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Summary 

The phylum Mollusca constitutes an ubiquitous, heterogeneous, ecologically and 

economically important group of invertebrates that function as ecosystem engineers. 

Although the most conspicuous symptom of any ecosystem deterioration is the decline or 

disappearance of sensitive species, some organisms such as molluscs display an unusual 

resilience towards environmental changes. Marine molluscs that survive in the challenging 

environments of different oceanic zones, are ideal systems for studying stress adaptation. The 

understanding of the adaptive evolution of mitochondrial genomes in molluscs and the 

structural characterization of mollusc defensin protein which forms the essential component 

of their innate immunity is a major baseline for my PhD studies in Hokkaido University. 

Mitochondria are known to be critical for energy homeostasis and changes in environmental 

factors result in their dysfunction and consequent injury to the organism. Mitochondrial 

proteins and mitochondria-derived stress signals regulate both oxidative phosphorylation and 

innate immune response. Maintenance of mitochondrial integrity and signaling are important 

for cellular homeostasis and survival. Evolutionary changes in the constituent residues of the 

mitochondrial proteins might have an impact on their functional domains, such as the regions 

lining the proton translocation channel or the subunit interacting sites, thereby allowing 

animals to adapt to challenging environments. Therefore, the aim of this study is to estimate 

selection pressures acting on mitochondrial proteins that could provide insights into the 

adaptive evolution of the mitochondrial genome. 

Chapter 1 provides insight into the molecular mechanisms underlying the adaptive strategies 

of polyplacophorans to the intertidal habitat from a mitochondrial perspective. The intertidal 

zone is one of the most stressful environments, with extreme shifts in temperature, salinity, 

pH and oxygen concentration. Chitons (Polyplacophora) are the most primitive marine 

molluscs. They predominantly inhabit the intertidal zone and are still able to maintain their 

mitochondrial homeostasis regardless of  the regular oscillations of immersion and emersion, 

as well as extreme changes in temperature, salinity, pH and hydrodynamic forces in their 

environment. Here, I used mitochondrial genetic components from seven chitons of the 

intertidal zone to infer phylogenetic relationships. Selection analyses on individual protein-

coding genes (PCGs) were performed to identify and map potentially adaptive residues in 

the modelled structures of the mitochondrial respiratory chain complexes. The results showed 

significant amino acid changes in sites under diversifying selection for all the PCGs, 

indicating that the mitochondrial genome in chitons is undergoing adaptive evolution. Such 

sites were observed in the proton pump as well as in the translocation channel of the 

transmembrane helices and the surrounding loop regions, thus implying functional 

modification of the mitochondrial proteins essential for survival in the dynamic environment 

of the intertidal zone. This study represents the first thorough investigation of evolutionary 

selection acting on the mitochondrial PCGs of polyplacophorans. 
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Chapter 2 sheds light into the mitogenomic adaptations of intertidal and deep sea gastropods. 

Of all classes of the phylum Mollusca, gastropods are the only ones to radiate into marine, 

freshwater and terrestrial habitats, successfully adapting and thriving in a diverse array of 

environmental conditions. In order to withstand the constant fluctuations in temperature, 

salinity and shifts in oxygen concentration of the intertidal zone, the gastropods inhabiting 

here rely on a modified and adaptive energy metabolism. The same is applicable for 

gastropods living in the deep sea environment, which is characterized by high hydrostatic 

pressure, low oxygen concentrations and abundance of heavy metals. Therefore, survival of 

the organisms in these extreme conditions may be correlated to their adaptive mitochondrial 

genome which serves as the principal site for cellular energy metabolism. Here, I estimated 

selection pressure acting on the mitochondrial protein-coding genes of thirteen intertidal and 

two deep sea gastropods based on site and branch-site specific models. The results showed a 

higher number of sites under diversifying selection in the mitochondrial protein-coding genes 

of intertidal gastropods compared to deep sea species. This study focusses on the adaptive 

mitogenome evolution of marine gastropods for survival in dynamic environments such as 

the intertidal zone and the deep sea. The novelty of this research work is that it provides the 

first account of the comparison of mitogenomic adaptations between intertidal and deep sea 

gastropods. 

Chapter 3 deals with the structural characterization of big defensin of Pacific oyster 

(Crassostrea gigas) through various bioinformatic tools and molecular dynamics simulation. 

Defensins are antimicrobial peptides (AMPs) consisting of three or four intramolecular 

disulphide bonds formed by six or eight cysteine residues, respectively, in a complex array 

of two or three antiparallel β-sheets with or without an α-helix structure. They are produced 

by a vast range of organisms being constitutively expressed or induced in various tissues in 

response to different stimuli like infection, injury or other inflammatory factors. Two classes 

of invertebrate defensin exist, namely CSαβ defensin and big defensin, the latter being 

predominantly present in molluscs. Interestingly, an invertebrate big defensin gene has been 

hypothesized as the most probable ancestor of vertebrate β-defensins. In this study, conserved 

residues were identified for both the big defensin and β-defensin. I performed in silico 

mutation on conserved amino acid positions of the β-defensin-like domain to understand the 

effects of mutation on the structure and function of the protein. Molecular dynamics 

simulations were performed on wild-type and two mutants for 100 ns to assess the structural 

stability and conformational dynamics of the protein structure of big defensin in its wild-type 

and mutated form. The aforementioned mutations (R64A and E71A) have been identified as 

deleterious as well as destabilizing the three-dimensional structure of big defensin, as 

revealed by bioinformatic analyses. Changes in amino acid network with interacting residues 

and aggregation propensity further support the structural basis of big defensin upon mutating 

these two conserved charged amino acids. 100 ns molecular dynamics simulations of wild-

type, R64A and E71A structures revealed significant conformational changes in the case of 
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mutants. This study aims to unveil the detailed structural characteristics of a molluscan 

defensin through computational approaches. In conclusion, these results provide first in-

depth understanding of destabilization and loss of conformational dynamics of big defensin 

from Crassostrea gigas mediated by R64A and E71A mutation. It will provide insightful 

knowledge of this antimicrobial peptide for application in therapeutics and other aspects of 

protein engineering. The results may be further exploited to understand the immune response 

of oysters against pathogenic invasion. 
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General Introduction 

Mitochondria are the central organelles involved in energy and redox homeostasis, cellular 

signaling and survival. Animal mitochondria are sensitive to environmental stress and stress-

induced changes in the mitochondrial integrity and function have major consequences for the 

survival of organisms (Monlun et al., 2017). Studies in model organisms such as terrestrial 

mammals and insects (rodents, Drosophila and mammalian cell lines) show that 

mitochondria are sensitive to environmental stress as well as a center for adaptive cellular 

response (Sokolova, 2018). Mitochondrial stress can impair the ATP supply of the cell 

leading to oxidative injury if the mitochondrial production of reactive oxygen species (ROS) 

exceeds the capacity of cellular antioxidants to curb the damage (Vakifahmetoglu-Norberg 

et al., 2017). 

Exposure to environmental stressors such as heat or cold, osmotic shock, toxins, or lack of 

oxygen can shift the mitochondrial balance from adaptive response to cell death due to energy 

deficiency and cellular damage (Bohovych & Khalimonchuk, 2016). However, many 

eukaryotes (such as the inhabitants of intertidal zones) are capable of surviving and 

maintaining their mitochondrial homeostasis despite frequent and drastic fluctuations in 

environmental conditions. Intertidal zone with its alternating periods of immersion and 

emersion, extreme fluctuations of temperature and salinity  is one of the most stressful 

environments for the organisms living here (Brian et al., 2002; Jensen & Denny, 2016). 

Temperature in  the intertidal zone can change by 10 – 30oC within a few hours reaching 

values in excess of 35 – 40oC during summer low tides (Helmuth et al., 2016).  

These changes pose major challenges to homeostatic mechanisms of intertidal organisms, so 

the mitochondrial function must be maintained in these organisms and restored after major 

physiological disruptions such as extreme temperatures or prolonged lack of oxygen 

(Sokolova, 2018). The mechanisms of the exceptional mitochondrial resilience to 

temperature, salinity and hypoxic stress are not yet fully understood in intertidal organisms. 

Therefore, it is expected that studies on mitochondrial genome evolution may hence uncover 

interesting aspects of adaptation of the organisms living in intertidal conditions. This is the 

primary reason that intrigued me to work on mitochondrial stress adaptation in intertidal 

organisms. 

Molluscs, being extremely diverse and globally distributed, belong to the ecologically 

dominant organisms in the intertidal zone and have successfully adapted to harsh life between 

the tides, representing an excellent model system for  environmental and climate change 

studies (Prendergast et al., 2013; Sokolova, 2018). The use of molluscs in climate change 

and ocean acidification research is already providing valuable information regarding changes 

in the global ocean system that will facilitate future predictions and conservation strategies 

(Fortunato, 2015). The phylum Mollusca constitutes an ubiquitous, heterogeneous and 
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economically important group of invertebrates that function as ecosystem engineers 

(Wanninger & Wollesen, 2018). Ecosystem engineers can directly or indirectly modulate the 

availability of resources to other species, by causing physical state changes in biotic or abiotic 

materials (Jones et al., 1994). They are also important in regulating the local microclimate 

and are thus beneficial in maintaining habitats for other species amidst climate change 

(Cavieres et al., 2002). Although the most conspicuous symptom of any ecosystem 

deterioration is the decline or disappearance of sensitive species, some organisms such as 

molluscs display an unusual resilience towards environmental changes. This may be due to 

adaptive strategies that allow them to cope with changes in their surroundings. My research 

on molluscs will impart knowledge regarding acclimatization of these organisms to the 

dynamic conditions of different oceanic zones. Therefore, selection analyses on individual 

mitochondrial PCGs from different molluscan classes were performed to identify and map 

potentially adaptive residues in the modelled structures of their mitochondrial respiratory 

chain complexes using various bioinformatic tools and modelling software. 

Chitons are an ancient lineage of molluscs that are classified in the class Polyplacophora of 

phylum Mollusca (Okusu et al., 2003). Chitons are often important members of rocky 

intertidal communities and are able to maintain mitochondrial homeostasis regardless of 

regular oscillations of immersion and emersion, as well as extreme alternations of 

temperature, salinity, pH and hydrodynamic forces in their environment (Brian et al., 2002; 

Jensen & Denny, 2016). Therefore, my aim was to estimate the selection pressure acting on 

mitochondrial proteins that would provide insights into the adaptive evolution of the 

mitochondrial genome of chitons. Although research studies on cephalopods, terrestrial 

gastropods and bivalves have revealed significant evidence of positive selection in their 

OXPHOS subunits and have been linked to mitogenomic adaptation, the same with 

polyplacophorans are not done yet (Almeida et al., 2015; Romero et al., 2016; M. Yang et 

al., 2019). My study represents the first thorough investigation of evolutionary selection 

acting on the mitochondrial protein-coding genes of polyplacophorans. 

Apart from the intertidal zone, deep sea environments are also very stressful which are 

characterized by extreme physicochemical conditions, such as high hydrostatic pressure, 

fluctuating temperatures, low levels of oxygen and high concentrations of heavy metals and 

other toxic chemicals (Van Dover et al., 2002). In the phylum Mollusca, gastropods represent 

the largest class with number of species ranging from 80,000 to 150,000 (Appeltans et al., 

2012; Parkhaev, 2007). Apart from being the only terrestrial molluscs, gastropods live in 

every conceivable place on Earth with marine ones occupying habitats ranging from the 

deepest ocean basins to the intertidal zone, as well as freshwater and other inland water 

habitats. Since acclimation to extreme habitat conditions are often correlated to the evolution 

of mitochondrial protein-coding genes (Almeida et al., 2015; Li et al., 2018; Sun et al., 2018; 

Yang et al., 2019), detailed studies on gastropod mitogenome may uncover interesting 

aspects of molecular adaptations to living in intertidal and deep sea environment. My study 
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on mitochondrial genome of gastropods focusses on its adaptive evolution as well as provides 

the first account of the comparison of mitogenomic adaptations between intertidal and deep 

sea gastropods. 

