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ABSTRACT

The avian egg perivit:'inc !=yer (PL) is a proteinaceous structure that encloses the egg yolk.
It consists of the inner and the outer perivitelline layers (IPL and OPL, respectively) that are
assumed to play distinct roles in bird reproduction. To gain insight into their respective
function, we analyzed the proteome of IPL and OPL in chicken unfertilized eggs after
mechanical separation, using a GeLC-MS/MS strategy. Of the 412 proteins identified, 173
proteins were uniquely recovered in IPL and 98 proteins in OPL, while 141 proteins were
identified in both sublayers. Genes coding the most abundant proteins were shown to be
expressed either in the liver/ovary (IPL formation) or in the oviduct (OPL formation), but

rarely in both. The presence of oviduct-specific proteins (including LYZ, VMO1, AvBD11,



PTN, OVAL and LOC10175704) in IPL strongly suggests that they participate in the physical
association of IPL to OPL, whose tight attachment was further evidenced by analyses of
IPL/OPL interfaces (by scanning electron microscopy). Functional annotation of identified
proteins revealed functions associated with fertilization and early development for IPL, while
OPL would rather participate in egg defense and embryogenesis. Collectively, our data
highlight the complementary functions of IPL and OPL that are major determinants of bird

reproductive success.

SIGNIFICANCE

The present study unveils for the first time the individial .voteomes of the two sublayers
composing the chicken egg perivitelline layer (PL), whic allowed to assign their respective
putative biological roles in avian reproduction. 1. e rombination of proteomics with gene
expression and ultrastructural analyses p: 2vir.es insightful data on the structure and
biochemistry of the avian PL. The func.‘anal annotation of PL proteins highlights the
multifaceted biological functions of tt.i< structure in reproduction including fertilization,
embryonic development, and & timicrobial protection. This work will stimulate further
research to validate predicteu firictions and to compare the physiology and the functional

specificities of PL in eyJ-layIng species.

Keywords: Egg, Gallus gallus, chicken, inner perivitelline layer, outer perivitelline layer,

proteomics, functional annotation, gene expression, ultrastructure, avian reproduction.

ABBREVIATIONS

CM continuous membrane

ECM extracellular matrix




GO gene ontology

IPL inner perivitelline layer

NSAF Normalized Spectral Abundance Factor

OPL outer perivitelline layer

PL perivitelline layer

RT-gPCR | reverse transcription-quantitative polymerase chain reaction

SEM scanning electron microscopy

TEM transmission electron microscopy

INTRODUCTION

Vertebrate and invertebrate eggs are surrounded by ex.. >e.!ular coats that play pivotal roles
in reproduction, such as fertilization, immune and physica! protections, nutrition and
development [1-3]. These egg coats consist of mu.iple layers with high diversity among
species in terms of structure, molecular cuf :nt and functions [1, 3]. In vertebrates, these
structures have been classified as preovu:~tory and postovulatory coats depending on the time
and site of synthesis [1]. The form.c. aic usually produced by the oocyte and the follicular
cells during oogenesis, while the latter are deposited after fertilization by the oviductal tract
and conceptus. The preov.:~tu. y coat (oocyte coat), called zona pellucida (ZP) in mammals
and vitelline envelope in ~on-mammals, consists of a protein matrix of cross-linked
glycoprotein filaments composed of ZP proteins and mediates the sperm-egg interaction prior
to fertilization [4].

In birds, the ovum is surrounded by different specific egg coats, namely the perivitelline layer
(also known in literature as (peri)vitelline membrane or yolk membrane), the chalaziferous
layer, the albumen, the eggshell membranes and the calcified eggshell. Although the
perivitelline layer (PL) should only refer to a preovulatory ZP-related coat, the avian PL is

unique in that two avian-specific postovulatory coats, the continuous membrane and the outer



perivitelline layer (OPL), are closely associated with the preovulatory ZP-related coat, thereby
called the inner perivitelline layer (IPL), during egg formation in the oviduct. In chicken, IPL
and OPL are two fibrous proteinaceous layers separated by a very thin granular continuous
membrane (Fig. 1) [5]. Facing the oolemma (oocyte cell membrane) and yolk content, the IPL
has a thickness of 1.0-3.5 um and consists of a three-dimensional network of thick fibers.
Oriented towards the chalaziferous layer and the albumen, the OPL is 3.0-8.5 um thick and
comprises several superimposed sublayers, each composed of a lattice-work of thin fibrils.
These structural differences are supposed to result from differer~e .1 protein content [6-8].
The chicken IPL mainly includes four glycoproteins, initia’ty ~amed GP-1, GP-11, GP-111 [9-
11] and GP-IV [8]. GP-I and GP-I1 likely correspond tn t1.> ZP (Zona Pellucida) glycoproteins
ZP3/ZPClgp42 and ZP1/ZPB1/gp97, respectively [12, 1.1 These two major IPL constituents
aggregate into helical fibrils, which further ass2n "le into bundles to form thick fibers [14].
Other ZP glycoproteins including ZPD [ 5] 7.nd ZP2 [16] were also reported in the IPL. The
IPL is formed in the ovary, between the aranulosa cells and the oolemma during
folliculogenesis [17]. Proteins comnociry the IPL are of various origins including the liver
(ZP1, [12]), the oocyte (ZP2, [29]), wne granulosa (ZP2, ZP3, ZP4 and ZPD, [16]) and
possibly theca cells [16]. The 'P_ participates in the fertilization process via ZP proteins.

The chicken OPL is ina:"ly composed of ovomucin (MUC5B, MUCS6), lysozyme C (LY Z),
and the vitelline membrane outer layer proteins VMO1 and VMO2 (now referred as AvBD11)
[9, 19]. Ovomucin is assumed to constitute the backbone of the OPL [6] and its disulfide
bonds are essential to PL structural integrity [8]. LYZ is thought to contribute to the OPL
structure via electrostatic interactions with ovomucin [6, 20] and it has been suggested in
quail that AvBD11 mediates the binding of the OPL with the IPL through interactions with
ZP1 and ZP3 proteins [21]. The OPL together with the continuous membrane are deposited

onto the IPL of ovulated yolk by secretory cells in the upper oviduct (infundibulum) [22].



Given the antimicrobial properties of LYZ, AvBD11 and ovomucin (MUC5B, MUCG), the
OPL is supposed to have an important role in the antimicrobial protection of the embryo and
the yolk content [23-25]. In addition, the OPL acts as a physical barrier to prevent
pathological polyspermy and subsequent embryonic death [26, 27].

Besides these major proteins, the chicken PL contains a myriad of minor components. Indeed,
137 different proteins were identified in the proteome of the whole PL [28]. However, the
distribution of most of these proteins between the two sublayers remains to be elucidated.
Indeed, only four proteins have been unambiguously associatef wi.~ IPL (ZP1, ZP2, ZP3,
ZPD) and four other proteins to OPL (Ovomucin, LYZ, VPaL ", AvBD11). In addition, with
the development in instrumentation, software, and methou~logy applied to proteomic studies
during the last decade, and as mass spectrometry date in.mately depend on databank updates
and on the release of new genome assemblies, "vc siv,pect that the list of these 137 proteins
published in 2008 may be underestimate: [25]. We believe that the biological functions of the
PL are probably more complex than ini.*ally described.

Thus, the objective of the study wa< tc r;ovide an updated and more exhaustive list of the
protein composition of the whc e PL, and more importantly to obtain a clear overview of the
proteins that characterize IPL ard OPL, respectively. We used in-depth mass spectrometry
analyses combined tu u.” 1unictional annotation of identified proteins, we explored the
expression of genes related to some proteins identified OPL and IPL in several reproductive
tissues to assess their tissue specificity, and we performed histological analyses of IPL and
OPL by electron microscopy. From all these data, we present an integrative view of the
structural and molecular specificities of IPL and OPL. Combined results from the various
approaches also highlight the tight association between the two sublayers and allowed the
identification of proteins that might elicit this OPL/IPL tangle. These data provide new results

that will stimulate research hypotheses to decipher the respective functions of IPL and OPL in



fertilization, in egg defense and in assisting the early stages of embryonic development in

birds.

MATERIAL AND METHODS

A diagram describing the experimental design is presented in Fig. 2.

IPL and OPL sampling

OPL and IPL samples from three freshly laid unfertilized eggs ~f b-week laying hens (Isa-
Hendrix, St Brieuc, France) were used to analyze the PL pruw.ns. Eggs were manually
broken, albumen were delicately separated from the yolk, >nd OPL/IPL separation was
achieved as described elsewhere [29]. The resulting I1”L ~nd OPL samples obtained from

three independent eggs were individually stored .« microtubes at -80°C, until use.

