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Abstract 
 

Despite a wealth of behavioural studies demonstrating that many animals are able 

to sense and respond to the Earth’s geomagnetic field, comparatively few have 

attempted to locate and characterise the mechanistic basis of magnetoreception. The 

magnetite hypothesis states that nanoparticles of magnetite (Fe3O4) are responsible for 

mediating the sense. This model is supported by numerous behavioural and 

electrophysiological studies. However, attempts to locate the magnetoreceptor cells in 

tissue have been marred with misidentified biological iron and magnetic contaminants. 

Two main factors have impeded the discovery of a magnetite particle based 

magnetoreceptor system. The first relates to the potential rarity of these 

magnetoreceptor cells, often referred to as the “needle-in-a-haystack” problem. The 

second is the ubiquitous nature of iron in biological systems and the environment, 

which has led to a number of false positives when attempting to identify the cells in 

tissue. 

In light of these two fundamental issues, it was the aim of this study to investigate a 

combination of novel and revisited analytical techniques to ascertain their utility for 

magnetoreception research. To trial these approaches, the worker caste of the honey bee 

Apis mellifera was chosen as a model system. Honey bees are known to be 

magnetoreceptive, and possess many other characteristics that make them ideal for 

studying magnetoreception. The viability and sensitivity of techniques was also 

assessed using biogenic magnetic particles derived from magnetotactic bacteria (MTB). 

Inductively coupled plasma atomic emission spectroscopy (ICP-AES) was used to 

quantitatively assess iron levels in honey bee body parts over their lifespan. This 

showed that the thorax and abdomen possess sufficient iron to form the large 

magnetoreception system theorised for a map-based magnetic field detection sense, 

while the antennae and head do not. All body parts contain adequate iron to form the 

theorised compass sense. 

Superconducting quantum interference device (SQUID) magnetometry was 

performed on MTB standards and bee parts to determine SQUID detection limits and 

assess the magnetic characteristics of the bee. Using MTB standards, it was found that 

attempts to identify the magnetite Verwey transition is unlikely to be effective in 

identifying nano-scale magnetite unless the particle size range is tightly controlled. 

Higher concentration MTB standards (>1x105 bacteria/mL) could be detected by 
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identifying coercivity in 5 K and 300 K hysteresis loops. Contrary to previous studies, 

no bee parts displayed clear coercivity or a Verwey transition.  

High resolution magnetic resonance imaging (MRI), previously untried in the field, 

was employed to visualise the distribution magnetic material within the bee, and locate 

areas of interest that could be further characterised using correlative methods. Gradient 

echo scans provided excellent anatomical detail, but presented too many small 

anomalous features of unknown origin to identify a possible magnetoreceptor. MRI 

relaxometry scans possess lower resolution, but were more specific to magnetic 

material. Thresholding the data revealed three regions of interest that could potentially 

be indicative of an iron based magnetoreceptor: 1) the fat body above the A6 sternite in 

the abdomen, 2) the lower region of the A2 abdominal tergite, and 3) above the first 

nerve ganglion of the thorax.  

A novel method for characterising the bulk inorganic component of homogenised 

honey bee body parts was developed. Based on tissue digestion, filtration and resin 

embedding, the method retains and presents the entire sample extract for multi-modal 

imaging and analysis. The utility of the procedure was tested on magnetite nanoparticles 

derived from MTB, both independently and in honey bee abdomens spiked with the 

particles. These magnetite particles were observed in resin embedded tissue extracts 

sectioned for TEM. This demonstrates that the method can effectively isolate magnetite 

particles from tissue and observe them in the iron-loaded biological context of the 

honey bee abdomen.  

This study has recognised that, despite five decades of research, the journey 

towards discovering and defining the cellular basis of magnetoreception has been 

frustratingly slow. The techniques applied to date have provided some evidence for the 

existence of magnetic particulates. However, owing to the rarity of these cells and the 

contaminating effects of natural iron oxides they have fallen short of describing the 

particles in situ. With new approaches, such as those adopted here, it is hoped that the 

field of magnetoreception research will be able to work towards an ultrastructural 

approach for finding a magnetoreception mechanism in honey bees or other animals. 

Once found, this can then inspire further neurobiological studies and an understanding 

of the magnetic sense.  
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1.0 Introduction 
 

1.1 Background 
1.1.1 Magnetoreception 

Magnetoreception is the ability of animals to sense and respond to the Earth’s 

geomagnetic field. Empirical evidence demonstrates that pigeons (Gould 1982; Leask 

1977; Walcott et al. 1979), trout (Diebel et al. 2000; Walker et al. 1997), turtles 

(Fuxjager et al. 2011; Lohmann et al. 2004; Lohmann et al. 2012), mice (Prato et al. 

2013), mole rats (Kimchi et al. 2004), bees (Collett & Baron 1994; Leucht & Martin 

1990; Lindauer & Martin 1968; Walker & Bitterman 1989b) and many other animals 

can sense the geomagnetic field. 

The evidence for magnetoreception in these various animal groups is dominated by 

behavioural studies and, despite more than five decades of research, the mechanistic 

basis of magnetoreception remains to be discovered and described. Although 

behavioural experimentation can provide some indications on how the magnetic sense 

might function, the field of magnetoreception risks stagnation if efforts are not made to 

finally resolve the true structure and function of this sensory system. Many researchers 

agree that an ultrastructural approach should be adopted to identify putative 

magnetoreceptive cells (Castelvecchi 2011; Kirschvink et al. 2010; Wajnberg et al. 

2010). However, such an approach is technically unfeasible without first knowing 

where to look. To date, the technical approaches that have been used to find 

magnetoreceptive cells have yielded inconclusive results. Clearly, new approaches are 

required. 

 

1.1.2 Earth’s magnetic field 

The Earth’s magnetic field, commonly referred to as the geomagnetic field, begins in 

the molten core and extends beyond the Earth’s surface (Merrill & McElhinny 1983). 

The geomagnetic field is similar to the standard dipole generated by a common iron bar 

magnet. Lines of magnetic flux, or force, are concentrated in the Earth’s core and then 

weaken as they spread out to the ionosphere (Fig 1.1). As such, the Earth’s magnetic 

field reaches and influences all regions of the planet where life on Earth exists, 

including oceans, the crust and atmosphere. 

At any one point in the field, flux lines can be described by three key properties; 

their polarity, inclination and intensity. The polar nature of the Earth’s field means that 
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magnetic flux lines travel from the magnetic south pole to the magnetic north (Figure 

1.1). Although the north pole of the geomagnetic field is technically in the geographic 

south pole, convention typically dictates that the equivalent magnetic and geographical 

poles are in the same hemisphere. As such, this thesis will refer to the north magnetic 

pole as existing in the northern hemisphere, as per Figure 1.1. The inclination, or dip, of 

the field is the angle at which field lines enter or exit the surface of the Earth. At the 

magnetic poles the lines of flux are near vertical, typically ~88° from the horizontal, 

whilst at the equator these lines are close to 0°. The intensity of the field ranges from 25 

µT to 65 µT over the Earth’s surface (Merrill & McElhinny 1983). Intensity is greatest 

at the poles where the magnetic flux lines are closest together, and gradually weakens as 

the lines spread out over the equator (Skiles 1985).  

It is important to note that the Earth’s magnetic field is not entirely stable, as, unlike 

a standard dipole, it is generated by the swirling currents of molten iron-nickel alloys in 

the outer core. As the field is primarily based on the motions of liquid iron, the field is 

not completely uniform but rather exhibits peaks and toughs as the flux lines travel from 

the south to the north magnetic pole (Merrill & McElhinny 1983). These poles also 

wander around the geographic poles with time, and have been shown to flip at irregular 

intervals spanning over hundreds of thousands of years (Cox et al. 1964). These local 

field variations are further intensified by variations in the levels of iron within the 

Earth’s crust. Figure 1.2 details a map of the local magnetic field variations across 

Australia, which shows variance -0.9 µT to 1.9 µT from the background field. 

  

2 
 



  

 
Figure 1.1 – A representation of the Earth’s magnetic field. Lines of magnetic flux travel from 

the south magnetic pole (Sm) and travel over the Earth’s surface to the north magnetic pole 

(Nm). These poles are offset from their geographical counterparts, and are not always directly 

opposite. Field strengths are stronger at these poles, and weaken as the lines spread out over the 

equator. It should be noted that the north magnetic pole is technically the south end of a dipole 

and vica versa, but convention typically keeps the pole names the same as their corresponding 

geographical pole (image adapted from Shaw et al. in press).  

3 
 



 
Fig 1.2 – Local magnetic field variations across Australia collected from aerial geophysical 

surveys  (image adapted from Milligan et al. 2010) 

 

 

1.1.3 The compass and the map sense 

The geomagnetic field has several key features that make it an ideal reference frame for 

navigation. Field polarity is intrinsically directional, while the inclination and intensity 

are spatially variable. This can be used in two ways. The polarity and inclination of the 

field can be used as a compass for long distance navigation, while variations in 

inclination and intensity can be used to form the basis of a unique local map that 

indicates position (Gould 1998). These parameters are relatively unchanging during the 

span of an animal’s life, and, unlike sun and star light, are present on a global scale at 

all times. Due to the above parameters, the magnetic sense is often split broadly into 

two categories, a map and a compass sense. 

The compass sense is an animal’s ability to relate its movement to lines of magnetic 

flux. Flux lines have both a horizontal (polarity) and vertical (inclination) component. 
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Both field polarity and inclination can act as a guide for navigation. Polarity compasses 

use the travel direction of magnetic flux lines to inform the animal where magnetic 

north is, much in the same way needle based compasses work.  

The inclination compass uses the slope of the magnetic field in order to navigate 

was first demonstrated by Wiltschko (1972) in European robins. The gentle changing of 

the slope from positive to negative can act as a reference marker in some animals in 

much the same way that field polarity acts (Freake et al. 2006; Ritz et al. 2000). Studies 

have shown that at the poles the field inclination angle (±88.6°) becomes too great and 

the inclination compass becomes unusable (Åkesson et al. 2001), and it is theorised that 

similar failings would be found in transmigratory animals using this compass to traverse 

the magnetic equator (0° ± 2°) (Winklhofer 2010).    

When travelling in the standard geomagnetic field, both these compasses will 

indicate the same direction for magnetic north and south. However, Figure 1.3 

demonstrates how under abnormal field conditions, the differences in the compass 

mechanisms becomes apparent, as the compasses return opposing results for “true” 

north (Gould 1998; Winklhofer 2010). This difference has important implications when 

determining the workings of a theoretical magnetoreception mechanism.   

 

 

 Normal Field Conditions Abnormal Field Condition 

Field 

condition 
    

Polar North South North South 

Inclination North South South North 

 

Fig 1.3 – The different directional cues an animal will receive when navigating from point A 

to B using the above field conditions in the southern hemisphere. Normal field conditions 

represent the direction and inclination of the field in the southern hemisphere, while the 

abnormal field conditions are those that can be artificially produced. Image adapted from 

Wajnberg et al. (2010).   
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The map sense is somewhat more abstract, but can best be thought of as the ability 

of an animal to relate itself to local magnetic landmarks. This sense appears to be 

dependent on field inclination and intensity, and has been demonstrated in pigeons 

(Gould 1982; Phillips et al. 2002), lobsters (Boles & Lohmann 2003), newts (Phillips et 

al. 2002), sea turtles (Lohmann et al. 2004), bees (Schiff & Canal 1993), and a range of 

other animals. A true understanding of the map sense is yet to be reached, and it is not 

yet known whether animals possess just one map sense or several (Gould 2014). It 

appears that in some animals, such as salmon (Putman et al. 2014) and turtles (Fuxjager 

et al. 2011; Lohmann et al. 2004; Lohmann et al. 2012), this magnetic map is present 

from birth, while in others, such as pigeons (Gould 1980; Gould 1982), this map must 

be developed and learned.  

This learning appears to take place in the early stages of life. As they grow, pigeons 

learn the unique directional rates of change for both field inclination and intensity 

around the home loft to form a bico-ordinte magnetic map (Gould 1980; Gould 1982). 

When the pigeon leaves the loft, it can use the local field variations to reference its 

position with the known values of the home loft and judge its position accordingly. This 

sense appears to be accurate to a few kilometres, even when wearing frosted glasses 

(Gould 1998). Interestingly, birds lose the ability to orient when magnetic field 

strengths are changed by 20-30% (Wiltschko & Wiltschko 2005). After three days (and 

potentially less) the bird then adjusts to this new field strength, and can then orient to 

both the original and new field, but not a field strength between the two values 

(Wiltschko 1978). This furthers the suggestion that birds must “learn” a magnetic field 

before they can use it to orient. 

Recent studies have shown that weak radio frequencies, specifically in the medium-

wave band used for AM radio transmission, disrupt European robins from orienting 

using their magnetic sense (Engels et al. 2014). While other studies have suggested a 

susceptibility to radio frequencies in the past, this is the first clear, double blind proof of 

humanities’ potential impact on the magnetic sense of animals. The exact mechanism 

for this is unknown, as the frequencies involved are far lower than what thought to be 

biophysically able to cause disruption to the sense (Kirschvink 2014).  

Similar radio frequency studies have yet to be performed on insects, although it has 

been suggested that radio frequency “smog” may also affect honey bee orientation 

(Válková & Vácha 2012) and general behaviour (Favre 2011). These findings make 

understanding the magnetic sense all the more vital in order to mitigate the potential 
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effects of anthropogenic sources of magnetic field disturbance on animal sensory 

systems. 

 

1.1.4 Proposed mechanisms  

There have been a variety of mechanisms proposed to explain how animals are capable 

of sensing the Earth’s magnetic field. As increasingly larger numbers of species are 

found to be responsive to external magnetic fields, a range of both simple, and complex, 

theoretical mechanisms have been hypothesised. 

Although a magnetoreception system has yet to be found and characterised, 

analysis of the behaviours (Wajnberg et al. 2010; Wiltschko & Wiltschko 2005), 

neurophysiology (Diebel et al. 2000; Phillips et al. 2010; Semm & Beason 1990; Wang 

et al. 2003) and biophysical limitations on how the sense may operate (Kirschvink et al. 

2010; Winklhofer & Kirschvink 2010) have restricted the number of potential 

mechanisms to two major forms; one based on a light dependant radical-pair chemical 

compass, and one based on magnetic particles of iron-oxide.  

 

1.1.4.1 Light dependant radical-pair hypothesis 

The concept of a light driven molecular based magnetoreception system was first 

proposed by Ritz et al. (2000), based on the production of radical-pairs in photosensitive 

molecules. The hypothesis is specifically thought to be responsible for the magnetic 

sense in avian species, as the model explains the dependence on the wavelength of 

ambient light in the avian compass and why birds rely on flux line inclination rather 

than polarity. 

The radical-pair mechanism is thought to function through photon energy raising an 

electron to an excited singlet state when light hits a photosensitive molecule. Radical-

pairs of these singlet electrons form with antiparallel spin states under the influence of 

hyperfine interactions with nuclear spins and the Zeeman interaction with the external 

magnetic field. These singlet radical-pairs can convert to triplet radical-pairs with 

parallel spin states and vice versa. These radical-pairs possess a magnetic moment and 

orient their spins along the geomagnetic field. With one of these radicals immobilised, 

so that its anisotropic magnetic interactions is maintained, the reaction pathways and 

product of the photosensitive molecule are altered so that there is a varying ratio of 

singlet to triplet reaction products depending on the radicals orientation to the Earth’s 

magnetic field (Fig. 1.4). If such a process were spread across the reina surface, then it 

may be possible for animals to visualise a superimposed impression of the magnetic 
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field (Ritz et al. 2000; Ritz et al. 2010). As the conversion from singlet to triplet would 

be affected by the inclination of the field rather than the polarity, it is suggested that this 

mechanism is responsible for the avian inclination compass (Phillips et al. 2010).  

To respond to the low intensity of the Earth’s magnetic field, it is expected between 

4x106 and 4x1010 of these receptors would be required to detect an intensity change of 

approximately 2% (Hill & Ritz 2010; Weaver et al. 2000). It is thought that these would 

be aligned in a crystalline geography in as little as one cell for a low-resolution compass 

system, or multiple cells for a higher resolution map sense (Hill & Ritz 2010). 

Cryptochrome, a pigment found in eyes that is susceptible to blue-green light, is 

thought to be the most likely radical-pair photo-magnetoreceptor in birds (Weaver et al. 

2000). A comprehensive review of the biophysical workings of the mechanism can be 

found in Ritz (2010). Although this theory is most commonly applied to avian species, 

some behavioural studies suggest that light may also impact insect magnetoreception 

systems. Changes in colour alter the magnetic orientation of the fruit fly Drosophila 

melanogaster (Phillips & Sayeed 1993) and the mealworm beetle Tenebrio molitor 

(Vácha et al. 2008a). The latter species also displayed a response to changes in 

inclination when testing for compass type (Vácha et al. 2008b).  