The interest of marine invertebrates as food resources provides a major interest to study 

molluscan immunity for better understanding of the host response to pathogens. Molluscs 

possess a natural immunity formed by anatomical and chemical protective barriers that 

prevent damage of the underlying tissues, body fluid losses and infections caused by 

pathogenic microorganisms and parasites (Gliński & Jarosz, 1997). Defensins represent an 

evolutionary ancient family of antimicrobial peptides (AMPs), which play an undeniably 

important role in host defense (Lv et al., 2020). Invertebrate defensins can primarily be 

categorized into two classes: (1) the invertebrate cysteine-stabilized α-helix/β-sheet motif 

defensin (CSαβ defensin), containing an α-helix linked  to an antiparallel two-stranded/triple-

stranded β-sheet by disulphide bridges and is found in molluscs, nematodes and arthropods 

(Carvalho & Gomes, 2009; Zhu, 2008); (2) the invertebrate big defensin having a disulphide 

array stabilized β-sheet structure (Kouno et al., 2008; Zhu & Gao, 2013) which exists mainly 

in molluscs (Saito et al., 1995) but also in arthropods (Teng et al., 2012). They are initiated 

by an interaction with the negatively charged membranes of pathogens, subsequently causing 

membrane disruption or altering metabolic processes and eventually leading to cell death 

(Zasloff, 2019). In recent times, antimicrobial peptides constitute a global research hotspot, 

but limitations in design and application are prevalent. Therefore, combination of 

bioinformatics and computer-aided molecular dynamics simulation can help develop 

prospective AMPs by studying their structure and molecular mechanism (Huan et al., 2020). 

My study on molluscan defensin aims to unveil its detailed structural characteristics through 

computational approaches. Moreover, the structural characteristics of the big defensin was 

carried out for Crassostrea gigas as this Pacific oyster makes a major economic contribution 

to the region due to their dominant role in aquaculture and also as ecosystem engineers 

(Harris, 2008; Ruesink et al., 2005).  

My PhD study on molluscs will shed light into the adaptation of these organisms to the 

dynamic conditions of different oceanic zones from a mitochondrial perspective. 

Furthermore, my study on the big defensin of Crassostrea gigas will provide knowledge on 

structurally and functionally important residues of this protein for its application in protein 

engineering and therapeutics. This effort will impart the fundamental basis for preventing 

mass mortality of oysters in the aquaculture industry from pathogen invasion and 

environmental deterioration by redesigning natural antimicrobial peptides. 
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Chapter 1 

Insight into the adaptive evolution of mitochondrial genomes in intertidal chitons 

1.1 Introduction 

Animal mitochondrial DNA (mtDNA) is generally about 15,000–20,000 bp in size (Boore, 

1999; Kolesnikov & Gerasimov, 2012). However, much larger mitogenomes exist due to the 

presence of large amounts of duplicated genes or noncoding nucleotides (Smith & Snyder, 

2007). MtDNA of bilaterian animals contains 13 protein-coding genes (PCGs), 2 ribosomal 

RNAs (rRNAs) of the mitochondrial ribosome and 22 transfer RNAs (tRNAs) essential for 

translating oxidative phosphorylation (OXPHOS) proteins. Furthermore, it is considered that 

noncoding regions in the mtDNA are probably the sites for controlling transcription and 

replication (Boore, 1999). The 13 mitochondrial PCGs form subunits of the respiratory chain 

complexes and these are cytochrome c oxidase subunits 1–3 (COX1–COX3), cytochrome b 

(CYTB), NADH dehydrogenase subunits 1–6 (ND1–ND6), NADH dehydrogenase subunit 

4L (ND4L), ATPase F0 subunit 6 (ATP6) and ATPase subunit 8 (ATP8). These complexes 

are responsible for producing up to 95% of the energy of eukaryotic cells (Blier et al., 2001). 

Four (I, III, IV and V) of the five complexes (I–V) of the electron transport chain are 

composed of these subunits, i.e., complex I (ND1–ND6 and ND4L), complex III (CYTB), 

complex IV (COX1–COX3) and complex V (ATP6 and ATP8) (Saraste, 1999). 

Mitochondria are key organelles involved in essential cellular processes such as energy and 

redox homeostasis, cellular signaling and survival (Wallace, 2012). Therefore, various stress-

induced changes in the mitochondrial integrity and function have major consequences on the 

performance and fitness of the organism (Sokolova, 2018). Mitochondrial stress can hinder 

the ATP supply of the cell leading to oxidative injury if the mitochondrial production of 

reactive oxygen species (ROS) exceeds the capacity of cellular antioxidants to curb the 

impairment (Vakifahmetoglu-Norberg et al., 2017). Mitochondrial proteins and 

mitochondria-derived stress signals regulate both oxidative phosphorylation and innate 

immune responses thus providing the molecular basis for the cross-talk between 

mitochondrial bioenergetics and stress defense (Lartigue & Faustin, 2013). Changes in the 

constituent residues might have an impact on the functional domains of  mitochondrial 

proteins, such as the regions lining the proton translocation channel or subunit interacting 

sites, thereby allowing animals to adapt to challenging environments (Almeida et al., 2015; 

da Fonseca et al., 2008). Therefore, the estimation of selection pressures acting on 

mitochondrial proteins could provide insights into the adaptive evolution of the 

mitochondrial genome. Most of the studies on the adaptive evolution of mitochondrial 

genomes in vertebrates primarily involve mammals and fish (Foote et al., 2011; Garvin et al., 

2011). In contrast, the evolution and molecular basis of adaptation of the mitochondrial 
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genome in invertebrates, particularly marine ones, remain poorly understood (Yuan et al., 

2020). 

Mollusca is the second largest phylum of invertebrate animals after Arthropoda where the 

number of valid species is currently estimated to be  approximately 110,000, making 23% of 

all named marine organisms (Appeltans et al., 2012; Rosenberg, 2014). The phylum 

comprises the classes Bivalvia, Cephalopoda, Gastropoda, Monoplacophora, Polyplacophora, 

Scaphopoda, Caudofoveata and Solenogastres (Kocot et al., 2011; Vinther et al., 2012). 

Molluscs vary in size from giant squids and clams to small snails about a millimeter long. 

Despite their amazing diversity, all molluscs share some unique characteristics that define 

their body plan (Fedosov & Puillandre, 2012). The three most universal features defining 

modern molluscs are a mantle with a significant cavity used for breathing and excretion, the 

presence of a radula (except for bivalves) and the structure of the nervous system (Takeuchi, 

2017). In addition, this phylum is a ubiquitous, heterogeneous and economically important 

group of invertebrates, with many taxa functioning as ecosystem engineers (Astorga, 2014; 

Gomes-dos-Santos et al., 2020; Sigwart et al., 2015). Although the most conspicuous 

symptom of ecosystem deterioration is the decline or disappearance of sensitive species, 

certain molluscs display an unusual resilience towards environmental changes (Parker et al., 

2013). Molluscs can adapt to different environmental conditions (Sun et al., 2017), from cold 

or temperate to tropical, and live in both freshwater and terrestrial habitats (Sowa et al., 2019).  

Chitons (Polyplacophora) are ancient marine molluscs (Sigwart & Sutton, 2007; Vendrasco 

et al., 2004) and predominantly inhabit the rocky intertidal zones. The intertidal zone is one 

of the most stressful environments, with extreme shifts in temperature, salinity, pH and 

oxygen concentration. Marine molluscs, particularly chitons belong to the ecologically 

dominant organisms in the intertidal zone and have successfully adapted to harsh life between 

the tides, representing an excellent model system to investigate mitochondrial adaptation to 

stress (Helmuth et al., 2006; Sokolova, 2018; Vinagre et al., 2019). Chitons are able to 

maintain mitochondrial homeostasis regardless of regular oscillations of immersion and 

emersion, as well as extreme alternations of temperature, salinity, pH and hydrodynamic 

forces in their environment (Brian et al., 2002; Jensen & Denny, 2016). 

With c. 1,000 living species of chitons identified, there are relatively few species in this group 

in comparison to gastropods and bivalves (Irisarri et al., 2020; Puchalski et al., 2008). This 

is also reflected in the number of currently available sequenced and annotated mitochondrial 

genomes of chitons in GenBank. As of December 2019, complete mitochondrial genomes of 

only seven chiton species were available in GenBank (Boore & Brown, 1994; Guerra et al., 

2018; Irisarri et al., 2014; Veale et al., 2016). Detailed studies of the polyplacophoran 

mitochondrial genome evolution may hence uncover interesting aspects of adaptations to 

living in intertidal conditions. I used these seven mitochondrial genomes, all of species of the 

order Chitonida, to detect signs of natural selection in the 13 PCGs. I performed site- and 
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branch–site-specific likelihood analyses to estimate the probability of positive selection on 

each site and branch of individual genes across the seven species. Subsequently, I assessed 

changes in amino acids based on their physicochemical properties and mapped positively 

selected sites in structure-based homology models to ascertain the effect of these changes in 

functionally important regions of the OXPHOS proteins. This work also reassessed the 

phylogenetic relationships based on the PCGs and rRNAs of chiton mtDNA (Dhar et al., 

2021). 

1.2 Material and Methods 

1.2.1 Sequence retrieval 

The nucleotide sequences of 13 mitochondrial PCGs, 2 rRNAs and a large variable region 

(Guerra et al., 2018) of seven polyplacophoran species were downloaded from the National 

Center for Biotechnology Information database (https://www.ncbi.nlm.nih.gov/nucleotide). 

Chaetopleura apiculata, Sypharochiton pelliserpentis, Sypharochiton sinclairi, Nuttallina 

californica, Cyanoplax caverna, Cryptochiton stelleri and Katharina tunicata were used for 

the study. The details and ecology of the species are provided in Table 1 and 2, respectively. 

1.2.2 Sequence alignment and phylogenetic analysis 

Three nucleotide sequence datasets were constructed with the mitogenomes obtained from 

the seven chiton species: (1) the 13 mitochondrial PCGs (cox1–cox3, cytb, atp6, atp8, nd1–

nd6 and nd4l), (2) the 2 rRNA genes and (3) the large variable region (Guerra et al., 2018). 

A vetigastropod, Stomatella planulata (GenBank acc. no. NC_031861.1), was chosen as 

outgroup. For each of the three datasets, multiple sequence alignments, including codon-

based alignment for PCGs, were performed using MUSCLE v. 3.8.31 (Edgar, 2004) 

integrated in the MEGA X software (Kumar et al., 2018) selecting the invertebrate 

mitochondrial genetic code. Ambiguously aligned regions of PCGs and rRNAs were 

removed using the Gblocks server v. 0.91b (Talavera & Castresana, 2007) specifying ‘codon’ 

as sequence type and using “do not allow many contiguous nonconserved positions” under 

“options for a more stringent selection”. These trimmed alignments were concatenated in the 

PhyloSuite v. 1.2.2 package, using the ‘concatenate sequence’ tool (Zhang et al., 2020). 
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Table 1: Details of the chiton species considered. 

Species Family 
Accession 

no. 

Length of 

mitogenome (bp) 
Reference 

Chaetopleura 

apiculata 
Chaetopleuridae KY824658.1 15108 

Guerra et al. 

(2018) 

Sypharochiton 

pelliserpentis 
Chitonidae NC_024174.1 15048 

Veale et al. 

(2016) 

Sypharochiton 

sinclairi 
Chitonidae NC_024173.1 15028 

Veale et al. 

(2016) 

Nuttallina 

californica 
Lepidochitonidae NC_026849.1 15604 

Irisarri et al. 

(2014) 

Cyanoplax caverna Lepidochitonidae NC_026848.1 15141 
Irisarri et al. 

(2014) 

Cryptochiton 

stelleri 
Mopaliidae NC_026850.1 15082 

Irisarri et al. 

(2014) 

Katharina tunicata Mopaliidae NC_001636.1 15532 
Boore & 

Brown (1994) 

 

Table 2: Ecology of the chiton species considered. 