Solubilization and electrophoretic sep.2ration of proteins

IPL and OPL samples were freeze-Aricd, and one mg of each sample was mixed with 400 pL
of 50 mM Tris pH 7, 500 mM >'aCi, and grinded twice for 5 min at 30 Hz (Mixer Mill
MM400, Retsch, Hann, Gerri.ary). Samples were treated with a 5X SDS-PAGE sample buffer
(0.25 M Tris-HCI, 0.U5>~ miomophenol blue, 50% glycerol, 5% SDS, 5% beta-
mercaptoethanol, pH 6.8) in a final volume of 500 pL (2 pug/uL), and boiled for 5 min [29].
Proteins (20 pg/lane) were fractionated on an SDS polyacrylamide gel (4-20% gradient gel)
and stained with Coomassie Brilliant Blue to verify the homogeneity of the OPL and IPL

biological replicates (Fig. 3), prior to mass spectrometry analyses.

Mass Spectrometry Analysis



Proteins (50 pg) were briefly separated by SDS-PAGE for about 2 cm on a 10%
polyacrylamide gel (Mini-Protean 1, BioRad) and stained with Coomassie Brilliant Blue
G250. Five protein bands (per sample) were cut out and treated by in-gel digestion with
trypsin. Each slice was rinsed separately in water and then acetonitrile. Proteins were then
reduced with dithiothreitol, alkylated with iodoacetamide, and incubated overnight at 37°C in
25 mM NH4HCO; with 12.5 ng/ul trypsin (Sequencing grade, Roche, Paris, France), as
described previously [30]. Peptides were pooled and dried using a SPD1010 speedvac system.
Peptide mixtures associated to each band and in-solution samp!»s v.~re analyzed by nanoLC-
MS/MS.

For nano-LC fragmentation, protein or peptide samples w. e first desalted and concentrated
onto a pC18 Omix (Agilent) before analysis. The chromctography step was performed on a
NanoElute (Bruker Daltonics) ultra high pressi:re 22’10 flow chromatography system. Peptides
were concentrated onto a C18 pepmap 1C€9) (F*mm x 300um i.d.) precolumn (Thermo
Scientific) and separated at 50°C onto «.» Aurora reversed phase Reprosil column (25cm x
75um i.d.) packed with 1.6 um CJ12 ccatad porous silica beads (lonopticks). Mobile phases
consisted of 0.1% formic acid, *'9.9v0 water (v/v) (A) and 0.1% formic acid in 99.9%
acetonitrile (v/v) (B). The na..2f.ow rate was set at 400 nl/min, and the gradient profile was as
follows: from 2 to 15% R 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 reequilibration. MS
experiments were carried out on a TIMS-TOF pro mass spectrometer (Bruker Daltonics) with
a modified nano electrospray ion source (CaptiveSpray, Bruker Daltonics). The system was
calibrated each week and mass precision was better than 1 ppm. A 1400 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 was performed during 1.25 s from
charge range 2-5.

Database searching was performed using the Mascot 2.6.1 program (Matrix Science, London,
UK) with a Gallus gallus Uniprot database (including 19121 entries, Gallus gallus genome
assembly GRCg6a). The sequence of the beta-microseminoprotein-like (LOC101750704 or
MSMBS3, gene ID: 101750704) was added manually for the search, since this egg protein is
absent from Gallus gallus genome assembly GRCg6a (protein sequence:
MKFLLVFCLILFSRTLCDARCYFRTSSKYGCISNRNLYVF-A'WKTEDCYQCKCKMN
AMVCCSLVSIPKNYDRVNCVGLFHKKSCSIRVVKKTuimMISCKVYNGVG), although it
was unambiguously identified in chicken egg, as demonsu vted in a previous study [31] [32].
The variable modifications allowed were as follows: ~-Carbamidomethyl, acetylation (K),

[Tig )

methionine oxidation and deamidated (NQ). “7’ry '<i.1” was selected and two miscleavages
were allowed. Mass accuracy was set to “0 ppom and 0.05 Da for MS and MS/MS mode,
respectively.

Mascot results obtained from the t2rget ~nd decoy databases searches were subjected to
Scaffold software (v 4.8.9, Prc:ome Software, Portland, USA) using the protein cluster
analysis option (assemblane ¥ rroteins into clusters based on shared peptide evidence).
Peptide and protein ide: .*inications were accepted if they could be established at greater than
95.0 % probability as specified by the Peptide Prophet algorithm [33] and by the Protein
Prophet algorithm [34], respectively. Protein identifications were accepted if they contained at
least two identified peptides. The abundance of identified proteins was estimated by
calculating the NSAF (Normalized Spectral Abundance Factor) [35] using Scaffold Q+
software (version 4.8.9, Proteome Software, Portland, USA).

Quantitative values of Normalized Weighed Spectra (NWS) were then exported to

PerSPECtives software for differential analysis using t-tests. Proteins were considered as



differential when p-value<0.05 and Log2(FoldChange)>1 or <-1 (fold change > 2 or <0.5,
respectively) with at least 5 spectra for quantification with "Weighted Spectrum Count".

Keratins were not taken into consideration in the analysis (Table S1).

Functional Annotation

The biological functions and the location associated with each identified protein were
obtained using data provided by the protein database Uniprot (http://www.uniprot.org), the
GO consortium (http://www.geneontology.org/), National Centar 1.+ Biotechnology
Information (https://www.ncbi.nlm.nih.gov) and published ai.*21es. The reason for such an
approach instead of using classical gene ontology tools is (hat chicken-specific proteins are
usually poorly annotated and not referenced. Conseqt-en.'v, their role is highly
underestimated, although they play a major ph'/s. «Io gical role. This strategy was applied
recently to decipher the liver transcriptor « ¢. laying hens [36]. To achieve the functional
annotation, the 412 identified proteins v.ere first annotated according to their summarized
location either “cell” (intracellular ~r .n< mbrane-associated proteins) or “secreted”. Each
protein was then manually annctateu with a generic term corresponding to different functions.
The term “cell metabolism” 1>l udes proteins associated with “cell” location and involved in
many functions such as ~viwnesis, degradation or transport of biomolecules, vesicular
trafficking, signal transduction, membrane-associated receptors, transporters or channels, etc.
The term “cell structure” includes structural components with “cell” location involved in the
maintenance of the cell shape and in cell division and motility, such as proteins of the
cytoskeleton. “Regulation of development” refers to the development of the embryo and
extraembryonic sacs, and includes “secreted” proteins involved in anatomical development, in
angiogenesis or proteins of the ECM involved in cell adhesion and migration. “Ovarian

function” includes “cell” or “secreted” proteins with known activity in follicular tissue



remodeling, vitellogenesis or hormone regulation. “Fertilization” contains extracellular actors
involved in the recognition and interaction of spermatozoa to the oocyte. “Immunity” includes
“secreted” components having a putative function in the antimicrobial defense of the egg and
the embryo. “Stress response” encompasses “secreted” proteins involved in a stress response
such as proteins with chaperone activity. “Nutrient supply” includes “secreted” proteins
providing amino-acids or vitamins for the developing embryo. “Blood homeostasis” refers to
“cell” or “secreted” proteins associated with blood cells or plasma, respectively. “Proteolysis
and regulation” comprises proteases and antiproteases, whose fi*nc.’on remains unclear in the
context of the avian egg physiology. The remaining proteir.s v.itn unknown functions are

annotated with the term « unknown ».

Ethical statement, animal handling and housi .

Experiments were performed in complia: e ' vith European Communities Council Directives
concerning the practice for the care anu ''se of animals for scientific purposes and the French
Ministry of Agriculture on animal 2xg >r:mentation, and under the supervision of authorized
scientists (authorization no. 7323, dclivered by the “Direction Départementale de la Protection
des Populations d'Indre et I .v.*® France”). Poultry Experimental Facility, PEAT, INRAE (doi
: 10.15454/1.557232062- %0 (292E12), where the birds were housed, has an agreement to rear
birds and to euthanize animals (decree no. C31-175-1 of August 28, 2012, delivered by the
“Préfecture d'Indre et Loire”). The experimental protocol was accepted by the Val de Loire
Ethical Committee (French National Ethics Committee for Animal Experimentation no. 19)

and the French Ministry under no. 16099-015902.

