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ABSTRACT

Increases in seawater temperatures have imposed physiological constraints which are
partially thought to contribute to recently observed shifts in biogeographic distribution among
closely related intertidal ectotherms. For instance, Mytilus galloprovincialis an introduced warm-
adapted species from the Mediterranean, has displaced the native cold-adapted congener, M.
trossulus, over large latitudinal expanses off the California coast. Several comparative
physiological studies have revealed interspecific differences in thermal tolerance, including
variation in aerobic metabolism and gape behavior, which suggest the invasive congener is better
adapted to acclimate to increasing seawater conditions as predicted due to climate change.
However, current analyses seek to discover the cellular process which contribute to thermal
plasticity at the level of the whole organism in response to temperature stress. Since proteins
represent the primary molecular machinery capable of responding to thermal stress, we
quantified the proteomic response of the adductor muscles (AM) of M. galloprovincialis and M.
trossulus to acute heat stress. After acclimation to 13°C, we exposed mussels to 24°C, 28°C and
32 °C (at a heating rate of 6C/h), kept mussels at the temperature for 1 h and then added a 24-h
recovery period. Posterior adductor muscle samples were then excised and utilized for proteomic
analysis. We were able to detect 273 protein spots within M. galloprovincialis and 286 protein
spots within M. trossulus. Roughly 33% of these protein spots exhibited significant changes in
abundance in response to heat stress within M. trossulus as compared to only 19% in M.
galloprovincialis. In both data sets, most proteins changing abundance are part of the
cytoskeleton or proteins controlling actin thin filament dynamics and stress fiber formation.
Specifically, M. galloprovincialis increased the abundance of proteins involved in thin filament

stabilization and cytoskeletal maintenance. In contrast, M. trossulus increased proteins involved
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in thin filament destabilization and filament turnover. In addition, only M. trossulus increased
proteins involved in the cellular stress response at the highest temperature, suggesting its AM
proteome is more thermolabile. In return, our results suggest that cytoskeletal architecture is
more thermally stable in M. galloprovincialis. The differences in the proteomic responses
suggest that M. galloprovincialis is capable of protecting itself from heat stress through valve

closure at a higher temperature due to the increase in actin stabilizing proteins.

Keywords: thin-filament, heat stress, contractile, adductor muscle, Proteomics.
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I. INTRODUCTION

Overview

Recent increases in carbon emissions have resulted in precipitous changes in climate,
culminating in a steady increase in global surface temperatures over the past half-century
(Burrows et al., 2011; Doney et al., 2012). The world’s oceans have retained a portion of this
heat content (Levitus et al., 2012), resulting in increasing annual sea surface temperatures (IPCC,
2014). These temperature increases are of particular concern, as they often impose constraints
among many coastal ectotherms adaptive capacity to respond to environmental perturbation
(Bernhardt and Leslie, 2013; Portner, 2012; Somero, 2012). For instance, heat stress has been
shown to be energetically taxing towards intertidal invertebrates, as it imposes limitations
towards oxygen availability and decreases aerobic scope (Portner, 2009; Lockwood and Somero,
2011; Portner, 2012). Active thermal tolerance may be accomplished through behavioral
modifications or primary physiological response mechanisms such as the attenuation of
cardiocirculatory rates and aerobic metabolism (Somero, 2012; Tomanek, 2011; Portner, 2012).
However, when exposure to temperature ranges exceeds thermal tolerance thresholds, the
cellular stress response may result in the activation of compensatory molecular mechanisms, e.g.,
upregulation of molecular chaperones, to promote passive tolerance and mitigate the effects of
thermally induced macromolecular damage (Kultz 2005; Portner, 2012; Tomanek, 2015). If these
stress-induced compensatory mechanisms are insufficient to sustain passive tolerance, further
temperature increases can expose susceptible species to critical temperatures beyond which may
drastically affect individual fitness and performance (Portner, 2012). Furthermore, increasing sea
temperatures affect the ecological resilience of coastal marine environments by increasing the
frequency of disturbances, e.g., seasonal temperature extremes, which may ultimately lead to
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shifts in species distribution (Perry et al., 2005; Harley et al., 2006; Sorte et al., 2011; Sunday et
al., 2012), and favor the latitudinal expansion of warm-adapted species (Stillman, 2002;
Tomanek, 2008; Somero, 2010). Since many intertidal ectotherms have been postulated to live
near their respected thermal tolerance ranges (Portner and Knust, 2007; Tomanek, 2008;
Tomanek, 2009; Somero, 2010), a strong emphasis in recent research comparing the effects of
climate change on coastal marine ecology has been to establish potential causative links between
environmental stress and the underlying physiological mechanisms which govern thermal
tolerance (Somero, 2010; Tomanek, 2012). Specifically, these studies aim to gain a better
understanding of which organisms are more likely to cope with environmental fluctuations in
order to better predict future shifts in biogeographic distributions facilitated by climate change

(Somero, 2010; Somero, 2012).

The intertidal zone represents a unique environment to study adaptive responses to
environmental stress, as exposure to thermal extremes can influence patterns in species
distribution even over small spatial scales (Helmuth et al., 2006; Schneider and Helmuth, 2007;
Petes et al., 2007). For example, mussels occupying the mid to high intertidal exhibit cyclic
changes in body temperature (Ty) which mirror monthly average peaks in both sea and air
temperatures in correspondence with tidal heights (Helmuth 2009). Other studies involving
intertidal mussels have also shown correlations between increased expressions of gene
transcripts involved in the cellular stress response including those involved in molecular
chaperoning, protein degradation, cell cycle suppression and apoptosis among high-site intertidal
mussels as compared to subtidal mussels (Gracey et al., 2008). Therefore, invertebrates
occupying higher vertical positions along the intertidal are exposed to greater temperature ranges

which may elicit moderate to severe levels of thermal stress (Helmuth et al., 2006). This notion



is further supported from evidence comparing the heat shock responses (HSR) of several closely
related species of limpets (genus Chlorostoma) which vary depending upon intertidal vertical
location (Tomanek and Somero, 1999). In this context, several congeners exhibited similar
responses in the onset temperature (Ton) Of heat shock protein (Hsp) synthesis, when acclimated
to common garden temperatures of 13°C and 24°C respectively. However, only the mid-
intertidal congener exhibited the highest cessation temperature of Hsp synthesis as compared to
the two-subtidal species. As such, high-intertidal organisms have been postulated to live near
their physiological tolerance thresholds, and the induction of the heat shock response may
represent the upper limits of thermal tolerance (Tomanek, 2008; Tomanek, 2009). These studies
suggest intertidal invertebrates occupying highly variable thermal environments possess unique
physiological adaptations towards dealing with their ecological niches. In addition, given the
potential for increased frequencies of thermal disturbances, many aquatic organisms occupying
the intertidal may be limited in their capacity to respond to climate change. Therefore,
investigations into the physiological mechanisms which govern thermal tolerance within
intertidal invertebrates may provide valuable insights into the adaptive mechanisms possibly

contributing to biogeographical changes in response to climate change.

In this regard, mussels within the genus Mytilus have been studied extensively as sentinel
species to monitor the impacts of environmental stress on broad scale changes in population
distribution (Lockwood and Somero, 2011; Tomanek, 2011; Somero, 2012), and have even been
used as baseline species to investigate ecological resilience within biomonitoring programs
(Campos et al., 2012; Jarque et al., 2014: Rocher et al., 2015). Due to their sessile nature and
persistence within a variety of habitats, these marine bivalves make for ideal candidates to study

thermal adaptations in response to climate change, as they are relatively tolerant ectotherms



which are completely reliant upon ambient conditions for growth and survival (Lockwood and
Somero, 2011). Furthermore, Blue mussels within the M. edulis complex are postulated to have
only recently diverged evolutionarily (Seed, 1992), yet exhibit staunch differences in thermal
tolerance (Braby & Somero, 2006; Schneider and Helmuth, 2007; Schneider, 2008). Since
several Mytilus congeners experience distributional overlap in which biogeographic regions are
being contested (Geller, 1999; Jones et al., 2010; Lockwood and Somero, 2011), current studies
seek to identify key physiological parameters which may attribute to shifts in biogeographic
ranges (Somero, 2011). Given the technical difficulties and inherent complexities associated with
the integration of external stimuli in combination with the regulation of multiple stress response
networks, it is difficult to quantitate the acute changes occurring at the cellular level which
translate to whole-organism physiological responses of intertidal organisms during exposure to
environmental stress (Tomanek, 2015). Therefore, proteomics represents a powerful tool to
investigate complex regulatory mechanisms, as it comprises the full complement of proteins
present within a given tissue and characterizes the molecular phenotype implemented during the

thermal stress response (Tomanek, 2011; Diz et al., 2012).

In this study, we examine the proteomic responses within the posterior adductor muscle
between two closely related species of Blue mussel, M. galloprovincialis and M. trossulus, in
response to acute heat stress. Many omics studies investigating the differential responses of both
species have focused on utilizing the gill tissue given its involvement in respiration and feeding
(Tomanek and Zuzow, 2010; Lockwood and Somero, 2011; Fields et al., 2012). However, by
comparing the abundance of proteins within the muscle tissue primarily responsible for
controlling gape behavior, we may be able to discover potential causative links between

contractile regulation and acclimation to thermal stress. In addition, the investigation into the



response of muscle tissue may compliment studies involving the gill, as it will allow for greater
interpretation by providing a broader system based perspective into the potential mechanisms
governing thermal tolerance. To begin, I will address the following in the preceding sections to
summarize the current literature involving: I) Mytilus spp. natural history, uses as a model
organism and current research involving physiological and molecular responses to environmental
stressors, I1) adductor muscle form and function and the contractile regulation involved in
invertebrate muscle, and finally I11) the proteomic workflow associated with the identification of
novel cellular mechanisms involved during responses to environmental perturbation. I will

conclude the chapter with the study goals and experimental objectives.

Mpytilus species as a study organism

Natural history of Mytilus spp.

M. galloprovincialis and M. trossulus are closely related species of Blue mussels
within the M. edulis complex (McDonald and Koehn, 1988). The latter species, M.
trossulus, is postulated to be the ancestral species and is thought to have given rise to M.
edulis within the North Atlantic, following migratory shifts from Northern Pacific
populations of M. trossulus over the past several million years (Seed, 1992). After a
series of subsequent migration and geographic isolation events, M. edulis is thought to
have given rise to M. galloprovincialis within the Mediterranean Sea (Seed, 1992). Given
their widespread distribution and similar morphological characteristics, many researchers
were led to believe that each of these species constituted a single cosmopolitan species,

i.e., M. edulis. However, following analysis of alloenzymes and comparisons of sequence



data between common genetic loci, M. galloprovincialis and M. trossulus were confirmed

as separate species from M. edulis (McDonald and Koehn, 1988).

Both species of Blue mussel exhibit widespread latitudinal distributions across a
variety of temperate marine climates found around the globe (Figure 1; Santaclara et al.,
2006; Gaitan-Espitia et al., 2016). For instance, M. galloprovincialis, a native to the
Mediterranean Sea, displays biogeographic ranges spanning across the Northern and
Southern hemispheres, including parts of East Asia, Southern Australia, New Zealand,
and South Africa as well as the Southern Pacific Coast of North America (Fig. 1). In
contrast, M. trossulus, a native to the Pacific Northwest, can be found in more Northerly
latitudes such as the Baltic Sea, portions of the Northwest Atlantic, the North-Eastern
Coasts of Japan and Russia and along the entire Pacific Coast of North America ranging
from Baja California to Alaska (Fig. 1). Their widespread latitudinal distribution along
with the capacity to develop sympatric populations in different regions where endemic
species of mussels co-exist have classified the former species, M. galloprovincialis, as
one of the top 100 invasive animal species in the world (Branch and Steffani, 2004; Lowe

et al., 2000).
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Figure 1. Global distributions and biogeographic ranges of different mussel species within the

genus Mytilus (Gaitan-Espitia et al., 2016).

Given the relative success of the invasive congener at colonizing a variety of marine
habitats, M. galloprovincialis has garnered notoriety as a topic of interest towards investigating
the physiological mechanisms which facilitate biological invasion (Braby and Somero, 2005;
Hilbish et al., 2010; Lockwood and Somero, 2011). Specifically, a large focus of research has
centered on the California coast where certain contested regions of M. galloprovincialis and M.
trossulus overlap (Fig. 2; Lockwood and Somero, 2011). M. galloprovincialis was most likely
transported to the California Coast via ship ballast water sometime in the past half-century, and
has since overtaken southerly portions of the M. trossulus former historic range (Geller, 1999).
Since the introduction of the invasive species, M. trossulus has been displaced to regions North
of Bodega Bay, California (Fig. 2). There is evidence of hybridization in regions where both
species occur, although alternative evidence suggests these hybrids are infertile (Elliot et al.,

2008; Lockwood and Somero, 2011). However, in regions where both species occur, M.



galloprovincialis and the corresponding hybrids have been observed to be larger, more abundant
and even outcompete M. trossulus in both subtidal and intertidal habitats (Elliott et al., 2008;
Shinen and Morgan, 2009). This distributional paradigm, in addition to the recent increases in
sea temperatures and extreme weather events facilitated by climate change, has led to several
hypotheses suggesting temperature and salinity may be two of the most influential abiotic factors
driving recent shifts in species distribution along the California coast (Braby and Somero, 2005).
Therefore, M. galloprovincialis appears to be expanding its latitudinal range at the expense of the
displaced M. trossulus (Braby and Somero, 2005; Lockwood and Somero, 2011). Since both
species share recent common evolutionary history (Seed, 1992), physiological comparisons
between these two species represent a unique modeling system to investigate interspecific
competition and species-specific variation in thermal tolerance which may influence changes in

biogeography in response to climate change (Lockwood and Somero, 2011).
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B Hybrid gx
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Figure 2. Distribution of Mytilus galloprovincialis, M. trossulus and respective hybrids along the

California coast (Lockwood and Somero, 2011).



Comparative Physiological Responses between M. galloprovincialis & M. trossulus in Response
to Temperature Stress

Many of the physiological comparisons between these species seek to ascertain the
variation evident in both environmental thermal tolerance and the corresponding physiological
constraints which may explain the recent changes in biogeographic distribution (Lockwood and
Somero, 2011; Tomanek 2012). One of the first major interspecific differences discovered was
variation in the thermal sensitivity of the enzyme cystolic malate dehydrogenase (cMDH) (Fields
et al., 2006). These authors concluded that the cMDH ortholog of M. trossulus displayed a more
thermally sensitive Michaelis-Menten constant, i.e., substrate affinity, as compared to the M.
galloprovincialis (Fields et al., 2006). Interestingly, the biochemical differences in substrate
affinity was found to be attributed to two amino-acid substitutions within the cMDH ortholog of
M. trossulus, suggesting that enzyme kinetics could be subjected to natural selection (Fields et
al., 2006). Other studies noted that relative levels of both heat-shock protein 70 (Hsp70) and
ubiquitin conjugates were higher among M. trossulus than M. galloprovincialis during exposure
to increases in seawater temperatures, suggesting a higher rate of thermally-induced protein
denaturation occurring within the M. trossulus during acute heat stress (Hofmann and Somero,
1996). Subsequent experiments found that Hsp synthesis within M. trossulus was also induced
between temperature ranges of 20°-23°C, which was much lower as compared to M.
galloprovincialis (Buckley et al., 2001). In addition, although there have been reported
acclimation effects in which both species exhibit increases of molecular chaperones at higher
temperature ranges (Buckley et al., 2006), M. trossulus was still observed to increase the
production of heat shock proteins at lower temperature ranges as compared to M.
galloprovincialis (Tomanek and Zuzow, 2010; Fields et al.., 2012). Therefore, the interspecific

differences in enzyme kinetics and regulation of molecular chaperones appear to support

9



adaptive differences favoring M. galloprovincialis in response to heat stress. However, these
results do not provide specific mechanistic explanations which require further physiological

comparisons to establish links between thermal adaptation and changes in species distribution.

One such study investigated the variation in heart rates between both species in response
to temperature acclimation, and found that changes in cardiac output, i.e., critical heart rates or
Hcrit, are correlated with the temperature ranges to which each species is normally exposed
(Braby and Somero, 2006). For instance, M. trossulus displayed greater tolerance to colder
temperatures, as it was capable of sustaining cardiac function at temperatures lower than 14°C as
compared to M. galloprovincialis (Braby and Somero, 2006). However, M. galloprovincialis
appeared to display greater heat tolerance, as Hcrit values were much higher compared to M.
trossulus when temperatures began to exceed 21°C (Braby and Somero, 2006). These authors
also assessed survivorship in response to heat stress and found that M. trossulus exhibited
significant increases in mortality following exposure to temperatures exceeding 21°C (Braby and
Somero, 2006). Therefore, heart rate also appears to be a function of physiological tolerance to
heat stress, in which M. galloprovincialis is able to remain closed for longer durations when
temperatures approach respective Herit values.

Given the acclamatory ability of M. galloprovincialis in response to temperature
increases, other studies have focused on behavioral responses to temperature stress, specifically
on the opening and closing of the valve (Anestis et al., 2007; Nicastro et al., 2010). For instance,
M. galloprovincialis reported a nearly six-fold increase in repeated valve closure events during
exposure to seawater temperatures exceeding 24°C or higher as compared to conspecifics
exposed to similar temperature ranges (Anestis et al., 2007). These results suggest that M.

galloprovincialis is able to remain closed for longer durations during heat stress which may
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confer increased survivorship (Anestis et al., 2007). Interestingly, links between mortality and
the capacity to maintain valve closure have been reported when comparing M. galloprovincialis
to another mussel species endemic to the Southern Hemisphere (Nicastro et al., 2010). In one
instance, M. galloprovincialis was able to maintain valve closure for longer durations as
compared to the temperate Brown mussel (Perna perna), which exhibited increased ventilation
rates when exposed to higher emersion temperatures (Nicastro et al., 2010). These authors also
observed increased desiccation stress and mortality occurring within the Brown mussel, possibly
due to a limited capacity to maintain valve closure (Nicastro et al., 2010). Taken together, these
results suggest M. galloprovincialis also displays behavioral modifications which allow them to
better cope with increasing temperatures in either air or seawater as compared to other temperate

mussel species.

There have also been behavioral comparisons made between M. galloprovincialis and M.
trossulus in response to temperature increases reflecting fluctuations in tidal rhythmicity
(Schneider, 2008; Dowd and Somero, 2013). For instance, Schneider analyzed the variation in
thermal tolerance between the congeners by simulating exposure to aerial heat stress which may
occur during periods of low tide (Schneider, 2008). In this context, M. galloprovincialis
displayed higher survivorship as compared to M. trossulus in response to increasing emersion
temperatures, regardless of immersion status (Schneider, 2008). In perhaps a more rigorous
study, the variation in gape behavior and survivorship were compared between species during
periods of elevated body temperature in both air and seawater over acute and chronic time
courses (Dowd and Somero, 2013). In all circumstances, M. galloprovincialis was able to
maintain valve closure for longer periods during both aerial emersion and seawater immersion as

compared to M. trossulus (Dowd and Somero, 2013). In addition, M. trossulus displayed
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significantly higher mortality rates as compared to M. galloprovincialis for each temperature
treatment applied over the course of the trial period (Dowd and Somero, 2013). Together, these
studies support the notion that there are potential links between physiological and behavioral
modifications associated with heat stress, which may increase the mortality of the more
susceptible M. trossulus while providing a competitive advantage for M. galloprovincialis
(Schneider 2008; Dowd and Somero, 2013).

As further progress has been made identifying interspecific differences in physiology
and behavior which may influence distributional patterns between both species in response to
climate change, researchers studying this system of have become increasingly interested in
attempting to link molecular changes which translate into whole-organismal responses by
examining the processes occurring at the cellular level during heat stress. Many of these
approaches are able to investigate the cellular mechanisms by integrating the various cellular
stress response networks upregulated within various tissues during exposure to environmental
stress (Joyce and Palsson, 2006; Tomanek, 2011). One of the first studies to incorporate this
methodology, utilized a transcriptomic approach to investigate the variation in thermal tolerance
between Mytilus congeners by assessing the regulation involved among thousands of mMRNA
transcripts during heat stress (Lockwood et al., 2010). These authors found that 31% of the
transcriptome within both species exhibited temperature-dependent changes in gene expression
within the gill tissue (Lockwood et al., 2010). However, only a negligible amount of gene
transcripts exhibited species-specific responses including those involved cytoskeletal
rearrangement, oxidative stress, molecular chaperoning and proteolysis (Lockwood et al.., 2010).
Since gene transcripts do not reflect variation in protein abundance, this methodology was unable

to quantify the molecular changes occurring within the proteome (Tomanek, 2011). As such, a
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collaborative effort was done using the same experimental design but using a proteomics
approach instead to visualize the changes in protein abundance occurring within the gill tissue in
response to heat stress (Tomanek and Zuzow, 2010). In both experiments, M. trossulus exhibited
increased expression and upregulation of molecular chaperones at lower temperature ranges as
compared to M. galloprovincialis (Lockwood et al., 2010; Tomanek and Zuzow, 2010).
However, in the proteomics experiment, M. trossulus also exhibited upregulation of proteasome
subunits at lower temperatures as compared to M. galloprovincialis (Tomanek and Zuzow,
2010). Thus, both omic approaches were able to quantify changes in specific cellular processes
which suggest a higher degree of proteolysis and protein denaturation occurring within the gill
tissue of M. trossulus as compared to M. galloprovincialis during heat stress (Lockwood et al.,
2010; Tomanek and Zuzow, 2010). Another key takeaway using the proteomics approach was
that both species appeared to upregulate metabolic pathways to increase the production of
antioxidants and reducing equivalents during exposure to the highest temperature ranges,
suggesting oxidative stress is a costressor to temperature stress (Tomanek and Zuzow, 2010).
Therefore, proteomics represents a powerful approach to provide insight into the cellular

mechanisms which may confer thermal sensitivity within the gill tissue in response to heat stress.

Although these experiments provide insights into the interspecific differences in cellular
processes which may be thermally adaptive, there are still gaps in current knowledge regarding
the coordinated cellular responses of multiple tissues which translate to changes for the whole
organism in response to heat stress. For instance, both omic experiments analyzed the changes in
gene expression and protein abundance within the gill tissue (Lockwood and Somero, 2010;
Tomanek and Zuzow, 2010). This tissue represents an ideal choice for experimental analysis, as

the gills serve dual functional roles in feeding and respiration (Dahlhoff et al., 2002). However,
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given the variation observed in gape behavior observed between the congeners (Schneider, 2008;
Dowd and Somero, 2013) and the importance of the behavior in regulating both ventilation and
particle exchange (Gosling, 2015), it is important to consider the regulation involved within the

primary muscle responsible for controlling gape behavior.

