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ABSTRACT. Invertebrates' immune defense mechanisms play a critical role in pathogen recognition and 

elimination. De novo assembly and annotation of the Argopecten ventricosus transcriptome were performed for 
the immune-related gene identification. Scallops (height: 4.4 cm) were challenged with inactivated Vibrio 

parahaemolyticus IPNGS16. The RNA from different tissues was pooled for a single cDNA library construction 
sequenced by NextSeq 500 platform 2×75 paired‐end chemistry. Before de novo assembling with Trinity, reads 

were analyzed with FastQC, Trimmomatic, and Prinseq. Assembled sequences were analyzed by CD-HIT-EST 
and TransDecoder. The corresponding annotation was performed against NCBI-nr, RefSeq protein, and KAAS 

(KEGG) databases. The Trinity assembly yielded 107,516 contigs. TransDecoder yielded 25,285 sequences as 
CDSs of which, 16,123 were annotated against the NCBI-nr protein, most of them scored with Crassostrea 

gigas data. Gene ontology mapped sequences (15,262) were classified in molecular functions (~13,000), cellular 
components (~11,000), and biological processes (~13,000). The KAAS analysis showed biological categories 

for metabolism (13%), cellular processes (12%), genetic information processing (10%), organismal systems 
(19%), environmental information (13%), and human diseases (33 %). Within the organismal systems, 467 

immune-related genes (KO) were identified. Sixty-four immune-related genes were annotated/blasted against 
the NCBI-nr and RefSeq protein databases. An RT-qPCR was performed to analyze the expression level of 

immune-related genes obtained in the transcriptome analysis in scallops (height 4.5 cm) treated with probiotic 
bacilli added to culture water. Bacilli significantly increased the expression of the HSP70 and PGRP genes. The 

gene transcripts analysis of A. ventricosus will better understand its immune response against pathogens in 
culture systems. 
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INTRODUCTION 

Marine mollusks are essential invertebrates; many of them 

are used as food, craft making, and dye source (Flores-

Garza et al. 2017). Among the bivalve mollusks, the 

Pacific calico scallop, Argopecten ventricosus, is 

distributed from Santa Barbara, California, USA, through 
the Gulf of California, Mexico to Paita in Peru (Coan & 
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Valentich 2012). This scallop is a species of great 

economic value in Baja California Sur (Mexico) 

because they form vast banks in shallow waters, such 

as lagoons, bays, and estuaries (Maeda-Martínez et al. 

1993, Ruiz-Verdugo et al. 2016). Scallop overfishing 

has led to studies focused on its cultivation, mainly for 

repopulation purposes in fishery areas (Medina et al. 
2007, Ruiz-Verdugo et al. 2016). Spat production in 
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hatcheries, nursery period, and grow-out until reaching 

commercial harvest size have been optimized (Mazón-

Suástegui et al. 2010, Ruiz-Verdugo et al. 2016). 

However, as in other bivalves, the production has been 

negatively affected by infectious diseases, which have 

motivated research on bivalve immunology and 

biotechnological developments in hatcheries and 

nursery systems to strengthen the non-specific immune 

response against pathogens (Matozzo et al. 2016, 
Batista et al. 2019). 

The scallop A. ventricosus is susceptible to 

pathogenic vibrios such as Vibrio parahemolyticus 

IPNGS16 (Mendoza-Maldonado et al. 2018). Under-

standing immune defense mechanisms in invertebrates 

are essential because they play a critical role in 

pathogen recognition and elimination. Immune defense 

mechanisms include cellular effector responses in 

which hemocytes are the central players. Hemocytes 

carry out their activity mainly through cytotoxic 

reactions, infiltration, aggregation, encapsulation, and 

phagocytosis of foreign particles; moreover, they are 

responsible for many molecular effectors, such as 

reactive oxygen intermediates, prophenoloxidase 

system, lectins, lysosomal hydrolytic enzymes, and 

antimicrobial peptides (Carballal et al. 1997, Hine 

1999, Mitta et al. 2000, Donaghy et al. 2012). Immune-

related gene expression can be modulated as it was 

found in Penaeus monodon fed dietary probiotic 

Bacillus sp. JL47 and challenged with pathogenic 
Vibrio campbellii LMG 21363 (Laranja et al. 2017). 

Next-generation sequencing (NGS) was selected to 

compare studies in the research field of bivalve mollusk 

immunology, which has provided insights into the 

transcriptional activity of their whole genomes 

(Andrews 2010, Moreira et al. 2015, Batista et al. 

2019). Therefore, in this work, the Pacific calico 

scallop (A. ventricosus), treated with inactivated Vibrio 

and live bacilli, was studied to perform a de novo 

assembly and annotation of its transcriptome to 

determine the transcriptional activity of immune-

related genes. 

MATERIALS AND METHODS 

Experimental organisms and sample preparation 

Adult A. ventricosus (sample size = 46, height 4.4 ± 

0.51 cm) were collected by diving from El Caracol 

(Guasave, Sinaloa, Mexico, 108°74'W, 25°49'N) and 

transported in 250 L plastic tanks containing seawater 

and constant aeration to the laboratory facilities. The 

organisms were acclimated to new culture conditions in 

the laboratory by placing them in a 1000 L plastic tank 

with filtered seawater (20 μm), 30 of salinity and under 

constant aeration for three days. The scallops were fed 

with a Shellfish Diet 1800® microalgae concentrate 

(Reed Mariculture Inc., Campbell, CA, USA) 

composed of Isochrysis sp., Pavlova sp., Tetraselmis 
sp., and Thalassiosira pseudonana. 

Samples for the transcriptomic analysis were taken 

from 10 healthy animals that showed food consump-

tion, food-filled intestine, rapid valve closure, and 

sensitivity to light change. The animals were placed in 

a 130 L plastic tank with 120 L of filtered seawater (20 
μm) and constant aeration. Scallops were fed as 

previously described. Animals were challenged with 
Vibrio parahaemolyticus IPNGS16 by injecting 

1.5×106 CFU (colony forming units) in 100 μL saline 

solution (2.5% NaCl) into the adductor muscle as 
described (López-León et al. 2016). The bacteria were 

previously inactivated by heat at 60°C for 10 min. 