Tissue samplings



Tissues were collected from 60-week-old laying hens (ISA-Hendrix). It is noteworthy that
eggs used for « IPL and OPL sampling » were collected from the same animals. Hens were
housed in individual furnished cages equipped with automatic devices for recording laying
times. Animals were fed ad libitum (layer mash) using a commercial feed for layers. Laying
hens were subjected to a cycle of 14 h of light/10 h of darkness. Animals were euthanized
with Dolethal® (Vetoquinol, Magny-vernois, France) at 9-10 hours post-ovulation. Several
tissues were collected: liver, granulosa cells and theca from follicles F1, F2 and F3,
infundibulum, junction between infundibulum and magnum (ir~!uuing the upper part of the
magnum), and magnum (middle part of the magnum). Tissue. ‘were immersed in liquid

nitrogen immediately after sampling and were kept at —Su °C until further use.

Tissue specificity of OPL and IPL-associated y :nzs: RNA extraction and RT-gPCR
Total RNA was extracted from frozen ch cke.1 tissues. RNAs from liver and oviduct were
extracted using NucleoSpin RNA® coi.mercial kit (Macherey-Nagel, Diiren, Germany),
whereas RNAs from other tissues /the ~» and granulosa cells) were extracted using RNA
now®(Ozyme, Montigny-le-B. ‘tom.eux, France) following manufacturer’s instructions. Total
RNAs from each sample wei. traated with TURBO DNA-free Kit (Invitrogen, Carlsbad, CA,
USA). As two differenu “xu daction methods were used to extract the RNAs depending on the
tissue, all samples were concentrated to the same final concentration to avoid bias. RNA
concentration was measured at 260 nm and RNA quality was assessed using a bioanalyzer
RNA 6000 Nano (Agilent Technologies, Santa Clara, CA, USA). Using equal amounts of the
RNA preparation (1 pg), the first-strand cDNA was synthesized with RNase H-MMLV
reverse transcriptase (Superscript II, Invitrogen) and Oligo (dT)™ primers (Invitrogen). The
cDNA was stored at —20°C. Primers to detect the expression of 20 candidate genes, and six

housekeeping genes (B2M, EIF31, GAPDH, GUSB, TBP, SDHA) were designed using Primer-



BLAST (NCBI, https://www.ncbi.nIm.nih.gov/) and synthesized (Eurogentec, Seraing,
Belgium). The sequences of each pair of primers are given in Table 1. Their efficiencies and
gene expression were obtained by RT-gPCR using LightCycler® 480 SYBR Green | Master
and LightCycler® 480 instrument 11 (Roche, Basel, Switzerland). Eight biological replicates
and three technical replicates were performed for each sample (except for granulosa cells and
theca cells from follicle F3, which were run on 4 biological replicates). Demineralized water
was used in all reactions as a negative control. GenNorm software was used for validation of
housekeeping gene stabilities. The normalized quantities of car-ia.*e genes were calculated

(ctcalibrator — ctsamr' -

using the following formula: gene efficiency ! geometric average quantity of

housekeeping genes.

Analysis of OPL and IPL by scanning and t~a. sm.ission electron microscopy

OPL and IPL from four freshly-laid eggs of ~2-week-old hens were obtained as described in
« IPL and OPL sampling » paragraph. "r scanning electron microscopy (SEM), the analysis
was performed on the inner surface of ©2L (in contact with IPL) and on the outer surface of
IPL (in contact with OPL). For ‘ransmission electron microscopy (TEM), the analysis was
performed on the OPL and I+'* regardless of their orientation. Each sample was placed
between two filter pape. 2yciets and the set was attached to a cork with two pins, looking at
the orientation (SEM) or not (TEM). All these assemblies were placed in a 24-well plates and
fixed in 4% paraformaldehyde, 1% glutaraldehyde in 0.1 M phosphate buffer (pH 7.2) and
then washed in PBS and post-fixed by incubation with 2% osmium tetroxide for 1 h. For
SEM, membranes were then fully dehydrated in a graded series of ethanol solutions and dried
in hexamethyldisilazane (HMDS, Sigma-Aldrich, Saint-Quentin-Fallavier, France). Finally,
samples were coated with four nm carbon, using a GATAN PECS 682 apparatus (Pleasanton,

CA, USA), prior to analyses under a Zeiss Ultra plus FEG-SEM scanning-electron



microscope (Oberkochen, Germany). For TEM, samples were then fully dehydrated in a
graded series of ethanol solutions and embedded in Epon resin, which was allowed to
polymerize from 37°C to 60°C. Ultra-thin sections were stained with 5% uranyl acetate and
5% lead citrate, and were analyzed using a transmission electron microscope (JEOL 1011,

Tokyo, Japan).

Data availability
The mass spectrometry proteomics data have been deposited te the ProteomeXchange

Consortium via the PRIDE partner repository with the datese. *aentifier PXD020274.

RESULTS

Proteomic analyses of IPL and OPL

After sampling PL of three different un.~rtilized eggs, OPL and IPL were manually separated
according to the procedure describad (1<2where [29] and that has been optimized to obtain
structurally intact OPL and IPL_whiie limiting material and protein loss. As shown in Fig. 3
on three biological replicates, 'PL and OPL have very distinct SDS-PAGE protein profiles,
suggesting that the prow.in composition of the two sublayers is likely to be different.

A proteomic analysis, based on a GeLC-MS / MS strategy was conducted on the three OPL
and IPL biological replicates. The resulting data set (Table S2, Table S3 and Table S4) was
carefully reviewed and curated to exclude keratins (Table S1) and redundant proteins. A total
of 314 and 239 proteins were identified in IPL and OPL proteomes, respectively (Fig. 4A,
Table S2, Table S3) corresponding to 412 non-redundant proteins (Table S4). Among the 412
identified proteins, 98 (23.8%) and 173 (42%) are specifically found in the OPL and in the

IPL respectively, while 141 (34.2%) are shared by both sublayers (Fig. 4A). A label-free



relative quantification was performed on common proteins to further appreciate potential
difference in abundance in IPL and OPL proteomes. As shown in Fig. 4A, 40 out of the 141
shared proteins are differentially distributed between the two sublayers with a significant P-
value (P<0.05). Of note, two ZP proteins, namely ZP1 and ZP3 are significantly more
abundant in IPL, while a number of proteins such as mucins (MUCS,
LOC107053416/MUC5AC, MUC2, LOC395381/MUC5B), beta-defensins (AvBD11,
OVODB1, OvoDALl), RARRES2, PTN, OVALX, VMO1, LOC101750704/MSMB3 are more
abundant in OPL (Fig. 4A, Table S5). The scatter plots in Fig. /R sows the l1og10 of the
Normalized Spectral Abundance Factor (NSAF) [37] of incav.1ual proteins, as a function of
the log10 of the percentage of protein sequence coverane [~r OPL and IPL. The ten most
abundant proteins in OPL and IPL (framed in red in Fig. 1B) with their quantitative values
(determined as % of total NSAF within the corsi’ar.d proteome) are compiled in Table 2.
These sets of proteins (Table 2) represen’ abr ut 82% and 87% of the total protein content
identified in isolated OPL and IPL prow."mes, respectively. It is noteworthy that six proteins
(LYZ, VMO1, AvBD11, LOC101750 "*4/MSMB3, PTN, OVAL) are common to top ten IPL
and OPL proteins, with LYZ boing wie most abundant protein. Nevertheless, some noticeable
differences can also be obser 2. In particular, RARRES1/0CX32, TIMP3, OLFML3 and
OVALX are only founu in uie top ten OPL list while ZP1, ZP3, UMOD/ZPD and

SLURP1/HEP21 are only identified in the top ten IPL proteins.

Investigation of the origin of proteins identified in IPL and OPL using RT-gPCR on
reproductive tissues and analysis of IPL and OPL micrographs

To determine whether the presence these abundant proteins in IPL and OPL reflects a
multisite synthesis or is rather due to remaining small pieces of IPL on the OPL or vice versa,

we explored the expression of the corresponding genes in various reproductive tissues.



Fourteen candidates extracted from Table 2 (UMOD/ZPD, ZP3, ZP1, TIMP3,
RARRES1/0CX32, OVAL, LYZ, PTN, SLURP1/HEP21, VMO1, OLFML3, OVALX,
AvBD11, LOC101750704/MSMB3) were analyzed. In addition to this list, we also included
LINC00954 (abundant ZP protein detected in IPL) and several other abundant molecules
assumed to have structural roles (mucins LOC107053416/MUC5AC, LOC395381/MUC5B,
MUCS6) and protective functions (ovodefensins OvoDA1, OVODB1) in the PL. The liver and
ovary-derived tissues, namely the theca and the granulosa cell layers of the three most mature
follicles (F3 to F1), were examined for their expected participatinn 1 IPL synthesis. To
investigate gene expression associated with OPL formatior, v.~ analyzed the expression of the
candidate genes in infundibulum (OPL synthesis) and may~um (egg white secretion), as well
as in the junction between these two segments (infunr'ib.'um-magnum junction).
Comparisons of quantified gene expression are s, W as a heatmap diagram in Fig. 5.

