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Abstract

Rationale: Proteins from the egg perivitelline fluid (PVF) are assumed to play critical roles
in embryonic development, but for many groups of animals their identities remain unknown.
Identifying egg PVF proteins is a critical step towards understanding their functions including
their roles in evolutionary transition in habitats.

Methods: We applied proteomic and transcriptomic analysis to analyse the PVF proteome of
the eggs of Pomacea diffusa, an out-of-water ovipositing freshwater snail in the family
Ampullariidae. The PVF proteins were separated with SDS-PAGE method, and proteomic
analysis was conducted using LTQ Velos Ion Trap Mass Spectrometer coupled with liquid
chromatography. Comparison of PVF proteomes and evolution analyses were performed
between P. diffusa and other ampullariids.

Results: In total, 32 egg PVF proteins were identified from P. diffusa. They were categorized
as PV1-like subunits, immune responsive proteins, protein degradation, signaling and
binding, transcription and translation, metabolism, oxidation-reduction and unknown
function. Interestingly, the proteome includes a calcium binding protein important in forming
the hard eggshell that enabled the terrestrial transition. However, it does not include PV2, a
neurotoxic protein that was assumed to be present in all Pomacea species.

Conclusions: The PVF proteome data from P. diffusa can help us better understand the roles
of reproductive proteins played during the transition from underwater to terrestrial egg
deposition. Moreover, they could be useful in comparative studies of the terrestrialization in

several groups of animals that occurred independently during their evolution.
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1. INTRODUCTION

Apple snails (Ampullariidae) are freshwater gastropods widely distributed in the wet tropics
and subtropics of the Americas, South Africa and Asia.! They have been proposed as model
organisms to study evolution due to their ancient evolutionary history, wide distribution and
species diversity and various egg depositing behaviours.> Ampullariidae is unique among
freshwater snails in that it includes members that lay gelatinous egg masses under the water
surface (genera Marisa, Asolene, Felipponea and Lanistes), and terrestrial egg masses above
the water surface (genera Pomacea and Pila). The remarkable terrestrial egg deposition
behaviour in some of these freshwater snails probably arose due to the pressure to escape
from aquatic predators such as fish.> However, terrestrial eggs must be able to withstand
physical stressors such as desiccation and UV radiation, as well as attack by terrestrial

predators.*

Previous studies have found that the egg perivitelline fluid (PVF) that surrounds the
developing embryos is critical to the early development of Pomacea. The PVF is mostly
composed of polysaccharides and three major glycolipoprotein complexes (perivitellins). The
perivitellins were classified according to mass and density, namely perivitelline-1 (PV1),
perivitelline-2 (PV2) and the protein fraction PV3.%® These perivitellins serve as stores of
nutrients that fuel the embryonic development and are involved in embryo protection in some
Pomacea.>” Although previous proteomic studies named the major perivitellin protein PV1 as
PcOvo for P. canaliculata,! PmPV1 for P. maculata® and PsSC for P. scalaris,'® to avoid
confusion of the major protein in PVF, we used “PV1” throughout this study. Among two
major perivitelline groups, PV1 plays several critical roles: photoprotection, antioxidant, and

481112 "and immune response in P

nutrient provision in P. canaliculata and P. maculate.
scalaris."> PV2, which constitutes around 7.5% of total protein in PVE,’ is a protein complex

composed of two subunits: a membrane attack complex/perforin (MACPF) protein as the
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toxic subunit, and a tachylectin-like protein as the delivery subunit, which are linked with a
disulfide bridge.!* Laboratory experiments have shown that PV2 is neurotoxic to mice in P
canaliculata and probably is also a neurotoxin in P. maculata.”'*'> However, the
neurotoxicity was not observed in the PVF of P. scalaris,”'° suggesting that PV2-active
toxins may not be present in all species of Pomacea. Since there are multiple copies of
MACPF and tachylectin genes in Pomacea,'® to avoid confusion we named the PV2
associated subunits as PV2-MACPF and PV2-tachylectin, and others as MACPF-like and

tachylectin-like, respectively.