Tissue samples, including gill, adductor muscle, 

digestive gland, hemocytes, and gonad, were separately 

obtained from four scallops at 24 h post-inoculation. 
Samples of each tissue and hemocytes from each 

organism were placed in RNALater (Sigma-Aldrich, 

Saint Louis, MO, USA) for subsequent ribonucleic acid 

(RNA) extraction. This study complied with the 

Mexican Official Standard NOM-062-ZOO-1999 for 
the care and use of laboratory animals. 

Ribonucleic acid extraction, library construction, 
and sequenciation 

The RNA extraction, library construction, and sequen-

cing were carried out at the Instituto de Biotecnología, 

at Unidad Universitaria de Secuenciación Masiva y 

Bioinformática core facility of the Universidad 
Nacional Autónoma de Mexico in Cuernavaca, 

Morelos, Mexico. The RNA extraction was performed 

with the Quick-RNA Miniprep Kit (Zymo Research, 

Irvine, CA, USA). Then, an RNA pool was generated 

from all extracted RNA tissues from four scallops. The 
RNA pool was used as a template for the library 

construction with Illumina's TruSeq Stranded mRNA 

Sample Prep kit and sequenced with NextSeq 500/550 

v2 kit on a NextSeq 500 platform 2×75 paired‐end 
chemistry (Illumina Inc., San Diego, CA, USA). 

Bioinformatic analysis  

First, the quality control of the raw reads yielded by the 
sequencer was carried out with FastQC version 0.11.8 

(predetermined parameters) on the Galaxy platform 

(Andrews 2010). The obtained reads were analyzed 

with Trimmomatic software version 0.36 on the Galaxy 

platform (Bolger et al. 2014) to remove very short 
sequences, low-quality bases, and adapters. The 

threshold quality score was set at Q  20. Next, the 

reads underwent another quality control analysis based 



214                                                            Latin American Journal of Aquatic Research 
 

 

 

on sequence length, quality score, and the base content 

using Prinseq v.1.20.4 on the Galaxy platform 

(Schmieder & Edwards 2011). Sequences smaller than 

60 bp were removed. Sequences with a mean quality 

score below 20 were removed. No treatment was 
applied based on a maximum mean quality score, and 

sequences with more than 2% ambiguities “N” bases 

were removed. The 3'-end trimming was made based on 

a quality score threshold set at Q  20. The final reads 

were de novo assembled with Trinity v.2.2.0 on the 
Galaxy platform (Grabherr et al. 2011, Haas et al. 2013) 

with default parameters. The contigs were run against 

Pecten maximus transcriptome in rnaQAST in the 

Galaxy platform to assess the quality of the assembly 

(Bushmanova et al. 2016). 

Assembled sequences (contigs) were then analyzed 

with CD-HIT-EST using default parameters to 

eliminate redundant sequences in the Galaxy platform 

(Li & Godzik 2006, Fu et al. 2012). The resulting non-

redundant sequences were analyzed with TransDecoder 

with default parameters to identify candidate coding 

sequence (CDS) regions within the assembled 

sequences on the Galaxy platform (Hass et al. 2013). 

The resulting sequences from TransDecoder were 

annotated through the FunctionAnnnotator web server, 

applying a similarity search against the Center for 

Biotechnology Information non-redundant database 

(NCBI-nr protein database) (eukaryotes). Also, 

sequences were analyzed to assign functional 

annotations with gene ontology terms using Blast2GO 

(Chen et al. 2012). Immune-related genes found in 

several research works were selected from the 

annotated sequences (NCBI-nr protein database) with 

their respective Trinity ID. These immune-related 

genes were analyzed with BLASTP (protein vs. protein 

database) against RefSeq database with an E-value of 

1×10-5 (http://www.genome.jp/tools/blast/), the analy-

sis was performed with the deduced amino acid 

sequences of immune-related genes (obtained by 

TransDecoder). Furthermore, the amino acid sequences 

(20,398) obtained from the annotation in Function 

Annotation were annotated against KAAS (KEGG 

automatic annotation server) that provides functional 

annotations of genes in a given genome by amino acid 

sequence comparisons against a set of manually curated 

orthologous groups in KEGG (Kyoto encyclopedia of 

genes and genomes). The search program GHOSTX 

(amino acids) was used against sequences of 

Crassostrea gigas and Mizuhopecten yessoensis to 

obtain KEGG pathways (https://www.genome.jp/kaas-

bin/kaas_main? mode=partial). The KEGG recons-
truction was performed (https://www.genome.jp/kegg/ 

tool/ map_pathway.html) using the Kegg orthology 

(KO) file for the active metabolic pathways (Kanehisa 

et al. 2010). The raw reads obtained from Illumina 

NextSeq 500 were deposited in the Sequence Read 

Archive (SRA) of NCBI under accession number 
PRJNA684757. 

Effect of bacillus mixture (BM) on the immune 

system of A. ventricosus 

The effect of a single addition of 1 × 106 CFU L-1 of the 

PM (2 × 105 CFU L-1 each strain) was evaluated. The 

bioassay lasted 48 h. Twenty organisms (height 4.0-5.0 

cm) were placed in a 130 L plastic tank with 120 L 

filtered seawater (20 µL) and constant aeration. The 

BM consisted of Bacillus horikoshii, B. aerius, B. 
licheniformis, B. subtilis and B. pumillis. The scallops 

were fed daily with a microalgal concentrate (Isochrysis, 

Pavlova, Tetraselmis, Thalassiosira pseudonana). 

Gentle aeration was placed in the plastic bottle with 

microalgae, and the feeding was done by gravity drip. 

Six scallops were taken at time zero (before bacilli 

inoculation) and after 48 h (after bacilli inoculation). 

The hemolymph was extracted from the adductor 

muscle with an insulin syringe and placed in a 1.5 mL 

tube chilled on ice. The samples were centrifuged in a 

refrigerated centrifuge (Sigma-Aldrich, St. Louis, MO, 

USA) at 800x g for 10 min. Then, 400 µL of RNALater 

was added to the hemocyte pellet for the immune 

system-related genes transcriptional analysis through 

RT-qPCR. This study complied with the Mexican 

Official Standard NOM-062-ZOO-1999 for the care 
and use of laboratory animals. 

