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ABSTRACT 1 

Cetaceans have been suggested as ideal ocean sentinels for the evaluation of ecosystem health 2 

because they are long-lived, higher trophic foragers, often with high site-fidelity. The body 3 

condition of cetaceans provides an integrated picture of foraging success and energy 4 

expenditure and thus represents an effective ‘sentinel parameter’ for ecosystem monitoring. 5 

In addition, the body condition of an individual can serve as a predictor of reproductive success 6 

and offspring survival. The ability to monitor the body condition of cetaceans is therefore of 7 

direct relevance for conservation biology. Despite the value of this parameter, there is 8 

currently a lack of reliable, standardized, non-lethal methodologies for its evaluation across 9 

species and age-categories. 10 

The introduction chapter describes the natural history of the humpback whale (Megaptera 11 

novaeangliae) in the context of its Antarctic ecosystem and its energetic requirements. It sets 12 

out that the species is among the most vulnerable in a changing environment due to it being a 13 

specialised feeder depending on Antarctic krill. Krill is the keystone of the Antarctic ecosystem 14 

and is presently facing numerous threats. Humpback whales are capital breeders that spend 15 

summers feeding in high latitude feeding grounds, building up their energy reserves reflected 16 

in their body condition. During winter they migrate to tropical waters to reproduce, a journey 17 

that is fuelled by the energy stores previously accumulated. The seasonal dynamics of intensive 18 

feeding and lipid deposition, followed by high energy activities that are accompanied by fasting 19 

and lipid mobilisation, render the species ideal for the study of possible biomarkers of 20 

fluctuating energy stores. This thesis focuses on the evaluation of fluctuating adiposity of 21 

southern hemisphere humpback whales. 22 

The second chapter presents a critical review of the available approaches of assessing cetacean 23 

body condition. Currently the methodologies can be divided into four groups, namely: Blubber 24 

Measures, Body Composition, Body Morphometry, and Biochemical and Chemical Biomarkers. 25 

The last category is dedicated mainly to new developments and explores the emerging 26 

methodologies. This chapter describes and analyzes their applications as well as their 27 

respective strengths and weaknesses. The chapter concludes by advocating research priorities 28 

that fill the critical technical research needs for a reliable, non-lethal and standardized 29 
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methodology that is applicable across species and age-categories and for large numbers of 30 

individuals. 31 

In response to the research need identified in chapter two, chapter three investigates 32 

adipocyte metrics as a potential biomarker of adiposity in humpback whales. Blubber is 33 

composed of adipocytes, which are filled with lipids according to the individual energy 34 

reserves. This means that a change in total energy reserve impacts the volume of individual 35 

adipocytes. Two adipocyte metrics were assessed histologically: the two-dimensional 36 

adipocytes area and the relative proportion of adipocyte space in the blubber tissue which is 37 

termed the adipocyte index. Both adipocyte metrics exceed the sensitivity of the most widely 38 

used proxy for energetic reserves, blubber lipid percentage, thus validating the 39 

implementation of adipocyte area and the adipocyte index as energetic reserve biomarkers. 40 

This published work therefore advocates the inclusion of these measures, obtained from 41 

superficial blubber biopsies, in long-term monitoring programs as a means of improving 42 

evaluation of fluctuating energy reserves. 43 

Following the molecular techniques’ potential to assessing body condition identified in the 44 

second chapter, chapter four explores the RNA extraction from humpback whale blubber for 45 

downstream applications. Good quality RNA is a prerequisite for successful downstream 46 

applications, however its extraction can be difficult, especially if the starting material is high in 47 

lipids. This chapter describes the strategic approach taken for method optimization and the 48 

difficulties encountered. 49 

The fifth chapter provides a theoretical basis for the use of blubber proteins “adipokines” as 50 

biomarkers of adiposity. The main physiological role of blubber is energy storage; however, the 51 

tissue is highly integrated into the overall physiological and metabolic control systems of 52 

mammals. This mechanism is carried out through the secretion of proteins, synthesized in the 53 

adipose tissue and actively involved in the lipid dynamics, with a profound effect on food intake 54 

and energy expenditure in model species. The different concentrations of these proteins, such 55 

as leptin and adiponectin inform the hypothalamus of the amount of energy stored. However, 56 

very little is known about the operation of adipokines in animals that experience extreme 57 

fluctuations in their energy reserves while at the same time using adipose tissue as insulation 58 

as cetaceans do. This chapter explores the possibility that the gene expression profile of 59 
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selected adipokines may provide insight into the fluctuating energetic health of cetaceans. This 60 

chapter also outlines trialled approaches and advocates future priorities. 61 

The key findings and implications of this work are discussed in the concluding chapter. In 62 

summary, this study makes clear the importance of the energy reserves measurement and its 63 

ecological scope. It identifies the priorities for the improvement and standardization of the 64 

current methodologies and highlights the importance of new developments, pointing towards 65 

possible areas for further development. It proposes a simple and easily applicable 66 

methodology that improves precision and accuracy of the current method. In addition, it 67 

proposes advances in the optimization of the extraction of good quality RNA from blubber for 68 

downstream application. Finally, it explores the gene profile of the adipokines leptin and 69 

adiponectin, leaving the theoretical bases and some progress in the study of adipokines gene 70 

expression from humpback whale blubber.71 
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H&E - Hematoxylin and Eosin 

IWC - International Whaling Commission 

JARPA - Japanese Whale Research Program in the Antarctic 

K - Carrying Capacity 

LN - Liquid Nitrogen 

LR - Likelihood Ratio 

LSA - Large Scale Application 

MI - Minimally Invasive  

mRNA - Messenger RNA 
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NCBI - National Center for Biotechnology Information 

NL - Non-Lethal 

ob – Obese gene 

PGK1 - Phosphoglycerate kinase 1 

POPs - Persistent Organic Pollutants 

qPCR -  Quantitative PCR 

RIN - RNA Integrity Number  

RNAi - RNA interference 

RNAse - Ribonuclease 

RNA-seq - RNA sequencing 

RPL43 - Ribosomal Protein of the Large subunit #43 

rRNA - Ribosomal RNA 

RT-qPCR - Reverse Transcription Quantitative PCR 

S - Sensitivity 

SH - Southern Hemisphere 

TBF - Total Body Fat 

TBW - Total Body Water 

Tm - Melting Temperature 

UAVs - Unmanned Aerial Vehicles 

VIF - Variance Inflation Factor 

-RT - Negative Reverse Transcription 

β2M - β2 microglobulin 
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Thesis Aims, Hypothesis and Thesis Outline 

 

CHAPTER I: General Introduction. 

AIM: This chapter aims to identify the topic providing essential context and 

background, and indicate the particular focus of the thesis. 

 

CHAPTER II: Evaluating Cetacean Body Condition; a Review of Traditional Approaches and 

New Developments. 

AIM: This chapter aims to review the current approaches that quantitatively 

estimates body condition in cetaceans; and compare them according to their potential to fulfil 

the criteria of ideal measurement for routine application. 

 

CHAPTER III: The Blubber Adipocyte Index; a Non-destructive Biomarker of Adiposity in 

(Megaptera novaeangliae). 

 AIM: Investigate the potential of adipocyte area analysis and further, a standardized 

adipocyte index (AI), to yield reliable information regarding humpback whales adiposity. 

 

CHAPTER IV: RNA Isolation from Humpback Whale (Megaptera novaeangliae) Blubber 

Samples for Downstream Applications. 

 AIM: Develop a standard protocol to extract high quality RNA from humpback whales 

blubber tissue, from biopsy samples to use in downstream applications. 

 

CHAPTER V: Exploring Adipokines Expression as an Insight into Physiological Pathways and 

Possible Biomarkers of Adiposity in Humpback Whales (Megaptera 

novaeangliae). 

 AIM: Exploration of leptin and adiponectin gene expression quantification, in outer 

blubber from migrating humpback whales as an insight of physiological pathways of non-

model species and the possible use of these proteins as adiposity biomarkers. 

 

CHAPTER VI: Implications, Key Findings and Future Research. 

 AIM: Summarize the work done, highlight the conclusions, state the limitations and 

implications to guide future research.  
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Introduction 1 

1. The Antarctic Sea ice Ecosystem  2 

The Antarctic ecosystem is highly structured by sea ice (Eicken 1992). Every year, the sea ice 3 

expands during the austral winter reaching a coverage of ~ 19 million km², and contracts during 4 

summer, reducing its coverage to ~3-4 million km² (Arrigo 2014). The sea ice dynamic impacts 5 

environmental conditions in the ecosystem, such as nutrients, sedimentation, light availability 6 

and physical disturbance (Massom and Stammerjohn 2010). For instance, during sea ice 7 

formation, salt is expelled causing an increase in water salinity, the ice cover reduces the 8 

amount of light in the water impacting phytoplankton photosynthesis, and insulates the water 9 

column reducing heat and gas exchange (Eicken 1992, Bluhm, Hop et al. 2017, Clark, Stark et 10 

al. 2017). The sea ice also serves as a microalgae substrate which in turn plays a critical role in 11 

the Southern Ocean productivity, generating extensive phytoplankton blooms (Hempel 1985). 12 

In addition, the sea ice’s channels and pores act as a habitat for many different planktonic 13 

organisms (Eicken 1992). 14 

1.1. Antarctic Krill – A vulnerable Keystone Species 15 

Antarctic krill (Euphausia superba) form the central link in the Antarctic food web, with most 16 

Antarctic predators relying either directly or indirectly on this food source (Murphy, Morris et 17 

al. 1988) (Figure 1). The species is in charge of transferring the energy from primary producers 18 

to larger organisms, becoming the ecosystem keystone (Murphy, Morris et al. 1988, Quetin 19 

and Ross 1991). Furthermore, evidence is increasing that krill fulfil complex roles in ecosystem 20 

feedback loops through grazing and nutrient recycling (Tovar‐Sanchez, Duarte et al. 2007, 21 

Whitehouse, Atkinson et al. 2009, Nicol, Bowie et al. 2010). Euphausia superba abundance 22 

dominates the Antarctic ecosystem zooplankton community in numbers and biomass (Flores, 23 

van Franeker et al. 2012). There is a complex ice-krill interaction where all stages of the krill life 24 

cycle are associated with sea ice (Marschall 1988, Hamner, Hamner et al. 1989, Flores, van 25 

Franeker et al. 2012). Larvae depend on sea ice for shelter, as a transport platform and on sea 26 

ice biota as a constant food supply to develop (Quetin, Ross et al. 1996, Siegel 2000, Meyer, 27 

Fuentes et al. 2009, Meyer, Auerswald et al. 2010). In summary, sea ice represents a key 28 

nursery area for larval recruitment (Atkinson, Siegel et al. 2004). Although, in winter, adult krill 29 

are able to reduce their metabolism and grow using lipid stores. Opportunistic feeding under 30 
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the sea ice is a requirement for successful reproduction (Meyer, Auerswald et al. 2010, Meyer 31 

2012). With the sea ice melting, algae and nutrients, such as iron, are released into the water 32 

providing ideal conditions for phytoplankton blooms (Hempel 1985, Nicol, Worby et al. 2008), 33 

which are crucial for krill as a summer food source (Quetin, Ross et al. 1996, Siegel 2000). 34 

The traditional ice-krill association concept, suggests that fluctuation in krill biomass follows 35 

the changes in food level caused by periodical environmental changes represented in the sea 36 

ice temperature, duration and extent (Atkinson, Siegel et al. 2004, Loeb 2007, Fielding, Watkins 37 

et al. 2014). In other words, this theory asserts that sea ice extent plays a dominant role in krill 38 

recruitment, impacting krill biomass (Loeb, Siegel et al. 1997, Siegel 2000, Quetin and Ross 39 

2003). Indeed, numerous studies have found direct positive correlations between Antarctic 40 

krill biomass and sea ice extent and duration (Loeb, Siegel et al. 1997, Brierley and Thomas 41 

2002, Atkinson, Siegel et al. 2004). However, new evidences suggests that krill biomass is 42 

mainly driven by inter-cohort competition factors, leaving sea ice extent playing a secondary 43 

role (Ryabov, de Roos et al. 2017). More specifically, krill recruitment is constrained by 44 

intraspecific competition when krill biomasses exceed a critical level, but depends on the 45 

environmental conditions when the krill biomass is small (Ryabov, de Roos et al. 2017). 46 

Today there are several threats facing Antarctic krill. With the strong ice-krill association it is 47 

not surprising that a reduction of sea ice due to climate change could be the greatest pressure 48 

that krill face. Another important factor that Antarctic krill face is ocean acidification. Due to 49 

the higher solubilities of carbon dioxide (CO2) and calcium carbonate (CaCO3) in cold waters, 50 

Southern Ocean ecosystems are expected to be severely affected by ocean acidification 51 

(Kawaguchi, Kurihara et al. 2011). In fact, embryo development in 90% of the Antarctic krill 52 

population was disrupted before gastrulation, and no larvae hatched successfully when 53 

exposed experimentally to 2000 µatm pCO2 (Kawaguchi, Kurihara et al. 2011). 54 

Finally, krill biomass is also affected by direct harvesting. There is an expansion of krill fisheries 55 

that have been established around Antarctica. This is associated with the increased demand 56 

for krill products from both aquaculture and nutraceutical industries. Although fishing quotas 57 

are in place, there is debate on the uncertainty regarding circumpolar krill stocks, and therefore 58 

the robustness of fishing quotas. Indeed, a reduction in krill density and abundance has already 59 

been reported (Loeb, Siegel et al. 1997, Atkinson, Siegel et al. 2004). 60 
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 61 

 62 

Figure 1: The vital role of Antarctic krill (Euphasia superba) in the Southern Ocean food web. Image 63 
reproduced from National Geographic. 64 
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Threats to Antarctic krill as the keystone species will have direct implications on the entire 65 

Antarctic ecosystem. With most of the top predators, including baleen whales, penguins, seals 66 

and sea birds, reliant on this species (Figure 1), it is expected that any significant reduction in 67 

its biomass will have a cascade effect at higher trophic levels, jeopardizing the balance of the 68 

entire ecosystem. Under this scenario, ecosystem monitoring is paramount. However, given 69 

the substantial within-year and between-year variation inherent in large marine ecosystems, 70 

even detection of systematic changes in physical process, such as climate warming, is very 71 

difficult (Reid and Croxall 2001). For this reason, in many cases criteria such as diet indices, 72 

reproductive performance, and population size of upper-trophic-level species are chosen as 73 

ecosystem indicators on the assumption that they will vary in relation to conditions at lower 74 

trophic levels (Reid, Croxall et al. 2005). Indeed, in many studies sea birds and marine mammals 75 

have been used as monitoring schemes. 76 

2. Southern Hemisphere Humpback Whales 77 

2.2. An energetically demanding life history 78 

In order for Southern Hemisphere (SH) Humpback whales (Megaptera novaeangliae) to build 79 

up sufficient energy reserves, prior to migration, the availability of food during summer in the 80 

Antarctic is a determining factor. The high prey specificity makes this whale species particularly 81 

vulnerable to any decline in krill biomass (Croxall, Reid et al. 1999). 82 

The International Whaling Commission (IWC) currently recognises seven breeding stocks of 83 

humpback whales in the SH. SH humpback whale populations feed in the productive waters 84 

surrounding Antarctica (Stocks A to G). Unlike Northern Hemisphere populations that feed on 85 

a variety of prey (Witteveen, Worthy et al. 2012), SH populations feed primarily on Antarctic 86 

krill (Danilewicz, Tavares et al. 2009, De Sá Alves, Andriolo et al. 2009). 87 

Following summer feeding, SH humpback whales migrate to equatorial latitudes for breeding 88 

and calving. This migration is the longest migratory journey of any mammal on earth, covering 89 

a distance of ~10 000 km (Zerbini, Andriolo et al. 2006). The migration journey is associated 90 

with five to nine months of fasting and requires an enormous energetic cost (Bengtson Nash, 91 

Waugh et al. 2013). During this period, it is estimated that individuals lose between one-third 92 

to one-half of their summer body mass (Slijper 1962, Dawbin 1966, Lockyer and Brown 1981, 93 

Baraff, Clapham et al. 1991). This weight loss is exacerbated in females, which bear the 94 
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additional energetic demands of pregnancy, parturition, and lactation. Reproduction is an 95 

energetically costly event, particularly for capital breeders such as humpback whales, which 96 

fast during reproductive events (Frisch 1984, Gittleman and Thompson 1988). Humpback 97 

whales nurse for over ten and a half months, with the calf remaining with the mother for one 98 

to two years (Chittleborough 1958). During this extended nursing period, the females generate 99 

lipid rich milk, which is produced primarily from endogenous nutrient stores (Habran, Debier 100 

et al. 2010, Valenzuela, Sironi et al. 2010). This milk supports the demands of the rapid growth 101 

rate of the calves (White 1953). Adequate fat deposition prior to migration, is therefore critical 102 

for humpback whales in general, but particularly so for the reproductive success of females. 103 

Indeed, due to the high energetic cost of the migration it has been proposed that some 104 

individuals, mainly females and juveniles, may not undertake a migration every year, instead 105 

wintering in Antarctic waters (Brown, Corkeron et al. 1995, Corkeron and Connor 1999), to 106 

recover from the nutritional stress encountered during the last migration. 107 

2.1. The Changing Nutritional Status of Southern Hemisphere Humpback Whales 108 

The high-fidelity diet of SH humpback whales, combined with the high energetic needs of their 109 

migrating and capital breeding life history, render population nutritional state vulnerable in a 110 

rapidly changing environment. 111 

As with many other large whales species, humpback whales were heavily targeted for the 112 

whaling industry. The species were hunted to near extinction between 1950 and 1960 (Best 113 

1993, Clapham, Young et al. 1999, Findlay 2001). However, after the whaling moratorium, the 114 

SH East Australian humpback whale population is recovering from its post-whaling bottleneck, 115 

at a rate circa 11% per annum (Paterson, Paterson et al. 2001, Noad, Dunlop et al. 2011), which 116 

is near the maximum growth rate for the species, at 11.8 % per year (Zerbini, Clapham et al. 117 

2010). 118 

The pre-whaling carrying capacity (K) of the SH East Australian humpback whale population 119 

was estimated to be in the range of 20-30,000 individuals (Johnston and Butterworth 2005). If 120 

the last population estimation in 2007 refers to 9,600 individuals, and the population growth 121 

rate is 11% annually, it is expected that the population K would have been met between 2010-122 

2012 (Bannister, Bravington et al. 2008). However, this calculation assumes unrealistically that 123 

today’s and pre-whaling’s ecosystem will have the same K. Although there is no certainty that 124 
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the population is at its K, it is believed that at least it is close to reaching it. A slowdown in the 125 

growth rate is expected in populations approaching its K; an increase in the competition for 126 

food and other resources is expected, which leads to an increase in mortality, especially among 127 

the oldest and youngest individuals, and a decrease in the reproductive success (Eberhardt and 128 

Siniff 1977). 129 

In recent years, a number of unusual mortality events have been reported in SH humpback 130 

whale populations. The annual mean number of recorded stranding events in Western 131 

Australia (WA) increased from three (1989 – 2007) to 19.8 (2008 – 2012) (Holyoake, Stephens 132 

et al. 2012), with similar increases reported for Brazil migrating breeding stocks (Moura, 133 

Rodrigues et al. 2013). Where post-mortems were performed, the majority of individuals were 134 

reported as juveniles or neonates, many of them exhibiting signs of being in sub-optimal 135 

nutritional state. Neonates showed adipose hypoplasia, reflecting insufficient maternal 136 

provisioning in-utero (Holyoake, Stephens et al. 2013). 137 

In parallel research studies on minke whales (Balaenoptera bonaerensis) originating from 138 

twenty years of survey from the Japanese Whale Research Program in the Antarctic (JARPA), 139 

reported a decrease in blubber thickness, girth and fat weight (Konishi, Tamura et al. 2008), as 140 

well as stomach contents (Konishi, Hakamada et al. 2014). Minke whales are a closely related 141 

sympatric species to humpback whales. They share a similar trophic niche and thus are 142 

vulnerable to similar potential implications of variation in prey abundance and availability. With 143 

a sample size of nearly 4,000 animals, JARPA found a decline in energy storage corresponding 144 

to 9% of blubber thickness in the lateral position, which is equivalent to 0.02 cm per year, for 145 

the past ten years (Konishi, Tamura et al. 2008, Konishi, Hakamada et al. 2014). Similarly, over 146 

two decades there was reportedly a 9% decrease in fat weight, a 4% decrease in girth 147 

measurements and a 31% decrease in stomach content weight. Consequently, it was 148 

concluded that food intake had decreased over the survey period. 149 

Finally, there is accumulating evidence of routine supplementary feeding during SH humpback 150 

whales migration events. Information gathered from observations of free-ranging animals, 151 

stomach content analysis of animals killed during commercial whaling, and biochemical 152 

analyses, has indicated that SH humpback whales do not normally feed while they are at their 153 
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tropical breeding grounds or during migration (Chittleborough 1965), instead they subsist on 154 

stored fat reserves. 155 

Reports of SH populations feeding on their way to and from breeding grounds have however, 156 

increased lately, to the point that some locations may represent routine feeding stop-offs for 157 

the whales. Opportunistic feeding has previously been reported off the Brazilian (De Sá Alves, 158 

Andriolo et al. 2009) and Australian (Queensland) coasts (Stockin and Burgess 2005). 159 

Consistent observations by commercial whale-watching operators of humpback whales 160 

feeding along the Australian South East coast of New South Wales every year since 1990, 161 

suggest that this area is a possible supplementary feeding ground (Stamation, Croft et al. 162 

2007). Furthermore, the stomach content analysis of an individual stranded in Brazilian coasts 163 

revealed the ingestion of large amounts of food, with the small tropical shrimp (Acetes 164 

americanus) being the predominant prey item identified (Danilewicz, Tavares et al. 2009). 165 

Opportunistic feeding may be a mechanism undertaken to offset any energy deficiency 166 

incurred through the winter (Baraff, Clapham et al. 1991). 167 

These diverse areas of research appear to provide a consistent signal of an expanding whale 168 

population competing for a limited prey resource, warranting immediate efforts to better 169 

comprehend the body condition of these highly specialised populations. Understanding the 170 

changes within adiposity in these whales, could help immensely to unravel the nutritional 171 

signals of an apparently stressed population, aiding immediate and pertinent conservational 172 

actions. 173 

2.2.1. Importance of monitoring SH humpback whale nutritional state 174 

It remains to be determined whether these findings reflect new knowledge regarding a stable 175 

Antarctic sea ice ecosystem or represent present-day change. The ability to accurately gauge 176 

the body condition of free-swimming cetaceans is invaluable in population and conservation 177 

biology due to its direct implications on individual fitness, survival, and reproductive success 178 

(Lockyer 1986, IWC 2001, Ward, Holmes et al. 2009, Williams, Vikingsson et al. 2013, Seyboth, 179 

Groch et al. 2016). In addition, monitoring changes on individual and population body 180 

condition offers insight into their foraging success over time, and therefore the health of the 181 

supporting ecosystem and species resilience (Braithwaite, Meeuwig et al. 2015, Harwood, 182 

Smith et al. 2015). As such, the role of body condition as a sentinel parameter in ecosystem 183 
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monitoring is receiving increasing attention (Bengtson Nash, Castrillon et al. 2017, Tartu, 184 

Bourgeon et al. 2017).  185 
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Abstract 1 

The ability to accurately gauge the body condition of free-swimming cetaceans is invaluable in 2 

population and conservation biology, due to its direct implications on individual fitness, 3 

survival, and reproductive success. Furthermore, monitoring changes on individual and 4 

population body condition offers insight into their foraging success over time, and therefore 5 

the health of the supporting ecosystem and species’ resilience. These parameters are 6 

particularly relevant in the context of widespread and accelerated habitat changes. There are, 7 

however, significant logistical challenges involved with research and monitoring of large 8 

cetaceans, which often preclude direct measurement of body condition of live individuals. 9 

Consequently, a wide variety of indirect approaches or proxies for estimating energetic stores 10 

have been proposed. To date, no single, standardized approach has been shown to be a robust 11 

estimation of body condition across species or age categories in both live and dead individuals. 12 

As reliable and accurate evaluation of body condition is invaluable for a growing number of 13 

environmental research and management areas, streamlining these indirect approaches would 14 

allow for standardized protocols and widespread implementation. Here we review both 15 

traditional approaches, as well as new developments for measuring energetic health in 16 

cetaceans. Particular focus is given to how versatile these approaches are across species, age 17 

and life categories. In addition, this review will identify the capacity for high throughput 18 

analysis, which is necessary for application in routine monitoring. 19 

 20 

Key words 21 

Cetaceans, body condition, energetic health, individual fitness, blubber measures, body 22 

composition, body morphometry. 23 
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Introduction 25 

The Body Condition (BC) of an animal is defined as “the relative size of its energy reserves” 26 

(Krebs & Singleton 1993; Gosler 1996; Schulte-Hostedde et al. 2001; Schulte-Hostedde et al. 27 

2005). Lipids, proteins and carbohydrates are different forms in which mammals store energy. 28 

Lipids, with a higher energy density, are used as long term storage, while carbohydrates cover 29 

the short terms energy needs. Most of the body protein is structural so its catabolism is 30 

negligible (Castellini & Rea 1992; Hall et al. 2012; Robbins 2012). In quantitative terms, lipids 31 

are by far the largest store of energy in the body of mammals and their relative contribution in 32 

relation to body mass is, therefore, the most reliable indicator of nutritive condition (Aguilar 33 

et al. 2007). Body condition is an important measurement of individual fitness, reflecting the 34 

balance between energy intake and total energetic investment (Green 2001; Schamber et al. 35 

2009; Peig & Green 2010). Major energetic investments by mammals in the wild include 36 

courtship and mating, reproduction, lactation and parental care, as well as migration or 37 

hibernation in certain species. Sub-optimal BC may impact upon an individual’s ability to fulfil 38 

these roles. For example, evidence has shown clear links between BC and maternal investment 39 

and output (Lockyer 1986; IWC 2001; Williams et al. 2013). Low food availability, and 40 

consequently poor BC in killer whales (Orcinus orca), fin whales (Balaenoptera physalus) and 41 

right whales (Eubalaena australis) has been correlated with reduced calf numbers (Lockyer 42 

2007; Ward et al. 2009; Williams et al. 2013; Seyboth et al. 2016). Repercussions of sub-optimal 43 

maternal BC in offspring have also been observed. Identified outcomes include: foetal growth 44 

in fin and minke whales (Balaenoptera acutorostrata), calf growth rate in southern right 45 

whales, calf BC in humpback whales (Megaptera novaeangliae), cub weight in polar bears 46 

(Ursus maritimus), neonatal mass in fur seals (Callorhinus ursinus) as well as pup growth rate 47 

and weaning mass in harbour seals (Phoca vitulina); (Atkinson & Ramsay 1995; Boltnev & York 48 

2001; Bowen et al. 2001; Lockyer 2007; Christiansen et al. 2014; Christiansen et al. 2016; 49 

Christiansen et al. 2018). These, in turn, have significant consequences upon the viability and 50 

survival of offspring. Individual BC also affects male reproductive success. Higher energy 51 

reserves provide an advantage when defending or fighting for access to receptive females 52 

(Forsyth et al. 2005; Toïgo et al. 2006; Lane et al. 2010). Finally, in modelling studies, it is 53 

suggested that individual BC is an important predictor of behaviour. For example, individuals 54 

with low energy reserves may be forced to increase their foraging effort, which could lead 55 
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them to take greater risks, such as greater predator exposure (Frid & Dill 2002; Miller & Hall 56 

2012). 57 

The direct repercussions of BC on individual and offspring fitness have elevated the importance 58 

of effective BC evaluation for many areas of biological research and monitoring (Ryser-59 

Degiorgis 2013). Aditionally, population BC is reflective of a population’s foraging success and 60 

can be indicative of ecosystem change (Braithwaite et al. 2015; Harwood et al. 2015). As such, 61 

the role of BC as a sentinel parameter in ecosystem monitoring is receiving ever-increasing 62 

attention as a valid measure of said ecosystem changes (Bengtson Nash et al. 2017; Tartu et 63 

al. 2017). 64 

Evaluating the BC of marine mammals, particularly free-swimming cetaceans, presents a 65 

unique suite of logistical challenges. For instance, longevity and population status, are some of 66 

these challenges, but in some cetaceans the biggest challenges are body size and accessibility 67 

(Iverson et al. 2010; Ball et al. 2017). However, because of the critical biological and ecological 68 

role of this parameter, a great number of techniques have been proposed and implemented 69 

to quantitatively estimate BC in cetaceans. An ideal estimation for routine application should 70 

be robust, non-lethal and valid across life (dead or alive), reproductive status and species, as 71 

well as being inexpensive, to ensure affordability of large sample sizes required for rutine 72 

monitoring. The following is an overview of approaches implemented to date, critically 73 

reviewed and compared according to their potential to fulfil the above mentioned criteria. 74 

 75 

1.  Blubber Measures 76 

Blubber is a critical component of mammalian adaptation to the aquatic environment 77 

(Koopman et al. 2002; Iverson & Koopman 2018). Its primary function is the storage of energy 78 

in the form of lipids (Parry 1949; Ackman et al. 1975b; Lockyer 1987b; Iverson 2002). In 79 

cetaceans, it also serves a multitude of physiological functions related to body hydrodynamics, 80 

water balance, buoyancy and thermal insulation (Ryg et al. 1988; Fish 2000; Koopman et al. 81 

2002; Iverson & Koopman 2018). Whilst some visceral lipid storage does occur (Víkingsson 82 

1995), the vast majority of lipids are stored in the blubber (Parry 1949; Ackman et al. 1975b; 83 

Lockyer 1987b; Iverson 2002). As such, the relative contribution of blubber to body mass is 84 

considered a reliable indicator of BC (Aguilar et al. 2007), and many methods have used this 85 
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relationship for evaluating BC in cetaceans. Blubber-metric methodologies are based on the 86 

inferred relationship between blubber volume or blubber lipid content and overall BC (Hanks 87 

1981; Schulte-Hostedde et al. 2005). Key categories and approaches are outlined below. 88 

1.1. Blubber Mass 89 

The most direct quantification of blubber is blubber mass, which can be measured by direct 90 

weighing of flensed blubber. This technique originates from commercial whaling, where, 91 

among other data, blubber mass was routinely obtained. The method has also been applied to 92 

incidentally caught and stranded animals and has provided useful baseline physiological 93 

information. For example, a study on harbour porpoises (Phocoena phocoena) killed 94 

incidentally during commercial fishing operations showed that the relationship between 95 

blubber mass and body size correlates with variation in BC among reproductive classes (Read 96 

1990), highlighting that calves and immature individuals were thinner than mature females. A 97 

similar study on incidentally caught franciscanas (Pontoporia blainvillei) found that blubber 98 

mass measurements strongly correlated with age class (Caon et al. 2007). Today, a 99 

modification of the direct blubber mass approach is still used in whaling operations such as the 100 

Japanese Whale Research Program under Special Permit in the Antarctic (JARPA). This program 101 

uses. “Fat weight” (blubber weight + visceral fat) of harvested Antarctic minke whales 102 

(Balaenoptera bonaerensis) as a BC indicator, and this data shows a significant decline in BC of 103 

animals over two decades of measurements, concluding that the amount of krill available for 104 

the species has declined in its feeding areas (Konishi et al. 2008). 105 

Although blubber mass is the most direct quantification available for BC, it does not 106 

acknowledge that lipid content is really the key measure of blubber quality. Mass can reflect 107 

connective tissue and water, which really have no bearing on BC. In addition, blubber mass can 108 

only be applied to dead animals. While its application towards stranded and incidentally killed 109 

animals may be valuable, harvesting animals for this purpose is usually in ethical conflict with 110 

research and monitoring agendas (Bateson 1986; McMahon et al. 2012; Waugh & Monamy 111 

2016). Furthermore, the technique is not without major logistical limitations. Dealing with a 112 

cetacean carcass is not an easy task, and as the animal size increases, specialised platforms and 113 

equipment become necessary (Lockyer 1976). 114 

 115 
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1.2. Blubber Thickness 116 

A more accessible alternative to blubber mass is blubber thickness, which also provides an 117 

accurate reflection of BC (Lockyer 1987b; Víkingsson 1995). Different methodologies have 118 

been developed based on this approach, and depending on the techniques applied, may 119 

provide a direct or indirect measure. Multiple site measures have been advocated for a better 120 

representation, as it is well known that blubber thickness is not homogenous across the body 121 

surface (Lockyer et al. 1984). It is, however, not always possible to take the measurement in 122 

different places of the same animal, particularly when working with free-swimming individuals. 123 

In this case, it has been advocated that the site be standardized, located at the place where 124 

the blubber is most variable (Lockyer et al. 1985). In baleen whales, the dorsal and ventral 125 

region posterior to the dorsal fin represents the most variable blubber thickness region and as 126 

such correlates closely with total blubber mass (Lockyer 1987b; Konishi 2006; Aguilar et al. 127 

