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ABSTRACT  

Although high-throughput proteomics has been widely applied to study mechanisms 

of environmental adaptation, the conclusions from studies that are based on one 

species can be confounded by phylogeny. We compare the freshwater snail Pomacea 

canaliculata (a notorious invasive species) and its congener Pomacea diffusa (a non-

invasive species) to understand the molecular mechanisms of their differential 

resistance to hypoxia. A 72-h acute exposure experiment showed that P. canaliculata 

is more tolerant to hypoxia than P. diffusa. The two species were then exposed to three 

levels of dissolved oxygen (6.7, 2.0 and 1.0 mg L-1) for 8 h, and their gill proteins 

were analyzed using iTRAQ-coupled LC-MS/MS. The two species showed striking 

differences in protein expression profiles, with the more hypoxia tolerant P. 

canaliculata having more up-regulated proteins in signal transduction and down-

regulated proteins in glycolysis and the tricarboxylic acid cycle. Evolutionary analysis 

revealed five orthologous genes encoding differentially expressed proteins having 

clear signal of positive selection, indicating selection has acted on some of the 

hypoxia responsive genes. Our case study has highlighted the potential of integrated 

proteomics and comparative evolutionary analysis for understanding the genetic basis 

of adaptation to global environmental change in non-model species. 
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1. Introduction 

 

Rapid globalization in recent decades has greatly facilitated species introduction 

around the world [1,2]. Successfully established introduced species, so-called invasive 

species, have threatened the invaded ecosystems by reducing biodiversity, altering 

community structure and compromising ecosystem services [3,4]. While it is difficult 

to predict whether a species will become invasive following its introduction, several 

niche- and trait-based characteristics are known to be associated with establishment 

success [5,6]. Climate suitability, resource availability, presence of potential 

competitors, community diversity and frequency and scale of disturbances are some 

of the niche-related characteristics [7-9]; whereas growth rate, life span, fecundity, 

dispersal ability, dietary spectrum, and tolerance of environmental stressors are some 

of the trait-based characteristics [10]. Indeed, a review by Kolar & Lodge (2001) [11] 

showed that 86% of the invasive species could be predicted by a subset of life-history 

traits including fast growth, high fecundity, high dispersal ability, wide food spectrum, 

phenotypic plasticity and tolerance of extreme abiotic conditions. 

There has been substantial interest in studying how invasive species respond to 

extreme environmental conditions because the results can help not only predict their 

range of expansion and manage their impact, but also may reveal the adaptive 

mechanisms underlying their invasiveness [2,9]. Comparative studies using closely 

related strains or species, when combined with transcriptomic and proteomic 

techniques, have provided scientists with unprecedented opportunities to study the 

molecular mechanisms regulating animal responses to environmental stressors 

including hypoxia [12]. Such studies have advantages over single-species studies in 

that they can distinguish effects of adaptive variation from those of phylogeny [13-

16]. High-throughput transcriptomic and proteomic methods are especially suitable 

for such studies because it is expected that environmental stressors will alter the 

expression of many genes and proteins involved in various critical biological 

processes such as stabilization of protein structure, repairing damaged DNA, and 

regulating protein turnover, energy production and redox homeostasis [17-19]. In 

order to determine whether congeneric apple snails duffer in their tolerance to 

hypoxia, and whether such tolerance is accompanied by physiological and proteomic 

responses, we compared the two species of apple snails, the invasive Pomacea 

canaliculata and its non-invasive congener species Pomacea diffusa (Fig. S1, 

Supporting Information). These apple snails belong to Ampullariidae, a family of 

Gastropoda which are considered as emerging models in evolutionary studies due to 

their biogeography, speciation and physiological adaptation [20]. Pomacea 

canaliculata, a native of freshwater wetlands of South America, has invaded East and 

Southeast Asia, the southern United States, and Hawaii in the 1980s [21]. In its 

invaded regions, this species has become a pest, causing tremendous loss to rice and 

taro farming [22], and affecting wetland biodiversity and function by herbivory 

[23,24]. Tolerance of environmental stressors, especially desiccation, heat, cold, and 

hypoxia, has been considered as an important trait determining the success of invasion 

in P. canaliculata [25-29]. In southern China where the climate is divided into a warm 
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and wet summer and a cold and dry winter [30], this species is often found in shallow-

water bodies that experience high temperature in summer and hypoxia in winter. Our 

field surveys found that P. canaliculata is often present in stagnant shallow water 

bodies, especially ponds and abandoned farmlands with dissolved oxygen < 1 mg L-1 

[30]. It is apparently even more tolerant (Fig. S2, Supporting Information) to hypoxia 

than the Nile tilapia Oreochromis niloticus, a hypoxia tolerant fish that has invaded 

southern China as well. In contrast, Pomacea diffusa, another species of native snail 

in the freshwater wetlands of South America, is not considered an invasive species. 

This species is a common ornamental and tank cleaning species in the aquarium trade 

around the world, and the only species in the family Ampullariidae allowed to be 

transported across states without a permit issued by the United States Department of 

Agriculture [31]. There have been scattered reports of P. diffusa in Asia [5], New 

Zealand [32], and southern United States [31], but this species has not been found to 

build up large populations or become an agricultural pest. Although the two species of 

Pomacea are both of South American origin, the native range of P. canaliculata is a 

small area of southern South America from northeastern Argentina to southern 

Uruguay [21], whereas that of P. diffusa is central Bolivia to the western Amazon 

basin of Brazil (Kenneth A. Hayes, personal communication). Therefore, P. 

canaliculata evolved in an area with greater climate extremes than P. diffusa and may 

have higher resistance to hypoxia. 

