assemb

ly/GCF_000747805.1/
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(version: GRCg7b) using default settings (Li, 2018). The alignments
were exported in PAF format, and subsequently visualized using D-
Genise (Cabanettes & Klopp, 2018).

2.11. Prediction of TATA box

Online OProf from Signal Search Analysis Server was used to predict
the TATA boxes of the CDSs of interest (Ambrosini et al., 2003). The
upstream 1000 base pair nucleotide sequences from the start codons in
fasta format were submitted to OProf (https://ccg.epfl.ch/ssa/oprof.php
). Search mode was set to “Forward”. Window size and window shift
were 20 and 1 respectively. Position weight matrix used for the pre-
diction was TATA-box (length = 15) in a promoter motif library. The
cut-off value was —8.16.

2.12. Prediction of transcription start site

The transcription start sites were predicted using Promoter2.0 in the
online server of DTU Health Tech (https://services.healthtech.dtu.dk/se
rvice.php?Promoter-2.0) (Knudsen, 1999). The upstream 1000 base pair
nucleotide sequences from the start codons in fasta format were sub-
mitted to Promoter2.0 for the prediction.

2.13. Protein extraction from edible bird nest

The EBNs were originated from Cirebon, Indonesia. Proteins were
extracted according to our previous study with modifications (Kong
et al., 2016). In brief, dried EBN was grinded into around 1 mm? small
cubes. Distilled water was added to the grinded EBN in 30 to 1 vol to
weight ratio. The grinded EBN was soaked for an hour at room tem-
perature and the cold aqueous extract (CAE) was harvested by centri-
fuging the EBN suspension at 4000 rpm for 10 min at 4°C. The grinded
EBN was soaked for twice before stewing. The soaked EBN was stewed
with 60 ml of distilled water at 80°C for 45 min. The hot aqueous extract
(the distilled water for stewing, HAE) was harvested by centrifugation at
4000 rpm for 10 min at 4°C. The CAE and HAE were concentrated by
Amicon ultrafiltration with a 3 K Da molecular weight cutoff membrane
(Merck Millipore, Germany). The extracts were dried by vacuum cen-
trifugal evaporator and stored at —20°C before further analysis.

2.14. Simulated gastric digestion of stewed edible bird nest

After stewing, the EBN was partially digested by simulated gastric
fluid (SGF: 32 mg of pepsin in 10 ml of 35 mM NaCl and 0.7% HCl, pH
1.2). The stewed EBN was incubated with 30 ml of SGF at 37°C for 4 h.
After digestion, the SGF was harvested by centrifugation at 4000 rpm for
10 min at 4°C. The insoluble and undigested residual of EBN was stored
at —80°C for further analysis. The SGF was concentrated by Amicon
ultrafiltration with a 3 K Da molecular weight cutoff membrane (Merck
Millipore, Germany). The SGF was dried by vacuum centrifugal evapo-
rator and stored at —20°C before further analysis.

2.15. Sample preparations for proteomic analysis

The extracted proteins (100ug) from CAE, HAE and SGF were dis-
solved in 50ul of 25 mM NH4HCOs3, and then reduced with 10 mM
dithiotheritol at 56°C for 45 min, followed by alkylation with 55 mM
iodoacetamide at room temperature for 30 min in dark. The samples
were precipitated with 4-fold volume of ice-cold acetone at —20°C
overnight. The precipitated proteins were harvested by centrifugation at
13,000 g for 10 min at 4°C. The pellets were washed with 80% ice cold
acetone twice before air dried. The pellets were dissolved in 25 mM
NH4HCO3 and mass spectrometry graded trypsin (Promega, USA) was
added to digest the proteins at 37 °C overnight. The tryptic peptides
were desalted with C;g spin cartridge according to protocol provided by
the manufacturer (Thermo Fisher Scientific, USA). The elute from the
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Cyg column was dried with vacuum centrifugal evaporator.
2.16. Acquisition of mass spectrometry analysis

Before mass spectrometry analysis, the desalted peptides were dis-
solved in 10 pl of 0.1% FA in ultrapure water. The sample was analysis
with Orbitrap Fusion Lumus mass spectrometer (Orbitrap, Thermo
Fisher Scientific, USA) coupled with nano-flow ultra-performance liquid
chromatography (UPLC) in data dependent acquisition (DDA) mode.
Around 1 pg of peptide was injected into UPLC with a nano-flow C;g
column (25 cm in length, 75 pm in diameter, practical size: 2 ym, pore
size: 100 A, ThermoFisher Scientific, USA) equilibrated with 0.1% FA.
The peptides were eluted with a liner gradient of ACN, from 6 to 30% in
0.1% FA for an hour at 25°C. The Orbitrap was operated in positive
mode with voltage of electrospray set at 2300 V. The temperature of the
ion source was kept in 150 °C. The range of mass-per-charge ratio for
precursor ions scan was 350 to 1500 m/z with a resolution of 60000. The
precursor ions with intensity higher than threshold (5 x 104, max. in-
jection time: 20 ms) were selected for fragmentations (MS2) with
isolation window of 1.6 m/z. High energy collisional dissociation was
employed to fragmentate the precursor ions. The fragments were
detected by Orbitrap with a resolution of 15000.

