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Editorial on the Research Topic
 Evolutionary and Integrative Approaches for Revealing Adaptive Mechanisms in Marine Animals along Environmental Gradients



This Research Topic was a result of the 5th Workshop of Ecophysiology: Marine animal resilience in a changing world, held in November 2017 in Sisal (Mexico). The participants highlighted several gaps of knowledge in the mechanisms underlying thermal, oxygen sensing, and osmotic adaptations, particularly in tropical and subtropical marine species. Special attention was thus called to studies contrasting environmental gradients in subtropical and tropical latitudes, including plankton, benthos, and nekton, to better understand their physiological adaptations to multiple stressors.

Plankton species must cross pronounced gradients of temperature, salinity, and oxygen, potentially showing broad ecophysiological plasticity. Harada et al. demonstrated intraspecific variation in thermal tolerance among three populations of the sub-tropical intertidal copepod Tigriopus californicus collected over a latitudinal thermal gradient (14 to 18°C) along the coast of California (USA) and acclimated to 20°C. During acute thermal exposure (>34°C for 1 h), the lower latitude population performed better in terms of survival, higher upper thermal limit, and ATP synthesis capacity. There was also a tight correlation between a decline in ATP synthesis capacity and higher upper thermal limits, which suggests a role for mitochondria in setting these limits and indicates that divergence of mitochondrial function is likely a component of adaptation across latitudinal thermal gradients.

Hypoxia tolerance of 10 dominant euphausiid species from Atlantic (sub-tropical), Pacific (temperate, tropical), and Polar regions, with or without exposure to Oxygen Minimum Zones (OMZs) was investigated by Tremblay et al. using the regulation index. This index assesses the regulation ability of aquatic organisms that do not present a clear critical oxygen partial pressure breaking point in their respiration pattern. Species that migrated vertically over long distances in shallow OMZ habitats were qualified as metabolic suppressors, whereas species associated with upwelling events in the neritic area expressed almost perfect oxyconformity. At in situ temperatures, polar and deep OMZ species displayed the highest degree of oxyregulation. Most of the studied Euphausiid species have evolved, at all latitudes, various respiratory strategies coupled with oxygen levels and temperatures experienced during their vertical migration, which may help to buffer substantial changes in their respective trophic ecosystems under climate change.

Intertidal and shallow-water benthic communities experience physical environmental variations along with daily and tidal cycles, which exposes animals to high environmental heterogeneity. Brahim et al. investigated heat tolerance plasticity in terms of laboratory acclimation and natural acclimatization of different populations of the tropical rocky-intertidal snail Echinolittorina malaccana. Four laboratory treatments (constant cool 22–23°C, warm cycle 25–45°C, constant extra cool 20°C, and extra-warm cycle 25–50°C) yielded similar capacities to acclimate and adjust thermal limits, but the populations differed in the temperature range over which they can make adjustments. This work supports that, irrespective of latitude, habitat heterogeneity drives thermal plasticity selection and should be considered in future studies seeking to assess ectothermic animals' response to environmental warming.

Nitric oxide (NO) could be essential for intertidal organisms, for the adjustment of mitochondrial respiration to local oxygen content. González et al. investigated how NO modulates the hypoxia tolerance of the widely distributed blue mussel Mytilus edulis under moderate, severe hypoxia and normoxia (1, 7, and 21 kPa pO2). Using live imaging techniques on excised gill filaments, the authors showed that NO accumulated under hypoxia, causing blood vessel dilatation after only 30 min of acute exposure. In a parallel measurement on the same tissue, cytochrome c oxidase activity increased in the transgression to moderate hypoxia (7 kPa) to later decrease at severe hypoxia (1 kPa), indicating a potential stabilizing effect of these accumulated NO at 1 kPa. As hypoxia tolerance varies with temperature, this study highlights the importance of laying out the mechanism defining the plasticity of hypoxia tolerance in a changing environment and the adaptability of this trait.

Ectotherms' ability to perform routine activities such as locomotion and fitness-related behaviors should be altered by increasing ocean temperatures. One understudied aspect of invertebrates is the evolution of the functions of contractile proteins in muscle tissue. Muscular mechanics are crucial physiological traits for prey capture and predator avoidance. In an extensive genome analysis of the Pacific white shrimp Litopenaeus vannamei myosin gene family, Zhang et al. identified a significant expansion of Myo2 subfamilies in abdominal muscles, and high expression of Myo2 during pleonal and pleopod muscle formation and development beginning at the zoea larval stage. This research represents a baseline to study the evolution of crustacean myosin proteins in different thermal habitats and related adaptations to temperature under climate change pressures.

Many invertebrates with direct development and benthic behavior have limited mobility, necessitating physiological and immunological capacities adapted to local or regional environments. Pascual et al. examined the influence of surface temperature, associated with seasonal upwelling, on the physiological and immunological conditions of the tropical species Octopus maya. Octopuses from cooler habitats (27°C) in the upwelling zone and transitional zone were in better condition; they expressed higher concentrations of hemocyanin and lower activities of an essential component of the immune system, phenoloxidase. Specimens captured in the warmer zone (>27°C) reflected immunological compensation mechanisms likely associated with metabolic stress that appeared to impair reproduction.

To further explore the connection between reproductive performance and temperature, López-Galindo et al. investigated the transcriptomic profiles of testes from thermally stressed (30°C) and unstressed (24°C) adult male O. maya before and after mating. Functional annotation and pathway mapping of the 1,881 differentially expressed transcripts revealed temperature impacts on processes involved in spermatogenesis, gamete generation, germ cell and spermatid development, response to stress, inflammatory response, and apoptosis. In particular, transcripts encoding genes linked to male infertility (sperm motility and spermatogenesis) were overexpressed in the stressed individuals, which was validated by quantitative real-time PCR. These essential genes could be under selective pressures at high temperatures to restore male fertility. The two O. maya studies highlight the importance of temperature on the physiological condition, metabolism, immune function, and life cycle that determine the stability and persistence of this endemic population.

In vertebrates, a gradient approach was used by Hunter-Manseau et al. to characterize mitochondrial phenotypic adjustments of the heart tissue of eight ray-finned fishes with thermal niches ranging from −1.9 to 30.1°C. When measured close to their optimal temperature, the enzymes that regulate fatty acid oxidation had higher relative activity in the cold-adapted fish species. These species also exhibited higher cytochrome c oxidase activity, compared to the other enzymes of the Electron Transport System. Thus, at different temperature regimes, selection can act on the mitochondrial organization (i.e., the relative abundance of key enzymes) rather than only tuning mitochondrial content.

Katayama et al. conceptualized the multiple roles of osmoregulating hormones in a comparative review using mudskipper gobies as a model, as these animals bridge the gap between aquatic and terrestrial life. In mudskippers, dehydration triggers angiotensin II secretion when the buccal cavity is dry, but it also produces corticosteroids and neurohypophysial hormones secreted during the escape from predators/conspecifics or in other stressful situations. The result of all these stimuli is a migration toward water bodies. By questioning the origin of the conserved central action of mineralocorticoid signaling in all vertebrates, this review provides a highly relevant benchmark in the context of climate change, to further scrutinize the hormonal regulation of habitat preferences.

Through this Research Topic, it was clear that compensatory processes occur in sub-tropical and tropical organisms faced with environmental stresses. Broad latitudinal comparisons, over multiple time scales of exposure (acute, chronic, or evolutionary), and different organization levels are urgently required to assess better both climate change effects on a global scale and potential evolution and adaptations. More significant strategic collaborations amongst research institutes that share the same coastline are required to achieve these comparisons.
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Body fluid regulation, or osmoregulation, continues to be a major topic in comparative physiology, and teleost fishes have been the subject of intensive research. Great progress has been made in understanding the osmoregulatory mechanisms including drinking behavior in teleosts and mammals. Mudskipper gobies can bridge the gap from aquatic to terrestrial habitats by their amphibious behavior, but the studies are yet emerging. In this review, we introduce this unique teleost as a model to study osmoregulatory behaviors, particularly amphibious behaviors regulated by the central action of hormones. Regarding drinking behavior of mammals, a thirst sensation is aroused by angiotensin II (Ang II) through direct actions on the forebrain circumventricular structures, which predominantly motivates them to search for water and take it into the mouth for drinking. By contrast, aquatic teleosts can drink water that is constantly present in their mouth only by reflex swallowing, and Ang II induces swallowing by acting on the hindbrain circumventricular organ without inducing thirst. In mudskippers, however, through the loss of buccal water by swallowing, which appears to induce buccal drying on land, Ang II motivates these fishes to move to water for drinking. Thus, mudskippers revealed a unique thirst regulation by sensory detection in the buccal cavity. In addition, the neurohypophysial hormones, isotocin (IT) and vasotocin (VT), promote migration to water via IT receptors in mudskippers. VT is also dipsogenic and the neurons in the forebrain may mediate their thirst. VT regulates social behaviors as well as osmoregulation. The VT-induced migration appears to be a submissive response of subordinate mudskippers to escape from competitive and dehydrating land. Together with implications of VT in aggression, mudskippers may bridge the multiple functions of neurohypophysial hormones. Interestingly, cortisol, an important hormone for seawater adaptation and stress response in teleosts, also stimulates the migration toward water, mediated possibly via the mineralocorticoid receptor. The corticosteroid system that is responsive to external stressors can accelerate emergence of migration to alternative habitats. In this review, we suggest this unique teleost as an important model to deepen insights into the behavioral roles of these hormones in relation to osmoregulation.

Keywords: amphibious behavior, osmoregulation, angiotensin II, neurohypophysial hormones, corticosteroids, thirst, social behavior, mudskipper


EVOLUTION OF BODY FLUID REGULATION FROM FISHES TO TETRAPODS

Ionic concentration, osmolality, and volume of body fluids are important internal parameters that are tightly controlled in vertebrates by the ingestion and excretion of water and ions (Bourque, 2008). As vertebrates expanded their habitats from aquatic to terrestrial environments, terrestrial adaptation requires critical changes in the osmoregulatory and cardiovascular systems to counter both dehydration and gravity (Leow, 2015). To cope with dehydration, they drink water and reduce evaporative water loss from the body surface by a developed body integument consisting of layers of keratinized skin cells. In addition, the kidney of endothermic mammals and birds is equipped with juxtamedullary nephrons that can produce hyperosmotic urine, which is an adaptation to reduce water loss from excretion.

Similar to terrestrial tetrapods, teleost fishes are osmotic and ionic regulators and the ionic composition of their body fluis is similar to those of tetrapods, whose plasma osmolality is approximately one third of seawater regardless of the salinity that they inhabit (Evans, 2008). Their osmoregulatory ability might have allowed them to flourish in a wide range of aquatic environments including freshwater, seawater, and in particular cases allowed survival and success even on land (Takei, 2015). Marine teleosts exposed to severe dehydration drink seawater to cope with this problem (Hirano et al., 1972; Kobayashi et al., 1983; Perrott et al., 1992; Takei, 2015). After drinking, seawater is desalinated in the esophagus, and then water is absorbed together with NaCl in the intestine after isotonic dilution (Parmelee and Renfro, 1983; Nagashima and Ando, 1994; Takei et al., 2016). High amount of HCO3- is secreted into intestinal luminal fluid so that Ca2+ and Mg2+ are removed by precipitation in the form of carbonate aggregates (Wilson et al., 2002; Kurita et al., 2008; Grosell, 2011). The excess monovalent ions such as Na+ and Cl- are excreted from the branchial or cutaneous ionocytes (Uchida et al., 1996; Sakamoto et al., 2000; Seo et al., 2015) and divalent ions such as Ca2+, Mg2+, and SO42- are excreted from the kidney (Watanabe and Takei, 2011). In freshwater teleosts, uptake of environmental ions through the gill is activated for hyperosmoregulation (Takei et al., 2014). This action is mediated by ion transporters such as Na+-K+-ATPase (NKA) and Ca2+-ATPase (Hoenderop et al., 2005; Hwang et al., 2011). In these studies, species differences in osmoregulatory mechanisms and hormonal function have been found (Takei et al., 2014). Further, the osmoregulatory mechanisms are flexible in euryhaline or migratory species such as eels and salmonids, which experience drastic salinity changes during their life cycle and have to switch ion and water regulation to opposite directions via active transport (Figure 1A). Studies on these teleosts have highlighted pivotal roles of various hormones in adaptation to fluctuating environmental salinities (McCormick, 2001; Takei and McCormick, 2012).
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FIGURE 1. Environmental adaptations in vertebrates. (A) Osmoregulatory mechanisms in mammals and teleosts. Arrows show active and passive transport of ions and/or water. The osmoregulatory mechanisms are flexible in euryhaline species such as catadromous eels and anadromous salmonids, which switch ion and water regulation to opposite directions via active transport. In addition to aquatic teleosts, the amphibious and euryhaline mudskipper, which invades land in its lifecycle, is used for the study of osmoregulation. (B) Dynamics of osmoregulatory hormones in terrestrial adaptation of mudskippers. Cortisol and DOC are shown as plasma concentrations (Sakamoto et al., 2002, 2011), and the other hormones are shown as the expression of their genes in the brain of mudskippers in controls (in one-third seawater) or on land (n = 4–8) (Sakamoto et al., 2005a, 2015). Data are shown as the means ± SE. ∗p < 0.05, ∗∗∗p < 0.001 with t-test or Mann–Whitney U-test. PrRP, prolactin-releasing peptide; DOC, 11-deoxycorticosterone.



Ample studies have clarified functions of osmoregulatory and cardiovascular hormones in terrestrial tetrapods and aquatic teleosts (McCormick and Bradshaw, 2006; Bourque, 2008; Mével et al., 2012; Takei et al., 2014; Leow, 2015). In teleosts, however, considerably less research effort is directed at determining their role in behaviors. In addition, it is little known how their functions are conserved or have evolved among diverse taxa through evolutionary time. An exception is drinking behavior induced by angiotensin II (Ang II). In mammals, circulating Ang II is a major factor in the increased thirst and sodium appetite of hypovolemia (Fitzsimons, 1998). These effects play important roles in sustaining the blood volume and blood pressure and would certainly have been evolutionarily advantageous. With regard to thirst, Ang II act on the thirst center to motivate terrestrial mammals to seek for and ingest water. Ingestion of water rapidly satiates thirst sensation by sensory detection of water in the gastrointestinal tract (Zimmerman et al., 2016). Ang II also acts in concert with vasopressin (VP) to decrease the loss of water (Fitzsimons, 1998). In aquatic teleosts, Ang II and neurohypophysial hormones similarly regulate drinking (Takei et al., 1979; Balment and Carrick, 1985; Perrott et al., 1992; Kozaka et al., 2003; Watanabe et al., 2007; Fuentes and Eddy, 2012). However, as we often found differences in the response to osmoregulatory hormones among teleost species (Kobayashi et al., 1983), a comparative approach may benefit deeper understanding on the function of osmoregulatory hormones, which will not be readily available when studying mammals exclusively.



AMPHIBIOUS MUDSKIPPER AS A UNIQUE MODEL FOR STUDYING OSMOREGULATORY BEHAVIOR

Mudskipper fishes including Periophthalmus modestus are euryhaline species that can tolerate salinities ranging from 0 to 40 parts per thousand (ppt). They often experience rapid changes in salinity each day with tide in the estuary and so their osmoregulatory mechanisms are highly flexible. Furthermore, they spend the greater time of their lives out of water to feed and to escape from aquatic predators. They have acquired behavioral and physiological adaptations to amphibious lives (Clayton, 1993; Graham, 1997; Sakamoto and Ando, 2002; Sakamoto et al., 2005a). The roles of endocrine systems in their amphibious features have been investigated (Table 1). Because of the unique amphibious behavior (i.e., migration between terrestrial and aquatic areas), mudskippers may serve as a valuable experimental model to investigate the central actions of osmoregulatory hormones and to provide new insights into the evolution of hormonal actions during transition from aquatic to terrestrial lifestyle.

TABLE 1. Hormones involved in the amphibious habits of mudskippers.
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Which actions of osmoregulatory hormones have been conserved and/or exploited in this teleost? Among the accumulated data, we will focus on three topics in this review. First, we discuss the role of Ang II in drinking behavior. The drinking behavior of mudskippers is composed of migration to water, taking water into the mouth, and swallowing, which may most likely be associated with thirst. The second topic is the interaction between osmoregulation and social behavior, both of which are regulated by the neurohypophysial hormones, vasotocin (VT) and isotocin (IT). Finally, we introduce the role of corticosteroids in the amphibious behavior. Aldosterone is a major mineralocorticoid in mammals, but only minimally represented in teleosts. In teleosts, cortisol acts as mineralocorticoid as well as glucocorticoid (Takahashi and Sakamoto, 2013). Thus, cortisol action on the amphibious behavior has been investigated. We expect that this review will arouse further interest in the functional evolution of osmoregulatory hormones not only for fish endocrinologists but also for those working on other animals.

Angiotensin II and Thirst-Motivated Migration

Comparative studies using various vertebrates such as teleosts, amphibians, and mammals suggest that adaptation to life on dry land with a full influence of the gravitational force necessitates an elaborate renin-angiotensin system to be evolved (Nishimura, 1978; Leow, 2015). In mammals, the renin-angiotensin cascade is initiated by the release of renin from the juxtaglomerular cells in the renal afferent arteriole. Renin is released by hypovolemia and subsequent decreases in perfusion pressure at the arteriole (Kobayashi and Takei, 1996; Nishimura, 2017). The principal action of the active principle, Ang II, is to restore blood volume by retaining NaCl and water. Ang II stimulates secretion of VP and aldosterone, thereby further contributing to volume retention. Indeed, loss of function of the renin-angiotensin or VP system resulted in a hypotensive phenotype (Doan et al., 2001; Fujiwara and Bichet, 2005). Since inhibitors of the renin-angiotensin system attenuate hypovolemia-induced drinking, plasma Ang II is closely related to extracellular dehydration (Kobayashi and Takei, 1996). Unlike in mammals, plasma Ang II levels increase by hyperosmotic stimulus (cellular dehydration) as well as by hypovolemic stimulus in teleosts (Nishimura, 1978; Tierney et al., 1995; Takei, 2000). Transfer from fresh water to seawater results in a small and transient increase in plasma Ang II concentration in parallel with plasma osmolality (Okawara et al., 1987). Thus, Ang II functions as a fast-acting hormone in response to fluctuation of environmental salinity (Takei et al., 2014). The dipsogenic effect of Ang II has been examined extensively in various vertebrates including teleost and elasmobranch fishes (Kobayashi et al., 1983; Perrott et al., 1992; Anderson et al., 2001; Fuentes and Eddy, 2012). Ang II is the most potent dipsogenic hormone thus far known in many vertebrate species (Fitzsimons, 1998; Takei, 2000; McKinley and Johnson, 2004).

Thirst is defined as a conscious sensation of a need for water and a desire to drink (Fitzsimons, 1979). In terrestrial animals such as mammals, thirst is followed by a search for water, and its motivation or consciousness is generated in the hypothalamic area and the medial thalamic-cortex network (Denton et al., 1999; Gizowski and Bourque, 2018). Thirst is induced by an increase in systemic Ang II concentration (Kobayashi et al., 1979; Fitzsimons, 1998; Takei, 2000; McKinley and Johnson, 2004). In mammals and birds, systemic Ang II binds to the sensory circumventricular organs (CVOs) in the forebrain that lack the blood-brain barrier to induce drinking behaviors (Simpson and Routtenberg, 1973; Kobayashi and Takei, 1996) (Figure 2A). Angiotensin type 1 receptors (AT1) are present in high density in the organum vasculosum of the lamina terminalis (OVLT) and the subfornical organ (SFO) which are known as forebrain CVOs for Ang II-induced thirst (Johnson and Buggy, 1978; Fitzsimons, 1998; McKinley, 2003). Although Ang II also binds to type 2 receptors (AT2), AT2 receptors are sparse at these regions (Rowe et al., 1992). AT1 antagonist losartan inhibited Ang II-induced drinking, but AT2 receptor antagonist PD-123177 did not have any inhibitory action (Timmermans et al., 1993; Goodfriend et al., 1996). Thus, Ang II-induced drinking behavior is mediated through AT1 receptors (Fitzsimons, 1998). It is believed that amphibians such as terrestrial toads and arboreal frogs do not normally drink but instead obtain water by absorption through the ventral skin (Jørgensen, 1997; Bentley, 2002). Interestingly, Ang II induces such water-acquiring behavior called “cutaneous drinking”, in which the pelvic patch is pressed against a moist surface (Hoff and Hillyard, 1991; Propper et al., 1995; Maejima et al., 2010). The cutaneous drinking behavior seems to be regulated via AT1 in the forebrain where CVOs probably localize (Duvernoy and Risold, 2007; Maejima et al., 2010; Uchiyama, 2015), suggesting conserved neural basis of thirst throughout tetrapods. In aquatic teleost fishes, however, none of the regions in the forebrain appear to be involved in elicitation of drinking, since removal of the whole forebrain in eels did not affect the drinking induced by seawater exposure (Hirano et al., 1972) or by injection of Ang II (Takei et al., 1979). These stimuli may act on the hindbrain to initiate swallowing reflex in aquatic teleosts, which complete drinking only by swallowing of buccal water without a search for water (Figure 2C). The area postrema (AP) in the hindbrain is proposed to be the primary site of systemic Ang II action, since Evans blue injected into the blood stained this hindbrain CVO (Mukuda et al., 2005) and lesioning of the AP impaired Ang II-induced drinking in eels (Nobata et al., 2013). The AP neurons send cholinergic fibers to the glossopharyngeal-vagal motor complex (Ito et al., 2006), which in turn control the upper esophageal sphincter (UES) muscle (Mukuda and Ando, 2003; Nobata et al., 2013). The UES muscle is the first gate of the alimentary tract and its relaxation leads to initiation of swallowing.
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FIGURE 2. Schematic drawing for the regulatory mechanisms of drinking behavior in terrestrial mammals, amphibious mudskippers, and aquatic eels. Systemic angiotensin II acts on the circumventricular organs (CVOs) that are outside the blood-brain barrier. Among CVOs, the area postrema (AP) and the organum vasculosum of the lamina terminalis (OVLT) exist in mice, mudskippers, and eels, but the subfornical organ (SFO) is identified only in tetrapods. (A) Thirst-inducing mechanisms in mice. Systemic angiotensin II is perceived by the neurons in the SFO and OVLT. The signal is transmitted to the thalamus for thirst inducement, and to the paraventricular (PVN) and supraoptic (SON) nuclei for vasopressin secretion. The generation of thirst seems to involve activation of the cortex, which might be mediated by relay neurons in the medial parts of the thalamus. Signals from peripheral receptors (e.g., dry mouth, buccal food) also reach thirst-regulating regions (e.g., SFO) via visceral afferents that course through spinal or vagal pathways. This thirst is evoked before any changes in blood parameters and thus noted as “anticipatory thirst”. NTS, nucleus tractus solitarius. (B,C) Mechanisms of drinking in mudskippers and eels. The AP neurons receive systemic angiotensin II and induce swallowing, possibly through the glossopharyngeal-vagal motor complex in the medulla oblongata. In mudskippers (B), sensory detection of loss of buccal water motivates mudskippers to refill water possibly through the vagal afferents, suggesting generation of thirst. Possible thirst center, which regulates migration to water for drinking, has not been identified yet, but vasotocin neurons in the parvocellular preoptic nucleus (PP) might be involved in the neural basis. In eels (C), sensory detection of an increase in Cl- concentration in buccal water induces swallowing of water as an anticipatory drinking. This local stimulus is sensed by afferent fibers of vagus and glossopharyngeal nerves, while the forebrain and AP are not involved in the anticipatory drinking. Regulation of drinking behavior by the vagal afferents appears to be conserved among vertebrates. In contrast, an involvement of the forebrain in the eel drinking has not been implicated.



From the comparative point of view, it is intriguing to examine whether amphibious mudskippers have the mechanism inducing thirst as a motivation for drinking. Our recent study showed that peripheral or central administration of Ang II motivates the fish to move to water and to increase the volume of water ingested (Katayama et al., 2018). An OVLT-like structure has been found histologically in the parvocellular preoptic nucleus (PP) of the mudskipper (Hamasaki et al., 2016), but our histochemical study did not support the direct action of Ang II on this region. AT1 receptors have been cloned in teleosts including mudskippers (Nishimura, 2017) although no expression study has demonstrated a calcium signal in the recombinant receptors (Russell et al., 2001). AT1-like mRNA was not detected in the OVLT-like region of mudskippers, while many nuclei in the AP expressed the mRNA (Katayama et al., 2018). AT2 receptors have been cloned in teleosts (Nishimura, 2017), but AT2 mRNA was not detected in the eel brain (Wong and Takei, 2013). Thus, AT1, not AT2, appears to mediate Ang II-induced drinking behavior also in teleosts. In mudskippers, Ang II, through its action on the AP, induced swallowing of buccal water, which is stored on land, and the loss of buccal water motivated mudskippers to move to water (Figure 2B; Katayama et al., 2018). Although regulation of the renin-angiotensin system has not been examined when mudskippers are on land, Ang II appears to induce drinking naturally in teleosts since an inhibitor of the renin-angiotensin system (captopril) attenuates spontaneous drinking (Okawara et al., 1987; Perrott et al., 1992; Kobayashi and Takei, 1996). In addition to the osmoregulatory problem, the effect of gravity cannot be nullified in terrestrial environments. Blood pressure of mudskippers is maintained during the transition from submersion to emersion unlike other teleost species, in spite of the influence of gravity (Ishimatsu et al., 1999). Since Ang II contributes to the maintenance of cardiovascular homeostasis in teleosts (Mével et al., 2012; Nishimura, 2017), its relative importance may have been enhanced for cardiovascular regulation as well as for osmoregulation in amphibious mudskippers. In a series of their drinking behaviors, the migration to water stimulated by loss of buccal water is equivalent to the drinking behavior in tetrapods evoked by local stimuli (e.g., dry mouth). Such drinking has been revealed as “anticipatory thirst” in mice because it operates before blood osmolality fluctuates (Berridge, 2004; Zimmerman et al., 2016). In mudskippers, the buccal cavity is filled with water before they exit to land and this behavior appears not to be involved in blood osmolality and hormones. Therefore, the thirst by local sensation may contribute to an anticipatory mechanism to prevent potential dehydration on land.

Although migratory behavior induced by local sensation has not been demonstrated in aquatic fishes, it is well recognized that eels detect an increase in Cl- concentration in buccal water, which enhances swallowing of water (Hirano, 1974). This local stimulus is sensed by afferent fibers of vagus and/or glossopharyngeal nerves (Mayer-Gostan and Hirano, 1976), whereas the forebrain and AP appear not to be involved in the sensory detection because the lesioning of these regions did not attenuate swallowing induced by seawater exposure in the eel (Figure 2C; Hirano et al., 1972; Nobata and Takei, 2011). This “chloride response” could prevent future dehydration in hyperosmotic marine environments, and thus was referred to as an anticipatory drinking (Hirano, 1974). The sensation of ions in the buccal cavity of aquatic fishes may be similar to the sensation of buccal water underlying the thirst of tetrapods and mudskippers. In basal vertebrates such as river lamprey (Lampetra fluviatilis), the transfer from seawater to fresh water rapidly decreased drinking rate without a change in plasma osmolality (Rankin, 2002). Thus, the mechanism of anticipatory drinking by local sensation appears to be widely distributed among vertebrates. Mudskippers, which evolved from the aquatic teleosts to invade the terrestrial environment (You et al., 2014; Ord and Cooke, 2016), have developed the thirst-inducing mechanism by local sensation, in addition to the hormonal/anticipatory regulation of swallowing at the medulla oblongata observed in totally aquatic fishes (Figures 2B,C). Phylogenetically distant vertebrates (ray-finned fish and tetrapods) appear to have acquired the thirst sensation that elicits a series of drinking behaviors when they are exposed to a desiccating environment (Katayama et al., 2018). From the evolutionary point of view, it is intriguing to examine possible thirst mechanisms of amphibious lungfish, which belong to the class Sarcopterygii and are recognized as the closest living relatives of tetrapods (Brinkmann et al., 2004). Since ancestral vertebrates should not have experienced terrestrial environments, thirst may have evolved multiple times during the course of terrestrialization in vertebrates.

In mammals, the input signal for anticipatory thirst was shown to be relayed to the SFO neurons that monitor blood factors such as Ang II (Figure 2A; Zimmerman et al., 2016). The SFO orchestrates a motivation for drinking by engaging the medial thalamic-cortex network (Gizowski and Bourque, 2018). Given the complex mechanisms of thirst in mammals, the mudskipper with a simpler brain architecture might be a useful model to investigate the mechanisms of anticipatory thirst by local sensation. In addition to the osmoregulatory purpose, the thirst response also prevents the gills from desiccation, and maintains the branchial respiration in mudskippers (Tamura et al., 1976; Sayer, 2005). Thus, maintaining the moistness of the gill could be one of the selection pressures for the development of thirst. Buccal water is also used for sucking of food when mudskippers eat on land (Michel et al., 2015), and thus water in the cavity decreases after feeding. Because the protrusion and retraction of this water mass is essential for intra-oral transport of prey on land, eating appears to be a potent stimulus for thirst development by local sensation. Many mammalian species drink primarily during meals (Fitzsimons and Le Magnen, 1969; Oatley and Toates, 1969; Berridge, 2004). Food consumption rapidly activated SFO neurons in mammals, beginning at the onset of feeding before any changes in blood parameters occurred (Zimmerman et al., 2016). Activation of SFO neurons during eating was unaffected by angiotensin blockers. Thus, sensory detection of buccal food and its consequent activation of SFO neurons through an angiotensin-independent pathway are indicated for prandial thirst in mammals. In teleosts, however, it has not been examined whether prandial drinking functions in anticipatory fashion to prevent food ingestion-dependent alterations in blood composition. More fish studies on anticipatory drinking, as well as on fast-acting Ang II actions, will be required to know the comprehensive mechanisms for “fast” adaptive response to hyperosmotic environments. Given that anticipatory drinking triggered by local sensation is conserved among vertebrates, comparison of drinking behavior in mudskippers with anticipatory thirst in mammals might provide an answer to the question of why the anticipatory response evolved (Krashes, 2016).

Neurohypophysial Hormones for Osmoregulation and Social Behaviors

The neurohypophysial hormones, VP and oxytocin (OXT), regulate fluid homeostasis, which requires a tight control of both NaCl and water in mammals (Johnson and Thunhorst, 1997; McKinley et al., 2004). Particularly, antidiuretic VP is a fast- and short-acting hormone that is indispensable for fluid retention in terrestrial environments. VP neurons in the paraventricular (PVN) and supraoptic (SON) nuclei of the hypothalamus react to increases in plasma osmolality by releasing the antidiuretic hormone (Nielsen et al., 1995; Bourque, 2008; Sands et al., 2011; Watts, 2015). The VP neurons are downstream targets of the angiotensinergic neurons innervating the SFO and OVLT (Figure 2A; Ferguson, 2009). Systemic Ang II enhances secretion of VP into the circulation through these neural pathways (Zimmerman et al., 2017). Thus, the Ang II-VP system enhances water retention by the kidney. In contrast, OXT decreases ingestive behaviors, including drinking, salt intake, and feeding (Arletti et al., 1990; Blevins et al., 2003; Stricker and Stricker, 2011; Ryan et al., 2017), and increases renal NaCl excretion after a salt load (Balment et al., 1980; Verbalis et al., 1991; Conrad et al., 1993). In addition to systemic osmoregulation, it has recently been suggested that VP neurons and OXT-receptor-expressing neurons anticipate future osmotic fluctuation by drinking, cues predicting water (e.g., visual cue), feeding, or sleeping (Gizowski et al., 2016; Mandelblat-Cerf et al., 2017; Ryan et al., 2017). For example, the neural activity of VP neurons in the PVN and SON, and thereby VP secretion rapidly fell during drinking before any change in blood parameters occurred (Stricker and Stricker, 2011; Mandelblat-Cerf et al., 2017).

In teleosts, neurohypophysial hormones serve for adaptation to a desiccating seawater environment. Transfer of trout to seawater downregulated transcription of VT (the teleost homolog of VP) in the magnocellular preoptic nucleus (PM) of trout (Hyodo and Urano, 1991). In flounders, however, transfer from seawater to fresh water decreased plasma VT concentration (Bond et al., 2002), whereas transfer from fresh water to seawater increased plasma VT levels and VT mRNAs in the hypothalamus (Balment et al., 2006). Thus, VT responses to environmental osmotic challenges and its physiological functions appear to differ among species. IT (the teleost homolog of OXT), as well as VT, has important functions in teleost osmoregulation. VT and/or IT regulate secretion of extra univalent ions in the gill and opercular epithelium (Guibbolini and Avella, 2003; Martos-Sitcha et al., 2015b). These hormones also regulate water transport via aquaporin-1 paralogs, which contribute to water absorption in the intestine for seawater adaptation (Martos-Sitcha et al., 2015a). IT mRNA levels in the hypothalamus increased after transfer to hypersaline media but not to hyposaline media (Martos-Sitcha et al., 2014). These results suggest that IT and its receptor are important for seawater adaptation. In addition to these osmoregulatory functions, VT and IT neurons localized throughout the hypothalamic regions project not only into the pituitary but also into multiple extra-hypothalamic regions, and are known to mediate social behaviors (Holmqvist and Ekstrom, 1995; Thompson and Walton, 2004; Goodson, 2005; Godwin and Thompson, 2012; Lindeyer et al., 2015). Even in mammals, however, little is known about a possible link between osmoregulation and social behaviors, both of which are controlled by the neurohypophysial hormones.

The amphibious behavior in mudskippers may reflect many functions of neurohypophysial hormones that bridge osmoregulation and social behaviors. Mudskippers moved to water when treated with VT or IT either peripherally or centrally (Sakamoto et al., 2015). Migration to water induced by both VT and IT was inhibited by the OXT receptor blocker (H-9405), which specifically induces IT-receptor blockade in teleosts (Watanabe et al., 2007). Expression studies of VT type 1a receptor (V1a) and IT receptors of teleosts in mammalian cell lines indicate that V1a is nearly specific to VT, whereas the sensitivity of the IT receptor to IT is 3-10 times higher than that to VT (Mahlmann et al., 1994; Hausmann et al., 1995; Warne, 2001; Yamaguchi et al., 2012). Thus, neurons expressing IT receptors may regulate amphibious behavior for osmoregulation. However, other VT/IT receptors, especially VT type 2 receptor (V2), might be implicated in the aquatic preference. The V2-type receptor, which is localized in the hypothalamus and osmoregulatory organs, is involved in body fluid homeostasis in teleosts (Konno et al., 2010a,b; Lema, 2010; Martos-Sitcha et al., 2014). When VT or IT was intracerebroventricularly injected, the drinking rate of mudskippers was enhanced by VT, but not by IT (Katayama et al., 2018). Considering the affinities of VT/IT to their receptors, the VT-specific regulation of drinking appears to be mediated by VT receptors in the mudskipper brain. In mammals, VP neurons that innervate the OVLT play an important role in the above-mentioned “anticipatory thirst” (Gizowski et al., 2016). In mudskippers, immunoreactive VT fibers were found in the PP including the OVLT-like region (Hamasaki et al., 2016). These findings suggest that VT may transmit the signal to the neural pathway of thirst-motivated behavior (Figure 2B; Katayama et al., 2018). In eels, however, peripherally injected VT reduced drinking rate, but IT increased it (Ando et al., 2000; Nobata and Ando, 2013). Thus, the role of neurohypophysial hormones in regulation of drinking has not been established in teleosts. When mudskippers were dehydrated under terrestrial condition, brain mRNA levels of pro-VT markedly increased while a moderate increase was seen in pro-IT mRNA levels (Figure 1B). Given the relatively wide distribution of VT-positive fibers throughout the brain, increased VT under terrestrial condition may naturally stimulate drinking and migration to water (Sakamoto et al., 2015). Nuclei involved in the amphibious behavior were not identified, but brain regions where both VT and IT fibers are localized (e.g., the tuberal nuclei of the hypothalamus, medulla oblongata) may include nuclei expressing IT receptors to regulate this behavior.

In addition to the osmoregulatory function, regulation of social behavior by the VT system has been extensively studied in teleosts (Huffman et al., 2015; Yokoi et al., 2015; Loveland and Fernald, 2017; Perrone and Silva, 2018). Central administration of VT in some species indicates that VT neurons mediate aggression, although the directionality (stimulation/inhibition) varies across species (Godwin and Thompson, 2012; Kagawa et al., 2013). In mudskippers, VT specifically regulated general aggressive behavior and/or social communication (i.e., fin display, operculum display, replacement, attacking, chasing, and biting) (Figure 3A). In particular, VT-injected males showed significantly higher frequencies of fin display, operculum display and attack than vehicle-injected males. The former two types of behaviors are less aggressive than the latter one, and it is suggested that the VT might modulate social communication as well as aggression in mudskippers. Pro-VT mRNA levels in the whole brain of subordinate, however, were higher than in that of dominant (Figure 3B). In several freshwater teleosts, aggressive dominant males have high VT expression in the PM, whereas the submissive subordinate males have high VT expression in the PP (Larson et al., 2006; Greenwood et al., 2008; Kagawa, 2013). Together with prolonged aquatic stay by VT-injected mudskippers, VT in the PP may play a characteristic role in promoting migration into water for submissive subordinates relative to aggressive dominants (Kagawa et al., 2013). VT expression in the PP is involved in the hormonal stress response in the European eel and the rainbow trout (Olivereau and Olivereau, 1990; Gilchriest et al., 2000). However, the migration into water by VT-injected mudskippers cannot be fully explained by a physiological stress response, since there was no difference in plasma cortisol levels (Kagawa et al., 2013). In the mudskipper brain, VT fibers were localized in the preoptic and ventromedial telencephalic areas (Sakamoto et al., 2015). These regions include V1a-expressing neurons in teleosts (Kline et al., 2011; Huffman et al., 2012; Lema et al., 2015). With regard to V1a receptor subtypes, telencephalic V1a1 levels were higher in subordinates compared to dominants, and levels of V1a2 in the telencephalon of dominant males correlated with aggression in killifish (Lema et al., 2015). In cichlid fish, the ventromedial telencephalic area was the site of high density expression for both of these receptors (Loveland and Fernald, 2017). These findings suggest that VT neurons projecting to the ventromedial telencephalic area and/or preoptic area act via V1a2 in the dominant mudskipper to elicit general aggressive behavior, and that the VT neurons act via V1a1 in the subordinate to inhibit general aggressive behavior (Figure 3C). As described above, VT neurons projecting to the tuberal nuclei of the hypothalamus and medulla oblongata may act at least in part via IT receptors to stay in the aquatic habitat forced by the dominant fish (Figure 3C). Given the suite of processes mediated by neurohypophysial hormones, migration of subordinate mudskippers into water reflects a unique interaction between the hormonal regulations of social and osmoregulatory behaviors from competitive and dehydrating land to aquatic environments in the amphibious teleost. A few studies on teleosts have shown that IT controls the reproductive behavior and/or spawning act (Gonçalves and Oliveira, 2011). Mudskippers spawn in their mudflat burrows filled with water, and secure embryonic development within the hypoxic burrows by transporting mouthfuls of air (Ishimatsu et al., 2007). Thus, the unique link between osmoregulation and reproduction regulated by IT should be possible.
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FIGURE 3. Behavioral actions of vasotocin in mudskippers. (A) The frequency of each type of aggressive behavior after injection of vasotocin (500 pg/g-bw) or vehicle in mudskippers (n = 6). A size-matched pair of males was used for behavioral observation in a tank with aquatic and terrestrial areas. Data are shown as the means ± SE. ∗∗p < 0.005 with t-test. (B) The expression of vasotocin and isotocin mRNAs in dominant (Dom.) and subordinate (Sub.) mudskippers (n = 7). Upon introduction in an experimental tank with aquatic and terrestrial areas, a pair of males can be classified as aggressive dominant or submissive subordinate based on the frequency of their aggressive behaviors, which is significantly higher in dominant male. Points of each pair are connected. ∗p < 0.05 with Mann–Whitney U-test. NS, not significant. The original data for (A) and (B) are published in Kagawa et al. (2013). (C) A model illustrating the potential influence of vasotocin neurons on the regulation of aggressive behavior. The cell bodies of vasotocin are localized in the magnocellular (PM) and the parvocellular (PP) preoptic nucleus. Vasotocin may act via V1a-type receptors (V1a1/V1a2) in the ventromedial telencephalic area and the preoptic area to regulate general aggressive behavior. PM cells and V1a2 may mediate aggression by dominant males, while PP cells and V1a1 may mediate submissive behaviors by subordinate males. Since stimulation of migration to water by both vasotocin and isotocin is inhibited by the blocker of isotocin receptor (ITR), brain regions where both vasotocin and isotocin fibers are localized, such as the tuberal nuclei of the hypothalamus and the medulla oblongata, may regulate the amphibious behavior via ITR. The main receptors for specific behaviors are given in parentheses. Broken lines show possible brain regions involved in each behavior.



Corticosteroids for Ion Regulation and Stress Response

Corticosteroids function as glucocorticoids and mineralocorticoids in vertebrates. Glucocorticoids regulate metabolism and growth, while mineralocorticoids regulate the body fluid osmolality. In tetrapods, these functions are achieved by two distinct hormones: cortisol/corticosterone (glucocorticoids) and aldosterone (mineralocorticoid). Glucocorticoids and mineralocorticoids activate their receptors – the glucocorticoid receptor (GR) and mineralocorticoid receptor (MR), respectively (Figure 4A). In the mammalian brain, the GR and MR are both highly expressed in the hippocampus and in several hypothalamic nuclei such as PVN and arcuate nucleus. Co-localization of these receptors has been found in most neurons of the nuclei. These findings suggest that the expression balance of GR/MR within the nucleus is critical for many physiological and short-term behavioral responses, such as regulation of salt intake, mood, appetite, and exploratory behavior (Rozeboom et al., 2007; Kawata et al., 2008; Geerling and Loewy, 2009; Sakamoto et al., 2012). The CVOs such as the SFO and the AP are considered to be involved in the synergistic action of Ang II and mineralocorticoid on salt appetite (Epstein, 1982; Fluharty and Epstein, 1983; Alhadeff and Betley, 2017), since the neurons in those brain areas express both angiotensin receptor (Gehlert et al., 1991; Tsutsumi and Saavedra, 1991; Song et al., 1992) and MR (Coirini et al., 1983).
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FIGURE 4. Receptor-ligand interactions of corticosteroids and their central actions. (A) Corticosteroid system in mammals. Glucocorticoid (cortisol/corticosterone) and mineralocorticoid (aldosterone) activate their respective receptors – glucocorticoid receptor (GR) and mineralocorticoid receptor (MR). These corticosteroids act on the various brain regions and regulate homeostatic behaviors such as stress response and salt appetite. (B) Corticosteroid system in mudskippers. Cortisol-GR system mediates both glucocorticoid and mineralocorticoid functions. 11-deoxycorticosterone (DOC) is the preferred ligand for MR. In mudskippers, both MR and GR regulate the amphibious behavior related to a stress response. The aquatic preferences induced by GR and MR signaling may be related to osmoregulation and visual response, respectively.



As mentioned earlier, cortisol functions not only as glucocorticoid but also as mineralocorticoid in teleosts (Mommsen et al., 1999). Two different GR coding genes (GR1 and GR2) and one MR gene have been found in this fish group (Bury et al., 2003; Greenwood et al., 2003). Cortisol interacts with MR as well as with GRs, but cortisol-MR axis appears not to be important for osmoregulation unlike in mammals (Prunet et al., 2006; Stolte et al., 2008) (Figure 4B). Indeed, a constitutive MR-knockout medaka can grow and adapt to seawater, as well as to fresh water (Sakamoto et al., 2016). By contrast, inhibition of the GR by RU-486 prevented killifish from seawater adaptation (Shaw et al., 2007). Many studies using euryhaline teleosts indicate that cortisol-GR system plays important roles in both seawater and freshwater adaptation as a slow-acting hormone (McCormick, 2001; Takahashi and Sakamoto, 2013; Takei et al., 2014). In many teleosts, plasma cortisol and GR transcripts in osmoregulatory organs changed after transfer to seawater or fresh water although the directionality varied across species (McCormick, 2001; Takahashi and Sakamoto, 2013). In mudskippers (Sakamoto et al., 2002), plasma cortisol concentrations markedly increased when the teleosts were dehydrated under terrestrial condition (Figure 1B). Cortisol stimulated epithelial apoptosis in the mudskipper esophagus so that NaCl was desalinated from ingested seawater. Cortisol also induced cell proliferation to reduce permeability for freshwater adaptation (Takahashi et al., 2006). The dual functions of cortisol in teleosts may stem from the distinct action on multiple GR isoforms with different sensitivities to cortisol for transactivation and transrepression activities (Prunet et al., 2006; Stolte et al., 2008). In the gills of some teleosts, cortisol stimulated the differentiation of ionocytes into seawater type or freshwater type, and elevated the activity and/or transcription of key transporters in ionocytes such as NKA, Na+-K+-2Cl- cotransporter type 1, and cystic fibrosis transmembrane conductance regulator (Deane et al., 2000; McCormick, 2001; Aruna et al., 2012; Takahashi and Sakamoto, 2013). These actions increased ion excretion for seawater adaptation and ion uptake for freshwater adaptation, respectively. Cortisol also elevated the NKA activity and aquaporin expression in the intestine, thereby increasing water absorption across the epithelia to maintain water balance in a dehydrating seawater environment (Veillette et al., 1995; Veillette and Young, 2005; Cutler et al., 2007). These studies suggest that the hypo- and hyper-osmoregulatory action of cortisol-GR system is well conserved among euryhaline teleosts (Takei et al., 2014).

