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ABSTRACT

The scallop Argopecten purpuratus is one of the most economically important cultured mollusks on the coasts from Chile and Peru but its production has declined, in
part, due to the emergence of mass mortality events of unknown origin. Driven by this scenario, increasing progress has been made in recent years in the com-
prehension of immune response mechanisms in this species. However, it is still not entirely understood how different mucosal interfaces participate and cooperate
with the immune competent cells, the hemocytes, in the immune defense. Thus, in this work we aimed to characterize the transcriptome of three tissues with immune
relevance from A. purpuratus by next-generation sequencing and de novo transcriptome assembly. For this, 18 cDNA libraries were constructed from digestive gland,
gills and hemocytes tissues of scallops from different immune conditions and sequenced by the Illumina HiSeq4000 platform. A total of 967.964.884 raw reads were
obtained and 967.432.652 clean reads were generated. The clean reads were de novo assembled into 46.601 high quality contigs and 32.299 (69.31%) contigs were
subsequently annotated. In addition, three de novo specific assemblies were performed from clean reads obtained from each tissue cDNA libraries for their com-
parison. Gene ontology (GO) and KEGG analyses revealed that annotated sequences from digestive gland, gills and hemocytes could be classified into both general
and specific subcategory terms and known biological pathways, respectively, according to the tissue nature. Finally, several immune related candidate genes were
identified, and the differential expression of tissue-specific genes was established, suggesting they could display specific roles in the host defense. The data presented
in this study provide the first insight into the tissue specific transcriptome profiles of A. purpuratus, which should be considered for further research on the interplay

between the hemocytes and mucosal immune responses.

1. Introduction

The scallop Argopecten purpuratus is one of the most economically
important cultured bivalve mollusk on the coasts from Chile and Peru
[1]. Nevertheless, its production has declined in recent years due, in
part, to the emergence of mass mortality events. The causes of these
mortalities are still not well known but they have been associated with
bacteria from the genus Vibrio in larvae [2]. In addition, several species
of scallops are facing mortalities events in China and Europe, which are
likely due to bacterial pathogens [3-5]. Scallop culture is subjected to a
high population density and large fluctuation of environmental condi-
tions, which can affect the animal immune function, increasing the
possibility of succumbing to diseases. Therefore, it is essential to elu-
cidate the diverse immune response mechanisms of this bivalve to de-
velop protocols for the management of infections and to design efficient
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strategies to prevent and control infectious outbreaks.

Molluscan defense is based mainly on innate immune mechanisms
mediated by the immune competent cells, the hemocytes, and humoral
defense factors [6]. In this context, significant progress has been made
in the comprehension of immune response mechanisms of hemocytes in
bivalve mollusks [7]. As all invertebrates, scallop hemocytes can re-
cognize the non-self, using pattern recognition receptors [8] and so-
luble proteins [9] (PRRs/PRPs) which lead to the activation of signaling
pathways. This activation promotes the synthesis of immune effectors
that could mediate the recruitment of other hemocytes, activate the
phagocytic process and produce antimicrobial molecules [7,10]. Sev-
eral genes involved in signaling cascades and immune effectors have
been characterized from A. purpuratus hemocytes [11-13]. Yet, most
important host-microbe interactions may occur at the mucosal inter-
faces, and there is little information about how different epithelia
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participate and cooperate with the hemocytes in the immune defense
[10]. Considering that the first contact with pathogens occurs at the
epithelial surfaces, mucosal factors could have a prominent role in bi-
valve immunity and resistance to infections. Then, it is necessary to
characterize the immune response at the epithelial level, considering
that the achievement of the pathogenic infection depends on great ex-
tent in the primary interaction with the host; which could be intense on
filter-feeders such as bivalves.

In the last years, transcriptomic high throughput sequencing of or-
ganisms has been widely recognized to be an efficient method for gene
discovery and analysis of differential gene expression [14]. Further-
more, this technology has been extremely helpful for the study of non-
model organisms for which genomes are not sequenced. Nowadays, a
growing number of transcriptomic data from bivalves are available
from mussels, clams, oysters [15] and scallops, such as A. irradians [16]
Chlamys nobilis [17], C. farreri [18], Patinopecten yessoensis [19] and
Pecten maximus [4,20]. Nevertheless, no transcriptomic data from high
throughput sequencing are available at present in A. purpuratus, besides
one draft genome that has just been published [21]. Hence, the avail-
ability of an annotated transcriptome from A. purpuratus will provide
new baselines for functional genomic approaches.

Virtually all infectious diseases are initiated at epithelial surfaces
and to the best of our knowledge, no comparative analyses of tissue
specific transcriptomes including mucosal barriers are found in scal-
lops. Only few studies are found in other marine invertebrates, such as
starfish [22] sea urchin [23], and clam [24,25]. In this context, com-
paring different tissues possessing immune/internal defense features
from A. purpuratus by transcriptome analysis will provide a systemic
notion of their interaction, which is required for a functional under-
standing of scallop immune response. The aim of this study is to
characterize the transcriptome of digestive gland, gills and hemocytes
from A. purpuratus by high throughput sequencing and de novo tran-
scriptome assembly. Here, we describe the transcriptome of the scallop
with a special focus on the tissue specific immune transcript profile of
immune related genes.