2.17. MS data searching

The MS data was processed by Mascot Distiller v2.5 (Matrix Science,
USA) with a Mascot Server v2.5. The database used for searching was the
CDSs predicted from our newly constructed genome of A. fuciphagus. The
database contained around 16,800 sequences. The mass tolerances of
MS and MS2 were 10 ppm. The charge states were set be 2+, 3 + and 4
+. Oxidation on methionine and carbamidomethylation on cysteine
were set as variable and fixed modification respectively. Cleavage sites
were set as C-terminal of arginine and lysine and one missed cleave was
permitted. A random sequence database was used for decoy search.
False discovery rate (FDR) was set to 1%. Results of searching were
exported in Excel file format for reporting.

2.18. Protein homology search

The coding sequences of the annotated proteins in the genome of
A. fuciphagus were searched against the coding sequences of human
using BLAST all-vs-all in NCBI blast + v.2.10. The coding sequences of
human were from Genome Reference Consortium Human Build 38 patch
release 13 (GRCh38.p13).

2.19. Protein-protein interaction

STRING v11 (Search Tool for the Retrieval of Interacting proteins
database) was used for protein—protein interaction as well as functional
enrichment analysis (Szklarczyk et al., 2019). The UniProt entries or
gene symbols of the proteins identified in EBN were submitted to
STRING multiple proteins search against G. gallus database. Aggregate
fold change was used to test the significances of the functional enrich-
ment analysis conducted by SRTING (Szklarczyk et al., 2019). Pathways,
gene ontology terms or other entries in STRING database with false
discovery rate < 0.05 were considered as significantly enriched. The
details of performing the protein-protein interaction were provided in
the supplementary material.

2.20. SDS-PAGE and western blot

Ten micrograms of proteins from CAE, HAE and SGF were mixed
with 2 x SDS-PAGE loading buffer [0.25 M Tris HCl, pH 6.8, 10% (w/Vv)
SDS, 50% (v/v) glycerol, 1% (v/v) p-mercaptoethanol, 0.01% (v/v)
bromophenol blue] and heated in a boiling water bath for 5 min. Sub-
sequently, the samples were resolved on a 10% acrylamide gel using a
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5% stacking gel. SDS-PAGE was electrophoresed at constant 60 V until
the dye front reached the resolving gel. Then, SDS-PAGE was electro-
phoresed at constant 120 V until the dye front reached the bottom of the
resolving gel. After SDS-PAGE separation, the samples were transferred
onto 0.45 pm nitrocellulose membranes (Millipore, USA) by electro-
blotting. Subsequently, the membranes were blocked with 5% bovine
serum albumin (BSA) in a TTBS buffer (20 mM Tris-HCI, 137 mM NacCl,
0.05% Tween 20, pH 7.6) for 1 h under room temperature prior to in-
cubation with specific primary antibodies. To detect acidic mammalian
chitinase (AC), rabbit polyclonal antibody against AC (ARP42601, Aviva
Systems Biology) was used with dilution at 1:2000. To detect lysyl ox-
idase (LOX), rabbit polyclonal antibody against LOX (L4669, Sigma-
Aldrich) was used with dilution at 1:500. The primary antibodies were
incubated at 4 °C overnight. After sequential washing 6 times with TTBS
(5 min each), the membranes were further incubated with HRP conju-
gated goat anti-rabbit IgG antibody (1:3000, Santa Cruz, USA) for 3 h at
room temperature. Finally, the membranes were further washed with
TTBS, while chemiluminescence for detection was developed using
SuperSignal West Pico Chemiluminescence Kit (Pierce, USA) according
to the manufacturer’s instructions. Image acquisition was performed
using the ChemiDoc XRS + system (Bio-Rad, USA).