In teleosts, the circulation of aldosterone, present in extremely low levels, is unlikely to have actions on the GRs or MRs (Prunet et al., 2006). However, 11-deoxycorticosterone (DOC) is a circulating corticosteroid that is present in significant concentrations, and can activate MRs but not GRs in teleosts (Sturm et al., 2005; Prunet et al., 2006; Milla et al., 2008; Stolte et al., 2008). In expression studies in mammalian cell lines, transactivation of the teleost MR is 10 times more sensitive to DOC than to cortisol, whereas the teleost GR is specific to cortisol (Sturm et al., 2005; Prunet et al., 2006; Stolte et al., 2008). In agreement with the presence of the ligand for MRs in the plasma, the teleost MR mRNA was found in many tissues (Greenwood et al., 2003; Sturm et al., 2005; Arterbery et al., 2010). The expressions of MR mRNA are relatively modest in osmoregulatory organs involved in ionoregulation (e.g., gill), but considerably higher in the brains of most teleosts examined (e.g., Sakamoto et al., 2016). These recent finding suggested that MR system may carry out some behavioral functions in teleosts. In fact, mudskippers migrated into water when treated with DOC and cortisol (Sakamoto et al., 2011). Cortisol may act as an endogenous ligand for the brain MRs to stimulate the migration to water naturally, since plasma cortisol, rather than DOC, increased in mudskippers under terrestrial condition (Figure 1B). However, MRs can be insensitive to cortisol activation in vivo because 11β-hydroxysteroid dehydrogenase type 2 (11β-HSD2) catalyzes the conversion of cortisol to the MR-inactive cortisone (Funder et al., 1988). Without the expression of 11β-HSD2, MRs probably function as cortisol receptors. Hence, study on localization of 11β-HSD2 in the teleost brain is further required. The aquatic preference in 10 ppt seawater, possibly stimulated by the brain MR signaling, may reflect the induction of salt appetite as shown by aldosterone in mammals (Alhadeff and Betley, 2017). Thus, it is of interest to examine synergistic effects of Ang II and corticosteroids to evaluate salinity preference of mudskippers using an aquarium test system. In contrast, the GR signaling may also contribute to the aquatic preference because the cortisol-stimulated behavior was not completely inhibited by the specific GR blocker, RU-486. Since the cortisol-GR system is implicated in excretion of extra ions by elevating the NKA activity in teleosts (McCormick, 2001; Takahashi and Sakamoto, 2013), mudskippers may migrate to water for ion excretion through the skin under the pectoral fin (Sakamoto et al., 2000, 2002). The distinct function of MR and GR signaling should be investigated in the osmoregulatory behavior of mudskippers.

In addition to the osmoregulatory function, GRs and MRs appear to regulate stress responses in the teleost brain (Takahashi and Sakamoto, 2013; Myers et al., 2014; Sakamoto et al., 2018). In teleosts, GRs and MRs are localized in key components of the stress axis, such as the forebrain pallial area, the corticotrophin-releasing hormone cells in the preoptic nucleus, and the adrenocorticotropic-hormone cells in the pituitary pars distalis (Stolte et al., 2008; Kikuchi et al., 2015; Sakamoto et al., 2016). The aquatic preference of mudskippers, stimulated by the brain MR/GR signaling, may also be a stress response, since the dehydrated mudskipper under terrestrial condition appears to be stressed (Figure 4; Sakamoto et al., 2002). Such a system that is responsive to external stressors can also mediate the start of migration from river to ocean in salmon (Clements and Schreck, 2004; Flores et al., 2012). The expression of GRs and MRs mRNA were observed in most of the PM and PP, known to produce VT and IT (Teitsma et al., 1998), and the cortisol-GR system regulated VT and IT release from the hypothalamus-pituitary complex (Kalamarz-Kubiak et al., 2015). Thus, future studies should focus on the “cross-talk” among these hormones in the brain to clarify the link between osmoregulation and stress response, both of which are primarily regulated by the neurohypophysial hormones and corticosteroids. Furthermore, GR mutant adult zebrafish became immobile with reduced exploratory behavior when placed into an unfamiliar aquarium (Ziv et al., 2013). The mutant did not habituate to this stressor upon repeated exposure. Addition of the antidepressant fluoxetine or visual interactions with a wild type fish restored normal behavior. Thus, GR signaling appears to contribute to mood regulation, as well as to the stress response. In contrast, MR-knockout medaka failed to track moving dots although the swimming motility of the mutant increased (Sakamoto et al., 2016). Thus, MR is required for normal activity of locomotion in response to visual motion stimuli. Vision is more important in terrestrial lifestyle than in aquatic one, and sophisticated vision might have promoted land invasion in vertebrates (MacIver et al., 2017). Mudskippers with their unique vision system (Takiyama et al., 2016) will be a good model to analyze the evolution of corticosteroids-regulated vision response.



CONCLUSION AND PERSPECTIVES

In this review, we summarized the role of Ang II, neurohypophysial hormones, and corticosteroids in the regulation of amphibious behavior in mudskippers. Mudskippers migrate to water for drinking and for escape from dominant conspecifics and stressful situations (Figure 5). The analyses of their drinking patterns suggest that the neural basis of amphibious behavior is connected to a water detection system in the buccal cavity, which is related to induction of thirst. Direct action of systemic Ang II on the OVLT-like structure and the Ang-II/neurohypophysial hormone axis in the forebrain have not yet been investigated in teleosts including mudskippers. In future research, the target site(s) of systemic Ang II other than those along the lamina terminalis might be identified in the mudskipper forebrain. VT also regulates amphibious behavior related to aggression/submission as well as to drinking, suggesting their distinct functions in each site of the brain. Cortisol may bind to the MR in the brain to elicit a preference for aquatic habitation, which reveals a conserved central action of mineralocorticoid signaling throughout vertebrates (Sakamoto et al., 2018).
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FIGURE 5. A conceptual diagram of hormones regulating amphibious behavior of mudskippers. Various stimuli related to the amphibious lifestyle of mudskipper activate secretion of hormones, which in turn leads to behavioral and physiological outputs. Solid lines showing functional associations are based on published data, while broken lines are speculation. PrRP, prolactin-releasing peptide; BNP, B-type natriuretic peptide; GRP, gastrin-releasing peptide.



It remains to be discovered how other behaviors regulated by osmoregulatory hormones have evolved during vertebrate terrestrialization, and these research gaps will need to be addressed in future study (Figure 5). As described above in regard to IT function, mudskippers spawn in their mudflat burrows that are filled with water, and they secure embryonic development of their young within the hypoxic burrows by transporting mouthfuls of air (Ishimatsu et al., 2007). These unique reproductive behaviors including both migration and parental care might be regulated by osmoregulatory hormones such as IT and prolactin (PRL). PRL plays a critical role in freshwater adaptation in teleost fishes (Manzon, 2002; Sakamoto and McCormick, 2006). PRL reduces ion and water permeability of osmoregulatory surfaces in fresh water, and increases ion uptake (Hirano, 1986; Manzon, 2002; Sakamoto et al., 2005b; Shu et al., 2016). Further, many of the reproductive functions of PRL appear to be conserved throughout the vertebrates (Whittington and Wilson, 2013). Migration plays an important role in the reproductive cycle of many vertebrates. For example, PRL injection induced migration from land to water in salamanders (Moriya, 1982). In the amphibious behavior of mudskippers, the PRL-releasing peptide/PRL axis induced a preference for aquatic habitation (Sakamoto et al., 2005b). This action resembles the migration to water of salamanders for spawning. PRL transcription and secretion were promoted by PRL-releasing peptide (Sakamoto et al., 2003; Fujimoto et al., 2006). In mudskippers, mRNA levels of PRL-releasing peptide and of PRL are similarly regulated. The mRNA levels in the brain-pituitary axis increased during both terrestrial and freshwater acclimation (Sakamoto et al., 2005a), although the dynamics of PRL mRNA during spawning has not been examined in mudskippers. During the chum salmon maturation process, PRL mRNA levels increased with the onset of anadromy (Onuma et al., 2010), whereas PRL may have no role in the reproductive migration of catadromous eels (Sudo et al., 2013). Thus, the role of PRL in reproductive migration appears to depend on environmental conditions where the teleosts live, and may have become important in the amphibious lifestyles of mudskippers. In teleosts, like in mammals, PRL also regulates reproductive development and brood care behavior as well as migration (Whittington and Wilson, 2013). Mudskippers showing such various reproductive traits can be fascinating models to explore hormonal function in behaviors related to both osmoregulation and reproduction.

Furthermore, in mudskippers, aquatic preference and rolling behavior on wet land are notable for moistening the dorsal skin (Ip et al., 1991). Since natriuretic peptides and gastrin-releasing peptide are currently known as key molecules to transmit itch sensation to the central nervous system in rodents (Sun and Chen, 2007; Mishra and Hoon, 2013; Liu et al., 2014), further analyses of these peptides may elucidate relationships between habitats and itch sensation by dry skin, as well as the unknown evolution of the itch sensation in vertebrates. As mentioned already, the “cross-talk” among these hormones in mudskippers may explain the coordination of amphibious behavior and other physiological regulation throughout vertebrate species.
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The theory for thermal plasticity of tropical ectotherms has centered on terrestrial and open-water marine animals which experience reduced variation in diurnal and seasonal temperatures, conditions constraining plasticity selection. Tropical marine intertidal animals, however, experience complex habitat thermal heterogeneity, circumstances encouraging thermal plasticity selection. Using the tropical rocky-intertidal gastropod, Echinolittorina malaccana, we investigated heat tolerance plasticity in terms of laboratory acclimation and natural acclimatization of populations from thermally-dissimilar nearby shorelines. Laboratory treatments yielded similar capacities of snails from either population to acclimate their lethal thermal limit (LT50 variation was ∼2°C). However, the populations differed in the temperature range over which acclimatory adjustments could be made; LT50 plasticity occurred over a higher temperature range in the warm-shore snails compared to the cool-shore snails, giving an overall acclimation capacity for the populations combined of 2.9°C. In addition to confirming significant heat tolerance plasticity in tropical intertidal animals, these findings reveal two plasticity forms, reversible (laboratory acclimation) and non-reversible (population or shoreline specific) plasticity. The plasticity forms should account for different spatiotemporal scales of the environmental temperature variation; reversible plasticity for daily and tidal variations in microhabitat temperature and non-reversible plasticity for lifelong, shoreline temperature conditions. Non-reversible heat tolerance plasticity, likely established after larvae settle on the shore, should be energetically beneficial in preventing heat shock protein overexpression, but also should facilitate widespread colonization of coasts that support thermally-diverse shorelines. This first demonstration of different plasticity forms in benthic intertidal animals supports the hypothesis that habitat heterogeneity (irrespective of latitude) drives thermal plasticity selection. It further suggests that studies not making reference to different spatial scales of thermal heterogeneity, nor seeking how these may drive different thermal plasticity forms, risk misinterpreting ectothermic responses to environmental warming.

Keywords: developmental plasticity, Echinolittorina malaccana, habitat heterogeneity, heat resistance, thermal acclimation


INTRODUCTION

Thermal plasticity enables ectothermic animals to modify their lifetime responses to environmental temperature. In the context of climate warming, a complex theory for this plasticity has emerged, which considers its energetic benefits, environmental drivers and evolutionary constraints (see the beneficial acclimation hypothesis, and hypotheses for thermal variability, predictability and latitudinal effects; Leroi et al., 1994; Kingsolver and Huey, 1998; Wilson and Franklin, 2002; Angilletta et al., 2006; Deere and Chown, 2006; Gunderson and Stillman, 2015). This theory has, however, been developed with taxonomic and ecological biases toward terrestrial insects, lizards, amphibians, and marine fishes (Huey et al., 1999; Mitchell et al., 2011; Overgaard et al., 2011; Kingsolver et al., 2013; Phillips et al., 2015), to the exclusion largely of animals inhabiting marine intertidal zones (but see Stillman, 2003; Somero, 2010). Marine intertidal circumstances are important as the theory may not always apply to them, despite its assumed generality. For example, studies investigating environmental temperature variation as the primary driver of thermal plasticity selection, commonly consider latitudinal and seasonal effects (Angilletta, 2009). These studies frequently conclude that temperate species, which typically experience greater thermal variation possess a greater capacity for thermal acclimation than tropically-distributed species, which experience relatively limited thermal variation (Gunderson and Stillman, 2015; Rohr et al., 2018). Although this may be true for most tropical animals and habitats, tropical marine intertidal habitats often promote extreme and variable temperature conditions, likely to drive thermal plasticity selection (Helmuth et al., 2006a,b; Marshall et al., 2010, 2018; Denny et al., 2011; Gedan et al., 2011).

Thermal heterogeneity in benthic tropical intertidal ecosystems derives from multiple within- and between-shore effects (Figure 1). Within-shore temperature regimes depend primarily on the vertical position on the shore (low- to high-shore), which determines the degree of tidal inundation by relatively cool, thermally-stable seawater and concomitantly the period of exposure to warm, thermally-variable air. At any shore height, the microclimate at scales of below 1 m varies in relation to topography, slope, texture and color of the rocky substratum (Helmuth and Hofmann, 2001; Marshall et al., 2010; Denny et al., 2011; Gedan et al., 2011; Dong et al., 2017). Nearby shorelines which experience similar ambient air temperatures can, however, differ greatly in heat-loading in relation to aspect (north, south, east or west facing), slope, and level of protection from the prevailing winds and swells (Figure 1; Helmuth et al., 2006a,b).
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FIGURE 1. Concept for spatiotemporal scaling of rocky-shore thermal heterogeneity. (A) Aerial view of a coastal headland (2 km scale) showing the heat-load distribution (more intense red shading represents greater heat-load). One side of the headland (C) is exposed to prevailing winds and swells whereas the other side (W) is sheltered. Organisms experience either cooler or warmer shoreline conditions throughout their lifetimes. (B) Vertical profile of a rocky-shore (3 m scale), showing greater heat-loading in the higher shore (W) due to the variable air temperature. Relatively stable, cooler conditions (C) are experienced in the lower-shore. HWM, high water mark; LWM, low water mark. (C) Microhabitats of resting snails (0.3 m scale) showing the effect of solar heating on heat loads. Snails (solid circles) may retain these positions for months in the supratidal or may be redistributed after splashing during spring high-water or high monsoon swell conditions. Snails are primarily heated from the rock surface (see Marshall and Chua, 2012).



From a temporal perspective, tropical rocky-shore thermal heterogeneity is encompassed within daily and tidal timeframes (Figure 1), rather than a seasonal timeframe as in temperate regions (Helmuth and Hofmann, 2001; Marshall et al., 2010; Denny et al., 2011; Gedan et al., 2011). Whereas conspecific individuals on the same shoreline often experience different thermal regimes in relation to different vertical or microhabitat distributions (see above), behavioral idiosyncrasies of some species result in the same individual undergoing rapid regime change within the narrow timeframe of a tidal cycle. This is exemplified by high-shore snails whose settling positions when the tide recedes are preferentially determined by desiccation risk avoidance rather than by thermal cues causing snails to rapidly stop crawling when rock surfaces become hot and dry (Monaco et al., 2017). New resting sites can be retained for weeks and can be much hotter (25 to >45°C in full sun-exposed individuals) or much cooler (25–35°C in individuals settling the shade) than the original sites occupied before tidal wetting and activity (Marshall et al., 2013). The exceptional habitat heterogeneity and dynamic variability of the thermal regimes experienced by many tropical intertidal animals should drive plasticity selection.

Because high-shore animals are particularly threatened by acute overheating (Williams and Morritt, 1995; Harley, 2008; Garrabou et al., 2009), heat tolerance plasticity should be under significant selection pressure, especially where behavioral thermoregulatory capabilities are limited. Although reversible plasticity is better known with respect to seasonality, this plasticity should also benefit intertidal animals facing variations in daily maximum temperatures. Superimposed on microhabitat thermal regimes are shoreline-specific thermal conditions, resulting in hotter microhabitats on hotter shores and vice versa, throughout an individual’s lifetime. Between-shore temperature differences present circumstances likely to drive non-reversible (or developmental) plasticity selection (Hoffmann et al., 2003; Angilletta, 2009; Seebacher et al., 2012, 2014; Beaman et al., 2016). Despite the important contributions of Somero and Stillman to ecological and evolutionary perspectives for intertidal thermal plasticity (Stillman, 2003; Somero, 2010), no previous studies have investigated different plasticity forms in benthic intertidal animals. Most of the research considering non-reversible thermal plasticity (developmental and transgenerational) concerns insects and fishes, and refers more commonly to performance than tolerance traits (Angilletta et al., 2006; Angilletta, 2009; Donelson et al., 2011, 2012; Beaman et al., 2016; Sørensen et al., 2016).

Gastropods represent a dominant ecological component of rocky intertidal zones, and nearly exclusively inhabit the uppermost shore level. Consequently, they have evolved complex behavioral and physiological mechanisms to endure energy gain constraints and resist extreme heat and desiccation exposures (Marshall and McQuaid, 2011; Marshall et al., 2011, 2013, 2015; Marshall and Chua, 2012; Verberk et al., 2016; Ng et al., 2017). The ubiquitous tropical high-shore gastropod, Echinolittorina malaccana, is emerging as a model species for exploring molecular heat stress innovations (Dong et al., 2011, 2017; Liao et al., 2017; Somero et al., 2017; Han et al., 2019). Contrary to the general theory predicting a trade-off between thermal acclimation capacity and basal heat tolerance, this thermophilic snail has been shown to exhibit substantial heat tolerance plasticity (Gunderson and Stillman, 2015; Marshall et al., 2018).

The present study aimed to determine whether the heat tolerance plasticity of E. malaccana snails could be described in terms of reversibility and non-reversibility. Reversible plasticity of the lethal temperature (LT50) was investigated from laboratory acclimation experiments. Non-reversible plasticity was assessed by comparing the thermal bands for lethal temperature acclimation of snail populations from warmer or cooler shorelines. Because reversible laboratory acclimation is expected to eliminate the effects of recent field temperature exposures, non-reversible acclimatization was assumed in cases where the thermal acclimation bands varied between the populations.



MATERIALS AND METHODS

Snail Habitats and Thermal Regimes

Echinolittorina malaccana (Philippi 1847) occurs abundantly on rocky-shores throughout the Indo-Pacific (Reid, 2007). The local shores of Brunei Darussalam sustain two morphologically-distinct ecotypes, occupying different vertical zones. A brown ecotype inhabits the upper intertidal zone (roughly 1–2.5 m Chart Datum) and experiences tidal wetting, whereas a pale blue ecotype inhabits the supratidal zone (2.5- above 5 m Chart Datum) and is only wetted during high seas and monsoon swells. After periods of wetting and feeding, snails stop moving as the tide recedes, glue their shells to the rock surface, and withdraw into the shell (Marshall et al., 2011; Monaco et al., 2017). Because avoidance of desiccation while moving over hot dry rocks supersedes behavioral selection of thermally suitable resting (aestivating) sites, individuals often settle under direct sunlight (Marshall and Chua, 2012; Marshall et al., 2013; Monaco et al., 2017). Isolated resting snails undergo temperature-insensitive metabolic rate depression to overcome the energetic problem of high temperature exposure (Marshall and McQuaid, 2011; Marshall et al., 2011).

This study considered the intertidal brown ecotype. We determined the thermal regimes experienced at their upper distribution on a cool and a warm shoreline at Pantai Tungku, Brunei Darussalam (4.974°N, 114.867°E), between 21 June and 22 July 2018 (30 days during the warmest time of the year; Supplementary Figure S1). Pantai Tungku comprises a man-built promontory with artificial seawalls having diametrically-opposed orientations and carrying very different heat-loads. Study sites were established on the seawalls around 2 km apart, along the contour of the coast; the cool shoreline (CS) comprised a north-west-facing seawall exposed to prevailing monsoon winds and swells (#1, Supplementary Figure S1), whereas the warm shoreline comprised a north-east-facing sheltered seawall (#2, Supplementary Figure S1). To assess the potential range of temperature conditions experienced in snail microhabitats on either shoreline, temperature-loggers (see details in Monaco et al., 2017) were deployed on rocks under direct solar exposure (a 45° angled surface), or in total shade under the rocks. Loggers were set to record temperatures every 30 min.

Snail Collection and Laboratory Treatments

Snails (7–9 mm) were collected from both shorelines within the proximity of the temperature loggers, while awash and feeding. In the laboratory they were rinsed in freshly-collected seawater to rehydrate the snails before starting the acclimation treatments. Prior to field-fresh thermal tolerance determinations, snails were exposed to blown air (30°C for 20 min; Memmert UFE 500, Schwabach, Germany) to inactivate them, dry shells and induce withdrawal into the shell (Marshall et al., 2018). Field-fresh tolerance experiments were carried out within 12 h of collection of the snails.

Four (4) primary laboratory temperature acclimation treatments were conducted on both warm-shore (WS, warm-acclimatized) and cool-shore (CS, cool-acclimatized) snails. The first set of experiments involved using a programmable Memmert Peltier-cooled (IPP400) incubator to cool-acclimate (CA) one group of randomly selected snails in air at 22–23°C, which approximates the coolest thermal regimes naturally experienced by tropical populations of E. malacccana (Marshall et al., 2010; Monaco et al., 2017; Figure 2 and Supplementary Figure S2). A second group was warm-acclimated (WA) to a daily 25–45°C thermal cycle, holding the temperature at 45°C for 4 h (midday) and at 25°C for 12 h (night-time), to mimic hot daily field conditions (Figure 2 and Supplementary Figure S2). Notably, whereas sun-exposure associates with high daily temperature fluctuations, cool-shaded conditions are relatively stable. These acclimations proceeded for 10 d, with snails, unfed and resting, immersed each day in flowing seawater for 5 min, to simulate tidal wetting, maintain full hydration and prevent deep aestivation (Marshall and McQuaid, 2011). Another set of experiments, which tested whether complete acclimation occurred during the above thermal treatments, involved 10 d more severe cooling [near-constant 20°C; extra-cool acclimation (ECA)] and warming (25–50°C cycle, 2 h at 50°C; extra-warm acclimation, EWA; Supplementary Figure S2). We further tested whether full acclimation occurred within a 10 d period, by assessing the effect of WA for 20 d.
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FIGURE 2. Daily field temperature regimes and thermal frequencies for the four habitats (cool shore, CS, sun and shaded, and warm shore, WS, sun and shaded). All data were logged using DS1923-F5# Hygrochron I-buttons over 30 days. Temperatures were recorded between 21 June and 22 July 2018 at the sites where snails were collected (see Supplementary Figure S1).



Heat Ramping and LT50 Determination

We assayed the effect of acute heating on mortality using the median lethal temperature (LT50; Marshall and McQuaid, 2011; Marshall et al., 2011, 2015, 2018). Acute overheating, rather than chronic temperature conditions that involve energetics, is the most likely cause of thermal stress related mortality in high-shore animals (Williams and Morritt, 1995; Marshall and McQuaid, 2011; Marshall et al., 2011). The critical thermal maximum (CTmax), the temperature at which neuromuscular co-ordination fails, which is commonly used in ectotherm experiments, is unsuitable for determining gastropod lethality. This is because inactivity in high-shore littorinid snails relates to desiccation-risk-avoidance, and snails with shells glued to rock surfaces withstand temperatures well above those limiting foot physiological performance (Marshall and McQuaid, 2011; Marshall et al., 2013, 2015; Monaco et al., 2017). Much controversy surrounds the effects of ramping on acute heat tolerance determination (Terblanche et al., 2011). We selected a ramp rate of 0.25°C.min-1 or slightly slower, appropriate to the heating experienced in the field (Figure 2; Marshall et al., 2011). Prior to determining heat tolerance of acclimated snails, individuals were rehydrated and their shells dried as in the case of the field-fresh snails.

To determine heat tolerance, acclimated snails were placed in dry 50 ml glass tubes in a programmable bath (Grant TXF200, Cambridge, United Kingdom) and equilibrated at 30°C for 10 min, before being heated at 0.25°C.min-1. To maintain water bath temperature stability during the LT50 experiment, the heating rate was slowed to 0.12°C.min-1 between 50 and 60°C. Naturally, the apparent lethal temperature will be affected by time at different temperatures. Temperatures inside the test tubes were recorded every minute using calibrated K-type thermocouples connected to a TC-08 interface and Picolog software (Pico Technology, Cambridge, United Kingdom). Lethality (LT50) was determined for groups of 10 snails that were randomly removed from the water bath at 1°C intervals between 55 and 60°C, and allowed to recover at 28°C in wetted Petri dishes. Snails that emerged from their shells, extended their foot, and remained attached to the surface after 12 h were scored as alive. Alive but unattached snails, which are ecologically non-functional and vulnerable, were scored dead. All experiments were repeated either three or six times based on logistic constraints, with numbers of individuals limited for conservation purposes. One thousand nine hundred individual snails were used in the experiments. The study was approved by the Faculty of Science Ethics Committee, Universiti Brunei Darussalam. The effect of acclimation on LT50 was statistically compared between paired treatments using Generalized Linear Models (GLZM) for a binomial distribution, with a logit-link function (Statistica v12, StatSoft, New York, United States). Actual values of LT50 were computed from three parameter logistic regressions, which were plotted using Sigmaplot v14 (Systat Software, Inc., New York, United States).



RESULTS

Field Temperature Conditions

The daily temperature conditions and thermal frequencies for four habitats, the coolest in the shade and the hottest in the sun, are shown for each shoreline in Figure 2. There was little difference between the habitats in average temperature for this period (28.5–30.1°C; Table 1). Likewise, absolute and mean daily minimum temperatures were largely invariable among the habitats (21.7–23.7 and 24.2–26.0°C, respectively). However, the maxima differed greatly (34.3–53.3 and 30.6–45.8°C, respectively), being markedly elevated in the sun-exposed habitats. Notably, in the three cooler habitats, daily temperatures did not rise above 45°C, the temperature around which a heat shock response (HSR) is induced (Marshall et al., 2011; Han et al., 2019), whereas peak temperatures in the warmest habitat surpassed 45°C on 18 (of the 30) days (Figure 2). Daily temperature variation (ΔT) was greatest in the warmest habitat (sun-exposed, WS; 21.6°C) and lowest in the coolest habitat (shade, CS; 4.6°C; Table 1); the warmest habitat exhibited the highest maximum and the lowest minimum temperatures (Figure 2 and Table 1). The stark difference in temperatures between the shores is highlighted by similar measures (means, maxs, mins, and ΔT) for the sun-exposed, CS and the shaded, WS habitats (Figure 2 and Table 1). Although several factors influence long-term temperature variations in these tropical habitats, including seasonal and El Nino effects, our recordings for a narrow timeframe are representative of relative daily thermal regime differences between the habitats and shores.

TABLE 1. Field temperatures in the four habitats, logged every 30 min for 30 days using DS1923-F Hygrochron I-buttons (see Figure 2).
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Heat Tolerance Plasticity

Substantial heat tolerance plasticity was observed in E. malaccana snails. The overall magnitude of their LT50 adjustment was 2.9°C, when accounting for all laboratory-acclimated and field-acclimatized conditions (mean LT50 ranged from 56.1 to 59.0; Figures 3, 4 and Table 2). Whereas snails from either shore exhibited similar magnitudes in reversible acclimation (∼2°C), the thermal bands over which acclimatory adjustments were made differed between the shores. The acclimation band for WS snails was shifted to a hotter temperature range compared to that for CS snails (Figure 4).


[image: image]

FIGURE 3. Survival curves for laboratory-acclimated Echinolittorina malaccana snails from the cool (CS) and the warm shore (WS). Solid black logistic regressions are based on the combined data for each trial. Dashed lines associated with regressions represent 95% CIs. Colored symbols refer to individual trials for cool and warm acclimation (CA and WA, 5 trials) and extra cool and extra warm acclimation (ECA and EWA, 3 trials) using 50 snails per trial. Vertical lines indicate LT50 values and their associated colored bands, their 95% CIs.
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FIGURE 4. Compilation of results showing the LT50 values for the various acclimation and acclimatization (habitat) conditions. Red bars indicate warm shore acclimatization (WS) and blue bars, cool shore acclimatization (CS). ECA, CA, WA, EWA refer to extra-cool, cool, warm and extra-warm acclimation, respectively. Asterisk indicates P < 0.01 and NS, non-significant difference. Lightly shaded upper bars indicate acclimation capacities and ranges for warm shore (red) and cool shore (blue) acclimatized snails.



TABLE 2. Statistical information comparing effects of field acclimatization (shoreline) and laboratory acclimation temperature conditions on the LT50 of Echinolittorina malaccana.
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Cool acclimation (CA) significantly lowered the mean LT50 of CS snails below that of WS snails (p < 0.001; Table 2). Because further cooling (ECA) of CS snails did not reduce the LT50 further, we consider the mean hard lower limit to heat tolerance of this snail population to be 56.1°C (p = 0.177; Table 2). Similarly, the hard lower limit for WS snails is apparently 57.1°C (Figure 4 and Table 2). Warm acclimation (WA) markedly raised the mean LT50 of CS snails (58.1°C), but no further increase in heat tolerance was observed for this population with further warming (EWA, extra-warm acclimation; p = 0.065; Table 2), suggesting that their hard upper heat tolerance boundary is reached under WA (Figure 4). There was also no significant difference between the two shoreline populations under WA (p = 0.127; Table 2). However, WA apparently did not result in complete thermal acclimation of the WS snails, as their heat tolerance rose following extra-warm temperature acclimation (EWA, LT50 = 59.0°C; p < 0.001, Table 2).

Mean field-fresh LT50 was greater in WS snails (57.7°C) compared to CS snails (57.0°C; p < 0.001; Table 2), reflecting the different recent thermal histories experienced on the different shorelines. There was no difference in LT50 between the 10 d and 20 d WA treatment for warm shore snails, indicating that 10 d is sufficiently long to produce complete compensation (p = 0.295). When the cool and warm habitat data were combined (CS and WS), and compared with the data for WS snails, the combined data set showed significantly lower LT50 values for ECA, CA, and EWA (p < 0.007; Table 3), but not for the WA laboratory treatments (p = 0.369; Table 3). While it was not investigated in the present study, individual variation can be as important an endpoint as the mean value in any study investigating temperature responses.

TABLE 3. Statistical information comparing effects of warm-shore (WS) and combined-shore (warm and cool) on the LT50 of Echinolittorina malaccana for the various acclimation treatments.
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DISCUSSION

Ectotherms vary widely in ability to adjust physiological performances and tolerances in response to lifetime changes in environmental temperature (Angilletta, 2009). Contrary to the prediction of mainstream theory that thermal acclimation is relatively constrained in tropical and high-intertidal animals (Stillman and Somero, 2000; Stillman, 2002; Somero, 2005, 2010; Gunderson and Stillman, 2015; Rohr et al., 2018), we found substantial plasticity in the lethal thermal limit (LT50) of Echinolittorina snails (see also, Marshall et al., 2018). However, we additionally, show that heat tolerance plasticity of these snails comprises both a reversible and a non-reversible component. Reversible plasticity was induced by laboratory acclimation and non-reversible plasticity was shown by differences in the thermal bands for lethal temperature (LT50) acclimation between populations from thermally-different shorelines (see Figure 4). Snails from the warmer shore were found to shift the band for thermal acclimation to a higher range of temperatures compared to the CS snails. These different forms of plasticity align with different spatiotemporal scales of the environmental temperature variation. Reversible plasticity facilitates thermal tolerance adjustments in response to daily or tidal habitat temperature variation, whereas non-reversibility canalizes or fixes the thermal tolerance to shoreline-specific temperature conditions throughout the individual’s lifetime.

Reversible and Non-reversible Plasticity

Reversible plasticity enables individual organisms to adjust performances and tolerances in response to cycling temperatures for timeframes from seasons to days. In comparative studies, laboratory acclimation is typically performed to eliminate the effect of recent field temperatures on the physiological performance of individuals. Our observed persistence of phenotypic differences after laboratory acclimation in populations from thermally-different shorelines (Figure 3 and Table 2) suggests an effect of heritable differences between the populations or non-reversible plasticity. Because the snail larvae settling on either shoreline were randomly drawn from the same planktotrophic pool, comprising individuals derived from multiple different parents, we disregard local adaptation or other inherited effects as the cause of the observed population difference (Schmidt and Rand, 1999; Williams and Reid, 2004; Kelly et al., 2011; Foo and Byrne, 2016). Non-reversible plasticity has been described as transgenerational, such as non-genetic heat-hardening transferred to the embryo from the parent, or as developmental, such as post-embryonic heat-hardening (Angilletta, 2009; Donelson et al., 2011, 2012; Reusch, 2014). Using the same argument as above for random shoreline recruitment of larvae, the shoreline (population) differences in thermal plasticity can also not be explained by a transgenerational response to heat exposure (Williams and Reid, 2004). Our findings therefore suggest that non-reversible heat tolerance is most likely founded after larval snails have settled on the shore; thus, shoreline differences are best described as developmental plasticity (Angilletta, 2009). Because the crawling snails occupy meter-size habitats, cross-shore migrations can be discounted. Notably, the apparent developmental plasticity should be reinforced by the shoreline-specific temperature conditions during the lifetime of each snail, from the crawling juvenile to the adult (Angilletta, 2009; see Slotsbo et al., 2016 on reversibility of developmental plasticity).

Environmental Temperature and Molecular Underpinnings of Plasticity

Molecular processes underlying thermal plasticity are cued by different components of the thermal regime (mean, maxima, and minima) for different durations of thermal cycling (daily or seasonal). Whereas seasonal acclimatization, regulated by isozyme expression (Hochachka and Somero, 2002), is typically cued by mean temperature change (Angilletta, 2009), acute daily heating of rocky-shores elicits thermal plasticity through a HSR, triggered by peak (maximum) temperatures (Hofmann and Somero, 1996; Feder and Hofmann, 1999; Tomanek and Somero, 1999; Somero et al., 2017). Although HSRs are complex, involving upregulation of multiple heat shock proteins (Hsps), much information can be gleaned from individual gene thermal expression profiles (relative levels and thermal ranges of expression) and thermal thresholds (Tomanek and Somero, 1999; Wang et al., 2017; Han et al., 2019). Previous studies on E. malaccana showed that hsp70 expression profiles differ among geographically-separated populations (Wang et al., 2017; Han et al., 2019), such that reduced expression correlates with populations from cooler locations and vice versa (Wang et al., 2017; Han et al., 2019). The same mechanism in a spatially scaled-down form could underlie the heat tolerance differences observed between our cool and warm shore populations. Whereas these findings imply plasticity of hsp expression profiles, studies for diverse populations of E. malacanna suggest that the HSR thermal threshold for this species may otherwise be fixed at around 45°C (Marshall et al., 2011; Han et al., 2019; see also Hoffmann et al., 2003). Interestingly, whereas our cool and warm shore snails adjusted heat tolerance to the same level when acclimated to a daily maximum of 45°C, only the WS snails that commonly experience temperatures above 45°C responded positively to the extra-warm acclimation treatment (EWA; for which the daily thermal peak was 50°C; Figure 3 and Table 2).

Whereas daily maximum temperatures varied greatly across the snail habitats, mean field temperatures (which typically drive seasonal acclimatization) were largely similar across habitats (sunned and shaded) and shorelines (cooler and warmer; Table 1). Clearly, mean temperatures contribute insignificantly to heat tolerance plasticity selection in tropical Echinolittorina snails. Likewise, minimum field temperatures were largely invariable across the habitats and shores, which excludes these temperatures as potential determinants of the lower boundary for heat tolerance plasticity. The limit to this boundary, assessed during CA for both shores, possibly relates to the loss of heat-hardening, a mechanism which should be beneficial by eliminating costs associated with the upregulating and functioning of Hsps (Angilletta, 2009).

Benefits of Dual Heat Tolerance Plasticity

Plastic responses involving Hsps incur significant energetic and fitness costs, a topic extensively critiqued in the framework of the beneficial acclimation hypothesis (Leroi et al., 1994; Huey et al., 1999; Wilson and Franklin, 2002; Woods and Harrison, 2002; Deere and Chown, 2006). In their high-shore habitat, Echinolittorina snails face severe energy intake restrictions due to limited food availability and limited time in which to feed. Consequently, they have evolved multifaceted behavioral and physiological mechanisms to conserve energy resources (Marshall et al., 2011, 2013; Marshall and Chua, 2012). Among the most impressive energy-conserving mechanism is deep temperature-independent metabolic rate depression (10% of resting metabolism; Marshall et al., 2011; Verberk et al., 2016). In view of their energetic constraints, advantage should be gained by minimizing the use of costly physiological processes, including HSRs.

Non-reversible plasticity should be energetically beneficial by ensuring that the range for reversible heat tolerance plasticity matches the habitat temperatures of a particular shore. Such matching should prevent snails on warmer shores from experiencing excessive HSR induction and hsp overexpression (Feder and Hofmann, 1999; Sørensen et al., 2003). Non-reversible heat tolerance plasticity should enable reversible acclimatization to occur in similar ways and at similar costs on thermally-different shores under the same regional change in ambient air temperature. Furthermore, this plasticity should yield species-level benefits by enabling colonization of a broader range of shores (warmer and cooler shores) along a coastline. Importantly, these findings accounting for non-reversibility supersede an earlier suggestion that E. malaccana is unlikely to benefit from reversible plasticity (Marshall et al., 2018).

Taxonomic Generalization and Habitat Heterogeneity

Our understanding of thermal acclimation of rocky-intertidal animals in the context of contemporary theory (Angilletta, 2009) is encompassed by the influential work of Somero and Stillman (see Stillman, 2002; Somero, 2005, 2010). This work suggesting a reduced acclimation capacity in higher-shore species compared to their lower-shore congeners, arises from generalization of data for porcelain crabs (Stillman, 2002; Somero, 2005, 2010). These crabs, however, behaviourally thermoregulate by sheltering in the shade under rocks during air emersion, limiting their exposure to the full spectrum of the shoreline’s thermal heterogeneity. The substantial heat tolerance plasticity observed in high-shore Echinolittorina snails contradicts this theory, and we suggest that the difference between the crab and snail responses relates to the snails using a broader spectrum of the shoreline thermal heterogeneity. They experience relatively great habitat temperature variation through the behavior of settling when air-exposed in thermally-divergent microhabitats, including those under direct solar heating (Marshall et al., 2010, 2013). This habitat temperature variation persists despite the phenomenal variety of morphological and behavioral thermoregulatory attributes of littorinid snails (Miller and Denny, 2011; Marshall and Chua, 2012; Marshall et al., 2013; Ng et al., 2017), primarily because the most effective thermoregulatory behavior, shade-seeking, can be undermined by desiccation risk avoidance behavior (Monaco et al., 2017).

An arising question is whether capacity for non-reversible plasticity (the shoreline effect) is restricted to high-shore species or whether it is independent of vertical distribution on the shore. Because lower-shore habitats are strongly stabilized by the seawater temperature, and because the seawater temperature is largely invariable across nearby shorelines, the shoreline effect should be lessened in the lower-shore. In addition to suggesting that seawater temperature stability is likely to restrict thermal acclimation selection in lower-shore tropical species, we propose as a testable hypothesis that non-reversible plasticity should also be more constrained in lower-shore compared to higher-shore species.

Methodological Implications

Acclimation capacity (the degree of change in a trait following cool or warm laboratory acclimation) is becoming a key measure of the vulnerability of ectothermic animals to future warming (Gunderson and Stillman, 2015; Rohr et al., 2018). An earlier study revealed that laboratory experiments alone (without field-referencing) may underestimate this vulnerability in animals living in near-completely acclimatized states, which are unable to improve heat hardening with further warming (Marshall et al., 2018). The present study adds to this caveat by showing that inaccuracies in determining heat-tolerance acclimation capacity can potentially arise from not accounting for shoreline-specific temperature differences. Whereas the capacity for reversible acclimation was similar for each shoreline (∼2°C), this became greater when the data for the shores were combined (∼2.9°C; Table 3 and Figure 4). This highlights the importance, when assessing acclimation capacities, of prior knowledge of the habitat thermal heterogeneity of experimental animals.

Emerging from this study is a second methodological issue relating to diel cycling of the laboratory acclimation temperature. This is not only important considering that such cycling occurs naturally, but also in terms of initiating an acclimatory HSR. If the primary heat-hardening response requires that exposure temperature surpasses an HSR induction threshold, then acclimation temperatures that are stable or fluctuate below this threshold will conceivably not yield an acclimatory response, leading to erroneous conclusions. This further highlights the need to determine the HSR threshold temperature prior to developing acclimation protocols in marine intertidal animal studies.



CONCLUSION

Our study adds an important dimension to the existing theory proposing that thermal tolerance plasticity is relatively constrained in tropical ectotherms. In particular, it reveals that this plasticity can be complex in thermally-heterogeneous tropical marine intertidal ecosystems. Whereas the contribution of marine intertidal circumstances to a body of theory for thermal plasticity developed largely from terrestrial and subtidal animals might be questionable, our findings nonetheless caution against the indiscriminate use of this theory when interpreting intertidal data. We further show that without critical consideration of the thermal heterogeneity at the scale of the organism and how this heterogeneity may drive different forms of thermal tolerance plasticity, investigations risk generating misleading conclusions.
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Octopus maya endemic to the Yucatan Peninsula, Mexico, is an ectotherm organism particularly temperature-sensitive. Studies in O. maya females show that temperatures above 27°C reduce the number of eggs per spawn, fertilization rate and the viability of embryos. High temperatures also reduce the male reproductive performance and success. However, the molecular mechanisms are still unknown. The transcriptomic profiles of testes from thermally stressed (30°C) and not stressed (24°C) adult male octopuses were compared, before and after mating to understand the molecular bases involved in the low reproductive performance at high temperature. The testis paired-end cDNA libraries were sequenced using the Illumina MiSeq platform. Then, the transcriptome was assembled de novo using Trinity software. A total of 53,214,611 high-quality paired reads were used to reconstruct 85,249 transcripts and 77,661 unigenes with an N50 of 889 bp length. Later, 13,154 transcripts were annotated implementing Blastx searches in the UniProt database. Differential expression analysis revealed 1,881 transcripts with significant difference among treatments. Functional annotation and pathway mapping of differential expressed transcripts revealed significant enrichment for biological processes involved in spermatogenesis, gamete generation, germ cell development, spermatid development and differentiation, response to stress, inflammatory response and apoptosis. Remarkably, the transcripts encoding genes such as ZMYND15, KLHL10, TDRD1, TSSK2 and DNAJB13, which are linked to male infertility in other species, were differentially expressed among the treatments. The expression levels of these key genes, involved in sperm motility and spermatogenesis were validated by quantitative real-time PCR. The results suggest that the reduction in male fertility at high temperature can be related to alterations in spermatozoa development and motility.

Keywords: male infertility, chronic thermal stress, RNA-Seq, reproduction, inflammation


INTRODUCTION

Octopus maya endemic to the Yucatan Peninsula (YP) is an ectotherm organism particularly temperature-sensitive mainly due to the characteristics of its habitat (Noyola et al., 2013a,b; Regil et al., 2015). It is one of the most important commercial fisheries in the YP and the American continent (Gamboa-Álvarez et al., 2015). The YP is divided into two distinct zones. The eastern zone located in front of the Yucatan state presents a summer upwelling that brings a mass of cold water from the Caribbean (16–22°C) that enters the YP and acts as an external temperature control for the shelf with temperatures fluctuating between 23 and 27.5°C (Noyola et al., 2013b). Meanwhile, the western zone located in front of Campeche has no influences of deep cold waters, and as a consequence, the surficial temperatures can rise above 30°C in summer (Noyola et al., 2013b; Regil et al., 2015). Gamboa-Álvarez et al. (2015) observed that temperature modules two essential aspects in the YP such as the fishing seasons which presents higher octopus abundances with low biomass in the western zone. In the eastern zone, lower abundances and higher biomass had been recorded. In the other hand, low temperatures in the different zones of the YP favor the spawning (Avila-Poveda et al., 2015; Gamboa-Álvarez et al., 2015; Regil et al., 2015).

Temperature plays a crucial role in different life aspects of O. maya. In females, it has been observed that temperatures above 27°C inhibit the spawning and drastically reduce the eggs production, the fertilization rate, the embryonic development time, the number of hatchlings and hatchling survival (Juárez et al., 2015, 2016). In embryos, high temperatures increase the metabolic rates affecting the embryo development (smaller embryos) and hatching rate. Embryos have a thermal threshold at 26°C and temperatures around 30°C inhibit growth, reduce the metabolic rate and embryos present a high yolk proportion (Caamal-Monsreal et al., 2016; Sanchez-García et al., 2017). Recently, in males of O. tankahkeei, through histological analysis in the testis of octopus exposed to 32°C for 2 h, Long et al. (2015) observed ultrastructural changes and damaged mitochondria in spermatocytes and spermatids.

The testis is the male gonad, responsible for the production of male gametes via spermatogenesis and androgenic hormones (Waiho et al., 2017). The spermatogenesis is a dynamic, synchronized and highly regulated process that involves the division and differentiation of spermatogonial germ cells into mature spermatozoa, which take place in the seminiferous tubules (Shaha et al., 2010; Akmal et al., 2016). The normal process begins with a spermatogenic phase regulated by mitotic divisions, followed by two meiotic divisions to produce secondary spermatocytes and ends with spermiogenesis, a remarkably morphological transformation process. The spermiogenesis involves: (a) nucleus condensation, where DNA is compacted by protamines; (b) formation of acrosome that contains hydrolytic enzymes crucial for oocyte penetration during fertilization; (c) flagellum formation, which involves the development of microtubules arising from the centrioles of the round spermatid; and (d) cytoplasm reorganization, where a large part of the cytoplasm is phagocytosed by the Sertoli cells, that constitutes a hematotesticular barrier (Sheng et al., 2014).

The morphology and ultrastructure of testis and germ cells in O. maya and their histological changes during sexual maturation has been described in detail by Avila-Poveda et al. (2009, 2016). In a previous work of our team, the effect of thermal stress over the physiology and the reproductive performance and success of male O. maya exposed to preferred (24°C) and stress (28 and 30°C) temperatures was assessed. Our research findings indicated that chronic thermal stress inhibited the growth rate: organisms exposed to 30°C had a specific growth rate six times lower than those exposed to 24°C and gained weight nine times lower. A significant reduction in oxygen consumption was identified with increasing temperatures. High temperatures induced the immune response in O. maya males by increasing the circulating hemocytes in the hemolymph. At the reproductive level, a significant increment in the production of spermatophores with increasing temperatures was observed. Although, despite this reproductive strategy, the reproductive success was affected, with no parental contribution from octopus exposed to 30°C. The histological analysis of the testis showed damage from moderate to severe in octopus exposed to 28 and 30°C, seriously affecting the cellular testis organization (López-Galindo et al., 2019).

Nevertheless, the molecular mechanisms that regulate reproduction process in O. maya males and the response to environmental factors as temperature are poorly understood. The transcriptome analysis through RNA-Seq methodology could reveal transcripts that are being actively expressed in testis of O. maya under chronic thermal stress and facilitate the discovery of novel genes involved in this response and the reproductive processes with high sensitivity and accuracy as has been successfully identified in other invertebrate species as the Pacific oyster Crassostrea gigas (Lim et al., 2016; Kim et al., 2017), green lip abalone Haliotis laevigata (Shiel et al., 2014), snail Echinolittorina malaccana (Wang et al., 2014), king scallop Pecten maximus (Artigaud et al., 2015), Chinese mitten crab Eriocheir sinensis (Li and Qian, 2017), orange mud crab Scylla olivacea (Waiho et al., 2017), and squid Loligo bleekeri (Yoshida et al., 2014). To date, in cephalopods transcriptome information related to reproduction is still insufficient. In this regard, this study aims to provide insights into the molecular mechanisms that regulate the reproductive processes such as spermatogenesis and spermiogenesis in testis of O. maya under chronic thermal stress. Here, we present a comprehensive analysis of the transcriptome data obtained from testis tissue of O. maya males exposed to optimal, intermediate and stressful temperature before and after mating using Illumina Miseq. This is the first report of how octopus male fertility is affected at the molecular level and which mechanisms are triggered to cope with chronic thermal stress. Our results indicated that despite the adaptative mechanisms present in O. maya to tolerate temperatures close to 30°C, apparently a prolonged exposure to them causes infertility related to alterations in sperm development and motility.