In the present study, we conducted two experiments. The first experiment was 

designed to compare the resistance of the two Pomacea species to hypoxia. The 

second experiment was designed to identify proteins that are responsive to hypoxia 

stress in both species and those that are differentially expressed between the two 

species. Since adaptive evolution might have contributed to the differential protein 

expression [33], we also analyzed the base substitution pattern of genes encoding the 

differentially expressed proteins. Because the statistical power of such base 

substitution analysis is weak when only two species are compared [34], we adopted a 

phylogenetic comparative approach [35] to determine genes that have contributed to 

the adaptive divergence in resistance to hypoxia in apple snails by including our 

newly sequenced transcriptome data from Pomacea maculata [36] in the analysis. Our 

hypothesis was that that there could be sequence divergence between the two 

congeneric species and the nucleotide/amino acid mutations that could affect protein 

functions, leading to differential gene expression. A similar approach of base 

substitution analysis has been applied to understand the involvement of positive 

selection in protein sequence divergence among closely related species [37]. Previous 

studies have also provided evidence of adaptive evolution underlying gene expression 

in response to stresses at the transcriptome level [38,39]. Although other genetic 

mechanisms such as gene duplication, cis/trans-regulation and epigenetic 

modifications can also be involved in hypoxia resistance, our study, with limited 

transcriptomic data for the non-model organisms, can provide a snap shot of the 

involvement of positive selection in differential protein expression. The differential 

expressed proteins which have also undergone positive selection can serve as 
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candidates for further studies, for instance gene silence or mutation to verify the 

function. 

 

2. Material and methods 

 

2.1 Snail maintenance and hypoxia exposure system 

 

A stock culture of P. canaliculata was established using adults collected from a 

vegetable farming area in Yuen Long (22°15'N, 114°10'E), Hong Kong and a stock 

culture of P. diffusa was established using adults purchased from an aquarium shop in 

Hong Kong. The stock cultures were established several years ago [27,29,36], and 

they had been maintained in identical conditions in the same air-conditioned room for 

more than six generations before the study. The two species were separately reared in 

250-L aquaria with a submerged heater to maintain the water temperature at 25 ± 

1 °C. The aquaria were each supplied with a submerged pump and canister filter to 

circulate water, and remove food waste and snail feces. Oxygen in the water was 

supplemented by continuous aeration with an air pump. Snails were fed with carrot, 

lettuce and fish feed and leftovers were removed daily using a hand net. The culture 

room was illuminated by fluorescent light with a photoperiod of 14 h light: 10 h dark 

to facilitate the development of biofilm. Snails were transferred from stock cultures to 

experimental aquaria for acclimation for at least one month before use.  

During the experiments, both species of snails were kept in aquaria filled with 

3.5 L water. The normoxia control was established by pumping compressed air into 

the water continuously to maintain the ambient dissolved oxygen (DO) level of 6.7 

mg L-1 (range 6.6 to 6.8 mg L-1). The normoxia condition represented the condition 

the snails in our stock culture experienced. Two hypoxic conditions were chosen to 

represent different levels of hypoxia. As indicated by previous studies, 2.0 mg O2 L
-1 

represented a mild hypoxic exposure at which many species would survive for at least 

several days; while 1.0 mg O2 L
-1 represented an extreme hypoxia condition at which 

few species would survive for more than several days [40,41]. The hypoxia treatments 

were created by mixing compressed nitrogen gas and air before introducing the mixed 

gas into the exposure water [42]. The discharge rates of the two gases were adjusted 

to reach the following DO levels: 2.0 mg L-1 (range 1.8 to 2.2 mg L-1) and 1.0 mg L-1 

(range 0.8 to 1.2 mg L-1). The DO levels in the experimental chambers were 

monitored continuously using a Stable Optical Oxygen System (TauTheta Instruments 

LLC, Colorado, USA) coupled with an optical sensor inserted into the exposure water. 

Since apple snails can ventilate their lung by crawling on aquarium wall near water 

surface and extending their respiratory siphon into air [43], a plastic grid (pore size 

1.5 cm) was fixed horizontally 10 cm below the water surface, a distance longer than 

their respiratory siphon, to make sure the snails were truly exposed to the different 

oxygen treatments. The experiments were conducted at 25 ± 1°C. 

 

2.2 Experiment 1. Differential mortality under hypoxia 
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For each species, 36 snails (2.3 to 2.5 cm shell length) were starved for one day 

before use to avoid the confounding effect of feces decomposition on oxygen content. 

Snails were introduced into experimental aquaria and exposed to the different 

normoxia and hypoxia treatments for 72 hours, during which snail survival was 

checked every few hours. Dead snails, defined as those that did not move and had no 

response to physical stimuli, were removed to avoid fouling due to tissue 

decomposition. We confirmed the death of these snails by transferring them to 

normoxia condition and none of them recovered. The cumulative mortality in each 

treatment was plotted against time to show the treatment- and time-dependent 

mortality pattern [42]. 

 

2.3 Experiment 2. Responses of the proteome to acute hypoxia exposure 

 

2.3.1 Exposure, protein extraction and labeling 

 

Snails of P. canaliculata (shell length 25.9 to 32.8 mm, n = 9, three biological 

replicates) and P. diffusa (shell length 28.6–37.6 mm, n = 9, three biological 

replicates) were exposed to the normoxia (6.7 mg O2 L
-1) or hypoxia (2.0 and 1.0 mg 

O2 L
-1) treatments for 8 hours, after which they were dissected, and their gills were 

placed in 8 M urea and stored in -80°C until use. We did not use a longer exposure 

time to avoid sampling snails that might enter a moribund state before they mobilized 

the hypoxia responsive mechanisms, especially for the more sensitive species P. 

diffusa exposed to 1.0 mg O2 L
-1. The gills were used in proteomic analysis because 

they are the organs used by apple snails for respiration when they are under water, and 

therefore should be responsive to hypoxia conditions. We did not sample the lung 

because it is supposed to be used in aerial respiration by apple snails when they crawl 

out of water. During protein extraction, gill samples were placed on ice and 

homogenized using a plastic pestle, sonicated using a Branson Digital Sonifier to 

break cell membranes, and centrifuged at 15,000 g for 15 min under 4°C. Supernatant 

containing proteins were collected and purified with a 2D-cleanup kit (Bio-Rad, 

Hercules, California, USA). The purified protein pellets were reconstituted with 8 M 

urea and quantified with a RC-DC kit (Bio-Rad). Afterwards, an aliquot containing 