Despite only limited testing of light based magnetoreception in honey bees, 

inclination responses have been noted in the stingless bee Tetragonisca angustula 

(Esquivel et al. 2014), although inclination compasses can theoretically be mediated by 

iron based systems as well (Kirschvink 1981). The most promising result for a radical-

pair compass existing in insects comes from maze experiments, where fruit flies were 

shown to require cryptochrome to be able to sense external magnetic fields (Gegear et 

al. 2008; Gegear et al. 2010).  
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Fig. 1.4 – a) Illustration of a theoretical radical-pair based magnetoreceptor mechanism. The 

interaction of light with a photosensitive molecule causes an electron transfer from a donor (D) 

to an acceptor (A) molecules.  This generates either a singlet (↑↓ arrows) or triplet (↑↑ arrows) 

state. The ratio of singles (S) to triplets (T) changes according to the orientation of the radicals 

in relation to the Earth’s magnetic field. b) Light entering the eye from different angles (A and 

B) drives the radical pair formation in photosensitive molecules oriented normal to the retina 

surface (green arrows) at two different sites (1 and 2), which are oriented at angles (θ) relative 

to an external magnetic field (blue lines). The anisotropy of radical-pairs produced at different 

sites across the retina may result in an ability to ‘visualise’ of magnetic fields in addition to 

regular sight (adapted from Shaw et al. in press). 

 

 

1.1.4.2 The magnetite hypothesis 

Since the discovery of biogenic magnetite in the teeth of the chiton Cryptochiton stelleri 

(Lowenstam 1962), and magnetotactic bacteria (Blakemore 1975), there has been 

mounting evidence that a magnetoreceptor based on nanoscale particles of magnetite 

may be responsible for the magnetic sense. Magnetite is the most magnetic biogenic 

material currently known (Kirschvink & Gould 1981), and is capable of responding to 

magnetic fields as weak as the Earth’s. As a simple biological model for nanoscale iron 

based magnetotaxis already exists in magnetotactic bacteria, an iron based mechanism is 

a very strong candidate for many magnetoreceptive species.     

Magnetotactic bacteria are key organisms in support of the magnetic particle based 

theory of magnetoreception. These bacteria, first described by Blakemore (1975), 

possess chains of the iron oxide magnetite (Fe3O4) (Frankel et al. 1979). These 

nanoscale particles are small enough that they possess only a single blocked magnetic 

domain (SD), meaning that the net moment of the particle is not reduced by opposing 

magnetic domains, as occurs in larger, multi-domain crystalline particles (Muxworthy 
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& Williams 2006). These chains are strings of membrane bound particles, called 

magnetosomes, that are held in place by cytoskeletal filaments to prevent them flipping 

and cancelling one another. This allows their magnetic moments to sum along the 

length of the chain, increasing the total magnetic moment of the magnetosome (Frankel 

et al. 1979). This moment is strong enough to cause the geomagnetic field to exert a 

torque on the cell, guiding the cell along the vertical axis of field lines and aiding in 

finding optimal living conditions (Johnsen & Lohmann 2005).  

The main hypotheses of iron based magnetoreceptors are primarily centred on 

nanoscale particles of iron-oxide coupled to mechanosensitive structures or ion channels 

that ultimately elicit a nervous response when the geomagnetic field exerts a force or 

torque on the particle. Several mechanisms have been proposed for how this system 

might be arranged, which are outlined below. It should be emphasised that a connection 

to the nervous system is a central tenet for the functioning of any magnetosensory 

system. 

 

Torque based system 

Torque based systems, dependant on chains of magnetite similar to those found in 

magnetotactic bacteria, represent one of the simpler mechanisms. A chain of membrane 

bound magnetite, either free floating or attached to a pivot embedded in the cell 

membrane, would be connected to several gated ion channels by actin-like filaments 

(Fig 1.5a). Although this chain would have to overcome the inherent brownian motion 

of fluid within the cell, an appropriate chain size will overcome this to allow the 

magnetosome to be in line with the geomagnetic field. As the chain shifts position, the 

attached filaments will pull on one or more gated ion channels, causing depolarisation 

of the cell (Binhi 2006; Kirschvink 1992; Walker et al. 2002). Several mechanisms 

arranged in different orientations would be sensitive to the polarity of the field, and 

likely act as the foundation of a polarity compass. The biophysics of such a mechanism 

has been extensively discussed by Winklhofer & Kirschvink (2010). 

 

Superparamagnetic particle aggregate system 

A mechanism based on aggregates of superparamagnetic magnetite (SPM) particles has 

also been proposed. Superparamagnetism occurs when a ferro/ferrimagnetic particle 

becomes small enough for the net magnetic moment to be overcome by thermal 

fluctuations. These particles also possess a single magnetic domain, although it is not 

magnetically blocked as per SD particles. For ease of readability, in the remainder of 
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this thesis, SD particles will refer only to magnetically blocked single domain particles, 

and is non-inclusive of SPM particles.  

Due to the lack of magnetic blocking, collections of SPM particles only align in the 

presence of an external field. While this characteristic makes SPM particles a poor 

candidate for a compass mechanism, they may be involved in the map sense (Johnsen & 

Lohmann 2005). However, a mechanism based on SPM particles has been developed 

that could form the basis of an iron based inclination compass (Davila 2003), 

demonstrated in Figure 1.5b. This system utilises strings of up to 20 SPM particles, 

individually connected to a nerve cell membrane with small actin strands. These 

particles will either become attracted to one another when the field is parallel to the 

string of particles, or repulse each other when the field is perpendicular. If the stress 

exerted by these forces is great enough, the membrane will become distorted and cause 

cell depolarisation. 

 

Single particle system in honey bees 

Through analysis of honey bee behavioural responses to changing external magnetic 

fields (Lindauer & Martin 1972; Martin & Lindauer 1977), and data from indirect 

magnetic analysis (Gould et al. 1980), a specialised magnetoreceptor system has been 

developed for honey bees. The mechanism is based on single domain particles with a 

width/length ratio of 0.8, a particle length slightly above 100 nm, and a moment of 

5x10-13 emu (Kirschvink 1981). Each receptor organelle would possess one of these 

particles encased in a thickened nerve cell membrane (Fig 1.5c). The particle itself is 

surrounded by an insulator to prevent electrical conduction to the nerve fibre, but is 

otherwise free to rotate into alignment with the geomagnetic field. This rotation will 

change the transmembrane resistance as a function of the angle between the particle and 

the nerve membrane (Binhi & Chernavskii 2005; Kirschvink 1981).  

Theoretically only three such particle mechanisms would be required to act as a 

compass in bees, while several million could be needed to form a map sense. As the 

moment of a single particle system is significantly lower than that of a chain based 

system of 1.5a (Kirschvink 1981), it is unknown whether the close proximity of 

magnetoreceptor cells to one another would destructively interfere, as occurs in the 

chain based systems proposed in trout (Diebel et al. 2000; Walker et al. 2997) and 

salmon (Kirschvink et al. 1985). As such, the cells involved in the map sense could be 

clustered together or spread apart. A thorough explanation of the biophysics and 
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reasoning behind the honey bee model is presented in Kirschvink (1981), and remains 

the only unchallanged model specifically proposed for honey bees. 

 

Other hypotheses 

Many other mechanisms have been presented for a range of animals, including those 

based on coupling of SD particles to muscle spindles (Presti & Pettigrew 1980), cells 

surrounded by SD particles (Sakaki et al. 1990), magnetic torque in hair cells (Edmonds 

1992), deformation of non-magnetite iron granules (Hsu et al. 2007), a clustered 

magnetic particle detector based on osmotic pressure (Shcherbakov & Winklhofer 1999) 

and several other magnetite chain models (Kirschvink 1989; Walker 2008; Yorke 

1979). 

 

Evidence for iron based magnetoreception systems 

It stands to reason that magnetoreceptive animals such as mole rats (Kimchi et al. 

2004), whales (Vanselow & Ricklefs 2005; Walker et al. 1992), and spiny lobsters 

(Boles & Lohmann 2003), which must often navigate or orient themselves in 

environments devoid of visual landmarks or light, might possess a magnetite based 

rather than light driven radical-pair mechanism of magnetoreception. Turtles have 

clearly shown that their magnetoreception sense functions in the absence of light 

(Lohmann & Lohmann 1994; Wiltschko & Wiltschko 1995) and many behavioural or 

electrophysiological studies on other animals have been performed in the absence of 

light.  

The recent finding on the effect of radio waves on birds (Engels et al. 2014) also 

calls in to question the radical-pair theory. The low strength of the electromagnetic 

radiation, and the absence of an enhanced effect at the Larmor frequency (the period at 

which single electrons precess around the magnetic field direction) do not coincide with 

the proposed workings of a cryptochrome mediated radical-pair mechanism in birds 

(Kirschvink 2014). Tests on the neuronal responses of light deprived pigeons under 

changing magnetic fields found a response linked to the inner ear (Wu & Dickman 

2012), which lends credence to the iron based particle theory in birds. Small 

neodymium magnets attached to the beak have been shown to hamper the pigeon’s 

ability to recognise magnetic field variations (Mora et al. 2004), which would have little 

effect on a light based system in the eye. Furthermore, anaesthetic applied to the nasal 

cavity, or severing of the ophthalmic branch of the trigeminal nerve, supressed the 

ability of pigeons to detect magnetic fields (Mora et al. 2004).  
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Both SD and SPM magnetite has been detected either directly through various light 

and electron microscopic studies or indirectly using a range of magnetometry based 

studies (see review by Shaw et al in press). For example, SD magnetite was observed 

between the skull and dura of pigeons using magnetometry and electron microscopy 

(Walcott et al. 1979). Similar particles were also detected in other bird species (Beason 

& Nichols 1984; Beason & Brennan 1986; Edwards et al. 1992), although there has 

been little evidence for the presence of single domain magnetite since. SPM magnetite 

has also been detected in the skin of the upper beak of pigeons (Hanzlik et al. 2000; 

Winklhofer et al. 2001). Magnetic measurements confirmed the presence of SPM 

magnetite in the beak of pigeons (Tian et al. 2007). The current data collected for the 

avian magnetite based model is reviewed in Cadiou & McNaughton (2010).  

Some of the strongest evidence for magnetic particle based systems comes from 

pulse remagnetisation experiments, which involes the application of a strong magnetic 

pulse to animals, and then recording their ability to navigate (Kirschvink & Gould 

1981). Pulses such as this will only effect magnetic particles, and should have little to 

no effect on radical-pair mediated systems. These pulse remagnetisation experiments 

have shown to compromise the navigational ability of birds (Kirschvink et al. 2001; 

Walker 2008; Winklhofer & Kirschvink 2010), insects (Jensen 2010; Kirschvink & 

Kirschvink 1991), reptiles (Philips et al. 2010a) and mammals (Philips et al. 2010b).   

These pulse remagnetisation experiments, coupled with the presence of magnetic 

particles in a wide array of animals, suggest that an iron based receptor is present in the 

majority of magnetosensitive animals in at least some form. It is possible that both a 

light based and magnetic particle based system could function separately in the same 

organism, with one providing compass information whilst the other provides map data 

(Wiltschko & Wiltschko 2005). Some have proposed that both the iron based and light 

dependant mechanisms could be used in tandem as an integrated compass mechanism 

(Jensen 2010; Kirschvink et al. 2010).  
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Fig 1.5 – Several mechanisms of magnetoreception based on single domain (SD) and 

superparamagnetic (SPM) magnetite. a) A chain of single domain magnetite particles 

connected to gated ion channels by actin-like filaments. This chain will move in relation to the 

geomagnetic field direction, opening and closing channels depending on the relative 

orientation to the field.  b) Clusters of SPM tethered to a nerve cell membrane.  As the external 

field direction changes, the clusters will either attract or repel each other, deforming the 

membrane and possibly opening or closing ion channels. c) An insulated SD particle 

embedded in a nerve cell membrane. This particle is free to rotate and align with the 

geomagnetic field, changing the transmembranal resistance as a function of the angle between 

the particle and the nerve membrane. Images adapted from (a) (Walker et al. 2002) (b) (Davila 

2003) (c) (Kirschvink 1981). 
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1.1.5 Iron in biological systems  

Iron is pervasive throughout all forms of life, and is used in numerous metabolic 

processes vital to survival. Iron and iron based proteins are required for enzyme 

formation, redox reaction mediation, oxygen transport, DNA and RNA synthesis, 

respiration, as well as forming a number of specialised functional roles, such as 

structural reinforcement (Kirschvink & Lowenstam 1979) and in a hypothesised 

magnetite based magnetoreceptor (Hentze et al. 2004; Locke & Nichol 1992; Weinberg 

1989). It achieves this versatility through its ability to cycle between its ferrous (Fe2+) 

and ferric (Fe3+) states. However, this redox capability must be controlled as the 

generation of free radicals can cause damage to cells (Emerit et al. 2001). Organisms 

have therefore evolved mechanisms for iron sequestration (the protein complex ferritin), 

transport, and storage to mitigate this problem and effectively maintain iron 

homeostasis.  

Owing to the nature of magnetic fields, which can freely penetrate biological tissue, 

magnetoreceptive cells are not restricted to a specific anatomical location. This fact has 

led the search for an iron based magnetoreceptor to be referred to as an archetypal 

“needle-in-a-haystack” problem. Natural biological iron stores present a unique problem 

when considering appropriate techniques to locate an iron based magnetoreceptor, as the 

location problem is exacerbated to become a search for a “needle-in-a haystack-of-

needles” (Johnsen & Lohman 2008; Kirschvink et al. 1997; Maher 1998). 

With respect to the identification of putative magnetoreceptors, the iron associated 

with these common biological processes has led to a number of misidentifications and 

false positives. For example, it was widely accepted that six specific regions in the 

upper beak of pigeons housed an iron based magnetoreception system (Falkenberg et al. 

2010; Fleissner et al. 2003; Fleissner et al. 2007; Hanzlik et al. 2000). However, these 

cells were recently shown to be iron rich macrophages unrelated to magnetoreception 

(Treiber et al 2012). The prevalence of iron in the environment, including laboratory 

conditions, also leads to a high potential for contamination (Kobayashi 1995). Putative 

magnetoreceptor cells isolated from trout by a magnetic screening technique (Eder et al 

2012) were later shown be cells that had attached to contaminating magnetic 

particulates during processing (Edelman et al 2015). Various other studies have shown 

that iron from the environment can be found in insect joints, hairs and digestive tracts 

(de Oliveira et al. 2010; Jandacka 2015; Wajnberg 2010). These examples highlight the 

need for a full understanding of biological iron and the impact of contamination when 

selecting techniques to locate an iron based magnetoreceptor. 
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1.1.6 Finding an iron based magnetoreceptor 

Given that magnetoreceptive cells are potentially a rare cell type and not limited to a 

specific anatomical location, many researchers in the field have attempted to address the 

needle-in-a-haystack problem by applying techniques that rely on the unique properties 

of magnetite. Unlike most biological iron oxides, which are often disordered and exhibit 

weak paramagnetism, magnetite is a highly crystalline ferrimagnetic mineral. As such, 

the search for a magnetite based magnetoreceptor has often utilised methods that rely on 

the stability of magnetite, such as tissue digestion and particle extraction, or the specific 

magnetic signature of magnetite, such as the application of various magnetometry 

techniques (Shaw et al. in press). In general, methods that have been applied in the field 

can be divided into those that make direct or indirect observations of iron particles, 

which can typically be characterised into those that use either microscopy or 

magnetometry based techniques, respectively (summarised in Table 1.1).  

 

Indirect techniques 

Although indirect methods are typically unable to pinpoint the exact position of 

magnetic material within the sample, they are useful for analysing large volumes of 

tissue to search for signals characteristic of magnetic iron. As such, their main function 

is to act as a precursor to other techniques by finding whether the magnetite exists 

before it is actively searched for in the tissue. 

This is done by exploiting the ferrimagnetic nature of magnetite. Most biological 

tissue is diamagnetic, meaning it generates a very weak opposing magnetic moment to 

external magnetic fields. Iron used for standard biological processes or sequestered in 

storage proteins is typically paramagnetic or antiferromagnetic. While the moment of 

these materials is generally stronger than that of diamagnetic materials, it is 

substantially less than that of the ferrimagnetism exhibited by magnetite. Therefore, the 

identification of strong magnetic responses to fields, or signals unique to 

ferri/ferromagnets, is normally indicative of magnetite.   

Indirect magnetic studies are especially popular when studying insects. This is 

likely due to their small size, which allows for simple and fast sample preparation. Their 

large numbers also make it possible to analyse multiple individuals at once to increase 

the resulting signals. By separating insects into the head, thorax and abdomen, it is also 

possible to analyse discrete and repeatable sections of tissue, narrowing down areas of 

interest to search with direct analysis techniques.  
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Electron paramagnetic resonance (EPR) and ferromagnetic resonance (FMR) are 

commonly used indirect techniques designed to generate both qualitative and 

quantitative data from paramagnetic (in the case of EPR) and ferromagnetic materials 

(in the case of FMR). Both work on similar principles to nuclear magnetic resonance 

(NMR) in which nuclei absorb and re-emit characteristic electromagnetic radiation 

under the influence of an external magnetic field (Brown & Semelka 2011). In the cases 

of EPR and FMR however, these characteristic signals are generated by unpaired 

electrons, and the magnetic moments of dipolar-coupled unpaired electrons, 

respectively. These techniques can identify different forms of paramagnetic iron in bulk 

samples (EPR), identify ferromagnetic particles (FMR), probe inorganic precursors, and 

can also determine particle size/shape from spectra (El-Jaick et al. 2001; Wajnberg et al. 

2000). The samples can be whole mounted with minimal sample preparation, allowing 

for analysis using other techniques. The main disadvantages of the techniques are that 

the interpretation of the data can be complex, and that paramagnetic data and 

ferromagnetic data must be acquired separately.  