Species Habitat 
Depth 

range 
Geographical distribution 

Chaetopleura 

apiculata 
Intertidal (rocky shore) 0 – 37m 

Western Atlantic: USA and 

Colombia 

Sypharochiton 

pelliserpentis 

Intertidal (top of rocks above 

mid tide mark) 
NA 

Southwest Pacific: New Zealand; 

Chatham Islands, coasts of 

Tasmania, Victoria and New South 

Wales in Australia 

Sypharochiton 

sinclairi 

Intertidal (under stones and 

in rock pools over the lower 

tidal and sub-tidal region) 

NA Southwest Pacific: New Zealand 

Nuttallina 

californica 

Intertidal (on rocks or in 

crevices, between mid to 

high tide mark) 

NA 
Northwest Atlantic and Eastern 

Pacific: USA and Mexico 

Cyanoplax 

caverna 
Intertidal (sea cave) NA California 

Cryptochiton 

stelleri 

Intertidal (lower intertidal 

and subtidal zones of rocky 

coastline) 

NA 

Northern Pacific Ocean from 

Central California to Alaska, 

across the Aleutian Islands to the 

Kamchatka Peninsula and south to 

Japan 

Katharina 

tunicata 

Intertidal (stony or rocky 

bottoms or on rocky shores 

with heavy wave action) 

0 – 40m 

Kamchatka, Russia through the 

Aleutian Islands to southern 

California; Alaska to Point 

Conception; North of Santa 

Barbara 
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Data partition schemes and best-fitting substitution models, provided in Table 3, were 

estimated using PartitionFinder 2 (Lanfear et al., 2012) for the PCGs and rRNAs. The 

PartitionFinder analyses were run using a ‘greedy’ search scheme and all models assessed 

under the Bayesian information criterion. Substitution saturation was assessed for each codon 

position in the dataset using the Xia et al. (2003) statistical test, executed in DAMBE7 (Xia, 

2018). Subsequently, the transition/transversion bias (R) was calculated for the 13 PCGs and 

the large variable region using MEGA X. 

For each dataset, Bayesian phylogenetic analyses were performed using MrBayes v. 3.2.6 in 

the PhyloSuite software package (Ronquist et al., 2012). The partitions suggested by 

PartitionFinder were imported into MrBayes and all model parameters were set as unlinked 

across partitions. Two independent Bayesian runs, each with four MCMC chains, were 

implemented for 5 million generations, with sampling every 100 generations. The first 25% 

of the trees were discarded as burn-in. A consensus tree and Bayesian posterior probabilities 

were estimated based on the remaining trees. All the phylogenies generated were visualized 

using Figtree v. 1.4.3 (http://tree.bio.ed.ac.uk/software/figtree/) and iTOL v5 (Letunic & 

Bork, 2019). 

Table 3: The partitioning scheme and best-fitting models selected for the dataset of 13 PCGs 

and 2 rRNAs, using PartitionFinder 2. 

Subset Subset Partitions Best Models 

1 atp6 GTR + G 

2 atp8 HKY + I 

3 cox1 GTR + I + G 

4 cox2 HKY + G 

5 cox3 GTR + I + G 

6 cytb GTR + I + G 

7 nd1 GTR + I + G 

8 nd2 GTR + I + G 

9 nd3 HKY + G 

10 nd4 GTR + I + G 

11 nd4l HKY + G 

12 nd5 GTR + I + G 

13 nd6 HKY + G 

14 12S rRNA GTR + I 

15 16S rRNA GTR + G 
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1.2.3 Selection pressure analyses 

The estimation of ω, the ratio of nonsynonymous substitutions (dN) to synonymous 

substitutions (dS), indicates the nature of natural selection operating on PCGs. Under 

neutrality, the ratio should not differ significantly from 1 (ω = 1), whereas cases in which the 

ratio differs significantly from 1 may be interpreted as indicative of positive selection (ω > 

1) or negative selection (ω < 1). The ω values were determined using the codon-based 

maximum likelihood (CODEML) algorithm implemented in EasyCodeML v. 1.21 (Gao et 

al., 2019; Yang, 2007). Both site and branch–site models were used to identify the variation 

in selective pressures on individual mitochondrial PCGs. Seven codon substitution models 

described as M0 (one-ratio), M1a (nearly neutral), M2a (positive selection), M3 (discrete), 

M7 (beta), M8 (beta and ω > 1) and M8a (beta and ω = 1) were investigated and four 

likelihood ratio tests (M0 vs M3, M1a vs M2a, M7 vs M8 and M8a vs M8) were performed 

to assess the likelihood of positive selection on each site for individual PCGs (Anisimova et 

al., 2001; Yang et al., 2000; Yang et al., 2005). On the other hand, branch–site models enable 

ω to differ among sites and across branches of the phylogenetic tree (Zhang et al., 2005). 

Thus, I tested for positive selection on each of the 11 branches of the phylogeny (ML tree 

without outgroup), considering a single foreground branch (branch of interest) at a time. 

Bayes Empirical Bayes (BEB) analysis was used to compute posterior probabilities in order 

to recognize sites under positive selection on the selected branches if the likelihood ratio test 

(LRT) P-values are significant (BEB > 95%). The requirement for running EasyCodeML is 

an alignment file and a phylogenetic tree. For each of the 13 PCGs, 13ML trees were 

generated with identical topologies using MEGA X. 

The HyPhy v. 2.5 package (www.hyphy.org) was used to assess codons under selection 

pressure (Pond et al., 2020). Mixed effects model of evolution (MEME) and fixed effects 

likelihood (FEL) analyses were carried out to detect individual sites subjected to episodic 

diversifying selection and purifying selection, respectively (Pond & Frost, 2005; Murrell et 

al., 2012). For both analyses, P-values < 0.05 were considered to be significant. The impact 

of potential positive selection was detected using the software TreeSAAP v. 3.2, which 

detects changes in local physicochemical properties due to amino acid replacements 

(McClellan & Ellison, 2010; Woolley et al., 2003). A sliding window equal to 20 codons 

along with magnitude categories ≥ 6 was used to assess amino acid property changes; P-

values < 0.001 (z-score > 3.09) were treated as being significant. 

1.2.4 Protein modelling and structural analysis 

In order to understand the influence of sites undergoing positive selection and/or 

physicochemical property changes due to amino acid replacements, I mapped the amino acids 

onto the 3D structure of mitochondrial proteins (products of PCGs). Owing to the lack of 3D 

structures of molluscan mitochondrial subunits in the Protein Data Bank (PDB; 

https://www.rcsb.org) (Berman et al., 2000), I modelled the products of 13 PCGs for the 
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chiton Chaetopleura apiculata. The gene order of C. apiculata proved to be unexpectedly 

primitive among Polyplacophora (Guerra et al., 2018), which prompted me to select this 

species for the purpose of protein modelling. The structures of the COX subunits and the 

CYTB protein were modelled using the SWISS-MODEL server 

(https://swissmodel.expasy.org), with 3ABM and 3H1I.1.C as templates, respectively (A. 

Waterhouse et al., 2018). The models for the remaining mitochondrial proteins, belonging to 

complexes I and V, were generated using the I-TASSER server 

(https://zhanglab.ccmb.med.umich.edu/I-TASSER/), using default parameters (Yang & 

Zhang, 2015; Zhang, 2008). The structural accuracy of the models was improved by a two-

step atomic-level potential energy minimization process, implemented in the ModRefiner 

server (https://zhanglab.ccmb.med.umich.edu/ModRefiner) (D. Xu & Zhang, 2011). The 

stereochemical qualities of the models were verified using the PROCHECK server 

(https://servicesn.mbi.ucla.edu/PROCHECK) (Laskowski et al., 1993). Complexes I and IV 

from the constituent proteins were generated by structurally aligning the components to the 

corresponding complex I and IV templates from the sheep Ovis aries (PDB ID: 5LNK) and 

cattle Bos taurus (PDB ID: 3ABM), respectively, using the software PyMOL v. 2 (DeLano, 

2002). Additional information about the orientation of transmembrane domains of these 

proteins was obtained using the TMHMM server v. 2.0 

(http://www.cbs.dtu.dk/services/TMHMM) (Krogh et al., 2001). PyMOL was used for 

graphic modification, visualization and depicting the final illustrations. 

1.3 Results and Discussion 

1.3.1 Phylogenetic analyses and diversity 

The phylogeny derived from the PCGs of seven chitons displayed a topology similar to that 

of Guerra et al. (2018) (Figure 1), with families Mopaliidae and Lepidochitonidae as sister 

clades to Chaetopleuridae and Chitonidae. I chose to use a vetigastropod as the outgroup in 

comparison to Guerra et al. (2018), who used Haliotis rubra and Solemya velum. The 

phylogeny based on the concatenated rRNA sequences yielded the same topology (Figure 2). 

Next, I analyzed the highly polymorphic noncoding large variable region in the chiton 

mitochondrial genomes. This region is located between tRNAGlu and cox3 in all species 

studied here, except for Cyanoplax caverna and Nuttallina californica, where the region is 

located between tRNAGlu and 12S rRNA (Guerra et al., 2018). The multiple sequence 

alignment (Figure 3) of the (AT-rich) noncoding region showed a high sequence variability, 

rendering it unsuitable to infer phylogenetic relationships. 

The evolutionary models obtained for estimating the transition/transversion bias were: GTR 

+ I + G for nd1, nd2, nd4, nd5, cytb, cox1, cox3; GTR + G for atp6; HKY + G for nd3, nd4l, 

nd6, cox2; HKY + I for atp8; GTR for the large variable region. Calculating 

transition/transversion bias is important for deciphering genome evolution since it allows 
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verifying the occurrence of nucleotide conversions (Yang & Yoder, 1999). Generally, 

nucleotide transition is favored over transversion (Stoltzfus & Norris, 2016). Here, all PCGs 

except atp8 follow the same trend (Figure 4; Table 4). However, this transition bias is absent 

in the large variable region. This finding agrees with the observation that transversions in 

noncoding regions show larger effects on the alterations of the DNA backbone and regulatory 

element activities (changes in gene expression, transcription factor binding and gene 

regulation) (Guo et al., 2017). 

 

 

Figure 1: Bayesian consensus tree based on the concatenated mitochondrial PCGs from 

seven chitons. Branch support values (posterior probabilities) are shown. Stomatella 

planulata was used as outgroup. Families of the polyplacophorans corresponding to each 

clade are indicated on the right side of the tree. Scale bar indicates substitutions per site. 
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Figure 2: Bayesian tree based on the concatenated sequences of two rRNAs from seven 

chiton species. Stomatella planulata was used as outgroup. Posterior probabilities for each 

branch are shown. Scale bar indicates substitutions per site. 
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Figure 3: Multiple sequence alignment of the large variable region from seven chiton species, 

as generated by MUSCLE. The nucleotide bases are indicated as follows: A (adenine), red; 

T (thymine), blue; C (cytosine), green; and G (guanine), yellow. Abbreviations used: 

Ccaverna, Cyanoplax caverna; Ncalifornica, Nuttallina californica; Cstelleri, Cryptochiton 

stelleri; Capiculata, Chaetopleura apiculata; Ktunicata, Katharina tunicata; Spelliserpentis, 

Sypharochiton pelliserpentis; and Ssinclairi, Sypharochiton sinclairi. 
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Table 4: Estimation of transition/transversion bias (R) under appropriate nucleotide 

substitution models for the 13 PCGs and the large variable region, performed in MEGA X. 

Gene Model 
Transition/  

Transversion bias (R) 

atp6 GTR + G 1.76 

atp8 HKY + I 0.88 

cox1 GTR + I + G 2.31 

cox2 HKY + G 1.97 

cox3 GTR + I + G 2.2 

cytb GTR + I + G 2.05 

nd1 GTR + I + G 1.91 

nd2 GTR + I + G 1.74 

nd3 HKY + G 2.31 

nd4 GTR + I + G 1.44 

nd4l HKY + G 2.16 

nd5 GTR + I + G 1.52 

nd6 HKY + G 1.61 

large 

variable 

region 

GTR 0.64 

 

 

Figure 4: Transition/transversion bias for the 13 PCGs and the large variable region of the 

chiton mitogenomes. 
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1.3.2 Selection studies 

Purifying selection is the prevalent force in the evolution of mitogenomes (Ballard & 

Whitlock, 2004). Since mitochondria serve as the major site for energy metabolism and 

production in the cell, weak and/or episodic positive selection may act on its PCGs allowing 

adaptation to environmental changes (Shen et al., 2010; Tomasco & Lessa, 2011). Intertidal 

marine molluscs are ecologically important organisms in the intertidal zone and have 

successfully adapted to this dynamic environment. 