2. Materials and methods
2.1. Sample collection

US National Research Council guidelines for the care and use of
laboratory animals were strictly followed during this research. Sixty
adult scallops (65 = 5mm shell height) aged between 14 and 16
months with immature gonads, were sampled from the aquaculture
facilities of the Universidad Catélica del Norte (UCN) located at the
Tongoy bay, Chile (30°16” S, 71° 35’W). In order to include tissues with
variable immune status in the analysis, 100 pL of heat-killed Vibrio
splendidus VPAP16 in 0.22 um filtered sea water (FSW) (1 X 10° cells/
scallop) or 100 pL of FSW, as injury control, were injected in the ad-
ductor muscle of 20 scallops per condition. Twenty non-injected scal-
lops were also included. Scallops were returned to the lantern net and
maintained at the sea aquaculture facilities (water temperature: 13 °C,
depth: 5-10m). After 24 h, the 60 scallops were collected and trans-
ferred to the laboratory at the UCN, Coquimbo, Chile. Hemolymph was
collected individually from the pericardial cavity and hemocytes were
isolated by centrifugation (600 X g for 5min at 4 °C). 20 pieces of gills
and digestive gland tissues (3—4 mm?® each) from the same 20 scallops
per condition were harvested by dissection under sterile conditions.
Samples from the three tissues were kept in TRizol at — 80 °C until total
RNA extraction.

2.2. RNA extraction and library construction
Total RNA was extracted from A. purpuratus tissues using TRIzol®

reagent according to manufacturer instructions (Thermo Scientific).
RNA was then treated with DNAse I (Thermo Scientific), 15 min at room
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temperature and inactivated by heat, 10 minat 65C, followed by a
second precipitation with sodium acetate 0.3M (pH 5.2) and iso-
propanol (1:1 v:v). The quantity and quality of total RNA were assessed
using a TapeStation 2200 (Agilent Technologies Inc) using the RNA
ScreenTape according to the manufacturer's instructions. To validate
the activation of the immune response by the Vibrio injection, cDNA
was synthesized from hemocytes RNA and the gene expression of the
antimicrobial peptide ApBD1 was confirmed by qPCR as previously
described [12]. After the corroboration of the immune activation, only
samples with RIN > 8.0 were used for library preparation using the
TruSeq RNA Sample Preparation Kit v2 (Illumina®). For this, three tis-
sues (digestive gland, gills and hemocytes), three conditions (non-in-
jected, FSW injected and heat-killed Vibrio injected scallops), and two
replicates (2 pools of 10 scallops each) were considered for the con-
struction of 18 cDNA libraries in total.

2.3. High-throughput transcriptome sequencing, de novo assembly and
functional annotation

The 18 cDNA libraries were sequenced by the HiSeq4000
(Illumina”) platform using sequenced runs of 2 X 100 paired-end reads
at Macrogen, Korea. The raw data for each pool of samples were se-
parately trimmed and de novo assembled using the CLC Genomics
Workbench software v11.0.0 (CLC Bio). Four de novo assemblies were
performed using datasets: sequences from the 18 libraries, and from the
6 libraries from each tissue separately. For each assembly, the overlap
settings used were a mismatch cost of 2, deletion cost of 3, insert cost of
3, minimum contig length of 500 base pairs, and trimming quality score
of 0.05.

National Center for Biotechnology Information (NCBI) non-re-
dundant (NR) Protein and UniprotKB/SwissProt databases were used to
annotate the assembled contigs through tBLASTx with a cut off E-value
of 1e ™ '°. The assembled contigs were also annotated according to Gene
Ontology terms (GO) and Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathways through the Database for Annotation, Visualization
and Integrated Discovery (DAVID) 6.8 version and categorized based on
GO terms for biological processes, molecular functions, and cellular
components, with an e-value cut off of 1e ~°, a minimum sequence filter
of 40, and sorted based on level 2 GO classifications. Venn diagrams
were constructed from the obtained data showing number of over-
lapping and non-overlapping categories and pathways in each tissue
using Venny software version 2.1.

2.4. Differential expression and clustering analyses

For the RNA-seq expression analysis, the consensus sequences single
file generated by the de novo assembly using the 18 libraries was used as
a reference. The readings from each tissue/condition replicate were
separately mapped against this reference transcriptome (46.601 con-
tigs) using the CLC Genomics Workbench software. The RNA-seq set-
tings used were a minimum length fraction of 0.8 and a minimum si-
milarity fraction (long reads) of 0.9. The expression values were set as
reads per kilobase of transcript per million mapped reads (RPKM). To
identify the differential expression between the analyzed tissues, the
differential expression for RNA-seq tool included in the CLC Genomics
Workbench software was used. Further on, the differentially expressed
transcripts (|log2 fold change| = 4; false discovery rate (FDR) p-
value < 0.05 using the T-test) were visualized in a hierarchical clus-
tering heatmap, with Euclidean distance and complete linkage set as
parameters for the analysis.

In order to gain insight into the immune response in A. purpuratus, a
gene panel composed of sequences putatively involved in immunity was
established from the assembled transcriptome. Using the bioinformatic
mining of sequences showing significant homologies to immune related
genes in the NR protein database (E-value = 0.005), 234 contigs po-
tentially involved in immunity were selected. Then, sequences were
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Fig. 1. Principal component analysis (PCA) of the paired-end hemocytes, gills and digestive gland cDNA libraries. Each symbol represents an individual cDNA library.
Six libraries per tissue were included in the analysis. DG: digestive gland, Gi: gills, H: hemocytes.

classified into different immune associated categories, such as pattern
recognition receptors and proteins, signaling and regulated secretory
pathways, lysosome associated molecules, immune related enzymes,
and stress-response molecules and antimicrobial effectors. The panel
construction criteria considered the functional classification of se-
quences rather than their presence in tissues. The immune-related gene
panel was used as a reference, and the readings from every tissue/
condition replicate were separately mapped against it with the CLC
Genomics Workbench software using the same RNA-seq settings and
hierarchical clustering parameters as described above.

