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A B S T R A C T

Lipopolysaccharide-binding proteins (LBPs) and bactericidal permeability-increasing proteins (BPIs) are effec-
tors of the innate immune response which act in a coordinated manner to bind and neutralize the LPS present in
Gram negative bacteria. The structural organization that confers the function of LBPs and BPIs is very similar,
however, they are antagonistic to each other. In this work, we characterized two LBP/BPIs from the scallop
Argopecten purpuratus, namely ApLBP/BPI1 and ApLBP/BPI2. The molecular and phylogenetic analyses of
ApLBP/BPIs indicated that both isoforms display classic characteristics of LBP/BPIs from other invertebrates.
Additionally, ApLBP/BPIs are constitutively expressed in scallop tissues and their transcript expression is up-
regulated in hemocytes and gills in response to an immune challenge. However, some structural characteristics
of functional importance for the biological activity of these molecules, such as the net charge differ substantially
between ApLBP/BPI1 and ApLBP/BPI2. Furthermore, each isoform displays a specific profile of basal expression
among different tissues, as well as specific patterns of expression during the activation of the immune response.
Results suggest that functional specialization of ApLBP/BPIs might happen, with potential role as LBP or BPI in
this species of scallop. Further research on the biological activities of ApLBP/BPIs are necessary to elucidate their
participation in the scallop immune response.

1. Introduction

Innate immune effectors are important members of the innate im-
mune response of invertebrates. In these organisms, the absence of
adaptive immunity has been compensated by a wide and diverse range
of multifunctional immune effectors that act synergistically [1]. These
molecules have allowed, in part, the survival of organisms to pathogen
exposure throughout the evolution of the animal kingdom, and thus,
they are virtually present in every living organism [2].

Within these effectors, LPS-binding proteins (LBPs,
Lipopolysaccharide-binding proteins) and bactericidal permeability-
increasing proteins (BPIs) belong to the family of lipid transfer pro-
teins/LPS (lipid transfer/LPS binding protein family). LPS is one of the
most characterized Microbe Associated Molecular Pattern (MAMP).

This molecule consists of 3 regions: lipid A, a polysaccharide core, and
the O-specific polysaccharide chain. As it is one of the largest compo-
nents of the outer membrane of Gram-negative bacteria, it functions as
an important endotoxin [3,4]. BPIs and LBPs share two common do-
mains, a BPI/LBP CETP N-terminal domain (BPI1) that binds to lipid A
of the LPS [5], and a BPI/LBP/CETP C-terminal domain (BPI2) that
mediates the delivery of LPS to others host entities involved in the re-
sponse to the LPS. The structural organization that confers this function
is very similar between BPIs and LBPs; however, they are antagonistic
to each other [6]. The LBPs amplify the cellular response to the LPS,
while the BPIs neutralize the properties of the LPS, suppressing the
response to the LPS [7]. In addition, mammalian BPIs have opsonizing,
anti-inflammatory and anti-angiogenic activities [8]. In non-mamma-
lian organisms, certain amino acids and conserved motifs of the
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mammalian LBPs and BPIs are absent, which makes their distinction
difficult and therefore they are commonly named as LBP/BPIs [9].
Within the innate immune effectors, the LBP/BPIs are proteins which
act in a coordinated manner to facilitate an integrated response to the
invasion of Gram-negative bacteria by the host. These molecules re-
spond sensitively to low bacterial concentrations, at the beginning of an
infection, and then efficiently eliminate viable bacteria, and with this,
reduce endotoxin-induced inflammation [6].

The scallop Argopecten purpuratus is an important resource for
scallop aquaculture in the Pacific American coast [10]. Like all bivalves,
A. purpuratus presents a semi-open circulatory system, where hemo-
lymph is pumped from the heart into a series of vessels bathing the
tissues. Accordingly, hemolymph and all tissues are continuously ex-
posed to high concentrations of environmental microorganisms
(~106cel/mL) [11]. Despite this, this species remains healthy most of
the time due, in part, to innate immunity mechanisms that prevent
colonization of pathogens and probably contributes to the control the
proliferation of the microbiota associated with tissues and hemolymph
[12]. Understanding the innate immune response against potential
pathogens is essential for the production of this scallop species in the
aquaculture industry. For this reason, two sequences of LBP/BPIs of A.
purpuratus were structurally and phylogenetically characterized, and
their expression patterns at basal levels and in response to a bacterial
challenge were analyzed.