Adductor Muscle Form, Function and Contractile Regulation

Adductor Muscle Structure and the Catch Response

Blue mussels display bilateral symmetry and retain two adductor muscles essential for
controlling the opening and closing of the valve (Galtsoff, 1964; Howard et al., 2004). These
muscles attach to the interior portions of the shell, and connect the shells in a transverse direction
(Howard et al., 2004). The posterior muscle is much more pronounced in bivalves, as the anterior
muscle may be somewhat reduced or disappears shortly after larval attachment (Galtsoff, 1964).
In terms of microscopic structure, adductor muscle fibers are separated into white and translucent
or obliquely-striated muscle fibers which innervate with connective tissue attached to the shell
(Galtsoff, 1964). Rigidity of the muscle is retained during the development of tension within the
contractile fibers and their anchorage points to connective tissue (Galtsoff, 1964). These fibers
consist primarily of thick and thin filamentous structures (Philpott et al., 1960), and tension
development is facilitated through the sliding-filament mechanism of actomyosin crossbridges

(Millman, 1967).

Some of the earliest work done on invertebrate musculature revealed adductor muscle
fibers, like many other bivalve muscles controlling gape behavior, retained the capacity to

sustain tension development even after the cessation of contractile stimulation (Twarog, 1967).
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This mechanism has been referred to as the catch response and describes the maintenance of
tension and resistance to stretch are due to the formation of passive linkages between adjacent
myosin thick filaments and actin thin filaments within the contractile apparatus during tonic
activation-relaxation cycles (Hooper et al., 2008; Galler, 2008). The catch mechanism is
postulated to be regulated by a large protein present on paramyosin thick filaments called
twitchin (Galler, 2008, Hooper et al., 2008). Upon contractile stimulation, intracellular calcium
levels increase within the smooth muscle which activate calcium-dependent phosphatases
leading to the dephosphorylation of twitchin, thus allowing the protein to form passive linkages
between adjacent thick and thin filaments and activate the catch response (Fig. 3; Funabara et al.,
2005). The catch state is terminated when the concentration of intracellular cCAMP levels
increases, activating CAMP-dependent protein kinases which phosphorylate twitchin (Fig. 3;
Funabara et al., 2005). The phosphorylation of twitchin severs the passive linkages between the
thick and thin filaments, causing relaxation of the adductor muscle (Funabara et al., 2005). This
unique property of Molluscan smooth muscle allows bivalves to retain tension within the muscle
with minimal energy expenditure when exposed to external pressures (Galler, 2008). However,
temperature has been shown to inversely affect Molluscan smooth muscle as increasing
temperatures significantly decrease the latent period, reduces relaxation time and limits peak
tension in prepared Mytilus smooth muscle (Linehan, 1981). In fact, when temperatures exceed
30°C, catch tension may be abolished (Twarog, 1967) and relaxation may become spontaneous
(Linehan, 1981). Therefore, increasing temperatures may negatively affect the response of the

adductor muscle in Mytilus species.
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Figure 3. The relationship between the development of tension, intracellular calcium levels and
phosphorylation status of twitchin within Molluscan smooth muscle (Funabara et al., 2005;
Galler, 2008).

Smooth Muscle Contractile Regulation

In terms of contractile regulation and molecular structure, Molluscan smooth muscles
display similar characteristics to vertebrate smooth muscle (Hooper et al., 2008). Nerve elements
within visceral ganglia innervate with the adductor muscle and control tonic contraction through
excitation of muscle fibers (Lowy, 1953). Release of acetylcholine from these nerve elements
triggers contraction by causing an influx of calcium into the muscle cell (Fig. 3; Funabara et al.,
2005; Hooper et al., 2008). The increase in intracellular calcium levels initiates actomyosin
cross-bridge cycling leading to the development of muscle tension (Funabara et al., 2005;

Hooper et al., 2008). During active contraction, calcium binds to actin regulatory proteins, e.g.,
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troponin, which then expose myosin binding sites along the actin thin filament strand by
inducing conformational changes to the thin filament stabilizing protein tropomyosin (Hooper et
al., 2008). Conformational changes of myosin heads during the hydrolysis of ATP by myosin
ATPase’s then allow for myosin heads to attach, pull and release actin filaments causing thick
and thin filaments to slide across one another resulting in tension development (Millman, 1967;
Hooper et al., 2008). Relaxation occurs when the muscle is stimulated by serotonin which
increases intracellular concentrations of CAMP and activates CAMP-dependent kinases
(Funabara et al., 2005; Galler, 2008). These cAMP-dependent kinases phosphorylate twitchin
which severs passive linkages between thick and thin filaments causing smooth muscle
relaxation (Funabara et al., 2005; Galler, 2008).

Although Molluscan smooth muscle contraction is dependent upon the interactions
between thick and thin filaments, there are alternative regulatory process postulated to control
contractile dynamics (Hooper et al., 2008). Molluscan thin filaments contain different troponin
protein isoforms (I, T & C), which together form a trimeric protein complex which functions to
regulate the conformational status of tropomyosin and expose myosin binding sites on actin
subunits along the filament strand during contractile impulses (Hooper et al., 2008). Molluscan
smooth muscle thin filaments also contain the protein calponin, but not caldesmon, suggesting
the adductor muscle exhibits differential regulatory responses to increasing concentrations of
calcium (Dobrzhanskaya et al., 2013). The length of the thin filament also effects contractile
dynamics and is tightly regulated by thin filament stabilizing and destabilizing factors, such as
tropomyosin and profilin (Hooper et al., 2008). The variation in filamentous structures between
different invertebrate smooth muscles primarily involves the structure of the thick filament

which is primarily composed of paramyosin, myorod, myosin and the regulatory protein twitchin

17



(Hooper and Thuma, 2005; Funabara et al., 2005; Hooper et al., 2008; Galler, 2008). The
contractile activity of the adductor muscle is also regulated by the phosphorylation status of
myosin regulatory light chains which activate or inhibit myosin cross-bridge activity depending

on the concentration of intracellular calcium (Hooper et al., 2008).

Although there has been extensive research into the structure of Molluscan muscle and
the regulation surrounding the catch-state (Hooper et al., 2008; Galler, 2008; Funabara et al.,
2005), much of the research involving contractile signaling pathways have focused on vertebrate
smooth muscle (Gunst and Zhang, 2008; Lehman and Morgan, 2012). Smooth muscle cells are
capable of undergoing dynamic conformational changes during contractile stimulation (Gunst
and Zhang, 2008). Much of these dynamic structural changes are attributed to the asymmetric
distribution of contractile filaments (Fig. 4; Gunst and Zhang, 2008; Galler, 2008). As such,
smooth muscle contractile networks are subdivided into specific contractile domains, namely the
contractile apparatus and the cortical cytoskeletal domain (Lehman and Morgan, 2012). The
contractile apparatus consists of actin thin filaments, myosin thick filaments and cytosolic dense
bodies located towards the interior of the cell, which serve as attachment points connecting the
contractile apparatus to the membrane (Fig. 4; Gunst and Zhang; Galler, 2008). The cortical
cytoskeletal domain consists of submembranous actin thin filaments and myosin filaments
located near the periphery of the cell, and is tightly regulated by an assortment of thin filament
regulatory proteins (Gunst and Zhang, 2008). This structural dichotomy surrounding cytoskeletal
domains allows for the integration of external stimuli to facilitate active contraction through the
dynamic restructuring of actin thin filaments within the cortical actin cytoskeleton (Fig. 4; Gunst
and Zhang, 2008). Thus, tension development can be regulated through the dynamic remodeling

of cortical cytoskeleton without involving the restructuring of actomyosin cross-bridges located
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within the contractile apparatus towards the interior of the cell (Gunst and Zhang, 2008; Lehman

and Morgan, 2012).

The dynamic rearrangement of cortical actin thin filaments involves the formation of
macromolecular junctions, known as adhesion complexes (Fig. 4; Gunst and Zhang, 2008).
During mechanical or contractile stimulation, many actin-regulatory proteins assemble within
these adhesion complexes and induce the recruitment of accessory actin-binding proteins to
restructure cortical actin thin filaments (A) Kim et al., 2008). Although the degree of cytoskeletal
remodeling depends upon the stimulus, many of the downstream mediators activated within
these pathways include signaling proteins within the Rho-family of GTPases (A) Kim et al.,
2008; Gunst and Zhang, 2008; Lee and Dominguez, 2010). These downstream contractile
mediators can induce post-translational modifications to proteins located within adhesion
complexes, or serve as signaling scaffolds to further recruit and localize actin binding proteins to
promote dynamic restructuring of cortical thin filaments (Gunst and Zhang, 2008; Lee and
Dominguez, 2010; Lehman and Morgan, 2012). In addition, this can lead to the formation of
dorsal actin stress fibers which can increase the number of connections between the cortical actin
cytoskeleton and the contractile apparatus which further strengthens cytoskeletal integrity
(Tojkander et al., 2012). Thus, smooth muscle contractile dynamics are highly dynamic and
involve tight regulation surrounding actin thin filaments (Gunst and Zhang, 2008; Lee and

Dominguez, 2010; Lehman and Morgan, 2012).
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Figure 4. Hypothesized model for integrated smooth muscle contraction. Figure adapted from
Gunst and Zhang, 2008.

Proteomics

Overview

Proteomics provides a holistic approach towards the investigation and analysis of the
proteome, or the characterization of the entire complement of proteins expressed within a given
cell (Lovri¢, 2011). This technique represents a sub-discipline of various systems biological
approaches, e.g., genomics, transcriptomics, metabolomics, which attempt to articulate the
complex interactions occurring at the cellular level that translate into whole-organism
physiological responses (Draghici, et al., 2007). These processes are very important to studying
organismal responses to environmental disturbances, as they establish a conceptual framework to

the cellular stress response by allowing researchers to investigate multiple cellular processes at
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once, allowing for the integration of cellular processes which govern physiological organization

and reestablish homeostasis following stress exposure (Tomanek, 2012; Campos et al., 2012).

A primary benefit of these high throughput technologies is that many result in the
generation of substantially large data sets (Joyce and Palsson, 2006). For instance, the
development of genomic sequencing methods for representative species has enabled researchers
to study comprehensive patterns and interactive networks through the analysis of hundreds of
different cellular components at once (Joyce and Palsson, 2006). Thus, many genomic methods
including DNA microarrays and DNA barcoding have discovered evolutionary relationships
between species using relatively small environmental samples (Shokralla et al., 2012). However,
there are technical limitations associated with DNA amplification (Shokralla et al., 2012), and
genomics does not encompass the processing of downstream gene products nor does it articulate
the regulation involved in gene translation (Evans, 2015). Another major omic technology,
transcriptomics, has also made significant strides linking variation in gene expression to
physiological responses associated with environmental change (Lockwood et al., 2015). For
instance, studies comparing the abundance of gene transcripts among mussel species within the
genus Mytilus suggest certain factors, i.e., heat stress and tidal rhythmicity, exert substantial and
robust changes within the transcriptome (Lockwood et al., 2010; Connor and Gracey, 2011).
These approaches compare thousands of mMRNA transcripts using high throughput sequencing
techniques such as transcript microarrays or sequence analysis of gene expression (SAGE)
methods (Joyce and Palsson, 2006). However, large scale changes in gene transcripts also do not
necessarily equate to changes in organismal fitness and may not reflect alterations to protein

activity (Evans, 2015). In addition, transcriptomic analyses fail to assess the variation associated
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with post-transcriptional regulation, RNA splicing and protein modifications (Joyce and Palsson,

2006).

Although each sub-discipline offers its own suite of advantages, proteomic approaches
may provide greater resolution towards the functional integration surrounding cellular networks.
For instance, analysis of the proteome allows for detection of the end-products of gene
expression while detecting potential post-translational modifications and protein interactions
which influence cellular activity (Joyce and Palsson, 2006; Tomanek, 2011). Many proteins are
also highly dynamic, e.g., metabolic enzymes and signaling proteins, and exist in a constant state
of flux to detect acute changes occurring within the external environment (Tomanek, 2011).
Thus, proteins represent the biochemical machinery capable of promoting rapid responses that
are in tune with physiological requirements and represent the functional molecular phenotype
subjected to natural selection (Tomanek, 2011; Diz et al., 2012). Proteomics can also compare
patterns of protein abundance and assign specific cellular functional categories to groups of
upregulated proteins, e.g., energy metabolism, which provides a greater interpretive spectrum
towards the broad-scale changes occurring at the cellular level in response to stress exposure
(Tomanek, 2011; Rocher, 2015). Therefore, proteomic studies have the potential to complement
transcriptomic and genomic data sets by building an integrative platform to compare and contrast
the different stages of regulation surrounding the molecular phenotype.

Although there are many benefits to using this multifaceted approach which aid in our
understanding of cellular adaptation to external factors, there are some analytical drawbacks
which limit our interpretation. For instance, this approach primarily focuses on changes in
protein abundance, which may be attributed to many complicated processes including differential

synthesis rates, protein degradation, cellular localization, protein-protein interactions, isoform
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expression and post-translational modifications (Lovri¢, 2011). As a result, it is difficult to
discern the exact mechanisms occurring in response to stress exposure, without incorporating
additional tests such as Western blots (Lovri¢, 2011). The physiochemical properties of proteins
also suggest the possibility of a multi-dimensional proteome which hinders drawing conclusions
from changes in protein abundance patterns (Larance and Lomond, 2015). Next-generation
proteomic techniques, including mass-spectrometry based approaches, also require sequenced
genomes in order to compare experimental peptide sequences against theoretical sequences
within large databases to obtain accurate protein identifications (Lovri¢, 2011; Altelaar et al.,
2012). Therefore, greater resolution and higher identification rates are expected if the study
species in question has had its genome annotated, as attempts to quantify proteins in non-model
organisms is dependent upon the availability of genetic information from sister taxa (Dowd,
2012; Altelaar et al., 2012). Even if these techniques are successful, high-throughput
technologies have the potential to generate substantially large datasets containing hundreds and
potentially thousands of data points (Lovri¢, 2011; Altelaar et al., 2012). Therefore,
interpretation requires robust statistical analyses and extensive literature research to
compartmentalize changes in protein expression patterns and generate hypotheses concerning the

integration of protein networks (Tomanek, 2015).

Nevertheless, proteomic approaches have a high degree of potential to enhance our
understanding of cellular networks and how they contribute to organismal function in response to
environmental perturbation. Therefore, in the preceding sections, | will attempt to summarize the
major steps involving in the proteomic workflow utilized in our study. These sections
characterize the sequence of steps required for the processing of biological samples for

proteomic analysis following the experimental procedure. Briefly, these involve 1) protein
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separation using two-dimensional gel electrophoresis (2DGE), 1) protein quantification using
2D gel analytical software and I11) protein identification using tandem-mass spectrometry
followed by bioinformatic searches for peptide sequence homology. For clarity, statistical
representation assessing the variation in protein abundance between experimental treatments is

determined using the 2D-gels and the 2D-gel analytical software (See Protein Quantification).

Protein Separation

Many experimental designs utilizing the proteomic workflow allow treated organisms to
rest for a brief period under baseline conditions, to allow for protein synthesis following
experimental conditions (Lovri¢, 2011). Immediately following the recovery period, respective
tissues to be analyzed are immediately flash-frozen in liquid nitrogen and held at exceedingly
low temperatures, e.g., -80°C, to prevent protein degradation and denaturation until samples are
ready to be processed (Berth et al., 2007). In this manner, flash-freezing the sample provides a
snapshot of the cellular pathways induced following experimental procedure. However, careful
attention to detail must be considered prior to sample preparation, as this step represents possibly
one of the biggest challenges and limiting elements of proteomic analyses (Lovri¢, 2011). For
instance, the cell type must be taken into account as many organisms, i.e., bacteria and yeast,
retain stiff cellular walls which make protein extraction difficult (Lilley et al., 2001). Other
sample preparation issues include preventing protein digestion from active enzymes within the
tissue, e.g., proteases, and limiting alterations such as post-translational modifications which
occur during the extraction process (Lovri¢, 2011). Given these issues, careful attention to detail
must be considered during protein isolation techniques, otherwise the researcher risks losing a

significant portion of the proteins within the sample (Lovri¢, 2011). Therefore, the methods used
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for sample preparation must take into account several prerequisite criteria prior to protein
isolation: (1) sample should retain as many of the original and intact proteins as possible, (2) all
other biological components extracted but not concerning the tissue of interest, e.g., extracellular
proteins, lymph and blood, must be removed, (3) protein modifications must remain intact and
finally (4) the sample composition must be compatible with all subsequent analytical steps
within the proteomic method chosen (Lovri¢, 2011).

The first step concerning protein extraction consists of utilizing a lysis buffer containing
a high concentration of chaotropic compounds, e.g., urea and thiourea, and strong detergents,
e.g., sodium dodecyl sulfate (SDS) or 3-[(3-cholamidopropyl) dimethylamine]-2-hydroxy-1-
propanesulfate (CHAPS), to break open the cellular membrane and solubilize intracellular
proteins (Lovri¢, 2011). The chaotropic compounds present within these lysate solutions
denature proteins by disrupting bonds between amino acids within tertiary structures and are also
essential to inhibit the activity of proteases or other enzymes which may degrade or alter proteins
within the sample (Wisniewski et al., 2009). Other chemical components of the lysis buffer
include zwitterionic detergents, e.g., amidosulfobetaine-14 (ASB14), Triton-X100 or carbonate,
which disrupt hydrophobic interactions and aid in solubilizing membrane proteins (Bodzon-
Kulakowska et al., 2007). Additionally, reducing agents such as dithiothreitol and
dithioerythritol are needed to disrupt disulfide bridges between cysteine residues and further
denature proteins into their primary state (Bodzon-Kulakowska et al., 2007). Furthermore, some
compounds are added to the solution, i.e., ampholytes, which stabilize pH gradients and assist in
protein migration during isoelectric focusing (Bodzon-Kulakowska et al., 2007). Although all of
these compounds within lysis solutions aid in the separation and solubilization of proteins, the

specific composition depends on the biological tissue being used (Lovri¢, 2011). Finally, the
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buffer procedure is conducted in a timely manner and kept at low temperatures as to minimize

the chances of artificial changes to protein composition within the sample (Lovri¢, 2011).

In addition to the lysis buffer, cells are further disrupted through a process known as
homogenization (Bodzon-Kulakowska et al., 2007). There are several methods of
homogenization used in proteomic procedures, but the primary categories involve mechanical
breakdown, ultrasonic cellular lysis, pressure homogenization, freeze-thaw, detergent based cell
lysis and using osmotic pressure gradients (Bodzon-Kulakowska et al., 2007). Once the cells
have been thoroughly disrupted, cellular contaminants need to be removed in order to prevent
protein aggregation which would impede protein migration during isoelectric focusing (Lovrié,
2011). For instance, lipids and salts interact and complex with proteins, thus altering their
structure and reducing their solubility within the buffer solution (Bodzon-Kulakowska et al.,
2007). Other contaminants, such as polysaccharides and nucleic acids interact with carrier
ampholytes and can impede 2D separation, resulting in potential streaking of gels (Shaw and
Reiderer, 2003; Bodzon-Kulakowska et al., 2007). Furthermore, even the relative protein
concentration within the sample can impede 2D gel resolution, as abundant proteins within
biological samples can limit the possibility of detecting proteins which occur in lower abundance
(Bodzon-Kulakowska et al., 2007; Lovri¢, 2011). Therefore, many proteomic analyses include a
protein precipitation step, e.g., tricarboxylic-acid/acetone or chloroform/methanol precipitation
accompanied with cold centrifugation, which allows for contaminant elution followed by protein

resuspension in buffer solution (Shaw and Reiderer, 2003; Bodzon-Kulakowska et al., 2007).

Once proteins within the sample have been concentrated and the potential contaminants
have been removed, the precise protein content within the sample must be determined in order to

ensure equivalent concentrations of proteins are loaded for first dimension separation (Lovri¢,
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2011). Typically, standard Bradford assays are sufficient to determine the relative concentrations
of proteins within a sample (Lovri¢, 2011). However, the chaotropic agents and detergents within
the lysis buffer alter spectrophotometric readings (Lopez, 2007). Therefore, certain proprietary
concentration assays are optimized for proteomic analyses, e.g., 2D Quant kits (GE Healthcare),
in which copper ions are added to the sample solution and bind to the peptide backbones of
proteins present within the solution (Weist et al., 2008). The resulting colorimetric reading is
inversely related to the protein concentration, meaning that lower absorbance values indicate a
higher total amount of protein within the sample (Weist et al., 2008). Determining the amount of
protein within each sample is essential, as most guidelines for isoelectric focusing require
between 100 pg-500 pg of protein loaded onto each immobilized pH gradient (IPG) strips (Goérg
et al., 2004). These IPG strips are very stable and provide a carrier matrix containing ampholytes
to allow for separation of proteins based on the isoelectric points, or the pH range at which
proteins exhibit a net neutral charge (Gorg et al., 2009; Lovri¢, 2011). Prior to isoelectric
focusing (IEF), i.e., separation of proteins along a linear gradient, IPG strips are rehydrated in a
solution containing iodoacetamide, glycerol, urea and dithiothreitol (DTT) to further aid in
protein migration (Gorg et al., 2009). Once the IPG strips have been rehydrated, the solubilized
protein solution is then immersed in these IPG strips and proteins are separated during IEF
through a series of running conditions in which a voltage and current gradients are applied (Gorg
et al., 2009). This process of IEF and applied voltages gradients is referred to as separation in the
first dimension, and it is important to emphasize that each first-dimension protocol is optimized
for the particular sample under investigation (Bodzon-Kulakowska et al., 2007; Weist et al.,
2008). Therefore, the number of hours in which a voltage is applied, the voltage (V) and current

(1A) ranges used, the type of IPG pH gradient strip used and the optimum focusing time are all
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dependent upon the amount of protein loaded and the tissue type under investigation (Gorg et al.,
2009). Finally, once the proteins are separated in the first dimension, the IPG strips are kept at a
very low temperature holding state, e.g., -20°C to -80°C, until samples are ready to be further

processed.