The highest Z-scores in tissues responsit e frr IPL synthesis (liver and ovary) were observed
for zona pellucida protein-coding genes ‘LINC00954, ZP1, UMOD/ZPD, ZP3) and for
TIMP3. LINC00954 and ZP1 genes a. = significantly over-expressed in the liver compared to
other tissues. Interestingly, ZPZ qenc is also over-expressed in the theca, but with a lower
magnitude than in liver. ZPs, ' I"'A0D and TIMP3 genes are significantly overexpressed in
granulosa cells, with a \>ver gradually increasing from F3 to F1 stages for ZP3 and UMOD.
No or very weak expression of ZP1, ZP3, UMOD/ZPD and LINC00954 genes was detected
in the oviductal segments responsible for OPL and egg white synthesis, while TIMP3 gene is
significantly expressed in infundibulum. The highest Z-scores in oviductal segments were
observed for LOC107053416/MUC5AC, RARRES1/0CX32, OVAL, LYZ,
LOC395381/MUC5B, PTN, VMOL, SLURP1/HEP21, OvoDA1, OLFML3, OVALX,
AvBD11, LOC101750704, OVODB1 and MUCS6. All these genes have no or very weak

expression in liver, theca and granulosa, except OLFML3 that is significantly expressed in the



theca cells. LOC107053416/MUC5AC and RARRES1/OCX32 genes are significantly over-
expressed in the infundibulum. The infundibulum-magnum junction is the segment with the
highest expression level for PTN, SLURP1, VMO1, OLFML3 and OvoDA1 genes. OVAL,
LYZ and LOC395381 genes are significantly over-expressed both in junction and in the
magnum, while OVALX, AvBD11, LOC101750704, OVODB1 and MUCS are significantly
over-expressed in the magnum.

To better understand why some proteins produced only by the oviduct that is responsible for
OPL synthesis, are also found in the IPL proteome (although lee< actindant), we analyzed the
histological structure of IPL and OPL after separation by e’ec.-on microscopy. Indeed, we
hypothesized that fragments of OPL may remain tight)\s a.*ached to IPL during the process of
sublayers separation. TEM and SEM micrographs of *he ~tructure of the inner surface of OPL
and the outer surface of IPL are shown in Fig. 5. “wr results demonstrate that the continuous
membrane (CM) remains associated witk OP._ or IPL after OPL/IPL separation (Fig. 6B and
6C). Interestingly, some protein fibers ¥ OPL can be observed on the IPL-bound CM (Fig.
6C). The presence of the CM on ora ¢~ *ne other of the two sublayers reflects the difficulty of

separating the two structures, &d gives new evidence of their tight association.

Functional annotatior, °t uie OPL and IPL proteins

The molecular functions and summarized location associated with identified PL proteins were
retrieved using Gene Ontology (GO) terms (available in Uniprot database) and/or literature.
All identified proteins were first classified according to their location, i.e “cell” or “secreted”.
As shown in Fig. 7, the combined IPL+OPL proteome, representative of the whole PL, is
composed of 271 cellular and 141 secreted proteins. This initial sorting was necessary
considering that the PL is essentially composed of proteinaceous fibers and that the presence

of cellular protein may reflect the passive incorporation of remaining ovarian cells during the



process of ovulation or of oviductal cells during OPL formation. Thus, the biological
significance of these proteins could be controversial.

Among cellular proteins, 148 and 54 are IPL and OPL-specific, respectively, while 69 are
shared by IPL and OPL (Fig. 7A). Interestingly, the proportion of cellular proteins is much
higher in IPL-specific proteome (>85%) than in OPL-specific (55.1%) and shared OPL/IPL
(48.9%) proteomes (Table S6). The 271 cellular proteins are represented by four functional
categories: cell metabolism, cell structure, ovarian function and blood homeostasis. Based on
the number of proteins per term, the most representative functinns .~sociated with cellular
proteins are related to cell metabolism (202 out of 271, i.e. 14.5%) and cell structure (58 out
of 271, i.e. 21.4%) (Fig. 7A, Table S6). The proteins asco.*ated with these functions are
mainly found in IPL-specific proteome (Fig. 7A, Tab'e _5). Among cellular proteins, seven
IPL-specific proteins are assumed to be involvza n 7varian function including vitellogenesis
(VLDLR/LRS8, STRAG6, SLC44A1, SLCE A7 LOC430303). Moreover, two cellular proteins
involved in blood homeostasis are four.' in IPL-specific proteome (HBAL) and in both IPL
and OPL layers (HBBA). These prnte.n< are likely passive contaminants resulting from the
process of yolk formation fron. hlood precursors or from the inclusion of non-visible blood
spots at the surface of yolkv [~ll.cles during vitellogenesis.

Among secreted proten.> o and 44 are IPL and OPL-specific, respectively, while 72 are
common to both sublayers (Fig. 7B, Table S6). The 141 secreted proteins have various
functions related to regulation of development, ovarian function, fertilization, proteolysis and
regulation, immunity, stress response, nutrient supply and blood homeostasis. “Regulation of
development” is the most represented function within the secreted proteins (59 out of 141, i.e.
41.8%). Among these proteins, 15.6% (22 out of 141 proteins) refer to anatomical
development (PTN, OLFML3, RARRES?2...), 19.9% (28 out of 141 proteins) are extracellular

matrix (ECM) proteins (FN1, COL18A1, FBN2...) and 6.4% (9 out of 141 proteins) are



involved in angiogenesis (EDIL3, VEGFA, SCUBE1, ENPP2, THSD7A, SCUBE2, ECM1,
HSPG2, ANGPTL3) (Fig. 7B, Table S6). Proteins associated with anatomical development or
angiogenesis are either OPL-specific or found in both IPL/OPL sublayers while the number of
ECM proteins seem to be equally distributed within the two layers (Fig. 7B, Table S6).
“Immunity” represents 15.6% of the number of secreted proteins (22 proteins including LYZ,
AvBDI11, LOC101750704/MSMB3, OVALX...), which are mostly present either in both
OPL and IPL, or specifically in OPL (Fig. 7B, Table S6). The “ovarian function” accounts for
9.9% of secreted proteins (14 out of 141 proteins), including prtendal roles in tissue
remodeling (PLAT, PRSS23, SERPINF2, SERPINEZ2), vit:nuenesis (CTSD, APOAL,
APOV1, APOB, APOD, VTG1, VTG2, VTG3) and hernione regulation (CRHBP, FST). The
proteins putatively involved in tissue remodeling are ma.nly found in OPL while the proteins
associated with vitellogenesis are found in both s:-hluyers or equally distributed between the
two sublayers (Fig. 7B). The proteins inv »lvrd in “proteolysis and regulation” and “blood
homeostasis” represent 7.1% and 7.8% >f the secreted proteins, respectively, and are found in
OPL and IPL. As shown in Fig. 7R tk.» yroteins involved in “fertilization” are mostly present
in IPL (LINC00954, ZP2, ZP3: 1, ”3L2, ZP4) or within both layers (ZP1, ZP3,
UMOD/ZPD, MFGES8, OVC. 11, and represent 7.1% of the number of secreted proteins (10
out of 141 proteins). Ai.2ny those shared by both layers, 3 out of 5 proteins (ZP1, ZP3,
UMOD/ZPD) belong to the top ten most abundant proteins of IPL (Table 2). “Stress
response’ and “nutrient supply” represent 1.4% (GPX3, CLU) and 2.1% (OVAL, RBP, AVD)
of the secreted proteins, respectively, and are either specific to OPL or found in both layers
but none is specific to IPL. It is worth mentioning that the most abundant proteins identified
in isolated OPL and IPL (Table 2) are mainly associated with “immunity” (LYZ, AvBDI11,

LOC101750704/MSMB3, OVALX), “fertilization” (ZP1, ZP3, UMOD/ZPD), “regulation of



development” (PTN, OLFML23) or have yet “unknown” functions (VMO1, SLURP1/HEP21,
RARRES1/0CX32) (Table S6).