2007). In smaller odontocetes, data suggests that this area corresponds to the anterior ventral 128 

region (Koopman et al. 2002; Zeng et al. 2015). 129 

1.2.1. Direct Measurement 130 

Direct measurement of blubber thickness is carried out by cutting through the skin and blubber 131 

down to the muscle and measuring the full depth of the blubber. In its traditional application, 132 

it can only be applied to stranded and harvested animals, or on small cetaceans that are 133 

temporarily restrained for surgical biopsy (Montie et al. 2008). However, direct measurement, 134 

is more reliable on fresh carcasses due to normal post mortem decomposition changes (Zeng 135 

et al. 2015), which holds true for all approaches. Surgical biopsy is highly invasive when applied 136 

to live animals, not only because of the degree of disturbance when restraining the animal, but 137 

due also to the invasiveness of the surgical procedure used to obtain a full depth biopsy. In 138 

addition, surgical biopsy wounds take a longer time to heal than wounds inflicted by remote 139 

biopsy (Weller et al. 1997). 140 

Aside from ethical and logistical considerations, the accuracy of blubber thickness 141 

measurements may be impacted by the inherent loss of tension in the collagen matrix of the 142 

blubber tissue that occurs through incision (Aguilar et al. 2007). Blubber tissue, is a highly 143 

organised biocomposite, comprised of adipocytes in a three dimensional matrix of collagen 144 

and elastin fibres that maintain tissue tension (Toedt 2001). Once the tissue is cut, however, 145 
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the tissue expands leading to a small but measurable increment in thickness (Aguilar et al. 146 

2007). The degree of this increment may in turn be impacted by the tissue adipocyte/collagen 147 

proportion. Without factoring in this incremental change and how it varies as a function of 148 

animal age and sampling season, it becomes difficult to investigate BC with any great 149 

confidence beyond its use as a relative measure between individuals. 150 

1.2.2. Indirect Measurements 151 

1.2.2.1. Ultrasound Measurement 152 

Ultrasound technology has provided an alternative way to measure blubber thickness, which 153 

has been shown to correlate with direct measurements (Cartee et al. 1995; Zeng et al. 2015). 154 

It relies on the concept of sound travelling at different speeds through tissues of different 155 

density (Curran & Asher 1974). This method has been more widely used in pinnipeds (Gales & 156 

Burton 1987; Noren et al. 2015), for its ease of application when the animals are on land and 157 

can be immobilized. In cetaceans, it has been used on both stranded and free-swimming 158 

animals. In stranded animals, it has the advantage of reducing the loss of lipids and tissue 159 

tension that occurs during necropsy. Additionally, it provides fast and valuable information on 160 

the distribution and structure of fat, enabling, for example, the identification of the different 161 

blubber layers present according to species type (Zeng et al. 2015). In addition, for improved 162 

accuracy, as advocated with direct measures, measurements can easily be taken from different 163 

parts of the body. 164 

In captive or free-swimming cetaceans that can be temporarily restrained, the technique is 165 

similarly reliable. A mean measurement bias of 0.20 cm between ultrasound and direct 166 

measurement by ruler were reported in beluga whales (Delphinapterus leucas) (Cornick et al. 167 

2016). The method has been successfully applied to captive harbour porpoises (Kastelein et al. 168 

1995), bottlenose dolphins (Tursiops truncatus) (Cartee et al. 1995) and gray whales 169 

(Eschrichtius robustus) (Curran & Asher 1974). The ideal scenario of restraining the animal for 170 

accurate measurements, however, limits its application to smaller cetaceans. Notably, transfer 171 

of the technique to larger, free-swimming cetaceans has been attempted. For example, boat-172 

based ultrasound measurements were performed on free-swimming right whales (Moore et 173 

al. 2001; Miller et al. 2011). Investigators noted that the method required further 174 

standardization of the protocol with regard to sampling position on the body of the animal. 175 
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Furthermore, the difficulty associated with the operation of ultrasound equipment under boat-176 

based conditions was also noted (Moore et al. 2001). 177 

The above outlined blubber measures share common strengths and limitations. Whilst 178 

relevance of blubber in the study of BC in cetaceans is clear, some studies have found a weak 179 

correlation between blubber thickness and BC (Read 1990; Evans et al. 2003; Caon et al. 2007; 180 

Gómez-Campos et al. 2011). This can be attributed to the succession of lipid mobilisation from 181 

various body regions, and further justifies the aforementioned advocated need for multiple 182 

measurements across the body when applying this measure. Blubber thickness also does not 183 

take into account visceral fat deposits. It is suggested that visceral deposits might be more 184 

mobile than those in blubber (Niæss et al. 1998); being the ‘last in’ and the ‘first out’ in the 185 

dynamics of lipid mobilisation. The energy contribution provided by, for example, glucose, 186 

carbohydrates and proteins of other tissues are also not taken into account in blubber 187 

measures (Aguilar et al. 2007). Preferential lipid mobilisation also affects application of lipid 188 

content measures as lipid content of blubber may remain minimally changed despite variable 189 

blubber thickness (Ackman et al. 1975a). 190 

1.3. Blubber Lipid Content 191 

Changes in BC affect not only blubber thickness, but also blubber composition, particularly its 192 

lipid content (Aguilar & Borrell 1990). Thus, lipid content of blubber has been proposed as a 193 

measure of BC in cetaceans (Aguilar & Borrell 1990; Krahn et al. 2001). The methodology 194 

consists of extracting the lipids from a pre-weighed blubber sample (Varanasi et al. 1994). 195 

There are different extraction methods (Folch et al. 1957; Bligh & Dyer 1959; Smedes 1999), 196 

however, a modified Folch et al. (1957) approach using chloroform and methanol (Budge et al. 197 

2006) is widely used. All the extraction techniques assume first, that the lipid content of a 198 

blubber sample is representative of the body region from where it was obtained, and second, 199 

the extraction method efficiently strips all, and only, lipids from the blubber (Ryan et al. 2013). 200 

While the samples from dead animals come from necropsies, in free-swimming individuals they 201 

are obtained through remote biopsies. The use of biopsy darts for the remote collection of 202 

tissue samples from free-swimming cetaceans has gained popularity in the recent past. Its 203 

popularity is based on a non-lethal method that significantly reduces animal stress and risk, in 204 

addition to sampling cost (Noren & Mocklin 2012). Remote biopsy samples from presumably 205 

healthy animals are preferred over samples collected from stranded individuals as stranded 206 
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animals are often in compromised health, making them not representative of the overall 207 

population (Aguilar et al. 1999; Krahn et al. 2004). Remote biopsy also enables the collection 208 

of samples in species that were previously impossible to sample due to their size. The most 209 

used variant of the technique consists of the propulsion of a dart by a rifle or crossbow. The 210 

dart penetrates the body a few centimetres, collecting skin and blubber. The force of the 211 

impact causes the dart to pop back out and the dart design allows it to float on the water until 212 

it is retrieved. 213 

As lipid content is also an important factor in other areas of cetacean research, such as 214 

evaluation of lipophilic POP burdens, its advantage is that it is already widely used and is part 215 

of many monitoring programs. In addition, the approach is applied to both dead and free-216 

swimming individuals, however, greater accuracy in results are reported from necropsies of 217 

fresh carcasses (Krahn et al. 2004; Ryan et al. 2013; McKinney et al. 2014). Studies showed that 218 

sampling via remote biopsy can affect lipid loss (Krahn et al. 2004; Krahn et al. 2007; Ryan et 219 

al. 2013). For instance, studies in different species indicated that blubber lipid content was not 220 

representative of directly harvested blubber tissue (Krahn et al. 2004; Ryan et al. 2013). A 221 

difference of up to 44% in lipid content was found between comparable samples taken by 222 

biopsy and excised using a scalpel (Ryan et al. 2013). Variations in the results are most likely 223 

due to the initial sample mass used; with smaller sample masses yielding a higher percentage 224 

of error. Furthermore, lipid content varies by blubber depth (Koopman et al. 2002; Iverson & 225 

Koopman 2018), and due to the differences in the extraction methodologies care must be 226 

taken when interpreting lipid content data and comparing results of different studies. 227 

Another way of quantifying the amount of blubber lipid content is provided by historical 228 

whaling data in which “oil yields” were measured. The measure refers to the quantity of oil 229 

extracted. Most recently, this measure was used to quantify the individual energy stores of 230 

humpback and sperm whales (Physeter macrocephalus) (Irvine et al. 2017), and to draw links 231 

between the inter-annual BC of humpback whales, as assumed from annual oil yields, and krill 232 

densities in the corresponding Antarctic feeding grounds of the population (Braithwaite et al. 233 

2015). Despite the invaluable information gained from this data, comparisons and conclusions 234 

must be made with caution because of the inconsistency of sample type; some sets of data 235 

refer to the amount of oil extracted exclusively from the blubber and other sets report oil 236 

extracted from the entire carcass. The data also differs in the way in which the oil yield was 237 
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recovered. For instance, some records were detailed enough to report the oil yield at an 238 

individual level, however, as the industry grew, oil yields were reported differently, for 239 

example, as weekly tallies. Finally, falsification of whaling data is widely reported throughout 240 

history, and caution must be taken when producing quantitative measures from these forms 241 

of data (Clapham & Ivashchenko 2018). 242 

Blubber is heterogeneous in structure and composition (Krahn et al. 2004). It has biological 243 

variations in fatty acid composition and deposition, and histological variation in adipocytes size. 244 

While in some cetaceans such as bottlenose and common dolphins (Delphinus delphis), harbor 245 

porpoises, sei (Balaenoptera borealis) and fin whales (Ackman et al. 1975a; Lockyer et al. 1984; 246 

Aguilar & Borrell 1990; Koopman et al. 1996; Koopman et al. 2002; Samuel & Worthy 2004; 247 

Montie et al. 2008), blubber is stratified in well-defined layers, in other species including 248 

humpback and bowhead whales (Balaena mysticetus) (Ackman et al. 1975a; Elfes 2008; Ball et 249 

al. 2015), the transition between outer to inner blubber is gradual. The inner part or layer is 250 

metabolically active with a fatty acid composition that is strongly affected by ongoing lipid 251 

mobilisation/deposition. Adipocytes in this layer increase in number but decrease in size. The 252 

middle layer is used for lipid storage, with bigger adipocytes, while the outer layer is primarily 253 

structural and associated with thermoregulation, buoyancy, water balance, locomotion and 254 

the smallest adipocytes, which are also fewer in number (Ryg et al. 1988; Koopman et al. 2002; 255 

Montie et al. 2008; Strandberg et al. 2008). The inner and middle layers are more dynamic, 256 

playing a major role in lipid mobilisation and metabolism, while the outer layer is more static 257 

(Ackman et al. 1965; Ackman et al. 1975a; Ackman et al. 1975b; Lockyer et al. 1984; Aguilar & 258 

Borrell 1990; Koopman et al. 2002; Struntz et al. 2004). Because of the multiple functions of 259 

blubber, cetaceans require blubber reserves that cannot be substantially altered without 260 

jeopardizing individual survival. Consequently, its role in these other important physiological 261 

functions, threshold lipid mobilisation from the outer layer (Gómez-Campos et al. 2011; Waugh 262 

et al. 2012; Noren et al. 2015; Ball et al. 2017; Castrillon et al. 2017; Bengtson Nash 2018), 263 

which in turn is the most accessible layer for non-lethal investigation. This limits the sensitivity 264 

of the blubber measure approaches that rely on biopsies. This limitation is one shared by 265 

several methodologies that focus on blubber tissue and will in subsequent discussions be 266 

referred to as the limitations associated with the outer blubber layer threshold. 267 
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1.4. Blubber Trunk Lipid Mass (BTLM) 268 

More recently, blubber trunk lipid mass (BTLM), a hybrid measure of blubber mass and lipid 269 

content, has been proposed as an index for blubber mass (Gómez-Campos et al. 2011). The 270 

trunk of many cetaceans is a region of highly dynamic lipid deposition and mobilisation 271 

(Lockyer 1987a), and hence a body region more likely to reflect change in response to BC. BTLM 272 

is derived by considering the total amount of lipid stored in the trunk blubber mass and it is 273 

calculated by the following formula: 274 

BTLM (Kg) = % lipids in blubber x blubber weight 275 

A study on striped dolphins (Stenella coeruleoalba) showed that the BTLM measurements 276 

exceeded the accuracy for blubber lipid content assessments (Gómez-Campos et al. 2011). The 277 

major limitation of this measure is the fact that it is only applicable to dead animals and animals 278 

of a manageable size. 279 

1.5. Adipocyte Metrics 280 

The measurement of adipocyte volume or area in a histologically prepared slide of blubber has 281 

been proposed as a proxy of BC (Castrillon et al. 2017). Adipocytes are the main components 282 

of fatty tissue and are specialized in storing energy as fat. The concept of using adipocyte area 283 

as a proxy for BC stems from the fact that a change in BC, results in a change in the size (volume 284 

or area) of the adipocytes (Faust et al. 1978). The original approach measures the adipocyte 285 

area from histologically prepared blubber tissue images (Castrillon et al. 2017). The tissue is 286 

stained with hematoxylin and eosin, to differentiate the adipocyte cells from the collagen 287 

matrix. Adipocyte area is calculated as the average adipocyte cross-sectional area from 288 

measurements of at least 100 individual adipocytes, using image analysis software. Given the 289 

laborious nature of this method, rendering it impractical for high-throughput routine analysis, 290 

an Adipocyte Index (AI) was developed. The AI is defined as the ratio of inter-vacuolar area to 291 

adipocyte area within the image (Figure 1). Automated analysis is conducted using imaging 292 

software. 293 

Application of adipocyte metrics in a study on humpback whales found that the measures were 294 

more sensitive in differentiating between two cohorts of whales at different fasting stages than 295 

blubber lipid content. Specifically, AI and adipocyte area clearly differentiated the two cohorts, 296 



52 
 

whereas blubber lipid content failed to do so. In another study, smaller and fewer adipocytes 297 

were observed in starved harbour porpoises in the inner blubber layer in the thorax area, in 298 

comparison to non-starved animals, suggesting a possible combination of adipocyte shrinkage 299 

and loss, however, the reason of the adipocyte loss was not clear (Koopman et al. 2002). The 300 

approach can be applied to both dead and live individuals (Castrillon et al. 2017). 301 

This approach is also subject to the outer blubber threshold limitation when the samples are 302 

analysed using the outer blubber layer, which is usually the part of the blubber collected by 303 

remote biopsies. Further, the approach may be unsuitable for application in calves-of-the-year 304 

that do not have a fully developed blubber layer. 305 

 306 

 307 

Figure 1: Histological images (hematoxylin & eosin stain) and AI analysis of blubber from two (a and b) 308 
humpback whale individuals with different BC. a) AI = 14.21. b) AI = 31.30. 309 

 310 
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2. Body Composition 311 

A number of approaches for BC quantification have used body composition analysis. Body 312 

composition analysis focuses on the categorization of body mass into major body components, 313 

identified as water, fat, protein, carbohydrates and inorganic constituents, based on each 314 

component’s physical properties (Speakman 2001; Boyd et al. 2010). The total body 315 

composition analysis measures the total mass of each of these components in the body. Total 316 

Body Fat (TBF) measurement of this approach is taken as representative of BC. Several body 317 

composition estimation approaches have been applied to cetaceans. 318 

2.1. Carcass Analysis 319 

The gold standard for body composition analysis is whole carcass analysis and therefore the 320 

transfer of the technique to tissues biopsied from live individuals is not considered to be as 321 

accurate (Wells & Fewtrell 2006). Carcass analysis can be carried out by bomb calorimetry or 322 

fat mass estimation and is performed on the whole carcass or of subsamples of the 323 

homogenized carcass (Iverson et al. 2010). The bomb calorimetry approach measures the 324 

calorimetric content of the homogenized carcass. This measure can be used to determine the 325 

fat and protein content, which in turn can be transformed to a body energy equivalent using 326 

fat and protein density standard values, 39.5 MJ/kg and 23.5 MJ/kg, respectively (Schmidt-327 

Nielsen et al. 1980; Boyd et al. 2010). Fat mass estimation is determined by taking the 328 

difference between the dry mass of the sample before and after lipid extraction (Speakman 329 

2001). Whilst measurements can also be made on a tissue-specific basis, as is done with 330 

blubber lipid content, results do not correlate with whole body composition but rather with 331 

tissue specific estimations. The need to grind the whole body of the animal limits these 332 

applications not just to dead animals, but also to small species and juveniles (Boyd et al. 2010). 333 

Despite the clear challenges of this approach, whole body estimates have been obtained for 334 

fin, sei and sperm whales as well as harbour porpoises, providing important baseline 335 

information (Lockyer et al. 1984; Lockyer et al. 1985; Lockyer 1991; McLellan et al. 2002). 336 

2.2. Isotope Dilution 337 

Non-lethal techniques have also been developed to determine body composition. Bioelectrical 338 

Impedance Analysis (BIA) and isotope dilution are two of these techniques. These approaches 339 

do not measure body composition directly, but rather predict it from measurements of body 340 
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properties (Wells & Fewtrell 2006). Both techniques use the measure of Total Body Water 341 

(TBW) to predict the TBF in an individual. As water is not evenly distributed in the body tissues, 342 

with fat tissue containing substantially less water than lean tissue (Speakman 2001). The fatter 343 

an organism becomes, the lower the water content as a percentage of its total body mass 344 

(Speakman 2001). Both of these techniques have been carried out in pinnipeds for BC 345 

evaluation (Reilly & Fedak 1990; Arnould 1995; Bowen & Iverson 1998), but only isotope 346 

dilution has been applied to cetaceans, focusing on research questions related to specific 347 

physiological functions such as osmosis, water consumption and flux (Telfer et al. 1970; Hui 348 

1981), rather than BC. For this reason, isotope dilution is briefly presented as part of this review 349 

as a potential approach for evaluating BC of live, captive individuals. For a more detailed 350 

explanation of this technique refer to Speakman (2001) or for a more specific application in 351 

seals to Schwarz et al. (2015). Briefly, isotope dilution requires the injection of a known dose 352 

of isotope labelled water (D₂O, H₂¹⁸O, or ³H₂O) into live animals (Smith et al. 2002). After 353 

allowing a period of equilibrium of the labelled water within an animal, blood, urine or saliva 354 

samples are collected at specific intervals to develop a dilution curve, quantified by stable-355 

isotope mass spectrometry (Castellini & Mellish 2015). It has been established that the content 356 

of lean tissue is approximately 73% water (Pace & Rathbun 1945), and based on this value it is 357 

possible to calculate TBW. While the value seems relatively stable, the individual variation can 358 

be large. In addition, there are significant deviations within a population from this value, for 359 

instance, young animals have lean tissues with higher water percentage (Sawicka-Kapusta 360 

1974). The uncertainty regarding the absolute value of water content in lean tissue is 361 

undoubtedly the biggest problem when estimating TBF, using the isotope dilution technique 362 

(Speakman 2001). 363 

Therefore, carcass analysis across different body size, age and sexes is still necessary to 364 

establish the equation on which to base the calculations. In addition, the approach shares the 365 

limitations of the need to restrain the animal for a period of time, for weighing and sample 366 

collection, limiting its application to small species and captive animals. The high cost and health 367 

risks associated with the use of radioisotopes (³H) require special permits, equipment and 368 

waste disposal, further increasing the logistical challenges associated with this technique. 369 
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2.3. Glide Method 370 

A more recent indirect approach for predicting BC is that of using glides to determine body 371 

density. Glides are the periods of a dive where the individual is not actively fluking. During 372 

these non-active swimming phases, the forces of drag and lift are acting on the body in a way 373 

that is dependent on overall body density/buoyancy. As lipids are less dense than most other 374 

tissues (Biuw et al. 2003), TBF is directly related to body density. Body density determines the 375 

rate of speed changes during glides (Miller & Hall 2012), with denser animals found to glide at 376 

a slower speed (Boyd et al. 2010). Glide speed rate data are collected by an accelerometer 377 

tagged to the animal. Analysis in the glide model determines the acceleration during a glide as 378 

the difference between the drag forces and the net buoyancy along the individual swimming 379 

trajectory (Miller et al. 2004). In an attempt to validate this technique directly with BC, 380 

estimates of relative lipid content of individual seals obtained by glide pattern analysis were 381 

compared with those obtained by hydrogen isotope dilution, with a variation in the results of 382 

about ± 2% (Biuw et al. 2003). Validation of the technique, in a preliminary study in cetaceans, 383 

was not, however, made with a quantitative measure of BC, but rather modelled estimates 384 

(Miller & Hall 2012). In this study, it was reported that the obtained results fit the model at 385 

high precision in the deep diving cetacean species, northern bottlenose whales (Hyperoodon 386 

ampullatus) (Miller & Hall 2012). The model, however, needed adjustments to account for 387 

diving air volume in shallower diving cetacean species, such as humpback whales as the effect 388 

of ambient air pressure on animal density is reduced by compression at depth (Biuw et al. 2003; 389 

Miller & Hall 2012). In cetaceans, the glide model approach has also been applied to sperm 390 

whales, albeit with the aim of describing the swimming behaviour rather than evaluating BC 391 

(Miller et al. 2004). In order to apply the glide model to humpback whales, it was modified to 392 

take into account the effect of the air volume in the net buoyancy, and also the potential effect 393 

of the drag induced by lift. Humpback whales tend to dive and glide at alternative, shallower 394 

pitch angles requiring the generation of lift, in comparison with deep diving cetaceans that 395 

maintain steep pitch angles during glides (Narazaki et al. 2018). The study concluded that the 396 

glide method has potential to estimate BC in shallow diving baleen whales despite results being 397 

more precise in deep diving toothed whales. While the advantage of this approach is that the 398 

method reflects the total body fat from any location of the body, the approach has not yet 399 

been completely validated for its use as a proxy for BC. Application of the approach would 400 
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further require species-specific evaluation and optimisation of the model used due to the 401 

variability in the diving behaviour across species (Miller & Hall 2012). 402 

 403 

3. Body Morphometry 404 

Another approach used as proxy for BC, are morphological measurements to infer whole body 405 

mass. Morphometry is the numerical expression of animal morphological characteristics 406 

(Stower et al. 1960). Complications associated with direct weighing of carcasses has led to the 407 

development of a significant number of BC indices derived from morphological measurements 408 

which, downstream, also predict body mass (Cattet et al. 1997; Boyd et al. 2010). All 409 

approaches assume the cetacean species has an ellipsoid shape and that a dependent 410 

relationship exists between BC and body mass (Figure 2) (Jakob et al. 1996; Peig & Green 2010). 411 

The indices are developed according to empirical measurements, of which the most common 412 

are girth and girth plus body length. 413 

 414 

 415 

Figure 2: Schematic of areas where morphological measurements are taken for BC indices for predicting 416 
body mass. 417 

 418 

3.1. Body Girth 419 

Body girth measurement data has been used both in isolation and for deriving BC indices 420 

(Lockyer 1986; Gómez-Campos et al. 2011). By convention, the measurement is taken from 421 

the front of the dorsal fin, where the animal’s girth is at its maximum (Boyd et al. 2010). 422 
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Contradictory results have been found regarding the consistency of the measurement as a 423 

reflection of the BC. In franciscanas (Caon et al. 2007), and minke whales (Caon et al. 2007) 424 

body girth, blubber weight and body weight were all found to be positively correlated, lending 425 

support for its value as a BC measure. Similarly, in fin (Lockyer 1986) and bowhead whales 426 

(George et al. 2015), significant differences in body girth were found between reproductive 427 

groups. By contrast, body girth was poorly correlated with blubber mass in striped dolphins 428 

(Gómez-Campos et al. 2011) and harbour porpoises (Read 1990). 429 

In addition to BC, the overall body size and thus the age of the animal is an aspect that also 430 

affects body girth; therefore, this needs to be accounted for when using this method and 431 

comparing between individuals. Although this measure is taken routinely on captive, live 432 

captured and stranded animals, the need to handle the animals limits its application to small 433 

species. There are also several factors that can affect the measuring. In stranded animals, the 434 

degree of bloating and decomposition is a factor that can influence results (Boyd et al. 2010). 435 

In live animals, in addition to the difficulties associated with capturing and handling of a wild 436 

animal, the measurement may vary with pregnancy and even with small animal movements, 437 

such as breathing (Lockyer et al. 2003). Further to these limitations and the variability of results 438 

between species, the most important issue that cannot easily be resolved through ancillary 439 

measurements is that body girth is highly affected by changes to protein and carbohydrate 440 

masses below the blubber layer (Aguilar et al. 2007). 441 

3.2. Body Girth – Length 442 

The relationship between body girth and body length has been applied in a variety of ways to 443 

predict body volume. This has also been used as a proxy of BC due to its close correlation with 444 

body mass. The girth to length ratio (Ichii et al. 1998; Kershaw et al. 2017), girth –length 445 

regression (Lockyer 1986) and residuals from girth – length regression (Haug et al. 2002) are 446 

among some of the calculations applied, either in isolation to estimate body volume, or as part 447 

of more complex BC indices. However, it is important to note that the relationship is different 448 

among species and particularly in very young individuals that are still growing in length. 449 

Immature individuals allocate a significant amount of energy towards growth rather than 450 

building fat reserves (Peig & Green 2010). A leaner juvenile, as measured by body girth and 451 
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length, may therefore be in better energetic health than an adult with comparable or even 452 

higher BC. 453 

Extensive literature exists on the selection and calculation of various BC indices using 454 

morphometry. For recent reviews, see Peig and Green (2010), Labocha et al. (2014) and 455 

Labocha and Hayes (2012). As such, this review will not focus on reviewing the benefits and 456 

drawbacks of individual indices, but rather the collection techniques for obtaining the empirical 457 

morphometry data used for BC index calculations. Some general considerations about the use 458 

of BC indices based on morphometric data are, however, warranted. It should be noted that, 459 

to date, there is no clear consensus on whether these indices are sufficiently accurate, 460 

alongside alternate measures for sensitivity, or biological significance, or the range of 461 

circumstances under which they may be valid (Cook et al. 2001). Further, it is advocated that 462 

any BC index should include non-morphological parameters that are known to influence 463 

blubber variation, such as sex, age, reproductive class/state, day in the feeding season, and 464 

stage of the annual reproductive cycle to improve the indices’ accuracy (Boyd et al. 2010; 465 

Christiansen et al. 2014). 466 

3.3. Photogrammetry 467 

Due to the challenge of measuring different body parts in free-swimming and in stranded 468 

individuals, the use of morphometry using photographic images of the individual 469 

(photogrammetry) to measure different parts of the body (Whitehead & Payne 1981; Cubbage 470 

& Calambokidis 1987; Best & Rüther 1992; Koski et al. 2006; Durban et al. 2015) has become 471 

a popular approach. As the data obtained with photogrammetry is two-dimensional, the 472 

approach uses width measurements taken along the body to calculate body shape (Miller et 473 

al. 2012; Christiansen et al. 2014; Burnett et al. 2018; Christiansen et al. 2018). 474 

Most of the photogrammetry techniques, such as stereo-photogrammetry (Cubbage & 475 

Calambokidis 1987; Bräger & Chong 1999; Brager et al. 1999), laser-photogrammetry (Clarke 476 

et al. 1972; Durban & Parsons 2006; Jaquet 2006; Webster et al. 2010) and underwater-477 

videography (Nolan & Liddle 2000), have been used to determine the body size of the animal, 478 

either directly or indirectly. Few have been applied for the specific purpose BC evaluation. The 479 

exception to this is aerial-photogrammetry, of which there are two distinct approaches, and 480 

will be discussed below. 481 
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3.3.1. Aerial-photogrammetry 482 

In the traditional application, individuals at the surface of the water are photographed from an 483 

aeroplane or helicopter at a known height. In general, the altitude and the lens focal length is 484 

used to scale the image (Miller et al. 2012). Using the body measurements from photographs, 485 

BC indices have been calculated in grey (Perryman & Lynn 2002) and right whales (Miller et al. 486 

2012). However, the high costs of aerial photographs are seen as one of the major drawbacks 487 

of this approach. 488 

3.3.2. Unmanned Aerial Vehicles (UAVs)-photogrammetry 489 

Unmanned Aerial Vehicles have been used to determine BC of humpback (Christiansen et al. 490 

2016), right (Christiansen et al. 2018), gray and pygmy blue whales (Balaenoptera musculus 491 

brevicauda) (Burnett et al. 2018), by taking vertical aerial photographs of individuals swimming 492 

at the surface. Photographs are scaled by incorporating both the research vessel and 493 

individuals into images (Christiansen et al. 2016), or imaging an object of known length every 494 

flight (Burnett et al. 2018). This approach significantly reduces disturbances to animals, is a 495 

much safer approach for researchers and greatly reduces the costs of sampling. While aerial 496 

photography has traditionally been incredibly expensive, being only accessible to some 497 

researchers, the cost of UAVs is continually decreasing, making them more accessible on a 498 

broader scale and thus implemented in many areas of research. Another advantage of this 499 

approach is the simplified implementation of aerial photography. Previously, it was necessary 500 

to have a specialized team, including an aeroplane pilot and experienced photographer with 501 

large equipment such as cameras and lenses. UAVs combine all the major equipment and the 502 

sampling can be carried out by a small team. Although the image processing can be laborious 503 

and expensive, the recent development of a Whale Quantitative Analysis program in R by 504 

Burnett et al. (2018) is expected to improve processing efficiency. 505 

 506 

4. Biochemical and Chemical Biomarkers of BC 507 

A biomarker is a naturally occurring molecule, gene, or characteristic by which a particular 508 

pathological or physiological process can be identified (Atkinson et al. 2001). The application 509 

of biomarkers is widely used in areas such as medicine, ecotoxicology and ecology. Whilst the 510 

identification and development of reliable biomarkers requires detailed knowledge of complex 511 
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physiological and biochemical processes, directional applications can provide powerful tools 512 

for health and ecosystem monitoring, including BC. 513 

4.1. Omics 514 

Advances in molecular sequencing, in addition to both chemical and biochemical detection 515 

techniques offer the potential for accelerated identification of suitable biomarkers of BC. 516 

Specifically, transcriptomics, proteomics and metabolomics analysis applied in phocid species 517 

have revealed their potential in cetaceans. This technology is primarily aimed at the universal 518 

detection of mRNA (transcriptomics), proteins (proteomics) and metabolites (metabolomics) 519 

in a specific biological sample in a non-specific and unbiased way (Horgan & Kenny 2011). 520 

Transcriptome sequencing offers an insight into which genes were active (being transcribed) 521 

at the time of sampling. Transcriptomics have been successfully used, for example as a 522 

predictor of health outcomes in humans (Szabo 2014) and for the investigation of fasting 523 

metabolism in northern elephant seals (Khudyakov et al. 2017; Martinez et al. 2018). Northern 524 

elephant seal blubber transcriptome facilitated the identification of a large number of genes 525 

that were differentially expressed in response to stress, caused by acute corticosteroid 526 

elevation induced by administration of an exogenous stressor, the adrenocorticotropic 527 

hormone (ACTH) (Khudyakov et al. 2017). Additionally, in a different study, to changes in global 528 

expression profiles before and after six to eight weeks of fasting in weaned pups (Martinez et 529 

al. 2018). 530 

A proteomic study on blubber from harbour porpoises identified 295 different proteins; 15% 531 

of those proteins were involved in inflammation and immune response, and 11% in lipid 532 

metabolism. This proteomic approach could facilitate a greater understanding of the 533 

multifunctional role of blubber (Kershaw et al. 2018). 534 

Similarly, metabolomics refers to the study of metabolites and the chemical processes 535 

producing them. For example, in a northern elephant seal study, metabolomics analysis 536 

described the variability in a suite of circulating metabolites that occur with fasting 537 

(Champagne et al. 2013). 538 

Omics analyses yield huge data sets and require expert bioinformatic analysis to extract useful 539 

information. The potential of these techniques is great, however, it is just starting to be 540 

explored for the evaluation of cetacean BC. The goal of omics analyses, in the context of BC 541 
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biomarkers, is to identify one or several identifiable products or processes acting 542 

simultaneously that demonstrate a dependent and ideally linear relationship with BC. One 543 

endogenous compound that has been proposed to have a correlative relationship with BC in 544 

harbour porpoises are blubber cortisol levels (Kershaw et al. 2017), given that cortisol is a 545 

lipophilic steroid and the primary glucocorticoid hormone involved in the regulation of 546 

mammalian energy balance (Strack et al. 1995). 547 

4.2. Persistent Organic Pollutants (POPs) concentration index (CI) 548 

In addition to endogenous biomarkers, the use of lipophilic man-made contaminant burdens 549 

have been proposed as suitable biomarkers of fluctuating BC in humpback whales (Bengtson 550 

Nash et al. 2013). POPs are synthetic compounds defined by their persistence, toxicity, 551 

propensity to bioaccumulate in organisms, and their capacity for long range environmental 552 

dispersal. The vast majority of known POPs are lipophilic, accumulating in lipid-rich tissues of 553 

organisms, with their toxicokinetics being driven by lipid dynamics (Yordy et al. 2010; Bengtson 554 