2.21. Acidic mammalian chitinase activity assay

Chitinase assay kit (CS0980, Sigma Aldrich) was used to detect the
AC activities in CAE, HAE and SGF according to protocol provided by the
manufacturer. Around 0.5 ug of protein from CAE, HAE and SGF (in 10
ul of PBS, pH7.4) were mixed with 90 pl of assay buffer with 0.2 mg of 4-
Nitrophenyl B-D-N,N’,N”-triacetylchitotriose (N8638, Sigma Aldrich).
Around 0.1 pg of chitinase from Trichoderma viride (C6242, Sigma
Aldrich, in 10 pl of PBS, pH7.4) was used as positive control. After
incubating at 37 °C for 30 min, the reactions were stopped by adding
100 pl of 0.5 M of NayCOs. The abundances at 405 nm of the samples
were measured using CLARIOstar from BMG Labtech. All the groups
were assayed in triplicates and ANOVA followed by Bonferroni pos hoc
test was used to test for the significances among groups using SPSS v.28.

2.22. Lysyl oxidase activity assay

Lysyl oxidase activity assay kit (ab112139, Abcam) was used to
detect the LOX activities in CAE, HAE and SGF according to protocol
provided by the manufacturer. Around 0.5 pg of protein from CAE, HAE
and SGF (in 50 pl of PBS, pH7.4) were mixed with 50 pl of assay buffer
with 0.01 unit of Horseradish Peroxidase and its substrate. Around 0.1
ug of recombinant human lysyl oxidase like 2 (SRP0375, Sigma Aldrich,
in 50 ul of PBS, pH7.4) was used as positive control. After incubating at
37 °C for 30 min in dark, the fluorescence with excitation wavelength at
540 nm and emission wavelength at 590 nm were measured using
CLARIOstar from BMG Labtech. All the groups were assayed in tripli-
cates and ANOVA followed by Bonferroni pos hoc test was used to test
for the significances among groups using SPSS v.28.

2.23. Data availability

The sequencing data for constructing the genome of A. fuciphagus
was deposited in the NCBI Sequence Read Archives (SRA) under Bio-
project ID: PRJINA607340.
3. Results
3.1. Construction of the genome dataset of A. Fuciphagus

Four live A. fuciphagus swiftlets were collected from a heavily
guarded and gated swiftlet house in Cirebon, Indonesia (supplementary

fig. S1, Supplementary Material online) (Kalbfleisch et al., 2018). After
extraction of genomic DNA, linked-read sequencing was carried out with
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an [llumina NovaSeq 5000 with 150 bp pair-end reads and assembled
with Supernova v.2.1.1 (Weisenfeld et al., 2017). The genome assembly
was of 1,126.08 megabases (Mb) in length with GC content at around
41.95%. The genome was assembled up to scaffold level. N50 and L50 of
scaffold were 4.92 and 55 Mb, respectively. There were 21,285 pre-
dicted CDSs and 16,081 of them were annotated with the Swiss-Prot
database (release 2019_02, 559,228 entries). To assess the quality and
completeness of the newly assembled genome, it was blasted against
Aves Odb10 dataset using BUSCO v.4.0.2 (Seppey et al., 2019). The
percentages of complete and single as well as complete and duplicated
genes were 94.3% and 0.6%, respectively while those of fragmented and
missing genes were 1.8% and 3.3%, respectively. The mitochondrial
cytochrome b (Cytb) sequence of our specimens was aligned with other
avian Cytb sequences in the NCBI nucleotide database using NCBI Blastn
and the alignment was analyzed by NGPhylogeny.fr (Lemoine et al.,
2019). The alignment results confirmed that our specimens obtained
from Cirebon were indeed of A. fuciphagus (Fig. 1).

3.2. Orthology analysis of the genome of an EBN-producing swiftlet,
A. fuciphagus

To identify any species-specific genetic variations in A. fuciphagus,
orthology analysis was performed using OrthoFinder v.2.2.7 (Emms &
Kelly, 2019) between A. fuciphagus and 10 other model avian species,
namely Chaetura pelagica, Gallus gallus, Meleagris gallopavo, Anas pla-
tyrhychos, Antrostomus carolinensis, Columba livia, Calypte anna, Taenio-
pygia guttata, Hirundo rustica, and Zonotrichia albicollis. Avian species in
the same clades and orders were successfully clustered in the phyloge-
netic tree by OrthoFinder (Fig. 2A).

