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ABSTRACT

The Pacific oyster, Crassostrea gigas, is a mollusk bivalve commercially important as a food source. Pacific
oysters are subjected to stress and diseases during culture. The autophagy pathway is involved in
numerous cellular processes, including responses to starvation, cell death, and microorganism elimina-
tion. Autophagy also exists in C. gigas, and plays a role in the immune response against infections.
Although this process is well-documented and conserved in most animals, it is still poorly understood in
mollusks. To date, no study has provided a complete overview of the molecular mechanism of
autophagy in mollusk bivalves. In this study, human and yeast ATG protein sequences and public
databases (Uniprot and NCBI) were used to identify protein members of the C. gigas autophagy path-
way. A total of 35 autophagy related proteins were found in the Pacific oyster. RACE-PCR was performed
on several genes. Using molecular (real-time PCR) and protein-based (western blot and immunohisto-
chemistry) approaches, the expression and localization of ATG12, ATG9, BECN1, MAP1LC3, MTOR, and
SQSTM1, was investigated in different tissues of the Pacific oyster. Comparison with human and yeast
counterparts demonstrated a high homology with the human autophagy pathway. The results also
demonstrated that the key autophagy genes and their protein products were expressed in all the
analyzed tissues of C. gigas. This study allows the characterization of the complete C. gigas autophagy
pathway for the first time.

Abbreviations: ATG: autophagy related; Atg1/ULK: unc-51 like autophagy activating kinase; ATG7:
autophagy related 7; ATG9: autophagy related 9; ATG12: autophagy related 12; BECN1: beclin 1; BSA:
bovine serum albumin; cDNA: complementary deoxyribonucleic acid; DNA: deoxyribonucleic acid;
GABARAP: GABA type A receptor-associated protein; IHC: immunohistochemistry; MAP1LC3/LC3/Atg8:
microtubule associated protein 1 light chain 3; MTOR: mechanistic target of rapamycin kinase; NCBI:
national center for biotechnology information; ORF: open reading frame; PBS: phosphate-buffered
saline; PCR: polymerase chain reaction; Ptdins3K: class Il phosphatidylinositol 3-kinase; RACE-PCR:
rapid amplification of cDNA-ends by polymerase chain reaction; RNA: ribonucleic acid; SQSTM1: seques-
tosome 1; Uniprot: universal protein resource; WIPl: WD repeat domain, phosphoinositide interacting.
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Introduction

Autophagy is an important mechanism that contributes to the
maintenance of cellular homeostasis and different cellular
processes, including adaptation to starvation, microorganism
elimination, and cell death. Three main categories of autop-
hagy are commonly described: microautophagy, chaperone-
mediated autophagy, and macroautophagy [1,2]. During
microautophagy, cytoplasmic compounds are taken up by
invagination of the lysosomal membrane. In chaperone-
mediated autophagy, the targeted proteins are translocated
across the lysosomal membrane. Macroautophagy/autophagy
acts as a bulk process that captures large portions of cytosol or
sequesters organelles such as mitochondria or peroxisomes,
which then fuse with lysosomes [1]. Each stage of the cellular
mechanism of autophagy is regulated by several ATG (autop-
hagy related) proteins.

The autophagy molecular pathway was first described in
the yeast, Saccharomyces cerevisiae, in the 1990s [3]. Forty-two

ATG have since been identified in yeast [4]. Since 1990, the
research of ATG to better understand the autophagy molecu-
lar mechanism in other organisms has started. Homologs of
ATG genes have been found in Homo sapiens, worms, flies,
and mammals [1], and many have similar roles as in yeast [5].
The core molecular machinery of the autophagy pathway,
which corresponds to ATG proteins essential for autophago-
some formation [6,7], is highly conserved in eukaryotic cells
including plants, yeast, and mammals [6,8-10]. In yeast, this
core mechanism consists of 18 Atg proteins, classified into
several functional groups: the Atgl/ULK (unc-51 like autop-
hagy activating kinase) complex, class III phosphatidylinositol
3-kinase (PtdIns3K) complex, Atgl2/ATG12 (autophagy
related 12) and Atg8/LC3 (autophagy related 8/microtubule
associated protein 1 light chain 3) conjugation systems, and
Atg9/ATGY (autophagy related 9) and its cycling system [5].
However, in many organisms, the molecular machinery of
autophagy remains unknown.
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In mollusks, relatively few studies have aimed at identify-
ing autophagy proteins and to analyze their responses in the
presence of pathogens, or at different developmental stages.
GABARAP (GABA type A receptor-associated protein) has
been identified in the small abalone Haliotis diversicolor, and
the relative expression of the relevant gene have been char-
acterized at different stages of development or in presence of
the bacteria, Vibrio tapetis [11]. In C. gigas, several ATG
proteins, including MAPILC3 (microtubule associated pro-
tein 1 light chain 3), BECNI1 (beclin 1), ATG4 (autophagy
related 4 cysteine peptidase), ATG5 (autophagy related 5),
ATG7 (autophagy related 7), ATG9A (autophagy related
9A), and ATGI16L1 (autophagy related 16 like 1) have been
identified [12]; moreover, the relative expression of BECN1
and MAPI1LC3 has been evaluated in presence of the virus
Ostreid herpesvirus 1 (OsHV-1) [12]. However, the complete
pathway has not been identified in bivalves.