200 μg protein was used for Isobaric Tags for Relative and Absolute Quantitation 

(iTRAQ) labelling. Proteins were reduced using 5 mM triscarboxyethyl phosphine 

hydrochloride at 60°C for 1 h and then alkylated using 10 mM 

methylethanethiosulfonate at room temperature for 20 min. Protein solutions were 

diluted 8-fold using 50 mM triethylammonium bicarbonate, then digested with 

sequencing-grade trypsin (Promega, Madison, WI) with an enzyme-to-protein ratio of 

1:50 (w/w) for 16 h at 37°C. After digestion, samples were desalted with Sep-Pak 

C18 cartridges (Waters, Milford, MA) and dried in an Eppendorf vacuum 

concentrator. Peptides derived from the 6.7, 2.0 and 1.0 mg O2 L
-1 treatments were 

labeled with iTRAQ reagents 114, 116 and 117 (AB Sciex, Framingham, MA), 

respectively. Labeled peptides which came from one biological replicate (including 

6.7, 2.0 and 1.0 mg O2 L
-1 treatments) were pooled together and dried in an Eppendorf 
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concentrator. This sample pooling reduced variability in protein concentrations 

introduced during sample fractionation and LC-MS/MS analysis that is normally 

associated with label free proteomics. 

 

2.3.2 Fractionation and LC-MS/MS analysis 

 

The dried samples were reconstituted in Buffer A (10 mM KH2PO4 and 20% 

acetonitrile (ACN), pH 3.0), and then fractionated with a PolySULFOETHYL strong 

cation-exchange column (200 x 4.6 mm, 5 μm particle size, 200-Å pore size, PolyLC, 

Columbia, Maryland) on a Waters 2695 high performance liquid chromatography 

system. A 50-min gradient was used to fractionate samples at a flow rate of 1 ml/min: 

100% Buffer A for 5 min, 0-30% Buffer B (10 mM KH2PO4, 0.5 M KCl and 20% 

ACN, pH 3.0) with a linear changing gradient for the following 28 min, 30-100% 

(linear changing gradient) Buffer B for 5 min, 100% Buffer B for 5 min, and 100% 

Buffer A for the final 7 min. Fourteen fractions were collected, dried and desalted. 

Each fraction was reconstituted with Solution A (0.1% formic acid and 2% 

ACN) and analyzed twice with an LTQ-Orbitrap Elite coupled with an Easy-nLC 

1000 (Thermo Fisher, Bremen, Germany). Peptides were separated with a C18 

capillary column (50 μm × 15 cm, packed with Acclaim PepMap RSLC C18, 2 μm, 

100 Å, nanoViper, Thermo Scientific) by using a 90 min gradient: 100% Solution A 

(0.1% formic acid in Milli-Q water) for the initial 5 min, followed by a 55 min linear 

changing gradient of 0-30% Solution B (0.1% formic acid in ACN), 30-98% Solution 

B (linear changing gradient) for 10 min, and maintained at 98% Solution B for 10 

min, then re-equilibrated at 100% Solution A for the final 10 min. Mass spectrometry 

scans (350-1,600 m/z ranges) were acquired in the positive ion mode with a resolution 

of 60,000. The five most abundant multiple-charged ions with a combined abundance 

threshold > 500.0 counts were selected for fragmentation under both high-energy 

collision-induced dissociation (HCD) and collision-induced dissociation (CID) 

conditions in order to maximize the number of identified proteins. Part of the HCD 

spectra were used for iTRAQ quantification in C-trap and the rest of the HCD spectra 

were combined with CID spectra were used for identifying peptides in LTQ. The 

isolation width was set as 2.0 m/z for both HCD and CID which had activated 

dynamic exclusion to remove duplicate precursors. The parameters of HCD 

fragmentation were 10 ms of activation time, 45% of normalized collision energy, and 

a full scan with FTMS at a resolution of 15,000 in a centroid mode. The parameters of 

CID fragmentation were 10 ms of activation time, activation Q of 0.25, and 35% of 

normalized collision energy. 

 

2.3.3 Protein identification 

 

Raw mass spectrometry data were converted into .mgf files using Thermo Proteome 

Discoverer 1.3.0.339 (Thermo Finnigan, CA). Each file was filtered by a python 

script [29] to remove unpaired scans and separated into the HCD and CID data. For 

HCD and CID data which belong to the same precursor, reporter groups (i.e. 114-
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117.5 Da) in CID scans were replaced by those of normalized HCD scans. The HCD 

data file and modified CID file were separately searched against a P. canaliculata 

[44] and a P. diffusa [29] database using Mascot version 2.3.2 (Matrix Sciences, 

London, UK). The search parameters were set as no more than two missed cleavages, 

± 5 ppm for precursor ions, ± 0.6 Da for fragments, fixed modification for methylthio 

of cysteine, and variable modification for oxidation (methionine) and deamidation 

(asparagine and glutamine). Search criteria for HCD files were similar to those for 

CID files with the exception of 20 mmu fragment ions tolerance. Data with ion scores 

less than 28 (corresponding to 95% confidence level) were removed. The remaining 

data were exported as a .csv file. Peptides which contained < 7 amino acids were 

further removed as short peptides might have match in decoy database. In the 

database search, false discovery rate was set as 1% at the protein level. Peptides 

which matched more than one protein were deleted as these peptides might have 

matched to conserved regions in protein groups and could cause bias in quantitation. 

In addition, peptides which were unlabeled, matched to decoy database and had 

erratic ratio between iTRAQ reporters (e.g., 116/114 < 0 or > 100) were removed. 

Median normalization was performed in each replicate. Proteins detected in all three 

biological replicates and contained at least 4 summed peptides were used for 

quantification based on the summed intensity of matched peptides.  

