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Abstract 

Temperature is an essential factor that affects all levels of biological organisation. A move 

towards thermal optimum can negatively change growth, reproduction, and survival. 

Polyplacophora is particularly susceptible to temperature change as its internal temperature 

closely matches that of the environment. Metabolic processes are sensitive to temperature, 

thus energetic processes of organisms are negatively impacted if exposed to extreme 

temperatures. Previous work has suggested that the heart sets the upper thermal limits of 

species. However, with increased temperature, mitochondria become less efficient at 

producing adequate ATP to meet increasing demands, leading to a setback in ATP supply and 

demand. This suggests that mitochondrial dysfunction may be a limiting factor in acute heat 

stress. Mitochondrial fluorescence and heart function of three closely related chiton species 

(Sypharochiton pelliserpentis, Chiton glaucus, and Ischnochiton maorianus) were assessed at 

increasing temperatures (20°C - 40°C). It was found that at 22°C, there was a decrease in 

mitochondrial function for subtidal I. maorianus. In comparison, subtidal C. glaucus and 

intertidal S. pelliserpentis maintained mitochondrial demand at high temperatures. Disruption 

in heart function was evident from 32°C in subtidal I. maorianus and C. glaucus. These 

results showed that heart and mitochondrial function significantly affect thermal tolerance 

limits and can be species-dependent. The mitochondria manage metabolite-producing 

pathways required for survival and reproduction, thus mitochondrial metabolites influence 

the thermal sensitivity of species. Mitochondrial metabolites of all species were assessed at 

high temperatures (30°C) to determine biochemical limitations in acute thermal stress. It was 

found that metabolic capacity is increased at 30° for intertidal, S. pelliserpentis,  compared to 

subtidal, C. glaucus and I. maorianus. These results showed that mitochondrial metabolites 

provide further insight into mitochondrial function at increased temperature.  
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Chapter 1.1: Introduction 

Temperature 

Temperature is one of the most important abiotic factors dictating an organism’s 

physiological performance. It impacts all biological processes from the whole organism down 

to a molecular level, and often there is little capacity to withstanding a broad temperature 

range (Helmuth & Hofmann, 2001; Stillman & Somero, 2000). Active thermoregulation, as 

seen in ectothermic species, allows a species to exist over a wide range of temperatures as 

they regulate their internal temperature from their external environment. This allows 

ectothermic species to exist across a broader temperature range with less physiological stress. 

Thermoregulation results in the restriction of species distributional patterns by temperature as 

distinct temporal patterns are visible across vertical gradients within aquatic and terrestrial 

habitats (Pörtner, 2001; Somero, 2002). Vertical patterns and distributions of species may 

allow predictions on the impact of increasing global temperatures by indicating limiting 

factors on thermal tolerance across species (Helmuth et al., 2002).  

Thermal tolerance is the ability of a species to physiologically adapt to increased 

environmental exposure based on their optimal temperature (Topt) range. The Topt of a species 

is its maximal performance ability. As temperatures increase above Topt, metabolic rates can 

no longer meet metabolic demands, thus, performance is decreased (Halsey et al., 2018; 

Casselman et al., 2012). Species distributional patterns across the environment have shown a 

limitation in thermal tolerance. For instance, the Pacific oyster Crassostrea gigas shows a 

vertical distribution parallel to their thermal tolerance, with differences in their phenotypic, 

morphological, physiological, and molecular traits (Li et al., 2018).  
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The variation in thermal tolerance is also presumed to be due to an increase in the complexity 

of metazoan life, with the temporal range set by the limits of cellular and tissue function 

(Pörtner, 2002). The thermal response of species entails a complex integrated process at the 

whole organism, cellular, and molecular levels, thus determining their sensitivity to climate 

change and mechanisms for thermal adaptation (Giomi et al., 2016). Thermal tolerance has 

evolved to be as narrow as possible to reduce maintenance costs, resulting in functional 

differences between species populations (Pörtner & Farrell, 2008). This narrow window 

results in functional differences among species, subspecies, and populations in various 

climate zones (Pörtner & Farrell, 2008). As thermal tolerance indicates individual 

performance, fitness and distribution, a wider tolerance allows for a greater potential to adapt 

to increasing temperature (Pörtner & Farrell, 2008). These adaptations could shift thermal 

limits further, suggesting that climate change could favour species with a wide thermal 

window (Pörtner & Farrell, 2008). An individual’s thermal tolerance, particularly their upper 

thermal limit (Tcrit), is considered one of the critical determinants of species distribution 

(Helmuth & Hofmann, 2001), as Tcrit typically activates acute thermal stress and stress 

responses. If temperatures are above Tcrit, heart failure and cell death become more evident as 

cellular function is no longer viable.  

A common approach to visualising temperature effects on species organisational level is a 

thermal performance curve (TPC) (Figure 1). A TPC is a generalised unimodal distribution 

typically skewed to the left and based on the thermal limit. The thermal capacity of a species 

distribution pattern may permit predictions on the impacts of global climate change on events 

vulnerable populations and species (Helmuth et al., 2002). 
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Metabolism and Mitochondria 

Mitochondria are crucial to all complex multicellular life, as mitochondria provide cellular 

power in the form of adenosine triphosphate (ATP). Mitochondria are also engaged in several 

cellular functions, for instance, oxidative stress, which is the disturbance in the production of 

reactive oxygen species (ROS) and antioxidant defence systems (Chaitanya et al., 2016; 

Mayevsky & Barbiro-Michaely, 2009). Normal mitochondrial function is essential in 

maintaining cellular homeostasis (Mayevsky & Rogatsky, 2007). With metabolic power, 

ATP production needs to match ATP use to maintain cellular functions such as ion 

regulation, cell movement, and biosynthesis of protein and lipid synthesis (Seebacher et al., 

2010).  

Figure 1. Generalised Thermal Performance Curve (TPC). Figure adapted from Krenek et al, (2012). The 

generalised curve indicates the relationship between environmental temperature and physiological performance. 

The optimal temperature (Topt) specifies maximal performance ability. 
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The capacity and density of mitochondria can alter in response to acclimation to changing 

temperatures, allowing cellular adjustments to remain constant with seasonal changes. There 

is debate as to the role of mitochondria and the limitation of species at elevated temperatures 

(Pörtner et al., 2006). Some have observed that with increasing temperatures, mitochondrial 

respiration appears to remain stable, even though organs such as the heart appears to fail first. 

This brings into question whether the mitochondria play a role in setting the thermal tolerance 

limits of a species (Pörtner et al., 2006). However, the O₂ flux into mitochondria as a 

response to increased temperature need not represent ATP production, as deceptive 

mitochondria change their efficiencies as temperature rises (Iftikar & Hickey, 2013). With 

high temperatures, there is an increasing demand for O₂ for cellular maintenance as there is 

an increase in mitochondrial swelling resulting in an inconsistency between O₂ demand and 

supply (Somero, 2010; Javadov et al., 2018). With swelling, mitochondria become less able 

to sustain any cellular functions, and the functional capacity of mitochondria becomes 

deficient (Seebacher et al., 2010; Somero, 2010). Excessive mitochondrial swelling can also 

induce cell death through apoptosis or necrosis, depending on ATP production (Javadov et 

al., 2018). The effect of high temperature on mitochondria tends to be the same across 

species as the respiration rate increases with temperature (Dahlhoff & Somero, 1993). 

Glucose is broken down into pyruvate via glycolysis in the cytoplasm of a cell and 

transported into the tricarboxylic acid cycle (TCA cycle) which is found within the 

mitochondrial matrix (Figure 2). Amino acids are metabolised by the TCA cycle 

immediately.  Dehydrogenases of the TCA cycle generate electron carriers, NADH and 

FADH2, which are fed into the electron transport system (ETS). The ETS consists of four 

membrane-bound protein complexes (Complex I, Complex II, Complex III and Complex IV) 

and two active electron carriers (Coenzyme-Q and Cytochrome C) (Figure 2).  
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These elements transfer electrons from the high redox potentials of NADH and FADH2 to the 

lower redox potential of O2, which acts as the final electron acceptor (Figure 2) (Lodish et al., 

2008). Electrons flowing from Complex I and Complex II are consumed through a Q-junction 

and Q-cycle within Complex III, and then onto Complex IV via Cytochrome C. This transfer 

facilitates the translocation of protons across the inner mitochondrial membrane. Generating 

an electrochemical gradient utilised by ATP-synthase to produce ATP (Lodish et al., 2008; 

Gnaiger, 2014). Damaged or leaky mitochondrial membranes uncouple mitochondrial 

oxidative phosphorylation by bypassing or allowing protons back into the mitochondrial 

matrix, decreasing the proton gradient and decreasing ATP production. It is thought that 

Cytochrome C is bound to the inner mitochondrial membrane but is released when damage to 

the cell membrane has occurred (Garrido et al., 2006). Cytochrome C is often released during 

the early stages of apoptotic cell death by a carefully regulated energy-dependent process 

(Elmore, 2007).  

 

 

  

Figure 2. Oxidative Phosphorylation. Figure adapted from Magistretti & Allaman, (2015); Kristian, (2004). 

Mitochondrial production of Adenosine 5’-Triphosphate (ATP).  
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Nicotinamide Adenine Dinucleotide (NAD) is an oxidised coenzyme involved in redox 

reactions in the ETS and can be reduced to NADH (Ahmed et al., 2022). There has been 

increased evidence that both NAD and NADH play a role in energy metabolism, cellular 

function and possibly cell death (Ying, 2006). NADH offer one of the primary mechanisms in 

transferring energy from TCA to the mitochondrial respiratory chain (Figure 2) (Ince et al., 

1992; Ying, 2006). This suggests that NAD and NADH can affect mitochondrial functions 

directly through other processes such as homeostasis (Ying, 2006). The absorption spectrum 

of NADH (Figure 3) has two limits: one limit at 250nm and the other around 340nm (Ince et 

al., 1992; Islam et al., 2013). With excitation at 330-360 nm (Kolenc & Quinn, 2019), NADH 

fluoresces in the blue, which has an emission of around 440-470nm (Ince et al., 1992). 

Unlike NADH, NAD does not fluoresce as it has an absorption limit of 250-300nm (Ince et 

al., 1992). Previous work has indicated that the fluorescence property of NADH may be an 

indicator of mitochondrial redox states. In the presence of O₂, cytosolic NADH is oxidised 

using malate aspartate or glycerol-3-phosphate shuttle, which transfers electrons from NADH 

to O₂. NADH from pyruvate dehydrogenase and TCA dehydrogenase also shuttle electrons 

through Complex I. In the absence of O₂, NADH accumulates at Complex I (Blinova et al., 

2008). Thus, an increase in NADH fluorescence can be used to gain insight into 

mitochondrial metabolic properties with increased signifying issues with electron transfer to 

O₂ (Mayevsky & Rogatsky, 2007).   

Flavin adenine dinucleotide (FAD) is a metabolic electron carrier that can undergo reversible 

oxidation and reduction in the TCA, ETS and respiratory chains (Figure 2) (Kosterin et al., 

2005; Chao et al., 2019), with a reduced (FADH2) and oxidised (FAD) form (Kolenc & 

Quinn, 2019). FAD is derived from flavin mononucleotides (FMN) bound to flavoproteins 

(Ahmad et al., 2021; Chao et al., 2019).  
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FAD is one of the primary mechanisms that act in several metabolic pathways as the oxidised 

form release high-energy O2 stores (Kosterin et al., 2005; Ahmed et al., 2021). The oxidised 

form of FAD is the only form able to fluoresce (Kosterin et al., 2005; Kolenc & Quinn, 

2019), absorbing light between 365-465nm yet is emitted at 520-530nm when excited. This 

means a similar excitation can be used to excite FAD as is used for NADH. Previous work 

has indicated that the fluorescence properties of FAD can provide an estimate of metabolic 

pathway activities (Kolenc & Quinn, 2019). The FAD levels in tissue can provide a better 

understanding of mitochondrial functionality (Kolenc & Quinn, 2019). Moreover, FAD will 

fluoresce when cells are oxygenated. The fluorescence of FAD is, however, less intense than 

NADH. 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Reduced Nicotinamide adenine dinucleotide (NADH) and Flavin adenine dinucleotide 

fluorescence. Figure adapted from Becker and Hicki (2019). Excitation and Emission rates of NADH 

and FAD autofluorescence. 
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The Heart and Temperature 

Several physiological systems may result in acute thermal death if a species Tcrit is reached. 