Therefore, the aim of our study was to decipher the autop-
hagy pathway in the Pacific oyster, C. gigas, the most important
shellfish farming resource in France which has been affected by
several diseases since the 1990s. Young and adult Pacific oysters
have been regularly affected by outbreaks of mass mortality
caused respectively by Ostreid herpesvirus 1 and the bacteria
Vibrio aestuarianus [13]. The Pacific oyster genome was
sequenced in 2012 [14], which allowed us to screen the Pacific
oyster genes for the presence of ATG proteins. These sequences
were then compared to ATG homolog present in others organ-
isms. Some proteins were re-sequenced using rapid amplifica-
tion of complementary deoxyribonucleic acid (cDNA)-ends by
polymerase chain reaction (PCR) (RACE-PCR). The expression
of the ATGI2, ATGY, BECN1, MAPILC3A (microtubule asso-
ciated protein 1 light chain 3 alpha), MTOR (mechanistic target
of rapamycin kinase), and SQSTM1 (sequestosome 1) genes was
detected in different tissues of C. gigas by real-time PCR. Finally,
4 human heterolog antibodies targeting BECN1, MAP1LC3A,
MTOR, and SQSTM 1 were selected according to their high
protein sequence homology with the C. gigas ATG counterparts,
allowing us to confirm the presence of these 4 proteins in
different tissues of C. gigas by western blotting and immunohis-
tochemistry (IHC). In this study, we identified the ATG proteins
in a mollusk bivalve, C. gigas, for the first time. Moreover, new
protein-based and molecular approaches were described. These
approaches can be used to further investigate the modulation of
autophagy in C. gigas in response to various biotic and abiotic
factors, including environmental stressors and pathogenic
organisms.

Results
Protein mining of the C. gigas autophagy pathway

All the ATG protein sequences for C. gigas, S. cerevisiae, and
H. sapiens were obtained (Fig. S1) and compared using the
universal protein resource (Uniprot) and national center for
biotechnology information (NCBI) databases. The results
demonstrated that in C. gigas, 35 ATG proteins belonging to
the 5 complexes implicated in initiation, nucleation, elonga-
tion, completion, and fusion of the autophagosome were
identified (Tables 1-5).

As in other eukaryotes, the ATG proteins involved in the core
molecular mechanism of autophagy are present in C. gigas and
their amino acid sequences are conserved compared to
S. cerevisiae and H. sapiens. The C. gigas LC3 family members
GABARAP, GABARAPL2 (GABA type A receptor associated
protein like 2), and MAP1LC3A share respectively, 93.9, 75, and
75% identity with the human counterpart sequences. The yeast
counterpart sequences share respectively, 55.7 and 60.6% iden-
tity with the GABARAP and GABARAPL?2 protein sequences of
C. gigas. Most of the ATG proteins that constitute the 2 con-
jugation systems, ATG12 and LC3, as well as the Atg9/ATG9
system, appear to be well conserved between human and Pacific
oyster. Several proteins of the Atgl/ULK and Ptdlns3K com-
plexes of C. gigas, including MTOR (60.5%), PIK3C3 (phospha-
tidylinositol 3-kinase catalytic subunit type 3; 60.1%), and
BECNT1 (58.5%), share a high percentage of sequence identity
with H. sapiens counterparts.

Nevertheless, several ATG proteins identified in
S. cerevisiae or H. sapiens are not present in C. gigas. This is
the case for Atgll, Atgl7, Atgl9, Atg20, Atg23, Snx4/Atg24,
Atg27, Atg29, and Atg31 that are present only in yeast; and
WIPI1 (WD repeat domain, phosphoinositide interacting 1)
and MAPILC3B (microtubule associated protein 1 light chain
3 beta), present only in H. sapiens.

Molecular characterization and phylogenetic analysis of
key genes

Due to the importance of ATG7, ATGY and ATGI2 in the
core molecular machinery of the autophagy pathway, the
complete sequences of these 3 genes were obtained by 5'/3'
RACE-PCR and deposited in GenBank (Table 6).

The complete ATG7 sequence (MK173046) contains 2334
nucleotides and 778 amino acids (Figure 1). We found an
open reading frame (ORF) of 2091 nucleotides and 696 amino
acids, containing the 2 entire ATG7_N and Apg7 domains
(Figure 1A). The hypothetical isoelectric point is at 5.43 and
the estimated molecular mass is 78.1 kDa. Nine homologous
ATG?7 protein sequences from different animals were used for
multiple sequence alignments (Figure 1B). The results demon-
strated that the 2 domain regions seem to be well conserved
between all the species tested. The phylogenetic tree
(Figure 1C) based on the ATG7 amino acid sequence from
the same species showed that this protein is close to other
mollusk species, and shares similarities with human ATG7
protein. Crassostrea virginica shares 85% identity (query cover
of 99%) with our ATG7 sequence. Moreover, the H. sapiens
ATG7 homolog shares 54% identity with C. gigas ATG7. The
protein sequence seems to be different to other species like
C. elegans, D. melanogaster, and A. mellifera.