One of the most common indirect techniques used is superconducting quantum 

interference device (SQUID) magnetometry. This technique can detect field strengths as 

weak as 1x10-7 emu (1x10-10 J/T), making it ideal for finding nanoscale magnets in 

tissue (Kirschvink 1981). Similar to EPR and FMR, samples are also mounted whole 

and analysed using other techniques. Inferences can often be made on the size or 

formation of the magnetic material, as well as by variations in signal intensity or 

position along an axis (Esquivel et al. 2002; Gould et al. 1978). By observing 

phenomena such as magnetic hysteresis or the Verwey transition in magnetite, it is also 

possible to detect ferrimagnetic materials separately from a background of dia- and 

paramagnetic materials (Desoil et al. 2005; Özdemir et al 2002). This makes SQUID a 

powerful technique for bulk analysis.  

 

Direct techniques 

Direct methods have the capacity to examine in detail the tissues, cells and particulates 

associated with putative magnetoreceptor systems but are typically severely limited by 

the amount of material that can be examined. Ultimately, direct techniques will be 

required to fully characterise magnetoreceptors, but small regions of interest must first 

be identified for this to be effective. 

Conventionally, light microscopy coupled with iron specific staining has formed the 

basic first step for many studies attempting direct observations (Kuterbach & Walcott 
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1986a; Kuterbach & Walcott 1986; Williams & Wild 2001). The histological stain 

Perls’ Prussian blue, which reacts with ferric iron (Fe3+) to form a clearly identifiable 

blue colour, has been used extensively for the identification of iron in biological tissues. 

This technique is relatively simple to apply and is capable of analysing tissue sections 

up to 400x magnification without oil immersion. While the technique allows for the 

simple and direct analysis of large volumes of tissue, the afore mentioned false positives 

leading to misidentifications, as in the case of pigeons, highlights the non-specific 

nature of the stain (Falkenberg et al. 2010; Fleissner et al. 2003; Hanzlik et al. 2000; 

Treiber et al. 2012). As a result, histological techniques should always be used in 

tandem with other higher resolution techniques that are better able to characterise any 

potential magnetoreceptors found.  

An optical microscope has recently been modified with a spinning magnetic probe 

to form what has been dubbed as magnetic screening optical microscopy (Eder et al. 

2012). This apparatus allows for the screening of dissociated tissue by identifying cells 

that spin in response to a rotating magnetic field. These cells can then be extracted and 

analysed using electron microscopy. While this novel technique attempts to address 

issues with locating rare magnetic cells types, it has been shown to be highly sensitive 

to finding cells contaminated with environmental sources of magnetic particulates 

(Edelman et al. 2015). Once such issues are resolved, the technique itself could prove 

promising in future studies. 

Reflectance mode imaging using confocal laser scanning microscopy is a rarely 

used technique that nonetheless could serve as an intermediate step between optical 

microscopy and higher resolution electron microscopy. This technique requires tuning 

the imaging laser to a particular frequency that reflects from magnetite particles. Laser 

light reflected off particles make them appear as bright spots against a dark background, 

which is clearly distinguishable from surrounding tissue at a magnification of 190x 

(Walker et al. 1997). To date, the technique has only been used in the magnetoreception 

context on magnetotactic bacteria (Green et al. 2001), and the rainbow trout 

Oncorhynchus mykiss (Diebel et al. 2000; Walker et al. 1997). As such, there is little 

published data on any difficulties associated with the technique. The data presented for 

reflection studies on resin embedded magnetotactic bacteria showed that approximately 

half of the SD magnetite particles were visible in the reflectance mode imaging (Green 

et al 2001), which makes it suitable for chain based systems or systems with multiple 

particles in close proximity within a cell. 
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Magnetic force microscopy (MFM) has been utilised several times in the field of 

magnetoreception in order to characterise the magnetic behaviour of individual particles 

that have typically been located through lower resolution techniques (Diebel et al. 2000; 

Porksch et al 1995). In this technique, a sharp magnetic tip is used to scan over a sample 

and the record the tip-sample magnetic interaction. This data can then be reconstructed 

into a magnetic map of the sample surface. As the imaging is dependent on the 

interaction between the sample and tip, the resolution is largely dependent on tip size, 

which can range from hundreds of nanometres to a single atom (Binnig et al 1986). One 

of the primary benefits of this technique is its ability to determine the polarity of the 

magnetic material it interacts with, something few direct analysis techniques can 

achieve, which can in turn be used to further understand the mechanism of the 

magnetoreceptor itself (Diebel et al. 2000). However, the technique offers no way of 

identifying the material responsible for the magnetic signatures, nor does it have any 

way of discerning between non-ferromagnetic materials of similar magnetic intensities 

(which is the case for most biological materials). Coupled with the slower scan rates for 

high resolution images, MFM is likely best suited to the characterisation of particles in 

tissue sections once they have been located with other techniques.  

Transmission electron microscopy (TEM) represents the best available tool for 

characterising the ultrastructure of magnetoreceptive cells and any particles that are 

present in such a system. The technique possesses a resolution that can clearly resolve 

individual SD and SPM particles in tissue, and has a range of imaging/analytical modes 

that are well suited to particle characterisation. Energy dispersive X-ray microanalysis 

(EDS) is a non-destructive element mapping technique that is commonly used in 

conjunction with TEM analysis (Mann et al. 1988; Kuterbach & Walcott 1986a; 

Walcott et al. 1979; Walker et al. 1984). When candidate particles are located in the 

tissue, this technique can then determine their composition. Energy-filtered transmission 

electron microscopy (EFTEM) can achieve similar element mapping results by 

analysing characteristic energy losses of electrons inelastically interacting with the 

sample, and has been used in insect (Acosta-Avalos et al. 1999; Keim et al. 2002) and 

bird studies (Edelman et al. 2015; Lauwers et al. 2013; Treiber et al 2012). 

The particles can then be further characterised using the crystallographic technique 

selected area electron diffraction (SAED), which can compare electron scattering 

patterns of any unknown particles in the field of view against the known patterns of 

magnetite and other iron oxides. This has been used in a number of species, such as ants 

(Acosta-Avalos et al. 1999; de Oliveira et al. 2010), fish (Mann et al. 1988) and birds 
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(Lauwers et al. 2013), to determine the crystalline nature of particles. However, these 

patterns can be difficult to interpret if there are different particle types in the selected 

area, as the patterns will overlap. Additionally, if there are not many particles or if the 

particles are arranged non-randomly, then some parts of the unique scattering may not 

present themselves, which in turn complicates the interpretation of the pattern.  

The primary drawback of TEM and its associated techniques are the limited sample 

sizes that can be imaged. While electron microscopy will be an important tool for 

characterising putative magnetoreceptive cells, only small volumes of tissue can be 

analysed at any one time (approximately 300 µm2 and less than 200 nm thick). This 

means that ares of tissue that could potentially house the mechanism must be identified 

using lower resolution techniques prior to tissue excision, preparation and analysis.  

 

 

 

20 
 



T
ab

le
 1

.1
 –

 A
n 

ov
er

vi
ew

 o
f t

he
 m

ai
n 

te
ch

ni
qu

es
 th

at
 h

av
e 

pr
ev

io
us

ly
 b

ee
n 

us
ed

 in
 th

e 
fie

ld
 o

f m
ag

ne
to

re
ce

pt
io

n,
 w

ith
 a

nd
 a

 li
st

 o
f t

he
ir 

pu
rp

os
e,

 re
so

lu
tio

n,
 a

nd
 

ge
ne

ra
l a

dv
an

ta
ge

s a
nd

 d
is

ad
va

nt
ag

es
. 

T
ec

hn
iq

ue
 

Pu
rp

os
e 

R
es

ol
ut

io
n/

 
M

ag
ni

fic
at

io
n 

A
dv

an
ta

ge
s 

D
is

ad
va

nt
ag

es
 

EP
M

/F
M

R
 

G
ro

ss
 ti

ss
ue

 m
ag

ne
tic

 
an

al
ys

is 
In

di
re

ct
 

• 
C

an
 d

iff
er

en
tia

te
 ir

on
 ty

pe
s. 

• 
C

an
 d

et
er

m
in

e 
ap

pr
ox

im
at

e 
pa

rti
cl

e 
si

ze
 

an
d 

sh
ap

e.
 

• 
N

on
-d

es
tru

ct
iv

e.
 

• 
Sp

ec
tra

 c
an

 b
e 

di
ff

ic
ul

t t
o 

in
te

rp
re

t. 
• 

M
us

t r
ec

or
d 

pa
ra

m
ag

ne
tic

 a
nd

 
fe

rr
om

ag
ne

tic
 d

at
a 

se
pa

ra
te

ly
. 

SQ
U

ID
 

G
ro

ss
 ti

ss
ue

 m
ag

ne
tic

 
an

al
ys

is 
In

di
re

ct
 

• 
H

ig
hl

y 
se

ns
iti

ve
. 

• 
C

an
 d

et
er

m
in

e 
ap

pr
ox

im
at

e 
pa

rti
cl

e 
si

ze
 

an
d 

sh
ap

e.
 

• 
C

an
 d

et
ec

t e
ff

ec
ts

 u
ni

qu
e 

to
 m

ag
ne

tit
e.

 
• 

C
an

 c
ol

le
ct

 d
at

a 
on

 a
ll 

ty
pe

s o
f m

ag
ne

tic
 

m
at

er
ia

l a
t o

nc
e 

• 
N

on
-d

es
tru

ct
iv

e.
 

• 
Si

gn
al

s f
ro

m
 lo

w
 le

ve
ls

 o
f m

ag
ne

tit
e 

m
ay

 b
e 

m
as

ke
d 

by
 o

th
er

 m
ag

ne
tic

 
m

at
er

ia
l 

• 
Fa

ls
e 

po
si

tiv
es

 c
an

 b
e 

ge
ne

ra
te

d 
fr

om
 

tra
pp

ed
 fl

ux
 in

 th
e 

su
pe

rc
on

du
ct

or
 

co
ils

 

Pe
rls

’ P
ru

ss
ia

n 
bl

ue
 

(o
pt

ic
al

 m
ic

ro
sc

op
y 

st
ai

n)
 

Iro
n 

sp
ec

ifi
c 

hi
st

ol
og

ic
al

 
st

ai
n 

us
ed

 in
 o

pt
ic

al
 

m
ic

ro
sc

op
y 

40
x 

– 
40

0x
 

m
ag

ni
fic

at
io

n 
(w

ith
ou

t o
il 

im
m

er
si

on
) 

• 
Si

m
pl

e 
sa

m
pl

e 
pr

ep
ar

at
io

n.
 

• 
C

an
 q

ui
ck

ly
 a

sc
er

ta
in

 th
e 

lo
ca

tio
n 

of
 ir

on
 

in
 la

rg
e 

bo
di

es
 o

f t
is

su
e.

 

• 
G

en
er

al
 st

ai
n 

ca
nn

ot
 d

iff
er

en
tia

te
 

be
tw

ee
n 

iro
n 

sp
ec

ie
s. 

• 
C

an
no

t c
ha

ra
ct

er
is

e 
th

e 
iro

n 
sp

ec
ie

s 
fo

un
d.

 

M
ag

ne
tic

 sc
re

en
in

g 
op

tic
al

 m
ic

ro
sc

op
e 

O
bs

er
va

tio
n 

of
 m

ag
ne

tic
 

re
sp

on
se

 to
 e

xt
er

na
l f

ie
ld

s 
in

 d
is

so
ci

at
ed

 c
el

ls 

40
x 

– 
40

0x
 

m
ag

ni
fic

at
io

n 

• 
Sp

ec
ifi

c 
to

 m
ag

ne
tic

 p
ar

tic
le

s. 
• 

Ea
sy

 to
 is

ol
at

e 
ca

nd
id

at
e 

ce
lls

 o
nc

e 
id

en
tif

ie
d.

 
 

• 
C

om
pl

ex
 sa

m
pl

e 
pr

ep
ar

at
io

n.
 

• 
H

ig
hl

y 
vu

ln
er

ab
le

 to
 m

ag
ne

tic
 

co
nt

am
in

at
io

n.
 

   

21
 

 



T
able 1.1 cont. - A

n overview
 of the m

ain techniques that have previously been used in the field of m
agnetoreception, w

ith and a list of their purpose, resolution, 
and general advantages and disadvantages. 

T
echnique 

Purpose 
R

esolution/ 
M

agnification 
A

dvantages 
D

isadvantages 

R
eflectance m

ode 
confocal laser scanning 
m

icroscopy 

H
ighlight crystalline 

m
aterial in tissue sections 

~2,000x 
m

agnification 
~100 – 200 nm

 
resolution 

• 
C

an quickly assess w
hether large 

sections of tissue possess crystalline 
m

aterial. 

• 
O

nly a percentage of  m
agnetic 

particles reflect the light. 
• 

N
orm

al  m
ode can only im

age 
fluorescent tissue 

M
FM

 
D

irect analysis of m
agnetic 

polarity 
D

ependant on tip 
– up to atom

ic 

• 
N

ear atom
ic resolution. 

• 
C

an determ
ine m

agnetic polarity of 
particles. 

• 
C

annot characterise m
aterials beyond 

their m
agnetic characteristics. 

• 
C

annot visualise surrounding tissue. 

TEM
 

H
igh resolution  

4000x – 
5,000,000x 

m
agnification 

~1 nm
 resolution 

• 
C

an clearly resolve SD
 and SPM

 
particles and the surrounding tissue. 

• 
R

ange of supporting techniques m
ake 

TEM
 highly versatile (see below

). 

• 
Ineffective for analysing large 
am

ounts of tissue. 
• 

C
annot im

age living tissue 
• 

Lengthy and difficult sam
ple 

preparation. 

ED
S/EFTEM

 
Elem

ent detection 
4000x – 50,000x 

m
agnification 

~1 nm
 resolution 

• 
C

an determ
ine com

position of crystalline 
m

aterial and the surrounding tissue. 
• 

Elem
ents can be m

apped to visualise 
elem

ent locations. 

As per TEM
. 

• 
R

equires long exposure tim
es w

hich 
m

ay dam
age sam

ples. 

SA
ED

 
D

eterm
ine crystalline 

structure of unknow
n 

particles 

4000x – 50,000x 
m

agnification 
~1 nm

 resolution 

• 
C

an determ
ine w

hether a feature in the 
field of view

 is crystalline. 
• 

C
an com

pare patterns of unknow
n 

particles to those of know
n particles to 

determ
ine their structure. 

As per TEM
. 

• 
Patterns can be difficult to interpret if 
there are m

any particle types in the 
field of view

. 
• 

Patterns m
ay be unidentifiable if there 

are too few
 particles in the selected 

area. 
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1.1.7 Main animal model systems 

In order to study magnetoreceptive behaviour and search for magnetoreceptor cells, 

researchers have focused on a range of animal species. In most cases, it has been the 

behavioural evidence that has prompted the subsequent search for the cellular basis of 

the sense. Of the various animals that have been examined anatomically, four model 

systems emerge as the most extensively studied for the location of an iron based 

magnetoreceptor. These include the upper beak and inner ear of pigeons, the nasal tissue 

of fish, and the abdomen honey bees.  

 

The upper beak and inner ear of pigeons 

Birds, in particular homing pigeons, are among the most studied organisms in relation to 

magnetoreception. Their ability to sense and respond to the Earth’s magnetic field has 

been extensively explored and demonstrated on numerous occasions (reviewed in 

Cadiou & McNaughton 2010 and Mouritsen & Hore 2012). However, typical to the 

field of magnetoreception, comparatively less has been done to resolve the location of 

their magnetoreception mechanism. 

Several studies suggest that the beak, nasal region and/or head of pigeons house a 

magnetite based mechanism for magnetoreception. The ophthalmic branch of the 

trigeminal nerve in the pigeon’s upper beak in particular has been implicated with a 

pigeon’s ability to magnetorecept. This nerve has often been linked to six innervated 

sites in the upper beak that were found to contain SPM magnetite and maghemite (γ-

Fe2O3) platelets, proposed to act as a magnetoreception system (Falkenburg et al. 2010; 

Fleissner et al 2003; Fleissner et al. 2007; Hanzlik et al. 2000). However, modern 

assessment of these areas using a combination of histological optical microscopy and 

TEM found that these sites are simply iron-rich macrophages that are unrelated to a 

magnetosensory system (Trieber et al. 2012; Trieber et al. 2013). Despite this finding, 

neurobiological studies continue to support that the trigeminal nerve is connected to the 

functioning of an iron based magnetoreceptor in the pigeon beak (Lefeldt et al. 2014). It 

is quite possible that this nerve may be connected to a non-ocular light mediated 

receptor mechanism on the beak, which would explain why an iron based system has 

yet to be identified in such extensively studied tissue. 

An alternate site for a magnetoreceptor in pigeons has been proposed to exist within 

the inner ear. This area has primarily been identified by analysing neuronal responses to 

magnetosensory stimulus using the immunohistochemical marker c-Fos (Wu & 

Dickman 2011; Wu & Dickman 2012). By analysing responses to magnetic stimulus in 
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the brain, it was found that the vestibular brainstem neurons were activated, which 

linked to the inner ear lagena by afferent nerves. This location was further strengthened 

when ablation of the inner ear lagena greatly reduced the neuronal response to magnetic 

stimuli (Wu & Dickman 2011). Since this study, correlative light and electron 

microscopy have identified a previously undescribed iron-rich organelle in the cuticular 

plate of hair cells in this region (Lauwers et al. 2013). While the iron appears to be in 

the form of a ferritin-like material, a single such structure is present in nearly every cell. 