The heart is a highly metabolically active, temperature-sensitive organ that tends to be the 

first to fail, as the heart works harder to support metabolic demand with temperature 

increases (Farrell, 2009; Brett, 1972). As temperature increases, the heart rate also steadily 

increases, showing a normal temperature coefficient (Q10) (Somero, 2010). If temperatures 

increase slightly above Topt, the Q10 typically decreases until Tcrit is reached. This results in 

acute heart failure or acute thermal death (Somero, 2010). It appears that heart failure occurs 

only a few degrees above the upper thermal limit (Tmax); thus, the Tcrit of a species is only 

slightly (approx. ~2°C) higher than a species’ optimal environmental temperature (Iftikar & 

Hickey, 2013). The heart needs to increase its metabolic capacity to support the increased O2 

demand. Therefore, thermally challenged cardiac mitochondria elevate the O2 demands to 

mitochondria. However, the inner mitochondrial membrane increases proton leakage, 

requiring elevated respiration to maintain membrane potentials and ATP synthesis declines 

(Iftikar & Hickey, 2013). Moreover, Cytochrome C appears to be released as this occurs, 

which should promote apoptosis or programmed cell death (Iftikar & Hickey, 2013). Acute 

heart failure can be characterised by a reduction in cellular oxidative stress responses and an 

increase in oxidative stress (Hevia et al., 2018). Thus, cardiac mitochondria, particularly in 

the heart, may well limit a species’ survival at high temperatures as it appears to be directly 

linked to a species Tcrit. 

The heart of Polyplacophora is small in comparison to their body weight. It is located in the 

pericardium and consists of two unpaired ventricles and two paired ventricular auricles 

(Figure 4 ) (Ozerov et al., 2015; Økland, 1980). The pericardium is located just under the 

shell plates making it difficult to dissect the heart without causing damage.  
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The heart of Polyplacophora does not contain haemoglobin, instead, haemolymph is filtered 

through the wall of the heart into the pericardial cavity (Matsumura & Kuwasawa, 1996). The 

heart also does not contract due to limited muscle fibre, a siphonal movement and contraction 

of the foot increase the pressure inside the pericardium, helping with the circulation of fluid 

in the pericardial cavity (Matsumura & Kuwasawa, 1996). Previous work on the interaction 

between temperature and Polyplacophora heart is limited. However, observation of the 

interactions between temperature and limpets provides an insight into how Polyplacophora 

may respond, as limpets are found in similar habitats. Previous work looking at the 

relationship between temperature and the limpet heart indicates a decrease in heart function 

with increased temperatures (Santini et al., 2000; Chelazzi et al., 1999). 

 

 

 

 

 

 

 

 

 

 

Figure 4. Polyplacophora Circulatory System. Dorsal view of the circulatory system and central 

nervous system of a common Japanese Chiton, Acanthopleura japonica. Figure from Matsumura & 

Kuwasawa (1996).  



10 

Study Environment 

The intertidal zone extends between the highest high tide and lowest low tide (Petraitis et al., 

2008). Intertidal habitats include a large diversity of macroalgae, sessile and mobile species. 

Marine species within the intertidal zone are exposed to changing and extreme environmental 

stressors, including prolonged aerial exposure, temperature, and salinity changes (Helmuth & 

Hofmann, 2001). Continued exposure to these environmental stressors can have adverse 

physiological consequences on species in this habitat. Thus, species found in the intertidal 

zone likely have physiologically adapted to resist the damaging effects of prolonged exposure 

(Somero, 2002). Physiological adaptations allow these intertidal species to survive during 

low and high tides when their interactions with the environment are parallel.  

The subtidal zone is directly below the intertidal zone and is continuously covered by fresh 

ocean water. This zone provides a habitat to macroalgae, sessile and mobile invertebrates, 

and fish. The subtidal zone has a larger diversity of species than the intertidal zone, as it is a 

more stable environment and does not get exposure to prolonged environmental stressors 

(Helmuth & Hofmann, 2001). With the limited exposure to environmental stressors, subtidal 

species’ physiological adaptation to these stressors is little to non-existent (Helmuth & 

Hofmann, 2001). Species in the subtidal zone live close to their Tcrit and thus have the 

potential to be indicators of the effects of present global climate change (Helmuth & 

Hofmann, 2001).  

Temperature change can be viewed from a wide temporal scale, ranging from temperature 

fluctuations that change in hours because of tidal changes or climate change. Temperatures 

during low tide usually exceed the average submersion temperatures in the intertidal but 

remain relatively constant in the subtidal (Pӧrtner et al., 2006; Chiswell & Grant, 2018).  
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For instance, the New Zealand intertidal zone can reach up to 40°C (Nguyen et al., 2019), 

which exceeds the average submersion temperatures of 18-19°C in summer (Chiswell & 

Grant, 2018). Species found in the intertidal zone have adapted strategies to survive extreme 

thermal regimes (Hui et al., 2020).  

 

Study Species 

Previous studies on thermal limitations and species adaptations have used phylogenetically 

different species to make comparisons. These studies have revealed differences in the thermal 

ability of many species, especially vulnerable species found in variable environments. 

However, comparing species from closely related taxa would be ideal to further understand 

thermal limitations and adaptations. Polyplacophora or chitons are herbivorous marine 

molluscs with 56 species endemic to New Zealand that are mainly found in coastal habitats, 

but few can be found in deeper waters (Boyle, 1969). Chiton species are currently 

understudied compared to other marine molluscs such as gastropods and bivalves, thus this 

study contributes to a knowledge gap. This study used three chiton species: Sypharochiton 

pelliserpentis, Chiton glaucus, and Ischnochiton maorianus (Table 1). 

These species are found in the rocky shore habitat at different levels of zonation. 

Sypharochiton pelliserpentis is a high intertidal species that experience adverse physiological 

stressors that result from interactions between their ecological limit and preferred habitat 

(Boyle, 1969).  

 

 



12 

Chiton glaucus is a shallow subtidal species found underneath medium boulders around <1m 

depth at low tide and experiences a narrow thermal window compared to S. pelliserpentis. 

Ischnochiton maorianus is a subtidal species found at depths between 1-1.5m during low tide 

and experiences minimal environmental stressors.  

 

 

IMAGE 

 

SPECIES 

 

SIZE (mm) 

(d’Urville) 

 

 

Sypharochiton 

pelliserpentis 

 

 

 

 

20-30 

(d’Urville) 

 

 

Chiton glaucus 

 

 

 

15-30 

(d’Urville) 

 

 

Ischnochiton maorianus 

 

 

15-35 

 

 

 

 

Table 1. Species of Chiton. Three chiton species with their depth range and approximate size used in this 

study. Images sourced from Te Papa online collections, originally produced by J.D d’Urville (1883).  
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Summary and Project Directions 

Temperature is a complex environmental stressor that impacts all biological organisational 

levels, specifically for ectothermic species that cannot regulate their body temperature but 

instead match their internal environments to their external environment.  

The thermal tolerance of species varies greatly and is largely governed by stratification and 

biogeographical distributions of species. This is seen across the globe in many different 

environments. There has been speculation as to the limits of thermal tolerance, including its 

link to O₂. Recently, studies have focused on mitochondria’s function as a limiting factor of 

thermal tolerance. The energy source of cellular function has a delicate balance of demand 

and supply of ATP production from mitochondria. With increased temperature, mitochondrial 

stability and effectiveness decrease resulting in the ability of mitochondria to keep up with 

supply-demand fades, leading to a mismatch in energetic demand (Willis et al., 2021).   

The aim of this study is to better understand the effects of increasing temperature on 

ectothermic species to establish the differences in the physiological response to elevated 

temperatures between three chiton species: S .pelliserpentis, C. glaucus, and I. maorianus. I 

have assessed the heart function and mitochondrial stability to better understand the thermal 

capacity to make predictions on the impact of increasing global temperatures or climate 

change on vulnerable habitats. 

Studies that involve the mitochondria and heart are typically conducted under ex-vivo and in-

vitro conditions. This study was conducted under in-vivo conditions and was non-invasive.  
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Chapter 1.2: Methods and Materials 

Methodological Considerations 

Equipment Creation 

Specialised equipment was fabricated for this study as there are currently no devices 

available to measure mitochondrial fluorescence and heart function with increased 

temperature in real-time.  

Heating Stage 

A heat exchanger, or in this case, the heating stage, is used to transfer thermal energy 

between two objects at different temperatures (Shah & Sekulic, 1998). Managing heat flow 

requires selecting a material that retains an appropriate thermal conductivity, as incorrect 

thermal conductivity can result in poor device performance and inhibit the experimental 

design (Toberer et al., 2012). For optimal heating results, a metal with high thermal 

conductivity is required (Shah & Sekulic, 1998). For instance, copper (Cu) has a conductivity 

of 398w/m K, and aluminium (Al) has a conductivity of 247 w/m K. While the best choice 

for heat exchange is Cu, as it has a high heat conductance and is resistant to corrosion and 

thermal expansion (Chung, 2001). Cu is $2.15-$6.80/kg, which is not a cost-effective 

solution. Al has a similar thermal conductivity as Cu and is much more cost-effective at 

$0.60-$1.85/kg. Therefore, for this study, Al was selected to be used as the heating stage. 
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Light Filter 

The light filter used in this study was a thin piece of transparent coloured film typically used 

in photography (Winslow, 2012). For this study, blue and orange light filters are used to 

detect the fluorescence of NADH and FAD respectively. Blue and orange were chosen after 

comparing the excitation rates of NADH and FAD (Figure 3). 

Temperature Controller 

A temperature controller calculated the differences between a set and measured temperature. 

The controller takes an input from a temperature probe and has an output that connects to a 

power supply. With digital temperature control, the temperature is displayed on the unit as 

the temperature is increased manually. 

 

Equipment Fabrication 

The device used to measure the heart function, and the fluorescence of NADH and FAD in 

this thesis was engineered by Dr A. J. R. Hickey, of the SBS applied Surgery and Metabolic 

Physiology Group. The device was constructed of an aluminium stage and a 50mm thick 

aluminium block. Below this sits two photodiodes, each under a coloured light filter (orange 

and blue).  

Photodiodes are semi-conductors that convert light into an electrical current. Therefore, if 

there is a change in either NADH and FAD fluorescence as temperature increases, the 

photodiodes will detect it. Between the two photodiodes, lay one 3-Watt 360nm UV LED 

light, this LED emits light into the animal, providing a light source and excitation needed by 

the photodiodes.  
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A small thermoelectric heat pump and computer fan sit on the aluminium block, which is 

connected to a temperature control panel. The temperature probe connected between the 

temperature control panel and the aluminium block assists with turning off the fan once the 

selected temperature is reached. A 3-D printed chamber that holds the animal is placed on top 

of the aluminium stage; inside this chamber sits a small thermocouple measuring internal 

temperature. A heart rate monitor then slots into the chamber to measure heart function but 

also assists in keeping the animal in place.  

IMAGE DEVICE NAME DEVICE USAGE 

  

 

Aluminium Stage 

 

 

Heating 

 

 

 

50 x 50 x 80 mm Aluminium 

Block 

 

 

Heat Buffer 

 

 

 

Two photodiodes under light 

filter. Centred a 360nm UV 

LED light. 

 

 

Pulsed UV light used to detect 

fluorescence change. 
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12V Computer fan attached 

to a Peltier pad. 

 

 

Heating Element 

 

 

 

Digital temperature controller 

 

Select desired temperature. 