The results from the site-specific models of CODEML show that purifying selection 

dominated the evolution of all mitogenes except for atp8 (Table 5). In other words, the 

likelihood ratio test of M7 vs M8 provided evidence of positive selection for atp8 at codon 

position 44 (LRT: P-value = 0.000204865; BEB value = 0.967). This observation may be 

related to the small size of the ATP8 subunit (55 amino acids). The comparison of the LRTs 

based on site models (M0 vs M3, M1a vs M2a, M7 vs M8 and M8a vs M8) showed that the 

evolutionary rates of the remaining PCGs are under negative constraints. Furthermore, FEL 

analyses indicated that purifying selection was prevalent on all mitochondrial PCGs, with 

few sites evolving under neutrality (P < 0.05). According to FEL results, the PCGs (cox1–

cox3) encoding complex IV subunits had the highest percentage of codons under negative 

selection (Figure 5). I also found that cytb or PCG encoding complex III displayed high levels 

of purifying selection, whereas genes encoding complexes I and V showed comparatively 

more relaxed selection, except for nd4l, which showed negative selection. In contrast, 

MEME-based analyses (P < 0.05), which employed a mixed effects ML approach to identify 

individual sites subjected to episodic diversifying selection, identified nine positively 

selected sites in six genes (cox1, cytb, nd2, nd3, nd4 and nd5) (Table 6). 

Table 5: Log-likelihood values of the site-specific models (CODEML) for atp8. Sites under 

positive selection are marked with * at P < 0.05. 

Model 
No. of  

parameters 
InL 

Model  

compared 

LRT P-

value 

Codon 

position 

Amino 

acid 

BEB 

values 

M3 17 -837.143002 
M0 vs. M3 0.000000000 

- 

M0 13 -881.828094 Not allowed 

M2a 16 -853.115959 M1a vs. 

M2a 
1.000000000 

- 

M1a 14 -853.115959 Not allowed 

M8 16 -838.583856 
M7 vs. M8 0.000204865 

22 M 0.948 

44 C 0.967* 

M7 14 -847.077014 Not allowed 

M8a 15 -842.279835 
M8a vs. 

M8 
0.006551613 

Not allowed 
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Figure 5: Percentage of sites under purifying selection in PCGs encoding mitochondrial 

subunits of chitons, as detected by the FEL test. The subunits are colored according to their 

corresponding complexes: blue, complex I; red, complex III; green, complex IV; orange, 

complex V. 

 

Table 6: Genes and sites under positive selection, detected by MEME in the HyPhy package. 

Gene 
Sites under positive selection 

(p-value < 0.05) 

cox1 507 

cytb 14 

nd2 74, 225 

nd3 117 

nd4 2, 300, 389 

nd5 482 

 

  



28 
 

Since positive selection occurs at only a few positions in a particular lineage for most genes, 

detection of natural selection becomes possible only on the basis of site models. Therefore, 

the more stringent branch–site model was applied, which allows ω value to vary between 

branches and sites simultaneously, to measure divergent selective pressure on the specified 

foreground branch against the remaining background lineages. Identical topologies were 

obtained for all PCGs in 13 ML trees. A representative tree used as the working topology is 

shown in Figure 6. Using the BEB method, I detected 69 sites under potential positive 

selection in 12 PCGs with posterior probabilities ≥ 95% (Figure 6; Table 7). From the results, 

it is evident that the PCGs encoding complex I and V subunits possessed more positively 

selected sites per branch than PCGs encoding complex IV. 

 

 

Figure 6: Schematic representation of the topology for analysing selection pressures on 

individual foreground branches, as based on the branch–site model in CODEML. The 

different branches of the phylogeny are labelled from A to K. Different colored shapes 

represent the 13 mitochondrial PCGs; the number within each shape indicates the number of 

positively selected sites. 
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Table 7: Parameter estimates and likelihood values for PCGs inferred using the branch-site 

model. Sites under positive selection are marked with * at P < 0.05 & ** at P < 0.01. 

Gene  Branch 
Models (no. of 

parameters) 
InL LRT p-value 

Codon 

position 

Amino 

acid 

BEB 

values 

atp6 

C 
Model A (16) 

Model A Null (15) 

-3520.395410 

-3520.806490 
0.364549389 

94 

105 

S 

L 

0.998** 

0.977* 

E 
Model A (16) 

Model A Null (15) 

-3515.87977 

-3518.721861 
0.017118518 

8 

33 

50 

124 

Q 

Q 

S 

S 

0.987* 

0.968* 

0.962* 

0.965* 

I 
Model A (16) 

Model A Null (15) 

-3505.435324 

-3508.751060 
0.010019243 

7 

17 

39 

70 

121 

124 

170 

207 

E 

P 

Y 

V 

S 

S 

G 

L 

0.962* 

0.980* 

0.984* 

0.953* 

0.976* 

0.955* 

0.952* 

0.978* 

K 
Model A (16) 

Model A Null (15) 

-3526.295771 

-3526.295771 
1.000000000 69 N 0.952* 

atp8 D 
Model A (16) 

Model A Null (15) 

-850.602983 

-850.602983 
1.000000000 30 W 0.952* 

cox1 

F 
Model A (16) 

Model A Null (15) 

-5762.277719 

-5764.268241 
0.046015035 499 H 0.988* 

I 
Model A (16) 

Model A Null (15) 

-5751.066253 

-5753.626005 
0.023658378 

327 

404 

491 

R 

R 

D 

0.971* 

0.970* 

0.976* 

cox2 

H 
Model A (16) 

Model A Null (15) 

-3103.062964 

-3105.449412 
0.028911154 49 K 0.998** 

I 
Model A (16) 

Model A Null (15) 

-3102.698834 

-3102.736834 
0.782793109 

6 

205 

Q 

S 

0.983* 

0.982* 

cox3 

E 
Model A (16) 

Model A Null (15) 

-3415.190076 

-3419.147264 
0.004904349 

106 

217 

T 

I 

0.951* 

0.997** 

H 
Model A (16) 

Model A Null (15) 

-3418.700076 

-3419.807070 
0.136764722 71 K 0.978* 

K 
Model A (16) 

Model A Null (15) 

-3415.056594 

-3415.278312 
0.505468690 97 A 0.968* 

nd1 

J 
Model A (16) 

Model A Null (15) 

-4411.035287 

-4411.559978 
0.305649461 287 S 0.985* 

K 
Model A (16) 

Model A Null (15) 

-4415.651735 

-4415.651735 
1.000000000 161 S 0.986* 

nd2 C 
Model A (16) 

Model A Null (15) 

-5563.703249 

-5563.782031 
0.691409257 

36 

70 

78 

108 

N 

Y 

L 

S 

0.981* 

0.974* 

0.975* 

0.954* 
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114 

135 

316 

C 

S 

W 

0.953* 

0.974* 

0.952* 

D 
Model A (16) 

Model A Null (15) 

-5566.494831 

-5566.494831 
1.000000000 

97 

167 

236 

S 

S 

S 

0.980* 

0.979* 

0.978* 

F 
Model A (16) 

Model A Null (15) 

-5566.472186 

-5567.956701 
0.084872732 

121 

215 

W 

Q 

0.954* 

0.973* 

nd3 E 
Model A (16) 

Model A Null (15) 

-1805.264409 

-1808.912759 
0.006908138 114 Y 0.980* 

nd4 E 
Model A (16) 

Model A Null (15) 

-6950.584020 

-6954.066838 
0.008308989 

46 

60 

267 

294 

322 

373 

S 

S 

K 

G 

S 

F 

0.960* 

0.983* 

0.969* 

0.984* 

0.989* 

0.994** 

nd4l 

D 
Model A (16) 

Model A Null (15) 

-1361.212224 

-1361.264972 
0.745331326 17 C 0.984* 

E 
Model A (16) 

Model A Null (15) 

-1358.749310 

-1359.768974 
0.153277350 

27 

38 

58 

S 

G 

S 

0.998** 

0.957* 

0.988* 

nd6 

E 
Model A (16) 

Model A Null (15) 

-2936.774563 

-2936.911784 
0.600367486 78 S 0.967* 

I 
Model A (16) 

Model A Null (15) 

-2935.117597 

-2935.117597 
1.000000000 

44 

107 

110 

151 

154 

E 

K 

M 

K 

Y 

0.951* 

0.993** 

0.982* 

0.973* 

0.980* 

K 
Model A (16) 

Model A Null (15) 

-2933.082458 

-2934.482546 
0.094253961 

128 

129 

162 

S 

L 

P 

0.954* 

0.994** 

0.976* 

cytb 

E 
Model A (16) 

Model A Null (15) 

-5126.708470 

-5130.743683 
0.004499354 

18 

361 

365 

S 

F 

N 

0.995** 

0.974* 

0.976* 

J 
Model A (16) 

Model A Null (15) 

-5138.463278 

-5139.330524 
0.187838243 367 Y 0.970* 

K 
Model A (16) 

Model A Null (15) 

-5122.220963 

-5127.377406 
0.001321045 

8 

76 

301 

342 

I 

T 

H 

F 

0.955* 

0.965* 

0.999** 

0.976* 
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1.3.3 Alterations of amino acid properties 

Values of ω > 1 indicate that positive selection is possibly the driving force behind adaptive 

evolution of protein-coding DNA sequences. Even if several sites have undergone positive 

selection for the PCGs considered here, it is almost always the case that synonymous 

substitutions are favored in functionally conserved genes. For the nonsynonymous 

substitutions, changes in amino acid properties were identified using TreeSAAP, which 

compares random distributions of amino acid changes based on variable physicochemical 

properties with an expected distribution of changes deviating from neutral conditions. 

Several codon sites (for P < 0.001 and categories 6–8) exhibiting deviations in amino acid 

properties were identified within 13 mitochondrial PCGs from seven chitons. Most of the 

PCGs, except for atp8 and nd6, exhibited changes in the ionization properties for the majority 

of the amino acid substitutions keeping the hydrophobic or hydrophilic nature of the amino 

acids undisturbed. I observed changes in several measures for specific genes: changes in 

solvent accessible reduction ratio (Ra) for atp6, cox1, nd1, nd2, nd4 and nd5; in buriedness 

(Br) for atp8, nd4 and nd5; in power to be at the C-terminal of the α-helix (αc) for cox2, nd4 

and nd6; and in α-helical tendencies (Pα) for cox3 and nd6. Furthermore, nd3 and nd4 showed 

changes in their power to be at the middle of α-helix (αm) and surrounding hydrophobicity 

(Hp), respectively. It is noteworthy that nd4l and cytb exhibited changes only in the ionization 

properties of the amino acids. In order to check whether these changes affect the structural 

and functional organization of the mitochondrial proteins, I mapped the residues in the 

corresponding tertiary structures. 

1.3.4 Tertiary structure prediction of mitochondrial proteins  

The three-dimensional structures of polyplacophoran mitochondrial proteins were modelled 

in the absence of available structures in PDB. The tertiary structures of members from 

complexes I and V were generated using the protein threading approach implemented in I-

TASSER, following lack of suitable templates (experimentally determined structures) for 

homology modelling. Subsequently, the most likely models for each protein were selected 

on the basis of highest C-score value, which is assessed according to the significance of 

threading template alignments and the convergence parameters of the structure assembly 

simulations (Table 8). The models of the remaining mitochondrial subunits, belonging to 

complexes III and IV, were built through homology modelling in the SWISS-MODEL server. 

The model details and evaluation parameters, provided by template-based modelling, are 

given in Table 9. Ramachandran plot analysis of the protein models, carried out in 

PROCHECK, revealed less than 1% of the residues as outliers. 
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Table 8: Details of protein structure prediction by I-TASSER. 

 

 

Complex Subunit C-score Estimated TM-score Estimated RMSD (Å) 

I ND1 2 0.99 ± 0.04 2.2 ± 1.7 

I ND2 1.39 0.91 ± 0.06 3.5 ± 2.4 

I ND3 0.57 0.79 ± 0.09 3.2 ± 2.3 

I ND4 1.77 0.96 ± 0.05 3.4 ± 2.4 

I ND4L 0.89 0.83 ± 0.08 2.0 ± 1.6 

I ND5 2 0.99 ± 0.04 3.4 ± 2.3 

I ND6 -0.72 0.62 ± 0.14 6.5 ± 3.9 

V ATP6 0.29 0.75 ± 0.10 5.1 ± 3.3 

V ATP8 -2.30 0.44 ± 0.14 7.5 ± 4.3 

 

 

Table 9: Details of protein structure prediction by homology modelling. 