2.5. Data deposition

All the raw reads were submitted to the sequence reads archive
(SRA), NCBI database with an accession number of PRJINA494400.

2.6. Validation of gene expression by real-time quantitative PCR (RT-
gPCR)

To validate the gene expression of selected immune related genes
identified by the RNA-seq analysis, the same RNA used for the con-
struction of the cDNA libraries were used for RT-qPCR amplification.
For this, collected RNA from a subset of animals that have been used for
the construction of ¢cDNA libraries were used. Thus, RNA from the tis-
sues of three pools of 5 scallops each were chosen for cDNA synthesis
using 1ug of RNA and an AffinityScript qQPCR c¢DNA synthesis kit
(Stratagene) according to the manufacturer's instructions.
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For the qPCR, the 10 pl-volume reaction consisted in 1 X Brilliant III
SYBR Green QPCR master mix (Stratagene), 0.5 uM of each primer and
1 uL of cDNA diluted at 1/5 in sterile ultra-pure water. Primers are
listed in Supplementary File S1. RT-qPCR assays were performed in
triplicate in a Biorad C1000 Touch Thermocycler CFX96, and primer
pair efficiencies (E) were calculated from six serial dilutions of pooled
¢DNA for each primer pair according to the equation: E = 10t~ 1/slopel,
Only primers with E between 95% and 105% were considered. Assays
were submitted to an initial denaturation step of 10 min at 95 °C fol-
lowed by an amplification of the target cDNA (40 cycles of denaturation
at 95 °C for 55, annealing at 58 °C for 5 s and extension time at 60 °C for
155s) and fluorescence detection. After an initial 10 s denaturation step
at 95 °C, a melting curve was obtained from a start temperature of 65 °C
to a final temperature of 95 °C, with an increase of 0.06 °C/s. Relative
expression was calculated using the -2°°Y method [26] using the
measured quantification cycle (Cq) values of the constitutively ex-
pressed gene B-actin (GenBank no. ES469330) to normalize the mea-
sured Cq values of target genes.

2.7. Statistical analyses

Principal Component Analysis (PCA) was performed on normalized
counts per million (CPM) values from the paired-end digestive gland,
gills and hemocytes cDNA library samples, and were plotted onto the
two-dimensional space spanned by the first and second principal
components of the covariance matrix. For the RNA-seq analysis, the T-
test with corrected p-value with the false discovery rate was used,
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Fig. 2. Hierarchical clustering of differentially ex-
pressed genes (DEGs) from digestive gland (DG,
purple bar) gills (Gi, green bar) and hemocytes (H,
orange bar) transcriptomes from A. purpuratus. DEGs

included in the CLC Genomics Workbench software. Statistical differ-
ence between conditions were based on the independent filtering con-
sisting in a cut-off value of log2 = 4 fold change and then, statistical
analyses were performed on this subset of filtered transcripts by using
selection criteria of p-value < 0.05. For qPCR expression analysis, cal-
culations of means, standard deviations and statistical analysis using
Kruskal-Wallis test were carried out using GraphPad Prism software
version 6.01 (significant p-value < 0.05).
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were determined with a minimum [log2 fold change|
= 4; false discovery rate (FDR) p-value < 0.05 and
values are represented through the color scale from
black (relative low level of gene expression) to
yellow (relative high level of gene expression). (For
interpretation of the references to color in this figure
legend, the reader is referred to the Web version of
this article.)

3. Results

3.1. De novo assembly and differential expression analysis

A total of 18 cDNA libraries from digestive gland, gills and hemo-
cytes tissues RNA were constructed to create a full reference tran-
scriptome of A. purpuratus and to assess tissue-specific expression of
genes. For this, six libraries per tissue from a pool of scallops presenting
different immune status were considered to enrich for both constitutive
and regulated tissue-specific immune related transcripts. After quality
trimming and the removal of adapters, the sequence runs corresponding
to pools of tissues produced a total of 967,432,652 clean reads. In ad-
dition, three de novo specific assemblies were performed from clean
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Fig. 3. Volcano plots (panels A-C) from
significant differentially expressed genes
(DEGs) determined from pair-wise compar-
isons between A. hemocytes vs gills, B. gills
vs digestive gland and C. hemocytes vs di-
gestive gland transcriptomes. Statistically
significant transcripts are shown by [log2
fold change| = 4 vs -log10 (p-value) in red.
D. Statistics of up and downregulated sig-
. nificant DEGs among the three analyzed
‘ tissues. (For interpretation of the references
to color in this figure legend, the reader is
referred to the Web version of this article.)
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digestive gland samples, a total number of 483,519,728; 237,096,646
and 246,816,278 clean reads were produced respectively. The total
number of contigs generated by the three de novo assemblies from he-
mocyte, gills and digestive gland reads was 34,977; 34,200 and 30,494
respectively. The sequence data generated in this study have been de-
posited at SRA (Short Read Archive) database under Experiment
Accession PRJINA494400. The total number of contigs generated by the
complete de novo assembly was 46,601 with an average length of 1651
bp (Supplementary File S1).