The complete ATGI12 sequence (MK069431) comprises 309
amino acids and 929 nucleotides. This sequence presents one
ORF of 357 bp and 118 amino acids, and contains the APG12
domain (Figure 2A). The hypothetical isoelectric point is at
6.72 and the estimated molecular mass is 13.1 kDa. Alignment
of the protein sequences from ATGI12 homolog species
showed that the APG12 domain is highly conserved between
all the tested species (Figure 2B). The phylogenetic tree
showed that all the mollusks are classified in the same group
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Table 6. Gene sequences obtained by RACE-PCR from autophagy genes ATG7, ATG12, and ATG9 in hemocytes of C. gigas.

Gene Gene Protein GenBank Identity with Identity with Isoelectric Molecular

name Length length accession H. sapiens S. cerevisiae point weight Sequence RACE

ATG7 2334 696 MK173046 54% 39% 543 78.1 kDa 3'GGACTATCCAGGCTGGCCTCTTAGG
5'GGGGGCAGACAAAGTCTTTACTCAGG

ATG12 929 118 MK069431 62% 19% 6.72 13.1 kDa  3'ACCAGCTGGAGATGCTCCAATTATGA
5'GTTTTCCATCACTCCCAAAGCAATCA

ATGY 3032 1010 MK069430 43% 19% 5.88 91.9 kDa 3'GCTCCTTTTATCTCACTGCCCTCCAC

5'CCGGTGGTATATGTCCAGCTCTGT

The percentage of identity were obtained by alignment of amino acid sequences.

(Figure 2C). This sequence shares high identity with
C. virginica (94%, query cover of 100%). The C. gigas
sequence is more similar to the H. sapiens than the
C. elegans and S. purpuratus sequences. The H. sapiens
sequence shares 62% identity with C. gigas.

The sequence of ATGY9 (MK069430) comprises 3032
nucleotides and 1010 amino acids. One ORF was found,
consisting of 2409 nucleotides and 802 amino acids, and
contains the entire APG9 domain (Figure 3A). The hypothe-
tical isoelectric point is at 5.88 and the estimated molecular
mass is 91.9 kDa. Sequence alignment of the ATG9 protein of
different species showed that the APG9 domain is highly
conserved (Figure 3B). The phylogenetic tree demonstrated
that the C. gigas ATGY sequence is similar to bivalves and
brachiopods, like those from C. virginica (88%, query cover of
97%) and Lingula anatina (52%, query cover of 99%). This
sequence is also similar to vertebrates. H. sapiens ATG9A
shares 43% identity with C. gigas (Figure 3C).

The ULK2 (unc-51 like autophagy activating kinase 2)
sequence was identified in C. gigas (Uniprot number:
K1PNLS8). This sequence consists of 2808 nucleotides and
936  amino  acids, and contains the entire
STKc_ULK1_2-like domain (Figure 4A). The hypothetical
isoelectric point is at 8.64 and the estimated molecular mass
is 103 kDa. The alignment of eight protein sequences from
different organisms demonstrated that the
STKc_ULK1_2-like domain situated in the first part of the
sequence seems to be well conserved between the different
species (Figure 4B). The phylogenetic tree showed that the
ULK2 sequence is similar to vertebrate ULK2 sequences
(Figure 4C). The H. sapiens sequence shares 34% identity
with the C. gigas sequence, and our sequence shares a high
identity with other bivalve and brachiopod ULK2 proteins,
like those from C. virginica (94%, query cover 100%), and
L. anatina (50%, query cover 99%).

Expression of 6 ATG genes in C. gigas tissues

The relative expression of key ATG genes of the 2 initiation
complexes (MTOR and BECNI), the LC3 and ATG12 con-
jugation systems (ATG12, SQSTM1 and MAPILC3A) and the
Atg9/ATGY cycling system (ATG9) was measured to deter-
mine in which C. gigas tissues autophagy occurs. All the
tissues tested constitutively expressed ATGI12, ATGSY,
BECN1, MTOR, SQSTMI1, and MAPILC3A (Figure 5).
However, the level of expression of each gene varied among
the analyzed tissues.

Detection of autophagy proteins in C. gigas

Western blotting and ITHC approaches were used to confirm
the presence of key ATG proteins of the 2 initiation com-
plexes (MTOR and BECN1) and the LC3 conjugation system
(SQSTM1 and MAP1LC3) in C. gigas tissues.

The western blot analysis revealed that the autophagy
proteins BECN1, MAPILC3, MTOR, and SQSTMI1 were
abundant in all the tested tissues of the Pacific oyster
(Figure 6). While MAP1LC3-I appeared to be expressed in
all the tissues tested, the MAPILC3-II form was strongly
detected in the mantle and gills.

The IHC results obtained from C. gigas tissues confirmed
the results obtained by western blot and allowed to better detect
the localization of autophagy proteins in the tissues (Figure 7).
No labeling was observed in the negative control C. gigas
tissues (Figure 7A-F). In contrast, in the presence of the 4
primary antibodies, labeling (corresponding to the formation
of brown precipitates) was observed in the mantle, gills, gonad,
and digestive gland. Each protein exhibited a specific localiza-
tion pattern. The SQSTM1 protein was detected in the epithe-
lium of the mantle and gills (Figure 7G]I), nervous tissue,
connective tissue (Figure 7H), and glandular cells of the diges-
tive tubules (Figure 7J). Spots of strong MAPILC3A staining
were observed in vesicular cells of connective tissue, mantle
(Figure 7K), and digestive epithelium (Figure 7M). A diffuse
labeling was observed in muscular fibers (Figure 7L) and in
granular cells of the digestive tubules (Figure 7N). For the
BECNI1 protein, positive staining was observed in glandular
cells of the digestive tubules (Figure 7R), some cells of the gill
filament (Figure 7Q), nervous tissue (Figure 70), and mantle
and gonad epithelia (Figure 7P). MTOR-specific antibodies
stained the muscle, nervous tissue, and some nuclei of mantle
epithelial cells (Figure 7S), connective tissue in gills and gonad
(Figure 7U,T), nuclei of oocytes, and glandular cells in the
digestive tubules (Figure 7V).