 

Complex Subunit 
Parent 

template 
Species 

Sequence 

identity 

Sequence 

similarity 
GMQE 

RMSD with 

parent 

template (Å) 

III CYTB 3H1I.1.C 
Gallus 

gallus 
60.05 0.49 0.89 0.114 

IV COX1 3ABM.1.A Bos taurus 76.34 0.54 0.97 0.080 

IV COX2 3ABM.1.B Bos taurus 59.01 0.49 0.80 0.088 

IV COX3 3ABM.1.C Bos taurus 67.97 0.52 0.88 0.080 

 

Note: GMQE (Global Model Quality Estimation) is a quality estimation combining 

properties from the target-template alignment and the template search method. 

 

1.3.5 Mapping of positively selected sites in the predicted protein structures 

The putative positively selected sites, identified by CODEML and MEME, were mapped on 

the corresponding mitochondrial subunits, to determine their positions and significance in 

protein structure and function. Additionally, sites displaying changes in the physicochemical 

properties of amino acids, as inferred by TreeSAAP, were marked (Figures: 7–10). I used 

TMHMM to identify which of these sites are located in the transmembrane region or in the 

loop and found that a majority of the sites were within or in the vicinity of the domain. The 

subunits of complex I, except for ND6, show more instances of positive selection in the 

proton pump than the loop region (Figure 11). Complex IV is an exception with only one out 

of the three subunits having more positively selected sites in the transmembrane domain. 

Thus, complex III and ATP6 of complex V follow the trend of complex I. Furthermore, the 
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presence of positively selected residues mostly in the loop region of ND6 and ATP8 may 

provide a probable correlation with the restriction of amino acid changes in ionization 

properties, as obtained from TreeSAAP. 

 

 

Figure 7: Computationally predicted atomic-level structure of mitochondrial complex I 

(ND1–ND6 and ND4L) of Chaetopleura apiculata. Positively selected sites inferred by 

CODEML and MEME are shown in red; residues with amino acid substitutions, as revealed 

by TreeSAAP, are in pink; and sites identified by all these methods are displayed in orange. 

  



34 
 

 

Figure 8: Computationally predicted atomic-level structure of mitochondrial CYTB subunit 

of Chaetopleura apiculata. Positively selected sites inferred by CODEML and MEME are 

shown in red and residues with amino acid substitutions, as revealed by TreeSAAP, are in 

pink. 

 

Figure 9: Computationally predicted atomic-level structure of mitochondrial complex IV 

subunit (COX1–COX3) of Chaetopleura apiculata. Positively selected sites inferred by 

CODEML and MEME are shown in red and residues with amino acid substitutions, as 

revealed by TreeSAAP, are in pink. 

 



35 
 

 

Figure 10: Computationally predicted atomic-level structure of mitochondrial subunits ATP6 

(A) and ATP8 (B) of Chaetopleura apiculata. Positively selected sites inferred by CODEML 

and MEME are shown in red; residues with amino acid substitutions, as revealed by 

TreeSAAP, are in pink; and sites identified by all these methods are displayed in orange. 

 

 

Figure 11: Distribution of sites, under positive selection and/or showing radical amino acid 

changes, between the transmembrane helices and the loop areas in individual mitochondrial 

subunits. 
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Complex I (proton-pumping NADH:ubiquinone oxidoreductase), the largest and most 

complicated enzyme set of the OXPHOS pathway, is responsible for NADH oxidation, 

ubiquinone reduction and proton pumping leading to ATP synthesis by complex V (Wirth et 

al., 2016). ND2, ND4 and ND5 are considered to be the pivotal members for maintaining the 

proton pump due to their sequence homology with a class of Na+/H+ antiporters (Mathiesen 

& Hägerhäll, 2002). Nonsynonymous substitutions in these subunits may either increase or 

decrease the efficacy of the proton pump. This could happen through biochemical changes 

that enhance/impair the proton translocation mechanism or improve/interrupt the redox-

linked conformational changes (Brandt, 2006). I observed more sites with radical amino acid 

changes in ND proteins that can be attributed to their overall high mutation rate (da Fonseca 

et al., 2008). 

CYTB of complex III in the electron transport chain plays a fundamental role in energy 

production by catalysing reversible electron transfer from ubiquinol to cytochrome c coupled 

to proton translocation (Trumpower, 1990). I observed instances of positive selection in the 

functionally significant domains of CYTB, which may be correlated with the adaptation of 

chitons to the fluctuating environment of the intertidal zone. In line with previous studies 

(Luo et al., 2008; Sun et al., 2018), I have substantial evidence of positive selection in the 

COX subunits (COX1–COX3), which is indicative of adaptive tolerance in intertidal 

organisms to intermittent hypoxia. Furthermore, sites under diversifying selection were 

identified in members of complex V (ATP synthase), the final enzyme complex of the 

respiratory chain that is involved in the electrochemical gradient across the inner 

mitochondrial membrane to drive ATP production (Hassanin et al., 2009; Zhang et al., 2017; 

Zhou et al., 2014). Therefore, mutations in ATPase genes have implications for the adaptive 

evolution of stress-tolerant intertidal chitons. 

Similar studies on cephalopods, gastropods and bivalves have revealed significant evidence 

of positive selection in their OXPHOS subunits and these have been linked to mitogenomic 

adaptation (Almeida et al., 2015; Romero et al., 2016; Yang et al., 2019). Yet, unlike previous 

observations on other molluscan classes, I found several instances of diversifying selection 

acting differentially on all the members of mitochondrial complexes. Although the 

mechanisms of physiological adaptation in intertidal chitons remain elusive, my results 

clearly reflect the dynamic evolution of their mitochondrial genomes. The adaptive 

mitochondrial genomes may enable the chitons to thrive in the harsh environment of the 

intertidal zone. Intertidal chitons display elevated sensitivity to environmental stressors, such 

as thermal stress, changing ion concentration, fluctuation in osmolarity and reduced oxygen 

availability. Survival of these organisms depends on a modified and adaptive energy 

metabolism. This study provides insight into the molecular mechanisms underlying the 

adaptive strategies of polyplacophorans to the intertidal habitat from a mitochondrial 

perspective. 
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Chapter 2 

Comparison of evolutionary selection acting on the mitochondrial protein-coding 

genes between intertidal and deep sea gastropods 

2.1 Introduction 

Animal mitochondrial DNA usually contains 13 protein-coding genes (PCGs), 2 rRNAs and 

22 tRNAs essential for the translation of oxidative phosphorylation (OXPHOS) proteins. 

Cytochrome c oxidase subunit 1 - 3 (COX1 - COX3), cytochrome b (CYTB), NADH 

dehydrogenase subunit 1 - 6 (ND1 - ND6 & ND4L) and ATPase subunits (ATP6 & ATP8) 

are the subunits of the respiratory chain complexes, namely Complex I, III, IV and V, 

respectively (Blier et al., 2001). Mitochondrial genomes are an excellent source of 

information for phylogenetic and evolutionary studies but their application in marine 

invertebrates, particularly molluscs remain limited (Zhang et al., 2021). 

 

Oxidative phosphorylation as well as innate immune response are regulated by mitochondrial 

PCGs (Lartigue & Faustin, 2013). Therefore, cellular homeostasis and survival relies largely 

on the maintenance of mitochondrial integrity and signaling (Sokolova, 2018). Determination 

of selection pressures acting on mitochondrial PCGs could shed light into the adaptive 

evolution of the mitochondrial genome. In the present study, I utilized gastropod 

mitogenomes to elucidate their environmental adaptation in intertidal and deep sea zones.  

 

Gastropods represent the largest class of the phylum Mollusca, with number of species 

ranging from 80,000 to 150,000 (Appeltans et al., 2012; Parkhaev, 2007). Apart from being 

the only terrestrial molluscs, gastropods live in every conceivable place on Earth with marine 

ones occupying habitats ranging from the deepest ocean basins to the intertidal zone, as well 

as freshwater and other inland water habitats. The intertidal zone is the region between the 

highest and lowest tides, depicting the transition from ocean to terrestrial conditions. 

Organisms inhabiting this zone are able to maintain mitochondrial homeostasis amidst 

regular oscillations of immersion and emersion, along with tremendous variations of abiotic 

factors such as light, temperature, salinity and oxygen concentrations (Jensen & Denny, 

2016). Consequently, gastropods living in this area need to withstand the dynamic conditions 

of the intertidal zone. On the other hand, gastropods are also an important component of the 

fauna in hydrothermal vents with regard to abundance and biomass (Chen et al., 2015). Deep 

sea hydrothermal vents are characterized by extreme physicochemical conditions, such as 

high hydrostatic pressure, fluctuating temperatures, low levels of oxygen and high 

concentrations of heavy metals and other toxic chemicals (Van Dover et al., 2002). Since 

acclimation to extreme habitat conditions are often correlated to the evolution of 

mitochondrial PCGs, detailed studies of gastropod mitogenome may uncover interesting 

aspects of molecular adaptations to living in intertidal and deep sea environment. In the 



38 
 

present study, fifteen gastropod mitochondrial genomes were considered to detect signs of 

natural selection and ascertain the adaptive evolution of the mitochondrial PCGs. I performed 

site and branch-site specific likelihood analyses to estimate the probability of positive 

selection on each site and branch of individual mitochondrial protein-coding genes across 

these species (Dhar & Dey, 2021). 

 

2.2 Material and Methods 

 

2.2.1 Sequence retrieval 

The nucleotide sequences of 13 mitochondrial PCGs of 15 gastropods were downloaded from 

the National Center for Biotechnology Information (NCBI) database. Among the 15 

gastropods, 13 species inhabiting the intertidal zone and 2 deep sea species were considered. 

The details and the ecology of the organisms are provided in Table 10 and 11, respectively. 

 

2.2.2 Sequence alignment and model selection 

The datasets of the 13 mitochondrial PCGs (cox1–cox3, cytb, atp6, atp8, nd1–nd6 and nd4l) 

were constructed with the mitogenomes obtained from the 15 gastropod species. Codon-

based alignment was performed using MUSCLE (Edgar, 2004) integrated in the MEGA X 

software (Kumar et al., 2018) selecting the invertebrate mitochondrial genetic code. The best-

fitting substitution models for 13 mitochondrial PCGs were estimated using the option ‘Find 

Best DNA/Protein Models’ in the MEGA X software (Table 12). 

 

Table 10: Details of the gastropod species considered. 

Serial No. Accession no. Species Family 

1 AY588938.1  Haliotis rubra Haliotidae 

2 JN790612.1 Fissurella volcano Fissurellidae 

3 DQ862058.1 Conus textile Conidae 

4 NC_030536.1 Conus striatus Conidae 

5 NC_032377.1 Californiconus californicus Conidae 

6 KF728890.1 Nerita versicolor Neritidae 

7 NC_010090.1 Reishia clavigera Muricidae 

8 NC_017886.1 Concholepas concholepas Muricidae 

9 NC_012383.1 Siphonaria pectinata Siphonariidae 

10 NC_012376.1 Onchidella celtica Onchidiidae 

11 NC_016181.1 Peronia peronii Onchidiidae 

12 NC_031861.1 Stomatella planulata Trochidae 

13 NC_030595.1 Littorina saxatilis Littorinidae 

14 LC107880.1 Lepetodrilus nux Lepetodrilidae 

15 MK404176.1 Pseudorimula sp. Lepetodrilidae 
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Table 11: Ecology of the gastropod species considered. 

 

Species Habitat 
Depth 

range 
Geographical distribution 

Haliotis rubra 

Intertidal (rocky surfaces, 

hidden in crevices, caves, 

fissures or vertical rock 

faces; frequent in 

estuaries, in natural beds 

on a shingle and mud 

bank) 

0 – 50m 

Indo-West Pacific: Endemic to 

Australia, from Fremantle, Western 

Australia to Angourie, New South 

Wales and south to Blubber Head, 

Tasmania 

Fissurella 

volcano 

Intertidal (underside of 

rocks) 
NA Eastern and Western Pacific Ocean 

Conus textile Intertidal 0 – 10m 

Red Sea, the tropical Indo-Pacific, off 

Australia (New South Wales, Northern 

Territory, Queensland and Western 

Australia), New Zealand, the Indian 

Ocean from eastern Africa to Hawaii, 

and French Polynesia 

Conus striatus Intertidal  1 – 50m 

Red Sea, Indian Ocean off the Aldabra 

Atoll, Madagascar, the Mascarene 

Basin, Mauritius and Tanzania; Pacific 

Ocean off the Philippines, Australia 

(Northern Territory, Queensland, 

Western Australia), New Zealand, 

New Caledonia and Thailand and 

Hawaiian islands. 