To evaluate the transcriptome similarity between samples, principal
component analysis (PCA) (Fig. 1) and hierarchical clustering were
performed (Fig. 2). Both analyses revealed three distinct groupings: one
group consisting of the six libraries from hemocytes, one group from the
digestive gland libraries, and another group from the gill libraries. PCA
revealed that the 55.5% of the data was explained by the nature of the
analyzed tissue. Accordingly, the samples clustered according to the
different tissue types rather than by their immune status (either naive,
injected with FSW or injected with FSW containing heat-killed V.
splendidus), revealing the specialized nature of their transcriptomes.
This result prompted us to deepen the tissue-specific immune profile by
an RNA-seq analysis.

The full de novo assembly was used as reference to perform a dif-
ferential expression analysis between digestive gland, gills and hemo-
cytes samples. The significant differentially expressed genes (DEGs)
were determined from pair-wise comparisons (|log2 fold change| = 4,
FDR p-value 0.05). Overall, 7259 DEGs were detected between hemo-
cytes and gills, 3520 DEGs between gills and digestive gland, and 5805
DEGs between hemocytes and digestive gland (Fig. 3, panels A-C)
(Supplementary File S2). Among all comparisons, gills was the tissue
that showed the highest number of overexpressed DEGs, with 6413
contigs compared to hemocytes and 1613 contigs compared to digestive
gland. The digestive gland showed also a high number of overexpressed
DEGs, with 4665 contigs compared to hemocytes and 1907 contigs
compared to gills. Hemocytes showed 846 and 1140 overexpressed
DEGs compared to gills and digestive gland, respectively (Fig. 3, panel
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3.2. Functional annotation

Transcripts from the full transcriptome assembly and from each
specific tissue transcript assembly were then compared separately to the
NBCI NR protein database for functional annotation, using BLASTx with
an cut off e-value of 1e ™ *°. For the full transcriptome assembly, a total
of 32.299 (69.31%) contigs showed significant similarity to known
proteins in the NR database and therefore, successfully annotated. For
the three de novo assemblies from digestive gland, gills and hemocytes a
total of 23,874 (78.29%), 25,968 (75.92%) and 24,611 (70.36%) con-
tigs were successfully annotated, respectively.

The DAVID gene functional classification tool was used to cate-
gorize the functions of the predicted scallop transcripts from each tissue
separately. Based on sequence homology, annotated contigs were
classified into biological processes, cellular components or molecular
functions GO categories (Fig. 4, Supplementary File S3). GO classifi-
cation revealed that 15,959 (66.85%); 17,019 (65.54%) and 16,414
(66.69%) annotated sequences from digestive gland, gill and hemocytes
could be classified into 71, 70 and 70 subcategory terms, respectively.
Digestive gland, gills and hemocytes shared 54 (35.3%) subcategory
terms, while displaying 22 (14.4%) terms specific to each tissue at the
cellular component category; they shared 49 (33.6%) subcategory
terms while presenting 25 (17.1%), 20 (13.7) and 21 (14.4%) terms
specific to each tissue on the molecular function category. Finally, they
shared 93 (25.6%) subcategory terms while showing 56 (15.4%), 58
(16%) and 74 (20.4%) specific terms at the biological processes cate-
gory for digestive gland, gills and hemocytes, respectively (Fig. 4).

Several subcategory terms where shared among the three tissues at
the three functional categories. The largest common terms among the
three tissues at the cellular component category were cytoplasm (No of
counts between 1091 and 1110, representing 6.53-6.91%), nucleo-
plasm (633-648, 3.81-3.86%), cytosol (677-701, 4.25-4.27%), and
membrane (484-500, 2.84-3.13%) subcategories. Within the molecular
function category, the most represented terms shared by the three
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Fig. 4. Distribution of GO terms classification for the annotated contigs from
specific tissue transcriptomes from A. purpuratus. Stacked bar plots describe the
distribution of cellular components, molecular function and biological pro-
cesses categories in digestive gland (purple bars), gills (yellow bars) and he-
mocytes (green bars). The size of each bar is proportional to the number of
counts classified in each functional subcategory. GO terms were determined
using DAVID with an cut off e-value of 10>, a minimum sequence filter of 40,
and sorted based on level 2 GO classifications. Venn diagrams of unique and
common transcripts among the three transcriptomes showing the number and
percentage of all classified transcripts is included for each category. DG: di-
gestive gland, Gi: gills, H: hemocytes. (For interpretation of the references to
color in this figure legend, the reader is referred to the Web version of this
article.)
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tissues were protein binding (1696-1777, 10.35-11.15%), metal ion
binding (432-446, 256-2.71%), ATP binding (379-393, 2.27-2.46%)
and poly(A) RNA binding (253-271, 1.5-1.7%). At the biological pro-
cesses category, protein ubiquitination (106-123, 0.65-0.72%), cell
division (90-97, 0.54-0.61%), protein transport (93-97, 0.57-0.61%)
and DNA repair (75-79, 0.45-0.50%) showed the higher representation
in the three tissues (Fig. 4, Supplementary File S3).