MATERIALS AND METHODS

Ethics Statement

We established protocols that were approved by the Experimental Animal Ethics Committee of the Faculty of Chemistry at Universidad Nacional Autónoma de México (Permit No. Oficio/FQ/CICUAL/099/15). Octopuses were anesthetized with 3% ethanol to induce narcotization to enable humane killing in consideration of animal’s welfare during manipulations (Mather and Anderson, 2007; Estefanell et al., 2011; Andrews et al., 2013; Gleadall, 2013).

Experimental Design and Sampling

Octopus maya males were captured off the coast of Sisal Yucatan, from June to September of 2015, we obtained a total of 63 testis samples. Thirty-six testis were sampled from males before the copula (PRE) that were maintained in 80 L individual tanks and exposed at three experimental temperatures during 30 days (n = 12 per treatment): (a) preferred temperature (24°C; 24PRE); (b) intermediate temperature (28°C; 28PRE); and (c) stress temperature (30°C; 30PRE). Meanwhile, twenty-seven testis were sampled from males after the copula (POS), exposed to chronic thermal stress and mated with females maintained at 24°C (n = 9 per temperature). Testis samples were removed surgically and immediately preserved in Nap buffer (Camacho-Sanchez et al., 2013), and stored at -80°C until required. Furthers details are shown in López-Galindo et al. (2019).

RNA Isolation, Library Preparation, and Sequencing

Total RNA was obtained from 30 mg of testis tissue homogenized in Fastprep-24 Instrument (MP Biomedicals, Solon, OH, United States) with a speed of 5.0 m/s for 20 s. Then, total RNA was extracted using the RNEasy Plus mini kit (Qiagen, Hilden, Germany) following the manufacturer’s protocol. Total RNA samples were then digested with RQ1 RNase-Free DNase (Promega, Madison, WI, United States) to remove potential genomic DNA contamination using the manufacturer’s protocol with an additional precipitation and purification steps as follows: each treated sample was precipitated with 1:10 volumes of 3 M sodium acetate and three volumes of absolute Ethanol at -80°C for 1 h; centrifuged at 13,000 rpm for 10 min at 4°C. The RNA pellets were washed with 200 μl of cold 70% Ethanol; centrifuged at 7,500 rpm for 10 min at 4°C and dried at room temperature for 10 min. The RNA pellets were resuspended in RNase free-DNase water. The quality of the RNA was assessed by 1% agarose gel electrophoresis and quantified using a Nanodrop 2000 spectrophotometer (Thermo Scientific, Wilmington, DE, United States). For transcriptomic analysis, only the organisms exposed to 24 and 30°C were sequenced. To construct the libraries, we prepared three different pools with equal amounts of RNA from four individuals per experimental condition (24PRE and 30PRE, 24POST and 30POST).

The quality of the 12 RNA pools (three pools 24PRE, three pools 24POST, three pools 30PRE, and three pools 30POST) were analyzed with an Agilent 2100 Bioanalyzer system (Agilent Technologies, Santa Clara, CA, United States). cDNA libraries were prepared using the TruSeq®RNA Sample Prep kit V2 (Illumina, San Diego, CA, United States) following manufacturer’s protocol. Amplified libraries were purified with AMPure XP magnetic beads (Beckman Coulter, Brea, CA, United States). The fragment sizes were verified and quantified with the 2100 Bioanalyzer system. The 12 paired-end libraries were normalized at 4 nM and then pooled equally. They were sequenced using the MiSeq Reagent Kit v3, with a read length of 2 bp × 75 bp on Illumina MiSeq sequencing system (San Diego, CA, United States). PhiX control was used at 1% for cluster generation.

De novo Transcriptome Assembly

The FastQC software was used to assess the quality of the raw reads1. Then, Illumina adapters, indexes and low-quality reads were removed with Trimmomatic version 0.36 (Andrews et al., 2013; Bolger et al., 2014). Clean reads with a Phred33 score > 30 and length > 36 bp were used in subsequent analysis. The testis reference transcriptome was assembled de novo (including all the libraries) using Trinity version 2.4.0 (Grabherr et al., 2011) with default settings except for the no_bowtie option. The raw reads from each library are available in the Sequence Read Archive database (SRA) with Accession No. SRR7880397 to SRR7880408 and the assembled contigs are available in TSA database with Accession No. GGXQ00000000 in BioProject: PRJNA492175 at the National Center for Biotechnology Information (NCBI, United States2).

Functional Annotation

Homology searches were carried out against UniProt release 2018_02 database, and Non-redundant protein (Nr) databases release 2017_09 using Blastx (version NCBI-blast-2.7.1+) software with a cut-off E-value of 1e-05 (Camacho et al., 2009). Gene ontologies were further analyzed using Blast2GO software (version 4.1.9) (Conesa and Götz, 2008) with default parameters to identify the best-represented biological processes detected in the reference transcriptome, based on the number of sequences included in each gene ontology (GO) category. The Kyoto encyclopedia of genes and genomes (KEGG) database was used to identify the transcripts involved in different metabolic pathways (Kanehisa and Goto, 2000).

Differential Expression Analysis

The reads from each library were aligned back to the reference transcriptome with Bowtie2 version 2.3.4.1 (Langmead and Salzberg, 2012). The estimation of transcripts abundance and normalization [fragments per kilobase million (FPKM)] was carried out with RSEM version 1.3.0 (Li and Dewey, 2011). The matrix built with the FPKM of all libraries was analyzed to obtain the differential expressed transcripts (DETs) among treatments with DeSeq2 (False discovery rate, FDR < 0.05, fold change > 2) (Love et al., 2014). TransDecoder v5.5.0 (Haas et al., 2013) was used to predict the longest open reading frame (ORF) for each differentially expressed transcript, using default parameters. Four experimental conditions were defined to understand the relationship between the reproductive condition and the thermal stress. Each treatment was compared (24POST, 30PRE, and 30POST) against the control treatment (24PRE). The DETs were arranged in clusters according to their expression pattern and represented in a heatmap in R software. The complete differential expression analysis was performed using the Perl and R scripts included in the Trinity package3. Shared and exclusive transcripts among treatments were analyzed via Venn diagrams using VennDiagram package in R software.

Gene Ontology (GO) Enrichment Analysis

The GO enrichment analysis for each transcript was performed to identify the possible biological processes in which these transcripts participate. An enrichment analysis (Fisher’s exact test) was realized in Blast2GO to identify the best-represented categories in the biological process terms (p-value < 0.001).

Quantitative Relative Expression by Real-Time PCR

Thirteen DETs were selected for real-time PCR analysis in a CFX-96 system (Bio-Rad, United States) to validate the transcriptomics results. These transcripts were selected according to two criterions: (a) their significant high expression and (b) their importance in processes involved in the stress response and the reproductive processes.

We used the same RNA samples that were used for sequencing, and additionally, the samples obtained from males exposed to intermediate temperature (28°C), PRE and POST mating conditions were included. cDNA was synthesized using ImProm-IITM Reverse Transcription System (PROMEGA) with 1.0 μg of total purified RNA in a total reaction volume of 20 μL (50 ng/μl) following the manufacturer’s protocol. The obtained cDNA′s were stored at -20°C until use for PCR reactions. Gene-specific primers were designed using Primer3web software v.4.1.0 (Koressaar and Remm, 2007; Untergasser et al., 2012) based on RNA-Seq transcripts sequences. The primers sequences for each selected transcript are shown in Supplementary Table 1. The efficiency of the target and reference transcripts were calculated from a standard curve with an initial dilution factor of 1:5 and six subsequent serial dilutions with a factor of 1:2 of a cDNA pool including all experimental conditions. In our study, genes commonly used in the literature as housekeepings in other organisms (for example tubulins, elongation factors, actins, Glycerol-3-phosphate dehydrogenase) were significantly differentially expressed among the experimental conditions. For this reason, the housekeeping transcripts used in this study were chosen from the annotated transcript database of the assembled reference transcriptome. The selection was based on the lack of differential expression among treatments (FDR value = 1).

A total of 10 potential reference transcripts were evaluated for expression stability with the Genorm, Normfinder and Bestkeeper software, which results indicated that TUFM and TUBGCP were the most stable transcripts and were used as housekeeping transcripts for the relative expression analysis.

The qPCR reactions were carried out by triplicate with homemade Evagreen Mix 2x (Evagreen 20,000x in water, Biotium and AccuStart Taq DNA polymerase, Quanta, Beverly, MA, United States). The reaction consisted in 5 μL of Evagreen Mix 2x, 0.2 μM of forward and reverse primers, 3 μL of cDNA template (dilution 1:5 or equivalent to 30 ng of total RNA) and 1.6 μL of sterile, free nuclease water, for a final volume of 10 μL. The thermal cycling conditions were 94°C for 3 min, followed by 40 cycles at 94°C 30 s, annealing temperature for 30 s (Supplementary Table 1) and 72°C for 30 s. A melt curve analysis was included at the end (95°C for 10 s, 65°C to 95°C for 5 s, with increments of 0.5°C) to corroborate PCR products specificity. The amplicons length were confirmed in agarose gel electrophoresis at 1.5%. Relative expression (RE) of target transcripts was estimated using the ΔΔ Cq method, as proposed by Hellemans et al. (2007). For statistical analysis, all RE values were transformed to logarithm (log10), and a two-way ANOVA model was used to establish the effects of temperature and mating condition, with a statistical significance of P < 0.05. A post hoc analysis of means was done using Fisher’s LSD test. All statistical analyses were performed using STATISTICA 6.1 (StatSoft, Tulsa, OK, United States).



RESULTS

Transcriptome Sequencing, Trimming, and Assembly

The sequencing of all the testis libraries generated 53,214,611 paired-end raw reads with a length of 75 bp. After discarding Illumina adaptors and reads with low quality, a total of 48,101,426 reads with a Phred score over 30, were de novo assembled to generate the reference transcriptome using Trinity. Table 1 summarizes the number of sequenced reads and the trimming statistics per sample.

TABLE 1. RNA-Seq reads obtained on Illumina MiSeq system.
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The de novo assembled testis transcriptome consisted in 53,848,027 bases. The contigs length ranged from 201 nt to 12,758 nt with an average length of 631 nt, N50 = 889 nt (based on all transcript contigs) and GC content of 38%. A total of 85,249 transcripts (including all isoforms) and 77,661 genes were reconstructed (Table 2). The de novo testis transcriptome of O. maya was deposited at the NCBI.

TABLE 2. De novo assembly and annotation statistics.
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From the reference testis transcriptome, a total of 915 transcripts were exclusively expressed in the control treatment (24PRE), 923 in 24POST, 1,492 in 30PRE and 2,002 in 30POST (Figure 1A).
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FIGURE 1. (A) Venn diagram of the number of transcripts expressed in the reference testis transcriptome of Octopus maya in each treatment. (B) Venn diagram of DETs with significant higher expression in each treatment. Treatments: 24PRE – control treatment exposed to 24°C; 24POST – mated and exposed to 24°C; 30PRE – exposed to 30°C; 30POST – mated and exposed to 30°C.



Functional Annotation of O. maya Testis Transcriptome

The transcripts were annotated by comparing with Nr, UniProt and KEGG databases. In total, 16,804 (19.7%) and 31,555 (37.0%) transcripts had at least one significant homolog against proteins of the UniProt and Nr databases, respectively (e-value cut-off: 1e-5). Most of the sequences with homology against those databases had an e-value among 1e-05 to 1e-45. The 51% of the homologous sequences obtained from UniProt presented a similarity distribution among 60 to 80%, while the 76% of the homologous found in the Nr had a similarity distribution among 80–100%. Figures 2A,B show the e-value and the similarity distribution for the blastx hits against UniProt and Nr databases. From the blast hits obtained with the UniProt database, the higher number of matches corresponded with sequences of Homo sapiens (37%) followed by sequences of Mus musculus (24%), Rattus norvegicus (7%), and Bos taurus (7%) (Figure 2D). In the case of the hits matched with the Nr database, the highest number of matches corresponded to sequences of Octopus bimaculoides (96%) (Figure 2C). This high identity percentage suggests that the O. maya gene fragments were correctly assembled and annotated.
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FIGURE 2. (A) E-value distribution of the Blastx hits against the UniProt and Non-redundant (Nr) database for each transcript. (B) Similarity distribution of the Blastx hits against the UniProt and Nr database. (C) Species distribution of the top blast hits of the transcripts in the Nr database in the testis transcriptomic analysis of O. maya males. (D) Species distribution of the top blast hits of the transcripts in the UniProt database in the testis transcriptomic analysis of O. maya males.



We applied the Blast2GO algorithm to classify the transcripts in functional categories: biological process, molecular function, and cellular component. The results showed that only 13,154 transcripts (15.4%, UniProt database) and 11,151 (13.1%, Nr database) of 85,249 transcripts had at least one GO term assignation and could be annotated (Table 2).

The GO assignments carried out at level three revealed that most of the sequences were categorized in cellular components (10,856; 82.5%), followed by biological processes (10,663; 81.1%) and molecular functions (10,535; 80.1%). The biological processes identified were cellular metabolic process (6,764 transcripts; GO:0044237), response to stress (1,184 transcripts; GO:0006950), cell cycle (1,279 transcripts; GO:0007049), microtubule-based process (530 transcripts; GO:0007017), response to abiotic stimulus (445 transcripts; GO:0009628), cell motility (444 transcripts; GO:0048870), chromosome segregation (174 transcripts; GO:0007059), immune response (316 transcripts; GO:0006955), sperm part (64 transcripts; GO:0097223), and meiotic cell cycle (90 transcripts; GO:0051321). The main cellular components identified were intracellular (9,594 transcripts; GO:0005622), membrane-bounded organelle (6,855 transcripts; GO:0043227), endomembrane system (2,026 transcripts; GO:0012505), and protein complex (1,640 transcripts; GO:0043234). The main molecular functions identified were protein binding (5,139 transcripts; GO:0005515), hydrolase and transferase activity (2,448 and 2,257 transcripts, respectively; GO:0016787 and GO:0016740; Figure 3).
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FIGURE 3. Gene ontology (GO) distribution by category at level 3 in the reference testis transcriptome of O. maya males.



A total of 3,317 transcripts (25.2%) matched with homologous proteins in the KEGG database associated with 130 distinct KEGG pathways. Among the top five categories, nucleotide, cofactors, and vitamins metabolism are the largest represented classes, and the top-hits pathways in these categories were purine and thiamine metabolism with 705 transcripts.

Differentially Expressed Transcripts (DETs)

The heatmap of DETs detected in each library is shown in Figure 4. The expression patterns revealed that 24PRE and 24POST had a similar expression pattern, which evidences that copula did not affect gene expression under optimal thermal condition. In 30PRE treatment, it was observed some transcripts (273) with significantly higher expression in comparison to the control treatment (24PRE). At this point, we found that thermal increment modifies the expression patterns in the testis. In the case of 30POST, we observed the major number of transcripts with higher expression in comparison to the control treatment. The 30POST condition showed an expression profile entirely different for the control, where a significant number of transcripts were upregulated meanwhile under normal conditions these same transcripts are downregulated. This pattern evidences that the combined effect of high temperatures and the reproductive activity has a significant effect over the molecular mechanisms that regulate gene expression in the testis of O. maya males.
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FIGURE 4. Heatmap of the abundance of differentially expressed transcripts (rows, FDR < 0.05, Fold change > 2) in the O. maya testis transcriptome in each treatment (columns). The dendrogram shows that temperature modulated the expression patterns. Treatments: 24PRE – control treatment exposed to 24°C; 24POST – mated and exposed to 24°C; 30PRE – exposed to 30°C; 30POST – mated and exposed to 30°C.



The differential expression analysis showed 1,881 significantly differentially expressed transcripts using 24PRE as the control treatment. A total of 1,410 transcripts (1,114 coding transcripts and 296 non-coding, Supplementary Table 4) were significantly more abundant (29 transcripts in 24POST, 167 transcripts in 30PRE and 1,002 transcripts in 30POST; P < 0.05, FC > 2) in all treatments vs. the control. Figure 1B shows the Venn diagram of the transcripts with significantly higher expression in the treatments that had homologs with the UniProt database. A total of 471 (378 coding transcripts and 93 non-coding, Supplementary Table 4) transcripts were significantly more abundant in the control vs. all the treatments (16 transcripts vs. 24POST, 160 transcripts vs. 30PRE and 295 transcripts vs. 30POST; FDR < 0.05, FC > 2). We also found differentially expressed transcripts that did not match the protein databases, a total of 13 in 24POST, 176 in 30PRE and 977 in 30POST. Even, some of these transcripts have higher expression than those putative transcripts with homologs in the peptide databases. The longest ORF region of the DETs validated in qPCR are shown in Table 3.

TABLE 3. Longest ORF regions of the differential expressed transcripts used in qPCR.
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GO Enrichment Analysis

Biological processes with significant enrichment (P < 0.05) were detected in each thermal and reproductive condition by using the transcripts with higher expression in each treatment. In 24POST, 16 of the 29 upregulated DETs significantly enriched 146 biological process categories (Figure 5), while nine of the 16 downregulated DETs significantly enriched a unique biological process category. In 30PRE, 96 of the 273 upregulated DETs significantly enriched 396 biological processes (Figure 6), while 76 of the 160 downregulated DETs significantly enriched21 biological processes. In 30POST, 531 of the 1,108 upregulated DETs enriched 390 biological processes significantly (Figure 7), while 129 of the 295 downregulated DETs significantly enriched 67 biological process categories. The transcripts that best represented the enriched biological processes involved in stress response and reproductive process are shown in Supplementary Tables 2, 3.
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FIGURE 5. Enriched GO terms of biological processes (Fisher exact test, FDR < 0.05) in 24POST treatment vs. the control treatment (24PRE). Up (red) and down-regulated (blue) transcripts are shown.
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FIGURE 6. Enriched GO terms of biological processes (Fisher exact test, FDR < 0.05) in 30PRE treatment vs. the control treatment (24PRE). Up (red) and down-regulated (blue) transcripts are shown.
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FIGURE 7. Enriched GO terms of biological processes (Fisher exact test, FDR < 0.05) in 30POST treatment vs. the control treatment (24PRE). Up (red) and down-regulated (blue) transcripts are shown.



Stress Response

Transcripts Involved in Response to Thermal (TS) and Oxidative Stress (OS)

All the differentially expressed transcripts involved in the thermal stress response were highly expressed at 30°C (Figure 8A). In the 30PRE condition, the transcript encoding SH3RF1 gene (TS) showed higher expression in comparison to 30POST. The transcripts encoding genes such as CRIP1, ITGA9, SLC8A3, FLNA, DDXN1, and PDCD6 (ST) were conspicuous in 30POST condition. The transcripts encoding ABR, SETMAR, UBC6, BABAM1, and C3 genes (TS) were induced in both conditions.
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FIGURE 8. Heatmap representing the expression values of differentially expressed transcripts (FDR < 0.05, Fold change > 2) between 24PRE, 24POST, 30PRE, and 30POST treatments and their main function. (A) Transcripts involved in the stress response. (B) Transcripts involved in reproductive process. Sample names are represented in columns and significant transcripts are represented in rows. Transcripts are clustered together based on expression similarity. Low to high expression is represented by a change of color from purple to yellow, respectively.



The transcripts involved in the oxidative stress response as CSK and SOD2 were highly abundant in both treatments (30PRE and 30POST), while the transcripts encoding PKM, STK24, GPX4, and SOD2 genes were highly expressed specifically in 30POST treatment (Figure 8A).

Transcripts Involved in Cytokine Production, Inflammatory Process, Apoptosis, and Necroptosis

The transcripts that best-represented these categories were exclusively induced at 30°C and specific changes were observed between PRE and POST condition (Figure 8A). The transcripts involved in the cytokine production as PPMB1, CSK, and PGBD3 showed higher expression in both 30PRE and 30POST conditions, meanwhile C3, and BCL only in 30POST condition. The transcripts up-regulated in inflammatory processes as MIF, MAPKAPK2, and CHIA presented higher expression in 30POST and NFKB2 only in 30PRE condition. The transcripts encoding HSPA9, TRAF2 and TNIP2, showed higher expression in 30POST condition, and SH3GLB1 and TFDP1 in 30PRE. The transcript encoding RIPK1 (necroptotic process) presented higher expression in 30PRE condition. The transcripts encoding CASP7 gene was highly abundant in the condition 30POST.

Reproductive Processes

Transcripts Involved in Spermatogenesis, Spermiogenesis, and Gamete Generation Processes

The transcripts that best-represented these biological processes were exclusively induced at 30°C and specific changes were observed between PRE and POST condition (Figure 8B). The transcripts involved in the spermatogenesis process as ZAN and TDRD1 showed higher expression at 30°C under PRE and POST conditions meanwhile PSME4 showed higher expression in 24POST and 30PRE treatments. SPATA5 showed unique higher expression in 24°C after copula. The up-regulated transcripts PGM3, HTT, ASPM, CHD5, ITGB1 and MMP19, showed the highest expression in 30POST treatment. The transcripts involved in spermiogenesis as RABL2, KLHL10, and TSSK2 showed higher expression in 30°C PRE and POST conditions meanwhile ZMYND15 showed higher expression in 24POST and 30PRE treatments. The up-regulated DNAJB13 transcript showed the highest expression in 30POST. The KDM1B transcript (gamete generation process) was highly expressed in 30POST treatment.

qPCR Validation

The Pearson correlation coefficient was measured in the RNA-Seq and qPCR data. The correlation coefficient for GPX (r = 0.91), HSPA9 (r = 0.90), CASP7 (r = 0.99), NFKB2 (r = 0.95), and MIF (r = 0.94) revealed that relative expression measured by qPCR is consistent with the RNA-Seq data (Supplementary Figure 1). The expression patterns of the up-regulated transcripts involved in the reproductive process were confirmed by qRT-PCR (Supplementary Figure 2). The results revealed high correlation values for KLHL10 (r = 0.99), HTT (r = 0.99), TDRD1 (r = 0.80), and RABL2A (r = 0.83).

Different transcripts presented in oxidative stress response (GPX4), inflammatory processes (MIF, NFKB2) apoptosis (CASP7, HSPA9) were selected for relative expression analysis by qPCR to validate the differential expression results described above. Consistent with the RNA-Seq data, transcripts encoding the genes GPX4, CASP7, HSPA9, and MIF showed a higher expression in 30POST condition. Meanwhile, transcript NFKB2 presented the highest expression at 30°C compared to 24°C PRE condition. Additionally, when the intermediate temperature was included in the expression analysis, ANOVA results for stress response-related transcripts (Figure 9) indicated that temperature has a significant effect on the expression levels of GPX4 (P = 0.0029), CASP7 (P = 0.0005), HSPA9 (P = 0.0026), and NFKB2 (P = 0.0006). On the other hand, differences between mating condition were detected only for GPX4 (P = 0.0003) and CASP7 (P = 0.0085), with the interaction between temperature and condition being also significant for both transcripts (P < 0.05). This result was mainly caused by the expression in PRE 28°C, which was significantly higher than that at 24 and 30°C in the same reproductive condition. Meanwhile, in POST condition, the expression was significantly higher at 30°C respectively to that observed at 24 and 28°C. No significant differences between mating conditions were observed for HSPA9 (P = 0.96) and NFKB2 (P = 0.99), nor for the interaction between factors (P > 0.05). Finally, the relative expression of MIF did not show significant differences between temperature (P = 0.067), condition (P = 0.44) or the interaction between them (0.537), although its expression appeared to be increased with temperature in both conditions.
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FIGURE 9. Relative expression of transcripts associated with thermal stress response. Mean values (back-transformed from logarithms) are shown in bars and letters are used to denote differences between means (P < 0.05).



The expression pattern of the eight highly expressed transcripts involved in the reproductive process (KLHL10, TSSK2, DNAJB13, RABL2A, CHD5, ZMYND15, TDRD1, and HTT) were confirmed by qRT-PCR (Figure 10). For HTT, the highest expression was observed in 30POST, whereas for TDRD1 and KLHL10 both PRE and POST condition showed the highest expression. In the case of RABL2A, 30PRE condition showed higher expression than 24PRE. All these results were consistent with differential expression analysis of the transcriptome.
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FIGURE 10. Relative expression of transcripts associated with male reproductive process. Mean values (back-transformed from logarithms) are shown in bars and letters are used to denote differences between means (P < 0.05).



In order to determine the role of temperature and mating condition in O. maya in the expression pattern of the selected transcripts, the 28°C temperature was included in the analysis. This temperature allowed to find that there was a significant effect of temperature in the expression of KLHL10 (P < 0.01), RABL2A (P = 0.009), CHD5 (P = 0.025), TDRD1 (P < 0.01), ZMYND15 (P = 0.036), and HTT (P = 0.002). However, different patterns were observed regarding the reproductive condition and the interaction between the factors. For KLHL10 and RABL2, no effect of mating condition (P > 0.05) or the interaction between factors (P > 0.05) was observed, indicating that expression between temperatures has similar patterns in PRE and POST mating, being significantly higher in average at 30°C for both transcripts. On the other hand, for CHD5 no significant differences between PRE and POST condition were observed (P = 0.136), but the significance of the interaction between temperature and mating conditions (P = 0.0352) was caused by the significantly lower expression at 28°C in POST condition. For TDRD1 the expression in PRE condition was significantly higher on average respect to POST (P = 0.001), but no significant interaction was observed (P = 0.944) indicating that for PRE and POST condition the expression of TDRD1 has a similar pattern between temperatures with the lowest expression observed at 24°C.



DISCUSSION

Octopus maya as an ectotherm organism is strongly influenced by temperature (Regil et al., 2015). Temperature plays an important role in different life aspects as embryo development, growth patterns, morphology, physiology, and reproduction. As an endemic species of the YP, is influenced by the thermal characteristics of the platform, where temperatures can vary since 21 to 30°C along the year (Noyola et al., 2013a,b). In this study, male octopuses were exposed at three temperatures 24°C (Optimal), 28°C (intermediate) and 30°C (Stress) during 30 days, and then, a group of males for each experimental temperature were mated with females acclimated at 24°C. An RNA-Seq analysis of the testis transcriptome at contrasting temperatures (24 and 30°C) was realized to evaluate the transcriptomic responses to chronic thermal stress and the mechanisms involved in the regulation of reproductive processes. In recent years, the high-throughput sequencing techniques have allowed obtaining genetic and genomic information of both model and non-model organisms, the latter in which there are no (or very limited) genomic resources (Ekblom and Galindo, 2011). This technique allows evaluating the expression profiles of a large number of genes, robustly. In our RNA-Seq analysis, we used pooled samples to minimize the effects of biological variation in treatments. We obtained the de novo transcriptome of O. maya testis constituted by 85,249 transcripts reconstructed. The main species that matched our blast hits against UniProt and Nr Databases were Homo sapiens and O. bimaculoides, respectively.

This match is completely attributable to the big number of known proteins of model organisms like Homo sapiens in the UniProt database and in the case of O. bimaculoides, the recent release of its genome (Albertin et al., 2015), and the close phylogenetic relationship between O. maya and O. bimaculoides (Juárez et al., 2012). The GO functional annotation showed 13,154 (15.4%) and 11,151 (13.1%) transcripts with homologies in the UniProt and Nr databases, with similar proportion to that found in other cephalopods as Octopus vulgaris (Zhang et al., 2012; Castellanos-Martínez et al., 2014), Euprymna tasmanica (Salazar et al., 2015), and Sepia officinalis (Cornet et al., 2014). The fact that the 84.6 and 86.9% (UniProt and Nr databases) of the transcripts did not match any known proteins suggests that there may be a high number of potentially uncharacterized transcripts in O. maya that remain to be properly characterized. In this study, 1,166 transcripts without homology were differentially expressed among treatments with high expression values; more studies have to be done to characterize these uncharacterized transcripts. This lack of molecular data emphasizes the importance of cephalopods studies to elucidate the molecular mechanisms involved in their physiology, development, growth, and reproduction.

In general, in the reference testis transcriptome, we identified putative transcripts involved in the biological process as metabolism, stress response, cell cycle, microtubule-based process, sperm part, and chromosome segregation. These results indicated that some important traits inherent to the organisms as metabolic activity, cellular response, and cellular processes occurred in O. maya testis during chronic thermal stress and mating activity.

Transcripts Related to Thermal Stress Response in O. maya Testis Transcriptome

One of the goals in the present study was to assess the presence of transcripts involved in stress response, apoptosis, and inflammatory processes in the O. maya testis transcriptome to confirm that thermal stress affects the molecular mechanisms that regulate the reproductive performance and success of this species. There are different heat stress response mechanisms as DNA reparation, heat shock response, antioxidant defense, cell cycle checkpoints, and apoptosis (Pérez-Crespo et al., 2008). The apoptosis process in the testis is characterized by the apparition of acidophilic bodies. These acidophilic bodies under normal conditions of spermatogenesis, maintain the equilibrium between cellular proliferation and apoptotic degeneration (Lin et al., 1997). Apoptosis process has been well-understood in humans with infertility issues, where an increment in the process such as maturity arrest and hypospermatogenesis has been observed (William et al., 1997). In this study, we identified necroptotic processes in male octopus exposed to 30°C; this is coincident with the severe testicular damage observed at 30°C, an increment four times higher than that of those exposed to 24°C, and dilation of germ cells strata (López-Galindo et al., 2019). The necrosis is a process of programmed cell death caused by external factors which trigger an immune response characterized by the inflammatory process (Shaha et al., 2010). In this sense, the gene ontology analysis of the O. maya testis transcriptome revealed the presence of transcripts involved in regulation of cytokine production (PPMB1, C3, CSK, PGBD3, BCL3) which are cell signaling proteins that regulate the inflammation and infection in the body (Castellanos-Martínez et al., 2014); inflammatory process which is important for a rapid and efficient elimination of damaged tissue (NFKB2, MIF, MAPKAPK2, CHIA2) (Ottaviani et al., 2010); apoptosis which is a process characterized by dying cells, cytoplasmatic shrinkage, active membrane blebbing, chromatin condensation, and typically, fragmentation into membrane-enclosed vesicles or apoptotic bodies (HSPA9, SH3GLB1, TFDP1, TRAF2, TNIP2); and necroptotic process where necrosis is characterized by cytoplasmic and organelle swelling, and plasma membrane rupture (RIPK1) (Peterson et al., 2015). The necroptosis has been recently investigated. This form of necrosis is dependent of the kinases RIP1 and RIP3, and a pseudokinase MLKL (Peterson et al., 2015). The differential expression of these transcripts can explain the presence of fourfold acidophilic bodies at 30°C, compared to the other treatments, in addition to basophilic material, and vacuolated basal compartments (López-Galindo et al., 2019).

The heat shock proteins (HSP’s) are a group of functionally related proteins present in all living organisms. Among other important roles, the HSP’s are involved in protein folding and unfolding, and their expression is induced by increasing temperature as well as other stresses (Wang et al., 2014). The upregulation of HSP genes constitutes the core part of the cellular heat shock response (Wang et al., 2014). We identified six members of three HSP families: HSP20 (HSPB6), HSP40 (DNAJB13), and HSP70 family (HSPA9, HSPA12A, HSP70B2, and HSPA8) involved in heat stress response. HSP’s as the stress-70 protein, mitochondrial (HSPA9) were highly expressed on conditions of high temperature. The family of the HSP 70 is one of the most highly conserved of the HSP’s. They function as molecular chaperones that act as a first defense line and mediate the refold of stress-denatured proteins, prevent the aggregation of denatured proteins and limit the cellular damage (Guzman and Conaco, 2016). HSP’s protect the cell from de deleterious effects of heat and module the stress response (Castellanos-Martínez et al., 2014). The analysis of relative expression by qPCR revealed that HSPA9 transcript had a high-level expression in organisms exposed to 28 and 30°C in the PRE condition, while in the POST condition this transcript had a high relative expression at 30°C in comparison to 24 and 28°C. Since this protein plays a role in cell proliferation, stress response and maintenance of the mitochondria, HSPA9 could be playing an important role in the preservation of mitochondria during thermal stress, which is of vital importance.

The caspase-7 (CASP7) is an executioner caspase that degrades cellular components. The caspase proteins constituted the core of apoptotic machinery (Castellanos-Martínez et al., 2014). Caspases have been described in vertebrates. However, there is limited information in invertebrates such as the abalone Haliotis diversicolor and the mussel M. galloprovincialis, but there are just a few studies in cephalopods such as the common octopus O. vulgaris (Romero et al., 2011; Castellanos-Martínez et al., 2014). In our study, CASP7 was induced under both thermal stress and mating, presenting its higher relative expression in 30POST treatment. This expression pattern could indicate that apoptotic mechanisms have been executed in the testis of O. maya males under chronic thermal stress and corroborate the findings of severe tisular damage at high temperatures observed by López-Galindo et al. (2019).

The nuclear factor NF-kappa-B p100 subunit (NFKB2) is an inducible transcription factor that plays a central role in the inflammatory response and immune function, which is activated quickly by a wide group of agents and cell stress (Srikanth et al., 2017; Sun, 2017). It seems that NF-Kb is an innate immune system pathway evolutionarily conserved and present in mollusks (Castellanos-Martínez et al., 2014). NFKB2 presented significant higher relative expression under chronic thermal stress at 28 and 30°C (Srikanth et al., 2017; Sun, 2017). This response confirms the inflammatory processes observed in the testis in both temperatures by López-Galindo et al. (2019). In Holstein’s calves, NFKB2 has been identified as an important transcription factor that modulates the heat stress response (Srikanth et al., 2017).

The macrophage migration inhibitory factor (MIF) is a multifunctional protein which acts as a pro-inflammatory cytokine, a pituitary hormone, immunoregulator, and mitogen (Anahara et al., 2008). MIF transcript did not show significant differences in relative expression levels between treatments, which could be related to the multifunctional role of this protein (Anahara et al., 2008). However, a positive relationship to temperature was observed.

The Phospholipid hydroperoxide glutathione peroxidase (GPX4) protects cells against membrane lipid peroxidation and cell death (Imai et al., 2009). GPX4 transcript showed a significant relative expression in organisms of 28PRE and its highest expression was observed in organisms of 30POST treatment.

The heat stress is a determinant factor that affects the physiology and reproductive performance of the organisms. Pérez-Crespo et al. (2008) mentioned that heat stress affects the sperm viability, sperm motility, reduced the fertilization capacity and survival, temporarily delays embryonic growth and promotes degeneration, causes abnormalities in the chromatin condensation, damage to DNA, RNA, and protein synthesis and denatures proteins. In this study, it was possible to corroborate that thermal stress induces the expression of transcripts involved in the stress response to compensate the damage caused by chronic thermal stress, however, when the effect of mating is added, this expression is increased. Unfortunately, despite these compensatory mechanisms, testicular damage caused by chronic thermal stress at 30°C is severe and directly affects the reproductive success of O. maya males. It is important to realize more studies that allow us to elucidate if severe testicular damage could have a gradual return to normal conditions of spermatogenesis.

Critical DETs Involved in Spermatogenesis and Spermiogenesis Process in O. maya Testis Transcriptome

Spermatogenesis is a dynamic and synchronized maturation process from germ cells to mature spermatozoa that take place in the seminiferous tubules in the testis (Shaha et al., 2010). Stringent temporal and spatial expression of genes during both transcriptional and translational processes during protein synthesis is of fundamental importance to ensure the highly ordered processes of spermatogenesis (He et al., 2012). The goal of spermatogenesis is to produce a genetically male gamete that can fertilize an ovum ultimately produce offspring, and this process involves series of intricate, cellular, proliferative, and developmental phases such as mitotic proliferation (proliferation and differentiation of spermatogonia), meiotic phase (differentiation of spermatocytes), and spermiogenesis (differentiation oh haploid germ cells from round spermatids to elongated spermatids and spermatozoa) (Yan et al., 2010; Dang et al., 2012; He et al., 2012). Protein phosphorylation is the most common post-translational protein modification in eukaryotes that controls the spermatogenesis process (Zhang et al., 2010). A protein kinase family, the testis-specific serine/threonine kinases (TSSK’s) may play a role in male spermatogenesis because they are expressed mainly or specifically in the testis. Five members of the TSSK family has been identified in mouse (TSSK1, TSSK2, TSSK3, TSSK3, TSSK4, and TSSK5) (Zhang et al., 2010). Previous research revealed that TSSK2 phosphorylates several flagellar proteins in the central apparatus of the sperm axoneme, such as SPAG16 and testis-specific kinase substrate (Xu et al., 2008; Zhang et al., 2010). The TSSK2 are implied in the formation of microtubule structures during spermatogenesis and is crucial for spermatid production (Zhang et al., 2010). In this study, TSSK2 transcript was identified at 30°C in both PRE and POST conditions. The higher expression was identified in 30PRE condition. Insufficient expression of TSSK2 could interrupt spermiogenesis and results in failure of elongated spermatids, triggering male infertility. This results coincides with the lack of spermatids in the testis of octopus thermally stress and could explain the lack of parental contribution as observed by López-Galindo et al. (2019).

Spermiogenesis involves three subsequent significant events: formation of the acrosome, flagellum formation, and cytoplasm reorganization. Yan et al. (2010) mentioned that meiosis is unique to germ cells, and spermatogenesis is unique to male germ cell development, and this particularity demands unique genes and gene products to execute their functions. The spermatogenesis process implies the use of ∼10% of the entire protein-encoding genes meanwhile spermiogenesis alone involves 500 testis-specific genes (Yan et al., 2010). There are a series of transcription factors that are important to regulate the gene expression. In the present study, we identified the transcriptional repressor ZMYND15 with significant level expression in the 30PRE treatment. ZMYND15 interacts with histone deacetylases and plays an essential role in the regulation of spatial-temporal expression of many haploid genes.

Moreover, is specifically expressed in spermatids during spermiogenesis process and is essential for normal spatiotemporal haploid gene expression. Male infertility and azoospermia have been linked to the inactivation of this gene in mice (Yan et al., 2010). In our study, ZMYND15 transcript presents low levels of relative expression in 30POST in comparison to the control. The expression pattern of this gene in invertebrates, mollusks or even cephalopods has not been described. This is the first report about the existence of this gene in cephalopods and its potential role in O. maya male infertility.

Another haploid gene required for male fertility during spermiogenesis is KLHL10. This gene is involved in protein ubiquitination. In mice is critical for the maturation process of spermatozoa, and is one of the essential proteins for post-meiotic spermatozoa (Yatsenko et al., 2010). KLHL10 is a member of a large BTB (Brica-brac, Tramtrack, and Broad-Complex)-kelch protein superfamily, characterized by an amino-terminal BTB/POZ domain and kelch repeats at the carboxyl terminus. This protein is specifically expressed in the testis and has similar expression pattern than CUL3. Wang et al. (2006) suggested that KLHL10 interacts with CUL3 to form a CUL3-based ubiquitin E3 ligase that functions specifically in the testis to mediate protein ubiquitination during spermiogenesis. This is the first time that KLHL10 is identified in mollusks and specifically cephalopods as O. maya. The RNA-Seq and qPCR analysis showed that KLHL10 presented the higher expression at 30°C in both PRE and POST condition. An increase in the expression values was observed directly proportional to the temperature. As was observed in human and mice, we can hypothesize that the increment in the expression of this transcript at 30°C affected the male fertility in O. maya. Disrupted spermatogenesis, degeneration of late spermatids and reduction in late spermatid number which was reported by López-Galindo et al. (2019) where they observed disruption in the germ cell strata of the seminiferous tubules and did not find a parental contribution from thermally-stressed fathers.

During the spermiogenesis process, haploid germ cells are transformed into highly polarized cells with the potential for motility and fertilization (Lo et al., 2012). The sperm tail, like motile cilia and flagella of other species, contains an axoneme at its core composed of a 9+2 microtubule arrangement. The axoneme develops from a single centriole at the base of the sperm head and functions to metabolize ATP and generate microtubule sliding and motility (Maxwell, 1974; Lo et al., 2012). Defects in sperm axoneme function result in asthenospermia (Abnormal sperm motility) (Lo et al., 2012). Lo et al. (2012) identified the RABL2 gene as critically involved in sperm tail function and male fertility in mice. In this study, RABL2 transcript, agree to RNA-Seq and qPCR analysis showed the highest expression in the 30PRE treatment. An expression increment from 24 to 30°C was observed. We hypothesize that the overexpression of this transcript starts with the response at 28°C, intending to repair the damage caused to the sperm tail. However, we can attribute that the reduced parental contribution and its lack at 30°C are directly related to the injury in sperm motility of O. maya males (López-Galindo et al., 2019).

Another gene involved in the sperm tail function is DNAJB13, which is a type II HSP40/DnaJ protein (Li and Liu, 2014). This gene is also known as testis spermatogenesis apoptosis-related protein expressed abundantly in mouse testis (Li and Liu, 2014). DNAJB13 was characterized in mature mouse testis and epididymal spermatozoa by Guan et al. (2010). Li and Liu (2014) confirmed the expression of DNAJB13 in the cytoplasm of spermatids and the flagella of mature spermatozoa, indicating its function in sperm motility. In our study, DNAJB13 transcript was also highly expressed at 30°C post copula.

According to the transcripts identified in response to thermal stress and spermatogenesis and spermiogenesis, it can be corroborated that the temperature significantly affects these processes carried out in the O. maya testis. These transcripts presented a high expression perhaps with the objective of compensating the damage caused by the rise in temperature. However, at the tissue level, these mechanisms are insufficient triggering inflammatory processes and tissue necrosis in the testis of thermally-stressed octopuses.

The increase in the expression of transcripts involved in spermatogenesis processes may explain the increase in the number of spermatophores observed in octopuses exposed to 28 and 30°C (López-Galindo et al., 2019). This expression patterns could demonstrate an effort at the reproductive level to compensate for the deleterious damage attributed to temperature.

The transcripts TSSK2, KLHL10, ZMYND15, RABL2A, and DNAJB13 indicated that there is a harmful effect on the production of viable sperm cells, the structural conformation of sperm, training, and motility. This was reinforced by histological analyzes, which show the moderate to severe damage to the testis and the lost of different cell types (spermatogonia, spermatocytes, spermatids, and mature spermatozoa) in O. maya males exposed to temperatures above 28°C. Chronic thermal stress generated infertility in O. maya which was corroborated through analysis of parental assignment, where no parental contribution of thermally-stressed parents was found.



CONCLUSION

Under optimal temperature conditions, mating at the physiological, reproductive, and transcriptomic level does not represent a stressor for O. maya males. Under mating conditions, there is a significant expression of transcripts involved in the fundamental processes carried out in the testis such as spermatogenesis, gamete generation, and spermiogenesis. Under thermal stress, at the three levels mentioned above, there are severe alterations. The histology of the testis shows that temperature causes severe damage in the testis, affecting the morphology of the different cell types and the seminiferous tubules. These effects coupled with the transcriptomic analysis showed that there is a range of transcripts that are significantly expressed in response to thermal stress (response to stimuli, immune system, programmed cell death, apoptosis, regulation of cytokine production, necroptotic processes). At the reproductive level transcripts involved in spermatogenesis and spermiogenesis are significantly upregulated. When evaluating the combined effect of temperature and reproduction, at the transcriptomic level, there is a significant upregulation concerning optimal conditions. This pattern of expression reveals that under this condition, mating implies a stressor for the individual. In addition to the spermatogenesis processes in this condition, a large number of transcripts involved in energy production processes (catabolic and metabolic processes of amino acids, gluconeogenesis, glycolytic processes, fatty acid oxidation) were observed. This could indicate that in the testis of O. maya males a high amount of energy is produced for three essential aspects: to compensate the severe damage generated to the testis, to provide energy to be able to carry out the mating and try to produce more sperm. However, this strategy seems to be insufficient, since males of this species cannot produce offspring in spite of carrying out mating.

In the other hand, as observed in O. maya females and embryos, the problems presented a thermal threshold at 28°C, from which the physiological process, the reproductive performance and success, and the molecular mechanisms involved in the stress response and reproductive traits are severely affected. This study provides relevant information on the adaptive mechanisms presented in O. maya males against the effects of temperature. This is of vital importance, due to the predictions about the rise of sea temperatures between 2.5 and 3°C in the western zone of the Yucatan Peninsula causing a significant reduction of the population in this area, and/or migration to the eastern zone of the peninsula.
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Hypoxically Induced Nitric Oxide: Potential Role as a Vasodilator in Mytilus edulis Gills
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Intertidal Mytilus edulis experience rapid transgression to hypoxia when they close their valves during low tide. This induces a physiological stress response aiming to stabilize tissue perfusion against declining oxygen partial pressure in shell water. We hypothesized that nitric oxide (NO) accumulation supports blood vessel opening in hypoxia and used live imaging techniques to measure NO and superoxide anion ([image: image]) formation in hypoxia-exposed gill filaments. Thirty minutes of moderate (7 kPa pO2) and severe hypoxia (1 kPa pO2) caused 1.6- and 2.4-fold increase, respectively, of NO accumulation in the endothelial muscle cells of the hemolymphatic vessels of the gill filaments. This led to a dilatation of blood vessel diameter by 43% (7 kPa) and 56% (1 kPa), which facilitates blood flow. Experiments in which we applied the chemical NO-donor Spermine NONOate (concentrations ranging from 1 to 6 mM) under normoxic conditions corroborate the dilatational effect of NO on the blood vessel. The formation of [image: image] within the filament epithelial cells increased 1.5 (7 kPa) and 2-fold (1 kPa) upon treatment. Biochemical analysis of mitochondrial electron transport complexes in hypoxia-exposed gill tissue indicates decreased activity of complexes I and III in both hypoxic conditions; whereas complex IV (cytochrome-c oxidase) activity increased at 7 kPa and decreased at 1 kPa compared to normoxic exposure conditions. This corresponds to the pattern of pO2-dependent gill respiration rates recorded in ex-vivo experiments. Severe hypoxia (1 kPa) appears to have a stabilizing effect on NO accumulation in gill cells, since less O2 is available for NO oxidation to nitrite/nitrate. Hypoxia thus supports the NO dependent inhibition of complex IV activity, a mechanism that could fine tune mitochondrial respiration to the local O2 availability in a tissue. Our study highlights a basal function of NO in improving perfusion of hypoxic invertebrate tissues, which could be a key mechanism of tolerance toward environmental O2 variations.
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INTRODUCTION

Mytilus edulis, the blue mussel, is a bank forming species that colonizes intertidal and subtidal habitats. It belongs to the group of outstandingly hypoxia and anoxia tolerant marine invertebrates, endowed with specialized “anaerobic mitochondria” that can alternate between the use of oxygen (O2) and of endogenous fumarate as electron acceptor for anaerobic ATP production (Tielens et al., 2002). The extent of hypoxia and of anoxia tolerance, however, varies with individual environmental adaptation. In intertidal environments blue mussels experience a reduction of shell water O2 partial pressure (pO2) to hypoxic or even anoxic levels during low tides caused by intermittent valve closure that prevents desiccation (Bayne et al., 1976; for review see Abele et al., 2017). Transplant experiments with subtidal and intertidal mussels between both habitats demonstrated hypoxic tolerance to be higher in intertidal than subtidal mussels, but also to be enhanced within weeks after transplantation and adaptation to the intertidal (Altieri, 2006). Hence hypoxia tolerance in blue mussels has an acquired and adaptive component modulating the evolutionary trait. Depending on length and intensity, anoxic exposure can cause cellular stress, including oxidative stress when cells are re-oxidized during valve opening (Rivera-Ingraham et al., 2013b).