Discussion

Macroautophagy, more commonly called autophagy, is
a mechanism widely conserved in eukaryotes and has been
described for model organisms like yeast, humans, worms, and
insects [1,9]. However, in many organisms like mollusks, autop-
hagy is still poorly understood. Although several ATG proteins
have been reported in mollusks, information on the components
of the molecular machinery of the autophagy pathway in this
phylum remains scarce. Moreover, the localization of autophagy
activity in bivalve tissues has not been explored.
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Figure 1. Phylogenetic analysis of autophagy protein ATG7 of the Pacific oyster. (A) Schematic annotation of the ORF protein sequence. (B) Global alignment of
counterpart proteins sequences of ATG7 from animals of different part of the animal kingdom. Dashes (-) indicate gaps. (C) Neighbor-joining tree (bootstrap = 1000
replications) of the different autophagy proteins.

Mollusk bivalves are generally exposed to numerous biotic ~ [12,15-17], highlighting the importance of elucidating the
(pathogens) and abiotic (tide, pollution) stressors. Initial stu- autophagy pathway in bivalve mollusks. In this study, we
dies demonstrated that the autophagy pathway can play an identified the autophagy pathway by data mining of the
important role in the response to these different stress factors  Pacific oyster genome [14]. Real-time quantitative PCR,
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replications) of the different autophagy proteins.

western blotting, and ITHC were used to study the ATG pro-
teins that constitute the C. gigas autophagy pathway, and the
expression of 6 key genes and 4 proteins were analyzed in
different tissue compartments of the Pacific oyster.

The core molecular machinery of autophagy comprises 5
complexes containing ATG proteins conserved from yeast to
mammals [5,7]. Our results showed that the major ATG
proteins and the different complexes of the core molecular
machinery are present and expressed in the Pacific oyster
(Figure 8). The autophagy pathway in C. gigas is conserved
among eukaryotes, from the initiation of autophagy by ULK
and the PtdIns3K complex to autophagosome formation by
the Atg9/ATGY cycling system and 2 conjugation systems,
ATGI12 and LC3.

Our results also showed conserved sequences and con-
served domains in some proteins of the autophagy pathway.
Several key ATG proteins of the 2 complexes of the initiation
step (BECN1 and ULK2) and the LC3 conjugation system
(GABARAP and LC3 family members, SQSTM1) were highly
conserved. BECN1 plays a role as a platform for assembly and
stimulation of activity [18], whereas ULK2 mediates mem-
brane targeting, vesicle tethering, and co-assembly of subunits
[19-21]. LC3 family members and SQSTM1 are important for
membrane isolation during the elongation step [22] and cargo
recognition of polyubiquitinated proteins, respectively [23-
26]. Except for ULK2, the domains that comprise these pro-
teins are the same as for their H. sapiens counterparts
[18,22,27,28]. These data suggest that the role of these

proteins is conserved between mollusks and mammals. In
support of these results, the ATG proteins BECNI and
MAPILC3 were reported to be phylogenetically close to
their human orthologs [12]. Moreover, higher eukaryotes of
different phyla (worms, insects, plants, mammals) have essen-
tially similar roles compared to yeast [9,29].

Some other C. gigas ATG protein sequences were incom-
plete and some were not found. The sequences of several
proteins implicated in the core molecular machinery of autop-
hagy were incomplete. However, these proteins that are con-
served in other invertebrates like the crustacean
Macrobrachium rosenbergii [10], play important roles in the
mechanism of autophagy. In our study, we obtained the
complete sequences for ATG7, ATGI2, and ATG9 by RACE-
PCR. The amino acid sequences of these 3 proteins are highly
conserved with their eukaryotic counterparts. Moreover, the
domains are also conserved and similar to H. sapiens protein
counterparts, suggesting a conserved function for these pro-
teins as with the other eukaryotes. ATG7 and ATG12 mediate
the tethering of a phosphatidylethanolamine on the
MAPILC3 protein, and ATG9 regulates/participates in the
delivery of membrane for the formation of autophagosomes
[7,30]. The full characterization of ATG7, ATG12 and ATG9
by RACE-PCR demonstrated that the genome assembly of
C. gigas by Zhang et al. [14] is not reliable or have annotation
problems.

We did not find MAP1LC3B, ULK1 (unc-51 like autop-
hagy activating kinase 1), and WIPI1 protein in C. gigas.
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Figure 3. Phylogenetic analysis of autophagy protein ATG9 of the Pacific oyster. (A) Schematic annotation of the ORF protein sequence. (B) Global alignment of
counterpart proteins sequences of ATG9 from animals of different part of the animal kingdom. Dashes (-) indicate gaps. (C) Neighbor-joining tree (bootstrap = 1000

replications) of the different autophagy proteins.