Certain specific subcategories were only found shared by two tis-
sues. For instance, only hemocytes and digestive gland sequences were
classified for viral process (64-67; 0.39-0.42%), rRNA processing
(53-54; 0.32-0.33%) and mRNA splicing (52-53; 0.31-0.33%) at the
biological processes category. In the molecular function category, only
hemocytes and gills transcripts were classified into the GO terms cal-
cium ion binding (153-162; 0.93-0.95%), actin binding (67-70;
0.39-0.42%) and transporter activity (47-51; 0.28-0.31) (Fig. 4,
Supplementary File S3). Finally, several annotated sequences from each
analyzed tissue were classified into single particular terms. For in-
stance, only hemocytes transcripts were classified in early endosome
(51, 0.31%), cytoplasmic vesicle (51, 0.31%) and endosome (49,
0.29%) from cellular components; catalytic (44, 0.26%) and tran-
scription coactivator (55, 0.33%) activity from molecular function, and
cytoskeleton organization (41, 0.25%) and vesicle-mediated transport
(40, 0.2%) from biological processes (Fig. 4, Supplementary File S3).

The KEGG database was further used to assess the biological inter-
action of scallop genes from each tissue separately. A total of 601
(3.77%), 542 (3.19%) and 512 (3.13%) annotated sequences from di-
gestive gland, gills and hemocytes respectively showed significant
matches in the KEGG database. These sequences were assigned to 24,
22 and 19 known biological pathways (Fig. 5, Supplementary File S4).
Digestive gland, gills and hemocytes annotated sequences shared 16
KEGG pathways (55.2%), while sharing 1 pathway (6.9%) between
hemocytes and digestive gland sequences, 2 pathways (6.9%) between
gills and digestive gland sequences and no shared pathways between
hemocytes and gills sequences. Sequences from each tissue were also
classified in single pathways, displaying 5 (17.2%), 3 (10.3%) and 2
(6.9%) pathways for digestive gland, gills and hemocytes respectively.
(Fig. 5).

The most represented common pathways were ubiquitin mediated
proteolysis (hsa04120), protein processing in endoplasmic reticulum
(hsa04141), purine metabolism (hsa00230), RNA transport (hsa03013)
and lysosome (hsa04142), with more than 40 counts on every tissue. As
observed by DAVID functional classification, transcripts from single
tissues were specifically classified in particular pathways, such as pro-
tein digestion and absorption (hsa04974), galactose metabolism
(hsa00052) and pantothenate and CoA biosynthesis (hsa00770) for
digestive gland sequences; N-Glycan biosynthesis (hsa00510) and DNA
replication (hsa03030) for gills sequences, and glyoxylate and di-
carboxylate metabolism (hsa00630) and glycine, serine and threonine
metabolism (hsa000260) for hemocytes sequences (Supplementary File
S4).

3.3. Identification of immune related candidate genes and assessment of
tissue specific differential expression

An exhaustive examination of the full annotated transcriptome from
A. purpuratus was performed to identify candidate genes that might be
functionally associated with immunity. By the bioinformatic mining of
sequences showing significant homologies to immune related genes in
the NR protein database (E-value = 0.005), 234 contigs potentially in-
volved in immunity were selected. Then, they were classified into dif-
ferent immune associated categories, such as pattern recognition re-
ceptors and proteins, signaling and regulated secretory pathways,
lysosome associated molecules, immune related enzymes, and stress-
response molecules and antimicrobial effectors (Supplementary File
S5).

The selected panel of immune related sequences was used as a
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Fig. 5. Tissue specific categorization of A. purpuratus transcriptomes to KEGG biochemical pathways. A KEGG biochemical pathway analysis was performed on
hemocytes, gills and digestive gland transcriptomes. The stacked bars represent the top 29 KEGG pathways and their distribution in each tissue, using an cut off e-
value of 10~ and minimum pathway assignment cut off of 8. A Venn diagram of unique and common pathways among the three transcriptomes is included showing
the number and percentage of categorized transcripts. DG: digestive gland, Gi: gills, H: hemocytes.

reference to assess their differential expression among digestive gland,
gills and hemocytes (Supplementary file S6). Results showed a total of
49 DEGs from the immune panel between hemocytes and gills, 85 DEGs
between gills and digestive gland and 78 DEGs between hemocytes and
digestive gland. 65 overexpressed DEGs were detected in digestive
gland compared to hemocytes and 59 overexpressed DEGs in digestive
gland compared to gills. Gills showed 38 and 26 overexpressed DEGs
compared to hemocytes and digestive gland respectively. Finally, he-
mocytes showed 11 and 13 overexpressed DEGs compared to gills and
digestive gland respectively (Supplementary file S6). A hierarchical
clustering was then constructed from this RNA-seq analysis data. The
resulting heatmap showed a specific expression profile of the immune
related candidate genes, which could be grouped in three distinct
clusters (Fig. 6). Specifically, contigs from the cluster 1 was mostly
overexpressed in hemocytes, contigs from cluster 2 in digestive gland
and contigs from cluster 3 in gills. Then, the representation of the dif-
ferent immune associated categories in each cluster were assessed.
Cluster 1 gathered contigs from every category in a well-balanced
manner, with a major occurrence of immune signaling pathways related
sequences (31.6%), followed by lysosome related molecules (20.2%)
and immune related enzymes (19.4%). Cluster 2 showed an
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overrepresentation of PRRs and PRPs candidate genes (33.6%) and
immune signaling pathways (28.1%) with the lowest incidence of im-
mune related enzymes (8%). Finally, cluster 3 showed high re-
presentation of stress-response and antimicrobial effectors (25.6%)
followed by immune related enzymes and lysosome related molecules
(respectively 24.6 and 23.8%) and to a lesser extent immune signaling
pathway related molecules (Fig. 6).