2. Materials and methods

2.1. Sequence obtaining and bioinformatic analyses

The analyzed sequences were obtained from a database of nucleo-
tide sequences from a massive transcriptomic analysis or NGS (Next
Generation Sequencing), where putative immune response genes of A.
purpuratus were recorded in response to a bacterial challenge with
Vibrio splendidus (VPAP16) [13]. The homologous sequence search was
performed with the BLASTP program available on the NCBI home page
(http://blast.ncbi.nlm.nih.gov/). The amino acid sequences were ana-
lyzed using the bioinfomatic tools available on the Expasy portal (Ex-
pert Protein Analysis System, http://www.expasy.org/). The signal
peptide prediction was performed in the SignalP program [14]; domain
analysis was performed in the SMART (Simple Modular Architecture
Research Tool) program [15]; and the tertiary structure determination
of the protein was made in the I-TASSER program [16] and analyzed in
Swiss PDB Viewer, version 4.1 [17]. Multiple alignments of the se-
quences of each gene were performed using the Omega Clustal program
(http://www.ebi.ac.uk/Tools/msa/clustalo/). The phylogenetic ana-
lysis was performed in a package of MEGA 6.0 (Molecular Evolutionary
Genetic Analysis) [18], using mature protein sequences, which were
hierarchically classified using the Neighbor-Joining method [19] ap-
plying 1000 bootstrap.

2.2. Animals, immune challenge and tissue collection

US National Research Council guidelines for the care and use of
laboratory animals were strictly followed during this research [20].
Scallop juveniles (n = 100; 60 mm in length) were sampled from the
aquaculture facilities of the Universidad Católica del Norte (UCN) lo-
cated at Tongoy Bay, Chile (30°16′ S, 71° 35′W). The scallops were
transferred to laboratory conditions, and acclimatized for 2 week in
200 L tanks supplied with filtered, aerated, running seawater (~16 °C),
and fed with a diet of 50% Isochrysis galbana and 50% Nannochloris sp.
(6x106 cells/mL/day).

Samples from muscle, gills, mantle, digestive gland and gonad tis-
sues were harvested from 6 scallops and kept in TRIzol ® until total RNA
extraction. Additionally, hemolymph was collected from the pericardial
cavity; and hemocytes were isolated by centrifugation to discard
plasma (600 x g for 5 min at 4 °C) and kept in TRIzol® until total RNA

extraction. For the experimental immune challenge, 50 μL of a heat-
killed Vibrio splendidus VPAP18 kindly donated by R. Rojas [21]
(5x106 cells/scallop) in 0.22 μm filtered sterile seawater (ssw)
(n = 40), or 50 μL of ssw as injury control (n = 40) were injected in the
scallop adductor muscle. Non-injected scallops were also included
(n = 8). Hemolymph from scallops was collected from the pericardial
cavity at 15, 24, 48 and 72 h post-injection. Hemocytes and gills were
obtained as described above. Eight scallops were considered in each
condition and time point and no mortality was observed during the
experimental challenge.

2.3. Total RNA isolation, cDNA synthesis and analysis of transcript
expression

Total RNA was extracted from A. purpuratus tissues using TRIzol®
reagent according to the manufacturer's instructions (Thermo
Scientific). Total RNA was treated with DNase I (Thermo Scientific)
during 15 min at room temperature, followed by a second precipitation
with sodium acetate 0.3 M (pH 5.2) and isopropanol (1:1 v:v). The
pellet was resuspended in ultra-pure water and stored at −80 °C. The
quantity and quality of total RNA were assessed using an Epoch spec-
trophotometer (BioTek, Winooski, VT, USA) and agarose gel electro-
phoresis, respectively. Synthesis of cDNA was carried out individually
using 1 μg of total RNA with the kit RevertAid First Strand cDNA
Synthesis Kit according to the manufacturer's instructions (Thermo
Scientific).