With the advance in high throughput LC-MS/MS, proteomic analyses have been
conducted for two aerial egg depositors P. canaliculate® and P. maculate,'” which showed that
both PV1 and PV2 contain several subunits. A similar study has also been conducted in
Marisa cornuarietis, an underwater egg depositor, which revealed 36 PVF proteins. '8
Comparing the PVF proteins of M. cornuarietis and the two species of Pomacea showed that
the three species share several major PV1 perivitellins, which in P. canaliculata are known to
nourish the embryos. However, the PVF of M. cornuarietis does not contain two proteins that
were presumably important during the evolutionary transition from underwater to aerial egg
deposition in P. canaliculata and P. maculata: (1) a calcium-binding protein (CaBP) which is
involved in the formation of the calcareous eggshell that protects the eggs and prevents
desiccation; and (2), PV2, a neurotoxin as a novel defence mechanism against potential

terrestrial predators.

Phylogenetic analyses have shown that P. canaliculata and P. maculata are very closely
related species located in a terminal clade among a large clade that includes most other
species of Pomacea, and this large clade is the sister clade that includes M. cornuarietis and

species of two other genera (Asolene and Felipponea).>'® A recent study based on 1,357
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single-copy orthologous genes estimated that M. cornuarietis and the two species of
Pomacea shared a common recent ancestor ~28.3 million years ago (Ma), whereas the
divergence between P. canaliculata and P. maculata occurred much more recently at ~ 3.0
Ma.'® Because the terminal positions of the two Pomacea species, and the long divergence
time between the genera Pomacea and Marisa, the PVF proteins of P. canaliculata and P,
maculata may not represent the diversity of PVF proteins of the genus. This inspired us to
analyse the PVF proteins of P. diffusa (Figure 1A), a species phylogenetically located in a
clade that is sister to the clade that includes P. canaliculata and P. maculata. Our aim is to
provide a proteomic dataset for the PVF of P. diffusa, and the comparison and phylogenetic
analysis against the three published PVF proteomes contribute to the understanding of the
molecular mechanisms underlying the evolutionary transition from underwater to aerial egg

deposition in Ampullariidae and terrestrialization of aquatic gastropods.

2. EXPERIMENTAL

2.1 PVF protein sampling and extraction

Adults of P. diffusa were purchased from an aquarium shop in Hong Kong. They were reared
in aerated tap water at 26 = 1 °C and a photoperiod of 14 h light/ 10 h dark. The snails were
fed with a mixed diet of lettuce, carrot and fish food daily. Two freshly deposited egg
clutches (within 12 h of deposition) were collected and processed separately for proteomic
analysis as two biological replicates. For each replicate, PVF was manually extracted from

approximately 50 eggs using a syringe and mixed with 8 M urea.

2.2 SDS-PAGE and LC-MS/MS
Proteomic analysis was performed by integrating SDS-PAGE and LC-MS/MS.!72° In brief,
each sample was centrifuged for 10 min at 12,000 g in a centrifuge that was set at 4 °C, the

supernatant was collected, purified using the methanol/chloroform method,?! and quantified
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using a RC-DC kit (Bio-Rad, California, USA). A subsample of 100 pg of purified PVF
proteins was separated using SDS-PAGE, stained with Coomassie Brilliant Blue, destained
with 1% acetic acid, then cut into eight slices based on the intensity and molecular weight
(Figure 1B). The gel slices were digested using sequencing grade trypsin (Promega, Madison,
USA), desalted using Sep-Pak C18 cartridges (Waters, Milford, USA), dried using a
SpeedVac Concentrator (Eppendorf, Hamburg, Germany), and reconstituted using 0.1%
formic acid. Then the samples were analyzed using a LTQ Velos Ion Trap Mass Spectrometer
(Thermo Scientific, Bremen, USA) with an 80-min LC gradient: 98% solution A (0.1%
formic acid in MilliQ) (2 min), 2-45% solution B (0.1% formic acid in acetonitrile) (59 min,
linear changing gradient), 80% solution B (10 min), and 98% solution A (9 min). The MS/MS
was scanned at a mass range of 300 to 2000 m/z. The five most abundant multiple-charged
ions with at least 2000 counts were selected for collision-induced dissociation using a
normalized collision energy of 35%, activation Q of 0.25, isolation width of 2.0, and
activation time of 10ms. Dynamic exclusion was applied, with a repeat count of 2, exclusion

duration of 60 s and exclusion mass width of 1.5 m/z.