Switches fan off when 

temperature is reached. 

  

Thermistor/Temperature 

Probe 

 

Sits on heating stage and 

registers stage temperature. 

 

 

 

3-D Printed chamber with 

thermocouple. 

 

Holds animal in place, and 

thermocouple monitors 

temperature of animal. 

  

 

Heart Rate Monitor 

 

Monitors Heart function. Also 

keeps animal in place by 

slotting into chamber. IR 

sensors sits above heart. 
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Image 1. Mitochondrial fluorescence and heart function equipment setup. Final equipment set up to 

monitor NADH and FAD fluorescence with temperature change, and heart function. Two T15 PowerLabs 

(ADInstrumentsTM) were used to monitor the photodiodes and pulse the UV LED using the muscle stimulation 

panel (5-V). The thermocouple was attached to a T-pod and plugged into the PowerLab system. This enabled 

simultaneous measurement of heart rate, NADH and FAD signals with precise temperature measure. 

Equipment engineered by Dr A. J. R. Hickey (2021). 

 

  

 

 

Complete Equipment Setup 

without chamber. 

 

 

Monitoring NADH and FAD 

fluorescence with temperature 

change. Note that a large Al 

block was added to slow and 

buffer temperature rise. 

 

 

 

 

 

 

 

 

 

 

 

 

  

Table 2. Mitochondrial fluorescence and heart function equipment. Individual pieces of the equipment used in this 

study. Equipment engineered by Dr A. J. R. Hickey (2021). 
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Equipment Pilot Studies 

As the equipment of this study was purpose-built, several pilot studies were needed to ensure 

that the equipment was successful before the commencement of any experimental studies, in 

particular the equipment for mitochondrial fluorescence.  

Temperature and Time 

A temperature test was conducted to ensure that the temperature control panel, thermoelectric 

heating pad and fan could heat the aluminium stage effectively. Initially, the temperature 

increased quickly and continued to do so inside the chamber, not allowing sufficient results to 

be collected. After ten minutes, the temperature within the chamber began to decrease, which 

is problematic as it may result in the animal recovering. From the pilot temperature studies, 

an additional solid 50 x 50 x 80mm aluminium block was added to the aluminium stage to 

buffer and regulate the temperature between the temperature control panel and the aluminium 

stage. Time intervals were also changed from ten minutes to five minutes. Lastly, the 

temperature controller was adjusted to switch on and off with a 1°C margin. 

NADH Fluorescence 

A small blue filtered photodiode was used to detect the fluorescence of NADH. A pilot study 

was undertaken to determine whether the photodiode could detect NADH fluorescence. On a 

petri dish, 100µL of H₂O was placed above the blue filtered photodiode, the UV LED was 

pulsed on and off, and 3µL of NADH (10mM) was titrated every minute until saturation. The 

results (Figure 5) from the pilot study indicated that the blue filtered photodiode was 

successfully able to detect an increase in NADH saturation over time.  
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FAD Fluorescence 

A small orange filtered photodiode was used to detect the fluorescence of FAD. A pilot study 

was undertaken to determine whether the orange filtered photodiode could detect FAD 

fluorescence. FAD is not readily available as it is typically bound with proteins. Therefore, 

for the pilot study, Riboflavin Monophosphate (FMN) was used as a substitute. FMN is a 

precursor coenzyme of FAD and fluoresces at a similar wavelength, thus was used as a 

substitute for FAD. On a petri dish, 100uL of H₂O was placed above the orange filtered 

photodiode, the UV LED was also pulsed as above, and 3uL aliquots of FMN (10mM) was 

titrated every minute. The results (Figure 6) of the pilot study indicated that the orange 

filtered photodiode could successfully detect FMN fluorescence, although it rapidly saturated 

at approximately 200uM. 

  

Figure 5. Reduced Nicotinamide Adenine Dinucleotide (NADH) Saturation. Mean±SEM from a pilot 

study (n=4) to test NADH fluorescence. As NADH concentration increases, there is an increase in the 

fluorescence detected by the blue filtered photodiode.  
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Background Noise 

Electrical noise in the laboratory was likely an issue. Therefore, a pilot study to determine 

whether such noise exists and means of elimination were required. In the initial study, it was 

evident that noise from the laboratory environment, such as refrigerators turning on and off, 

was causing significant peaks in the heart function results. A tin foil insulated box (Farraday 

Cage) was used to cover the equipment to minimise environmental noise. The insulated box 

decreased the number of peaks seen in the heart function results. Any other significant peaks 

were manually removed during data analysis. It is worth noting that once the study moved 

home-based, the effect of environmental noise decreased substantially. 

 

Figure 6. Riboflavin 5’-Monophosphate (FMN) Saturation. Mean±SEM from a pilot study (n=4) to 

test FMN fluorescence. As FMN concentration increases, there is an increase in the fluorescence 

detected by the orange filtered photodiode.  
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Photodiodes 

Photodiodes are temperature dependent and can decrease in signal with increased 

temperature. This is problematic due to the nature of this study, so a pilot study was 

conducted to account for signal change, by slowly increasing the temperature of the 

aluminium stage to 40°C. The results (Figure 7) indicated that as the temperature increased, 

photodiode voltage declined, providing an average baseline of the decline in photodiode 

fluorescence. This baseline data was later used during data analysis to establish and correct 

the fluorescence of NADH and FAD. 

 

 

 

 

 

 

 

 

 

Poison 

Poison was used to test the response of NADH and FAD in the chiton to determine whether 

fluorescence could be detected. Rotenone is a poison naturally found in the seed and stems of 

several plants and it is mainly used as an insecticide (Turner, 1932). It inhibits mitochondrial 

respiratory Complex I and induces cell death by blocking NADH oxidation to NAD (Li et al., 

2003).  

Figure 7. Background Noise. Mean from a pilot study (n=3) to test photodiode sensitivity with increased 

temperature. As temperature increased, there is a decline in photodiode sensitivity.  
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Therefore, by exposing animals to rotenone, it is expected that there would be an increase in 

the NADH signal. Rotenone is insoluble in water, and thus for the pilot study, 1mL of 

rotenone was carefully mixed with 6mL of ethanol. An animal,  S. pelliserpentis was added to 

the chamber with 1mL of seawater, and the UV LED was turned on pulse. After ten minutes, 

2mL of rotenone was carefully added into the chamber, and observation took place until 

mortality. Initially, the results (Figure 8) of rotenone poisoning showed the fluorescence of 

NADH to be relatively stable. Once rotenone was taken up by S. pelliserpentis there was a 

significant increase in NADH fluorescence. The study ended after 20 minutes as the heart 

rate of S. pelliserpentis was no longer detected.    

 

 

 

 

 

 

 

 

 

 

Figure 8. Rotenone Poison. Mean from a pilot study (n=3) looking at the change in Nicotinamide Dinucleotide 

(NADH) redox state after titration of rotenone at the ten-minute mark. Rotenone increased signal in the NADH 

fluorescence channel, indicating the system likely is detecting NADH.  

 

Rotenone 
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Azide is a poison most used as a chemical in laboratories to stop microbe growth but is best 

known as a respiratory poison (Kleinhofs, et al., 1978). Azide inhibits mitochondrial 

respiration by blocking the oxidation of cytochrome c (Bowler et al., 2006). Therefore, azide 

blocks the ETS, resulting in FAD being reduced to FADH2. This response results in a 

decrease in fluorescence. For the pilot study, 1mL of azide was carefully mixed with 6mL of 

ethanol. An animal S. pelliserpentis was added to the chamber with 1mL of seawater, and the 

UV LED was turned on pulse. After ten minutes, 2mL of azide was carefully added into the 

chamber until mortality. Results (Figure 9 ) of the azide poison pilot study showed a decline 

in FAD fluorescence once the azide was added to the chamber. Notably, FAD fluorescence is 

weaker than NADH, and the signal is less stable than that of NADH. The study ended after 

20 minutes as the heart rate of S. pelliserpentis was no longer able to be measured.  

 

 

 

 

 

 

 

 

 

 

 

Figure 9. Rotenone Poison. Mean from a pilot study (n=3) looking at the change in Flavin Adenine 

Dinucleotide (FAD) redox state after titration of Azide at the ten-minute mark. Azide decreased signal in 

the FAD fluorescence channel, indicating the system likely is detecting FAD. 

 

Azide 
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Experimental Animals 

The animals used in this study were collected from Waiake (36°42’21.924” S, 174°45’0.612” 

E), located on the east coast of Northern Auckland. The intertidal species S. pelliserpentis 

(Table 1), were collected during low tide (0m). By gently placing a small metal spatula 

between the animal and rock surface. The subtidal species C. glaucus and I. maorianus 

(Table 1), were collected underneath small boulders during low tide (<1m). 

At the beginning of this study, animals were transported to the saltwater facilities of the 

University of Auckland and held in 30L aerated tanks with 20 ± 0.5°C recirculating seawater. 

Medium volcanic rocks were added to the tanks to allow higher ground for S. pelliserpentis 

and hiding for C. glaucus and I. maorianus. Animals were checked daily and fed once a week 

with oyster shells to provide a source of algae. Animals were acclimated to laboratory 

conditions for one week prior to experiments.  

Once the study moved home-based due to COVID19 restrictions, the animals were kept in a 

20L aerated bucket. Fresh seawater collected from Waiake was added every 24 hours and 

animals were exposed to sunlight for a maximum of two hours daily. Small volcanic rocks 

were added into the buckets to provide higher ground for S. pelliserpentis and hiding for       

C. glaucus and I. maorianus. Animals were acclimated to conditions for four days prior to 

experiments; any longer would result in high mortality. There were no ethical requirements 

for the use of these animals.  
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Image 2. Labchart (ADInstrumentsTM). Labchart set up used to take simultaneous measurements of NADH 

and FAD fluorescence and heart rate in-vivo. The first two channels represents the pulsing UV light, each 

channel after this represents a different measurement. These are, in order, NADH, FAD, Temperature, Heart 

Trace, Heart Rate, Peak Heart and Pseudo-cardiac output.  

LabChart 

LabChart is a computer software program that transfers data from PowerLabs 

(ADInstrumentsTM) to the computer. With LabChart, a simultaneous measurement of heart 

rate, NADH and FAD signals with precise temperature was measured (Image 2).  

For the fluorescence of NADH and FAD, the fluorescence voltage from the photodiodes was 

recorded in LabChart (ADInstrumentsTM). The signal was recorded in the 200mV range, and 

the cyclic measurement function was used to collect the peak height. The height represents 

the fluorescence signal but also accounts for drift in the system such as ambient light. For 

heart rate, a signal from the IR system was recorded in the 200mV range. The cyclic 

measurement function was used to collect heart rate.  
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Image 3. Sample trace of NADH and FAD fluorescence.  A sample trace of the NADH and FAD signal of      

S. pelliserpentis at approximately 26° in LabChart (ADInstrumentsTM).   

NADH and FAD Fluorescence 

Once the chitons’ were acclimated, an individual chiton would be gently inserted into the 

chamber and left for a few minutes to allow them to expand and achieve full suction onto the 

microscope slide. The chamber was then securely closed and covered by an insulated box. 

Using LabChart, a baseline for one minute was measured to allow detection of the 

photodiodes (Image 3).  

Using the stimulation panel, the UV light was switched on to pulse at a max rate of 1Hz, a 

pulse height of 5V and a pulse width of 0.1s. The UV LED was pulsed to decrease damage 

and stress to the chiton and to account for ambient light. To start, the temperature panel was 

set at 20°C. The temperature panel was increased by one degree every five minutes up to 

30°C, then by two degrees every five minutes until 40°C. After 40°C, the temperature was 

increased by 2°C every 2 minutes until mortality. Mortality in this study was defined by a 

clear signal drop or no detected signal.  
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Image 4. Sample trace of Heart Rate.  A sample trace of the heart rate signal of S. pelliserpentis at 

approximately 26° in LabChart (ADInstrumentsTM).   

