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N6-methyladenosine (m6A) is a prevalent epitranscriptomic mark in eukary-

otic RNA, with crucial roles for mammalian and ecdysozoan development.

Indeed, m6A-RNA and the related protein machinery are important for

splicing, translation, maternal-to-zygotic transition and cell differentiation.

However, to date, the presence of an m6A-RNA pathway remains unknown

in more distant animals, questioning the evolution and significance of the

epitranscriptomic regulation. Therefore, we investigated the m6A-RNA

pathway in the oyster Crassostrea gigas, a lophotrochozoan model whose

development was demonstrated under strong epigenetic influence. Using

mass spectrometry and dot blot assays, we demonstrated that m6A-RNA is

actually present in the oyster and displays variations throughout early oyster

development, with the lowest levels at the end of cleavage. In parallel, by

in silico analyses, we were able to characterize at the molecular level a com-

plete and conserved putative m6A machinery. The expression levels of the

identified putative m6A writers, erasers and readers were strongly regulated

across oyster development. Finally, RNA pull-down coupled to LC-MS/MS

allowed us to prove the actual presence of readers able to bind m6A-RNA

and exhibiting specific developmental patterns. Altogether, our results

demonstrate the conservation of a complete m6A-RNA pathway in the oys-

ter and strongly suggest its implication in early developmental processes

including MZT. This first demonstration and characterization of an epitran-

scriptomic regulation in a lophotrochozoan model, potentially involved in

the embryogenesis, bring new insights into our understanding of develop-

mental epigenetic processes and their evolution.

Abbreviations

2/8 C, two- to eight-cell embryos; ALKBH5, AlkB homologue 5; B, blastula; CAN, acetonitrile; Cg-m6A-BPs, oyster m6A-interacting protein;

D, D-larvae; E, oocytes; eIF3, eukaryotic initiation factor 3; F E, fertilized oocytes; FTO, fat mass and obesity-associated protein; G, gastrula;

GO, Gene Ontology; HAKAI, RING finger E3 ubiquitin ligase; HNRNPA2B1, heterogeneous nuclear ribonucleoproteins A2/B1; hpf, hours

postfertilization; M, morula; m6A, N6-methyladenosine; METTL, methyltransferase-like; MZT, maternal-to-zygotic transition; Prrc2a, proline-

rich coiled-coil 2a; RBM15, RNA-binding motif 15; SAM, S-adenosyl-methionine; SPRI, solid-phase reversible immobilization; SSW, sterile

sea water; TPM, transcripts per kilobase per million reads; WTAP, Wilms’ tumour 1-associated protein; YTHDC, YTH domain-containing

protein; YTHDF, YTH domain family protein; ZC3H13, zinc finger CCCH-type containing 13.

1The FEBS Journal (2020) ª 2020 Federation of European Biochemical Societies

https://orcid.org/0000-0001-8372-8715
https://orcid.org/0000-0001-8372-8715
https://orcid.org/0000-0001-8372-8715
mailto:
http://crossmark.crossref.org/dialog/?doi=10.1111%2Ffebs.15500&domain=pdf&date_stamp=2020-09-01


Introduction

The N6-methyladenosine (m6A) is the prevalent chemi-

cal RNA modification in all eukaryotic coding and non-

coding RNAs [1]. Messenger RNAs are the most

heavily m6A-methylated RNAs, with m6A bases lying

mostly in their 3’ UTRs, at the vicinity of their stop

codon [2-4] and also in 50 UTRs and long internal exons

[4,5]. N6 methylation of RNA adenosines is responsible

for RNA processing and, like DNA methylation or his-

tone modifications, contributes to the regulation of gene

expression without changing the DNA or mRNA

sequence. Therefore, m6A constitutes a new layer of

post-transcriptional gene regulation, which is emerging

or has been proven critical in various biological pro-

cesses, and is referred to as epitranscriptomic [2].

The dynamics and biological outcomes of m6A levels

are the results of the activity of a complex protein

machinery comprising writers, erasers and readers. The

addition of a methyl group to the 6th nitrogen of RNA

adenosines is catalysed by m6A writers with distinct

properties. Methyltransferase-like 16 (METTL16) is a

’stand-alone’ class I methyltransferase that recognizes

the UACA*GAGAA consensus sequence (with * indi-

cating the target adenosine) [6]. By contrast, METTL3

transfers methyl groups to adenosines within the

RRA*CH motif [2,3,7]. METTL3 is only active within a

tripartite ‘core complex’ [8] comprising METTL3,

METTL14 which enhances the methyltransferase activ-

ity supported by the MTA-70 domain of METTL3

[9,10] and the regulator protein Wilms’ tumour 1-associ-

ated protein (WTAP) [4,9,11]. This core complex can

interact with virilizer-like (or KIAA1429) [12], RING

finger E3 ubiquitin ligase (HAKAI) [12,13], zinc finger

CCCH-type containing 13 (ZC3H13) [12,14], RNA-

binding motif 15 (RBM15) and RBM15B [7,15] which

are suspected to intervene in the core complex activity

and target specificity. The demethylation of adenosines

has been demonstrated to be an active process catalysed

by eraser enzymes belonging to the Fe(II)/2-oxoglu-

tarate dioxygenase family: AlkB homologue 5

(ALKBH5) [16,17] and the fat mass and obesity-associ-

ated protein (FTO) [17,18].

A growing number of reader proteins which recognize

the m6A-RNA mark are being described. They may be

divided into two classes depending on the presence of a

YT521-B homology (YTH) domain in their primary

sequence. The YTH protein family includes YTH

domain family protein 1-3 (YTHDF1-3) and YTH

domain-containing protein 2 (YTHDC2), which are

cytosolic m6A readers involved in m6A-RNA stability

and translation [19-22]. The fifth YTH member is

YTHDC1, which is present in the nucleus and controls

splicing [23] and nuclear export [24] of m6A-RNA. The

second class of readers comprises proteins without YTH

domain which are involved in several molecular mecha-

nisms. For example, the heterogeneous nuclear ribonu-

cleoprotein A2/B1 (HNRNPA2B1) is important for

miRNA processing [25]. Insulin-like growth factor 2

mRNA-binding proteins 1-3 (IGF2BP1-3) [26] and pro-

line-rich coiled-coil 2a (Prrc2a) [27] participate in RNA

stability, while eukaryotic initiation factor 3 (eIF3)

guides cap-independent translation [5].

The m6A epitranscriptomes underlie important bio-

logical functions, most of which being related to devel-

opmental processes, including the control of cell

differentiation [27-32], maternal-to-zygotic transition

(MZT) [33], sex determination [7,34] and gametogene-

sis [16,21,35,36]. Such critical epitransriptomic out-

comes are conserved in the animal evolution and were

characterized in both vertebrates and ecdysozoans,

that is mammals and drosophila.