Despite this, the amorphous nature of the material suggests it would have a very weak 

interaction with the Earth’s magnetic field. While this prohibits it acting as a 

magnetoreceptor in the traditional sense, alternative models have been produced which 

explain how a non-magnetite based iron magnetoreceptor may be able to function 

(Jandacka et al. 2014). 

 

Nasal tissue of fish  

While fish species have less behavioural data indicating magnetoreception than avian or 

insect species, they present some of the most compelling physical evidence for 

magnetite based magnetoreception.  

Chains of magnetite similar to those in MTB have been located in in the olfactory 

tissue of tuna, trout and salmon (Diebel et al. 2000; Eder et al. 2012; Mann et al. 1988; 

Walker et al. 1984; Walker et al. 1997). The first such particles were found in the 

yellowfin tuna Thunnus albacares (Walker et al. 1984). Using a combination of EDS 

and TEM, SD iron oxide particle were located in digested tissue of the tuna sinus bone. 

These particles bore a striking similarity to those found in MTB, suggesting their role in 

magnetoreception. Similar particles 25-60 nm magnetite particles were found in a 

membrane bound chain in the salmon Oncorhynchus nerka using TEM, EDS, and 

SAED (Walker & Kirschvink 1988). Again, these chains have only been located in 

digested tissue samples and have yet to be viewed connected to the nervous system. As 

such, the possibilty that these particles resulted from environmental contaminants (such 

as MTB) cannot be rules out. 

Chains of what are believed to be magnetite have been localised in the trout 

Oncorhynchus mykiss (Diebel et al. 2000; Walker et al. 1997). This was achieved using 

reflectance mode laser scanning confocal microscopy to locate particles within tissue 

sections from the olfactory lamellae region of the trout. MFM then demonstrated that 

these particles were single domain and believed to be magnetite. However, it is also 

worth noting that the particles located in the rainbow trout have yet to be definitively 
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characterised or linked to magnetoreception via supporting techniques in the 15 years 

since their discovery. 

 

Honey bee abdomen 

The worker cast of the European honey bee Apis mellifera remains the most widely 

studied insect in the field of magnetoreception (Wajnburg et al. 2010). Bees were 

originally found to possess magnetic material by analysing the magnetic remanence 

(permanency of the magnet) of dead honey bees (Gould et al. 1978). This study found 

that after a 0.07 T field was applied a permanent remanent field was created equal to the 

strength of 15 million 100 nm SD particles of magnetite, nearly exclusively in the 

anterior segments of the abdomen. Further analysis showed that 2x108 SPM particles 

could be detected reliably in multiple bees, with particle sizes ranging between 30-35 

nm (Gould & Kirschvink 1980). 

Analysis of the magnetic hysteresis curves of the anterior abdomen from 5 K to 310 

K demonstrated a stronger magnetic moment for abdomens aligned parallel to the field, 

implying that the particles are aligned transversely to the body axis (Esquivel et al. 

2002). Thermal decay of remanence (TDR) curves showed blocking temperatures (the 

temperature above which SPM particles cease acting as a permanent magnet) of 50 K 

and 120 K, which correspond to 20 nm and 26 nm equidimensional particles (Towne & 

Gould 1985). This agrees with other studies (Takagi 1995; Wajnberg et al. 2001), which 

demonstrated that the abdomen possessed a purely paramagnetic or superparamagnetic 

response. 

Initial analysis of other honey bee parts, such as the head and thorax, indicated only 

diamagnetic responses, suggesting the absence of iron based material (Takagi 1995). 

Contemporary analysis of magnetic hysteresis in these various parts demonstrated that 

magnetite particles are present in the head and thorax, in addition to the abdomen 

(Desoil et al. 2005). TDR curves showed that only the abdomen elicited a visible 

Verwey transition, which is a crystalline phase transition unique to single domain and 

bulk magnetite (Özdemir et al. 1993), indicating that particles larger than the previously 

theorised SPM particles (<30nm) must be present. Lack of this transition in the head 

and thorax demonstrates that the particles present are SPM. General analysis indicated 

however, that over 98% of the iron in the bee is in the form of a ferrihydrite, which is 

the core of the ferritin iron storage protein complex found in most animals. 

Worker abdomens ground to a powder presented signal contributions from isolated 

Fe3+ ions, amorphous iron hydroxides, and magnetite nanoparticles of 3x102 nm3 and 
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1x103 nm3 volumes in ferromagnetic resonance (FMR) spectra (El-Jaick et al. 2001). 

Biomineralised magnetite could be differentiated from inorganic sources, and suggests 

that the particles detected could serve in a magnetoreception mechanism.  

Recent studies on honey bees separated into parts showed that nanoparticles of 

magnetite could be detected in all sections of the bee using FMR, although the abdomen 

retained a signal an order of magnitude larger than other parts (Chambarelli et al. 2008). 

These particles could be detected at both a juvenile and adult age, although changes in 

resonance as the bee aged indicated that the particles may change and develop over time 

(Chambarelli et al. 2008). It has been demonstrated that FMR spectra can be influenced 

by factors such as age, hive location, drying and preservative solution (Chambarelli et 

al. 2008; El-Jaick et al. 2001). 

SQUID magnetometry and FMR of different bee species parts indicate that the 

distribution of magnetic material is vastly different in the stingless bee Stenarctia 

quadripunctata when compared to the honey bee Apis mellifera, with almost half 

(45±5%) of the total body magnetic moment coming from the antennae (Lucano et al. 

2006a), as opposed to the heavy abdomen weighting (~70%) of the honey bee 

(Wajnberg 2010). This matches similar magnetic weightings found in the ants 

Pachnoda marginata (de Oliveira et al. 2010), Solenopsis substituta (Abraçado et al. 

2005) and to a lesser degree Solenopsis interrupta (Abraçado et al. 2008). A 

magnetoreceptor in the antennae of insects makes sense from a neurobiological point of 

view, as the antennae are fully innervated and possesses many sense organs (Snodgrass 

1910).  

Histological studies using iron specific staining and Mössbauer spectroscopy found 

that trophocyte cells in the fat layer contained large concentrations of hydrous iron 

oxides (Kuterbach et al. 1982). Further studies showed that this iron staining is only 

present in workers aged over 6 days, with concentrations increasing until 12 days old 

(Kuterbach & Walcott 1986b). The fat layer sits below the cuticle of the bee throughout 

the entire abdomen (Snodgrass 1910). Since their discovery, these granules have 

become the primary focus for research in honey bee magnetoreception, and a source of 

some controversy.  

These granules are comprised of aggregations of amorphous ~7.5 nm iron rich 

subunits, with many granule aggregations being enveloped with a lipid membrane (Hsu 

& Li 1993; Kuterbach & Walcott 1986a). Analysis using high-resolution transmission 

electron microscopy (HR-TEM) reported that these granules contained 

superparamagnetic (SPM) magnetite. It was proposed that these granules, specifically 
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ones above the 2nd and 3rd sternites, were responsible for the magnetic sense in honey 

bees (Hsu & Li 1994). However, the ability of these granules to function as a magnetic 

sensory system was called into question because a) similar granules can be found in the 

ventriculus, b) they lack the inherent crystallinity of magnetite, and c) possess no 

innervation from the appropriate nerve cells (Nesson 1995; Nichol & Locke 1995). The 

amount of magentite proposed to exist in the granules was refuted using magnetometry 

(Kirschvink & Walker 1995). Finally, the area proposed has no link to behavioural 

studies, which have primarily shown a response when the 2nd and 3rd tergite region is 

interfered with magnetically (Kirschvink & Walker 1995; Walker & Bitterman 1989a).  

Elemental analyses using energy dispersive X-ray (EDX) microanalysis (Keim et 

al. 2002; Kuterbach & Walcott 1986a; Kuterbach & Walcott 1986b; Wang et al. 2013a) 

and electron energy loss spectroscopy with energy-filtered TEM (Keim et al. 2002) 

demonstrate that iron, oxygen, calcium and phosphorus are colocalised throughout these 

granules. Studies on younger bees (<12 days old) using TEM and proton-induced X-ray 

emission (PIXE), show reduced granule number, size, and the absence of calcium 

(Kuterbach & Walcott 1986b). Inductively coupled plasma mass spectrometry (ICP-

MS) laser ablation studies show that this combination of elements appears constant 

throughout the entirety of the fat body, as well as a small section in the anterior section 

of the thorax (Wang et al. 2013a). Granules similar in appearance and composition have 

also been found in the fat bodies of bumble bees (Walcott 1985) and hornets (Hsu 

2004). It is thought that these granules, as well as similar granules found in the stingless 

bee Scaptotrigona postica, are likely degraded forms of holoferritin, with phosphorus 

and calcium precipitated within the ferritin cores. The lack of crystallinity and the 

presence of phosphorus are likely to make them poor magnetoreceptors (Keim et al. 

2002). 

Research has still continued on the role of these granules in magnetoreception. 

Extraction and subsequent purification of granules gathered from 80,000 honey bee 

abdomens was used to investigate their density (1.25 g/cm3), and confirm the presence 

of SD magnetite by identifying coercivity in SQUID magnetometry hysteresis loops 

(Hsu et al. 2007). This study also demonstrated that cells containing the iron granules 

were seen to release calcium ions under changing high fields, presumed to be due to 

SPM magnetite within the granules causing detectable deformation. A model based on 

this granule deformation seen in high fields has been proposed (Hsu et al. 2007). 

Proteins associated with the biomineralisation of these iron granules have been 

identified and localised, with a hypothetical biomineralisation model proposed that 
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relies on the deformation of granules in magnetic fields causing a signal cascade (Hsu & 

Chan 2011).  

Electron-dense material, presumed to be SD or SPM magnetite, was found in the 

rigid hair structures of the anterior dorsal region of the honey bee abdomen (Schiff 

1991). 10-20 nm granules surround the hair dendrites, with larger particles seen along 

one side and base of the hairs. If these particles were magnetite, they would have 

sufficient number and moment to form the basis of a magnetoreceptor system. The 

position of these hairs matches the position where magnets were attached by Walker & 

Bitterman (1989a), which could indicate why magnetosensitive behaviour was disrupted 

during these experiments.  

 

Choosing a model system 

Although iron particulates have been described indirectly and directly in these various 

animals, to date, the field arguably considers the matter of magnetoreceptor location and 

function unresolved. The recent corrections made to the identification of 

magnetoreceptors (Elderman et al. 2015; Treiber et al. 2012; Treiber et al. 2015), 

seriously question the validity of previously identified structures and the techniques 

applied to these problems. Looking forward, choosing an animal model for studying 

iron based magnetoreception is a difficult proposition.  

Choosing an animal model to investigate magnetic particle based magnetoreception 

should meet a number of criteria. In addition to having demonstrated behavioural 

evidence for magnetoreception, the model should be able to address the identified 

problems associated with the needle-in-a-haystack factor and iron contamination. In this 

thesis, the honey bee Apis mellifera was chosen as it meets each of these criteria.    

Honey bee cognition and magnetoreceptive behaviour is well documented, and 

demonstrates that they are highly sensitive to magnetic fields (reviewed in section 9.1 of 

the Appendix). Responses to pulse remagnetiseation experiments are also indicative of a 

receptor magnetoreceptor based on single domain magnetite (Kirschvink & Kirschvink 

1991). 

In addition to honey bee behavioural characteristics, their physical characteristics 

are advantageous to testing a variety of methodologies. The small size and discrete body 

parts of honey bee workers significantly reduces the volume of tissue that must be 

analysed, effectively reducing the size of the “haystack”. Large numbers of workers can 

be collected for a more thorough testing of techniques on multiple organisms, as well as 

allowing for pooling of multiple body parts in indirect studies. As honey bees are an 
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important species with respect to honey production and pollination, the long term 

practice of bee keeping and well described biology allows for considerable control over 

their husbandry and conditions under which they are reared. The fact that honey bees 

are known to accumulate significant amounts of iron also makes them potentially useful 

for investigating the problems associated with iron contamination and optimising 

methods where target particles or magnetic signatures might be masked by its presence.   

  

 

1.2 Goals and project outline 
Despite 50 years of research, the cellular mechanisms responsible for magnetoreception 

remain elusive. For a variety of technical and biological reasons, the results of many 

previous studies remain inconclusive, leading to a deadlock with respect to any advance 

in resolving the biological basis of the magnetic sense. As can be summarised from the 

background detailed above, is apparent that there are two fundamental problems that 

must be addressed in order to answer this long standing biological question: 

1. The “needle-in-a-haystack” problem - A magnetite based magnetoreceptor has 

been hypothesised to be a rare cell type that, owing to the pervasive nature of 

magnetic fields, may exist anywhere in the body. 

2. The presence of biological/environmental iron contamination - The ubiquitous 

presence of iron in biological systems and the environment has served as a major 

barrier to investigation, as it has led to a number of false positives when attempting 

to identify an iron based magnetoreception system.  

Without an understanding of the total iron picture in a biological system, and the 

correct choice and application of analytical methodologies, an iron based 

magnetoreception system has little chance of being found. As such, it was the purpose 

of this thesis to explore the utility of a range of novel and previously used techniques to 

investigate their applicability to the discovery of magnetoreception systems in light of 

the two overarching factors stated above. Additional consideration was given to the 

techniques’ ability to provide high throughput and/or the ability to be used in correlative 

approaches. These techniques were performed primarily on the model system of the 

honey bee worker for the reasons outlined in section 1.1.7 of this chapter. The viability 

and sensitivity of techniques was also assessed using biogenic magnetic particles 
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derived from magnetotactic bacteria (MTB), which are generally underutilised in the 

field as a standard. 

 

The quantification and distribution of iron in the honey bee 

To overcome the issue of unrelated biological iron interfering with locating magnetite, 

we need to understand the total iron in the honey bee system and how it may interfere 

with the ability to find a magnetoreceptor. Therefore, the first step in this process was to 

obtain a picture of the total iron and iron concentration in the honey bee using 

inductively coupled plasma atomic emission spectroscopy (ICP-AES), a bulk analysis 

technique that can detect trace concentrations of iron down to <0.002 mg/L. 

The worker bees were split into antennae, head, thorax, and abdomen, and analysed 

at multiple points over their life span. This allowed for iron level and concentration to 

be tracked and linked to behavioural or physiological changes as the bee matures. In 

addition to this, by comparing the total iron in the different parts of the bee with the 

hypothesised iron levels required for the honey bee specific magnetoreception system, 

we determined which body parts have sufficient iron for the compass and map sense. 

 

Evaluation of magnetometry as applied to magnetoreception 

While ICP-AES can provide a picture of iron levels in various parts of the honey bee, 

magnetometry techniques can provide information on the mineral form of that iron, and 

more specifically, whether magnetite is present. Superconducting quantum interference 

device (SQUID) magnetometry is a commonly used and highly sensitive magnetometry 

technique that can detect small amounts of magnetite, addressing the needle-in-a-

haystack problem. Unlike ferromagnetic resonance, this technique can also exploit 

unique aspects of magnetite whilst still collecting data on non-ferrimagnetic materials. 

However, little is known about the direct sensitivity of techniques such as SQUID 

when applied to biological systems, especially in the context of an iron loaded system 

such as the honey bee. To date there has been no attempt to experimentally determine 

the detection limits and optimum scan types of SQUID magnetometry in a 

magnetoreception context. 

To address this we used a concentration series of MTB to experimentally determine 

the number of magnetic particles required for SQUID magnetometry to be able to 

identify their unique signals in the presence of a biologically equivalent background. 

This would also demonstrate exactly what a magnetoreceptor in tissue would look like 

in a SQUID magnetometer. Once this was identified, the same signals were searched for 
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in honey bee tissue. To correlate with ICP-AES data, this bee tissue was split into 

separate parts and analysed in both juveniles and adults. 

 

Magnetic resonance imaging of the honey bee 

As bulk methods such as ICP-AES or magnetometry cannot resolve the exact location 

of magnetoreceptive cells, and as it is also impractical to use higher resolution 

techniques such as TEM for a blind search, intermediate imaging techniques are needed 

that can bridge this resolution gap. 

Previously used techniques such as reflectance mode laser confocal microscopy are 

inappropriate for the honey bee, as the non-grouped particle structure of bee 

magnetoreceptors may be missed due to the low level of particles that reflect when 

using the technique (Green et al. 2001). Optical microscopy using Perls’ Prussian blue 

staining is quick but non-specific to magnetite. Neither laser confocal microscopy nor 

optical microscopy can effectively analyse whole parts of the bee at once, and suffer 

from low throughput.  

3D visualisation, such as magnetic resonance imaging (MRI), is untried in the field 

but is an attractive method owing to the fact that it can image large volumes of tissue 

and is sensitive to magnetic materials. In addition to bridging the resolution gap 

between indirect techniques and electron microscopy, it can also map the distribution of 

iron identified through the bulk analysis approaches and can add a correlative aspect to 

indirect analysis. 

While a single magnetosome will not be visible using MRI, previous studies have 

shown that single cells loaded with synthetic magnetite nanoparticles are resolvable 

using clinical MRI scanners with field strengths between 1.5T and 11.7T (Brähler 2006; 

Foster-Gareau et al. 2003; Hinds et al. 2002; Pinkernelle et al. 2005). The contrast and 

resolution of these scans increased noticeably with higher MRI magnetic field strengths, 

longer scan times, larger particle concentration within the cells, and if there was 

clumping of loaded cells. As such, is it possible that MRI systems will be able to 

resolve a magnetoreception system if the system is clustered. To test this hypothesis, 

high resolution MRI was used in a novel attempt to locate areas of magnetic interest in 

the honey bee worker.  