After proteins are separated in IEF during first dimension, the IPG strips are then used to
separate proteins further in a second dimension during gel electrophoresis (2DGE). The most
commonly used procedure involves using sodium dodecylsulfate-polyacrylimide gel
electrophoresis (SDS-PAGE) to separate proteins based on their apparent molecular weights
(Lopez 2007; Friedman et al., 2009; Lovri¢, 2011). SDS is an amphipathic molecule with a long
hydrophobic tail and polar sulfate head group (Lovrié, 2011). These structural characteristics
allow SDS molecules to readily bind to peptide backbones in a sequence ratio of one SDS
molecule per two amino acids (Lovri¢, 2011). This binding affinity also efficiently denatures
proteins and gives them a strong net negative charge which is attributed to the negatively
charged sulfate group of the SDS molecule, thus allowing denatured proteins within an aqueous
solution to migrate towards the positively charged cathode when a constant current is applied
(Lovri¢, 2011). The polyacrylamide matrix serves as a chemically modified mesh network which
separates the anionic SDS/peptide complexes based on molecular weight (in kilodaltons or kDa),
in which smaller proteins are able to migrate further down the vertical axis of the gel (Lopez,
2007). The IPG strip is first loaded onto the top of the polymerized polyacrylamide matrix, along
with a molecular weight standard to aid in the estimation of molecular weights (Lopez, 2007).
The acrylamide percentage used in the gels determines the range of linear protein separation;
however, the most commonly used acrylamide concentrations are between 10-12.5% which

roughly separates proteins within a 15-150 kDa range (Lovri¢, 2011). Most 2DGE procedures
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use the standard Tris-chloride/Tris-glycine buffer system in which the running buffer consists of
an aqueous solution of one mol/L of Tris-chloride and 20% SDS with the pH lowered to 8.4
(Lopez, 2007). The running buffer solution provides and electrical conduit when a voltage
gradient is applied (Lovri¢, 2011). Typically, the electrical field applied will be between 3 to
30V/cm, corresponding to an average run time of 90 minutes (Lovrié, 2011). Once the loading
dye color marker, i.e., bromphenol blue, has reached the bottom of the gel, the proteins have
finished migrating (Lovri¢, 2011). Typical run times for 2DGE gels last between 45-60 minutes
based on this process (Lovri¢, 2011). Gels are promptly removed and the proteins are fixed
within their relative positions with the aid of specific staining protocols. The type of staining
protocol varies depending upon the proteomic analysis and the staining sensitivity, but most
visualization procedures use either fluorescent, e.g., LavaPurple, SYPRO Ruby, or colorimetric
stains, e.g., Silver Stain or Colloidal Coomassie Blue (CCB) (Lopez, 2007; Friedman et al.,
2009; Lovri¢, 2011). Most proteomic protocols utilize acidic CCB as the preferred staining
procedure as it is considered one of the most sensitive staining methods, it is very specific to
proteins as opposed to other biological macromolecules and is arguably one of the most
compatible staining procedures used in tandem with mass spectrometry (Lopez, 2007; Lovri¢,

2011).

Protein Quantification

One of the main goals in gel-based proteomic analyses involves determining the relative
variation in protein abundance within samples following SDS-PAGE. In order to detect and
accurately measure guantitative changes in protein abundance, gels have to be digitized with the

aid of a camera or scanner (Lopez, 2007). Once scanned, digitized gel images are usually
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converted into specific files, e.g., TIFF files, which provide adequate resolution for gel-image
analysis software packages (Lopez, 2007; Lovri¢, 2011). Adequate resolution also depends upon
the quality of the gel (Lovri¢, 2011). Gels displaying high resolution in protein expression are
usually devoid of streaks, bubbles and other physical deformations (Lovri¢, 2011). Also, quality
gel images display a more precise noise-background ratio, in which there is a staunch contrast
between the protein spots present within the gel image in relation to the background stain
(Lovri¢, 2011). Typically, this involves a washing step prior to scanning to remove as much of
the unbound stain as possible from the background of the gel. However, this can also be achieved
by altering the pixel density spectrum, i.e., dots per inch or dpi, within the TIFF image to create a
higher contrast of protein spot visualization (Lovri¢, 2011). Although, if researchers are going to
incorporate the latter strategy into their proteomic workflow, they must apply the chosen dpi
setting to every gel within the experiment, otherwise it could increase the chances of identifying

proteins which are false positives during image analysis (Lovri¢, 2011).

Analysis of SDS-PAGE gel images and changes in protein abundance following
digitization requires sophisticated software programs, as 2D gels can separate up to several
thousand protein spots at once (Berth et al., 2007). There are multiple commercially available
programs, but the two of the most commonly used, i.e., Delta 2D (DECODON; Greifswald,
Germany) and Z3 software (Compugen), superimpose gel images to create and compare spot
boundaries between gels of various treatment groups (Berth et al., 2007). Protein spot positions
may change based on the running conditions and techniques used during 2DGE, and other issues
surrounding spot matching can make comparing spot patterns between samples difficult (Berth et
al., 2007). However, these issues can be solved by applying a gel-warping strategy which utilizes

an algorithm to combine the all the spots from each of the samples to create a representative
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image for the entire experiment (Fig(s) 5A, 5B & 5C; Luhn et al., 2003). This representative
image, also referred to as the fusion image or proteome map, is used to generate a consensus spot
pattern which defines the average spot boundaries for all the individual protein spots represented
within each sample (Fig. 5D; Berth et al., 2007). Once the consensus spot pattern is generated
within the fusion image, it is then transferred back to all gel images for the experiment, and the
variation in protein abundance is quantified by measuring differences in mean spot volumes
between treatment groups (Berth et al., 2007). The response variable measured in the context of
spot volumes is pixel density, and algorithms are then used to detect changes in pixel density and
quantify changes in abundance by averaging the pixel densities within the spot boundaries for
each gel (Fig(s). 5E & 5F Berth et al., 2007). Each pixel, with respect to the software package
being used, equates to roughly about 0.1 mm in total volume (Lovri¢, 2011). Alterative variables
for equating changes in mean abundance may compare pixel size or area, intensity of the pixels

within the protein spot or the sharpness of the spot (Lovri¢, 2011).

31



= f——a- ’-.A_"———o b -
e e [T ‘-"':'—‘-0-‘-0- e - -
2 - < 2" Vigy
E 4 po—gs &0 =mp=t—pr . -
- e L -
P g & . T L .,.'-—:a.':' L. g‘.-.--o.t.a T - -
. n o BT VAN e
. » 8 p——c'm Sl P »,
g3 P f’;'a Lo w':m Lo pot” o &8 0-enoend AN P t g SO
‘bi"' -t T g T L A '_..‘o o
U_.-. - ..l~3ﬁo——o H .-.‘. -
tv L) i S 8 — 3 - -..}.
n.j.“-.- b L !’t‘ ‘an &
¢ .
- P .._,,' 3
Ol .?.. .-_".-_-_‘_‘._. o Q. .'.' -
4 . —s T - - 4
L '..
- = ot
- ‘. -
- "5"
-
’ . -
g g tament 1®
“' .. -
- Qs -
. & .. -
* bt - . - .
. .- .
’ ..

Figure 5. Software analysis of protein spots from two-dimensional gels using Delta 2D
(DECODON; Greifswald, Germany). A) Two gels depicted by color. The orange gel represents a
sample from an experimental treatment which is to be warped onto a control gel represented in
blue. B) Vectors are used to align equivalent protein spots on both gels. C) Following a warping
strategy, the gels are superimposed upon one another. Portions of the protein spots which overlap
along the gel are highlighted in black, whereas portions which do not overlap and exhibit unique
spot boundaries are highlighted in orange. D) Fusion image displaying the consensus spot
pattern. Examples of protein abundance: E) high abundant spot displaying a high average pixel
density or normalized spot volume; F) low abundant spot. Figure modified from Berth et al.,
2007.

Prior to performing statistical analyses, all spots volumes must be normalized. The
technique is used to minimalize differences between the gel images attributed to methodical
approaches (Berth et al., 2007). Normalization uses the raw data from all the protein spot
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volumes to gain a reliable measure of spot quantity, spot outline, position of the spot center and
spot quality (Berth et al., 2007). It is important to note the process of protein spot volume
normalization, as it helps reduce the propensity for higher abundant proteins to mute lower
abundant proteins (Meunier et al., 2007). To compensate for this, some normalization methods
involve dividing all the expression profiles by the maximum protein spot volume, or inducing a
log transformation of the data (Meunier et al., 2007). However, one commonly used method is
the logged ratio-based approach in which each individual spot volume is divided by the mean of
all the existing values for that particular protein spot within all the gel samples of the experiment
(Meunier et al., 2007). The logged ratio-based approach can be optimized even further by
performing a logarithmic transformation. In this context, each gel sample or protein spot volume
can be compared to a respective synthetic mean value for greater comparison: samples which
display a zero-value exhibit no differences between the means, whereas deviations of +/- one or
two exhibit plus or minus orders of magnitude higher or lower abundance (Meunier et al., 2007).
This is a commonly used normalization approach used in large quantity proteomic data sets, and
can be even further optimized within displaying microarrays by assigning color patterns to

indicate higher or lower abundance changes (Berth et al., 2007; Meunier et al., 2007).

Once all spots have been normalized, changes protein abundance between the treatments
can be assessed. Since 2DGE has the capability of producing thousands of potential protein
spots, it important to realize that the false discovery rate could potentially lead to a high
concentration of false positives (Lovri¢, 2011). One method to mitigate the false discovery rate
in proteomic analyses is to include a more stringent alpha value (Berth et al., 2007). Another
issue which may arise when comparing changes in mean abundance is that gel image analyses

usually do not support some of the assumptions of an analysis of variance test, including the
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prerequisites of normal distribution and equal variance of the residuals (Meunier et al., 2007).
Therefore, an alternative approach to this problem involves the use of a permutation test, which
calculates the probability of getting a value equal to or more extreme than an observed value of a
test statistic under the null hypothesis by recalculating the test statistic following random
shuffling, i.e., permutations, of the data (Anderson, 2001). In this context, the number of random
shuffling events depend upon the chosen alpha-value, however, the general rule is at least 1,000
permutations given an alpha value of 0.05 (Anderson, 2001). Therefore, permutation analysis of
variance tests allows for the recalculation of a statistical distribution by obtaining a new value for
the F-statistic (Anderson, 2001). The permutation analysis of variance tests is particularly useful
for large data sets and are used in many biological and ecological applications (Anderson, 2001;

Berth et al., 2007)

Following a permutation test for analysis of variance, the computer software program
determines the number and specific protein spots which exhibit significant increases or decreases
in mean spot volume with respect to treatment. However, biologists are more concerned with the
relative pattern of proteins changing abundance in response to experimental treatment and are
conflicted with the issue of having to analyze up to thousands of proteins at once (Berth et al.,
2007; Meunier et al., 2007). Therefore, a common solution is to group together proteins which
exhibit similar changes in protein abundance, i.e., patterns of upregulation or downregulation,
and cellular function to organize their interpretation in a biological context (Berth et al., 2007).
The primary unit of these analyses are heat maps, i.e., hierarchical clusters (HCA), which are
visual graphics displaying the changes in protein abundance by grouping proteins which exhibit
similar correlated patterns of abundance in response to treatment (Berth et al., 2007). The precise

grouping of these expression profiles depends upon the clustering methodology, but it primarily
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involves processing the data matrices into an HCA by calculating a distance and linkage metric
(Meunier et al., 2007). Some of the most commonly used distance metrics used in proteomics are
the Euclidean metric or the Pearson Correlation metric (Meunier et al., 2007). Both of these
require normalization of spot volumes, i.e., to mitigate the effects of more strongly abundant
proteins (Meunier et al., 2007). However, the Pearson correlation has been noted as one of the
more popular procedures, as it is considered less sensitive to the scale of protein spot volumes
(Meunier et al., 2007). Following application of the distance metric, proteins are assembled into
horizontal dendrograms, in which groups of proteins displaying similar patterns of abundance are
clustered together into specific groups (Meunier et al., 2007). Generally, gels samples are
included along the top axis which separates each sample replicate into individual columns
according to treatment group (Meunier et al., 2007). Finally, a standardized abundance range
depicting deviations in mean abundance is given as a color indicator to visualize which proteins
exhibit either increased or decreased abundance responses (See Results and Discussion section of

Manuscript Chapter for details; Meunier et al., 2007).

Although HCA'’s are a valuable interpretative tool to assess the patterns of significant
changes in protein abundance in response to treatment, it does not determine specifically which
proteins exhibit the greatest changes towards the differences separating the particular treatment
groups. It also does not determine whether individual proteins specifically exhibit significant
increases in abundance in response to a given treatment. The HCA’s are primarily used to
develop hypotheses regarding the patterns of protein expression in response to experimental
treatment (Meunier, et al., 2007). Therefore, alternative statistical test provides even greater
interpretive strength to proteomic data sets. One commonly used statistical tool in the proteomic

arsenal includes principal component analysis (PCA). The PCA’s can be done for proteins or gel
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samples, but gel samples are typically of greater use for biological interpretation as they may
offer a greater explanation towards the separation and or overlap between treatment groups
(Berth et al., 2007). Essentially, PCA’s project changes in protein abundance into a
multidimensional plane in which the variation in the data is preserved and principal components
are directions or axes along which the variation in protein changes is maximal (Berth et al., 2007;
Ringnér, 2008). There may be many different components, however, the top two components
explain the greatest proportion of the variation in protein abundance and are then plotted along a
two-dimensional plane (Ringnér, 2008). All gel samples are considered vectors and are plotted
within the plane according to the spot intensities within the gels (Berth et al., 2007). The spot
intensities or spot volumes, therefore, serve as coordinate points for each of the gel samples
(Berth et al., 2007). All spots are included in the PCA “coordinate point cloud’ and gels are
aligned according to the changes in protein abundance of the corresponding tissue sample
(Ringnér, 2008). Then the analyst determines whether experimental groups exhibit similar or
differential responses to treatment by assessing the relative overlap of the gel samples; those
samples which exhibit overlap share similar responses in terms of protein abundance to
treatment, whereas samples which exhibit a high degree of separation are considered to exhibit
substantially different responses to treatment (Ringnér, 2008). Finally, in order to determine how
individual proteins, change in abundance in response to treatment, post-hoc analysis of
expression profiles may be conducted using Tukey’s pairwise comparison analysis of variance
(Berth et al., 2007; Tomanek & Zuzow, 2010). This method allows the researcher to determine
whether individual proteins exhibit significant changes in proteins abundance to specific

experimental treatment groups (Tomanek & Zuzow, 2010).
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Protein Identification

The ability to identify proteins and describe potential modifications to their structure in
response to external perturbations is a central theme of proteomics (Domon and Aebersold, 2006;
Bensimon et al., 2012). The identification of proteins not only provides a principle link between
the genome and cellular physiology, but it also provides a unique perspective into the complex
molecular mechanisms and regulatory networks which govern the molecular phenotype (Tyers
and Mann, 2003; Domon and Aebersold, 2006; Gstaiger and Aebersold, 2009; Diz et al., 2012).
Prior to the discovery of genomic techniques and other high throughput technologies to analyze
large scale changes in biological systems, biochemical analysis of polypeptide sequences was an
arduous and labor-intensive process, often involving the stepwise chemical digestion of amino
acid residues followed by residue detection via fluorescent spectroscopy (Domon and Aebersold,
2006). However, given the recent expansions in genomic sequence databases in addition to the
advances in mass spectrometry (MS) techniques, comprehensive quantification of the full
complement of proteins within a biological sample has become more readily accessible (Domon

and Aebersold, 2006; Gstaiger and Aebersold, 2009; Bensimon et al., 2012).

Mass spectrometers were limited in their early use as they were restricted to very small
and thermostable compounds, owing to their incapacity of limiting excessive fragmentation of
ionized molecules during transition from the condensed phase to the gas phases of the ionization
process (Domon and Aebersold, 2006). However, the development of soft-ionization techniques
allowed for molecular ions of biological macromolecules to remain intact, thus further
perpetuating the incorporation of mass spectrometry into the analysis of polypeptides (Domon

and Aebersold, 2006). Mass spectrometers tend to vary depending upon the initial peptide
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separation process and ionization methods used (Aebersold and Mann, 2003). In general,
however, all mass spectrometers principally consist of several main components: an ion source, a
mass analyzer and an ion detector (Fig. 6A; Aebersold and Mann, 2003). Following ionization,
charged particles are accelerated through a vacuum according to their relative molecular mass
(Aebersold and Mann, 2003). This is referred to as the mass-to-charge ratio (m/z-value), which
aids in the determination of the peptide sequence (Fig. 7B; Aebersold and Mann, 2003). The
detector then registers the numbers of ions present at any given m/z value (Aebersold and Mann,
2003). The data resulting from the ionization of the accumulated peptides is then provided as a
series of isotopic peaks or mass spectra, commonly referred to as the peptide mass fingerprint
(PMF) (Fig.7B; Domon and Aebersold, 2006; Tomanek, 2011). Furthermore, selected peptides
can be further fragmented by collision induced dissociation (CID) through tandem mass
spectrometry (MS/MS), which generates a second mass-spectra known as the peptide fragmented
fingerprint (PFF) (Fig. 7B; Domon and Aebersold, 2003; Suckau et al., 2003; Tomanek, 2011).
The PFF is important towards interpreting the amino acid sequence and is therefore capable of
detecting changes attributed to the protein structure (Suckau et al., 2003). Thus, tandem MS/MS
has the capacity to determine both the identity of the protein as well as any additional protein

interactions or potential post-translational modifications (Bensimon et al., 2012).

Currently, the two most common soft ionization techniques used in proteomic workflows
to generate mass-spectra are electrospray ionization (ESI) and matrix assisted laser
desorption/ionization (MALDI) (Fig(s). 6B & 6C; Aebersold and Mann, 2003). Both techniques
efficiently sublimate peptides during the gas phase and all mass spectrometry techniques require
proteins be digested prior to ionization, as large polypeptides are often indistinguishable and

generate low quality isotopic peak patterns (Aebersold and Mann, 2003; Lovri¢, 2011).
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However, both MS techniques are optimized for proteomic workflows depending upon how the
isolated proteins are prepared prior to ionization (Aebersold and Mann, 2003; Lovri¢, 2011). ESI
is used to analyze multiple peptides resulting from a complex biological solution, and therefore
is used in tandem with liquid chromatography peptide elution procedures (Aebersold and Mann,
2003; Lovri¢, 2011). In contrast, MALDI ionizes peptides which have been isolated within a
solid crystalline matrix (Aebersold and Mann, 2003; Lovrié, 2011). ESI is considered to be the
more efficient ionization technique (Lovri¢, 2011). However, ESI is also said to be more
susceptible to potential contaminants accumulated during the separation process, which can
impede upon isotopic peak detection (Lovri¢, 2011). In addition, MALDI is the preferred option
when analyzing isolated peptides originating from 2D gels (Aebersold and Mann, 2003). Since
the ionization method utilized in this study was a MALDI tandem time-of-flight mass
spectrometer (MALDI-TOF/TOF MS), I will focus on this method for the remainder of the

review.
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Figure 6. Basic principles involved in commonly used mass spectrometers in proteomic
research. A) All mass spectrometers generally consist of an ion source, mass analyzer and a
detector. The two most commonly used techniques in MS to ionize and measure proteins are B)
electrospray ionization (ESI) and C) matrix-assisted laser desorption/ionization (MALDI). D) In
time-of-flight (TOF) analyzers, the mass-charge ratio (m/z) is determined by the flight time it
takes for ionized particles to move through the specified length of the vacuum tube within the
first quadrupole (Domon and Aebersold, 2006). In tandem time-of-flight (TOF-TOF), or MS/MS
mode, the selected ions are further fragmented in a collision cell using collision-induced
dissociation, and are then detected during the second time-of-flight (TOF2). Figure adapted and
modified from Aebersold and Mann, 2003.

In order to prepare isolated peptides for MALDI-TOF-TOF MS, proteins have to first be
excised from the 2D gels of origin and separated from the resulting gel spots. After the proteins
have been eluted from the acrylamide matrix, they are subsequently digested into peptides by

proteases which cleave peptides as specified amino acid residues (Aebersold and Mann 2003;

40



Domon and Aebersold, 2006; Lovri¢, 2011). Protein digestion is usually performed by the
enzyme trypsin, which cleaves proteins at C-terminal lysine and arginine residues (Lovri¢,
2011). The digested peptide solutions are then precipitated and a matrix solution is added to the
mixture (Fig. 7A). Although there are many different available matrix solutions, the most
commonly used matrix in MALDI-MS is a-Cyano-4-hydroxycinnamic acid (CCA), as it slightly
more sensitive than alternative matrices and it complements well during MS/MS analysis
(Lovri¢, 2011). Following the addition of the matrix solution, the resulting matrix/peptide
mixture is then aliquoted and saturated onto a MALDI steel target plate using a hydrophobic
solvent such as acetonitrile. Once the peptide matrices have dried within the target plate, the
plate is loaded into a high vacuum and a point laser delivers pulsed wavelengths of about 370
nm, i.e., around the maximum absorption range of the matrix chosen, at the target sites which
generates a plume of charged analytes and matrix ions (Fig. 6D; Aebersold and Mann, 2003
Lovri¢, 2011). The matrix is important as it assists in the protonation of ionized peptides, thus
providing a net positive charge which aids in ion acceleration (Lovri¢, 2011). It also helps keep
the fragmented peptide ions stable during laser-induced sublimation (Suckau et al., 2003). The
ionized peptides are then accelerated through the mass analyzer facilitated by a series of voltage

plates (Fig. 6D; Aebersold and Mann, 2003; Lovri¢, 2011).

The mass-to-charge ratio (m/z) of ionized peptides is deduced by the flight time taken
through specified length of the vacuum, which is registered at the mass analyzer (Fig. 6D;
Aebersold and Mann, 2003; Domon and Aebersold, 2006). Typically for MALDI based MS
analysis, linear TOF mass analyzers are used as they compensate for size variation between
similarly charged peptide ions, as smaller ions are detected before larger ones (Lovri¢, 2011).

During the first round of peptide ionization (MS), peptide fragments are detected according to
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their m/z-values in mass spectra, with the intensity of the isotopic peaks indicating the relative
abundance of a particular peptide (Aebersold and Mann; Lovri¢, 2011). The resulting MS spectra
or PMF can then be uploaded to sequence databases to identify proteins by matching them to
theoretical peptide spectra (Aebersold and Mann, 2003; Domon and Aebersold, 2006). In this
instance, theoretical spectra from sequence databases are processed in silico to quantify the
corresponding peptide sequences which would occur following trypsin digestion (Lovri¢, 2011).
Following MS and PMF analysis, certain peptide ions can be further fragmented using collision
induced dissociation (CID) (Fig. 7A; Lovri¢, 2011). This process otherwise referred to as tandem
MS (MS/MS) produces a second mass spectra or PFF, which displays further information
regarding the amino acid sequence (Fig. 7B; Aebersold and Mann, 2003). Therefore, MALDI
TOF-TOF MS/MS represents a powerful analytical technique which can identify proteins and

possible modifications to peptide structure (Lovri¢, 2011).