However, such conserved biological significance

originates in diverse epitranscriptomic mechanisms.

Indeed, not all ecdysozoans bear a complete m6A-

RNA machinery, such as C. elegans whose genome is

devoid of the related protein machinery with the

exception of a putative orthologue of METTL16

[37,38]. In addition, no m6A eraser has been described

to date in nonvertebrate models, and especially ecdyso-

zoans such as the drosophila or C. elegans [38-40],

where it cannot be excluded that m6A-RNA methyla-

tion could be removed by the activity of characterized

6mA-DNA demethylases [41,42]. This situation may

illustrate a growing complexity of epitranscriptomic

mechanisms during the animal phylogeny and raises

fundamental questions about its evolution and its pres-

ence in organisms distant from mammals and ecdyso-

zoans. However, to date, no data about a possible

epitranscriptomic regulation are available to our

knowledge in lophotrochozoans, the understudied sis-

ter group of ecdysozoans within protostomes, although

representing an important range of metazoan biodiver-

sity.

The Pacific oyster Crassostrea gigas (i.e. Magallana

gigas) is a bivalve mollusc whose great ecological and

economical significance allowed its emergence as a

model species within lophotrochozoan organisms. As

such, an important amount of genetic, transcriptomic

and epigenetic data has been generated in this model.

Interestingly, the embryo-larval development of C. gi-

gas is described to be under the strong epigenetic influ-

ence of DNA methylation [43-47] and histone marks

[48-50]. Besides, oyster develop exposed to external

environmental conditions, and in other models, the
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m6A methylation of RNA and/or the expression of its

machinery can be induced by heat stress, UV exposure

or endocrine disruptors [5,51-54], questioning the pres-

ence of an m6A pathway in C. gigas and its signifi-

cance in oyster early development.

To investigate this, we measured m6A levels in RNA

across the entire embryo-larval life of the oyster using

mass spectrometry and dot blot. We also searched the

available in silico resources for putative conserved

m6A-related proteins in C. gigas genomic data as well

as their cognate expression kinetics using RNA-Seq

assembly analyses. We also performed RNA pull-down

with a synthetic m6A-RNA oligonucleotide coupled to

liquid chromatography and mass spectrometry (LC-

MS/MS) to characterize potential oyster m6A-binding

proteins. To our knowledge, this study is the first

report unravelling epitranscriptomic mechanisms out-

side vertebrate and ecdysozoan animal models.

Results

m6A is present in oyster RNA, differentially

affects distinct RNA populations and displays

variations during embryonic life

Mass spectrometry measurements revealed that m6A is

present in oyster RNA, with global m6A/A levels of

ca. 0.3%, a value comparable to what has been found

in the human and the fruit fly (Fig. 1A). Immunoblot

assays indicate that total and polyA + RNA present

variable amounts of m6A during oyster development

and that these variations display distinct profiles sug-

gesting specific methylation patterns between RNA

populations. Indeed, N6A methylation in total RNA is

the highest in the early stages (oocytes and fertilized

oocytes) then gradually decreases until the morula

stage before gradually increasing again up to the tro-

chophore stage when it recovers its maximum

(Fig. 1B). In contrast, m6A levels in polyA + RNA are

hardly detected in early stages but display a peak in

the gastrula and trochophore stages (Fig. 1C).

m6A machinery is conserved at the molecular

level in the oyster

In silico analyses led to the identification of oyster

sequences encoding putative orthologues of m6A writ-

ers, erasers and readers that are present in the human

and/or in the human and the fruit fly.

All the eight m6A-RNA writers characterized in the

human and/or drosophila at the time of the study,

namely METTL3, METTL14, WTAP, virilizer-like,

HAKAI, ZC3H13, RBM15/15B and METTL16, were

present in the oyster at the gene level. The encoded

protein primary sequences all display the specific

domains required for enzymatic activity and/or bind-

ing. They include MT-A70 and AdoMetMtases SF

domains for METTL3, METTL14 and METTL16,

respectively, that bear the methyltransferase activity.

Oyster WTAP and virilizer-like orthologues exhibit

WTAP and VIR_N domains, respectively, that are

required in their human counterparts to bind and

Fig. 1. m6A levels across oyster development. (A) m6A level quantified by LC-MS/MS in Crassostrea gigas embryo-larval stages pooled

from oocytes to D-larvae (n = 3) is compared to the m6A level in Homo sapiens and Drosophila melanogaster; (B) dot blot quantification of

m6A in total RNA throughout oyster development (n = 3); (C) dot blot quantification of m6A in polyA + RNAs throughout oyster development

(n = 3), Kruskal–Wallis test, a < 0.05. E, egg; F E, fertilized egg; 2/8C: two- to eight-cell embryos; M, morula; B, blastula; G, gastrula; T,

trochophore; D, D-larvae. Chemiluminescence (B) and fluorescence (C) are measured as a ratio between dot intensity of development

stages and their respective controls for each amount of RNA (120, 60 and 30 ng). Data are presented as mean � SD (n = 3).
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activate the catalytic subunit of the m6A-RNA methyl-

transferase complex. Oyster Hakai and RBM15/15B

present RHHL, RHF-Zn-BS and specific RRM

domains, respectively, similar to human and fruit fly

orthologues. Besides, the oyster ZC3H13 bears the

Rho SF domain present in the human, but not in the

fruit fly orthologue (Fig. 2A).

Crassostrea gigas also presents a putative m6A-RNA

eraser, ALKBH5, which is present in the human but

has not been characterized in drosophila. The oyster

ALKBH5 exhibits a 2OG-FeII_Oxy domain suggestive

of a presumably conserved catalytic functionality

through Fe2+-dependent oxoglutarate oxidation. Of

note, no orthologue of the human FTO eraser could

be identified in the oyster genomic or transcriptomic

databases available to date (Fig. 2B).

Many m6A reader orthologues have also been found

in the oyster, including proteins containing a YTH

domain, such as YTHDF, YTHDC1 and YTHDC2.

An oyster Prrc2a-like protein produces homology with

the human Prrc2a, especially within the m6A-binding

GRE-rich domain. Oyster readers also include a

heterogeneous nuclear ribonucleoprotein-coding gene,

hnRNPA2B1, with greater sequence similarity with the

drosophila counterpart than with the human ortho-

logue. Similarly, the IGF2BP-coding sequence has also

been found in C. gigas (Fig. 2C). Five oyster

sequences display homologies with eIF3a which is able

to bind m6A-RNA [5], but it was not possible to dis-

criminate whether a unique oyster predicted protein

was an eIF3a orthologue.