2.3 PVF proteins identification

To identify the proteins, a database that contained 27,054 protein sequences (target) with
average length of 358.6 amino acids and their reversed sequences (decoy) was prepared based
on published P. diffusa transcriptome.?> The MS/MS files were converted from raw files to
Mascot generic files by Proteome Discoverer 1.3.0.339 (Thermo Fisher Scientific, San Jose,
USA), and searched against the transcriptome database using Mascot v2.3.2 (Matrix
Sciences, London, UK) under the settings of 0.8 Da for peptide tolerance and MS/MS
tolerance, fixed modification for carbamidomethyl, variable modification for deamidation

and oxidation, and one maximum missed cleavage for trypsin. The matched peptides were

filtered to retain those with ions score > 42 (above the 95% confidence level), peptide length
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> 7, false discovery rate < 0.01, detected in both biological replicates, with at least three
unique peptides, and gene expression level at albumen gland > 5 TPM (transcripts per
million). Protein abundance was estimated using the Exponentially Modified Protein

Abundance Index (emPAI),?* and signal peptides were predicted using SignalP4.1.%*

The identified PVF proteins were annotated using BLASTp against NCBI non-reductant
(nr) database with an E-value threshold of 10~ and InterProScan 5*° under default settings for
Gene Ontology (GO). Proteins without GO annotation were further searched against
COFACTOR ,*® which derives protein function based on structural comparisons and protein-
protein networks, using the I-TASSER server?’ with a GO-score threshold of 0.5.2 In
addition, BLASTp search with E-value threshold of 10 was conducted to compare the PVF
composition between P. diffusa and three other ampullariids.®!”!® The results were visualized
as a Circos graph made using Circoletto.?’ Putative orthogroups among P. diffusa, P.
canaliculata, P. maculata and M. cornuarietis were identified using OrthoMCL?*® under

default settings (E-value threshold of 10 and sequence identity > 50%).

2.4 Phylogenetic and evolution analyses

To investigate the evolution of CaBP and PV2 subunits, we performed BLASTp search for
their homologs from all eight sequenced ampullariids, including four with PVF proteomes
(i.e P, diffusa, P. canaliculata, P. maculata and M. cornuarietis), and Lanistes nyassanus,
Pila ampullacea, Asolene platae, and P. scalaris'®'®*? with an E-value threshold of 1075, and
aligned length and sequence identity > 30%. Phylogenetic trees were constructed from the
MUSCLE aligned and manually trimmed sequences by maximum-likelihood analysis with
1000 ultrafast bootstraps using IQ-TREE.?! The substitution models of WAG+R3 for CaBP,
WAG+I+G4 tor MACPF-like and WAG+G4 for tachylectin-like genes was selected by

ModelFinder®? implemented in IQ-TREE. The RNAseq data from Ip et al.?*> were mapped to
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the eight transcriptomes for determination of gene expression level expressed as Transcripts

Per Kilobase Million (TPM) using Salmon 0.9.1.%

Selective pressure was determined by the ratio (®) of the nonsynonymous substitutions
rate (dN) to the synonymous substitutions rate (dS), with purifying, neutral, or positive
selection indicated by o < 1, =1, or > 1, respectively. Substitution rate of each branch was
estimated using the codeml in PAML 4.9h3* with the free-ratio model (model = 1). For
branches with high expression in albumen gland, a likelihood ratio test (LRT) was further
used to compare an alternative model (Model = 2, NSsites = 2, fix o= 0, w=1), which allows
sites to be under positive selection on the foreground branch, and a null model (Model = 2,
NSsites =2, fix_ o= 1, o=1), in which sites may evolve neutrally and under purifying
selection. LRT was estimated as twice the difference of log-likelihood values between nested
models and compared with Chi-squared test with a degree of freedom of 1. The Bayes
Empirical Bayes (BEB) approach was employed to identify sites under positive selection with

a posterior probability (PP) larger than 0.95.