After clustering orthologous CDSs into orthogroups and data
filtering, the number of CDSs of each species in 13,517 orthogroups and
the corresponding phylogenetic tree were imported to CAFExp to
identify the orthogroups in A. fuciphagus that showed significant
changes, either expansions or contractions, in the number of ortholo-
gous CDSs (Han et al., 2013). The estimated error of genome assembly
(e) across the 11 avian species was 0.095 and the estimated gain and loss
rates (\) were corrected with this estimated error. Since it was believed
that different clades or orders might have different rates in gain and loss,
so 4 As were estimated accordingly. The estimated As of Galloanserae,
Apodiformes, Caprimulgiformes and Columbiformes as well as Passer-
iformes were hence calculated as 13.889, 2.378, 0.433, and 0.234
respectively (Fig. 2A). Twenty orthogroups were missing in both
A. fuciphagus and C. pelagica (common chimney swift of the same clad)
(p < 0.05) while another 50 orthogroups were missing in A. funiphagus
only (p < 0.05). Moreover, the number of the orthologous CDSs in 196
orthogroups was found to be significantly changed, either expanded or
contracted in the same manner in both A. fuciphagus and C. pelagica
(Fig. 2A and Supplementary table 1). Furthermore, 332 orthogroups
were found to show significant expansions or contractions (p < 0.05)
that were uniquely in A. fuciphagus (Fig. 2A). The orthogroups with
significant expansions or contractions (OSEC) were submitted to func-
tional enrichment analysis using PANTHER v. 14 (Mi et al., 2019). To
establish a reference set for the functional enrichment analysis, anno-
tated genes from the A. fuciphagus genome were mapped to the database
of G. gallus (a model organism) in PANTHER. In total, 13,747 annotated
genes were mapped and used as the reference set for subsequent anal-
ysis. No enrichment was obtained with the 196 OSEC found in both
A. fuciphagus and C. pelagica as well as those 70 missing orthogroups in
A. fuciphagus. The 332 OSEC found only in A. fuciphagus were signifi-
cantly enriched (FDR < 0.05) in various generations, organizations and
regulations of cellular components and organelles (GO:0032989,
G0:0044087, G0:0051239, GO:0033043, & GO:0120039) (Fig. 2B).
Several gene ontology (GO) terms related to the nervous system and
neurons (GO:0030900, GO:0021954, G0:0031175, GO:0050877 &
GO0:0007611) were also found to be significantly enriched (Fig. 2B).
When all 528 OSEC (332 + 196) in A. fuciphagus were analyzed for
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functional enrichment, it was found that various regulations of epige-
netic, transcription and histone methylation were enriched
(GO:0040029, GO:0006355, & GO:0031060) (Fig. 2C). Among the
OSEC, most of them were found to be contracted, like forkhead box
protein P1 and P2 (FOXP1 and FOXP2), while only a few were found to
be expanded, like FOXJ1 and coiled-coil domain-containing protein 63
(CCDC63) (Supplementary table 1).

3.3. Multiple paralogous CCDC63 CDSs found in the genome of
A. fuciphagus

There were 14 paralogous CDSs of CCDC63 found in the genome of
A. fuciphagus that were significantly expanded only in A. fuciphagus
(CAFExp p < 0.00001, Supplementary table 1). These 14 paralogous
CCDC63 CDSs were located in different scaffolds in the genome. They
were denoted as “evm.model.”, followed by the number of the scaffold
where the paralogous CDS was located. However, the high number of
paralogous CDSs in a genome could be a result of errors during
sequencing, assembly and gene prediction. To validate the number of
paralogous genes of CCDC63 in the genome of A. fuciphagus, the scaf-
folds from the genomes were mapped to the genome of G. gallus (version:
GRCg7b) using Minimap2 and visualized with D-GENIES (Cabanettes &
Klopp, 2018, Li, 2018). The scaffolds that were annotated with at least 3
CDSs from different genes were considered and included in the analysis.
The use of scaffolds that had at least 3 annotated genes would allow a
more reliable mapping. Scaffolds 85, 100, and 138 were found to
contain 32, 57, and 138 CDSs, respectively (Supplementary table 2).
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Fig. 1. Speciation of EBN-producing swiftlets
from swiftlet’s house in Cirebon, Indonesia.
The phylogenetic trees were constructed using
mitochondrial cytochrome b (CytB) sequence.
The CytB sequence from the specimen (high-
lighted with a red rectangle) was aligned with
other avian CytB sequences in the NCBI database
using NCBI Blastn. The alignment was then im-
ported to NGPhylogeny.fr to construct the
phylogenetic tree. The CytB sequence from the
specimen were clustered with other CytB se-
quences from other A. fuciphagus in the database.
This result confirmed that our specimen is
A. fuciphagus. (For interpretation of the references
to colour in this figure legend, the reader is
referred to the web version of this article.)