Gills are the main organs of respiration in bivalves and, contrary to other diffusive surfaces such as mantle, can functionally stabilize the rates of whole animal respiration against fluctuant environmental O2 concentrations. Enhanced ciliary (ventilation) and heart beat rates (perfusion) (Bayne, 1971), combined with a widening of the inter-lamellar blood vessel, caused by contraction of the muscles in the inter-lamellar connections (Aiello and Guideri, 1965, named “intracellular junctions” in Figure 1), are central mechanisms by which Mytilus can stabilize respiration rates against declining O2 availability. Using freshly excised gills, we demonstrated a distinct pattern of increasing respiration rate below ~9.5 kPa (critical pO2 1) (pc1) in support of faster ciliary beating at lower pO2, before onset of oxyconformity at ~6.5 kPa (pc2) (i.e., 35–40% of the normoxic level, Rivera-Ingraham et al., 2013b). It is an open question how this complex response pattern of O2 turnover in mussel gill mitochondria is regulated. Cytochrome c oxidase (CytOx) is generally accepted to be the rate limiting factor of mitochondrial O2 turnover, but its affinity for O2 would need to change dramatically in the O2 range above 7 kPa to achieve the activity pattern observed in our previous study. Alternatively, another O2 related molecule could be functioning as a mediator between pO2 levels and CytOx - O2 affinity.


[image: image]

FIGURE 1. Schematic representation of the experimental setup used for the confocal analysis of excised mussel gills.



Nitric oxide (NO) is a reactive nitrogen species (RNS) that plays an important role as cellular mediator, specifically with respect to its interaction with O2 at the CytOx reactive center (Taylor and Moncada, 2010). Intracellular formation of NO is almost exclusively catalyzed by NO synthases, a group of heme-based monooxygenases present in different tissues of marine and freshwater molluscs, including the central nervous system (Moroz et al., 1996), molluscan hemocytes cells (Conte and Ottaviani, 1995; Tafalla et al., 2003; Palumbo, 2005); and bivalve digestive glands (González et al., 2008; González and Puntarulo, 2011). More recent investigations into microbial biofilms on internal surfaces, external structures (shells), and in gut contents of marine and freshwater molluscs highlight nitrification/ denitrification processes of associated facultative anaerobic bacteria to be another potential source of NO and nitrous oxide (N2O) in marine invertebrates (Heisterkamp et al., 2010; Svenningsen et al., 2012; Stief, 2013). Especially under near anaerobic conditions N2O and NO form as products of nitrite ([image: image]) reduction, similar to denitrification processes in anoxic sediment layers (Anderson and Levine, 1986; Stief, 2013). Whether NO produced by microbial denitrification in molluscan shell water, or the NO produced inside the cells by NO synthase activity can have an effect on gills or hemocyte cells and respiratory activities, is so far unexplored.

At least for mammalian cells the interactions between NO and respiration rates are sufficiently clear. Mammalian CytOx has a higher affinity for NO than for O2 and catalyzes its oxidation to [image: image] at normoxic cellular pO2 (note that “normoxic cellular pO2” is much lower than 21 kPa aerial partial pressure in bivalve tissues, and even lower in mammalian cells). At high pO2, this oxidation occurs in a manner that is non-competitive to O2, which means that NO oxidation and respiration, two O2 consuming processes, proceed simultaneously. As O2 diminishes in hypoxia, the CytOx reactive center becomes reduced, which causes NO binding at the catalytic site for the O2 reduction (the heme a3 in its ferrous state). This abrogates NO oxidation to [image: image] and stabilizes intracellular NO levels, which will further reduce and eventually fully inhibit CytOx catalytic activity (for a detailed description of the biochemical mechanism underlying the interaction between NO and CytOx see Taylor and Moncada (2010) and references cited therein. Thus, NO can have a mediator function in mammalian cells, diminishing CytOx catalytic activity in an O2 dependent manner at the onset of hypoxia. The physiological effect of the curtailed O2 consumption is a better diffusive distribution of O2 across hypoxia sensitive mammalian tissues, in which the peripheral cells would have better access than the cells in central tissue regions (Poderoso et al., 1996).

Bivalves have open circulatory systems and O2 distribution occurs over the hemolymph that, in most bivalves including Mytilides, is void of O2 binding respiratory proteins. Big hemolymphatic vessels run through the gill branches and filaments and also connect the heart with the major tissues, foot, mantle/gonads, and digestive tract for O2 supply. Heart beat is controlled by the inspired pO2 (and not the pCO2) detected by peripheral O2 sensors within the inhalant siphon (Abele et al., 2017).

A suitable model to mechanistically study O2 transport and the biochemical and functional responses of cells and their mitochondria to diminishing O2 levels in vitro is the intact gill, immediately after its removal from the living mussel. In our previous papers we used live imaging techniques in combination with fluorescent dyes to measure the response of the gills to O2 deprivation and reoxygenation in terms of reactive species formation and oxidative damage accumulation (Rivera-Ingraham et al., 2013b). We also investigated the compartmentalization of the different reactive O2 species (ROS) to better understand their diverse functions in the gills. It resulted that DAF-2DA fluorescence (NO) and dichlorofluorescein diacetate (DCF) staining (ROS and RNS) are compartmentalized in the endothelial muscle cells around the hemolymphatic sinus of the filaments, and additionally stain hemocyte cells within the vessel lumen (especially DCFH, see Rivera-Ingraham et al., 2016). Contrary the [image: image] sensitive dye dihydroethidium (DHE) stained the palisade cells of the gills and here the outer ciliated and mitochondria rich areas fluoresced most strongly. Especially the distinctive staining of the longitudinal endothelial muscle cells around the blood vessel by the NO sensitive fluorophore DAF-2D suggested that NO could be a messenger molecule involved in the hypoxic adjustment of the hemolymphatic vessel lumen to regulate blood pressure under hypoxic conditions. Hence in the present paper we investigated the hypoxic NO accumulation in endothelial muscle cells and, in parallel, determined blood vessel diameter in the filaments.

To better understand potential effects of NO accumulation on cellular and mitochondrial processes in the gills, we compared the effects of natural and hypoxic NO accumulation to experimental addition of the NO donor (SpermineNONOate, SpNONOate) on gill respiration, mitochondrial membrane potential and ROS formation. Inhibitory effects of hypoxia and of externally added NO on mitochondrial respiratory chain components (electron transport system, ETS, complexes I and III and CytOx) were tested directly in vitro using gill homogenates. The overall aim of our study was to understand whether NO accumulation in hypoxic gills can lead to modifications of mitochondrial respiratory complex activities and gill perfusion (vessel diameter) in a hypoxia tolerant and partially oxyconforming marine bivalve.



MATERIALS AND METHODS


Animal Collection and Maintenance

M. edulis were collected at the Island of Sylt in the North Sea, Germany (55° 01′ 323 N and 008° 26′ 430 E) during autumn 2016 after the reproductive season (spring and summer). With a mean shell length of 39.5 ± 0.3 mm all mussels were beyond the period of strongest growth for North Sea populations, and were considered to represent young adults (Sukhotin et al., 2006). No distinctions were made regarding gender. The animals were transferred to the laboratory (Alfred-Wegener-Institute Helmholtz-Zentrum für Polar- und Meeresforschung, AWI), cleaned from epibiontic growth, and kept completely submerged in two aquaria with fully aerated (>99 % air saturation) natural seawater of 32.3 %0 at 10°C. Mussels were allowed to acclimate to the aquarium conditions for 3 weeks prior to the experiments and were fed live phytoplankton using PhytoMaxx Live Plankton Concentrate (NYOS Aquatics GmbH, Korntal-Muenchingen, Germany) (500 x 106 cell·mL−1) once a week. During feeding water circulation in the aquaria was stopped for 4 h. Mussels were fasted for 48 h before experimentation to avoid possible interference of nutrition-induced increase in metabolic rates. Water quality was monitored weekly for ammonium and nitrate levels using Nanocolor® Tube Tests (Macherey-Nagel GmbH & Co. KG, Düren, Germany). Water in the aquaria was changed when ammonium values exceeded 0.4 mg·L−1 or when nitrate values exceeded 0.2 mg·L−1.



Experimentation With Live Tissues

Respiration rates and live imaging of physiological parameters were carried out ex-vivo, using freshly excised mussel gill pieces or isolated filaments. Mussels for these experiments were obtained directly from the acclimation aquaria and sacrificed on ice. The entire gill was removed and kept in 15 mM Na-HEPES and 0.5 mM glucose (NH-FSW) for experimentation.

Experimental exposure ex-vivo included different pO2 levels: normoxia (21 kPa pO2), moderate (7 kPa pO2, coinciding with the critical pO2 for M. edulis excised gills (Rivera-Ingraham et al., 2013b), and severe hypoxia of 1 kPa pO2 to mimic conditions in shell water of naturally hypoxia-exposed or shell-closed mussels. To test for the effect of NO on the same functions, freshly excised gill tissue was exposed to different concentrations of the NO donor SpNONOate (Sigma S-150) under normoxic conditions in an open chamber (i.e., pO2 conditions were maintained constant between 18 and 20 kPa throughout these experiments) used for the live imaging experiments. Measurements of respiration rates were conducted in a closed system (see section Respirometry of excised gill pieces exposed to Spermine NONOate) in which the gill pieces were maintained with SpNONOate while pO2 decreased in the chamber, so that the results could be evaluated for different ranges of mild and severe hypoxic exposure.

SpNONOate was chosen as NO donor because of its long half-life of 230 min between 22° and 25°C (Sinha, 2011). Previous measurements in our laboratory demonstrated a slight pO2 dependence of NO formation/accumulation by SpNONOate in that a 6 mM SpNONOate generated approximately 50 nM · min−1 at 16 kPa (Julia Strahl, pers. comm).

Respirometry of Excised Gill Pieces Exposed to Spermine NONOate

The wells of a 96-well Nunclon plastic microtiter plate (NunclonTM Nalge Nunc, Denmark) served as respiration chambers. Wells with a volume of 0.33 mL and a diameter of 8 mm were equipped with O2 sensor spots. A 4-channel fiber-optical O2 meter (Oxy-4) and noninvasive O2 sensors (SP-PSt3-NAU-D5-YOP, Precision Sensing GmBH, Regensburg, Germany) were used after daily calibration following the manufacturer's description. Spots were glued to the bottom of the wells using silicon paste. Animals were dissected, and freshly excised gills were divided into two approximately equal sections. Since the amount of tissue in a respiration chamber can have an effect on the O2 consumption measurements (Van Winkle, 1968), approximately the same amount of tissue (10–15 mg fresh weight, FW) was used for each animal. Following the measurement, the exact FW of each gill piece was determined after blotting it dry on tissue paper. Two gill pieces per animal were placed individually in respiration wells: one containing sterile NH-FSW, and the other one containing NH-FSW supplemented with either 1, 3, or 6 mM SpNONOate. Wells were filled completely with normoxic medium and sealed (to avoid the formation of air bubbles) as described in Rivera-Ingraham et al. (2013b). All measurements started in fully oxygenated medium and respiration was recorded as function of declining pO2 over time. Measurements were conducted at room temperature (20°C). Data were recorded at 5 s intervals until complete anoxia was reached in a well-chamber, or until gills stopped breathing. Measuring time was always less than 5 h.

Respiration data over the whole range of pO2 from normoxia to anoxia were divided into three pO2 range sections: (i) normoxia from 21-15 kPa, (ii) range around the critical pO2 previously determined for the same M. edulis population (Acevedo et al., 1993; Rivera-Ingraham et al., 2013b): 8.5–5 kPa and including our experimental treatment of moderate hypoxia, and (iii) severe hypoxia 4-0 kPa representative of the experimental treatment at 1 kPa. Data for each pO2 interval were fitted by linear regression and the corresponding slope was used to calculate gill respiration rate as nmol O2 · min−1 · mg−1 FW. For each individual, gill respiration rate was calculated for treatments with and without the presence of SpNONOate in the respiration medium and for the respective pO2 ranges. Results are given as respiration rates for each range and the percentage of inhibition by SpNONOate for each individual.

Fluorometric Analyses of Nitric Oxide and Superoxide Anion Formation, and Mitochondrial Membrane Potential

Live imaging of NO and [image: image] formation, as well as the changes of the mitochondrial membrane potential (Δψm) in live gill filaments under different treatment conditions was conducted using a Leica TCS SP5II confocal microscope (Leica Microsystems CMS GmbH, Wetzlar, Germany) equipped with a multiphoton laser (MaiTai-DeepSee, Spectra-Physics, Newport Corp.). A 40X optical objective was used with a resolution of 500 × 500 pixels. Quantification of fluorescence intensity was done with Leica LAS AF-TCS-SPS Lite software (Leica Microsystems CMS GmbH 2011, Version 2.6.0).

Freshly excised demibranch pieces of mussel gills were loaded with the corresponding fluorophore at room temperature (20°C) under normoxic (loading) conditions and for the time indicated in Table 1. Loading and measuring medium was in all cases NH-FSW. Chemical reaction mechanisms, concentrations of fluorophores, incubation times, as well as the conditions of visualization are summarized in Table 1.



Table 1. Analysis conditions for each of the dyes used during the study.

[image: image]




After loading of the fluorophore, gill filaments were placed and fixed in the confocal chamber containing 2 mL of NH-FSH with a pO2 at normoxic conditions. The confocal chamber (Bachofer, with a diameter of 5 cm) was perfused with NH-FSW medium at 1.77 mL · min−1 for 30 min of experimental treatment (see Figure 1 for experimental setup). The pO2 in the incubation medium was controlled in the reservoir. Room temperature was maintained between 18 and 20°C throughout the measurement.

For each gill sample, an area comprising one or two filaments (area of analysis, AA) was chosen far from the dissection border and showing no sign of manipulation damage of the gill structures. Only this area was analyzed throughout the experiment (lasting 30 min). All image adjustments, including fluorescence gain and selection of the AA were accomplished within a maximum of 3 min of pre-incubation in the chamber before starting the measurement (normoxic conditions, serving as control and expressed as 0 min in figures). The system was then either maintained under normoxic conditions, changed to moderate (7 kPa pO2), or severe hypoxia (1 kPa pO2), or treated with either 3 or 6 mM SpNONOate at normoxic conditions. For the hypoxically incubated gill, the medium in the flow-through system was replaced by hypoxic medium immediately after the initial confocal measurement under control conditions. To minimize photobleaching, for each AA one single image was taken at each time point (0, 10, 20, and 30 min, 4 images in total per AA). Only one AA was selected per gill piece and only one gill piece was used per mussel. A minimum of 4 mussels were used per fluorophore. The pO2 of the hypoxic medium was constantly monitored directly in the reservoir and pO2 was also measured in the perfusion chamber at the beginning and at the end of the experiment using a calibrated O2 meter Microx TX3 (Presens GmbH, program Oxy View TX3-V6.02) equipped with a needle type O2 micro-sensor NTH-PSt 1. For normoxic exposures, the Bachofer chamber was maintained open. For hypoxic conditions the chamber was closed with a coverslip and perfused with hypoxic medium.

Nitric oxide formation in gill filaments was visualized using DAF-2DA (Sigma D225). For each of the pictures taken, a total of 10 regions of interest (ROIs) were defined on epithelial cells, perpendicularly to the longitudinal axis of the gill filament (Figure 2A). For each of these ROIs the average fluorescence intensity was calculated (EPI-DAF2T). Additionally, another 10 ROIs were defined on the endothelial cells, in this case parallel to the longitudinal axis of the filament and the average fluorescence intensity was equally calculated (END-DAF2T). Since absolute DAF-2DA loading differs between gills, EPI-DAF2T values were used to obtain a ratio (END-DAF2T: EPI-DAF2T) (called fluorescence ratio from now on) for each picture to allow comparisons between gill pieces.


[image: image]

FIGURE 2. Schematic representation of the number and type of regions of interest used for the image analyses of confocal experiments using: (A) DAF-2DA, (B) MitoSOX, and (C) JC-10 in the (C1) green and (C2) red spectrum ranges. Scale bars: 20 μm. bv, blood vessel; cp, circulating particles; epc, epithelial cells; el, endothelial lining surrounding the blood vessel. Dotted lines indicate regions of interest.



The formation of [image: image] was assessed by incubating a minimum of 4 gills pieces per time point (one gill piece per mussel) with the fluorescent dye MitoSOX (Invitrogen M36008). For each image, 10 ROIs were defined perpendicularly to the longitudinal axis of the gill filament (Figure 2B). The region of the blood vessel lumen was not considered in this analysis to avoid interference from the high fluorescence emitted by hemocyte cells. Given that the maximum MitoSOX fluorescence was in all cases located in the outer region of epithelial cells (Rivera-Ingraham et al., 2016), each of these ROIs was subdivided in two equally sized regions at higher image resolution (outer and inner regions and in all cases excluding the vessel lumen as in Rivera-Ingraham et al., 2016). Two values were then calculated: (i) the average fluorescence intensity of the ROI inner region (MSOXIR) and (ii) the average fluorescence intensity of the ROI outer region (MSOXOR). Then, the MitoSOX fluorescence for each sample was calculated as MSOXOR-MSOXIR.

The fluorescence probe JC-10 (Enzo Life Sciences ENZ-52305) was used to observe the differences in the Δψm in both epithelial and endothelial gill cells. In each image fluorescence analysis was done using square ROIs (approximate diameter of 1.5 μm) (Figure 2C): (i) 10 ROIs were evenly distributed in the region of the epithelial cells of the filament and (ii) 10 in the endothelial cells. Mean intensity values were recorded for each square for both the green (JC10ENDgreen and JC10EPIgreen for endothelial and epithelial cells, respectively; Figure 2C1) and the red channels (JC10ENDred and JC10EPIred for endothelial and epithelial cells, respectively; Figure 2C2). The ratio of red fluorescence over green fluorescence was then calculated separately for both endothelia and epithelial cells as a measure of changes in Δψm using Leica LAS AF Lite software (Leica, Microsystems CMS GmbH 2011).



Measurements of Blood Vessel Diameters

Using the same 4-8 bivalves as for DAF-2DA measurements, blood vessel diameter was measured in freshly excised gills under normoxic (control) and treatment conditions. Treatments were conducted in the perfusion chamber of the confocal microscope, using the same set-up described in the next section: Mitochondrial respiratory complex assays in gill homogenates. During the incubations, the gills were maintained at room temperature (18°C) and were exposed under the respective gaseous atmosphere in NH-FSH for each time point (0, 10, 20, and 30 min). A 40X optical objective was used for imaging and 13 vertical sections (Z-stack images) were taken at 1.4 μm steps. For each time point, the image from the Z-stack showing the widest blood vessel diameter was selected for quantification. In order to measure the overall width of the blood vessel for each image, 10 width measurements were conducted of the inner vessel lumen just up to the limits of the surrounding endothelial cells. Images were taken and analyzed along the gill filament. Given that the blood vessel diameter is not consistent along the filament, the largest diameter determined in each image was used for quantification, using the software routines to measure distances on imaged structures.



Mitochondrial Respiratory Complex Assays in Gill Homogenates

Measurements of respiratory complex activities were conducted on frozen gill pieces that were homogenized and incubated under experimental pO2 conditions or in the presence of SpNONOate for 3 h before the activity measurement. Mitochondrial respiratory complex I, III, and IV assays were performed in the incubated homogenates in-vitro no later than 48 h after freezing the gills.

Each frozen gill was cut into equal pieces that were weighed to the nearest 0.1 mg. One piece of each individual gill was used for one out of five experimental pO2 and NO treatments (normoxia: 21 kPa, hypoxia: 7 kPa, severe hypoxia: 1 kPa, normoxia + 3 mM SpNONOate and normoxia + 6 mM SpNONOate) to enable direct comparability between treatments for each individual. Each gill piece was homogenized in a medium containing 20 mM Tris (hydroxymethyl) aminomethane supplemented with 1 mM EDTA, 0.1% Tween 20, and SpNONOate (for NO treatments only) at 7.4 pH. Adjustment of treatment conditions (pO2 and addition of NO donor) were established by equilibrating the homogenization buffer with air (for normoxic conditions) or a mixture of air and nitrogen (N2) (for hypoxia). To control buffer-pO2, the respirometer described in the respirometry description was used. For hypoxic exposures, homogenization and subsequent incubation were carried out in a hypoxic atmosphere (achieved by the same air and N2 mixture used for equilibrating the homogenization buffer). Once the desired pO2 was reached, the required volume (i.e., 1/6: w/v) was transferred under hypoxic atmosphere (for the hypoxic treatments) to a 1.5 mL tube containing the sample. Final homogenate volumes ranged between 62 and 230 μL. Homogenization was done at 4°C using a Precellys Homogenizer 24 (2 cycles × 15 s 5,000 rotations and 15 s break) equipped with a cryolysis advanced temperature controller (Bertin Technologies, Montigny-le-Bretonneux, France). The preparation of the microplate was also carried out under normoxic/hypoxic atmosphere, as required. The final activity measurement was conducted at normoxic conditions and at room temperature (20°C) in a TriStar microplate reader (Berthold Technologies, Bad Wildbad, Germany).

Activity of the ETS was measured according to Châtelain (2008) at λ = 485 nm with ε = 15.9 mM−1 · cm−1. Each well of a 96 well microplate contained: 117 μL of the measuring buffer (100 mM imidazole at 8.0 pH), 20 μL of 0.1 M sodium azide, 49 μL of 7.9 mM iodonitrotetrazolium chloride (INT, Sigma I-8377) to which 4 μL of the homogenized sample were added. All solute ions were equilibrated at the three experimental pO2 conditions (21, 7, 1 kPa). A blank signal was allowed to stabilize for a maximum time of 10 min (pre-run), and the reaction was triggered by injection of 10 μL of 8 mM NADH into each well. The final reaction volume per well was 200 μL. The increase in absorbance was recorded at intervals of 30 s for an entire duration of 10 min (main run). Plates were shaken between measurements to avoid precipitation of INT using the ellipsoidal shaker function of the instrument at medium velocity in backward and forward mode. The ETS activity in the extract was calculated by subtracting the slope of the pre-run from the slope of the main run (abs · min−1). Results are expressed as U · g FW−1.

CytOx activity was measured after Moyes et al. (1997) at λ = 550 nm with ε = 19.1 · mM−1 · cm−1. The measurement of CytOx is based on the oxidation of reduced cytochrome c by CytOx. A 5 min pre-run was conducted using 170 μL of the measuring buffer (20 mM Tris HCl with 0.5% Tween 20, 8.0 pH) and 20 μL of the homogenate. The reaction was started by the addition of 10 μL of reduced cytochrome c (200 μL in total per well). The reduced cytochrome c solution was prepared by dissolving 100 mg of cytochrome c in 4 mL of in N2-bubbled reduction buffer (20 mM Tris HCl, 8.0 pH) and adding a small amount of sodium dithionite under a N2 atmosphere. The reduced cytochrome c was passed over a Sephadex G-25 column using 10 mL of anoxic reduction buffer. Absorbance decrease reflecting the oxidation of cytochrome c was measured over 5 min (main run) at 15 s measuring interval. The samples were shaken between each measurement and activity was calculated by subtracting the slope of the pre-run from the slope of the main run (abs · min−1). CytOx activity is expressed as U · g FW−1.



 Statistical Analyses

All data was tested for normality (Kolmogorov-Smirnov test) and homocedasticity (Levene test). A one-way ANOVA was carried out if the requirements for parametric analysis were met, followed by a Student-Newman-Keuls post-hoc test. For the rest of cases, a Kruskal-Wallis test was conducted, followed by U-Mann Whitney pairwise comparisons. The level of significance was p < 0.05 if not otherwise indicated.




RESULTS


Respiration Experiments

Respiration rates of M. edulis gill pieces significantly decreased in a pO2-dependent (oxyconforming) manner (Figure 3A) (K = 16.285; p < 0.001, n = 24) with moderate (5–8.5 kPa) and acute (<4 kPa) hypoxia causing a 1.8- and 3-fold reduction over normoxic conditions, respectively. Addition of SpNONOate reduced respiration rates in a concentration dependent manner (Figure 3B, n = 8). At each SpNONOate concentrations, the inhibitory effect increased at lower pO2 to the point that gills exposed to the highest NO donor amounts (6 mM) showed complete respiratory shut down below 4 kPa.


[image: image]

FIGURE 3. Respiration rates of Mytilus edulis excised gills at different O2 partial pressures under: (A) control conditions and (B) different concentrations of Spermine NONOate. Results in (B) are expressed as the percentage of inhibition that Spermine NONOate induces in gill respiration compared to the values obtained in undisturbed gill tissues of the same individual. Letters indicate significant differences between mean values based on Kruskal-Wallis test followed by U Mann-Whitney pairwise comparisons.





Response of Isolated Gills to Hypoxia and Experimental Nitric Oxide Exposure (ex vivo)

Nitric oxide formation (DAF-2T fluorescence) was mainly detectable in the endothelial cells surrounding the blood vessel and less intense in the epithelial cells in the periphery of the gills (Figure 4A1). Given that fluorescence intensities in different animal gills varied strongly in epithelial cells, a ratio was calculated between fluorescence in endothelial and epithelial cells as explained in the section describing the fluorimetric nitric oxide analysis. The DAF-2T fluorescence increased more pronouncedly in endothelial than epithelial cells in a time and pO2 dependent manner (K = 50.983; p < 0.001, n = 4–9; Figures 4A2,B). The effect of hypoxia on NO formation was much greater (roughly 2 times more fluorescence) at 1 than at 7 kPa pO2. Compared to normoxic control conditions (Figure 4C1), treatment with SpNONOate caused DAF-2T fluorescence intensity to increase significantly at 30 min of exposure to the NO donor (Figures 4C2,D) (K = 20.877; p < 0.05, n = 3–5). No difference in DAF-fluorescence was observed between the effects of 3 mM and 6 mM SpNONOate in endothelial cells around the blood vessel (Figure 4D).


[image: image]

FIGURE 4. Nitric oxide formation as shown by DAF-2T fluorescence in Mytilus edulis gill tissues over time when exposed to different: (A,B) Degrees of hypoxia or (C,D) Concentrations of Spermine NONOate. (A) Representative images of the gills of the same individual with DAF, (A1) taken under control (normoxic) conditions and (A2) under severe hypoxia 1 kPa for 30 min. (C) Representative images of the gills of the same individual under (C1) normoxia and (C2) incubated with 6 mM Spermine NONOate for 30 min. Quantitative data are shown in (B,D) and values were expressed as the average fluorescence intensity of END-DAF2T: EPI-DAF2T. Letters indicate significant differences between mean values based on Kruskal-Wallis test followed by U Mann-Whitney pairwise comparisons. Scale bars: 20 μm; epc, epithelial cells; el, endothelial lining surrounding the blood vessel.



Hypoxic exposure of gills caused a pO2 and time-dependent increase of [image: image] formation in the mitochondria (MitoSOX fluorescence) within the epithelial cells of the outer gill region (Figures 5A1,2). In fact, MitoSOX fluorescence increased stepwise with hypoxic intensity (1 kPa > 7 kPa) with the tiered effect reaching statistical significance after 20 (1 kPa) and 30 min (7 kPa) (Figure 5B) (K = 33.532; p < 0.001, n = 4–6). Fluorescence intensity after application of SpNONOate under normoxia increased mainly in the mitochondria at the basis of the cilia themselves and thus in the outer periphery of the filaments (Figure 5C). The effect was significant for both the 3 mM (F = 3.352; p = 0.05, n = 3–5) and 6 mM (F = 5.762; p = 0.009, n = 3–5) SpNONOate treatments (Figure 5D). Furthermore, we observed that circulating particles/hemocyte cells in the hemolympahtic blood vessel emitted intense MitoSOX fluorescence under all experimental conditions including normoxia (Figure 5C).


[image: image]

FIGURE 5. Mitochondrial superoxide anion formation imaged by MitoSOX fluorescence in Mytilus edulis gill tissues over time when exposed to different: (A,B) degrees of hypoxia or (C,D) concentrations of Spermine NONOate. (A) Representative images of the gills of the same individual with MitoSOX, (A1) taken under control (normoxic) conditions and (A2) under hypoxia 1 kPa for 30 min. (C) Representative images of the gills of the same individual under (C1) normoxia and (C2) incubated with 6 mM Spermine NONOate for 30 min. Quantitative data are shown in (B,D) and values are expressed as MitoSOXOR – MitoSOXIR (see Materials and Methods sections for details). Letters indicate significant differences between mean values based on Kruskal-Wallis test followed by U Mann-Whitney pairwise comparisons (B) or a one-way ANOVA followed by a Student-Newman-Keuls post hoc multiple comparison test (D). Scale bars: 20 μm; cm, ciliary-associated mitochondria; cp, circulating particles.



The Δψm of cilia-associated (outer) mitochondria (JC-10 fluorescence ratio) remained unaffected over time of exposure to hypoxia or NO donor (21 kPa: F = 0.155; p = 0.925, n = 5; 7 kPa: F = 0.324, n = 5; p = 0.808; 1 kPa: F = 1.152; p = 0.357, n = 6; 3 mM SpNONOate: F = 0.520; p = 0.674, n = 5; 6 mM SpNONOate: F = 0.018; p = 0.996, n = 6) (Table 2). Likewise, no change of Δψm was observed in the mitochondria around the blood vessel (endothelial mitochondria) (21 kPa: F = 0.134; p = 0.938; 7 kPa: F = 0.761; p = 0.531; 1 kPa: F = 0.300; p = 0.825, n = 4–6; 3 mM SpNONOate: F = 0.013; p = 0.998, n = 5; 6 mM SpNONOate: F = 0.018; p = 0.997, n = 6) (Table 2).



Table 2. JC-10 ratio values (indicative of mitochondrial membrane potential) for inner (endothelial) and outer mitochondria (cilia-associated).

[image: image]




Blood vessels under undisturbed conditions (normoxia) had an average width of 0.99 ± 0.01 μm (N = 29). In each piece of gill we analyzed, exposure to hypoxia caused an increase of the blood vessel diameter (Figures 6A1,2) and the effect differed significantly depending on the level of hypoxic intensities the gills experienced (F = 56.673; p < 0.001, n = 4–7; Figure 6B). The opening occurred rapidly and a 1.4- and 1.6-fold increase in blood vessel diameter was recorded when tissues were exposed to 7 and 1 kPa for 30 min, respectively (Figure 6B). The difference amounts to roughly a doubling (7 kPa) and tripling (1 kPa) of vessel cross sectional width compared to normoxia. Exposing gills to SpNONOate (Figure 6C) resulted in a significant increase of blood vessel diameter (F = 37.153; p < 0.001, n = 5) between controls and both concentrations applied: 1.4- and 1.5-fold increase for 30 min exposure to 3 and 6 mM SpNONOate, respectively. Values corresponding to 30 min exposure to 3 mM SpNONOate did not differ significantly from those registered for 7 kPa pO2 (F = 0.921; p = 0.365; Figure 6D).
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FIGURE 6. Blood vessel diameter in gill filaments exposed to different: (A,B) degrees of hypoxia and (C,D) concentrations of Spermine NONOate. (A) Representative transmission images of the gills of the same individual (A1) taken under control (normoxic) conditions and (A2) under hypoxia 1 kPa for 30 min. (C) Representative images of the gills of the same individual under (C1) normoxia and (C2) incubated with 3 mM Spermine NONOate for 30 min. Letters indicate significant differences between mean values based on one-way ANOVA followed by a Student-Newman-Keuls post-hoc multiple comparison test. Scale bars: 20 μm; bv: blood vessel, bvd: blood vessel diameter, indicated with a gray bar, cl: gill cilia, epc: epithelial cells.





Respiratory Complex Activities

In vitro CytOx activity assayed in homogenates of frozen gill tissues (Figure 7: dark bars) increased significantly between the normoxic incubations (n = 12) and homogenates incubated at moderate hypoxia (7 kPa pO2, K = 42.499; p < 0.001, n = 12). The percentage increase when calculated for individual comparisons amounted to 125% of the activity in normoxia. Incubation of the same homogenates at severe O2 deficiency of 1 kPa pO2 reduced CytOx activity by 16% (n = 11 comparisons between normoxia and 1 kPa pO2, F = 8.338, p = 0.009). Addition of SpNONOate reduced CytOx activity on average by over 70% at 3 mM (n = 9, F = 101.502, p < 0.001) and by 35% at 6 mM (n = 9, F = 10.695, p = 0.004) compared to the normoxic controls without NO donor (Table S1).
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FIGURE 7. Cytochrome c oxidase (■) and electron transport system (□) activities recorded in excised gill tissues under different degrees of hypoxia and Spermine NONOate concentration. Different letters (capital and lowercase letters for cytochrome c oxidase and electron transport system, respectively) indicate significant differences between mean values based on U Mann-Whitney pairwise comparisons.



Compared to normoxic conditions (n = 12), activity of both ETS complexes I and III in homogenates decreased at both hypoxic conditions (n = 12) and if assayed in the presence of SpNONOate (n = 10) (Figure 7, K = 41.993; p < 0.001). A decrease of 27 and 22% in ETS activity was recorded under moderate (F = 102.987, p < 0.001) and acute hypoxia (F = 73.929, p < 0.001), respectively. The addition of SpNONOate in normoxic medium caused a partial inhibition of the ETS activity by 51 and 34% for 3 mM (K = 13.635, p < 0.001) and 6 mM (F = 189.277, p < 0.001), respectively, based on mean values (Table S2).




DISCUSSION

The respiratory response of M. edulis to declining environmental O2 tension has been the focus of a great number of studies over the past 50 years, as researchers became fascinated with the enormous physiological flexibility of this successful colonizer of marine coastal habitats (Zandee et al., 1980) but also worried about the increasing impact of climate global change, mussel fisheries, neobiota, and hypoxia on the marine coastal environments (Eriksson et al., 2010).


Nitric Oxide: A Local Vasodilator in M. edulis Endothelial Gill Cells

In the present paper we documented widening of the hemolymphatic vessel in isolated gill filaments exposed to hypoxia in a microscopic chamber. Increasing NO (DAF-2T) fluorescence in the endothelial muscle cells below 7 kPa is a strong indication that NO functions as a hypoxic messenger and local vasodilator in these gills pieces. The effect is rapid and sets on after 10 min of filament exposure; and both effects, NO accumulation and relaxation of the muscular endothelium that causes opening of the blood vessel increase in parallel as pO2 declines to 1 kPa. A 50% increase of the blood vessel lumen under hypoxia appears as a rather strong effect detected with our approach. By contrast, experimental exposure of gill pieces to addition of NO donor had less pronounced effects on both parameters, presumably because the addition occurred in normoxic medium in which NO is rapidly oxidized to [image: image]. Still, also in this experiment, 50% increase of the blood vessel lumen was observed after 20 and 30 min in NO donor treated samples, but not in control gills maintained in the chamber for the same duration under normoxic conditions. This experiment supports the notion that NO acts as mediator of blood vessel relaxation in Mytilus. The experiment with SpNONOate followed a different dynamic because the NO donor was added to the outside medium and NO accumulated only in the endothelial cells of the blood vessel. NO diffuses freely through membranes and can reach the endothelium from the outside within seconds, especially as heme-containing blood pigments are absent in Mytilus. Alternatively, NO with a vasodilatory effect could also be released from the strongly DAF-2T fluorescing hemocyte cells moving within the blood vessel (Rivera-Ingraham et al., 2016), which play a role in bivalve immune response (Philipp et al., 2012). NO emitted within the blood vessel could also function as blood-borne vasodilator, triggered under hypoxic conditions or during parasite invasion (Kaiser et al., 1989, 1991).

At any rate this is—to our knowledge—the first explicit report of a vasodilatory effect of NO in endothelial cells of mussel gills. Biological functions of NO have been reported for terrestrial and aquatic non-model invertebrates (summarized in Palumbo, 2005), but its involvement in regulating blood pressure is so far documented only in cephalopods by Schipp and Gebauer (1999). Our study underlines NO induced vasodilation to be an evolutionarily old mechanism of endothelial cells (Jacklet, 1997). Indeed it is logical to reduce vessel resistance when heart beat increases in a hypoxic mussel (Bayne, 1971).



Effects of Hypoxia and Nitric Oxide Donor on Gill Respiration, Mitochondria, and Respiratory Chain Components

Experimental addition of NO donor to freshly excised gill pieces inhibited gill respiration in a concentration and pO2 dependent manner. Indeed, addition of 6 mM SpNONOate completely abolished respiration under near anoxic conditions. The pO2 dependency of the inhibition effect is a clear indication of NO oxidation in the normoxic medium. Even at 21 kPa pO2, 6 mM SpNONOate decreased respiration by 44% compared to NO free controls directly at the start of experimentation. Data on NO concentrations in bivalve shell water or hemolymph are not available so far, but NO concentrations that cause blood vessel relaxation in mammals are in the low nM range (Demoncheaux et al., 2002), suggesting that sufficient amount of NO was generated in our SpNONOate experiments to achieve a vasodilatory effect. This is a hint that NO accumulating in shell water and hemolymph as O2 diminishes during shell closure might also have a physiological effect on gill performance and potentially reduces metabolic rate also in other tissues.

The NO donor treatment of cell free gill homogenates during 3 h strongly inhibited both CytOx (complex IV) and ETS (complex I and III) activities in a concentration independent manner, which suggests inhibition of respiratory complexes to be saturated at 3 mM SpNONOate. These assays in which we apparently applied excess amounts of NO donor were intended to clarify chemical susceptibility of M. edulis respiratory complexes to NO inhibition. This being confirmed, it seems likely that the strong effect of NO donor administration on respiration of freshly excised intact gill pieces is due to the inhibition of the mitochondrial electron transport complexes. The multisite inhibitory effect is known from experiments with rat heart submitochondrial particles (SMPs) that were exposed to slightly higher concentrations of NO (0.1 and 0.3 μM, Poderoso et al., 1996). The authors found substantial inhibition of NADH-cytochrome c reductase (complex I), as well as complex III (ubiquinone-cytochrome b reductase) with the strongest inhibition of complex IV (CytOx, 50% inhibition with 0.1 μM NO). Higher effective concentrations of NO (0.3–0.6 μM) caused significant H2O2 release from SMPs supplied with succinate as respiratory electron donor, indicating [image: image] production, which in aqueous media rapidly dismutates to H2O2. In intact tissues, [image: image] produced by NO inhibited mitochondria would rapidly form peroxynitrite (ONOO−) and cause oxidative and cellular damage at NO concentrations that, according to these authors, are about one order of magnitude higher than the concentrations affording inhibition of CytOx (Poderoso et al., 1996).

Hypoxia had a strong effect on respiration rates and the activities of respiratory chain complexes I, III, and IV. It is interesting to note that CytOx activity measured in the homogenates incubated at mildly hypoxic pO2 (7 kPa) was higher than in homogenates from the same gill assayed after normoxic incubation (21 kPa). This would have appeared as an artifact, if not replicated with 12 individual gill experiments, and if the activity maximum at 7 kPa pO2 had not been observed in the range of the elevated respiration pattern shown for M. edulis gills in our previous study (Rivera-Ingraham et al., 2013b). As all gills originated from the same batch of control mussels taken directly from the holding tank, physiological differences in the extracts incubated at different pO2 levels can be excluded. It appears that in the 21 kPa O2 treatment something may have inhibited CytOx activity, such as a potential production of ROS in the air equilibrated homogenates. Indeed, mitochondrial ROS formation has been shown to increase linearly with O2 concentration (Turrens et al., 1982) and studies in invertebrates have shown that ROS formation is higher under normoxia than under reduced O2 conditions (e.g., Rivera-Ingraham et al., 2013a). As plenty of O2 was present in the normoxic homogenate based assay that was not reduced by CytOx activity, it may very well have caused [image: image] formation from autoxidation of ETS compounds as shown for hyperoxically perfused rat lung endothelia (Brueckl et al., 2006) or from other cellular compounds easily prone to oxidation once exposed to air. Hence the results obtained with the cell free homogenates must not be over interpreted in terms of their physiological implications for the intact tissue.

It was also interesting to see that [image: image] formed in the mitochondria of the intact gill filaments exposed to hypoxia and near anoxia, and that [image: image] production was even more strongly induced by NO donor treatment in peripheral than in endothelial mitochondria (Figure 5C2). Thus, [image: image] production appears to be induced as mitochondrial electron transport slows near anoxia and can also be triggered by NO as a mitochondrial ETS inhibitor in M. edulis. The effect of the NO donor was not only stronger but also quicker, and could potentially mimic an oxidative burst reaction triggered by NO. It is characteristic of marine invertebrate mitochondria that their lower membrane potential and flexibly adjustable proton leak supports mitochondrial integrity and stabilizes inner Δψm against environmental factor fluctuations including hypoxia (Abele et al., 2007). Stable Δψm in epithelial and endothelial gill mitochondria, recorded with the membrane potential sensitive fluorophore JC10 in our short-term hypoxia and SpNONOate exposure experiments, underline this mitochondrial tolerance. It might have been different if experimental exposure of gill pieces had persisted over longer time than 30 min. In meiofauna flatworms we observed an increase of Δψm with life imaging following 1.5 h in anoxia (Rivera-Ingraham et al., 2013a). A potential mechanism to stabilize Δψm is the alternative oxidase (AOX) that enables branching electron transport and maintenance of Δψm when CytOx becomes inhibited by cyanide, hydrogen sulfide (Parrino et al., 2000), or NO (further reading in Abele et al., 2017). Recently AOX sequences have been reported from several molluscan species, among them Mytilus californianus and M. galloprovincialis (McDonald et al., 2009). This is a very powerful and efficient mechanism in hypoxia tolerant aquatic invertebrates, and it seems likely that AOX may have stabilized Δψm against short term hypoxic exposure in M. edulis gills.




CONCLUSION AND FUTURE PERSPECTIVES

With this study we highlighted for the first time that NO, formed in the endothelial muscle cells around the hemolymphatic vessel of M. edulis gill filaments, can function as a local vasodilator under hypoxic conditions. Externally applied NO has a concentration dependent effect on gill respiration and blood vessel diameter and might affect the physiological performance of the gills and other tissues if it accumulates to significant amounts in the nM range under hypoxic conditions. Indeed, shell water NO and potentially [image: image] levels [see (van Faassen et al., 2009) for effects of [image: image] on cellular signaling and mitochondrial respiration under hypoxic conditions] could have a mediating effect inducing metabolic shut down in hypoxia-exposed or stress exposed mussels that keep the shell closed for prolonged periods. A controlled metabolic shut down and a tiered reduction of ETS activities, including CytOx, may prevent significant ROS formation during hypoxic and anoxic transgression. All this may show an ancient mechanism for controlling respiratory electron transport under conditions of variable environmental oxygenation, typical for coastal marine environments to date. The interaction between animals and their microbial biofilms is a fascinating future topic that could also be of relevance with respect to hypoxic adaptation of marine benthic macrofauna.



AUTHOR CONTRIBUTIONS

All co-authors planned the experiments together and designed the workplan. PG and GR-I carried out the main body of experimental work in the laboratory of DA. GR-I, PG, and DA analyzed the data and produced the figures and tables. All authors contributed to the discussion and the writing of the manuscript.



ACKNOWLEDGMENTS

We are especially grateful to Stefanie Meyer (AWI) for her help in the laboratory and the AWI Department Functional Ecology for supporting this research. Thanks also go to two referees who helped to improve the original version of the manuscript. This study was supported by a funding for international research stays for argentine researchers from the National Council for Science and Technology (CONICET, Res D N°2834). PG is a career investigator from CONICET.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fphys.2018.01709/full#supplementary-material



REFERENCES

 Abele, D., Brey, T., and Philipp, E. E. R. (2017). “Ecophysiology of extant marine Bivalvia,” in Treatise Online XX, ed. J. Carter (Lawrence, KS), 1–47.

 Abele, E., Philipp, E., Gonzalez, P. M., and Puntarulo, S. (2007). Marine invertebrate mitochondria and oxidative stress. Front. Biosci. 12, 933–946. doi: 10.2741/2115

 Acevedo, S., Arias, N., Crego, P., Diehl, P., Flores, V., Funes, F., et al. (1993). Analisis del Contenido Intestinal de Diplodon chilensis. Trabajo especial. Catedra de Invertebrados A. Biblioteca Parasitologia C.R.U.B. Universidad del Comahue, Bariloche.

 Aiello, E., and Guideri, G. (1965). Distribution and function of the branchial nerve in the mussel. Biol. Bull. 129, 431–438. doi: 10.2307/1539722

 Altieri, A. H. (2006). Inducible variation in hypoxia tolerance across the intertidal–subtidal distribution of the blue mussel Mytilus edulis. Marine Ecol. Progr. Ser. 325, 295–300. doi: 10.3354/meps325295

 Anderson, I. C., and Levine, J. S. (1986). Relative rates of nitric oxide and nitrous oxide production by nitrifiers, denitrifiers, and nitrate respirers. Appl. Environ. Microbiol. 51, 938–945.