3. RESULTS AND DISCUSSION

The MS/MS analysis resulted in a total of 3,058 peptides. After filtering with the criteria
described earlier, a total of 32 proteins were identified from the two biological replicates of P,
diffusa PVF based on 342 unique peptides (Table 1; Supporting information Table S1 for
detail of peptide matched). Most of the PVF proteins (31 out of 32) were successfully
annotated with NCBI’s nr database, among them 25 were further assigned with GO
categories. However, one of the proteins was not successfully annotated and thus considered
as a novel protein. The identified proteins were classified into seven functional categories
(number of proteins in parentheses) based on NCBI’s nr and GO annotation with manual

correction: PV1 subunits (6), immune responsive proteins (13), proteins degradation (5),
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signaling and binding (4), transcription and translation (1), metabolism (1), oxidation
reduction (1) (Figure 1C). Among these proteins, the six PV1 subunits were most abundant
with relative protein abundance ranging from 0.5% to 27.4%, and a total abundance in egg
PVF of 75.2%. P. diffusa also invested heavily in protecting embryos against pathogenic
infection, with 13 immune related proteins accounting for 17.0% of the total PVF protein
abundance. Other groups of PVF proteins were less abundant, with each group contributing

to no more than 5% of the total protein abundance (Figure 1D).

To further understand the putative functions of the PVF proteins that were not
successfully annotated using NCBI’s nr database (i.e., six PV1 subunits and one novel
protein), protein sequences, after removing signal peptides, were analyzed with the I-
TASSER/ COFACTOR pipeline. Four PV1 (i.e., PV1-Al, PV1-A3, PV1-A4 and PV1-B1)
and the novel protein were predicted with one to three GO terms using a reliable prediction
GO-score (> 0.5) (Supporting information Table S2).2® The results suggest that the PV1
subunits may function in carbohydrate metabolism with the molecular function of “ATP
binding” (G0O:0005524), the biological process of “aminoglycan catabolic process”
(GO:0006026), “alditol metabolic process” (GO:0019400) and “primary metabolic process”
(GO:0044238), suggesting a putative role of PV1 in carbohydrate metabolism (which are
major PVF components used for embryogenesis).® The novel protein (Pdi51889 c0 gl) and
its homologs were detected in the PVF proteins of the other three ampullariids, but none of
them have functional annotation (Figure 2A). COFACTOR analysis predicted the molecular
functions of the novel protein as “adenyl ribonucleotide binding” (G0O:0032559), “purine
ribonucleoside triphosphate binding” (G0O:0035639), and “pyrophosphatase activity”
(GO:0016462), which indicate that this protein may be involved in phosphate binding and
energy metabolism during the embryonic development. These in silico predictions of PVF

protein functions provide clues for follow-up experimental validation of the functions of
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these uncharacterized proteins.*

BLASTDp search revealed high similarities among the PVF proteomes of P. diffusa, P.
canaliculata, P maculata and M. cornuarietis (Figure 2A). Among the 32 PVF proteins in P,
diffusa, 23 (71.9%) had at least one BLASTp hit with the corresponding PVF proteins of the
other ampullariids. Moreover, these homologous proteins accounted for most (95%) of the
total PVF protein abundance in P. diffusa. Among the homologous proteins, PV1 subunits
were the major PVF proteins in all of the four species, but their abundances in P. diffusa
(75.2%) and M. cornuarietis (73.2%) were substantially lower than those in P. canaliculata
(92.2%) and P. maculata (87.0%). Conversely, P. diffusa and M. cornuarietis invested more
heavily on immune-related proteins than P. canaliculata and P. maculata, as determined by
both the number of proteins and their total abundance (about 13/17 proteins with around 17%
of the total PVF protein abundance in the former against 8/9 proteins and less than 3% in the

later).!®

The PVF proteomes of the four ampullariids have a total of 139 PVF proteins, among
them 109 are clustered in 31 orthogroups (i.e., genes that are present in at least two species or
two paralogs within one species) and 30 singletons (genes without homolog and are present
in only one species) (Figure 2B). Among the orthogroups, 13 were found in all of the four
ampullarnds, including five PV1 subunits, five immune responsive proteins (C1q domain-
containing protein, CD109 antigen, deleted in malignant brain tumors 1, tachylectin-related
protein and soma ferritin), and three other proteins (superoxide dismutase 1, apoptosis-
inducing factor and novel protein). Interestingly, two orthogroups, CaBP that is involved in
forming the egg shell,'® and Kunitz/Bovine pancreatic trypsin inhibitor that inhibits the