 

2.3.4 Determination of differentially expressed proteins 

 

Orthologs in the two species were identified by searching the translated transcriptome 

of the two species (40996 and 39527sequences for P. diffusa and P. canaliculata, 

respectively) using the reciprocal best hit method (RBH) with BLASTp (NCBI-blast 

2.2.26) under an E-value threshold of 1.0 × e−5 [29,44]. For each pair of ortholog, a 

two-way analysis of variance (ANOVA) was performed with hypoxia and species 

used as dependent variables. Because some of the proteins without an ortholog in the 

other species might also respond to hypoxia, a separate one-way ANOVA was 

conducted for each species (with hypoxia as the dependent variable), followed by the 

Tukey tests to determine the hypoxia treatment effects. For both two-way and one-

way ANOVA, we chose a P value threshold of 0.02 [14,45]. Analyses were performed 

using an R script (R Development Core Team, 2009) [15,46]. We explored the use of 

different criteria to account for the multiple hypothesis testing problem in order to 

define DEPs, an approach that has been suggested in the literature [47]. Results after 

applying Bonferroni [48] and Benjamini-Hochberg (BH) [49] correction methods 

show a low number of DEPs (Table S1). However these two methods could be too 

stringent for our proteomic study, which is mainly exploratory, so we arbitrarily 

decided to avoid the use of any particular correction method but using the P value 

threshold of 0.02. The use of this P-value cut-off, instead of 0.05, reduced the number 

of DEPs substantially (~50%).  

 

2.3.5 Functional classification 
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Genes in the transcriptome of both species were searched against databases including 

NCBI nr, KEGG, SwissProt and COG using BLASTx with a threshold of E-value of 

1.00 × 10−5. Gene Ontologies (GOs) annotations (i.e. Biological Process, Molecular 

Function, and Cellular Component) of each gene were obtained from Blast2GO [29]. 

The differentially expressed proteins (DEPs) were classified based on their Gene 

Ontology (GO). With further manual correction, the DEPs were assigned into several 

Biological Process GO terms. Proteins without GO annotation or known functions 

were grouped as ‘Others’. The protein expression data of DEPs were log2 transformed 

before conducting clustering analysis using Cluster 3.0 software [27]. Their 

expression patterns were compared using Spearman Rank correlation similarity 

matrix and the centroid linkage method, and visualized using Java Treeview [27]. 

 

2.3.6 Evolutionary analysis of orthologous protein-coding genes 

 

Previous pairwise comparison calculated the Ka and Ks ratios between two sequences 

by averaging over all amino acids in a gene. As most amino acids in a protein are 

under functional and structural constraints, thus the Ka/Ks ratio is rarely larger than 1 

[50]. Here we adopted a phylogenetic comparative approach [35] which are based on 

codons to determine the genes that may have contributed to the adaptive divergence in 

resistance to hypoxia in apple snails by including the transcriptome data from one 

additional species in the same genus (P. maculata) [36]. Using the RBH method, the 

differentially expressed orthologs (DEOs) between P. canaliculata and P. diffusa 

were searched against the translated transcriptomes of P. maculata, which were 

sequenced by Illumina Hiseq 2000 and assembled by Trinity (release 20130225). The 

orthologs between P. canaliculata and the other species were used for the following 

multiple-species sequence analysis. 

Orthologous sequences among the three species were aligned using MUSCLE 

implemented in ParaAT 1.0 [51]. Gaps in the aligned codons were removed. A 

likelihood ratio test (LRT) was then applied to compare ω (Ka/Ks) ratios under 

different pairs of models using the codeml tool implemented in PAMLx [52]. Briefly, 

the neutral model hypothesized that no codons with a ω value >1 (ℓ0), and the 

alternative model with sites having a ω value >1 (ℓ1). The number of twice the 

difference of log-likelihood values between alternative and null models (2Δℓ) was 

calculated and compared with the Chi-square distribution with a degree of freedom of 

2. Two pairs of site models were used. The first pair included the null model M1a 

(two classes of sites with rates 0 < ω0 < 1 and ω1 = 1) and the positive selection model 

M2a (three classes of sites with rates 0 < ω0 < 1, ω1 = 1, and ω2 > 1). The second pair 

compared the M7 model which expects a beta distribution for ω (0 < ω < 1) and the 

M8 model which has one more class of sites with ω > 1. In both the M2a and M8 

models, a Bayes Empirical Bayes (BEB) approach was applied to calculate the 

posterior probability of each amino acid site belonging to the site class of diversifying 

selection.  

 

3. Results 
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3.1 Differential tolerance to hypoxia 

 

The 72-h experiment showed that P. canaliculata is more tolerant to hypoxia than P. 

diffusa (Fig. 1). For P. canaliculata, all individuals in the 6.7 and 2.0 mg L-1 

treatments survived through the experiment period. In the 1.0 mg L-1 treatment, dead 

snails (41.6%) were first observed at 46 h, and all snails were dead by 54 h. For P. 

diffusa, all individuals exposed to 6.7 mg L-1 survived through the exposure period. At 

2.0 and 1.0 mg L-1, dead snails were first found at 18 h; by 65 h all individuals in both 

treatments were found dead. 

We encountered some difficulty in obtaining sufficient snails of similar sizes to 

conduct an experiment with replicate tanks. Nevertheless, we have performed several 

experiments with a similar design, and each time with different numbers of snails that 

were available to us. The results were consistent with the data shown in Fig. 1. We 

believe our conclusions about the differential sensitivity of the two species of snails to 

hypoxia are robust, as these results are consistent with our field observation that P. 

canaliculata can be found in ponds or ditches with very low dissolved oxygen levels 

in the water, whereas P. diffusa has not been reported from such low oxygen 

environment. 

 

3.2 Proteome analysis 

 

In P. canaliculata, a total of 2759 proteins were identified, including 2105, 2049 and 

2060 in three biological replicates, respectively. There were 1430 shared proteins 

among the three replicates. In P. diffusa, a total of 2550 proteins were identified, 

including 1951, 1989 and 1973 from the three biological replicates, respectively. 

There were 1378 shared proteins among the three replicates.  