Nash et al. 2013). Humpback whales in the Southern Hemisphere undertake annual migrations 555 

involving voluntary fasting for four to nine months. Investigators previously found that across 556 

just four months of the migration journey, POP concentrations in the outer blubber layer 557 

increased by up to 500 times for some compounds (Bengtson Nash et al. 2013), and utilised 558 

the Concentration Index (CI) to demonstrate this effect. Lipid loss from the blubber alone could 559 

not explain this increase, hence the CI demonstrates whole body lipid loss and remobilisation 560 

of associated POP burdens (Bengtson Nash 2018). As the lipid reserves, and not POPs, are 561 

metabolized, the POPs redistribute to the body’s remaining lipid depots of which the outer 562 

blubber layer starts to represent an increasing proportion due to the aforementioned outer 563 

blubber threshold effect (Bengtson Nash et al. 2013). 564 

Although this approach was used to determine the average change of lipids in a population, 565 

the approach would be equally valid for individuals tracked over time or similarly defined 566 

populations. The approach is particularly suitable for polar foraging species where contaminant 567 

sources diffuse and are not influenced by localised emission changes. The approach could not, 568 

however, be used to compare two diverse populations with different diets where direct 569 

contaminant uptake differences may contribute significantly to observed differences in 570 

blubber POP burdens. Similarly, diet associated factors could not be excluded in populations 571 
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with a high level of individual exchange with other populations. Finally, the cost of POP analysis 572 

is notoriously expensive. So, while information regarding BC may be valuable supplementary 573 

information to any long term POP monitoring within an ecotoxicology program, a focus on 574 

POPs purely for BC investigation may be considered prohibitively expensive. 575 

Discussion and Conclusion 576 

The powerful insights that BC estimation can provide into individual, population and ecosystem 577 

health have made the quantification of BC desirable and of increasing conservation 578 

importance. Although numerous methodologies to determine cetacean’s BC have been 579 

proposed over the past century, currently there is no consensus on the best way to 580 

quantitatively estimate BC. This review critically evaluates traditional and emerging 581 

approaches according to select criteria that facilitate routine population monitoring and 582 

comparisons between different studies, populations and species (Table 1). 583 

One of the most important criteria is accuracy, which is the capacity of the approach to 584 

determine the true BC of the given individual or population. In the presented suite of 585 

approaches, the measures that may be considered the most accurate and best reflect true BC 586 

are direct blubber measures, such as blubber mass measurements or carcass analysis either by 587 

bomb calorimetry or by fat mass estimation. However, they also require the death of the 588 

animal and are impractical for large scale application. The prerequisite of death, thus limiting 589 

assessment to harvested, stranded, or by caught animals carries the potential to skew 590 

biological assessments leading to the second criteria- the degree of invasiveness of the 591 

approach. Whilst lethal harvesting for scientific investigation not only carries ethical 592 

implications, the approach may be inherently contradictory to the conservation goals of the 593 

research (Waugh & Monamy 2016). Non-lethal sampling ranges in the level of invasiveness, 594 

from live capture and release to UAV measurements, including remote biopsies. As previously 595 

mentioned, remote biopsies has gained popularity in the recent past due to the enormous 596 

amount of information that can be gathered from the sample and the significant reduction in 597 

the animal’s stress and risk in addition to sampling cost. This technique is now part of many 598 

field protocols all over the world and it has been used on over 40 cetacean species (Noren & 599 

Mocklin 2012). Although chasing animals with boats to get within a few meters to shoot them 600 

with a non-lethal projectile, would not necessarily be classed as minimally invasive by many 601 
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researchers; a good practice of this technique makes a substantial difference in the stress 602 

caused to the animals. For instance, abandoning the sampling attempt when individuals show 603 

avoiding behaviour towards the boat, when the sample has not been obtained within 30 604 

minutes, or when the animals are resting, as traveling parallel to the animals without cutting 605 

their way and an experienced team of shooter and driver to minimise the disturbance and time 606 

spent within the same group or individual, are some of the good practices that must be used. 607 

In general, any approach must be a balance between the level of disturbance caused versus 608 

the value of data obtained. The requirement for minimally invasive approaches for high 609 

throughput analysis of free-swimming individuals has been overcome, including many of the 610 

obstacles of traditional approaches related to application of both live and dead animals. 611 

Finally, whilst it is clear that different reproductive stages have different energetic 612 

requirements, many of these are well-established within certain species and it may be possible 613 

for further calibration and standardization to occur to further optimize existing approaches. 614 

In Table 1 below, the above discussed approaches are evaluated against the predetermined 615 

criteria. 616 

 617 

 618 

 619 

 620 

 621 

 622 

 623 

 624 

 625 

 626 

 627 
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 628 

Table 1: Evaluation of the approaches according to the ideal criteria for cetacean body condition 629 
measurement. The evaluation criteria of ideal measurement are as follows. S: Sensitivity. How sensitive 630 
the measurement is: High sensitivity , medium sensitivity , and low sensitivity . The 631 
following criteria are ticked if they are fulfilled within the approach NL: Non-Lethal, MI: Minimally 632 
Invasive, DS: Applicable to Different Species of cetaceans, DRS: Applicable across different reproductive 633 
statuses (calves, immature, mature females/males), LSA: Practical for Large Scale Application; the 634 
approach is applicable for large scale application or for monitoring if it is simple and inexpensive for 635 
routine high-throughput application. This column also shows how sensitive the technique is if it 636 
complies with LSA criteria. *1: Highly invasive if carried out on captured animals, thus it would not meet 637 
the criteria. Contrastingly, minimally invasive if carried out on free-swimming animals. *2: Little is 638 
known about the glide behaviour differences associated with the different life categories, therefore this 639 
criterion cannot be evaluated *3: Just applicable to species with glide behaviour. *4: The criterion is 640 
only fulfilled if the applied index takes into account this parameter. *5: The sensitivity of the method 641 
cannot be defined yet. *6: Most of the omics studies require a very fresh sample, thus it is applicable 642 
to animals that have died within a couple of hours of the sample collection. 643 

 644 

 645 

 646 

From this rubric, the three approaches best aligned with the criteria set are (1) blubber lipid 647 

content, (2) adipocyte index and (3) BC index using UAVs-photogrammetry. Both blubber lipid 648 

content and adipocyte index are based on blubber tissue. Blubber is one of the most accessible 649 

tissues that can be used to acquire information about energy reserves in cetaceans. It is 650 

relatively easy to access from both necropsy and live biopsy. Nevertheless, it is a complex tissue 651 

Dead Live

Blubber Mass ✓ ✓ ✓

Direct Measure ✓ ✓ ✓ ✓ ✓

Ultrasound ✓ *1 ✓ ✓ ✓ ✓

Blubber Lipid Content ✓ ✓ ✓ ✓ ✓ ✓ ✓

BTLM ✓ ✓ ✓

Adipocyte Area ✓ ✓ ✓ ✓ ✓ ✓

Adipocyte Index ✓ ✓ ✓ ✓ ✓ ✓ ✓

Bomb Calorimetry ✓ ✓ ✓

Fat Mass Estimation ✓ ✓ ✓

Isotope Dilution ✓ ✓ ✓ ✓

Glide Pattern Analysis ✓ ✓ ✓ *2 *3

Body Girth ✓ ✓ ✓ ✓

Body Girth - Length ✓ ✓ ✓ ✓

Aerial-Photogrammetry ✓ ✓ ✓ ✓ ✓

UAVS-Photogrammetry ✓ ✓ ✓ ✓ ✓ ✓

Biomarkers POP CI ✓ ✓ ✓ ✓

Omis *5 ✓ ✓ *6 ✓ ✓ ✓ ✓

*4

Body 

Composition

Measurements

Measurment 

Techinque

Adipocyte Metrics

Carcasses Analysis

Body 

Morphometry

Blubber 

Measures

Blubber Thickness

Ideal Measurement Criteria
Approach Measurement Measurement Variant

S NL MI DRS DS LSA
Life Stage
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with diverse and overlapping roles. The fact that blubber differs in biochemical composition 652 

and in function along the body and its depth (Lockyer et al. 1984; Strandberg et al. 2008; Zeng 653 

et al. 2015) means that the relationship between the superficial outer layer and overall energy 654 

stores cannot assumed to be linear or constant (Waugh et al. 2014). As such, the biggest 655 

limitation of these two approaches is what we have termed the outer blubber layer threshold. 656 

UAVs-photogrammetry is based on morphological measurements applied for the calculation 657 

of BC indices. The greatest limitation of this approach comes from the index calculations, which 658 

have been the subject of other reviews (Schulte-Hostedde et al. 2005; Peig & Green 2010; 659 

Labocha & Hayes 2012; Labocha et al. 2014; Wilder et al. 2016). Briefly, it is required: the 660 

standardization of the measurement across studies, the minimization and quantification of 661 

errors. In standardizing and optimizing the representativeness of BC indices, it is paramount to 662 

take into account other parameters that influence blubber variation, such as sex, season and 663 

stages of annual reproductive cycle (Boyd et al. 2010). Finally, the unknowns regarding the 664 

changes to nutritional state that are not necessarily perceivable by body shape (Aguilar & 665 

Borrell 1990; Christiansen et al. 2016). 666 

For application of all approaches it is important to define the context within which the data is 667 

required, for example, individual, population, sex or age group within a population, etc. and to 668 

design the study using the most relevant/adequate approach. New technologies have the 669 

potential to reduce current limitations and investment into method development ensures 670 

advancement in all areas of cetacean monitoring and conservation.  671 

Below are a number of points identifying future research focuses and priorities. 672 

 673 

Identified Priorities: 674 

 Evaluation of multiple approaches’ performance and complementarity, applying them 675 

alongside each other, on individuals or populations of different nutritive states. 676 

 More validation of the existent biomarkers. 677 

 Further research and development for the identification of suitable molecular 678 

biomarkers for multiple endpoint analysis of BC and nutritional state. Taking advantage 679 
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of the widespread practice of remote biopsies collection, thus molecular biomarkers 680 

could be widely applicable.  681 
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Abstract 1 

Many molecular biology techniques that are revolutionising our understanding of mammalian 2 

biology, are RNA based. Thus, high RNA yield, purity and integrity is in increasing demand. RNA 3 

extraction, however, is a complicated process due to its instability and rapid degradation. 4 

Further, certain tissue types, such as adipose tissue, have an inherently low proportion of RNA 5 

relative to interfering lipid components, further complicating successful extraction. This work 6 

explored the best way to extract high quality RNA from humpback whales (Megaptera 7 

novaeangliae) blubber tissue to use it in downstream applications. Different RNA extraction 8 

protocols with key changes were tested. Although an improvement in RNA quantity, purity, 9 

and integrity were achieved, the high standard RNA quality necessary for downstream 10 

applications could not be reached. Investigations of possible external sources of degradation, 11 

such as storage time and storage method did not provide conclusive results. Comparisons with 12 

mouse adipose tissue samples did, however, suggest that continuous RNA degradation of 13 

adipose tissues may occur in storage, indicating that optimal results would require freshly 14 

biopsied or harvested tissues. 15 

  16 
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Introduction 17 

Isolation of high quality and intact total RNA from biological samples is the first and most 18 

important step in performing many molecular biology techniques. Some of the downstream 19 

applications include RNA sequencing (RNA-seq), quantitative reverse transcription PCR (RT-20 

qPCR), RNA interference (RNAi), and complementary DNA (cDNA) cloning. However, RNA 21 

extraction is a challenging task mainly because of its instability and rapid degradation by 22 

ribonuclease (RNAse) enzymes (Hui et al. 2014). Unlike DNA, which is assembled from 23 

deoxyribonucleotide precursors, RNA is assembled from ribonucleotide precursors (Farrell 24 

1993). The ribonucleotide is characterised by the presence of the 2’-hydroxyl group on the 25 

pentose ring. The hydroxyl group makes RNA less stable than DNA because it is more 26 

susceptible to hydrolysis (Houseley & Tollervey 2009). The cellular concentration of a given 27 

RNA is the result of the balance between its synthesis and degradation (Silva et al. 2011). As 28 

cells transcribe more RNA than they accumulate, the capacity of cells to degrade RNA is an 29 

evolutionary imperative (Romero et al. 2014). The rapid degradation of transcripts that are no 30 

longer useful, allow the recycling of the ribonucleotides to meet the high translation demand 31 

(Hui et al. 2014). The rapid RNA turnover confers a distinct advantage in allowing cells to rapidly 32 

adapt protein synthesis in response to sudden environmental challenges (Hui et al. 2014). The 33 

degradation process is carried out by cytoplasmic RNAse that catalyse the degradation of RNA 34 

into smaller fragments (Medeiros et al. 2007; Salehi & Najafi 2014). RNAse are ubiquitous, they 35 

are in all types of cells and organism, are highly stable and have a very high specific activity 36 

towards their substrate, the RNA (Beintema et al. 1997; Houseley & Tollervey 2009). 37 

The main target of an RNA extraction is the messenger RNA (mRNA), since it is the template 38 

for protein synthesis; another complication when obtaining pure mRNA, is the co-extraction of 39 

other types of RNA and the easy contamination by DNA during the process, hampering proper 40 

isolation of high quality mRNA (Leis et al. 2013). Poor RNA quality including degradation and 41 

contamination impact the accuracy, reproducibility and relevance of the downstream analysis 42 

(Cirera 2013). 43 

Certain tissues are more problematic than others for successful RNA extraction. Tissues rich in 44 

protein, DNA, lipids and nucleases, present extra challenges for total RNA isolation (Hemmrich 45 

et al. 2015). Adipose tissue is one of these demanding tissues, due to both its high amount of 46 
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triglycerides and its low cell number, which limit the potential for extracting high quality RNA 47 

(Cirera 2013). 48 

Some of the most important and widely used applications of excellent quality RNA are 49 

transcriptomics and the quantification of gene expression. Omic approach may target genes 50 

(genomics), mRNA (transcriptomics), proteins (proteomics) and metabolites (metabolomics) in 51 

a specific biological sample in a non-specific and unbiased way (Horgan & Kenny 2011). These 52 

tools also make it possible to assess and monitor a large number of key cellular pathways 53 

simultaneously, and the structural genetic (sequence) differences among individuals and 54 

species, that were previously unattainable (Debnath Mousumi et al. 2010). The omic tool has 55 

revolutionized our understanding of mammalian biology. Transcriptomics, specifically study an 56 

organism’s, tissue’s or cell’s complete set of RNA, and their quantity, for a specific 57 

developmental stage or physiological condition (Wang et al. 2009). Specific gene products may 58 

be quantified by more targeted approaches, such as qPCR, which permit analysis of gene 59 

expression through creation of cDNA transcripts from mRNA (Mackay 2007). 60 

Studies of the physiology of marine mammals are often hampered by the physical size of the 61 

organism, aspects of its life cycle, access to viable samples and regulatory considerations (Ball 62 

et al. 2017). The use of remote biopsy darts has, however, made collection of skin and blubber 63 

tissues from healthy, free-swimming individuals possible. Consequently, these tissues have 64 

also been the focus of much research. Blubber is the primary site of energy storage in marine 65 

mammals (Ackman et al. 1975; Lockyer 1987; Iverson 2002). It is a specialised version of 66 

adipose tissue, differing in the anatomical and biochemical adaptation to serve as an efficient 67 

thermal insulator (Iverson 2002). Adipose tissue consists of loose connective tissue comprised 68 

of lipid-filled cells (adipocytes) surrounded by a matrix of collagen fibres, blood vessels, 69 

fibroblasts and immune cells (Ahima & Flier 2000). Besides being a storage tissue for lipid, 70 

mammalian adipose tissue is a highly dynamic and active endocrine tissue that secretes a range 71 

of hormones (Meier & Gressner 2004) and lipid proteins. Considering that adipose tissue is 72 

highly integrated into the overall physiological and metabolic control systems of mammals 73 

(Trayhurn & Beattie 2001), the study of blubber and blubber secretory products may provide 74 

unique insights into the nutritional state of individuals and specifically the fasting metabolism 75 

of capital breeders (Khudyakov et al. 2017). Although it is well known that cetaceans possess 76 

large adipose stores in the form of blubber, the metabolic function and physiology of blubber 77 
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is still poorly understood and it is unclear to what extent blubber resembles other adipose 78 

tissue. Blubber adaptation as an effective insulator, and as a highly dynamic energy store, 79 

particularly for capital breeders, may be reflected in blubber comparative differences to other 80 

mammals. For these reasons, blubber physiology has been the focus of diverse studies. 81 

Whilst omic applications for the study of marine mammal physiology are starting to emerge, 82 

applications to cetaceans are few. For example, transcriptome analysis was applied to the 83 

study of Northern elephant seals (Mirounga angustirostris), a capital breeder adapted to 84 

intense fasting periods (Khudyakov et al. 2017). The study analyzed the differences in the 85 

transcriptome profile in response to acute corticosteroid elevation induced by administration 86 

of an exogenous stressor, adrenocorticotropic hormone (ACTH). This study identified dozens 87 

of annotated genes and networks of predicted genes that were differentially expressed in 88 

response to the exogenous stressor. They also isolated tissue-specific molecular markers of 89 

stress in marine mammals. Although not a cetacean species, findings may provide clues as to 90 

regulation of extreme lipid dynamics. Thus, the study provides important information 91 

regarding blubber biology, energy homeostasis, and stress responses in fasting-adapted 92 

animals and marine mammals in general (Khudyakov et al. 2017). 93 

Targeted RNA techniques were applied to migrating bowhead (Balaena mysticetus) and beluga 94 

whales (Delphinapterus leucas) for the study of the adipokine, leptin (Ball et al. 2017). Leptin 95 

is well established as a primary hormone regulating mammalian adipose stores (Frederich et 96 

al. 1995; Considine  et al. 1996; Hamann & Matthaei 1996; Król & Speakman 2007). The 97 

positive correlation between total adipose store and leptin expression has been established 98 

from well characterized mammals, such as mice, rats and humans (Zhang et al. 1994; Considine  99 

et al. 1996; Hube et al. 1996; Dusserre et al. 2000). However, the role of leptin in species that 100 

undergo large fluctuations in annual lipid reserves through, for instance, hibernation or 101 

migration are more poorly understood. Species that fast for extended periods, are known to 102 

present a temporary leptin resistance (Concannon et al. 2001; Rousseau et al. 2003; Florant et 103 

al. 2004), enabling deposition of enough adipose tissue to ensure an extended period of fasting 104 

(Concannon et al. 2001; Rousseau et al. 2003; Florant et al. 2004; Townsend et al. 2008). Using 105 

quantitative RT-PCR, Ball et al. (2017) examined how metabolic and lipolytic activity varied with 106 

age, blubber depth, and season in migrating bowhead and beluga whales, quantifying the 107 

variations in leptin gene transcripts. The extreme seasonal and ontogenetic variation in gene 108 
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expression that was found, especially in bowhead whales, led the authors to hypothesize that 109 

these dramatic differences are necessary to induce significant physiological and behavioural 110 

changes that affect their adipose store, feeding habits and the initiation of migration. The 111 

authors further concluded that in cetaceans, leptin functions more as a mechanism of appetite 112 

control, than as a barometer of lipid reserves (Ball et al. 2017). 113 

Due to the elevated importance of RNA base techniques for furthering our understanding of 114 

homeostasis of cetaceans and especially capital breeders, this study aimed to isolate high 115 

quality, pure and intact total RNA from humpback whales (Megaptera novaeangliae) blubber 116 

tissues, which were obtained from superficial biopsies. The RNA was isolated with the intention 117 

of transcriptome sequencing to characterize the differences in the transcriptome expression 118 

associated with lipid dynamics, and to apply the cDNA product for quantification of gene 119 

expression of individual targets of known roles in lipid homeostasis. 120 

 121 

Materials and Methods 122 

2.1. Samples collection 123 

As described in the previous chapter, this work used blubber samples obtained from live 124 

biopsied humpback whales migrating off North Stradbroke Island, on the East coast of 125 

Australia. Briefly, 282 blubber samples were obtained between 2011 and 2017. Biopsies were 126 

taken by a hollow-tipped dart fired from a modified air rifle (Paxarms, NZ) fired at the dorsal 127 

region, slightly ventral and posterior to the dorsal fin. Samples for RNA analysis were 128 

approximately 100 – 200 mg; however, size varied according to total biopsy size. The time delay 129 

between sample collection and storage varied between a couple of minutes to up to 20 130 

minutes.RNA stabilization. 131 

The importance of effective RNA degradation for healthy cell function is high, so it occurs 132 

quickly. In live cells and tissues, transcripts are degraded at different rates by various 133 

mechanisms (Garneau et al. 2007). For instance, in some eukaryotic cells some mRNA are 134 

degraded with a half-life of about 20 minutes, while in the same cell other mRNAs are degraded 135 

with half-lives of over 24 hours. The rate varies among organisms, with some decaying within 136 

5 minutes (Sachs 1993). However, it remains unclear if the transcript decay occurs at a similar 137 
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rate in dying tissues (Copois et al. 2007), as is the case with tissues obtained from sampling 138 

processes. It is recommended that the RNase inhibition of the sample should occur within half 139 

an hour post collection, but the shorter the time the better, preferably within minutes 140 

(Medeiros et al. 2007). 141 

In the current study, steps were taken to inhibit RNase activity immediately upon sample 142 

collection, by snap-freezing the samples in liquid nitrogen (LN), or preserving the samples in 143 

RNAlater®: 144 

Preservation protocol 1: Samples collected in 2011 and 2014-2017 were immediately snap-145 

frozen in LN (235 samples in total). Subsequently, all the samples were kept in -80˚C until time 146 

of extraction. 147 

Preservation protocol 2: In 2013, RNAlater® was trialled for preservation of samples as advised 148 

in the literature (Grotzer et al. 2000; Florell et al. 2001; Mutter et al. 2004). Each RNA-149 

dedicated blubber core was placed in 10 volumes of RNAlater® stabilization solution and left 150 

overnight at 4oC as per manufacturer instructions, to allow the solution to thoroughly 151 

penetrate the tissue. Subsequently, the sample was placed in LN for up to 2 weeks, and stored 152 

at -80˚C until the time of analysis. 43 blubber samples were preserved using RNAlater®. Due to 153 

poor preliminary results, the use of RNAlater® was discontinued. 154 

 155 

2.2. RNA Extraction 156 

From a total of 104 samples, 164 RNA extractions were performed according to four separate 157 

protocols, differing in one or more individual steps and/or consumables (Table 1). 158 

 159 

 160 

 161 

 162 

 163 
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Table 1: Blubber RNA extraction protocols. 164 

 165 

 Protocol 

1 

Protocol 

2 

Protocol 

3 

Protocol 

4 

Homogenisation     

QIAGEN TissueLyser     

Omni Tissue Homogeniser     

Triton™ X-100 detergent     

RNA extraction     

RNeasy Micro Kit     

RNeasy Lipid Kit     

DNAse I digestion     

Extra centrifugation step to 

separate fat monolayer 
    

 166 

 167 

2.2.1. Denaturation of RNAses 168 

Currently, the most widely used method for RNA isolation is the Guanidinium thiocyanate-169 

phenol-chloroform, reported by Chomczynski and Sacchi (2006), and this is the method used 170 

in the current study. The phenol and guanidine solution is commercialized under different 171 

names by different manufacturers. TRIzol® is the commercial name of the product from 172 

Invitrogen, Thermo Fisher Scientific. Similarly, the TRI Reagent® is the same product from 173 

Sigma Aldrich and QIAzol® from QIAGEN. The guanidinium thiocyanate active ingredient is one 174 

of the most effective protein denaturants able to efficiently denature endogenous RNAses (Cox 175 

1968). Therefore, it is vitally important to immediately immerse the samples in the adequate 176 

quantity of the commercial product once the samples are taken from the -80˚C. Further, 177 

immediate penetration of the reagent needs to be ensured at cellular level due to the presence 178 
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of cytoplasmatic RNases. Although the above named Guanidinium thiocyanate-phenol-179 

chloroform reagents facilitate cell lysis by denaturing the cells membrane proteins, an extra 180 

tissue disruption and homogenization step is necessary in the process. 181 

2.2.2. Tissue disruption and homogenization 182 

Efficient disruption and homogenization of the starting material is a fundamental requirement 183 

for successful RNA isolation. Disruption refers to the lysis of the cell walls and plasma 184 

membranes of cells and organelles; while homogenization reduces the viscosity of cell lysates, 185 

breaking down genomic DNA (gDNA), molecular components, all with high molecular weight. 186 

The major difficulty in this step is the heat produced by mechanical disruption, which 187 

compromises RNA integrity as it provides conditions where RNAses can become active, and it 188 

is essential to work on ice to minimize the production of heat, and use RNAse degrading 189 

cleaning solutions to remove RNAses from equipment and surfaces. Under RNAse-free 190 

conditions (RNaseZap® Ambion®), ~100 mg of blubber tissue was cut into small pieces using 191 

sterile scissors and tweezers. Disruption and homogenization were carried out in 1 ml QIAzol® 192 

using an Omni Tissue Homogeniser (OMNI International). Additional cooling time was included 193 

in between stages of the homogenization process, to minimize heat generation. Two key 194 

variations to the homogenization component of the protocol were trialled to optimize RNA 195 

yields. 196 

Homogenisation method 1: Use of a TissueLyser (QIAGEN), to lyse the sample, prior to standard 197 

homogenisation with the Omni Tissue Homogeniser was trialled. This process employs 198 

stainless steel, tungsten carbide, or glass beads mixed with the sample and shaken at high 199 

speed to disrupt the tissue. 200 

Homogenisation method 2: A second pre-homogenisation step was also trialled. Prior to 201 

standard homogenisation with the Omni Tissue Homogeniser, addition of 20 µl of Triton™ X-202 

100 detergent (Sigma) was added to the tissue solution to assist with membrane lipid 203 

disruption. 204 

2.2.3. Commercial RNA extraction kits and protocol optimisation 205 

A number of commercial kits are available for extraction of RNA from tissue. The RNeasy® 206 

Micro Kit (QIAGEN) is a widely-used kit from a reputable brand which has been validated for 207 
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mouse adipose tissue RNA extraction. The RNeasy® Lipid Tissue Mini Kit (QIAGEN) is a similar 208 

kit from the same manufacturer, but which is specialized for extracting fatty tissues, to help 209 

maximize RNA yield from difficult to extract low RNA abundance adipose tissue. In order to 210 

optimise RNA extraction, both of these kits (RNeasy Micro and RNeasy Lipid Tissue) were 211 

trialled. 212 

Another key challenge of RNA extraction is to prevent gDNA contamination, as gDNA can be 213 

co-purified by RNA extraction protocols despite attempts to eliminate it. gDNA contamination 214 

can affect downstream applications, in particular PCR primers, which are specific to both RNA 215 

and DNA and will amplify both, providing a false estimation of RNA transcript abundance. 216 

Although generally DNase digestion is not required since QIAzol® and RNeasy technologies 217 

efficiently remove most of the DNA, a DNAsel treatment (QIAGEN) was incorporated into the 218 

RNeasy® Lipid Tissue protocol, to ensure removal of gDNA contamination. The DNAseI 219 

digestion was not performed for the RNeasy Micro Kit. Also, an extra centrifugation step at 220 

12000 g at 4°C for 10 minutes was performed in protocol 4, after sample incubation and prior 221 

to chloroform addition. The step was included with the purpose of an initial separation of a fat 222 

monolayer, due to the high content of fat in the sample. 223 

Briefly, chloroform was added to homogenates, and incubated, followed by a phase separation 224 

by 15 minutes at 12,000 x g at 4°C, which created a chloroform phase on the bottom, an 225 

interphase with high molecular weight DNA, and an upper aqueous phase containing the RNA. 226 

The aqueous phase was aspirated off and mixed with freshly made 70% ethanol, before loading 227 

onto an RNeasy spin column and centrifuging at 8,000 x g for 15-20s. The filtrate was discarded 228 

and any remaining mix loaded onto the column and the step repeated. For the RNeasy Lipid 229 

kit, a 15 minutes room temperature DNaseI digest was performed at this step to remove 230 

residual genomic DNA from the sample. For the RNeasy Micro kit, no DNAseI digestion step 231 

was performed and the column was instead washed with RW1 buffer from the kit, which 232 

targets removal of biomolecules such as proteins and carbohydrates. Both protocols then 233 

followed this step with a wash by the RPE buffer from the kit to remove salts, before 234 

centrifuging for 20 seconds to remove the buffer. The RNeasy Lipid kit includes a second RPE 235 

buffer wash and a longer centrifugation (2 minutes) to dry the column. The final step for both 236 

protocols was the RNA elution in two steps of 30 µl DNase/RNase-Free Distilled water; yielding 237 

60 µl total elution volume. In protocol No. 4 the total elution volume was reduced to 40 µl. 2 238 
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µl of eluate was removed and added to 2 µl 1XTE buffer, solubilizing RNA whilst preventing 239 

degradation. This generated 4 µl aliquots of 0.5XTE sample for quantification. The remaining 240 

eluate was stored at -80˚C. 241 

3. RNA quantification and assessment of integrity 242 

Prior to sample storage at -80˚C, 2 µl of each extracted eluate was removed and diluted with 243 

2 µl of 1XTE buffer to create 4 µl of 0.5XTE buffer for quantification. Two quantification 244 

methods were used to assess the quantity of total RNA: the Nanodrop spectrophotometer (ND-245 

1000) and the ThermoFisher Qubit fluorometer. 246 

Spectrophotometers quantify RNA indirectly, by measuring the absorbance of specific 247 

wavelengths of light through a sample. As DNA and RNA absorb at the wavelength of 260 nm, 248 

the amount of nucleic acids in a sample can be quantified by multiplying absorbance by a 249 

known factor (1OD = 50 ng/µl for double-stranded DNA, 1OD = 33 ng/µl for single-stranded 250 

DNA, 1OD = 40 ng/µl for single-stranded RNA). However, if mixed nucleic acids are present in 251 

the sample (both DNA and RNA), this can affect the accuracy of the spectrophotometer reading 252 

as both will absorb at A260. Additionally, the presence of any contaminants in the sample will 253 

also inflate the reading of A260 leading to overestimation of the true RNA concentration. On 254 

the other hand, the ratio of A260/A280 absorbance can help evaluate whether contaminants 255 

are present, as the ratio for pure DNA is estimated as ~1.8, while the ratio for pure RNA is 256 

estimated as ~2.0, as protein absorbs strongly at 280 nm. The A260/A230 ratio can also be 257 

used, as pure nucleic acids should have a ratio of ~2.0-2.2, and lower ratios can indicate that 258 

contaminating chemicals from the extraction process remain in the sample (Mackey & 259 

Chomczynski 1997). For example, the QIAzol® reagent used in RNA extraction strongly absorbs 260 

near 230 nm. 261 

Fluorometry, therefore, represents an affordable method to accurately quantify either DNA or 262 

RNA exclusively, even if samples are mixed. Fluorometers such as ThermoFisher’s Qubit system 263 

use specific fluorescent dyes that bind to either DNA (for their DNA kit) or RNA (for their RNA 264 

kit) and provide a more precise fluorescence reading. Sample concentration is determined by 265 

use of both a low and high-concentration standard, measured prior to the samples, which is 266 

used to generate a standard curve of fluorescence against concentration, which directly 267 

correlates the fluorescence level to the sample concentration and allows quantification. 268 
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Fluorometry readings obtained with this method are highly-specific for RNA as even in a mixed 269 

sample the dye would bind only to RNA and therefore any contaminating gDNA or other 270 

contaminants would not fluoresce. The high specificity of this method typically results in lower 271 

values than spectrophotometers, therefore comparison between instrument values cannot be 272 

made. The use of a fluorescent dye means that the method is more expensive and time-273 

consuming than simple spectrophotometry by NanoDropTM, which requires no reagents and 274 

no sample preparation. This project initially performed quantification using NanoDropTM 275 

spectrophotometry, but as instrumentation became available, Qubit fluorometry was 276 

implemented in 2018. 277 

RNA integrity plays a paramount role, especially for experiments that try to capture a snapshot 278 

of gene expression at the moment of RNA extraction. A sample could have a high amount of 279 

RNA but it may be degraded. Conversely, a sample may only have a low RNA yield but the 280 

extracted RNA is intact. Thus, measuring the RNA integrity as well as yield is important. In this 281 

project, two methods were used to measure the integrity of the RNA isolated, namely, agarose 282 

gel electrophoresis and the RNA integrity number (RIN) acquired by a 4200 TapeStation Agilent 283 

Technologies. 284 

Agarose gel electrophoresis provides a means to visually assess the quality and purity of the 285 

RNA by examining the ribosomal RNA (rRNA) bands. The upper ribosomal band (28S in 286 

eukaryotic cells) should be about twice the intensity of the lower band (18S in eukaryotic cells). 287 