Californiconus 

californicus 

Intertidal (rocky and 

sandy bottoms) 
0 – 45m Eastern Pacific: USA to Mexico 

Nerita 

versicolor 

Intertidal (upper part of 

shores, often in crevices 

and pits of rock benches, 

or on branches of littoral 

trees overhanging the 

water) 

0 – 1m 
Indo-Pacific and Western Central 

Atlantic 

Reishia 

clavigera 
Intertidal (rocky shores) NA 

Western Pacific: Southeast and 

Northeast Asia 

Concholepas 

concholepas 

Intertidal (rocky 

substrates, tidepools and 

rock crevices) 

0 – 40m 

Eastern Pacific and Western Atlantic: 

From Lobos de Afuera Island, Peru to 

Cape Horn, Chile 

Siphonaria 

pectinata 
Intertidal (rocky shores) NA 

North Atlantic Ocean and 

Mediterranean Sea 

Onchidella 

celtica 

Intertidal (rocky 

shorelines) 
NA 

East Atlantic coastline, from western 

Scotland, western England and the 

Channel Islands, south to Spain and 

the Azores, including Great Britain 

and 

Coastline of Brittany 
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Peronia 

peronii 

Intertidal (crevices and 

under rocks) 
NA 

Indo-West Pacific: Red Sea to Western 

Pacific 

Stomatella 

planulata 

Intertidal (stones and 

gravel) 
0 – 30m 

Western Pacific: Northern Marianas, 

Japan, Philippines and Taiwan 

Littorina 

saxatilis 

Intertidal (crevices of 

intertidal bedrock, in 

empty barnacle shells, 

and under rocks) 

0 – 46m 

Shores of the North Atlantic Ocean, 

including Hudson Bay, Baffin Island, 

Greenland, and the Barents Sea, south 

along the American East Coast to 

Chesapeake Bay, and along the 

European coast to the Straits of 

Gibraltar 

Lepetodrilus 

nux 

Deep sea (hydrothermal 

vents) 

640 – 

1580m 
Northwest Pacific 

Pseudorimula 

sp. 

Deep sea (hydrothermal 

vents) 

750 – 

4200m 

West Pacific, North Atlantic, and 

Indian oceans 

 

Table 12: The best-fitting models selected for the 13 PCGs using MEGA X. 

PCGs Model selected 

atp6 GTR + G 

atp8 T92 + G 

cox1 GTR + G 

cox2 T92 + G 

cox3 HKY + G 

cytb GTR + G + I 

nd1 HKY + G + I 

nd2 GTR + G 

nd3 T92 + G 

nd4 GTR + G + I 

nd4l T92 + G 

nd5 GTR + G + I 

nd6 GTR + G 

 

2.2.3 Selection pressure analyses 

The estimation of ω, i.e., the ratio of non-synonymous substitutions (dN) to synonymous 

substitutions (dS) has been extensively used as an indicator of selection pressure on protein-

coding genes. For protein-coding nucleotide sequences, the ratio of non-synonymous to 

synonymous substitutions (ω) differentiates neutrally evolving sequences (ω = 1) from those 

subjected to negative (ω < 1) or positive (ω > 1) selection. The ω values were measured in 

EasyCodeML v1.21 that uses the codon-based maximum likelihood (CODEML) algorithm 
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(Gao et al., 2019; Yang, 2007). I performed both site and branch-site model analyses to 

identify the contrasting selection pressure acting on individual mitochondrial PCGs. Seven 

codon substitution models namely M0 (one-ratio), M1a (nearly neutral), M2a (positive 

selection), M3 (discrete), M7 (beta), M8 (beta and ω > 1) and M8a (beta and ω = 1) were 

considered and four likelihood ratio tests (M0 vs. M3, M1a vs. M2a, M7 vs. M8 and M8a vs. 

M8) were implemented to estimate the likelihood of positive selection on each site for 

individual PCGs (Anisimova et al., 2001; Yang et al., 2000; Yang et al., 2005). On the other 

hand, branch-site models enable ω to differ among sites and across branches of the 

phylogenetic tree (Zhang et al., 2005). Therefore, I evaluated selection on each site 

considering a single foreground branch (branch of interest) at a time. Posterior probabilities 

were computed using Bayes Empirical Bayes (BEB) analysis in order to recognize sites under 

positive selection on the selected branches if the Likelihood Ratio Test (LRT) P-values are 

significant (BEB > 95%). The requirement of running EasyCodeML is an alignment file and 

a phylogenetic tree. For each of the 13 PCGs, 13 Maximum Likelihood trees were generated 

using MEGA X software. In this study, only the leaf nodes were taken into consideration. 

HyPhy package v2.5 (available from www.hyphy.org) was used to assess codons under 

selection pressure (Pond et al., 2020). MEME (Mixed Effects Model of Evolution) and FEL 

(Fixed Effects Likelihood) analyses were performed to detect individual sites subjected to 

episodic diversifying selection and purifying selection, respectively (Pond & Frost, 2005; 

Murrell et al., 2012). Both analyses were done using a P-value ≤ 0.05 significance level. 

 

2.3 Results and Discussion 

 

2.3.1 Selection studies 

Episodic positive selection acts on the mitochondrial PCGs that allow the organisms to adapt 

to extreme environmental changes (Shen et al., 2010; Tomasco & Lessa, 2011). The intertidal 

zone is one of the most stressful environments with extreme alterations in temperature, pH, 

salinity, and oxygen concentrations. The gastropods inhabiting this zone have successfully 

adapted to this dynamic environment. On the other hand, deep sea gastropods also face high 

hydrostatic pressure, variable temperatures and pH, and high levels of hydrogen sulphide, 

methane, and heavy metals. Considering the challenging conditions of both the zones, I 

investigated positive selection in the mitochondrial genes of intertidal and deep sea 

gastropods using EasyCodeML. 

 

According to the results from the site-specific models of CODEML, negative selection 

dominated the evolution of all mitogenes. In other words, the comparison of the LRTs based 

on site models (M0 vs. M3, M1a vs. M2a, M7 vs. M8 and M8a vs. M8) revealed that the 

evolutionary rates of the PCGs are under negative constraints. Additionally, purifying 

selection was prevalent on all mitochondrial PCGs as revealed from the FEL analyses, with 

few sites evolving under neutrality (P-value < 0.05). From Figure 12, it is evident that the 
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PCGs (cox1–cox3) encoding complex IV subunits had the highest percentage of codons 

under negative selection. PCG-encoding complex III (cytb) also displayed high levels of 

purifying selection, whereas genes encoding complex I and V showed relatively more relaxed 

selection. In contrast, sixteen positively selected sites were identified in eight genes (atp8, 

cytb, cox1, cox3, nd2, nd4, nd5 and nd6) using MEME and FEL (Table 13). 

 

 

Figure 12: Percentage of sites under purifying selection in PCGs encoding mitochondrial 

subunits of gastropods, detected by FEL test. The subunits are colored according to their 

corresponding complexes: complex I (blue), complex III (red), complex IV (green) and 

complex V (orange). 

 

Table 13: Sites of different mitochondrial PCGs under positive selection, as detected by 

MEME & FEL in the HyPhy package. 

 

Genes Sites under positive selection 

 MEME FEL 

atp8 46 - 

cytb 8 - 

cox1 17, 254 - 

cox3 50 - 

nd2 133 - 

nd4 46, 198, 400 188 

nd5 188, 455, 551 581 

nd6 92, 173 173 
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As diversifying selection occurs at only few sites in a certain lineage for most protein-coding 

genes, identification of natural selection becomes restricted based on-site models only. Hence, 

I applied branch-site model, which allows ω value to differ between branches and sites at the 

same time, to measure varying selection pressure on the specified foreground branch against 

the remaining background lineages. I detected potential positively selected sites in 12 PCGs 

with posterior probabilities ≥ 95% using the Bayes Empirical Bayes method (Figure 13). 

Comparison of the mitochondrial PCGs of intertidal and deep sea gastropods revealed that 

the former lineage has experienced most diversifying selection. Only few sites located on the 

nd2, nd3, nd4, nd5, cytb and atp8 gene were found to be positively selected along the 

branches of deep sea gastropods. Moreover, it is apparent from the results that for both 

intertidal and deep sea gastropods, PCGs encoding complex I subunits exhibited higher 

number of positively selected sites than PCGs encoding other complexes. 

 

 

Figure 13: Distribution of positively selected sites, obtained from the branch-site models of 

CodeML, in 13 mitochondrial PCGs of intertidal and deep sea gastropods. The blue and 

orange bars represent the number of positively selected sites in intertidal and deep sea 

gastropods, respectively. 

 

As a proton pump, the NADH dehydrogenase (Complex I) is the largest and most 

complicated enzyme complex of the respiratory chain. The efficacy of the proton pumping 

process can be influenced by mutation of this complex forming subunits, a feature crucial for 
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adaptive evolution (Ning et al., 2010; Yu et al., 2011). ND2 and ND5 are considered to be 

the central members for maintenance of the proton pump due to their sequence similarity 

with a class of Na+/H+ antiporters (Mathiesen & Hägerhäll, 2002). The effectiveness of the 

proton pump may either increase or decrease upon non-synonymous substitutions in these 

subunits. High number of positively selected sites are exhibited by these two ND protein-

coding genes for both intertidal and deep sea gastropods that can be attributed to their high 

mutation rate (da Fonseca et al., 2008). CYTB of complex III plays a primary role in 

production of energy by catalyzing reversible electron transfer from ubiquinol to cytochrome 

c coupled to proton translocation (Trumpower, 1990). Evidence of positive selection was 

observed in cytb, which may be correlated with the adaptation of gastropods to their 

environment. In line with previous studies (Luo et al., 2008; Sun et al., 2018), signatures of 

positive selection were also observed in cox1 and cox3 along the branches of intertidal 

gastropods, which probably allows intertidal organisms to adapt to intermittent hypoxia. 

Additionally, few sites that were identified under diversifying selection in members of 

complex V (atp6 & atp8), may be involved with the regulation of the electrochemical 

gradient across the inner mitochondrial membrane to drive ATP production (Zhang et al., 

2017). Therefore, the non-synonymous substitutions in ATPase genes provide possible 

implications on adaptive evolution of the stress-tolerant intertidal gastropods and also may 

help deep sea gastropods to thrive under harsh deep sea conditions. 

Unlike two deep sea dwelling gastropod species (Lepetodrilus nux and Pseudorimula sp.), I 

found maximal instances of diversifying selection acting differentially on all the members of 

mitochondrial complexes in the 13 intertidal gastropods considered here. This may be 

attributed to the fact that though deep sea vent systems are driven by several challenging 

abiotic conditions, i.e., no sunlight and highly acidic and toxic vent fluids emerging at 

extreme temperatures, most vent species are restricted to their particular biogeographic 

territory (Rogers et al., 2012). On the other hand, intertidal gastropods have to persist in the 

extremely variable environment of the intertidal zone caused by periodic changes of 

temperature, salinity, pH and hydrodynamic forces (Jensen & Denny, 2016). Hence, survival 

of intertidal organisms depends on an extensively modified and adaptive energy metabolism. 

Although the mechanisms of physiological adaptation in intertidal gastropods remain elusive, 

the results clearly reflect the dynamic evolution of their mitochondrial genomes. Overall, this 

study provides insight into the mitogenomic adaptations of intertidal and deep sea gastropods. 

It is worth mentioning that if the sample size is increased, there might be some deviations in 

the conclusion. However, more species could not be considered in this case owing to the 

unavailability of the complete mitochondrial genome sequences (particularly PCGs) of 

gastropods, specifically those inhabiting the deep sea, in the database. 