 

Particle extraction and electron microscopy characterisation 

One of the commonly adopted approaches to address the needle-in-a-haystack problem 

has been for researchers to reduce the size of the haystack, leaving behind the needle. 
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Such approaches typically rely on some form of sample homogenisation and digestion 

followed by an extraction of the inorganic iron particulates that remain. Such samples 

can then be examined using techniques such as TEM.  

However, previous studies have shown that such approaches can be vulnerable to 

the fundamental problem of contamination from biological/environmental iron. In 

addition to this, many of the studies that have used extraction type methods may have 

introduced sampling errors owing to the inherent clumping behaviour of magnetic 

materials and the potential scarcity of the particles being searched for. As such, a novel 

iron-free digestion, embedding and analysis procedure was developed that captures the 

entire inorganic fraction of the sample, facilitates detailed characterisation using TEM 

imaging and analysis, and is amenable to correlative techniques.   

As a proof of principle, the samples investigated include blank controls, MTB 

magnetosomes, adult bee abdomens, and adult bee abdomens spiked with 

magnetosomes. This will demonstrate that magnetite remains unchanged through 

processing, that all organic tissue is removed, and that magnetite particles can be 

differentiated from other biological iron sources such as those known to be present in 

honey bees. 
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2.0 General materials and methods   
 

2.1 Worker bee aging and husbandry 
The complexity of honey bee societies has stimulated a large number of studies 

investigating the neurobiology of honey bee workers and how their roles in the hive 

change over time (Burne et al. 2011; Menzel & Giurfa 2006; Srinivasan 2010). The 

roles and the mean ages at which they are undertaken are displayed in Figure 2.1. In the 

early stages of life, worker bees stay mostly within the hive where they feed brood and 

fan honey. Foraging behaviour is typically only exhibited 22 days after the bee first 

emerges from the comb (Winston 1987), which is when the magnetic sense will be of 

most use. Changes in iron may be linked to these changes in behaviour and role. 

 

 
Figure 2.1 – The evolution of age related tasks performed by workers over their life span. Image 

adapted from Winston (1987) 
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Small tissue volume is also a major factor to consider when searching for 

potentially rare cell types. An adult worker bee is approximately 15 mm long, and 

weighs around 10 g (Alpatov 1929). While numbers can vary dramatically from season 

to season, there are typically between 1,000 and 60,000 worker bees in a colony at any 

one time (Winston 1992). The small physical size and large number of worker bees 

available, in conjunction with the above mentioned behavioural evidence and well-

studied cognition, make honey bees an ideal animal model for searching for a 

magnetoreceptor system. 

It is not yet known at which age the magnetic sense develops in bees, although it 

must be assumed that it would be fully functional by the time foraging begins. It has 

been demonstrated that iron levels increase in bees as they mature (Kuterbach & 

Walcott 1986a; Kuterbach & Walcott 1986b). While the role of this iron in the bee’s 

metabolism is unclear, studying changes in iron from the point of eclosion to foraging 

will allow us to form a greater understanding of the location and function of biological 

iron within the bee. 

Other factors can also affect the development and behaviour of the worker caste. 

Workers become stressed and undergo a number of behavioural and physiological 

changes in the absence of the queen (Gary 1992). Worker roles change, standard 

activities become disrupted, ovaries begin to grow, and flight activity may diminish by 

up to 77%. It is therefore beneficial that worker bees intended for experimentation are 

raised under standardised conditions resembling a normal colony life, lest any abnormal 

physiological changes be present during analysis. As such, a marking method of eclosed 

bees was developed so that bees could be reared in the natural hive environment prior to 

analysis at specific time points.  

Bees are known to be highly hygienic, which prohibits the use of many standard 

marking methods. Workers excel at the removal of water based inks and markers from 

the wings and other body parts. Conventional practices to differentiate bees within a 

hive rely on permanent paints or adhesives that contain a range of potential metallic 

contaminants that could interfere with subsequent elemental or particle analysis. For 

example, paints are commonly used to mark the thorax of bees, but use pigments 

containing titanium, zinc, lead and iron oxides (Fitch 1970; Hallows & Walker 1943; 

Linton 1963). The artificial introduction of such material could result in false positives 

for certain types of analysis.  Clipping a small section of the wing is also common, but 
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this is time consuming, difficult to see, and can hinder the foraging ability of the bee if 

performed incorrectly. 

To overcome these issues, a novel marking method using colour coded orthodontic 

ligatures, the small rubber bands used in orthodontics to affix the archwire to the 

bracket in braces, was developed to adequately distinguish age marked bees from others 

within the hive. This allowed bees to be tagged at eclosion and yet still carry out their 

normal roles within the hive, including foraging, prior to collection at specific intervals. 

Bands were easily identifiable and could be removed prior to undertaking various 

analyses.  

 

Hive conditions 

The European honey bee Apis mellifera was used in all experiments. In all cases where 

age marking was required, bees were kept in a 4 frame nucleus hive (Figure 2.1). These 

hives were kept in an open topped bee yard located at The University of Western 

Australia during the experimental season between September and May. Outside of the 

experimental season, hives were kept at reserves in Cataby, Western Australia, due to 

the warmer climate there. 

Four frame nucleus hives typically house approximately ten thousand bees 

(Winston 1992). Excluding the marking process, the bees were kept in completely 

natural conditions and were allowed to roam freely for food and water from natural 

sources.  

 

  
Figure 2.2 – Front (left) and side (right) views of the 4 frame nucleus hives used during 

experimentation 
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Age marking 

The banding system consisted of orthodontic ligatures (.120 Mini-Ties, NAOL 

Australia) and a specially designed applicator tool (Figure 2.2a). Bands were fitted 

between the thorax and abdomen by stretching them over the applicator with the bee’s 

abdomen being positioned inside the applicator cavity (Figure. 2.2b). The internal 

diameter of the relaxed ligatures was small enough to prevent removal. A range of band 

colours was available to permit banding across a number of days (or under different 

conditions) allowing the marked bees to be easily distinguishable from other bees 

within the hive.  

To obtain newly eclosed bees (day zero), a brood frame was removed from a hive 

prior to the hatching of bees. This frame was brushed free of bees and then placed into 

an observation frame and stored at 32°C in an incubator overnight. The following 

morning, bees that had emerged were collected from the frame into a large open topped 

plastic container. A small amount of candy (a honey-icing sugar mixture) and water was 

placed into the bottom of the container to sustain the bees during the banding process. 

This was repeated throughout the day as more bees emerged. Vaseline was applied to 

the top rim of the container to prevent bees from escaping.  

If the experiment required juvenile bees (day zero), the desired number would be 

removed at this point and euthanised via freezing for 30 min at -20°C in a standard 

storage freezer. Should further age classes be required, a band would be applied. To 

achieve this, a band with a colour unique to the day was rolled from the tapered end of 

the applicator shaft (Figure 2.2a) towards the bee’s abdomen, which had been placed 

into the aperture of the applicator shaft (Figure 2.2b), and then placed between the 

abdomen and thorax.  

Up to 30 individually marked bees would be placed back into a separate container 

(Figure 2.2c). Banded bees were placed into a wood and wire mesh cage with queen 

candy smeared into the mesh. Two of these cages could then be placed between the 

frames and lid of a different nucleus hive and left overnight. Cages would then be 

opened the following day to allow banded bees to enter the hive. This step was found to 

be important for preventing rejection of the banded individuals by other workers in the 

hive.   

Not all bees will be accepted by the hive post reintroduction, either due to smell or 

potentially crippling of an appendage during band application. These bees are stung and 

then carried out to the front entrance of the hive. Approximately 93-98% of bees survive 

the banding and introduction to the hive. Over the course of the experiments, losses due 
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to natural attrition and environmental factors at the final time point (25 days post 

eclosion) were estimated to be approximately 30% of the initial banded population.  

Although the bands would initially distress the bees, it was found that they 

eventually adapted to them and were able to fly and forage with little apparent detriment 

(Figure 2.2d). The bands were resistant to removal by rubbing, chewing or other means.  

 

Collection 

Age points beyond day 0 were taken from the marked age cohort within the hive. This 

was achieved by first smoking the hive through the entrance to calm the bees, and then 

removing the lid of the hive box. Once removed, the underside of the lid would be 

examined for any marked individuals with the appropriate age band. When a marked 

bee was found, it was collected with tweezers, and then placed into a plastic container 

with a flap cut into the lid. Each of the five frames would then be systematically 

checked and then returned to the hive (Figure 2.2e). The hive would then be closed, and 

the collected bees euthanased via freezing for 30 min – 1 hour at -20°C. Longer freezing 

times were required as the bees aged due to their improved constitution. 
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Figure 2.3 – Overview of the banding process developed for age marking. (a) Prototype (left) 

and final (right) band application tool. (b) A juvenile bee with its abdomen inserted into the tip 

of the applicator tool. The band would then be rolled along the shaft and fitted between the 

abdomen and the thorax.  (c) Banded bees were placed in a container with Queen candy before 

being placed in hive. (d) Foraging banded bee collecting pollen from a feeding station, 

demonstrating full functionality in movement and behaviour. (e) Frames would be sequentially 

removed from the hive and bees with the appropriate coloured band would be removed for 

subsequent processing. 

 

Post treatment  

All bee samples were washed post collection to remove dirt and traces of pollen before 

analysis. Washing was performed by filling a 50 mL polypropylene digestion vessel 

with approximately 100 marked bees, then filling to the 50 mL mark with 7.4 pH 

phosphate buffered saline (PBS). These tubes would then be placed in a sonication bath 

for 3 repeats of 10 min, with the PBS poured away and replaced after every 10 min 

iteration. When wash water was analysed, the wash water would be poured into an acid 

washed beaker. The volume (typically ~1 L) would then be reduced by heating at 80°C 

until less than 20 mL was left, and then stored in a fridge until required.  

To ensure any large particulates that had sunk to the bottom of the tube didn’t 

remain in contact with the bees, the bees would be transferred to a new 50 mL vessel 

using plastic tweezers after the third repeat. The tubes were again filled with PBS and 

further sonication steps were then repeated 3 x 5 min. These bees were then transferred 

e) 
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to a final 50 mL vessel and dried overnight in a 32°C oven to evaporate off most of the 

remaining wash solution. 

Samples that required dissection into different body parts (i.e. antennae, head, 

thorax and abdomen), were cut according to Figure 2.3 following the oven drying 

process. Parts were then stored separately in 50 mL polypropylene digestion vessels 

until required.  

Samples that required freeze drying were left in a -20°C freezer for at least three 

hours prior to treatment. Once the sample was adequately frozen, the samples would 

then be transferred to a VirTis BenchTop 2K Freeze Dryer system (SP Scientific, 

Warminster, Pennsylvania, USA). Samples would then be freeze dried under vacuum at 

-65°C for 72 hours, then stored in a dessicator for later use.  

 

 

 

 
 

Figure 2.4– Diagrammatic illustration of the major body parts separated for analysis (image 

adapted from Snodgrass 1956). 

 

 

39 
 



2.2 Magnetotactic bacteria  
Magnetotactic bacteria are organisms known to possess an iron-based magnetotaxis 

mechanism (Blakemore 1975). Since their discovery in 1963, their properties and 

structure have been well studied and documented (Nogueira & Lins De Barros 1995; 

Erglis et al. 2007; Faivre & Schüler 2008; Lefèvre & Bazylinski 2013). Chains of 

magnetite, similar to those observed in the bacterial magnetosome, are thought to form 

the basis of an iron-based magnetoreceptor cell in animals (Kirschvink, Walker & 

Diebel 2001). 

In magnetotactic bacteria, these chains of magnetite (or greigite in some species) 

are used to align the bacteria along the Earth’s magnetic field lines. Bacteria from the 

southern hemisphere will generally align towards magnetic north, and vice versa in the 

northern hemisphere. This aids them in locating or maintaining regions with beneficial 

growth conditions (Blakemore & Frankel 1981).  

Magnetotactic bacteria exert biological control over magnetosome formation to 

produce magnetite particles that are uniform in size and shape (Meldurum & Cölfen 

2008). Magnetotactic bacteria are common in micro-aerobic habitats such as swamps 

and wetlands, and are commonly collected and cultured in laboratories (Flies, Peplies & 

Schüler 2005; Moench & Konetzka 1978). Once extracted, they can then be cultured in 

specialised media if large quantities are needed. This combination of qualities makes 

magnetotactic bacteria ideal standards for testing the viability of various methodologies 

required for investigating iron-based magnetoreception. 

 

Wildtype collection and enrichment  

Magnetotactic bacteria (MTB) were collected from a small eutrophic wetland area 

(Lake Monger) in suburban Perth, Western Australia. Samples of lake sediment and 

water were collected and stored in 250 mL plastic screw cap containers with a 2:1 

water-sediment ratio. These were then returned to the laboratory and stored in a dark 

cupboard at room temperature (22oC). Lids were left slightly loosened to allow for 

restricted oxygen transfer to the sample. This creates ideal conditions for MTB growth, 

as well as inhibiting the growth of any aerobic or photosynthetic organisms present and 

serves to enrich the natural population of magnetotactic bacteria. Bacteria levels could 

be assessed by taking a subsample from the oxic-anoxic transition zone (top ~1cm of 

the sediment layer) and observing MTB numbers using the hanging drop method (see 

below). Sufficient numbers of bacteria were available in 3 – 4 weeks post collection.  
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Extraction and purification 

As MTB from the southern hemisphere are generally attracted to the north magnetic 

pole, extraction of MTB from a sample container was performed by placing the north 

face of a neodymium magnet above the lid for 1-2 hours in the dark. After the allotted 

time, a pellet of bacteria would be visible on the water surface, which could then be 

removed using a pipette. Pellet size and density varied greatly between samples. Once 

extracted, the bacteria could then be either used directly or further purified to remove 

plant matter and non-magnetotactic organisms using the capillary “race track” (CRT) 

method (Schüler, Spring & Bazylinski 1999; Wolfe, Thauer & Pfennig 1987).  

Imaging of the purified wild type samples demonstrated that a majority of the 

magnetotactic bacteria collected were a coccoid species that possessed several 

magnetite chains between 0.5 µm – 1 µm in length (Figure 2.5). Magnetotactic 

spirillum was also identified, though in comparatively smaller numbers.  

 

 

 

 

 
 

Figure 2.5 – Electron micrograph of a coccoid magnetotactic bacterium typical of the wild type 

population of Lake Monger, Perth, WA. Scale bar = 200 nm. 
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Cultured magnetotactic bacteria  

For the enrichment and isolation of MTB, medium was prepared according to German 

Collection of Microorganisms and Cell Cultures (DSMZ, medium number 380). One 

litre of medium contained 2.0 mL Fe(III) quinate solution (prepared by adding 0.45 g of 

FeCl3.6H2O and 0.19 g of quinic acid to 100 mL of dd.H20), 0.50 mg of Resazurin, 

0.68 g of  KH2PO4, 0.12 g of NaNO3, 0.05 g of Na-thioglycolate, 0.37 g of L(+)-

Tartaric acid, 0.37 g of  succinic acid, 0.05 g of Na-acetate, and 1.30 g of agar. This is 

similar to a medium used in previous studies (Schleifer et al. 1991), although 

concentrations of individual chemicals were altered. The headspace was flushed with 

oxygen-free nitrogen for 5 minutes and autoclaved at 121°C for 15 minutes. After 

autoclaving, 2 mL of vitamin solution was added and medium was dispensed into 

anaerobic cultivation tubes (Bellco Glassware, Vineland, USA) or serum bottles (Sigma 

Aldrich, Sydney, Australia) sealed with butyl rubber stoppers and aluminium crimp 

caps. Depending on the colour of the redox indicator, the headspace was flushed with 

either filter sterilised nitrogen or air to produce a medium slightly pink in colour.  

Bacteria to be cultured were taken from the wildtype population which were then 

purified through sub-sampling a series of cultures. The final cultured population 

appeared weighted in favour of the spirillum population, although coccoid species were 

still present. Although a pure strain was not isolated, sufficient numbers of MTB and 

magnetosomes were present for experimental purposes, as confirmed by TEM 

examination.  

 

Washing of bacteria 

All bacteria samples were washed before use to ensure lake water or culture media 

would not impact on analysis. To do this, the bacteria to be used would be centrifuged 

(10 min at 4000 rcf) in an appropriate vessel, and then the liquid removed using a 

pipette. The pellet would then be resuspended in deionized H2O and the process 

repeated for a total of five times. The bacteria would then be considered clean, 

following which they could be counted using a bacterial haemocytometer if necessary, 

then used for experimentation. 

 

Hanging drop method 

The hanging drop method described by Oestreicher (2012) was used to assess MTB 

numbers. Briefly, a small drop (~100 µL) of the subsample was placed on a standard 22 

mm x 22 mm glass coverslip, and then inverted so that the drop was suspended below. 
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The slip was then positioned on a rubber o-ring spacer placed on a glass slide. MTB 

were then concentrated at the edge of the droplet by presenting the appropriate face of a 

magnet. As the MTB observed in our samples were predominantly north-seeking, the 

north face of a small neodymium magnet was placed at the edge of the droplet where 

observation was taking place. 