Reciprocal best hit identified 13,308 orthologous proteins between the two 

species. A two-way ANOVA of these orthologs revealed a total of 78 proteins with 

significant expression changes due to hypoxia (36 proteins), species (51 proteins) or 

their interaction (18 proteins) (Fig. 2). The DEPs were classified into 14 GO terms: 

amino acid metabolism (4 proteins), cell fate (4 proteins), cytoskeletal organization (8 

proteins), energy metabolism (7 proteins), immune response (2 proteins), localization 

(4 proteins), oxidation-reduction (6 proteins), protein folding (3 proteins), protein 

modification (7 proteins), proteolysis (7 proteins), transcriptional and translational 

processes (12 proteins), signal transduction (5 proteins), and others (9 proteins). The 

following discussion of the two-way ANOVA results focus on the species effects, 

because the oxygen effects will be discussed in the one-way ANOVA results. The 51 

proteins that showed species-specific responses could be roughly classified into two 

categories and within each category, the two species showed overall opposite 

expression trends. These proteins belonged to several functional groups: transcription 

and translation (7 proteins), energy metabolism (6 proteins), proteolysis (6 proteins), 

oxidation-reduction (5 proteins), protein modification (5 proteins), cytoskeletal 

organization (4 proteins), cell fate (3 proteins), localization (3 proteins), protein 
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folding (2 proteins), signal transduction (2 proteins), amino acid metabolism (2 

proteins), immune response (1 protein) and others (5 proteins). There were 18 proteins 

showing interactions between species and hypoxia treatments. They belonged to cell 

fate (1 protein), immune response (1 protein), signal transduction (2 proteins), energy 

metabolism (3 proteins), protein folding (2 proteins), proteolysis (2 proteins), 

transcription and translation (3 proteins), protein modification (2 proteins) and an 

undefined functional group (2 proteins).  

One-way ANOVA conducted in each species revealed a hypoxia level-dependent 

expression pattern. In P. canaliculata, when compared with the 6.7 mg L-1 control, the 

2.0 and 1.0 mg L-1 treatments resulted in 48 and 28 DEPs, respectively (Fig. 3A). 

DEPs of two hypoxic treatments covered almost all the important functional 

categories, but their expression trends or levels are quite different with the 2.0 mg L-1 

treatment showing more alerting or repairing responses and the 1.0 mg L-1 treatment 

showing irreversible damage. For example, the DEPs in the 2.0 mg L-1 treatment 

included up-regulation of immune responses (e.g., molluscan defense molecule 

precursor protein) and molecular chaperones (e.g., chaperonin containing T-complex 

polypeptide subunit zeta) to protect the organism from exogenous pathogens and 

repair denatured proteins. In contrast, in the more hypoxic 1 mg L-1 treatment, the 

damage caused by hypoxia is more severe as indicated by the significant up-

regulation of programmed cell death 6-interacting protein which is involved in 

apoptosis. Filamin-C isoform 4, a cytoskeletal organization related protein, was 

significantly down-regulated indicating suppression of cell growth and proliferation in 

order to reallocate energy to cell survival. In P. diffusa, when compared with the 6.7 

mg L-1 control, the 2.0 and 1.0 mg L-1 treatments resulted in 49 and 25 DEPs, 

respectively (Fig. 3B). The 2.0 mg L-1 treatment caused higher up-regulation of 

immune proteins (e.g., G-type lysozyme) and stronger induction of oxidation-

reduction related proteins (e.g., ectoine hydroxylase) than the 1.0 mg L-1 treatment. 

Compared to repairing response of 2.0 mg L-1 treatment, the more severe hypoxic 1.0 

mg L-1 treatment caused overall suppression of several non-essential cellular 

pathways. For example, there was significant down-regulation of some cytoskeletal 

organization related proteins such as dynein, light chain, roadblock-type 2-like protein 

suggesting a reduced activity of cell proliferation in order to save energy for other 

vital cellular processes and extend surviving time.  

 

3.3 Estimation of Ka/Ks 

 

Among the 78 DEOs between P. canaliculata and P. diffusa, 62 had orthologs in all 

three Pomacea species. The log-likelihood test values, average Ka/Ks (ω) and 

positively selected amino acid sites for the 62 orthologs are shown in Table S2. 

Comparison of M1a vs. M2a and M7 vs. M8 indicated that there was significant 

difference between the two pairs of models (ω > 1, P < 0.05) in five genes (Table 1). 

These included two uncharacterized proteins (CAPTEDRAFT_173803 and 

RE16407p); a protein which functions in amino acid metabolism 

(CAPTEDRAFT_158431); a protein in the electron transport chain which functions in 
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cellular oxidation-reduction hemostasis (cytochrome c oxidase subunit VIb); and a 

protein which is known to be involved in cytoskeletal organization (K03H1.5). 

Analysis of their sequences using the BEB method revealed several positively 

selected amino acid sites, with a posterior probability ≥ 90% (Table 1). Among the 

five genes, only RE16407p has a ω larger than 1 indicating overall positive selection 

on the whole gene sequence. For the other four genes, although the ω value was less 

than 1, applying the BEB method revealed several positively selected amino acid 

sites. For instance, in cytochrome c oxidase subunit Vib, the 34th amino acid has a 

posterior probability ≥ 90% of having undergone positive selection in this gene that 

plays a key role in the respiratory electron transport chain of mitochondria. 

 

4. Discussion 

 

Since oxygen is critical for energy production in metazoans, understanding how 

hypoxia affects energy metabolism and cellular homoeostasis has been a focus of 

research over the last decades [53,54]. It is well known that, animals may decrease 

metabolism in the oxidative phosphorylation pathway in response to hypoxia, thus 

reducing energy production through lowering protein synthesis and ion pump 

activities, and/or activating the anaerobic pathway [55,56]. Several groups of 

evolutionarily conserved genes, particularly those regulating DNA and protein 

structural stability, cell cycle and oxidation-reduction, are also involved in hypoxia 

responses [57-59]. 

Nevertheless, different organisms have different thresholds of resistance to 

hypoxia, and it is imperative to distinguish whether such difference is caused by 

adaptive variation or phylogeny. Comparing the responses of the two apple snail 

species to hypoxia has reveal the complex protein expressional networks that are 

involved. Sequence divergence at DNA level has given us some candidates which 

may participate into the genetic bases of differential protein expression. A striking 

result of the two-way ANOVA was that there were only a few DEPs showing 

identical expressional trends between the two species, and many of the DEPs 

exhibited opposite responses to hypoxic exposure in the two species, suggesting 

genetically closely related species can differ substantially in their responses to the 

stress. The differentially expressed orthologs (DEOs) can be classified into several 

functional groups, whose expression patterns will be discussed below.  