Of note, twelve proteins have “unknown” functions (Fig. 7B), including two cellular proteins
(LRRN4, FAM234A) and 10 secreted proteins (VMO1, OVALY,
LOC100859777/DMBT1L3, SLURP1/HEP21, RARRES1/OCX32, MEPE/OC-116, LUZP2,

INHBE, PTGDS, VH1).

DISCUSSION

The chicken egg PL, also named the vitelline membrare 1. literature, is known to play pivotal
roles in fertilization (sperm-egg binding), in early emhry2nic development [38] and in the
physical and antimicrobial protection of the emb. /0 Using proteomics, 137 proteins were
previously identified in PL [28]. In the c! i«ck’.n and in most birds studied, PL mainly consists
of two sublayers sequentially depositeu Juring egg formation, namely the inner perivitelline
layer (IPL) (preovulatory zona pel'cii=-related layer) and the outer perivitelline layer (OPL)
(postovulatory avian-specific Ic_‘er). The objective of this study was to characterize the
proteins composing each stb.~ver using in-depth quantitative proteomics, to gain insight into

their respective physioiw 7icat role in avian reproduction.

The proteome of PL contains 412 non-redundant proteins

A total of 412 different proteins was identified in PL when combining IPL and OPL
proteomic data. Although the number of identified proteins is much higher than previously
published [28], 6 proteins identified by Mann K. (2008) were not identified in the current
study: ASAH1, ENTPD8, FAM3D, HPX, NTM and WFDC2 (Table S7). Nevertheless, using

less stringent conditions (731 proteins identified using a threshold of one peptide for protein



identification instead of two peptides), four of these proteins (ASAH1, ENTPD8, HPX and

NTM) could be detected in one or two sample replicates, but at very low abundance.

Comparative analyses of IPL and OPL proteomes reveals protein specificities associated
with each sublayer

Two-hundred and thirty-nine proteins were identified in OPL vs. 314 in IPL, including 141
proteins that are common to both IPL and OPL. However, of these 141 proteins, some were
significantly more abundant in one or the other sublayer.

Our results reveal that LYZ, VMO1 and AvBD11 are amory e three most abundant proteins
in OPL, representing 35%, 14%, 10%, of total NSAF valu?s, respectively (Table 2). These
percentages are in accordance with previous studies [5, ¢ 20]. In our study, beta-ovomucin
(MUCS) is within the top 20 most abundant pratc ns (out of 239) of OPL (Table S3),
accounting for 0.59% of total NSAF valu »s, * vhile alpha-ovomucin (LOC395381/MUCS5B) is
present at a very low abundance. Nevei (heless, the relative amounts of these two high
molecular weight glycoproteins are or ~kably underestimated due to their high degree of
glycosylation and poor solubili: .

The three known major IPI protzins ZP1, ZP3 and UMOD/ZPD identified in previous studies
[12, 13, 15, 39] were in'=eu Identified in our study in the ten most abundant proteins of IPL

(Table 2).

Some proteins are suspected to participate in the physical association of OPL/IPL
sublayers

Strikingly, a high number of proteins (141 out of 412) including the previously cited abundant
proteins (LYZ, VMOL1, AvBD11, ZP1, ZP3) were identified in both layers, and six proteins

including LYZ, VMO1, AvBD11, PTN, LOC101750704 and OVAL are found within the top



ten proteins of both IPL and OPL (Table 2). The presence of overlapping proteins remains
questionable, as it may result from a dual synthesis by the ovary/liver and the oviduct
(responsible for IPL and OPL synthesis, respectively), or from incomplete mechanical
separation due to the tight association and strong adhesions between the two sublayers. The
first hypothesis was investigated by exploring the expression of genes coding the top ten
abundant proteins (Table 2, Fig. 5). Results showed that these genes are specifically expressed
by the oviduct or the liver/ovary, except TIMP3 (expressed in infundibulum and granulosa)
and to a lesser extent OLFML3 (infundibulum-magnum junctie a1 theca). Thus, from these
results, we conclude that each sublayer is characterized by spcITIC proteins that are
synthesized and secreted by distinct tissues. Thus, the dewc~tion of some proteins in both
sublayers is likely due to residual protein fibers of on~ 1« er remaining attached to the other
during the separation process. This second hypov es’s was further corroborated by analyzing
each separated sublayer by electron micr ‘sccpy, where small pieces of one or the other
sublayer are clearly visible (Fig. 6). We assume that the proteins identified in both sublayers
contribute to the physical interactinn ¢fJPL and IPL. Interestingly, a number of abundant
proteins expected to be OPL-sg ~cific but identified in both sublayers (LYZ, VMO1, AvBD11,
PTN, LOC101750704, OVAL X and OLFML3), possess glycosaminoglycan-binding
properties [31]. These Lorbunydrate-binding proteins may possibly interact with glycosylated

ZP proteins (IPL-specific), as demonstrated for AvBD11, in quail [21].

Intracellular and transmembrane proteins reflect the presence of cell remnants or cell
debris and are mainly associated with IPL

The PL proteome contains both extracellular secreted proteins and cell-associated proteins.
However, the proportion of cell-associated proteins is unexpectedly high for an extracellular

structure like PL that is supposed to essentially contain proteins. They represent 65.8%



(271/412) of the total number of identified PL proteins, reaching even 85.5% (148/173) in the
IPL-specific proteome. The presence of these cellular proteins probably originates from
inclusions of live/dead cells (granulosa cells, blood cells, and desquamated oviductal cells),
extracellular vesicles or remnants of oocyte plasma membrane in the PL. Indeed, it was
previously showed that a number of live and dead maternal cells (granulosa cells, more than
3.2 x 10° per PL) are detected within the PL of laid unfertilized eggs [40]. An evidence for the
presence of granulosa cells in our sample is provided by the identification of HSD3B1, which
is produced by granulosa cells in preovulatory follicles and that is n~y enzyme of
progesterone biosynthesis [41]. Blood or meat spots can alu «2 tound on or included in the
PL as a result of a hemorrhage of small blood vessels or & {esquamation of small pieces of
tissue in the ovary during ovulation, or in the oviduct A. hough we carefully verified that PL
samples were devoid of large blood spots, traczs (v isible to the naked eye) of blood clots or
epithelial desquamations might still be p: »ser.t in/on the PL. The identification of components
associated with “blood homeostasis”, esecially hemoglobin (HBA1, HBBA), indeed
suggests the presence of blood derivec -riolecules in PL. At last, the identification of
VLDLR/LRS8 receptor strongly =upports that parts of the oocyte plasma membrane remained
attached to PL. This receptni nlzys a crucial role in vitellogenesis during follicular
development as it medic*as e endocytosis of yolk components [42]. Taken together, these
elements suggest that a number of these cell-associated proteins have no significant biological
role within the PL but may rather reflects passive association of blood/cell-derived

components during the process of ovulation and PL formation. Therefore, these cellular

proteins will not be further discussed.

The major functions associated with secreted proteins of PL encompass immunity,

fertilization, and regulation of embryo development



Functional annotation of IPL and OPL proteomes resulted in the classification of proteins into
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9 functional terms, including “immunity”, “fertilization”, “regulation of development”, “stress
response”, “nutrient supply”, “proteolysis and regulation”, “ovarian function”, “blood
homeostasis”, and “unknown” function. With 412 proteins identified from the combination of
OPL and IPL proteomic data enabled us to propose an exhaustive list of proteins composing
the whole PL. Based on the number and relative amounts of related proteins, the three former
functions (“immunity”, “fertilization”, “regulation of development”) have undoubtedly
leading functions in PL compared to the others. “Ovarian funct:~n ‘vitellogenesis, hormone
regulation, tissue remodeling associated with follicular ma‘ui.‘1on and rupture) and “blood
homeostasis” are functions identified for both cell-asseria>d and secreted proteins. Regarding
“ovarian function”, PL contains a number of major yr Ik ;roteins associated with
vitellogenesis (APOAL, APOV1, APOB, APQD, VTG1, VTG2, VTG3) that probably result
from the presence of yolk traces. Howev: r, v e assumed that these proteins may also
participate in the establishment of IPL . ‘trastructure. Except VTG3, all these proteins were
previously identified in the PL proteoine [28]. PL also contains proteins associated with
hormone regulation (FST, CRI :8P) or tissue remodeling (PLAT, PRSS23, SERPINEZ2,
SERPINF2) that presumahly Jerive from the ovary and that are inserted in the PL during
folliculogenesis, or fulicving follicular rupture during ovulation. The identification of
proteins involved in “blood homeostasis” such as serum albumin (ALB), coagulation factor X
(F10), complement system components (C3, C4A, C8G, C4BPA) and fibrinogen (FGB, FGG)
confirms the presence of blood-derived proteins, as discussed above. PL contains proteins
associated with “nutrient supply”, being involved in amino-acids supply (OVAL, that is
essentially synthesized in the infundibulum-magnum junction and magnum, Fig. 3) or in