Heart Function 

When the chiton began flattening down, the heart rate monitor with a small amount of Blue-

TackTM (poster putty) was gently lowered down on top of the chiton, ensuring that the heart 

sensors were located on the posterior end of the animal (Figure 4). The Blue-TackTM 

provided a buffer against unwanted movements. A small rubber band was attached to the 

heart rate monitor on the chamber to push the sensor downwards onto the chiton.  

The study for heart rate functions commenced simultaneously with NADH and FAD 

fluorescence studies. The mean heart rate was measured with the total rate recorded. Heart 

rate variability was calculated by the standard deviation of heart rate. Lastly, the pseudo-

cardiac output was calculated by selecting arithmetic measurements in LabChart multiplying 

the heart rate x heart trace x 1000.  

Heart rate recovery experiments were also conducted using the same setup. With this, a 

chiton was gently set into the chamber with the heart rate monitor on top and connected to 

Lab Chart (version 8; AD instruments, 1986). The temperature panel was set to 30°C the 

animal was kept at this temperature for 30 minutes. The temperature panel was then turned 

off and cooled down to ambient temperature.  
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Data and Statistical Analysis 

The weight of all chitons’ was measured before and after each experimental study with the 

use of a traditional kitchen scale. Data recorded in Lab Chart (ADInstrumentsTM) was 

exported into Excel (MicrosoftTM) for analysis. Fluorescence data were standardised to ten 

using a min-max normalisation (𝜒 =
𝜒−𝑚𝑖𝑛

𝑚𝑎𝑥−𝑚𝑖𝑛
∗ 10) to convert data from a voltage reading to 

arbitrary units (au). All data presented in this study are mean ± standard errors (SEM) unless 

stated otherwise. The number of replicates for each experiment has been indicated.  

Prism (Version 8) was used to conduct independent statistical analysis. A Welch ANOVA 

was performed to analyse the effect of temperature on heart function and fluorescence, with 

multiple-comparison tests to observed differences among species.  
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Figure 10. Mass of all species before and after experimental study. Mean±SEM mass (n=45) of 

S. pelliserpentis, C. glaucus and I. maorianus before and after each experimental study indicating 

possible desiccation. No significant difference was found. 

Chapter 1.3: Results 

Mass Changes 

There have been previous studies on the desiccation level of chiton species with the increase 

of temperature. This study artificially produces desiccation in chitons, thus changes in mass 

before and after the experimental study were calculated as an additional result. With the 

increase in temperature, there is a slight decline in the mean weight of each species, the 

differences were not significant. The subtidal species C. glaucus indicated the highest rate of 

desiccation with a change of approximately 0.2g after the experimental study.  
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Figure 11. Reduced Nicotinamide Adenine Dinucleotide (NADH) Fluorescence in all species with 

increased temperature. Mean±SEM fluorescence intensity of reduced mitochondrial NADH (n=45), as 

temperature is increased for S. pelliserpentis (IT), C. glaucus (ST), and I. maorianus (ST). Significant 

differences of P≤0.0001 are denoted (****).  

**** 

**** 

**** 

Fluorescence 

Nicotinamide Adenine Dinucleotide 

Figure 11 depicts NADH fluorescence with increasing temperatures for all the species. There 

was a significant increase in the NADH fluorescence for S. pelliserpentis (p<0.0001). 

Especially at 23°C, there was a rapid increase was detected before becoming relatively stable 

with a fluorescence intensity between 5-6 a.u. This stability in fluorescence remained until 

40°C. The subtidal species, C. glaucus showed a similar NADH fluorescence intensity as     

S. pelliserpentis, with a significant but steady increase (p<0.0001),  between 21°-28°C, and 

becoming relatively stable until mortality at 34°C. Ischnochiton maorianus showed 

significantly lower NADH fluorescence intensity (p<0.0001) at just above 4 a.u, similarly to 

the other species, with a rapid increase between 21°-25°C, however after 25°C the 

fluorescence signal started to decline until mortality at 32°C. The fluorescence intensity 

differed at approximately 26°C among the species.  
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Figure 12. Flavin Adenine Dinucleotide Fluorescence in all species with increased temperature. 

Mean±SEM fluorescence intensity of mitochondrial FAD (n=45), as temperature is increased for              

S. pelliserpentis (IT), C. glaucus (ST), and I. maorianus (ST). Significant differences of P≤0.0001 are 

denoted (****). 

Flavin Adenine Dinucleotide 

Flavin Adenine Dinucleotide fluorescence with increasing temperatures for all the species is 

indicated in figure 12. A significant increase in the FAD fluorescence can be seen for           

S. pelliserpentis (p<0.0001), in particular at 23°C, when the FAD fluorescence intensity 

increased from approximately 2 a.u to 4.5 a.u. There was a slight but significant increase for 

subtidal species C. glaucus between 22°-29°C (p<0.0001), however, it is possible that FAD 

fluorescence became saturated for this species as the signal became stable. Like                    

S. pelliserpentis and C. glaucus, the subtidal species I. maorianus indicated a significant 

increase of FAD fluorescence (p<0.0001) from 21°C, however, the signal for this species did 

not stabilise, instead there was a decline from 25°C where the fluorescence intensity at 5 a.u 

dropped down to 2.5 a.u. The FAD fluorescence differed at approximately 30°C between the 

species.  

 

 

 

**** 

**** 

**** 



33 

Figure 13. Heart Rate (BPM) in all species with increased temperature. Mean±SEM heart rate (BPM) 

(n=45) with temperature increase for S. pelliserpentis (IT), C .glaucus (ST), and I. maorianus (ST). 

Mortality occurred for C .glaucus at 34°C and 32°C for I. maorianus. Significant differences of P≤0.0001 

are denoted (****). 

Heart Function 

Heart Rate 

Each species showed a differing response in mean heart rate with increased temperature. The 

heart rate of S. pelliserpentis, the intertidal species, remained stable until 32°C was reached, 

at which point the heart rate steadily but significantly declined until mortality at 40°C (Figure 

13; p<0.0001). The subtidal species, C. glaucus, showed a similar pattern to S. pelliserpentis, 

but with a slightly increased mean heart rate above 30BPM, and mortality at 34°C. The 

increase in heart rate for C. glaucus was significant (p<0.0001). The heart rate for I. 

maorianus remained the lowest, below 20BPM and failed first at 32°C. There was a 

significant change in mean heart rate with temperature (p<0.0001).  
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Figure 14. Pseudo-Cardiac Output in all species with increased temperature. Mean±SEM pseudo-

cardiac output (n=45), with temperature increase for S. pelliserpentis (IT), C. glaucus (ST), and                 

I. maorianus (ST). Significant differences of P≤0.0001 are denoted (****). 

Pseudo-Cardiac Output 

The cardiac output refers to the amount of blood that is being pumped. However, the heart of 

a chiton does not pump, instead, blood flow occurs by the use of their foot, thus the term 

pseudo is used.  The pseudo-cardiac output of S. pelliserpentis and I. maorianus remained 

low with temperature increase with a cardiac output below 3 a.u (Figure 14). Compared to     

C .glaucus which has a much higher cardiac output between 10-15 a.u. A significant 

difference was found in the mean pseudo-cardiac output for all species (p<0.0001). The 

decline in pseudo-cardiac output is due to the mortality of C. glaucus and I. maorianus.  

 

 

 

Heart Rate Variability 

Heart rate variability is significantly low (Figure 15) for S. pelliserpentis (p<0.01) and          

C. glaucus (p<0.005) between 20°-30°C. Once the temperatures reached beyond 34°C, the 

heart rate variability of S. pelliserpentis continued to increase.  
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Figure 15. Heart Rate Variability in all species with increased temperature. Mean±SEM heart rate 

variability (n=45) with temperature increase for S. pelliserpentis (IT), C. glaucus (ST), and I. maorianus 

(ST). Significant differences of P≤0.01 are denoted (**), significant differences of p≤0.05. 

There is no data available for the variability of C. glaucus beyond this due to mortality. The 

highest heart rate variability can be seen for I. maorianus from 20°C and it continues to 

significantly increase beyond this temperature (p<0.01). There is no data available for heart 

rate variability beyond 32°C due to mortality, however, assumptions can be made that heart 

rate variability would continue to increase.   
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Heart Rate Recovery 

The heart rate recovery measured how quickly the heart returns to a resting state after being 

exposed to a high temperature. The heart rate of S. pelliserpentis continued to increase to 

42BPM after being exposed to 30°C for 30 minutes, recovery of the heart is only indicated 

after 60 minutes at approximately 28°C (Figure 16a). The heart rate recovery of                     

S. pelliserpentis was significantly different with time (p<0.0001).  

After a 30 minute exposure to 30°C, the heart of subtidal chiton C. glaucus only recovered 

approximately 20BPM over a 90 minutes (Figure 16b). There was no significant difference 

found in the mean heart rate recovery of C. glaucus (p<0.1), suggesting possible mortality.  

The heart rate of I. maorianus was approximately 18BPM after being exposed to 30°C for 30 

minutes. The heart rate declined down to 8BPM after 10 minutes of recovery (Figure 16c). 

As the recovery period continued there was a significant decline in mean heart rate 

(p<0.0001). However, it is likely that mortality has occurred, due to the low heart rate.  
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Figure 16a. Heart Rate Recovery in Sypharochiton pelliserpentis. Mean±SEM heart rate recovery (n=5) 

after being exposed to 30°C for 30 minutes. Significant differences of P≤0.0001 are denoted (****). 

Figure 16b. Heart Rate Recovery in Chiton glaucus. Mean±SEM heart rate recovery (n=5) after being 

exposed to 30°C for 30 minutes. No significant differences. 

Figure 16c. Heart Rate Recovery in Ischnochiton maorianus. Mean±SEM heart rate recovery (n=5) 

after being exposed to 30°C for 30 minutes. Significant differences of p≤0.0001 are denoted (****). 
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Chapter 2.1 Introduction 

Metabolites 

Primary metabolites are essential for cellular growth and include intermediate and end-

products of metabolism (Sanches & Demain, 2008; Zhang et al., 2011). With anabolic 

metabolism, which builds new cellular compounds from small molecules (Thompson & 

Bielska, 2019), metabolites at a cellular level are used for fuel, structure, and signalling. 

These metabolites can also be converted into coenzymes (Sanches & Demain, 2008). 

Catabolic metabolism breaks down molecules, and this production of metabolites relates to 

energy production and substrate utilisation which is crucial for cellular function, such as ion 

regulation and contraction (Sanches & Demain, 2008).   

Mitochondria are one of the most differentiated metabolic centres of the cell, where crucial 

biochemical reactions occur, and ATP is produced (Frezza, 2017). Mitochondria manage 

several pathways, producing metabolites that are required for cell survival and reproduction. 

For instance, Acetyl CoA (AcCoA) the activated form of acetate that fuels TCA, is generated 

from pyruvate oxidation. This metabolite is part of several metabolic pathways including 

carbohydrate, lipid, neurotransmitters (Acetylcholine), and protein metabolism (Frezza, 

2017). AcCoA is diverted towards mitochondria to promote mitochondrial dependent 

activities (Frezza, 2017).  

Previously, the number of metabolites present within a cell was considered relatively small 

compared to other molecular variables. However, with the advancement of metabolomic 

technologies, the extent of measurable metabolites has expanded (McGarrah et al., 2018).  
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Metabolomics has emerged to measure chemical intermediates or metabolites in biological 

samples, including plasma and tissue samples (McGarrah et al., 2018; Zhang et al., 2011). 

Non-targeted metabolomics is a comprehensive analytical tool that detects, identifies, and 

quantifies the number of metabolites present in a biological sample. Non-targeted 

metabolomics aims to distinguish unique metabolic features associated with a specified 

treatment and appropriate control groups (McGarrah et al., 2018). Non-targeted 

metabolomics is typically used as a discovery tool to identify a change in metabolites. This is 

a response to the manipulation of biological systems rather than providing exact 

concentrations of known metabolites (Newgard, 2016; Dunn & Ellis, 2005). Targeted 

metabolomics is a quantitative tool that focuses on measuring known metabolites in clusters 

with similar chemical structures (McGarrah et al., 2018; Dunn & Ellis, 2005). Targeted 

metabolomic typically uses an isotope dilution mass spectrometer, where a known number of 

stable isotopes is added to a sample, and the isotopic ratio is measured (Newgard, 2016). 