Overall, these results indicate the conservation of a

complete m6A-RNA machinery in the oyster. The

complete list of the identified genes encoding the con-

served m6A machinery actors and their isoforms, as

well as the related information, is given in the Data

S1.

Oyster putative m6A actors display expression

level variations across development

RNA-Seq data analyses showed that all the oyster

m6A-related genes were expressed during the early life

(Fig. 3). Their expression level displayed gene-specific

profiles, most of them being variable throughout oys-

ter development.

Fig. 2. The putative conserved m6A machinery in Crassostrea gigas. Domain architecture of actors of the m6A machinery identified by

in silico analyses in the oyster compared to the fruit fly and human, (A) writer proteins; (B) eraser protein; (C) reader proteins. Putative

domains involved in m6A processes are coloured (writers, green; eraser, red; readers, blue). Other domains identified but not involved in

m6A processes are indicated in grey. Only one isoform is represented for each protein and each species for clarity (see Fig. S2 for other

isoforms).
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The expression of writers belonging to the core methy-

lation complex is weak overall. METTL3 and WTAP

share similar profiles with little expression increasing up

to the gastrulation and remaining stable afterwards. In

contrast, METTL14 displays a weak expression level

across the embryo-larval life. The expression profile of

virilizer-like resembles WTAP, while HAKAI, RBM15/

15B and METTL16 seem to have mRNA levels which

decrease after cleavage, whereas those of ZC3H13 tran-

script variants seem to drop at the D larva stage. Interest-

ingly, METTL16 mRNA levels display an opposite

developmental profile when compared to METTL3

expression, with the highest values during cleavage which

decrease later on (Fig. 3A).

ALKBH5 transcripts are weakly represented within

oyster early embryos, and the higher TPM values are

found in gastrulas. However, maximum levels are

observed after metamorphosis in juveniles (Fig. 3B).

Regarding m6A putative readers, the expression of

YTH family genes during development showed differ-

ent patterns. In fact, YTHDF is the most represented

YTH domain-bearing actor and YTHDF TPM values

are ca. fivefold higher than all the other oyster YTH

readers. YTHDF is strongly expressed at the beginning

of development until a peak at the morula stage.

Prrc2a is the most represented reader at the mRNA

level in oyster embryos, and the sum of the TPM of

the two Prrc2a oyster isoforms is at most ca. 20-fold

higher than that of YTH family. However, Prrc2a and

YTHDF transcript content profiles are similar across

oyster development and also remind of the IGF2BP

mRNA levels.

By contrast, the two isoforms of YTHDC1 identi-

fied by in silico analysis, YTHDC1.1 and YTHDC1.2,

display similar patterns together with YTHDC2, with

a maximum representation in gastrulas. The

Fig. 3. Gene expression of the putative m6A machinery throughout oyster development. Expression levels of writers (A), eraser (B) and

readers (C) identified by in silico analysis at each development stage were inferred from the GigaTON database. Expression levels are given

in transcripts per kilobase per million reads (TPM) as the mean of the GigaTON values according to the Table S2. E, egg; 2/8C, two- to

eight-cells; M, morula; B, blastula; G, gastrula; T, trochophore; D, D-larvae; S, spat; J, juvenile.
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expression of hnRNPA2B1 isoforms has likewise pat-

terns except for a marked drop at the D-larvae stage

(Fig. 3C).

Oyster orthologues of m6A-RNA-interacting

proteins bind m6A RNA in vitro

To determine whether oyster proteins can bind m6A-

RNA, we performed RNA pull-down of cytoplasmic

and nuclear embryonic cell extracts using a methylated

versus a nonmethylated oligonucleotide, followed by

LC/MS-MS characterization and identification of the

captured proteins with the Mascot software.

In nuclear extracts, we detected 591 proteins able to

bind both the methylated and unmethylated oligos.

We identified 43 proteins specific to unmethylated

RNA, while 131 proteins specifically bind the m6A-

methylated oligo. In cytosolic extracts, there were 646,

436 and 36 of such proteins, respectively. Regardless

of the methylation status, more proteins in the cyto-

plasmic extracts can bind to the RNA oligonucleotides

than in the nuclear extracts (1118 vs. 765 proteins,

respectively). However, more nuclear proteins are

found exclusively bound to the m6A-containing oligo

than cytoplasmic proteins (131 vs. 36, i.e. 17% vs. 3%,

respectively). In addition, many nuclear and cytoplas-

mic proteins can bind both the methylated and the

nonmethylated oligo (591 vs. 646, i.e. 77% vs. 58%).

An important number of proteins in the cytoplasmic

extract were found exclusively bound to the nonmethy-

lated oligo, whereas only a limited number of nuclear

proteins display such a specificity (436 vs. 43, i.e. 39%

vs. 6%). Among the 167 m6A-specific proteins in oys-

ter extracts, only 5 were found in both the nuclear and

cytoplasmic extracts. These results show that oyster

proteins can directly or indirectly bind m6A-RNA, and

suggest an important compartmentalization of m6A-re-

lated processes.

Among the identified proteins in this assay, four of

the putative oyster m6A readers are found, YTHDC1,

hnRNPA2B1, IGF2BP and eIF3. In the nuclear

extracts, YTHDC1 is uncovered as m6A-specific

whereas hnRNPA2B1 and IGF2BP were present com-

plexed with both the m6A- and A-oligos. In the cyto-

plasmic extracts, YTHDC1 and eIF3a are m6A-

specific while hnRNPA2B1 and IGF2BP were pulled

down by both methylated and unmethylated oligos

(Fig. 4A).

These results demonstrate that some proteins in the

oyster can specifically bind m6A-RNA and that the

putative m6A reader orthologues in the oyster are con-

served at the protein level and are able to interact with

m6A-RNA.

The m6A-interacting protein-coding genes

display clustered expression regulation and

functional annotation during oyster development

The mRNA expression level of the genes encoding the

162 oyster m6A-interacting protein (Cg-m6A-BPs) was

examined using RNA-Seq databases. Most of them

display a specific and regulated expression level across

oyster developmental stages. However, three main

expression clusters could be distinguished according to

their developmental mRNA expression level profile.

Cluster 1 includes genes that show high expression at

the beginning of the embryo life (i.e. cleavage) and

strongly decrease after gastrulation; the cluster 2 con-

tains weakly expressed genes except in the latest exam-

ined larval phases, after gastrulation (i.e. trochophore

and D-larvae); and cluster 3 groups genes that show

an expression peak during gastrulation (Fig. 4B).

The Gene Ontology annotation of the Cg-m6A-BP

genes reveals that the distinct clusters are related to

distinct functional pathways as indicated by the little

—if any—common GO terms between them (Fig. 4C).