Each of them had a paralogous CCDC63 CDS (evm.model.scaffold85.1,
evm.model.scaffold100.19, & evm.model.scaffold138.70). The rest of
the scaffolds with other paralogous CCDC63 CDSs in the genome of
A. fuciphagus were found to have only 1 to 2 CDSs. It would be difficult to
correctly map such a short scaffold to the chromosomes of G. gallus
without referencing chromosomal coordinates of other genes. Moreover,
multiple paralogous CDSs located on short scaffolds would be likely to
be a result of errors of sequencing and assembly. Thus, they were dis-
carded from the mapping. Scaffolds 85, 100, and 138 were mapped to
chromosomes 2 (NC.052533.1), 3 (NC.052534.1) and 15
(NC_052546.1) in the genome of G. gallus respectively (Fig. 3). Evm.
model.scaffold138.70 was mapped to the only CCDC63 gene on chro-
mosome 15 of G. gallus (Supplementary table 2). Transcription start sites
and TATA box of those 3 paralogous CCDC63 CDSs (evm.model.scaf-
fold85.1, evm.model.scaffold100.19, & evm.model.scaffold138.70)
were predicted using Promoter2.0 (Knudsen, 1999) and OProf
(Ambrosini et al., 2003) respectively. The transcription start sites and
TATA boxes were predicted within 750 base pairs upstream from the
start codon of each paralogous CCDC63 CDS (Fig. 4).

3.4. Proteins identified in edible bird nest

With the genome of A. fuciphagus, the CDSs were predicted to
construct the database for proteomic analysis of EBN. Three hundred
and ninety-eight proteins have been identified in EBN using nano-flow
C1g UPLC coupled Orbitrap mass spectrometer with an estimated false
discovery rate of<1% (Supplementary table 3). One hundred and forty-
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Fig. 2. Expansions and contractions of paralogous CDSs in A. fuciphagus. CDSs from the genome of A. fuciphagus as well as those from C. pelagica, G. gallus, M.
gallopavo, A. platyrhychos, A. carolinensis, C. livia, C. anna, T. guttata, H. rustica and Z. albicollis were analyzed by Orthofinder v.2.2.7 to cluster orthologous genes
among the avian species. The results from Orthofinder were imported into CAFExp to identify the orthogroups/ genes that had significant changes in the number of
paralogous CDSs in A. fuciphagus. The estimated error of genome assembly (e) across 11 avian species was 0.095 (a). The estimated gain and loss rates (A) were
corrected with the estimated error. The estimated As of Galloanserae, Apodiformes, Caprimulgiformes and Columbiformes as well as Passeriformes were 13.889, 2.378,
0.433, and 0.234 respectively (A). There were 196 orthogroups found to be significantly changed in the number of paralogous CDSs, either expanded or contracted (p
< 0.05) in both A. fuciphagus and C. pelagica in the same manner (A). CDSs from 20 genes were missing in both species and CDSs from another 50 genes were missing
only in A. fuciphagus. There were 332 orthogroups found to be significantly changed (p < 0.05) only in A. fuciphagus (A). The orthogroups with significant expansions
or contractions (OSEC) were submitted to functional enrichment analysis using PANTHER v. 14. No enrichment was obtained with those 196 OSEC commonly found
in both A. fuciphagus and C. pelagica as well as those 70 genes that were missing in A. fuciphagus. The remaining 332 OSEC found only in A. fuciphagus were
significantly enriched (FDR < 0.05) in various regulations and developmental processes (B). All 528 OSEC in A. fuciphagus were also enriched in similar regulatory
and developmental processes, except for regulations of cell junction assembly (GO:1901888), transcription (GO:0006355) and epigenetic (GO:0040029) as well as
}‘1istone methylation (GO:0031060) (C).
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Fig. 3. Mapping between the scaffolds from A. fuciphagus and the chromosomes from G. gallus. The scaffolds from the genome of A. fuciphagus were mapped to
the chromosomes from G. gallus (version: GRCg7b) using Minimap2 and visualized using D-Genies. The top left panel showed the results of the mappings. The
mappings of scaffolds 85, 100, and 138 were highlighted in red squares. Enlarged alignments of these 3 scaffolds were provided separately. Scaffold 85 was mapped
to chromosome 2 (NC_052533.1), starting from around 46.04 to 49.03 million base pair. Scaffold 100 was mapped to chromosome 3 (NC_052534.1), starting from
around 9.17 to 16.62 million base pair. Scaffold 138 was mapped to chromosome 15 (NC_052546.1), starting from around 4.75 to 9.18 million base pair. The detailed
mappings between CDSs from these 3 scaffolds and genes from the chromosomes of G. gallus were reported in Supplementary table S5 in Supplementary Material
online. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)