Nevertheless, these proteins play important roles in the
mechanisms of autophagy [31-33]. MAP1LC3B is the more
commonly described and studied LC3 and GABARAP family
member [33]. Schaaf [33] reported that this protein is

implicated in phagophore elongation, promotes tethering
and membrane fusion. ULK1 is involved in the phosphoryla-
tion of BECNI, activation of the PtdIns3K complex, and
promotion of autophagy [34]. WIPII is known to play an
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Figure 4. Phylogenetic analysis of autophagy protein ULK2 of the Pacific oyster. (A) Schematic annotation of the ORF protein sequence. (B) Global alignment of
counterpart proteins sequences of ULK2 from animals of different part of the animal kingdom. Dashes (-) indicate gaps. (C) Neighbor-joining tree (bootstrap = 1000

replications) of the different autophagy proteins.

essential function in mammals [32]. Meanwhile, WIPI1, phosphatidylinositol 3-phosphate (PtdIns3P) downstream

WIPI2 (WD repeat domain, phosphoinositide interacting 2), effectors of PIK3C3-mediated phosphati
and WDR45/WIPI4 (WD repeat domain 45) are redundant phate production at the onset of

dylinositol 3-phos-

autophagy
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Figure 5. Relative gene expression of ATG12, ATGY, BECN1, MTOR, SQSTM1 and MAPILC3A in different tissues of Crassostrea gigas by real-time PCR. Error bars

represent standard deviations.
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Figure 6. Detection of the protein BECN1, MTOR, SQSTM1 and MAP1LC3 in different tissues of Crassostrea gigas.

Nevertheless, the specific role of each ULK1 homolog and
each WIPI, LC3 and GABARAP families members remains
unclear [22,32,35]. We do not know if the absence of these
proteins can affect the autophagy machinery, or if their
function is replaced by redundancy with other family mem-
bers. In addition, we cannot conclude whether the proteins
are simply not present in C. gigas, or whether the absence is
due to issues with the annotation or assemblage of the
C. gigas genome.

Moreover, other Atg proteins (Atgll, Atgl7, Atgl9, Atg20,
Atg23, Atg24, Atg27, Atg29, and Atg3l) specific to other
autophagy-related pathways defined in yeast (starvation-
induced autophagy, cytoplasm-to-vacuole targeting, and pex-
ophagy pathways) [36] were not found in C. gigas. These
proteins are not essential for the functioning of the core

molecular machinery and are not required for the formation
of the autophagosome [36].

Using real-time PCR, western blotting, and IHC, we
detected the expression of 6 genes (ATGI2, ATG9, MTOR,
SQSTM1, BECN1, and MAPILC3A) and 4 proteins (MTOR,
SQSTM1, BECNI1, and MAPILC3A) in different tissues of
the Pacific oyster. According to the real-time PCR results,
ATGI2, ATGY, MAPILC3A, SQSTMI, MTOR, and BECNI
were constitutively expressed in the mantle, gills, muscle,
labial palps, digestive gland, gonad, heart, and hemolymph
at the gene level. Western blotting results demonstrated that
MAPI1LC3A, SQSTM1, MTOR, and BECN1 were also con-
stitutively expressed in all these tissues at the protein level.
Similar results were obtained for the abalone Haliotis diver-
sicolor for saGABARAP [11]. The presence of the
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Figure 7. Immunohistochemical detection of BECN1, MTOR, SQSTM1 and MAP1LC3A in several tissues of the Pacific oyster, Crassostrea gigas. (A) Mantle with
connective tissue, nerf and muscle, (B) gonad, (C) gills, (D) digestive tubules, (E) muscle, (F) digestive gland epithelium, (G) mantle with connective tissue, (H) nerf in
the mantle connective tissue, (1) gills, (J) digestive tubules, (K) mantle with connective tissue, (L) muscle, (M) digestive gland epithelium and connective tissue, (N)
digestive tubule, (O) mantle with connective tissue, nerf and muscle, (P) gonad, (Q) gills, (R) digestive tubules, (S) mantle with nerf and muscle, (T) gonad, (U) gills

and (V) digestive tubule. Scale bar: 20 pm.

MAPILC3, SQSTMI, and BECN1 proteins was also detected
by western blot in various tissues of the giant freshwater
prawn M. rosenbergii including the hepatopancreas, ovary,
muscle, brain, eyestalk, and thoracic glands [10]. More
generally it is know that autophagy occurs at a basal level
in mammalian systems [37]. A basal level of autophagy is
active in most cells type where it is postulated to play
a housekeeping role in maintaining the integrity of intracel-
lular organelles and proteins [1,38].These results suggest
that, in C. gigas, autophagy play a role in important cellular
processes as homeostasis by allowing a constitutive cytosolic
components turnover. However, at the protein level, the
MAPILC3-II form is detected only in the mantle, gills and
the hemocytes of C. gigas. The amount of MAP1LC3-II (the
lapidated form of MAPILC3-I), is closely correlated with
the number of autophagosomes, serving as a good monitor-
ing indicator of autophagosome formation [39]. Some
authors have already reported that MAP1LC3-II amounts
are tissues or cells context dependent [40,41]. Moreover, the
conversion of MAPILC3-I in MAPI1LC3-II form depend of
the cell type and of the kind of stress to which cells are
subjected [42]. In C. gigas, it could be supposed that the
MAPILC3-II amount is tissue dependent.