After one minute, MTB would form a layer at the drop edge (Figure 2.4).  This 

layer was observed using differential interference contrast (DIC) imaging at 400x 

magnification. If the MTB concentration of the sub-sample was sufficient such that the 

layer thickness was greater than 20 µm then it was deemed that the concentration 

present within the greater sample was sufficient to be extracted.  

 

 

 
Figure 2.6 – DIC image of magnetotactic bacteria concentrated at the drop edge. Layer 

thickness of >20 µm signifies the sample is suitable for extraction. Scale bar = 20 µm. 
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Bacteria counting chamber readings 

When accurate concentrations of magnetotactic bacteria were needed, a bacterial 

haemocytometer was used. This was done by pipetting 10 µL of the MTB solution into 

the engraved circle in the centre of the of a Helber bacteria counting chamber 

(Hawksley, Sussex, United Kingdom). A specialised cover slip was then placed over the 

engraved circle in such a way as to ensure no air was trapped under the slide. The slide 

was then viewed using differential interference contrast (DIC) imaging at 400x 

magnification. The thoma ruling grid located in the centre of the circle can then be used 

to count the number of bacteria in 50 of the squares. The volume of liquid within each 

of these squares in known to be 5x10-8 mL. If the total count of 50 small squares is 'B' 

counts then the concentration of cells  

 = B / ( 50 x 5 x 10-8 ) bacteria per mL  

 = B x 4x105 bacteria per mL (2.1) 

Assuming the solution was well mixed beforehand, this number provides an accurate 

concentration of the original solution.  
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3.0 The quantification and distribution of iron in 

the honey bee 

 
3.1 Introduction 
Iron is essential to all forms of life, ranging from bacteria to higher organisms. Iron 

based proteins transport oxygen, form enzymes, mediate redox reactions and take part in 

many other metabolic processes (Hentze et al. 2004; Weinberg 1989).  Insect tissues in 

particular require significant levels of iron for DNA and RNA synthesis, respiration, 

oxygen metabolism and transport, and is hypothesised to be involved in the formation 

of a magnetite-based magnetoreceptor is certain species (Kirschvink 1981; Locke & 

Nichol 1992; Nichol et al. 2002). While the metabolic pathways and function of iron in 

biological systems has been well described (Hentze et al. 2004; Weinburg 1989), 

limited data is available on the amount and distribution of iron in insects. 

The field of magnetoreception has recently witnessed a number of corrections that 

have significantly changed the understanding of iron-based magnetoreceptors. In 

particular, the long-held view that magnetite/hematite-containing cells in the upper beak 

of pigeons were magnetoreceptors (Falkenberg et al. 2010; Fleissner et al. 2003; 

Fleissner et al. 2007; Hanzlik et al. 2000) was overturned when these cells were shown 

to be iron-rich macrophages (Treiber et al 2012). Additionally, candidate 

magnetoreceptive cells in trout, isolated by a magnetic screening technique (Eder et al 

2012), were instead shown to be contaminated with magnetic particulates (Edelman et 

al 2015). These two examples highlight the importance of fully understanding the 

inherent biogenic and non-biogenic sources of iron in a given system in order to avoid 

false positives. Obtaining a qualitative and quantitative understanding of iron in a given 

system could therefore be considered a basic first step when attempting to isolate an 

iron based magnetoreceptor. 

Few studies have looked at gross iron in honey bees in the context of 

magnetoreception. Particle-induced X-ray emission (PIXE) has been used on the 

intestinal tract, fat body and flight muscles to analyse the development of iron granules 

within the fat body, as well as record the change in iron levels in these tissues as the 

bees mature (Kuterbach et al. 1982; Kuterbach & Walcott 1986a; Kuterbach & Walcott 

1986b). These studies demonstrated that the size and number of iron granules present in 

the honey bee fat body increase following hatching (eclosion), most notably from days 
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3 to 6, before plateauing at 12 days old. The fat body also proved to have the highest 

iron concentration of all the tissues analysed throughout development (Kuterbach & 

Walcott 1986b). While this does give some indication as to the nature of the iron in a 

sub-set of honey bee tissues at different ages, the advent of new analytical techniques 

with greater sensitivity makes it possible to more accurately assess iron levels in all 

honey bee body parts. 

In the context of honey bee biology and magnetoreception a greater understanding 

of the distribution and quantity of iron within the honey bee could achieve the 

following: 

 

1. Reveal patterns of iron demand related to the biology of the animal, such as the 

undertaking of known roles within the hive at various stages of its life cycle. 

2. Determine whether sufficient iron is present in different body parts and at 

different ages to constitute a map or compass sense given current hypothesised 

mechanisms. 

 

Inductively coupled plasma atomic emission spectroscopy (ICP-AES) is a bulk analysis 

technique that can detect trace concentrations of iron down to <0.002 mg/L. This 

technique has been used to detect the trace levels of copper, selenium, lead, and 

cadmium in foraging bees (Roman 2010), but has yet to be used to record total iron 

levels in whole or dissected bees. The sensitivity to iron is several orders of magnitude 

greater than the PIXE technique used in earlier honey bee iron analyses (Kuterbach & 

Walcott 1986b), which has a sensitivity of approximately 1 mg/L (Johansson et al. 

1995). Previous studies also utilised tissue sections from the digestive tract and fat 

body, rather than whole parts. This study will look at whole parts over a broader range 

of ages, using hive raised bees rather than bees raised under laboratory conditions. 

Previous studies indicate that laboratory raised bees may not be indicative of normal 

development (Kuterbach & Walcott 1986b), which is also suggested by evaluations on 

the abnormal physical and social development of queenless workers (Gary 1992).  
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3.2 Materials and methods 
Inductively coupled plasma-atomic emission spectroscopy 

Honey bees analysed by ICP-AES were aged, collected, washed, dissected and freeze 

dried as described in the General methods (Chapter 2.0) with the following adaptations. 

The time points chosen for this experiment were 0, 5, 10, 15, 20 and 25 days post 

eclosion. Three replicates of 110 bees were collected from different colonies for every 

time point, with the exception of the following differences; 77 bees were collected for 

day 20 of sample group 2, and 73 for day 20 of sample group 3. The day 25 samples of 

groups 2 and 3 were combined to form a total of 46 bees. These differences were due to 

natural attrition and environmental factors. Aging and collection for sample group 1 was 

performed from January to February 2012. Replicates 2 and 3 were conducted from 

April to May 2013 in separate colonies. 

Dry weights of the pooled bee segments were recorded after freeze drying. The 

parts were acid digested by adding 10 mL of 69% nitric acid to each sample (and 2 

reagent blanks). Each sample was then placed into a graphite block and heated to 95°C 

until the volume was reduced to 2 mL, followed by the drop-wise addition of 0.5 mL of 

30% hydrogen peroxide. This solution was left to further reduce to a volume less than 1 

mL and then diluted to 30 mL (10 mL for antennae samples and the blanks) with 1% 

nitric acid. Samples were then transferred to three (or one in the case of the antennae 

samples and the blanks) 10 mL disposable plastic tubes for analysis. 

Iron analysis was performed using an Agilent 700 Series ICP-OES (Agilent 

Technologies, Santa Clara, California, USA). The total iron (TI) levels recorded by 

ICP-AES and the iron concentration (IC) per gram of tissue was calculated using the 

dry weights (average values presented in Table 3.1) for each separate body part at each 

time point.  Total amount of iron per body segment is independent of the mass of the 

sample, whilst the iron per gram of dried tissue (i.e. the concentration) was found by 

dividing the total iron per part by the measured dry weights of the tissue.  

Analysis of total iron provides a general overview of changing iron levels in bees of 

different ages, which can then be referenced against changes in behaviour or role. Total 

iron levels were calculated in order to make comparisons with the amount of iron 

required to form a hypothetical magnetoreceptor system (calculated in section 9.2 of the 

Appendix). Total iron values are also less vulnerable to measurement error, as 

variability in sample weights will not affect the final value. Knowing the concentration 

of iron per gram of dry tissue will be useful for attempting to identify high iron levels in 

various body parts, irrespective of the sample weight. This will be important in 
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attempting to identify whether a part like the antennae or head has a greater IC than 

larger parts, which could be indicative of iron rich crystals, such as magnetite. 

Correlation between these measurements can identify statistical outliers for removal, as 

well as indicate constancy in the relationship between TI and IC.   

As a result of having multiple colonies (or replicates), a univariate analysis of 

variance (ANOVA) could be performed to determine whether the effects of several key 

variables have an effect on bee part iron level. Bee age and body part type have been 

shown to have an effect in other magnetometry and ferromagneti resonance (FMR) 

studies, while differences in colony (or replicate) will show whether these differences 

are common or whether external factors may contribute to them. A one way ANOVA 

can indicate whether these variables have a significant effect on the iron level found in a 

part, also providing an approximate measure on the degree of the effect. It cannot 

however indicate at what time point this difference occurred. To measure whether the 

change in TI and IC between day 0 and 25 was significant, Student’s t-tests were 

performed. These analyses were performed using SPSS Statistics (v12.0) for Macintosh.  
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3.3 Results 
3.3.1 Inductively coupled plasma-atomic emission spectroscopy  

The total iron (TI) and iron concentration per gram (IC) of dried tissue was calculated 

for each body segment (Table 3.2 and Figure 3.1). TI in the whole bee exhibited a 

significant (t = -3.26, P=0.047) near four fold increase from day 0 (1.65 ± 0.06 µg) to 

day 25 (6.28 ± 1.90 µg) (Figure 3.1A). The highest TI was recorded at day 10 (8.26 ± 

1.55 µg) which then steadily decreased as the bee grew older. IC also increased 

significantly (t= -3.33, P=0.045), near doubling from day 0 (0.07 ± 0.01 Fe µg/mg) to 

day 10 (0.17 ± 0.04 Fe µg/mg), before slowly increasing to the final day 25 value (0.19 

± 0.06 Fe µg/mg).   

 

 

Table 3.1 – Average dry weight per part (±1S.E.) calculated from three measurements of 

the pooled parts, divided by the number of parts. 

Part Avg. dry weight (mg) Part Avg. dry weight (mg) 
Day 0 Whole 22.45 ± 1.43 Day 0 Thorax 11.30 ± 0.18 

Day 5 Whole 59.98 ± 4.51 Day 5 Thorax 19.93 ± 2.62 

Day 10 Whole 51.89 ± 4.26 Day 10 Thorax 19.02 ± 1.98 

Day 15 Whole 41.04 ± 1.02 Day 15 Thorax 16.84 ± 0.54 

Day 20 Whole 39.54 ± 8.51 Day 20 Thorax 16.82 ± 1.51 

Day 25 Whole 33.02 ± 2.18 Day 25 Thorax 15.69 ± 0.01 

Day 0 Antennae 0.16 ± 0.04 Day 0 Abdomen 7.06 ± 0.45 

Day 5 Antennae 0.23 ± 0.07 Day 5 Abdomen 33.65 ± 2.09 

Day 10 Antennae 0.22 ± 0.07 Day 10 Abdomen 29.02 ± 1.48 

Day 15 Antennae 0.28 ± 0.10 Day 15 Abdomen 20.92 ± 4.12 

Day 20 Antennae 0.25 ± 0.01 Day 20 Abdomen  17.38 ± 4.65 

Day 25 Antennae 0.19 ± 0.01 Day 25 Abdomen 13.56 ± 3.31 

Day 0 Head 3.26 ± 0.25   

Day 5 Head 5.08 ± 0.95   

Day 10 Head 5.37 ± 0.79   

Day 15 Head 4.67 ± 0.11   

Day 20 Head 4.69 ± 0.37   

Day 25 Head 3.92 ± 0.18   
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Antennae 

The antennae at day 0 possessed the lowest TI of any part (9.77x10-3 ± 3.49x10-3 µg), 

and lowest IC (0.06 ± 0.03 Fe µg/mg) (Figure 3.1B). The TI fluctuated over the course 

of aging, but did not experience a significant difference (t=0.42, P=0.700) from the 

original value at day 25 (7.03x10-3 ± 6.21x10-3 µg). IC peaked at day 10 (0.03 ± 0.01 Fe 

µg/mg), before decreasing to the lowest IC of the parts at day 25 (0.04 ± 0.04 Fe 

µg/mg). The total change from day 0 to day 25 was not significant however (t=0.55, 

P=0.621). A large degree of variability in TI and IC was observed between day 0 to day 

10 and at day 20, with no noticeable trends in either variable.  

 

Head 

At day 0 the head possessed the second lowest TI (0.27 ± 0.03 µg) of all the parts, while 

the IC (0.08 ± 0.01 Fe µg/mg) was approximately equal to the thorax and abdomen 

(Figure 3.1C). At day 25, the TI of the head (0.30 ± 0.06 µg) is approximately twenty 

times less than the TI in the whole bee (6.28 ± 1.90 µg), while the IC (0.08 ± 0.02 Fe 

µg/mg) was less than half of that in the whole bee (0.19 ± 0.06 Fe µg/mg). These are the 

second lowest values for both TI and IC of all the parts at day 25. TI values in the head 

appeared to increase steadily from 0.27 ± 0.03 µg as the bee aged to day 20 to reach a 

maximum of 0.69 ± 0.24 µg, following which the TI returned to a value only marginally 

higher that of a newly eclosed bee (0.30 ± 0.06 µg). Overall the total change was not 

significant (t= -0.57, P=0.11). The IC remains near constant throughout the life of the 

bee and experienced no significant change (t= -0.30, P=0.7848).  

 

Thorax 

The thorax possessed the highest day 0 TI (1.04 ± 0.04 µg), while the IC (0.09 ± 0.01 Fe 

µg/mg) was approximately equal to that of the head and abdomen (Figure 3.1D). At day 

25, the thorax possessed the second highest TI (2.51 ± 0.33 µg) and IC (0.16 ± 0.02 Fe 

µg/mg) of all the parts. A significant increase in iron levels was observed in the thorax 

between day 0 and day 25 (t= -5.84, P=0.010). TI levels near doubled between day 0 

(1.04 ± 0.04 µg) and day 10 (2.01 ± 0.19 µg), before levelling out from day 15 at 

approximately 2.54 ± 0.34 µg. IC appeared unchanged from 0.09 ± 0.01 µg Fe/mg at 

days 0 to 10, increased to 0.15 ± 0.02 µg Fe/mg at day 15, and then maintained an 

approximately level concentration until day 25. The overall change was significant (t= -

4.21, P=0.025).  
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Abdomen 

At day 0 the abdomen exhibited the second highest TI (0.54 ± 0.08 µg), yet had the 

equal lowest IC (0.08 ± 0.01 Fe µg/mg) of all the parts (Figure 3.1E). However, the 

abdomen possessed the largest TI level and IC of the various parts at day 25, with a TI 

level (3.47 ± 1.21 µg) that equalled approximately half the size of the equivalent whole 

measurement (6.28 ± 1.90 µg), and a IC (0.25 ± 0.03 Fe µg/mg) that was 1.3 times 

larger. The abdomen also displayed the greatest total iron and iron concentration change 

during aging. Day 0 TI exhibited a significant 6.4 fold increase over aging (t= -3.24, 

P=0.048), whilst the IC increased significantly by three fold (t= -7.51, P=0.005). The 

highest TI in the abdomen was recorded 10 days after eclosion at 4.61 ± 0.96 µg, which 

then steadily decreased to its second lowest point of 3.01 ± 0.31 µg at day 20. Day 25 

did present a small growth in total amount, but also had a large standard error.  The IC 

within the abdomen did not follow this trend, which steadily rose from day 0 (0.08 ± 

0.01 Fe µg/mg) to a maximum at day 20 (0.27 ± 0.10 Fe µg/mg). This level was then 

essentially maintained to day 25.  

 

Table 3.2 - Total iron per bee part and concentration of iron per gram of dry tissue measured 

post eclosion (day 0) and as a foraging adult (day 25). Errors are ±1S.E. Significant differences 

between day 0 and day 25 values were established using Student’s t-test. 

Part Total iron per 
part (µg) - day0 

Total iron per 
part (µg) -day25 

Sig Fe µg/mg dry 
tissue - day0 

Fe µg/mg dry 
tissue - day25 

Sig 

Whole 1.65 ± 0.06  6.28 ± 1.90 0.047 0.07 ± 0.01 0.19 ± 0.06 0.045 
Antennae 9.77x10-3 ± 

3.49x10-3 
7.03x10-3 ± 
6.21x10-3 

0.700 0.06 ± 0.03 0.04 ± 0.04 0.621 

Head 0.27 ± 0.03 0.30 ± 0.06 0.611 0.08 ± 0.01 0.08 ± 0.02 0.785 
Thorax 1.04 ± 0.04 2.51 ± 0.33 0.010 0.09 ± 0.01 0.16 ± 0.02 0.025 

Abdomen 0.54 ± 0.08  3.47 ± 1.21 0.048 0.08 ± 0.01 0.25 ± 0.03 0.005 
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3.1A - The total iron and iron concentration in tissue for the whole bee. Errors ±1 S.E. 
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3.1B - The total iron and iron concentration in the antennae. Errors ±1 S.E. 
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Figure 3.1C - The total iron and iron concentration in the head. Errors ±1 S.E. 
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Figure 3.1D - The total iron and iron concentration in the thorax. Errors ±1 S.E. 
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Figure 3.1E - The total iron and iron concentration in tissue for the abdomen. Errors ±1 S.E. 
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3.3.2 Correlation analysis  

The correlation between the total iron (TI) and iron concentration (IC) per gram of dry 

tissue for each body segment was calculated in order to observe any patterns between 

the TI and IC of the different parts, and identify outlying values to remove for other 

statistical analyses (Figure 3.2).   