However, the functional pathways of all three gene

clusters point out to their implication in translation

and its regulation, although the terms enriched in each

cluster illustrate different aspects of translation, such

as translation initiation (cluster 1), splicing and nuclear

export (cluster 2) and ribosomal and mitochondrial

processes (cluster 3), respectively (Fig. 4D).

Discussion

This work demonstrates that m6A-RNA is present and

variable during the embryo-larval life of the oyster

and that C. gigas exhibits putative conserved and func-

tional m6A-RNA writers, eraser and readers. The

dynamics of such mark and of its actors strongly sug-

gest a biological significance of the epitranscriptomic

pathway in the control of development of a lophotro-

chozoan species, which has, to date, never been

demonstrated to our knowledge.

m6A-RNA levels vary across oyster development

Using mass spectrometry and immunological measure-

ments, we showed that oyster RNA is m6A-methy-

lated. The global proportion of N6-methyladenosine in

RNA in the developing oyster (0.28%) is similar to

those observed elsewhere in the animal kingdom, such

as in the fruit fly (0.24%) [34] or the human (0.11–
0.23%) [55] (Fig. 1A), despite those values are difficult

to compare because they were not measured within the

same developmental phase (adult flies and human cell
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lines vs. oyster embryos). However, the comparable

magnitude of m6A-RNA amounts between taxa, in

contrast to DNA methylation [46], may indicate con-

served biological significance of epitranscriptomic pro-

cesses between groups. The amount of m6A in total

RNA displays a striking decrease during cleavage and

then recovers its maximum levels at the end of the gas-

trulation (Fig. 1B). Therefore, the m6A decrease in

total RNA during cleavage, that is before the tran-

scription of the zygotic genome starts, reflects a degra-

dation of maternal m6A-RNAs or their demethylation.

However, all RNA populations do not exhibit the

same pattern; indeed, polyA + RNAs are m6A methy-

lated only after cleavage. The extent of polyadenyla-

tion of oyster maternal messenger RNAs accumulating

during vitellogenesis is unknown. Therefore, which

maternal RNA population(s) is methylated in oyster

oocytes is unclear. Nevertheless, the observation that

m6A-RNA levels are variable and affecting distinct

RNA populations across embryonic stages strongly

favours an important biological significance of m6A-

RNA in oyster development. We hypothesize that oys-

ter maternal messenger RNAs are poorly polyadeny-

lated and that m6A, aside polyadenylation, might play

a role in the stability of quiescent maternal mRNAs.

Alternatively, other maternal RNA populations such

as snRNA, miRNA, rRNA or lncRNA might be

methylated [6,15,25,56], which become demethylated

or degraded up to the morula stage. The later increase

in m6A RNA after cleavage could therefore be the

result of the methylation of the increasingly tran-

scribed RNAs from the blastula stage, including

polyadenylated mRNAs.

The m6A-RNA machinery is conserved in the

oyster and regulated during development

The important regulation of m6A levels during oyster

development assumes the presence of a related protein

machinery. We identified in silico cDNA sequences

encoding conserved putatively functional orthologues

of m6A-RNA writers, eraser and readers in the oyster,

Fig. 4. Characterization of m6A-RNA-binding proteins in oyster development. (A) Venn diagram representation of proteins bound to the A-

and/or m6A-oligos in nuclear and cytosolic fractions of oyster embryo-larval stages. The number of proteins identified is indicated. Some

actors characterized in this study are highlighted: eIF3, YTHC1, hnRNPA2B1 and IGF2BP. (B) Heatmap of gene expression levels of the

proteins that bind specifically to the m6A-oligo throughout oyster development. The expression level is normalized regarding the maximum

value for each gene according to the GigaTON database. (C) GO term distribution among the three expression clusters in B. (D) Examples

of GO term enrichment within the expression clusters of the m6A-bound proteins. The –log10(P-value) associated with each term is given.

E, egg; 2/8C: two- to eight-cells; M, morula; B, blastula; G, gastrula; T, trochophore; D, D-larvae; S, spat; J, juvenile.
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with great confidence (homologies ranging from ca.

30% to 65% with their human counterpart, see Data

S1). The writers include all the members of the methy-

lation complex (METTL3, METTL14, WTAP, viril-

izer-like, Hakai, ZC3H13, RBM15/15B) identified to

date in the human and the fruit fly [7,8,11,12,14,15].

We also identified an orthologue of the stand-alone

METTL16 m6A methyltransferase. Each orthologue

bears the conserved domain(s) demonstrated to be

implicated in the catalytic and/or binding activity of

their cognate counterpart in other species, such as the

MT-A70 domain which transfers methyl groups from

the S-adenosyl-methionine (SAM) to the N6 nitrogen

of RNA adenines [8]. Of the two proteins that can

erase RNA methylation, only ALKBH5, which is

important for mouse spermatogenesis [16], was identi-

fied at the cDNA level in the oyster. Indeed, no C. gi-

gas sequence displayed significant homology with the

mammalian FTO protein, whose functional signifi-

cance remains controversial [17]. Most of the charac-

terized m6A-RNA readers are also present at the

molecular level in the oyster and are putatively able to

bind m6A regarding their primary sequence, such as

the YTHDC and YTHDF family members

[19,21,23,57], Prrc2A [27], HnRNPA2B1 [25] and

IGF2BP [26]. Of note, some of these readers have not

been characterized to date in D. melanogaster but dis-

play strong homologies between humans and oysters.

In mammals, eIF3a has important functional outcomes

in cap-independent translational stress response [5].

However, it was not possible to ascribe a single oyster

sequence as a unique eIF3a orthologue (Data S1),

although its presence was demonstrated by RNA pull-

down (see below) (see Data S2). Altogether, in silico

results show the conservation of a complete m6A-

RNA machinery in the oyster. To date to our

knowledge, this is the first demonstration in a lophotro-

chozoan organism of an epitranscriptomic pathway. Its

presence suggests its ancestral origin and questions its

biological significance in oyster development.

To investigate this, we analysed the expression level

of the m6A machinery genes using RNA-Seq data.