Advances in metabolomics have resulted in an evolution in targeted and non-targeted 

methods for metabolic profiling. These advances include metabolic flux analysis, where 

heavy atoms from stable isotope substrates are detected and labelled as metabolic products in 

experiments are produced (Newgard, 2016). Metabolomics aid in measuring the change in 

metabolites within cellular function, which in turn can identify implication within the cellular 

metabolism.  

Glucose 

Among all the biological compounds, glucose is the most critical for life as glucose is an 

essential nutrient in most cellular functions and an important source of energy (Rieusset, 

2018). This simple sugar is the most abundant organic molecule in nature (Depre et al., 

1999).  
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As the primary fuel for glycolysis and the pathway of aerobic and anaerobic respiration, 

glucose generates the energy potential required for cellular growth (Galant et al., 2015). 

Glucose is derived from an intracellular store of glycogen that is transported along a gradient 

and regulated by specific transporters. Intracellular glucose is rapidly phosphorylated and 

becomes a substrate for the glycolytic pathways. After entering this pathway, most of the 

glucose substrate is broken down to pyruvate, which is then used as a substrate in further 

metabolic pathways. The small amount of glucose that does not enter this pathway is used as 

a substrate for glycogen synthesis. The extracellular glucose is metabolised into lactate, 

whereas glucose released from glycogen is oxidised (Depre et al., 1999). Understanding 

glucose metabolism and its glycogen product is crucial in understanding its processes in 

providing cellular functions with energy.  

Antioxidants 

An antioxidant is a substance found in biological processes that delay or prevent the 

oxidation of a biological substrate when found in low concentrations (Sanchez et al., 2019). 

Biological systems in oxygenated environments have developed physiological and 

biochemical defence mechanisms to deal with O₂ radicals (Sanchez et al., 2019). 

Antioxidants can be divided into three groups depending on their biological processes, 1) 

primary antioxidants, known as scavengers, as they terminate free radicals. 2) secondary 

antioxidants, these are preventative as they slow chain reaction initiation. And 3) tertiary 

antioxidants, which repair damaged molecules (Daramola & Adegoke, 2011). Antioxidants 

act via several chemical mechanisms; these mechanisms are substrate dependent. 

Antioxidants react with free radicals and convert them into more stable products (Aziz et al., 

2019), as free radicals are consistently formed as metabolites of aerobic metabolism (Rubio et 

al., 2016). 
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Therefore, they defend against free-radical induced oxidative damage as intracellular 

antioxidant enzymes produced within cells work against forming free radicals within cells 

(Aziz et al., 2019; Sanchez et al., 2019). Free radicals are the products of normal cellular 

metabolism and are defined usually as a molecule containing one or more unpaired electrons 

(Phaniendra et al., 2015). For instance, superoxide (O₂ׄ●- ) is the most important widespread 

ROS formed and is mostly produced in the mitochondria. It is formed by enzymatic 

processes, oxidation reactions or non-enzymatic electron transfer. Superoxide can be formed 

by NADH dependent oxidase but has low reactivity with biomolecules (Phaniendra et al., 

2015).  

The total antioxidant capacity (TAC) is typically used to evaluate the antioxidant capacity of 

biological samples by measuring any scavenged free radicals (Rubio et al., 2016). TAC was 

developed to permit rapid but simple determination of antioxidant capacity in biological 

samples (Schauss et al., 2006). In this study, the TAC contains an antioxidant variation that 

includes ‘fast-acting’ or ‘slow-acting’ components. Fast-acting antioxidant (Q1) components 

respond to biological processes immediately. Whereas with slow-acting antioxidants (Q2) 

components, there is a delay in response to biological processes (Schauss et al., 2006; Rubio 

et al., 2016). 

Study Species 

The species used in this study is the same as those used for Chapter 1 of this thesis. Refer to 

Page 11.  
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Summary and Project Directions 

The original direction of this project was to complete metabolomics in support of Chapter 1. 

The project was based on extracting metabolites such as glucose and antioxidants from chiton 

species at five differing temperature intervals that indicated significant results (for instance, 

20°C, 25°C, 30°C, 32°C, and 40°), to further understand the effect of increased temperature 

on thermal limits of mitochondria and the heart. However, due to COVID19 restrictions, 

there was no access to laboratories. This project moved home, and the original project had to 

be adapted. Therefore, it was decided to use equipment that could be bought off a shelf to 

measure metabolites.  

This study aims to better understand the effects of high temperatures on the biochemical 

response of ectothermic species and to establish the differences in the physiological response 

to elevated temperatures between three chiton species: Sypharochiton pelliserpentis, Chiton 

glaucus, and Ischnochiton maorianus. I have assessed metabolite levels to better understand 

the effect of thermal capacity to make predictions on the impact of increasing global 

temperature or climate change on vulnerable habitats.  

I hypothesise that at high temperatures, metabolite levels will be lower in the subtidal species 

C. glaucus and I. maorianus than at ambient temperatures. I hypothesise that the average 

metabolite levels will remain stable for the intertidal species S. pelliserpentis. By measuring 

metabolite levels of three chiton species at different treatments with the use of specialised 

measuring devices that are easily accessible.  
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Chapter 2.2: Methods and Materials 

Methodological Considerations 

Experimental Devices 

This study had to be adapted to be conducted safely at home due to no access to laboratory 

facilities because of COVID19 restrictions. The initial plan for this study was to conduct a 

variety of metabolomics to better understand the biochemical reaction to increased 

temperature. To safely conduct assays at home, the type of bioassays had to be thoroughly 

selected, as there are multiple metabolic pathways to further the understanding of the effect 

of temperature on mitochondrial function, such as calcium. To measure calcium and its 

permeability, a flow cytometry machine is typically used, which requires specialised filters 

and chemicals to induce fluorescence signals in live cells. As this study was home-based, 

bioassays of this nature were not possible as it was not cost-effective, safe or space-saving. 

Therefore, as an alternative, glucose and complete total antioxidant assays were chosen. For 

glucose assays, a simple blood glucose monitor (CareSensN; i.sensTM) and additional test 

strips were bought at a local pharmacy ($19.99; $17.99). For antioxidant assays, like glucose, 

an antioxidant-measuring device (e-BQC Lab; bioquochemTM) was bought online with test 

strips ($1791.71; $636.31). Both are more effective solutions for working in a domestic 

situation. These monitoring systems only needed small tissue samples that require limited 

preparation. 
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Determination of Tissue Weight 

One complication of home-based study is the limited access to laboratory equipment. For this 

study, small tissue samples of the same weight were required to accurately identify the 

amount of glucose and antioxidants in tissue samples. It was not a viable solution to use a 

high precision analytical balance, typically found in a laboratory setting due to its size and 

cost. For the experimental study in Chapter 1, species were weighed using a traditional 

kitchen scale with a weight capacity of 1g-5kg. The traditional kitchen scale was not viable 

for this study as the tissue samples were below this weight capacity (<1g). Dr A. J. R. Hickey 

engineered a tissue measurement device (Image 5), where a thin tissue sample is placed on 

top of the device, with a microscope slide placed on top of the sample. With a gentle force, 

the tissue was pressed down to a known height (0.15mm). Samples could then be digitally 

calculated using an imaging processing program (ImageJTM), by multiplication of the known 

thickness and tissue area to determine the total weight of the sample. After several pilot 

studies, it was determined that the frozen tissue samples were too brittle to successfully 

excise a thin sample, thus making it difficult to determine the weight of tissue samples 

accurately. Therefore, the tissue weight was measured using a small digital scale 

(NZSCALES) bought from a local store ($34.99). The digital scale has a weight capacity of 

200g x 0.01g. 

 

 

  

 

 
Image 5. Tissue Measurement Device. Squish Dish engineered by Dr A.J.R Hickey (2021), for 

measurement of total tissue weight. This device was considered was not appropriate for this study.  
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Buffer Solution 

It is important to add the tissue into a liquid to assist with the extraction of metabolites. As 

this study uses a blood glucose monitor typically used to measure human blood glucose 

levels, a saline solution was created to imitate the salinity of human blood. A 0.9% solution 

was made by heating 500mL H₂O until boiling point (100°C), once slightly cooled, one 

teaspoon of salt was added (Bozic, 2011). A pilot study was conducted to test whether human 

saline could be used in metabolite extraction. The results came back inconclusive 

(<1.1mmol/L), thus, 0.9% saline could not be used in this study. The next alternative was to 

use a buffer solution. The primary purpose of a buffer is to control the pH and stabilise 

biochemical reactions, they are composed of weak acids and bases to make them resistant to 

pH change (Jain, 2020). Phosphate-buffered saline (PBS) solution is most used in biological 

research and was created for this study in the Applied Surgery and Metabolism Laboratory 

located at the University of Auckland and couriered to my house.  

Experimental Animals 

The animals used in this study were collected in the same method as the experimental 

animals in chapter 1. Refer to page 24.  

Glucose Assays 

Glucose levels were measured using a blood glucose meter (CareSensNTM), which is 

typically used to measure the blood glucose content of humans. These monitoring systems 

have played an important role in the management of diabetes and have reduced the risk of 

serious complications (Clarke & Foster, 2018).  



46 

With its typical use being for humans a pilot study was required to establish whether glucose 

can be detected from known concentrations under the same treatments as the glucose assays. 

For the pilot study, a concentrated glucose solution was made by combining 100mL of H₂O 

and 100g of glucose powder, and slowly heating the solution until all the glucose had 

dissolved (BIO-ITECH, 2022). Following this, varying concentrations (Table 5) of glucose 

were made by diluting this solution with additional H₂O. 100µL of diluted glucose and 

250µL of PBS was added to an Eppendorf tube and spun down with a centrifuge (Table 5). A 

test strip was inserted into the meter and 5µL samples was added. This was then repeated for 

each of the diluted glucose concentrations. The sample was  incubated in a water bath (Table 

5) for 30 minutes and retested.  

 

 

 

 

 

 

The results of the pilot study showed a linear relationship between glucose percentage and the 

amount of glucose detected by the meter (Figure 17). These results indicate that the blood 

glucose meter is successful in detecting artificial glucose concentrations.  

 

 

 

PERCENTAGE 

(%) 

 

AMOUNT OF 

GLUCOSE 

SOLUTION ADDED 

(µL) 

 

AMOUNT OF 

H₂O ADDED 

(µL) 

1 10 990 

0.9 9 991 

0.8 8 992 

0.7 7 993 

0.6 6 994 

0.5 5 995 

0.4 4 996 

0.3 3 997 

0.2 2 998 

0.1 1 999 

Table 3. Glucose Concentrations. 
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Antioxidant Assays 

Antioxidant levels were measured using a small portable device (e-BQC lab), which was 

designed to measure the total antioxidant capacity of biomedical samples. The device is based 

on an electrochemistry analytical technique that oxidises the sample by applying a variable 

potential. Electrons are released and detected as a current at an electrode, a variable voltage is 

applied to the electrode that activates the antioxidants. The results obtained from this device 

are given as a total charge of the electrons that can be donated to neutralise the sample 

(eBQClab, 2019). This device was newly acquired and thus a pilot study was required to 

establish whether a known antioxidant can be detected under the same treatments as the 

antioxidant assays. For the pilot study, a concentrated vitamin C solution was made by 

repeating the same steps used for the glucose pilot study. Following this, varying 

concentrations of vitamin c (Table 4)  were made by diluting this solution with additional 

H₂O. 100µL of diluted vitamin c and 250µL of PBS was added to an Eppendorf tube and 

spun down with a centrifuge (Table 5).  