 Bayne, B., Bayne, C., Carefoot, T., and Thompson, R. (1976). The physiological ecology of Mytilus californianus Conrad. Oecologia 22, 229–250. doi: 10.1007/BF00344794

 Bayne, B. L. (1971). Ventilation, the heart beat and oxygen uptake by Mytilus edulis L. in declining oxygen tension. Compar. Biochem. Physiol. A Physiol. 40, 1065–1085. doi: 10.1016/0300-9629(71)90295-7

 Brueckl, C., Kaestle, S., Kerem, A., Habazettl, H., Krombach, F., Kuppe, H., et al. (2006). Hyperoxia-induced reactive oxygen species formation in pulmonary capillary endothelial cells in situ. Am. J. Respir. Cell Mol. Biol. 34, 453–463. doi: 10.1165/rcmb.2005-0223OC

 Châtelain, E. H. (2008). Effet de la Variabilité de l'ADN mitochondrial et du Régime Termique sur le Métabolisme et la Gestion du Stress Oxydant Durant le Vieillissement chez Drosophila simulans. Maitraise en gestion de la faune et de ses habitats, Université du Québec à Rimouski.

 Conte, A., and Ottaviani, E. (1995). Nitric oxide synthase activity in molluscan hemocytes. FEBS Lett. 365, 120–124. doi: 10.1016/0014-5793(95)00439-G

 Demoncheaux, E. A., Higenbottam, T. W., Foster, P. J., Borland, C. D., Smith, A. P., Marriott, H. M., et al. (2002). Circulating nitrite anions are a directly acting vasodilator and are donors for nitric oxide. Clin. Sci. 102, 77–83. doi: 10.1042/cs1020077

 Eriksson, B. K., van der Heide, T., van de Koppel, J., Piersma, T., van der Veer, H. W., and Olff, H. (2010). Major changes in the ecology of the Wadden Sea: human impacts, ecosystem engineering and sediment dynamics. Ecosystems 13, 752–764. doi: 10.1007/s10021-010-9352-3

 González, P. M., Abele, D., and Puntarulo, S. (2008). Iron and radical content in Mya arenaria: possible sources of NO generation. Aquat. Toxicol. 89, 122–128. doi: 10.1016/j.aquatox.2008.06.008

 González, P. M., and Puntarulo, S. (2011). Iron and nitrosative metabolism in the Antarctic mollusc Laternula elliptica. Compar. Biochem. Physiol. C Toxicol. Pharmacol. 153, 243–250. doi: 10.1016/j.cbpc.2010.11.003

 Heisterkamp, I. M., Schramm, A., De Beer, D., and Stief, P. (2010). Nitrous oxide production associated with coastal marine invertebrates. Mar. Ecol. Progr. Ser. 415, 1–9. doi: 10.3354/meps08727

 Jacklet, J. W. (1997). Nitric oxide signaling in invertebrates. Invertebr. Neurosci. 3, 1–14. doi: 10.1007/BF02481710

 Kaiser, L., Spickard, R. C., Sparks, H. V. Jr, and Williams, J. F. (1989). Dirofilaria immitis: alteration of endothelium-dependent relaxation in the in vivo canine femoral artery. Exper. Parasitol. 69, 9–15. doi: 10.1016/0014-4894(89)90165-3

 Kaiser, L., Tithof, P. K., Lamb, V. L., and Williams, J. F. (1991). Depression of endothelium-dependent relaxation in aorta from rats with Brugia pahangi lymphatic filariasis. Circulat. Res. 68, 1703–1712. doi: 10.1161/01.RES.68.6.1703

 McDonald, A. E., Vanlerberghe, G. C., and Staples, J. F. (2009). Alternative oxidase in animals: unique characteristics and taxonomic distribution. J. Exper. Biol. 212, 2627–2634. doi: 10.1242/jeb.032151

 Moroz, L. L., Chen, D., Gillette, M. U., and Gillette, R. (1996). Nitric oxide synthase activity in the molluscan CNS. J. Neurochem. 66, 873–876. doi: 10.1046/j.1471-4159.1996.66020873.x

 Moyes, C. D., Mathieu-Costello, O. A., Tsuchiya, N., Filburn, C., and Hansford, R. G. (1997). Mitochondrial biogenesis during cellular differentiation. Am. J. Physiol. 272(4 Pt 1), C1345–C1351. doi: 10.1152/ajpcell.1997.272.4.C1345

 Palumbo, A. (2005). Nitric oxide in marine invertebrates: a comparative perspective. Comp. Biochem. Physiol. A Mol. Integr. Physiol. 142, 241–248. doi: 10.1016/j.cbpb.2005.05.043

 Parrino, V., Kraus, D. W., and Doeller, J. E. (2000). ATP production from the oxidation of sulfide in gill mitochondria of the ribbed mussel. Geukensia demissa. J. Exper. Biol. 203, 2209–2218.

 Philipp, E. E. R., Lipinski, S., Rast, J., and Rosenstiel, P. (2012). “Immune defense of marine invertebrates: the role of reactive oxygen and nitrogen species oxidative stress in aquatic ecosystems,” in Oxidative Stress in Aquatic Ecosystems, eds D. Abele, J. P. Vázquez-Medina, and T. Zenteno-Savín. doi: 10.1002/9781444345988.ch17

 Poderoso, J. J., Carreras, M. C., Lisdero, C., Riobó, N., Schöpfer, F., and Boveris, A. (1996). Nitric oxide inhibits electron transfer and increases superoxide radical production in rat heart mitochondria and submitochondrial particles. Archiv. Biochem. Biophys. 328, 85–92. doi: 10.1006/abbi.1996.0146

 Rivera-Ingraham, G. A., Bickmeyer, U., and Abele, D. (2013a). The physiological response of the marine platyhelminth Macrostomum lignano to different environmental oxygen concentrations. J. Exp. Biol. 216, 2741–2751. doi: 10.1242/jeb.081984

 Rivera-Ingraham, G. A., Rocchetta, I., Bickmeyer, U., Meyer, S., and Abele, D. (2016). Spatial compartmentalization of free radical formation and mitochondrial heterogeneity in bivalve gills revealed by live-imaging techniques. Front. Zool. 13:4. doi: 10.1186/s12983-016-0137-1

 Rivera-Ingraham, G. A., Rocchetta, I., Meyer, S., and Abele, D. (2013b). Oxygen radical formation in anoxic transgression and hypoxia-reoxygenation: foe or phantom? Experiments with an anoxia tolerant bivalve. Mar. Environ. Res. 92, 110–119. doi: 10.1016/j.marenvres.2013.09.007

 Schipp, R., and Gebauer, M. (1999). Nitric oxide: a vasodilatatory mediator in the cephalic aorta of Sepia officinalis (L.) (Cephalopoda). Invertebr. Neurosci. 4, 9–15. doi: 10.1007/s101580050002

 Sinha, S. (2011). Studying the Role of Nitric Oxide in Initiating Angiogenesis and Its Patterning. Ph.D. thesis, Anna University.

 Stief, P. (2013). Stimulation of microbial nitrogen cycling in aquatic ecosystems by benthic macrofauna: mechanisms and environmental implications. Biogeosciences 10:7829. doi: 10.5194/bg-10-7829-2013

 Sukhotin, A., Abele, D., and Pörtner, H.-O. (2006). Ageing and metabolism of Mytilus edulis: populations from various climate regimes. J. Shellfish Res. 25, 893–899. doi: 10.2983/0730-8000(2006)25[893:AAMOME]2.0.CO;2

 Svenningsen, N. B., Heisterkamp, I. M., Sigby-Clausen, M., Larsen, L. H., Nielsen, L. P., Stief, P., et al. (2012). Shell biofilm nitrification and gut denitrification contribute to emission of nitrous oxide by the invasive freshwater mussel Dreissena polymorpha (zebra mussel). Appli. Environ. Microbiol. 78, 4505–4509. doi: 10.1128/AEM.00401-12

 Tafalla, C., Gómez-León, J., Novoa, B., and Figueras, A. (2003). Nitric oxide production by carpet shell clam (Ruditapes decussatus) hemocytes. Develop. Compar. Immunol. 27, 197–205. doi: 10.1016/S0145-305X(02)00098-8

 Taylor, C. T., and Moncada, S. (2010). Nitric oxide, cytochrome C oxidase, and the cellular response to hypoxia. Arterioscler. Thrombosis Vasc. Biol. 30, 643–647. doi: 10.1161/ATVBAHA.108.181628

 Tielens, A. G., Rotte, C., van Hellemond, J. J., and Martin, W. (2002). Mitochondria as we don't know them. Trends Biochem. Sci. 27, 564–572. doi: 10.1016/S0968-0004(02)02193-X

 Turrens, J. F., Freeman, B. A., Levitt, J. G., and Crapo, J. D. (1982). The effect of hyperoxia on superoxide production by lung submitochondrial particles. Archiv. Biochem. Biophys. 217, 401–410. doi: 10.1016/0003-9861(82)90518-5

 van Faassen, E. E., Bahrami, S., Feelisch, M., Hogg, N., Kelm, M., Kim-Shapiro, D. B., et al. (2009). Nitrite as regulator of hypoxic signaling in mammalian physiology. Medic. Res. Rev. 29, 683–741. doi: 10.1002/med.20151

 Van Winkle, W. J. (1968). The effects of season, temperature and salinity on the oxygen consumption of bivalve gill tissue. Compar. Biochem. Physiol. 26, 69–80. doi: 10.1016/0010-406X(68)90313-7

 Zandee, D., Kluytmans, J., Zurburg, W., and Pieters, H. (1980). Seasonal variations in biochemical composition of Mytilus edulis with reference to energy metabolism and gametogenesis. Netherl. J. Sea Res. 14, 1–29. doi: 10.1016/0077-7579(80)90011-3

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2019 González, Rocchetta, Abele and Rivera-Ingraham. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.





 

 

 
 
	 
	ORIGINAL RESEARCH
 published: 15 March 2019
 doi: 10.3389/fphys.2019.00213
 

  


[image: image2]

Variation in Thermal Tolerance and Its Relationship to Mitochondrial Function Across Populations of Tigriopus californicus

Alice E. Harada*, Timothy M. Healy and Ronald S. Burton


Marine Biology Research Division, Scripps Institution of Oceanography, University of California, San Diego, La Jolla, CA, United States


Edited by:
 Pierre Blier, University of Québec in Rimouski, Canada

Reviewed by:
 Marco Passamonti, University of Bologna, Italy
 Nicolas Pichaud, Université de Moncton, Canada
 Eric Pante, Centre National de la Recherche Scientifique (CNRS), France

*Correspondence: Alice E. Harada, aharada@ucsd.edu

Specialty section: This article was submitted to Aquatic Physiology, a section of the journal Frontiers in Physiology


Received: 18 September 2018
 Accepted: 19 February 2019
 Published: 15 March 2019

Citation: Harada AE, Healy TM and Burton RS (2019) Variation in Thermal Tolerance and Its Relationship to Mitochondrial Function Across Populations of Tigriopus californicus. Front. Physiol. 10:213. doi: 10.3389/fphys.2019.00213
 

Variation in thermal tolerance plays a key role in determining the biogeographic distribution of organisms. Consequently, identifying the mechanistic basis for thermal tolerance is necessary for understanding not only current species range limits but also the capacity for range limits to shift in response to climate change. Although variation in mitochondrial function likely contributes to variation in thermal tolerance, the extent to which mitochondrial function underlies local thermal adaptation is not fully understood. In the current study, we examine variation in thermal tolerance and mitochondrial function among three populations of the intertidal copepod Tigriopus californicus found across a latitudinal thermal gradient along the coast of California, USA. We tested (1) acute thermal tolerance using survivorship and knockdown assays, (2) chronic thermal tolerance using survivorship of nauplii and developmental rate, and (3) mitochondrial performance at a range of temperatures using ATP synthesis fueled by complexes I, II, and I&II, as well as respiration of permeabilized fibers. We find evidence for latitudinal thermal adaptation: the southernmost San Diego population outperforms the northernmost Santa Cruz in measures of survivorship, knockdown temperature, and ATP synthesis rates during acute thermal exposures. However, under a chronic thermal regime, survivorship and developmental rate are more similar in the southernmost and northernmost population than in the mid-range population (Abalone Cove). Though this pattern is unexpected, it aligns well with population-specific rates of ATP synthesis at these chronic temperatures. Combined with the tight correlation of ATP synthesis decline and knockdown temperature, these data suggest a role for mitochondria in setting thermal range limits and indicate that divergence in mitochondrial function is likely a component of adaptation across latitudinal thermal gradients.

Keywords: local adaptation, ATP synthesis, intertidal, timescale, ectotherm, copepod, latitudinal gradient


INTRODUCTION

Environmental temperature is one of the most influential abiotic factors in shaping the performance and survival of organisms (Hochachka and Somero, 2002). Upper and lower thermal limits of populations and species typically increase from the poles to the equator (Sunday et al., 2011), and in general, maximum habitat temperatures at equatorward range limits closely match maximum tolerated temperatures (Sunday et al., 2012). Temperatures that limit organismal performance also often align with habitat temperatures that occur over prolonged periods (i.e., seasons) (Johnston and Dunn, 1987; Pörtner, 2010). Together, these observations suggest that variation in temperature and upper thermal tolerance play key roles in determining the biogeographic distribution of organisms (Pörtner, 2010; Sunday et al., 2011, 2012; Deutsch et al., 2015). Thus, identifying the mechanistic basis for differences in upper thermal limits among species and populations is necessary to understand not only current species range limits but also the capacity for range limits to shift as a result of local genetic adaptation and phenotypic plasticity in response to natural or anthropogenic climate change (Pörtner et al., 2006; Pritchard and Di Rienzo, 2010; Sunday et al., 2012; Seebacher et al., 2015; Bay et al., 2017; Healy et al., 2018).

Mitochondria play a role in a diversity of cellular functions (e.g., calcium signaling, cell growth and differentiation, cell cycle control, and cell death), and their central role in energy metabolism suggests that mitochondria may be intimately associated with thermal performance and tolerance in ectotherms. For instance, the loss of mitochondrial ATP synthesis capacity in fish hearts is thought to occur at temperatures immediately below tolerance limits during acute exposures to high temperatures (Iftikar and Hickey, 2013; Christen et al., 2018; O’Brien et al., 2018). In contrast, in some species, the loss of whole organism tolerance occurs at temperatures below those resulting in decreased mitochondrial oxidative capacity (e.g., see Dahlhoff et al., 1991; Dahlhoff and Somero, 1993). In any case, relative changes in mitochondrial oxidative phosphorylation and proton leak at sublethal temperatures may underlie thermal limits for whole-organism aerobic capacity and variation in aerobic capacity across temperatures (e.g., Pörtner, 2001). In addition, mitochondrial functions are known to respond to temperature both as a result of phenotypic plasticity and local genetic adaptation through changes in mitochondrial amount (Egginton and Johnston, 1984; Orczewska et al., 2010; Dhillon and Schulte, 2011; O’Brien, 2011), oxidative capacity (Guderley, 2004; Kraffe et al., 2007; Grim et al., 2010; Seebacher et al., 2010; Chung and Schulte, 2015; Chung et al., 2017a), oxygen affinity (Chung et al., 2017b), membrane composition (Hazel, 1995; Kraffe et al., 2007; Grim et al., 2010; Chung et al., 2018a), and enzyme activities and amounts (St-Pierre et al., 1998; Guderley, 2004; McClelland et al., 2006; LeMoine et al., 2008; Orczewska et al., 2010), which clearly suggest that modulation of mitochondrial functions is an important component of cellular responses to temperature change. Thus, although variation in mitochondrial functions likely contributes to the mechanistic basis for variation in thermal tolerance, neither the role of mitochondrial mechanisms across different timescales of thermal exposure (i.e., acute versus chronic) nor the extent to which variation in mitochondrial functions underlies local thermal adaptation across environmental temperature gradients is fully understood.

In the current study, we examine variation in thermal tolerance and mitochondrial function among three populations of the intertidal copepod Tigriopus californicus found across a latitudinal thermal gradient along the coast of California, USA (Figure 1). T. californicus inhabits high-intertidal splash pools on the west coast of North America from Baja California, Mexico, to Alaska, USA, and is an ideal candidate species to study local genetic adaptation of both thermal tolerance and mitochondrial functions. Gene flow among populations of T. californicus is remarkably low even over short distances (Burton, 1998; Willett and Ladner, 2009; Peterson et al., 2013), and consequently, there are high levels of genetic divergence among populations both in genes encoded in the mitochondrial genome and in genes in the nuclear genome that encode products that function in the mitochondria (e.g., 9.5–26.5% sequence divergence in the mitochondrial genome among populations with Fst ≈ 0.98 across a large number of populations; Edmands, 2001; Peterson et al., 2013; Pereira et al., 2016; Barreto et al., 2018). Furthermore, there is substantial evidence for local adaptation of upper thermal tolerance among populations of T. californicus, with more southern populations generally able to tolerate higher temperatures than more northern populations (Willett, 2010; Kelly et al., 2012; Tangwancharoen and Burton, 2014; Hong and Shurin, 2015; Pereira et al., 2017; Leong et al., 2018; Willett and Son, 2018).
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FIGURE 1. Locations of T. californicus collection sites along the coast of California (gray = land; white = Pacific Ocean). Sites are indicated by colored circles [red = San Diego (SD); orange = Abalone Cove (AB); blue = Santa Cruz (SCN)]. Dashed gray lines outline contours of average sea surface temperatures from the first week of July 2017 with temperature in degrees Celsius indicated by small gray numbers (obtained from: http://www.cpc.ncep.noaa.gov/products/GIS/GIS_DATA/sst_oiv2/index.php).
 

Differences in mitochondrial genotype and function have been linked to variation in thermal performance in species of Drosophila (Pichaud et al., 2012; Hoekstra et al., 2013); however, previously published studies in T. californicus have not directly addressed this potential mechanistic relationship. It has been observed that disruption of mitochondrial functions in inter-population F2 hybrids of T. californicus does not result in decreased thermal tolerance (Willett, 2012; Pereira et al., 2014), despite lower mitochondrial ATP synthesis capacities at 20°C (Ellison and Burton, 2008). However, ATP synthesis capacity has not been measured during exposures to high temperatures in T. californicus, and thus it is possible that mitochondrial dysfunction may play a role in determining variation in upper thermal tolerance in this species in general. To investigate the mechanistic relationships between upper thermal tolerance and mitochondrial function in T. californicus and how these relationships may contribute to latitudinal thermal adaptation across timescales (i.e., acute versus chronic or within-generation versus across-generations), here we assess (1) intraspecific variation in upper thermal tolerance and performance among populations using survivorship of heat stresses from 34 to 37°C, knockdown temperatures, developmental survivorship, and developmental rate at 20 and 25°C, (2) inter-population variation in mitochondrial ATP synthesis capacity and thermal sensitivity of ATP synthesis rates during acute thermal exposure, and (3) variation in mitochondrial oxidative and leak respiration rates among populations at both intermediate and high temperatures.



MATERIALS AND METHODS


Copepod Collection and Culture


Tigriopus californicus were collected from high rocky tide pools at three locations in California, USA (Figure 1): “SD” from Ocean Beach, San Diego County (32° 45′ N, 117° 15′ W); “AB” from Abalone Cove, Los Angeles County (33° 44′ N, 118° 22′ W); and “SCN” from Santa Cruz County (36° 56′ N, 122° 02′ W). These populations are found across a latitudinal gradient in temperature along ~775 km of the coast of California with about a 6°C difference in sea surface temperature (Figure 1) and ~4°C difference in mean annual air temperatures (e.g., Pereira et al., 2017) from SD to SCN.

Copepods were kept in multiple 400-ml beakers containing 250-ml filtered seawater (0.4 μm, 35 ppt). Cultures were fed ad libitum with a combination of ground TetraVeggie algae wafers and powdered Spirulina. Prior to use in any thermal exposure assays, cultures were maintained in the laboratory for at least 1 month (one generation) at 20°C with a 12-h light/dark cycle.



Survivorship of Acute Heat Stress Across Temperatures

Tolerance of a 1-hour heat stress at different temperatures was measured using methods similar to those previously described for T. californicus (Willett, 2010; Kelly et al., 2012; Tangwancharoen and Burton, 2014; Pereira et al., 2017; Leong et al., 2018; Willett and Son, 2018). In brief, groups of 10 adult copepods from each population were removed from stock cultures by glass pipette and transferred to separate 15-ml Falcon™ tubes (Thermo Fisher Scientific, Waltham, MA) containing 10-ml of 20°C filtered seawater. After 10 min, the tubes were submerged in a preheated water bath (Julabo USA Inc., Allentown, MA) at one of four temperatures: 34, 35, 36, or 37°C. Following 1 h of heat stress, tubes were moved to a beaker containing 20°C water for an additional hour to allow the temperature inside the tubes to gradually decrease back to holding conditions. Copepods were then transferred to a fresh 10-cm petri dish containing 20°C filtered seawater. Tolerance of the acute high temperature exposures was assessed after 3 days as the proportion of surviving individuals in each group of 10 (n = 6 per population and temperature).



Knockdown Temperature

Maximum tolerated temperature during a ramping heat stress was assessed by knockdown temperature (i.e., the temperature at which movement and responsiveness cease; e.g., Gilchrist and Huey, 1999; Hoffmann et al., 2003). For each trial, eight adult copepods from each population were individually pipetted from stock cultures into 0.2-ml strip tubes (without caps) and carryover water was replaced with 100 μl of 20°C filtered seawater. After approximately a 10-min recovery, the strip tubes were placed in an Applied Biosystems SimpliAmp™ Thermal Cycler (Thermo Fisher Scientific, Waltham, MA). Locations of individuals from each population were randomized in the thermal cycler for each trial. The heat stress regime utilized the AutoDelta function of the thermal cycler with the following protocol: 20°C for 5 min, +0.1°C every 20 s from 20 to 32°C, and +0.1°C every 60 s from 32 to 45°C. The thermal cycler lid was left open during the temperature ramp and copepods were monitored continuously from above. Once a copepod stopped responding to gentle tapping of their tube, loss of responsiveness was assessed by cycling 40 μl of the water in the tube with a micropipette taking care not to touch the copepod directly. In general, this manipulation results in the observation of active swimming behavior in T. californicus; however, at high temperatures, this response is no longer observed and copepods gradually sink to the bottom of the tubes passively. If a copepod actively responded to the water movement, responsiveness tests were paused and monitoring continued. If no active response was observed, the responsiveness test was repeated up to three times (total time for end-point determination for an individual was ~6 s). The first temperature at which a copepod did not respond to three successive tests was recorded as the individual’s knockdown temperature (n = 16 per population over two trials). After this end point was determined, individuals were transferred by glass pipette to recovery 10-cm petri dishes containing 20°C filtered seawater (one per population); survivorship 1 day after the assay was >90%.



Developmental Survival and Rate

Gravid females with mature (red) egg sacs were removed from stock cultures by glass pipette and immobilized on filter paper (n = 24 per population). Egg sacs were dissected from the females with a needle and placed in 6-well plates containing 20°C filtered seawater (one egg sac per well). Eggs were allowed to hatch overnight at 20°C, and in the morning, the nauplii (i.e., offspring) from each sac were counted and split between two 6-well plates (one well per plate per egg sac). The two plates were incubated for 21 days at 20 or 25°C (one plate per temperature). Spirulina was added to each well twice per week as a food source, and salinity was adjusted using addition of deionized water to compensate for evaporation weekly. On days 7, 14, and 21, surviving individuals and the number of nauplii that had metamorphosed into copepodids were counted in each well. The number of wells in which adult males were observed was also recorded. The presence of adult males, rather than females, was used, because the final molt to adult male T. californicus results in visually conspicuous antennae that are used in mating behaviors (Burton, 1985; Tsuboko-Ishii and Burton, 2017). In contrast, young adult females are visually difficult to distinguish from juvenile females and males until later stages of maturity (Burton, 1985) and thus are suboptimal indicators of developmental stage.

For measurement of developmental rate at 20 and 25°C, mature egg sacs were dissected and split post-hatch as described above (n = 18, 16, and 18 for SD, AB, and SCN, respectively), but in this case split egg sacs were pooled into 10-cm petri dishes (one dish per population and temperature) and developmental stage was monitored daily. The rate of development was tracked by the day of appearance of copepodids in the dish and was scored for each individual (Tangwancharoen and Burton, 2014). Regardless of developmental temperature, the survivorship of offspring for all populations was 78.6–94.0%, and all surviving individuals metamorphosed by 14 days post clutch split.



ATP Synthesis Rate

ATP synthesis assays were conducted using similar methods to those of Ellison and Burton (2006). Mitochondria were isolated from groups of 30 adult copepods per assay (n = 6 per population). Preliminary tests indicated that this number of copepods was sufficient to show linear ATP production over time for at least 1 h across the range of temperatures tested in this study (20 to 40°C). Copepods were rinsed with 200 μl ice cold homogenization buffer (400 mM sucrose, 100 mM KCl, 6 mM EGTA, 3 mM EDTA, 70 mM HEPES, 1% w/v BSA, pH 7.6) (Moyes et al., 1985) and homogenized on ice in 800 μl homogenization buffer with a teflon on glass homogenizer. The homogenate was transferred to 1.5-ml microcentrifuge tubes (Eppendorf, Hamburg, Germany) and centrifuged at 1,000 g for 5 min at 4°C. The supernatant was transferred to new microcentrifuge tubes and was centrifuged at 11,000 g for 10 min at 4°C. The supernatant resulting from this second centrifugation was then removed and the pellet was resuspended in 255 μl assay buffer (560 mM sucrose, 100 mM KCl, 10 mM KH2PO4, 70 mM HEPES, pH 7.6; modified from Moyes et al., 1985).

Mitochondrial isolations were split into ten 25-μl aliquots in PCR tubes for ATP synthesis assays at nine incubation temperatures (one tube per temperature: 20, 25, 30, 35, 36, 37, 38, 39, and 40°C, and one tube for measurement of initial ATP concentrations in the assays). The remaining 5 μl of isolate was used for protein content determination. To initiate synthesis assays, 5 μl of a substrate cocktail was added to each tube, and then the tubes were incubated at the desired temperature for 10 min in an Applied Biosystems SimpliAmp™ Thermal Cycler (Thermo Fisher Scientific, Waltham, MA). The substrate cocktail depended on the electron transport system (ETS) complexes that were used to drive electron transport and subsequent ATP synthesis. In our study, we measured ATP synthesis rate as a result of electron donation to complex I (CI; final substrate concentrations in assay: 5 mM pyruvate, 2 mM malate, and 1 mM ADP), complex II (CII; final substrate concentrations in assay: 10 mM succinate, 0.5 μM rotenone, and 1 mM ADP), and complex I and complex II in combination (CI&II; final substrate concentrations in assay: 5 mM pyruvate, 2 mM malate, 10 mM succinate, and 1 mM ADP). After the incubation period, 25 μl of each assay was added to an equal volume of CellTiter-Glo (Promega, Madison, WI), which both halts ATP synthesis and allows quantification of ATP concentration. Tubes used to measure initial ATP concentrations in the assays also had 5 μl of substrate cocktail, but CellTiter-Glo was added immediately following substrate addition. Therefore, these tubes accounted for any signal that was not a result of ATP synthesis during the assays. After a 10-min incubation at room temperature, the samples and controls were mixed by shaking, read on a luminometer, and compared with a set of ATP standards (5 nM to 10 μM prepared in assay buffer; 25 μl of each standard was mixed with 25 μl of CellTiter-Glo as described above for samples and controls). ATP synthesis rates were calculated after control values were subtracted from sample values, and rates were then normalized for protein content in the corresponding mitochondrial isolation using NanoOrange Protein Quantitation Kit assays (Thermo Fisher Scientific, Waltham, MA) according to the manufacturer’s instructions. Note that, while our buffer contained compounds (HEPES, sucrose, and potassium chloride) that have the potential to interfere with this assay at high concentrations (10, 10, and 20 mM, respectively), the final concentrations present after dilution were below these maxima for HEPES and potassium chloride (1.37 and 1.96 mM, respectively), and sucrose concentration was approximately the maximum recommended according to the manufacturer’s instructions (10.98 mM).



High-Resolution Respirometry of Cell-Permeabilized Copepods

Respirometry was performed using a Clark-type electrode system (Oxygraph Plus System, Hansatech Instruments Ltd., England). The electrode was calibrated at either 20 or 35°C using air-saturated assay buffer (see “ATP synthesis rate” section above). Groups of 40 adult copepods were crudely homogenized using blue polypropylene pestles (Thomas Scientific, Swedesboro, NJ) in a 1.5-ml microcentrifuge tube to which 500 μl cold (~0°C) BIOPS was added (2.77 mM CaK2EGTA, 7.23 mM K2EGTA, 5.77 mM ATP, 6.56 mM MgCl2, 20 mM taurine, 15 mM Phosphocreatine, 20 mM imidazole, 0.5 mM dithiothreitol, 50 mM K-MES, pH 7.1; Lemieux et al., 2011). Homogenized animals were then permeabilized by incubation in BIOPS containing 81.25 μg ml−1 saponin (concentration determined from Pichaud et al., 2011, and preliminary trials) for 30 min at 4°C prior to use in respirometry assays. After incubation, BIOPS was removed and 500 μl of assay buffer was added. The permeabilized copepods in assay buffer were then transferred into the respirometry chamber. The ETS was activated with CI substrates (5 mM pyruvate and 5 mM malate) and 2.5 mM ADP, after which state 3 respiration rate was measured (i.e., the maximal respiration rate under phosphorylating conditions; Scheffler, 2008). A 10 μM cytochrome c was then added to assess membrane integrity and in general resulted in no change in respiration rate. Next, 2 μg ml−1 oligomycin was added to measure state 4ol respiration rate. State 4 is the rate of respiration in the absence of phosphorylation of ADP, which is the minimum rate required to counter proton leak and maintain proton motive force across the inner mitochondrial membrane; state 4ol achieves this artificially with the addition of oligomycin, which inhibits complex V (Scheffler, 2008). Concentrations of substrates and inhibitors were modified from Pesta and Gnaiger (2012) based on preliminary trials.



Statistical Analyses

All statistical analyses were performed in R v3.4.0 (R Core Team, 2017) using generalized linear models (GLM) and ANOVA followed by post-hoc tests with a threshold for statistical significance of α = 0.05. Differences in survival of 1-h acute heat stress were tested with population and exposure temperature as factors in a logistic GLM with a binomial error distribution. Pairwise comparisons among temperatures within populations and among populations within temperatures were conducted by t tests (paired or unpaired as appropriate) with a Bonferroni correction to determine significance. Data for knockdown temperatures and clutch sizes were analyzed by ANOVA with population as a factor followed by Tukey post-hoc tests. The same procedure was utilized to analyze mitochondrial respiration data, but population was added as an additional explanatory factor. Variation in time to metamorphosis (i.e., developmental rate) was assessed among treatments (populations x temperature) by Kruskal-Wallis ANOVA followed by Nemenyi tests. Significance of all pairwise comparisons was determined after a Bonferroni correction of alpha. Differences in developmental survival were calculated for each egg sac (25–20°C; see Table S1 for group means, metamorphosis and adult proportions) and were analyzed by mixed-effect linear models with fixed effects of population and day and a random effect of egg sac. Post-hoc comparisons were then performed with Tukey tests. Mixed-effect models were also used to assess variation in ATP synthesis rates with population and temperature as fixed effects and mitochondrial isolation as a random effect. Post-hoc pairwise comparisons for ATP synthesis rate were conducted similarly to those for survival of 1-h heat stress but with the use of the Benjamini-Hochberg method to correct for multiple comparisons (Benjamini and Hochberg, 1995). In all cases, interactions between factors were included in the fitted linear models. ANOVA tables for all statistical tests obtained from R are available in the supplementary materials (Tables S2–S12).




RESULTS


Thermal Tolerance and Performance

Patterns of variation in tolerance of acute heat stress among populations of T. californicus were consistent regardless of the methods used to assess tolerance. Survivorship of 1-h heat stress was affected by a significant interaction between population and exposure temperature (p = 5.8 × 10−5; Figure 2A). Post-hoc comparisons detected significant declines in survivorship between 35 and 36°C in all populations (p ≤ 1.4 × 10−5). However, the survival proportion of SCN was lower than that of SD at 35°C (p = 6.9 × 10−4) and was lower than the survival proportions of both SD and AB at 36 and 37°C (p ≤ 9.1 × 10−8). This pattern of decreased upper thermal tolerance in the northern SCN population was also observed through variation in knockdown temperature among populations (p = 6.1 × 10−11; Figure 2B). For both measurements of acute upper thermal tolerance, there were slight trends for lower mean tolerance in AB copepods than in SD copepods, but these trends were not supported statistically after correction for multiple comparisons (1-h heat stress: p ≥ 9.5 × 10−3 compared to corrected α = 1.7 × 10−3; knockdown temperature: p = 0.63).
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FIGURE 2. Acute upper thermal tolerance assessed by survivorship of 1-h heat stress (A) and knockdown temperature (B) in San Diego (SD; red, circles, solid lines), Abalone Cove (AB; orange, squares, dashed lines), and Santa Cruz (SCN; blue, triangles, dotted lines) copepods. (A) Data are presented as mean ± SEM; shared letters indicate temperatures that are not significantly different within populations; dagger symbols indicate differences among populations within a temperature († = SCN different from SD, ‡ = SCN different from SD and AB). (B) Data are presented as box plots; shared letters indicate populations that do not differ significantly.
 

We observed significant variation in the number of eggs per clutch among populations (p = 1.0 × 10−12; Figure 3A) with smaller egg sacs from AB females than those from either SD or SCN females (p < 1.0 × 10−4). Differences in survival of offspring from split egg clutches over 3 weeks of development and early adulthood at 20 and 25°C were significantly affected by an interaction between population and time (p = 2.4 × 10−3; Figure 3B). In general, development at 25°C had either no effect or negative effects on survival compared to development at 20°C in all three populations. There was no variation in the relative effects of development at 25°C on survival with time in either SD or SCN (p ≥ 0.97), and there were trends for greater negative effects of 25°C on survival in SCN than in SD on all days, but these trends were not significant in post-hoc tests (p ≥ 0.23). In contrast, the difference in survival between 25 and 20°C in AB became more negative over the 3 weeks with a significant decrease in relative survival at 21 days compared to 7 or 14 days (p ≤ 1.7 × 10−2). Additionally, on day 21, the difference in survival between 25 and 20°C was significantly lower in AB than in SD (p < 1.0 × 10−3). Not surprisingly, there were also significant effects of temperature on developmental rate in all three populations with more rapid development at 25°C than at 20°C (p < 2.8 × 10−11 for all populations; Figure 3C), although the decrease in median time to metamorphosis varied among populations (7, 8, and 9 days post clutch split at 20°C to 4, 5, and 7 days post clutch split at 25°C for SCN, SD, and AB, respectively). There were also significant effects of population on time to metamorphosis at both temperatures: at 20°C, SCN developed faster than either SD or AB (p < 8.9 × 10−11 for both), and at 25°C, all three populations were significantly different from each other with fastest development in SCN, slowest development in AB, and intermediate developmental rate in SD (p ≤ 5.8 × 10−3). Overall, these results suggest modest negative effects of 25°C on development in T. californicus, which are generally more pronounced in AB than in the other two populations in our study. Furthermore, AB demonstrates lower performance (i.e., smaller clutch sizes or slower developmental rate) than SD or SCN even at 20°C.


[image: image]

FIGURE 3. Egg clutch size (A), survival of development at 25°C compared to 20°C (B), and time to metamorphosis at 20 and 25°C (C) in San Diego (SD; red, circles, solid lines), Abalone Cove (AB; orange, squares, dashed lines), and Santa Cruz (SCN; blue, triangles, dotted lines) copepods. (A,C) Data are presented as box plots; shared letters indicate groups that are not significantly different. (B) Data are presented as mean ± SEM; small black dashes display difference for individual clutches; asterisk indicates a significantly lower difference in survival between 25 and 20°C at 21 days than at 7 or 14 days for AB and a significant difference between SD and AB at 21 days.
 



ATP Synthesis Rate and Mitochondrial Respiration

Regardless of the substrates and complexes used (CI, CII, or CI&II) to donate electrons to the ETS and drive ATP synthesis, synthesis rate was affected by significant interactions between population and temperature (p ≤ 5.1 × 10−3). If electrons were donated to both CI and CII (Figure 4A), ATP synthesis rate increased from 20 to 30°C in all three populations. Synthesis rate then plateaued from 30 to 35°C in SCN and from 30 to 36°C in SD and AB. Above these temperatures, ATP synthesis declined rapidly, and at temperatures greater than 36°C, rates in SCN were either lower than those in AB (p ≤ 8.2 × 10−3; 37 and 40°C) or lower than those in AB and SD (p ≤ 2.5 × 10−2; 38 and 39°C). SCN ATP synthesis rate was also significantly higher than AB ATP synthesis rate at 25°C (p = 3.8 × 10−2). If only CI substrates were used to drive ATP synthesis (Figure 4B), there were increases in synthesis rate with temperature from 20 to 35°C in all populations. At temperatures above 35°C, synthesis rate rapidly declined with temperature in SD and SCN, whereas in AB rates plateaued from 35 to ~37°C before declining at higher temperatures. As a result, there were no significant differences between the populations above 35°C (p ≥ 0.07). In contrast, CI-driven ATP synthesis was faster in SCN than in AB from 20 to 35°C (p ≤ 3.1 × 10−2), and similar trends were observed between SD and AB, although these trends were not detected as significant in post-hoc tests (0.051 < p < 0.108 for all). If only CII was used to drive electron transport (Figure 4C), patterns of change in ATP synthesis rate with temperature in all populations were similar to those described above for CI&II-fueled ATP synthesis. However, only one population effect on CII-driven synthesis rate was detected by post-hoc tests with a higher rate in AB than in SCN at 40°C (p = 2.5 × 10−2). Taken together, these results suggest that population- or temperature-mediated differences in CI&II ATP synthesis rate in T. californicus likely reflect contributions of population and temperature effects on synthesis rate when CI or CII are fueled separately, although under saturating conditions the independent CI and CII rates are not additive when the ETS is provided with both CI and CII substrates in combination. Additionally, our results indicate that AB synthesis rates, particularly when fueled through CI, are compromised relative to at least SCN rates from 20 to ~35°C, and that ATP synthesis capacity suffers high-temperature collapse at lower temperatures in SCN than in either SD or AB.
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FIGURE 4. CI&II- (A), CI- (B), and CII-fueled (C) ATP synthesis rate from 20 to 40°C in San Diego (SD; red, circles, solid lines), Abalone Cove (AB; orange, squares, dashed lines), and Santa Cruz (SCN; blue, triangles, dotted lines) copepods. Data are presented as mean ± SEM. Letters indicate the results of post-hoc tests within populations. Daggers indicate temperatures at which there is a difference between SCN and AB. Double daggers indicate temperatures at which there is a difference between SCN and both AB and SD. Vertical gray lines display mean knockdown temperatures for each population (SD – solid; AB – dashed; SCN – dotted).
 

In general, high-resolution respirometry experiments found that mitochondrial oxygen consumption rates fueled by CI substrates were variable within populations and temperatures in our study, and few differences were resolved statistically. State 3 respiration rate (Figure 5A) was not significantly affected by population (p = 0.47), temperature (p = 0.57), or an interaction between population and temperature (p = 0.21), and state 4ol respiration rate (Figure 5B) and respiratory control ratio (RCR = state 3/state 4ol; Figure 5C) were also unaffected by population (p ≥ 0.19) or an interaction between population and temperature (p ≥ 0.25). There were significant main effects of temperature on state IVol oxygen consumption rate and RCR (p ≤ 3.6 × 10−2), but these effects were not resolved by post-hoc tests (within population p ≥ 0.11). The main effects of temperature that were detected may be a consequence of slight trends for increases in state 4ol respiration rate and decreases in RCR from 20 to 35°C in all populations. Of these trends, the most notable is the decline in mean RCR in SCN at 35°C (post-hoc p = 0.11), which may be consistent with the rapid declines in ATP synthesis rate at temperatures above 35°C in SCN described above.


[image: image]

FIGURE 5. State 3 (A) and state 4ol (B) mitochondrial respiration and respiratory control ratios (RCRs; C) at 20 and 35°C in San Diego (SD; red, circles, solid lines), Abalone Cove (AB; orange, squares, dashed lines), and Santa Cruz (SCN; blue, triangles, dotted lines) copepods. Data are presented as mean ± SEM, and small black dashes display values for each replicate. Significant effects of temperature for state 4ol and RCR were detected by ANOVA, but post-hoc tests did not resolve any statistical differences among groups for all three traits.
 




DISCUSSION

The results of the current study demonstrate intraspecific variation in both thermal tolerance and ATP synthesis capacity among allopatric Tigriopus californicus populations that are found across a latitudinal thermal gradient. Differences in tolerance of acute high temperatures among populations are generally consistent with variation in habitat temperature, whereas differences in chronic temperature effects among populations are less clearly correlated with environmental temperatures. Populations have temperature-dependent differences in ATP synthesis capacity, as revealed by variation in ATP synthesis rates in isolated mitochondria across temperatures. Furthermore, inter-population differences in loss of synthesis capacity during acute exposure to high temperatures parallel the differences in acute upper thermal tolerance, and variation in ATP synthesis rate among populations at 25°C is potentially consistent with differences in effects of chronic exposure to 25°C on development as well. These results suggest that there are evolved differences in ATP synthesis capacity among populations of T. californicus and that these differences are likely involved in local thermal adaptation with latitude in this species, particularly over acute timescales of thermal exposure.


Variation in Thermal Tolerance and Mitochondrial Functions Across Timescales

Several studies have demonstrated intraspecific differences in upper thermal tolerance with latitude in T. californicus that are consistent with local thermal adaptation from Mexico to Alaska (Willett, 2010; Kelly et al., 2012; Pereira et al., 2017). These studies employed experimental tests similar to our 1-h heat stress protocol, and our results generally corroborate previous findings for SD, AB, and SCN. Here, we also establish an alternative experimental method to examine variation in acute upper thermal tolerance in T. californicus through the use of knockdown temperatures, and we demonstrate that post-hoc tests with data from either of these thermal tolerance methods resolve similar inter-population patterns for variation in upper thermal limits (Figure 2). Our knockdown temperature assay is essentially similar to a critical thermal maximum assay (e.g., Beitinger et al., 2000) and provides several advantages such as reducing the number of animals required to measure upper thermal tolerance and allowing repeated tests of variation in upper thermal tolerance among individuals (e.g., Morgan et al., 2018). Therefore, this protocol is likely to facilitate future experiments investigating the genetic basis of variation in upper thermal limits in T. californicus and of local thermal adaptation more generally.

There is a growing body of evidence suggesting that collapse of ATP synthesis capacity is mechanistically involved in setting upper thermal limits during acute exposure to high temperature, particularly in fish hearts (Iftikar and Hickey, 2013; Christen et al., 2018; O’Brien et al., 2018). Cardiovascular failure due to arrhythmias is potentially a weak physiological link underlying upper thermal tolerance in fish (e.g., Farrell, 2009), and it is now thought that insufficient energy supply due to decreased mitochondrial ATP synthesis may underlie this heart failure (e.g., Iftikar and Hickey, 2013). Our results suggest that the loss of ATP synthesis capacity may also contribute to setting acute upper thermal limits in T. californicus (Figure 4), a species that does not rely on a heart to transport oxygen throughout the body. Rapid declines in CI&II-fueled ATP synthesis rate are observed at high temperatures in all three populations in our study, but these declines occur ~1°C lower in SCN than in AB or SD (~36 versus ~37°C; Figure 4A). In comparison, mean knockdown temperatures for the three populations are 36.5, 38.4, and 38.6°C for SCN, AB, and SD, respectively. Although the differences between the temperatures that result in high temperature knockdown or initial declines in ATP synthesis capacity vary somewhat among populations, declines in ATP synthesis rate occur at temperatures that are only slightly lower than knockdown temperatures in all cases. Furthermore, if our data are used to estimate CI&II-linked ATP synthesis rate for each population at knockdown temperatures, rates at upper thermal limits are similar regardless of population (0.89, 1.12, and 1.15 nmol min−1 mg mito. protein−1 for SD, AB, and SCN, respectively).

Here, we also demonstrate inter-population differences in the chronic effects of high temperature on survival and developmental rate in T. californicus. In the AB population, development at 25°C resulted in a decrease in survival over time when compared to development at 20°C, and this led to a significant difference in the effects of 25°C on developmental survival in AB compared to SD after 3 weeks (Figure 3B). Indeed, there was no evidence for a negative effect of 25°C on survival of development in SD copepods, and similarly, there was no significant effect of 25°C relative to 20°C in SCN. Somewhat contradicting these results for SD and SCN, Edmands and Deimler (2004) found negative effects of 25°C development relative to 15°C development in these populations; but consistent with our study, these authors found no difference between SD and SCN. Regardless, our data suggest that prolonged exposure to 25°C has greater negative effects on AB than on the other two populations in our study.

In all populations, development at 25°C, compared to 20°C, caused an increase in developmental rate (i.e., decrease in time to metamorphosis) that was consistent with temperature coefficients (Q10) of ~2 as would be expected (Hochachka and Somero, 2002); however, the increase in rate was smaller in AB than in either SD or SCN (Figure 3C). It is possible that this is simply a consequence of exponential effects of temperature on physiological rates and a lower 20°C rate in AB. Alternatively, there was evidence for reduced ATP synthesis capacity in AB compared to SD or SCN when substrates were provided to both CI and CII (Figure 4A) or to CI alone (Figure 4C), particularly at 25°C, which could result in trade-offs between development and other physiological costs when AB copepods undergo development at 25°C. Energetic compromises in life history traits in AB are also consistent with smaller egg clutches at 20°C than in the other populations and reduced ATP synthesis rates in AB copepods (at least compared to SCN copepods). The relationship between ATP synthesis rate, particularly under saturating substrate conditions, and energy demand at 20 and 25°C among populations is complex, as both ATP supply and demand are thermally sensitive and demand may vary among populations even at 20°C. However, our results may indicate that intraspecific variation in ATP synthesis capacity is related to thermal effects over prolonged timescales as well as the acute effects discussed above.



Role of Variation in Mitochondrial Functions in Latitudinal Thermal Adaptation

Upper thermal limits in aquatic ectotherms decrease approximately linearly from the equator to the poles (Sunday et al., 2011) closely matching habitat temperatures (Sunday et al., 2012). Because T. californicus inhabits splash pools in the extreme upper intertidal, air temperatures are potentially better predictors of habitat temperature than sea surface temperatures for this species (e.g., Pereira et al., 2017), and differences in mean knockdown temperature among our populations (38.6, 38.4, and 36.5°C for SD, AB, and SCN, respectively; Figure 2) parallel the differences in mean annual air temperature between the populations (Pereira et al., 2017), although the differences in knockdown temperatures are smaller than those for estimated habitat temperatures. In part due to these similarities, variation in acute upper thermal tolerance is thought to be an important consequence of local thermal adaptation in this species (Willett, 2010; Kelly et al., 2012; Pereira et al., 2017). Thus, by extension, our data suggest that differences in the thermal sensitivity of ATP synthesis capacity (Figure 4) likely contribute to local adaptation across this latitudinal gradient. However, it is important to note that our study examined this trait in only three populations of T. californicus that are found across a relatively small proportion of the latitudinal range of the species (Mexico to Alaska), and therefore, the extent to which our results can be generalized to larger latitudinal ranges remains unclear and merits future experimental consideration.