The THC analysis using the 4 antibodies revealed diffuse
staining in the mantle, gills, gonad, and digestive gland of the

Pacific oyster, C. gigas. This phenomenon has been frequently
reported for mammal tissues labeled with MAPILC3 and
BECN1-specific antibodies [42,43]. With THC, a diffuse stain-
ing is more commonly observed in tissues than
a characteristic spot staining pattern [42]. In M. rosenbergii,
the MAPILC3 and SQSTMI proteins were detected in the
gonad by IHC [10].

The results showed that autophagy is constitutively
detected at both the molecular and protein levels in the tested
tissues of the Pacific oyster. Several studies have already
reported that autophagy is implicated in a variety of cellular
processes like innate immunity, response to environmental
stressors (like anoxia and hyperthermia), and embryonic and
larval development in mollusks [11,12,15,16,44]. However, in
C. gigas, the cellular functions of autophagy need to be further
investigated.

Materials and methods
Identification of autophagy proteins in C. gigas

A preliminary search for C. gigas ATG homologs was per-
formed in Uniprot (https://www.uniprot.org/). As a second
approach, we used the tBLASTn program of NCBI (https://
www.ncbi.nlm.nih.gov/) to search for H. sapiens (taxid: 9606)


https://www.uniprot.org/
https://www.ncbi.nlm.nih.gov/
https://www.ncbi.nlm.nih.gov/
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Figure 8. Molecular and cellular autophagy pathway of the Pacific oyster, Crassostrea gigas. RE, reticulum endoplasmic.

and S. cerevisiae (taxid: 4932) ATG homologs using C. gigas
ATG protein sequences collected from the Uniprot database.
For ATG only present in S. cerevisiae and H. sapiens or not
found in C. gigas by other approaches, we used the tBLASTn
program of NCBI to search for C. gigas (taxid: 29,159) ATG

homologs using H. sapiens and S. cerevisiae reviewed ATG
protein sequences collected from the Uniprot database.
The percent identity of each C. gigas ATG sequence with the
human and yeast sequences was collected. Conserved domain
analysis of each C. gigas ATG was performed using the
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conserved domains-search module of NCBI. All the protein
sequences of the 3 organisms are provided in Supplementary
file n°1 (Fig. S1).

Statistical analysis

For the identification of ATG proteins in C. gigas by the differ-
ent approaches described in the previous paragraph, the e-value
parameter was set at 10~ for selecting significant ATG homolog
sequences of C. gigas, H. sapiens or S. cerevisiae.

Oysters

One-year-old Pacific oysters, C. gigas, were produced at the
Ifremer facilities in Argenton, Finistere, France. Animals were
maintained in raceways supplied with a constant flow of sea-
water at 19°C, enriched in phytoplankton (Skeletonema costa-
tum, Isochrysis galbana, and Tetraselmis suecica) cultivated at
the Ifremer facilities in Argenton.

Total RNA extraction and cdna synthesis

Pieces of mantle, gills, labial palps, muscle, digestive gland,
heart, and gonad were collected from Pacific oysters (100 mg).
A 1-mL pool of hemolymph was withdrawn from the adduc-
tor muscle of 4 animals.

For each tissue, total ribonucleic acid (RNA) was extracted
using TRIzol™ Reagent (Ambion, 15596026) according to the
manufacturer’s recommendations. Total RNA was treated with
TURBO™ DNAse (Invitrogen, AM2238) to remove genomic
deoxyribonucleic acid (DNA). The quality and quantity of the
RNA were determined using a NanoDrop 2000 (Thermo
Scientific, USA). A mock reverse transcription was performed
after each DNAse treatment to control for the absence of oyster
and/or viral genomic DNA. First-strand cDNA synthesis was
carried out using SuperScript® III Reverse Transcriptase
(Invitrogen, 18080044) with 500 ng of treated RNA.

Identification and characterization of ATG genes

To obtain full-length cDNAs for ATG7, ATG12 and ATGY,
RACE-PCR reactions were carried out using the SMARTer®
RACE 5'/3' Kit (Takara bio, 634859) according to the manu-
facturer’s instructions. Primers were designed using the open-
source Primer3 software (http://biotools.umassmed.edu/
bioapps/primer3_www.cgi) and synthesized by Eurogentec
(Table 6). First-strand cDNAs synthesis, ligation, and cloning
were performed with the TA Cloning Kit (Invitrogen,
K202020) and transformation was performed with One
Shot™ TOP10 Chemically Competent Escherichia coli
(Invitrogen, C404003). Several clones were sequenced from
both ends using the BigDye® Terminator v3.1 sequencing kit
(Applied Biosystems, 4337456) with an ABI PRISM® 3130 XL-
Avant Genetic Analyzer (Applied Biosystems’, USA), a 36 cm
capillary array (Applied Biosystems, 4315931), and POP 7
polymer (Applied Biosystems, 4352759). ORFs and protein
conserved domains were identified (ORF finder and con-
served domain, NCBI). Complete sequences were deposited
in GenBank and assigned under the accession numbers

MKO069430 (ATGY9), MK069431 (ATGI12), and MK173046
(ATG?). The isoelectric point and molecular mass were calcu-
lated in http://www.expasy.ch/tools/pi_tool.html.