vitamin transport and storage (AVD, RBP) for the developing embryo [39]. It remains unclear

whether these proteins have an effective role in PL or whether they derive from the egg white,



which is in contact with OPL. Two proteins involved in “stress response” were identified in
PL: CLU (clusterin) is a chaperone preventing stress-induced protein aggregation, while
GPX3 (glutathione peroxidase 3) protects cells and enzymes from oxidative stress during their
synthesis by reproductive tissues. Two proteases (MMP1, CTSEAL) and many antiproteases
(CST3, SPINK7, A2ML4, CPAMDS, OVST, TIMP3, SPINKS, A2ML1...) have been
identified. However, for most of them, their precise physiological function remains to be
elucidated since they can potentially regulate many biological processes during
folliculogenesis/ovulation or embryonic development. At last, i* is .»oteworthy that the PL
contains several proteins assigned to “unknown” function 7.1c.;ding some highly abundant
molecules like VMOL1, SLURP1/HEP21 and RARRES1/C7X32, whose genes are expressed

in the upper oviduct but not in the liver or ovary.

OPL-proteome is characterized by a h'ah "wumber of abundant antimicrobials

PL is the last structure protecting the yu 'k from invading pathogens such as Salmonella and
the first structure being modified in fe ti.ized eggs during incubation [43]. The protective
function of PL is attested by thc diversity of proteins of high abundance involved in
“immunity” essentially in ho.> )PL and IPL, or specifically in OPL. This group includes
antimicrobials, mucins «na immunoglobulin-related proteins. The most abundant
antimicrobials in our proteomic study are LYZ [43, 44], AvBD11 [24, 45],
LOC101750704/MSMB3 [31, 32] and OVALX [46]. These proteins are among the top ten
proteins in PL, OPL and IPL proteomes. In addition to AvBD11, two other members of the
defensin family are also present in OPL but at a lower abundance, the ovodefensins OvoDA1L
and OVODBL, for which antibacterial activities have previously been reported [47, 48].
Although present in IPL proteome, all these antibacterial compounds are specifically

deposited in OPL by specialized segments of the oviduct (infundibulum, infundibulum-



magnum junction, magnum) while no or very weak expression of their corresponding gene is
detected in liver nor in follicular tissues (Fig. 3). As mentioned above, the presence of these
compounds in IPL proteome probably means that they are in the vicinity of IPL or might be
involved in OPL/IPL association. Although some antibacterial properties were demonstrated
for VMOL1 and PTN [31], these two proteins were not classified in “immunity” as we believe
that their primary function is rather related to “unknown” or “regulation of development”,
respectively. Other less abundant antibacterial proteins are also present in the OPL, such as
TF, EXFABP [49, 50], the C-type lectin OC-17 [51], and sever=! n.~mbers of the
LBP/BPI1/Plunc family (LBP/BPI, BPIFB3/OCX36, BPIFF.2; TENP, BPIFCB) [52]. The OPL
contains four secreted gel-forming mucin proteins (LOC127053416/MUC5AC, MUCS,
LOC395381/MUC5B, MUC?2) (Table S3) that are hich-.~alecular weight glycoproteins with
important role in immunity, through their abili*y :» form gel-like mucus and to bind a variety
of microbes [53]. Ovomucin, which is cc npr sed of the two subunits alpha (MUC5B) and
beta (MUCS), is known for its role in t.~ gel-like properties of egg white and possesses
antiviral and antibacterial activities [5'1 The viscosity provided by MUC5B, MUCES,
MUC5AC, MUC2 might trap L cteria and inhibit their motility towards the egg yolk and the
developing embryo. Similany tr the major antibacterial proteins and peptides described above
(LYZ, AvBD11, LOC121/5U704/MSMB3, OVALX, OvoDA1, OVODB1), ovomucin
subunits MUC5B and MUCG6, and MUCS5AC are also predominantly synthesized in the upper
oviduct and secreted in OPL (Fig. 5), which strengthens the function of OPL as an
antimicrobial barrier. The OPL also contains immunoglobulins, immunoglobulin-like and
immunoglobulin-binding proteins (VH26L10, IGLL1, Ig Mu chain region, JCHAIN) that
might participate in the recognition of microbes. Nevertheless, their exact immune roles

within the PL remains to be clarified.



The IPL proteome is characterized by proteins involved in fertilization

The IPL proteome contains a number of proteins involved in the structural organization of
IPL, as well as in sperm-egg binding and in the induction of acrosome reaction (initial steps in
egg fertilization) or in the regulation of these events. Among the nine ZP-coding genes
identified in the chicken genome [55], eight ZP proteins were found in IPL proteome: ZP1,
ZP3, UMOD/ZPD, LINC00954 (ZPAX2/LOC421956), ZP2, ZP4, ZP3L1 (LOC415305) and
ZP3L2 (LOC415314). The gene coding for ZPAX1/LOC421952, which has not been
identified in our study nor in Mann’s study [28], is mostly expresse ™ in early developmental
stages of oocyte similarly to ZP2 and ZP4 [56], suggesting w1t It might be present at trace
levels in PL. The three most abundant ZP proteins (ZP1 ~”3, UMOD/ZPD) form the
structural scaffold of IPL [14]. Although detected in OF. oroteome, these three compounds
are primarily deposited in IPL as their gene exnre ssiun is observed in the liver or in the ovary,
but not in the upper oviduct (Fig. 5). In & ‘cordance with previous studies [36, 57], we found
that ZP1 and LINC00954 genes are ma.~ly expressed in the liver. In contrast, ZP2, ZP3, ZP4,
UMOD/ZPD genes are expressed hv t e oocyte or the granulosa cells or both [56]. Besides
their structural role, ZP proteir.. seein to have pivotal functions during fertilization by binding
to the tip of sperm head (ZP. ~rd ZP3) [58] or by inducing acrosome reaction of sperm cells
(ZP1, UMOD/ZPD) (1< wirGES8 and OVCHLI that are mainly produced by the liver [36] and
that we identified in OPL and IPL proteomes, might also be involved in fertilization as
previously reported [59-61].

In addition, although OPL does not contain as many proteins involved in fertilization
compared to IPL, and considering that OPL is deposited on IPL after ovulation and
fertilization, OPL is likely to have a regulatory role in fertilization by trapping sperm cells in
excess and decreasing their mobility. Although polyspermy occurs in birds, OPL is thought to

limit abnormal polyspermy [27].



Some OPL and IPL proteins are predicted to orchestrate cell processes associated with
the early stages of embryonic development

The rapid growth and functionalization of the yolk sac during the early phase of incubation
involves the orchestration of important biological processes, such as cell adhesion, migration,
proliferation, and differentiation. The inner surface of PL functions as a cell substratum for
the adhesion and expansion of the chick blastoderm during the initial four days of incubation.
It spreads from animal to vegetal pole to form the vascularized "0 sac responsible for
forthcoming uptake and digestion of the yolk nutrients regr.ire 10r the embryo. The adhesion
to the inner surface, which is required for blastoderm e¥ncsion, is mediated by cells of the
ectoderm located at the edge of blastoderm [62, 63]. 'nte estingly, no expansion occurs when
the blastoderm is cultured on the outer surface o1 I , and adhering cells migrate across the PL
[64], which suggests that the protein corr hos’cion of the IPL is specifically adapted to the
adhesion, migration and proliferation o: the chick blastoderm. The cell adhesion properties of
PL are attested by the identification 0i numerous ECM proteins involved in cell attachment
and that may regulate blastode, m expansion potentially through the presence of RGD motifs
(fibronectin, vitronectin, laminirs, collagens, fibrillins, fibulins, thrombospondins and
tenascins). Interestingly, the major IPL component ZP3 also contains an RGD motif in its N-
terminal extremity; however, to our knowledge, its role in the cell adhesion and migration of
blastoderm has never been investigated.