The predominant signatures of selection that are typically detected for genes in the mitochondrial genome are those of purifying selection (Stewart et al., 2008; Palozzi et al., 2018), which is perhaps not surprising given the central roles many of these genes play in mitochondrial protein or RNA complexes. However, mitochondrial genes are often involved in adaptive responses (Ballard and Whitlock, 2004), and signatures of directional selection have been detected for some genes encoded in the mitochondrial genome in T. californicus, particularly CI genes (nad3, nad5, and nad6; Barreto et al., 2018). Furthermore, nuclear genes encoding products involved in mitochondrial functions have elevated nucleotide substitution rates compared to other nuclear genes in this species (Willett and Burton, 2004; Barreto et al., 2018). Given our results for latitudinal variation in the temperatures that result in the loss of ATP synthesis capacity among populations, it is possible that at least some of this genetic variation contributes to the differences in thermal sensitivity of ATP synthesis rate among populations.

In contrast to variation in upper thermal tolerance at acute timescales of exposure, differences in chronic effects of high temperature on survival or developmental rate were not clearly associated with latitudinal variation in temperature in the current study. Variation in life history traits (i.e., egg clutch size, developmental survival, and developmental rate) and changes in these traits due to elevated temperature were consistent with reduced survival and developmental rate in AB compared to SD and SCN (Figure 3). Although our data suggest that variation in ATP synthesis capacity may contribute to these differences (discussed above), these patterns are not obviously related to differences in habitat temperatures among SD, AB, and SCN. Thus, our data for these three populations do not support a role of mitochondria in latitudinal adaptation associated with prolonged thermal exposures (i.e., months or seasons) in T. californicus.

Variation in life history traits with latitude, and therefore environmental temperature, is common in ectotherms (e.g., Chung et al., 2018b), and T. californicus is not an exception to this trend (Hong and Shurin, 2015). Latitudinal changes in these traits in T. californicus are smooth and gradual, such that relatively little variation is expected along the Californian coast in general (Hong and Shurin, 2015), which is consistent with our results in SD and SCN, which span less than half of California’s latitudinal range. Therefore, it is possible that comparisons of more geographically distant populations than those used in the current study would reveal variation in chronic temperature effects on ATP synthesis capacity that parallel differences in habitat temperatures.

Taken together, the data presented in the current study suggest a role for mitochondrial functions, particularly ATP synthesis capacity, in determining the limits of tolerance of both short- and long-term exposures to elevated temperatures. Variation in acute upper thermal tolerance in T. californicus is consistent with local thermal adaptation (Willett, 2010; Kelly et al., 2012; Pereira et al., 2017; the current study), and therefore, our results suggest that divergence in ATP synthesis capacity is a component of adaptation across latitudinal thermal gradients as well. Given that the acute effects of temperature in our study more closely paralleled habitat temperatures than chronic effects of temperature, our data also suggest that extreme temperature events impose important selection pressures that likely drive local thermal adaptation, as has been suggested previously (Somero, 2010; Siegle et al., 2018). Determining both the extent to which thermal sensitivity of ATP synthesis capacity influences the effects of these rare events on organisms and the mitochondrial mechanisms that underlie this sensitivity will be critical steps in accurately predicting the impacts of future environmental change on ectotherms.
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As the main structural protein of muscle fiber, myosin is essential for multiple cellular processes or functions, especially for muscle composition and development. Although the shrimp possess a well-developed muscular system, the knowledge about the myosin family in shrimp is far from understood. In this study, we performed comprehensive analysis on the myosin genes in the genome of the Pacific white shrimp, Litopenaeus vannamei. A total of 29 myosin genes were identified, which were classified into 14 subfamilies. Among them, Myo2 subfamily was significantly expanded in the penaeid shrimp genome. Most of the Myo2 subfamily genes were primarily expressed in abdominal muscle, which suggested that Myo2 subfamily genes might be responsible for the well-developed muscular system of the penaeid shrimp. In situ hybridization detection showed that the slow-type muscle myosin gene was mainly localized in pleopod muscle and superficial ventral muscle of the shrimp. This study provides valuable insights into the evolutionary and functional characterization of myosin genes in shrimps, which provides clues for us to understand the well-developed muscular system of shrimp.
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INTRODUCTION

Nearly all eukaryotic cells possess myosin proteins, which bind to filamentous actin and produce physical forces through ATP hydrolysis (Richards and Cavalier-Smith, 2005; Sebé-Pedrós et al., 2014). Myosin plays key roles in muscle composition and various cellular activities, including cytokinesis, organelle transport, cell polarization, intracellular transport and signal transduction (Hofmann et al., 2009; Bloemink and Geeves, 2011; Hartman et al., 2011; Pette and Staron, 2015). The Myo2 subfamily (Myosin 2), also known as myosin heavy chain (MYH or MHC), are the main component of the contractile muscle. They are considered to be conventional myosins, while the other subfamilies are considered to be unconventional myosins. The Myo2 subfamily genes can be classified into three groups, including fast-type, slow-type and non-muscle type. The Myo2 subfamily proteins can form large bipolar filaments through tail-directed homo-oligomerization, while the tails of the unconventional myosins typically direct binding to membrane and other proteins (Woolner and Bement, 2009).

Myosin consists of three domains, including a conserved motor (or head) domain with actin-binding activities, a short neck that serves as a binding site for myosin light chains, and a variable tail that generally mediates interaction with the motor “cargo” to determine the functional specificity of the motor (Berg et al., 2001; Richards and Cavalier-Smith, 2005). In general, it is very difficult to investigate the myosin gene family systemically due to their extensive alternative splicing events, large sizes and high copy numbers. Although crustaceans are a large, diverse group, limited myosin genes have been reported, except that 17 myosin genes in 13 classes have been characterized in Daphnia duplex (Odronitz and Kollmar, 2008). In addition, a few Myo2 sequences have been cloned from Marsupenaeus japonicus, Penaeus monodon, and Litopenaeus vannamei, respectively (Koyama et al., 2013). Hence, studies on the myosin gene family in crustaceans will enhance our understanding on their structure, function and evolution.

The Pacific white shrimp L. vannamei is one of the most economically important marine aquaculture species in the world (FAO, 2014). Based on the whole genome sequences (Zhang et al., 2019) and the transcriptome data, we performed a genome-wide analysis on the myosin gene family of L. vannamei. This study provides valuable resources for the shrimp myosin genes, which will increase our understanding on the crustacean muscular system.



MATERIALS AND METHODS

Genome and Transcriptome Data

The genomic data of L. vannamei (PRJNA438564), Lepeophtheirus salmonis (GCA_001005205.1), Parhyale hawaiensis (GCA_001587735.1), Eulimnadia texana (GCA_002872375.1), were obtained from NCBI GenBank and Ensemble database. Our previous research conducted RNA-seq on several libraries, (I) five larval stages, including embryo, nauplius, zoea, mysis and post-larvae (Wei et al., 2014); (II) eight molting stages, including the inter-molt (C), pre-molt (D0, D1, D2, D3, D4), and post-molt (P1 and P2) stages (Gao et al., 2015); (III) 16 adult tissues, including antennal gland, brain, hemocyte, epidermis, eyestalk, gill, hepatopancreas, heart, intestine, abdominal muscle, lymphoid organ, ovary, stomach, testis, thoracic ganglion, and abdominal ganglion (Zhang et al., 2018).

Isolation and Annotation of Myosin Genes

The full protein sequences of the L. vannamei genome were searched against the myosin head (motor domain) (PF00063) to find all the candidate myosin genes by using HMMER3.0 (Potter et al., 2018). All possible myosin transcripts were collected from the transcriptome data. Then, the redundant sequences were removed using CAP3 program (Huang and Madan, 1999). The candidate sequences were submitted to SMART (Letunic et al., 2014) and InterPro (Finn et al., 2016) databases to determine the integrity of the motor domain. More myosin sequences used in this study were collected from CyMoBase1 and (Hammesfahr et al., 2010).

Gene Structure and Alternative Splicing

The characteristics of myosin genes, including the location, gene length, open reading frame (ORF), exon number and the number of deduced amino acids were analyzed in detail. To illustrate the structure of myosin genes, all alternative spliced exons were characterized by mapping all variant transcripts to the shrimp genome.

Phylogenetic Analysis

The amino acid sequences of the conserved myosin head domain were aligned by MUSCLE program (version 3.8.31) (Edgar, 2004) with default parameters. A neighbor-joining (NJ) phylogenetic tree with 1000 bootstrap replicates was constructed by MEGA7.0 program (Kumar et al., 2016), and visualized using iTOL (Letunic and Bork, 2007). To investigate the evolution of the myosin gene family of shrimp, a class occurrence tree of 29 arthropods was generated by using the method described by Odronitz et al. (2009).

Transcription Regulatory Element Identification

To investigate whether the expanded muscle-type Myo2 genes are associated with muscle composition or development, transcription regulatory elements of muscle-type Myo2 genes were predicted. In detail, the promoter regions, located at the 2 kb upstream of the transcriptional start site, were first extracted from the shrimp genome. The transcription regulatory elements were then predicted by Signal Scan2 with TRANSFAC database and the PATCH algorithm integrated in the GeneXplain platform3. In order to decrease the false positive rate, we intersected the predicted results of Signal Scan and GeneXplain.

Expression Patterns at Early Development Stages and Different Tissues of Adults

In previous studies, we conducted Digital Gene Expression Profiling (DGE) to sequence 20 larval stages and 16 adult tissues of L. vannamei, and the RPKM (reads per kilobases per million reads) values of all transcripts were calculated (Zhang et al., 2018). The RPKM values of myosin genes were extracted and normalized with log2 conversion. Heat maps were created using TBtools software (Chen et al., 2018).

In situ Hybridization

In this study, LvMYH5 was characterized to be a slow-type muscle Myo2 gene. To further distinguish fiber types and muscle distribution of the abdominal muscle of shrimp, in situ hybridization was performed according to the protocol developed in our laboratory (Zhang et al., 2018). Briefly, primers LvMYH5-pF with T7 promoter sequence and LvMYH5-R (Supplementary Table 1) were designed to amplify the cDNA fragments as the template of LvMYH5 to synthesize sense probe. Primers LvMYH5-pR with T7 promoter sequence and LvMYH5-F were designed as the template to synthesize antisense probe. PCR products were purified using MiniBEST DNA Fragment Purification Kit (Takara, Japan). The Digoxigenin (DIG)-labeled sense and antisense RNA probes were transcribed by TranscriptAid T7 High Yield Transcription Kit (Thermo Fisher Scientific, United States) and synthesized using DIG RNA Labeling Mixture (Roche, Germany), respectively, and stored at -80°C.

Transverse sections with 5–7 μm thickness were prepared from polyformaldehyde fixed abdominal muscle of juvenile shrimp (about 2 cm in body length) embedded in paraffin (Sigma, Germany), and hybridization was performed following the general protocol of DIG RNA labeling kit (SP6/T7) (Roche, Germany). The final concentration of both anti-sense and sense RNA probes were 1.5 ng/μl. Subsequently, alkaline phosphatase-conjugated anti-DIG antibody and NBT/BCIP (DIG Nucleic Acid Detection Kit, Roche) were used to detect RNA probes and observed under Nikon Eclipse 80i microscope (Nikon, Japan).



RESULTS

Identification of Myosin Genes

A total of 29 myosin genes were identified in L. vannamei, including 15 muscle-type Myo2 genes, one non-muscle type Myo2 gene and 13 unconventional myosin genes (Table 1). Among them, five muscle-type myosin genes had been reported previously, including LvMHC1, LvMHC2, LvMHC4, LvMHC5, and LvMHC6 (Koyama et al., 2012, 2013). They were designated as LvMYH1, LvMYH7, LvMYH4, LvMYH5, and LvMYH6, respectively, in this study to avoid confusion with major histocompatibility complex genes. The gene structure of these 29 myosin genes showed high complexity with the sizes ranging from 6.159 to 171.807 kb that corresponded to encode proteins of 1,010-2,158 aa (Table 1). Phylogenetic analysis indicated that these myosin genes were clustered into 14 distinct groups, namely 14 subfamilies, Myo1, muscle-type Myo2, non-muscle type Myo2, Myo3, Myo5, Myo6, Myo7, Myo9, Myo15, Myo18, Myo19, Myo20, Myo21, and Myo22. Myo1 can be further divided into four subfamilies, Myo1A, Myo1B, Myo1C, and Myo1D. These myosin genes within each subfamily shared similar protein domains. Furthermore, Myo1 and the muscle-type Myo2 were the two largest clades including 22 and 40 myosin genes in the phylogenetic tree of this study, respectively. However, the smallest clade Myo19 only included 4 myosin genes. All the 29 myosin genes identified in this study fell into 14 distinct clades and were closely related to the homologous proteins from other species (Figure 1). Of these genes, 15 muscle-type Myo2 genes were monophyletic with 27 muscle-type Myo2 genes from other arthropods.

TABLE 1. The 29 myosin genes identified from L. vannamei genome.
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FIGURE 1. Phylogenetic tree of myosin head domains generated using the neighbor-joining method (MEGA7 software) with bootstrapping replication set at 1000. The myosin groups are identified in roman numerals beside each clade. Myosin genes from the following organisms were used: Cpq, Culex pipiens quinquefasciatus; Dam, Daphnia magna; Dm, Drosophila melanogaster; Dap, Daphnia duplex; Lhs, Lepeophtheirus salmonis; Lv, Litopenaeus. vannamei; Mj, Marsupenaeus japonicus; Phaw, Parhyale hawaiensis; Pm, Penaeus monodon.



Fifteen muscle-type Myo2 genes exhibited conspicuous lineage-specific expansion in the shrimp genome. Among them, eight Myo2 genes were tandemly distributed in two clusters (Figure 2), LvMYH9, LvMYH10, LvMYH4, LvMYH11, and LvMYH12 were located on the Scaffold 904, LvMYH7, LvMYH8, and LvMYH6 were located on the Scaffold 2713. Besides, at least 19 fragmental muscle-type Myo2-like sequences or pseudogenes were located on the Scaffold 903, Scaffold 2713 and Scaffold 3755 (Figure 2). The others scattered in the shrimp genome (Table 1).
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FIGURE 2. Representation of paralogous muscle-type Myo2 gene clusters arranged on different scaffolds of L. vannamei. Blue: the complete muscle-type MYH gene. Purple: fragmental Myo2-like gene sequences or pseudogenes of MYH. The green and red triangles represent transcription orientation.



Myosin Functional Domain

Generally, homologous myosin genes of different species possess similar domain architecture (Richards and Cavalier-Smith, 2005). All myosin genes identified in this study contained a large ATPase motor domain which hydrolyzes ATP, except for LvMYH4, which encodes a headless myosin. In addition, all the myosin genes contained at least one isoleucine-glutamine (IQ) motif except for LvMyo6 (Figure 3). The myosin genes could be classified into different groups with diverse functions based on the remaining domains and variable number of IQ motifs. LvMyo5 contained six IQ domains and a unique C-terminal DIL domain. LvMyo19, LvMyo20, and LvMyo21 had truncated tail regions. Notably, all muscle-type Myo2 proteins contained an N-terminal SH3-like fold, a large ATPase motor domain, an IQ motif, and a large C-terminal myosin tail. However, the N-terminal SH3-like domain was absent in unconventional myosin genes of L. vannamei. Compared with DamMyo18 and DapMyo18, the upstream PDZ domain was absent in PhawMyo18 and LvMyo18.
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FIGURE 3. Schematic diagram of shrimp unconventional myosin structures. The putative domains or motifs were identified using the Pfam and SMART databases with the default parameters. MYSc, Myosin head, large ATPase; IQ, isoleucine-glutamine motif; DIL, dilute; CBD, cargo binding domain; MyTH4, myosin tail homology 4; B41, band 4.1, ezrin, radixin, and moesin; SH3, src homology 3; RA, Ras association (RalGDS/AF-6) domain; C1, Protein kinase C conserved region 1; RhoGAP, Rho GTPase-activating protein; S_TKC, Serine/Threonine protein kinases, catalytic domain. Myosin_TH1, myosin tail homology 1.



Phylogenetic Analysis

As expected, the crustacea formed a distinct clade from other arthropods, and L. vannamei was most closely related to P. hawaiensis belonging to Malacostraca clades (Figure 4). In addition, arthropods contained 14 classes (groups) of myosin genes including muscle-type Myo2, non-muscle Myo2 (MYH2), Myo5, Myo6, Myo7A, Myo15, Myo18, Myo20, and Myo21 with a few exceptions. For example, non-muscle type Myo2, Myo6, and Myo15 were absent in Ixodes scapularis, and Myo18 and Myo21 were not found in Tetranychus urticae and Strigamia maritima, respectively. Most of these myosin genes were present in crustaceans, so we inferred that the last common crustacean ancestor had already contained these classes of myosin genes.
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FIGURE 4. Myosin gain and loss in arthropod species. Tree on the left illustrates the phylogenetic relationships of species used (no scale). Colored boxes indicate the presence of certain myosin subfamily members in each species. Empty boxes mean the potential loss of particular myosin genes.



Alternative Splicing

Among the 29 myosin genes, four genes underwent alternative splicing (Figure 5 and Supplementary Table 2). The unspliced transcript of LvMYH2 encoded 1,972 aa protein, and the corresponding spliced transcripts encoded 1,982 and 1,970 aa when the exon 20 was retained and exon 4 was mutually excluded, respectively. LvMyo5 possessed at least three splicing events, the unspliced transcript encoded 1,853 aa and the corresponding spliced transcript encoded 1,833, 1,804 and 1,846 aa with the exon 7, 24 and 28 were skipped, respectively. In the case of LvMyo6, an exon skipping event occurred in exon 22, and the corresponding spliced transcript encoded 1,238 aa, whereas the unspliced transcript encoded 1,257 aa. As for LvMyo18, the unspliced transcript generated 2,037 aa in length. Exon 8 of LvMyo18-A1 transcript was retained, and the corresponding spliced transcript encoded 2,061 aa. Alternatively, a novel 660 bp intron between exon 28 and exon 29 of LvMyo18-A2 transcript was retained. Furthermore, an alternative acceptor site was found in exon 29 of LvMyo18-A3 transcript, and the corresponding spliced transcript encoded 2,066 aa.
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FIGURE 5. Transcript evidences and splicing patterns for unconventional myosin genes in L. vannamei. Green boxes: exons; red boxes: alternative splicing exons; line, introns. Three-slashes represent large intron, and two-slashes represent genomic gap.



Transcription Regulatory Elements of the Muscle-Type Myo2 Promoters

A large number of muscle development-related transcription factors binding to the upstream promoter sequences of 10 LvMYHs were identified, including TATA-binding protein (TBP), GATA-1, activator protein 1 (AP1), specificity protein 1 (Sp1), serum response factor (SRF), myogenic differentiation 1 (MyoD) and myogenin (Figure 6). LvMYH1, LvMYH2, LvMYH3, LvMYH6, LvMYH8, LvMYH9, LvMYH11, LvMYH12, LvMYH14, and LvMYH15 possessed 11, 5, 8, 13, 12, 11, 14, 18, 14, and 7 binding sites of muscle-related transcription factors, respectively. Among them, LvMYH12 contained the highest number of binding sites of five muscle-related transcription factors. In addition, all analyzed LvMYH genes possessed at least one binding site of MyoD, except for LvMYH2 and LvMYH15. The LvMYH3, LvMYH9, LvMYH11, and LvMYH14, might be activated by myogenin (Figure 6).
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FIGURE 6. Transcription regulatory elements in the promoters of several muscle-type Myo2 genes that are related to muscle development. SRF, serum response factor; Sp1, specificity protein 1; AP1, activator protein 1; TBP, TATA-binding protein.



Temporal and Spatial Expression Patterns of Myosin Genes

We analyzed the temporal and spatial expression patterns of myosin genes based on the transcriptome of tissues or development stages (Figure 7). The results revealed that seven Myo2 subfamily genes, LvMYH3, LvMYH6, LvMYH8, LvMYH9, LvMYH10, LvMYH13, and LvMYH15, were specifically highly expressed in the abdominal muscle. LvMYH12 was exclusively expressed in stomach, and LvMYH16 was particularly abundant in heart and epidermis. The expression levels of LvMYH11 and LvMYH14 were very low in all tissues. Similarly, the unconventional myosin genes also showed tissue-specific expression patterns; for instance, LvMyo5 was specifically expressed in hemocyte, and LvMyo21 exhibited high expression level in eyestalk.
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FIGURE 7. The expression profiles of myosin genes in 16 adult tissues. Log2-transformed expression values were used to create the heat map. The red or blue colors represent the higher or lower relative abundance of each myosin gene, respectively. To the left are myosin genes; the top lists the adult tissues of L. vannamei. (HcC, hemocyte cells; Ant, antennary gland; Ms, abdominal muscle; In, intestine; Ov, ovary; St, stomach; Oka, lymphoid organ; Gi, gill; Hp, hepatopancreas; Te, testis; Es, eyestalk; Br, brain; Tg, thoracic ganglion; Vn, ventral nerve; Epi, epidermis; Ht, heart).



All myosin genes were detectable with dynamic expression patterns during the whole developmental stage. Most of muscle-type Myo2 genes were highly expressed between the larvae in membrane (Lim) stage and the post-larva stage (P1) (Figure 8). For instance, LvMYH2, LvMYH3, and LvMYH10 were expressed from Lim stage to nauplius 6 (N6) stage, and LvMYH6, LvMYH8, LvMYH9, and LvMYH15 were highly expressed from zoea 1 (Z1) to P1 stage. However, unconventional myosin genes exhibited a distinct pattern, LvMyo1A, LvMyo1B, LvMyo1D, LvMyo9, LvMyo15, and LvMyo19 were mainly expressed from zygote to gastrula stage, and LvMyo7A and LvMyo20 were expressed from limb bud embryo 1 (Lbe1) stage to N6 stage.
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FIGURE 8. The expression profiles of myosin genes during development of L. vannamei. Log2-transformed expression values were used to create the heat map. The red or blue colors represent the higher or lower relative abundance of each myosin gene, repectively. On the right are myosin genes; the bottom lists different larval stages of L. vannamei, from left to right: zygote, 2 cells (C2), 4 cells (C4), 32 cells (C32), blastula (blas), gastrula (gast), limb bud embryo 1 (Lbe1), limb bud embryo 2 (Lbe2), larva in membrane 1 (Lim1), larva in membrane 2 (Lim2), Nauplius 1 (N1), Nauplius 2 (N2), Nauplius 3 (N3), Nauplius 6 (N6), Zoea 1 (Z1), Zoea 2 (Z2), Zoea 3 (Z3), Mysis 1 (M1), Mysis 2 (M2), Mysis 3 (M3), and Post-larva 1 (P1).



In situ Hybridization

Shrimp abdominal muscle could be divided into four functional muscle groups, the superficial ventral muscle, the lateral muscle, the dorsal muscle and the main ventral muscle. The morphological organization of the skeletal muscle was displayed by the hematoxylin-eosin (H&E) staining (Figure 9A). In situ hybridization detection showed that LvMYH5, characterized as a marker gene of slow-type skeletal muscle Myo2, was mainly expressed in pleopod muscle and superficial ventral muscle (Figure 9C). They were attached between yokes of thin cuticle lying transversely across the posterior portion of each abdominal segment beneath the ventral nerve cord, and presumably function to hold the articular cuticle between the abdominal segments in place. However, no significant signal was observed in flexor and extensor muscle (Figure 9B).
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FIGURE 9. The localization of LvMYH5 in the abdominal muscle and pleopod muscle of L. vannamei. (A) Hematoxylin-eosin (H&E) staining and (B) a sense probe were used as the control for (C) the antisense probe hybridization. LM, the lateral muscle; DM, the dorsal muscle; MVM, the main ventral muscle; PM, the pleopod muscle; SVM, the superficial ventral muscle. The picture of H&E staining was from our previous study (Zhang et al., 2018).





DISCUSSION

The Evolutionary Relationship of Myosin Genes in Arthropods

The evolutionary relationship of myosin family is limited in crustaceans due to the lack of Crustacea genome and difficulties for myosin gene identification. With the decoding of more and more Crustacea genomes, we are now in a position to validate the evolution of myosin genes proposed previously in arthropods and gain new insights in crustaceans. In accordance with previous study (Odronitz et al., 2009), all myosin subfamilies are shared in arthropods, suggesting that the common ancestor of arthropod has already owned all myosin classes (Odronitz and Kollmar, 2007). Meanwhile, the evolution of arthropods is likely accompanied by taxon- or species-specific losses of certain myosin classes. For example, Myriopoda and Arachnida appeared to have lost Myo3A and Myo19 classes, and Drosophilidae have lost Myo1D, Myo3A, Myo9, and Myo19 classes. As Crustacea, Maxillopoda may have lost Myo1A and Myo1B after separating from Branchiopoda and Malacostraca. The potential lack of the Myo3 class in L. vannamei and L. salmonis may be specific characteristic of species. In agreement with the results of several comparative genome analyses (Hill, 2005; Colbourne et al., 2011; Chipman et al., 2014; Kao et al., 2016), the Crustacea clade is more closely related to the Hexapoda clade, but the Myriapoda clade is closer relative to the Arachnida.

Gene Expansion of Muscle-Type Myo2 Subfamilies

Gene family expansion generally results for a strengthened phenotype. In the L. vannamei genome, the muscle-type Myo2 subfamilies showed significant expansion. Eight of 15 muscle-type Myo2 genes are tandemly duplicated. In addition, numerous fragmental muscle-type Myo2-like sequences or pseudogenes near the LvMYH cluster were also detected. Furthermore, most of the expanded muscle-type Myo2 genes possess binding sites of various myogenesis related transcription factors, such as Sp1 (Biesiada et al., 1999), AP-1 (Andreucci et al., 2002), myogenin (Hasty et al., 1993) and MyoD (Tapscott et al., 1988). It was reported that LvMYH1 and LvMYH7 were located in all fibers of abdominal muscles containing extensor and flexor muscles by in situ hybridization (Koyama et al., 2012, 2013). These results indicate that these expanded muscle-type Myo2 genes might be associated with muscle composition or development. In accordance with our previous study (Zhang et al., 2018), this study reveals the pleopod muscle and superficial ventral muscle of L. vannamei contain slow-type oxidative muscle fibers.

The muscle of shrimp accounts for more than half of the total body weight (Chen and Chen, 2001), but the mechanism of its well-developed muscular system is unknown. Our previous study has also indicated large expansion of actin gene family in L. vannamei (Zhang et al., 2018), which encodes structural proteins of muscle fiber together with muscle-type myosin heavy chains. Taken together, we speculate that the well-developed muscular system of L. vannamei might be associated with the massive expansion of muscle-type actin genes and muscle-type Myo2 genes.

Alternative Splicing of Shrimp Myosin Genes

In most arthropods, MYH1 with multiple complex alternative splicing patterns was observed to be involved in muscle composition (Bernstein et al., 1986; Rozek and Davidson, 1986; Nyitray et al., 1994; Odronitz and Kollmar, 2008; Kollmar and Hatje, 2014). For example, the D. duplex MYH1 (Mhc1) contains nine sets of mutually exclusive spliced exons (MXEs), and Drosophila melanogaster MYH1 contains five clusters of MXEs and 480 combinations of alternative splicing patterns are possibly existed (Odronitz and Kollmar, 2008). Consistent with the report that crustacean L. salmonis contains 17 Myo2 genes without MXEs (Kollmar and Hatje, 2014), no MXE has been found in the 15 muscle-type Myo2 genes in this study. This implies that the last common ancestor of crustacean might have developed a MXE-less muscle-type Myo2 gene and followed by extensive gene duplications. Multiple, but not alternatively spliced myosin heavy chain genes are therefore a common characteristic of crustacean (Kollmar and Hatje, 2014). This might be caused by the loss of introns in the ancient muscle-type myosin heavy chain gene during arthropods evolution (Odronitz and Kollmar, 2008). However, unconventional myosin genes exhibited higher diversity due to the exon skipping in L. vannamei. It indicated that alternative splicing could potentially yield unconventional myosin variants with diverse functions.

Special Expression Patterns of Shrimp Myosin Genes

Most of muscle-type Myo2 genes of L. vannamei were primarily expressed during larva in membrane and post-larvae stages. Combined with our previous study on actin gene family (Zhang et al., 2018), the whole early development stage of shrimp can be grouped into three periods. In the beginning of early development period (zygote to gastrula), most muscle-type Myo2 and actin genes are not expressed, then begin to be expressed in the second period (limb embryo and larvae in membrane stage), and their expression levels reach to the peak and remain at high levels in the third period (zoea to post-larvae stage). According to the report by Hertzler and Freas (2009), major ventral pleonal muscle and dorsal pleonal muscle of L. vannamei formed at the zoea stage, while pleopod muscle and major pleonal muscle formed in Mysis stage. Therefore, the high expression of muscle-type Myo2 and actin genes in these stages is compatible with the formation and development of pleonal and pleopod muscle.

The genes regulating muscle development, such as transcription factors, start to be expressed and to activate the co-expression of actin and myosin gene clusters at the nauplius stage. It promotes growth of muscle fibers in the larvae stage. Furthermore, compared with multiple alternative splicing of a single gene, the gene clusters have equivalent effects on improving the expression of transcripts, and strengthening the function of proteins (Talavera et al., 2007). Therefore, it is reasonable to conclude that the gene expansion of muscle-type Myo2 and actin genes may contribute to abundant fast-type muscle fibers and the explosive force of the shrimp abdominal muscles.



CONCLUSION

In summary, we identified 29 myosin genes in the L. vannamei genome, and classified them into 14 subfamilies. Their genome localization, gene structure, protein domains, trans-acting elements in promoter regions and molecular evolution were comprehensively analyzed. Their temporal and spatial expression profiles provide insights into their important functions in muscle composition and development. Moreover, the expanded muscle-type Myo2 subfamily may explain the well-developed muscular system of L. vannamei. Collectively, this study will provide important clues for future research on the function of myosin genes in shrimp.
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Octopus maya is a valuable endemic species of the Yucatán Peninsula (YP). This area can be divided into distinct regions depending on the presence of cold waters associated to upwelling events during spring and summer. This study was designed to determine if the physiological and immunological condition of O. maya show a relationship with variation of the sea surface temperature associated with the seasonal upwelling. A total of 117 organisms were collected from February to July in three fishing zones: Ría Lagartos located in the upwelling zone; Seybaplaya corresponding to the non-upwelling zone, and Sisal, the transitional zone. The organisms were examined in terms of physiological (total weight, the weight of the gonad and digestive gland, osmotic pressure, hemocyanin, protein, glucose, and cholesterol concentrations in plasma), and immunological variables (total hemocyte count, hemagglutination, phenoloxidase system activity, total phenoloxidase plasma activity, and lysozyme activity). Multivariate one-way ANOVA showed overall significant differences between groups of octopus by month/zone of capture, indicating that the physiological-immunological condition of O. maya is related to a temperature gradient. Wild octopuses captured at the upwelling zone and the transitional zone (Ría Lagartos and Sisal) in February, March, and April -with temperatures lower than 27°C- were in better conditions: larger size, high concentrations of hemocyanin, and low activity of the phenoloxidase system. Octopuses captured in the warmer waters (28–30°C) of the non-upwelling and transitional zones (Seybaplaya and Sisal) during June and July, could be reflecting the metabolic stress through immunological compensation mechanisms with higher activity of the phenoloxidase system, despite having a lower concentration of hemocytes, hemocyanin, and proteins. Although the movement of individual O. maya along the YP throughout their life cycle has not yet been determined, direct development and benthic behavior could limit the mobility of the organisms in such a way that their physiological and immunological condition might reflect adaptation to the regional environment. This information could help understand the performance of octopuses in their distribution area, which sustains an important fishery.

Keywords: Octopus maya, hemolymph, eco-immunology, physiology, immunological indicators


INTRODUCTION

Octopus maya (Voss and Solís-Ramírez, 1966) is an endemic species of the Yucatán Peninsula (YP), Mexico. This species alone sustains the main Octopus fishery in the American continent with annual production ranging from 8,000 to 20,000 tons (Markaida et al., 2017). The geographical distribution of O. maya is the smallest in size among all the cephalopod’s species, and it coincides with the area of influence of summer upwelling of sub-superficial subtropical waters from de Caribbean to the YP shelf characterized by temperatures between 16 and 22°C (Enriquez et al., 2013). This upwelling affects only the eastern portion of the YP continental shelf, resulting in a summer eastern-to-western thermal gradient with low-to-high temperatures, offering different and unique environments to aquatic species of the zone (Zavala-Hidalgo et al., 2006). The life cycle of O. maya occurs in the YP and is of around 8–12 months (Hanlon and Forsythe, 1985). Females of the species may lay from 1,500 to 2,000 eggs with average size of 17 mm in length and produce large benthic hatchlings measuring around 6–7 mm mantle length (Roper et al., 1984; Caamal-Monsreal et al., 2015; Tercero et al., 2015).

Octopus maya is an ectothermic organism, and recently relevant knowledge has been gained to understand its thermal tolerance in experimental studies. When octopus are exposed to high temperatures (>28°C) adverse effects are observed on growth (Noyola et al., 2013a, b), reproductive efficiency (Caamal-Monsreal et al., 2016; López-Galindo et al., 2018), and embryonic development (Juárez et al., 2015). However, little is known about the effect of changes on temperature on the physiology and immune response of O. maya. In the face of the climatic change scenario, there is relevant information showing a greater susceptibility to opportunistic infections at the population level (Paillard et al., 2004; Mydlarz et al., 2006). The main results of ocean warming are the decrease of oxygen levels and acidification in the coastal waters to mention some. Hypoxia can directly affect the immunocompetence of marine invertebrates, but the mechanical links between temperature and immune response are still unsolved (Mydlarz et al., 2006). In this sense, the biochemical and immune metabolites measured in the hemolymph can provide information to assess the health status and physiology of a given organism (Fazio, 2019). This approach has been widely used for clinical diagnosis in veterinary settings.

The immune system is involved in the preservation of the biological integrity of living organisms as it allows the recognition and neutralization of non-self-molecules either from the environment or produced by metabolic processes. The defense mechanisms of invertebrates are considered simple since they lack processes that are present in vertebrates, such as immunoglobulin-mediated immune memory. Nevertheless, modern cephalopods appeared at the same time as bony fish, more than 200 million years ago (Hochner et al., 2006), indicating they have developed similarly diverse, successful strategies to cope with infections and other harmful elements of the environment.

So far, in cephalopods, the main line of defense from foreign substance rely on peripheral cells or hemocytes which have phagocytic, encapsulation and neutralization capabilities and are also involved in inflammatory and injury healing processes (Beuerlein et al., 2002). In invertebrates the amplification of defense mechanisms is associated to the prophenoloxidase (proPO) system found within hemocytes granules (Söderhäll and Smith, 1983; Söderhäll and Häll, 1984). The proPO system is directly released when hemocytes are stimulated by fungal or bacterial beta-glucans (βG) or lipopolysaccharides (LPS) (Söderhäll and Häll, 1984); signals associated with the wound and cellular damage (DAMPs) (Dubovskiy et al., 2016), or by recognition serum proteins which warn hemocytes (Vargas-Albores et al., 1996, 1997). Once activated, the proPO system produces several factors that stimulate hemocytes to eliminate the foreign material by phagocytosis, nodule formation and/or encapsulation (Söderhäll and Smith, 1983; Sung et al., 1998). Phagocytosis is one of the most important mechanisms of hemocytes immune response. During this process, phagolysosomes are formed, and highly reactive lytic substances such as peroxide, superoxide, and nitric oxide derivatives are released (Muñoz et al., 2000; Campa-Córdova et al., 2002). The process is known as a respiratory burst and has an essential role in hemocytes microbicide activity (Song and Hsieh, 1994).

Among components of the immune system are lectins, a very diverse group of proteins capable of recognizing carbohydrates. Several studies have pointed out the capacity of O. vulgaris plasma to agglutinate bacteria and erythrocytes (Rögener et al., 1987). Fisher and DiNuzzo (1991) conducted a comprehensive study that demonstrated hemagglutination activity against isolated bacteria and seven types of erythrocytes of octopus O. maya, Japanese squid, Sepioteuthis lessoniana; and common cuttlefish, Sepia officinalis. These results demonstrated the diverse recognition abilities and the existence of molecules that participate in the hemagglutination processes. Lysozymes —a group of proteases capable of hydrolyzing components of microorganism’s surface —, are also found among the humoral effectors of the immune response. These enzymes are found in hemocytes vacuoles and are secreted to the hemolymph by these and other cells (Locatello et al., 2013).

Cephalopods have a closed circulatory system which transports hemolymph through blood vessels and capillaries. Plasma metabolites concentrations reflect metabolic adjustments associated to the type of food ingested, energy demands and physiological adaptations that take place when organisms are exposed to different environmental conditions (Pascual et al., 2003, 2004). The main evaluation criteria used to determine the physiological condition of cephalopods at population level include biochemical characterization of the digestive gland, gonads, and muscle tissues (Rosas et al., 2002; Sieiro et al., 2006; Gallardo et al., 2017). The mobilization of reserves has been associated with the weight of the digestive gland, one of the main catabolism organs. In previous studies, we determined that the plasmatic metabolites of O. maya (total proteins, acylglycerols, cholesterol, and glucose), are related to the quality of the dietary intake as well as their nutritional condition (Aguila et al., 2007; Moguel et al., 2010; Martínez et al., 2014; Linares et al., 2015). In marine invertebrates the metabolites variation has been related to the general physiological condition that helps to understand what kind of metabolic route is used under a given condition; acclimation temperature (Sánchez et al., 2001); size-based selection program on blood metabolites and immune response (Pascual et al., 2004); and immune response against a specific viral infection (Pascual-Jiménez et al., 2012).

This study was developed to evaluate if the variations on the sea surface temperature related to the seasonal upwelling of the Yucatán Peninsula, Mexico, had a relationship with the health status of the octopuses. Based on the information on the thermal tolerance of the species, we hypothesized that the octopuses captured in the localities and months with sea surface temperatures >28°C will present a less optimal physio-immunological condition than the organisms captured in localities and months with lower surface temperature (23–26°C). This information would help to understand the physiological–immunological performance of octopuses in its distribution area that sustains an important fishery activity.



MATERIALS AND METHODS


Sampling Locations

The Campeche Bank is located on the continental shelf of the YP adjacent to the states of Yucatán and Campeche in southwestern Gulf of Mexico. Oceanographic conditions on the shelf, and the presence of local upwelling allows differentiation of three environmental zones with contrasting temperature regimes (Enriquez et al., 2013). Samples of octopus O. maya were collected at three locations from February to July, 2010: Ría Lagartos (21°38′N, 88°10′W) located in the upwelling zone (Z1); Seybaplaya (19°38′N, 90°41′W) corresponding to a zone with no influence of upwelling (Z3); and Sisal (21°09′N, 90°01′O), a zone of transition located between the two former locations (Z2). The main upwelling event occurs from July to September in Z1, is less prominent in Z2, and is absent in Z3 (Merino, 1997).



Octopus Sampling

A total of 117 organisms were analyzed: 24 from Ría Lagartos, 66 from Sisal, and 27 from Seybaplaya. The total weight of the captured organisms ranged from 100.67 to 1,934.2 g Immediately after capture, octopuses were placed in a closed tank with seawater that was kept circulating using a submersible water pump. The boat headed to the dock where they were transferred to a collecting tank connected to a 250 L tank used for transportation to laboratory facilities at UMDI-Sisal, Yucatán, Mexico. Total transportation from the dock to the laboratory lasted around 2–7 h, and the temperature of the water during transportation fluctuated between 25 and 28°C. Each transportation tank was provided with several 4-inch PVC tubes that were placed inside as individual shelters to reduce interaction stress among the organisms. Once in the laboratory, organisms were placed individually in 80 L tanks with seawater at 27–28°C with constant flow and aeration. Water passed through 5 μm filters with replacement rate equivalent to 300% per day. In such conditions, it was possible to maintain ammoniacal nitrogen and nitrite levels below 0.1 mg ml-1, nitrate below 50 mg ml-1, and pH between 7.7 and 8.2, values recommended as appropriate to keep different species of octopus in captivity, including O. maya (Hanlon and Forsythe, 1985).



Hemolymph Sampling

Before hemolymph sampling, octopuses were anesthetized by hypothermia at 10°C for several minutes (Cruz-López, 2010; Linares et al., 2015; Roumbedakis et al., 2017). This was observed physically by reduction of the breathing rate (indicated by contractions of the mantle), and reduction of locomotor activity. After that, each animal was removed from the cold water and hemolymph was drawn from the cephalic aorta using a pre-chilled catheter connected to a 5 ml Falcon tube and immediately kept refrigerated (2–8°C) to be used few hours later (Cruz-López, 2010). Hemolymph was centrifuged at 800 × g for 5 min at 4°C to separate the plasma, which was used to evaluate plasmatic metabolites, phenoloxidase (PO) and hemagglutination activity. The cellular pellet from each sample was washed twice with isotonic solution (IS: 0.45 M NaCl, 10 mM KCl, 10 mM HEPES, 7.3 pH, and 10 mM EDTA–Na2) and centrifuged as described above. The cellular pellet was then re-suspended several times with cacodylate buffer (10 mM cacodylic acid, 10 mM CaCl, pH 7.0) in an equal volume of hemolymph and centrifuged at 13,000 × g for 5 min at 4°C. The supernatant was used to evaluate the PO activity from degranulated hemocytes.



Physiological Variables

Soon after hemolymph collection, octopuses were euthanized by brain puncture (Boyle, 1976; Fiorito et al., 2015). Thereafter, animals were weighed (total weight), and the gonad and the digestive gland were removed and weighed separately. Glucose, cholesterol, and acylglycerides concentrations in plasma were determined in triplicate in 96-well flat bottom plates using specific commercial chromogenic kits (Sera Pack Plus Bayer®), adding 10 μl of plasma to 200 μl of the appropriate enzyme reagent for each sample. Protein concentrations were also determined in triplicate in 96-well flat bottom plates. The plasma was previously diluted in sterile water (400×) and then 10 μl of this solution was mixed with 200 μl of commercial solution (Biorad Protein assay 500-0006) according to the Bradford (1976) method. Bovine serum albumin was used as a standard. Absorbance values of all metabolites were recorded in a microplate reader (Benchmark Plus BioRad). A standard curve was developed for each metabolite and linearity was confirmed. The concentration (mg ml–1) of samples were calculated using the standard curves.

Hemocyanin concentration was measured by placing 10 μl of hemolymph diluted in 990 μl of Tris 0.1M, pH 8.0, in a 10-mm cuvette. The absorbance was measured at 335 nm (Genesys 10 UV-Vis, Thermo Scientific). Hemocyanin concentration was calculated using an extinction coefficient of 17.26 calculated on the basis of the functional subunit of 74 kDa (Chen and Cheng, 1993a, b). To measure the osmotic pressure, we placed 20 μl of hemolymph in a micro-osmometer (3MO Plus, Advanced Micro-osmometer). Results were expressed as mOsm kg-1 (Lignot et al., 2000).



Immunological Variables

Hemagglutination activity was measured using human blood (type O+) obtained from a local blood bank. Samples of 50 μl of octopus plasma were added to a U-shaped 96-well microliter plate, and twofold serial dilution were prepared using 0.9% saline solution as the diluent. Prior to use, erythrocytes were washed three times with 0.9% saline solution, centrifuged at 380 × g at 25°C for 5 min, and then adjusted to a final volume of 2%. An equal volume of the erythrocyte solution was added to each well and incubated for 3 h at room temperature. In controls, plasma was replaced by 0.9% saline solution. Plasma hemagglutination titer was expressed as the reciprocal of the highest dilution showing a positive visible pattern of agglutination (Pascual-Jiménez et al., 2012).

Phenoloxidase system activity was measured by spectrophotometry in triplicate in 96-well flat bottom plates (Hernández-López et al., 1996). The technique was adjusted for O. maya (Roumbedakis et al., 2017). The plasma and degranulated hemocytes plasma of 50 μl samples were incubated for 10 min at 37°C to transform proPO into phenoloxidase (PO) without using exogenous trypsin. To evaluate total phenoloxidase activity, plasma was incubated with 50 μl of trypsin (bovine pancreatic 0.1 mg ml–1; Sigma T8003). Then, 180 μl of L-3,4-dihydroxyphenylalanine (L-DOPA, 3 mg ml–1; Sigma D9628) were added to each well and the microplate incubated for more than 10 min at 37°C. Absorbance was measured at 490 nm in a microplate reader (Benchmark Plus BioRad). Results were expressed as the increment of 0.001 in optical density.

Total hemocytes were counted in a Neubauer chamber from a hemolymph aliquot fixed with 4% formaldehyde in Alsever solution (115 mM C6H12O6, 30 mM Na3C6H5O7, 338 mM NaCl, 10 mM EDTA.Na2, pH 7.0) with a 1:3 dilution (Roumbedakis et al., 2017). Samples were kept at 2–8°C, for a maximum period of 10 days before analysis. Counting was performed in duplicate covering a minimum area count of 0.04 mm–3 and expressed as cells mm–3.

Lysozyme activity was quantified according to the turbidimetric method of Parry et al. (1965) with slight modification. Micrococcus were suspended in 0.05 M sodium phosphate buffer (pH 7.3), transferred to a cuvette and read at UV-vis spectrophotometer at 530 nm. Hemolymph (100 μl) was transferred to the cuvette, and the reduction in absorbance was recorded. The result was expressed as U ml–1.

To avoid immune system activation by endotoxins, all glassware was washed with Etoxa-clean prior to use and solutions were prepared using pyrogen-free water and filtered through a 0.2 μm Acrodisc.



Statistical Analysis

Multivariate analyses are useful to determine whether individuals can be characterized by a set of attributes (i.e., physiological and immunological variables). With a principal coordinate analysis (PCoA, Legendre and Legendre, 1998), we used a set of 13 physiological and immunological variables to order the organisms. Localities analyzed are close to the limits of the geographic distribution of O. maya (west, east, and intermediate zones), and reflect, in turn, the influence of seasonal upwelling and the pattern of sea surface temperature on the coast of the Yucatán Peninsula.