Protein sequence alignment and phylogenetic analysis

Multiple amino acid sequence alignments were performed
with sequences from 10 species: human (H. sapiens), eastern
oyster (Crassostrea virginica), chicken (Gallus gallus), zebra-
tish (Danio rerio), fly (Drosophila melanogaster), worm
(Caenorhabditis elegans), mouse (Mus musculus), sea urchin
(Strongylocentrotus purpuratus), lamp shell (Lingula unguis),
and European honey bee (Apis mellifera). The ATG protein
sequences of the ten species were obtained from the Uniprot
or NCBI databases. Alignments were performed using
ClustalW [45] with the BioEdit sequence alignment editor
version 7.0.5.3 (Hall North Carolina state University, USA).
The phylogenetic trees were constructed with MEGA 7 soft-
ware version 7.0.26 (Temple University, King Abdulaziz
University and Tokyo Metropolitan University; USA, Saudi
Arabia, Japan) using the Neighbor joining method (boot-
strap = 1000). The amino acid sequences from the ten
species used to perform the alignments and the phylogenetic
analysis are listed in supplementary file n°2 (Fig. S2).

Real-time quantitative PCR and relative expression

Real-time quantitative PCR was performed in duplicate
using an Mx3000 Thermocycler sequence detector
(Agilent, USA). All forward and reverse primers used in
the present study were designed using Primer3 software
(http://biotools.umassmed.edu/bioapps/primer3_www.cgi)
and synthesized by Eurogentec. Real-time quantitative PCR
was used to evaluate ATG gene expression (ATG12, ATGY,
BECN1, MAP1LC3A, MTOR, and SQSTM1I). Amplification
reactions were performed in a total volume of 20 pL. Each
well contained 5 pL ¢cDNA (diluted 1:30), 10 uL Brilliant III
Ultra-Fast SYBR® green qPCR Master Mix (Agilent, 600882),
2 pL of each primer (3 puM) and 1 pL distilled water. The
cycling conditions were as follows: 3 min at 95°C, followed
by 40 cycles of amplification at 95°C for 5 s and 60°C for
20 s. Melting curves were also plotted to ensure that a single
PCR product was amplified for each set of primers. In all
cases, negative controls (without cDNA) were included to
rule out DNA contamination.

Four specific primer pairs were designed for unique gene sense
or antisense sequences and validated by real-time PCR (Table 7).
Standard curves were generated for each primer pair using serial
dilutions of total cDNA, and PCR efficacy (E = 10C1/519P)) (yag
calculated based on these curves [46]. Thus, the 6 ATGs were
normalized using the oyster housekeeping gene of C. gigas,
EEF1AI1/EF1-« (eukaryotic translation elongation factor 1 alpha
1; GenBank, Accession N°. AB122066). A pool of the different
tissues of C. gigas tested in this experiment was used for calibra-
tion. The relative quantification value (ratio R) was calculated
using the method described by Pfaffl, 2001 [47]: R = [(Eqarger) AcT
ta.rget(control—sa.mple)] /[(Eref) ACT ref(control-sample)]. All amphﬁ cation

obtained by real-time PCR was validated by sequencing using


http://biotools.umassmed.edu/bioapps/primer3_www.cgi
http://biotools.umassmed.edu/bioapps/primer3_www.cgi
http://www.expasy.ch/tools/pi_tool.html
http://biotools.umassmed.edu/bioapps/primer3_www.cgi

AUTOPHAGY (&) 2033

Table 7. List of the oyster housekeeping and autophagy genes targeted by real-time PCR.

Gene name Abbreviation Forward primer Reverse primer Efficiency (%)
Microtubule associated protein 1 light chain 3 alpha MAP1LC3A CCGATGCTTGACAAGACCAA CCGTCCTCGTCTTTCTCCTG 98.2
Beclin 1 BECN1 AAATGCTGCTTGGGGTCAGA CGGAATCCACCAGACCCATA 102.2
Mechanistic target of rapamycin kinase MTOR GGCATGTTCTCTACCCTGGA TCCTTGACGTTCTCTGACCT 106.7
Sequestosome 1 SQSTM1 AGGGAATGAGAAGGCCGAAA CCTCAAGCAACTCCTCTCCA 96.5
Autophagy related 9 ATG9 CTCCTGATTGGTCAGGCAAT ACGCAGGGAAAAGCAGAGTA 100
Autophagy related 12 ATG12 GGGGTTAACCACAAGAAGCA ACCAAGAGCCATCCATCAAC 100
Eukaryotic translation elongation factor 1 alpha 1 EEF1A1/EF1-a AGTCACCAAGGCTGCACAGAAAG TCCGACGTATTTCTTTGCGATGT 98.8

the ABI PRISM® 3130 XL-Avant Genetic Analyzer with a 36 cm
capillary array and POP 7 polymer (data not shown).

Western blotting

Pieces of mantle, gills, labial palps, muscle, digestive gland, heart,
and gonad were collected from one Pacific oyster (20 to 25 mg).
A pool of 10 mL of hemolymph from 12 animals was withdrawn
from the adductor muscle and centrifuged for 10 min at 1500 x g
at 4°C. The supernatant was discarded, and the pellet containing
the hemocytes was used for protein extraction.