functioning of multiple digestive proteases,'***

were only detected in the three species of
Pomacea. The presence of multiple immunoproteins in the PVF of the four species may
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indicate their role in defense against pathogens, as has been suggested for the eggs of the
pulmonate snail Biomphalaria glabrata.’” The multiple homologs of immune proteins were

formed by gene duplications and positive selection.'®

The acquisition of a calcareous eggshell is one of the convergent evolutions associated
with terrestrial colonization in gastropods, which provides protection of the developing
embryo from physical stresses, such as desiccation and UV radiation.*** Nevertheless, little is
known about the involvement of proteins in forming such hard shells. In apple snails,
previous studies reported the storage of calcium in albumen gland of Pomacea species and
depositing the intracellular calcium in capsule gland (part of albumen gland) for egg
formation.**** The high expression of CaBP in albumen gland and its presence in both PVF
and aerial eggshell of Pomacea indicate the crucial role of this protein in the eggshell
formation.'®!® To gain further insight into the evolution of Pomacea CaBP, we identified 29
homologs in the eight ampullariids. The maximum-likelihood analysis revealed two major
clades (Group A and Group B; Fig. 3). We focused the analysis on Group B homologs, which
comprised the subclade B of seven genes with high expression in albumen gland and their
coding proteins detected in PVF. Interestingly, subclade A, containing seven genes from each
species with low expression in albumen gland (TPM < 10), was sister to a clade with
albumen gland specific subclade B. The positive selection analysis showed that eight
branches of Group B with ® > 1 (LRT: 2AL=79.02, degree of freedom=27, p < 0.001),
indicating positive selection has acted on these genes (Fig. S1A). Although the branch-site
test did not identify amino acid site with positive selection on subclade B (Table S4), the
sequence alignment showed a conserved D-K/Q-DG-D/N-N calcium binding motif in
subclade B,*' and D-X-N-X-DD motif in subclade A (Fig. S2A), indicating the conservation
of the putative calcium binding function in subclade B after gene duplication. The unique

presence of CaBP in Pomacea is consistent with role of the shell in defense of terrestrial eggs

This article is protected by copyright. All rights reserved.



against physical damage and desiccation.'® Similar studies in other lineages of terrestrial egg
laying gastropods may unveil the mechanisms of convergent evolution of calcareous eggshell

formation in Mollusca.

Remarkably, the two PV2 subunits of P. canaliculata, which exert neurotoxicity to

mice, 15

were not detected in P. diffusa PVF (Table 1). The acquisition of neurotoxic PV2 in
the terrestrial eggs of Pomacea may be an important biochemical defense mechanism against
terrestrial predators.'> A genome analysis of four ampullariids also indicated that the
duplication and neofunctionalization contributed to the formation the neurotoxic PV2-
MACPF and PV2-tachylectin in P. canaliculata and P. maculata: (1) they show tissue-
specific expression in albumen gland; (2) they form clades in phylogenetic trees; and (3) their
coding protein subunits are present in PVF.'® To detect the orthologs of PV2-MACPF and
PV2-tachylectin in P. diffusa, we integrated phylogenetic, transcriptomic and proteomic
evidences. The phylogenetic analysis of two subunits were constructed using 29 MACPF
homologs and 69 tachylectin homologs from the eight ampullariids. The tree topologies of
MACPF-like and tachylectin-like genes agree well with that of Sun et al.'®, indicating two
clustered of genes (Group A and Group B; Fig. 4A and 4B). In both genes, the extensive gene
duplication events have occurred in Group B, perhaps specific the P. canaliculata and P.
maculata, and possibly associated in the formation and neofunctionalization of toxic PV2-
MACPF and PV2-tachylectin paralogs, with high albumen gland expression and secreted into
PVE.'¢ However, in Group B, none of the MACPF-like and tachylectin-like genes from P,
diffusa were clustered with PV2 subunits and expressed in albumen gland. Therefore, the

PV2-MACPF and PV2-tacykectin should be formed after the split between P. diffusa and P.