Figure 17. Glucose Levels. Pilot study detecting glucose from known glucose concentrations in samples, 

with the use of a blood glucose meter.  
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A test strip was inserted into the meter and a 50µL sample was added. This was then repeated 

for each dilution. The samples were incubated in a water bath (Table 5) for 30 minutes and 

retested. 

 

 

 

 

 

 

 

The results of the pilot study showed a linear relationship between vitamin c percentage and 

the total antioxidant charge (Figure 18). These, results indicate that the antioxidant meter is 

successful in detecting artificial antioxidant concentrations.  

 

  

 

PERCENTAGE 

(%) 

 

AMOUNT OF 

VITAMIN C 

SOLUTION ADDED 

(µL) 

 

AMOUNT OF 

H₂O ADDED 

(µL) 

1 10 990 

0.9 9 991 

0.8 8 992 

0.7 7 993 

0.6 6 994 

0.5 5 995 

0.4 4 996 

0.3 3 997 

0.2 2 998 

0.1 1 999 

Table 4. Vitamin C Concentrations. 

Figure 18. Antioxidant Levels. Pilot study detecting antioxidants from known Vitamin C concentrations in 

samples, before and after incubation. Measurements taken with an antioxidant meter.  
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Tissue Preparation 

Experimental Treatments 

The glucose and antioxidant assays consisted of two treatments and one control. For the 

control, chitons’ were kept at an ambient temperature (20°C) for 30 minutes. For the first 

treatment, chitons’ were added to the heating stage (Table 2) at a high temperature (30°C) for 

30 minutes. In the last treatment, chitons’ were exercised until mortality; exercise consisted 

of turning chitons’ around onto their valves and waiting until they returned to their foot, this 

process was repeated until mortality. All chitons’ were then frozen at -20°C.  

Tissue Homogenisation 

Frozen chitons’ were defrosted, and a sample of 100mg was removed from the foot of each 

animal. Samples were then added into an Eppendorf tube with 250µL of  PBS solution. To 

assist with the homogenisation of the tissue, 1.25g of acid-washed sand was added to the 

Eppendorf tube. For this, beach sand was collected from Waiake and rinsed and boiled down 

before being added to white vinegar overnight. Finally, the sand was boiled an additional 

three times to ensure the sand was stripped of organic material. The tissue was homogenised 

using a 3-D printed drill bit fabricated by Dr A. J. R. Hickey and attached to a Dremel Tool 

(10,000-15,000RPM; 175-Watt) with PBS and washed sand as an abrasive (Table 5).  

Tissue Centrifugation 

After homogenisation, samples were added to a centrifuge fabricated by Dr A. J. R Hickey. 

The centrifuge was fabricated from a peanut butter jar lid with eight equally sized and spaced 

holes that could fit Eppendorf tubes.  
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A bolt was located in the middle of the jar and attached to a Milwaukee Brushless Drill 

(1,800 RPM; 18V) as if were a drill bit (Table 5). Tissue samples were spun down for two 

minutes.  

Incubation 

Before incubation, a small sample was taken for each treatment. Following this, 10µL of the 

enzyme Amyloglucosidase (AMG) was added to the samples and incubated for 30 minutes. 

After this, the samples were incubated at 100°C for 30 minutes in H2O by heating a pot of 

H₂O on the stovetop. After incubation, samples were added to the centrifuge and spun down 

for an additional two minutes. Following this, 5µL of the sample was added to the glucose 

test strip and repeated for all treatments. And 50µL of the sample was added antioxidant test 

strip and repeated for all treatments.  

IMAGE DEVICE NAME DEVICE USAGE 

  

 

 

 

 

Scale 

 

 

 

 

 

Accurate measurement of tissue 

weight. 

  

 

 

 

Homogeniser^^ 

 

 

 

 

3-D printed drill bit with grooves to 

homogenise tissue. 
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Centrifuge^^ 

 

 

Fabricated from a peanut butter jar 

lid, eight equally spaced holes have 

been inserted to hold Eppendorf 

tubes. Centrifuge can be attached to 

a drill. 

  

 

Water bath 

 

 

Small standard kitchen pot. 

 

 

 

CareSensN(i-sensTM) 

 

 

Measurement of glucose content. 

 

 

 

 

 

e-BQC Lab(bioquochemTM) 

 

 

 

 

Measurement of TAC. 

 

 

 

 

 

 

Table 5. Equipment. Individual pieces of equipment used in this study. Equipment engineered by DR A.J.R 

Hickey denoted with ^^ (2021).  
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Data and Statistical Analysis 

Glucose and antioxidant data were exported into Excel (Microsoft) for analysis. All glucose 

results were transformed to calculate the total glucose in nanomoles per mg of tissue. All 

antioxidant results are expressed according to their fast, slow, or total charge unless stated 

otherwise. All data presented in this study are mean unless stated otherwise. The number of 

replicates for each of the glucose and antioxidant studies is n=15. 

Prism (Version 8) was used to conduct independent statistical analysis. A Welch ANOVA 

was performed to analyse the effect of temperature on metabolites with multi-comparison 

tests to observe differences among species.  
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Chapter 2.3: Results 

Glucose 

Figure 20 shows a simultaneous measurement of glucose levels under various experimental 

treatments before incubation. The glucose levels for S. pelliserpentis were significantly 

higher in the high temperature treatment than in the control (p=0.02), however, glucose levels 

for this species did not exceed 4nmol/mg (Figure 19). There was no significant difference in 

the exertion glucose levels of S. pelliserpentis in comparison to any of the temperature 

treatments (Figure 19; Control and Exertion p=0.53; High temperature and Exertion p=0.23). 

The glucose levels for C. glaucus were highest in the control treatment resulting in control 

levels of approximately 9nmol/mg in subtidal chiton species, however, the differences in 

glucose levels were not significant when making comparisons across all treatments (Figure 

19; Control and High Temperature p=0.31; Control and Exertion p=0.56; High Temperature 

and Exertion p=0.91). For I. maorianus, the glucose levels were significantly different 

between the exertion treatments and both temperature treatments (Figure 20; Control and 

Exertion p=<0.0001; High Temperature and Exertion p=<0.0001). There was no significant 

difference in the glucose levels between the two temperature treatments (p=0.90) The upper 

glucose level for I. maorianus totals approximately 7nmol/mg. 
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Combined glycogen levels under various experimental treatments post-incubation. Glycogen 

levels for S. pelliserpentis (Figure 20) were significantly higher in the high temperature at 

approximately 97nmol/mg when compared to the control (p=0.006), and exertion (p= 0.007) 

levels. There was no significant difference in the exertion glucose levels of S. pelliserpentis 

in comparison to the control (Figure 20; p=0.24). The glycogen levels for C. glaucus were 

similar across all treatments, with glycogen not exceeding levels of 65nmol/mg. No 

significant difference was observed between the glycogen levels of C. glaucus (Figure 20; 

Control and High Temperature p=0.9861; Control and Exertion p=0.9688; High Temperature 

and Exertion p=0.92). For I. maorianus, no significant difference was found in glycogen 

levels between the exertion treatments and both temperature treatments (Figure 20; Control 

and High Temperature p=0.87; Control and Exertion p=0.67; High Temperature and Exertion 

p=0.46).  

 

* 

**** **** 

Figure 19. Glucose levels of all species prior to incubation. Mean±SEM glucose levels (n=15) normalised 

to tissue weight (nmol/mg), following glucose monitoring of chiton species S. pelliserpentis, C. glaucus, and 

I. maorianus. Glucose measurements taken under an ambient temperature (control) high temperature and 

exertion treatment. Tissue was not incubated. Significant differences of p≤ 0.05 within species are denoted 

by an asterisk (*), significant differences of p≤0.0001 are denoted (****).  
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Glucose and Free Glucose Levels and Ambient Temperature  

Figure 21 depicts glucose and glycogen levels measured at ambient temperature (20°C) for 

all chiton species. Glucose levels for all species is approximately <10nmol/mg, with 

C.glaucus displaying the highest level of glucose (approximately 9.4nmol/mg), there is no 

significant difference in glucose levels among species (p=0.059). When comparing glycogen 

levels to the levels of glucose, a substantial increase is evident, in that not one of the species 

exhibit a glycogen level below 60nmol/mg. S.pelliserpentis displays the highest glycogen 

levels at an ambient temperature, in comparison to the two subtidal species. A significant 

difference can be seen between the glycogen levels of all species (p=0.024).  

  

** 

** 

Figure 20. Glycogen levels of all species. Mean±SEM glycogen levels (n=15) normalised to tissue weight 

(nmol/mg), following glycogen monitoring of chiton species S. pelliserpentis, C. glaucus, and I. maorianus. Tissue 

was incubated prior to measurements. Significant differences are denoted with asterisks (**). 
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Glucose and Free Glucose Levels and Ambient Temperature  

The glucose and glycogen levels measured at high temperature (30°C) for all chiton species 

(Figure 22), show low glucose levels in comparison to glycogen levels. The glucose levels for 

all species was approximately <10nmol/mg, the subtidal species I.maorianus exhibits the 

highest level of glucose (approximately 7.3nmol/mg). A significant difference was found in 

the glucose levels among all species (p=0.0307). The glycogen levels do not fall below 

50nmol/mg, with S.pelliserpentis displaying the highest glycogen levels (approximately 

73nmol/mg) at a high temperature. In comparison to the two subtidal species, which display 

glycogen levels of ± 60nmol/mg, a significant difference can be seen between the glycogen 

levels of all species (p=0.0044).  

 

  

Figure 21. Glucose and Glycogen levels at an Ambient temperature (20°C). Mean±SEM glucose and glycogen 

levels (n=15) normalised to tissue weight (nmol/mg). Following monitoring of glucose and glycogen of chiton 

species S. pelliserpentis, C. glaucus, and I. maorianus at an ambient temperature (20°C). Significant differences of 

p≤0.05 denoted with an asterisk (*). 
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Glucose and Free Glucose Levels and Exhaustion 

Figure 23 shows glucose and glycogen levels measured after high exhaustion for all chiton 

species. The glucose levels for all species do not exceed <10nmol/mg, with C. glaucus 

indicating the highest level of glucose (approximately 6nmol/mg). A significant difference 

was found in the glucose levels among all species (p=0.0146). The glycogen levels do not fall 

below 60nmol/mg, with S. pelliserpentis displaying the highest glycogen levels 

(approximately 97nmol/mg), a significant difference can be seen between the glycogen levels 

of all species (p=0.0201).  

 

 

  

Figure 22. Glucose and Glycogen levels at a high temperature (30°C). Mean±SEM glucose and glycogen levels 

(n=15) normalised to tissue weight (nmol/mg). Following the monitoring of glucose and glycogen of chiton 

species S. pelliserpentis, C. glaucus, and I. maorianus at an ambient temperature (20°C). Significant differences of 

p=≤0.05 denoted with an asterisk (*) and differences of p≤0.01 are denoted (**). 
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Antioxidants 

Figure 24 shows a simultaneous measurement of antioxidant levels under various 

experimental treatments prior to incubation. No significant differences were found in the 

antioxidant levels between the ambient and high temperature for S. pelliserpentis (p=0.375), 

with antioxidant levels not exceeding 50nmol/mg. Significant differences were found 

between antioxidant levels of temperature and exertion (Figure 24; Control and exertion 

p=0.036; High temperature and exertion p<0.0001). The antioxidant levels for C. glaucus 

were highest in the control treatment resulting in control levels of approximately 33nmol/mg, 

the differences in glucose levels were not significant when making comparisons across all 

treatments (Figure 24; Control and High Temperature p=0.145; Control and Exertion 

p=0.6885; High Temperature and Exertion p=0.655).  