The immune system-related genes selected for 

transcriptional expression analyses were the peptide-

glycan recognition protein (PGRP, forward: 5’-

AACCCAGCTCATAGAACGACA-3’, reverse: 5’-

AGTCTCCGTATGACACGTTCG-3’) and the heat 

shock protein 70 (HSP70, forward: 5’-TCAATA 

CCGAGGGACAAAGG-3’, reverse: 5’-ACGGTTCA 

GGAACTGTTTGG-3’). The Ubiquinone (forward: 5’-

CCATTTTTGGGTTGTTGAGG-3’, reverse: 5’-ACC 

AGCATCAAA GGAACCAG-3’) and 60s ribosomal 

protein (forward: 5’-AGGTATCTGGTCA TGCA 

AACG-3’, reverse: 5’-TCTTACTGTAGCGGCAGC 

ATT-3’) were used as reference genes for expression 
level normalization. 

Ribonucleic acid extraction and reverse trans-

cription-polymerase chain reaction 

Hemocyte RNA was extracted according to the 

manufacturer's protocol (Invitrogen, Waltham, MA, 

USA) and stored at -70ºC until it was used in reverse 

transcription. The concentration and purity of total 
RNA were determined by measuring absorbance at 

260/280 nm in a nanophotometer (Implen®, Westlake 

Village, CA, USA). Subsequently, the RNA was treated 

with DNAse 1 (1 U µL-1, Sigma-Aldrich, St. Louis, 

http://www.genome.jp/tools/blast/
https://www.genome.jp/kegg/
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MO, USA). Reverse transcriptase (Improm II, 

Promega®, Madison, WI, USA) was used to synthesize 

the first strand (cDNA) with oligo dT20 from 500 ng of 

total RNA at 42ºC for 60 min. The cDNA was 

resuspended in 80 µL of ultrapure water and stored at   

-70°C for use in real-time PCR reactions. The reverse 

transcription was performed in the Bio-Rad T100TM 

Thermal Cycler (Hercules, CA, USA) equipment under 

the following temperature conditions: 5 min at 25°C, 60 

min at 42°C, and 15 min at 70°C. The amplifications 

were performed on the CFX96 Touch Real-Time 

System (Bio-Rad® Hercules, CA, USA), and the CFX 

Manager v.3.0 software (Bio-Rad® Hercules, CA, 
USA) was used to obtain the data. 

Primer quantity was standardized at 10 pM for 

relative expression analysis. A pool was made, taking  

3 µL cDNA from each sample. Subsequently, five 

serial dilutions were made (1:5, 100 µL cDNA 

pool/400 µL ultrapure water). The reaction efficiency 

was determined for each gene of interest using a 

standard curve from the threshold cycle values (Cq) of 

the serial dilutions (triplicate) as detailed below. A 

simple linear regression analysis followed correlation 

coefficient (R2) determination. The reaction efficiency 

for each gene was calculated from the slope values. 

Efficiency values were up to 90% by the standard-

ization procedure. A dissociation curve (Melting curve) 

analysis was performed by increasing from 65 to 95°C 

(0.5°C every 5 s) to verify the absence of primer 
dimers. 

For gene expression analysis, amplifications were 

performed by triplicate in 96-well plates with a final 

reaction volume of 15 µL containing 7.5 µL of PCR 

Master Mix 2x (3 µL of 5x reaction buffer; 1.5 µL of 

25 mM MgCl2; 0.3 µL of 10 mM dNTPs; 0.75 µL of 

EvaGreen 20x (Biotium, Fremont, CA, USA; 0.15 µL 

of Go Taq (Promega®, Madison, WI, USA); 1.8 µL of 

ultrapure water), 0.7-1.0 µL of primers (forward and 

reverse, 10 pM per primer, Sigma-Aldrich, St. Louis, 

MO, USA), 1.5-1.8 µL of ultrapure water and 5 µL of 

quenching (cDNA). The thermal cycler conditions for 

qPCR were: denaturation at 95°C for 3 min, followed 

by 40 cycles at 95°C for 10 s, 60°C for 15 s, 72°C for 

30 s, and 79°C for 5 s. A triplicate calibrator was 

included in each gene analysis plate as a correction 

factor for the Cq values due to pipetting and reading 

variation from one run to another. For the PGRP gene, 

we used the HSP70 as a calibrator and vice versa. For 

ubiquinone, we used 60s ribosomal protein as calibrator 

and vice versa. The copy number of the target gene and 

the Cq values were inversely related, so a sample 
containing a greater number of copies of the target gene 

had a lower Cq value than that of a sample with a lower 

number of copies of the same gen. The efficiency of the 

PCR reaction was determined by calculating a slope 

with five serial dilutions (dilution factor 5 or 10) from 

a representative pool of cDNA [E = 10 (-1 / slope) - 1]. 

The expression of the target genes was determined with 

reference genes. Therefore, a stability analysis was 

carried out to find the best genes with GeNorm 

(Vandesompele et al. 2002) and NormFinder (Andersen 

et al. 2004) algorithms, using the RefFinder application 

(http://www. ciidirsinaloa.com.mx /RefFinder-master/) 

(Xie et al. 2012). The expression of the target genes was 

normalized with ubiquinone and 60s ribosomal protein. 

The Cq values were transformed to relative quan-

tities using the equation RQij = E [(average Cq) - Cq 

(ij)] to calculate the expression of the genes of interest, 

where E is the specific efficiency of the interest gene 

and [(Cq mean - Cq (ij)] is the absolute difference 

between the Cq of each sample and the average Cq in 

the data set of each interest gene. The relative 

expression was calculated with the RQgen equation of 

interest/geometric mean of reference RQgenes 
(Vandesompele et al. 2002, Hellemans et al. 2007). 

Statistical analyses 

A one-way ANOVA (P < 0.05) was performed to 

analyze immune-related gene expression in hemocytes. 

If differences were observed in the ANOVA, a Tukey 

honest significant discriminant (HSD) test was 

performed to compare averages and determine between 

which treatments there are significant differences (P < 
0.05) (Statistica Software, StatSoft). 