For whole bees, total iron and concentration were significantly correlated (R2 = 

0.587, P < 0.001), indicating that a high TI implied a high IC, and vice versa. A very 

strong statistical correlation was observed for total iron and concentration between the 

antennae (R2 = 0.845, P < 0.001), head (R2 = 0.886, P < 0.001) and thorax (R2 = 0.806, P 

< 0.001). The abdomen displayed the lowest correlation for TI and IC (R2 = 0.305, P = 

0.027).  

Initial correlation studies identified a clear outlying value for the Day 20 abdomen, 

which was found to have an abnormally high concentration due to a recorded weight 

half the size of the other abdomen samples (indicated by the red circle in Figure 3.2). 

This measurement had a substantial impact on the significance of the abdomen 

regression line fit, as so deemed an outlier and removed from further analyses. 
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Figure 3.2 - Correlation between total iron and iron per gram of dry tissue in whole honey bees 

and separate body segments. The red circle indicates an abdomen value that was considered an 

outlier and thus not used in fit and significance calculations. 
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3.3.3 Effect of age, part and colony on iron levels in the bee  
A one way analysis of variance (ANOVA) was used to determine the level of 

significance that different variables had on the amount of iron in the bee. The dependant 

variables tested were the total iron per bee part and the iron per gram of tissue, using, 

age, colony, and body part as independent variables.   

Analysis of the total iron per bee demonstrated that the effects of both body part 

and age were both highly significant (P<0.0001) while colony was not significant 

(F=2.833, P=0.065) (Table 3.3). Body part appeared to have the greatest effect 

(F=58.649), followed by age (F=14.926).  

The iron concentration per gram of dried tissue displayed highly significant 

(P≤0.001) values for all independent variables tested (Table 3.4). Age appeared to have 

the strongest effect (F=23.868), followed by colony (F = 14.833), then part (F=5.353). 

 

 
Table 3.3 - Analysis of variance on the effect of colony, bee body part, and bee age with 

regards to the total amount of iron in a bee part. 

Tests of Between-Subjects Effects 

Dependent Variable:   Total iron per bee part 

Source 
Type III Sum 

of Squares 
df 

Mean 

Square 
F Sig. 

Intercept 67.433 1 57.433 26.199 0.002 

Error 14.944 5.806 2.574   

Body part 376.028 4 94.007 58.649 0.000 

Error 123.421 77 1.603   

Colony 9.082 2 4.541 2.833 0.065 

Error 123.421 77 1.603   

Age 23.924 1 23.924 14.926 0.000 

Error 123.421 77 1.603   
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Table 3.4 - Analysis of variance on the effect of colony, bee body part, and bee age with 

regards to the concentration of iron per gram of dry tissue. 

 

Tests of Between-Subjects Effects 

Dependent Variable:   Iron per gram of dry tissue   

Source 
Type III Sum 

of Squares 
df 

Mean 

Square 
F Sig. 

Intercept 0.198 1 0.198 10.593 0.058 

Error 0.048 2.582 0.019   

Body part 0.072 4 0.018 5.353 0.001 

Error 0.259 77 0.003   

Colony 0.100 2 0.050 14.833 0.000 

Error 0.259 77 0.003   

Age 0.080 1 0.080 23.868 0.000 

Error 0.259 77 0.003   

 

 

3.4 Discussion 
Bulk tissue analysis using inductively coupled plasma-atomic emission spectroscopy 

(ICP-AES) allowed for precise measurement of the iron content in body parts of the 

honey bee with a greater accuracy than previously trialled techniques. This could be 

used to determine which sections of the bee could feasibly contain an iron based 

compass or map sense, as well as aid in interpreting the potential roles of the gross iron 

at different stages of honey bee development. 

The receptor mechanism proposed specifically for honey bees is reliant on singular 

single domain crystals encased in a thickened nerve cell membrane (Kirschvink 1981). 

The free rotation of these crystals alters the transmembrane resistance and generates 

signals unique to the relative angle of the magnetic field (Binhi & Chernavskii 2005; 

Kirschvink 1981). Biophysically, only three of these organelles would be required to act 

as a compass, while several million of these crystals may be required to act as a map 

(Kirschvink 1981). It is this map that stands the greatest chance of influencing bulk 

techniques such as ICP-AES. 
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3.4.1 Iron levels in relation to supporting a magnetoreceptor system 

In considering the hypothetical magnetite based system proposed for honey bees 

(Kirschvink 1981), the level of iron needed by a three crystal, magnetite based compass 

mechanism is 1.12x10-8 µg (see section 9.2 of the Appendix for calculation). The map 

system however may be comprised of tens of millions of crystals (107 – 108), requiring 

between 3.75x10-2 µg and 0.38 µg of iron to operate. 

The total iron (TI) level determined by ICP-AES for newly eclosed bees of 1.65 ± 

0.06 µg agrees closely with the 1.456 µg value reported previously for whole bees using 

proton-induced X-ray emission (PIXE) (Kuterbach & Walcott 1986b). A one sample t-

test comparing the ICP-AES results against that of the PIXE shows the difference is not 

significant (P=0.084). This TI value is well above both of the suggested hypothetical 

values, indicating that it is possible for a honey bee to possess both an iron based 

compass and map sense at eclosion and beyond. 

All individual parts contained sufficient TI to form the hypothetical mechanism for 

the compass magnetoreceptor system (see section 9.2 of the Appendix). However, as the 

map mechanism may require millions of single domain crystals to function, only the 

abdomen and thorax possess enough iron to adequately house the system immediately 

post eclosion. The TI of the antennae is an order of magnitude too low to contain the 

whole map magnetoreceptor system, while both the newly eclosed and adult head lies in 

the minimum range. However, this assumes that all the iron within the head is in the 

form of magnetite and does not allow for the iron required to run standard biological 

functions. As this is highly improbable, the head can also be effectively discounted from 

containing the whole map sense mechanism. 

This suggests that if an iron based map sense is present in the bee, it is unlikely to 

reside solely in the antennae, and may potentially be too large to be located exclusively 

in the head. It has been proposed that the magnetoreceptor mechanism may not be 

localised to one area, but spread throughout the body (Kirschvink 1983; Walker et al. 

1997). As such, neither part can be completely discounted from possessing at least part 

of the mechanism responsible for the map sense.  

Iron concentration per gram of dry tissue (IC) gives little indication as to what part 

may contain either magnetoreception system. As the upper limit for hypothetical iron 

required for the map sense is in the same order of magnitude for iron in most day 0 

parts, it is presumed that this would have a noticeable impact on the IC if the map sense 

was located in one area. All IC post eclosion are approximately equal however, 

suggesting that the map mechanism is either spread throughout the different parts of the 
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bee, consists of less magnetite than previously thought, is not iron based, or is 

developed through maturation. 

 

3.4.2 Biological role of iron during maturation 

Tracking of iron levels in the bee during maturation may reveal important clues as to the 

role of iron as the bee ages. This is crucial to ensure that unrelated biological iron 

deposits are not misidentified as potential magnetoreceptor mechanisms. Bulk 

magnetics studies using ferromagnetic resonance (FMR) have indicated that the 

magnetoreception system may also only develop shortly before foraging begins, which 

means that a range of ages must be analysed (Chambarelli et al. 2008).  

Few studies have examined the iron levels of bees as they mature, or studied the 

levels in separate parts. PIXE analysis has been used to record iron levels in the muscle 

tissue, digestive tract and fat body of juvenile and day 20 foraging bees (Kuterbach & 

Walcott 1986b). The muscle tissue and fat body values were then used to estimate the 

iron level in the whole body. A one sample t-test shows that ICP-AES values recorded 

for whole day 20 bees (6.54 ± 0.53 µg) are significantly higher than the foraging adult 

total iron estimates (2.193 µg) from PIXE measurements (P = 0.015). However, bees 

used in the PIXE study were laboratory raised and found to be fully fledged foragers by 

12 days post eclosion (Kuterbach & Walcott 1986b), which is 5-10 days earlier than the 

mean ages recorded for foraging in hive reared bees (Winston 1987). This highlights the 

need for naturally raised bees to avoid developmental and behavioural abnormalities in 

age related studies. 

Changes in the total iron (TI) and iron concentration (IC) in the different parts 

could be due to a multitude of different physiological reasons. The antennae host a 

number of sense organs, including olfactory receptors and sensitive hairs to gauge 

vibration and touch (Snodgrass 1910), and have been proposed as a site for 

magnetoreception in stingless bees (Lucano et al. 2006) and some ants (Abraçado et al. 

2005; Abraçado et al. 2008; de Oliveira et al. 2010). TI and IC fluctuated dramatically 

as bees aged, but at no point did the antennae contain enough iron to house an entire 

iron based map system as proposed for bees by Kirschvink (1981). TI was at its lowest 

at the foraging age (day 25), which is curious if these changes are related to iron based 

magnetoreception. SQUID magnetometry (Chapter 4.0) and magnetic resonance 

imaging (MRI) (Chapter 5.0) would be required to see whether these fluctuations could 

be related to the formation of a compass magnetoreceptor mechanism. 
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The IC of the head remained relatively constant throughout the bee’s life, and did 

not change significantly between day 0 and day 25. Although the final average IC was 

higher than that of a newly eclosed juvenile, the increase was marginal and not 

significant. Head weight rises noticeably at days 5 and 10, before decreasing as the bee 

ages. The early stages of a bee’s life are primarily focused on the feeding of brood and 

manipulation of wax using the mandibles (Gary 1992; Winston 1987). Creation of the 

royal jelly used to feed brood occurs in the hypopharyngeal glands located in the top of 

the head, and is then secreted from the mouth into brood cells. While the royal jelly 

itself contains little iron (Lercker et al. 1981; Lercker et al. 1982; Rembold & Dietz 

1966), it may be that the head size must increase to accommodate the enlargement of 

the hypopharyngeal glands during this time, before shrinking as the bee takes on other 

tasks within the hive. The size of the hypopharyngeal glands have been shown to 

decrease in autumn (Fluri et al. 1982), while total head weight increases in summer due 

to neurogenesis to accommodate more complex behaviours (Meyer-Rochow & Vakkuri 

2002). 

The thorax TI and IC both increased significantly as bees aged, and appear closely 

linked with muscle use and development as the bee undertakes new roles as they 

become older. Ventilation behaviour, where bees use their wings to circulate air through 

the hive, begins approximately at day 14 (Gary 1992; Winston 1987), which 

corresponds with the increase in concentration seen at the day 15 time point. TI levels 

also followed this trend, although there was a sharp increase in iron after eclosion 

preceding the day 15 rise. The weight of the thorax nearly doubled within the first five 

days following eclosion, likely due to the enlargement of the muscle tissue to facilitate 

flight. As ventilation behaviour requires near constant use of the wing muscles, the 

rapid increase in TI level and concentration at day 15 could be due to the muscular 

development of the thorax. This is followed by the beginning of foraging, which 

requires further strengthening of the wing musculature. Laser ablation inductively 

coupled plasma mass spectrometry (LA-ICP-MS) shows that iron in the thorax appears 

evenly distributed throughout the major muscle groups, as well as a small section at the 

anterior end of the abdomen (Wang et al. 2013a). This is further corroborated by high 

resolution MRI data (presented in Chapter 5.0). 

The TI in the abdomen exhibited a rapid increase at day five and then diminished as 

the bee aged. This pattern can be explained by various anatomical and behavioural 

changes that occur during maturation. Pollen intake is known to peak at approximately 

five days post-eclosion, as a response to an increased demand for nutrients to aid in the 
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development of internal organs, such as the hypopharyngeal glands and fat body 

(Herbert 1987).  

Pollen, which can have an IC of between 0.011 ± 0.009 µg/mg and 1.642 ± 0.037 

µg/mg (Kuterbach & Walcott 1986b), is likely to be the main source of this iron. 

Western Australian eucalypt pollen ICs fall within this range, spanning from 0.07 ± 0.02 

µg/mg to 0.12 ± 0.04 µg/mg (Dr. Robert Manning, pers.comm., 22nd October, 2014). 

Honey is likely to be a secondary source, with reported iron concentrations of 6x10-3 

µg/mg in south-eastern Anatolian honey (Yilmaz & Yavuz 1999) and 5.12x10-3 µg/mg 

in honey from north-western Spain (Rodriguez-Otero et al. 1994). While West 

Australian honey would naturally have a different iron content, if it shares the trend of 

the pollen, it is unlikely to be drastically different.  

The reduction in TI after day five may be a response to a change in roles within the 

hive. As shown in Figure 2.1 (Chapter 2.1), the bees switch from nursing behaviours to 

ventilation, patrol and guard behaviours between 10-14 days, reflecting a reduction in 

pollen intake and an increase in carbohydrate intake from honey and nectar. The final 

change between day 0 and day 25 remained significant however. 

The IC in the abdomen showed a gradual rise as a bee aged, and had the most 

significant change over maturation of all body parts. Newly eclosed bees are not always 

fed pollen until they are over a day old (Haydak 1970; Herbert & Shimanuki 1978), 

potentially accounting for the sharp increase 5 days post eclosion. The iron 

concentration then remained constant as the bee aged, before increasing again at day 25. 

As TI does not experience a large change between day 20 and 25, this increase in IC is 

likely due to a shrinking of the abdomen. Foraging behaviour begins at approximately 

21 days of age (Gary 1992; Winston 1987). As flight efficiency would be improved by 

lower weight, it could be that the bee reduces the weight of the abdomen to aid in 

foraging.  

The fat body is known to accumulate iron as it ages (Hsu & Li 1993; Kuterbach et 

al. 1982; Kuterbach & Walcott 1986b; Raes et al. 1989), which is where a vast majority 

of the iron is stored. PIXE analysis of the dissected fat sheets found that the forager fat 

body had an iron level twenty times higher than the newly eclosed juvenile honey bee 

(Kuterbach & Walcott 1986b). This coincided with a twelve fold rise in the IC. LA-

ICP-MS localised abdominal iron predominantly in the fat body, notably above 

abdominal sternites A2-4, and sparse iron distributed through the walls of the 

ventriculus, or mid-gut, where food is digested (Wang et al. 2013a). Both of these 
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regions are known to possess nanoscale granules of iron oxide throughout the tissue 

(Locke & Nichol 1992; Raes et al. 1989). 

It has been suggested that these granules in the ventral fat body are responsible for 

the magnetoreceptive sense in the honey bee (Hsu & Li 1994). Although PIXE analysis 

shows that the day 20 fat body (0.774 ± 0.171 µg) contains enough iron to house both 

an iron based compass and map magnetoreceptor (Kuterbach & Walcott 1986b), there 

have been questions raised as to how such a receptor could function using these 

granules. The granules lack crystallinity, suggesting a lack of magnetite or similar 

ferromagnetic minerals (Nesson 1995), have no clear connection to the nervous system 

(Nichol & Locke 1995), and don’t possess the magnetic signal for the amount of 

magnetite suggested to be in the trophocytes (Kirschvink & Walker 1995).  Phosphorus 

has also been co-localised with iron in these granules, which inhibits the formation of 

magnetic iron oxides (Keim et al. 2002). Although the purpose of these granules is not 

fully understood, they are likely degraded aggregates of ferritin, a common iron storage 

complex (Keim et al. 2002; Nichol & Locke 1995; Raes et al. 1989). As such, many 

have dismissed their ability to act as a magnetoreceptor, although new 

magnetoreception models have been suggested that rely on their deformation in high 

fields (Hsu et al. 2007). TEM analysis of these granules in juveniles show their size and 

number are greatly reduced however (Kuterbach & Walcott 1986b), meaning that they 

will have minimal impact on bulk analysis studies of the iron and magnetic properties of 

the abdomen. 

Correlation analysis of TI to IC found that there is a significant degree of 

correlation between the two values in the whole bee and very high significant 

correlation in the antennae, head and thorax, while the abdomen TI and IC displayed the 

lowest significant correlation. The lower correlation in the abdomen appears to be tied 

to the high variability in the weights. While weights of the sample have no effect on the 

TI levels, they do have an effect on the IC. It is unknown whether this fluctuation in 

sample weight is due to biological effects or an issue with weight measurement. 

Incomplete freeze drying of the abdomen, which naturally contains a substantial volume 

of liquid, would have an impact on the sample weights. However, IC doesn’t appear to 

fluctuate as the bees age, as would be expected if there were problems with the weight 

measurement, and the steady increase seen would be expected for increasing iron 

storage from dietary sources. The level of material in the honey stomach and rectum 

would have an impact on the weights, as the size of both can vary substantially 

depending on the liquid quantity within them (Snodgrass 1910). Honey and faecal 
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matter are both relatively dense fluids, which if present in sufficient quantities, could 

affect the variability in abdominal weights.   

The differences in TI and IC may also be related to dietary sources. Different pollen 

iron levels measured by PIXE had an iron range of 0.011 ± 0.009 µg/mg to 1.642 ± 

0.037 µg/mg (Kuterbach & Walcott 1986b). Different colonies will harvest pollen from 

different sources, and as the abdomen is where the majority of the digestive tract is 

located, ingestion of different pollen types in the digestive tract will have an effect on 

the final total iron level and iron concentration.  