 

4.1 Hypoxia sensing and signal transduction 

 

In order to actively avoid hypoxia, many aquatic species can sense the oxygen level 

quickly, but their oxygen sensors and downstream signal transduction pathways have 

not been identified [58]. Among the candidate oxygen sensors are respiration chain 

proteins mitochondrial cytochrome a3 and cytochrome c oxidase, whose upregulation 

can enhance reactive oxygen species (ROS) production, which stabilizes hypoxia 

induction factors [60,61]. Support for this mitochondrial model of hypoxia signaling 

pathway in the present study comes from the discovery of a cytochrome c oxidase 
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subunit VIb, which was down-regulated in both P. canaliculata and P. diffusa 

exposed to hypoxia. In addition, the DEPs in the two apple snails include a variety of 

signaling and transduction related proteins, among them are a guanine nucleotide-

binding protein, a molecular switch that regulates a variety of cellular processes such 

as sensual perception, transportation and differentiation [62]; as well as several 

proteins (i.e., calcium-dependent protein kinase isoform 2, phosphoglycerate kinase 1 

and tyrosine-protein kinase HTK16) that are known to participate in post-translational 

modifications such as phosphorylation and demethylation, implying epigenetic 

control of gene expression, protein synthesis and intracellular signaling [63]. 

 

4.2 Protein synthesis 

 

Since protein synthesis is one of the main cellular energy-consuming processes under 

standard metabolic rate [64], reducing the energy demand of protein synthesis to a 

minimum is a critical survival strategy, which has been reported in fish under hypoxic 

conditions [57,65]. In the present study, a variety of translational and transcriptional 

chaperones participating in protein biosynthesis (e.g., elongation factor 1 alpha, 

ribosomal protein L22 and ribosomal protein S5) showed significant changes in both 

species. For instance, histone-binding protein Caf1 and ribosomal protein L22 were 

down-regulated in P. canaliculata, but up-regulated in P. diffusa under the two 

hypoxic treatments (Fig. 4). When energy supply is limited, reallocation of cellular 

energy between essential and non-essential ATP-demanding processes becomes 

important, and energy spared by transcriptional and translational arrest can be 

allocated to other critical biological processes such as ionic homeostasis [66]. The 

opposite expression patterns of translational factors between the two species in our 

study indicates that P. canaliculata can quickly respond to acute hypoxia stress by 

activating translational arrest, but P. diffusa lacks this ability which could have 

implications for energy reallocation and protein synthesis. 

 

4.3 Energy metabolism 

 

In the present study, hypoxia exposure has led to the differential expression of many 

enzymes in several energy metabolic and amino acid metabolic processes between the 

two species. For instance, malate dehydrogenase precursor which is involved in the 

tricarboxylic acid (TCA) cycle was down-regulated in P. canaliculata but up-

regulated in P. diffusa (Fig. 4). Fructose-biphosphate aldolase, an enzyme catalyzing 

fructose 1,6-bisphosphate into glyceraldehyde 3-phophate reversely in glycolysis, was 

down-regulated in P. canaliculata but up-regulated in P. diffusa in the two hypoxic 

treatments. In the glycolytic pathway, glucose is catalyzed into pyruvate, and pyruvate 

is catalyzed into lactate by lactate dehydrogenase under hypoxic condition, or 

participate into the TCA cycle under normal condition. In P. canaliculata, lactate 

dehydrogenase was significantly down-regulated, which suggests the suppression of 

anaerobic metabolism in this hypoxia tolerant species; but there was no evidence for 

activation or suppression of anaerobic metabolism in P. diffusa under the 8-h 
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exposure to hypoxia. Because even though anaerobic metabolism could generate 

ATP, this pathway of energy production depletes fermentable glycogen store quickly 

due to its low efficiency, and leads to excessive accumulation of deleterious end 

products such as protons, ethanol and lactate that would eventually compromise the 

snail’s ability to tolerate hypoxia [66,67]. We can speculate with a suppression of 

anaerobic respiration in P. canaliculata under the acute hypoxia condition in our 

study. However it does not mean that this snail does not use this well-characterized 

pathway of hypoxia responses under longer hypoxia exposure [67]. 

 

4.4 Effects of different oxygen concentrations 

 

One-way ANOVA revealed 17 overlapped differentially expressed proteins (DEPs) 

between two hypoxic treatments in P. canaliculata, and 15 overlapped DEPs between 

the two hypoxic treatments in P. diffusa. The shared DEPs belong to several 

conserved functional groups, including “energy metabolism”, in the two species, 

indicating changes in metabolism is a common hypoxia response in the apple snails. 

In accordance with previous studies [40], we used 2.0 mg O2 L
-1 as the hypoxic 

threshold. In both species, this hypoxia treatment induced the highest number of DEPs 

which included most of the common functional categories. Nevertheless, the DEPs of 

the two species showed different expressional trends. For example, several proteins 

functioning in protein modification (e.g., tyrosine-protein kinase HTK16 and 

CAPTEDRAFT_173271) were differentially expressed in P. diffusa but not in P. 

canaliculata. Since protein modification (e.g., phosphorylation) is involved in 

signaling and downstream gene expression, the significant changes in P. diffusa 

indicated disruption of cellular homeostasis which required repair and recovery. In 

addition, metabolic suppression was more obvious in P. canaliculata under 2 mg O2 

L-1 as indicated by the reduced expression levels in most of the metabolism related 

enzymes. The reduced metabolic level in the invasive snail may contribute to 

conserve the cellular fermentable fuels and help the organism to survive hours or 

days.  

We adopted 1.0 mg O2 L
-1 as an extreme hypoxia condition, as reported in 

previous studies [41]. Under this hypoxia treatment, proteins in many functional 

groups were differentially expressed, but the DEPs differed in function or 

expressional trend between the two apple snails. For instance, several cytoskeletal 

organization related proteins (e.g., filamin-C isoform 4 and CAPTEDRAFT_221766) 

were down-regulated in P. canaliculata, but not in P. diffusa. Since proteins involved 

in cytoskeletal structure and locomotion are highly abundant, reducing their 

expression in P. canaliculata might be an important energy-saving strategy. In P. 

canaliculata, there was also translational arrest, indicated by the down-regulation of 

eukaryotic translation initiation factor 3 subunit K. Protein synthesis is a major 

energy-consuming process, therefore, translational arrest could reduce protein 

synthesis and help P. canaliculata conserve the limited energy under severe hypoxia.  