The relative expression was determined by RT-qPCR in triplicate
using Eco™ Real-Time PCR System (Illumina, San Diego, CA, USA),
using specific primers for each sequence ApLBP/BPI1 (forward
5′-GTGAAGGCACCAAATGCAACCG-3′ y reverse 5′-GGAGCGAAGATAA
CCGTCAGAGT-3′) y ApLBP/BPI2 (forward 5′-CTGCTGCCAACCGTTC
TGC-3′y reverse 5′-CGCATGTGCAGATCAACCTGG-3′)]. β-Actin was
used as a housekeeping gene (GenBank N° ES469330) (Apβactin; for-
ward 5′-CACTGCTCTTGCTCCACAAAC-3′y reverse 5′-GAAGGTGGACA
GAGATGCCAA-3′).

Each reaction of 20 μL consisted in 10 μL of Takyon™ Rox SYBR®
MasterMix dTTP Blue (Eurogentec), 0.6 μM of each primer and 2 μL of
cDNA diluted 1:10. Primer pair efficiencies were calculated from the
given slopes in the software according to the equation: E = 10[−1/slope],
and only primer pairs with efficiency between 95 and 110% were used.
The amplification program consisted of an initial denaturation for
3 min at 95 °C, followed by 40 cycles of 15 s at 95 °C and 30 s at 60 °C
and dissociation curve detection. Relative fold gene expression was
calculated with the delta-delta Cq Pfaffl method [22]. Specifically,
transcript expression of each ApLBP/BPI was expressed as a fold change
in the context of their basal expression among tissues and in hemocytes
and gills between challenge scallops versus control as follows: (i) cali-
brating with the average of the delta Cq values (target gene – house-
keeping gene) from all analyzed tissue samples for basal expression and
(ii) as fold change gene expression of each ApLBP/BPI between immune
challenge and control scallops (considering an expression value of 1 in
control scallops).

3. Results

3.1. Molecular characterization and phylogenetic analysis of ApLBP/BPI1
and ApLBP/BPI2 indicated both as members of the LBP/BPI family

Two sequences showing highly sequence homology to LBP/BPIs
proteins were found, namely ApLBP/BPI1 and ApLBPI/BPI2 (GenBank
No MN295977 and MN295978, respectively). Both sequences display
ORFs coding regions of similar size (ApLBP/BPI1: 1464 bp; and
ApLBPI/BPI2: 1473 bp) and sequences shared 45% of homology at the
nucleotide level. ApLBP/BPI1 and ApLBPI/BPI2 sequences coded for
putative proteins of 487 and 490 amino acids respectively, and pre-
sented signal peptides of 21 amino acids. The molecular weight of both
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ApLBP/BPIs were similar, with respectively 52 and 50 kDa for ApLBP/
BPI1 and ApLBPI/BPI2; but their net charge and isoelectric point were
very different (Fig. 1A). ApBPI/BPI1 displays 13.8 net charge and a pI
of 9.4, whereas ApLBP/BPI2 displays a net charge of−1 and a pI of 6.7.
Domain search analysis showed that both proteins present LPS binding
domains and the tridimensional in silico modeling showed that both
proteins display the typical form of “boomerang-like” BPI structure
(Fig. 1B). The structure of both ApLBP/BPIs share similar domains: An
N-terminal domain (BPI1 domain) and a C-terminal domain (BPI2 do-
main) (PFAM reference number PF01273 and PF02886, respectively),
with significant e-values (e-value<1e-31 and< 1e-23 for N- and C-
terminal domains, respectively). Both domains have a barrel-like
structure composed of highly twisted antiparallel beta sheets and two
alpha helices, among which a proline-rich central region is found
(Fig. 1B). At the N-terminal domain, two cysteine residues form a dis-
ulfide bridge that connects the edge of one of the beta sheets with an
alpha helix.