Ethical approval 

The authors followed the study regulations of the 

international and national guidelines for the care and 
use of animals. 

Data availability 

The data supporting this study's findings are available 
from the corresponding author upon reasonable request. 

RESULTS 

The RNA-seq sequencing runs generated 51,033,670 

raw reads with an average length of 74.52 ± 1.06 bp 

(Table 1). The quality control processing with 

Trimmomatic and Prinseq yielded ~46 million clean 

reads (Table 1). The quality assessment for de novo 

transcriptome assembly against Pecten maximus 

showed 107,516 transcripts, 32,930 aligned contigs, 

and 74,586 unaligned contigs (Table 2). The CD-HIT-
EST analysis yielded 82,793 representative sequences. 

After TransDecoder analysis, 25,285 coding sequences 

(ORFs) were obtained. The hits against the NCBI-nr 
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Table 1. Argopecten ventricosus, sequencing, and quality 

of reads. 

 

Category Value 

Total raw reads 51,033,670 
Read average length (bp) 74.52 ± 1.06 
Quality reads (Trimmomatic, Prinseq) 46,432,832 

 

protein database obtained were 16,123. The contig 

average length was 866.69 bp with a GC content of 

45.56%. The contig size N50 was 1113 bp. Results 

from gene ontology analysis showed 15,263 sequence 

hits (Table 3, Fig. 1). 

The mapping against the National Center for 

Biotechnology Information (NCBI) taxonomy database 

(phylogenetic distribution) resulted in the following 

annotations (16,123) against mollusks: Crassostrea 

gigas (12,442), Lottia gigantea (1175), Lingula anatina 

(816), Aplysia californica (727), Octopus bimaculoides 

(616), and Biomphalaria glabrata (347) (Fig. 2). 

From the 16,123 hits against NCBI-nr protein 

database (FunctionAnnotator), 15,263 hits were 

mapped to gene ontology (FunctionAnnotator). Gene 

ontology (GO) is a functional classification system 

widely implemented; its terms were used to classify the 

annotated genes of A. ventricosus for its molecular 

functions, cellular components, and biological 

processes. At level 2 GO terms, 15,263 contigs were 

annotated by Blast2GO v.5.2.5 (Table 3). Appro-

ximately 13,000 contigs were classified into molecular 

functions (Fig. 3), ~11,000 into cellular components 

(Fig. 4), and ~13,000 into biological processes (Fig. 5). 

Most of the terms in the molecular functions category 

corresponded to binding genes and catalytic activity. 

The cellular components dominated cell parts, orga-

nelles, organelle parts, and macro-molecular complex. 

In biological processes, most of the terms corresponded 

to genes of cellular processes, metabolic processes, 

biological regulation, and response to a stimulus. 

The amino acid sequences (16,123) obtained from 

FunctionAnnotator were annotated against KAAS 

(KEGG). The KEGG analysis identified biological 

categories for metabolism (13%), cellular processes 

(12%), processing of genetic information (10%), 

organismal systems (19%), environmental information 

(13%), and human diseases (33%) (Fig. 6). Within the 

organismal systems, 467 immune-related genes were 

found and distributed in 20 pathways, such as genes of 

the NOD-receptor signaling pathway, chemokine 

signaling pathway, Toll receptor signaling pathway, C-

type lectin receptor, transendothelial leukocyte migra-

tion, Fc gamma-mediated phagocytosis, T-cell recep- 

Table 2. Argopecten ventricosus, quality assessment for 

de novo transcriptome assembly against Pecten maximus. 
 

Metrics/Transcripts 
Assembly 

quality 

Transcripts (assembled sequences) 107,516 
Transcripts > 500 bp 44,047 

Transcripts > 1000 bp 21,183 
Aligned 32,939 
Uniquely aligned 31632 

Multiply aligned 434 
Unaligned 74,586 
Avg. aligned fraction 0.7 
Avg. aligned length 686.84 

Avg. mismatches per transcript 41.76 
Misassemblies 864 

 

tor signaling pathway, NK cell-mediated cytoto-xicity, 
among others (Fig. 7). 

The annotation with the NCBI-nr/RefSeq protein 

database identified 64 immune-related genes. Among 

these genes, molecular pattern recognition receptors 

(MPRRs), immune signaling pathways, and immune 
effectors were found (Tables 4-6). 

The expression of the HSP70 and PGRP genes at 48 

h as compared to 0 h (control) was significantly 

increased (P < 0.05) by the addition of BM in the 
culture water of A. ventricosus (Fig. 8). 

DISCUSSION 

The survival of invertebrates against pathogen attacks 

depends on their ability to recognize them and induce 

appropriate defense responses (Janeway & Medzhitov 

2002). Invertebrates, such as A. ventricosus, do not 

have an adaptive immune system (they do not produce 

antibodies or memory cells) as vertebrates possess. 

Hence, their defense against an environment rich in 

potentially pathogenic microorganisms relies on the 

innate immune system composed of cellular 

(hemocytes) and humoral effectors (lysosomal hydro-

lytic enzymes, antimicrobial peptides, superoxide 

dismutase, catalase, lysozyme) (Zheng 2011, Gerdol 

2017). A transcriptomic analysis (RNA-seq) of the 

sequences obtained with the next generation sequen-

cing (NGS) approach was performed using the Illumina 
platform to identify immune system-related genes. 

This study obtained 51,033,670 raw reads that were 

de novo assembled to yield 25,285 candidate coding 

sequence regions (contigs). In previous reports on other 
bivalve mollusks, such as Mizuhopecten yessoensis, the 

differences of generated reads and contigs assembly 
yields (112,265,296 raw reads, 194,839 contigs) (Meng 



Transcriptomic analysis of Argopecten ventricosus                                                                     217 
 

 

 

Table 3. Statistical summary of Argopecten ventricosus transcriptome analysis. 

 

Category Value 

CD-HIT-EST representative sequences 82,793 
TransDecoder CDS 25,285 
Hits against NCBI nr protein database (FunctionAnnotator) 16,123 
Contig average length (bp, FunctionAnnotator) 866.69 

GC content (%, FunctionAnnotator) 45.56 
Contig size N50 (bp, FunctionAnnotator) 1113 
Mapping to Gene Ontology (FunctionAnnotator)  15,263 

 

 

Figure 1. Contig total number and length obtained in the Argopecten ventricosus transcriptome assembly using 

FunctionAnnotator.  