Figure 23. Glucose and Glycogen levels at a high temperature (30°C). Mean±SEM glucose and glycogen levels 

(n=15) normalised to tissue weight (nmol/mg). Following the monitoring of glucose and glycogen of chiton 

species S. pelliserpentis, C. glaucus, and I. maorianus at an ambient temperature (20°C). Significant differences of 

p=≤0.05 denoted with an asterisk (*). 
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Antioxidant levels I. maorianus were not significantly different between any of the 

treatments prior to incubation (Figure 24; Control and High Temperature p=0.931; Control 

and Exertion p=0.686; High Temperature and Exertion p=0.997).  

 

 

 

Combined antioxidant levels under experimental treatments post incubation is depicted in 

Figure 25. Antioxidant levels for S. pelliserpentis were significantly higher in the high 

temperature at approximately 65nmol/mg when compared to exertion (p=0.0408). There was 

no other significant difference in the antioxidant levels among S. pelliserpentis (Control and 

High Temperature p=0.0504; Control and Exertion p=0.93). Antioxidant levels for the 

temperature treatments are similar for C. glaucus with both treatments’ antioxidant levels not 

exceeding 50nmol/mg. No significant difference was observed between the antioxidant levels 

of C. glaucus (Figure 25; Control and High Temperature p=0.99; Control and Exertion 

p=0.2186; High Temperature and Exertion p=0.26).  

**** 

* 

Figure 24. Antioxidant levels of all species pre incubation. Mean antioxidant levels (n=15) normalised to tissue 

weight (nmol/mg), following antioxidant monitoring of chiton species S. pelliserpentis, C. glaucus, and I. 

maorianus. Significant differences of p≤0.05 are denoted with an asterisk (*), significant differences of p≤0.0001 

are denoted (****).  
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Ischnochiton maorianus, show no significant difference in the antioxidant levels for all 

treatments (Figure 25; Control and High Temperature p=0.0962; Control and Exertion 

p=0.9765; High Temperature and Exertion p=0.0906). 

 

 

 

 

 

 

 

 

 

 

Total Antioxidant Content at Ambient Temperature 

Before incubation (Figure 26a), the level of Q1 antioxidants at ambient temperature (20°C) 

does not exceed 4µC, however, there is a significant difference (p=0.0107) in the levels of Q1 

antioxidants among the species.  With the observation of the Q2 antioxidants,                        

S. pelliserpentis displays the highest  Q2 levels at approximately 7µC. A significant 

difference can be observed between the Q2 antioxidant levels among all species (p=0.0047). 

The QT antioxidants are the total antioxidants available and thus, it is expected that a 

significant difference would be observed among the species (p=0.0057).  After incubation 

(Figure 26b), I. maorianus displays the highest Q1 antioxidant levels at approximately 5.3µC. 

There is a significant difference between the Q1 antioxidant levels among all species at 

ambient temperature (p=0.0122).  

Figure 25. Antioxidant levels of all species post incubation. Mean antioxidant levels (n=15) normalised to tissue 

weight (nmol/mg), following antioxidant monitoring of chiton species S. pelliserpentis, C. glaucus, and                 

I. maorianus, and incubation. Significant differences of p≤0.05 are denoted with an asterisk (*).  
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The Q2 antioxidants after incubation indicate a significant difference (p=0.0050) among all 

the species, with C. glaucus showing the least amount of Q2 antioxidants at 8.4µC. Again, it 

is expected that the QT would be significantly different (p=0.0050) if it is seen in the Q1 and 

Q2 levels.  

 

 

 

 

 

 

 

  

Figure 26b. TAC, Q1 and Q2 antioxidant levels of all species at Ambient Temperature (20°C) – post 

incubation. Mean±SEM antioxidant levels (n=15) as a charge (µL), following antioxidant monitoring of chiton 

species S. pelliserpentis, C. glaucus, and I. maorianus. Significant differences of p≤0.05 are denoted with an 

asterisk (*), significance of p≤0.01 are denoted (**). 

 

Figure 26a. TAC, Q1 and Q2 antioxidant levels of all species at Ambient Temperature (20°C) – prior to 

incubation. Mean±SEM antioxidant levels (n=15) as a charge (µL), following antioxidant monitoring of chiton 

species S. pelliserpentis, C. glaucus, and I. maorianus. Significant differences of p≤0.05 are denoted with an 

asterisk (*), significance of p≤0.01 are denoted (**). 
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Total Antioxidant Content at High Temperature 

Figure 27a depicts the TAC, the level of Q1 antioxidants show a significant difference 

(p=0.0072) in the levels of Q1 antioxidants among the species, with C. glaucus indicating the 

least amount of Q1 antioxidants. For Q2 antioxidants, I. maorianus displays the highest  Q2 

levels at approximately 6.3µC. A significant difference can be observed between the Q2 

antioxidant levels among all species (p=0.0053). The QT antioxidants are the total 

antioxidants available and thus, it is expected that a significant difference would be observed 

among the species (p=0.0057). Post incubation (Figure 27b), S. pelliserpentis displays the 

highest Q1 antioxidant levels at approximately 5.5µC. There is a significant difference 

between the Q1 antioxidant levels among all species at high temperatures (p=0.0113). The 

Q2 antioxidants after incubation indicate a significant difference (p=0.0186) among all the 

species. Again, it is expected that the QT would be significantly different (p=0.0161) if it is 

seen in the Q1 and Q2 levels.  
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Figure 27b. TAC, Q1 and Q2 antioxidant levels of all species at High Temperature (30°C) – post incubation. 

Mean±SEM antioxidant levels (n=15) as a charge (µL), following antioxidant monitoring of chiton species           

S. pelliserpentis, C. glaucus, and I. maorianus. Significant differences of p≤0.05 are denoted with asterisks (**). 

 

Figure 27a. TAC, Q1 and Q2 antioxidant levels of all species at High Temperature (30°C) – prior to 

incubation. Mean±SEM antioxidant levels (n=15) as a charge (µL), following antioxidant monitoring of chiton 

species S. pelliserpentis, C. glaucus, and I. maorianus. Significant differences of p≤0.01 are denoted with asterisks 

(**). 
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Total Antioxidant Content at High Temperature 

Figure 28a shows TAC antioxidant levels measured after exhaustion for all chiton species. 

The Q1 levels for S. pelliserpentis are the lowest at a charge of approximately 1.5µC, a 

significant difference was found between the Q1 antioxidant levels among all species 

(p=0.0306). The Q2 antioxidant levels at exhaustion are higher than the Q1 levels between 

the intertidal and subtidal species. A significant difference has been found (p=0.0147). As 

expected, QT is significant as well (p=0.0184). After incubation 28b, TAC antioxidant levels 

have all increased. The significance levels stay the same with Q1 (p=0.0212) and Q2 

(p=0.0004) and QT(0.0032).  
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Figure 28a. TAC, Q1 and Q2 antioxidant levels of all species Exhaustion  – prior to incubation. Mean±SEM 

antioxidant levels (n=15) as a charge (µL), following antioxidant monitoring of chiton species S. pelliserpentis,   

C. glaucus, and I. maorianus. Significant differences of p≤0.05 are denoted with asterisks (*). 

 

Figure 28b. TAC, Q1 and Q2 antioxidant levels of all species Exhaustion  – post incubation. Mean±SEM 

antioxidant levels (n=15) as a charge (µL), following antioxidant monitoring of chiton species S. pelliserpentis,    

C. glaucus, and I. maorianus. Significant differences of p≤0.05 are denoted with asterisks (*) significance of 

p≤0.01 denoted (**), significance of p≤0.001 denoted (***). 
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Chapter 3: Discussion. 

This study was conducted using an entirely new approach to studying animals in a non-

invasive way, an approach that is usually only applied in medical settings. For instance, the 

NADH-FAD sensor permitted the measurement of tissues of intact animals whilst exploring 

their metabolic status, with real-time temperature increase. Then comes the heart, metabolism 

in the context of heart function was measured to indicate thermal limits. This approach 

provided measurement capacity that detected both recovery and loss.  

Temperature impacts all levels of biological organisation from, biochemical rates to cellular, 

tissue and organ functionality (Guderley & St-Pierre, 2002; Stilman & Somero, 2000; Harley 

et al., 2006). Thermal tolerance is the ability of a species to physiologically adapt to 

increased environmental temperature exposure based on their Topt, which is a species’ 

maximal performance ability. Behavioural thermoregulation, as seen in ectothermic species, 

allows individuals to exist over a wide thermal range as they can to some extent regulate their 

internal temperature from the external environment. This is important as these species live 

close to their Tcrit, and temperature beyond this scope can negatively impact cellular 

performance and survival (Harley et al., 2006). With temperature change, ectothermic species 

must ‘choose’ between maintaining cellular activity or surrendering to the law of Arrhenius, 

which is defined as the thermal dependence of metabolic rate processes (Guderley & St-

Pierre, 2002; Aquilanti et al., 2010). Metabolic rates can no longer meet metabolic demand 

with increased temperature, resulting in a decrease in cellular performance (Halsey et al., 

2018; Casselman et al., 2012). There has been speculation on how thermoregulatory 

pathways have adapted to increased metabolic rates because of increased temperature. 
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Mitochondria is essential to cellular function as it is responsible for approximately 90% of 

ATP produced by cells (Christen et al., 2018). Mitochondria functionality is closely linked 

with temperature, as increased temperature increases the demand for cellular energy. This 

demand requires efficient ATP production by the mitochondria to maintain effective cellular 

functions. Previous work has indicated that ATP production decreases with temperature and 

that an excess of heat stress may result in a reversal of ATP synthase, which may even result 

in the consumption of ATP by mitochondria (Power et el., 2014).  

The three species of this study were chosen for their differing habitat depth and thermal 

history. Sypharochiton pelliserpentis is a high intertidal species found on the rocky shore 

during low tide. The subtidal species C. glaucus is found underneath medium boulders 

around <1m at low tide, and I. maorianus is found at depths between 1-1.5m during low tide. 

Previous work on chiton species has mainly focused on their rates of desiccation, the 

structure of shells and phenotypic distribution. This study provides a better understanding of 

the behavioural adaptations of chitons, and how their thermal ranges play a role in their 

habitat selection. Throughout, this study notes on their behavioural responses to temperature 

have been noted as these behavioural responses may gain insight into further adaptations to 

their thermal limits, this may be a good baseline to conduct future studies 

 

The Effect of Temperature on Mitochondrial Respiration 

Mitochondrial function is closely associated with temperature, especially for ectothermic 

species that live close to their thermal limits (Hoffman et al., 2013). With increased 

temperature, there is a greater demand for cellular energy (ATP) to maintain cellular function 

and homeostasis.  
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The increased demand for ATP means that mitochondria must sustain efficient ATP 

production. Mitochondria generate ATP through oxidative phosphorylation, where electrons 

are transferred from reduced states to the ETS and the final electron acceptor O₂, generating 

ATP (Figure 2). NADH functions in transferring energy from TCA to the mitochondrial 

respiratory chain (Ince et al., 1992; Ying, 2006). The role NADH play in energy metabolism 

and cellular function indicates that NADH impacts mitochondrial functions directly (Ying, 

2006), a topic that has been discussed for years. When excited, NADH fluoresces in the blue 

spectrum at an emission of around 440-470nm (Figure 3) (Ince et al., 1992). NADH’s 

fluorescence property can therefore indicate mitochondrial redox states as electrons are 

transferred from NADH to O₂, and in the absence of O₂, NADH accumulates at Complex I 

(Wu et al., 2016). Therefore, the increase in NADH fluorescence can be used to non-

invasively gain insights into mitochondrial metabolic properties (Mayevsky & Rogatsky, 

2007). NADH indicate that tissues are likely becoming more reduced, representing a 

deficiency in the ability to clear glycolytic NAD and NADH accumulation on the cytosol and 

Complex I.  