Cell proliferation and differentiation during embryonic development are known to be
regulated by specific signaling pathways including Wnt, TGF-beta family, Notch and
Hedgehog [65-68]. Both OPL and IPL contain potential modulators of TGF-beta family
ligands, such as LTBP1 and fibrillins (FBN1, FBN2, FBN3), FST, OLFML3/ONT1, fibulins

(FBLNZ2, FBLND), heparan sulfate proteoglycans (HSPG2, Agrin), alpha-2-macroglobulin



(A2ML1, A2ML4), collagens (COL4A3, COL4A5, COL4A6, COL18A1) and TNX [69].
Several other proteins previously described to play a role in embryogenesis were specifically
identified in OPL. These include antagonists of Wnt signaling (FRZB, LOC395991/crescent,
and possibly DKK3) [70-72], and regulators of Hedgehog (SCUBEZ2) [65] and Notchl
(CCN3/NOV) [73, 74]. Besides the modulators of these important signaling pathways, OPL
also contains growth factors involved in cell proliferation and migration, such as PTN [75]
and VEGFA [76], and several proteins reported to be involved in angiogenesis or in its
regulation (VEGFA, PTN, EDIL3, HSPG2, ANGPTL3, ENPP? ,!'SD7A, SCUBEL1,
SCUBE2, ECM1, CCN3/NOV). OPL contains also an impur .ot antiapoptotic factor,
TNFRSF6B (OPL-specific, identified in the top 30 abinacnt proteins [77]).

PL encloses a number of proteins potentially involver' 1, morphogenesis and organogenesis
during embryonic development. Among the m~je  proteins of PL is OLFML3 (top ten, Table
1), which may have a role in the dorsove ra’ patterning during early development [78].
Although it is detected in both OPL anu 'PL, the analysis of tissue distribution revealed that
OLFML3 gene is almost exclusive!v evrressed in the upper oviduct, while a very weak
expression is observed in thece ‘Fig. 5). These data suggest that OLFML3 is mainly deposited
in OPL. Intriguingly, 10 prowin, identified in both OPL/IPL (PTN, SLIT2) or specifically in
OPL (CRTACL, HAPL: 'z, NTN1, NTN3, NRG1, OLFM3, SEMA3B, SEMA3C) potentially
regulates neural development, while NPNT (OPL-specific) has potential roles in kidney
development (Table S6). Knowing that all these PL constituents are exogenous to the
developing embryo and extra-embryonic tissues, their mode of action remains unclear.

PL is progressively degraded during yolk sac development [79]. Signs of IPL digestion that
usually accompany cell migration, are particularly visible in the IPL in the so-called area
vasculosa, and the existence of a “hatching enzyme” produced by yolk sac ectoderm possibly

at the area vitellina was suggested by Yoshizaki et al.[80]. A tight control of this degradation



process is likely to be ensured by the significant number of PL proteases and antiproteases.
We hypothesize that these proteins may regulate the proteolytic degradation of ECM proteins
and the potential release of anti-angiogenic peptides (from COL18A1 (endostatin), COL4A3

(tumstatin) and HSPG2 (endorepellin), for example [81-83].

CONCLUSIONS

To our knowledge, this work is the most integrative study on the protein composition of
chicken PL and its respective IPL and OPL sublayers. It combires roteomics, functional
annotation, structural and expressional studies while integr.au. .7 kKnowledge on avian
physiology. This study gives significant insights on the su'cture and biochemistry of the
avian PL, and highlights the multifaceted biological fin.ions of this structure in reproduction
including fertilization, early embryonic develoar. »n*, and antimicrobial protection (Fig. 8).
Regarding the perspectives of this work, t would be interesting to further assess the role of
these proteins in the histological structu e of both sublayers (fibers organization), in their
physical association and to investirate their modification and activity during the first stages of
embryonic development. Comg risuns with PL of other birds where differences in structure
can be observed [7, 84] will ,.~Ir, to better appreciate the specificities of this peculiar structure

that has acquired very o-iquial features during evolution, to accompany bird speciation.

Table 1. Primers of house-keeping and candidate genes. F, forward; R, reverse.

Gene Gene ID Primers

F-5GACATGTGCTCACTGGCTCT-3'

EIFSI 419653 R-5-CACTGCTGAGCTGGTCTTCA-3'

F-5-GCGTTTTGCTGCTGTTATTATGAG-3'

TBP 395995 R-5-TCCTTGCTGCCAGTCTGGAC-3'
F-5-TGTGATTGGGGAACTCATCTGG-3'
cusB 427823 R-5-AAGTTCAGCATAGTACCCAGC-3'
F-5-GATCCCGAGTTCTGAGCTGT-3'
B2M 414830 R-5-GCTTGCTCTTTGCCGTCATAC-3'
SDHA 395758 F-5-AGATACGGGAAGGAAGGGGT-3

R-5-ACCGTAGGCAAAACGGGAAT-3'




F-5-AGGCGAGATGGTGAAAGTCGGAGT-3'

GAPDH 314193 IR S TGCCCTTGAAGTGTCCGTGTGT-3
F-5-GACATAACAGCGAGCGTGAA-3'
LYz 396218 R-55'-gGCGTTTGCGTATAGTCGTT-S‘
F-5-TGAGTACCACTGAGGCTGGA-3'
PTN A8l I S ACACTCTGCTCCAAATTGCTTCS
F-5-GATTTGCACTGAAGGTTGAGC-3'
VMot A8 I S AACTGGATGTTGTTGGCAGC-3'
F-5-GAAAACCTGCTGCGTAGACACT-3'
AvBDI1 AL4876 I S AAGTCCCAGCTGTTCTTCCAG S
F-5-AGTACCATTACGACTGCGGG-3'
ZP1 395418 IR 5 TAGCGGCCATCCTTCACCAAS
F-5-CCAGACCCTCAGAACAAGGC-3'
zpP3 318906 I o CAACCTCTTTCCCGGCATCA S
F-5-ACAAGAGTGAGCTGGTAAGCC-3'
UMOD 04T IR 5 CAGTACCACATCTTGGCAGAA S
F-5-TTCTCTAGGACCCTGTGCGAT-3'
LOC101750704 | 101750704 o e T TCCACACTGCACCAAAS
F-5-AAGACAGCACCAGGACACAGA-3'
=
F-5-TCCGTGAACATCCACCTACTCT 2
OVALX 120898 R-55'-GC(:3CC(?I'T((33GTCC:TGCA?I'GESI:'GT'CIET-C’:’ ]
F-5-CTCCAGCCTCGCTCACAC-3'
OvoDAL 122030 R 5 TTGAGAGGAGGGGATGAZ AC3
F-5-TTGTCCTGTGCGTTGGA 3™ G- '
SLURPL 395192 R-5-TTCCCGAGGGAGGT: TGATG-3'
F-5-ACGGCGCAATC™ CTV TTCTA-3'
LINCO0954 | 421956 R-5'-AGTGGCAACT(;Q:’:TGT:\CC-Q
F-5-TCCGTGCTAAAGTTUTGGGG-3'
TIMP3 396483 R5-GGCCAGTGTA, ¢ ACC?TTCCCT-S'
F-5-GGGTATA'5G ~ "GCGCAAGGG-3'
OVODB1 106780806 R-5'-GGGAG/‘_Aé f_rAé;CAGTACAT-s'
F-5-CAACATTCA GTTCCGCCGTG-3'
MUC6 414878 R sTGe :ECb.’\f'I';AGGTGCTATT-s'
F-5-GTC"ACGTCTCCACTGTTGG-3'
LOC395381 1395381 oo ’:LA_C':TZTGTGCAGGTTCCG-?
F-5-~"G | GGCACAACAGGAACCA-3'
LOC107053416 107053416_ R ; ’;r clc A COAACGGATTTOAS
F---TCCCTCGTGTACTTCCCCAA-3'
OLFML3 419882 N  ATGATCTGGTAGCCGTCGTCS
FARRESL sg5200 | F-2-CACAGCAAATGAACGTCTGTCA3

R-5-GGCCTGTTACACAAAGGTTTCC-3'

Table 2. Top ten abundant proteins found in OPL and IPL using GeLC-MS / MS approach.

Quantitative values are expressed as the % NSAF of the total OPL or IPL protein content. The

asterisk (*) indicates that the corresponding proteins are not in the top ten abundant proteins.