For each tissue sample, protein extraction was carried out
in 200 pL cell extraction buffer (Invitrogen, FNNO0O011).
Samples were ground using a pellet piston and lysed on ice
for 30 min in cell extraction buffer with 1 mM phenylmethyl-
sulfonyl fluoride (PMSF; Euromedex, S3025) supplemented
with a protease inhibitor cocktail (GE Healthcare, 80-6501-
23). Lysates were centrifuged at 13,000 x g for 10 min at 4°C,
and supernatant fractions were recovered. All the extracted
samples were quantified using the commercial Pierce™ BCA
protein assay kit (Thermo Scientific, 23227).

From each tissue, 30 ug of protein extract was loaded and
migrated on an 8-16% sodium dodecyl sulfate (SDS)-
polyacrylamide gel (Bio-Rad, 4561103). For hemocytes, only
22 ug was loaded. Proteins were transferred onto a polyvinyli-
dene difluoride (PVDF) membrane (Bio-Rad, 1620177) and
blocked in TBST 5% BSA (Tris-buffered saline [TBS;
Euromedex, ET220], 0.1% Tween 20 [Euromedex, 2001-B],
5% bovine serum albumin [BSA; Sigma-Aldrich, A7906]) for
45 min. The membrane was then incubated overnight at 4°C
with the following primary antibodies: MAP1LC3 at 1:200
(Cell Signaling Technology, 4108), BECN1 at 1:1000 (Cell
Signaling Technology, 3738), MTOR at 1:1000 (Thermo
Fisher Scientific, PA5-13263), ACT/actin at 1:500 (Sigma-
Aldrich, A4700), and SQSTMI1 at 1:6000 (Sigma-Aldrich,
P0067), diluted in TBST 5% BSA. The ACT antibody was
used as a loading control. Membranes were washed 3 times
for 10 min at room temperature with TBST 1% BSA (Tris-
buffered saline [TBS], 0.1% Tween 20, 1% BSA). Membranes
were then incubated with horseradish peroxidase (HRP)-
conjugated secondary antibodies (anti-rabbit at 1:2500, GE
Healthcare, NA934; or anti-mouse at 1:5000, GE Healthcare,
NA931) for 45 min at room temperature. Each membrane was
washed 3 times for 10 min with TBST 1% BSA.
Immunoreactive bands were then detected by enhanced che-
miluminescence using the amersham ECL western blotting
analysis system (GE Healthcare, RPN2109).

Immunohistochemistry

Whole oysters were preserved in Davidson’s fixative (22%
formaldehyde [VWR International, 20910.363], 33% ethanol
95% [VWR International, 20824.365], 12% glycerol [VWR
International, 24388.364], 33% filtered sea water [0.2-pm
filters, Millipore, MILFSVGV01015], and 10% acetic acid
[VWR International, 20103.364]) for 48 h and then stored
in ethanol before being embedded in paraffin wax blocks.
Sections 5 pm thick were cut and mounted on silane-coated
slides (Dutscher, 100003). The tissues were deparaffinized
in xylene twice for 10 min, rinsed twice for 10 min with
absolute ethanol, and unmasked in citrate buffer (0.1 M,
pH 6, Sigma-Aldrich, C0759) for 30 min at 90°C. After
cooling, slides were washed in 1X phosphate-buffered saline
(PBS; Euromedex, ET330) for 10 min. Nonspecific binding
was blocked using PBS containing 1% dried skimmed milk
(Dutscher, 711160), for 30 min at ambient temperature.
The slides were then incubated overnight at 4°C with the
polyclonal primary antibody diluted in 1X PBS, supplemen-
ted with 0.5% dried skimmed milk (1:10 for anti-MTOR
[Thermo Scientific, PA5-13263]; 1:20 for anti-MAP1LC3A
[Abgent, AP1805a]; 1:100 for anti-SQSTM1 [Sigma-Aldrich,
P0067]; 1:50 for anti-BECN1 [GeneTex, GTX55535]).
Unbound primary antibodies were removed with 5 washes
in PBS 1X. The slides were then incubated for 45 min with
the secondary anti-rabbit antibody (Sigma-Aldrich, A0545)
diluted 1:200 in 1X PBS supplemented with 0.5% dried
skimmed milk at ambient temperature in the dark.
Unbound secondary antibody was removed with 5 washes
in 1X PBS in the dark.

Using the SIGMAFAST™ 3,3'-diaminobenzidine (DAB) tablet
set (Sigma-Aldrich, D4168), one 3,3'-diaminobenzidine tablet
and one urea-hydrogen peroxide tablet were dissolved in 1 mL
of water. This solution was added to each tissue section, and the
sections were then incubated for 10 min in the dark at room
temperature. The reaction was stopped by rinsing the slides with
distilled water. Sections were stained for 10 s in Mayer hematox-
ylin (VWR International, 10047105), then 30 s in water, 1 min in
absolute ethanol, and finally soaked in xylene before mounting
with Eukitt resin (VWR International, STAMO03989) for micro-
scopic observation. For negative controls, the same protocol was
used but without adding the primary antibodies.
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