Physiological descriptors were total weight (Wtot g), digestive gland (Wdgl g) and gonad weight (Wgon g), glucose (Glucose mg ml–1), cholesterol (Cholest mg ml–1), plasmatic proteins (Protein mg ml–1), osmotic pressure (OP mOml kg–1) and hemocyanin concentration (Hemocy mM). Immunological descriptors were total hemocyte count (THC cells mm–3), hemagglutination activity (Hemag titer), lysozyme activity (Lyzoz U ml–1), phenoloxidase system activity (PO Sys OD 490 nm) and total phenoloxidase activity in plasma (PO Plas OD 490 nm). Samples (n = 117) were analyzed using Gower’s dissimilarity index (Legendre and Legendre, 1998). Weight data was previously square root transformed. A permutational MANOVA was used to examine variations in these descriptors amongst octopus combining month and zones of collection (Anderson, 2001) (see the section “Sampling Locations”). The underlying experimental design was a one-way model with six levels (February, March, and June from the transitional zone at Sisal; March and June from the upwelling zone at Ría Lagartos; and July from the non-upwelling zone: Seybaplaya). Because the number of samples differed among levels, a Type III sum of squares was used for the partitioning of total variation. A maximum of 9,999 unrestricted permutations of raw data were used to obtain the empirical distribution of pseudo-F values (Anderson, 2001; McArdle and Anderson, 2001). Multivariate paired comparisons between all six centroids were obtained following a similar procedure to calculate empirical pseudo-t values. In addition, two tables with values of physiological and immunological descriptors was make by locality.




RESULTS

Ordination by PCoA of the physiological and immunological descriptors of O. maya showed that 59.2% of total variation was explained with the first two principal coordinates (Figure 1A) and increased to 71% when a third coordinate was considered (Table 1 and Figure 1B). The PCoA configuration showed how samples representing octopus were effectively ordered in the first and second axes in a way that corresponded to a temperature gradient related to the month – zone in which they were captured (Figure 2). The activity of the phenoloxidase system and total phenoloxidase activity in plasma were strongly correlated with PCoA 1, largely contributing to the separation of samples in the horizontal axis (Table 2). Hemocyanin was also strongly but inversely correlated with the PO system and activity, and to a lesser degree, with the weight of the digestive gland, gonad and total weight. The concentration of glucose and proteins were inversely correlated with cholesterol and lysozyme activity on the vertical axis, so that samples with high glucose and protein concentration were low in cholesterol concentration and lysozyme activity (Table 3). While the third principal coordinate only explained 11.8% of total variation in the data, separation of samples in a third dimension (depth) was mainly given by the digestive gland, gonad, and total weight.
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FIGURE 1. Principal coordinates (A) PC1 vs. PC2, and (B) PC1 vs. PC3 of eight physiological and five immunological multivariate descriptors measured in adult O. maya captured at three zones in the coast of Yucatán on five different months: February, March, and July at the transitional zone (Sisal); March and June at the upwelling zone (Ría Lagartos); and June at the non-upwelling zone (Seybaplaya); n = 117.



TABLE 1. Results of PCoA on eight physiological and five immunological multivariate descriptors measured in adult O. maya captured at three locations in the coast of Yucatán on five different months: February, April, and July at transitional zone (Sisal); March and June at the upwelling zone (Ría Lagartos); and June at the non-upwelling zone (Seybaplaya).
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FIGURE 2. Diagram of variation of the physiological and immunological indicators associated with the thermal gradient related to months/zones where O. maya were captured: February, March, and July at the transitional zone (Sisal); March and June at the upwelling zone (Ría Lagartos); and June at the non-upwelling zone (Seybaplaya); n = 117. Monthly mean sea surface temperature around the Yucatán Peninsula from National Geophysical Data Center (period 2006–2015) (National Oceanic and Atmospheric Administration [NOAA], 2017).



TABLE 2. Immunological variables of Octopus maya in three zones of Yucatán Peninsula: Seybaplaya, Sisal, and Ría Lagartos.
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TABLE 3. Physiological variables of Octopus maya of three zones of Yucatán Peninsula: Seybaplaya, Sisal, and Ría Lagartos.
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The multivariate one-way ANOVA showed overall significant differences amongst groups of octopus classified by month – zone of capture (Table 4); paired multivariate t-tests showed all six groups were statistically distinguishable from each other (Table 5). Ordination in these axes showed that octopus from February and March collected at the transitional and upwelling zones were among the largest, closely followed by those obtained in April at the transitional zone, and a few of the largest individuals obtained in June at the upwelling zone. Most octopus collected during June and July at the non-upwelling zone and at the transitional zone had intermediate weights. However, some of the individuals in these months and locations were among the smallest collected.

TABLE 4. Results of one-way permutational multiple MANOVA’s applied on eight physiological and five immunological multivariate descriptors measured in adult O. maya captured at three locations in the coast of Yucatán on five different months: February, April, and July at the transitional zone (Sisal); March and June at the upwelling zone (Ría Lagartos); and June at the non-upwelling zone (Seybaplaya).
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TABLE 5. Results of permutational paired t-tests that compared centroids representing data of eight physiological and five immunological multivariate descriptors measured in adult O. maya captured at three locations in the coast of Yucatán on five different months: February, April, and July at the transitional zone (Sisal); March and June at the upwelling zone (Ría Lagartos); and June at the non-upwelling zone (Seybaplaya).
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DISCUSSION

The physiological and immunological parameters of O. maya were studied considering the influence of the seasonal upwelling throughout its geographical distribution in the Yucatán Peninsula, Mexico. Multivariate analyses indicated that the health of the organisms correlated with a temperature gradient, which was in turn linked to the zone and month where the octopuses were captured. The temperature in the studied zones ranged from 22 to 30°C based on sea-surface and from 100 m depth temperatures data from the National Geophysical Data Center (National Oceanic and Atmospheric Administration [NOAA], 2017) and upwelling studies (Zavala-Hidalgo et al., 2006; Enriquez et al., 2013).

It has been demonstrated that high temperatures (28–31°C) affect O. maya reproductive capability by inhibiting the spawning of females (Juárez et al., 2015), compromising the maturation of males (López-Galindo et al., 2018), and affecting the viability of eggs and progeny growth (Sanchez-García et al., 2017). In the present study, individuals collected in warmer waters at the non-upwelling zone and in the transitional zone on June and July (28–30°C), both showed high phenoloxidase activity and low hemocyanin concentration. Conversely, individuals captured in the cold months (February, March, and April) in the upwelling and transition zones (Ría Lagartos and Sisal) had low values of both of the aforementioned indicators. The benthic temperature in these two zones was lower (22–27°C) than that of the non-upwelling zone (23–30°C). This data is relevant because to our knowledge this is the first study that evaluate, through immunological and physiological variables, the effect of temperature on health status of wild organisms of O. maya.

Immunological adaptation to unfavorable conditions could allow organisms to maintain immunity to avoid infectious diseases caused by opportunistic pathogens. If the exposure to thermal stress is prolonged and/or it happens in combination with a secondary stressor (for example, hypoxia or acidification), this could deteriorate the physiological condition of the individuals, compromising immunity and facilitating disease outbreaks in marine animals (Parisi et al., 2017). Octopuses captured in the warmer waters could be reflecting the metabolic stress associated with temperatures above 27°C, along with immunological compensation mechanisms with higher activity of the phenoloxidase system, despite having a lower concentration of hemocytes, hemocyanin, and proteins than those observed in octopuses captured in upwelling or transition zones (Seybaplaya, Campeche and Sisal, Yucatán), where water temperature is below 26°C, from April to June. To better understand the complex multimeric system that amplifies the immune response and cellular communication in octopuses, the phenoloxidase system was evaluated by the reaction between the humoral components and the elements of degranulated hemocytes in hemolymph, and total phenoloxidase activity in plasma. Low activity of lysozymes in the same organisms could indicate that the higher activity of the phenoloxidase system was not associated with the presence of bacteria in the hemolymph and could be associated to cellular stress, such as oxidative stress. Sanchez-García et al. (2017) investigated the thermal sensitivity of O. maya embryos based on growth, respiratory metabolism, and antioxidant mechanisms to define thermal limits. They found that above 27°C embryos experienced negative changes in enzymes involved in antioxidative mechanisms (acetylcholinesterase activity, catalase activities, and total glutathione). Although our work did not include antioxidant metabolism biomarkers, the immunological components analyzed support the hypothesis that immunological compensation occurs when the temperature is above 27°C. However, further experimental work is needed to address such hypothesis.

The fact that octopuses present significant variation in their immunological and physiological condition associated with sea surface temperature opens the possibility of using these organism as bioindicators. Previous monitoring studies have demonstrated that many of the parameters of bivalves can vary significantly among sites and seasons, suggesting that environmental and endogenous factors may affect the immune system and the susceptibility to opportunistic pathogens (Carballal et al., 1998; Duchemin et al., 2007). Hemogram characteristics in a population of cultured mussels revealed that the concentration of circulating Mytilus galloprovincialis hemocytes fluctuated following a seasonal pattern (Carballal et al., 1998). Another study of hemocytes from native and invasive Mytilus congeners (Mytilus californianus and Mytilus galloprovincialis, respectively) found that DNA damage, cellular stress response and apoptosis were induced by acute temperature stress (Yao and Somero, 2012). Paillard et al. (2004) investigated the effect of temperature on the immune response and its relationship with the development of Brown Ring Disease (BRD). Clams kept at different temperatures (8, 14, and 21°C) were experimentally challenged with the pathogen Vibrio tapetis, the etiologic agent of BRD. Results demonstrated significant effects of temperature on disease development and on hemolymph immune parameters, including total and viable hemocyte count and, lysozyme activity.

Invertebrate immune reactions are often accompanied by the melanization cascade or proPO activation, which is intimately associated with the onset of factors that stimulate cellular defense by aiding phagocytosis and encapsulation reactions (Sritunyalucksana and Söderhall, 2000). During activation of phenoloxidase system and melanization, some ROS and reactive nitrogen species (RNS) are generated, including superoxide anion (Whitten and Ratcliffe, 1999), nitric oxide (Nappi et al., 2000) and hydrogen peroxide (Dubovskii et al., 2010). These reactive molecules can enhance immunocompetence but uncontrolled can also damage tissues. ROS interaction with the components of the phenoloxidase system could represent an advantage in terms of containment during the melanization process because it takes place at a specific site and for limited time, regulated by antioxidant enzymes such as glutathione which accompany node or capsule formation (see the review, encapsulation and nodulation in insect: Dubovskiy et al., 2016).

Based on the results of the present study, the distribution area of O. maya can be divided into two well-differentiated thermal zones: an eastern zone influenced by upwelling pulses and a western zone with no upwelling influence. Studies of reproductive conditions suggest that variations in population parameters could be linked to these thermal zones (Angeles-González et al., 2017). In accordance, a genetic analysis using multilocus microsatellite markers of wild O. maya showed that this population is structured in two clusters that match the different thermal zones (Juárez et al., 2018). Whilst the movement of individual O. maya throughout the YP during its life cycle has not been determined, direct development and benthic behavior could limit the mobility of the organisms in such a way that health conditions of octopuses might reflect physiological adaptation to regional environmental conditions.

Temperature is one of the main environmental factors that govern the metabolism of marine ectotherms, but the way in which these organisms respond to stress will depend on the thermal tolerance of the species (result of evolutionary processes), and its life history, i.e., the nutritional condition and immunological adaptation could also be crucial to their ability to absorb the effects of thermal stress. For example, Parisi et al. (2017), studied the combined effects of changes in temperature and food availability plus increased hypoxia in the marine mussel Mytilus galloprovincialis. They found that an increase in temperature affected the functionality of esterase and alkaline phosphatase enzymes. However, under normoxic conditions, food had a buffering effect that counteracted the negative effects of high temperature. At extreme temperatures, energy demands of metabolism might not be satisfied because organisms are unable to supply enough oxygen at the cell level (Pörtner and Farrel, 2008). This hypothesis further states that the aerobic scope, growth, activity, maintenance, reproduction, and storage are linked to the physiological responses which depend on ATP produced by aerobic metabolism (Sokolova et al., 2012). Hence, physiological and immunological markers can be useful to understand the health condition of organisms by reflecting the metabolic adjustments linked to energy demands and defense mechanisms in extreme conditions.

Stress is a general adaptive reaction crucial for survival and basically positive involving the neuroendocrine and the immune systems. Studies on biological and evolutionary implications of stress response indicate that in all bilaterian metazoans, the molecular mediators of the stress response, i.e., corticotrophin-releasing hormone, corticotrophin, catecholamines, and glucocorticoids, have been preserved during evolution (Ottaviani and Malagoli, 2009; Heather et al., 2015). The neuroendocrine and immune response shows a combinatorial strategy where the repetitive use of a set of signaling molecules is shared by the immune and neuroendocrine systems for different functions (Di Cosmo and Polese, 2016). A clear example of this intricate correlation is observed during the eggs-caring period: female octopuses spawn once in their life and eat less or stop feeding when caring for the eggs (Wodinsky, 1977). Research on the health status of O. maya females on different days after spawning reflected consumption of reserves coinciding with an increased immune process characterized by hemagglutination and phenoloxidase activity (Roumbedakis et al., 2017). These results show that despite the long starvation period, females sustain an adequate state of health to care for their spawn by resorting to immune compensation, in the opposite direction to the energy metabolism of the organisms.

Most information on the immune system and physiological condition of cephalopods comes from research carried out under laboratory conditions (Hanlon and Messenger, 1996; Gestal and Castellanos-Martínez, 2015; Roumbedakis et al., 2017). Although field observations are difficult to perform and involve the interaction of diverse environmental factors that affect the physio-immunological condition of the organisms, they can contribute with valuable information to better understand the connection between environment and organismal immunity. This information could be relevant to make predictions about the effects of climate change and environment on immunocompetence and disease outbreaks.



CONCLUSION

In conclusion, temperature is a key factor that modulates O. maya’s reproduction, early development, metabolism, and immune system. Results obtained from wild octopuses show that organisms from natural temperatures lower than 27°C (upwelling zone and transitional zone in March and April) are in better conditions indicated by larger size, high concentrations of hemocyanin and low activity of the phenoloxidase system. Our work complements the studies carried out on the species’ thermal tolerance, reinforcing the idea that O. maya sensitivity to temperature may be relevant in monitoring programs to detect environmental changes associated with global warming.
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The thermal sensitivity of ectotherms is largely dictated by the impact of temperature on cellular bioenergetics, particularly on mitochondrial functions. As the thermal sensitivity of bioenergetic pathways depends on the structural and kinetic properties of its component enzymes, optimization of their collective function to different thermal niches is expected to have occurred through selection. In the present study, we sought to characterize mitochondrial phenotypic adjustments to thermal niches in eight ray-finned fish species occupying a wide range of thermal habitats by comparing the activities of key mitochondrial enzymes in their hearts. We measured the activity of four enzymes that control substrate entrance into the tricarboxylic acid (TCA) cycle: pyruvate kinase (PK), pyruvate dehydrogenase complex (PDHc), carnitine palmitoyltransferase (CPT), and hydroxyacyl-CoA dehydrogenase (HOAD). We also assayed enzymes of the electron transport system (ETS): complexes I, II, I + III, and IV. Enzymes were assayed at five temperatures (5, 10, 15, 20, and 25°C). Our results showed that the activity of CPT, a gatekeeper of the fatty acid pathway, was higher in the cold-water fish than in the warmer-adapted fish relative to the ETS (complexes I and III) when measured close to the species optimal temperatures. The activity of HOAD showed a similar pattern relative to CI + III and thermal environment. By contrast, PDHc and PK did not show the similar patterns with respect to CI + III and temperature. Cold-adapted species had high CIV activities compared to those of upstream complexes (I, II, I + III) whereas the converse was true for warm-adapted species. Our findings reveal a significant variability of heart mitochondrial organization among species that can be linked to temperature adaptation. Cold-adapted fish do not appear to compensate for PDHc activity but likely adjust fatty acids oxidation through higher activities of CPT and HOAD relative to complexes I + III.

Keywords: temperature, adaptation, pyruvate dehydrogenase complex, carnitine palmitoyl transferase, hydroxyacyl-CoA dehydrogenase, electron transport system, energy metabolism, fatty acid metabolism


INTRODUCTION

Mitochondrial ATP production depends on the interactions of various metabolic pathways. These pathways contain a variety of enzymes which are differentially affected by temperature. Thus any changes in temperature will induce a shift in the relative control strength of key steps of aerobic pathways (Blier et al., 2014). Lasting changes in environmental temperature will subject mitochondrial energy production to selective pressure to compensate for the adverse thermal impacts on the limiting or controlling steps of respiration.

In fish, the cardiovascular system is strongly affected by temperature and part of this sensitivity appears to be dictated by mitochondrial functions (Iftikar and Hickey, 2013). The thermal sensitivity of state 3 mitochondrial respiration in the heart of the Atlantic wolffish (Anarhichas lupus) has been shown to be similar to that of the pyruvate dehydrogenase complex (PDHc) but to differ from the sensitivity of other mitochondrial enzymes (Lemieux et al., 2010a, b). This has led authors to suggest that state 3 may be limited at low temperature in part by the activity of PDHc when mitochondria are fed with pyruvate. Moreover, at low temperature, PDHc activity was much higher in the heart mitochondria of wolffish, a cold-temperate adapted ectotherm than in the rat, consistent with a compensatory adjustment of this enzyme (Lemieux et al., 2010a, b). Further work on Drosophila simulans revealed an excess of complex IV (CIV) capacity at low temperature, indicating upstream limitation in the electron transport system (ETS) with PDHc as the likely cause of this limitation (Pichaud et al., 2010, 2011). These authors further noted that Drosophila CIV controlled mitochondrial metabolism at high temperature but not at low temperature. Takeuchi et al. (2009) showed that D. simulans mutants with a deficiency causing elevation of intracellular calcium concentration also had higher PDHc activity in colder environments compared to congeners without the mutation. Since calcium is a PDHc activator, the authors proposed that induction of this enzyme led to tolerance of colder temperatures by the mutants. Together, these results support the hypothesis that an excess of CIV activity at low temperature occurs due to a rate-limiting step upstream in ectotherms (Blier et al., 2014).

Another significant pathway for fish bioenergetics is the lipid metabolism. Lipids are important catabolic substrates for fish heart as they have the greatest energy density of the different fuels of metabolism, which makes them perfectly suited for energy-expensive activities (Magnoni and Weber, 2007; Weber, 2011). Circulating triacylglycerol (TAG) levels in resting rainbow trout (Oncorhynchus mykiss) have been shown to be sufficient to sustain exercise, which probably explains why TAG levels do not increase with long-term activity (Magnoni et al., 2008). A predominance of lipid oxidation over protein and carbohydrate in rainbow trout swimming at different speeds (Lauff and Wood, 1996) further portrays the importance of lipid oxidation in fish energetics.

Despite the importance of lipid metabolism, relatively few studies have evaluated the impact of temperature on mitochondrial fatty acid oxidation. Fatty acid molecules require a transporter, carnitine palmitoyltransferase (CPT), to translocate them through the mitochondrial membrane. CPT is embedded in the mitochondrial membrane, which tends to become more rigid as temperature declines (Weber, 2011) and therefore impair lipid transport. Conversely, elevation of the activities of enzymes of the β-oxidation pathway [in particular β-hydroxyacyl-CoA dehydrogenase (HOAD)], by enhancing the concentration gradient of lipids across the inner membrane (Weber, 2011), may offset reduced CPT activity at low temperature. In a comparison of mitochondrial metabolism between two ecotypically similar fishes, one Antarctic (Trematomus newnesi) and one temperate (Tautoga onitis), Crockett and Sidell (1990) found significantly higher activities of CPT (1.9-fold increase) and HOAD (27.2-fold) in the polar species. Two demersal fish species, the Antarctic Gobionotothen gibberifrons and the temperate Myoxocephalus octodecimspinosus, gave similar, but less pronounced, trends: the polar fish showed a 1.3-fold higher activity of CPT and a 6.8-fold higher activity of HOAD. Based on these results, Crockett and Sidell (1990) suggested that fatty acids are an important fuel source for metabolism in polar fish.

Determination of the temperature dependence of mitochondrial function and the activities of key enzymes should help us identify components that are able to acclimatize or adapt to thermal variation. Based on previous studies (summarized in Blier et al., 2014), we hypothesize that the activities of enzymes responsible for providing substrates to the tricarboxylic acid (TCA) cycle (PDHc, CPT, and HOAD), have been increased relative to those of ETS enzymes (complexes I, II, III, and IV), in cold-living species compared to temperate or warm adapted species. If this hypothesis is correct, then our results will provide a new framework for monitoring evolutionary compensation of mitochondrial metabolism in fish taxa across a wide range of thermal habitats. Any divergence in the relative proportion of key enzymes activities, when measured at or close to optimal temperature, will show the evolutionary plasticity of heart mitochondrial phenotypes and point out characters that could be under selective pressure to adapt to changing environmental conditions.



MATERIALS AND METHODS


Experimental Animals

Eight species with different thermal requirements were used to conduct the experiment. Two cold-water notothenioid species, the marbled notothen (Notothenia rossii, Richardson, 1844; Topt = −1.9 to 2°C, Strobel et al., 2012) and the humphead notothen (Gobionotothen gibberifrons, Lönnberg, 1905; Topt = −1.9 to 2°C, Bilyk and DeVries, 2011), were collected by bottom trawling from the ARSV Laurence M. Gould near Palmer Station, Antarctica. Two North Atlantic cold-temperate species acclimated to 10°C, the spotted wolfish (Anarhichas minor, Olafsen, 1772; Topt = 10.3°C, Hansen and Falk-Petersen, 2002) and the Atlantic cod (Gadus morhua, Linnaeus, 1758; Topt = 9 to 12°C, Pederson and Jobling, 1989), were provided by the Maurice Lamontagne Institute (Department of Fisheries and Oceans of Canada, Mont-Joli, QC, Canada). Two temperate water species acclimated to either 13 or 15°C, the Arctic char (Salvelinus alpinus, Linnaeus, 1758, Topt = 12 to 15°C, Jobling et al., 1992) and the striped bass (Morone saxatilis, Walbaum, 1792, Topt = 18°C, Cox and Coutant, 1981) were also used. Arctic char were provided by a fish farm (Pisciculture des Monts de Bellechasse Inc., Saint-Damien-de-Buckland, QC, Canada) and bass by the Ministère des Forêts, de la Faune et des Parcs du Québec (Fish hatchery of Baldwin-Coaticook, QC, Canada). Two warm-water species, acclimated to 23–25°C, Nile tilapia (Oreochromis niloticus, Linnaeus, 1758; Topt = 30.1°C, Xie et al., 2011) and common carp (Cyprinus carpio, Linnaeus, 1758; Topt = 25°C, Watanabe et al., 1996), were provided by the Biodôme of Montreal (Montreal, QC, Canada). Some Nile tilapia were supplied by Urban Food Ecosystems (Montreal, QC, Canada). All manipulations were performed in agreement with ethical regulation of animals use for research in Canada [permit #CPA-65-16-174 from the animal ethics committee of the Université du Québec à Rimouski (Rimouski, QC, Canada)].

Four of the species belong to the more basal orders of the clupeocephala taxa (G. morhua, Gadiformes; S. alpinus, Salmoniformes; C. carpio, Cypriniformes, and O. niloticus, Cichliformes) which cover a range of optimal temperatures from 9 to 30°C. The four other species belong to the more derived order of Perciformes and cover a range of optimal temperatures from approximately 0–18°C. In the group of non-perciformes, the species more closely related to perciformes is O. niloticus with the highest optimal temperature of 30°C. We chose species in these two groups to ensure overlap in optimal temperature range that would be independent of phylogeny. Furthermore, there is no clear association of optimal temperature with phylogenic relationship. For example, O. niloticus (Topt = 30.1°C) is more distant from A minor (Topt = 10.3°C) than from both notothenoid species (Topt close to 0°C) and the most distant species from O. niloticus is C carpio, with the most similar optimal temperature (25°C) (see the phylogeny of ray-finned fishes by Hughes et al., 2018). This allowed to avoid bias in the relation of metabolic characters with optimal temperature that would be associated to phylogenetic inertia.



Tissue/Sample Preparation

After recording mass and length (total and standard), fish were euthanized with tricaine methanesulfonate (MS-222 0.25 g/L). Hearts were dissected, weighed, flash frozen (in liquid nitrogen) and stored at −80°C until analyses. For each species and analysis, an average of five hearts were pooled to provide sufficient material. The pools were made randomly to amount to comparable weight between the pool of the same species. The majority of the pools contain mature and immature fish. Using this method, three pools (n = 3) were made for N. rossii, G. Morhua, O. niloticus, and C. carpio, four pools (n = 4) were made for S. Alpinus, G. gibberifrons, and A. minor and five pools (n = 5) were made for M. saxatilis. Hearts were thawed on ice in a cold room (+4°C) and then homogenized on ice in 50 mM potassium phosphate buffer pH 8.0 (with 1 mM EDTA) using a Polytron (PT 2500E, Kinematica AG, Bohemia, NY, United States) for three periods of 10-s each. Homogenates were flash frozen, then stored at −80°C until use.



Enzymatic Assays

The enzymatic activities were determined at 5, 10, 15, 20, and 25°C for four species (wolfish, cod and the two notothens); at 10, 15, 20, and 25°C for tilapia, Arctic char and bass; and at only 15 and 25°C for the carp (due to limited quantity of tissue).

Assays at 25°C were performed with a UV/Vis spectrophotometer (Ultrospec 3100pro UV/visible spectrophotometer, GE Healthcare, Mississauga, ON, Canada) equipped with a temperature-controlled cuvette holder connected to a 25°C water circuit or with a microplate reader with temperature control (EnVision Multilabel Plate Reader 2104-0010A, PerkinElmer, Waltham, MA, United States). Activities at 15 and 20°C were performed with a second microplate reader (Power Wave XS2, BioTek, Winooski, VT, United States), whereas activities at 5 and 10°C were measured in a cold room with a UV/Vis spectrophotometer (Ultrospec 2100pro UV/visible spectrophotometer, GE Healthcare, Mississauga, ON, Canada).

Protocols used for enzymatic assays were adapted as follows: PK from Pelletier et al. (1994); CII from Lemieux et al. (2010a); ETS from Madon et al. (1998); CI from Janssen et al. (2007); and PDHc, CPT, HOAD, CS, and CIV from Thibault et al. (1997). All measurements were obtained at least in duplicates.

Pyruvate kinase (PK, EC 2.7.1.40) activity was measured for four min at 340 nm to follow the disappearance of NADH (extinction coefficient ε340 = 6.22 ml cm–1 μmol–1) in a reaction medium containing 50 mM imidazole-HCl, 10 mM MgCl2, 100 mM KCl, 5 mM ADP, 0.15 mM NADH, 5 mM phosphoenolpyruvate and 0.6 U ml–1 lactate dehydrogenase, pH 7.4.

Pyruvate dehydrogenase complex (EC 1.2.4.1) activity was measured at 500 nm to follow the reduction of p-iodonitrotetrazolium violet (INT, extinction coefficient ε500 = 15.4 ml cm–1 μmol–1) in a reaction medium containing 50 mM Tris–HCl, 0.05% (v/v) Tween 20, 1 mM MgCl2, 2.5 mM NAD, 0.5 mM EDTA, 0.1 mM coenzyme A, 0.3 mM oxalate, 0.6 mM INT, 6 U ml–1 lipoamide dehydrogenase, 0.2 mM thiamine pyrophosphate and 5 mM pyruvate (omitted for the control), pH 8.0. Samples were incubated on ice with 80 mM MgCl2, centrifuged at 10,000 g (4°C) and the pellet was discarded prior to the analysis.

Carnitine palmitoyltransferase (EC 2.3.1.2) activity was measured at 412 nm to follow the reduction of 5,5′-dithiobis-2-nitrobenzoic acid (DTNB, extinction coefficient ε412 = 14.15 ml cm–1 μmol–1) in a reaction medium containing 75 mM Tris–HCl, 1.5 mM EDTA, 0.25 mM DTNB, 0.035 mM palmitoyl-CoA and 2 mM L-carnitine (omitted for the control), pH 8.0. Samples were centrifuged at 3000 g (4°C) and the pellet was discarded prior to the analysis.

β-hydroxyacyl dehydrogenase (HOAD, EC 1.1.1.35) activity was measured at 340 nm to follow the disappearance of NADH (extinction coefficient ε340 = 6.22 ml cm–1 μmol–1) in a reaction medium containing 100 mM triethanolamine-HC1, 5 mM EDTA, 1 mM KCN, 0.115 mM NADH, and 0.05 mM acetoacetyl-CoA (omitted for the control), pH 7.0. Samples were centrifuged at 3000 g (4°C) and the pellet was discarded prior to the analysis.

Citrate synthase (CS, EC 2.3.3.1) activity was measured at 412 nm to follow the reduction of 5,5′-dithiobis-2-nitrobenzoic acid (DTNB, extinction coefficient ε412 = 14.15 ml cm–1 μmol–1) using a reaction medium containing 100 mM imidazole-HCl, 0.1 mM DTNB, 0.1 mM acetyl-CoA and 0.15 mM oxaloacetic acid (omitted for the control), pH 8.0.

NADH:ubiquinone reductase (CI, EC 1.6.5.3) activity was measured at 600 nm to follow the reduction of 2,6-dichloroindophenol (DCIP, extinction coefficient ε600 = 19.1 ml cm–1 μmol–1). Homogenates were centrifuged at 3000 g (4°C) prior to the analysis. The supernatants were incubated for 10 min at the proper assay temperature in a reaction medium containing 100 mM imidazole, 2.5 mg ml–1 BSA, 5 mM MgCl2, 4 μM antimycin A, 10 mM sodium azide, 50 μM DCIP, 65 μM ubiquinone (coenzyme Q1) and 5 μM rotenone (only for the control), pH 8.0. The reaction was initiated by addition of 0.14 mM NADH.

Succinate dehydrogenase (CII, EC 1.3.5.1) activity was measured at 600 nm to follow the reduction of 2,6-dichloroindophenol (DCIP, extinction coefficient ε600 = 19.1 ml cm–1 μmol–1). Homogenates were incubated for 5 min at the desired assay temperature in a reaction medium containing 100 mM imidazole, 20 mM succinate, 4 μM antimycin A, 5 μM rotenone and 10 mM sodium azide, pH 7.2. The reaction was started by addition of 50 μM DCIP and 65 μM ubiquinone (omitted for the control).

CI + CIII activity was measured at 490 nm to follow the reduction of p-iodonitrotetrazolium violet (INT, extinction coefficient ε490 = 15.91 ml cm–1 μmol–1) in a reaction medium containing 100 mM potassium phosphate, 0.85 mM NADH, 2 mM INT and 0.2% (v/v) Triton X-100, pH 8.5.

Cytochrome c oxidase (CIV, EC 1.9.3.1) activity was measured at 550 nm to follow the oxidation of reduced cytochrome c (extinction coefficient ε550 = 29.5 ml cm–1 μmol–1) in a reaction medium containing 100 mM potassium phosphate, 0.05% (v/v) Tween 20 and 100 μM equine heart cytochrome c, pH 8.0. Just before analysis, cytochrome c was reduced with the addition of sodium dithionite without excess (4.5 mM final concentration). Samples were centrifuged at 3000 g (4°C) and the pellet was discarded prior to the analysis.



Chemicals

Most chemicals were provided by Sigma Aldrich (Oakville, ON, Canada). EDTA, KCl, K2HPO4, and KH2PO4 were obtained from VWR (Ville Mont-Royal, QC, Canada), cytochrome c from equine heart was provided by Alfa Aesar (Tewksbury, MA, United States), and the protein standard was from Bio-Rad (Mississauga, ON, Canada).



Calculations

Enzyme activities were normalized per protein unit. The bicinchoninic acid (BCA) method (Smith et al., 1985) was used to determine protein concentration. To compare the activity of enzymes from upstream of the ETS to the ETS, we used these enzyme ratios: PDHc/CI + CIII, PDHc/CIV, CPT/CI + CIII, CPT/CIV, HOAD/CI + CIII, HOAD/CIV, CPT/PDHc, HOAD/PDHc, PK/CI + CIII, PK/CIV, CI/CIV, CII/CIV, CI/CI + CIII, CI + CIII/CIV, CS/CI + CIII, and CS/CIV at the essay temperature closest to the species’ optimal temperature (5°C for the two species of notothen, 10°C for wolfish and cod, 15°C for Arctic char, 20°C for bass, and 25°C for tilapia and the carp). We expressed activities as ratios to characterize the organization of mitochondria instead of documenting only the content of each enzyme in different species. We also ran Pearson correlation analyses on enzyme activities (correlation between enzymes) and on the different ratios (ratios measured at close to optimal temperature correlated to the estimated optimal temperature). The objective was to have a picture of mitochondrial organization at different thermal conditions for the different fish species to test our hypothesis that fish adapted to cold environment have to compensate for the limitation at steps upstream of the ETS and therefore should express higher ratio of activities of enzymes responsible for entrance of electrons over the enzymes controlling the oxidative process.



Statistics

All statistics were performed using the R platform (R Core Team, 2017). Significant differences between the activity ratios of the eight species were tested using one-way ANOVA. Tukey HSD tests were used to determine significant differences between groups. Normality and homogeneity of variances were analyzed using Shapiro-Wilk and Levene’s tests, respectively. When needed, a log10 transformation was used to respect the assumptions of the ANOVA. A statistical significance level of α = 0.05 was used for all tests. In all graphs, results are presented without transformations. We also performed a regression analysis to complement ANOVAs. The different ratios of activities measured close to optimal temperature were correlated with estimated optimal temperatures. Strong correlation would support the prediction of adjustments of the metabolic trait, expressed by a ratio, to environmental temperature.




RESULTS

The capacity to feed the TCA cycle through PDHc or PK, when measured at a temperature close to the optimum of each species and compared to the activity of the ETS enzymes (CI + CIII or CIV), varied little among most of the species examined (Figures 1A–C), although the cold-temperate wolfish (A. minor) and the warm-adapted carp (C. carpio) showed higher relative levels of PDHc activity. Ratios of activities of PK over Complex IV, the last enzyme of glycolysis which feed mitochondria with pyruvate, were higher for species adapted to warmer temperature with the exception of G. morhua (Figure 1D). The correlation of PK/CIV with optimal temperature was high and significant (Supplementary Figure S2B, R2 = 0.56, p < 0.001).
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FIGURE 1. Activity of mitochondrial substrate entrance enzymes of pyruvate pathway (PDHc and PK) in hearts of cold-adapted fish (left), cold-temperate adapted fish, and warm-adapted fish (right). Activities were measured at temperature near their thermal optimum. (A) Pyruvate dehydrogenase complex (PDHc) expressed relative to CI + CIII activity. (B) PDHc expressed relative to CIV activity. (C) PK activity expressed relative to CI + CIII. (D) PK activity expressed relative to CIV. Values are represented as mean ± sem. Statistical differences are represented with letters (p < 0.05). ND: no data. Notothenia rossii (n = 3). Gobionotothen gibberifrons (n = 4). Anarhichas minor (n = 4). Gadus morhua (n = 3). Salvelinus alpinus (n = 4). Morone saxatilis (n = 5). Cyprinus carpio (n = 3). Oreochromis niloticus (n = 3). Brown boxes represent Perciformes, dark blue Gadiforme, red Salmoniforme, green Cypriniformes, and light blue is Cichliformes.



The capacity to feed TCA by fatty acid oxidation, appears higher in cold-adapted fish since the activities of CPT, relative to CI + CIII are greater for the three species with lowest optimal temperatures when compared to four of the five species adapted to higher temperatures (Figure 2A). This difference was lost when CPT was normalized to CIV activity (Figure 2B). Two cold-temperate species, A. minor and G. morhua, had the highest relative CPT/CIV activities. The activity of HOAD, a key enzyme of the β-oxidation pathway, relative to CI + CIII, partly mimicked the differences observed for CPT (Figure 2C). However, this trend disappeared again when HOAD was normalized to CIV activity, with two warm-adapted species (C. carpio and O. niloticus) expressing higher relative activities (Figure 2D). Interestingly, the relative activities of either CPT or HOAD over PDHc did not show any specific trend with temperature (Figures 2E,F). Capacities to oxidize fatty acids, compared to pyruvate oxidation, were, however, greater in two cold-adapted species (N. rossii and G. gobionotothens) and a temperate species (M. saxatilis). The correlations of key enzymes of metabolites entrance in oxidative phosphorylation, with CI + CIII or CIV (Supplementary Figure S5) show the same relations. They reveal a strong correlation of HOAD activity with CI + CIII (Supplementary Figure S5D).
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FIGURE 2. Activity of mitochondrial substrate entrance enzymes of pyruvate pathway (normalized with ETS enzyme activities (CI + CIII and CIV) or PDHc, in hearts of cold-adapted fish (left), cold-temperate adapted fish, and fish species adapted to warmer habitats (right). Enzyme activities were measured at temperature near their thermal optimum. (A) Carnitine palmitoyltransferase (CPT) expressed relative to CI + CIII. (B) CPT expressed relative to CIV. (C) 3-Hydroxyacyl-CoA dehydrogenase (HOAD) expressed relative to CI + CIII. (D) 3-HOAD expressed relative to CIV. (E) CPT expressed relative to pyruvate dehydrogenase complex (PDHc). (F) 3-HOAD expressed relative to PDHc. Values are represented as mean ± SEM. Statistical differences are represented with letters (p < 0.05). Notothenia rossii (n = 3). Gobionotothen gibberifrons (n = 4). Anarhichas minor (n = 4). Gadus morhua (n = 3). Salvelinus alpinus (n = 4). Morone saxatilis (n = 5). Cyprinus carpio (n = 3). Oreochromis niloticus (n = 3). Brown boxes represent Perciformes, dark blue Gadiforme, red Salmoniforme, green Cypriniformes, and light blue is Cichliformes.



With respect to the ETS, activities of CI relative to CIV were higher for the two warm-adapted species and lower for the cold-adapted species, and this trend was repeated for CII (Figures 3B,C), for example C. carpio showed higher activity than O. niloticus. When normalized to CI + CIII, activities of CI did not display any trend with thermal optimum of the different species (Figure 3A). Relative activities of CI + CIII normalized to CIV were greater for warm-adapted species (C. carpio and O. niloticus) than for the other species at their optimal temperatures (Figure 3D). Interestingly, when normalizing activities with either CI + CIII or CIV, very different and often opposite trends with estimated optimal temperatures were observed. CPT, HOAD, and CS all decreased with increases in optimal temperature when normalized per CI + CIII while HOAD, PK, CS as well as CI and CII increased when normalized per CIV (see Supplementary Figures S1–S4).
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FIGURE 3. Activity ratios of CS and ETS enzymes in hearts of cold-adapted fish (left), cold-temperate adapted fish and fish species adapted to warmer habitats (right). Enzymes activities were measured at temperature near their thermal optimum. (A) CI activity expressed relative to CI + CIII. (B) CI activity expressed relative to CIV. (C) CII activity expressed relative to CIV. (D) CI + CIII activity expressed relative to CIV. (E) CS activity expressed relative to CI + CIII. (F) CS activity expressed relative to CIV. Values are represented as mean ± SEM. Statistical differences are represented with letters (p < 0.05). Notothenia rossii (n = 3). Gobionotothen gibberifrons (n = 4). Anarhichas minor (n = 4). Gadus morhua (n = 3). Salvelinus alpinus (n = 4). Morone saxatilis (n = 5). Cyprinus carpio (n = 3). Oreochromis niloticus (n = 3). Brown boxes represent Perciformes, dark blue Gadiforme, red Salmoniforme, green Cypriniformes, and light blue is Cichliformes.



Activities of CS, a TCA cycle enzyme, tended to decrease with optimal species temperature when compared to activities of CI + CIII (Figure 3E). This is also observed when CS/CI + CIII ratios are correlated with optimal temperature (Supplementary Figure S4B, R2 = 0.48, p < 0.001). For CS/CIV ratio (Figure 3F) the correlation with optimal temperature was significantly reversed but the relationship was not as strong (Supplementary Figure S4A, R2 = 0.26, p < 0.003). When correlating the different enzymes measured at optimal temperatures to identify those for which activities co-vary (Supplementary Figures S5, S6), the only correlation we identified was HOAD with CI + CIII (Supplementary Figure S5D, R2 = 0.82; p < 0.001) and CII with CIV (Supplementary Figure S6C, R2 = 0.62; p < 0.001). Enzyme activities (expressed per mg of proteins) for each species and measured at different temperatures are presented in Supplementary Figures S7–S10.



DISCUSSION

In this report, we characterize the cardiac mitochondrial pathways of eight ray-finned fish species that inhabit thermal niches spanning most of the range occupied by the Actinopterygii. Our goal was to identify potential evolutionary adjustments of mitochondrial metabolism in fish taxa across a wide range of thermal habitats. Knowing key characters of mitochondria associated to specific thermal niche should help to point out steps needed to adapt to changes in habitat temperatures and therefore refine further studies on adaptability of ectotherms to temperature.

Prior work on the thermal sensitivity of mitochondrial metabolism in fish have often focused on enzymes of OXPHOS, the PDHc and some enzymes of TCA cycle such as CS, but have largely neglected fatty acid oxidation pathways (Takeuchi et al., 2009; Lemieux et al., 2010a, b; Blier et al., 2014; but see Ekström et al., 2017). Here, we have investigated enzymes that control substrate entrance, including lipids and carbohydrates, into the TCA cycle, as well as enzyme complexes of the electron transport chain. PDHc, the gatekeeper of the glucose oxidation pathway, showed no evidence of compensation, relative to ETS enzyme activities, in cold-adapted fish species, compared to temperate or warm adapted species, refuting our prediction based on prior work (Takeuchi et al., 2009; Lemieux et al., 2010a, b). Rather, the activity of CPT, a gatekeeper of the fatty acid oxidation pathway, when normalized with respect to the ETS (CI + III), revealed a strong compensation of fatty acid oxidation in heart mitochondria of cold-water fish species. Two of the three species adapted to the coldest environment showed ratios more than two times higher than those of four of the five species adapted to higher temperature. This is even more evident when the ratios are correlated to the estimated optimal temperatures. Similarly, HOAD activity appeared to be adjusted, with some variation, to maintain fatty acid oxidation capacity at low temperature. The correlation of HOAD with CI + CIII activities among species might suggest a coevolution in the regulation of the expression of these enzymes leading to coordination of fatty acid oxidation capacity with ETS. The ratio obtained for either CPT or HOAD over CI + III were, however, calculated with activities measured at 5°C in both cold-adapted notothenioid fish due to the technical difficulties to measure at 0°C even though these fish are adapted to temperature close to or below 0°C. A temperature of 5°C is significantly higher than “optimal” temperature and these ratios may represent heat shock conditions. To examine this possibility as well as the physiological significance of the ratios obtained from assays at 5°C, we estimated the activities of enzymes at 0°C by extrapolating from regression of activities at 5, 10, and 15°C. From these extrapolations the CPT/CI + III ratio is lower at 0°C in N. rossii than at 5°C (0.03 instead of 0.06) with no significant difference between both temperatures. In G. gibberifrons, the ratio from extrapolated activities at 0°C is, however, almost three times higher than at 5°C (0.11 instead of 0.04, with 0.11 being outside the range of standard deviation of the ratio at 5°C). Ratios calculated for 0°C are still higher than the ratios of four of the five fish species adapted at higher temperatures. For the ratios of HOAD over CI + III., extrapolations at 0°C show a higher ratio only for G. gibberifrons (1.3 instead of 0.9 but within the range of standard deviation of the ratio at 5°C). These observations suggest that temperature sensitivity of lipid oxidation, which provides a high proportion of the energy requirements of fish heart, could be compensated at key steps (CPT and HOAD) likely to maintain mitochondrial capacity at low temperature. All the fish were collected or acclimated at temperatures close to the estimated optimal temperatures. We suspect that these ratios approximate mitochondrial characters allowing optimal capacity to oxidize fatty acids in the range of temperature encountered during their life cycle. Comparison of the activity of PK, the final glycolytic enzyme, to complexes I + III suggests that the relative capacity to provide pyruvate to mitochondria is conserved among the eight species at their respective optimal temperatures. However, warm-living fish have PK/CIV ratios that are much larger than those of cold-adapted species.

The relationship of the ratios of gatekeeper enzymes over ETS enzymes with temperature is, however, dependent on the complex used to normalize the activity (denominator of the ratio). As mentioned CPT, HOAD, and CS decrease with increases in optimal temperature when normalized per CI + CIII while HOAD, PK, CS as well as CI and CII increase when normalized per CIV. This is partly explained by the relation of CI + CIII with CIV at different temperatures of adaptation. The ratio of CI + CIII over CIV increases with increases in optimal temperatures (Supplementary Figure S6B). This clearly shows that the organization of the ETS in fish heart mitochondria is variable and appears to be associated to environmental temperature. The predicted pattern of organization (higher gatekeeper enzymes over oxidative capacity) is revealed only when their activities are normalized by CI + CIII.

In mouse heart, Lemieux et al. (2017) measured a weak control of oxidative phosphorylation by Cytochrome c Oxidase at physiological temperature while they showed Lemieux et al. (2008) that the thermal sensitivity of cytochrome c oxidase cannot drive the thermal sensitivity of mitochondrial respiration, ruling out significant control of oxidative phosphorylation at this level. An excess of cytochrome c oxidase capacity relative to OXPHOS of at least 1.5-fold has been reported for the heart mitochondria of three fish species (Bellapiscis medius, Forsterygion varium, and F. malcolmi) at three temperatures [15, 25, and 30°C; Hilton et al. (2010)]. Much higher activities of Cytochrome c oxidase than the whole Electron Transfer System have also been reported in the heart of three species of wrasses (Notolabrus celidotus, Notolabrus fucicola, and Thalassoma lunare), Iftikar et al., 2014. This excess of Cytochrome c Oxidase may suggest low control by CIV over maximal respiration (but see Blier and Lemieux, 2001). If CIV insures low level of control over the maxima catalytic capacity of mitochondria, the ratios expressed per CI + III activity might be more physiologically significant and the trend observed among species could reveal a higher increased capacity to provide electrons to CI and CII through fatty acid oxidation. The increase in the ratio of CI + III/CIV at higher temperatures is, however, intriguing. One hypothesis is that ETS over CIV ratio could evolve to insure proper reduction state and associated catalytic capacity and regulatory properties.