 

 

 

Figure 2. Taxonomic distribution of contigs annotated 

against the National Center for Biotechnology Infor-

mation taxonomy database. Most of the sequences were 

scored with the Japanese oyster Crassostrea gigas. Data 

are in percentage. 

 

et al. 2013), and Crassostrea virginica (52,857,842 raw 

reads, 61,147 contigs), may arise from the RNA 
treatment before NGS library preparation, raw reads  

quality, and even sequencing deep. Comparable to this 

study, Zhang et al. (2014) reported similar raw reads 

and contigs assembly yields for the bivalve mollusk 

Mytilus galloprovincialis (57,059,700 raw reads, 

21,193 contigs). In addition, the average length contig 

in this study was 866.69 bp, similar to the average 

length contig reported previously for C. virginica (874 

bp length), M. galloprovincialis (771 bp length), and 

Cristaria plicata (731 bp length) (Meng et al. 2013, 

Patnaik et al. 2016) but higher than M. yessoensis (461 
bp length). 

The mapping against the NCBI taxonomy database 

(phylogenetic distribution) showed that most of the 

sequences were annotated with C. gigas (12,442), 

which strongly suggested that this bivalve mollusk was 
a close phylogenetic or evolutionary relative of A. 

ventricosus. Within the annotated genes with GO terms, 
a wide variety of functional categories represented at  
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Figure 3. Gene ontology analysis of Argopecten 

ventricosus transcriptome at level 2 corresponding to 

molecular functions. The terms were obtained using 

Blast2GO. NABTF activity: nucleic acid binding 
transcription factor activity. PBTF activity: protein binding 

transcription factor activity. Data are in percentage. 

 

level 2 of the GO database corresponded to molecular 

functions (9 GO terms), cellular components (10 GO 

terms), and biological processes (17 GO terms). In the 

category of molecular functions, most of the terms 

corresponded to binding and catalytic activity, which 

was in accordance with the reported GO annotations for 

M. yessoensis (Meng et al. 2013). However, different 

results were reported in Mytilus edulis (Tanguy et al. 

2013), where the terms of catalytic activity 

predominated over those of binding activity. In the 

cellular components, the terms cell part, organelles, 

organelle part, and macromolecular complexes 

predominated similarly to that found in M. yessoensis 

(Meng et al. 2013); however, no coincidence was found 

regarding the terms organelles and macromolecular 

complexes because the second and third most abundant 

term in M. yessoensis were intracellular and cytoplasm, 

respectively. In M. edulis predominated the terms cell 

part, intracellular, and membranes (Tanguy et al. 2013). 

In biological processes, most of the terms corresponded 

to genes of cellular processes, metabolic processes, and 

biological regulation, which coincide with those found 

in M. yessoensis (Meng et al. 2013); however, they 

differ from those found in M. edulis (Tanguy et al. 

2013) in which the predominant terms were metabolic 
and cellular, respectively. 

Interestingly, the GO annotation distribution of A. 

ventricosus was more similar for M. yessoensis exposed 

to heavy metal than M. edulis treated with an active 

Vibrio splendidus. Perhaps this bivalve mollusk makes 

no big difference between an inactivated pathogen 

(inactivated V. parahaemolyticus in this study) and an 

abiotic stressor, such as a high heavy metal concen-
tration. Furthermore, the GO term annotation for A. ven- 

 

Figure 4. Gene ontology analysis of Argopecten 

ventricosus transcriptome at level 2 corresponding to 

cellular components. The terms were obtained using 
Blast2GO. Data are in percentage. 

 

Figure 5. Analysis of Argopecten ventricosus trans-

criptome gene ontology at level 2 corresponding to 

biological processes. The terms were obtained using 

Blast2GO. CCOB: cellular component organization of 
biogenesis. Data are in percentage. 

 

tricosus showed similarities with the GO term 

annotation of Patinopecten yessoensis, Crassostrea 
hongkongensis, and C. plicata, which strongly 

suggested that those bivalve mollusks and A. 

ventricosus were closely related with a basal and 

essential immune response to the environment, 

pathogens, growth, and development (Hou et al. 2011, 

Tong et al. 2015, Patnaik et al. 2016). 

The information about the genes of mollusks 

directly involved in the innate immune response has 

increased but is still quite insufficient (Moreira et al. 

2012). In this study, two different annotation analyses 

were carried out (NCBI-nr/RefSeq and KEGG KAAS), 

and both analyses identified several sequences that 

showed homology with pattern recognition receptors 

(PRRs), immune signaling pathways, and immune 
effectors following those found in the oyster Saccostrea 
glomerata (Ertl & O’Connor 2016). Most immune-

related genes were obtained in the KO analysis (467  
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Figure 6. Annotation of Argopecten ventricosus unigenes 

with the KEGG database. Distribution of unigenes in 

biological categories of KEGG.  

 

annotations) (Kanehisa et al. 2010) compared to those 

identified in NCBI-nr/RefSeq database (64 

annotations). The above findings were consistent with 

C. virginica (Zhang et al. 2014), where 895 annotations 

were observed with KO and 62 annotations with NCBI-
nr. 

The innate defense system is found in plants, fungi, 

and all animals; based on this evolutionary wideness, its 

origin might be ancient (Macagno et al. 2010). Its efficacy, 

celerity, and robustness have remained the first defense 

line against pathogens (Macagno et al. 2010). According 

to Zhang et al. (2014), the invertebrate innate immune 

system is more sophisticated than that of vertebrates, 

which, in this case, allows coping with an aquatic 

environment rich in potential pathogens. Bivalve mollusks 

have an open circulatory system, and hemocytes are found 

in the hemolymph (circulating cells), as well as in tissues 

(infiltrating cells) (Song et al. 2011). Hemocytes have 

molecular pattern recognition receptors (MPRRs) (Zheng 

2011). These receptors recognize the pathogen-associated 

molecular patterns (PAMPs) present in pathogens. 

PAMPs include a full variety of molecules, such as 

lipopolysaccharides from Gram-negative bacteria, 

peptidoglycans from Gram-positive and negative bacteria, 

β-1,3-glucans from fungi, bacterial DNA, and viral RNA. 