Finally, the top 10 overexpressed contigs in each tissue was de-
termined by pairwise comparisons from the differential expression
analysis data (Table 1). The top 10 contigs overexpressed specifically in
hemocytes correspond to PRRs only (Fig. 6, cluster 1), including lectins,
mannose receptors and binding proteins and Toll-like receptors (TLRs).
The contigs found to be overexpressed specifically in the digestive
gland, compared to hemocytes and gills were PRRs (C-type lectin and
Beta-glucan binding protein) but also antimicrobial effectors, such as
MPEG-1 and Complement Clq-like proteins (Fig. 6, cluster 2). In gills,
the most overexpressed contigs compared to hemocytes and digestive
gland were two PRRs corresponding to a TLR and a scavenger receptor
(CD163 antigen like protein), and a protein from the interleukins (IL)
family, specifically an IL-17 like protein (Fig. 6, cluster 3). Thus, results
highlight the specialized nature of PRRs and effector molecules for each



P. Flores-Herrera, et al.

Fish and Shellfish Immunology 89 (2019) 505-515

PRRs & PRPs. )
; mmune signaling pathways
DG Gi H L] Lysosome related molecules
[T 1 B Immune related enzymes
[ Stress-response and antimicrobials
el —"
i
S
7]
@ 1
ElER
5|18
- _fé
=
S —
w !l
o+
(%]
=
(@] E
i =
—
7]
o+
(%]
=
o
<WZ‘A

Fig. 6. Hierarchical clustering of a subset of 234 immune related transcripts from digestive gland (DG, purple bar), gills (Gi, green bar) and hemocytes (H, orange
bar) from A. purpuratus. DEGs were determined with a minimum |log2 fold change| = 4; false discovery rate (FDR) p-value < 0.05, and values are represented
through the color scale from black (relative low level of gene expression) to yellow (relative high level of gene expression). At left, clusters associated to a specific
tissue are showed by square brackets (1; hemocytes; 2: digestive gland; 3: gills). At right, pie charts showing the proportion of different immune associated categories
in each cluster. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

scallop tissue.

3.4. Validation of tissue-specific expression of immune related genes by RT-
gPCR

Finally, six specific transcripts highly overexpressed in one tissue
compared to the two others were selected for RT-qPCR analysis and
validation of the RNA-Seq results (Table 1). Thus, transcripts encoding
for a mannose receptor-like protein, a C-type lectin, a complement Clq-
like protein, a macrophage expressed gene-1 (MPEG-1), an interleukin
17- like protein (IL-17) and a scavenger receptor (CD163 antigen like-1)
were selected as candidates for tissue-specific immune markers. The
RT-qPCR analysis validated the RNA-seq results, showing that the Clq
transcript was overexpressed in the digestive gland and the MPEG-1
transcript was found predominantly expressed in digestive gland and to
a lesser extent in gills, transcripts encoding a scavenger receptor and
the IL-17 was principally detected in gills while the C-type lectin and a
mannose receptor-like protein were specifically overexpressed in cir-
culating hemocytes (Fig. 7, panel A). Furthermore, the expression va-
lues (log2 fold change) from the RNA-seq were compared to those de-
rived from the RT-qPCR analysis (Fig. 7, panel B). As expected, the fold
change value was consistent between methods, supported by the cor-
relation analysis (R% 0.90).
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4. Discussion

Transcriptome sequencing has been proposed as an efficient method
for gene discovery and analysis of differential gene expression in non-
model organisms [22]. The draft genome of Argopecten purpuratus has
been only recently published [21] but still, genome assemblies of non-
model species can be compromised by high levels of polymorphism as
observed in the oyster Crasssostrea gigas [27]. Thus, the availability of
annotated transcriptomes from different tissues of species like A. pur-
puratus could serve as a platform to guide future functional genomic
approaches.

Results from PCA revealed that transcripts were not categorized
according to treatments but rather according to tissues. Hence, first we
aimed to carry out a comparative study between tissues to obtain a
broad assessment of their specific transcriptomes, that could highlight
specific features in the scallop immune response. Therefore, total clean
reads from the tissues and from every experimental group were in-
cluded in the whole de novo assembly to cover as many sequences that
could be expressed in scallops from different immune status. A con-
siderable proportion of the obtained transcripts showed high identities
with protein sequences on the public protein database. High identities
indicated the accuracy of the contigs obtained by the next-generation
sequencing and de novo transcriptome assembly. Still, 30.69% of
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Table 1
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Top 10 DEGs within each cluster from the hierarchical clustering constructed by the immune panel RNA-seq analysis (hemocytes, cluster 1; digestive gland, cluster 2;

gills, cluster 3). In bold, tissue-specific overexpressed genes from each cluster.