The tree obtained from the phylogenetic analysis showed a clearly
structured evolutionary relationship among LBPs and BPIs for mam-
mals, clustering separately into two defined clades (Fig. 1C). In con-
trast, invertebrate LBP/BPIs were grouped according to the taxa rather
than by LBP or BPI feature. ApLBP/BPIs were clustered into one clade
within the sequence cluster from bivalves. Interestingly, identified
ApLBP/BPIs are located in different subclades within the bivalve clade
of LBP/BPIs. ApLBP/BPI1 clustered with the LBP/BPI sequences from
Mizuhopecten yessoensis (My_OWF48177.1) and Scapharca broughtonii
(SbAFQ02695.1), while ApLBP/BPI2 clustered with sequences from
Mizuhopecten yessoensis (My_OWF48180.1) and Villosa lienosa
(Vl_JR507005.1).

3.2. ApLBP/BPIs from A. purpuratus are constitutively expressed in
hemocytes and epithelial tissues and they are differentially upregulated after
an immune challenge

The assessment of ApLBP/BPI1 and ApLBP/BPI2 basal transcript
expression showed that both molecules were constitutively expressed in
hemocytes and in all evaluated tissues of A. purpuratus. Furthermore,
differences in transcript abundance were observed according the ana-
lyzed tissue (Fig. 2A and B). ApLBP/BPI1 was strongly expressed in
gills, showing an overexpression of 30- fold compared with the other
tissues. ApLBP/BPI1 was also constitutively expressed in the gonad,
digestive gland, and mantle tissues but to a lesser extent (5.0, 2.4 and
−1.8 folds, respectively). The tissues that showed the lower level of
ApLBP/BPI1 transcript abundances were the muscle and hemocytes (0.3
and 0.02 folds, respectively) (Fig. 2A). On the other hand, ApLBP/BPI2
was highly expressed at in muscle (3.5 folds), and to a lower level in
gills, gonad, hemocytes, digestive gland and mantle (0.8, 0.8, 0.6, 0.4
and 0.2 folds, respectively) (Fig. 2B).

In addition to the differences in the basal expression patterns,
ApLBP/BPI1 and ApLBP/BPI2 showed different transcript expression
patterns in response to an immune challenge. Relative transcriptional
levels of both ApLBP/BPIs were obtained from hemocytes and gills of
scallops challenged with V. splendidus. Results showed that the tran-
script level of ApLBP/BPI1 in response to the bacterial challenge in-
creased significantly in hemocytes after 15 and 24 h post injection
(P < 0.05). In this case, ApLBP/BPI1 transcript level increased 15- and

6- folds respectively compared with scallops injected with sterile sea-
water at the same time points (Fig. 2C). In contrast, ApLBP/BPI1 tran-
script level did not increase significantly in gills, compared with scal-
lops injected with sterile seawater (Fig. 2C). Regarding ApLBP/BPI2,
significant increase in expression levels in hemocytes were observed at
15 h post-challenge (P < 0.05) (Fig. 2D). In hemocytes, ApLBP/BPI2
transcript level increased 2-fold compared with scallops injected with
sterile seawater. In gills, all injected animals (with seawater or V.
splendidus) showed a 3-fold increase of ApLBP/BPI2 at 15 h post chal-
lenge. At 24 h, however, the transcript level of ApLBP/BPI2 in gills from
seawater-injected scallops decreased, while the transcript level in
scallops injected with Vibrio it was significantly higher (P < 0.05)
(Fig. 2D). In general, changes in the level of transcript expression of
ApLBP/BPI2 were less pronounced after the bacterial challenge com-
pared with ApLBP/BPI1; and similar between hemocytes and gills from
immune-challenged animals.

4. Discussion

In the present work, we have identified and molecularly char-
acterized two members of the LBP/BPI protein family in the scallop
Argopecten purpuratus, named ApLBP/BPI1 and ApLBP/BPI2. Both mo-
lecules have structural characteristics typical of LBP/BPI family mem-
bers [23], but they differ in specific biochemical and phylogenetic
characteristics, as well as in their constitutive expression among tissues
and their expression patterns during the immune response.