Meaning a 28S:18S rRNA bands ratio of 2:1 (Maniatis et al. 1982). The bands should also be 288 

crisp and tight. If the rRNA bands are of equal intensity, then it suggests that some degradation 289 

has occurred. mRNA runs between the 2 ribosomal bands and might be seen as a smear. 290 

However, smearing below the rRNA bands suggests that RNA is of poor quality. Higher 291 

molecular weight bands might indicate that the RNA is contaminated with DNA. Although it is 292 

the least expensive method to check RNA integrity, the approach relies on human 293 

interpretation of gel images, it is subjective and difficult to compare from one lab to another, 294 

and the resulting data cannot be processed digitally. This method was routinely used during 295 

this project as pre-assessment; it was not possible to obtain images under the standards 296 

regulations for publication or thesis presentation, due to continual problems associated to 297 

GelDoc™ Camera and image software. 298 
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A second method, the 4200 TapeStation instrument from Agilent Technologies in combination 299 

with High Sensitivity RNA Screen Tape, was also used to check RNA integrity. The TapeStation 300 

uses a small amount of RNA that is run into computer‐controlled instrumentation for 301 

performance of microcapillary electrophoresis RNA separation (Odilo et al. 2000). The system 302 

generates profiles of RNA yield concentration, which allows visual inspection of RNA integrity, 303 

and produces approximated ratios between the mass of ribosomal sub-units (Fleige & Pfaffl 304 

2006), which gives the RIN (Schroeder et al. 2006), quantifying RNA integrity in an 305 

unambiguous way (Schroeder et al. 2006). Data is archived automatically and available as 306 

electropherograms, gel-like images, as well as in tabular format. The RIN values range from 1 307 

to 10, where 1 equals total degradation of RNA and 10, completely intact RNA (Copois et al. 308 

2007). RIN values provide a well-defined empirical method to assess and compare sample 309 

quality (Romero et al. 2014). It is, however, an expensive assessment tool. Due to the high cost 310 

of the assay and the relatively recent acquisition of the TapeStation instrument to the 311 

investigating lab, only a subset of samples for this project were assessed with this 312 

quantification method for comparative purposes. RNA yield and integrity quantification 313 

protocols can be found in appendices 1 and 2, respectively. 314 

Results 315 

4. RNA Extraction Protocols 316 

Despite extensive protocol experimentation and optimization, a high yield of intact RNA was 317 

not obtained from humpback whale blubber through this project. Nevertheless, incremental 318 

improvements were made through method adjustments outlined below. 319 

4.1. Yield  320 

Implementation of extra cooling steps during homogenization and especially the 321 

implementation of the extra centrifugation step to separate fat monolayer improved the RNA 322 

yield. However, the achievement of good yields from sample extractions was inconsistent, with 323 

RNA yields ranging from 264 ng (4.4 ng/µl) to 62 µg (1117 ng/µl) with an average RNA yield of 324 

7.9 µg (166.9 ng/µl) over all samples extracted. According to the RNeasy Lipid Kit, 10 mg of 325 

mouse adipose tissue is expected to yield approximately 0.5–2.5 µg of RNA, which would 326 

suggest that 50–250 µg of RNA might be expected for 100 mg tissue samples. For pre-weighed 327 

samples within this experiment (86 mg to 176 mg of tissue), the extracted RNA levels averaging 328 
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7.9 µg, with a maximum of 62 µg, are at the low end of the expected yield, which is consistent 329 

with the lower RNA content in tissues of larger cell size. 330 

The comparison of the RNA extraction protocols (Table 2 and Figure 1 below) showed clear 331 

differences in RNA yields between protocols. Protocol 1 used homogenization without 332 

detergent and the RNeasy Micro kit, appearing to be the least successful with the smallest 333 

minimum, average, and maximum yields. In this protocol it is important to consider two things; 334 

the first is the reduced number of samples extracted, and the second, that all samples were 335 

preserved in RNAlater®. Protocol 2 utilized the RNeasy Micro Kit, homogenization with both, 336 

TissueLyser and tissue homogenizer, in addition to the detergent. Relative to Protocol 1, this 337 

method appeared to produce increased RNA yields. The increase in the average yield from 338 

protocol 1 was 68.8%. Although this protocol obtained the highest maximum yield from any 339 

single sample obtained over the course of the experiment, this value is considered as a 340 

statistical outlier (Figure 1). Protocol 3 incorporated the most significant modifications. Firstly, 341 

it used the RNeasy Lipid kit specific for high-fat tissues. The homogenization methods were 342 

reduced, since in a small parallel study (not shown here), no significant differences were found 343 

between samples homogenized with the TissueLyser, homogenizer and the use of detergent, 344 

compared to samples where only the homogenizer was used. The use of detergent helps with 345 

cell lysis, but it is necessary to clean the sample of this product. Residual product could result 346 

in contaminated RNA. Also, the use of only one type of homogenization reduces the extraction 347 

time which could be reflected in an increase in yield. In fact, protocol 3 increased the average 348 

yield by 27.4 and 72.9% in respect to protocol 2 and 1 respectively. In protocol 3 DNAseI 349 

digestion was also implemented. As for protocol 4, the only change from protocol 3, was the 350 

addition of the extra cold centrifugation step to separate and remove the fat monolayer. This 351 

final optimised protocol increased the average yield by 19.6, 41.6 and 78.2% in respect to 352 

protocol 3, 2, and 1 respectively. While this protocol presented the highest average, both 353 

minimum and maximum yields decreased in respect to other protocols, which is reflective of 354 

the fact that more work remains to be done to obtain consistent yields. 355 

 356 

 357 

 358 
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Table 2: Blubber RNA yields by extraction protocol 359 

 360 

 Protocol 1 Protocol 2 Protocol 3 Protocol 4 

Homogenisation     

QIAGEN TissueLyser     

Omni Tissue Homogeniser     

Triton™ X-100 detergent     

RNA extraction     

RNeasy Micro Kit     

RNeasy Lipid Kit     

DNAase I digestion     

Extra centrifugation step to 

separate fat monolayer 

    

 Protocol 1 Protocol 2 Protocol 3 Protocol 4 

RNA yield/concentration n = 8 n = 111 n =20 n = 28 

Minimum 
264 ng 

(4.4 ng/µl) 

276 ng 

(4.6 ng/µl) 

2 µg 

(34 ng/µl) 

480 ng 

(12 ng/µl) 

Average 
270 ng 

(45.5 ng/µl) 

7.3 µg 

(122.1 ng/µl) 

10 µg 

(168.3 ng/µl) 

8.3 µg 

(209.4 ng/µl) (45.5 ng/ µl) (122.1 ng/ µl) (168.3 ng/ µl) (209.4 ng/ µl) 

Maximum 
10.8 µg 

(180.9 ng/µl) 

67 µg 

(1117 µg/µl) 

47.7 µg 

(795.8 ng/µl) 

21.2 µg 

(530 ng/µl) 

 361 

 362 

Although it is difficult to make comparisons since the protocols have different important 363 

changes, both protocols 1 and 2 used RNeasy Micro Kit and had a lower average yield (7 µg, 364 

117 ng/µl) than protocols 3 and 4, that used RNeasy Lipid (9.2 µg, 188.9 ng/µl). This suggests 365 

that the Lipid kit may be better for difficult samples with low RNA yields than the Micro kit, 366 

resulting in a higher average. 367 

The boxplots in figure 1, however, also suggest high inter-sample variation which impacts 368 

effective protocol comparison. Some samples appear to be yielding extremely high 369 

concentrations compared to others, and this may correlate either with sample collection 370 

method (efficiency in getting the sample into LN) or with the quality of the tissue specimen 371 

itself, as the difficulty of sampling means that samples may contain more or less useful tissue 372 
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depending on chance. Samples with smaller adipocytes will have a proportionally greater 373 

number of adipocytes and therefore higher amount of RNA, giving higher yields, than samples 374 

with larger adipocytes. 375 

 376 

 377 

 378 

 379 

Figure 1: Boxplots showing distribution of RNA concentrations obtained from each protocol. Boxes 380 

represent the interquartile range (Q1 to Q3) while the thick black line represents the median. 381 

Whiskers represent the minimum and the upper limit of outliers; outliers are depicted as circles while 382 

extreme outliers are depicted as stars. 383 
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 384 

Figure 2: Comparison between protocols and 260/230 and 260/280 ratio. 385 

 386 

When comparing the absorbance ratios at 260/280 and 260/230, in the different RNA 387 

extraction protocols (Figure 2), it is clear that the purity of the RNA isolated improves 388 

significantly with the changes made to the protocols; especially the 260/230 ratio. A low 389 

260/230 ratio typically results from residual chemicals from the extraction such as phenol and 390 

guanidine (QIAzol®), used in the extraction. This means that the sample has not been properly 391 

cleaned from these reagents, indicating problems with the extraction procedure. As 392 

mentioned before Triton™ X-100 detergent is difficult to clean from the sample. The major 393 

increment in the 260/230 ratio from protocol 2 to 3 could be due to the elimination of this 394 

reagent in the extraction protocol. The increment in both absorbance ratios within the 395 

protocols indicates the acquisition of a purer RNA, reaching 260/280 and 260/230 ratios of 396 

1.91 and 2.01 respectively. Since the quantification method for protocol 4 was made using 397 

Qubit equipment, that does not give 260/230 and 260/280 ratio values, the results from this 398 

protocol were not included in this comparison. 399 

4.2. RNA Integrity 400 

RNA integrity is an important characteristic that defines the RNA performance in downstream 401 

applications. RNA’s RIN was determined in 12 randomly selected samples, 4 per protocol, 402 

except protocol 1 since no RNA from these samples were left to run in the TapeStation. RNA 403 
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yield and RIN results are shown in table 3, gel image in figure 3 and electropherograms in figure 404 

4. Comparison is shown in figure 5. 405 

 406 

Table 3: Blubber RNA yields and RIN by protocols. The last sample M1 is RNA extracted from mouse 407 
adipose tissue, this sample is included as a standard in extraction procedures. 408 

 409 

Protocol Sample 

Tissue 

Amount 

(mg) 

  

Qubit 

(ng/µl) 

  

Nanodrop 

(ng/µl) 
RIN 

    

Protocol 2 8N14   165.6 - 3.1 

  11N14   140 - 3.2 

  14N14   117.6 - 3.3 

  15N14   108.8 - 3.3 

Protocol 3 2S15   62 - 2.5 

  5S15   34 - 2.1 

  16S15   69.4 - 2.6 

  34S15   56.2 - 2.2 

Protocol 4 1S15 126 - 149.4 4.3 

 4S15 115 - 116.8 3.7 

  5S15 86 - 132.8 3.4 

  2N17 138 - 470 4.3 

  M1 - - 280 7.3 

 410 

 411 

 412 

 413 

 414 

 415 

 416 

 417 
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 418 

 419 

 420 

 421 

 422 

 423 

 424 

 425 

 426 

 427 

 428 

 429 

Figure 3: RIN values gel image form 4200 TapeStation, using High Sensitivity RNA ScreenTape (Agilent 430 
Technologies). Lane identity is given at the top of the gel image. Samples 8N14, 11N14, 14N14 and 431 
15N14 were extracted using protocol 2. Samples 2S15, 5S15, 16S15 and 34S15 with protocol 3; and 432 
1S16, 4S16, 5S16 and 2N17, with protocol 4. Sample M1 was extracted from mouse adipose tissue with 433 
protocol 4 and is included as a referent. 434 

 435 

 436 

 437 

 438 

 439 

 440 

 441 

 442 

 443 

 444 

 445 

Protocol 2 Protocol 3 Protocol 4 
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 446 

 447 

 448 

 449 

 450 

 451 

 452 

 453 

 454 

 455 

 456 

 457 

 458 

 459 

Figure 4: Electropherograms from an Agilent 4200 TapeStation of RNA isolated from blubber samples, 460 
extracted with different protocols. Samples 8N14, 11N14, 14N14 and 15N14, extracted with protocol 461 
2; 2S15, 5S15, 16S15 and 34S15, extracted with protocol 3, and 1S16, 4S16, 5S16 and 2N17, extracted 462 
with protocol 4. Sample M1 is from RNA extracted with protocol 4 from mouse adipose tissue, 463 
included as a reference. 464 

 465 
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 466 

Figure 5: RNA RIN value per protocols. The striped bar represents the protocol mean. White bar in 467 
protocol 4 is from M1, RNA extracted from mouse adipose tissue, included as a referent. 468 

 469 

RNA RIN values did not exceed the 4.3 value, showing high degradation in all the samples, 470 

within the 3 protocols. Although, there is not a clear consensus about the RIN threshold for 471 

sample inclusion in downstream applications, and the literature values have varied between 472 

values as high as 8 and as low as 3.95 (Romero et al. 2014); in the scientific community the 473 

threshold is generally higher than 5 as a good total RNA quality and higher than 8 as a perfect 474 

total RNA for downstream application (Fleige & Pfaffl 2006).  Protocol 4 showed the highest 475 

RIN value (3.9) for blubber and an acceptable RIN value of 7.3 for mouse adipose tissue. 476 

Due to the evident degradation presented in the isolated RNA, further exploration of possible 477 

sources of degradation was made. 478 

5. Possible sources of degradation 479 

5.1. Storage time 480 

As outlined above, samples were collected every year between 2011 and 2017, all years except 481 

2012. Samples from each of these years, with the exception of 2013 which was anomalous in 482 

that samples were stored in RNAlater®, were extracted using the best achieved protocol, 483 
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namely protocol 4, in order to investigate possible degradation as a result of sample storage 484 

time. All samples were extracted in 2018, thus 2011, 2014, 2015, 2016 and 2017 samples were 485 

stored for 7, 4, 3, 2, years and, 6 months respectively, at -80° C prior to extraction. RNA yield 486 

and RIN results are shown in table 4, gel image in figure 6 and electropherograms in figure 7, 487 

comparison is shown in figure 8. 488 

 489 

Table 4: Blubber RNA yields and RIN by sample collection year. The last sample M1, is RNA extracted 490 
from mouse adipose tissue, it is included as a reference. All samples were extracted using protocol 4 491 
in 2018. 492 

 493 

 494 

 495 

 496 

 497 

 498 

 499 

 500 

 501 

 502 

 503 

 504 

No effect of sample storage time in regards to sample RNA quantity was observed. The 505 

average RNA yield per sample with respect to storage time, however, presented significant 506 

variation. The average RNA yields 7, 4, 3, 2 year and 6 months of storage were 121.20, 85.04, 507 

178.40, 93.54, 200.16 and 246 ng/µl, respectively. This variation is however within the range 508 

observed within protocols. 509 

 510 

Year Sample 

Tissue 

Amount 

(mg) 

 

Qubit 

(ng/µl) 

 

RIN 

 2011 21S11 96 454 2.7 

 27S11 181 490 4.3 

2014 18N14 105 248 3.9 

 40N14 108 434 3.5 

2015 64S15 151 177 2.4 

 55S15 102 530 3.7 

2016 4S16 115 116.8 3.7 

 5S16 86 132.8 3.4 

2017 2N17 138 470 2.7 

 35N17 121 246 4.3 

2017 M1 - 280 7.3 
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 511 

 512 

 513 

 514 

 515 

 516 

 517 

 518 

 519 

 520 

 521 

 522 

 523 

 524 

 525 

Figure 6: RIN values gel image form 4200 TapeStation, using High Sensitivity RNA ScreenTape (Agilent 526 
Technologies). Lane identity is given at the top of the gel image. Samples 21S11 and 27S11, 18N14 and 527 
40N14, 64S15 and 55S15, 4S16 and 5S16 and 2N17 and 35N14 correspond to storage time of 7, 4, 3, 528 
2 years and 6 months respectively. M1 sample is RNA extracted from mouse adipose tissue with 529 
storage time of 6 months. It is included as a referent. 530 

 531 

 532 

 533 

 534 

 535 

 536 

 537 

7 Years 4 Years 3 Years 2 Years 6 Months 

Storage Time 
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 538 

 539 

 540 

 541 

 542 

 543 

 544 

 545 

 546 

 547 

 548 

 549 

Figure 7: Electropherograms from an Agilent 4200 TapeStation of RNA isolated from blubber samples, 550 
extracted with protocol 4 with different storage time. 21S11 and 27S11, 18N14 and 40N14, 64S15 551 
and 55S15, 4S16 and 5S16, and 2N17 and 35N17, samples with 7, 4, 3, 2 years and 6 months of storage 552 
respectively. Sample M1 is from mouse adipose tissue with 6 months of storage, included as a 553 
reference. 554 

 555 

 556 

 557 

 558 
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 559 

Figure 8: Comparison between times of storage. On the left the RNA RIN values and on the right the 560 
RNA quantity. The striped bar represents the year of storage mean. The white bar in 0.5 years is from 561 
mouse adipose tissue sample. All samples were extracted using protocol 4 in 2018. 562 

 563 

No significant variation was found with respect to storage time (Kruskal-Wallis H test used for 564 

non-normal distributed data, p=0.906). The minimum RIN value (2.4) was obtained from a 565 

2015 sample and the maximum (4.3) was obtained from samples from 2011 and 2017, 566 

corresponding to the samples with the longest and the shortest storage time, 7 years and 6 567 

months respectively. This suggests that degradation did not occur due to long-term storage. 568 

With regards to the RNA quantity, on average, the samples with longer storage time were 569 

those with better RNA recovery (472 ng/µl). In general, the storage time of 4, 3 years and 6 570 

months had a similar average, between 341 and 358 ng/µl. 2 years of storage time was the 571 

exception, with an average of 124.8 ng/µl. RNA quantity did not present any significant 572 

difference in regards to storage time (Kruskal Wallis H used for non normal didstributed data, 573 

p=0.274). 574 

5.2. Storage method and possible inherent blubber degradation 575 

Two different storage methods were compared. Blubber samples harvested in 2013 were 576 

stored in RNAlater®, with the purpose of stabilizing and protecting the RNA expression pattern 577 

of samples. The storage of the samples in RNAlater® was made following manufacturer’s 578 

instructions. The rest of the blubber samples were snap-frozen in LN immediately upon 579 

retrieval, between 10 to 20 minutes, after harvesting. Mouse adipose tissue samples were 580 

included with the purpose of exploring possible inherent tissue degradation. Mouse samples 581 

were immediately snap-frozen in LN, approximately 5 to 15 minutes after harvesting. RNA yield 582 
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and RIN results are shown in table 5, gel image in figure 9 and electropherograms in figure 10, 583 

comparison is showed in figure 11. 584 

Table 5: Blubber RNA yields and RIN by storage method. Last samples M1, 2 and 3 is RNA extracted 585 
from mouse adipose tissue. Mouse samples were snap-frozen in LN, harvested during 2017. All 586 
samples were extracted using protocol 4 in 2018. 587 

 588 

Sample Storage 

Method 
Sample 

Tissue 

Amount 

(mg) 

 

Qubit 

(ng/µl) 

 

RIN 

RNAlater® 6S13 155 512 4 

 9S13 150 66 3.5 

 13S13 122 112.4 3.8 

 14S13 104 151.4 4.5 

 21S13 136 194.6 3.3 

 26S13 176 78.2 3 

Snap-frozen 1S16 126 149.4 4.3 

in LN 4S16 115 116.8 3.7 

 5S16 86 132.8 3.4 

 21S11 96 454 2.7 

 27S11 181 490 4.3 

 18N14 105 248 3.9 

Mice samples  M1 - 280 7.3 

Snap-frozen in LN M2 - 62.6 6.7 

 M3 - 34.6 6 

 589 

 590 

This set of data is the only one that accounted for tissue amount used per extraction for 591 

blubber samples. No significant correlation (p values bigger than 0.01) was found between 592 

tissue amount and quantity of RNA extracted. Values of the Pearson correlation were r = 0.1, 593 
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p > .01; r = 0.5, p > .01 and r = 0.2, p > .01, for samples in RNAlater®, snap-frozen in LN and for 594 

the entire set of data respectively. 595 

 596 

 597 

 598 

 599 

 600 

 601 

 602 

 603 

 604 

 605 

 606 

 607 

 608 

 609 

 610 

 611 

Figure 9: RIN values gel image form 4200 TapeStation, using High Sensitivity RNA ScreenTape (Agilent 612 
Technologies). Lane identity is given at the top of the gel image. Samples from 2013 identity number 613 
ending in 13 were stored in RNAlater®, samples with different ending number were stored snap-frozen 614 
in LN. Samples from mouse adipose tissue, M1, M2 and M3 were snap-frozen in LN and included as a 615 
reference. 616 

 617 

 618 

RNAlater Snap-frozen in LN 

Storage Method 
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 619 

 620 

 621 

 622 

 623 

 624 

 625 

 626 

 627 

 628 

 629 

 630 

 631 

 632 

 633 

Figure 10 Electropherograms from an Agilent 4200 TapeStation of RNA isolated from blubber samples 634 
with different storage methods. Samples 6S13, 9S13, 13S13, 14S13, 21S13 and 26S13, were storage in 635 
RNAlater®; samples 1S16, 4S16, 5S16, 2N17 and 35N17, were snap-frozen in LN. Samples M1, M2 and 636 
M3 are from RNA from mouse adipose tissue storage snap-frozen in LN, included as a reference. 637 

 638 

 639 

 640 

 641 

 642 

 643 

 644 
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 645 

 646 

Figure 11: Comparison between storage methods. RNA Qubit measurement in ng/µl per method, the 647 
striped bars represent the method mean. All samples were extracted using protocol 4 in 2018. 648 

 649 

The comparison between the storage methods (Table 11) reflects a better performance in 650 

regards to the quantity of RNA isolated from blubber of samples snap-frozen in LN than in 651 

RNAlater®; with an average of 265.1 and 185.7 ng/µl respectively. However, mice adipose 652 

tissue samples snap-frozen in LN (average 125. 7 ng/µl), showed an important reduction in the 653 

quantity of RNA isolated with respect to both set of blubber samples, but especially with 654 

blubber samples that were also snap-frozen in LN. 655 

 656 

 657 

 658 
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 659 

Figure 12: Comparison between storage methods. RNA RIN value per method, the striped bars represent 660 
the method mean. All samples were extracted using protocol 4 in 2018. 661 

 662 

 663 

An average of 3.6 – 3.7 RIN values for blubber samples storage in RNAlater® and snap-664 

frozen in LN were obtained respectively. Differences in the integrity of the RNA isolated 665 

from blubber, according with the RIN, were not found to be significant in regards to the 666 

storage method (Independent sample t-test, p=0.922). (Figure 12). However, in contrast 667 

with the quantity results from the same samples, much better RIN values were obtained 668 

from mice adipose tissue samples (6.6),meaning that the RNA of these samples were less 669 

in quantity but higher in integrity. 670 

5.3. Exploration of different storage methods in mouse adipose tissue 671 

In initial extractions using protocol 1 (some of the data is not shown), a significant decrease in 672 

the RNA yield was observed in samples stored in RNAlater®. Upon investigation and in 673 

consultation with the manufactures, it was found that RNAlater® is not appropriate for tissues 674 

with high content of lipids. With the aim of investigating future storage methods, which 675 

provide a better stabilization of the RNA in the blubber samples; an exploratory experiment 676 
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took place to evaluate the performance of Allprotect® Tissue Reagent from QIAGEN in fatty 677 

tissues. The manufactures of this reagent, claim that it is effective in preserving the in vivo RNA 678 

profile from all tissues including those with high lipid content, such as brain and adipose tissue. 679 

Unfortunately, there was no opportunity to try this new reagent in blubber directly within the 680 

timeframe of the project. The experiment was carried out only on mouse adipose tissue 681 

samples. Samples M1 and M1A, M2 and M2A, and M3 and M3A correspond to the same 682 

individual, with the letter “A” denoting that the samples were stored in Allprotect® Tissue 683 

Reagent, and the samples without the letter “A” denoting samples that were snap-frozen in 684 

LN. The storage of these samples in Allprotect® Tissue Reagent was made following 685 

manufacturer’s instructions. RNA yield and RIN results are shown in table 6, gel image in figure 686 

13 and electropherograms in figure 14, comparison is showed in figure 15. 687 

 688 

Table 6: Mice adipose tissue RNA yield and RIN by storage method. Mice samples were immediately 689 
snap-frozen in LN and stored in Allprotect® Tissue Reagent. The samples were harvested during 2017. 690 
All samples were extracted using protocol 4 in 2018. 691 

 692 

Sample Storage 

Method 
Sample 

Tissue 

Amount 

(mg) 

 

Qubit 

(ng/µl) 

 

RIN 

Snap-frozen M1 ≈50 280 7.3 

in LN M2 ≈50 62.6 6.7 

 M3 ≈50 34.6 6.0 

Allprotect® Tissue M1A ≈50 58.8 6.2 

Reagent M2A ≈50 30.8 7.0 

 M3A ≈50 176.6 7.3 

 693 

 694 

 695 

 696 
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 697 

 698 

 699 

 700 

 701 

 702 

 703 

 704 

 705 

 706 

 707 

Figure 13: RIN values gel image form 4200 TapeStation, using High Sensitivity RNA ScreenTape (Agilent 708 
Technologies). Lane identity is given at the top of the gel image. All samples are from mice adipose 709 
tissue. Samples M1, M2 and M3 were snap-frozen in LN. Samples M1A, M2A and M3A were stored in 710 
Allprotect® Tissue Reagent. 711 

 712 

 713 

 714 

 715 

 716 

 717 

 718 

 719 

 720 

 721 

 722 

 723 

 724 

 725 
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 726 

 727 

 728 

 729 

 730 

 731 

 732 

 733 

Figure 14: Electropherograms from an Agilent 4200 TapeStation of RNA isolated from mice adipose 734 
tissue samples with different storage methods. Samples M1, M2 and M3, were snap-frozen in LN; 735 
samples M1A, M2A and M3A were preserved in Allprotect® Tissue Reagent. 736 

 737 

 738 

 739 
 740 

Figure 15: Comparison between storage methods in mice adipose tissue samples. RNA RIN value per 741 
method, the striped bars represent the method mean. All samples were extracted using protocol 4 in 742 
2018. 743 
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A slightly better average RIN value was obtained in the samples stored in Allprotect® Tissue 745 

Reagent in comparison to those samples snap-frozen in LN (6.6 and 6.8 respectively). However, 746 

the sample size is very small, the inter sample variability is high and no conclusive results were 747 

achieved. 748 

 749 

Discussion 750 

In this study, RNA yield appeared to be lower than expected, with RNA levels averaging 7.6 µg 751 

and with a maximum of 67 µg from approximately 100 mg of tissue, while the RNeasy Lipid kit 752 

suggested that up to 2.5 µg could be obtained from 10 mg of tissue. However, this expected 753 

yield was based on mouse adipose tissue, which is considerably different to blubber, 754 

adipocytes in blubber are much bigger than those in mouse adipose tissue; as a result, in the 755 

same amount of tissue mouse samples have more cells thus more RNA than blubber. 756 

Consequently, the expected yield from blubber appears to be well below manufacturer 757 

specified yields. A previous study examining Leptin in bowhead (Balaena mysticetus) and 758 

beluga (Delphinapterus leucas) whales, analysed 100 mg of blubber tissue (Ball et al. 2013; Ball 759 

et al. 2017); however, the authors did not report RNA yields per mg in their study, and no 760 

previously published standards on whale adipose RNA yield exist. Then, it is difficult to 761 

determine whether the RNA extractions were efficient as the expected percentage yield could 762 

not be calculated, as mouse adipose expected yield may be too different from whale blubber 763 

to be comparable. Expected yield is an important variable to investigate and report, given that 764 

the specimen quality, sampling procedure, stabilisation method, and extraction efficiency can 765 

be evaluated if an expected RNA yield is known, and future studies should report RNA yields 766 

from blubber for the purposes of comparison. 767 

The use of the TissueLyser with stainless steel beads increased processing time and extended 768 

the operating time of the protocol, with negligible benefit to RNA yield (if anything, a decrease 769 

in average yield), future experiments should aim to only use the homogenizer device. The low 770 

260/230 values can be associated with residual RNAlater® reagent in protocol 1 and Triton™ 771 

X-100 detergent in protocol 2. The elimination of the detergent used during the extraction is a 772 

likely factor in the subsequent observed increase in RNA purity. 773 
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The large amount of lipids and RNAse that are present in adipose tissue make this a 774 

problematic tissue in terms of RNA extraction (Hemmrich et al. 2015). The extra cold 775 

centrifugation to separate and remove the fat monolayer included in the protocol 4, may be 776 

considered as a sample “clean-up” step that eliminates the sample lipids, a key step for 777 

increasing the RNA integrity. 778 

Between the RNeasy Micro kit and the RNeasy Lipid Tissue Mini kit, the major difference was 779 

in the columns binding capacity (45 µg for the RNeasy® Micro Kit, 100 µg for the RNeasy® Lipid 780 

Tissue Mini Kit) and also the specialisation for high-lipid tissues such as adipose tissue. As the 781 

same amount of adipose tissue contains considerably less RNA than other tissues, any increase 782 

in binding capacity may help maximize proper RNA binding and improve yield. Lastly, 783 

quantification results demonstrated the importance of the DNase I treatment in the extraction 784 

step. Further DNAseI treatment or alternative measures for DNA removal may be necessary 785 

for future experiments, depending on intended downstream applications. 786 

Although the quantity and quality of the RNA consistently improved with the changes made in 787 

the different protocols; results showed consistent degradation of the RNA extracted. Thus, the 788 

minimum integrity required for downstream applications has yet to be achieved. A further 789 

exploration of the possible source of degradation did not produce conclusive results. Storage 790 

time did not have any effect with regard to RNA integrity. Although variations in the quantity 791 

of RNA recovered were observed, those variations did not present any pattern that could be 792 

associated with the storage time. In fact, the variation found between samples with the same 793 

storage time was high (average 163 ng/µl), which may relate primarily to the migration time 794 

point of individuals targeted and thus the lipid content of samples, rather than the total storage 795 

time. 796 

Sample storage method results were similar to sample storage time. The storage method 797 

seems to not affect the RIN, but instead, have an impact on RNA quantity. RNAlater® was found 798 

to be ineffective in stabilizing the RNA of the blubber samples, resulting in low RNA yields, in 799 

the initial extractions using protocol 1. Further experiments with the improved protocol 800 

(protocol 4), shows that there were no differences in the RNA integrity (RIN) between sample 801 

storage duration. With regards to RNA quantity, samples stored in RNAlater® had a lower yield 802 

than samples snap-frozen in LN. Upon investigation, the active ingredient of RNAlater® 803 
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(Ammonium Sulphate) was found to be extremely hydrophilic; suggesting that this reagent will 804 

readily permeate tissues with high water content, while having limited permeation through the 805 

adipose tissue due to the large proportion of lipids, and therefore this reagent is not considered 806 

suitable for RNA stabilization in adipose tissue. In blubber, the effect may be even more 807 

pronounced, as blubber has an extremely high lipid content even compared to other mammals 808 

adipose tissue (Castellini 2009). Consequently, it was concluded that snap-freezing on LN was 809 

a better option for sample collection for subsequent RNA extraction and this improved RNA 810 

yields. 811 

Results obtained from blubber and mouse adipose tissue comparison showed that blubber had 812 

a better RNA yield, but in contrast, mouse adipose tissue had a better RNA integrity. In fact, 813 

using the same protocol, RIN results from mouse adipose tissue reached a good total RNA 814 

quality with an average value of 6.6, but with values as high as 7.3; exceeding the acceptable 815 

RIN value of 5 and approaching the perfect total RNA threshold for downstream applications 816 

of RIN value of 8 (Fleige & Pfaffl 2006). Blubber samples obtained a better RNA yield, with 265.1 817 

ng/µl average in contrast to 125.7 ng/µl of mouse adipose tissue. Blubber integrity, however, 818 

achieved sub-optimal RIN values which did not exceed 4.5, evidencing high inherent blubber 819 

degradation. The constant cellular adaptation, to which the adipocytes are subjected, due to 820 

the extreme lipid dynamic of capital breeders, may play an important factor in the rapid 821 

degradation of the RNA in the blubber. 822 

It was not possible to identify a strong external source of degradation that could explain the 823 

poor integrity results obtained in the isolated RNA from blubber. However, there are a few 824 

differences in the collection methodology from blubber and mice adipose tissue. While mice 825 

adipose tissue was collected in a controlled PC2 laboratory environment, and samples were 826 

obtained and stored within 5 to 15 minutes of the death of the animal; blubber was collected 827 

by remote biopsy from living animals in the wild. The tissue sample inevitably has contact with 828 

seawater and the different components that can be in it. Similarly, the collection method 829 

requires more sample manipulation and longer processing time from the time of sample 830 

collection until storage. All these differences may be playing an important role in the RNA 831 

integrity differences found between mouse adipose tissue and blubber. There is also the 832 

possibility that blubber has an inherent degradation higher than the adipose tissue from 833 

mouse. Adipose tissue is already a challenger tissue due to its high content of fatty acids and, 834 
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in some cases, its low number of cells. In blubber, adipocytes are larger in size, therfore they 835 

have an even higher content of fatty acids and the number of cells are even lower. Factors that 836 

surely increase the RNA degradation in comparison with mice adipose tissue. For future 837 

research, it is recommended to focus attention on three potentially important variables where 838 

the degradation of the sample is possibly occurring. The first is during the sample collection. 839 