H.-k. Kong et al. Food Research International 160 (2022) 111670

o
34
— evm.model.scaffold85.1
start codon upstream
OProf predicted
TATA box
o
— S n
S
>
o
c
[
3
o
o
&L o
wv
start
Promoter2.0 predicted codon
Transcription start site, 0.701 l
=) —
T T T T T T
-200 -150 -100 -50 0 50 100 150 200 250
Position relative to predicted transcription start site
B,
3
—evm.model.scaffold100.19
start codon upstream
OProf predicted
o TATA box
— 2
g |
>
o
c
[
=]
o
&
w o
wn
start
Promoter2.0 predicted codon
transcription start site, 0.631 i
o

T

T T T T
-200  -100 0 100 200 300 400 500 600
Position relative to predicted transcription start site

—evm.model.scaffold138.70
start codon upstream
OProf predicted

o TATA box
— ©
]
>
o
c
1]
=]
o
L
&L o

n

start
Promoter2.0 predicted codon
transcription start site, 0.531 l
o
T T T T T T T T
-200 -100 0 50 150 250 350 450

Position relative to predicted transcription start site

Fig. 4. Predictions of TATA boxes and transcription start sites of 3 paralogous CCDC63 scaffolds. The upstream nucleotide sequence (1000 base pairs) from the
start codon of each paralogous CCDC63 CDS of interest (evm.model.scaffold85.1, evm.model.scaffold100.19 & evm.model.scaffold138.70) was analyzed individually
by OProf and Promoter2.0 to predict the TATA box and transcription start site respectively. The transcription start site of each CDS of interest was predicted. Position
scores of the predictions ranged from 0.531 to 0.701. The positions scoring ranged from 0.5 to 0.8 indicated that there was 65% of chance of having a true tran-
scription start site within 100 base pairs upstream (highlighted in red rectangle). The TATA box of each CDS of interest was predicted. The TATA boxes were found to
be in the upstream of the corresponding transcription start sites. The TATA box sequence of evm.model.scaffold85.1 was 5" TTTAAA 3’ (A). There were 2 predicted
TATA box sequences in the upstream of evm.model.scaffold100.19: 5" TTTAAA 3’ and 5 TACATATAAGTATTA 3’ (B). The TATA box sequence of evm.model.
scaffold138.70 was 5 TTAAAA 3’ (C). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Functional enrichment by STRING v.11
Color Database GO-term/ Domain Description Count in gene set False discovery
rate
Red SMART Protein Domains SM00179 Calcium-binding EGF-like 10 of 79 0.0024
domain
Blue Cellular Component (GO) G0:0005576 Extracellular region 23 of 299 3.61e-05
Green Reactome Pathways GGA-1474244 Extracellular matrix 12 of 145 0.0052
organization
Yellow Reactome Pathways GGA-168256 Immune system 41 of 936 0.00086

Fig. 5. Functional enrichment analysis of proteins in the EBN proteome. Protein-protein interaction network was generated by STRING v11. Spheres in the
network represented proteins that were identified in EBN (A). Edges between the spheres represented interactions among the proteins. Thicker edges indicated higher
confidences that the proteins jointly contribute to a shared function. Interactions in the STRING v11 included direct (physical) and indirect (functional) associations,
which were derived from genomic context predictions, high-throughput lab experiments, (conserved) co-expression, automated text mining and knowledge in other
databases. Thickness of the edges between nodes (proteins) indicated strength (confidence) of interactions between the proteins supported by the information in the
STRING database. Proteins in the proteome of EBN was significantly enriched (FRD < 0.05) in proteins with Ca2 + -binding EGF-like domain (SM00179, red). The
proteome of EBN was also enriched with extracellular proteins (GO:0005576, blue) as well as proteins that involved extracellular matrix organization (GGA-
1474244, green) and immune system (GGA-168256, yellow). Further functional enrichment analysis on biological process (B), cellular component (C) and molecular
function (D) were performed using PANTHER v14. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)

eight of them were homologs to proteins found in human saliva (Sup-
plementary table 3) (Sivadasan et al., 2015), supporting the notion that
EBNs are mainly composed of swiftlet saliva. The average sequence
similarity was 68.4% with a standard deviation of 17.2%. Functional
enrichment performed with STRING v.11 revealed that the proteome of
EBN was significant enriched with extracellular proteins (GO:0005576)
and proteins related to extracellular matrix (ECM) organization (GGA-
1474244) and immune response (GGA-168256) (Fig. 5A). No