42



1) Trypsin 2) Peptide elution
digestion separation and
source loading

L] 00 2
— — = — o ° odo o0 —_— 2 > Database
° \o o0 g search
/ | £
Protein Peptides LC/ESI MS cIp MS/MS m/z
B MS (PMF) MS/MS (PFF)
200
) LLEAAA(QS)TK
'E 516.27 (2
£ 400 +
>
S y7 |y8
£ 100182 SQAAE[L L
8 200] 516.27 (2+) |
2 5Y6
%] o
5 b2 y4
2 3 y9
- 0 & [ X A — 0. ) by L :
400 600 800 200 600 1000

m/z m/z

Figure 7. Principle steps involved in the preparation of peptide mixtures for mass spectrometry
based analysis. A) Protein mixtures are enzymatically degraded; digestion usually occurs by the
protein trypsin, which cleaves proteins at specifically known amino acid residues (Lovri¢, 2011;
Tomanek, 2011). B) Example of experimental mass spectra or the peptide mass fingerprint
(PMF) displaying m/z ratios of ionized peptides. Selected peptides may be further fragmented to
show potential differences in amino-acid sequences through analysis of a peptide fragmented
fingerprint (PFF). Figure adapted and modified from Aebersold and Mann, 2003 & Gstaiger and
Aebersold, 2009.

Although tandem mass spectrometers have the capacity to generate thousands of reliable
fragmented peptide spectra, MS/MS generated spectra have to be aligned with the correct peptide
spectra during bioinformatics searches (Lovri¢, 2011). This represents unique logistical issues
involved with data processing, as the sheer volume of potential data generated from MS analysis
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requires advanced computational and analytical software tools (Nesvizhskii et al., 2007). In
general, the assigning of spectra can be separate into three subcategories: 1) Database searching,
in which experimental MS/MS ion spectra are compared to theoretical predicted ion spectra
within chosen sequence database libraries; 11) De novo sequencing, in which the experimental
MS/MS ion spectra serve as the template for translation of the peptide sequences; and 111) Hybrid
or sequence tag approaches, in which partial sequences generated from experimental MS/MS ion
spectra are limited to databases which contain the partial sequence extrapolated from the
experimental MS/MS spectra (Nesvizhskii et al., 2007). However, the majority of large-scale

proteomic strategies utilize the database searching approach (Lovri¢, 2011).

Sequence databases vary in terms of their overall completeness, sequence redundancy
and sequence quality; however, there are several common sequence databases available for
MS/MS spectra interpretation (Nesvizhskii et al., 2007). These include the Entrez database from
the US National Center for Biotechnology Information (NCBI), RefSeq (NCBI), Swiss-Prot,
TrEMBL and the International Protein Index (IP1) (Nesvizhskii et al., 2007). If the proteomic
studies involve organisms whose genome has not been fully annotated, i.e., non-model
organisms, or if peptide sequence information is not available on any current database, then
genomic databases or translated expressed sequence tag (EST) libraries can also be used for
protein identification (Nesvizhskii et al., 2007). However, the use of non-model organisms as
study species offers its own unique sort of challenges as it limits the scope of available databases
due to the lack sequence annotation (Tomanek, 2011). These issues can hamper coverage of the
proteome leading to a decrease in protein identification rates (Dowd, 2012). In addition,
alternative challenges to database searching for large proteomic data sets can impede upon

downstream biological interpretation by increasing the false discovery rate (FDR), including the
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statistical methods chosen for MS/MS peptide analysis (Nesvizhskii et al., 2007). In order to
account for these limitations, scoring schemes are usually incorporated to the database searches
in which candidate peptides from theoretical spectra are ranked and sorted according to a
computed score (Nesvizhskii et al., 2007). There are different scoring scheme methods, but many
measure the level of confidence associated with a positive peptide match by calculating the
probability that the experimental match and the theoretical match within the sequence database is
based on chance (Perkins et al., 1999). In this context, the significance threshold is usually
predetermined (a < 0.05) and the potential peptide match with the lowest probability is purported
to be the best match candidate (Perkins et al., 1999). Therefore, protein identification via
database searching requires a robust search engine tool which is also capable of incorporating a
stringent scoring scheme to ensure confidence in positive protein identification (Nesvizhskii et

al., 2007).

Although there have been many programs developed, one of the most commonly used
and publically available database search engine tools are MASCOT (Matrix Science Inc.,
Boston, MA, USA) (Nesvizhskii et al., 2007). This software uses a molecular weight search
engine (MOWSE) score, which determines protein sequences based on a probability-based
scoring algorithm (Perkins et al., 1999). The significant match also depends upon the database,
but significant hits (p < 0.05) with a MOWSE score higher than 45 indicate a positive match
(Perkins et al., 1999; Tomanek & Zuzow, 2010). We also incorporated a more stringent approach
towards peptide identification, by limiting positive identifications to two matched peptides
regardless of MOWSE score (Tomanek and Zuzow, 2010). In this study, MASCOT was used to
search the following databases: Mytilus protein (7,844 sequences), Mytilus EST (409,254

sequences), Mytilus edulis EST (447,720 sequence), Mollusca EST (1,147,871 sequences), and
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NCBI Metazoa (last update: April 2016; 9,560,026 sequences). Since MASCOT also contains
sequences of non-model organisms, we also used a Basic Local Alignment Search Tool
(BLAST) to identify proteins based on sequence homology from annotated genomes of closely

related invertebrates.

Study Objectives

As climate change continues to increase the frequency of environmental disturbances
within marine ecosystems (Harley et al., 2006; Burrows et al., 2011; Doney et al., 2012), it is
important to establish mechanistic links between environmental tolerance and the physiological
constraints which govern patterns of species distribution (Helmuth, 2009; Tomanek, 2011;
Somero, 2012; Portner, 2012). In this regard, Mytilus congeners represent a unique comparative
study system to investigate the potential effects of environmental stress on shifts in
biogeographic ranges given their recently observed differential responses in survivability
(Schneider, 2008; Dowd and Somero, 2013), behavior (Dowd and Somero, 2013), cardiac
function (Braby and Somero, 2006), enzymatic function (Lockwood and Somero, 2011), gene
expression (Lockwood and Somero, 2010), protein expression (Tomanek and Zuzow, 2010) and
temperature acclimation (Fields et al., 2012) to heat stress. However, none of these studies
compared the molecular differences within the muscle primarily responsible for controlling gape
behavior. Therefore, this study has the potential to provide a greater system based perspective,
by incorporating the responses of muscle tissue to our current understanding of the gill’s
responsiveness to acute heat stress (Tomanek 2012). Given that episodes of moderate to severe
stress decreases aerobic scope within marine invertebrates (Portner, 2010), primarily resulting in
episodes of metabolic depression (Sokolova et al., 2012), we expect to changes in protein
abundance which would indicate a downregulation of aerobic metabolism during temperature

46



increases in both species. In addition, given the observed variation in thermal tolerance between
the congeners, we expect to see evidence of the cellular stress response, i.e., upregulation of
molecular chaperones and oxidative stress proteins, which would indicate that the adductor
muscle within M. trossulus is more-susceptible to increases in temperature as opposed to the
warm-adapted M. galloprovincialis. Finally, given the adductor muscles primary role as a
contractile tissue, we expect the greatest variation in protein abundance exhibited between the
congeners to surround regulation surrounding thick and thin filaments within the cytoskeleton.
Specifically, we expect to see an increased abundance of cytoskeletal regulatory proteins within
the muscle tissue of the M. galloprovincialis, which would indicate the maintenance of
cytoskeletal structural integrity occurring at the higher temperature ranges as opposed to M.

trossulus.
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Il. MANUSCRIPT

Abstract

Increases in seawater temperatures have imposed physiological constraints which are
partially thought to contribute to recently observed shifts in biogeographic distribution among
closely related intertidal ectotherms. For instance, Mytilus galloprovincialis an introduced warm-
adapted species from the Mediterranean, has displaced the native cold-adapted congener, M.
trossulus, over large latitudinal expanses off the California coast. Several comparative
physiological studies have revealed interspecific differences in thermal tolerance, including
variation in aerobic metabolism and gape behavior, which suggest the invasive congener is better
adapted to acclimate to increasing seawater conditions as predicted due to climate change.
However, current analyses seek to discover the cellular process which contribute to thermal
plasticity at the level of the whole organism in response to temperature stress. Since proteins
represent the primary molecular machinery capable of responding to thermal stress, we
quantified the proteomic response of the adductor muscles (AM) of M. galloprovincialis and M.
trossulus to acute heat stress. After acclimation to 13°C, we exposed mussels to 24°C, 28°C and
32 °C (at a heating rate of 6C/h), kept mussels at the temperature for 1 h and then added a 24-h
recovery period. Posterior adductor muscle samples were then excised and utilized for proteomic
analysis. We were able to detect 273 protein spots within M. galloprovincialis and 286 protein
spots within M. trossulus. Roughly 33% of these protein spots exhibited significant changes in
abundance in response to heat stress within M. trossulus as compared to only 19% in M.
galloprovincialis. In both data sets, most proteins changing abundance are part of the
cytoskeleton or proteins controlling actin thin filament dynamics and stress fiber formation.

Specifically, M. galloprovincialis increased the abundance of proteins involved in thin filament
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stabilization and cytoskeletal maintenance. In contrast, M. trossulus increased proteins involved
in thin filament destabilization and filament turnover. In addition, only M. trossulus increased
proteins involved in the cellular stress response at the highest temperature, suggesting its AM
proteome is more thermolabile. In return, our results suggest that cytoskeletal architecture is
more thermally stable in M. galloprovincialis. The differences in the proteomic responses
suggest that M. galloprovincialis is capable of protecting itself from heat stress through valve

closure at a higher temperature due to the increase in actin stabilizing proteins.

Introduction

Global climate change (GCC) has already resulted in increases in air and sea surface
temperatures, which affect all levels of biological organization (IPCC 2014; Doney et al., 2012;
Bernhardt and Leslie, 2013). The thermal stress imposed on intertidal ecosystems are particularly
concerning as they affect organismal performance and may strongly influence large-scale shifts
of invertebrate distributions (Harley et al., 2006; Doney et al., 2012; Bernhardt and Leslie, 2013).
For instance, many intertidal ectotherms have exhibited contractions at the southern but
expansions at the poleward end of their distribution in response to climate change (Harley et al.,
2006; Helmuth et al., 2009; Jones et al., 2010; Drinkwater et al., 2010; Sunday et al., 2012). The
ability of intertidal ectotherms to acclimate to temperature fluctuations is largely dependent upon
their thermal tolerance window, which reflects the temperatures to which they are routinely
exposed and describes the temperature range required to maintain optimal physiological
performance (Somero, 2002; Hofmann and Todgham 2010, Portner, 2012). Although the
intertidal is a highly dynamic thermal environment and intertidal ectotherms retain passive
compensatory mechanisms to acclimatize to temperatures which exceed their thermal tolerance
range, exposures to temperatures beyond these thermal thresholds for extended periods may
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offset energy balances required to maintain homeostatic functions (Pértner, 2012; Sokolova et
al., 2012). Thus, any long-term exposures to temperatures exceeding an organism’s thermal
threshold can negatively affect physiological performance resulting in decreased aerobic scope,
energy homeostasis and consequently survivorship during chronic stress (Portner, 2012; Dowd
and Somero, 2013). Furthermore, these effects may be exacerbated near a species’ range
boundaries, as animals occupying these areas may be limited in their thermal capacity to respond

further environmental change (Harley et al., 2006; Tomanek, 2008, Tomanek 2010).

In order to assess the temperature-dependent effects on physiological performance many
studies have compared the responses to heat stress between the two closely related species of
blue mussels, Mytilus galloprovincialis and M. trossulus (Braby and Somero, 2005; Hofmann
and Todgeham, 2010, Lockwood & Somero, 2011; Tomanek, 2011). Over the last century, the
warm-adapted M. galloprovincialis, an introduced species from the Mediterranean, has displaced
the native M. trossulus from its southern range in California (McDonald & Koehn, 1988; Geller,
1999). Both species belong to the Mytilus edulis complex, and can form stable hybrids in regions
where they overlap (Braby & Somero, 2006; Elliott et al., 2008). Within these regions, however,
M. galloprovincialis is typically larger, more viable, and exhibits competitive interference by
decreasing the abundance of the native M. trossulus (Elliott et al., 2008; Shinen and Morgan
2009; Lockwood and Somero, 2011). In addition, M. trossulus has been observed to display
lower survivorship in response to temperature increases during both aerial emersion and seawater
immersion as compared to M. galloprovincialis (Schneider, 2008; Dowd and Somero, 2013).
Recent physiological comparisons have revealed interspecific differences including variation in
enzyme Kinetics, anaerobic metabolism and cardiac output, suggesting that M. galloprovincialis

may have a competitive advantage over M. trossulus in response to temperature increases (Braby
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and Somero, 2005; Fields et al., 2006; Lockwood and Somero, 2011). Thus, comparisons of
congeners are particularly useful as they share a similar genome, life history patterns and
environments and thus increasing the likelihood that any differences are adaptive in the context
of different environments (Somero, 2010; Lockwood and Somero, 2011; Anacleto et al., 2014).
However, in order to determine which thermally adaptive traits contribute to phenotypic
plasticity and confer differential success towards warm-adapted species, further research is
required to link the cellular mechanisms which translate into physiological processes occurring at

the level of the whole organism.

To address these complex questions, recent analyses have utilized a proteomics approach,
which attempts to characterize the acute changes in abundance of the entire complement of
proteins occurring within a selected tissue in response to stress (Lovri¢, 2011; Diz et al., 2012;
Tomanek, 2012). All organisms retain a conserved set of stress response proteins, known as the
minimal stress proteome, which functions to detect and mitigate damage to cellular
macromolecules during stress exposure (Kultz, 2005). The regulatory patterns displayed by
stress responsive proteins allows for greater interpretation towards the complex physiological
processes involved during stress adaptation (Tomanek, 2014; Rocher et al., 2015), and since
proteins represent the biochemical machinery capable of integrating external stimuli at the
cellular level (Diz et al., 2012), any method capable of detecting changes in protein abundance
has the capacity to discover the functional molecular phenotype induced during temperature
stress (Lovri¢, 2011; Diz et al., 2012; Tomanek, 2012). Therefore, a proteomics approach
represents a powerful tool to investigate the complex regulatory processes and cellular
mechanisms involved during the thermal stress response, as it characterizes the full complement

of proteins upregulated within a given tissue during heat stress (Tomanek, 2011; Diz et al., 2012;

59



Tomanek, 2014). In addition, by comparing the proteomic responses of closely related species of
varying thermal tolerance whose current biogeographical ranges are in flux, it is possible to
discover novel molecular mechanisms which may confer competitive advantages to invasive
species in response to climate change (Tomanek, 2011; Tomanek, 2012). Comparative
proteomics may then provide a more comprehensive approach to better understand the cellular
mechanisms driving adaptive variation at the level of the whole organism in response to

increasing temperatures (Tomanek, 2014).

In this study, we utilized a comparative proteomics based approach to investigate the
responses within the adductor muscles of M. galloprovincialis and M. trossulus, in response to
acute heat stress. By attempting to characterize the proteomic differences within the muscle
primarily responsible for controlling the opening and closing of the valve (Gosling, 2015), we
may be able to provide a more conceptual framework for studies documenting variation in gape
behavior between both species in response to thermal stress (Dowd and Somero, 2013). In
addition, we complement previous work completed on gill tissue by providing a more systems-
based perspective into the molecular mechanisms which translate into whole-organismal
responses to temperature stress. Given the adductor muscles contractile function, we expect the
variation in protein abundance patterns exhibited between M. galloprovincialis and M. trossulus
in response to heat stress to primarily involve regulation surrounding the cytoskeleton.
Specifically, this may entail regulation surrounding the contractile apparatus or actomyosin-
based mechanics, which control cytoskeletal contractile activity within Molluscan smooth
muscle (Hooper et al., 2008). Finally, we expect any variation in protein abundance of molecular
chaperones and proteins involved in the cellular stress response to closely align with thermal

tolerance thresholds previously outlined in other experiments (Buckley et al., 2001; Anestis et
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al., 2007; Schneider, 2008; Lockwood and Somero, 2010; Tomanek and Zuzow, 2010; Tomanek,
2012). Specifically, we expect any interspecific differences in the abundance of proteins
involved in molecular chaperoning, oxidative stress, energy metabolism and cell-signaling to
closely mirror induction temperature ranges previously described within the gill tissue for both

M. galloprovincialis and M. trossulus respectively (Tomanek and Zuzow, 2010).

Results and Discussion

In order to compare the proteomic responses of the adductor muscle between both M.
galloprovincialis and M. trossulus to acute heat shock following acclimation to a common
temperature of 13°C, we separated the results into several sections for clarity. First, we present
the proteome maps with respect to each species, which depicts all detectable protein spot
boundaries and highlights those spots that changed significantly (One-Way permutation
ANOVA, p<0.05). Next, we illustrate the variation existent between the temperature treatments
for each species through principal component analyses (PCA). We subsequently utilize protein
component loading values provided by each PCA to determine which proteins were significantly
contributing towards the variation existent between the temperature treatment groups (Table 1).
After defining specific proteins with the greatest contributions towards the variation exhibited
between temperature treatments, we precede to delineate between the protein abundance patterns
represented within the hierarchical clusters, i.e., heat maps, to identify molecular mechanisms
which may be induced. The final section includes protein expression profiles (Tukey’s pairwise
comparison’s; p<0.05) of both significant and non-significantly identified proteins to compare
the relative similarities and or differences of orthologous proteins between the two species. The

latter section is also further separated by protein functional categories to define the interspecific
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differences. Finally, we propose several hypotheses about the biochemical differences that
distinguish the response to heat stress between the two species.

It is important to note that changes in protein abundance may occur through multiple
processes including protein synthesis, post-translational modifications (PTMs) or protein
degradation (Tomanek and Zuzow 2010; Fields et al., 2011; Garland et al., 2015). Thus, changes
in protein abundance patterns may be facilitated by any of these processes, and so the total
abundance of all isoforms of a given protein does not necessarily represent the full complement
of isoforms which may be present within the adductor muscle (for further review see Tomanek
2011, 2014). Therefore, our interpretation involves generating hypotheses based on the specific
subset of identified protein isoforms, which requires further clarification and validation. A
number of proteins which were identified but did not significantly change in protein abundance

are also presented in the Supplement for further reference (Table(s) S3 & S4).

Significant Changes in Total Protein Abundance in Response to Acute Heat Stress

Mytilus galloprovincialis

Following the aligned warping of all two-dimensional (2D) gel images, we generated a
proteome map, i.e., composite image, representative of the average pixel density of all individual
adductor muscle samples (N=24) across all treatments. We then determined protein spot
boundaries and transferred these consensus spot patterns back to each individual gel image to
determine significant changes in protein abundance based on pixel density or protein spot
volume. This approach enabled us to detect a total of 273 individual protein spots represented
within the adductor muscle of M. galloprovincialis. From this, 52 total proteins (or 19% overall)

exhibited significant changes in abundance in response to acute heat shock (One-way
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permutation ANOVA; p<0.05; Figure 1A). We were then able to successfully identify 31 of
these 52 significant protein spots for a 60% identification rate using tandem mass spectrometry
(MS/MS) (significant protein spots represented through highlighted spot boundaries, see Fig.
1A). Protein identifications and corresponding MS/MS data can be found in the supplement (See

Table S1).
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Figure 1A. An average composite gel image comprising all adductor muscle samples (N=24),
depicting a total of 273 protein spots detected within the adductor muscle of Mytilus
galloprovincialis in response to acute heat shock during immersion. Proteins are separated
according to their respected isoelectric points (pl) along the horizontal axis, and by molecular
weight (kDa) along the vertical axis. The fusion image represents the average normalized pixel
volumes for each protein spot detected across all 24 gel images utilizing Delta 2D gel analysis
software (version 4.3, Decodon, Greifswald, Germany). Highlighted spots, i.e., spot numbers 1-
52, showed significant changes in abundance in response to acute heat shock (One-way
permutation ANOVA; p<0.05). All protein spots were then excised and analyzed using tandem
mass spectrometry for protein identification, regardless of whether they exhibited significant

changes in abundance in response to treatment (See Table(s) S1 & S3).
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Mytilus trossulus

We detected 286 distinct protein spots within the adductor muscle of Mytilus trossulus.
Of the total detected spots, 97 protein spots (or 34% overall) exhibited significant changes in
protein abundance in response to acute heat stress (One-way permutation ANOVA, p<0.05; Fig.
1B). From this, we were able to successfully identify roughly 60 proteins for a similar 62%
success rate using MS/MS (significant protein spots represented through highlighted spot
boundaries, see Fig. 1B). Protein identifications and corresponding MS/MS data can be found in

the supplement (See Table S2).
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Figure 1B. An average composite gel image comprising all adductor muscle samples (N =24),
depicting a total of 286 protein spots detected within the adductor muscle of M. trossulus in

response to acute heat shock under sea water immersion. Highlighted spots, i.e., spot numbers 1-

65



97, exhibited significant changes in abundance in response to acute heat stress. For protein
identifications, see Table(s) S2 & S4).

Principal Component Analyses

Due to the complexity associated with large biological networks, their analysis can be
extremely difficult without the implementation of techniques utilized to compartmentalize
multidimensional data sets (Raychaudhuri et al., 2000). Therefore, in order to investigate the
contribution of protein abundance changes towards the relative separation of the temperature
treatments, we conducted several principal component analyses (PCAs). This statistical
technique utilizes all the protein spot intensities present within each individual gel image and
combines them into a single vector per gel (Delta 2D version 3.6; Decodon, Greifswald,
Germany). Each gel vector is then plotted along a multi-dimensional coordinate plane in which
the two axes, i.e., principal components, explain the greatest proportion of the variability in
terms of percent variation in protein abundance existent between the temperature treatments.
These principal components are therefore linear transformations of the data, which attempt to
reduce the dimensionality of all the spot intensities into two primary component axes to
graphically represent the maximal percent variation in protein abundance (Ringnér 2008). Each
temperature treatment is then clustered and defined by the proximity and overall perimeter
grouping of their respected gel vectors (see Fig(s). 2A & 2B). Temperature clusters which share
a high degree of overlap are interpreted to exhibit similar changes in protein abundance in
response to thermal stress, whereas temperatures which exhibit greater separation are perceived

to display distinctive proteomic response profiles.
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Although these PCA’s provided a visual characterization of the apparent separation
existent between different temperatures, the principal components were further assessed through
examination of principal component loading values (Table 1). These loading values, i.e.,
eigenvalues, provide further context as to the distinct differences observed in protein abundance,
as proteins which exhibit high rankings are suggested to significantly contribute towards the
separation of temperature clusters along the respected component axis (Fig(s) 2A & 2B). In this
regard, proteins which exhibit high positive loading values contribute a greater proportion
towards the separation of gel vectors located within the positive quadrant of the component axis.
Conversely, proteins exhibiting negative loading values contribute a greater proportion towards

gel vectors located along the negative component axis.
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Table 1. Positive and negative component loading values for highest ranking proteins associated
with the principal component analyses, with respect to species. Component loading values are
numerically ranked, and the top ten rankings are shown. These proteins contribute the greatest
proportion of variation towards the separation of gel vectors along the corresponding principal
component axes (Fig(s). 2A & 2B), and were thus open for greater biological interpretation. For
further analysis of all protein component values, see Table S5. *Post-hoc analysis, represents

protein spots which exhibited significant changes in protein abundance (Tukey pairwise

comparison; p<0.05; See Fig(s). 16-21). Note: component loading values for protein spots which
were not identified via tandem MS/MS are not shown. For analysis of additional component

loading values, see Table S5.