Ideally, the storage of the sample directly in QIAzol® should be trialled. Samples should be 840 

homogenized immediately, for a fast QIAzol® penetration into the cells, so the RNAses are 841 

destroyed and the RNA is protected even at higher temperatures. Importantly, however, 842 

QIAzol® is a highly toxic reagent. Exposure can lead to serious chemical burns and permanent 843 

scarring; it can also cause severe damage if inhaled. Due to its health hazard, the use of this 844 

reagent on a boat platform is not recommended. The homogenization of the sample directly 845 

after collection is also problematic on board, it involves the use of QIAzol® and electronic 846 

devices on an unstable plataform. The storage methods of LN and Allprotect® Tissue Reagent 847 

should be evaluated directly in blubber and all storage steps may benefit from chopping of the 848 

small sample tissue into smaller pieces for a faster penetration of the reagent into the entire 849 

sample and thus a faster RNAse deactivation. 850 

During the time the samples are taken out of the -80°C and homogenized, this is the second 851 

possible source of degradation. Although all efforts were made to minimise this by working, 852 

for example, as fast as possible and working with samples on wet ice, the temperature change 853 

is big and the small samples can thaw in a few seconds, giving time for the RNAse reactivation. 854 

Changing from wet to dry ice will minimise the temperature change during the extraction 855 

process, possibly resulting in an RNA yield and integrity improvement, however, dry ice will 856 

freeze the QIAzol® and other reagents, so the dry ice should only be used to keep the sample 857 

frozen until the exact moment of homogenization. Finally, efforts should be made to perform 858 

RNA extractions immediately following collection to fully assess the role of extended storage 859 

time for RNA yield and integrity. 860 

Although good quality RNA from blubber was not achieved in this study, a number of 861 

methodological options were explored at every stage of the process and eliminated some 862 

possible causes of blubber sample degradation. Several method optimisation steps were made, 863 

and further quality assurance steps that may be trialled for optimal RNA extraction from 864 

blubber were identified. As this project is part of a broader project, the optimization of the 865 
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process will continue, taking advantage of the improvements made and taking into account 866 

the recommendations made in this study.  867 
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Abstract 1 

Leptin and adiponectin are adipokines that regulate key physiological processes, playing a 2 

significant role in energy homeostasis and lipid dynamics, with levels that have been shown to 3 

vary according to feeding or food deprivation in a number of terrestrial mammals. It was 4 

therefore hypothesized that gene profiles of these adipokines in humpback whale blubber 5 

would reflect oscillations in blubber mass at various time points of migration and fasting, and 6 

may therefore hold potential as possible biomarkers of adiposity. Whilst high quality RNA was 7 

not obtained (Chapter IV), over the course of this project, some downstream applications of 8 

RNA extracts were performed for exploration of adipokine expression by RT-qPCR. Leptin, 9 

adiponectin and β-actin (used as a reference gene) products were successfully amplified by 10 

conventional PCR, however no successful amplification was obtained from RT-qPCR for leptin 11 

and despite the successful amplification of adiponectin and β-actin, questions of whether the 12 

amplification was due to cDNA or contaminating gDNA were raised when the reverse-13 

transcriptase negative controls appeared to show amplification, and serial dilutions appeared 14 

not to affect Ct value.  15 
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Introduction 16 

Adipose tissue is considered as a highly active endocrine tissue rather than a simple storage 17 

tissue for lipid (Meier & Gressner 2004). This tissue is highly dynamic and integrated into the 18 

overall physiological and metabolic control systems in mammals (Trayhurn & Beattie 2001). 19 

Processes of lipid deposition and utilization constitute a homeostatic system regulated to some 20 

extent by a range of hormones, named adipokines, secreted by the adipose tissue (Friedman 21 

& Halaas 1998; Meier & Gressner 2004). Adipokines, are now understood to play an important 22 

role in regulating the size of the adipose tissue stores (Mohamed-Ali et al. 1997) and having 23 

effects on food intake and energy expenditure. They are also involved in glucose and lipid 24 

metabolism (Meier & Gressner 2004; Trayhurn 2005; Ronti et al. 2006; Josephs et al. 2007). 25 

Although lipid dynamics and metabolism are not completely understood, there is an 26 

abundance of baseline data from well characterized mammalian models such as rodents and 27 

humans (here referred as model species). By contrast, very little is known regarding lipid 28 

homeostasis in non-model species. Especially those that undergo extended periods of fasting 29 

and rely on the tissue for thermoregulation, such as marine mammals. 30 

Cetaceans have developed a thick layer of poorly vascularized adipose tissue, named blubber, 31 

as an adaptation to inhabit the marine environment (Ortiz et al. 2001a). These specializations 32 

are likely to result in different energy control mechanisms (Hammond et al. 2005; Ball et al. 33 

2017). As a specialized version of adipose tissue, it stores energy in the form of lipids (Parry 34 

1949; Ackman et al. 1975; Lockyer 1987; Iverson 2002). However, it is also involved in a 35 

multitude of physiological functions related to body hydrodynamics, water balance, buoyancy 36 

and thermal insulation (Ryg et al. 1988; Fish 2000; Koopman et al. 2002). The metabolic 37 

function and physiology of blubber are still poorly understood and it is unclear to what extent 38 

blubber resembles the physiological and endocrine roles of adipose tissue of terrestrial 39 

mammals. 40 

This study sought to explore the effect of the extreme fluctuations in the lipid dynamic of the 41 

Southern Hemisphere (SH) humpback whales (Megaptera novaeangliae) on the blubber 42 

expression of two adipokines, leptin and adiponectin. It was hypothesized that variable 43 

expression may provide unique insights into nutritional state and regulation of fat stores in 44 

response to fasting. 45 
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1.1 Leptin 46 

Leptin is a small peptide (16kDa) hormone encoded by the obese (ob) gene in vertebrates 47 

(Zhang et al. 1994), expressed mainly by adipose tissue (Ahima & Flier 2000). Its structure has 48 

been remarkably conserved in mammals (Hammond et al. 2012) as it is an essential, and 49 

multifunctional protein (Huang & Cai 2000). In model species, leptin is responsible for signalling 50 

nutritional status to the central nervous system (CNS) and peripheral organs (Prolo et al. 1998). 51 

It plays an important role in metabolic and energetic homeostasis (Villafuerte et al. 2000), 52 

providing the hypothalamus with information about the amount of stored body fat (i.e. adipose 53 

tissue mass and adipocyte size). Leptin in model species is best known for its role in weight 54 

regulation, appetite control, and energy metabolism (Ball et al. 2017). The protein inhibits 55 

appetite and simulates metabolic rate to match energy demands (Zhang et al. 1994; Ahima et 56 

al. 1996; Considine  et al. 1996; Flier 1998; Friedman 2009). When fat reserves increase, leptin 57 

rises and acts on the receptors located in the hypothalamus, reducing appetite and increasing 58 

metabolic rate (Caro et al. 1996; Ahima & Flier 2000; Sahu 2004), thereby restoring normal 59 

energy balance (Townsend et al. 2008). Conversely, leptin decreases as a result of a decrease 60 

in body fat (Ahima & Flier 2000; Ahima & Osei 2004; Ronti et al. 2006) (Figure 1). The effects 61 

of leptin on nutrition are mediated, at least in part, by insulin as leptin decreases in response 62 

to low insulin levels and increases with feeding or in response to insulin stimulation (Ahima & 63 

Flier 2000). Regulation of the neuroendocrine system during starvation could be the main 64 

physiological role of leptin (Ahima & Flier 2000). 65 

In humans, rodents, ruminants, and bats (Ahima et al. 1996; Kolaczynski et al. 1996; Widmaier 66 

et al. 1997; Delavaud et al. 2000), levels of leptin are reduced in response to food restriction 67 

or deprivation, while re-feeding increases them (Kolaczynski et al. 1996). Levels of circulating 68 

leptin, leptin mRNA and protein in adipose tissue and plasma in model species are positively 69 

correlated to body fat and adipocyte size. This finding has been found to extend to some 70 

terrestrial wildlife species. For example, in American black bears (Ursus americanus) and field 71 

vole (Microtus agrestis), serum leptin concentration was the most consistent single surrogate 72 

predictor of percent body fat when compared with body mass, and a body condition index 73 

(Król & Speakman 2007; Spady et al. 2009). In cats (Felis catus) and raccoon dog (Nyctereutes 74 

procyonoides), plasma leptin concentration were observed to increase as a result of weight 75 

gain and strongly correlated with the amount of adipose tissue (Appleton et al. 2000; Kitao et 76 
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al. 2011), demonstrating that the gene expression of leptin can provide an indication of the 77 

nutritional condition of the animal at the moment the sample was taken. 78 

In addition to leptin metabolic role, the pleiotropic effects of this hormone comprise fertility, 79 

angiogenesis, modulation of the immune system, and aspects of skeletal remodelling (Sierra-80 

Honigmann et al. 1998; Steppan et al. 2000; Zieba et al. 2005; Friedman 2009; Carlton et al. 81 

2012). 82 

Species that fast for extended periods, are known to present a temporary leptin resistance 83 

(Kronfeld-Schor et al. 2000; Concannon et al. 2001; Rousseau et al. 2003; Florant et al. 2004; 84 

Townsend et al. 2008). When an organism is leptin resistant, high circulating leptin levels (equal 85 

to high fat stores) do not supress appetite effectively (Tups 2009). Insensitivity to leptin could 86 

be the result of a mutation in the leptin receptor gene causing lack of leptin signalling (Paz-87 

Filho et al. 2012). This phenomenon is a pathological change in model animals but can occur 88 

as an adaptive physiological response, in species that fast as part of their life cycle. Leptin 89 

resistance in these species enable the deposition of enough adipose tissue to endure the 90 

upcoming fast (Concannon et al. 2001; Rousseau et al. 2003; Florant et al. 2004; Townsend et 91 

al. 2008). In hibernating/ migrating mammals leptin levels are high throughout hibernation/ 92 

migration and experience a sudden, significant reduction in leptin transcripts prior to 93 

awakening/ migratory return (Kronfeld-Schor et al. 2000; Rousseau et al. 2003; Townsend et 94 

al. 2008; Florant & Healy 2012). Leptin secretion and plasma leptin levels are dissociated from 95 

adiposity in this species during the critical window when fat stores begin to accrue prior to 96 

hibernation (Kronfeld-Schor et al. 2000; Townsend et al. 2008). 97 
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 98 

 99 

Figure 1: Physiological responses to an increase or a decrease in adipose tissue mass. The decrease in 100 
WAT mass causes a fall in the plasma leptin levels, which leads to a positive energy balance, due to food 101 
intake exceeding the energy consumption. The opposite happens because of an increase in the adipose 102 
tissue mass. Image reproduced from Nieminen (2000). 103 

 104 

Exceptions have been found in some hibernation species as marmots (Marmota flaviventris), 105 

siberian hamster (Phodopus sungorus) and woodchucks (Marmota monax) (Concannon et al. 106 

2001; Rousseau et al. 2003; Florant et al. 2004) where leptin levels still remained correlated 107 

with fat mass. 108 

Pinnipeds have the same kind of constraints as mysticetus, they use blubber as insulation and 109 

alternate feeding and fasting periods. As many mysticetus, pinnipeds, mainly from the 110 
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phocidae family, known as true seals, not only fast for prolonged periods, but their fasting 111 

occur simultaneous with energetically costly activities (Champagne et al. 2012). In order to 112 

cope with this strategy, and maintain a normal or even elevated energy outputs with fasting; 113 

seals have developed metabolic strategies different from those presented in model species. 114 

These metabolic alterations include an adaptive insulin and leptin resistance stage (Fowler et 115 

al. 2008; Viscarra et al. 2011a; Viscarra et al. 2011b; Houser et al. 2013). Insulin resistance is a 116 

pathological phenomenon in model species. However, this phenomenon likely served as an 117 

adaptive response to fasting, to conserve endogenous protein stores from net loss via 118 

gluconeogenesis and glucose oxidation and facilitates lipolysis in order to increase the reliance 119 

upon fat oxidation to meet the organism’s metabolic demands from endogenous nutrient 120 

(Houser et al. 2013; Tsatsoulis et al. 2013). Several adipokines, including leptin and adiponectin 121 

have been implicated in the development of insulin resistance (Houser et al. 2013). Leptin and 122 

insulin are associated in the way that insulin influences the synthesis and secretion of leptin 123 

and leptin plays a role in insulin sensitivity (Paz-Filho et al. 2012). During leptin resistance stage, 124 

it has been suggested that leptin could be dissociated from fat mass, and may not play a role 125 

in regulating body fat storage in these fasted adapted animals (Kronfeld-Schor et al. 2000; Ortiz 126 

et al. 2001b), but it could mediate the adaptation to fasting (Ahima & Flier 2000). 127 

This is evident in Northern elephant seals (Mirounga angustrirostris) pups, Antartic fur seals 128 

(Arctocephalus gazella) both lactating females and pups and Steller sea lions (Eumetopias 129 

jubatus) which are known for fasting for extended periods. In these animals, leptin remained 130 

unaltered during both nursing and fasting periods and was not correlated with body mass. 131 

(Gurun et al. 2001; Ortiz et al. 2001a; Arnould et al. 2002; Ortiz et al. 2003). 132 

In cetaceans, the only study which has investigated leptin targeted is bowhead (Balaena 133 

mysticetus) (Ball et al. 2017). Bowhead do not fast completely as do Southern Hemisphere (SH) 134 

humpback whales during the migration. Instead, they go through  periods of intense feeding 135 

in the summer with only intermittent feeding during their migration in winter and spring 136 

(Hoekstra et al. 2002; Lowry et al. 2004). Although, adult bowhead whales (12 m and above in 137 

length) showed significant seasonal variation in leptin transcript levels (sample periods were 138 

fall and spring), with higher levels during fall and lower levels in spring. The variation in their 139 

blubber thickness during both seasons were minimal (~2 cm) (Ball et al. 2017). In a species 140 

comparison, bowhead whales were, on average, found to produce 50-fold more leptin 141 
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transcript than rats, mice or humans. Ball et al. (2017). This concluded that in cetaceans, leptin 142 

is associated with appetite control. 143 

1.2 Adiponectin  144 

Adiponectin is a hormone mainly produced by the adipose tissue, with roles in glucose and 145 

lipid homeostasis (Meier & Gressner 2004). High adiponectin levels stimulate fatty acid 146 

oxidation, decrease plasma triglycerides, improve glucose metabolism by increasing insulin 147 

sensitivity, inhibit appetite by acting on the hypothalamus, and induces weight loss (Fruebis et 148 

al. 2001; Bełtowski 2003; Meier & Gressner 2004; Kadowaki & Yamauchi 2005). In addition to 149 

these roles, adiponectin plays important anti-inflammatory, antiapoptotic and anti-oxidative 150 

roles in numerous organs, tissues and cells (Trayhurn et al. 2006; Takeda et al. 2012). 151 

Adiponectin has been described as acting as a mirror of leptin, therefore the levels of this 152 

hormone are inversely correlated with body fat percentage (Ukkola & Santaniemi 2002; Meier 153 

& Gressner 2004). Its secretion is stimulated by insulin (Meier & Gressner 2004), acting in the 154 

brain to increase energy expenditure and causing weight loss (Turer & Scherer 2012). 155 

Furthermore, low levels of adiponectin are associated with obesity and insulin resistance 156 

(Yamauchi et al. 2001; Ronti et al. 2006). Adiponectin levels and adiponectin messenger RNA 157 

(mRNA) are inversely associated with parameters of overall adiposity, as body mass index 158 

(BMI), fat mass, and percentage of body fat and insulin sensitivity in humans, rodents, 159 

primates, dogs, cows and pigs (Arita et al. 1999; Hotta et al. 2001; Weyer et al. 2001; Cnop et 160 

al. 2003; Jacobi et al. 2004; Ishioka et al. 2006; Taniguchi et al. 2008; Cahill et al. 2013; Gao et 161 

al. 2013). Indicating that this protein plays an important role in the etiology of the metabolic 162 

syndrome (Chandran et al. 2003). 163 

Littler is know about the role of adiponectin in species that fast for prolonged periods. 164 

However, it is expected adiponectin levels are to be low when the animal is preparing for 165 

hibernation/migration, eating massive amounts of food and storing energy. In ground squirrels 166 

(Spermophilus tridecemlineatus) and Syrian hamsters (Mesocricetus auratus) levels of this 167 

hormone were inversely related to fat mass (Kohlnhofer et al. 2010; Weitten et al. 2013). 168 

Nevertheless, in yellow-bellied marmots (Marmota flaviventris) serum adiponectin levels were 169 

higher during the late active and fattening season compared to the hibernation period (Florant 170 
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et al. 2004). Therefore, suggesting different types of metabolic regulation within hibernating 171 

species. 172 

As mentioned before, pinnipeds developed an adaptive insulin resistance stage as a way to 173 

cope with prolonged fasting (Fowler et al. 2008; Viscarra et al. 2011a; Viscarra et al. 2011b). 174 

Low levels of circulating adiponectin are involved in the changes associated with insulin 175 

signalling in the development of insulin resistance (Florant et al. 2004; Houser et al. 2013). For 176 

instance, in Northern elephant seals (Mirounga angustirostris) both circulating adiponectin and 177 

body mass decreased during the weaning fasting (Viscarra et al. 2011b). Grey seal (Halichoerus 178 

grypus) pups presented a positive relationship between circulating adiponectin levels and body 179 

mass during the suckling period (Bennett et al. 2015). This evidence suggests a dissociation 180 

between circulating adiponectin and adiposity parameters during the insulin resistance stage 181 

in hibernating/migrating mammals. However, in grey seal pups, circulating adiponectin levels 182 

did not correlate with relative adiponectin expression in blubber (Bennett et al. 2015). A 183 

discrepancy between adipose tissue mRNA levels and circulating levels of adiponectin has been 184 

previously reported (Combs et al. 2003). Unlike the circulating levels of adiponectin, the 185 

changes in the genetic expression in the blubber of this adipokine mirrored the changes in fat 186 

stores, acting as an indicator of fat content as in other non-hibernating/migrating mammals 187 

(Bennett et al. 2015). 188 

Although phylogenetically closer to whales, dolphins do not naturally undergo extended 189 

periods of fasting, hence, the dissociation between adiponectin and adiposity parameters in 190 

these animals is more related to the development of a pathological insulin resistance stage 191 

(Neely et al. 2013; Venn-Watson et al. 2013; Sobolesky et al. 2016), than it is to the adaptive 192 

insulin resistance stage in seals. To date, no studies have been carried out on whales showing 193 

this dissociation. 194 

 195 

Approach and Methodology  196 

2.1. Samples 197 

To investigate the effect of the extreme fluctuations in the lipid dynamic of the SH humpback 198 

whales (Megaptera novaeangliae) on the blubber expression of leptin and adiponectin, this 199 
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study used RNA extractions from 40 blubber samples obtained from live biopsied humpback 200 

whales migrating off North Stradbroke Island, East coast of Australia, at different migration 201 

points. Samples collection and RNA extraction are both described in chapter IV. Despite the 202 

low RNA quality obtained, some attempts at downstream application of sub-optimal RNA 203 

extracts were performed. The yield of RNA extracts ranged from 264 ng (4.4ng/µl) to 62µg 204 

(1117ng/l) and the (RNA Integrity Number) RIN values were not higher than 4.3, although RIN 205 

assessment was not performed on all extracts. 206 

 207 

2.2. Complementary DNA Synthesis 208 

Complementary DNA (cDNA) was synthesized from 500 ng of total RNA from the 40 RNA 209 

extractions, using a commercial cDNA synthesis kit, ThermoScript RT-PCR System for First-210 

Strand cDNA Synthesis (From ThermoFisher Cat No: 11146016), following manufacturer’s 211 

instructions. Briefly, a mix of Oligo (dt) primer, RNA sample, and dNTPs was made in a volume 212 

of 12 µl, which was heated at 65° C to denature the RNA and placed on ice. A master mix of 213 

cDNA synthesis buffer, DDT, RNase OUT, and ThermoScript reverse transcriptase enzyme was 214 

prepared and 8 µl of master mix added to each reaction tube before transferring to a 215 

thermocycler. Cycling conditions were as follows: 55° C for 50 minutes, 85° C for 5 minutes, with 216 

the addition of 1 µl RNase H to the reaction tube, then 37° C incubation for 20 minutes and a 217 

final hold at 4° C. 218 

Two types of DNA oligonucleotide primers are used to bind to the RNA template and act as a 219 

starting point for cDNA synthesis. These are: 1) random 6 base pairs (bp) and non-specific 220 

nucleotide primers with random sequence which bind in multiple places, and; 2) oligo(dt) 221 

primers, which are stretches of 12-18bp of T-bases that hybridize to the poly(A) tail of the m-222 

RNA strand. After trailing both types of primers, the use of oligo (dt) primers was chosen for 223 

this study, as it generates longer fragments than the random hexamers do, and they are 224 

specific for mRNA, as they bind the poly (A) tail. 225 

Initial cDNA synthesis reactions did not include a negative reverse transcription (-RT) control, 226 

where RNA template and all reagents are included except reverse transcription enzyme. The 227 

absence of the enzyme ensures that cDNA cannot be produced from RNA, therefore any 228 
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amplification in this control signal genomic DNA (gDNA) contamination. Preliminary RT-qPCR 229 

results indicated gDNA co-extraction. gDNA contamination is an inherent problem during RNA 230 

purification that can lead to non-specific amplification and aberrant results in RT-qPCR (Laurell 231 

et al. 2012). Consequently, -RT controls were included for all subsequent reactions. 232 

2.3. Primer design 233 

Full humpback whale genome is not available thus, primer design for target genes relied on 234 

alignment against gene sequences from closely related cetacean species such as minke whale 235 

(Balaenoptera acutorostrata), the beluga whale (Delphinapterus leucas) or Northern right 236 

whale (Eubalaena glacialis), available through the National Center for Biotechnology 237 

Information (NCBI). The most highly conserved areas of the target genes were detected and 238 

the primers were designed within these regions. In some cases, including a small number of 239 

‘degenerate’ bases, where more than one base is added to effectively make a mixed pool of 240 

both sequences.  241 

β-actin was chosen as the reference gene for relative quantification, in this study, as it showed 242 

steady expression profiles in fat from non-obese and obese individuals in humans (Pérez-Pérez 243 

et all. 2012). A suitable reference gene should show minimal variability in its expression 244 

between tissues and physiological states of the organism and its product must not be affected 245 

by environmental conditions. In general, the best reference genes are those ones required for 246 

the maintenance of basic cellular function (Thellin et al. 1999). Actin is the most abundant 247 

protein in eukaryotic organisms and it has been highly conserved through evolution (Gallwitz 248 

& Sures 1980). β-actin is a cytoplasmic protein expressed in all kind of cells and participate in 249 

a variety of cell functions (Nakajima-Iijima et al. 1985). These characteristics have led it to be 250 

commonly used as a reference gene in a number of studies. β-actin mRNA has been partially 251 

sequenced for humpback whale (GeneBank accession No. EF091837.1), and its primer design 252 

in this study relied on this sequence. 253 

The design of the primers was done following primer design guidelines (Dieffenbach et al. 254 

1993). Considering: primers lengths between 18-24bp. An 18bp primer in general is long 255 

enough to get good specificity, 24bp primer also in general is short enough to avoid secondary 256 

structures, self-annealing among other problems. Melting temperature (Tm) between 55-60° C. 257 

Annealing temperature is normally set at 3-5° C below the Tm, an annealing temperature within 258 
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this range is sufficiently stringent to confer specific binding but at the same time relaxed 259 

enough to enable adequate priming and thus efficient amplification product. Guanine-cytosine 260 

(GC) content as close to 50% as possible. High GC content may not denature well during cycling 261 

and also it is susceptible to non-specific interaction. Lack of secondary structure (ability for 262 

primers to form hairpins), secondary structures can lead to poor or no yield of the product. 3’ 263 

end stability (with G or C at 3’ terminus), helps to promote specific binding at 3’ end due to the 264 

strong bonding of G and C bases, and amplicon length (ideally between 100-300bp for RT-PCR, 265 

although shorter is optimal), short amplicons amplify more efficiently than longer ones and are 266 

more tolerant to suboptimal reaction conditions. As a result, primers with a long run of a single 267 

base (i.e. AAAA) or repetition of a nucleotide pair (i.e. ATATAT) were avoided because they can 268 

misprime (Dieffenbach et al. 1993). 269 

2.4. Standard PCR and primer optimisation 270 

To test the efficiency of the designed primers, conventional PCR was performed for each 271 

primer set, with the following reaction conditions: 1X PCR buffer (5X stock, Promega), 1.5mM 272 

MgCl2 (25mM stock), 0.4mM dNTPs (5mM stock), 0.35µM of each primer forward and reverse 273 

(10µM stock), 1U Hotstart Taq polymerase (5U/µl, Promega), 1µl template cDNA, made up to 274 

a final volume of 20µl. Reactions were mixed well, centrifuged briefly, and placed into a Rotor-275 

Gene Q thermocycler (Qiagen). Cycling conditions differed between primer sets, and are 276 

outlined below for each set of primers. 277 

Additionally, in order to optimise primer sets, samples were tested for a range of possible 278 

annealing temperatures. The annealing specificity depends primarily on length and base 279 

composition of the PCR primer and can vary from 50 to 71, or even beyond. A gradient PCR is 280 

a technique that allows the empirical determination of an optimal annealing temperature using 281 

the least number of steps. Higher annealing temperatures (close to or above the primer Tm) 282 

increase primer annealing stringency, ensuring that primers only bind to the highly specific 283 

complementary sequence with no mismatches. While lower annealing temperatures are less 284 

stringent and allow more freedom for primers to bind at non-specific locations. 285 

Following each PCR, loading dye was added to the PCR products and loaded on a 3 or 4% 286 

agarose gel depending of the amplicon size. A DNA molecular weight marker VIII (19 - 1114bp) 287 

(Roche) was used. The gel was run on a powerpack (BioRad) for 60 minutes at 90V. 288 
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2.5. PCR Cloning 289 

Products at the expected fragment sizes were excised from the gel, purified using PureLink® 290 

PCR Purification Kit (Invitrogen™), and cloned with pGEM®-T Easy Vector Systems (Promega) 291 

to confirm sequence identities. The cloned product was sanger-sequenced using a plasmid-292 

specific sequencing primer (provided by manufacturer; primer sequence not shown), and 293 

sequencing was performed by an external laboratory, Australian Genome Research Facility Ltd 294 

(AGRF), Brisbane, Australia. Finally, obtained sequences were searched using nucleotide BLAST 295 

NCBI against all nucleotide databases for homology with cetaceans and other mammals to 296 

validate the sequence identity. 297 

2.6. Real Time- quantitive PCR (RT-qPCR) 298 

RT-qPCR data can be used to quantify the amount of gene transcripts, by two common 299 

methods: absolute quantification and relative quantification. In absolute quantification, 300 

samples with known quantity are serially diluted and then amplified to generate a standard 301 

curve. Unknown samples are then quantified against the standard curve. In relative 302 

quantification, the expression of a gene of interest in one sample is compared to the expression 303 

of the same gene in another sample. This approach requires incorporation of an endogenous 304 

control, or a reference gene, to normalize and reduce the variation between the samples and 305 

control for experimental variability. In this study, both absolute quantification and relative 306 

quantification were performed. For relative quantification β-actin was used as the reference 307 

gene. 308 

2.6.1. RT-qPCR & RT-qPCR validation 309 

Primers that showed validation by conventional PCR were then optimised for RT-qPCR. RT-310 

qPCR uses a fluorescent dye which binds to double-stranded DNA products to quantitate the 311 

level of amplification during the PCR cycling. There are several fluorescent DNA-intercalating 312 

dyes available in the market. SYBR Green (ThermoFisher) was one of the earliest manufactured 313 

DNA-intercalating dyes, and is currently still the most widely-used RT-qPCR fluorescent dye. 314 

However, it has shown to cause both PCR inhibition and variability in analysing melting curves 315 

(Monis et al. 2005). SYTO9, which is a dye more commonly used for counterstaining the nuclei 316 

of bacterial cells, has shown superior performance with RT-PCR since it does not inhibit PCR 317 
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amplification, therefore giving more accurate assessment of transcript levels (Monis et al. 318 

2005). 319 

SYTO9 was therefore selected for qPCR analysis in this study, following these conditions: 1X 320 

PCR buffer (5X stock, Promega), 1.5mM MgCl2 (25mM stock), 0.4mM dNTPs (5mM stock), 321 

0.35µM of each primer forward and reverse (10µM stock), 1.5µM SYTO9 fluorescent dye 322 

(50µM stock, ThermoFisher), 1U Hotstart Taq polymerase (5U/µl, Promega), and 1µl template 323 

cDNA, made up to a final volume of 20µl. PCR reactions were performed in either triplicate or 324 

duplicate for each sample, and template-negative PCR controls were included, as well as the 325 

reverse-transcriptase negative controls from cDNA preparation. Reactions were mixed, 326 

centrifuged, and placed into a Rotor-Gene Q thermocycler (Qiagen). The RT-qPCR instrument 327 

keep samples at controlled temperatures and allows for rapid cycling, therefore cycle times 328 

were reduced down to less than 1 minute. Additionally, the Rotor-Gene Q allows for melt 329 

analysis to be undertaken at the end of the qPCR, where the amplicons from the PCR are 330 

immediately brought to a low temperature which is then raised at a specific rate to a 331 

temperature at which all amplicons are melted. As the amplicons melt, double-stranded DNA 332 

dissociates and fluorescent dye is released, reducing fluorescence levels. The melting 333 

temperature for each amplicon will depend on its composition, and each amplicon is expected 334 

to show a unique melt product if it does not contain polymorphisms. This melting stage allows 335 

for validation of amplicon identity, ensuring that all melt curves are the result of a single 336 

amplicon; multiple amplicons will result in differing melt curves. A final melting step was 337 

therefore employed to help validate RT-qPCR findings. 338 

All primer sets were amplified under the following RT-qPCR cycling conditions: initial 339 

denaturation at 95°C for 5 minutes; 45 cycles of 95°C denaturation for 10 seconds, 60°C 340 

annealing step for 15 seconds, 72°C elongation for 20 sec, at which point fluorescence levels 341 

were acquired on the green channel, followed by a melting step from 72°C to 95°C in 1°C 342 

increments. Following each qPCR, fluorescent curves were examined for amplification before 343 

the 35th cycle (which suggests low amplification efficiency) and melting curves were examined 344 

for the presence of one amplicon specific to the primer set. Negative-template controls and -345 

RT controls were examined for amplification. 346 
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2.6.2. ΔΔCt relative expression quantitation method 347 

The final step in any qPCR assay is to evaluate the cycle threshold or Ct values, which indicates 348 

the number of cycles required for the fluorescent signal to cross a certain defined threshold, 349 

showing that the amplification has exceeded background level and is in the exponential phase 350 

of the amplification. The Ct values can then be analysed to determine comparative quantitative 351 

levels of the target gene, relative to the endogenous control (reference gene). This is referred 352 

to as the 2-ΔΔCt method or delta-delta-Ct method, which first calculates the difference or ΔCt 353 

between target gene Ct and reference gene Ct for each type of sample (i.e. experimental 354 

sample and control sample). The levels of the target gene are thus normalised against the 355 

reference gene. The difference between the ΔCt values for each group are then calculated, i.e. 356 

ΔCt (experimental) – ΔCt (control), creating the second difference or ΔΔCt value. This is finally 357 

converted into an expression fold-change by converting the values from log base 2 (which is 358 

due to the exponential amplification), by raising 2 to the power of the negative ΔΔCt value, i.e. 359 

2-ΔΔCt. This gives a level of relative gene expression of the target gene, normalised by the 360 

housekeeping gene used. Although there were some quality control concerns regarding qPCR 361 

results, a preliminary analysis of leptin Ct values was attempted using the delta-delta-Ct, using 362 

β-actin as the reference gene. 363 

 364 

Results 365 

3.1. Primer Design 366 

3.1.1. Leptin primers 367 

Leptin gene complete and partial sequences have been published for bowhead whale (Balaena 368 

mysticetus) (GeneBank accession No. JN833620.1), beluga whale (Delphinapterus leucas) 369 

(GeneBank accession No. JN833619.1), pantropical spotted dolphin (Stenella attenuata) 370 

(GeneBank accession No. HQ689401.1), finless porpoise (Neophocaena phocaenoides) 371 

(GeneBank accession No. HQ689399.1), white-beacked dolphin (Lagenorhynchus albirostris) 372 