Cluster Top 10 Contigs Log, FC FDR Acc. No Description
Overexpressed in H vs DG

HEMOCYTES contig_ 0009276 6473 4,64E-10 P02707 Hepatic lectin
contig_ 0001401 5158 0 Q7TSQ1 Mannose receptor-like protein
contig_ 0000012 6139 0 QINR16 CD163 antigen-like 1
contig 0000241 6121 0 Q9QZ15 C-type lectin
contig_0000512 4583 0 Q9v477 Toll-like receptor 8
contig_0003948 4466 4,02E-16 QOPV50 Toll-like receptor 3
contig_ 0000889 4440 0 Q66S60 Mannose-binding protein
contig_ 0029967 6342 0,000053 A1E295 Cathepsin B
contig_0018802 4772 0 Q6EIG7 C-type lectin
contig_0005601 5828 0 P42930 Heat shock protein beta-1
Overexpressed in H vs Gi
contig 0009276 5,7773 2,56E-08 P02707 Hepatic lectin
contig_0001401 6,1581 0 Q7TSQ1 Mannose receptor-like protein
contig_ 0000012 5,8142 0 QI9NR16 CD163 antigen-like 1
contig 0000241 5,8977 0 Q9QZ15 C-type lectin
contig_0000512 5,0841 0 Q9Vv477 Toll-like receptor 8
contig_0003948 4,2185 3,71E-14 QOPV50 Toll-like receptor 3
contig_ 0000889 4,2970 0 Q66560 Mannose-binding protein
contig_ 0005832 4,3622 2,64E-10 P15941 Mucin-1
contig_0009244 4,3209 0 Q9QZ15 C-type lectin
contig_ 0002649 4,5626 0 Q4ZJM9 Complement C1q-like protein
Overexpressed in DG vs H

DIGESTIVE GLAND contig_0037050 12,231 3,30E-09 Q9ESN4 Complement Clq-like protein
contig_ 0041010 11,554 0 Q86723 Complement C1q-like protein
contig_0046031 11,775 0 Q5RBP9 MPEG-1
contig_ 0030195 11,963 0 A7X413 C-type lectin
contig_0040977 10,782 0 Q8NON3 Beta-1,3-glucan-binding protein
contig_ 0043699 11,963 0 Q90WJ8 Lactose-binding lectin
contig 0030433 12,345 0 Q2v459 Putative defensin-like protein
contig_ 0045828 12,179 0 B3A003 Lysozyme
contig_0043764 11,002 2,13E-07 B3A003 Lysozyme
contig 0038239 10,957 0 G9JJU2 Glutathione peroxidase
Overexpressed in DG vs Gi
contig_ 0037050 8374 0 Q9ESN4 Complement Clg-like protein
contig_ 0041010 10,328 0 Q86723 Complement Clq-like protein
contig_ 0045016 12,615 0,0004 Q5RBP9 MPEG-1
contig_0042891 9028 0 Q8IUN9 C-type lectin
contig_0040977 7335 0 Q8NON3 Beta-1,3-glucan-binding protein
contig_0045000 8744 9,73E-07 P98092 Humoral lectin
contig 0045173 8088 0 P30204 Macrophage scavenger receptor
contig_ 0017524 7576 0 Q08420 Extracellular SOD Cu-Zn
contig_ 0046557 7451 0 Q66503 Galactose-specific lectin
contig_ 0041181 7421 0 Q4ZJM9 Complement Clq-like protein
Overexpressed in Gi vs H

GILLS contig 0036604 6282 5,57E-07 Q9NR97 Toll-like receptor 8
contig_0046256 8923 0,00005 Q9NR16 CD163 antigen-like 1
contig_0044959 6300 7,60E-13 A9XE49 Interleukin 17-like protein
contig_ 0046084 8089 0,00017 Q9EPQ1 Toll/IL-1 receptor-like protein
contig_0024781 8915 0,00005 P49946 Ferritin H
contig_0024213 6211 0 A2TF48 MyD88
contig_0039879 6122 0 Q68Y56 Toll-like receptor 4
contig_ 0043232 5851 0,01 P82756 Putative defensin-like protein
contig_0045828 5612 1,38E-06 B3A003 Lysozyme 3
contig_0046031 5503 2,90E-08 Q5RBP9 MPEG-1
Overexpressed in Gi vs DG
contig 0036236 7,3164 3,20E-09 QI9NR97 Toll-like receptor 8
contig_ 0046256 5,9240 3,90E-07 QI9NR16 CD163 antigen-like 1
contig_0044959 6,0633 1,10E-09 A9XE49 Interleukin 17-like protein
contig_ 0032602 7,4565 3,36E-09 Q13478 Interleukin-18 receptor 1
contig_0037079 9,0945 4,54E-12 Q704V6 Toll-like receptor 6
contig_0032962 6,9279 1,11E-11 Q685J3 Small intestinal mucin-3
contig_ 0045335 6,7959 4,10E-16 P10716 C-type lectin
contig 0027457 6,4735 0 Q14162 Scavenger receptor class F
contig_0033653 6,4389 4,23E-07 Q704V6 Toll-like receptor 6
contig_ 0028589 8,5609 3,68E-11 Q9DGB6 Toll-like receptor 2
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Fig. 7. RT-qPCR validation of RNA-seq results. A. Relative expression of six
scallop immune related genes in digestive gland, gills and hemocytes tissues
obtained by RT-qPCR according to the 2~ 24 method. The scallop B-actin gene
was used as reference gene. Results are expressed as single dots from 3 pools of
5 scallops per tissue. Mean values are indicated by a straight line. Clec: C-type
lectin; MR: mannose receptor; C1q: Complement 1q protein; IL-17: interleukin
17-like protein; MPEG1: macrophage expressed gene 1; SR: scavenger receptor
(CD163 like protein) B. Correlation analysis between RNA-seq and RT-qPCR
log2 fold change results from pairwise comparisons among tissues from the
same RNA samples. R% Spearman Correlation coefficient.

transcripts were not annotated, suggesting the lack of similar sequences
in public databases from phylogenetically closest species.