The molecular characterization of ApLBP/BPIs reveal the presence
of 2 conserved cysteine residues found in the LBP/BPI protein family,
which are critical for the stability of the structure and function of the
protein [23]. The identified ApLBP/BPIs display a low sequence simi-
larity, as well as different physicochemical characteristics with poten-
tially functional importance, as already described from several LBP/
BPIs isoforms found in other invertebrate species [24]. For instance,
ApLBP/BPI1 display an isoelectric point similar to that of mammalian
BPIs, while the isoelectric point of ApLBP/BPI2 is like that of mam-
malian LBPs [5,23]. Interestingly, a highly cationic region at the N-
terminal region is present ApLBP/BPI1, which is also present in human
LBP (residues 86 to 102) and it has been implicated in LPS binding [25].
Besides, conserved basic amino acid residues clustered at the end of the
N-terminal domain of mammalian BPIs and LBPs are believed to med-
iate initial electrostatic interaction with acidic sites clustered near the
lipid A region of LPS [2]. Indeed, conserved positions of such basic
amino acids residues are found at the N-terminal domain of ApLBP/
BPI1 (Arg11, Lys 101, Arg128 and Lys226); and ApLBP/BPI2 (Arg9,
Arg121 and Lys 218). Finally, the overall net charge of the N-terminal
domain of ApLBP/BPI1 is more cationic than the net charge of ApLBP/
BPI2, reflecting the presence of a broader cationic surface as well as a
greater net positive charge density for ApLBP/BPI1 (Supplementary File
S1). These differences on the net charge might indicate a higher affinity
of ApLBP/BPI1 compared to ApLBP/BPI2 of interaction with endotoxin-
rich monolayers, and possibly also more disruptive effects that ApLBP/
BPI1 has one the outer membrane [26]. As the biological properties of
A. purpuratus LBP/BPIs have not been characterized, it is not possible to
classify them as LBP or BPI. Further studies on this subject will address
this issue.

The phylogenetic analysis aimed to assess the relationship between

Fig. 1. A. Schematic representation of ApLBP/BPI1 and ApLBP/BPI2 protein structure of the scallop Argopecten purpuratus. The boxes show the location of
the amino acid sequences/number position of the signal peptide (SP) and the domains BPI1 and BPI2. aa, amino acids; pI, isoelectric point; kDa, kilo Daltons.
Percentages of identity between ApLBP/BPIs are indicated. B. Tridimensional modeling of ApLBP/BPI1 and ApLBP/BPI2 structure using the Homo sapiens
sequence as template (PDB: 1bp1.1A). Both models display the characteristic “boomerang” shape of LBP/BPIs proteins, composed by a N-terminal BPI1 domain (light
blue) and C-terminal BPI2 domain (green) and a central domain (orange) rich in prolines (red). The conserved cysteine residues that form the disulfide bridge
(yellow) are highlighted. C. Phylogenetic tree of LBP/BPIs from vertebrates and invertebrates based on mature proteins of LBP/BPIs of species belonging to
different groups of the animal kingdom. GenBank accession numbers are indicated for each sequence. The tree was generated by the neighbor-joining method, with
bootstrap values calculated from 1000 replicates. (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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the LBP/BPIs isoforms of A. purpuratus with those present throughout
the animal kingdom. BPIs and LBPs of mammals are molecules that
have conserved structural characteristics that differentiate them from
each other, so they are grouped into two well-defined clades [27]. In
mollusks, however, certain conserved characteristics that distinguish
BPIs and LBPs from mammals are absent, so the differentiation between
LBPs and BPIs is complex. In general, several isoforms of LBP/BPIs (up
to 5) have been identified in mollusks at present, with most species
displaying at least two isoforms [24,27,28]. Moreover, LBP/BPIs of
mollusks tend to be grouped by class, but they do not form well-defined
clades, as in the case of the freshwater snail Biomphalaria glabrata [24],
where the isoforms are grouped in positions distant from the rest of the
LBP/BPIs of gastropods. Interestingly, A. purpuratus LBP/BPIs are found
in distant positions within the clade that groups the bivalve LBP/BPIs,
which could indicate that the gene duplication that gives rise to the
isoforms in this species did not happen recently. The distant position
between isoforms within the bivalve group is also observed in the
scallop Mizuhopecten yessoensis; where from the two isoforms, one is
strongly related to ApLBP/BPI1 and the other to ApLBP/BPI2 of A.
purpuratus.