  



45 
 

Chapter 3 

In silico analysis of two conserved residues in the structure of big defensin from 

Crassostrea gigas 

3.1 Introduction 

 

Antimicrobial peptides (AMPs) are major constituents of the innate immune system in all 

living multicellular organisms (Bulet et al., 2004). The main families of AMPs found in 

vertebrates are cathelicidins and defensins (De Smet & Contreras, 2005). They play 

important roles in defending against bacterial/viral invasion by interfering with bacteria and 

virus replication (Avila, 2017). Additionally, they possess other functions such as immune 

modulation, apoptosis and wound healing (Lai & Gallo, 2009; Zasloff, 2002). Apart from 

vertebrates and arthropods, several classes of AMPs have been identified in bivalves, such 

as defensins, mytilins, myticins and mytimicin in mussels (Novoa et al., 2016; W. Xu & 

Faisal, 2010); defensins, big defensins, proline-rich AMPs and bactericidal/permeability-

increasing (BPI) proteins in oysters (Gueguen et al., 2009; Rosa et al., 2011; Schmitt et al., 

2010; Zhang et al., 2011); defensin, macin and BPI proteins in clams (Yang et al., 2019a, 

2019b; Zhang et al., 2015). 

 

Defensins are a diverse family of small, cysteine rich and cationic antimicrobial peptides, 

that consist of three or four intramolecular disulphide bonds formed by six or eight cysteine 

residues in a complex folded arrangement of two or three antiparallel β-sheets with or without 

an α-helix structure (Shafee et al., 2017; Tassanakajon et al., 2015). The most distinct 

molecular feature of defensins is their high pI value, which ranges from +6 to +12 in the 

monomeric form, manifested by abundant arginine and lysine residues in their sequences 

(Suresh & Verma, 2006). They kill microorganisms through permeabilization of the 

microbial membrane composed of negatively charged components such as phospholipids, 

teichoic acids and lipopolysaccharides (Jenssen et al., 2006). Vertebrate defensins possess 

six cysteine residues and can be divided into three distinct families: α, β and θ defensins of 

29-35, 35-45 and 18 amino acid residues, respectively (Nguyen et al., 2003). On the other 

hand, invertebrate defensins can primarily be categorized into two classes: (1) the 

invertebrate cysteine-stabilized α-helix/β-sheet motif defensin (CSαβ defensin), containing 

an α-helix linked  to an antiparallel two-stranded/triple-stranded β-sheet by disulphide 

bridges and is found in molluscs, nematodes and arthropods (Carvalho & Gomes, 2009; Zhu, 

2008); (2) the invertebrate big defensin having a disulphide array stabilized β-sheet structure 

(Kouno et al., 2008; Zhu & Gao, 2013) which exists mainly in molluscs (Saito et al., 1995) 

but also present in arthropods (Teng et al., 2012). 
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Big defensin precursors are composed of a signal peptide followed by a prodomain holding 

a dibasic cleavage site, and a multi-domain polypeptide (mature big defensin) (Gerdol et al., 

2020). Mature big defensins possess an N-terminal hydrophobic region and a C-terminal 

region consisting of six cysteine residues (Figure 14A). Till date, only the tertiary structures 

of big defensin from the horseshoe crab and the Pacific oyster have been determined (Figure 

14B) (Kouno et al., 2008; Loth et al., 2019). The peptides are composed of two distinct 

globular domains connected by a flexible linker where the N-terminal hydrophobic domain 

adopts a β1-α1-α2-β2 fold while the cationic C-terminal domain shows the typical cysteine 

pairing of β-defensins (Cys1-5Cys2-4Cys3-6). Interestingly, both structural and phylogenetic 

studies have provided compelling evidence about a shared evolutionary origin for vertebrate 

β-defensins and invertebrate big defensins. It is noteworthy that the N-terminal hydrophobic 

region is the hallmark of big defensins, a trait lost during the transition from basal chordates 

to their vertebrate relatives (Shafee et al., 2017; Zhu & Gao, 2013). Therefore, the elucidation 

of the structural characteristics of big defensins is of utmost significance. 

 

In this study, I have analyzed 24 big defensin protein sequences obtained from different 

molluscan classes, out of which 11 unannotated sequences were identified using the 

tBLASTn tool. Multiple sequence alignment was carried out to estimate the conserved 

residues within the big defensins. Additionally, conserved residues common for both big 

defensins and β-defensins were identified. Furthermore, in silico mutation analysis was 

carried out by constructing the mutants of two conserved residues in the structure of big 

defensin1 from Crassostrea gigas to understand the effect of mutations on the structure and 

function of the protein. The structural and conformational changes of the wild-type and 

mutant proteins were studied at an atomic level using 100 ns molecular dynamics (MD) 

simulation.  
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Figure 14: (A) Structural domain organization of big defensins. Hydrophobic (green frame) 

and β-defensin like (orange frame) domains are indicated at the amino acid sequence 

alignment of certain mature big defensins. Cysteine pairing is indicated by gray lines. Tt-

BigDef = Tachypleus tridentatus Big Defensin; Bj-BigDef = Branchiostoma belcheri 

tsingtauense Big Defensin; Hc-BigDef = Hyriopsis cumingii Big Defensin; Cg-BigDef1 = 

Crassostrea gigas Big Defensin1; Mg-BigDef1 = Mytilus galloprovincialis Big Defensin1; 

Ap-BigDef1 = Argopecten purpuratus Big Defensin1. (B) The 3D structure of canonical big 

defensins showing two structural domains connected by a flexible linker. Source: Gerdol et 

al., 2020. 

 

  



48 
 

3.2 Material and Methods 

3.2.1 Dataset collection 

The amino acid sequences of big defensin from 11 mollusc species were downloaded from 

the National Center for Biotechnology Information (NCBI) database 

(https://www.ncbi.nlm.nih.gov/protein). Additionally, unannotated protein sequences of big 

defensins from 11 other molluscs were identified using the tBLASTn tool (Gertz et al., 2006). 

Furthermore, β-defensin protein sequences from 10 vertebrate species were retrieved from 

the NCBI database. The details of the species analyzed are provided in Table 14. 

3.2.2 Multiple sequence alignment and identification of conserved residues 

Multiple sequence alignments of (1) mature peptide sequences of big defensins from 22 

mollusc species and (2) amino acid sequences pertaining to the C-terminal β-defensin-like 

domain of big defensin and β-defensin from 22 mollusc and 10 vertebrate species, 

respectively, were carried out using MUSCLE v. 3.8.31 (Edgar, 2004) integrated in the 

MEGA X software (Kumar et al., 2018) with default settings. Identification and marking of 

the conserved residues in the alignments were performed in Jalview v2.11.1.4 (Waterhouse 

et al., 2009). 

3.2.3 Mutagenesis and structure validation 

Two conserved, charged amino acid residues obtained from the multiple sequence alignment 

of the β-defensin-like domain of mollusc big defensin and vertebrate β-defensin protein 

sequences, were  mutated. The atomic coordinates of big defensin1 protein from Crassostrea 

gigas were retrieved from the Protein Data Bank (PDB ID: 6QBL) (Loth et al., 2019). Two 

mutated monomeric structures of the aforementioned protein (R64A and E71A) were 

generated in PyMOL using the Mutagenesis wizard by selecting the most probable rotamers 

for each amino acid substitution (Delano, 2002). The stereochemical quality of the wild-type 

and two mutated protein structures after energy minimization in GROMACS 2020.1 

(Abraham et al., 2015) were assessed through PROCHECK (Laskowski et al., 1993) in the 

Structural Analysis and Verification Server (SAVES) v. 5.0 server 

(https://servicesn.mbi.ucla.edu/SAVES/).  
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Table 14: Details of the invertebrate and vertebrate species containing the big defensin and 

β-defensin protein, respectively.  

  Class Species Accession no. 
In

ve
rt

eb
ra

te
s 

B
ig

 d
ef

en
si

n
 

Bivalvia Mizuhopecten yessoensis XP_021358476.1 

Bivalvia Mimachlamys nobilis ANY95044.1 

Bivalvia Argopecten irradians ABC61319.1 

Bivalvia Argopecten purpuratus ANK58567.1 

Bivalvia Pecten maximus XP_033753528.1 

Bivalvia Crassostrea virginica XP_022319212.1 

Bivalvia Hyriopsis cumingii AEP26934.1 

Bivalvia Mytilus galloprovincialis AFC37168.1 

Bivalvia Crassostrea gigas 

AEV46761.1 

AEV46758.1 

AEV46760.1 

Bivalvia Potamilus streckersoni - 

Bivalvia Megalonaias nervosa - 

Bivalvia Venustaconcha ellipsiformis - 

Gastropoda Pomacea canaliculata XP_025098815.1 

Gastropoda Lanistes nyassanus - 

Gastropoda Marisa cornuarietis - 

Gastropoda Pomacea maculata - 

Cephalopoda Octopus sinensis XP_036356192.1 

Cephalopoda Nautilus pompilius - 

Cephalopoda Hapalochlaena maculosa - 

Cephalopoda Sepia pharaonis - 

Cephalopoda Architeuthis dux - 

Polyplacophora Acanthopleura granulata - 

V
er

te
b
ra

te
s 

β
-d

ef
en

si
n

 

Mammalia Homo sapiens AAQ09526.1 

Mammalia Mus musculus AAT67592.1 

Mammalia Pan troglodytes CAL68954.1 

Actinopterygii Oplegnathus fasciatus ADJ21805.1 

Actinopterygii Oryzias latipes ACG55699.1 

Actinopterygii Odonus niger QWB49506.1 

Actinopterygii Channa striata QJW82621.1 

Actinopterygii Oreochromis niloticus QBO59814.1 

Actinopterygii Oncorhynchus mykiss CBB12546.1 

Actinopterygii Epinephelus coioides AET25528.1 

  

https://en.wikipedia.org/wiki/Actinopterygii
https://en.wikipedia.org/wiki/Actinopterygii
https://en.wikipedia.org/wiki/Actinopterygii
https://en.wikipedia.org/wiki/Actinopterygii
https://en.wikipedia.org/wiki/Actinopterygii
https://en.wikipedia.org/wiki/Actinopterygii
https://en.wikipedia.org/wiki/Actinopterygii
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3.2.4 Identification of amino acid network and functional residues in protein structure 

The webPSN v. 2 server (Felline et al., 2020) was utilized for the analysis of network of 

interacting amino acids wherein the wild-type and mutant proteins were considered. The 

ConSurf server (http://consurf.tau.ac.il/) was used to determine the functional regions in the 

protein structure of Crassostrea gigas big defensin. This tool analyzes the evolutionary 

dynamics of amino acid substitutions among homologous sequences and maps them onto the 

structure of the query protein (Ashkenazy et al., 2016). Additionally, ConSeq v. 1.1, 

integrated in the ConSurf server, was used to identify the functionally and structurally 

important residues in the amino acid sequence of big defensin (Berezin et al., 2004). 

3.2.5 Prediction of deleterious mutations 

PROVEAN (Protein Variation Effect Analyzer), a software tool which predicts whether an 

amino acid substitution has an impact on the biological function of a protein (Choi & Chan, 

2015), was used to predict the deleterious or damaging effect of the mutations (R64A and 

E71A) in the protein structure of big defensin. 

3.2.6 Prediction of destabilizing mutations 

Protein stability is often represented by the change in the Gibbs free energy (∆G) upon 

folding. In this study, I have utilized four protein stability prediction tools, DynaMut2 

(Rodrigues et al., 2021), DUET (Pires et al., 2014b), mCSM (Pires et al., 2014a) and 

CUPSAT (Parthiban et al., 2006). DynaMut can be used to analyze and visualize protein 

dynamics by sampling conformations and assess the impact of mutations on protein dynamics 

and stability resulting from vibrational entropy changes. DUET is an integrated 

computational method used for calculating the impact of mutations on the stability of the 

protein. The mCSM algorithm establishes effects of mutations depending on the structural 

signature. CUPSAT uses protein structure environment-specific potential and torsion angle 

potential to find the differences in stability of wild-type and mutant proteins. 

3.2.7 Aggregation propensity analysis 

Solubility is an important feature required for the functioning of a protein. The solubility of 

the mutant forms of big defensin from C. gigas were predicted using the SODA web-server 

(http://protein.bio.unipd.it/soda). The program utilizes the propensity of amino acid sequence 

to aggregate, intrinsic disorder, secondary structure and hydrophobicity to calculate the 

differences in protein solubility (Paladin et al., 2017). 

3.2.8 Molecular dynamics simulation 

Molecular dynamics simulation was performed on the wild-type and two mutated monomers 

of the big defensin protein from C. gigas using the GROMACS simulation package 2020.1. 