Our results indicate that the core methylation complex

(METTL3, METTL14 and WTAP) would not be

active during cleavage because of the absence of

METTL3 and little WTAP expression. METTL16

catalyses the downregulation of SAM methyl donor

availability in mammals [58]. If METTL16 function is

conserved in the oyster as suggested by the high

sequence homology, the peak in METTL16 expression,

together with the weak expression of the core complex

in 2/8 cell embryos, is consistent with an absence of

m6A-RNA up to the blastula stage. Then, the core

complex would likely be active as soon as the end of

cleavage (i.e. since the blastula stage), in line with the

increase in m6A levels observed at the same time. The

correlation between the increasing METTL3 expres-

sion and m6A-RNA levels after cleavage strongly

favours the conservation of the methyltransferase

activity of the oyster MT-A70 domain. Interpreting

the regulation of the m6A activity by the other methyl-

transferase complex members (i.e. virilizer-like,

HAKAI, ZC3H13 and RBM15/15B) is difficult

because how—or even if—oyster orthologues act

within the complex is not known. Nevertheless, their

specific expression profiles may reflect their implication

in the regulation of distinct biological contexts. There

might be little functional significance of active m6A-

RNA erasure during oyster development, consistent

with the normal embryonic phenotype of ALKBH5

knockdown mice [16]. Overall, the m6A readers display

distinct developmental expression patterns. While

YTHDF and Prrc2a peak during cleavage, YTHDC1,

YTHDC2, IGF2BP and hnRNPA2B1 mRNA levels

gradually increase up to the gastrulation and remain

mostly highly expressed afterwards (except for

hnRNPA2B1 and IGF2BP). These profiles evoke the

mediation of distinct biological functions depending

on the reader and the developmental phases. There-

fore, we hypothesized that YTHDF and Prrc2a might

participate in the blastulean transition in the oyster.

Indeed, in the zebrafish, a YTHDF reader triggers the

maternal-to-zygotic transition through the decay of the

maternal m6A RNAs during cleavage [33]. The role in

the axon myelination and specification of mouse oligo-

dendrocytes [27] is unlikely conserved for Prrc2a

because the oyster orthologue is expressed before the

neurogenesis is detected in trochophore stages [59].

Alternatively, the early expression of Prrc2a suggests

that it might rather compete with YTHDF for m6A-

RNA targets [27], thereby possibly acting in oyster

MZT, bringing new perspectives into this process

which remains poorly understood in lophotro-

chozoans. In mammals, m6A is implicated in the

embryonic cell fate [30,31] notably via the regulation

of cell differentiation by YTHDC2 [32] or

hnRNPA2B1 [29]. In the oyster, YTHDC1, YTHDC2,

IGF2BP and hnRNPA2B1 have their maximum

expression during gastrulation correlated to the second

m6A peak, suggesting similar implications.

Putative oyster m6A readers actually bind m6A-

RNA in vitro

To better approach the developmental processes

involving m6A in the oyster, we characterized the
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proteins that can interact with m6A-RNA using a

methylated RNA pull-down/mass spectrometry assay.

We identified 162 proteins able to specifically bind the

m6A-RNA oligo in embryonic cell extracts, demon-

strating the actual presence of genuine m6A readers in

the oyster. Most (ca. 75%) of these proteins were

found in nuclear extracts and only 5 were found in

both the cytoplasmic and nuclear fractions, showing

an important compartmentalization of the epitran-

scriptomic pathway. Regarding the little number of

m6A readers in other animals, and because the assay

conditions do not discriminate between direct and

indirect interactions, we hypothesize that most of these

proteins indirectly bind m6A via a limited number of

’scaffold’ m6A readers. Such authentic readers that

only bind the m6A-RNA oligo in our assay likely

include YTHDC1 and eIF3a, which have been demon-

strated to directly bind m6A in other species, demon-

strating the conservation of the m6A-binding capacity

and specificity of the YTH domain in the oyster.

Besides, YTHDC1 is found in both cell fractions, sug-

gesting its implication in the trafficking of m6A-RNA

across the nuclear envelope [24], and reinforcing the

hypothesis that YTH proteins could participate in oys-

ter MZT and cell differentiation. The presence of the

oyster eiF3a in the cytoplasm is consistent with a con-

served role in m6A-mediated translation processes,

such as cap-independent translation [5].

Possible functions of m6A-RNA in oyster

development

We investigated the expression level and the functional

annotation of the 162 genes encoding the m6A-inter-

acting proteins across oyster early life. These genes can

be clustered into three successive expression phases

corresponding to three distinct functional pathways,

which are independent albeit all mostly related to

translation regulation. The cluster 1 is mostly

expressed during the cleavage and the associated GO

terms are related to the initiation of translation, con-

sistent with maternal RNA consumption before MZT

is complete and the zygotic genome becomes fully acti-

vated. The genes within cluster 3 show an expression

peak during gastrulation. Their ontology terms evoke

ribosomal and mitochondrial processes, the latter

being required for energy supply and signalling inte-

gration during gastrulation [60-63]. The cluster 2 con-

tains genes that peak after gastrulation and which are

related to splicing and nuclear export. Such functional

annotations are in line with a fine regulation of tran-

script variant translation within the distinct cell lin-

eages in the three cell layers of the late embryos.

Taken together, our findings bring to light a possible

implication of m6A in oyster development. First, dur-

ing cleavage the decrease in m6A-RNA, the weak

expression of methyltransferase complex genes, the

maximum of YTHDF gene expression and the expres-

sion of Cg-m6A-BPs related to the initiation of the

translation strongly suggest the implication of m6A in

MZT in C. gigas. Second, the increasing m6A level

during gastrula stage is correlated to the increase in

methyltransferase complex gene expression. In addi-

tion, the increased RNA level of readers putatively

related to cell differentiation and the peak of gene

expression of Cg-m6A-BPs associated with ribosomal

and mitochondrial processes support the hypothesize

of a m6A implication in gastrulation. Finally, the high-

est m6A level at the trochophore stage, the gene

expression of the methyltransferase complex and of

readers associated with cell differentiation, as well as

high RNA level of Cg-m6A-BPs related to splicing and

nuclear export, are correlated with the fine cell differ-

entiation taking place at this stage. However, inferring

the biological significance of m6A in development from

the indirect and incomplete functional annotation of

the oyster genome is only limited. Characterization of

the precise targets of m6A and how their individual

methylation is regulated across development, for exam-

ple, using high-throughput sequencing of precipitated

m6A-RNA (MeRIP-seq), could be extremely relevant

to better understand this issue. In addition, despite

sequence conservation and binding ability of oyster

actor orthologues strongly suggest functional conserva-

tion, future dedicated studies such as biochemical inhi-

bition or gene inactivation could help demonstrate

their genuine biological function. Besides, there seems

to be an inverse correlation between m6A-RNA and

5mC-DNA levels during the considered oyster devel-

opmental window [46]. This may suggest an interplay

between epigenetic and epitranscriptomic marks, possi-

bly competing for methyl donor availability [58] or

linked by histone epigenetic pathways [64,65].

Regarding the potential influence of the environment

on m6A and the accumulation of RNA in oocytes, we

are at present investigating our hypothesis that m6A

may convey intergenerational epitranscriptomic inheri-

tance of maternal life traits in the oyster. On an evolu-

tionary perspective, the presence of a putatively fully

conserved epitranscriptomic pathway in the oyster sug-

gests that it was already present in the bilaterian com-

mon ancestor thereby favouring an important

biological significance. Why Drosophila and

Caenorhabditis seem to have lost specific m6A-RNA

erasers could be related to a subfunctionalization of

the DMAD [41] and NMAD-1 [42]. N6-methyladenine

9The FEBS Journal (2020) ª 2020 Federation of European Biochemical Societies

L. Le Franc et al. m6A-RNA methylation pathway in oyster development



DNA demethylase activity broadened towards RNA.