With increased temperature, it is hypothesised that O2 can become a limiting factor. As O2 

solubility decreases with increasing temperatures (Iftikar & Hickey, 2013). Especially for 

species living close to their Topt (Hoffman et al., 2013). For instance, the accumulation of 

NADH in I. maorianus indicates a decrease in mitochondrial function to clear NADH from 

21°C suggesting there is less O₂ present in the foot tissues, or that mitochondria are failing to 

clear NADH (Figure 11). However, species, especially those with a higher Topt, can maintain 

mitochondrial function at increased temperatures. In this study, S. pelliserpentis appears to 

have accumulated NADH at 23°C, suggesting a lack of O₂ (Figure 12). However, the NADH 

stabilised once these temperatures were reached. This stabilisation could be due to a possible 

physiologically adaptive response or greater tolerance to metabolic stress.  
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However, as fluorescence stabilised, it could be suggested that mitochondrial function 

recovered for S. pelliserpentis. Some species may be intermediatory such as, the subtidal 

species C. glaucus which showed similar NADH accumulation to the intertidal species. 

FAD is a metabolic electron carrier in several metabolic pathways to release high-energy 

stores (Kosterin et al., 2005; Ahmad et al., 2021). FAD plays a role in cellular function, 

including mitochondrial function. When excited, FAD fluoresces in the green to 

yellow/orange spectrum at an emission of around 520-530nm (Figure 3) (Ince et al., 1992). 

As FAD is reduced to FADH2 at Complex II, the FAD fluorescence will therefore decrease 

until electrons are passed onto O2. Therefore, the increase in FAD fluorescence can be used 

to gain insight into mitochondrial metabolic activities and functionality and indicate 

oxidation of FADH2 as electron flow to O2 (Kolenc & Quinn, 2019). The intertidal species    

S. pelliserpentis and intermediary subtidal species C. glaucus would appear to show FAD 

accumulation up until 23°C, where FAD fluorescence stabilised. A decrease in the FAD 

signal is what would be expected if the ETS was blocked due to limited O2, in this study the 

FAD slightly increases but does not continue as the temperature is increased higher, this 

suggests that ETS is limiting. For the subtidal species, I. maorianus¸ the decline in FAD 

accumulation at 25°C (Figure 13), suggests that O₂ may be limiting as the ETS is reduced. 

 

The Heart and Temperature 

The heart is central to species survival and tends to be the most sensitive to temperature and 

is highly dependent on mitochondrial oxidative phosphorylation to meet energy requirements 

(Hilton et al., 2010; Iftikar & Hickey, 2013). With high temperatures, the mitochondria 

cannot provide sufficient ATP to the heart resulting in acute heart failure (Christen et al., 

2018; Hilton et al., 2010).  
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Therefore, the cellular power of mitochondria plays a role in acute heart failure (Christen et 

al., 2018). With this, it appears that the heart is the first organ to fail with increased 

temperature due to extrinsic or intrinsic factors such as disruption of ATP supply (Iftikar et 

al., 2010). It is thought that the thermal limits of ectotherms, specifically marine ectotherms 

appear to be determined by the heart. With increased temperature, it is anticipated that acute 

heart failure will occur first in a subtidal species, as they have lower thermal limits. With the 

use of heartbeat, pseudocardiac output, and heart rate variability (Figure 13-15), it is evident 

that I. maorianus the subtidal chiton was first to suffer acute heart failure with increased 

temperature. Providing further evidence that species found in the subtidal zone live closest to 

its Tcrit and increases in temperature could be detrimental to this species. This study has 

provided further evidence into future adaptive mechanisms to support metabolic demands 

with increased temperatures as the subtidal species, C. glaucus, showed a relatively stable 

heart function and delayed but rapid heart failure with increased temperatures. This suggests 

that mid-subtidal species live close to their Topt with their Tcrit at a higher thermal range than 

other subtidal species. There was no evidence of acute heart failure in the intertidal species,   

S. pelliserpentis, it is possible that the Tcrit for this species is outside of the temperature scope 

of the study equipment. However, there were signs of some cardiac stress at temperatures 

beyond the Tcrit of the subtidal species. The differing response of the heart to increased 

suggests adaptive mechanisms, which allow subtidal species to live in extreme temperatures 

for extended periods.  

The increase in environmental temperature greatly impacts the function of mitochondria in 

ectothermic species living close to their Topt. In the intertidal zone, where temperatures reach 

extremes of up to 40°C in New Zealand (Nguyen et al., 2019), there is a wider thermal 

tolerance as an adaptive response to their environmental temperature, allowing these species 

to live and succeed.  
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New Zealand intertidal chiton species are likely to have a Topt that ranges between 34°-35°C, 

with their Tcrit above far beyond this. This study has indicated that acute heart failure and 

mitochondrial cell death for S. pelliserpentis occur at temperatures beyond the scope of this 

study. However, with evidence of cardiac stress, the heart of S. pelliserpentis appears to fail 

before mitochondria. Temperatures in the subtidal zone are seasonal and can range between 

20.6°C in summer and 14°C in winter (Chiswell & Grant, 2018), species in the subtidal zone 

have a narrow thermal tolerance and are typically close to their Tcrit. New Zealand subtidal 

species are likely to have a Topt of ≈ 20°C, with Tcrit closely followed at ≈ 21°C. This study 

has shown that acute heart failure occurs at 32°C for I. maorianus, however, cardiac stress 

may begin at 25°C. Metabolic changes apparent in NADH and FAD signals began at 22°C 

suggesting that cellular disruption begins before acute heart failure for I. maorianus. 

However, there is evidence of adaptive potential in the mid-subtidal zone which borders the 

intertidal and subtidal.  

For instance, C. glaucus has indicated a Topt of ≈ 25°C  and a Tcrit of ≈ 30°C which is higher 

in comparison to the thermal limits of I. maorianus. Acute heart failure occurred rapidly for 

C. glaucus at 34°C, however, there was less indication of mitochondrial stress in the scope of 

this study. This study has indicated that limits of thermoregulation in New Zealand subtidal 

and intertidal chitons are species-dependent and thus, there is no speculation on whether the 

heart or mitochondria fail first. There is evidence that thermoregulation is an adaptive 

mechanism with the possibility of future adaptive change as a response to increasing global 

temperatures. 
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Biochemical Activities 

Mitochondria manage several metabolite-producing pathways that are required for cell 

survival and reproduction. Previous work estimated that the number of metabolites in cells is 

relatively small compared to other organic materials. However, this has greatly increased 

with the advancement of metabolomic technologies (McGarrah et al., 2018). While 

metabolomic responses could not be followed due to COVID19 restrictions, glucose and 

glycogen could be followed using home testing kits. Glucose is an essential nutrient in most 

cellular functions and a source of energy (Rieusset, 2018). Glucose acts as a primary fuel for 

glycolysis and generates the energy required for cellular growth (Galant et al., 2015). 

Glucose metabolism and its by-product is crucial in understanding energetic cellular function. 

Therefore, a high glucose level can indicate dysfunction in the glycolysis pathways as 

glucose is no longer being used to support energy production and hydrolysis of glycogen 

stores. In this study at high temperatures, there is evidence of a strain on the glycolytic 

pathway for I. maorianus, suggesting that glucose is no longer being used to maintain cellular 

function. When compared to S. pelliserpentis which has a higher Tcrit, the glycolytic pathway 

continued to operate at high temperatures.  

Antioxidants are substances found in biological processes that delay and prevent biological 

substrate oxidation (Sanchez et al., 2019). To maintain metabolic function, mitochondria 

have their own antioxidant systems, that allow for the scavenging and neutralisation of free 

radicals (Belhadj et al., 2014). A change in antioxidant enzymatic activity can impact the 

thermal sensitivity of cells. As antioxidants aid in maintaining metabolic function, it is 

expected that under increased temperatures that would be an increase in the number of 

antioxidants present in thermotolerant species in order to maintain mitochondrial function 

and repair.  
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As temperature increases, species that are within their thermal limits indicated antioxidant 

levels as a possible adaptive response. As there were more antioxidants available, both fast 

and slow acting, to continue repairing cellular function as temperatures are increased. This 

response was evident in the intertidal species S. pelliserpentis.  In comparison, species that 

live close to their thermal limits such as C. glaucus and I. maorianus, have indicated less 

antioxidant capacity at high temperatures, suggesting that damaged cellular function because 

of increased temperature may not be repaired. As antioxidant capacity and activity can limit 

the thermal capability of species, this may be the limiting factor in survival at high 

temperatures for C. glaucus.  

 

Limitations 

This project was originally fabricated with the intention of being able to complete within a 

laboratory facility. Unfortunately, due to lockdowns at the end of 2021 due to COVID-19, 

most of this project had to be altered to be suited for home-based work. This resulted in 

limited access to specialised laboratory equipment and delays in receiving equipment. Due to 

the change in circumstances, most of the newly engineered equipment (Table 1), had to be 

recalibrated to the new environment to allow for any background interferences. Fortunately, 

due to limited foot traffic and noisy equipment, background interferences were much less at 

home than in the laboratory.  

Initially, non-targeted metabolomics at five different temperatures was going to be analysed. 

However, due to the circumstance mentioned above, this was no longer viable. Thus, glucose 

and antioxidant levels were analysed using animals that had been frozen for future lactate 

assays.  
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This is a limitation as it was not a true assessment of the metabolic response to steadily 

increased temperature among species, instead, it would have been more appropriate to use the 

animals from the fluorescence and heart function experiments. Future work could test a more 

complete assessment of a metabolic response as temperatures are steadily increased 

 

Future Directions 

The three species examined in this thesis were chosen to represent a variation within New 

Zealand. The inclusion of more species from similar habitats such as Onithochiton neglectus 

and Chiton sinclairi would provide a further understanding of the thermal limitations of New 

Zealand chitons.  

The geographical range of this study only included species found on the East Coast of the 

North Island, where habitat temperatures range from 14°C-40°C (Chiswell & Grant, 2018; 

Nguyen et al., 2019 ). Investigating a wider geographical range such as the South Island 

population where habitat temperatures range 7°-23°C (Chiswell & Grant, 2018; NIWA, 

2018), provide a greater understanding of not only the thermal history of species but their 

adaptive capabilities. A difference in geographical range could highlight whether 

mitochondrial responses are conserved or due to environmental demands.  

One of the species examined in this thesis can survive out of water for extended periods, 

whereas two of the species prefer to be submerged. This study involved newly fabricated 

equipment that is vulnerable to saltwater erosion, thus this study was not conducted in water. 

However, repeating this study submerged would provide a clearer understanding of the 

adaptive processes and species-dependent thermal limits.  
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Due to unforeseen circumstances and limited time, an overall antioxidant measurement was 

observed in this study at one high temperature. In the future, there is an opportunity to expand 

this by measuring and detecting the exact antioxidants present at more frequent temperature 

changes.  

 

Conclusion 

The use of fluorescence and heart function has allowed for a simultaneous assessment of 

metabolic function. This study was conducted using three chiton species to assess the impact 

of increased temperature on mitochondrial and cardiac function and whether they are limiting 

factors on the upper thermal limit of these species. Assessment of mitochondrial fluorescence 

showed a decline in mitochondrial stability and function at elevated temperatures in subtidal 

species that do not experience high temperatures. The mid-subtidal C. glaucus had greater 

mitochondrial efficiency and stability at elevated temperatures but acute heart failure 

occurred rapidly, suggesting a future adaptive response to increased temperature.  

The intertidal species S. pelliserpentis, however, had great mitochondrial stability and cardiac 

function at elevated temperatures which are expected for a species that experience extreme 

temperatures. Assessment of mitochondrial metabolites at elevated temperatures showed 

glycolytic and antioxidant efficiency to produce ATP at elevated temperatures for intertidal 

species, leading to a close but balanced match in the supply and demand of ATP.  

Glycolytic and antioxidant efficiency minimised at elevated temperatures for subtidal species 

suggesting that ATP production is reduced. Therefore, the intertidal species S. pelliserpentis 

is likely to maintain better cellular function that the subtidal species C. glaucus and               

I. maorianus.  
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This study showed that mitochondrial and cardiac function was inhibited with elevated 

temperatures. Thus, increasing global temperature change is playing a role in the distribution 

and adaptive resilience of the abundance of marine ectothermic species. 
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