OPLS-AA/L all-atom force field was used to model the intramolecular protein interactions 
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and the intermolecular interactions between the protein and solvent molecules (Kaminski et 

al., 2001). Initially the energy of each system was minimized using 500 steps of the steepest 

descent algorithm followed by 20,000 steps of the Polak-Ribiere conjugate gradient method 

to remove the strain in the initial structure. The relaxed structure was immersed in a cubic 

box of extended simple point charge (SPC/E) water molecules with periodic boundary 

conditions in all directions. A minimum distance between the protein and the wall of the cell 

was set to 1 nm. Prior to energy minimization with periodic boundary conditions, each 

solvated system was neutralized by the addition of sodium and chloride ions. 

MD simulation consists of equilibration and production phases. In the first stage of 

equilibration, the solutes (protein, counter ions) were fixed, and the solvent (water molecules) 

was equilibrated for 100 ps of MD at 200 K using an integral time step of 0.001 ps. During 

the equilibration phase, velocity was assigned to the atoms using Maxwell distribution. The 

system was coupled to the heat bath and heated to 300 K in a short run of 100 ps (0.001 ps 

time step) in which the system was allowed to relax in the new condition. This was followed 

by another short simulation of 100 ps with pressure coupling at 1 atm. Finally, the production 

phase of MD simulation was run keeping the temperature, pressure and number of molecules 

of the ensemble invariant. Production phase was continued up to 100 ns using 0.002 ps time 

step for each of the wild-type and mutated big defensin proteins. The average structures for 

each monomer were obtained using the 100 ns trajectory of the MD production run. 

Subsequent analyses that include RMSD (Root Mean Square Deviation), RMSF (Root Mean 

Square Fluctuation) and radius of gyration (Rg) were performed using different programs of 

the GROMACS package on the 100 ns trajectory of the production run. 

3.3 Results 

This study sheds light into the structural and functional significance of two conserved 

residues in the β-defensin-like domain of big defensin from Crassostrea gigas. In addition, 

deleterious/destabilizing effect of mutations, aggregation behavior and conservation score 

were screened using advanced computational methods. Finally, the atomistic details of two 

amino acid mutations (R64A and E71A) have been analyzed through MD simulation 

approach. 

3.3.1 Sequence comparison 

Amino acid variability among 24 big defensin protein sequences from different classes of 

mollusc were observed from the analysis of the multiple sequence alignment. Figure 15 

shows the alignment of the conserved residues both in the hydrophobic domain and β-

defensin-like domain of the mature peptide sequences. Apart from the six conserved 

cysteines in the C-terminal region, two uncharged non-polar residue (glycine and tryptophan), 

two positively charged and one negatively charged amino acid (arginine and histidine; 

glutamic acid) were found to be conserved. On the other hand, owing to a shared ancestral 
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origin between vertebrate β-defensins and invertebrate big defensins, a multiple sequence 

alignment was carried out to identify the conserved residues therein. Two conserved charged 

amino acids were found (except six conserved cysteines) on aligning the amino acid 

sequences pertaining to the C-terminal β-defensin-like domain of big defensin from 

invertebrate mollusc and β-defensin from vertebrate species (Figure 16).  

 

 

Figure 15: Multiple sequence alignment of 24 mature peptides sequences of big defensin 

from different mollusc species performed using MUSCLE integrated in MEGA X software. 

The residues with conservation score above 80% have been colored. The two conserved 

residues to be mutated in silico, have been marked with stars. 
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Figure 16: Multiple sequence alignment of the amino acid sequences pertaining to the C-

terminal β-defensin-like domain of big defensin from invertebrate mollusc and β-defensin 

from vertebrate species, performed using MUSCLE integrated in MEGA X software. The 

residues with conservation score above 80% have been colored. The two conserved residues 

to be mutated in silico, have been marked with stars. 

 

3.3.2 Mutagenesis and structure validation 

Both structural and phylogenetic studies have provided compelling evidence that big 

defensins could be the missing link in vertebrate defensin evolution, as an invertebrate big 

defensin gene has been hypothesized as the most probable ancestor of β-defensins (Shafee et 

al., 2017). Both gene types share a phase I intron in a highly conserved position, at the 5’ end 

of the region encoding the C-terminal cysteine rich region (Gerdol et al., 2020). Figure 16 



54 
 

also revealed the presence of two conserved charged amino acids in the C-terminal region of 

both big defensin and β-defensin sequences. So, two mutated monomeric structures (R64A 

and E71A) of big defensin from Crassostrea gigas were constructed in this study to 

understand their structural and functional significance. The wild-type and mutated monomers 

of big defensin were subjected to energy minimization and validated in PROCHECK, 

available online on the SAVES server, to assess the quality of the protein structures. 

Ramachandran plot for each structure demonstrated that they follow all the stereochemical 

properties with favourable phi (ϕ) and psi (ψ) values with no residues in the outlier region 

(Figure 17). 

 

Figure 17: Ramachandran plot showing the dihedral angle values for (A) wild-type big 

defensin ,(B) R64A mutant and (C) E71A mutant, performed using the PROCHECK server. 

 

3.3.3 Identification of amino acid network and functional residues in protein structure 

Amino acid network analysis of the wild-type protein structure revealed R64 and E71 to be 

hub residues, i.e., they are engaged in different kinds of intramolecular interaction with other 

residues for maintaining the native protein scaffold. At the same time, when the mutated 

structures (R64A & E71A) were considered, the respective amino acid position lost their role 

as hub residue.  

Analysis of conserved amino acid residues in protein provides a better understanding of the 

significance of a particular amino acid residue and probably its localized evolution. Therefore, 

ConSurf was used to find the evolutionary conservation score of each amino acid residue in 

big defensin, where a score of less than 3 and more than 7 indicate variable and conserved 

residues, respectively (Figure 18A). The result of ConSeq analysis shows the degree of 
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conservation as well as the structurally and functionally important residues along the 

sequence of big defensin. Here, R64 and E71 (marked with a star above the residue) have 

been considered as functional residues (Figure 18B). 

 

Figure 18: Evolutionary conservation of amino acid residues in the three-dimensional 

structure of big defensin by ConSurf analysis (A) and in the primary sequence of the same 

protein by ConSeq analysis (B). ‘e’ refers to an exposed residue according to the neural-

network algorithm; ‘b’ refers to a buried residue according to the neural-network algorithm; 

‘f’ refers to a predicted functional residue (highly conserved and exposed); ‘s’ refers to a 

predicted structural residue (highly conserved and buried). The two conserved residues that 

have been mutated are marked with stars.  

 

3.3.4 Prediction of deleterious and destabilizing mutations 

R64A and E71A mutants depicted a deleterious effect on the function of big defensin when 

analyzed by PROVEAN (Table 15). PROVEAN analyzed the consequence of the two 

mutations on the function carried out by the big defensin. PROVEAN score ≤ −2.5 indicates 

that the amino acid variant has damaging effect whereas variant having score > −2.5 is 

considered to have neutral effect on the protein. The program predicted that these two 

mutations have a deleterious effect on the big defensin. Similarly, prediction of destabilizing 
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mutations employing DynaMut2, DUET, mCSM and CUPSAT showed destabilizing 

behavior of the protein by these two mutations (Table 16). 

Table 15: Prediction of deleterious mutation in the big defensin protein using PROVEAN 

web server.  

Variant PROVEAN score Prediction (cutoff = -2.5) 

R64A -6.000 Deleterious  

E71A -6.000 Deleterious 

 

Table 16: Prediction of destabilizing mutation in the big defensin using different 

computational programs. 

Computational method 
Predicted Stability Change (ΔΔGStability) 

R64A E71A 

DynaMut2 Destabilizing Destabilizing 

DUET Destabilizing Destabilizing 

mCSM Destabilizing Destabilizing 

CUPSAT Destabilizing Destabilizing 

 

3.3.5 Aggregation Propensity Analysis 

Solubility of a protein plays a critical role in maintaining the conformation of the protein. 

Analysis of aggregation behavior using the SODA web server aids in molecular identification 

of a mutation to the conformational level. The results revealed that the mutation of R64 and 

E71 in the protein structure of big defensin will increase its solubility (Table 17). 

Table 17: Prediction of aggregation propensities of wild-type and mutant forms of big 

defensin using the SODA web server. 

Variants Aggregation Disorder SODA 

 Score Solubility 

Wild-type -4.652 0.049  

R64A 3.664 -0.025 0.513 More soluble 

E71A 2.507 0.08 1.619 More soluble 

 

3.3.6 Mutation induced conformational stability, flexibility and dynamic changes 

The disruptive effects of R64A and E71A mutations on the conformational stability of big 

defensin from Crassostrea gigas were analyzed through 100 ns MD simulations. Overall 

changes caused by the mutations in the protein structure of big defensin were investigated by 

RMSD calculation. It shows the differences in flexibility of the backbone atoms of the wild-



57 
 

type big defensin and its mutants. The RMSD plot of each protein form reflected convergence 

of the simulation, indicating the overall structural stability of all the monomers (Figure 19). 

 

 

Figure 19: RMSD plot of the backbone atoms of wild-type and mutant big defensin proteins 

over the 100 ns trajectory of the MD production run.   

 

I also calculated the radius of gyration (Rg) which is a measure of the compactness of a 

protein. Differences in Rg values between wild-type and mutated big defensin are shown in 

Figure 20. The mutation E71A shows a significant increase in Rg, suggesting a loss in 

compactness.  
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Figure 20: Radius of gyration of wild-type and mutant big defensin proteins over the 100 ns 

trajectory of the MD production run. 

 

The RMSF for individual residues for wild-type big defensin and mutated monomers were 

computed to infer the residue specific flexibility, taking into account the respective input 

structure for MD production run as reference (Figure 21). It is evident that the R64A mutation 

reduces the fluctuations of the amino acid residue at the 64th position compared to the wild-

type big defensin and E71A mutant. On the other hand, a significant increase in fluctuation 

of the residue at the 71st position was observed in case of E71A mutant.  
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Figure 21: RMSF plots of each residue of wild-type and mutant big defensin proteins over 

the 100 ns trajectory of the MD production run. 

 

3.4 Discussion 

In this study, various computational approaches were used to predict the effect of mutating 

two conserved residues (R64 and E71) in the structure of big defensin from Crassostrea gigas.  

First, this work tested the significance of the two conserved residues using WebPSN and 

ConSeq where both R64 and E71 have been considered as hub and functional residues. 

Results from ConSurf analysis revealed that these residues are located in the evolutionarily 

conserved regions of the tertiary structure of big defensin. 

Defensins are amphipathic molecules with a net positive charge possessing disulfide bonds 

which are important for their molecular function (Park et al., 2018). When disulfide linkages 

are affected, the resulting misfolded defensins could exhibit altered biological functions 

affecting its antimicrobial and chemotactic activity (Wang, 2012). The R64A and E71A 

mutants were considered as deleterious by PROVEAN. These two mutants were further 

analyzed by DynaMut2, DUET, mCSM and CUPSAT, showing that the mutations decreased 

the protein stability. These results indicate that R64A and E71A mutants may affect both the 

protein’s structure and functions. They could be considered as potentially significant residues 

to be targeted for therapeutic purposes. Changes in backbone conformation, residual 
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flexibility, compactness and solvent accessibility probably indicate significant structural and 

functional losses in the big defensin protein due to the two analyzed mutations. 

The prediction of the impact of these mutations on the structural organization of big defensin  

done using bioinformatics tools require further experimental analyses in order to validate 

their effects on the structure and function of big defensin. This effort will add to the 

knowledge in this area especially if investigations are done on other conserved residues in 

both the hydrophobic and the β-defensin-like domains of big defensin, that could not be 

completed in the thesis owing to the shortage of time.  

In conclusion, these results provide the first in-depth understanding of the destabilization and 

loss of conformational dynamics of big defensin from Crassostrea gigas mediated by R64A 

and E71A mutations. These results should be further exploited in order to better understand 

the immune response of oysters to  environmental stress. Such is especially important in view 

of an observed increase in anthropogenic impacts (i.e. temperature rise, nutrient overload and 

chemical pollution of near shore areas) that may result in toxic dinoflagellate blooms 

(Gonzalez-Romero et al., 2017). A good example of this is the recent red tide that affected 

the Pacific coast of Hokkaido resulting in losses of the order of million yens. A better 

knowledge of oysters’ immune system and its components represent an important 

contribution in the search for ways to reinforce the immune responses of both oyster 

seedlings and adults so they can better withstand pathogens and other stress mediated by 

environmental changes predicted for the near future.    
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