Mytiluz galloprovincialis
Component
empenent Loeding Rank Pratein (Spot ID} Loading
) Positive compenent loadings for PC1
1 Rab GDP-dissocistion inhibitor B-subunit (17)* 1.884
> Celponin (22} 1.884
Celponin (12)" 1814
4 Tropomyosin (41)* 1.478
5 ¥ hydrog. , mi ial (15)* 1.421
G Celponin (13)" 1.407
7 Guanine nuclectide-binding protein B-subunit (25)* 1.375
Actin-2 (48] 1.323
] Troponin-T (24) 1.313
10 Calponin (237" 1.302
|B] Meqstive component losdings for PC1
1 Filamin-C (38)* -1.174
I Filzmin-C (37" -1171
Calponin (21)" -1.166
4 Tropomyosin (42)* 1147
15 Calponin (20)* -1.020
5 Calponin (18)" -1.014
7 B-tubulin (38) 0673
B-tubulin (37) -0.801
o E-tubulin (38) -0.569
10 Mycsin regulatory light chain [47)* -0.450
1 Posifive component loadings for PC2
0 B-tubulin (38) 1.780
I B-tubulin (38) 1774
E-tubulin (37) 1.845
n B-tubulin (40) 1811
15 Myozin regulatory light chain (477 1800
5 Actin interacting protein 1 (2)" 1.041
7 Apextrin-like protein (20) 0.604
Calponin (31)* 0.447
a Rab GDP-dissociation inhibitor B-subunit (17)* 0.436
o MAD-dependent isocitrate dehydrogenase mitochondrial a subunit {25) Q.41
D) Megstive component losdings for PC2
1 Gslponin (207" -1.884
> Hest shock protein 70 (8)* 1.841
Calponin (18)* -1.807
4 B-actin (7) -1.441
5 Fascin (40) -1.202
G Filamin-C (38)* -1.025
7 Filamin-C {3)* -0.782
Aldehyde dehydrogenase mitochondrial (15)* -0.847
0 Troponin-T {24)* -0.530
10 Tropomyasin (42)* -0.501

Iytilus troussulus
GComponent

Protein (Spot 10) Loading
Actin (87)* 1.024
Whirlin [28)* 1.781
Guanine nuclectide-binding protein B-subunit (52)° 1.775
14-3-3 protein (58)* 1.782
Profilin (21)* 1.729)
Small heat shock protien (82" 1.616
Small heat shock protien (85) 1.580
Actin (43) 1.520
Small heat shock protein (81" 1.482]
Actin (T8)* 1.479
Small heat shock protein (45) 1,620
B-tubulin {15)* 1528
ATP synthase, F1 B-subunit (23)" -1.358)
B-tubulin {18)* -1.322
Cslponin (34)* -1.285
Calponin (28)° -1.244
Short chain collagen [55)* -1.237]
Cslponin (12)* -1.125
Troponin-T (31)* -1.040)
Collagen a-Vl chain {12} -1.008
Gelsolin (247 2.008)
Aldehyde dehydrogenase, mitochondrial (20)* 1.888
ATP synthase, F1 B-subunit (23)* 1.610)
B-tubulin {18)* 1.800
Pyruvate dehydrogenase. E1 component B-subunit (54)* 1.280
Rab GDP dissociation inhibitor B-subunit (22)* 1.214
B-tubulin {15)* 1.013
Fascin (10)* 0.912
Purine nucleoside phosphorylase (60)* 0.874
Calponin (29)" 0679
Actin {387 -2.505]
Actin (417 -2.380)
Heavy metal binding protzin (47)* 2278
Troponin-T (33)" -2.261
Actin-2 (40)* 2,183
Tropeonin-T (38)* -2.112
Cu-Zn Supercxide dismutase (92)* -2.087]
Actin (357 1.508)
Troponin-T (31)* 1,681
F-acfin capping protein a-subunit (46)* 1.538|
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Mytilus galloprovincialis

® 13°C
® 24°C

28°C
® 32°C

PC1 (30.6%)

4 -43.55

PC2 (15.5%)

Figure 2A. Principal component analysis displaying all significant proteins within the adductor
muscle of M. galloprovincialis in response to acute heat shock under sea water immersion. Each
coordinate point displayed represents a gel vector with respect to temperature treatment (13°C,
24°C, 28°C & 32°C). All gel vectors are plotted along the principal components axes, PC1 &
PC2, which attempt to explain the greatest proportion of the variation observed between
temperature treatments in terms of protein abundance (for individual protein contributions, see
Table(s) 1 & S5). In this context, 46.1% of the variation observed in protein abundance changes
can be explained along the along the two provided component axes. Specifically, PC1 explains
roughly 30.6% of the variation whereas PC2 explains 15.5% of the variation exhibited between
temperature treatments.

The first PCA depicts all 52 significant proteins observed to change in abundance in
response to acute heat stress within the adductor muscle of M. galloprovincialis, and explains
roughly 45% of the total variation exhibited between temperature treatments (Fig. 2A). The first

principal component explains 30.6% of the variation and separates the gel vectors into two
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quadrants along a vertical axis. Specifically, this component isolates the 24°C treatment,
suggesting a more varied response in protein abundance following 24°C heat shock as compared
to all other temperatures. Proteins possessing high positive component loading values for PC1
were then used further to investigate this treatment isolation (Table 1). These included proteins
involved in vesicular trafficking/signal transduction (Rab GDP-dissociation inhibitor 3-subunit,
guanine nucleotide-binding protein B-subunit), regulation of the acto-myosin complex (four
isoforms of calponin, troponin-T) thin filament regulation (tropomyosin), oxidative stress
(mitochondrial aldehyde dehydrogenase) and the cytoskeleton (actin-2) (Table 1). Conversely,
the 13°C, 28°C and 32°C treatments were uniformly clustering around the same distance from
the 24°C treatment, suggesting they all responded similarly in protein abundance changes with
respect to PC1 (Fig. 2A). Proteins contributing to this arrangement include those involved in the
cytoskeleton (four isoforms of B-tubulin) thin filament regulation (filamin-C and tropomyosin)
and regulation about the acto-myosin complex (three isoforms of calponin and a myosin
regulatory light chain). Together, it appears that exposure to higher temperatures changed the
abundance of proteins primarily involved in cell signaling and thin-filament regulation, whereas
exposure to the other temperatures caused changes in the abundance of microtubule subunits and
proteins involved in both thick and thin filament regulation. Therefore, it appears acute mild heat
stress may have resulted in substantial changes within the cytoskeleton of the adductor muscle.
Given the nature of these results and the thermal history of M. galloprovincialis, 24°C
may represent a pivotal temperature in which the mussel may detect potential increases in
temperature and respond accordingly through alterations to the actin cytoskeleton. Populations of
M. galloprovincialis have exhibited increased mortality rates when acclimated to temperatures

above 24°C, suggesting a decreased capacity to maintain extended valve closure when exposed
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to high immersion temperatures for long periods (Anestis et al., 2007; Dowd and Somero, 2013).
In addition, the heat shock response of M. galloprovincialis is readily induced within a finite
temperature range between 23°C & 25°C, through increased abundance of molecular chaperones
such as heat shock protein 70 (Hsp70) and the magnitude of heat shock protein expression
increases proportionally in response to temperature exposures above 28°C (Hofmann and
Somero, 1996; Tomanek and Zuzow 2010). These results indicate exposure to temperatures
between 24°C and 32°C may increase the thermal denaturation of susceptible proteins.
Interestingly, actin thin filaments are extremely heat sensitive as exposure to increasing
temperatures has been shown to promote dissociation of ADP-bound nucleotides between F-
actin subunits, which promote vital connections between of F-actin monomers along the length
of the filament strand (Hartl et al., 2008). Therefore, the actin cytoskeleton may represent one of
the most vulnerable domains to heat stress and subsequent heat shock expression following heat
exposure may be in response to prevent aggregation of thermally destabilized thin filaments.
Although we did not identify any molecular chaperones contributing to the separation of the
24°C treatment which would suggest thin filament destabilization, the contribution of multiple
actin binding proteins suggest modifications to existing myofilaments.

Interestingly, the protein exhibiting the highest loading value separating the 24°C is Rab
GDP-dissociation inhibitor (Rab GDI; Table 1). These proteins function primarily to recycle Rab
GTPases, which are common mediators in membrane targeted vesicular transport (Stenmark and
Olkkonen, 2001). Rab GDI has also been implicated in the RhoA-GTPase/Rho-kinase
(RhoA/ROK) calcium sensitization pathway within vertebrate smooth muscle (Somlyo and
Somlyo, 2003). Upon activation by heterotrimeric G-protein complexes, RhoA-GTPase is

translocated to the membrane to activate Rho-kinase, which further amplifies the signal cascade
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through phosphorylation of many downstream mediators including those involved in stress fiber
formation (Somlyo and Somlyo, 2003; Tojkander et al., 2012). In this context, Rab-GDI is
utilized to sequester RhoA and inhibit the signal by burying the hydrophobic tail of RhoA in
order to prevent insertion and localization to the cystolic portion of the muscle cell membrane
(Pfeffer, 1995). Thus, the net increase in Rab-GDI abundance at 24°C may perhaps be in
response to inactivate RhoA causing quiescence of the RhoA pathway. Due to their relative low
abundances, hydrophobic properties and lack of charged residues, membrane proteins are
inherently difficult to identify through many conventional proteomic approaches (Helbig et al.,
2010). Therefore, the identification of integral, transmembrane and lipid-anchored proteins, i.e.,
RhoA, within this study is rather limited. However, a portion of the heterotrimeric G-protein
complex, i.e., guanine nucleotide binding protein B-subunit, also exhibited a high positive
component ranking (Table 1), suggesting a high relative contribution towards the separation of
the 24°C treatment. Interestingly, g-protein coupled receptors (GCPR’s) and tyrosine kinases
represent two of the primary receptors which initiate signal transduction within the RhoA-
GTPase/Rho-kinase signaling pathway, and external stimuli which are known to activate these
receptors have also been shown to induce actin polymerization and cytoskeletal remodeling
within smooth muscle (Somylo and Somlyo 2003; Gunst and Zhang, 2008). Since both signaling
proteins were upregulated at this temperature range, it could represent the attenuation of one
signaling pathway and the upregulation of another. Therefore, given the isolation of 24°C and the
contribution of the proposed signaling proteins in addition to the high number of actin binding
proteins, it appears to suggest exposure to 24°C may prompt the reorganization of the actin

cytoskeleton within the adductor muscle through activation of particular signaling pathways.
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PC2 separated the treatments along a vertical axis and explained nearly 15.5% of the
variation in protein abundance observed between the different temperatures (Fig. 2A). Along
PC2, there is clear separation of both the 13°C and 32°C treatments within the positive and
negative quadrants respectively. Both the 24°C and the 28°C temperatures, however, lie
intermittent horizontally between the 13°C and 32°C suggesting similar changes in abundance
profiles between these treatments with respect to the PC2 axis (Fig. 2A). Therefore, the major
difference evident along PC2 is represented by the change in protein abundance between the
control temperature 13°C and extreme temperature of 32°C. Analysis of positive component
loading values for PC2, suggests proteins contributing towards the isolation of the 13°C control
include those involved in regulation of the cytoskeleton (four isoforms of B-tubulin), thin
filaments (actin interacting protein 1), the acto-myosin complex (myosin regulatory light chain,
calponin), immune function (apextrin-like protein), vesicular traffic/signal transduction (Rab
GDP-dissociation inhibitor B-subunit) as well as energy metabolism (NAD-dependent isocitrate
dehydrogenase mitochondrial a-subunit) (Table 1). In contrast, the negative component loadings
contributing to the separation of the 32°C treatment are due to proteins involved in regulation of
the actomyosin complex (two isoforms of calponin, troponin-T), molecular chaperoning (heat
shock protein 70), thin filament regulation (two isoforms of filamin-C, fascin, tropomyosin), the
cytoskeleton (B-actin) and oxidative stress (aldehyde dehydrogenase mitochondrial).

Analysis of both protein subsets with respect to PC2 revealed staunch contrasts in the
proteomic responses within M. galloprovincialis to the control and highest temperature ranges
respectively. For instance, B-tubulin isoforms were previously included in the negative
component loading values for PC1, which separated the 13°C, 28°C and the 32°C temperatures.

However, the inclusion of the two high-ranking B-tubulin isomers, i.e., spot numbers 38 and 39,
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within the positive component loadings for PC2 appears to suggest these proteins confer a
greater contribution towards the overall separation of the 13°C control temperature (Table 1; Fig.
2A). Isoforms of B-tubulin assimilate towards the fast-growing ends of microtubule
protofilaments, and the exchange of the GTP nucleotide within the B-tubulin monomer is crucial
for microtubule assembly and disassembly rates (Akhmanova and Steinmetz, 2008). These
protofilaments perform a variety of vital cellular functions including in the maintenance of cell
morphology as well as assistance with cell motility, vesicular transport and cellular division
(Draber and Draberova, 2012). In this context, the contribution of B-tubulin isomers may be due
to a higher cytoplasmic pool of GTP-bound B-tubulin subunits, possibly as an indication of the
active polymerization of microtubule structures at lower temperatures. Perhaps more notable,
however, is that these protofilament isoforms do not contribute to the separation of any of the
higher temperatures (Table 1). Interestingly, a decrease in B-tubulin gene transcripts in response
to increasing immersion temperatures was also observed within muscle tissue of the goby fish,
Gillichthys mirabilis (Buckley et al., 2006). These authors postulated the net decrease in -
tubulin gene transcripts was due to a downregulation of the cell cycle and suppression of cell
proliferation within the muscle tissue. Therefore, the observed absence of B-tubulin subunits at
higher temperatures may also indicate cell senescence. This may also provide a context for the
observed contribution of the apextrin-like protein towards the separation of the 13°C control
(Table 1). Apextrin has been described as a potential member of the membrane attack
complex/perforin (MACPF) family (Rosado et al., 2008) and it has been shown to be strongly
upregulated in response to bacterial infection of different species of bivalves (Dheilly et al.,
2010; Estévez-Calvar et al., 2011), supporting a proposed role in the invertebrate immune

response. Since apextrin also does not contribute towards the separation of the higher
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temperatures, it may also be indicative of an attenuation of an immune response to increasing
temperatures. Interestingly, proteins involved in suppression of the immune response, e.g., RAF
kinase inhibitor protein and prostaglandin reductase, were also shown to increase in abundance
in response to heat shock within muscle tissue of the porcelain crap, Petrolishes cinctipes,
suggesting an attenuation of immune function during higher temperature exposure (Garland et
al., 2015). Together, these results suggest heat shock possibly inhibits both cell proliferation and
immune responses, possibly as a means of allocating resources towards alternative regulatory
processes within the muscle cell.

Similar to the positive component loadings contributing to the separation of the 13°C, the
negative component loading values with respect to PC2 aid in the sole separation of the 32°C
highest temperature extreme (Fig. 2A). Whereas the proteins with positive loading values for
PC2 appear to involve the downregulation of specific regulatory processes following exposure to
13°C, the negative component loading values contributing to the separation of 32°C primarily
involve proteins which function in the cellular stress response as well as thin filament
stabilization (Table 1). Two prominent proteins within this subset involved in the cellular stress
response are Hsp70 and mitochondrial aldehyde dehydrogenase (mALDH). Hsp70 isoforms
represent a class of molecular chaperones which are highly conserved and function to bind to
nascent polypeptide chains of newly synthesized proteins, and promote proper substrate folding
using energy released from ATP-hydrolysis (Mayer and Bukau, 2005). During stressful
conditions, these chaperones maintain protein quality control within the cell through
housekeeping functions designed to recognize misfolded proteins, which then bind to exposed
hydrophobic residues in order to prevent further protein denaturation and aggregation

(Buchberger et al., 2010). Hsp70 isoforms have been shown to increase in abundance within M.
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galloprovincialis exposed to immersion temperatures ranging between 23°C & 25°C (Tomanek
& Zuzow, 2010, Anestis et al., 2010). In addition, inducible Hsp70 gene transcripts have been
observed to significantly increase in expression within M. galloprovincialis in response to acute
heat exposure between immersion temperatures ranging from 24°C-32°C (Hofmann & Somero,
1996; Franzellitti & Fabbri, 2005; Lockwood et al., 2010). Although we did not quantify the
peak temperature of Hsp synthesis, the contribution of the lone Hsp70 isoform towards the
separation of the 32°C temperature, it may indicate that this temperature range most likely
represents the upper physiological thermal tolerance range for M. galloprovincialis.

In addition, the presence of the mALDH isoform within this subset suggests moderate to
severe thermal stress occurring within the adductor muscle at highest temperature range. ALDHs
are represented in all three taxonomic domains and are upregulated in response to cellular
stressors which are known to increase the production of reactive aldehydes (Marchitti et al.,
2008; Singh et al., 2013). For instance, during oxidative stress-induced lipid peroxidation,
reactive oxygen species (ROS) can interact with polyunsaturated double bonds located within the
plasma membrane and produce reactive aldehydes (Ellis, 2007). As such, these aldehyde
scavengers have also been shown to be upregulated in the gill tissue of Mytilus congeners in
response to heat stress (Tomanek & Zuzow, 2010), temperature acclimation (Fields et al., 2012)
and hyposalinity stress (Tomanek et al., 2012), suggesting multiple abiotic factors may influence
the production of reactive aldehydes in mussels. Since oxidative stress has recently been
described as a costressor of thermal stress due to the upregulation of ROS scavenging pathways
during heat shock (Tomanek 2012; Tomanek 2015), the presence of both Hsp70 and mMALDH in
this context appears to support the occurrence of moderate to severe stress to the highest the

temperature of 32°C.
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Figure 2B. Principal component analysis displaying all significant proteins within the adductor
muscle of M. trossulus in response to acute heat shock under sea water immersion. The PCA
explains 39.8% of the variation observed between temperature treatments in terms of protein
abundance. Specifically, PC1 explains roughly 25.9% whereas PC2 explains 13.9% of the total
variation respectively. For PC component loading values see Table(s) 1 & S5.

The second PCA depicts all 97 significant proteins which changed abundance in response
to acute heat stress within the adductor muscle of M. trossulus (Fig 2B). Similar to M.
galloprovincialis, the first two components explain roughly 40% of the variation exhibited
between temperature treatments. The first component explained 26.9% of the variation in protein
abundance and separated the higher temperatures of 28°C and 32°C from the lower 13°C control
and 24°C temperatures. In contrast, the second component explained 13.9% of the variation in

terms of protein abundance and separated the 13°C and 28°C treatments from the 24°C and 32°C
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temperatures respectively (Fig. 2B). Perhaps the most intriguing and most prominent aspect of
the overall PCA is the limited overlap between each of the four clusters. Therefore, it appears
heat stress evoked distinctive proteomic profiles within the adductor muscle of M. trossulus, and
these protein signatures were unique to each temperature as compared to M. galloprovincialis
(Fig. 2A).

Proteins contributing towards the separation of the higher temperature extremes along
PC1 include several isoforms of actin as well as proteins involved in cell signal transduction
(guanine nucleotide-binding protein B-subunit, 14-3-3 protein), thin-filament regulation (profilin,
whirlin) heat stress (three small heat shock protein isoforms) and the actin cytoskeleton (Table
1). The variation observed in actin isoforms appears to suggest remodeling of thin filament
structures, given the additional contributions of the thin-filament regulatory proteins, e.g.,
profilin and whirlin, towards the observed separation of the higher temperatures (Table 1).
Profilin promotes the exchange of ADP/ATP of G-actin monomers, which then bind to barbed
ends of F-actin in order to promote microfilament assembly (Dos Remedios et al., 2003; Pollard
and Borisy, 2003). By sequestering and forming complexes with ATP bound to G-actin, profilin
increases the kinetic parameters favoring barbed end nucleation, thus increasing the rate of thin
filament polymerization (Carlier and Pantaloni, 2007). Whirlin has also been suggested to assist
in thin filament assembly by colocalizing near the growing end of actin filaments and forming
complexes with myosin and other actin binding proteins near the apical membrane during
stereocilia growth in cochlear hair cells (Rzadzinska et al., 2004; Mburu et al., 2006; Brown et
al., 2008). Interestingly, these proteins are quintessential for regulating thin filament
polymerization such that overabundance of whirlin can result in abnormally long hair cells

(Prosser et al., 2008). Whirlin has also been postulated to ensure cytoskeletal integrity by acting
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as a cytoskeletal scaffolding protein and aid in the structural integrity of the actin bundle network
in hair cells and myelinated axons (Wang et al., 2011; Green et al., 2013). Given the nature of
these proteins, it suggests higher temperatures influences active thin filament polymerization and
coordination of actin treadmilling, possibly as a means to promote cytoskeletal structural
integrity. However, perhaps the most intriguing aspect among this protein subset is the
contribution of multiple small heat shock protein (sHsps) isoforms (Table 1). A primary function
of these molecular chaperones is the prevention of F-actin aggregation, following thermally
induced denaturation of actin thin filaments (Pivovarova et al., 2007). Therefore, given the
combined contributions of proteins involved in regulation of thin filament elongation and
prevention of thin filament aggregates, it appears higher temperatures destabilize thin filament
structure and possibly induce the dynamic remodeling of actin thin filaments which may weaken
the structural integrity of the cytoskeletal network within the adductor muscle of M. trossulus.
While the positive loading values for PC1 separate the higher temperatures, the negative
loading values facilitate the separation of the lower temperatures of 13°C control and 24°C
respectively (Fig 2B). The negative component loadings contributing to this separation include a
molecular chaperone (sHsp), microtubule monomers (two B-tubulin subunits), a monomeric
subunit of the F1 portion of the mitochondrial ATP synthase (ATP synthase B-subunit), multiple
thin and thick filament regulatory proteins (three calponin isoforms and troponin-T) and
cytoskeletal proteins (short-chain collagen, actin and collagen a-VI chain) (Table 1). As
mentioned previously, most of these proteins appear to indicate adaptive remodeling of the
cytoskeletal architecture. However, perhaps one of the more intriguing aspects of this subset, is
represented by the contribution of the sHsp isoform (Table 1). It is possible the upregulation

observed in sHsp abundance may in fact reflect the onset threshold induction temperature for the
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inducible heat-shock response within M. trossulus. The expression of heat-shock transcription
factors (HSFs) has been shown to readily increase in this species between temperatures of 20-
23°C (Buckley et al., 2001). Since a major housekeeping function of sHsp’s is to stabilize the
actin-based cytoskeleton (Sun and MacRae, 2005; Wettstein et al., 2012), this observation could
possibly be indicative of increased thin filament destabilization within the cytoskeletal network.
This coincides with previous observations, as several sHsp isoforms were found to significantly
contribute towards the separation of the higher temperature treatments, suggesting thermal
denaturation of thin filaments may readily occur within the adductor muscle at seawater
temperatures approaching 24°C. Taken together, the observed contribution of multiple sHsp
isoforms towards the separation of each of the higher temperatures appears to suggest the
induction of the heat-shock response within the adductor muscle of M. trossulus may also
coincide with thermal denaturation of actin microfilaments. Therefore, upregulation of sHsp’s
may be required to prevent further thin filament destabilization and the aggregation of denatured
thin filament aggregates.