10

standalone biochemical EGF molecule could be identified in the EBN,
but proteins which contained Ca?-binding EGF-like domains
(smart00179) were found in EBN (Fig. 5A). As shown in the supple-
mentary table 3, LRP2, PROS1 and SVEP1 were proteins with EGF-like
domains that were found in both human saliva and EBN. Furthermore,
Fibrillin-1, Protocadherin Fat 4 and Coagulation factor X were proteins
with EGF-like domains that were only found in EBN (Supplementary
table 3). Functional enrichment analysis using PANTHER v.14.1 further
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B Functional enrichment analysis (GO biological process complete) for 398 proteins identified in edible bird nest from
Aerodrumas fuciphagus
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Fig. 5. (continued).
revealed that the proteins composed of EBN was significantly enriched had significant changes in gene count (Fig. 3B). Moreover, gland

in regulation of transcription (G0:0006355), TGFp production development (GO:0048732), regulation of vesicle-mediated transport
(G0O:0032914) and also involve in epithelium development (GO:0060627), proteolysis (GO:0045861) and cell-substrate adhesion
(G0:0060429), just like those 234 differentially expressed genes that (G0:0010810) were also found to be enriched (Fig. 5B).

11



H.-k. Kong et al.

kba CAE HAE SGF 231
70
2 4
55
3
40 - ~ 15 A
Q
Q
C
| _-E
- n
<
—
05 -
O J
kba CAE HAE SGF 3000 -
L - 2500 -
S z
— < 2000 -
40 w
Q
C
(]
@ 1500 -
p
[e]
=
“ 1000 -
500 |
0 4

*
CAE
*
CAE

Food Research International 160 (2022) 111670

I =
HAE SGF TV chitinase
HAE SGF Human LOX

Fig. 6. Western blots and functional assays of acidic mammalian chitinase (AC) and lysyl oxidase (LOX). A few proteins in the cold aqueous extract of EBN
(CAE) were detected by using anti-AC antibody (A). In brief, the signal of CAF was much intense than those of hot aqueous extract (HAE) and simulated gastric fluid
after digesting EBN (SGF). For the chitinase activity assay, the absorbance of CAE was significantly higher than those of HAE and SGF (B, n = 3 for each group, *, p <
0.001). The absorbance of the chitinase assay was directly proportional the chitinase activity in the sample. Chitinase from Trichoderma viride was used as a positive
control for the chitinase activity assay. An intense signal was detected in CAE using anti-LOX antibody, but not in HAE and SGF (C). For the LOX activity assay, the
fluorescence emitted from CAE was significantly higher than those from HAE and SGF (D, n = 3 for each group, *, p < 0.001). The fluorescence emitted in the LOX
activity assay was directly proportional to the LOX activity in the sample. Human recombinant LOX was used as a positive control in the LOX activity assay. The
original western blot results have been provided in the supplementary material.

3.5. Western blots and activity assays of acidic mammalian chitinase and
lysyl oxidase

To validate the proteomic results, western blots were conducted to
detect acidic mammalian chitinase (AC) and lysyl oxidase (LOX) in the
cold aqueous extract (CAE), and the hot aqueous extract (HAE) of EBN as
well as the simulated gastric fluid (SGF) after digesting EBN. A few
proteins with apparent molecular weight (aMW) at around 50 to 35 kDa
were detected in CAE using the anti-AC antibody (ARP42601, Aviva
Systems Biology) and the signal of these proteins in CAE were much
intense than those in HAE and SGF (Fig. 6A). A protein with aMW at
around 70 kDa in CAE was detected by using anti-LOX antibody (L4669,
Sigma-Aldrich) and the signal of the protein in CAE was much intense
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than other proteins detected in HAE and SGF (Fig. 6C). To further
validate the presences of AC and LOX in EBN, the functional assays on
AC and LOX enzymatic activities were also conducted. A strong enzy-
matic activity of AC was observed in CAE, which were significantly
higher than those in HAE and SGF (p < 0.001, Fig. 6B). A high enzymatic
activity of LOX was also observed in CAE, which were significantly
higher than those in HAE and SGF (p < 0.001, Fig. 6D).