However, more work is required to better understand

the evo-devo implications of our results.

To conclude, in this work we report the discovery

and characterization of a putatively complete epitran-

scriptomic pathway in a lophotrochozoan organism,

the oyster Crassostrea gigas. This pathway includes the

m6A mark in RNA and the actors of all the aspects of

its regulation (writers, eraser and readers) which are

conserved at the molecular level and putatively func-

tional. We show that m6A levels are variable across

oyster development and that m6A differentially affects

distinct RNA populations. Expression levels of the

related enzymatic machinery are consistent with the

observed m6A level variations. We demonstrate the

m6A binding capacity and specificity of putative oyster

m6A readers in the cytoplasm and nucleus of embryo-

larval cells. These readers mediate distinct putative

biological outcomes depending on the development

stage considered. From these results, we hypothesize

that early decay of maternal m6A RNA participates in

maternal-to-zygotic transition during cleavage and that

later de novo zygotic m6A methylation contributes to

gastrulation and cell differentiation. This first charac-

terization of an m6A-epitranscriptomic pathway in a

lophotrochozoan organism, together with its potential

implication in development, opens new perspectives on

the evolution of epigenetic mechanisms and on the

potential epitranscriptomic inheritance of environmen-

tally induced life traits.

Methods

Animals

Broodstock oysters [66] and oyster embryos [46] were

obtained at the IFREMER marine facilities (Argenton,

France) as previously described. Briefly, gametes of mature

broodstock oysters were obtained by stripping the gonads

and filtering the recovered material on a 60-µm mesh to

remove large debris. Oocytes were collected as the remain-

ing fraction on a 20-µm mesh and spermatozoa as the pass-

ing fraction on a 20-µm mesh. Oocytes were pre-incubated

in 5 L of UV-treated and 1-µm-filtered sterile sea water

(SSW) at 21 °C until germinal vesicle breakdown. Fertiliza-

tion was triggered by the addition of ca. 10 spermatozoids

per oocyte. After the expulsion of the second polar body

was assessed by light microscopy, embryos were transferred

into 150-L tanks of oxygenated SSW at 21 °C. The devel-

opment stages were determined by light microscopy obser-

vation. The stages collected were oocytes (E, immediately

before sperm addition), fertilized oocytes (F E, immediately

before transfer to 150-L tanks), two- to eight-cell embryos

(2/8C, ca. 1.5 h postfertilization (hpf)), morula (M, ca. 4

hpf), blastula (B, ca. 6 hpf), gastrula (G, ca. 10 hpf), tro-

chophore (T, ca 16 hpf) and D-larvae (D, ca. 24 hpf). For

each development stage, 3 million embryos were collected

as the remaining fraction on a 20-µm mesh and centrifuged

at 123 g for 5 min at room temperature. Supernatant was

discarded, and samples of 1 million embryos were then

snap-frozen in liquid nitrogen directly after resuspension in

Tri-Reagent (Sigma-Aldrich, St Louis, MO, USA) (1 mL/

106 embryos) and stored at �80 °C. Three distinct experi-

ments were realized (February to May 2019) using the

gametes of 126 to 140 broodstock animals, respectively.

RNA extraction

Total RNA extraction

RNA was extracted using phenol–chloroform followed by

affinity chromatography as previously described [67].

Briefly, embryos were ground in Tri-Reagent (Sigma-

Aldrich) and RNA was purified using affinity chromatogra-

phy (NucleoSpin RNA II Kit, Macherey-Nagel, Duren,

Germany). Potential contaminating DNA was removed by

digestion with rDNase (Macherey-Nagel) according to the

manufacturer’s instructions for 15 min at 37 °C; then,

RNA was purified using Beckman Coulter’s solid-phase

reversible immobilization (SPRI) paramagnetic beads

(Agencourt AMPure XP, Beckman Coulter, Brea, CA,

USA) according to the manufacturer’s instructions. Briefly,

paramagnetic beads and RNAs were mixed slowly and

incubated for 5 min at room temperature followed by

2 min on a magnetic rack. Cleared supernatant was

removed, and beads were washed three times with 70%

ethanol. After 4 min of drying at room temperature, RNAs

were mixed slowly with RNase-free water and incubated

for 1 min at room temperature on the magnetic rack.

Eluted total RNA was stored at �80 °C.

PolyA RNA enrichment

PolyA RNA was extracted from total RNA by oligo-dT

affinity chromatography (NucleoTrap mRNA Kit,

Macherey-Nagel) according to the manufacturer’s instruc-

tions. Briefly, up to 130 µg of total RNAs was mixed with

oligo-dT latex beads and incubated for 5 min at 68 °C then

for 10 min at room temperature. After centrifugation

(2000 g and then 11 000 g), the pellets were washed three

times on the microfilter and dried by centrifugation at

11 000 g for 1 min. Finally, polyA + RNA was incubated

with RNase-free water for 7 min at 68 °C then centrifuged

at 11 000 g for 1 min. Eluted polyA + RNA was stored at

�80 °C until needed.

Total and polyA-enriched RNA purity and concentra-

tions were assayed by spectrophotometry (NanoDrop,

Thermo Scientific, Waltham, MA, USA).
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m6A quantification by LC-MS/MS

RNA hydrolysis

To generate nucleosides for quantification against standard

curves, 5 µg of total RNA was denatured for 10 min at

70 °C followed by 10 min on ice and hydrolysed with

100 U nuclease S1 (50 U�µL�1, Promega, Madison, WI,

USA) in nuclease S1 buffer (Promega) in a final reaction

volume of 25 µL for 2 h at 37 °C under gentle shaking.

Samples were then incubated with alkaline phosphatase

buffer (Promega) for 5 min at room temperature, before

10 U alkaline phosphatase (Promega) was added and incu-

bated further for 2 h at 37 °C under gentle shaking. Ten

extra units of alkaline phosphatase was added after 1 h of

incubation to complete the reaction. Finally, samples were

centrifuged at 20 000 g for 10 min at 4 °C, and the super-

natant containing digested total RNA was collected and

kept at �20 °C before quantification.

m6A quantification

The apparatus was composed of a NexeraX2 UHPLC sys-

tem coupled with LCMS-8030 Plus (Shimadzu, Kyoto,

Japan) mass spectrometer using an electrospray interface in

positive mode. The column (1.7 µm, 100 9 3 mm) was a

HILIC ACQUITY� Amide (Waters, Milford, MA, USA)

maintained at 35 °C. The injection volume and run-to-run

time were 3 lL and 10 min, respectively. The flow rate was

set to 1 mL�min�1. Mobile phase was initially composed of

a mixture of ammonium formate solution (10 mM) contain-

ing 0.2% (v/v) formic acid and 95% acetonitrile (ACN),

and it was maintained for 1 min. Then, a linear gradient

was applied to reach 83% ACN for 6 min. The composi-

tion returned to the initial conditions, and the column was

equilibrated for 3 min.