The PAMPs recognition triggers a varied immune 

response in invertebrates (Kawasaki et al. 2011, 

Tatematsu et al. 2018). In this study, several MPRRs were 

found in A. ventricosus, such as Toll-like receptors, 

peptidoglycan recognition protein, galectins, stabilin, and 

ficolins. Most of the found MPRRs has also been 

expressed in other mollusks, such as Argopecten irradians 

(Song et al. 2011), M. edulis (Philipp et al. 2012), 

Pinctada margaritifera (Teaniniuraitemoana et al. 

 

 

Figure 7. Unigenes classification of the KEGG analysis 

in the category "immune system". Argopecten ventricosus 

unigenes annotation with the KEGG database. 
 

2014), C. virginica (Zhang et al. 2014), Venerupis 

philippinarum (Mu et al. 2014), C. gigas (Huang et al. 

2015), Chlamys farreri (Song et al. 2015) and S. 
glomerata (Ertl & O’Connor 2016). 

In A. ventricosus, we were able to find coding 
sequences of proteins directly involved in regulating 

signaling pathways of Toll-like receptors (TOLLIP, 
IRAK1BP1, SOCS, NFKBIL1, and HSPs) similar to 

those found in S. glomerata (Ertl & O’Connor 2016). 
In bivalves, phagocytosis is an important defense 
mechanism where hemocytes (cellular effectors) are 

responsible (Donaghy et al. 2012). The internalization 
and phagocytosis of microorganisms are recognized by 
hemocyte receptors (TLRs, mannose receptor, and 2-

stabilizer) (Malagoli et al. 2007, Underhill & 
Goodridge, 2012). Reactive oxygen species (ROS) 

production occurs during phagocytosis in the 
respiratory burst with increased intracellular oxygen 
consumption. ROS production is a mechanism 

dependent on NADPH oxidase. ROS are molecules that 
oxidize components of microbial cells (proteins, lipids, 
and nucleic acids). However, the intracellular 

production of antioxidant molecules is also activated to 
prevent hemocyte damage. These antioxidant 

molecules are carotenoids, glutathione S-transferase, 
superoxide dismutase, catalase, glutathione peroxidase, 
glutaredoxin, thioredoxin, and peroxiredoxin (Jenny et 

al. 2002). Similar to these results, transcripts of the 
antioxidant system have been reported in other bivalve 
mollusks, such as C. virginica (Jenny et al. 2002), 

Ruditapes decussatus (Leite et al. 2013), Pinctada 
fucata (Kuchel et al. 2012), C. gigas (Trevisan et al. 
2012), and S. glomerata (Ertl & O’Connor 2016). 

During the phagocytosis process, the phagosome is 
fused with the lysosome to form the phagolysosome for 
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Table 4. The transcriptome of Argopecten ventricosus. Sequences of immune and immune-related genes annotated/blasted 

against the National Center for Biotechnology Information NCBI-nr and RefSeq protein database. Molecular pattern 

recognition. 

 

Molecular pattern recognition 

receptors (MPRRs) 
Contig identification (Contig-ID) E-value (nr-aa RefSeq) 

Collectin-12 TRINITY_DN10857_c0_g1::TRINITY_DN10

857_c0_g1_i1::g.2343::m.2343 

4e-31 Pecten maximus 

Peptidoglycan recognition protein TRINITY_DN27560_c1_g1::TRINITY_DN27

560_c1_g1_i1::g.10446::m.10446 

1e-86 Mizuhopecten yessoensis 

Lipopolysaccharide- and beta-1,3-

glucan-binding protein 

TRINITY_DN40092_c0_g1::TRINITY_DN40

092_c0_g1_i1::g.25409::m.25409 

2e-174 P. maximus 

 

Lipopolysaccharide-binding 
protein 

TRINITY_DN29543_c1_g1::TRINITY_DN29
543_c1_g1_i2::g.12005::m.12005 

5e-83 M. yessoensis 

Ficolin-2-like TRINITY_DN31029_c0_g1::TRINITY_DN31

029_c0_g1_i1::g.13358::m.13358 

7e-103 Crassostrea virginica 

 

Scavenger receptor cysteine-rich 

protein 

TRINITY_DN40442_c1_g1::TRINITY_DN40

442_c1_g1_i3::g.26090::m.26090 

3e-90 P. maximus 

 

Fibrinogen-related protein TRINITY_DN36559_c1_g1::TRINITY_DN36

559_c1_g1_i1::g.19397::m.19397 

8e-75 Mytilus galloprovincialis 

 

Galectin TRINITY_DN36670_c0_g1::TRINITY_DN36

670_c0_g1_i1::g.19600::m.19600 

3e-58 P. maximus 

 

Galectin 4 TRINITY_DN30407_c0_g2::TRINITY_DN30

407_c0_g2_i1::g.12795::m.12795 

1e-25 P. maximus 

C-type lectin 5 TRINITY_DN21812_c0_g1::TRINITY_DN21
812_c0_g1_i1::g.6470::m.6470 

1e-42 P. maximus 
 

C-type lectin 2 TRINITY_DN25185_c0_g1::TRINITY_DN25

185_c0_g1_i3::g.8679::m.8679 

4e-78 P. maximus 

C-type lectin 1 TRINITY_DN28185_c0_g1::TRINITY_DN28

185_c0_g1_i2::g.10941::m.10941 

6e-74 P. maximus 

C-type lectin 7 TRINITY_DN29489_c0_g1::TRINITY_DN29

489_c0_g1_i1::g.11981::m.11981 

9e-108 P. maximus 

Toll-like receptor 13 TRINITY_DN20515_c0_g1::TRINITY_DN20

515_c0_g1_i1::g.5717::m.5717 

4e-46 P. maximus 

 

Toll-like receptor m TRINITY_DN1375_c0_g1::TRINITY_DN137

5_c0_g1_i1::g.314::m.314 

1e-105 P. maximus 

Stabilin-2 TRINITY_DN41727_c2_g1::TRINITY_DN41

727_c2_g1_i2::g.29077::m.29077 

9e-174 Octopus vulgaris 

 

 

 

intracellular microbial degradation. The phagoly-

sosome has an acidic pH (4.0-4.5) and contains 

cathepsins, superoxide anion, hydroxyl radicals, 

hydrogen peroxide, nitrogen radicals, lysosomal 

hydrolytic enzymes, proteins, antimicrobial peptides, 

and lysozymes (Yang et al. 2010, Ertl & O’Connor 

2016). Hydrolytic enzymes have lysis properties 

because they can degrade peptidoglycans from the 

bacterial cell wall (Xue et al. 2010). Antimicrobial 

peptides, such as large defensins, are important immune 

effectors due to their bactericidal activity and 

immunomodulatory functions (Guaní-Guerra et al. 