 

4.5 Evolutionary analysis of orthologs 
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As the mutation of most amino acids in a protein is under functional and structural 

constraints, the Ka/Ks ratio, calculated for the whole protein coding gene sequence, is 

rarely larger than 1 [50]. By adopting codon-based site models which allow the Ka/Ks 

ratio to vary among codons [50,52], we found that five of the 62 orthologous DEOs 

contained positively selected amino acid sites. Due to the incomplete gene annotation, 

four of them have either unknown function (CAPTEDRAFT_173803and RE16407p) 

or not-well characterized function (CAPTEDRAFT_158431 and uncharacterized 

protein K03H1.5). These uncharacterized proteins should be good candidates for 

functional analysis to determine their exact role in hypoxia responses. Cytochrome c 

oxidase subunit VIb, however, is a DEO with known functions. As a subunit of ETC 

complex IV, this protein is involved in the electron transport chain (ETC) by 

transferring electrons from reduced cytochrome c to oxygen. This result indicates that 

the mitochondrial enzyme involved in energy production has been a target of positive 

selection in apple snails, and this selection can have implications in their divergence 

in stress resistance. This result is consistent with previous reports of several 

cytochrome c oxidase subunits having undergone positive selection in other animals 

adapted to hypoxic environments [68,69]. In order to further examine the locations 

and consequence of mutated sites on proteins with Ka/Ks > 0.5, we built three-

dimensional structures using PHYRE2 [70]. However, the 3D structures were in low 

confidence. Nevertheless, the list of differentially expressed proteins with accelerated 

substitution rates can serve as candidates for more detailed structural and functional 

studies. 

 

4.6 Hypothesis on cellular responses to acute hypoxia 

 

Our proteomic data indicate that molecular responses involved in the acute hypoxia 

responses are complex (Fig. 4). Apple snails may detect low oxygen level using 

extracellular (e.g., hemocyanin protein) or intracellular (e.g., cytochrome c oxidase) 

oxygen sensors, then activate signal transduction to regulate downstream energy 

demanding processes such as translation or energy generating pathways including 

glycolysis, the TCA cycle, lipid metabolism, and anaerobic metabolism. In addition, 

since low oxygen levels may lead to the accumulation of cellular reactive oxygen 

species (ROS) and protein denaturation, molecular chaperones and proteins involved 

in proteolysis are also regulated. An interesting observation from this study is that 

proteins in several important cellular pathways (e.g., TCA cycle, electron transport 

chain and glycolysis) exhibited differential responses between the congeneric snails 

exposed to hypoxia. In particular, there was an obvious metabolic suppression in the 

invasive snail P. canaliculata under acute exposure to hypoxia, as indicated by the 

down-regulation of several key enzymes in the ETC, glycolysis, TCA cycle and 

translational processes, consistent with the view of Boutilier and St-Pierre (2000) [66] 

that metabolic suppression could conserve cellular fermentable fuels and extend the 

survival time of organisms to hours or days. In conclusion, the expression profiles of 

proteins involved in energy metabolism, cytoskeleton and transcriptional and 
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translational processes revealed some common responses to hypoxia stress in both 

snails but also a clear higher tolerance to hypoxia in the invasive P. canaliculata, 

which is in accordance with its ability to live in stagnant hypoxia waters [30]. 

 

5. Conclusions 

 

The integrated physiological, proteomic, transcriptomic and base substitution analyses 

employed in this study has given us a better understanding of the genetic basis of 

differential resistance to hypoxia between the two congeneric snails. The list of 

differentially expressed proteins with accelerated substitution rates can serve as 

candidates for more detailed functional studies. Our streamlined comparative 

approach of congeneric species can be applied to understand some of the molecular 

mechanisms of adaptation to global environmental change in non-model species. 

Nevertheless, it should be pointed out that, other molecular mechanisms, such as gene 

duplication and epigenetic modifications, can also be involved in hypoxia resistance. 
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Figure Legends 

 

Figure 1. Mortality rate of P. canaliculata (A) and P. diffusa (B) under control (6.7 

mg L-1) and two hypoxia conditions (2.0 and 1.0 mg L-1) in a 72-h experiment (n = 12 

in each treatment for both species). Note that all snails in the control survived through 

the experiment, but the data cannot be seen from (A) as they were covered by those 

from the 2.0 mg L-1 treatment. 

 

Figure 2. Expression patterns of 78 orthologous proteins that had significant effects 

of oxygen concentration, species or their interaction. The column on the left with 

white cells represents the control, whose protein expression level was normalized to 1 

aginst other treatments. Significant P-values are highlighted in bold red. Pc = P. 

canaliculata, Pd = Pomacea diffusa, 2.0 and 1.0 represents the 2.0 and 1.0 mg L-1 

hypoxia treatment, respectively. The level of fold change (red = up-regulation, blue = 

down-regulation) is indicated by a color key on the upper left. 

 

Figure 3. Expression patterns of differentially expressed proteins between control 

(6.7 mg L-1) and two hypoxia treatments (2.0 and 1.0 mg L-1) in P. canaliculata (A) 

and P. diffusa (B). The column on the left with white cells represents the control, 

whose protein expression level was normalized to 1 aginst other treatments. 

Significant P-values are highlighted in bold red. The level of fold change (red = up-

regulation, blue = down-regulation) is indicated by a color key on the upper left. On 

the right of the heat map are protein annotation, functional classification, and P-value 

of post hoc test. 