The second principal component explains nearly 14% of the variation among temperature
treatments, and separates both the 13°C control & 28°C group from the 24°C and the 32°C
temperatures along a vertical axis (Fig. 2B). A striking aspect of this component separation is the
near complete separation of the 13°C control from all other temperature treatments. The positive
component loading values for PC2 which contribute towards the near complete separation of the
13°C control from all higher temperature treatments, include several proteins involved in thin
filament regulation (gelsolin and calponin), thin filament bundling (fascin), oxidative stress
(mALDH), energy metabolism (pyruvate dehydrogenase E1 component B-subunit, ATP synthase

F1 B-subunit and purine nucleoside phosphorylase), vesicular trafficking/signal transduction
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(Rab-GDI) and cytoskeletal proteins (two isoforms of B-tubulin and an actin isoform) (Table 1).
Given the high number of protein functional groups evident within this component subset, it
suggests a multi-tiered cellular response upon the onset of increasing immersion temperature. As
similarly seen in M. galloprovincialis, several proteins which contribute towards the sole
separation of the 13°C control appear to be at low levels at the higher temperatures, alluding to
the possible attenuation of certain cellular functions in response to heat stress. For instance,
several metabolic proteins including pyruvate dehydrogenase, ATP synthase F1 -subunit and
purine nucleoside phosphorylase only contributed towards the separation of the 13°C
temperature (Table 1). This appears to suggest downregulation of specific energetic pathways
during higher temperature exposure. In previous studies, downregulation of certain glycolytic
enzymes, e.g., pyruvate kinase (PK), among Mytilus congeners in response to acclimation
temperatures higher than 24°C was suggested to facilitate a putative switch from aerobic to
anaerobic metabolism (Anestis et al., 2007). This energetic shift was possibly in reference to
extended valve closure and therefore a reduction in oxygen supply (Anestis et al., 2007). The
proposed downregulation of energetic pathways in this context may also represent an alternative
strategy to reduce the accumulation of ROS, as indicated by the presence of the ROS-scavenger
mALDH (Table 1). However, perhaps the most notable aspect of this subset is indicated by the
contribution of multiple actin-binding proteins (Table 1), further suggesting substantial changes
to the actin cytoskeleton in response to temperature increases.

Finally, proteins with negative component loadings for PC2, which partially separates
28°C and completely separates 24°C and 32°C from the 13°C control (Fig. 2B), are involved in
regulation of the acto-myosin complex (three isoforms of troponin-T), molecular chaperoning

(sHsp), the cytoskeleton (three isoforms of actin), oxidative stress (Cu-Zn superoxide dismutase)
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and heavy metal sequestration (heavy metal binding protein). Whereas the positive component
loadings for PC2 exhibit a correlation towards thin-filament reorganization, the proteins included
in the negative component loadings appear to suggest severe thermal stress impacting actin thin
filament structure. Recent evidence has suggested increase in troponin-T (TnT) isoforms is due
to irreversible proteolytic degradation of molecular contractile elements within multiple muscle
types, and increased abundance of TnT isoforms has become a hallmark for detecting myocyte
cell turnover, apoptosis and organ damage (Apple and Collinson, 2012, Lavatelli et al., 2014).
The abundance of TnT isoforms also coincides with the contribution of the sHsp and Copper-
Zinc superoxide dismutase isoforms (Cu-Zn SOD) towards the separation evident along PC2.
Cu-Zn SOD belongs to a family of peroxidases and is one of the primary detoxifying agents
which function to sequester accumulated intracellular ROS to prevent further cellular damage to
macromolecules (Matés and Sanchez-Jiménez, 2000). Coincidentally, several peroxidase
enzymes along with thioredoxin and ALDH were also identified in the gill tissue of M. trossulus
in response to increasing temperature (Tomanek and Zuzow, 2010). However, Cu-Zn SOD
isoforms were only identified in the gill tissue of M. galloprovincialis at both high and low
temperatures. These authors suggested that the absence of Cu-Zn SOD within M. trossulus at the
higher temperatures was due to incapacity to cope with oxidative stress in response high
temperature exposure. Given the protective function of both sHsp and Cu-Zn SOD, it is possible
the adductor muscle can respond to higher temperatures, but this response may be rather limited
as indicated by the presence of the TnT isoforms and the correlations between increased rates of
cell damage. Therefore, acute exposure to higher temperatures may evoke a severe cellular stress

response within muscle cells of M. trossulus.
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Hierarchical Clustering Analysis

Hierarchical clustering analysis is a preferred method for visualizing large data sets,
which attempts to classify individual samples based on their global abundance profiles (Meunier
et al., 2007). In this regard, each protein spot is normalized against the mean protein spot volume
generated from the consensus spot pattern within the corresponding composite fusion image
(Fig(s). 1A & 1B). These dendrograms link together proteins into distinct clusters via a
correlational relationship, which then display similar patterns in abundance change across the
temperature treatments. To this degree, each column within the dendrogram represents an
individual adductor muscle sample, whereas each row illustrates the variance in abundance for a
given protein spot in response to the different temperature (Fig(s) 3 & 4). Thus, individual
protein spots can be compared across a standardized abundance range (Eisen et al., 1998). Here,
we focus on which proteins were found to be significantly upregulated, i.e., exhibit increased
abundance, or downregulated, i.e., exhibit decreased abundance, in response to temperature

exposure.
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Figure 3. Hierarchal clustering using Pearson’s correlation depicting all significant spots

identified within M. galloprovincialis in response to acute heat stress. Changes in protein
abundance are provided in terms of normalized spot volume; blue denotes a lower than average
protein abundance, whereas yellow indicates a greater than average protein abundance. The
temperature treatments are labeled along the upper horizontal axis. Each column depicts an
individual mussel sample, i.e., adductor muscle (n = 6 per treatment), whereas each row
represents the standardized abundance pattern for an identified protein within each tissue sample
across the varying temperature treatments. Clustering depicts three major groups of proteins (C),
which exhibit similar changes in relative abundance patterns across temperature treatments.
Molecular weights (kDa) and isoelectric points (pl) were determined through investigation of the
relative locations within the fusion gel image (Fig. 1A). Note: Principal component loading
values associated with each protein are presented in terms of numerical rank; lower numbers
correspond to proteins which attribute greater contributions towards the separation between

temperature treatments exhibited along the respected component axis (See Fig. 2A).
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Hierarchical clustering analysis produced three major protein clusters (Fig. 3). The first
cluster is characterized by the up-regulation of proteins in response to the two highest
temperatures, i.e., 28°C and 32°C, as compared to the two lower temperatures, i.e., 13°C control
and 24°C. In total, there were nine proteins which comprised this cluster. These included one
large actin isoform (B-actin), along with several actin-binding protein isoforms such as calponin,
filamin-C and tropomyosin (Fig. 3). The final protein within this subset corresponded to the
molecular chaperone Hsp70. Interestingly, this Hsp70 isoform was the only significant molecular
chaperone identified within the adductor muscle of M. galloprovincialis (Table S1). Since this
isolated Hsp70 isoform only exhibited an increased abundance following exposure to the highest
temperature range, it further suggests the heat shock response within the adductor muscle of M.
galloprovincialis is possibly induced following exposure to immersion temperatures exceeding
28°C. In addition, the presence of the lone actin isoform within this subset provides further
evidence towards the proposed heat-induced destabilization of the actin cytoskeletal network, as
prolonged heat incubation has been shown to effectively denature actin subunits and increase the
number of thin filament aggregates (Levitsky et al., 2008). Given the increasing evidence of
temperatures effects on cytoskeletal structural integrity, the high number of cytoskeletal
accessory proteins within this cluster might represent the complete of restructuring cytoskeletal
domains to protect existent actin thin filaments and prevent filament denaturation.

Typically, actin thin filaments are thought to be static structures, e.g., striated muscle
fibers, exhibiting minimal changes in persistent length to support contractile function through the
interaction with adjacent myosin thick filaments (Littlefield and Fowler, 2008). The maintenance
of thin filament structure is vital to support proper muscle function. Recent evidence has

suggested smooth muscle function is primarily regulated through the dynamic restructuring of
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thin filaments, a process governed by several major classes of actin-binding proteins (Gunst and
Zhang, 2008; Lehman and Morgan, 2012). Interestingly, calponin, filamin-C and tropomyosin,
which are all included within this first cluster are all classified as actin-binding proteins and have
long been postulated to regulate thin filament architecture and stability (Hodgekinson, 2000; Yu
and Ono, 2006; Rozenblum and Gimona, 2008; Gunst and Zhang, 2008).

Calponin displays affinity towards calcium and shows structural homology to the thin-
filament regulatory protein troponin (EI-Mezgueldi, 1996). Coincidently, calponin orthologs
were soon thereafter discovered within smooth muscle tissue of several mussel species, including
M. galloprovincialis, and were shown to effectively inhibit myosin-mediated cross-bridge
cycling (Funabara et al., 2001; Dobrzhanskaya et al., 2013; Sirenko et al., 2013). These results
suggest calponin plays a strong role in the regulation of contractile activity within Molluscan
smooth muscle. Although calponin’s definitive function remains unclear, there have been
multiple proposed roles for the proteins hypothesized regulation of smooth muscle contractile
dynamics. For instance, Gimona and colleagues suggested calponin confers thin filament
conformational stability through interactions with thin filament cross-linking proteins, such as a-
actinin, thus providing a more rigid structure to promote torsional stabilization (Gimona et al.,
2003). Interestingly, calponin has also been postulated to modulate the availability of F-actin
towards additional actin-binding proteins (Lehman and Morgan, 2012) and also exhibits high-
affinity towards different thin filament accessory proteins including filamin and tropomyosin
(Rozenblum and Gimona 2008; Mendéz-Lopez, 2012). These findings suggest calponin isoforms
display a strong regulatory capacity within smooth muscle cells by regulating thin filament
flexural mechanics, structural integrity and influencing F-actin availability towards additional

thin filament proteins.
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In addition to calponin’s proposed regulation of cytoskeletal dynamics, certain isoforms
are involved in signaling pathways of smooth muscle (Gunst and Zhang, 2008). Vertebrate
calponin isotypes located within submembranous adhesion complexes have exhibited a
propensity to interact with multiple signal kinases including mitogen activated protein kinases
(MAPKSs), extracellular-signal related kinases (ERKSs) and protein kinase C (PKC) (A) Kim et
al., 2008). Phosphorylation of certain calponin residues by these kinases is thought to induce
docking function for multiple effector proteins within the ERK and PKC signaling pathways (A)
Kim et al., 2008). For instance, it has been proposed that upon extracellular stimulation, PKC
phosphorylates actin-bound calponin causing thin filament dissociation (A) Kim et al., 2008). In
turn, phosphorylated calponin serves as signaling scaffold to sequester contractile mediators
located within adjacent adhesion complexes near the plasma membrane. Upon membrane
dissociation, these large activated protein complexes can translocate between cytoplasmic and
cortical actin domains and induce thin filament remodeling parallel to the plasma membrane (A)
Kim et al., 2008). The conformational changes among cortical actin thin filaments can then
expose myosin binding sites along the filament strand leading to eventual smooth muscle
contraction (B) Kim et al., 2008). Thus, calponin may also serve as a downstream mediator
within adhesion complexes and promote thin filament remodeling within the adductor muscle in
response to heat stress.

Given all the proposed functions of calponin in smooth muscle in addition to the multiple
isoforms included within both data sets, it appears these isoforms may regulate critical
cytoskeletal functions within the adductor muscle in response to acute heat stress. Another
intriguing proposed cellular function of calponin involves the mechanical stability of

reconstituted actin thin filament networks (Jensen et al., 2014). These authors found that actin
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filament networks decorated with a two-fold increase in calponin exhibited both an increased
maximum strain and delayed onset to thin filament strain-stiffening as compared to non-calponin
decorated actin thin filaments (Jensen et al., 2014). Interestingly, they attributed these
observations towards a decreased persistent length and an overall increased flexural stability of
calponin-decorated thin filaments. Thus, in this context, calponin was able to stabilize thin
filament structure by making thin filaments more flexible. These results are especially intriguing
given the observation heat stress elicits mechanical destabilization of actin filaments through
increased kinetic flexibility of the filament strand (Levitsky et al., 2008).

The functional dynamics associated with calponin may also coincide with the increased
abundances of filamin-C (FLNC) isoforms at the higher temperature ranges (Fig. 3). Filamin
isoforms have previously been identified within the adductor muscle of M. galloprovincialis, and
exhibited a high affinity association with calponin (Mendéz-Lopéz et al., 2012). FLNC’s
represent a class of flexible actin-binding proteins which primarily function to interlink
submembranous actin thin filament networks (Popowicz et al., 2006). This cross-linking capacity
serves a mechanoprotective function by establishing connections between the extracellular
matrix and the cortical cytoskeleton, allowing for increased elasticity of cortical thin filaments
and resistance to sheer stress (Nakamura et al., 2011). Given the established connections between
the plasma membrane and cortical actin cytoskeleton, FLNC’s have also been suggested to act as
potential mechanotransducers by serving as molecular scaffolds for signaling proteins during
responses to extracellular stimuli (Razinia et al., 2012). Considering the multiple proposed
functions of calponin and FLNC, it is possible that the upregulation of both proteins in response
to acute heat stress may synergistically function to stabilize the actin cytoskeleton via a variety

of potential mechanisms. In addition, given that many of these proposed protein functions occur
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within adhesion complexes regulating the cortical actin cytoskeleton of smooth muscle, it is also
possible the dynamic regulation involving thin filaments within the adductor muscle may also
involve the cortical actin domain.

The observed upregulation of both calponin and filamin in response to acute heat stress
strongly suggests a cellular response to stabilize the actin cytoskeleton. The final protein within
this cluster, i.e., tropomyosin (TPM), may provide the strongest evidence for thin filament
stabilization. TPM isoforms represent a large and highly conserved family of dimeric proteins
which coil along the length of extended actin filaments to block myosin binding sites and inhibit
contraction (Gimona, 2008). Although there have been many reports of multiple tissue-specific
TPM isotypes (Gunning et al., 2005), most primarily function as thin filament stabilizers either
by increasing the persistent length of actin filaments or by exhibiting antagonistic behavior
towards actin depolymerizing factors such as ADF/cofilin and gelsolin (Greenberg et al., 2008;
Yu and Ono 2006). TPM isoforms have also been postulated to aid in thin filament
polymerization through interactions with tropomodulin, an actin binding protein which caps the
barbed end of growing actin thin filaments (Rao et al., 2014). Other reports suggest TPM
isoforms may also be involved in cell proliferation, morphogenesis and cytokinesis (Gunning et
al., 2015). Many of the proposed cellular functions are affected by the capacity of specific TPM
isoforms to regulate thin filament affinity towards accessory actin binding proteins. For instance,
overexpression of a certain TPM isoforms elicits a change in the subcellular localization and
concomitant increase in the concentration of fascin within murine neuroblast cells (Creed et al.,
2011). These results suggest specific TPM isoforms are not only involved in thin filament
stabilization, but also with the active recruitment of actin binding proteins to promote thin

filament cross-linking and to decrease susceptibility to thin filament severing (Creed, et al.,

89



2011; Gunning, 2015). Interestingly, basic calponin isoforms in knockout studies have been
shown to effect TPM expression, suggesting thin filament regulatory proteins can also alter the
transcriptional regulation of alternative actin binding proteins (Rozenblum and Gimona, 2008).
Therefore, it appears several thin filament regulatory proteins not only influence mechanical
stabilization, but may also affect thin filament dynamics through direct interactions of accessory
actin binding proteins. Specifically, the increased expression of calponin, FLNC and TPM in
response to increasing temperatures may influence thin filament stabilization within the adductor
muscle either through direct interactions with F-actin, or by increasing the recruitment of thin
filament cross-linking proteins in order to promote increased flexural stability of existent thin
filaments.

Cluster Il contains seven proteins which appear to be upregulated at the control
temperature (13°C) and downregulated at all the higher temperatures (Fig. 3). These include four
isoforms of B-tubulin, an apextrin-like protein, a myosin regulatory light chain (MRLC) and an
actin-interacting protein. This pattern of protein downregulation and attenuation of certain
cellular functions, may be necessary to reduce energy expenditure from physiological processes
which require substantive energy input. For example, muscle contraction is an energetically
taxing process, due to the rapid rate of ATP turnover required to fuel myosin Mg?*-ATPase
activity and initiate cross-bridge cycling (Hooper, 2008). Interestingly, MRLC is tightly involved
in smooth muscle contraction (Kamm and Stull, 1985) and has been shown to be a critical part of
smooth muscle regulation within many species of bivalves (Hooper et al., 2008). The
downregulation of MRLC could be in response to reduce the energetic demand required to
induce contractile processes. In support of this notion, Anestis and colleagues reported decreased

oxygen consumption among M. galloprovincialis acclimated to immersion temperatures above
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24°C (Anestis et al., 2010). The decreases in oxygen availability may also cause a reduction in
cross-bridge cycling. The downregulation of MRLC may be associated with the unique
physiological properties associated with Molluscan smooth muscle (Galler, 2008). The catch
response is exemplified by the formation of transient connections between adjacent thick
filaments and thin filaments during extended valve closure events (Butler and Siegman, 2010).
During this process, both myosin cross-bridge cycling and ATP turnover rates are drastically
reduced, allowing the muscle to relax while these catch linkages remain tethered (Galler, 2008).
Therefore, the downregulation in MRLC in response to high temperatures may indicate the
attenuation of active contraction and possibly signal the activation of the catch response to
maintain valve closure in response to increasing temperatures.

The final protein within this cluster, actin-interacting protein one (AIP1), exhibits
cooperation with the thin filament severing protein cofilin (Ono et al., 2003; Okada et al., 2006).
The combined actions of these two proteins has been suggested to promote the disassembly of
actin thin filaments, possibly as a means to remodel the actin cytoskeleton in anticipation of
major cellular events such as cytokinesis and cellular division (Ono et al., 2003; Okada et al.,
2006). Although the role of AIP1 in adductor muscle is not well established, the proteins
proposed role in thin filament destabilization does offer a unique insight into the possible
mechanisms occurring within the cytoskeletal domain during heat stress. Specifically, AIP1 is
the only significant actin-binding protein within M. galloprovincialis which displays a primary
function to destabilize the actin cytoskeleton. In addition, the increases abundances of TPM and
other thin filament stabilizing proteins at higher temperatures suggests that actin depolymerizing

factors are inhibited during heat stress. Thus, the downregulation of actin depolymerizing factors
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during higher temperature exposure provides further evidence for the maintenance of
cytoskeletal structures within M. galloprovincialis.

Finally, the third and largest cluster contained a total of fifteen proteins, involved in
energy metabolism, vesicular trafficking, signal transduction, oxidative stress and regulation of
cytoskeletal dynamics (Fig. 3). This cluster was characterized by proteins which exhibited the
greatest increase in abundance primarily in response to 24°C (Fig. 3). The substantial amount of
proteins within this cluster, in conjunction with the largest assortment of proteins of varying
function, suggests significant molecular changes occur within the adductor muscle in response to
24°C as compared to other temperatures. This result was also readily apparent during the
investigation of the PCA for M. galloprovincialis (Fig. 2A). We hypothesized that 24°C
exposure possibly represents the temperature in which the heat shock response is induced.
Interestingly, these results are supported from previous experiments as significant increases in
the expression of molecular chaperones were reported between acclimation temperatures
approaching 24°C -26°C within the gill tissue of M. galloprovincialis (Tomanek and Zuzow,
2010; Anestis et al., 2007). Although there was only one molecular chaperone represented in the
first cluster, there were several proteins within the third cluster which suggest the occurrence of
moderate levels of heat stress during acute exposure to 24°C. Specifically, these include
mALDH and NAD-dependent isocitrate dehydrogenase (mICDH) and the TnT isoform (Fig. 3).
The increased abundance of both of these proteins in response to acute heat stress has been
hypothesized to occur as a result of increased production of ROS, since oxidative stress proteins
aid in ROS-sequestration through counter production of reducing equivalents in response to a
multitude of environmental stressors (Tomanek and Zuzow, 2010; Tomanek, 2015). Both

isoforms in this context are mitochondrial, which suggest that the mitochondria are the possible
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source of ROS production within adductor muscle cells during exposure to 24°C. Since many
studies have shown a reduction in aerobic metabolism occurring within mussels in response to
heat stress (Anestis et al., 2007; Gracey et al., 2008; Sokolova et al., 2012), it is unlikely the
increased abundance of NAD-dependent mICDH is due to an increase in aerobic metabolism.
However, the increased abundance of mICDH could be representative of a metabolic shunt,
possibly to increase anaerobic production of ATP to supplement the increased abundance of thin
filament regulatory proteins in response to acute heat stress.