The high level of similarity between the main subcategories of GO
terms among the three tissues could be interpreted as tissues sharing
several common functionalities. However, it could be also explained by
the limited bivalve information in public protein databases, which is
reflected in the about 35% of annotated contigs not considered in the
classification, a feature also reported in transcriptomic analyses from
other non-model organisms [19,23,28]. Nonetheless, in the present
study GO analysis also revealed certain tissue-specific GO sub-
categories, highlighting particular functions related to the tissues. For
instance, the terms cytoskeleton organization and vesicle-mediated
transport from the biological processes category were only spotted in
hemocytes. One of the central hallmarks of these mobile cells is their
phagocytic capacity and the cytoskeleton organization and vesicle-
mediated transport are essential steps in this process [29,30]. Fur-
thermore, the predicted tissue-specific functions obtained by KEGG
analysis, which only consisted in about 4% of the annotated contigs, fits
coherently with the nature of each tissue, such as protein digestion and
absorption for digestive gland, a tissue that plays a central role in
protein metabolism [31] or DNA replication in gills, a tissue which is
currently proposed as an hematopoietic site in mollusks [32]. There-
fore, functional characterization of molluscan tissues can still be
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obtained by these bioinformatic tools due to the conserved nature of
protein domains. Yet, much is remaining to be done to characterize the
functional relevance of those neglected contigs, and next-generation
sequencing will help as a powerful tool, increasing the coverage of the
extensive molluscan diversity [33].

A differential expression of genes among tissues, both global and
according to the immune related panel of genes was detected by the
RNA-seq analyses. The tissue showing the highest number of DEGs was
the gills when compared to hemocytes and digestive gland. This result
could reflect the diversity of cell types present in this complex tissue,
which is one of the most exposed epithelia of bivalves, fulfilling gas
exchange and filter feeding functions [34]. Also, the potential over-
lapping with the transcriptome of the infiltrating hemocytes cannot be
rule out, which could further increase the number of DEGs in gills when
comparing to circulating hemocytes. Nevertheless, it is tempting to
speculate that different mucosal interfaces such as gills cooperate with
the infiltrating hemocytes through the maintenance of the homeostasis
and during an immune response. Indeed, the synergistic effects of an-
timicrobial effectors expressed in hemocytes and epithelia have been
shown in the oyster C. gigas [35] and this type of functional interplay
might also occur in scallops.

The RNA-seq analysis from the immune gene panel sequences
showed the differential expression of certain genes according to the
tissue, suggesting they could display specific roles in the host defense.
Hemocytes seem to overexpress a high proportion of PRRs/PRPs such as
lectins (soluble and membrane bound), a scavenger receptor (CD163
antigen-like 1) and Toll-like receptors. Hemocytes are responsible for
the recognition of the non-self, the first and crucial step in the main-
tenance of immune homeostasis and thus, those recognition molecules
could serve as both, sentinels and cell markers. Gills, on the counter-
part, seem to overexpress some PRRs but also an IL17-like protein. This
cytokine-like molecule has been characterized recently in oysters,
where it activates immune signaling pathways and display antibacterial
and microbe associated with molecular patterns binding [36]. Thus,
existence of soluble immune-regulatory molecules in scallops such as
IL-17, and the possibility of a cytokine-like signaling network in mol-
lusks, definitely adds complexity to the innate immune system [37].
Digestive gland overexpresses PRRs as well but also it expresses the
highest proportion of antimicrobial effectors, such as macrophage-ex-
pressed gene 1 (MPEG1) and complement Clq-like proteins. MPEG-1 is
an integral membrane protein with a predicted membrane attack
complex/perforin domain associated with host defense against invading
pathogens [38]. Clq is the protein which initiates the classical com-
plement pathway mediating a variety of immunoregulatory functions
[39]. The digestive gland is an organ related to digestion metabolisms,
but many crucial genes involved in immunity are reported to be ex-
pressed in this tissue [40]. Therefore, it is plausible that transcriptomic
changes measured in the current study denote signatures of tissue-
specific immune features, as well as the expression of hemocyte in-
filtrating immune genes despite the low number of analyzed replicates.
Now, the validation of the tissue-specific expression of the genes in
other scallops and from different immune status will allow improve-
ments on the systemic notion of their interactions, and a better un-
derstanding of the complexity of the immune response. The most re-
levant host-microbe interactions may occur at the mucosal interfaces,
and there is little information about mucosal immune factors and how
different epithelia participate and cooperate with the hemocytes in the
immune defense [10]. Thus, in a next step, the evaluation of the ex-
pression of the different genes specific to each tissue during a stronger
and pathogenic immune challenge may provide greater evidence of
how they interact for an effective defense.

5. Conclusion

In conclusion, we have documented a de novo transcriptome ana-
lysis from digestive gland, gills and hemocytes tissues from the scallop
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A. purpuratus. We have identified several immune related genes and
results have shown a specific nature of these genes to each tissue,
suggesting a more complex contribution of mucosal interfaces on the
immune response of scallops than previously thought. In the future,
studies comparing the tissue-specific immune responses after a patho-
genic challenge will help unveiling the complexity of the hemocyte-
mucosal surfaces crosstalk during infections.
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