canaliculata/P. maculata, which can explain the absence of PV2 proteins in P. diffusa PVF.
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Surprisingly, the positive selection analysis in Group B identified 4 branches in
MACPF-like (LRT: 2AL=104.26, degree of freedom=33, p < 0.001) and 14 branches in
tachylectin-like (LRT: 2AL=90.88, degree of freedom=47, p < 0.001) with ® > 1, indicating
wide spread positive selection on these genes (Figs. SIB and S1C).The branch-site test
further suggested the PV2-MACPF branch (Pca 1306 1.39 and Pma 3499 0.31) under
episodic bursts of selection after putative gene duplication with six amino acid sites under
positive selection (PP > 0.95; Table S4), whilst 3 sites are located in the MACPF domain
predicted with PROSITE (Fig. S3).** Studies of venom proteins showed that positive
selection sites might be adaptive to predation and defense because most of the adaptive sites
are located on the functional domains.**** Therefore, positive selection might have been
involved in the divergent evolution of MACPF-like and tachylectin-like genes among
ampullariids, and the PV2-MACPF in Pomacea, driving the neofunctionalization of toxic

function in the PV2 complex.

In summary, our study has identified 32 proteins in the PVF of P. diffusa eggs.
Comparison with published data showed that several proteins in the PV1 complex dominate
the PVF proteomes of all ampullariids. Nevertheless, P. diffusa and M. cornuarietis invest
more on immune proteins and protease inhibitors. The three Pomacea species have a unique
CaBP required for the formation of the calcareous shell of terrestrial eggs, and a
Kunitz/Bovine pancreatic trypsin inhibitor that, at least in P. canaliculata and P. maculata
inhibit multiple digestive proteases of mice.”*¢ In addition, duplication and positive selection
of'the CaBP and PV2 subunits were likely responsible for the aerial egg deposition and the
evolution of PV2 toxic protein as an anti-predation mechanism in P. canaliculata and P,
maculata.'® Overall, the results of this study will facilitate further research on the evolution of
PVF proteins during the transition from underwater to terrestrial egg deposition in

Ampullariidae, in particular the Old World lineage (e.g., the underwater ovipositor Lanistes
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and terrestrial ovipositor Pila). The data can also be used in comparative genomic studies

aiming to understand the mechanisms of terrestralization in Gastropoda.
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TABLE 1. List of Pomacea diffusa PVF proteins showing unigene ID, protein name, number
of peptides and average percentage of the two replicates. Transcriptomic expression levels of
the corresponding genes in albumen gland (AG) and other tissues (OT) are also shown as

transcripts per million (TPM).