(GeneBank accession No. EF091835.1), and harbour porpoise (Phocoena phocoena) (GeneBank 373 

accession No. AM157370.1). Figure 2 aligned these sequences to show the highly conserved 374 
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gene structure in the different cetacean species. A previously published set of leptin primers 375 

(Leptin 258_F and Leptin 32_R) in bowhead and beluga whales (Ball et al. 2013) are located in 376 

the conserved regions of these aligned sequences. Lept258_F and Lept32_R primer set was 377 

expected to amplify a 144bp product in humpback whale (primer information in Table 1). 378 

During the course of this research, the genome of the closest relative of humpback whales the 379 

minke whale (Balaenoptera acutorostrata) was published (Yim et al. 2014) (leptin partial 380 

Coding Sequence (CDS) GeneBank accession No. HQ689402.1), and information derived from 381 

a partially sequenced humpback whale genome was shared with us by Institute for 382 

Evolutionary Life Science (GELIFE), Marine Evolution and Conservation Netherlands University 383 

of Groningen, Groningen the Netherlands (Per Palsbøll, personal communication). The 384 

published minke sequence and partial humpback sequence were aligned (Figure 3), and a novel 385 

set of primers Lept_F and Lept_R, were designed in conserved regions amplifying at 68bp 386 

product (Table 1). 387 

 388 

Harbour -GCAGCT-----------GCGAGGCCCCAGAAGCACATCCCGGGAAGAAAAATGCGTTGTGGACCCCTGT 389 
Beacked ---------------------------------------------------------------------- 390 
Spotted --------------------ATGCGTTGTGGAC---------------------CCCT-GTGCCG----- 391 
Finless --------------------ATGCGTTGTGGAC---------------------CCCT-GTGCCG----- 392 
Bowhead --------------------ATGCGTTGTGGAC---------------------CCCTG-TGCCG----- 393 
Beluga  GGAAGTGGAGGGCAGGCAGGGTGGTTTGGGAAG-----GGCAGGAAGACAGAAGCCCGGGAGACC----- 394 
                                                                         395 
 396 
Harbour GCCGATTCCTGTGGCTTTGGCCCTATCTGTCCTACATTGAAGCTGTGCC-CA-TCCGAAAAGTCCAGG-- 397 
Beacked ------------------------------------------------------------AGTCCAGG-- 398 
Spotted ----ATTCCTGTGGCTTTGGCCCTATCTGTCCTACATTGAAGC-CGTGCCCAT-CCGAAAAGTCCAGG-- 399 
Finless ----ATTCCTGTGGCTTTGGCCCTATCTGTCCTACATTGAAGC-TGTGCCCAT-CCAAAAAGTCCAGG-- 400 
Bowhead ----ATTCCTGTGGCTTTGGCCCTATCTGTCCTACATTGAAGC-TGTGCCCAT-CCGAAAAGTCCAGG-- 401 
Beluga  -----AGCTTGGAGCTTGGCAGCCACGCGG-GCACAA-GAAGTAAGGGCCTAGGCAGGATGGTGCAGAAG 402 

                                                            :** ***:   403 
 404 
Harbour ------ATGACACCAAAACCCTCATCAAGACGATTGTCACCAGGATCA--------ATGACATATCACAC 405 
Beacked ------ATGACACCAAAACCCTCATCAAGACGATTGTCACCAGGATCA--------ATGACATATCACAC 406 
Spotted ------ATGACACCAAAACCCTCATCAAGACGATTGTCACCAGGATCA--------ATGACATATCACAC 407 
Finless ------ATGACACCAAAACCCTCATCAAGACGATTGTCACCAGGATCA--------ATGACATATCACAC 408 
Bowhead ------ATGACACCAAAACCCTCATCAAGACGATTGTCACCAGGATCA--------ATGACATATCA--- 409 
Beluga  GGGGAGGAGACACCTCCACGCTCGCGGG---AAGGG---CCAGGAGCTTTGCGGAGCTGACTTCTCTCCC 410 

      ::******:::**:***:::::   :*::*   ******:*:        :****:*:**:    411 
 412 
Harbour ACG------------------------------------------------------------------- 413 
Beacked ACG------------------------------------------------------------------- 414 
Spotted ACGNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN 415 
Finless ACGNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN 416 
Bowhead ---------------------------------------------------------------------- 417 
Beluga  CTGAGCTCTTGCTC-------------------------------------------------------- 418 

                                                                       419 
 420 
Harbour ---------------------------------CAGTCCGTCTCCTCCAAACAGAGGGTCACTGGTTTGG 421 
Beacked ---------------------------------CGGTCCGTCTCCTCCAAACAGAGGGTCACTGGTTTGG 422 
Spotted NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNCAGTCCGTCTCCTCCAAACAGAGGGTCACTGGTTTGG 423 
Finless NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNCAGTCCGTCTCCTCCAAACAGAGGGTCACTGGTTTGG 424 
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Bowhead ---------------------------CACACGCAGTCCGTCTCCTCCAAACAGAGGGTCACTGGTTTGG 425 
Beluga  --------------TCCCCTTCCTCCTGCATAGCAGTCCGTCTCCTCCAAACAGAGGGTCACTGGTTTGG 426 
                                   *:*********************************** 427 
 428 
Harbour ACTTCATCCCTGGGCTCACCCCTGTCCTGAGTTTGTCCAAGATGGACCAGACATTGGCGATCTACCAACA 429 
Beacked ACTTCATCCCTGGGCTCACCCCTGTCCTGAGTTTGTCCAAGATGGACCAGACATTGACGATCTACCAACA 430 
Spotted ACTTCATCCCTGGGCTCACCCCTGTCCTGAGTTTGTCCAAGATGGACCAGACATTGGCGATCTACCAACA 431 
Finless ACTTCATCCCTGGGCTCACCCCTGTCCTGAGTTTGTCCAAGATGGACCAGACATTGGCGATCTACCAACA 432 
Bowhead ACTTCATCCCTGGCCTCCTCCCTGTCCTGAGTTTGTCCAAGATGGACCAGATATTGGCGATCTACCAACA 433 
Beluga  ACTTCATCCCTGGGCTCACCCCTGTCCTGAGTTTGTCCAAGATGGACCAGACATTGGCGATCTACCAACA 434 

*************:***::********************************:****:************* 435 
 436 
Harbour GATCCTCACCAGTCTGCCTTCCAGAAATGTGATCCAAATATCTAATGACCTGGAGAACCTCCGGGACCTT 437 
Beacked GATCCTCACCAGTCTGCCTTCCAGAAATGTGATCCAAATATCTAATGACCTGGAGAACCTCCGGGACCTT 438 
Spotted GATCCTCACCAGTCTGCCTTCCAGAAATGTGATCCAAATATCTAATGACCTGGAGAACCTCCGGGACCTT 439 
Finless GATCCTCACCAGTCTGCCTTCCAGAAATGTGATCCAAATATCTAATGACCTGGAGAACCTCCGGGACCTT 440 
Bowhead GATCCTCACCAGTCTGCCTTCCAGAAATGTGATCCAAATATCTAATGACCTGGAGAACCTCCGGGACCTT 441 
Beluga  GATCCTCACCAGTCTGCCTTCCAGAAATGTGATCCAAATATCTAATGACCTGGAGAACCTCCGGGACCTT 442 

********************************************************************** 443 
 444 
Harbour CTTCACCTGCTGGCCTCCTCCAAGAGCTGCCCCTTGCCCCAGGCCAGAGCCCTGGAGACCTTGGAGAGCC 445 
Beacked CTCCACCTGCTGGCCTCCTCCAAGAGCTGCCCCTTGCCCCAGGCCAGAGCCCTGGAGACCTTGGAGAGCC 446 
Spotted CTCCACCTGCTGGCCTCCTCCAAGAGCTGCCCCTTGCCCCAGGCCAGAGCCCTGGAGACCTTGGAGAGCC 447 
Finless CTTCACCTGCTGGCCTCCTCCAAGAGCTGCCCCTTGCCCCAGGCCAGAGCCCTGGAGACCTTGGAGAGCC 448 
Bowhead CTCCACCTGCTGGCCTCCTCCAAGAGCTGCCCCTTGCCCCAGGCCAGAGCCCTGGAGACCTTGGAGAGCC 449 
Beluga  CTCCACCTGCTGGCCTCCTCCAAGAGCTGCCCCTTGCCCCAGGCCAGAGCCCTGGAGACCTTGGAGAGCC 450 

**:******************************************************************* 451 
 452 
Harbour TGGGCGGCGTCCTGGAAGCCTC------------------------------------------------ 453 
Beacked TGGGCGGCGTCCTGGAAGCCTCCCTCTACTCCACGGAGGTGGTGGCTCAA-TCA---------------- 454 
Spotted TGGGCGGCGTCCTGGAAGCCTCCCTCTACTCCACGGAGGTGGTGGCCCTGAGCAGGCTGCAGGGGTCTCT 455 
Finless TGGGCGGCGTCCTGGAAGCCTCCCTCTACTCCACGGAGGTGGTGGCCCTGAGCAGGCTGCAGGGGTCTCT 456 
Bowhead TGGGCGGCGTCCTGGAAGCCTCCCTCTACTCCACGGAGGTGGTGGCCCTGAGCAGGCTGCAGGGGTCTCT 457 
Beluga  TGGGCGGCGTCCTGGAAGCCTCCCTCTACTCCACGGAGGTGGTGGCCCTGAGCAGGCTGCAGGGGTCTCT 458 

**********************                                                 459 
 460 
Harbour -------------------------------------------  461 
Beacked -------------------------------------------  462 
Spotted GCAGGACATGCTGCGGCAGCTGGACCTCAGCCCTGGGTGC---  463 
Finless GCAGGACATGCTGCGGCAGCTGGACCTCAGCCCTGGGTGC---  464 
Bowhead GCAGGACATGCTGCGGCAGCTGGACCTCAGCCCTGGGTGCTGA  465 
Beluga  GCAGGACATGCTGCGGCAGCTGGACCTCAGCCCTGGGTGCTGA  466 
                                                  467 
 468 
Figure 2: Leptin multiple partial and complete sequence aligment from different cetaceans species: 469 
bowhead whale (Balaena mysticetus) (GeneBank accession No. JN833620.1), beluga whale 470 
(Delphinapterus leucas) (GeneBank accession No. JN833619.1), pantropical spotted dolphin (Stenella 471 
attenuata) (GeneBank accession No. HQ689401.1), finless porpoise (Neophocaena phocaenoides) 472 
(GeneBank accession No. HQ689399.1), white-beacked dolphin (Lagenorhynchus albirostris) 473 
(GeneBank accession No. EF091835.1), and harbour porpoise (Phocoena phocoena) (GeneBank 474 
accession No. AM157370.1). Sequences availables in GeneBank and aligned using Clustal Omega. Initial 475 
part of the beluga and harbor porpoise sequences are not shown here. N areas means the software 476 
could not identify the base. 477 
 478 

 479 

 480 

 481 
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Table 1: PCR primers for measuring expression of leptin. 482 

Design Primer Sequence  Tm ˚  Length GC% 

Previously 

published 

  

Leptin 258_F 5’ CACCAGTCTGCCTTCCAGAAAT 3’ 66.4 22 50 

Leptin 32_R 5’ GGAGAAGGTCCCGGAGGTT 3’ 66.6 19 63.1 

Designed by 

alignment 

  

Leptin_F 5’ GCAGTCCGTCTCCTCCAAACAGAG 3’ 71.2 24 58.3 

Leptin_R 5’ TGGATCACATTTCTGGAAGGCAG 3’ 69.2 23 47.8 

 483 

 484 

 485 

 Megaptera    CAAGACGATTGTCACCAGGATCAATGACATATCACACAC---------------------------- 486 
 Balaenoptera CAAGACGATTGTCACCAGGATCAATGACATATCACACACGNNNNNNNNNNNNNNNNNNNNNNNNNNN 487 
              ***************************************                             488 
 489 
 Megaptera    ------------------------------------------------------------------- 490 
 Balaenoptera NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN 491 
                                                                                  492 
 493 
 494 
 495 
 Megaptera    GCAGTCCGTCTCCTCCAAACAGAGGGTCACTGGTTTGGACTTCATCCCTGGGCTCCTCCCTGTCCTG 496 
 Balaenoptera NCAGTCCGTCTCCTCCAAACAGAGGGTCACTGGTTTGGACTTCATCCCTGGGCTCCTCCCTGTCCTG 497 
               ****************************************************************** 498 
 499 
 500 
 501 
 Megaptera    AGTTTGTCCAAGATGGACCAGACATTGGCGATCTACCAACAGATCCTCACCAATCTGCCTTCCAGAA 502 
 Balaenoptera AGTTTGTCCAAGATGGACCAGACATTGGCGATCTACCAACAGATCCTCACCAGTCTGCCTTCCAGAA 503 
              **************************************************** ************** 504 
 505 
 506 
 507 
 508 
 509 
 Megaptera    ATGTGATCCAAATATCTAATGACCTGGAGAACCTCCGGGACCTTCTCCACCTGCTGGCCTCCTCCAA 510 
 Balaenoptera ATGTGATCCAAATATCTAATGACCTGGAGAACCTCCGGGACCTTCTCCACCTGCTGGCCTCCTCCAA 511 
              ******************************************************************* 512 
 513 
 514 

 515 

 Megaptera  GAGCTGCC 516 
 Balaenoptera  GAGCTGCC 517 
    ******** 518 
 519 

Figure 3: Leptin primers in partial aligned sequences. Humpback whale (Megaptera novaeangliae) leptin 520 
partial sequence, aligned with minke whale (Balaenoptera acutorostrata), leptin gene partial CDS, 521 
GeneBank accession No. HQ689402.1. N areas means the software could not identify the base. In 522 
orange, designed primers Leptin_F and Leptin_R, in blue, published primers, Leptin 258_F and Leptin 523 
325_R (Ball et al. 2013). In red the nucleotides that are different with respect to the primers. 524 

 525 

Leptin_F 
5’-GCAGTCCGTCTCCTCCAAACAGAG-3’ 

 

Leptin_R 
3’-GACGGAAGGTCTT 

5’-CACCAGTCTGCCTTCCAGAA 

Leptin 258_F 
 

 

3’-TTGGAGGCCCTGGAAGAGG-5’ 

Leptin 32_R 

TACACTAGGT-5’ 

AT-3’ 
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3.1.1.1. Leptin primers designed in the exon-exon boundary 526 

As preliminary results suggested gDNA contamination of samples, additional leptin primers 527 

were designed to avoid gDNA amplification. The best method for avoiding gDNA interference 528 

in RT-qPCR is primer design that takes advantage of the introns present in gDNA, by having one 529 

or both primers cross an exon-exon boundary. As introns are absent in mRNA, only cDNA will 530 

be amplified, because the gDNA sequence would include the intron and the primer would 531 

therefore be interrupted and unable to bind. Leptin appeared to have two currently known 532 

exons in the genetic sequence of minke whale and partial genetic sequence of humpback 533 

whale. The obtained humpback whale exon sequence consisted of one 144bp exon (exon 1) 534 

followed by a 1532bp intron (intron 1) and a 360bp exon (exon 2) (Figure 4). Seven sets of 535 

primers were designed from these sequences and evaluated for hairpin structures, melting 536 

temperature, and primer-dimer formation. One primer set producing an expected amplicon of 537 

82bp (from cDNA) was ultimately selected for laboratory testing in the humpback whale 538 

samples (Table 2). 539 

 540 

Table 2: RT-qPCR primers for measuring expression of leptin. 541 

Design Primer Sequence  Tm ˚  Length GC% 

Designed from 

humpback 

partial CDS 

Leptin_NF 5’ TGTGCCCATCCGAAAAGTCC 3’ 65.5 20 55.0 

Leptin_NR 5’ AGACGGACTGCGTGTGTGATA 3’ 61.7 21 52.4 

 542 

 543 

 544 

 545 

 546 

 547 

 548 

 549 

 550 
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A 

Exon 1 (and flanking intron) - 144bp 

GAGATCCCAGCGACATGCCACGTGTGGTTCCTTCTGTTTTCAG

GCCCCAGAAGCACATCCCGGGAAGAAAAATGCGTTGTGGACCC

CTGTGCCGATTCCTGTGGCTTTGGCCCTATCTGTCCTACATTG 

 

AAGCTGTGCCCATCCGAAAAGTCCAGGATGACACCAAAACCCTC

ATCAAGACGATTGTCACCAGGATCAATGACATATCACACACGGT

AGGGAGGGCCTGGGAGACGAGGTAGAACTGTGGCTGGCCCGTGG

GGAAACCGG 

Exon 2 (and flanking intron) - 360bp 

GGAAAGGAGGCACCTCCACGCTCGCGGGAAGGGCCAGGGGCTTT

GCGGAGCTGACTTCTCTCCCCCTGAGCTCTTGCTCTCCCCTTCC

TCCTGCATAGCAGTCCGTCTCCTCCAAACAGAGGGTCACTGGTT

TGGACTTCATCCCTGGGCTCCTCCCTGTCCTGAGTTTGTCCAAG

ATGGACCAGACATTGGCGATCTACCAACAGATCCTCACCAATCT

GCCTTCCAGAAATGTGATCCAAATATCTAATGACCTGGAGAACC

TCCGGGACCTTCTCCACCTGCTGGCCTCCTCCAAGAGCTGCCCC

TTGCCCCAGGCCAGAGCCCTGGAGACCTTGGAGAGCCTGGGCGG

CATCCTGGAAGCCTCCCTCTACTCCACGGAGGTGGTGGCCCTGA

GCAGGCTGCAGGGGTCTCTGCAGGACATGCTGCGGCAGCTGGAC

CTCAGCCCTGGGTGCTGAAGCCTTGAAAGCCTGTCTTCCCAAAG

CTGAGGGAAGAAACCTGAGCTTCCAGGTGTCTGCAGGAGAAGAG

AGCCTGTGTGGACATCCTTTATGCAGGCCTGCGGGTCATCTCTC

TGTCACTCCTCTA 

B 

mRNA coding sequence (exons only) 

ATGCGTTGTGGACCCCTGTGCCGATTCCTGT

GGCTTTGGCCCTATCTGTCCTACATTGAAGC 

 

TGTGCCCATCCGAAAAGTCCAGGATGACACC

AAAACCCTCATCAAGACGATTGTCACCAGGA 

 

TCAATGACATATCACACACGCAGTCCGTCTC

CTCCAAACAGAGGGTCACTGGTTTGGACTTC

ATCCCTGGGCTCCTCCCTGTCCTGAGTTTGT

CCAAGATGGACCAGACATTGGCGATCTACCA

ACAGATCCTCACCAATCTGCCTTCCAGAAAT

GTGATCCAAATATCTAATGACCTGGAGAACC

TCCGGGACCTTCTCCACCTGCTGGCCTCCTC

CAAGAGCTGCCCCTTGCCCCAGGCCAGAGCC

CTGGAGACCTTGGAGAGCCTGGGCGGCATCC

TGGAAGCCTCCCTCTACTCCACGGAGGTGGT

GGCCCTGAGCAGGCTGCAGGGGTCTCTGCAG

GACATGCTGCGGCAGCTGGACCTCAGCCCTG

GGTGCTGA 

 551 

Figure 4: (A) Humpback whale leptin partial genomic sequence, and (B) leptin mRNA CDS, with exon 1 552 
in yellow underlined and exon 2 in grey underlined (Per Palsbøll, personal communication). In red, 553 
designed primer (Leptin_NF and Leptin_NR). 554 

 555 

3.1.2. Adiponectin primers 556 

Among cetaceans, adiponectin gene sequence has only been published for killer whale 557 

(Orcinus orca) (GeneBank accession No. GQ141099.1), therefore in this study, the Orcinus 558 

sequence was aligned with the adiponectin sequence from the non-cetaceans cattle (Bos 559 

Taurus), pig (Sus scrofa), martens (Martes americana) and dog (Canis lupus familiaris), 560 

Leptin_NF 

5’-TGTGCCCATCCGAAAAGTCC-3’ 

 

Leptin_NF 

5’-TGTGCCCATCCGAAAAGTCC-3’ 

 

Leptin_NR 

3’-ATAGTGTGTGCGTCAGGCAGA-5 
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(GeneBank accession No. LT963109.1, JX092267.1, FJ57362.1, and LT963133.1 respectively), 561 

(Figure 5). Adiponectin sequences were found to be highly conserved and a novel set of 562 

primers were designed in these regions, amplifying a 223bp product in Orcinus (Table 3). 563 

 564 

Table 3: PCR primers for measuring expression of adiponectin. 565 

Design Primer Sequence  Tm ˚  Length GC% 

Designed by 

alignment 

  

Adiponectin 72_F 5’ GAAGGTCCCCGAGGCTTTCCAGG 3’ 75.1 23 65.2 

Adiponectin 252_R 5’ GGTAGGAGAAGTAGTACAGCCC 3’ 65.9 25 56 

 566 

 567 

 568 

 569 

 570 

 571 

 572 

 573 

 574 

 575 

 576 

 577 

 578 

 579 

 580 

 581 

 582 

 583 

 584 

 585 

 586 

 587 
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 588 

 589 
 590 
Orcinus GCTGGTCCTAAGGGCGACACCGGTGAAACTGGAGTGACTGGGGTTGAAGGTCCCCGAGGC 72 591 
Bos     GTTGGTCCTAAGGGTGACACTGGTGAAACTGGAATCACTGGGATCGAAGGTCCCCGAGGC 285 592 
Sus     ACTGGTCCTAAGGGTGACACTGGGGAATCTGGAGTGACTGGGGTTGAAGGTCCCCGAGGT 276 593 
Martes  GTTGGTCCTAAGGGTGACACTGGTGAAACCGGAGTAACCGGGGTTGAAGGTCCCCGAGGC 255 594 
Canis   GTTGGTCCTAAGGGTGACACTGGTGAAACTGGAGTAACTGGGGTTGAAGGTCCCCGAGGC 255 595 
         ************* ***** ** *** ***** * ****** * ************** 596 
 597 
 598 
 599 
Orcinus TTTCCAGGAATCCCAGGCAGAAAAGGAGAACCTGGAGAAAGTGCCTATGTATACCGCTCA 132 600 
Bos     TTTCCAGGAACCCCAGGCAGAAAGGGAGAACCTGGAGAAAGTGCCTATGTATACCGCTCA 345 601 
Sus     TTCCCAGGAATCCCGGGCAGAAAAGGAGAACCTGGAGAAAGCGCCTATGTCTACCGTTCA 336 602 
Martes  TTTCCAGGAACCCCAGGCAGGAAAGGAGAACCTGGAGAAAGTGCCTATGTACACCGGTCA 315 603 
Canis   TTTCCAGGAACCCCAGGAAGGAAAGGAGAACCTGGGGAAAGTGCCTATGTACACCGTTCG 315 604 
        ** ******* *** ** ** ** *********** **************  **** **  605 
 606 
Orcinus GCATTCAGTGTGGGACTGGAGACCCGGGTCACCATTCCCAACGTTCCCATTCGCTTTACC 192 607 
Bos     GCATTCAGTGTGGGACTGGAGAGACAGGTCACTGTCCCCAATGTTCCCATTCGCTTTACC 405 608 
Sus     GCATTCAGTGTGGGCCTGGAGACTCGGGTCACTGTCCCTAACATGCCCATTCGCTTTACC 396 609 
Martes  GCATTCAGTGTGGGACTGGAGAGCCGGGTCACTGTCCCCAATGTTCCCATTCGCTTTACC 375 610 
Canis   GCATTCAGTGTGGGGTTGGAGAGCCGGATCACTGTCCCCAATGTTCCCATTCGCTTTACC 375 611 
        **************  ******  * * ***** * ** **  * ***************  612 
 613 
Orcinus AAGATCTTCTACAATCAGCAAAGCCACTATGATGGTACCACTGGCAAATTCTACTGCAAC 252 614 
Bos     AAGATTTTCTACAATCAGCAAAACCACTATGATGGCACCACTGGCAAATTCCTCTGCAAT 465 615 
Sus     AAGATCTTCTACAATCAGCAAAACCACTATGATGTCACCACTGGCAAATTCCACTGCAAC 456 616 
Martes  AAAATCTTCTACAATCTGCAAAACCACTATGATGGCACCACTGGCAAATTCCATTGCAAC 435 617 
Canis   AAAATCTTCTACAATCTGCAAAACCACTACGATGGCACCACTGGAAAATTTCACTGCAAC 435 618 
        ** ************* ************ ****  ******** *****    ***** 619 
 620 
 621 
 622 
 623 
Orcinus ATTCCCGGGCTGTACTACTTCTCCTACCACATCACAGTTTACTTGAAGGATGTGAAGGTC 312 624 
Bos     ATTCCCGGGCTGTACTACTTCTCCTACCACATTACTGTCTACCTGAAGGATGTGAAGGTC 525 625 
Sus     ATTCCTGGGCTGTACTACTTCTCCTTCCACATCACGGTCTACTTGAAGGATGTGAAGGTC 516 626 
Martes  ATTCCTGGGCTCTACTACTTCTCCTACCACATCACAGTCTACTTGAAGGATGTCAAAGTC 495 627 
Canis   ATTCCTGGGCTGTACTACTTCTCCTACCACATCACAGTCTACTTGAAGGATGTCAAGGTC 495 628 
        ***** ***** ******************** ** ** ************** ** *** 629 

 630 

Figure 5: Adiponectin primers in aligned sequences. Killer whale (Orcinus orca), cattle (Bos 631 
taurus), pig (Sus scrofa), martens (Martes americana) and dog (Canis lupus familiaris), 632 
(GeneBank accession No. LT963109.1, JX092267.1, FJ57362.1, and LT963133.1 respectively), 633 
partial leptin sequence alignment. Designed forward and reverse primers Adiponectin72_F 634 
and Adiponectin252_R, are shown in orange, in red the nucleotides that are different with 635 
respect to the primers. 636 

 637 

3.1.3. β-actin reference gene primers 638 

Three sets of novel β-actin primers were designed base on the humpback whale mRNA partial 639 

coding sequence (CDS) (Figure 6) (GeneBank accession No. EF091837.1). Novel primers (1) β-640 

actin_221F and β-actin_306R (amplifying a 106bp product); (2) β-actin_1F and β-actin_1R 641 

       Adiponectin_72F 
5’-GAAGGTCCCCGAGGC 

 

TTTCCAGG-3’ 

Adiponectin_252R 
3’-CCCGACATGATGAAGAGGATGG -5’ 
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(amplifying a 126bp product); (3) β-actin_2F and β-actin_2R (amplifying a 102bp product). 642 

Primer sequence and characteristics are outlined in Table 4. 643 

Table 4: PCR primers for measuring expression of β-actin reference gene. 644 

Design Primer Sequence  Tm ˚  Length GC% 

Designed from 

humpback 

whale partial 

CDS 

 

 

 

β-actin_221F 5’ GTGGCATCCTGACTCTCA 3’ 60 18 55.5 

β-actin_306R 5’ GCCACACGCAGCTCGTTATAG 3’ 66.8 21 57.1 

β-actin_1F 5’ CCTCTATGCCAACACAGTGC 3’ 63.4 20 55 

β-actin_1R 5’ TCGGGAGGAGCGATAATCTT 3’ 64.7 20 50 

β-actin _2F 5’ CTATGAGCTGCCCGATGGT 3’ 65.2 19 57.8 

β-actin_2R 5’ CCACAGGACTCCATACCCAA 3’ 64.8 20 55 

 645 

GACGCTCCCCGGGCCGTCTTCCCGTCCATCGTTGGGCGTCCCCGACACCAGGGCGTCATGGTGGGCATGGGGCAGAAG 646 
 647 
 648 
 649 
GACAGCTACGTGGGCGACGAGGCCCAGAGCAAGCGTGGCATCCTGACTCTCAAGTATCCCATTGAGCATGGCATCGTC 650 
 651 
 652 
 653 
TCACCAATTGGGACGACATGGAGAAGATCTGGCACCACACTTTCTATAACGAGCTGCGTGTGGCCCCCGAGGAGCAC 654 
CCTGTGCTGCTGACGGAGGCCCCCCTGAACCCCAAGGCCAACCGTGAGAAGATGACCCAGATCATGTTTGAGACCTT 655 
CAACACCCCAGCCATGTACGTGGCCATCCAGGCTGTGCTGTCCCTGTACGCTTCTGGCCGCACCACTGGTATAGTCA 656 
TGGACTCTGGGGATGGGGTCACCCACACGGTGCCCATCTACGAGGGGTATGCCCTCCCCCACGCCATCTTGCGTCTG 657 
GACCAGGCTGGCCGGGACCTGACAGACTACCTCATGAAGATCCTCACGGAGCGTGGTTACAGCTTCACCACCACAGC 658 
CGAGCGGGAAATCGTGCGTGATATCAAGGAGAAGCTCTGCTACGTTGCCCTGGACTTCGAGCAGGAGATGGCCACCG 659 
 660 
 661 
 662 
CCGCGTCCTCCTCCTCCTTGGAGAAGAGCTATGAGCTGCCCGATGGTCAGGTGATCACCATCGGCAACGAGCGGTTC 663 
 664 
 665 
 666 
 667 
CGGTGTCCAGAGGCCCTCTTCCAGCCCTCCTTCTTGGGTATGGAGTCCTGTGGCATCCACGAGACTACCTTCAACTC 668 
 669 
 670 
 671 
 672 
TATCATGAAGTGTGATGTCGACATCCGGAAGGACCTCTATGCCAACACAGTGCTGTCTGGTGGGACCACCATGTATC 673 

 674 
 675 
 676 
 677 
CCGGCATCGCTGACAGGATGCAGAAGGAGATCACGGCTCTGGCCCCCAGCACAATGAGGATCAAGATTATCGCTCCT 678 

 679 
 680 
 681 
CCCGAGCGCAAGTACTCGGTGTGGATCGGGGGCTCCATCCTGGCCTCGCTGTCCACCTTCCAGCAGATGTGGATCAG 682 
CAAGCAGGAGTAC 683 

 684 

Figure 6: Humpback whale β-actin mRNA partial CDS, GeneBank Accession No. EF091837.1. In orange, 685 
designed primer set 1 (β-actin_221F and β-actin_306R); in blue, designed primer set 2 (β-actin_1F and 686 
β-actin_1R); in green, designed primer set 3 (β-actin_2F and β-actin_2R). 687 

β-actin_221F 
5’-GTGGCATCCTGACTCTCA-3’ 

 

β-actin_306R 
3’-GATATTGCTCGACGCACACCG-5’ 

β-actin_1F 
5’-CCTCTATGCCAACACAGTGC-3’ 

 

β-actin_1R 
3’-TTCTAATAGCGAGGA 

β-actin_2F 
5’- CTATGAGCTGCCCGATGGT -3’ 

 

β-actin_2R 
3’-AACCCATACCTCAGGACACC-5’ 

GGGCT-5’ 
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3.2. Standard PCR to check primer function 688 

3.2.1 Leptin 689 

Leptin PCR products (144bp) were successfully amplified from Leptin 258_F and Leptin 32_R 690 

set (Figure 7). The amplicon was amplified under the following cycling conditions: initial 691 

denaturation at 94°C for 2 minutes; 30 cycles of 94°C denaturation for 15 seconds, 62°C 692 

annealing step for 30 seconds, 68°C elongation for 1 minute, followed by a final extension at 693 

72°C for 5 minutes and 4°C hold. Prior to successful amplification, the right annealing 694 

temperature of these set of primers, was determined using a gradient PCR, taking into account 695 

the Tm of Leptin 258_F and Leptin 32_R, 66.4°C, and 66.6°C, respectively, at 58°C, 59°C, 60°C, 696 

61°C, 62°C and 63°C. Amplification occurred in most of the temperature gradients except at 697 

63°C, however, the clearest band was seen at 62°C. Therefore, 62°C was selected as the 698 

annealing temperature to be used in the PCR reaction. 699 

A leptin amplicon of 68bp was also amplified from set of primers Leptin_F and Leptin_R (Figure 700 

7). Amplification was given under the following conditions: initial denaturation at 94°C for 2 701 

minutes; 30 cycles of 94°C denaturation for 15 seconds, 50°C annealing step for 30 seconds, 702 

68°C elongation for 1 minute, followed by a final extension at 72°C for 5 minutes and 4°C hold. 703 

Prior to successful amplification, the right annealing temperature of these set of primers, was 704 

determined using a gradient PCR, taking into account the Tm of Leptin_F and Leptin_R, 71.2°C 705 

and 69.2°C respectively, at: 48°C, 50°C, 52°C and 54°C while with the other cycling conditions 706 

remained the same, best amplification product was found at 50°C. 707 

 708 
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 709 

Figure 7: Agarose gel electrophoresis (4%) of leptin PCR product. Line 1, DNA molecular weight marker 710 

VIII (19 – 1114bp) (Roche); lines 2 to 5, leptin PCR product (68bp) using primers Leptin_F and Leptin_R; 711 

line 6 PCR negative control; lines 7 to 10, leptin product (144bp) using primers Leptin 258_F and Leptin 712 