2010). Cathepsins are proteases that degrade proteins in 

the phagolysosome; in mollusks, the presence of 

cathepsins, cysteine-, aspartic- and serine-types have 

been reported (Conus & Simon 2008, Guha & Padh 

2008, Turk et al. 2012). In addition to this study, gene 

coding sequences transcripts for proteins with 

antimicrobial activity and antimicrobial-associated 

peptides have been found in other bivalves, such as 

Mactra veneriformis (Fang et al. 2013), Sinonovacula 

constricta (Niu et al. 2014), and S. glomerata (Ertl & 
O’Connor 2016). 

This study determined the expression of two genes 
related to the immune system (HSP70 and PGRP) in the 
Pacific calico scallop. The HSP proteins are expressed 
during heat and oxidative stress, malnutrition, viral and 
bacterial infections, among other stimulating condi-
tions (Hickey & Singer 2004, Asea 2007, Multhoff  
2007), and they have a role as chaperones in the 
immune response (Spagnolo et al. 2007). In the same 
species of mollusk studied in this work, López-Carballo 
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Table 5. The transcriptome of Argopecten ventricosus. Sequences of immune and immune-related genes annotated/blasted 

against the National Center for Biotechnology Information NCBI-nr and RefSeq protein database. Immune signaling 

pathways. 
 

Immune signaling pathways Contig identification (Contig-ID) E-value (nr-aa RefSeq) 

MyD88-1 TRINITY_DN42751_c2_g2::TRINITY_DN427

51_c2_g2_i1::g.31980::m.31980 

8e-81 Crassostrea gigas 

 

Sterile alpha and TIR motif-

containing protein 1 

TRINITY_DN20462_c0_g1::TRINITY_DN204

62_c0_g1_i1::g.5684::m.5684 

3e-72 Pecten maximus 

 

Interleukin-1 receptor-associated 

kinase 4-like 

TRINITY_DN41086_c2_g1::TRINITY_DN410

86_c2_g1_i2::g.27562::m.27562 

5e-147 C. virginica 

 

Tumor necrosis factor receptor-

associated factor 3 TRAF 

TRINITY_DN28258_c0_g1::TRINITY_DN282

58_c0_g1_i1::g.11003::m.11003 

4e-170 Mizuhopecten yessoensis 

 

Inhibitor of nuclear factor kappa-B 

kinase subunit alpha 

TRINITY_DN26033_c1_g1::TRINITY_DN260

33_c1_g1_i1::g.9238::m.9238 

5e-76 P. maximus 

 

Nuclear factor related to kappa-B-
binding protein 

TRINITY_DN25793_c1_g1::TRINITY_DN257
93_c1_g1_i1::g.9081::m.9081 

8e-126 P. maximus 
 

Inhibitor of nuclear factor-kappaB 

protein  

TRINITY_DN41925_c0_g2::TRINITY_DN419

25_c0_g2_i2::g.29645::m.29645 

3e-158 P. maximuns 

Interferon regulatory factor 2 TRINITY_DN30196_c1_g1::TRINITY_DN301

96_c1_g1_i1::g.12590::m.12590 

8e-146 M. yessoensis 

Tyrosine-protein kinase JAK2-like TRINITY_DN40830_c2_g3::TRINITY_DN408

30_c2_g3_i1::g.26926::m.26926 

5e-177 C. gigas 

Mitogen-activated protein kinase 5 TRINITY_DN14762_c2_g1::TRINITY_DN147

62_c2_g1_i1::g.3170::m.3170 

8e-76 P.  maximus 

Protein pellino TRINITY_DN15403_c1_g1::TRINITY_DN154

03_c1_g1_i1::g.3399::m.3399 

3e-147 P. maximus 

Toll interacting protein (TOLLIP) TRINITY_DN39263_c0_g1::TRINITY_DN392

63_c0_g1_i2::g.23880::m.23880 

2e-120 C. gigas 

Suppressor of cytokine signaling 5  TRINITY_DN27846_c0_g1::TRINITY_DN278

46_c0_g1_i1::g.10663::m.10663 

3e-127 C. gigas 

NF-kappa-B inhibitor-like protein 1  TRINITY_DN30626_c0_g1::TRINITY_DN306

26_c0_g1_i1::g.13007::m.13007 

9e-66 Crassostrea virginica 

Interleukin-1 receptor-associated 

kinase 1-binding protein 1-like 

(IRAK1BP1) 

TRINITY_DN29725_c0_g1::TRINITY_DN297

25_c0_g1_i1::g.12152::m.12152 

5e-175 P. maximus 

Nuclear factor of activated T-cells  TRINITY_DN38502_c1_g2::TRINITY_DN385

02_c1_g2_i1::g.22479::m.22479 

6e-157 C. gigas 

Endogenous ligands   
Fibrinogen-related protein TRINITY_DN38885_c2_g1::TRINITY_DN388

85_c2_g1_i1::g.23151::m.23151 

3e-105 P. maximus 

Heat shock protein 60 TRINITY_DN21539_c0_g1::TRINITY_DN215

39_c0_g1_i1::g.6305::m.6305 

5e-44 C. virginica 

Heat shock protein 70 B2-like TRINITY_DN27614_c2_g1::TRINITY_DN276

14_c2_g1_i1::g.10508::m.10508 

8e-60 M. yessoensis 

Heat shock protein 70 TRINITY_DN39249_c0_g2::TRINITY_DN392

49_c0_g2_i1::g.23723::m.23723 

1e-256 Crassostrea hongkongensis 

Heat shock protein 22 TRINITY_DN34749_c0_g1::TRINITY_DN347

49_c0_g1_i1::g.17160::m.17160 

4e-49 C. gigas 

Stress-induced-phosphoprotein 1 TRINITY_DN40238_c2_g1::TRINITY_DN402
38_c2_g1_i1::g.25691::m.25691 