Finally, the last proteins yet to be discussed within this subset are the actin subunits, p-
actin and actin-2, which are both located in first and third clusters respectively (Fig. 3). The
presence of these different actin isoforms at the higher temperature ranges may indicate different
rates of thin filament polymerization in response to increasing temperatures. Monomeric G-actin
has a molecular weight of around 42,000-46,000 Daltons (42-46 kDa) and is maintained at
relatively stable cytoplasmic ratios to supplement thin filament polymerization in response to
many environmental and cellular stimuli (Dugina et al., 2012). Interestingly, the actin-2 isoform
present within the third cluster exhibits a molecular weight of 43 kDa, possibly indicating a
higher pool of monomeric G-actin in response to 24°C temperature exposure. Therefore, given
the substantial amount of actin-binding proteins within the third cluster, 24°C may also signal the
formation of specific actin thin filaments. However, perhaps the most intriguing aspect of this
potential hypothesis corresponds to the -actin isoform present upregulated in response to 28°C
and 32°C exposure (Fig. 3). This B-actin isoform exhibits a substantial increase in both
molecular weight (80 kDa) and the isoelectric point (6.34 pl) as compared to the actin-2 isoform
upregulated at 24°C (Fig. 3). Although the variation between actin isoforms present within this

subset may be attributed to a PTM, as there are many known PTM’s which effect actin
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regulation (Terman and Kashina, 2013), it is interesting to note the changes in molecular weights
between the actin isoforms in the proposed context of thin filament remodeling. Currently, there
are several known classes of smooth muscle actin isoforms, i.e., a-, f- and y-actin, and the major
functional differences between these classes stem from the variation exhibited within the N-
terminal region of the actin polypeptide (Dugina et al., 2012). The N-terminal region of actin has
been proposed to be a docking site for actin regulatory proteins, given the high number of
charged residues conferring increased stability via increased electrostatic interactions (Dugina et
al., 2012). Beta-actin has also been postulated to be involved in contractile dynamics and cortical
cytoskeletal regulation (Dugina et al., 2012), and also interacts with accessory actin binding
proteins such as calponin (Gunst and Zhang 2008). As a result, the variation in actin isoforms in
correlation with the increased number of actin binding proteins appears to suggest exposure to
higher temperatures elicits substantial changes within the actin cytoskeleton. Specifically, the
increased abundance of actin binding proteins and cross-linking proteins in response to the
higher temperature exposures may correspond to the increased stabilization of the cortical actin
cytoskeleton, possibly as a means to maintain tension development through the increased number

of passive linkages formed between the cortical actin cytoskeleton and the contractile domain.
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Similar to M. galloprovincialis, hierarchical clustering revealed three clusters which
display similar patterns in response to temperature changes. Specifically, each of these clusters
depicts proteins exhibiting increased abundance in response to either 13°C, 24°C or both 28°C
and 32°C (Fig. 4). Cluster I can best be summarized by proteins which exhibit significant
increases in protein abundance in response to 24°C (Fig. 4). This cluster includes 22 proteins,
most of which are involved in cytoskeletal regulation, i.e., calponin, eight isoforms of actin, four
isoforms of TnT, several collagen fibers and an F-actin capping protein (Fig. 4). There are also
several additional functional categories represented within this cluster, including molecular
chaperones (sHsp), signal transduction (14-3-3 protein), oxidative stress (NADPH-dependent
aldehyde reductase & Cu/Zn SOD) and heavy metal sequestration (heavy metal binding protein).

The protein functional categories represented within this cluster suggests 24°C exposure
elicits a moderate cellular stress response which may induce dynamic alterations to the actin
cytoskeleton. However, the inclusion of the collagen fibers alludes to a possible mechanism
surrounding adhesion complexes and the formation of cortical actin filaments. According to
models proposed by Gunst and Zhang, the coordination of smooth muscle contractile stimulation
occurs within localized adhesion complexes, which are submembranous macromolecular
complexes residing beneath the extracellular matrix (Gunst and Zhang, 2008). These adhesion
complexes are highly dynamic structures which actively recruit both cytoskeletal and signaling
proteins to the periphery of the cell to regulate the restructuring of the cortical actin cytoskeleton
in response to extracellular stimuli (Gunst and Zhang, 2008). This integrative pathway allows for
adhesion complexes to promote a comprehensive response to manipulate the cortical actin
cytoskeleton to stabilize the plasma membrane and allow force transmission to occur through

connections to the cytosolic contractile domain (Gunst and Zhang, 2008). Interestingly, all of the
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collagen proteins increased in abundance in response to 24°C and were absent at the high
temperature ranges (Fig. 4). Collagen fibers have been shown to be transported via a/p-integrins
during cell-mediated contraction and ECM remodeling, and increased expression of collagen
fibers has also been associated with increased ECM rigidity (Larsen et al., 2006). In this context,
increased ECM rigidity facilitates the formation of adhesion complexes and stimulates
contraction via the Rho/ROK pathway (Gunst and Zhang, 2008; Lehman and Morgan, 2012).
Although we did not identify any integrin proteins in this study, the upregulation of calponin also
supports the possible formation of adhesion complexes during 24°C exposure, as these proteins
are actively recruited to adhesion complexes to regulate cortical thin filament dynamics (Gunst
and Zhang, 2008; Tojkander et al., 2012). Thus, the increased number of TnT isoforms along
with the high number of actin proteins present in the first cluster appears to suggest a coordinated
signal to restructure actin thin filaments near adhesion complexes during exposure to 24°C.

In support of this notion, the upregulation pattern of both the 14-3-3 and F-actin capping
proteins may provide further evidence for the dynamic remodeling of the cortical thin filament
network during temperature increases (Fig. 4). 14-3-3 proteins represent a highly conserved
family of protein recruitment scaffolds, which are involved in the coordinated integration of
multiple signaling pathways by interacting with effector proteins via phosphorylated serine and
threonine residues (van Hemert et al., 2001; Darling et al., 2005). One of the primary proteins
which interacts with 14-3-3 proteins in smooth muscle is cofilin, an actin depolymerizing factor,
which functions to recycle G-actin and remodel thin filament structures near adhesion complexes
(Gunst and Zhang, 2008). The activity of cofilin is also regulated by phosphorylation which
inhibits its interaction with F-actin and eliminates the proteins capacity to sever thin filaments

(Bernstein and Bamburg, 2010; Breitsprecher et al., 2011). Interestingly, upon phosphorylation,
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14-3-3 proteins bind and sequester phospocofilin with high affinity near focal adhesion sites
(Gunst and Zhang, 2008). Thus, a significant increased abundance of the 14-3-3 proteins could
possibly be in order to sequester and inactivate cofilin, which would indicate an increased rate of
thin filament depolymerization occurring during the 24°C exposure.

Interestingly, the upregulation of the sHsp and the F-actin capping proteins within this
cluster may provide further support for the occurrence of thin depolymerization in response to
24°C (Fig. 4). Recent evidence suggests some sHsp’s may compete with phosphorylated cofilin
for 14-3-3 protein binding sites, thus leading to the increased localization of activated cofilin
near adhesion complexes (Komalavilas et al., 2008; Gunst and Zhang, 2008). The presence of the
F-actin capping protein also potentially suggests increased rates of cortical thin filament
turnover, as these proteins bind to the barbed end of newly severed thin filaments and promote
the formation of shorter thin filaments (Gunning, 2015). Thus, although we did not identify any
cofilin proteins in either species in this study, the function of the F-actin capping proteins
indicates the occurrence of thin filament depolymerization mediated by a thin filament
depolymerizing factor. Taken together, the increased abundance of all of these proteins in
response to 24°C appear to suggest active cytoskeletal rearrangement occurring within the
cortical cytoskeleton of the adductor muscle of M. trossulus.

Finally, the third cluster is best summarized by proteins which exhibit increased
abundances in response to the highest temperatures of 28°C & 32°C (Fig. 4). This cluster
contains the greatest assortment of proteins as compared to the previous clusters and includes
proteins involved in molecular chaperoning (Hsp70 and three isoforms of sHsp), oxidative stress
(ferritin and S-adenosyl-O-methyltransferase) signal transduction (guanine nucleotide binding

protein B-subunit) energy metabolism (PDH, two isoforms of PNP and adenylate kinase), protein
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synthesis (phenylalanyl tRNA synthetase f-chain), thin filament remodeling (fascin, transgelin,
profilin, whirlin, 14-3-3 protein, TnT & transglutaminase) and the cytoskeleton (four isoforms of
actin) (Fig. 4). The wide range of functional groups present within this cluster was expected,
given these temperatures approach the upper physiological thermal tolerance limits of M.
trossulus (Tomanek and Zuzow, 2010; Lockwood & Somero 2011; Dowd and Somero, 2013).

In a similar response to 24°C, exposure to the higher temperatures appears to facilitate an
adaptive response to regulate the restructuring of the cortical actin cytoskeleton given the high
number of actin isoforms (four total, Fig. 4). In addition, there are multiple thin filament
regulatory proteins included within this cluster which possibly signal the formation of adhesion
complexes, including the two isoforms of calponin, profilin, whirlin, a 14-3-3 protein and an
additional TnT isoform (Fig. 4). The addition of several proteins within this cluster also
potentially indicates the formation of cortical stress fibers during high temperature exposure
(Tojkander et al., 2012). For example, certain isotypes of transglutaminase have recently been
implicated in cell signaling and been shown to potentiate integrin-dependent signaling leading to
stress fiber formation near adhesion complexes (Eckert et al., 2014). Transgelin has also been
suggested to stabilize cortical stress fibers (Assinder et al., 2009), while fascin has been
suggested to function as an actin bundling protein to assist in stress fiber formation (Tojkander et
al., 2012). As such, the increased abundance pattern of actin binding proteins in this context may
possible correlate to increased rates of stress fiber formation during temperature increases within
M. trossulus.

In support of the potential formation of stress fibers during temperature increases, many
proteins included within this cluster are involved in the cellular stress response, and the increased

abundance of these proteins in response to higher temperatures may be to mitigate damage to the
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cytoskeleton. For instance, there were a higher number of molecular chaperones present within
this cluster, including several sHsp’s and an Hsp70 isoform, which possibly indicate a higher
accumulation of denatured thin filaments and misfolded proteins occurring at this temperature
range (Fig. 4). As a result, the increased abundance of molecular chaperones during acute
exposure to higher temperatures may evoke a severe thermal stress response within the adductor
muscle, which could also explain the concomitant rise in the abundance of oxidative stress
proteins (Fig. 4). For example, ferritin gene transcripts and protein isoforms have been shown to
increase in response to high temperature exposure within the liver of both white shrimp,
Litopenaeus vannamei (Zhou et al., 2014) and the snakehead fish, Channa striatus (Mahanty et
al., 2016) respectively. All ferritin protein isoforms have a ferrioxidase epicenter which primarily
sequesters and neutralizes highly reactive ferrous radicals (Arosio and Levi, 2002). Recent
studies have also shown a high correlation between increased expression of ferritin isoforms and
heavy-metal induced ROS production (Arosio and Levi, 2010). As such, ferritin has been
proposed to be included among the primary responsive thermal tolerance elements to acute heat
stress (Mahantay et al., 2016).

In addition to ferritin, the effects of thermally induced oxidative stress are also implicated
by the abundance patterns of both the S-adenosyl-O-methyltransferase (SAM) and the fatty acid
binding protein (FABP) (Fig. 4). Heat-induced ROS production evokes substantial increases in
the formation of lipid peroxides, which may elicit adverse effects on membrane fluidity (Ellis,
2007). Thus, an increase in the abundance of FABP’s may be required to sequester reactive fatty
acids to prevent further damage to the membrane in response to temperature increases. Since
many of the proposed changes occurring within the adductor muscle appear to involve regulation

surround the cortical actin cytoskeleton, it is possible the continual restructuring of
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submembranous cortical thin filament may also require an increased abundance of proteins to
stabilize the cellular membrane. Interestingly, this may also provide rationale for the observed
increased abundance of SAM isoforms. S-adenosyl-methionine (AdoMet) is a primary carbon
source utilized by methyltransferases during a variety of cellular processes including DNA and
protein repair, signal transduction and energy metabolism (Schubert et al., 2003). Specifically,
SAM isoforms catalyze the conversion of AdoMet to S-adenosyl-homocysteine (AdoHcy),
which is the required precursor for the biosynthesis of the amino acid cysteine (Schubert et al.,
2003). Cysteine is a required precursor for the synthesis of glutathione (Tchantchou et al., 2008),
which sequesters ROS radicals and has been implicated in the thermally-induced oxidative stress
response within mussel gill tissue (Tomanek, 2015). Recent proteomic analysis have also shown
a significant increase in AdoMet levels in response to thermal stress within the gill tissue of
pacific oyster, Crassostrea gigas (Zhang et al., 2014). Interestingly, these authors also postulated
increases in AdoMet may also confer cellular protection from thermal stress through increased
phospholipid synthesis and molecular chaperone gene regulation (Zhang et al., 2014). Therefore,
the protein abundance pattern exhibited among molecular chaperones and oxidative stress
proteins within the third cluster suggests acute exposure to temperatures exceeding 28°C elicits a
severe cellular stress response within M. trossulus possibly to ameliorate thermally induced
oxidative damage to cortical thin filaments and the cellular membrane.

The final proteins yet to be discussed within this cluster subset are all involved in energy
metabolism. These include one isoform of PDH, two isoforms of PNP and an adenylate kinase
(AK) isoform. The primary energetic role for the AK enzyme is the catalytic interconversion of
adenine nucleotides between intracellular compartments as a means to monitor ATP homeostasis

(Dzeja and Terzic, 2009). Since many energetic enzymes are allosterically regulated by adenine
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nucleotides, AK isoforms can effectively monitor the changes in energy balance to cause a
metabolic shunt from ATP consumption to ATP production (Dzeja and Terzic, 2009). As a
result, AK isoforms have also been observed to be upregulated within organisms during carbon
starvation responses (Dzeja and Terzic, 2009). This observation coincides with the upregulation
of the SAM oxidative stress protein, as the activity of the methyltransferase may limit the
availability of carbon precursors for biosynthesis during temperature increases (Schubert et al.,
2003). However, ribose phosphates can be utilized as a preferred energy or carbon source and
can be converted through the action of nucleoside phosphorylases (Tozzi et al., 2006).
Specifically, PNP isoforms generate ribose-1-phosphate (Rib-1-P) through the addition of a
phosphate to the ribose moiety of adenine or guanine. The newly synthesized Rib-1-P can then
enter catabolic pathways, e.g., glycolysis and the TCA cycle, through a series of reactions to
increase ATP production (Tozzi et al., 2006). As such, the increase in these specific energetic
proteins appears to suggest an acute increase in energetic demand in response to high
temperatures, possibly to fuel cellular stress response mechanisms. Coincidentally, the inclusion
of the phenylalanyl tRNA synthetase at the higher temperature range may support this notion, as
protein synthesis exhibits high rates of ATP turnover (Nelson and Cox, 2008).

In summary, acute exposure to increasing immersion temperatures appears to elicit a
more severe stress response within the adductor muscle M. trossulus, as evidenced by the
increased abundance of cytoprotective proteins and molecular chaperones at each of the higher
temperatures, which may impede the dynamic restructuring of cortical thin filaments. Thus,
higher temperature exposure may limit the passive connections between the cortical cytoskeleton

domain and the contractile apparatus, possibly resulting in adductor muscle dysfunction.
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Protein Expression Profiles: Post-hoc Analyses

In the previous sections, several major hypotheses were generated with respect to each
species towards the effects of acute heat stress on the adductor muscle proteome. Many of the
hypotheses generated for both species specifically focused on the dynamic restructuring of
cortical thin filaments during temperature increases, possibly as a means to increase the
connections between the cortical cytoskeleton and the contractile apparatus to maintain adductor
muscle function. Since each of these hypotheses is based on the changes occurring within
orthologous homologs, it is difficult to make direct comparisons between species based on
relative protein abundance changes (Tomanek and Zuzow, 2010). Therefore, the aim of this final
section is to potentially identify key mechanistic differences occurring within the adductor
muscle in response to acute heat stress between the two species.

These protein functional groups were based in part through interpretation from previous
data sets (See Tomanek & Zuzow 2010; Garland et al. 2015). However, functional group
classification is meant to encompass the broad range of cellular processes possible. Furthermore,
in order to highlight key differences, we have included proteins which were identified but were
not found to significantly change in abundance in response to acute heat stress. However, not all
the proteins identified are depicted in the preceding sections; proteins which are not mentioned
can be referenced in the supplement.

Proteins were separated into the following categories: molecular chaperones, oxidative
stress, signal transduction and cytoskeletal elements. Due to the expansive subset of proteins
evident within both data sets, the cytoskeletal category required additional classification.
Cytoskeletal proteins were further divided into thin-filament regulation and proteins involved in

the regulation about the actin-myosin binding complex. Several protein functional categories
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were also omitted from this section, due to the lack of overlap in orthologous homologs between

the congeners.

Molecular Chaperones-
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Figure 5. Changes in protein abundance (normalized spot volume) among molecular chaperones
identified within A) M. galloprovincialis & B) M. trossulus in response to acute heat shock. Spot
volumes were obtained by normalizing against the volume of all the protein spots across all gels
and treatments, and exhibit means + 1 S.E.M. Within each protein expression profile, spot
volumes which do not share a letter exhibit significant changes in protein abundance between the
corresponding temperature treatments (Tukey pairwise comparison, p<0.05). Spot numbers are
shown in parentheses, and correspond to the respected composite image of species origin (See
Fig(s). 1A & 1B). “*” refers to protein spots which were found to exhibit significant changes in
mean protein abundance in response to acute heat shock (One-way permutation ANOVA, p <
0.05).
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Interestingly, of the 31 significantly identified proteins within the adductor muscle of M.
galloprovincialis, only one chaperone was included within this functional category (Fig. 5A).
Increased abundance of Hsp70 was observed at the highest temperature of 32°C as compared to
the 13°C control. However, two additional molecular chaperones, i.e., sHsp & 78 kDa glucose-
related protein (GRP-78), were identified but did not exhibit significant changes in abundance in
response to heat stress (Fig. 5A). Although the temperature treatments used in this study exceed
the heat shock induction temperature range reported in M. galloprovincialis, it appears exposure
to the higher temperatures did not elicit as a robust stress response as was predicted. The non-
significant sHsp isoform also suggests acute exposure did not cause a substantive increase
among the rapid response molecular chaperones, suggesting there may not have been as high
accumulation of thermally-denatured proteins as compared to M. trossulus (Fig. 5B). In addition,
the non-significant GRP-78 isoform suggests acute heat stress did not elicit an unfolded protein
response, as this protein has become a hallmark for stress within the endoplasmic reticulum and
ROS-related apoptosis (Lai et al., 2007; Gu et al., 2016). Therefore, the identification of the non-
significant molecular chaperones may provide further evidence for cortical thin filament
stabilization and maintenance of adductor muscle cytoskeletal integrity during acute heat stress
within M. galloprovincialis.

In contrast, however, seven of the sixty significantly identified proteins within M.
trossulus were characterized as molecular chaperones (Fig. 5B), supporting a greater overall
magnitude of heat-induced stress occurring within the adductor muscle of M. trossulus. One
molecular chaperone, Hsp70, observed significant increases at the highest temperature compared
to the 13°C control similar to the pattern exhibited in M. galloprovincialis. However, there were

three total Hsp70 isoforms, which did not observe significant changes in abundance with respect
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to temperature (Fig. 5B). Therefore, the greatest changes exhibited among molecular chaperones
appear to be associated with the regulation of sHsp’s within M. trossulus.

The wide range of sHsp expression within M. trossulus in response to increasing
temperatures highlights one of the greatest interspecific differences between the congeners. The
variation in molecular chaperone abundance has also been described to occur within gill tissue
(Tomanek and Zuzow, 2010) and was suggested to be one of the most prevalent adaptive
physiological responses to acute heat stress. These authors also reported changes in sHsp
abundance tended to occur in a rather stepwise fashion, in which greater increases in molecular
chaperones were observed with subsequent increases in temperature, i.e., a Q1o effect. Tomanek
and colleagues also reported increased synthesis of sHsp isoforms within M. trossulus at much
lower temperatures as compared to M. galloprovincialis (Tomanek, 2012). The increased
abundance patterns of sHsp’s in this context suggests acute heat stress causes a greater
detrimental effect on the actin cytoskeletal within M. trossulus. Specifically, the greater
magnitude of low-weight molecular chaperones along with the significantly higher number of
actin isoforms identified within M. trossulus, suggests the increased occurrence of thin filament
destabilization and thin filament turnover. Thus, thin filaments within the adductor muscle of M.

trossulus may be more susceptible to temperature increases as compared to M. galloprovincialis.
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Oxidative Stress-
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Figure 6. Changes in protein abundance among oxidative stress proteins identified within the
adductor muscle A) M. galloprovincialis & B) M. trossulus in response to acute heat shock

Only one significantly identified protein, i.e., MALDH, was included in this category for
M. galloprovincialis (Fig. 6A). This protein exhibited significant increases during exposure to
24°C, possibly reflecting the induction of the heat shock response. While the role of mMALDH in
this context remains unclear, the observed increased abundance may possibly indicate alterations
to the mitochondrial membrane which require reactive aldehyde sequestration (Singh et al.,
2013; Stephens-Camacho et al., 2015). However, another intriguing aspect within this functional
category is the identification of several aldose reductase enzymes which did not exhibit
significant changes in abundance (Table S3, Fig. 6A). These enzymes are important regulators in
catalyzing the breakdown of reactive carbonyls, such as methylglyoxal, which are by-products of

major energetic pathways including glycolysis, amino-acid metabolism and lipid peroxidation
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(Hoon et al., 2011). Taken together, in addition to the low number of molecular chaperones, it
appears acute heat stress did not elicit as a severe cellular stress response within the adductor
muscle of M. galloprovincialis as compared to M. trossulus.

There were five significantly identified proteins associated within M. trossulus which
were included within the oxidative stress category (Fig. 6B). Similar to M. galloprovincialis, a
mALDH ortholog was included within this category and exhibited significant increases in
response to 28°C exposure as compared to all other temperatures (Fig. 6B). In contrast to M.
galloprovincialis, however, this mALDH ortholog exhibited a more cyclic pattern of abundance
change in response to the different temperatures (Fig. 6A). The variation exhibited within this
isoform appears to suggest a phasic increase in ROS-induced lipid peroxidation, which possibly
occurs concurrently with the dynamic changes occurring within the cortical cytoskeleton domain
during temperature increases. This may also explain the abundance pattern of the NADPH-
dependent aldehyde reductase isoform (Fig. 6B). Therefore, the patterns exhibited by both
proteins appears to suggest an increase in the abundance of specific ROS intermediates during
temperature fluctuations.

Coincidentally, the Cu-Zn SOD isoform was observed to significantly increase at the
24°C exposure as compared to 13°C (Fig. 6B). This protein also showed a high positive
component loading value contributing towards the separation of the higher temperatures from the
13°C control (Table 1, Fig. 2B). Therefore, it is possible multiple ROS-scavenging pathways are
induced during acute heat stress, possibly to mitigate the effects of heat-induced oxidative stress
within M. trossulus. Likewise, this also suggests accumulation of different sources of ROS in
response to temperature increase, e.g., peroxides. As a result, further increases in temperature

may exacerbate the production of ROS, as exemplified by the FABP and SAM isoforms at the
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higher temperature ranges (Fig. 6B). In addition, the significant increases in one of the three
FABP isoforms along with the ferritin and SAM proteins at 32°C (Fig. 6B), suggests this
temperature range may approach the critical temperature threshold for M. trossulus. While the
upregulation of FABP may be to sequester lipid ROS intermediates, upregulation of the SAM
isoform may be in response to activate alternative ROS-scavenging pathways, i.e., the
glutathione pathway. Taken together, the evidence suggests acute exposure to temperatures as
low as 24°C is sufficient to cause a rise in transitory ROS intermediates, thus prompting an
oxidative stress response within the adductor muscle during exposure to higher temperatures.
The abundance patterns displayed by these proteins are indicative of major cellular ROS-
scavenging pathways and may also represent the primary response to ameliorate heat-generated
ROS within certain bivalves (Tomanek, 2015). Therefore, higher temperature exposure appears
to produce a greater increase in ROS, prompting a more robust cellular stress response within M.

trossulus as compared to M. galloprovincialis.
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Signal Transduction-
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Figure 7. Changes in protein abundance among signal transduction proteins identified within the

adductor muscles of A) M. galloprovincialis & B) M. trossulus in response to acute heat shock.