Number of

Unigene ID Description® R Average %" AG_TPM® OT_TPM°®
peptides
Perivitellin ovorubin (PV1)
Pdi37843 c0_ gl Perivitellin ovorubin-A2 (S) 239 27.36+2.25 41637.8 19.1
Pdi37785_c0_gl Perivitellin ovorubin-A4 (S) 379 13.81+2.49 69997.6 345
Pdi67619 c0_gl Perivitellin ovorubin-Al (S) 289 20.49+0.61 39804.9 20.8
Pdi33234 cl g2 Perivitellin ovorubin-B3a (S) 15 0.54+0.52 1080.4 0.4
Pdil4773 c0 gl Perivitellin ovorubin-A3 (S) 277 11.7143.69 59971.0 28.9
Pdi118877_c0_gl Perivitellin ovorubin-B1 (S) 164 1.26+0.54 39661.5 18.8
Immune response
Pdil01720_c0 g3 C1q domain-containing protein (S) 466 4.78+1.23 34962.5 16.4
Pdi101708_c0_gl Clq domain-containing protein (S) 18 1.57+1.50 33042.0 11.3
Pdi5997_c0_gl CD109 antigen-like 24 0.19+0.14 136.2 46.6
Pdi35904 c0_gl CD109 antigen-like 12 0.83+0.22 167.2 53.7
Pdi104588 c0_gl CD109 antigen-like 15 0.2240.10 113.4 43.0
Pdi36100_c1_gl CD109 antigen-like (S) 46 0.26+0.12 88.7 508.1
Pdi85127_c0_gl C-type lectin (S) 13 0.79+0.75 6425.2 4.1
Pdi35677_c2_ g3 C-type lectin (S) 13 0.7240.19 311.7 0.0
Pdi36174 c0 gl z)sczleted in malignant brain tumors 1 protein-like 550 1.05+0.06 10479 3 57
Pdi26423 cl gl J()Se)leted in malignant brain tumors 1 protein-like 1 0.19+0.01 3952 18
Pdi26788_c0_gl Soma ferritin 33 3.07+0.79 5169.0 3130.3
Pdi67699 _c0_gl Tachylectin-related protein (S) 57 2.18+1.53 8434.1 9.7
Pdil9678 cl gl Tachylectin-related protein (S) 57 1.14+0.44 42345 1.7
Protein degradation
X Aldehyde dehydrogenase family 3 member B1 -
Pdi27770_c0_g3 like 8 0102006 65.7 37.7
Pdi35145 c2 gl Kunitz-like protease inhibitor (S) 20 0.89+0.10 9256.2 5.0
Pdi35260 c0 gl Leukocyte elastase inhibitor-like (S) 107 1.41+0.70 6452.0 715.2
Pdi27557_c0_gl ubiquitin-60S ribosomal L40 6 0.31+0.08 2814.5 1611.0
. WAP four-disulfide core domain protein 3-like
Pdil4151 c0 gl ) 20 20420 13 2954.4 2.7
Signaling and binding
Pdi35891 cl gl 16 kDa calcium-binding protein-like 7 0.24+0.06 220.3 39.5
Pdi30433 c0 g2 calcium-binding protein, partial (S) 16 0.71+0.86 38457.9 18.4
Pdil9486 c0 gl calcium-binding protein, partial 8 0.29+0.07 2683.0 1.0
Pdi37550 c0 g2 Hypothetical protein (S) 7 0.02+0.01 24.8 11.1
Transcription and translation
Pdi25317 c0 gl Apoptosis-inducing factor 3-like 132 0.57+0.22 199.7 259
Metabolism
Pdi35984 c0 g2 Acylcarnitine hydrolase-like 4 0.07+0.07 10.6 11.7
Oxidation reduction
Pdi30870 c0 gl Superoxide dismutase [Cu-Zn] (S) 4 0.03+0.04 26.6 134
Unknown
Pdi51889 c0 gl Novel protein (S) 41 1.18+0.26 3373.1 2.6

4 Proteins were annotated using NCBI nr database. ® The mean and standard deviation of
emPAI value of two or three biological replicates.  The expression level (TPM) of transcripts
in albumen gland (AG) and other tissues (OT). “S” indicates the protein with a predicted
signal peptide.
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FIGURE 1. Pomacea diffusa. (A) A female (4.2 cm shell length) and its egg clutch (4.6 cm
in length). (B) A SDS-PAGE gel image showing a molecular weight ladder (kDa, left) and
two replicate eight gel slices of PVF for LC-MS/MS analysis (right). (C) Functional
classification of PVF proteins. The number of proteins in each class is stated in parentheses.

(D) Functional classification of PVF proteins by protein abundances based on emPAI values.
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FIGURE 2. Comparison of PVF proteins in four ampullariids. (A) BLASTp results among
the four ampullariids. Semi-transparent ribbons represent the quartile of similarity between
proteins and black colour boxes represent the gene lengths. The number and percentage of
PVF proteins with BLAST hit are shown with their corresponding protein abundance. Egg
masses with characteristic color are shown in M. cornuarietis (colourless), P. diffusa (vivid
pink), P. canaliculata (reddish) and P. maculata (reddish). (B) A Venn diagram of PVF
orthologous families among the four species (details of the protein abbreviation and number
of genes in orthologous group are included in Supporting information Table S3). Protein
names in black are orthologous groups with two or more homologs, whilst those in purple are

unique protein without any homolog.
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FIGURE 3. Phylogenetic tree of calcium binding proteins in eight ampullariids with
numbers on nodes showing bootstrap values (>50%). Expression levels in log2 scale are
presented on right side of the gene ID, which are colored by genus. P. diffusa sequences are
indicated by yellow arrows. AG, albumen gland; OT, Other tissues (pooled tissues of
digestive gland, foot, mantle). Lny: L. nyassanus, Pila: Pila ampullacea, Apl: A. platae Mco:

M. cornuarietis, Pdi: P. diffusa, Psc: P. scalaris, Pca: P. canaliculata, Pma: P. maculata.

This article is protected by copyright. All rights reserved.