 

Figure 4. Possible pathways involved in differential hypoxia responsive protein 

expression in P. canaliculata (Pc) and P. diffusa (Pd). Protein names in red color 

represent differentially expressed proteins (including one-way and two-way ANOVA 

results) detected in our study, and those in blue are detected proteins not showing 

differential expression. The green symbols “↑” and “↓” represent up- or down-

regulation. Abbreviations: G6P: Glucose-6-phosphate; F6P: Fructose-6-phosphate; 

F1,6PP: Fructose-1,6-bisphosphate; G3P: glyceraldehyde-3-phosphate; DHAP: 

Dihydroxyacetone phosphate; 3PG: 3-phosphoglycerate; 1,3BPG: 1,3-

Bisphosphoglycerate; 2PG: 2-Phosphoglycerate; PEP: Phosphoenolpyruvate; 

GAPDH: Glyceraldehyde-3-phosphate dehydrogenase. 
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Figure 1. 
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Figure 2. 
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Figure 3. 
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Figure 4. 
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Table 1. Log-likelihood values and base substitution parameter estimates for 5 

orthologous protein-coding genes estimated using two pairs of site models.  

 

Description Model 

type 

lnL 2Δℓa Ka/Ksb Parametersc BEB residuesd 

CAPTEDRAFT_17

3803 

M1a -1308.844   0.242 P0 = 0.758, P1 = 0.242; ω0 = 0, ω1 = 

1.000 

--- 

 

M2a -1304.997  7.694 0.566 P0 = 0.914, P1 = 0, P2 = 0.086; ω0 = 0, ω1 

= 1.000, ω2 = 6.558 

235Q(*), 

280T(**) 
 

M7 -1309.044  0.200  p = 0.005, q = 0.020 --- 
 

M8 -1305.000  8.093 0.566 P0 = 0.914 (P1 = 0.086); p = 0.005, q = 

2.563, ω = 6.558 

235Q(**), 

280T(**) 

RE16407p M1a -547.628  0.421 P0 = 0.580, P1 = 0.420; ω0 = 0, ω1 = 

1.000 

--- 

M2a -544.707 5.842 1.050 P0 = 0.842, P1 = 0, P2 = 0.158; ω0 = 0, ω1 

= 1.000, ω2 = 6.648 

--- 

M7 -548.007  0.300 p = 0.005, q = 0.011 --- 
 

M8 -544.707  6.600 1.050 P0 = 0.842 (P1 = 0.158); p = 0.005, q = 

1.933, ω = 6.648 

98T(*), 108V(*) 

CAPTEDRAFT_15

8431 

M1a -1581.134  0.188 P0 = 812, P1 = 0.188; ω0 = 0, ω1 = 1.000 --- 

M2a -1572.552 17.164 0.594 P0 = 0.955, P1 = 0, P2 = 0.045; ω0 = 

0.082, ω1 = 1.000, ω2 = 11.499 

1M(**), 2S(**), 

4A(**), 14E(*), 

41T(*) 

M7 -1581.170  0.200 p = 0.005, q = 0.020 --- 

M8 -1572.553 17.229 0.594 P0 = 0.955 (P1 = 0.045); p = 8.953, q = 

99.0, ω = 11.509 

1M(***), 2S(**), 

4A(***), 10R(*), 

12L(*), 14E(**), 

17L(*), 41T(**) 

Cytochrome c 

oxidase subunit 

VIb 

M1a -351.061   0.143  P0 = 0.857, P1 = 0.143; ω0 = 0, ω1 = 

1.000 

--- 

 

M2a -347.325  7.471 0.721 P0 = 0.920, P1 = 0, P2 = 0.080; ω0 = 0, ω1 

= 1.000, ω2 = 8.997 

--- 

 

M7 -351.310  0.200  p = 0.005, q = 0.021 --- 
 

M8 -347.325 7.970 0.721  P0 = 0.920 (P1 = 0.080); p = 0.005, q = 

99.0, ω = 8.997 

34T(*), 37E(*) 

Uncharacterized 

protein K03H1.5 

M1a -5921.905  0.459 P0 = 0.541, P1 = 0.459; ω0 = 0, ω1 = 

1.000 

--- 

M2a -5916.229 11.353 0.662 P0 = 0.530, P1 = 0.460, P2 = 0.010; ω0 = 

0, ω1 = 1.000, ω2 = 19.940 

11F(**), 12K(*), 

410E(*) 

M7 -5922.363  0.500 p = 0.005, q = 0.005 --- 

M8 -5916.287 12.152 0.651 P0 = 0.988 (P1 = 0.012); p = 0.025, q = 

0.030, ω = 16.268 

11F(***), 

12K(**), 410E(*) 

a Numbers in bold indicate significantly difference between the compared models (M1a 
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vs. M2a and M7 vs. M8). 
b This is the average Ka/Ks ratio across all the sites. 
c p and q are shape parameters in the beta distribution. ω0 is the ratio of Ka/Ks sites with 

a proportion of P0. ω1 is the Ka/Ks of completely neutral sites with a proportion of P1. 

ω2 is the Ka/Ks of positive selection sites with a proportion of P2.  
d Probability of amino acid site under positive selection predicted by Bayes Empirical 

Bayes (BEB) analysis. *, Pr (ω > 1) > 90%; **, Pr (ω > 1) > 95%; ***, Pr (ω > 1) > 

99%. 
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Significance: Rapid globalization in recent decades has greatly facilitated species 

introduction around the world. Successfully established introduced species, so-called 

invasive species, have threatened the invaded ecosystems. There has been substantial 

interest in studying how invasive species respond to extreme environmental 

conditions because the results can help not only predict their range of expansion and 

manage their impact, but also may reveal the adaptive mechanisms underlying their 

invasiveness. Our study has adopted a comparative approach to study the differential 

physiological and proteomic responses of two congeneric snails to various hypoxic 

conditions, as well as codon substitution analysis at transcriptomic level to detect 

signals of positive selection in hypoxia-responsive genes. The integrated 

physiological, proteomic and transcriptomic approach can be applied in other non-

model species to understand the molecular mechanisms of adaptation to global 

environmental change. 
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Graphical abstract 
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Highlights 

 

 Two species of Pomacea snails have differential susceptibility to hypoxia 

 Proteomics was used to study the genetic bases of the differential resistance to 

hypoxia  

 Significant changes occurred in signal transduction, glycolysis and TCA cycle 

 Five genes encoding differentially expressed proteins are positively selected 
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