Gene . Gene OPL IPL
Symbol Protein name D %NS |Ra |%NS |Ra
AF nk |AF nk
LYZ lysozyme 396218 |35.39 |1 3254 |1
VMO1 vitelline membrane outer layer 1 418974 |14.06 |2 429 |5




AvBD11 avian beta-defensin 11 414876 [10.42 |3 |3.75 |6
PTN pleiotrophin 418125 [5.82 |4 1.62 |8
LOC10175 | beta-microseminoprotein-like (MSMB3 101750
0704 protein) 704 485 15 159 19
OLFML3 |olfactomedin like 3 419882 {394 (6 |* *
RARRES1L retinoic ac_ld receptor responder 1 395209 (200 |7 |* x
(ovocalyxin-32)
OVAL ovalbumin 396058 (1.99 |8 191 |7
TIMP3 TIMP metallopeptidase inhibitor 3 396483 [1.95 |9 |* *
OVALX ovalbumin-related protein X 420898 |1.57 |10 |* *
ZP3 zona pellucida sperm-dinding protein 3 378906 |* * 12376 |2
secreted LY6/PLAUR domain containing 1 1 x x
SLURP1 (Hep21 protein) 395! 92 8.67 |3
ZP1 zona pellucida sperm-binding protein 1 395718 * * |757 |4
UMOD Uromodulin (zona pellucida protein D) 40750 | * * 1124 |10

Figure 1. Ultrastructure of chicken OPL and IPL from fres nlyTaid eggs.

Transverse section through the perivitelline layer (PL) ¢ “a Zeshly laid egg observed by
transmission electron microscopy. The PL consists of two distinct fibrous proteinaceous
layers, the inner and outer perivitelline layers ((PL .ad OPL, respectively), separated by a thin

continuous membrane (black arrowhead).

Figure 2. Diagram describing the vari s steps of the experimental design.

I., analysis of the protein profii- ana composition of OPL and IPL: A, preparation of
biological samples and prote..~ extraction of the six biological samples (picture of separated
OPL and IPL); B, elecu ~nuuretic migration of proteins extracted from OPL and IPL by SDS-
PAGE; C, proteomic analyses using nanoLC-MS/MS analyses, protein identification and
functional annotation. II., analysis of gene expression: A, tissues collection on 8 laying hens at
the same post-ovulation stage; B, RNA extraction; C, RT-qPCR on 20 candidate genes
selected from protein identification using 6 housekeeping genes. II1., scanning and
transmission electron microscopy: A, Sampling ; B, Scanning Electron Microscopy (SEM) ;
C: Transmission Electron Microscopy (TEM). GF1, Granulosa cells of follicle F1; GF2,

Granulosa cells of follicle F2; GF3, Granulosa cells of follicle F3; In, Infundibulum; IPL,



Inner perivitelline membrane; J, Junction between infundibulum and magnum; L, Liver; Ma,
Magnum; OPL, Outer perivitelline membrane; PL, Perivitelline layer; TF1, Theca of follicle

F1; TF2, Theca of follicle F2; TF3, Theca of follicle F3.

Figure 3. SDS-PAGE protein profile of OPL and IPL from freshly laid eggs.
Three OPLs and three IPLs were sampled from freshly laid eggs and analyzed onto a 4-20 %
acrylamide gel followed by Coomassie brilliant blue staining to verify the homogeneity of the

OPL and IPL biological replicates, prior to mass spectrometry ai.'vses.

Figure 4. Protein composition of OPL and IPL.

(A) Venn diagram showing the distribution of the 41. »~ro eins between the two layers (OPL
and IPL) and heat map of 40 differential commc a roteins. Proteins are considered as
differential between IPL and OPL when p- va ue~9.05 and Log2(FoldChange)>1 or <-1.
Log2(FoldChange)>1: proteins more ~bundai.¢ in [PL. Log2(FoldChange)<-1: proteins more
abundant in OPL. (B) Quantitative ¢'s‘n Jtion of the proteins identified by nanoLC-MS/MS.

The ten most abundant proteins rc>overed by NSAF analysis are framed in red.

Figure 5. Heatmap of cadia te gene expression in hen reproductive tissues.

Z-score range was colorer from blue (-2 Row Z-score, low expression) to white (0 Row Z-
score, intermediate expression) and to red (2 Row Z-score, high expression). GF1, granulosa
cells of follicle F1; GF2, Granulosa cells of follicle F2; GF3, Granulosa cells of follicle F3;
In, Infundibulum; J, Junction between infundibulum and magnum; L, Liver; Ma, Magnhum;
TF1, Theca of follicle F1; TF2, Theca of follicle F2; TF3, Theca of follicle F3. Z-score was
used and corresponds to a value's relationship to the mean (average) of a group of values
(expression of a gene in each tissue here), measured in terms of standard deviations from the

mean (z = (X - ) / o, where z is the z-score, X is the value of the element, p is the population



mean, and o is the standard deviation). Consequently, the color indicates an intuitive idea of
the relative variation of each gene in the different tissues with blue and red color representing

low and high expression, respectively, relatively to the whole set of selected tissues.

Figure 6. Ultrastructure of the inner surface of OPL and the outer surface of IPL.

(A) Diagrams of the whole PL and separated layers observed by transmission and scanning
electron microscopy (TEM and SEM, respectively). OPL, outer perivitelline layer; OPL. ,
inner surface of the outer perivitelline layer; IPL, inner perivitehine layer; IPL_ , outer
surface of the inner perivitelline layer. (B) Transverse sect’ons through the isolated OPL and
IPL observed by TEM. Following OPL/IPL separation thc <M (black arrows) remains
associated with either OPL (upper left panel) or IPL (low or right panel). A rupture of the OPL-
bound CM (asterisk) is observed in the upper 1.fv ~»2el. The upper right panel shows an OPL
with no apparent CM. In the lower left p.nel, only small pieces of CM (black arrows) are
bound to IPL. (C) Inner surface of OPL (OPL. ) and outer surface of IPL (IPL_ ) observed by
SEM. In accordance with TEM ir.az2es, CM can be detected either on OPL. (upper left panel)

oronIPL_ (lower right pane"\ aZer OPL/IPL separation. The OPL-bound CM contains

numerous holes (asterisk s, uy ver left panel) through which OPL fibers can be observed (black
arrowheads in the inset). ';'hese holes may correspond to the ruptured CM previously observed
in TEM. Some OPL fibers can also be detected on IPL-bound CM (black arrowheads, inset of

the lower right panel). The upper right panel shows an OPL. area mostly without CM (only

small pieces are present) where OPL fibers are clearly visible. The lower left panel shows an

IPL_ area that is mainly CM-free. OPL and IPL fibers are indicated by black arrowheads and

white arrowheads, respectively. Black arrows indicate the continuous membrane (CM). Insets

show enlargements of boxed areas.



Figure 7. Distribution of cellular and secreted proteins between IPL and OPL samples and
associated functions.

(A) Among the 412 proteins identified, 271 are cellular proteins (148 are specific to IPL, 54
to OPL and the others are common to both layers). After functional annotation (see Material
and Methods), cellular proteins could be assigned to four major functions and seem to have
mayjor functions in cell metabolism and cell structure. Two proteins are still not documented.
(B) Among the 412 proteins identified, 141 are secreted proteins (25 are specific to IPL, 44 to
OPL and the others are common to both layers). Secreted proteins culd be assigned to eight
main functions and seem to have major functions in immur.aty and regulation of development.

Ten proteins are still not documented.

Figure 8. Schematic representation of the mair. L alrgical functions of chicken IPL and OPL.

The following are the supplementary d.‘ related to this article.

Supplementary Table S1. List of karat -, identified in PL (XLSX)

Supplementary Table S2. List « “proceins identified in IPL and associated quantitative values
(XLSX)

Supplementary Table S°  List of proteins identified in OPL and associated quantitative values
(XLSX)

Supplementary Table S4. List of proteins identified in whole PL (combined OPL and IPL
proteomes) (XLSX)

Supplementary Table S5. Differential analysis of proteins identified in both IPL and OPL
(XLSX)

Supplementary Table S6. Functional annotation of PL proteins (XLSX)



Supplementary Table S7. List of proteins previously found in PL proteome in 2008 [28] but
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Graphical abstract

Highlights

e The present study used a multi-scale approach (proteomics, gene expression analysis,
ultrastructural observations) to investigate structural and functional features of chicken PL and
its two sublayers, namely IPL and OPL.

e Although identified in the two sublayers, the most abundant PL nro.~ins are synthesized by
tissues responsible for the formation of either IPL (liver, ovary, or C°L (oviduct), but rarely by
both.

e Some proteins identified in both OPL and IPL are thought to :>= .nvolved in the physical adhesion
of OPL with IPL.

e |PL proteins are mainly associated with fertilization a\. 1 ea ly development, while OPL proteins
are primarily involved in antimicrobial defense and e nbry-genesis.
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