The mass spectrometer was running in the multiple reac-

tion monitoring (MRM) acquisition mode. LABSOLUTIONS

5.86 SP1 software (Shimadzu, Kyoto, Japan) was used to

process the data. The desolvation temperature was 230 °C,
source temperature was 400 °C, and nitrogen flows were

2.5 L�min�1 for the cone and 15 L�min�1 for the desolva-

tion. The capillary voltage was +4.5 kV. For each com-

pound, two transitions were monitored from the

fragmentation of the [M + H]+ ion. The first transition (A

in Table S1) was used for quantification and the second

one (B in Table S1) for confirmation of the compound

according to European Commission Decision 2002/657/EC

(Table S1).

Blank plasma samples were analysed to check specificity.

Calibrators were prepared using diluted solutions of A

(Toronto Research Chemical, Toronto, Canada) and m6A

(Carbosynth, Berkshire, UK) in water at 1, 2, 5, 10, 20, 50

and 100 ng�mL�1. The calibration curves were drawn by

plotting the ratio of the peak area of A and m6A. For both

nucleosides, a quadratic regression with 1/C weighting

resulted in standard curves with R2 > 0.998 and more than

75% of standards with back-calculated concentrations

within 15% of their nominal values as recommended for by

the European Medicines Agency for bioanalytical methods

[68]. The limits of quantifications for both compounds were

considered as the lowest concentrations of the calibration

curve.

m6A/A ratios were calculated for each single sample

using the determined concentrations. Final results are the

average of three technical replicates.

m6A quantification by immunoblotting

Immunological quantification of m6A was performed by

dot blot using total and polyA + RNAs. Dogfish total

RNA (A. Gautier, personal communication) and a syn-

thetic unmethylated RNA oligo (Eurogentec, Liege, Bel-

gium) were used as positive and negative controls,

respectively. RNA samples were denatured for 15 min at

55 °C with gentle shaking in denaturing solution (2.2 M

formaldehyde, 50% formamide, 0.5X MOPS, DEPC water)

followed by 2 min on ice. Blotting was performed on a vac-

uum manifold as follows: a nylon membrane (Amersham

Hybond-N+, GE Healthcare life Sciences, Chicago, IL,

USA) was prehydrated in DEPC water for 5 min; then,

each well was washed twice with 10X SSC (Sigma-Aldrich)

before RNA was spotted onto the membrane and incu-

bated for 15 min at room temperature. Then, vacuum aspi-

ration was applied and each well was washed twice with

10X SSC. After heat cross-linking for 2 h at 70 °C, the

membrane was rehydrated with DEPC water for 5 min,

washed with PBS and then PBST (PBS, 0.1% Tween-20)

for 5 min each and blocked with two 5-min incubations

with blocking buffer (PBS, 0.1% Tween-20, 10% dry milk,

1% BSA) at room temperature. The blocked membrane

was incubated overnight at 4 °C under gentle shaking with

the anti-m6A primary antibody (Total RNA: Millipore

(Burlington, MA, USA) ABE572, 1: 1000 dilution in block-

ing buffer; polyA + RNA: Diagenode (Liege, Belgium)

C15200082, 1: 500 dilution in blocking buffer) followed by

four washes of PBST for 5 min. The secondary antibody

(Total RNA: Dako (Santa Clara, CA, USA) P0447 goat

anti-mouse HRP antibody, 1: 10 000 dilution;

polyA + RNA: Invitrogen (Carlsbad, CA, USA) A21202

donkey anti-mouse Alexa 488, 1: 250 dilution) was diluted

in PBST supplemented with 5% dry milk and added onto

the membrane for 1 h 30 min (total RNA) or 1 h

(polyA + RNA) at room temperature under gentle shaking.

Membranes were extensively washed in PBST (at least 4

washes of 5 min for total RNA and 5 min and then 1 h for

polyA + RNA); then, total and polyA + RNA immuno-

blots were visualized using chemiluminescence (ECL kit,

Promega) or fluorescence scanning at 480–530 nm (ProX-

PRESS, PerkinElmer, Waltham, MA, USA), respectively.

The amount of m6A was inferred from dot intensity
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measurements using IMAGEJ (v.1.49) (https://Imagej.net).

Signal intensities were determined as ‘integrated densities as

a percentage of the total’ which corresponds to the area

under the curve of the signal of each dot after membrane

background and negative control signal subtraction.

In silico analyses

All protein and RNA sequences of the m6A machinery of

Homo sapiens and Drosophila melanogaster (Data S1) were

recovered by their published designation (i.e. ‘METTL3’ or

‘YTHDF’) and their identified protein sequence (i.e. RefSeq

accession number NP) collected from NCBI and used as

query sequences to search for putative homologue

sequences in Crassostrea gigas databases. The presence of

oyster orthologue RNA and protein sequences was investi-

gated by reciprocal BLAST (https://blast.ncbi.nlm.nih.gov/

Blast.cgi) on the Crassostrea gigas GigaTON [69] and

NCBI databases, and results were compared between the

two oyster databases. Domain prediction was performed

with CD search software (https://www.ncbi.nlm.nih.gov/

Structure/cdd/wrpsb.cgi) with default settings on protein

sequences of Homo sapiens, Drosophila melanogaster and

Crassostrea gigas. The GRE-rich domain identified in verte-

brate Prrc2a sequence [27] was performed with ProtParam

(https://web.expasy.org/protparam).

Protein machinery mRNA expression analyses

The transcriptome data of the different development stages

are available on the GigaTON database [69,70]. The corre-

spondence between development stages in our study and

the GigaTON database were assessed using light micro-

scopy based on the morphological description by Zhang

et al. [70] (Table S2). Expression data were expressed in

TPM (transcripts per kilobase per million reads) [71] to

provide a normalized comparison of gene expression

between all samples. The actual presence of some tran-

scripts that display unclear or chimeric sequences within

available oyster databases was assessed using RT-PCR

(Data S1).