2e-179 Lingula anatina 

Intraflagellar transport protein 25  TRINITY_DN37599_c0_g1::TRINITY_DN375

99_c0_g1_i1::g.20854::m.20854 

3e-94 P. maximus 

Hypoxia-inducible factors    

Hypoxia-inducible factor 1-alpha 

inhibitor-like 

TRINITY_DN39313_c3_g1::TRINITY_DN393

13_c3_g1_i1::g.23978::m.23978 

2e-173 C. gigas 
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Table 6. The transcriptome of Argopecten ventricosus. Sequences of immune and immune-related genes annotated/blasted 

against the National Center for Biotechnology Information NCBI-nr and RefSeq protein database. Immune effectors. 

 

Molecular pattern recognition 

receptors (MPRRs) 
Contig identification (Contig-ID) E-value (nr-aa RefSeq) 

Collectin-12 TRINITY_DN10857_c0_g1::TRINITY_DN108

57_c0_g1_i1::g.2343::m.2343 

4e-31 Pecten maximus 

 

Peptidoglycan recognition 

protein 

TRINITY_DN27560_c1_g1::TRINITY_DN275

60_c1_g1_i1::g.10446::m.10446 

1e-86 Mizuhopecten yessoensis 

lipopolysaccharide- and beta-

1,3-glucan-binding protein 

TRINITY_DN40092_c0_g1::TRINITY_DN400

92_c0_g1_i1::g.25409::m.25409 

2e-174 P. maximus 

 

lipopolysaccharide-binding 

protein 

TRINITY_DN29543_c1_g1::TRINITY_DN295

43_c1_g1_i2::g.12005::m.12005 

5e-83 M. yessoensis 

Ficolin-2-like TRINITY_DN31029_c0_g1::TRINITY_DN310

29_c0_g1_i1::g.13358::m.13358 

7e-103 Crassostrea virginica 

 

Scavenger receptor cysteine-

rich protein 

TRINITY_DN40442_c1_g1::TRINITY_DN404

42_c1_g1_i3::g.26090::m.26090 

3e-90 P. maximus 

 

Fibrinogen-related protein TRINITY_DN36559_c1_g1::TRINITY_DN365

59_c1_g1_i1::g.19397::m.19397 

8e-75 Mytilus galloprovincialis 

 

Galectin TRINITY_DN36670_c0_g1::TRINITY_DN366

70_c0_g1_i1::g.19600::m.19600 

3e-58 P. maximus 

 

Galectin 4 TRINITY_DN30407_c0_g2::TRINITY_DN304

07_c0_g2_i1::g.12795::m.12795 

1e-25 P. maximus 

C-type lectin 5 TRINITY_DN21812_c0_g1::TRINITY_DN218

12_c0_g1_i1::g.6470::m.6470 

1e-42 P. maximus 

 
C-type lectin 2 TRINITY_DN25185_c0_g1::TRINITY_DN251

85_c0_g1_i3::g.8679::m.8679 

4e-78 P. maximus 

C-type lectin 1 TRINITY_DN28185_c0_g1::TRINITY_DN281

85_c0_g1_i2::g.10941::m.10941 

6e-74 P. maximus 

C-type lectin 7 TRINITY_DN29489_c0_g1::TRINITY_DN294

89_c0_g1_i1::g.11981::m.11981 

9e-108 P. maximus 

Toll-like receptor 13 TRINITY_DN20515_c0_g1::TRINITY_DN205

15_c0_g1_i1::g.5717::m.5717 

4e-46 P. maximus 

 

Toll-like receptor m TRINITY_DN1375_c0_g1::TRINITY_DN1375

_c0_g1_i1::g.314::m.314 

1e-105 P. maximus 

Stabilin-2 TRINITY_DN41727_c2_g1::TRINITY_DN417
27_c2_g1_i2::g.29077::m.29077 

9e-174 Octopus vulgaris 
 

 
 

 
 

 

 

 

 

 

 

 

 

 

Figure 8. Relative expression of HSP70 and 

peptidoglycan recognition protein (PGRP) genes at 0 

(before bacilli inoculation) and 48 h (after bacilli 

inoculation) in hemocytes of Argopecten ventricosus 

treated with bacilli (1×106 CFU L-1). Columns and bars 

indicate the mean ± standard error. Different letters 

indicate significant differences (P < 0.05). 

 

 



Transcriptomic analysis of Argopecten ventricosus                                                                     223 
 

 

 

et al. (2020) observed a significant up-regulation of the 

HSP90 gene in the mantle of organisms treated with 

Vibrio lysates. In contrast to this study, Laranja et al. 

(2017) reported that HSP70 expression was unaffected 

in Penaeus monodon postlarvae fed Artemia enriched 

with Bacillus sp. JL47 and challenged with Vibrio 
campbelli. 

On the other hand, the expression of the PGRP was 

significantly higher in scallops treated with bacilli 

compared to the control condition. The PGRP 

participates in the innate immune response by 

degrading the peptidoglycan wall in bacteria. For 

instance, in the fish Oplegnathus fasciatus, PGRP has a 

very important role in the agglutination of Gram (-) and 

Gram (+) bacteria and promotes phagocytosis in 

leukocytes (Choi et al. 2018). 

CONCLUSION 

In this is work, we found immune-related gene trans-

criptional activity in A. ventricosus, which highlights 

the complexity of its innate immune system. The 

expression of two genes was highly modulated upon a 

probiotic treatment. Thus far, NGS sequencing coupled 

with transcriptomic analysis (RNA-seq) identified 

several immune-related genes, which undoubtedly 

confirms that the Pacific calico scallop genome harbors 

genes related to the immune system, like MPRRs, 

immune signaling pathways, and immune effectors 

similar to that reported in other bivalve mollusks. This 

study opens the way for future research towards 

developing a sustainable A. ventricosus aquaculture. 
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