32_R; line 11, PCR negative control. Image from the molecular weight marker VIII (19 – 1114bp) 713 

(Roche). 714 

 715 

The first set of leptin primers (Leptin_F and Leptin_R) amplification observed, corresponding 716 

to lines 2 to 5, are not real amplifications since they are due to common artefact amplifications 717 

or primer dimers. Although, the second set of leptin primers (Leptin 258_F and Leptin 32_R) 718 

amplified in conventional PCR, no successful amplification was obtained in RT-qPCR 719 

experiments. 720 

The Leptin sequence has two exons in humpback whale and minke whale, narrowing down the 721 

possibilities of exon-exon primer design. The primers designed in the exon-exon region did not 722 

amplified any product. 723 

3.2.2. Adiponectin 724 

The single primer set for adiponectin, Adipo72_F and Adipo252_R, with an expected amplicon 725 

of 223bp was tested and amplified by conventional PCR (Figure 8). Amplification conditions 726 

were as follow: initial denaturation at 94°C for 2 minutes; 29 cycles of 94°C denaturation for 727 

30 seconds, 57°C annealing step for 30 seconds, and 70°C elongation for 2 minutes, followed 728 

by a final extension at 72°C for 5 minutes and 4°C hold. A higher starting annealing temperature 729 
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was used due to higher primer Tm for these primers. Prior to successful amplification, the right 730 

annealing temperature of these set of primers, was determined using a gradient PCR, taking 731 

into account the Tm of Adipo72_F and Adipo252_R, 75.1°C and 65.9°C respectively, at: 57°C, 732 

59°C, 60°C, and 61°C while the other cycling conditions remained the same; the best 733 

amplification was found at 57°C, and therefore was used as the selected annealing 734 

temperature. 735 

 736 

 737 

Figure 8: Agarose gel electrophoresis (3%) of adiponectin PCR product. Line 1 and 15, DNA molecular 738 

weight marker VIII (19 – 1114bp) (Roche); lines 2 to 13, adiponectin PCR product (223bp) using 739 

primers Adipo72_F and Adipo252_R, amplification of the product just in line 5,7 and 13; line 14 PCR 740 

negative control. Image from the molecular weight marker VIII (19 – 1114bp) (Roche). 741 

 742 

3.2.3. β-actin reference gene  743 

From the three set of primers designed for β-actin, the best amplification obtained came from 744 

the set β-actin221_F and β-actin306_R. This set amplified a product of 106bp, under the 745 

following conditions: initial denaturation at 95°C for 3 minutes; 30 cycles of 95°C for 30 746 

seconds, 51°C for 30 seconds, 72°C for 1 minute and final extension at 72°C for 5 minutes 747 

(Figure 9). Gradient PCR was performed for β-actin221_F and β-actin306_R, reference gene 748 

(Tm: 60°C and 66.8°C) at: 51°C, 55°C, 57°C, and 60°C, while the other cycling conditions 749 

remained the same. 750 
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 751 

Figure 9: Agarose gel electrophoresis (4%) of β-actin PCR product. 752 

Line 1, DNA molecular weight marker VIII (19 – 1114bp) (Roche); lines 753 

2 and 3, β-actin PCR product from humpback whale RNA isolated 754 

from blubber sample; line 4, PCR negative control. Image from the 755 

molecular weight marker VIII (19 – 1114bp) (Roche). 756 

 757 

3.3. PCR Cloning 758 

3.3.1. Leptin and adiponectin PCR products cloning 759 

Leptin PCR product from Leptin 258_F and Leptin 32_R and Leptin_F and Leptin_R sets of 760 

primers were cloned; however, the resulting sequences were not specific for leptin, but it share 761 

a 99% identity with whale common cetacean component of DNA. 762 

Adiponectin PCR product from Adipo72_F and Adipo252_R sets of primers were cloned. In 763 

order to test the content of transformed E. coli, a PCR reaction was performed with fifteen E. 764 

coli colonies (Figure 10). Plasmid DNA from seven positive E. coli colonies cloned with 765 

adiponectin were isolated and sequenced. All the sequenced products were shorter than 50bp. 766 

 767 
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 768 

Figure 10: Agarose gel electrophoresis (3%) to test different E. coli colonies transformed with 769 

adiponectin. Line 1 and 19, DNA molecular weight marker VIII (19 – 1114bp) (Roche); lines 2 to 17, 770 

different E. coli colonies transformed. Line 9, 10, 11, 12, 15, 16 and 17 positive colonies cloned with 771 

adiponectin (223bp); line 18 PCR negative control. Image from the molecular weight marker VIII (19 – 772 

1114bp) (Roche). 773 

 774 

3.3.2. β-actin PCR products cloning 775 

β-actin product was purified, cloned, and sequenced. The obtained sequence for β-actin was: 776 

 777 

5’GCCACACGCAGCTCGTTATAGAAGGTGTGGTGCCAGATCTTCTCCATGTCGTCCCAGTTGGTGACG778 

ATGCCGTGCTCGATGGGGTACTTGAGAGTCAGGATGCCACA 3’. 779 

 780 

Using BLAST NCBI nucleotide database, the sequence was found to be 98% similar to mRNA β-781 

actin of finless porpoise (Neophocaena asiaeorientalis) and sperm whale (Physeter catodon) 782 

validating the sequence identity (Figure 11). 783 

 784 
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 785 

Figure 11: β-actin mRNA sequence from humpback whale (Megaptera novaeangliae), was found to be 786 

98% identity to mRNA β-actin of finless porpoise (Neophocaena asiaeorientalis) and sperm whale 787 

(Physeter catodon), using BLAST NCBI nucleotide database. 788 

 789 

3.4. RT-qPCR & RT-qPCR validation 790 

No successful amplification of endogenous leptin from humpback whales has been made in 791 

this study. Amplification of leptin and β-actin with a Rotor-Gene Q (QIAGEN®) was attempted 792 
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on several occasions with successful amplification; however, questions of whether the 793 

amplification was due to cDNA or contaminating gDNA were raised when the reverse-794 

transcriptase negative controls appeared to show amplification, and serial dilutions appeared 795 

not to affect Ct value. 796 

An example RT-qPCR fluorescent plot is shown in figure 12, for leptin primers with differing 797 

levels of cDNA template (1µl, 0.5µl, 0.1µl, 0.01µl and 0.001µl). Each dilution nevertheless 798 

appears to line up, amplifying at approximately the same cycle and suggesting identical starting 799 

concentration. 800 

 801 

 802 

Figure 12: Raw fluorescence plot for amplification of Leptin 258_F and Leptin 325_R primers. 803 

Amplifications are from cDNA synthetised from RNA extracted from humpback whales’ 804 

blubber. All the amplifications correspond to samples from the same sample (27S11), in 5 805 

different concentration (1µl, 0.5µl, 0.1µl, 0.01µl and 0.001µl). Each concentration was run 806 

in triplicate. 807 
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 808 

Figure 13: Normalized fluorescence plot for Leptin 258_F and Leptin 325_R primers. 809 

Amplifications are from cDNA synthetised from RNA extracted from humpback whales’ 810 

blubber. All amplification showed are form the same sample (27S11). 811 

 812 

 813 

 814 

Figure 14: Melt curve plot for Leptin 258_F and Leptin 325_R primers showing one melt 815 

product indicating one amplicon resulting from the qPCR. Amplifications are from cDNA 816 

synthetised from RNA extracted from humpback whales’ blubber. All amplification showed 817 

are form the same sample (27S11). 818 

 819 



166 
 

Discussion 820 

This study sought to investigate leptin and adiponectin gene expression in humpback whale 821 

blubber tissue in order to explore the potential of these genes to serve as biomarkers of 822 

adiposity. Several steps presented challenges for robust quantification of gene expression, 823 

namely, sub-optimal RNA integrity, incomplete sequencing data available for robust primer 824 

design and possible genomic DNA contamination. Nevertheless, the attempted methodologies 825 

and optimization hereof presented valuable groundwork which future studies can build upon 826 

for quantitative investigation of utility of gene expression analysis in humpback whale adiposity 827 

research. 828 

4.1. Leptin and β-actin RT-qPCR amplification 829 

Successful amplification of the reference β-actin mRNA, given the lack of amplification in the 830 

controls, indicates that current protocols are likely at the threshold for sufficient isolation of 831 

RNA and generation of PCR product given that β-actin is expected to be a highly abundant gene 832 

transcript. The absence of leptin expression, or failure to successfully detect leptin with our 833 

protocols, may therefore, be due to either technical or physiological factors.  834 

With regard to the technical factors, the first found is the low quality of the used RNA. While 835 

there is conflicting literature data, it is often suggested that RNA integrity and purity are 836 

important in order to obtain reliable results. In fact, the recommended RIN for RNA 837 

downstream applications is quite high (RIN 8). While some studies establish that even intact 838 

RNA does not guarantee good results because RNA samples may contain inhibitors that can 839 

reduce reaction efficiency (Bustin & Nolan 2004; Wong & Medrano 2005). Other studies show 840 

that moderate degraded samples with a degradation signature may still lead to a reasonable 841 

RT-qPCR expression profile, especially if the amplicons are short (Fleige & Pfaffl 2006). This 842 

could have been the case of β-actin in this study.  843 

In addition to the RNA degradation, many factors present in samples including exogenous 844 

contaminants inhibit the RT as well as the PCR (Rossen et al. 1992; Wilson 1997). In this case, 845 

the genomic DNA concentrations and probably some fat residue may have been one of the 846 

technical impediments to amplify both leptin and adiponectin in RT-qPCR. In this study, gDNA 847 

contamination was a major problem as it was detected late in the process the problem reached 848 
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the point where uncertainty about the leptin and β-actin amplification from mRNA was a 849 

constant. Manufacturers claim that DNase digestion is not required since both QIAzol and the 850 

kit column efficiently remove the DNA. The lipid tissue kit admits that further DNA removal 851 

may be necessary for certain RNA applications that are sensitive to very small amounts of DNA. 852 

On the other hand, fat residual may be inhibiting the RT and the PCR, since some of the 853 

protocols did not perform the extra centrifugation step to separate the fat monolayer. In 854 

conclusion, the importance of starting with good RNA quality is paramount, at least during the 855 

establishment of the protocols, so it reduces the uncertainty in the process. 856 

In terms of the physiological factors, a possible lower expression of the adipokines compared 857 

to β-actin could have resulted in the not detection of the adipokines expression. In this case, 858 

the lack of detection may be overcome by increasing the amount of cDNA in the reaction so 859 

that the reaction can reach the level of detectability. Another possible reason for the non-860 

amplification of the adipokines in the RT-qPCR is a very poor amplification efficiency. Low 861 

efficiently could be the result of no very good primers design, forward and revers primers not 862 

annealing to the cDNA template at the same time or unequal amount of forward and reverse 863 

primers in the PCR mix, are the more common causes. Due to the time limitations the 864 

increment in the amount of cDNA, the troubleshooting to improve the reaction efficiency or 865 

the primers redesign was not tested; however, these are the recommended steps to follow in 866 

a future experiment. In addition, considering the already discussed structural and physiological 867 

differences of the blubber layers. It is possible that leptin is not expressed in the outer but it is 868 

expressed in the inner blubber layer, which is the layer with the most metabolic activity 869 

(Ackman et al. 1965; Ackman et al. 1975a; Ackman et al. 1975b; Lockyer et al. 1984; Aguilar & 870 

Borrell 1990; Koopman et al. 2002; Struntz et al. 2004). Alternatively, there may be a lack of 871 

leptin expression. Possibly, because the animals are not feeding at the moment the samples 872 

were taken, and the last time they ate was around 3 months prior to sample collection (samples 873 

collected during the northern migration). Although, this seems to go against the leptin 874 

resistance model presented by the fasting animals, knowledge of this physiological process is 875 

very limited. Humpback whales can fast for up to 9 months (Bengtson Nash et al. 2013). In 876 

other fasting species, leptin resistance stage is known to happen priory to 877 

hibernation/migration (before fasting) (Kronfeld-Schor et al. 2000; Concannon et al. 2001; 878 

Rousseau et al. 2003; Florant et al. 2004; Townsend et al. 2008) (REF). If applying this model 879 
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to humpback whales, after 3 months of fasting there is no need for leptin signal, since the fast 880 

period will continue. However, there is also no need for a leptin resistance stage since fat 881 

deposition has stopped a considerable time ago. 882 

If PCR is validated as a viable technique for the study of leptin or other adipokines in humpback 883 

whales, method optimisation should include additional reference genes. As mentioned above, 884 

the principal characteristic of a reference gene is that the expression level remains constant 885 

despite the environmental conditions. Several studies have reported significant variation in the 886 

expression of several reference genes (Thellin et al. 1999; Jorgensen et al. 2006; Fernandes et 887 

al. 2008), and this variation will influence relative expression RT-qPCR results (Ball et al. 2013). 888 

It is recommended the use of more than one reference gene, for a more robust experimental 889 

design. For instance, it would be worth exploring common reference genes as β2M (β2 890 

microglobulin), GAPDH (Glyceraldehyde 3-phosphate dehydrogenase), HPRT1 (Hypoxanthine-891 

guanine phosphoribosyltransferase), PGK1 (Phosphoglycerate kinase 1), RPL43 (Ribosomal 892 

Protein of the Large subunit #43) (Mahoney et al. 2004; Ohl et al. 2005; Silver et al. 2006; Boda 893 

et al. 2009). Again the lack of time does not allow us to explore these possibilities. 894 

4.2. Future strategies to explore. 895 

Transcriptome sequencing may provide an alternative strategy to consider for gene expression 896 

analysis of whale blubber tissue. The ‘transcriptome’ refers to the total sum of all messenger 897 

RNA (mRNA) molecules within an organism or specific tissue sample, for all genes being 898 

expressed in that sample at that time. This approach screens for all expressed genes, allowing 899 

the study of differentially expressed genes under different environmental conditions. This 900 

method may provide further clues whether other adipokines might be more important for 901 

adiposity than the target genes leptin or adiponectin, and also allows screening of whether 902 

other currently unknown completely novel genetic factors might correlate with nutritional 903 

status in humpback whale blubber. This approach therefore allows many targets to be 904 

evaluated simultaneously, reducing cost and increasing the information payoff for precious 905 

and difficult-to-collect samples. However, the disadvantage of transcriptome sequencing is 906 

that relies on extremely high quality RNA and requires higher yields of RNA than candidate 907 

studies. The Australian Genome Research Facility Ltd (AGRF) in Brisbane, Australia, for 908 

example, requires 3ug of RNA per sample, at a concentration of ≥ 100ng/ul, with DNase I 909 
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treatment, an A260/A280 ratio of purity (1.8-2.0), and evaluation by both fluorometry (for 910 

extremely accurate RNA quantitation) and analysis with the Agilent 2100 Bioanalyzer 911 

microfluidics platform, in order to obtain a RIN of ≥ 8 (Facility 2014). This would currently 912 

present an issue for the samples collected in this study; however, future collections refining 913 

both collection, sample preservation, and RNA extraction procedures may optimise humpback 914 

whale blubber analysis to the point where transcriptomics would be possible. 915 

In conclusion, although this study was not able to establish the utility of whale adipokine gene 916 

expression assays as a marker for adiposity levels in migrating humpback whales, it has 917 

commenced the development of protocols and gene expression RT-qPCR assays for leptin and 918 

adiponectin, which are at the conventional PCR stage currently. Further work developing and 919 

validating these assays therefore needs to be undertaken, and once completed, can be used 920 

to evaluate whether adipokine expression levels correlate with migration/nutritional status. 921 

While still in the early stages, this may be important for understanding the extreme fluctuations 922 

in lipid hormones, their role in fasting metabolic rate, and the resulting levels of energetic 923 

reserves, and in turn, allowing researchers to understand the larger picture of the health of 924 

the ecosytems that these ocean sentinels represent.  925 
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Madge L.A., Schechner J.S., Schwabb M.B. & Polverini P.J. (1998) Biological action of leptin as 1159 
an angiogenic factor. Science 281, 1683-6. 1160 

Silver N., Best S., Jiang J. & Thein S.L. (2006) Selection of housekeeping genes for gene expression 1161 
studies in human reticulocytes using real-time PCR. BMC Molecular Biology 7, 33. 1162 



176 
 

Sobolesky P.M., Harrell T.S., Parry C., Venn-Watson S. & Janech M.G. (2016) Feeding a Modified Fish 1163 
Diet to Bottlenose Dolphins Leads to an Increase in Serum Adiponectin and Sphingolipids. 1164 
Frontiers in Endocrinology 7. 1165 

Spady T.J., Harlow H.J., Butterstein G. & Durrant B. (2009) Leptin as a surrogate indicator of body fat in 1166 
the American black bear. Ursus 20, 120-30. 1167 

Steppan C.M., Crawford D.T., Chidsey-Frink K.L., Ke H. & Swick A.G. (2000) Leptin is a potent stimulator 1168 
of bone growth in ob/ob mice. Regulatory Peptides 92, 73-8. 1169 

Struntz D.J., McLellan W.A., Dillaman R.M., Blum J.E., Kucklick J.R. & Pabst D.A. (2004) Blubber 1170 
development in bottlenose dolphins (Tursiops truncatus). Journal of Morphology 259, 7-20. 1171 

Takeda Y., Nakanishi K., Tachibana I. & Kumanogoh A. (2012) Chapter Sixteen - Adiponectin: A Novel 1172 
Link Between Adipocytes and COPD. In: Vitamins & Hormones (ed. by Litwack G), pp. 419-35. 1173 
Academic Press. 1174 

Taniguchi M., Basarab J.A., Dodson M.V. & Moore S.S. (2008) Comparative analysis on gene expression 1175 
profiles in cattle subcutaneous fat tissues. Comparative Biochemistry and Physiology Part D: 1176 
Genomics and Proteomics 3, 251-6. 1177 

Thellin O., Zorzi W., Lakaye B., De Borman B., Coumans B., Hennen G., Grisar T., Igout A. & Heinen E. 1178 
(1999) Housekeeping genes as internal standards: use and limits. Journal of biotechnology 75, 1179 
291-5. 1180 

Townsend K.L., Kunz T.H. & Widmaier E.P. (2008) Changes in body mass, serum leptin, and mRNA levels 1181 
of leptin receptor isoforms during the premigratory period in Myotis lucifugus. Journal of 1182 
Comparative Physiology B 178, 217-23. 1183 

Trayhurn P. (2005) REVIEW Endocrine and signalling role of adipose tissue: new perspectives on fat. 1184 
Acta Physiol Scand 184, 285-93. 1185 

Trayhurn P. & Beattie J.H. (2001) Physiological role of adipose tissue: white adipose tissue as an 1186 
endocrine and secretory organ. Proceedings of the Nutrition Society 60, 329-39. 1187 

Trayhurn P., Bing C. & Wood I.S. (2006) Adipose tissue and adipokines—energy regulation from the 1188 
human perspective. The Journal of Nutrition 136, 1935S-9S. 1189 

Tsatsoulis A., Mantzaris M.D., Bellou S. & Andrikoula M. (2013) Insulin resistance: an adaptive 1190 
mechanism becomes maladaptive in the current environment—an evolutionary perspective. 1191 
Metabolism 62, 622-33. 1192 

Tups A. (2009) Physiological models of leptin resistance. Journal of Neuroendocrinology 21, 961-71. 1193 

Turer A. & Scherer P. (2012) Adiponectin: mechanistic insights and clinical implications. Diabetologia 1194 
55, 2319-26. 1195 

Ukkola O. & Santaniemi M. (2002) Adiponectin: a link between excess adiposity and associated 1196 
comorbidities? Journal of Molecular Medicine 80, 696-702. 1197 

Venn-Watson S., Smith C., Stevenson S., Parry C., Daniels R., Jensen E., Cendejas V., Balmer B., Janech 1198 
M., Neely B. & Wells R. (2013) Blood-Based Indicators of Insulin Resistance and Metabolic 1199 
Syndrome in Bottlenose Dolphins (Tursiops truncatus). Frontiers in Endocrinology 4. 1200 



177 
 

Villafuerte B.C., Fine J.B., Bai Y., Zhao W., Fleming S. & DiGirolamo M. (2000) Expressions of Leptin and 1201 
Insulin-Like Growth Factor-I Are Highly Correlated and Region-Specific in Adipose Tissue of 1202 
Growing Rats. Obesity Research 8, 646-55. 1203 

Viscarra J.A., Champagne C.D., Crocker D.E. & Ortiz R.M. (2011a) 5’AMP-activated protein kinase activity 1204 
is increased in adipose tissue of northern elephant seal pups during prolonged fasting-induced 1205 
insulin resistance. Journal of Endocrinology, JOE-11-0017. 1206 

Viscarra J.A., Vázquez-Medina J.P., Crocker D.E. & Ortiz R.M. (2011b) Glut4 is upregulated despite 1207 
decreased insulin signaling during prolonged fasting in northern elephant seal pups. American 1208 
Journal of Physiology-Regulatory, Integrative and Comparative Physiology 300, R150-R4. 1209 

Weitten M., Robin J.-P., Oudart H., Pévet P. & Habold C. (2013) Hormonal changes and energy substrate 1210 
availability during the hibernation cycle of Syrian hamsters. Hormones and Behavior 64, 611-7. 1211 

Weyer C., Funahashi T., Tanaka S., Hotta K., Matsuzawa Y., Pratley R.E. & Tataranni P.A. (2001) 1212 
Hypoadiponectinemia in obesity and type 2 diabetes: close association with insulin resistance 1213 
and hyperinsulinemia. Journal of Clinical Endocrinology & Metabolism 86, 1930-5. 1214 

Widmaier E.P., Long J., Cadigan B., Gurgel S. & Kunz T.H. (1997) Leptin, corticotropin-releasing hormone 1215 
(CRH), and neuropeptide Y (NPY) in free-ranging pregnant bats. Endocrine 7, 145-50. 1216 

Wilson I.G. (1997) Inhibition and facilitation of nucleic acid amplification. Applied and Environmental 1217 
Microbiology 63, 3741. 1218 

Wong M.L. & Medrano J.F. (2005) Real-time PCR for mRNA quantitation. Biotechniques 39, 75-85. 1219 

Yamauchi T., Kamon J., Waki H., Terauchi Y., Kubota N., Hara K., Mori Y., Ide T., Murakami K. & 1220 
Tsuboyama-Kasaoka N. (2001) The fat-derived hormone adiponectin reverses insulin resistance 1221 
associated with both lipoatrophy and obesity. Nature Medicine 7, 941-6. 1222 

Yim H.-S., Cho Y.S., Guang X., Kang S.G., Jeong J.-Y., Cha S.-S., Oh H.-M., Lee J.-H., Yang E.C., Kwon K.K., 1223 
Kim Y.J., Kim T.W., Kim W., Jeon J.H., Kim S.-J., Choi D.H., Jho S., Kim H.-M., Ko J., Kim H., Shin 1224 
Y.-A., Jung H.-J., Zheng Y., Wang Z., Chen Y., Chen M., Jiang A., Li E., Zhang S., Hou H., Kim T.H., 1225 
Yu L., Liu S., Ahn K., Cooper J., Park S.-G., Hong C.P., Jin W., Kim H.-S., Park C., Lee K., Chun S., 1226 
Morin P.A., O'Brien S.J., Lee H., Kimura J., Moon D.Y., Manica A., Edwards J., Kim B.C., Kim S., 1227 
Wang J., Bhak J., Lee H.S. & Lee J.-H. (2014) Minke whale genome and aquatic adaptation in 1228 
cetaceans. Nat Genet 46, 88-92. 1229 

Zhang Y., Proenca R., Maffei M., Barone M., Leopold L. & Friedman J.M. (1994) Positional cloning of the 1230 
mouse obese gene and its human homologue. Nature 372, 425. 1231 

Zieba D., Amstalden M. & Williams G. (2005) Regulatory roles of leptin in reproduction and metabolism: 1232 
a comparative review. Domestic Animal Endocrinology 29, 166-85.1233 



178 
 

 

 

 

 

 

 

Chapter VI 

Implications, Key Findings and Future Research 

 



179 
 

Implications, Key Findings and Future Research  1 

The role of body condition (BC) in cetaceans is an important determinant of individual fitness 2 

(Green 2001; Schamber et al. 2009; Peig & Green 2010); therefore, this subject has been 3 

extensively studied. Its relevance is further enhanced beyond the individual through its 4 

reflection of the population and environmental factors (Bengtson Nash et al. 2017; Tartu et al. 5 

2017). As such, information yielded by this parameter is of highest relevance for conservation 6 

biology and ecology and should be routinely ascertained as part of long-term monitoring 7 

programs. Although the study of cetaceans generally inherently difficult, the value information 8 

regarding BC can contribute is such that a long list of methodologies has already been 9 

proposed. Despite historical efforts however, there is currently no single optimal method for 10 

routine application that satisfies the identified criteria of being both non-lethal and robust for 11 

live and dead animals, across age-categories and species, whilst being inexpensive and thus 12 

affording the high throughput required for routine monitoring. 13 

Given the ecological importance of the cetacean BC measure and the multidisciplinary need 14 

for robust methodologies, the current project was designed to advance the development of 15 

non-lethal methods for the evaluation of cetacean energetic reserves. Humpback whales 16 

present an excellent model for this objective since the life-history, particularly of southern 17 

hemisphere populations, involve extreme fluctuations in lipid dynamics. These dynamics are 18 

characterized by periods of intensive food intake where the energetic reserves are acquired, 19 

followed by periods of fasting accompanied by intense energy expenditure. This life-history 20 

behaviour allowed for method validation on blubber samples obtained from animals early in 21 

the migration, during which the individuals were entering into the phase of lipid mobilization, 22 

and late in the migration in which the individuals were in advanced stages of lipid mobilization. 23 

This experimental design provided an excellent basis for the investigation of energy reserves, 24 

allowing comparison between fed and fasted. 25 

The project conducted a comprehensive review of current methodologies available for BC 26 

quantification in cetaceans by identifying the priorities for the improvement and 27 

standardization of current methodologies and by highlighting the potential and importance of 28 

new developments. The project further developed and validated a simple and inexpensive 29 

methodology for the evaluation of BC in cetaceans, which proved more powerful in 30 
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differentiating between fed and fasted cohorts when compared to the frequently applied 31 

measure of blubber lipid content. Having identified the future potential of ‘omic approaches 32 

for the advancement of our understanding and quantification of cetacean BC, Chapter IV 33 

encompasses the basics of RNA extraction from humpback whale blubber tissue, as well as 34 

associated challenges which have not previously been outlined in the literature, but which may 35 

explain the limited number of studies that report downstream applications of RNA from baleen 36 

whales. Quality RNA is a prerequisite for transcriptome sequencing, as well as various other 37 

molecular techniques. Finally, preliminary downstream application of RNA for the 38 

quantification of key theoretical RNA targets was performed in Chapter V, alongside discussion 39 

of inherent challenges. 40 

 41 

Chapter II: Evaluating Cetacean Body Condition; a Review of Traditional 42 

Approaches and New Developments. 43 

The vast majority of approaches that have applied for the quantification of BC in cetaceans, 44 

have been performed on carcasses, and the methodologies are not easily transferred to free 45 

roaming individuals. Complexities in transfer include; logistic and ethical challenges as, 46 

restraint of individuals use of complex and costly equipment and animal ethics permits. 47 

Although the value of information obtained under ideal conditions with these methodologies 48 

is high, the complexities associated with their transfer to free-roaming individuals often limits 49 

their inclusion in routine monitoring studies. On the other hand, data obtained only from 50 

stranded animals where suitable sampling conditions are afforded must in the context of 51 

population monitoring be considered biased, both in terms of representativeness of the 52 

individual of the population as a whole, as well as sample integrity depending on the carcasses 53 

decomposition code (Aguilar et al. 1999; Krahn et al. 2004; Boyd et al. 2010). Thus, despite 54 

considerable historical effort, these factors significantly constrain methodological options 55 

available for the purpose of large-scale application across living and deceased animals and 56 

different species. 57 

Technological advancements continue to open doors to new opportunities and approaches. 58 

Nevertheless, it is important to establish research priorities, so that targeted efforts result in 59 
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practical outcomes. This project proposes a number of such priorities for the development of 60 

standardized and robust non-lethal approaches. For instance, the evaluation of a multiple 61 

approaches performance and complementarity, more validation of the current biomarkers and 62 

further research and development of molecular biomarkers. 63 

Blubber lipid content is a frequently applied approach. It carries the distinct advantage that it 64 

can readily be applied to both stranded and live animals, requires only a small sample amount 65 

and is relatively inexpensive and quick to analyse. The major limitation associated with the 66 

measure appears to be the extent to which samples obtained by remote biopsy systems align 67 

with data obtained from approaches such as surgical biopsies, as well as the extent to which 68 

different lipid quantification methodologies align. Biopsy samples present well-documented 69 

sampling effects, for example lipid loss and higher error when handling small sample amounts. 70 

An evaluation in order to identify the minimum blubber tissue needed for acceptable handling 71 

error in lipid concentration and comparison of findings between biopsied and necropsy 72 

collected tissue, would provide clarification on optimal sample size and therefore better 73 

alignment between studies. Relatively new adipocyte metrics, specifically the Adipocyte Index 74 

(AI), present similar advantages to those offered in the blubber lipid content method. However, 75 

its performance has shown to be more sensitive that blubber lipid content. As in other 76 

approaches, its major limitation is the outer blubber layer threshold. 77 

Blubber tissue complexity is a common limitation for most of the blubber measure 78 

methodologies. Blubber differs in biochemical composition and function along its depth 79 

(Lockyer et al. 1984; Strandberg et al. 2008). While the inner part of the blubber is the most 80 

dynamic and plays a major role in the metabolism, the outer layer is associated with 81 

thermoregulation, buoyancy, water balance, and locomotion, among other important 82 

physiological functions (Ryg et al. 1988; Koopman et al. 2002). Aside from energy storage, the 83 

multiple ancillary functions of this outer blubber layer, which is also the most readily accessible 84 

tissue, means that lipid reserves in this layer cannot be substantially altered without negatively 85 

affecting these ancillary functions. Consequently, the outer blubber layer must be considered 86 

a “maintenance” lipid store with an inherent threshold of lipid loss. This threshold in turn may 87 

mask marked changes in overall lipid fluctuations. However, little is known about whole body 88 

lipid dynamics and the extent and role of blubber stratification is highly species specific 89 

(Ackman et al. 1975; Lockyer et al. 1984; Aguilar & Borrell 1990; Koopman et al. 1996; 90 
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Koopman et al. 2002; Samuel & Worthy 2004; Elfes 2008; Montie et al. 2008; Ball et al. 2015). 91 

A better understanding of lipid dynamics and functional blubber stratification would carry 92 

important benefits in the application of some methodologies such as blubber lipid content and 93 

adipocyte metrics. 94 

Despite the numerous methodologies already proposed for the quantification of BC in 95 

cetaceans, the search for a single, or select suite of practical and standardized approaches 96 

remains. Recent progress and affordability of molecular approaches has opened the door to 97 

potentially accelerated identification of relevant molecular biomarkers for the evaluation of 98 

metabolism and BC. The advantage of using appropriate biochemical biomarkers over 99 

morphometric measures is that through them it is possible to focus on physiological changes. 100 

Omic approaches are high throughput techniques that have revolutionised the way 101 

mammalian physiology is investigated and understood. For instance, investigation of blubber 102 

secretome (genomics, transcriptomics, proteomics and metabolomics), can help to elucidate 103 

different physiological pathways related to lipid dynamics and allow for the exploration of new 104 

BC biomarkers. Although the initial sequencing is costly, the subsequent quantification of 105 

identified targets is not. 106 

As more reliable, cost efficient and widely applicable methodologies to quantify BC are 107 

established, their implementation will facilitate more reliable data and study comparisons. A 108 

proposed methodology flow chart is presented in figure 8. 109 

 110 

Chapter III: The Blubber Adipocyte Index; A Non-destructive Biomarker of Adiposity 111 

in Humpback Whales (Megaptera novaeanglia) 112 

Having identified a practical research gap for the development of non-lethal and widely 113 

applicable BC measures in cetaceans, this chapter develops and validates adipocyte metrics as 114 

a proxy for energetic reserves. The approach is based on the principle that any change in the 115 

BC results in a change in adipocytes size (volume or area) (Faust et al. 1978). It is calculated 116 

through histological assessment of superficial blubber obtained by remote biopsy or necropsy. 117 