Protein m6A RNA pull-down

Protein extraction and RNA affinity chromatography

Protein extraction and RNA affinity chromatography were

performed as described previously [27] with some modifica-

tions as follows. Equal amounts (1 million individuals) of

each developmental stage (oocyte to D-larvae) were pooled

together then homogenized in 3.5 volumes of buffer A

(10 mM KCl, 1.5 mM MgCl2, 10 mM HEPES, pH 7.9,

DEPC water, 1X protease inhibitor cocktail, DTT 0.5 mM)

by extensive pipetting (ca. 30 times) and incubated for

10 min at 4 °C. Embryos were ground with 10 slow 23-G

needle syringe strokes and centrifuged at 500 g for 10 min

at 4 °C. The supernatant was diluted in 0.11 volume of

buffer B (1.4 M KCl, 0.03 M MgCl2, HEPES 0.3 M, pH 7.9,

DEPC water), centrifuged at 10 000 g for 1 h at 4 °C, and
the supernatant containing cytosolic proteins was stored at

�80 °C. The pellet of the first centrifugation, containing

nuclei, was resuspended in two volumes of buffer C (0.42 M

NaCl, 1.5 mM MgCl2, 0.2 mM EDTA, 25% glycerol,

20 mM HEPES, pH 7.9, 0.5 mM PMSF, 0.5 mM DTT,

water DEPC). Nuclei were then lysed with a 23-G needle

(10 vigorous syringe strokes) followed by centrifugation at

25 000 g for 30 min at 4 °C, and the supernatant contain-

ing nuclear proteins was stored at �80 °C.
To identify putative proteins able to bind m6A-RNA,

the cytosolic and nuclear fractions were submitted to affin-

ity chromatography using 5’-biotin-labelled RNA oligonu-

cleotides either bearing N6-methylated adenosines or not.

The methylated adenosines were designed to lie within

RRACH motifs, according to the conserved methylated

consensus sequence in other organisms [2,3,7,33,72] (oligo-

m6A: 50Biotin-AGAAAAGACAACCAACGAGRR-m6A-

CWCAUCAU-30; oligo-A: 50Biotin-AGAAAAGACAAC-

CAACGAGRRACWCAUCAU-30, R = A or G, W = A or

U, Eurogentec).

For RNA pull-down, streptavidin-conjugated magnetic

beads (Dynabeads MyOne Streptavidin, Invitrogen) were

preblocked with 0.2 mg�mL�1 tRNA (Sigma-Aldrich) and

0.2 mg�mL�1 BSA for 1 h at 4 °C under gentle rotation

followed by three washes with 0.1 M NaCl. To avoid the

identification of nontarget proteins, cytosolic and nuclear

protein extracts were cleared with preblocked magnetic

beads in binding buffer (50 mM Tris/HCl, 250 mM NaCl,

0.4 mM EDTA, 0.1% NP-40, DEPC water, 1 mM DTT, 0.4

U�µL�1 RNAsin) for 1 h at 4 °C under gentle rotation.

After incubation on magnetic rack, the supernatants con-

taining putative target proteins were collected and mixed

with preblocked magnetic beads and oligo-m6A or oligo-A

for 2 h at 4 °C under gentle rotation. The beads binding

putative target proteins were washed three times with bind-

ing buffer and diluted in 50 mM ammonium bicarbonate.

Identification of m6A-binding proteins by LC-MS/MS

Protein samples were first reduced, alkylated and digested

with trypsin then desalted and concentrated onto a µC18
Omix (Agilent, Santa Clara, CA, USA) before analysis.

The chromatography step was performed on a nanoElute

(Bruker Daltonics, Billerica, MA, USA) ultra-high-pressure

nanoflow chromatography system. Peptides were concen-

trated onto a C18 PepMap 100 (5 mm 9 300 µm i.d.) pre-

column (Thermo Scientific) and separated at 50 °C onto a

reversed-phase Reprosil column (25 cm 9 75 lm i.d.)

packed with 1.6 lm C18-coated porous silica beads (Ionop-

ticks, Parkville, Vic., Australia). Mobile phases consisted of

0.1% formic acid, 99.9% water (v/v) (A) and 0.1% formic
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acid in 99.9% ACN (v/v) (B). The nanoflow rate was set at

400 nL�min�1, and the gradient profile was as follows: from

2% to 15% B within 60 min, followed by an increase to

25% B within 30 min and further to 37% within 10 min,

followed by a washing step at 95% B and re-equilibration.

MS experiments were carried out on an TIMS-TOF Pro

mass spectrometer (Bruker Daltonics) with a modified

nano-electrospray ion source (CaptiveSpray, Bruker Dal-

tonics). The system was calibrated each week, and mass

precision was better than 1 ppm. A 1600 spray voltage with

a capillary temperature of 180 °C was typically employed

for ionizing. MS spectra were acquired in the positive mode

in the mass range from 100 to 1700 m/z. In the experiments

described here, the mass spectrometer was operated in

PASEF mode with exclusion of single-charged peptides. A

number of 10 PASEF MS/MS scans were performed during

1.16 s from charge range 2–5.

The fragmentation pattern was used to determine the

sequence of the peptide. Database searching was performed

using the MASCOT 2.6.1 program (Matrix Science, London,

UK) with a Crassostrea gigas UniProt database (including

25 982 entries). The variable modifications allowed were as

follows: C-carbamidomethylation, K-acetylation, methion-

ine oxidation and deamidation (NQ). The ‘Trypsin’ param-

eter was set to ‘Semispecific’. Mass accuracy was set to

30 ppm and 0.05 Da for MS and MS/MS mode, respec-

tively. Mascot data were then transferred to Proline valida-

tion software (http://www.profiproteomics.fr/proline/) for

data filtering according to a significance threshold of < 0.05

and the elimination of protein redundancy on the basis of

proteins being evidenced by the same set or a subset of

peptides (Data S2).

Gene ontology analysis

The mRNA sequences of the characterized m6A-binding

proteins were identified using TBLASTN [73-75] against the

GigaTON database [69] with default settings. Gene ontol-

ogy (GO) analyses were carried out with the GO annota-

tions obtained from GigaTON database gene universe [69].

GO term enrichment tests were performed using the GOSEQ

(V1.22.0) R package [76] with P-values calculated by the

Wallenius method and filtered using REVIGO [77]. GO

terms with a P-value < 0.05 were considered significantly

enriched (Data S3).

Statistical analyses and graph production

Results are given as the mean � SD of three independent

experiments unless otherwise stated. They were analysed

using one-way ANOVA or Kruskal–Wallis tests when

required, depending on the normality of result distribution.

The normality was tested using the Shapiro–Wilk test and

homoscedasticity of variances with Bartlett’s tests. Statistics

and graphics were computed with PRISM v.6 (GraphPad), R

(v.3.6.1) and RSTUDIO (v.1.0.153) softwares. The R packages

eulerr [78] and Complexheatmap [79] were used for produc-

tion of specific figures.
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