The evidence presented within both data sets continue to suggest thermal stress imposes
physiological constraints on the adductor muscle which appear to induce a dynamic restructuring
of both the contractile and cortical actin cytoskeletal domains. In order to implement cellular
restructuring, however, these mechanistic changes require coordinated signaling pathways to
connect the cytoskeletal domains to the extracellular network. While it is still unclear as to the
specific molecular pathways which orchestrate these structural changes, a growing body of
evidence suggests extracellular stimuli are converted into intracellular responses through the
active coordination of signaling proteins and actin regulatory proteins found within
submembranous adhesion complexes (Gunst and Zhang, 2008). Integrated downstream signaling
pathways from these adhesion complexes are also postulated to converge upon specific signaling
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cascades, e.g., RhoA/RHOK pathway, which ultimately act upon effector proteins to stimulate
cortical actin remodeling and cortical thin filament polymerization (Gunst and Zhang, 2008).

Coincidentally, the same signaling proteins were identified in both congeners, i.e.,
guanine nucleotide binding protein B-subunit and Rab-GDI, suggesting certain stress response
signaling pathways are evolutionarily conserved within the M. edulis complex (Fig. 7). However,
these protein orthologs also exhibited substantial variation in terms of their overall patterns of
abundance. For instance, the G-protein subunits for M. galloprovincialis exhibited significant
increased abundance in response to 24°C as compared to 32°C (Fig. 7A). In contrast, the protein
ortholog for M. trossulus exhibited significant increased abundance in response to 32°C as
compared to 13°C (Fig. 7B). This suggests M. galloprovincialis is able to detect and possibly
respond to thermal perturbations at lower temperature thresholds as compared to M. trossulus.
The preceding abundance changes among signaling proteins may also facilitate the downstream
changes in thin filament restructuring within both species, as many thin filament regulatory
proteins appear to be upregulated at temperatures preceding significant increases in signaling
proteins (See below; Fig(s) 8-10). In addition, the capacity to detect acute thermal changes at a
lower temperature range may allow M. galloprovincialis to coordinate a more adaptive response
to stabilize connections between the cytoskeletal domains, thus providing greater rigor capacity
and tensile strength among contractile fibers.

Another prominent difference exhibited between the congeners is represented within the
variation in abundance between the 14-3-3 scaffolding proteins (Fig. 7B). In this context, two
isoforms were only identified in M. trossulus, and were observed to significantly increase in
abundance in response to the higher temperatures of 28°C and 32°C (Fig. 7B). Given the proteins

multi-functional role and isolation within M. trossulus, it suggests more dynamic responses
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within adhesion complexes occurring within M. trossulus in response to the highest temperature
range. Therefore, both congeners appear to exhibit conserved signaling pathways to coordinate
the dynamic restructuring of the actin cytoskeleton in response to temperature increases.
However, given the increased abundance pattern of signaling proteins in response to lower
temperature, the adductor muscle of M. galloprovincialis may be better able to detect and modify

thin filament architecture during temperature increases as compared to M. trossulus.
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Thin Filament Regulation-
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Figure 8. Changes in protein abundance among proteins involved in thin filament regulation
identified within the adductor muscles of A) M. galloprovincialis & B) M. trossulus in response

to acute heat shock.

The potential changes occurring within the actin cytoskeleton during acute heat stress are
perhaps necessary to execute proper adductor muscle function, given the established connections
between cytoskeletal fibers and the development of muscle tension. For instance, force
production, tension development and cross-bridge mediated contractile dynamics are all

dependent upon the connections between actin thin filaments and myosin thick filaments
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(Hooper, 2008). Passive linkages formed between thick and thin filaments are orchestrated by
specific adapter proteins, i.e., twitchin, which are essential in maintaining prolonged valve
closure events in response to external stressors (Galler, 2008). Thus, alterations to the thin
filament architecture through increased abundance of thin filament regulatory proteins may not
only be vital to coordinate smooth muscle function, but may also represent an adaptive molecular
response to regulate the catch response during acute thermal stress.

Of the 31 significantly identified proteins within M. galloprovincialis, eight proteins were
associated with the thin filament regulation category (Fig. 8A). These included three isoforms of
FLNC, AIP1, three isoforms of TPM and an isoform of fascin. There was also an isoform of
transgelin and FLNA included within this functional category which did not exhibit significant
changes in abundance with respect to temperature treatment (Fig. 8A). The most prominent
feature displayed within this functional category is each of the thin filament regulatory proteins,
apart from AIP1, exhibits significant increases in response to at least one of the higher
temperature treatments. For example, each of the FLNC isoforms exhibits the greatest increases
in abundance at either 28°C & 32°C as compared to the lower temperatures (Fig. 8A). One of the
primary functions of FLN isoforms is to establish cross-linkages between cortical and
cytoskeletal thin filaments, as these connections may facilitate increased stability to mechanical
stress. In addition, FLN isoforms exhibit binding affinity with other actin binding proteins such
as calponin (Dobrzhanskaya et al., 2013), which has also been hypothesized to mediate dynamic
restructuring of cortical thin filaments (Rozenblum and Gimona, 2008). Therefore, FLN isoforms
may regulate thin filament flexibility and stabilization during acute heat stress.

Similar to the proposed functions of FLN, TPM isoforms are also well-known thin

filament stabilizers which inhibit the action of specific actin depolymerizing factors (Marston
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and EI-Mezgueldi, 2008; Gunning et al., 2015). However, further evidence suggests the variation
in TPM isoforms also affects the affinity and active recruitment of specific actin binding proteins
towards actin thin filaments (Gunning et al., 2015). Thus, specific TPM isoform may actually
determine the functional role of a nascent actin thin filament. The variation exhibited in thin
filament subtypes may then possibly effect tension development, stabilize different cytoskeletal
domains or alter the cellular morphology in response to stress (Gunning et al., 2015). Although
we were unable to determine the specific TPM isotype, each of the three TPM isoforms within
this data set exhibited dramatic increases in abundance with respect to a specific higher
temperature (Fig. 8A). Specifically, two isoforms exhibit significant increases in abundance in
response to the 24°C exposure as compared to all other temperatures, whereas the third isoform
exhibits the greatest increase in response to 28°C & 32°C as compared to 24°C (Fig. 8A). Since
24°C may represent the heat shock induction temperature range for M. galloprovincialis, it is
possible the significant increases in TPM abundance during 24°C exposure may also correspond
to the active generation of specific actin thin filaments to regulate and stabilize the cortical
cytoskeleton. This result may also explain the increased abundance of both significant actin
isoforms at the higher temperature range (Fig. 8A). Therefore, the increased abundance of TPM
isoforms within M. galloprovincialis may signal the generation of specific actin thin filaments,
which may also actively recruit additional actin binding proteins to promote thin filament
stability and maintain the structural integrity of the cortical actin cytoskeleton in response to
acute heat stress.

In contrast to M. galloprovincialis, six proteins were included within the thin filament
category for M. trossulus (Fig. 8B). These included fascin, profilin, gelsolin, an F-actin capping

protein, whirlin, and transgelin (Fig 8B). There were also two FLN isoforms, i.e., FLNC &
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FLNA, as well as a fascin, gelsolin and a TPM isoform which did not exhibit significant changes
in protein abundance in response to acute heat stress (Fig. 8B; Table S4).

The most prominent distinction between M. galloprovincialis and M. trossulus with
respect to the thin filament regulatory category appears to be the regulation of actin
polymerization factors at higher temperatures. Specifically, these involved the contributions of
fascin, F-actin capping protein and whirlin at the higher temperature range (Fig. 8B). Although
much of the research regarding whirlin comes from observations of thin filament dynamics in
stereocilia of cochlear hair cells (Rzadzinska et al., 2004; Mburu et al., 2006), it is important to
note that the cytoskeletal architecture of these sensory cells is pivotal for their roles in auditory
function (Brown et al., 2008). Since increased abundance of whirlin proteins is associated with
elongated actin filaments near the apical membrane, whirlin appears to actively recruit thin
filaments to specific cellular domains (Wang et al., 2011; Green et al., 2013). In this context, the
increased abundance of whirlin proteins at the higher temperature range may also serve to recruit
further thin filament proteins during formation of adhesion complexes near the muscle
membrane. In addition, the increased abundance of fascin and F-actin proteins suggests increased
reorganization and cross-linking of shorter submembranous cortical thin filaments (Breitsprecher
et al., 2011; Tojkander et al., 2012; Gross, 2013). Although profilin and transgelin did not exhibit
significant changes in mean abundance in response to temperature exposure during post-hoc
analysis, their inclusion within this subcategory provides further evidence for cortical thin
filament reorganization and stress fiber formation during heat stress (Gunst and Zhang, 2008;
Tojkander et al., 2012).

Another key difference exhibited between these species is exemplified by the variation

among the non-significant proteins included within this category. Specifically, this involves the
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non-overlap of specific isoforms of FLNC and TPM, in which M. galloprovincialis displays
significant increases of both of these thin filament stabilizers, whereas M. trossulus did not
exhibit any significant increases in either protein in response to acute heat stress (Fig. 8).
Interestingly, this variation may reflect differential responses involving stress fiber formation, as
certain actin stress fibers which are linked to adhesion complexes are decorated with TPM
isoforms which function to further stabilize the cortical cytoskeleton (Tojkander et al., 2012).
During the formation of these stress fibers, adjacent TPM-decorated thin filaments are linked
together via cross-linking proteins (Tojkander et al., 2012). Therefore, the increased abundance
of FLNC may be in response to link adjacent TPM-decorated thin filaments within the nascent
stress fibers and further stabilize the cortical cytoskeleton of M. galloprovincialis but not M.
trossulus.

In summary, although both species appear to induce stress fiber formation within the
adductor muscle in response to heat stress, the increased abundance of thin filament stabilizing
and cross-linking proteins appears to suggest the cortical thin filament cytoskeletal network is
more stable in M. galloprovincialis during temperature increases. In contrast, M. trossulus
exhibits increased abundances of actin regulatory proteins involved in thin filament bundling,
thin filament polymerization and the formation of shorter actin thin filaments. As a consequence,
the increased restructuring of the cortical cytoskeletal network within M. trossulus may limit the
number of cytoskeletal connections and decrease the function of the adductor muscle in response

to temperature increases.
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Regulation of the acto-myosin complex-
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Figure 9. Changes in protein abundance (normalized spot volume) among identified proteins
involved in regulation of the actin-myosin binding complex within the adductor muscle of M.

galloprovincialis in response to acute heat shock.
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trossulus in response to acute heat shock.
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In this final section, we discuss regulation of the acto-myosin complex, specifically
regarding the interactions associated between actin thin filaments and myosin thick filaments.
Although there are multiple proteins which comprise invertebrate thick filaments, e.g.,
paramyosin and myorod, and aid in the invertebrate catch response, i.e., twitchin, all of these
proteins are relatively large suggesting we were unable to detect them as they may have
exceeded the dynamic molecular weight range used during 2D gel separation (Fig(s) 1A & 1B;
Hooper, 2008; Galler, 2008). Therefore, future investigations should consider the high molecular
weights of thick filament proteins. However, this category included the greatest assortment of
proteins with respect to both species, as eleven proteins were included for M. galloprovincialis as
well as thirteen total proteins were included for M. trossulus (Fig(s). 9 & 10 respectively). The
majority of both data sets consisted of multiple isoforms of calponin and TnT. However, the
major distinction between the species involves the greater presence of TnT isoforms included
within the M. trossulus data set as compared to M. galloprovincialis (Fig. 10).

Of the eleven significant proteins included within this functional category, only nine
proteins exhibited variation in abundance across temperature treatments within M.
galloprovincialis (Fig. 9). These included seven isoforms of calponin as well as a single isoform
of TnT and MRLC (Fig. 9). Interestingly, each of the seven calponin isoforms displayed the
greatest increases in abundance with respect to at least one of the higher temperatures.
Specifically, three isoforms exhibited the greatest increase in response to 24°C exposure, another
was observed to increase in response to the 28°C exposure and two isoforms increased at the
highest temperature of 32°C (Fig. 9). The abundance pattern displayed by the calponin isoforms
suggests a cyclic increase in calponin abundance during exposure to high temperatures. This

fluctuating pattern may also be reminiscent of the adductor muscle’s ability to respond to acute

119



temperature change in a temporal manner, owing to a potential capacity to adjust to temperature
increases through increased calponin synthesis or modification to existing calponin isoforms.
Given the latter hypothesis, the variation in MW and pl exhibited among the identified calponin
isoforms could possibly indicate potential PTM’s (Fig. 3). For instance, certain calponin
isoforms exhibit increased binding affinity to F-action upon increased phosphorylation of
specific residues (Rozenblum and Gimona, 2008). However, calponin has also been suggested to
be involved in signal transduction (Rozenblum and Gimona, 2008), by serving as a signaling
scaffold which increases the localization of actin binding proteins to adhesion complexes during
cortical thin filament assembly (Kim et al., 2008; Gunst and Zhang, 2008). The increased
abundances of calponin during high temperature exposure may then signal the formation of
stress fibers near adhesion complexes to strengthen the cortical actin cytoskeleton. Thus, the
increased abundance of multiple calponin isoforms may confer greater stability to the actin
cytoskeleton during acute heat stress.

Similar to M. galloprovincialis, there were six significantly identified isoforms of
calponin within the subset for M. trossulus (Fig. 10). Of these calponin homologs, at least one
isoform exhibited the greatest increase in abundance in response to exposure to either 13°C,
24°C or 28°C. This suggests the adductor muscle within both species displays a conserved
response to upregulate calponin isoforms in response to temperature increases. In contrast to M.
galloprovincialis, none of these isoforms exhibited increased abundance in response to 32°C
(Fig. 10). The decreased abundance of calponin isoforms at the highest temperature range may
indicate the thermal tolerance limits of M. trossulus, as there are no substantial increases in the
abundance of calponin isoforms to temperatures exceeding 28°C (Fig. 10). These results may

also coincide with the hypothesized increases in thin filament polymerization and thin filament
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turnover occurring at the higher temperature range. Therefore, 32°C may impose physiological
constraints on the adductor muscle within M. trossulus, as it is possible the pathways associated
with thermal sensitization are inhibited during exposure to temperatures exceeding 28°C.

Another staunch contrast between the species represented within this functional category
is the considerable variation exhibited in TnT isoform abundance. Only one TnT isoform was
identified within M. galloprovincialis and it increased in abundance in response to 24°C (Fig. 9).
In contrast, there were four TnT isoforms observed to increase abundance in response to 24°C
exposure within M. trossulus (Fig. 10). In addition, there was a fifth isoform which increased in
abundance during exposure to 32°C (Fig. 10). Since the increased abundance of TnT orthologs is
most prevalent in response to 24°C within both congeners, it suggests a possible conserved
cytoskeletal response within the adductor to thermal stress. The variation observed in TnT
abundance is possibly related to the restructuring of specific actin thin filaments, as many of the
rapid alterations to actin filaments in response to extracellular stimuli occur within cortical actin
filaments (Gunst and Zhang, 2008; Galler 2008). Since the cortical actin cytoskeleton functions
to transmit contractile stimuli between the plasma membrane and the contractile apparatus, it is
possible the changes observed in both TnT and calponin isoforms may correspond to the
advanced restructuring of cortical stress fibers (Tojkander et al., 2012). Specifically, the
increased number of TnT isoforms may represent the formation of specific cortical stress fibers
during acute heat stress.

While the restructuring of cortical actin thin filaments is unlikely to be attributed to an
increase in contraction rates, the dynamic restructuring may be necessary to maintain elastic
connections between thick and thin filaments to maintain the muscle function during temperature

increases (Hooper, 2008; Galler, 2008). This notion is supported from the functional

121



relationships associated between TnT and its inhibitory effects on the other troponin isoforms,
i.e., land C, which reduces cross-bridge cycling (Hooper et al., 2008). Therefore, the increased
abundance in TnT isoforms may also represent a reduction in contractile activity. Furthermore,
the increased abundance of TnT isoforms within M. trossulus may also signal consistent
remodeling of thin filament architecture, possibly limiting the number of catch connections
between cytoskeletal structures. Since only one TnT isoform was exhibited to increase in
response to 24°C within M. galloprovincialis, it is also possible the catch connections are more
stable within M. galloprovincialis given the increased abundance of thin filament stabilizing
proteins and thin filament recruitment proteins in response to higher temperature exposure. As a
result, the cytoskeletal connections maintaining the catch response and cytoskeletal integrity of
the adductor muscle may be weakened during higher temperature exposure within M. trossulus

as opposed to M. galloprovincialis.

Conclusions

Given the substantial number of proteins present within both data sets in response to
acute heat stress, many of the hypothesized mechanisms occurring within the adductor muscle of
both species require further testing. However, we are confident in our interpretation of the
observed protein abundance patterns and their potential implications towards adductor muscle
function during acute heat stress. Both congeners appear to share conserved signaling pathways
in response to acute heat stress as evidenced by the increased abundances of Rab GDI, g-proteins
and calponin. These molecular signaling pathways might be conserved within Blue mussels to
mitigate the effects of heat stress within the adductor muscle through the integrative

rearrangement of major cytoskeletal domains. However, there were major interspecific
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differences which also appeared to revolve around cytoskeletal rearrangement and adjustments to
cortical thin filament architecture. In this context, smooth muscle cytoskeletal networks may be
potentially subdivided into three primary molecular domains: membrane adhesion complexes,
cortical actin networks and the contractile apparatus located towards the interior of the cell
(Gunst and Zhang, 2008; Lehman and Morgan, 2012). Together, these domains may induce
adaptive contractile dynamics in response to extracellular stimulation via formation of transient
cortical thin filaments and membrane adhesion complexes which connect the membrane and the
contractile apparatus (Gunst and Zhang, 2008). Thus, the cortical actin cytoskeleton may
represent an adaptive domain to regulate contractile function through acute reorganization of
cortical thin filament structures in response to heat stress. This also represents an innovative
strategy to coordinate adaptive contractile responses within the muscle, as it would allow thin
filament polymerization to occur mainly within the cortical actin cytoskeleton whereby
minimizing changes to the contractile apparatus. Interestingly, this notion is further supported
through recent evidence associated with the formation of cortical stress fibers as these
actomyosin bundles can actively recruit actin-binding proteins, polymerize near adhesion
complexes and strengthen connections with myosin decorated thick filaments (Tojkander et al.,
2012). Therefore, it is plausible the formation of stress fibers may provide further passive
connections between the plasma membrane and the contractile apparatus which thereby
influence the contractile efficacy of the adductor muscle in response to heat stress.

Given the potential contribution of cortical actin thin filaments towards regulating
contractile dynamics in response to acute heat stress, the variation observed within cytoskeletal
structures appears to mirror thermal tolerance windows exhibited for both species. Specifically,

the proteins upregulated within M. galloprovincialis in response to the higher temperature
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exposures appear to suggest greater recruitment of proteins involved in cortical thin filament
stabilization and maintenance which strengthen connections between cytoskeletal networks. The
maintenance of these actin cytoskeletal networks may be necessary to retain passive linkages
between the contractile domains, which are essential in order to sustain the catch response and
maintain valve closure. Thus, the maintenance of the cortical actin cytoskeleton may be vital to
control the function of the adductor muscle within M. galloprovincialis during acute heat stress.

In contrast, acute heat stress appears to induce greater proteomic changes within the
adductor muscle of M. trossulus, as indicated by the greater magnitude of significant proteins
upregulated in response to acute heat stress. Specifically, the increased abundances exhibited
among molecular chaperones and oxidative stress protein isoforms suggests acute heat stress
invokes a more severe cellular stress response which may also trigger greater rates of cortical
thin filament turnover. The greater thermal sensitivity of actin cytoskeletal structures within M.
trossulus may also induce the increased formation of actin stress fibers in order to sustain passive
linkages within the contractile domain. Coincidentally, the cytoskeletal architecture within M.
trossulus may be more susceptible to thermal denaturation, thin filament destabilization and
therefore a reduced propensity to maintain passive cytoskeletal linkages as a result of
temperature increases. Together, these results indicate that the function of the adductor muscle of
M. trossulus may be weakened when exposed to higher temperatures, which may also inhibit
valve closure. Thus, alterations to the actin cytoskeletal architecture of the adductor muscle may,
in part, contribute towards the thermal tolerance limitations observed between the two mussel
species.

Although future increases in mean sea surface temperatures may continue to impose

thermal tolerance constraints, it is important to note the changes in biogeographic range shifts are
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compounded upon a variety of abiotic factors as a result of global climate change. For instance,
the variation observed in gape behavior owing to adductor muscle function in response to acute
heat stress may also be attributed to alternative physiological constraints, e.g., oxygen
availability, which may also necessitate adaptive alterations to the adductor muscle during heat
stress. Likewise, the severity and duration of exposure to abiotic stressors within the intertidal
varies widely between temporal and spatial scales, which may also drastically effect mussel
populations. There are also many other environmental factors, e.g., food availability, predator-
prey responses, niche competition, etc., which may influence mussel distribution.

In addition to environmental factors, there are also technical limitations which limit our
interpretation, including the detection of low abundance proteins and integral membrane
proteins. Future studies investigating the proteomic responses within the adductor muscle should
also take into consideration the proteins present within invertebrate thick filaments and their
relatively high molecular weights, which may have been excluded from our analysis given the
restrictions of 2D gel analysis. In particular, this would allow for greater interpretations towards
the effects of acute heat stress on the invertebrate catch response. Finally, since many of the
proposed hypotheses generated within this data set involve actin thin filament regulation and
actin binding proteins, it would be pertinent to conduct a time course analysis of specific proteins
which are thought to contribute towards the rearrangement of the cortical actin cytoskeleton in
response to acute heat stress. Specifically, this would provide further evidence as to whether the
changes occurring within the actin cytoskeleton in response to acute heat stress are occurring
within the peripheral cortical domain or the interior contractile domain.

However, given all of these technical restraints, the changes observed within the adductor

muscle are vital towards determining the impacts of environmental stress on important sentinel
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species such as M. galloprovincialis and M. trossulus. These results also compliment recent
findings investigating the effects of acute heat stress on gill tissue by providing the cellular
responses of alternative tissues, which may contribute to the overall physiological and behavioral
responses occurring at the level of the whole organism. For example, these results also suggest
oxidative stress is a concomitant stressor of thermal stress and may attenuate the contractile
responsiveness within the adductor muscle of M. trossulus during temperature increases. Thus,
by incorporating a system based perspective and comparing the proteomic responses observed
between Mytilus congeners within multiple tissues, it may allow for further elucidation as to the
specific physiological mechanisms governing adaptive radiation among intertidal invertebrates in

response to global climate change.
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