MACPF-like genes

72

100

AG OT

Lny_32035_0.100
Lny_32035_0.26
Lny_32510_0.55
Lny_32035_0.25
Pila89635_c0_g1

100  Apl56019_c1_g1

100 MCO_4450_061
_|——Pma_21 11.0.46
100 Pdi30790 _c0_g3 <
ﬂ:Lny_22924_0.25
Pila89028 c0_g1
100, Pma_2111_0.47
88 —1 Pca_110_1.58
Apl52430 c0_g2
— 99 100 @ Pca_1306_1.39  |%
' 100 L Pma_3499_031 -g
B Lanistes . Fl;ma_2961_0.20 w
B Fila ca_110_1.32
B Asolene Pma_3055_0.18
B Marisa Pdi29569_c1_gl<a :-
B Pomacea Pca_1306_0.32
@® Detected in PVF Pma_3499 0.26
0g2(TPM+1) o9 | Pca_1306_0.35
EEEEEEEER 01 pma_3499_0.61

v dnouig

Mco_3813_0.22
Pca 4 6.15
Pma_3140_0.71

o4 | Pdi32664 _c0 g1 <a
100 ' Psc43534 c0 g2

99

This article is protected by copyright. All rights reserved.



>
]
o
=1

B

Tachylectin-like genes 89
87

Pdi44866_c0_g1<a
Pila150151_c0_g1

Pma_1491 0.3

Pdi35545_c0_g1 <1

Psc31402_c0 g1 log2(TPM+1)
Pca_6_43.17 |
95 Pma_856_0.31 0 =10
00 ~Pma_1665_0.55

Pma_1665_0.23

Pma_1665_0.58

Pma_1665_0.60

Mco_28045_0.30

‘HTH_EHW

97

Psc43454 c2_g1
Psc49577_c0_g1
Pdi36545 _c0 gl <a
Pdi114815_c0_g1 <a
Mco_32600_0.8

67 9%9 Pdi18352_c0_g1<a
Pdi27378 c0_g2 <1

Psc55576_c0_g1

Pma_717_2.62

v dnoug

Mco_5677_0.51
Pila79252_c0_g1

@ Pca_114_3.55

@ Pdi67699 c0_g1<a
Psc43851_c1_g1
Psc43851_c1_g2

@ Mco_5677_0.27

10 ca_114_3.57
{E Pca_114_3.56
95 [$8.1— Lny_20800_0.80
Pila88004_c0_g1
Pila73071_c1_g2
Lny_4256 0.7
Lny_18172 445

100 % 1ny 18172 4.79
Wliny 181727448

Pdi33095_c0_g2 <
100

98 Mco_4450 0.25
Pdi33368_c0_g1<a
Pma_2111_0.20

8300 pca 110 128
Pme_2111_0.14
Pila90014 c0_g1
Lny_22924 0.27
100 - Lny_2313 0.1

80

99

86

Psc55544 c0_g1
Pma_2961_0.6
Pdi108374_c0_g1<a
Pdiz6236_c0_gZ <1
@®Pma_3499 0.24
® Pca_1306_1.37
Pme_3503_05
a7 @®Pca_ 1306 _1.13
- @ Pma_3499_0.54
- .J:ﬁfene Wea 1306 0.17

‘ Pma_3499_0.21
B arisa 98 pca 1306 1.12

B romacea 61l Pma_3499 0.22

® Detected in PVF 5l Pea_110_1.23
9g — Pma_3055_0.7

g dnoig

B Lanistes

et

FIGURE 4. Phylogeny and expression of homologues of (A) MACPF-like and (B)
tachylectin-like genes in eight ampullariids. Numbers on nodes indicate the bootstrap values
(>50%). Gene expression levels are in log2. Yellow arrows indicate P. diffusa sequences. AG,
albumen gland; OT, Other tissues (pooled tissues of digestive gland, foot, mantle). Lny: L.
nyassanus, Pila: Pila ampullacea, Apl: A. platae Mco: M. cornuarietis, Pdi: P. diffusa, Psc: P.

scalaris, Pca: P. canaliculata, Pma: P maculata.
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