Compensation of mitochondrial energy production in cold-living fish can occur at the organellar level via increases in mitochondrial volume density (Strobel et al., 2013), greater inner membrane surface density (St.-Pierre et al., 1998), and modifications in membrane composition (Kraffe et al., 2007; Grim et al., 2010). Mitochondrial content is often evaluated using CS activity, and cristae surface area can be estimated from CIV activity (Larsen et al., 2012). The trend observed in our CS/CI + CIII ratio data suggest higher volume/surface ratio for cold-adapted species, consistent with higher mitochondrial content, and an increase in mitochondria surface density in warm-adapted species. However, based on the CS/CIV ratios, the species studied are likely to have similar mitochondrial volume/surface ratios, with the exception of the two warm-adapted species. We suggest that thermal adaptation of mitochondrial metabolism in fish most likely results from compensation at the level of enzymatic properties, quantities and metabolic organization rather than organellar quantity or volume.

Homeoviscous adaptation through changes in the lipid composition of mitochondrial membranes can play an important role in acclimation and adaptation of energy metabolism to cold and warm temperatures (Guderley and St-Pierre, 2002; Kraffe et al., 2007; Pörtner et al., 2007; Grim et al., 2010; Hofmann and Todgham, 2010). Such remodeling can have big impacts on the activities of enzymes that are embedded in the mitochondrial membranes, including CPT and the four respiratory complexes. However, our data cannot address whether the activities of these enzymes from the species that we have examined are modulated through temperature-dependent adjustments of membrane composition and properties.

In this study, we have characterized heart mitochondrial phenotypes from eight fish species adapted to different thermal habitats by comparing the activities of enzymes from different steps of mitochondrial respiration and electron transport. We suggest that natural selection driven by habitat temperature has shaped mitochondrial function and regulation (Blier et al., 2014; Lemieux et al., 2017) such that distinct mitochondrial pathways allow cold- and warm-living fish to optimize aerobic capacity and regulation. Our results demonstrate important variability of organization in the heart mitochondrial pathway among fish species of various thermal habitats. Among the characters, two appear related to optimal temperature; ratios of CPT/CI + CIII and ratios of HOAD/CI + CIII. These increases in activities of fatty acid oxidation enzymes in cold adapted fish are complemented by increase in a key enzyme of TCA (CS). It is unlikely that these relationships are induced by phylogenetic relationship since fish from four basal orders (Gadiformes, Salmoniformes, Cyprinoformes, and Cichliformes) cover an optimal temperature range from 9 to 30°C while the four other species are all from the Perciforme order and cover a temperature range from 0 to 18°C, with the Cichliformes (O. niloticus; 30°C) being closer to Perciformes than to others. Furthermore, the optimal temperatures in the perciformes fish from the present study are independent of the phylogenetic distance (see the phylogeny of Hughes et al., 2018). The strong correlation observed between CPT/CI + CIII or HOAD/CI + CIII and optimal temperature could therefore likely be associated to adaptation to the temperature regime. These results are in line with the demonstration of higher ability to oxidize fatty acids in the muscle of two temperate fish species (M. saxatilis and O. mykiss) following acclimation to low temperature (Rodnick and Sidell, 1994; St.-Pierre et al., 1998). Before concluding that these ratios represent clear improvement of the ability to oxidize fatty acids in cold-adapted species through increments of gatekeeper steps, we need to know which character sets the oxidative capacity of mitochondria (CI + CIII or CIV). One way to address this question would be to estimate the control strength of different steps of mitochondrial pathways and to compare the ability to oxidize fatty acids at different temperatures in different species from a wide range of thermal habitats.

The changing thermal environments that will result from climate change might therefore affect mitochondrial functions differently according to the thermal niche of the species. For example, a fish species adapted to cold environment may therefore be more affected by the thermal sensitivity of gate keepers of fatty acid oxidation (CPT) while warm adapted species could be more impaired by the impact of temperature on CIV. A corollary of this is that following rapid temperature changes, populations might face an excess of these key enzymes potentially resulting in an increase in reduction status of ETS and thus a burst of ROS production (see Christen et al., 2018). This study clearly reveals the urgency of further studies scrutinizing the extent to which selection could remodel mitochondrial organization rather than only accommodating mitochondrial content.
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Oxygen Minimum Zones prevail in most of the world’s oceans and are particularly extensive in Eastern Boundary Upwelling Ecosystems such as the Humboldt and the Benguela upwelling systems. In these regions, euphausiids are an important trophic link between primary producers and higher trophic levels. The species are known as pronounced diel vertical migrators, thus facing different levels of oxygen and temperature within a 24 h cycle. Declining oxygen levels may lead to vertically constrained habitats in euphausiids, which consequently will affect several trophic levels in the food web of the respective ecosystem. By using the regulation index (RI), the present study aimed at investigating the hypoxia tolerances of different euphausiid species from Atlantic, Pacific as well as from Polar regions. RI was calculated from 141 data sets and used to differentiate between respiration strategies using median and quartile (Q) values: low degree of oxyregulation (0.25 < RI median < 0.5); high degree of oxyregulation (0.5 < RI median < 1; Q1 > 0.25 or Q3 > 0.75); and metabolic suppression (RI median, Q1 and Q3 < 0). RI values of the polar (Euphausia superba, Thysanoessa inermis) and sub-tropical (Euphausia hanseni, Nyctiphanes capensis, and Nematoscelis megalops) species indicate a high degree of oxyregulation, whereas almost perfect oxyconformity (RI median ≈ 0; Q1 < 0 and Q3 > 0) was identified for the neritic temperate species Thysanoessa spinifera and the tropical species Euphausia lamelligera. RI values of Euphausia distinguenda and the Humboldt species Euphausia mucronata qualified these as metabolic suppressors. RI showed a significant impact of temperature on the respiration strategy of E. hanseni from oxyregulation to metabolic suppression. The species’ estimated hypoxia tolerances and the degree of oxyconformity vs. oxyregulation were linked to diel vertical migration behavior and the temperature experienced during migration. The results highlight that the euphausiid species investigated have evolved various strategies to deal with different levels of oxygen, ranging from species showing a high degree of oxyconformity to strong oxyregulation. Neritic species may be more affected by hypoxia, as these are often short-distance-migrators and only adapted to a narrow range of environmental conditions.
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INTRODUCTION

Oxygen concentration and water temperature are two important abiotic factors influencing several physiological processes, such as metabolic rate, energy expenditure, as well as the horizontal and vertical distribution of animals living in the world’s oceans (Torres and Childress, 1983; Claireaux and Lagardère, 1999; Ekau et al., 2010). However, both factors are not evenly distributed and temperature and oxygen levels at the surface area are usually higher, compared to deeper water layers. Water temperature is influenced by solar radiation, i.e., latitude and water turbulence. In contrast, oxygen concentration is affected by physical replenishment (mixing), bacterial decomposition and animal respiration. Temperature and oxygen profiles of the water column show a more or less steady decline from upper to deeper water layers (weak thermo- and oxycline) or a more saltatory pattern (strong thermo- and oxycline). In the oceans, the depth and strength of the thermocline vary between season and year. It is semi-permanent in the tropics, variable in temperate regions, and shallow to non-existent in Polar regions. High oxygen concentrations are found at high latitudes, whereas at mid-latitudes, in particular off the western coasts of the continents, oxygen-deficient zones, so-called Oxygen Minimum Zones (OMZs), prevail. Consequently, the ecosystems in the world’s oceans are characterized by distinct oxygen and temperature regimes shaping the different species’ behavior, distribution and physiological processes.

In the anticipated future, anthropogenic induced changes, such as rising nutrient loads coupled with climate change, will cause regional declines in oceanic dissolved oxygen, mainly due to increased stratification and reduced mixing, and an increase in water temperature (Diaz and Rosenberg, 2008; Keeling et al., 2010). Increasing temperature is known to negatively impact the hypoxia tolerance of animals and at the same time raise their energy expenditures. Furthermore, as water temperature rises, oxygen solubility decreases. Thus, decreasing oxygen levels accompanied by increasing temperatures may affect key processes and trophic interactions including community composition, energy flows, migration patterns, and consequently biogeochemical processes (Ekau et al., 2018) and will exert significant pressure on pelagic communities. This applies particularly to planktonic species, such as euphausiids, which cannot, or only to a very limited degree, escape unfavorable environmental conditions (Verheye and Ekau, 2005). As a consequence, it is expected that some areas may experience a shift from an abundant and diverse regime to one that is lean and dominated by vertical migrators (Wishner et al., 2013; Elder and Seibel, 2015).

Evaluation of time series already revealed vertical expansion of OMZs during the last decades (Stramma et al., 2008). It is assumed that these OMZs will further expand, which can happen horizontally into areas previously not experiencing hypoxic conditions, or consist of vertical expansion of an existing OMZ, while coastal hypoxia will increase in extent and severity (Levin, 2018). Compared to other hypoxic habitats, the particular nature of such an OMZ is that it is characterized by moderate to severe hypoxia (<2 mg O2 L–1) over very large areas (∼8% of total oceanic area; Paulmier and Ruiz-Pino, 2009) and over long time periods. They differ from the “dead zones” phenomena caused by anthropogenic coastal eutrophication found, e.g., in the Gulf of Mexico (Rabalais et al., 2002; Diaz and Rosenberg, 2008). OMZs are permanent midwater features occurring at intermediate depth (300–2,500 m) in most of the oceans (Emelyanov, 2005). The largest and most pronounced OMZs are located in the Northern Indian Ocean, the Eastern Atlantic off northwest Africa, and the Eastern Tropical Pacific (ETP) (Wyrtki, 1962; Kamykowski and Zentara, 1990; Olson et al., 1993). Notably, the OMZ of the ETP and the Eastern Atlantic off northwest Africa have expanded to higher latitudes during the past 50 years (Stramma et al., 2008), suggesting changes in zoogeographic distribution patterns, compression of habitats, and restricted zones of biomass production (Prince and Goodyear, 2006; Koslow et al., 2011; Stramma et al., 2011; Gilly et al., 2013). The shallow and severe OMZ in the ETP is due to the poor lateral ventilation of surface waters (Reid, 1965; Luyten et al., 1983) and the formation of a strong thermocline, which limits O2 diffusion into the deeper layers of the ocean (Lavín et al., 2006). Very high temperatures at the surface result in strong stratification, at which the zooplankton aggregate and locally increase the oxygen consumption (Bianchi et al., 2013). At this depth, oxygen is consumed faster than it is replaced by the horizontal mixing of the water mass (Wyrtki, 1962; Fiedler and Talley, 2006; Karstensen et al., 2008), creating the shallow OMZ. The oxygen utilization is particularly enhanced during El Niño-Southern Oscillation and inter-annual changes in upwelling conditions, thus partly explaining the vertical OMZ expansion of the ETP since the 1980s (Ito and Deutsch, 2013).

Compared to Eastern Boundary Upwelling Systems (EBUEs), such as the California, Humboldt, and Benguela Current ecosystems with their pronounced OMZs, the oxygen levels of Polar regions are higher and water temperatures are much lower. No real OMZs exist in these areas and species living there may not be forced to develop adaptations to cope with low oxygen levels. However, mild-hypoxia (50% air saturation) was reported in the Indian sector of the Southern Ocean at depth greater than 500 m (Dehairs et al., 1990) and deoxygenation in the Southern Ocean is currently taking place at 200–400 m depth between 50 and 60° of latitude (Matear et al., 2000; Aoki, 2005). In the Artic, the potential effects of global warming and changes in deep-sea circulation on the oxygenation of the deep ocean is monitored continuously in Fram Strait, West Spitsbergen, the only deep connection between the central Arctic Ocean and the Nordic Seas (Friedrich et al., 2014). The Arctic ecosystem is far from being classified as hypoxic, but strong increase in the annual mean net heat transport within the waters of the West Spitsbergen Current could potentially affect oxygen levels to less than 80% air saturation.

Euphausiids, or krill, are distributed ubiquitously across the globe and often dominate zooplankton communities in terms of abundance and biomass throughout the world‘s oceans. Euphausiids form a pivotal component of many food webs and are known as pronounced diel vertical migrators, thereby contributing to the vertical flux of carbon and facing different levels of oxygen and temperature within a 12 h period. During diel vertical migration (DVM), many euphausiid species cross pronounced gradients of temperature, salinity, and oxygen indicating that these species must be of a broad ecophysiological plasticity. In this regard, euphausiids are ideal model organisms for studying the interactions between organismal and environmental variability (Mangel and Nicol, 2000). Euphausiids and other taxa living in areas with pronounced OMZs have to physiologically and/or behaviorally adapt to low oxygen levels or will be excluded from these areas or at least their vertical distribution ranges will be limited. A typical euphausiid DVM pattern consists of an upward migration at dusk to feed in the upper, productive layers of the oceans, and a downward movement at dawn to avoid visual predators (Zaret and Suffern, 1976; Ohman, 1984), decreasing at the same time their metabolic rates due to the lower water temperature and O2 concentrations (McLaren, 1963; Enright, 1977). Euphausiids channel energy from lower (phytoplankton, small zooplankton) to higher (fish, birds, and even whales) trophic levels. Accordingly, as varying oxygen and temperature levels will likely alter these species’ vertical and horizontal distribution ranges, this may impact a larger part of the whole food web, and even impinge on fisheries yield.

Adaptations of animals to low dissolved oxygen concentrations are driven by strong selective pressures to maintain aerobic metabolism (Seibel, 2011). Most animals facing low oxygen concentrations respond either by decreasing their oxygen consumption rates, known as oxyconformity, or by maintaining a constant oxygen uptake irrespective of the ambient oxygen levels, known as oxyregulation. However, as analyzed mathematically by Cobbs and Alexander (2018) using/applying seven different functions and as discussed by Wood (2018), animals seldom show perfect oxyconformity or oxyregulation. Accordingly, species’ metabolic responses to declining oxygen levels lay somewhere between the two ends of this continuum (Mueller and Seymour, 2011). Furthermore, at a certain species-specific oxygen pressure, animals are unable to maintain their normoxic metabolic rate and have to goose anaerobic metabolism. This point is called ‘critical oxygen partial pressure’ (Pcrit) and can be determined by analyzing the response of the metabolic rate (respiration) to declining oxygen concentrations. Oxyconformers do not regulate their oxygen demand as, physiologically, these species do not need to enhance the transport of oxygen to the metabolizing tissues when oxygen is decreasing. Thus, the capability of an animal to either regulate its oxygen uptake in combination with the Pcrit value or reduce its respiration rate when ambient oxygen levels decrease provides meaningful information about their ability to survive hypoxic events and represent an important ecological tipping point to understand the resilience of populations to declining levels of oxygen (Mueller and Seymour, 2011). A third strategy called metabolic suppression entails the suppression of total energy consumption by shutting down intensive energy demanding processes (Seibel, 2011; Seibel et al., 2016). This strategy has been observed in euphausiid species inhabiting regions where oxygen decline was faster than euphausiid oxygen demands (Seibel et al., 2016).

In this paper, we aim to characterize the hypoxia tolerance of 10 dominant euphausiid species from the Atlantic and the Pacific Ocean, including three prominent EBUEs (Benguela, California, and the Humboldt Current system), and both Polar regions at in situ temperatures by analyzing the regulation index (RI) to explain the DVM behavior in their habitat.



MATERIALS AND METHODS

Ten euphausiid species were collected between 2010 and 2013 during several small- or large-scale expeditions to the Benguela, California, and Humboldt Current systems (BCS, CCS, and HCS), the Eastern Tropical Pacific (ETP), the Arctic and the Antarctic (details compiled in Table 1). Polar (Antarctic and Arctic: between −0.5°C and 5.5°C), temperate (NCCS and HCS: between 6.5°C and 15.1°C), sub-tropical (BCS: between 8.0°C and 21°C), and tropical (ETP: between 14.6°C and 30.2°C) temperature gradients as well as different hypoxic conditions (severe and shallow: ETP and HCS; severe and deep: BCS; moderate: NCCS; and non-existent: Antarctica and Arctic) are thus covered by the habitat of the species studied (Figure 1).


TABLE 1. From North to South: Sampling areas (latitude/longitude), species names, number of individuals analyzed (n), specimens mean weight (±standard deviation; W, wet weight; D, dry weight) and respiration measurement information in the Benguela, Northern California, and Humboldt Current systems (BCS, CCS, and HCS), in the Eastern Tropical Pacific (ETP), in the Arctic (Kongsfjord, Spitsbergen) and in Antarctica (South Georgia).

[image: Table 1]
[image: image]

FIGURE 1. Temperature and oxygen during sampling periods. Depth profiles of (A) mean water temperature and (B) dissolved oxygen in Antarctica, the Humboldt current system [HCS], the Eastern Tropical Pacific [ETP], the Benguela Current System [BCS], and the Northern California Current System [NCCS]. Bold lines represent summer conditions and dashed lines the ETP area. (C) Monthly mean temperature (line) and dissolved oxygen (dots) in the Arctic with sampling periods shaded in gray. Data were compiled from the AWIPEV underwater observatory located at 12 m water depth (Fischer et al., 2018a, b).


All samplings were executed during night time, when euphausiids are more abundant at the surface, to avoid overstressing the experimental animals by reducing catch time. Live adult euphausiids, in healthy condition (showing a lot of movement and with no visible damage), were manually sorted into bins filled with filtered seawater at in situ temperature and acclimated for at least 6 (CCS, HCS, ETP, and Antarctica) or 12 h (BCS and Arctic) prior to starting respirometry procedures to make sure that all animals are in a post-absorptive state.


Respirometry

The measurements were conducted in the dark to mimic the conditions of the time of the day when euphausiids should be in deeper water and hypoxic conditions when hypoxia applied to the area. The same closed configuration system, chamber volume (20 mL; except for Antarctica where chamber volume was 250 mL to account for the larger size of Euphausia superba) and measurement method were used in all areas. The oxygen level within the chamber decreased as the effect of respiration. Measurements were carried out at in situ temperature for the 10 species, and at four different temperatures for Thysanoessa inermis (Arctic; 2, 4, 8, and 10°C) and Euphausia hanseni (BCS; 5, 10, 15, and 20°C) to assess how temperature modulates intraspecific hypoxia tolerance (Table 1). Both species were acclimated at a rate of 1°C h–1 to colder and warmer temperatures for at least 12 h after completion of the 12 h post-capture acclimation. The thermal ramp steepness and amplitude took into consideration the vertical migration temperature gradient that E. hanseni experience during DVM (Werner and Buchholz, 2013) and the Arrhenius breakpoint temperature (12°C) of T. inermis (Huenerlage and Buchholz, 2015; Huenerlage et al., 2016).

OXY-4 or -10 channel PreSens Oxygen Measurement system (Regensburg, Germany) was used with dipping probes DP-PSt3 or planar oxygen-sensitive foils PSt3 integrated in the chambers. Probes and foils were calibrated at in situ temperature prior to measurements at 0% air saturation with sodium sulfite (Na2SO3; 1 g in 100 mL water) and at 100% air saturation with air-saturated water (10 min after air injection in stirred water for 20 min). The system was equipped with four (OXY-4) or ten (OXY-10) chambers including respectively one or two blanks (for seawater bacterial oxygen demand). All chambers were filled with filtered local seawater at 100% air saturation and the oxygen concentration in each chamber was measured every 15 or 30 s. The first 30 min of each measurement were discarded to allow acclimation to chamber. Movements of the pleopods and/or heartbeats of the animals were visually monitored to make sure that they were alive during the entire duration of the measurement. Wet or dry (48 h at 50°C) weight of the preserved animal was measured after completion of the respiration measurement (information provided in Table 1). All respiration rates were reported as mL O2 h–1g wet weight–1. For some species, only the dry weight was available and it was converted to wet weight using the euphausiids conversion equation of Kiørboe (2013) to allow comparison among the 10 species. The programming environment for data analyses and graphics R (R Core Team1) was used to calculate the RI [see section “Regulation Index (RI)”] [script provided as Supplementary Material (see Supplementary Data Sheet 1)].



Regulation Index (RI)

Mueller and Seymour (2011) were the first to propose the use of the RI to assess regulation ability of aquatic organisms that do not present a clear critical oxygen partial pressure (Pcrit) in their respiration pattern. The authors advised to fit a curve (straight line, quadratic or one-phase association) with the highest r2 to the respiration rate data for each individual plotted against the whole oxygen concentration range measured within the respiration chamber (ideally from 100 to 0% air saturation). RI corresponded to the proportion of the area bounded by a linear regression that represented how respiration rates would decline if the animals showed complete oxyconformity (perfect oxyconformity; RI = 0) and a horizontal line at maximum oxygen consumption (perfect regulation; RI = 1). The perfect oxyconformity linear regression assumes zero respiration rate at 0% air saturation (Figure 2A).
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FIGURE 2. Examples of regulation index (RI) calculations. As shown by Mueller and Seymour (2011), the area under the curve and above the linear regression of perfect oxyconformity was used to calculate a positive RI (A). In contrast, a negative RI was calculated as the area bounded by the area above the curve and the linear regression of perfect oxyconformity (B).


The present work used 141 respiration data sets [available in Supplementary Material (see Supplementary Data Sheet 1)], in which the experimental oxygen concentration dropped to ≤50% of the respective experiments’ start concentration. In order to reduce user interpretation in calculating RI by mean of the best fitted curve, no parametric model was fitted to the original data sets. The area under curve was computed using R package “MESS” (Ekstrøm, 2018) with the natural spline interpolation (loess) for dissolved oxygen concentration as x-values and respiration rates as y-values. The same procedure was conducted with the linear regression that represents perfect oxyconformity and perfect oxyregulation. When the natural spline interpolation of the data was below the linear regression of perfect oxyconformity, RI became negative and was calculated from the area bounded by the horizontal line at y = 0 and the linear regression that represented perfect oxyconformity (Figure 2B). A negative RI value can thus be interpreted as hypoxia-sensitivity (Alexander and McMahon, 2004), but could be an indication of metabolic suppression, as respiration rates are significantly reduced. Respiration strategies using median and quartile values were defined as: low degree of oxyregulation (0.25 < RI median < 0.5); high degree of oxyregulation (0.5 < RI median < 1; Q1 > 0.25 or Q3 > 0.75); oxyconformity (RI median≈0; Q1 < 0 and Q3 > 0) and metabolic suppression (RI median, Q1 and Q3 < 0).



Statistical Analysis

All statistics and figures were done with R (R Core Team, 2020). For interspecific (in situ temperature) and intraspecific (among temperature for E. hanseni and T. inermis) hypoxia tolerance comparison, the non-parametric Kruskal–Wallis test was conducted (normality and variance homogeneity were not met). Significant level of all comparisons was fixed at 95% (p < 0.05). For post hoc comparison a multiple comparison test from the package “pgirmess” (Giraudoux, 2018) was applied.



RESULTS

The overall view of the euphausiids’ respiration rates over decreasing dissolved oxygen concentration at in situ temperature shows different magnitude and patterns (Figure 3). Comparing this magnitude by area, the highest respiration rates were observed in Euphausia pacifica (NCCS), Euphausia lamelligera (ETP), and Nematoscelis megalops (BCS). Different magnitude and patterns were also seen intraspecifically when T. inermis and E. hanseni were acclimated at lower or higher temperatures (Figures 4, 5). The respiration rates of T. inermis increased at 8 and 10°C (Figures 4C,D) in comparison to 2 and 6°C (Figures 4A,B) during the whole oxygen range measured. For E. hanseni, respiration rates were similar at all temperatures in the high-oxygen levels between 80 and 100% air saturation (Figure 5).
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FIGURE 3. Euphausiids’ respiration rates over decreasing dissolved oxygen concentration at in situ temperature. The 10 euphausiids species were from both Polar regions, three major Eastern Boundary Upwelling Systems (NCCS, Northern California Current System; BCS, Benguela Current System; HCS, Humboldt Current System), and one tropical region (ETP, Eastern Tropical Pacific).
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FIGURE 4. Respiration rates of Thysanoessa inermis over decreasing dissolved oxygen concentration at four temperatures. (A) at 2°C (n = 6), (B) at 6°C (n = 4), (C) at 8°C (n = 8), and (D) at 10°C (n = 4).
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FIGURE 5. Respiration rates of Euphausia hanseni over decreasing dissolved oxygen concentration at four temperatures. (A) at 5°C (n = 4), (B) at 10°C (n = 22), (C) at 15°C (n = 4), and (D) at 20°C (n = 11).


The RI of Euphausia superba (Antarctica), Thysanoessa inermis (Arctic), Euphausia hanseni (BCS), and Nyctiphanes capensis (BCS) were significantly higher than the RI of the tropical and temperate species Euphausia distinguenda (ETP) and Euphausia mucronata (HCS), respectively (Figure 6A, χ2 = 56.05, p < 0.000, Table 2). Median RI values ≥0.5 of the polar (E. superba, T. inermis), temperate (E. pacifica), and sub-tropical (E. hanseni, N. megalops, and N. capensis) species indicated a high degree of oxyregulation, whereas the neritic temperate (T. spinifera) and tropical (E. lamelligera) species showed a low regulation ability as RI values fluctuated between −0.25 and 0.25 (Figure 6A and Table 2). Quartiles values below and above 0 of T. spinifera and E. lamelligera indicate almost perfect oxyconformity of these species. The oceanic tropical species E. distinguenda and the Humboldt endemic species E. mucronata were qualified as metabolic suppressors with RI median and quartile values well below 0 (Figure 6A and Table 2).
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FIGURE 6. Euphausiids’ regulation indices at in situ temperature and after temperature acclimation. (A) Regulation indices of the 10 euphausiid species investigated at in situ temperature, (B) regulation indices of T. inermis acclimated at 2, 6, 8, and 10°C, and (C) regulation indices of E. hanseni acclimated at 5, 10, 15, and 20°C. Es, E. superba; Ti, T. inermis; Ep, E. pacifica; Ts, T. spinifera; Ed, E. distinguenda; El, E. lamelligera; Eh, E. hanseni; Nm, N. megalops; Nc, N. capensis; Em, E. mucronata. Numbers in parentheses give the numbers of samples analyzed. Horizontal bars in the box plots indicate the median. The upper and lower edges of the rectangles show the first and third quartiles, respectively. Vertical error bars extend to the lowest and highest values in a 1.5-fold inter-quartile range (R Core Team, 2020). Lower case letters indicate significant differences.



TABLE 2. Regulation index (RI) for 10 euphausiid species investigated.

[image: Table 2]Regulation index did not change significantly with temperature for T. inermis (Figure 6B), but it did in E. hanseni from high oxyregulation to metabolic suppression, when acclimation temperature was decreased to 5°C (compared to 20°C; χ2 = 14.53, p = 0.002; Figure 6C).



DISCUSSION

Euphausiids and other zooplankton taxa perform DVM to feed on the phytoplankton-rich upper water layers during night time and to reduce mortality from visual predation during the day. These benefits are counteracted by higher energy demands due to increased swimming speeds and higher water temperatures in upper water layers and reduced growth and reproduction rates in deeper, cold water layers. Thus, animals performing DVM have to compensate with increased energy expenditures. Furthermore, they must have evolved physiological and behavioral adaptations to the strong gradients of oxygen and temperature in the water column. As some species suppress their metabolism (Seibel et al., 2016), determination of metabolic rates of diel vertical migrators is crucial to assess the role and quantify the contribution of these animals to the downward transport of carbon and thus carbon fluxes in the oceans. The environmental conditions prevailing in the different ecosystems in terms of oxygen availability and vertical temperature profiles seem to have caused specific physiological adaptations in euphausiids – mostly irrespective of the actual oxygen and temperature level and the time spent in the OMZs. Species which come across the shallowest severe hypoxia levels during their DVM show metabolic suppression [in the Humboldt Current System (HCS) and ETP]. In contrast, the three species from the Benguela Current System (BCS), characterized by a deeper OMZ, maintain constant oxygen uptakes irrespective of the ambient oxygen levels. These differences may indicate that a steep decline in oxygen levels constitutes a physiological threshold at which euphausiids must significantly shut down their metabolic functions (Seibel et al., 2016).


Shallow OMZs

The hypoxia tolerance of the euphausiid species adapted to the OMZs of the HCS and the ETP was assessed using the RI. In the literature, typical low Pcrit between 0.6 and 1.7 kPa at 13°C and 23°C (corresponding to 3% and 8% air saturation) were obtained by Teal and Carey (1967) and Kiko et al. (2016), who were working on Euphausia mucronata from the HCS. This euphausiid species performs extensive DVM down to 250 m into the OMZ in all seasons (Escribano et al., 2000; Antezana, 2002b). However, highest abundances of this species occur in areas where the upper boundary of the OMZ is deeper (Escribano et al., 2000). During the warm season at 12°C and 13°C, E. mucronata maintains the same rate regardless of whether exposed to surface pO2 (70% air saturation or 17 kPa), or to pO2 typical for OMZ layers (20% air saturation or 4 kPa; Antezana, 2002a; Donoso and Escribano, 2014). The temperature used by the authors cited above represents the warmer range in subsurface water of the area (50–200 m), while the present study was simulating the coldest temperature that can be encountered in the same water depth or at surface during “normal” or cold (La Niña) years between 40°S and 17°S off Chile (Strub et al., 1998). As seen from the changes in RI following the decreasing temperature in Euphausia hanseni from the BCS, the OMZ-adapted species of the genus Euphausia may regulate their metabolic rates when exposed to warmer surface temperature and tend to conform or suppress their metabolism when exposed to the colder thermal limit of their deeper habitat. This may explain why no oxyregulation pattern at all was observed at 8°C in E. mucronata, despite the long duration of the measurement.

The tendency to conform or suppress the metabolism at colder temperature may be also true for Euphausia distinguenda from the ETP (corresponding to sub-surface temperature) as shown here with our measurement at 20°C. From field samples collected at different depths above and into the OMZ of the ETP off Mexico, Herrera et al. (2019) observed the highest specific Electron Transfer System (ETS) activity between 3.20 and 3.93 mL O2 L–1 (48 to 58% air saturation) at 25°C, meaning that the species was still relying on aerobic processes half-way within the oxycline. This ETP species is also reported in the OMZ of the HCS (Antezana, 2009). Both E. distinguenda and E. mucronata possess larger gills relative to their body size (Antezana, 2002a), increasing contact surface for O2 diffusion from the hypoxic environment. Antezana (2009) also observed that both were among the last OMZ species to begin their ascent to the surface at dusk in the HCS, thus extending the deep hypoxic residence time to a maximum. Habitat segregation was suggested to explain this behavior, which consists in avoiding spatial and temporal co-occurrence with other species within the same area. This finding was based on body and gills size analysis, feeding appendages, and HCS food resources. Euphausia lamelligera, the other ETP species also endemic to the OMZ, dominates the neritic zone while E. distinguenda distributes more in oceanic waters (Brinton, 1962, 1979; Färber-Lorda et al., 1994, 2004, 2010). Because of its neritic preference, E. lamelligera does not migrate as much as E. distinguenda, explaining probably why this species is almost a perfect oxyconformer rather than a metabolic suppressor. Both species are thus highly hypoxia tolerant, reflected mainly by their low RI. As high temperature pushes physiological limits, a small sub-mesoscale oxygen variability in the ETP of ≤1% could affect their vertical and horizontal distribution (Wishner et al., 2018). Accordingly, even small changes in oxygen availability may exert strong pressure on these animals, leading to unexpected changes in ecosystem structure and functioning in the near future. Species of the ETP are adapted to low oxygen and high temperature, but as they live at the edge of their maximum thermal limit, further warming could have negative impact on the fitness of both species as their higher brood size depends on the coastal upwelling dynamics between January and June (Ambriz-Arreola et al., 2015, 2018). A negative RI was initially not proposed by Mueller and Seymour (2011) when developing the RI as a new method to assess hypoxia tolerance of aquatic ectotherms. However, as shown for weak oxyregulating (or perfect oxyconformers) and metabolic suppressing species presented in this study, a negative RI is relevant and thus presents a further development for the use of this index. The corroboration of the presence of metabolism suppression associated with a negative RI remains to be shown looking at physiological metabolic markers (e.g., enzymatic activity, ATP production, anaerobic end-products). This pattern was previously described as hypoxia-sensitivity by Alexander and McMahon (2004).



Deep OMZ

In the BCS, E. hanseni and Nematoscelis megalops dominate the shelf break surroundings, i.e., partly sharing one habitat in this upwelling region (Barange and Stuart, 1991; Barange et al., 1991). The species E. hanseni performs extensive DVM from 0 to 200 and even 1,000 m water depth (Barange, 1990; Barange and Stuart, 1991; Barange and Pillar, 1992; Werner and Buchholz, 2013), while N. megalops is characterized as a weak migrator (Werner and Buchholz, 2013). In contrast to E. hanseni, N. megalops has a broader distribution and can be found at both sides of the equator: in the mid-latitude zones of the subtropical-temperate North Atlantic (10–60°N), in the warm-temperate belts of the South Atlantic, the Indian Ocean and the South Pacific (35–50°S), in the Mediterranean Sea (e.g., Gopalakrishnan, 1974), in subarctic regions (Zhukova et al., 2009), even up to 79°N in the high Arctic Kongsfjord (Buchholz et al., 2009; Huenerlage and Buchholz, 2015). Morphologically and ecologically, N. megalops is very similar to Nematoscelis difficilis from the ETP and California Current System (Karedin, 1971; Gopalakrishnan, 1974, 1975). Those species are observed within the OMZ, but in its upper boundary (Tremblay et al., 2010; Werner and Buchholz, 2013), probably taking advantage of the accumulation of organisms to actively feed. The third species Nyctiphanes capensis shows extraordinarily high abundances over the Namibian shelf in water <200 m depth (Barange and Stuart, 1991; Barange and Pillar, 1992).

E. hanseni and N. capensis have one of the highest RI values of all species analyzed meaning that they cover their energy requirements at low oxygen levels in the coldest temperature experienced in their habitat. RI values were enhanced in E. hanseni acclimated at 20°C compared to 10°C, which is similar to results of Teal and Carey (1967) and Kiko et al. (2016) at sub-surface temperature conditions with the species E. mucronata from the HCS. However, the respiration rate of N. megalops investigated here was 10-fold higher than of E. hanseni and N. capensis, which is not consistent with what was reported before by Werner et al. (2012). The number of individuals here reported is small, and the specimens were probably stressed as the duration of the measurement was short (less than 1 h) compared to other nine species analyzed. Despite this fast decrease in oxygen, it is possible to say that N. megalops was regulating its respiration rate. This ability may explain its persistence in the OMZ 24 h a day. Consequently, N. megalops must have evolved efficient adaptations to deal with low oxygen levels, such as, e.g., a high respiratory surface (gills) and/or a general low oxygen demand due to its smaller vertical migration movement. Thus, the ability of an animal to either maintain a constant oxygen uptake irrespective of the ambient oxygen levels or decrease its oxygen consumption rates when ambient oxygen levels decrease seems not to be influenced by its DVM behavior in the first place.



Seasonal OMZ

Off Oregon (United States), in the Northern California Current System (NCCS), two euphausiid species dominate the macrozooplankton community: the oceanic Euphausia pacifica (Brinton, 1962) with DVM between the surface and depths of at least 250 m (Brinton, 1967) and the neritic cold upwelling-associated Thysanoessa spinifera (Brinton, 1962; Smith and Adams, 1988; Lavaniegos and Ambriz-Arreola, 2012). Because of its neritic lifestyle, T. spinifera does not migrate as deep as E. pacifica, but, instead, remain within the upper 100 m during day and night and swarm in summer at surface for reproduction (Brinton, 1962; Smith and Adams, 1988). This species is also known for its narrow plasticity when facing changes in the physical oceanographic conditions (Brinton, 1979). Indeed, T. spinifera is strongly influenced by the North Pacific Gyre Oscillation (Di Lorenzo et al., 2008; Sydeman et al., 2013). This oscillation is connected with the winds and upwelling responses (Chenillat et al., 2012) and corroborates the upwelling preference of this species. Important changes in both species’ distribution occurred during the El Niño event of 1992–1993, after which biomass of T. spinifera fell by more than 70% off Oregon and British-Columbia (Tanasichuk, 1999). In the southern part of the CCS (at approximately 30°N; Off Baja California), E. pacifica took some time to recover after the El Niño event of 1997–1998, but was abundant again during summers of 2000, 2002, and 2005. These high abundances were linked to La Niña in 2000, a sub-Arctic water intrusion in 2002 and to high upwelling conditions in 2005 (Lavaniegos and Ambriz-Arreola, 2012). It is clear that El Niño brings low upwelling conditions (low food availability) and warmer deoxygenated water, which are not optimal for the temperate species of the NCCS.

A different pattern within the respiratory response to declining pO2 was observed between T. spinifera and E. pacifica. The neritic lifestyle, short vertical migration distance, and strong association with upwelling areas (high nutrients, cold temperature, and lower oxygen concentration) match the comparatively low metabolic rate of T. spinifera compared to oceanic E. pacifica. The strong association of T. spinifera with upwelling conditions likely signifies an oxyconformity strategy to tolerate the typical low oxygen concentration of upwelled water. So far, no acoustic or direct observations of hypoxia and warming effects on T. spinifera have been reported. However, massive stranding events in several bays on the US West Coast over an area of approximately 400 km between Oregon and California were observed in summer of 2013 and related to the strongly hypoxic conditions prevailing regionally (Leising et al., 2014). This hypoxic zone was extending into the upper 50–100 m of the water column. A similar situation was observed in the Gulf of California (Mexico) with the subtropical species N. difficilis (López-Cortés et al., 2006), the counterpart in the Pacific of N. megalops. The authors proposed that high unusual upwelling conditions promoted a phytoplankton bloom, which indirectly depleted the oxygen concentration with the sinking of organic matter. This would have forced the mesopelagic N. difficilis to migrate upward toward more oxygenated waters and then to be washed out by the surface currents. N. difficilis was shown to be relatively tolerant to hypoxic conditions, but less than the tropical species Euphausia eximia (Tremblay et al., 2010; Seibel et al., 2016) and Nemastocelis gracilis (Seibel et al., 2016).

High tolerance to hypoxia was assumed in the past for E. pacifica because of its low critical oxygen partial pressure (Pcrit = 18 mm Hg, 2 kPa or 11% air saturation at 10°C), lower than what the species experiences in situ at 350 m depth in its habitat (off South California; Childress, 1975). In fjords and bays their downward migration is often reduced (Bollens et al., 1992), sometimes limited by seasonal hypoxic or anoxic conditions in bottom water layers (Kunze et al., 2006). In these environments, Pcrit values of E. pacifica were higher (Pcrit = 4 kPa or 20% air saturation at 10°C), showing less hypoxia tolerance (Ikeda, 1977). The RI of E. pacifica indicated that this species is not an outstanding oxyregulator as BCS and polar species. The high standard deviation of RI may speak for a lack of a consistent strategy when dissolved oxygen concentration decrease at in situ temperature.

Alternation between El Niño and La Niña events maintains the abundance of krill across time in the NCCS, but it is clear that if strong El Niño event like the one of 1997–1998 last longer or occurs more often, both T. spinifera and E. pacifica stocks would probably disappear from the NCCS and continue their life cycle at higher latitudes in the Gulf of Alaska, where they are not so affected by the El Niño event. This would have strong consequences for the higher trophic levels of the NCCS.



Cold Regions and OMZ-Free

The polar species Euphausia superba and Thysanoessa inermis exhibit also one of the highest RI among the 10 species assessed. The Antarctic krill E. superba is a central constituent of Antarctic food webs and forms large biomasses in the Southern Ocean (Atkinson et al., 2004; Murphy et al., 2007). Cumulative impacts of sea ice decline and ocean warming have negatively modified the abundance, distribution and life cycle of this species (Flores et al., 2012). The species T. inermis is restricted to the North Atlantic, North Pacific and the shelf region around Spitsbergen, continuously advected to the Arctic by the ocean currents from the Barents Sea where they have their major spawning ground. Both polar species are known as pronounced vertical migrators with some flexibility depending on food availability and predation risk (Kaartvedt et al., 1996; Cresswell et al., 2009).

As oxygen levels in Polar regions are relatively high, it appears that there is no compelling need to evolve adaptations to low oxygen levels. However, both species are well known for their dense swarming behavior and may experience reduced oxygen levels in these dense aggregations (Brierley and Cox, 2010). According to Brierley and Cox (2010), the oxygen concentration in a median packed E. superba swarm (40 m diameter, 111 ind. m–3) can fall from 6.8 to 5.8 mL O2 L–1 (76 to 65% air saturation or 16 to 14 kPa in South Georgia) after approximately 3 min spent in the middle. Swarm density can reach 25,000 ind m–3 (Hamner and Hamner, 2000) or spread over hundreds km–2 (Nowacek et al., 2011), so it can be easily envisaged that the reduction in oxygen availability in the middle of these biological features may be dramatically higher. This is probably the reason why E. superba and T. inermis deploy unexpected high hypoxia tolerance at in situ temperatures. As temperature generates higher energy demands in T. inermis (>three-fold), temperature rise in the North-Arctic of 3°C above the current summer conditions could lead to increased competition with other warmer adapted species, like Meganyctiphanes norvegica and N. megalops (Huenerlage and Buchholz, 2015). So far, this Arcto-boreal species seems to benefit from the current higher water temperatures in the Arctic as it seems to reproduce successfully in the Kongsfjorden (Buchholz et al., 2012).



RI or Others?

Even though temperature increases the metabolic activity, hence the energy demands of an animal, the present study suggests that the ability to cope with low oxygen levels is not always worse at higher temperatures for hypoxia-adapted species. A possible explanation could be that despite higher energy expenditure other processes such as diffusion rates are also enhanced, providing sufficient oxygen for an animal. As a consequence, we suggest that it is of crucial importance to measure respiration rates at in situ temperatures when comparing the hypoxia tolerances of various species within and between ecosystems.

Furthermore, the RI value, as a proxy for the capability of an animal to withstand low oxygen levels, seems to be indicative for the oxygen tolerance for its own. Low RI values were possible to determine for species such as E. mucronata, E. distinguenda, and E. lamelligera as they were showing oxyconformity or metabolic suppression patterns. In contrast, E. hanseni and N. capensis occurring in the BCS show high RI values. However, all species are known to withstand comparably low oxygen levels. This highlights the need to analyze the RI, additionally to Pcrit, to get a wider understanding of the species-specific adaptation strategies. Standardization to calculate RI is important as its determination depend on the model used (Cobbs and Alexander, 2018). In the present work, in order to reduce user interpretation in calculating RI by mean of the best fitted curve, we used the area under curve of the original data sets.

The analysis of the ETS activity and the contribution of the alternative oxidase (AOX) pathway are parameters that could be implemented to understand other metabolic adaptations related to vertical oxygen and temperature gradients. High specific ETS activities were observed in zooplankton collected in the Equatorial-Subtropical Atlantic mesopelagic zone (Hernández-León et al., 2019), also coinciding with a previous observation in the Eastern Equatorial Pacific (Herrera et al., 2019). The authors discussed this observation as an adaptation of migrant zooplankton to endure the adverse conditions of low temperature and low oxygen in deep waters. The AOX pathway is also a promising avenue to explore in response to temperature and oxygen vertical gradients as it has been identified and expressed in the copepod Tigriopus californicus in response to cold and heat stress compared to normal rearing temperature (Tward et al., 2019). This pathway could be an important player to support partial electron transport in order to stabilize mitochondrial membrane potential during metabolic suppression of OMZ-adapted species when residing for some hours in hypoxic conditions, as seen in the gills of freshwater bivalves adapted to hypoxia (Yusseppone et al., 2018).

It is known that species or populations of species confined to one hemisphere or a particular part of the ocean (neritic vs. oceanic) become often specialists (Jones and Cheung, 2017). They are in most cases neither widely distributed nor physiologically versatile, and can be predicted to especially suffer from the effects of ocean warming and OMZs’ expansion. This may be also true for euphausiid species, but this study clearly illustrates that most euphausiids, using different strategies, cope with a range of different oxygen and temperature levels – showing high physiological plasticity – and hence, explaining why this successful taxon is predominate in all the world’s oceans. However, species from the NCCS, ETP and the Arctic may be more vulnerable to future environmental conditions with increased water temperatures and decreased oxygen levels.
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LTso values for WS are given in Table 2. Significant differences are indicated in

bold.
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Temperature RI
Species “C) Median Quartile 1 Quartile 3 Strategy
Euphausia superba 4 0.48 0.29 0.58 High oxyregulation
Thysanoessa inermis 2 0.34 0.32 0.46 Low oxyregulation
2-6 0.48 0.35 0.60 High oxyregulation
6 0.66 0.60 0.72 High oxyregulation
8 0.43 0.17 0.54 Low oxyregulation
10 0.49 0.30 0.60 High oxyregulation
Euphausia pacifica 10 0.36 0.16 0.55 Low oxyregulation
Thysanoessa spinifera 10 0.07 —0.31 0.24 Conformity
Euphausia distinguenda 20 —-0.19 —0.26 —0.03 Metabolic suppression
Euphausia lamelligera 20 —0.03 —0.04 0.14 Conformity
Euphausia hanseni 5 —-0.38 —0.50 —-0.15 Metabolic suppression
10 0.50 0.29 0.69 High oxyregulation
15 0.25 —0.11 0.58 Conformity/regulation
20 0.74 0.59 0.79 High oxyregulation
Nematoscelis megalops 10 0.52 0.37 0.67 High oxyregulation
Nyctiphanes capensis 10 0.59 0.16 0.78 High oxyregulation
Euphausia mucronata 8 —0.26 —0.40 —0.15 Metabolic suppression

RI was calculated from 141 data sets and used to differentiate between respiration strategies using median and quartile values: low degree of oxyregulation (0.25 < Rl
median < 0.5); high degree of oxyregulation (0.5 < Rl median < 1; Q1 > 0.25 or Q8 > 0.75); oxyconformity (Rl median~0; Q1 < 0 and Q3 > 0), and metabolic
suppression (Rl median, Q1 and Q3 < 0).
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Position (bp)

139086: 159076
313258: 311201
506207: 527443
Unavailable
1434634: 1447801
173364: 184470
891867: 984674
114493: 156039
675886: 686178
105970: 114423
9836: 15995
277521: 272168
197762: 212409
44648: 62854
169683: 186166
190184: 192834
14479: 24317
26105: 36210
184800: 190271
166283: 179232
236788: 225555
671473: 678521
1247154: 1253260
418893: 427114
446522: 459841
1258456: 1265373
69978: 76891
270006: 345054
616383: 635879
4719: 14556
317572: 400940
684100: 748649
255392: 276113
325742: 153936
944458: 956786
461705: 493440
630096: 647523

No. of aa Unigenes
1081 Unigene0007554
1082 Unigene0049576
177 c78174_gt
177 83379_g1
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1911 CL120.Contig4s_Al
1124 AB759099.1
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>1321 CL120.Contig78_Al
1853 c81514_g1
1257 Unigene0049576
2158 c83722_g3
2057 ©80593_g1
1187 83307_g1
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1010 Unigene0091838
1269 83155_g1

1963 83429 _g1
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