It carries the advantage that it can be applied to stranded and free roaming individuals. As the 118 

technique uses just a small piece of blubber, the proxy can be implemented as part of the 119 
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monitoring studies that take biopsy samples from large or small cetaceans. Adipocyte metrics 120 

exceeded the sensitivity of blubber lipid content in differentiating between fed and fasted 121 

cohorts. Thus, inclusion of the AI is advocated for long-term monitoring programs. In addition, 122 

the measure carries significant potential for the study of different variables associated with BC 123 

and lipid dynamics. For instance, this index can assist in the investigation of lipid deposition 124 

rate in feeding grounds or lipid utilization in breeding grounds or along migration, in finding 125 

information related to foraging habitat quality and energy transfer from mother to calf. AI also 126 

can be used along with other BC proxies such as UAV and the glide method as complementary 127 

approaches and as a validation method. AI can even be used in parallel with acoustics to 128 

determine if the individual call for mating carries any BC information. Recently, AI was used to 129 

investigate the inter-annual variability of humpback whales’ adiposity in relation to climate 130 

conditions in their corresponding Antarctic feeding grounds. The AI measure corresponded 131 

directly with other measures of adiposity and presented a close relationship with the 132 

oscillations of the climatic variables in the in the corresponding Antarctic feeding area over the 133 

8-year study period (Bengtson Nash et al. 2017). Adipocyte metrics offer the benefits of cost-134 

efficiency, practicality and easy implementation in a monitoring program with sample 135 

collection, limited by the outer blubber threshold and is not considered suitable for dependent 136 

calves without a fully developed blubber layer. 137 

 138 

Chapter IV: RNA Isolation from Humpback Whale (Megaptera novaeangliae) 139 

Blubber Samples for Downstream Applications 140 

Chapter II highlighted the potential of molecular techniques for filling the identified BC 141 

measure research gap. Some of these molecular approaches, such as quantification of gene 142 

expression and transcriptomics, rely on quality RNA as a prerequisite for successful 143 

downstream applications. Chapter VI therefore sought to isolate high quality, pure and intact 144 

total RNA from humpback whales blubber. The desired level of RNA quality was not achieved; 145 

hence the chapter describes the strategic approach taken for method optimization and the 146 

difficulties encountered. These have not previously been detailed in the literature, but may be 147 

a key reason as to why so few studies report blubber RNA extractions or any of its downstream 148 

application in cetaceans. 149 
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Despite numerous optimization steps, including homogenization, extraction kits and protocols, 150 

degraded RNA remained a persistent issue. Investigations into possible source of degradation, 151 

such as sample storage time and storage methods did not yield conclusive results. It is 152 

suggested that the lipid richness of the blubber tissue, relatively low tissue RNA content and 153 

possible high RNAse activity may lie behind the issues encountered. 154 

Given the critical nature of quality RNA extraction for exploration of numerous new molecular 155 

approaches, further optimization steps are presented and discussed. Both transcriptomics and 156 

gene expression carry the potential for accelerated identification of suitable BC biomarkers, 157 

facilitating valuable insight into physiological pathways. 158 

 159 

Chapter V: Exploration of Adipokine Expression in Humpback Whale (Megaptera 160 

novaeangliae) blubber 161 

In parallel fields of research, the expression of adipose tissue derived adipokines have been 162 

studied for their role in lipid homeostasis. The downstream application of RNA for their 163 

quantification was trialled in Chapter IV, despite the sub-optimal quality of RNA extracted 164 

through Chapter IV. This was attempted as key targets, leptin, adiponectin and β-actin, 165 

amplicons are short and as such it is possible to amplify the product even from fragmented 166 

RNA. Ultimately, targeted products, aside from the key “house-keeping” gene β-actin were not 167 

successfully detected or sequenced. RNA quality remains the key suspected influencing factor 168 

although the nature of the matrix must again be considered. Deeper blubber tissues are more 169 

metabolically active than the outer layer. It is therefore feasible that deeper layers have a 170 

higher expression of leptin and adiponectin than the outer layer which was accessed in this 171 

study. Species specific comparisons between adipokines expression in the inner vs outer 172 

blubber layers is therefore advocated. 173 

 174 

Conclusion and Future Research  175 

This project made clear the importance of the measurement of BC in cetaceans. It compiled 176 

the main factors that influence it and the repercussions at the individual population and 177 
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ecological level. Despite its complexity, its relevance has led many efforts to focus on finding 178 

more appropriate methods for this measurement. Here the available approaches are described 179 

and analysed according to their potential to suit monitoring programs This project provided a 180 

guide for the prioritization of future research on the subject of cetaceans BC. As part of the 181 

project a new method to measure BC was proposed. Adipocyte index in addition to its 182 

suitability for routine application, exceed the sensitivity of the hitherto wider used 183 

methodology blubber lipid content. Its limitation is discussed and further research on the 184 

complexity of blubber tissue is advised. 185 

In response to the potential identified in the molecular techniques in regards to BC 186 

methodologies development, the project pursued isolate high quality RNA from blubber for 187 

downstream applications. Although this aim could not be achieved, important guidelines were 188 

left to continue with the process optimization. Finally, preliminary steps were taken to apply 189 

RNA downstream application more specific to the gene expression of target proteins related 190 

with the BC. However, the greatest limitation was the low quality of the RNA extracted. 191 

The ability to accurately monitor fluctuating energy reserves in ocean sentinel species has 192 

never been of greater importance than in this era of accelerated habitat degradation and 193 

biodiversity loss. 194 

 195 
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 207 

 208 

 209 

 210 

 211 

Figure 1: Conceptual diagram of energetic reserves. 212 

  213 
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 206 

Figure 2: Proposed body condition methodology flowchart.  207 
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Chapter III Appendix 1 

 

Published Paper Supplementary Information 

 

Label Year Migration 
 

Adipocytes 
Ad. Area in 

µm AI Lipid % 

10N08 2008 Early Migration 119 13826.818 15.7 58.947 

11N08 2008 Early Migration 112 10850.554 19.05 - 

17N08 2008 Early Migration 127 9219.674 20.62 43.964 

20N08 2008 Early Migration 106 14116.178 22.2 45.197 

22N08 2008 Early Migration 142 11861.525 16.04 58.333 

24N08 2008 Early Migration 135 12241.443 16.82 48.092 

26N08 2008 Early Migration 105 10040.466 18.01 27.763 

4N09 2009 Early Migration 150 5405.933 38.23 7.759 

11N09 2009 Early Migration 219 3418.111 50.95 9.697 

1N14 2014 Early Migration 155 5315.204 43.17 30.587 

3N14 2014 Early Migration 109 9258.618 20.65 42.795 

6N14 2014 Early Migration 117 11246.911 14.06 45.936 

7N14 2014 Early Migration 154 6387.463 26.4 - 

8N14 2014 Early Migration 112 8551.376 33.24 - 

9N14 2014 Early Migration 108 10259.521 17.54 28.095 

10N14 2014 Early Migration 128 8192.769 22.6 34.168 

13N14 2014 Early Migration 124 7926.454 31.65 - 

15N14 2014 Early Migration 111 9527.198 37.06 34.464 

16N14 2014 Early Migration 111 9680.267 18.78 53.491 

17N14 2014 Early Migration 113 8656.100 27.99 62.406 

18N14 2014 Early Migration 103 11169.263 13.99 63.356 

19N14 2014 Early Migration 125 9815.459 14.21 68.702 

20N14 2014 Early Migration 125 9235.178 20.26 48.092 

21N14 2014 Early Migration 125 10787.123 19.71 39.594 

22N14 2014 Early Migration 120 8877.279 24.83 50.809 

23N14 2014 Early Migration 109 11532.721 14.02 47.363 

24N14 2014 Early Migration 106 9315.530 23.68 57.003 

26N14 2014 Early Migration 137 9105.802 18.85 53.847 

27N14 2014 Early Migration 112 10385.197 21.52 24.167 

28N14 2014 Early Migration 129 7899.791 27.64 36.196 

29N14 2014 Early Migration 103 10854.520 22.37 42.012 

30N14 2014 Early Migration 115 9438.081 28.58 50.212 

31N14 2014 Early Migration 113 9860.583 20.15 45.308 

32N14 2014 Early Migration 175 6520.437 20.89 51.741 

33N14 2014 Early Migration 163 6735.985 30.37 31.573 

34N14 2014 Early Migration 141 11450.071 23.89 56.378 

35N14 2014 Early Migration 110 10801.621 23.25 70.21 

36N14 2014 Early Migration 126 12378.112 20.77 61.588 

37N14 2014 Early Migration 135 8907.055 11.83 51.236 

38N14 2014 Early Migration 103 11267.573 18.84 77.656 

39N14 2014 Early Migration 144 6203.506 21.95 77.556 

40N14 2014 Early Migration 142 7118.191 33.51 49.1 

12S08 2008 Late Migration 100 10343.507 24.89 31.38 

15S08 2008 Late Migration 131 9192.588 15.84 54.386 

23S08 2008 Late Migration 161 5160.120 45.99 21.344 

1S09 2009 Late Migration 147 7820.891 21.61 - 

3S09 2009 Late Migration 178 6106.207 33.93 48.337 
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Label Year Migration 
 

Adipocytes 
Ad. Area in 

µm AI Lipid % 

4S09 2009 Late Migration 131 9095.086 19.57 69.634 

6S09 2009 Late Migration 102 10200.930 23.71 - 

11S09 2009 Late Migration 102 10535.341 17.92 63.203 

15S09 2009 Late Migration 114 9025.898 22.89 59.593 

7S11 2011 Late Migration 118 5768.960 51 34.945 

8S11 2011 Late Migration 149 4883.335 55.24 25.693 

11S11 2011 Late Migration 126 5897.233 53.43 15.633 

23S11 2011 Late Migration 137 4097.103 66.01 32.381 

24S11 2011 Late Migration 111 5722.345 45.26 30.43 

2S13 2013 Late Migration 147 7092.895 31.34 61.37 

3S13 2013 Late Migration 156 6942.774 32.75 45.59 

5S13 2013 Late Migration 146 7329.001 28.4 55.53 

6S13 2013 Late Migration 179 6101.582 36.07 44.2 

7S13 2013 Late Migration 158 4789.038 55.12 26.32 

8S13 2013 Late Migration 102 10389.919 41.48 56.52 

9S13 2013 Late Migration 123 10742.649 41.44 54.92 

10S13 2013 Late Migration 209 4698.791 38.66 44.44 

11S13 2013 Late Migration 100 7057.756 47.61 64.59 

12S13 2013 Late Migration 143 8151.977 29.01 61.93 

13S13 2013 Late Migration 197 5629.713 30.25 51.85 

14S13 2013 Late Migration 241 4050.186 49.46 56.55 

15S13 2013 Late Migration 177 4721.627 55.77 24.22 

16S13 2013 Late Migration 140 6393.586 40.87 47.89 

17S13 2013 Late Migration 145 6847.941 27.01 42.62 

20S13 2013 Late Migration 152 7190.742 30.21 53.38 

21S13 2013 Late Migration 171 5958.726 37.82 39.13 

22S13 2013 Late Migration 189 5098.332 40.81 57.78 

26S13 2013 Late Migration 111 9632.408 17.47 67.41 

28S13 2013 Late Migration 208 5370.517 26.74 54.42 

29S13 2013 Late Migration 117 8323.319 28.08 58.64 

31S13 2013 Late Migration 132 7180.886 35.39 22.5 

33S13 2013 Late Migration 121 10424.705 26.85 43.76 

34S13 2013 Late Migration 138 8639.923 27.77 47.95 

35S13 2013 Late Migration 133 7294.384 29.78 54.41 

36S13 2013 Late Migration 110 8933.110 31.56 47.54 

37S13 2013 Late Migration 149 6298.322 39.95 64.83 

1S15 2015 Late Migration - - 35.61 55.6567 

2S15 2015 Late Migration - - 41.02 47.8053 

3S15 2015 Late Migration - - 15.31 36.5357 

4S15 2015 Late Migration - - 19.71 37.1851 

5S15 2015 Late Migration - - 14.36 57.4292 

6S15 2015 Late Migration - - 16.75 57.5686 

7S15 2015 Late Migration - - 24.77 48.0213 

8S15 2015 Late Migration - - 44.46 32.218 

9S15 2015 Late Migration - - 23.03 45.088 

10S15 2015 Late Migration - - 53.82 9.55096 

11S15 2015 Late Migration - - 35.15 20.7143 

12S15 2015 Late Migration - - 32.85 29.1001 

13S15 2015 Late Migration - - 36.4 31.0996 

14S15 2015 Late Migration - - 25.57 13.2368 

15S15 2015 Late Migration - - 31.51 49.9288 

16S15 2015 Late Migration - - 21.65 8.32145 

17S15 2015 Late Migration - - 40.13 56.3575 

18S15 2015 Late Migration - - 14.18 49.3052 

19S15 2015 Late Migration - - 36.19 37.5542 

20S15 2015 Late Migration - - 38.88 45.2035 
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Label Year Migration 
 

Adipocytes 
Ad. Area in 

µm AI Lipid % 

21S15 2015 Late Migration - - 45.6 17.8225 

22S15 2015 Late Migration - - 19.59 37.3073 

23S15 2015 Late Migration - - 50.41 22.6065 

24S15 2015 Late Migration - - 13.62 71.8589 

25S15 2015 Late Migration - - 23.41 43.1831 

26S15 2015 Late Migration - - 32.16 60.8119 

27S15 2015 Late Migration - - 35.72 65.2551 

28S15 2015 Late Migration - - 48.08 33.2268 

29S15 2015 Late Migration - - 35.57 48.9396 

30S15 2015 Late Migration - - 29.48 25.3968 

31S15 2015 Late Migration - - 19.28 51.4205 

32S15 2015 Late Migration - - 55.11 43.413 

33S15 2015 Late Migration - - 36.78 38.8181 

34S15 2015 Late Migration - - 22.85 32.1695 

35S15 2015 Late Migration - - 26.51 29.5734 

37S15 2015 Late Migration - - 27.27 21.0047 

38S15 2015 Late Migration - - 20.47 29.4155 

39S15 2015 Late Migration - - 23.76 24.9582 

40S15 2015 Late Migration - - 28.3 11.9829 

41S15 2015 Late Migration - - 31.81 57.9344 

42S15 2015 Late Migration - - 31.06 38.9091 

43S15 2015 Late Migration - - 27.93 8.46774 

44S15 2015 Late Migration - - 41.63 45.1663 

45S15 2015 Late Migration - - 39.86 55.7819 

46S15 2015 Late Migration - - 13.11 57.9613 

47S15 2015 Late Migration - - 18 51.8771 

48S15 2015 Late Migration - - 23.83 33.529 

50S15 2015 Late Migration - - 30.83 53.6224 

52S15 2015 Late Migration - - 12.92 38.8552 

53S15 2015 Late Migration - - 30.39 26.1596 

54S15 2015 Late Migration - - 30.62 48.7034 

55S15 2015 Late Migration - - 60.9 - 

56S15 2015 Late Migration - - 50.64 17.5125 

57S15 2015 Late Migration - - 23.25 59.1981 

58S15 2015 Late Migration - - 36 43.4016 

59S15 2015 Late Migration - - 35.62 49.9473 

60S15 2015 Late Migration - - 19.58 57.2009 

61S15 2015 Late Migration - - 29.19 45.2502 

62S15 2015 Late Migration - - 21.26 49.1569 

63S15 2015 Late Migration - - 33.28 58.6994 

64S15 2015 Late Migration - - 61.22 - 

65S15 2015 Late Migration - - 47.41 14.7739 

66S15 2015 Late Migration - - 23.15 43.7931 

67S15 2015 Late Migration - - 46.5 2.81501 

1N16 2016 Early Migration - - 32.22 - 

4N16 2016 Early Migration - - 38.11 - 

5N16 2016 Early Migration - - 25.23 - 

6N16 2016 Early Migration - - 30.72 - 

7N16 2016 Early Migration - - 45.5 - 

8N16 2016 Early Migration - - 32.38 - 

9N16 2016 Early Migration - - 31.69 - 

10N16 2016 Early Migration - - 32.7 - 

11N16 2016 Early Migration - - 40.81 - 

12N16 2016 Early Migration - - 34.98 - 

13N16 2016 Early Migration - - 37.18 - 

14N16 2016 Early Migration - - 28.11 - 
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Label Year Migration 
 

Adipocytes 
Ad. Area in 

µm AI Lipid % 

15N16 2016 Early Migration - - 24.67 - 

16N16 2016 Early Migration - - 33.63 - 

17N16 2016 Early Migration - - 17.53 - 

18N16 2016 Early Migration - - 36.72 - 

19N16 2016 Early Migration - - 19.15 - 

21N16 2016 Early Migration - - 37.09 - 

22N16 2016 Early Migration - - 30.38 - 

24N16 2016 Early Migration - - 24.45 - 

25N16 2016 Early Migration - - 19.84 - 

26N16 2016 Early Migration - - 38.58 - 

27N16 2016 Early Migration - - 30.48 - 

28N16 2016 Early Migration - - 37.26 - 

30N16 2016 Early Migration - - 22.33 - 

31N16 2016 Early Migration - - 29.74 - 

32N16 2016 Early Migration - - 19.28 - 

33N16 2016 Early Migration - - 32.29 - 

34N16 2016 Early Migration - - 45.78 - 

35N16 2016 Early Migration - - 10.46 - 

36N16 2016 Early Migration - - 21.77 - 

37N16 2016 Early Migration - - 23.99 - 

38N16 2016 Early Migration - - 30.63 - 

39N16 2016 Early Migration - - 35.63 - 

40N16 2016 Early Migration - - 34.72 - 

41N16 2016 Early Migration - - 19.08 - 

42N16 2016 Early Migration - - 41.79 - 

43N16 2016 Early Migration - - 30.14 - 

44N16 2016 Early Migration - - 32.72 - 

45N16 2016 Early Migration - - 29.82 - 

46N16 2016 Early Migration - - 46.7 - 

47N16 2016 Early Migration - - 44.9 - 

48N16 2016 Early Migration - - 51.47 - 

49N16 2016 Early Migration - - 16.06 - 

50N16 2016 Early Migration - - 13.71 - 

52N16 2016 Early Migration - - 31.58 - 

53N16 2016 Early Migration - - 13.2 - 

54N16 2016 Early Migration - - 38.13 - 

55N16 2016 Early Migration - - 23.4 - 

56N16 2016 Early Migration - - 34.14 - 

57N16 2016 Early Migration - - 42.4 - 

58N16 2016 Early Migration - - 23.19 - 

59N16 2016 Early Migration - - 16.36 - 

60N16 2016 Early Migration - - 27.09 - 

61N16 2016 Early Migration - - 14.45 - 

62N16 2016 Early Migration - - 51.69 - 
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Chapter IV Appendix 1 

 

RNA Quantification Protocols 

 

The two quantification protocols were: 

Nanodrop. Quantification method 1: The diluted sample aliquots were measured via Nanodrop 

spectrophotometer (ND-1000) through readings of 1 µl of the sample aliquot diluted 1:1 with 

1XTE buffer, which was pipetted onto the Nanodrop instrument platform and readings 

obtained via the Nanodrop software on the computer. Absorption measurements at 260 nm, 

280 nm and 230 nm were obtained, as well as the RNA concentration in ng/µl, the A260/A280 

ratio, and the A260/230 ratio for assessment of purity. 

Qubit. Quantification method 2: The sample aliquots were measured via ThermoFisher Qubit 

fluorometer through readings of 1µl of the RNA sample using a Qubit RNA BR Assay Kit. The 

qubit reactions were prepared by mixing 1 µl of the Qubit RNA fluorescent dye with 199 µl of 

Qubit RNA buffer, to make a 1:200 dilution in 200 µl volume. If more than one sample was 

measured, an appropriate amount of this working solution was made as a master mix, with 

200 µl per sample. 199 µl of the working solution was aliquoted out per sample and 1 µl of the 

diluted RNA sample aliquot was added. Two additional volumes of working solution were also 

made for the high and low standards, and 190 µl of the working solution was taken with 10 µl 

of standard added, for each standard. Standards and samples were vortexed and spun down, 

and incubated at room temperature for 2 minutes before being measured on the Qubit 

fluorometer, and sample concentrations (concentration in the original 1 µl sample used) were 

determined by the Qubit software and exported to computer. No all the samples were 

assessed by both quantification protocols. 
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Chapter IV Appendix 2 

Blubber RNA quantification with Nanodrop or Qubit, from all samples extracted 
presented by protocols. 

 

RNA Quantification 

Protocol 
Sample 

ID 

Nanodrop Spectrophotometer 

Qubit 
(ng/µl) 

Total 
RNA 
(µg) 

Concentration 
(ng/µl) 

 Ratio 

260/230 260/280 

Protocol 
1 

1A13 
180.9 1.12 2.08 

- 
10.854 

 2A13 111.3 0.86 2.01 - 6.678 
 7S13 15.1 0.22 1.53 - 0.906 
 10S13 22.5 0.18 1.5 - 1.35 
 11S13 5.9 0.08 1.74 - 0.354 
 11S13 5.5 0.13 2.18 - 0.33 
 12S13 4.4 0.03 1.54 - 0.264 

  12S13 18 0.24 1.82 - 1.08 

Protocol 
2 

4S11 
188.8 1.74 2.01 - 11.328 

 4S11 330.2 1.75 2.07 - 19.812 
 5S11 88 0.79 1.64 - 5.28 
 5S11 76 1.36 1.89 - 4.56 
 5S11 54.8 0.71 2.17 - 3.288 
 5S11 63.2 0.8 2.2 - 3.792 
 6S11 204 2.25 2.08 - 12.24 
 6S11 198 0.95 1.99 - 11.88 
 6S11 74.4 1 2.25 - 4.464 
 6S11 110.4 1.61 2.12 - 6.624 
 7S11 46.6 0.83 2.17 - 2.796 
 7S11 76.8 0.65 2.17 - 4.608 
 8S11 4.6 0.17 2.29 - 0.276 
 8S11 9.4 0.12 2.39 - 0.564 
 9S11 66.6 0.85 1.87 - 3.996 
 9S11 428 1.86 2 - 25.68 
 10S11 144.54 1.67 1.92 - 8.6724 
 10S11 281.6 1.33 2.03 - 16.896 
 11S11 183.4 1.32 1.91 - 11.004 
 11S11 140.4 1.61 2.03 - 8.424 
 12S11 8.6 0.23 1.15 - 0.516 
 12S11 26.6 0.21 1.67 - 1.596 
 13S11 82.4 0.86 1.91 - 4.944 

 13S11 93.4 0.66 1.9 - 5.604 

 14S11 59.4 1.1 2.02 - 3.564 

 14S11 174.4 2.04 1.98 - 10.464 

 15S11 13 0.26 1.39 - 0.78 
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RNA Quantification 

Protocol 
Sample 

ID 

Nanodrop Spectrophotometer 

Qubit 
(ng/µl) 

Total 
RNA 
(µg) 

Concentration 
(ng/µl) 

 Ratio 

260/230 260/280 

Protocol 
2 

15S11 
46 0.58 1.87 - 2.76 

 16S11 28.2 0.26 1.8 - 1.692 

 16S11 86 0.4 1.97 - 5.16 

 17S11 12.4 0.03 1.83 - 0.744 

 17S11 5.2 0.08 1.23 - 0.312 

 17S11 283 0.45 2.02 - 16.98 

 17S11 71.2 0.16 2.1 - 4.272 

 18S11 17.8 0.15 1.96 - 1.068 

 18S11 59 0.54 1.91 - 3.54 

 19S11 10.8 0.21 2.55 Too Low 0.648 

 19S11 537.6 1.69 2.02 - 32.256 

 20S11 822.2 1.88 2.01 - 49.332 

 20S11 178.2 1.95 1.99 106 10.692 

 21S11 9.4 0.17 2.44 - 0.564 

 21S11 12.8 0.27 1.76 - 0.768 

 22S11 66.4 0.62 1.86 - 3.984 

 22S11 74.8 1.72 2 - 4.488 

 23S11 34 0.71 1.96 - 2.04 

 23S11 73.8 1.67 1.91 - 4.428 

 23S11 79 1.77 1.96 - 4.74 

 24S11 63.4 1.47 1.97 - 3.804 

 24S11 76 - - - 4.56 

 25S11 161.6 1.79 2.06 - 9.696 
 25S11 209.6 1.34 2.01 - 12.576 
 26S11 18.4 0.39 2 - 1.104 
 26S11 56 0.59 1.97 - 3.36 
 27S11 12.8 0.1 2.26 - 0.768 
 27S11 74.6 0.79 2.06 - 4.476 
 27S11 6.9 0.09 2.55 - 0.414 
 27S11 84.3 0.66 1.91 - 5.058 
 27S11 90.3 0.69 1.58 - 5.418 
 27S11 18 0.66 2.16 - 1.08 
 27S11 46.2 0.58 1.66 - 2.772 
 27S11 49.8 0.7 1.85 - 2.988 
 27S11 181.8 1.63 1.98 - 10.908 

 27S11 133.6 1.73 1.97 - 8.016 

 27S11 72.2 1.14 1.95 - 4.332 

 27S11 85.6 2.11 2 - 5.136 

 2S13 36.6 0.77 2.05 - 2.196 
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RNA Quantification 

Protocol 
Sample 

ID 

Nanodrop Spectrophotometer 

Qubit 
(ng/µl) 

Total 
RNA 
(µg) 

Concentration 
(ng/µl) 

 Ratio 

260/230 260/280 

Protocol 
2 

2S13 
56.4 0.55 1.96 - 3.384 

 3S13 20 0.38 2.21 - 1.2 

 3S13 123 1.04 1.74 - 7.38 
 5S13 40.6 0.52 2.11 - 2.436 
 5S13 118.6 1.3 1.91 - 7.116 
 10S13 19 0.12 1.63 - 1.14 
 15S13 20 0.21 1.57 - 1.2 
 1N14 731.4 2.3 2.01 1148 43.884 
 1N14 1117 2.21 2.02 1150 67.02 
 2N14 178.4 1.78 1.99 - 10.704 
 2N14 146.8 1.78 2.02 - 8.808 
 3N14 37.8 0.65 1.83 - 2.268 
 3N14 53.4 0.79 1.98 - 3.204 
 6N14 89.2 0.71 2 - 5.352 
 6N14 86.2 0.55 1.98 - 5.172 
 7N14 20.4 0.18 2.08 - 1.224 
 7N14 65.6 0.46 2.04 - 3.936 
 8N14 78.4 0.67 1.81 52.4 4.704 
 8N14 165.6 0.97 1.94 - 9.936 
 9N14 201 1.09 2 - 12.06 
 9N14 267.4 2.12 1.98 159.2 16.044 
 10N14 79.4 1.22 1.97 - 4.764 
 10N14 82.8 0.61 1.85 - 4.968 
 11N14 260.4 1.44 1.97 - 15.624 
 11N14 140 2.04 1.97 154 8.4 
 12N14 759.4 2.25 1.99 - 45.564 
 12N14 294.4 1.86 2 432 17.664 
 13N14 56.2 0.89 1.9 32 3.372 
 13N14 227.6 1.4 1.95 - 13.656 
 14N14 91.8 1.27 1.94 - 5.508 
 14N14 117.6 0.67 1.87 - 7.056 

 15N14 19.2 0.25 2.19 - 1.152 

 15N14 108.8 1.01 1.82 - 6.528 

 16N14 122.2 1.65 1.96 - 7.332 

 16N14 62.2 0.36 2.05 - 3.732 
 17N14 58.6 0.92 2.03 - 3.516 
 17N14 75.8 1.05 2.05 - 4.548 
 

9S15 32.6 0.7 2.26 - 1.956 
 

13S15 29.4 1.85 2.29 - 1.764 
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RNA Quantification 

Protocol 
Sample 

ID 

Nanodrop Spectrophotometer 

Qubit 
(ng/µl) 

Total 
RNA 
(µg) 

Concentration 
(ng/µl) 

 Ratio 

260/230 260/280 

Protocol 
2 15S15 44.2 0.83 2.05 - 2.652 

 17S15 9 1.55 1.47 Too Low 0.54 

 22S15 5.8 0.03 1.27 - 0.348 

 33S15 7.8 0.07 1.35 - 0.468 

 44S15 7.2 0.07 1.59 - 0.432 

 60S15 19.2 0.17 1.66 - 1.152 

       
Protocol 

3 2S15 62 2.23 1.93 - 3.72 
 

3S15 133 2.12 1.99 - 7.98 
 

5S15 34 2.26 2.06 38.2 2.04 
 

6S15 128.6 1.26 2 - 7.716 
 

7S15 76.6 2.36 2.15 - 4.596 
 

16S15 69.4 2.05 2.09 49.8 4.164 
 

18S15 99.2 1.99 2.08 - 5.952 

 29S15 81.6 1.55 2.03 - 4.896 

 34S15 56.2 2.54 1.94 69.4 3.372 

 38S15 152 1.91 2.02 - 9.12 

 39S15 214.4 2.26 2.05 - 12.864 

 40S15 88.6 1.34 1.95 - 5.316 

 6N16 142.6 1.66 2.03 - 8.556 
 

9N16 159 1.28 1.85 - 9.54 
 

29N16 246.4 1.17 2.02 - 14.784 
 

34N16 795.8 2.09 2.04 - 47.748 
 

35N16 393.8 2.04 2.08 - 23.628 
 

49N16 150.6 2.09 2 - 9.036 
 

50N16 146.2 1.9 1.97 - 8.772 

  56N16 136.4 2.12 2 - 8.184 

Protocol 
4 

18N14 
- - - 248 9.92 

 40N14 - - - 434 17.36 
 

55S15 - - - 530 21.2 
 21S11 - - - 454 18.16 
 27S11 - - - 490 19.6 

 6S13 - - - 512 20.48 
 9S13 - - - 66 2.64 
 13S13 - - - 112.4 4.496 
 14S13 - - - 151.4 6.056 
 20S13 - - - 90.4 3.616 
 21S13 - - - 149.6 5.984 
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RNA Quantification 

Protocol 
Sample 

ID 

Nanodrop Spectrophotometer 

Qubit 
(ng/µl) 

Total 
RNA 
(µg) 

Concentration 
(ng/µl) 

 Ratio 

260/230 260/280 

Protocol 
4 

26S13 
- - - 72.8 2.912 

 30S13 - - - 96.6 3.864 

 34S13 - - - 129.2 5.168 

 64S15 - - - 177 7.08 

 15N16 - - - 494 19.76 

 28N16 - - - 73.4 2.936 
 

37N16 - - - 12 0.48 
 

53N16 - - - 33.6 1.344 
 

62N16 - - - 19.8 0.792 
 

1S16 - - - 149.4 5.976 
 

4S16 - - - 116.8 4.672 
 

5S16 - - - 132.8 5.312 
 

2N17 - - - 246 9.84 

  35N17 - - - 246 9.84 
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Chapter IV Appendix 3 

 

RNA Integrity Protocols 

 

The two integrity protocols were: 

Agarose gel. Integrity method 1: A 1.5% TBE agarose gel with 0.05 µl of RedSafe, placed in an 

electrophoresis apparatuses and submerged completely with 1XTBE buffer. Gel was loaded 

with samples consisting in around 300 ng of isolated RNA and 2 µl of 2X RNA loading buffer. 

Gels were run for 30 minutes with constant voltage (70 V) and then they were observed under 

the UV transilluminate. 

RNA Integrity Number (RIN). Integrity method 2: Original RNA samples were diluted until get 

4 ng of RNA in 2 µl volume, added 1 µl of High Sensitivity RNA sample buffer, spined down 

and then vortex the samples for 1 minute. The samples were denatured at 72˚C for 3 minutes 

and placed in ice immediately for 2 minutes. Then, spined down and loaded into the High 

Sensitivity RNA Screen Tape and into the 4200 TapeStation instrument. 
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General Appendices 

 

Sample Collection Permits 

 

Since sample collection was partially conducted on live, free-swimming whales, permits and 

ethics clearance were necessary. This project is part of a broader humpback whale research 

program under the SOPOP Program; hence the following animal ethics and marine park 

permits cover longer time periods than the project itself: 

 

G1 – Queensland Marine Parks – Moreton Bay and Stradbroke Island 
QS2012/CVL1397 from 2011 til 04/12/2013. 
QS2014/CVL1397 from 11/03/2014 til 04/12/2016 

G2 – Queensland Scientific Purposes Permit 
WISP10018311 from 2011 until 31/12/2013. 
WISP14251214 and 57414 from 01/04/2014 til 30/09/2016 
 

G3 – Griffith University Ethics Clearance 
ENV/17/10/AEC from 11/11/2010 til 01/11/2014. 

ENV/10/15/AEC from 01/09/2015 til 30/11/2018. 

 

  



203 
 

G1 – Queensland Marine Parks – Moreton Bay and Stradbroke Island 

QS2014/CVL1397 from 11/03/2014 til 04/12/2016 
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G2 – Queensland Scientific Purposes Permit 

WISP10018311 from 2011 until 31/12/2013. 
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G2 – Queensland Scientific Purposes Permit 

WISP14251214 and 57414 from 01/04/2014 til 30/09/2016 
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G3 – Griffith University Ethics Clearance 

ENV/17/10/AEC from 11/11/2010 til 01/11/2014. 
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G3 – Griffith University Ethics Clearance 

ENV/17/10/AEC from 11/11/2010 til 01/11/2014. 
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C3 – Griffith University Ethics Clearance 

ENV/10/15/AEC from 01/09/2015 til 30/11/2018 

 

 
 