The observed ApLBP/BPIs expression patterns in response to the
bacterial challenge suggest that both isoforms are involved in the im-
mune response of A. purpuratus. Expression of ApLBP/BPIs were dif-
ferentially induced during the immune response, showing an early
overexpression of ApLBP/BPI1 in hemocytes and latter overexpression
of ApLBP/BPI2 in gills. This result suggests the acquisition of functional
specialization of the identified isoforms in this species, as has been
proposed for isoforms of this protein family in other mollusks [27]. The

conservation of duplicate genes in the members of this family was
previously described [24]; and proposed as an important source of new
functions that contributes to the diversification of innate immune re-
sponses [29]. Thus, the differential expression patterns of ApLBP/BPIs
give new insights into a possible strategy of functional specialization in
members of the LBP/BPIs family in mollusks [24].

The expression pattern analysis revealed that ApLBP/BPIs are dif-
ferentially and constitutively expressed in all assessed tissues of A.
purpuratus. This differential constitutive expression between LBP/BPI
isoforms has been described in several species of mollusks [24,27].
Generally, LBP/BPI isoforms are present in all or in most analyzed
tissues, but the abundance of transcripts differs between isoforms
within the same species [27]. At basal level, ApLBP/BPI1 was mostly
expressed in gills, which is one of the most important epithelial linings
with immune capacity. Indeed, due to the high concentration of mi-
croorganisms present in the surrounding water [11], gills are an im-
portant barrier within mucosal immunity in bivalves [30]. In this epi-
thelium, a wide variety of immune response molecules are
constitutively expressed [30–32]. Consequently, the high constitutive
expression of ApLBP/BPI1 detected in gills, and the low induction level
in response to the bacterial challenge in this tissue, suggests that this
effector could be more associated with the control of microorganisms
that normally colonize this tissue, as has been described for BPI in the
light organ from the squid Euprymna scolopes mantle [27]. ApLBP/BPI2
was mostly constitutively expressed in muscle. The high expression of
ApLBP/BPI2 in muscle is unusual within the molluscan LBP/BPIs
characterized so far [24,27,28,33]. However, several antimicrobial
peptide isoforms are expressed in a tissue specific manner. For instance,

Fig. 2. Basal relative expression of ApLBP/BPI1 (A) and ApLBP/BPI2 (B) in six different tissues from the scallop Argopecten purpuratus. Relative transcription
levels were obtained by RT-qPCR according to the 2−ΔΔCq method. The data correspond to the fold change gene expression among tissues showing the mean
value ± SE (n = 6). Relative expression levels of ApLBP/BPI1 and ApLBP/BPI2 after an immune challenge. Transcript expression was measured in hemocytes
(C) and gills (D), from sterile seawater-injected scallops and heat-killed Vibrio splendidus-injected scallops at 15, 24, 48 and 72 h after challenge. Relative tran-
scription levels were obtained by RT-qPCR according to the 2−ΔΔCq method, expressed as fold change compared to the gene expression in non-injected scallops (taken
as 1, data not shown). The presented data correspond to the mean value ± SE (n = 8 per time and experimental condition). Asterisks indicate significant differences
with respect to animals injected with sterile seawater, i.e., injury control (*P < 0.05).

R. González, et al. Fish and Shellfish Immunology 97 (2020) 12–17

16



oyster defensins are specifically expressed in hemocytes (Cgdefh1 and
Cgdefh2) or mantle (Cgdefm) [34], and in mice, beta-defensin mBD-6 is
mostly expressed in skeletal muscle, whose function would be related to
the prevention of systemic infections [35]. Mammalian LBPs and BPIs
are differentially expressed in tissues; human LBPs are abundant in
hepatocytes [36], and BPIs are mostly expressed in neutrophils [37].
Thus, it is possible that in scallops occurs the same tissue-specific ex-
pression of LBPs and BPIs, and studies on the localization of the tran-
script expression by in situ hybridization will help to clarify this point.

5. Conclusion

Overall, two LBP/BPI isoforms are now added to the list of the
potential immune related proteins in pectinids. The physicochemical
properties and the expression profile differences found between ApLBP/
BPI1 and ApLBP/BPI2 could indicate functional specialization of LBP/
BPIs in A. purpuratus. Further research on their biological activities and
their role in the immune response is necessary to unveil their function.
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