4. Discussion
The first genome of the EBN-producing swiftlet, A. fuciphagus have

been constructed. The results from BUSCO indicated the completeness of
the newly constructed genome, in terms of expected gene contents, was
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high. In addition, the low percentages of the duplicated and fragmented
genes meant that the genome should have little wrong phasing haplo-
types. The overall quality and completeness of the A. fuciphagus genome
were similar to other newly constructed avian genomes (Prost et al.,
2019, Pujolar et al., 2017). The results from orthology analysis clearly
indicated that A. fuciphagus at least has 3 CCDC63 genes in its genome
(Figs. 3 and 4). C. pelagica was the closet relative to A. fuciphagus which
included in the orthology analysis (Fig. 2A). It has only a single CCDC63
gene in its genome (NCBI accession no: XM_009998451.1). This implied
that the expansion of CCDC63 gene in A. fuciphagus should occur after
the divergence between A. fuciphagus and C. pelagica from their common
ancestors. According to literature, CCDC63 was an important protein
composing axonemes in motile cilia and flagella in sperm (Young et al.,
2015). As cilia can be found in many different cell types, including
ciliated stratified epithelial cells in salivary ducts of lingual apparatus of
avian species (Jerber et al., 2014, Karunakaran et al., 2020, Onoufriadis
et al., 2013, Triantafyllou et al., 2018, Zur Lage et al., 2019), so it was
suspected that the expansion of CCDC63 may affect the morphologies
and functions in these cell types. Beside CCDC63, there were other 331
OSCE found only in A. fuciphagus which were involved in various bio-
logical functions, like ephrin receptor signaling pathway (GO:0048013,
Fig. 2A). Ephrin receptor signaling pathway was found to play an
important role in tumorigenesis of salivary glands in human (Pergaris
et al., 2021). The genetic changes in ephrin receptor signaling pathway
in A. fuciphagus implied that the development of the salivary glands in
A. fuciphagus might be different from other avian species. Other OSCE
were involved in central nervous system development (GO:0021954), as
well as learning or memory (GO:0007611, Fig. 2A). This suggested that
the accumulation of OSCE in the nervous system along the evolution
may alter neuronal functions or behaviors of A. fuciphagus. However,
further investigations were required to study and validate the effects of
these unique genotypes on the EBN-producing phenotype and the
nesting behavior of A. fuciphagus.

Using the CDSs predicted from the first genome of A. fuciphagusas the
database for proteomic analysis of EBN, around 400 proteins have been
identified, no standalone EGF was found in the proteome of EBN, but a
dozen of proteins which contained Ca?*-binding EGF-like domains
(smart00179) were found in EBN (Fig. 5A). This implied that the EGF-
like domains in those proteins in EBN should be responsible to the
EGF-like activities of EBN reported in the previous studies. To validate
the hypothesis, the EGF-like domains in EBN should be either purified or
cloned for subsequent bioactivity assays. The functional enrichment
analysis and the protein—protein interaction analysis revealed that EBN
was a saliva-like ECM containing the proteins with EGF-like domains
and other proteins that are known to regulate various biological pro-
cesses, like immune responses (Fig. 5A). Cathepsin B, D and S were
identified in the proteome of EBN (Supplementary table 3). Cathepsin
protein family was known to regulate both innate and adaptive immune
responses against bacterial infections and cancers (Conus & Simon,
2010, Yan et al., 2020). Thus, cathepsins and other immune related
proteins in EBN may be responsible for the immunoregulating effects of
the extracts of EBN (Zhao et al., 2016).

Interestingly, enzymes like AC and LOX in EBN were found to be still
active after the extraction with distilled water at room temperature
(Fig. 6B & 6D). Their activities would significantly reduce when
extracting EBN with hot distilled water or after simulated gastric
digestion. The findings implied that extraction methods have a signifi-
cant impact on the biological activity of the extract of EBN. Thus, extra
caution has to be paid on choosing suitable extraction methods to pre-
serve the biological activities of the extract of EBN for subsequent
functional assays.

5. Conclusion

The current study reported the first genome of EBN-producing
A. fuciphagus and the species-specific genotype of A. fuciphagus, which
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was the expansion of CCDC63 paralogous genes, has been revealed. With
the genome, the current study has identified 398 proteins in EBN. The
function enrichment analysis revealed that EBN contained various
extracellular proteins and other proteins related to various biological
functions, including ECM organization and immune functions. The
proteins with Ca2 + -binding EGF-like domains in EBN might be
responsible for the EGF-like activity in the aqueous extract of EBN. In
addition, the enzymatic activities of AC and LOX in EBN were found to
susceptible to the methods of extractions. The current study has not just
revealed the species-specific genotype of the EBN-producing swiftlet,
A. fuciphagus, but also revealed the proteome of EBN. This established an
important foundation for subsequently studies on efficacies of EBN.
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