 

3.4.3 Effect of age, part and colony on iron levels in the bee  

Analysis of covariance of the total iron (TI) per part indicated that the body part and age 

both had a significant effect on the total level of iron found in a bee part. The high F 

ratio in the body part is expected, as there is a substantial difference in mass between 

the different parts, which, coupled with the difference in iron concentrations (IC), leads 

to drastically different iron amounts in the various parts. The effect of age is also not 

surprising, due to the accumulation of iron in the different parts for reasons stated 

above.  

Similar results were returned for the concentration of iron per gram of dry tissue 

(IC), however colony effects were also significant in addition to body part and age 

effects. Body part appeared to have far less of an effect, as the effect of the different 

part masses was greatly diminished. Age again had a significant effect similar to that 

found in the TI level. The effect of colony or replicate on the IC could be due to several 

reasons. The bees collected from a different season and time of year from the other two 

replicates displayed the greatest difference from the mean in all measured terms of the 

three colonies observed.   

The significance of the colony effect on the IC but not the TI indicates that the 

significance is likely due to a difference in the average part weights of one or more of 

the colonies. Bees collected during the first season originated from a different queen 

from the other two replicates. Genetics can play a large role in worker morphology and 

behaviour, notably exemplified by the differences between African and European honey 

bees (Giray et al. 2000; Hunt et al. 1997; Miguel et al. 2007). Measurements of the 

abdominal sternite widths showed a difference of 0.256 mm between different European 

honey bee colonies (Alpatov 1929). While this difference is not inherently large, this 

may be enough to cause a significant difference in weight between colonies, which 

could then lead to a significant difference in iron concentration. 
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Although ANOVA results cannot indicate at what point in development these 

changes occurred, it can help inform the design of future experiments. To ascertain 

exactly what the cause of the colony effect was, a further study would be required to 

segregate the various possible environmental causes and then analyse their effects in 

isolation. It is presumed that a difference in colony would not form an impact on the 

development of a fundamental sense organ however, so it is unlikely variations in 

colony will have a significant bearing in searching for an iron based magnetoreceptor. 

 

 

3.5 Conclusion 
This study aimed to determine which parts of the bee possessed sufficient iron to house 

the proposed compass and map magnetoreception systems, and determine the location 

and role of the biological iron in the bee throughout maturation. ICP-AES was an 

effective technique for achieving this aim as it possessed significantly lower detection 

limits than previously used techniques and on a greater number of individuals.  

Results indicated that all parts of a honey bee have sufficient iron post eclosion to 

contain the iron based compass system theorised to exist in honey bees. However, the 

mechanism responsible for the map sense is proposed to be comprised of millions of 

single domain magnetite crystals. Only the abdomen and the thorax have a total iron 

level high enough to accommodate the hypothetical map system. Neither the head nor 

antennae contain enough iron to realistically house the map mechanism at any stage of 

the bee’s life. 

Following eclosion, the TI and IC in the whole bee was found to increase 

significantly by day 25. The different parts of the bees displayed different trends in the 

development of their TI and IC. The thorax and the abdomen displayed the only 

significant changes in iron over the course of a bees’ growth. It is believed that 

increases in the thorax could be related to muscle development, while increases in the 

abdomen were likely due to pollen intake and iron accumulation in the fat body. This 

agrees with previous research conducted on laboratory raised bees using PIXE iron 

analysis. 

TI levels differed significantly between ages and body part, while the IC 

additionally saw significant effects from difference in colony. Age and part effects were 

self-evident, while colony effects are likely due to a difference in the mass of part 

weights. It is unlikely however, that any of these would impact on the formation of a 

fundamental sensory organ within the bee. 
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4.0 Evaluation of magnetometry as applied to 

magnetoreception  
 

 

4.1 Introduction 
While techniques such as ICP-AES can determine the level of iron present, it cannot tell 

us the iron’s form or magnetic properties. To develop a complete understanding of the 

magnetic iron in a biological system, further bulk analysis techniques are required that 

can distinguish between ferrimagnetic materials such as magnetite, and weaker 

paramagnetic iron such as ferrihydrite.   

Bulk magnetic analysis techniques, such superconducting quantum interference 

device (SQUID) magnetometry, ferromagnetic resonance and electron paramagnetic 

resonance, are examples of methodologies that can determine these bulk magnetic 

properties. These approaches possess many abilities that are ideal for locating a putative 

magnetite magnetoreceptor, as they can non-destructively assess large sections of tissue 

and detect unique magnetic signals with a high degree of sensitivity. By altering 

external field strengths and temperatures, magnetometers can measure changes in the 

magnetic moment of the sample and can provide data to assist in the characterisation of 

any magnetic material present (Goya et al. 2003). 

It is expected that magnetite forms the foundation of an iron based 

magnetoreception system, as magnetite nanoparticles are one of the few biominerals 

that possess a moment large enough to be affected by the Earth’s magnetic field 

(Kirschvink et al. 2001). SQUID magnetometry is capable of measuring magnetic 

moments less than a 1x10-7 emu, or approximately 10-10g of magnetite (Kirschvink & 

Gould 1981). While this is not sufficient to detect a singular magnetite particle, a 

receptor system with over a thousand particles, such as the map sense, should have a 

sufficiently high magnetic moment to be detectable.  

Magnetometry is frequently used when analysing insect systems, likely because 

their small size allows for whole samples or body parts to be examined with little 

preparation. Eusocial insects, such as honey bees, are also available in large quantities, 

allowing for multiple samples to be examined at once. SQUID magnetometry in 

particular has been performed on a range of insects (Wajnberg et al. 2010), including 

stingless bees (Lucano 2004), ants (Squivel 2004; Wajnberg 2004) and termites (Alves 
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2004; Olivira 2008 & 2005b). During analyses of the stingless bee S. Quadripunctata 

and the ant P. Marginate it was found that over 40% of the magnetic fraction in the 

whole bee was present in the antennae (Lucano 2004). Similar investigations of the 

honey bee have yielded limited results. Early studies by Gould et al. in 1978 indicated 

that single domain magnetite particles were present within the anterior section of the 

abdomen. Later, studies by Desoil at al. in 2005 detected superparamagnetic magnetite 

particles within the heads and thoraxes of subdivided bees, and single domain particles 

within the abdomen. Similar results were found by El-Jaick et al. in 2001 using electron 

paramagnetic resonance. 

A potential issue with magnetometry that is not often addressed is the generation of 

false positives due to contamination and/or interference from the Earth’s magnetic field. 

Insects are often found with environmental iron contaminants lodged within joints, hairs 

and digestive tract (de Oliveira 2010 et al; Wajnberg et al 2010). Signals produced from 

this environmental iron is near indistinguishable from any biogenic equivalent, further 

highlighting the need for thoroughly cleaned samples and iron free tool use. Magnetic 

flux caught within the SQUIDs superconducting coils can also generate false signals 

that mimic that of a ferri/ferromagnet. Many modern instruments possess the ability to 

record the actual value of the magnetic field within the magnetometer, rather than the 

expected value generated by the instrument software. This can be used to calibrate the 

instrument and ensure that scans requiring a zero applied field, such as the thermal 

decay of remanence, are not being affected by such artefacts.  

 A further problem is the lack of experimental knowledge of how many 

magnetoreceptor cells are required to be detected, and exactly what a signal resulting 

from a magnetoreceptor will look like. To date there has been no attempt to 

experimentally determine the detection limits and optimum scan types of SQUID 

magnetometry in a magnetoreception context. To address these issues, we undertook a 

series of investigations to achieve the following objectives: 

 

1. Use modern instruments capable of true zero field measurements to determine 

how many magnetite particles are required for SQUID to resolve their signal in 

the presence of a paramagnetic background 

2. Understand exactly what a magnetoreceptor in tissue would look like in a 

SQUID  

3. Attempt to identify these same signals in the model system of the honey bee. 
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To accomplish these objectives, a series of standards from known volumes of 

magnetotactic bacteria (MTB) were created to act as proxy magnetoreceptor cells. 

These standards will indicate at what point coercivity and Verwey transition are visible 

given a paramagnetic background signal. The moments recorded will be compared to 

the theoretical moments calculated for the approximate level of magnetite these samples 

contain (shown the Appendix – Tables A9.2 and A9.3). This also allowed for the fine 

tuning of sequences to aid in uncovering the optimal conditions required for locating an 

iron based magnetoreceptor in larger organisms. These same scans would then be 

performed on bees divided into the antennae, head, thorax and abdomen, to attempt to 

identify signals similar to those found in the MTB standards. 

Similar to the bulk iron ICP-AES experiments, both juveniles (day 0) and adults 

(day 25) will be examined. By analysing bees collected immediately after eclosion, we 

can be sure the bee is yet to ingest large amounts of dietary iron that is present in the 

digestive tract of adults and stored in the fat layer (Kuterbach & Walcott 1986b). This 

means that any ferro or ferrimagnetic materials present will be more apparent without 

these potential background signals. However, ferromagnetic resonance studies 

(Chambarelli et al. 2008), and the ICP-AES data discussed in Chapter 3.0, have 

indicated that both the iron level and magnetic behaviour of the abdomen change 

significantly over age, so foragers too must be examined. 

To determine SQUID sensitivity to magnetite in the presence of a paramagnetic 

background, we have used two different SQUID scan types that exploit the unique 

magnetic properties of magnetite and other ferrimagnetic materials; magnetic hysteresis 

and the Verwey transition. 

Ferromagnetic and ferrimagnetic materials (as well as some others) exhibit 

phenomena known as magnetic hysteresis. When a ferromagnet is exposed to a strong 

external field, the atomic dipoles of the material will align themselves along its field 

axis, even after the field is removed (Della Torre 2000). This response is non-linear, and 

occurs rapidly at first until the material reaches saturation when all the dipoles are 

aligned, seen in Figure 4.1. In order to demagnetize the sample, it can be either heated 

or exposed to a field in the opposite direction. The magnetic intensity required to reduce 

a fully magnetised sample to zero magnetic flux is known as its coercivity 

(demonstrated by the red arrow in Figure 4.1). If the sample is ferromagnetic, as the 

external magnetic field changes, the response of the sample will lag. Should the field go 

from one extreme to its opposite and then return, this lag will cause the sample’s 

magnetic flux to create a loop, known as a hysteresis loop. This can be visualised and 
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measured in a SQUID magnetometer, and can indicate the presence and relative 

strength of magnetic material within a sample.  

The Verwey transition is a form of charge ordering unique to magnetite that alters 

the crystalline superlattice at approximately 120 K (Özdemir, Dunlop & Moskowitz 

1993; Walz 2002; Zhang & Satpathy 1991). The exact mechanism of the Verwey 

transition is not fully understood, but it can be visualised by SQUID magnetometry, 

appearing as a shoulder in the magnetic remanence as magnetite is heated or cooled 

after being subjected to a large magnetic field (Figure 4.2). Thermal decay of 

remanence (TDR) scans are performed with no external field, so as to suppress any 

signal associated with any paramagnetic materials present within the sample. The 

presence of a shoulder at 120 K or below in such a scan would provide definitive proof 

of the existence of magnetite within that sample.  

 

 

 

 
Figure 4.1 – Example of a magnetic hysteresis loop, detailing the remnant magnetisation of a 

ferro/ferrimagnetic material in a changing magnetic field. 
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Figure 4.2 - Thermal decay of remanence in different particle sizes of magnetite following 

magnetic saturation. The Verwey transition can be seen at approximately 120 K  as the sample 

is warmed from 5 K to 300 K (image adapted from Özdemir, Dunlop & Moskowitz (1993). 

 

 

4.2 Materials and Methods 
4.2.1 Sample preparation 

Diamagnetic standard 

A diamagnetic standard for SQUID was created from a high purity silicon wafer, 

approximately 5 mm in diameter. The wafer was submerged in 32% hydrochloric acid 

for 48 hours to ensure there were no iron oxide contaminants prior to measurement. 

 

Magnetotactic bacteria standards  

Wildtype magnetotactic bacteria (MTB) were collected and harvested according to the 

General materials and methods (Chapter 2.0). Standards were created from the resultant 

stock solution of MTB in a log concentration series, running from 1x103 – 1x106 

bacteria per mL. Three samples at each concentration were made. Bacterial 

haemocytometer readings were used to calculate the volumes of stock solution required 

to produce the standards described in the General materials and methods (Chapter 2.0).  

73 
 



The standards were then added to low temperature gelling agarose (2%) mixed into 

a 7.46x10-5 M solution of manganese chloride (MnCl2). Manganese has a similar 

magnetic moment to Fe3+ (believed to be the main form of iron within the honey bee), 

and acted as a paramagnetic background equivalent to the paramagnetic signal of a Day 

25 foraging honey bee (as calculated from preliminary SQUID magnetometry readings). 

The manganese can be analysed separately from the iron content of the standard using 

ICP-AES.  

For appropriate Mn concentrations, a 7.46x10-4 M solution was made by adding 

14.7695mg of MnCl2.4H2O to 100 mL of water. 150 µL aliquots of this solution were 

then added to the MTB and agarose which made a final volume of 1.5 mL.  This was 

then freeze dried as per the General materials and methods (Chapter 2.0) to be analysed 

with SQUID magnetometry.  

A standard made from pure magnetotactic bacteria was also created from the 

culture described in the 2.0 General materials and methods chapter. A solution of 

approximately 3x109 MTB was freeze dried for 4 days and then placed in a 

polycarbonate capsule for SQUID measurement.  

Following analysis, samples were measured with ICP-AES to determine iron and 

manganese levels. Iron levels are generally higher than the theoretical values calculated 

for the levels of magnetite expected within each sample, especially in the lower 

concentrations (calculated in Appendix 9.3.1). This suggests that not all the iron present 

is related to the magnetosomes. The excess iron could be related to either growth media 

that survived the washing process, or be from the agar used. As the excess iron is 

unlikely to be in the form of magnetite, the magnetic signal contribution should be 

minimal. However, theoretical moment calculations have been made assuming all the 

iron present is in the form of magnetite. 

 

 

Table 4.1 – Levels of iron and manganese in the magnetotactic bacteria standards.  

Standard Total iron (µg) Total manganese 

(µg) 

Fe µg/mg dry 

tissue 

Mn µg/mg dry 

tissue 

1x103 2.42x10-5 1.00x10-3 1.78x10-6 7.53x10-5 

1x104 2.91x10-5 1.43x10-3 2.00x10-6 9.77x10-5 

1x105 4.23x10-5 1.02x10-3 2.85x10-6 6.92x10-5 

1x106 1.14x10-4 0.99x10-3 8.43x10-6 7.36x10-5 
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Honey bee 

Bees aged 0 and 25 days post eclosion were collected, washed, sectioned and freeze 

dried as described in the General materials and methods (Chapter 2.0). The same bees 

that were used for ICP-AES analysis were used for these experiments. Foraging adult 

antennae were withdrawn from further analysis as there was insufficient sample to raise 

the signal above the noise threshold of the SQUID magnetometer. 

 
 
4.2.2 Superconducting quantum interference device magnetometry 

Superconducting quantum interference device (SQUID) magnetometry readings were 

made using a Quantum Designs 7 Tesla Magnetic Property Measurement System 

(MPMS - Quantum Designs, California, USA) for bee samples and a 3rd generation 7 

Tesla Magnetic Property Measurement System (MPMS-3 - Quantum Designs, 

California, USA) for bacterial standards. Any bee samples that displayed evidence of 

possessing magnetite were also re-analysed using the MPMS-3. Data collected included 

hysteresis loops at 5 K and 300 K, and thermal decay of remanence. All scans were 

conducted using a maximum field strength of 7 Tesla (T).  

Raw data from the hysteresis loops was transformed to reduce the signal from 

diamagnetic sources according to the formula  

 Adjusted data = raw data - χd *H  (4.1) 

where χd is the magnetic susceptibility at the high field points (4 T to 7 T and -4 T to -7 

T), and H is the magnetic field of the SQUID. In cases where the high field slope was 

not constant (typically in the 5 K loops of the concentrated MTB standards), the high 

field slope at 300 K loop was used instead. 

To mount the silicone standard, the wafer was wedged within a plastic straw. The 

weight of the silicon wafer was 52.7 mg. Bee parts were packed into either gelatine or 

polycarbonate capsules. Each type was designed to have minimal contribution to 

magnetometry readings. Gelatin capsules were larger and could fit more parts in the 

case of the head. Part weights and numbers are displayed in Table 4.2. Freeze dried 

magnetotactic bacteria standards were compressed into polycarbonate capsules, with 

weights displayed in Table 4.3. Capsules were then placed within plastic straws, and 

held by indenting the plastic at four points around the straws circumference. These 

straws were then mounted on the SQUID sample rods for analysis. 
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Table 4.2 – Bee SQUID sample part numbers and weights. 
Sample Name Capsule type Part number Part Weight (mg) 

D0 Antennae Gelatine 100 (pairs) 13.9 
D0 Head Gelatine 7 20.2 
D0 Thorax Gelatine 2 20.8 
D0 Abdomen Gelatine 3 24.9 
D25 Head Polycarb. 5 21.9 
D25 Thorax Polycarb. 2 29.7 
D25 Abdomen Polycarb. 3 43.3 

 

Table 4.3 – Magnetotactic bacteria SQUID sample weights. 

Sample Name Capsule type Weight (mg)  

1x103 Polycarb. 13.6  

1x104 Polycarb. 14.6  

1x105 Polycarb. 14.8  

1x106 Polycarb. 13.5  

 

 

4.3 Results  
4.3.1 Superconducting quantum interference device magnetometry 
4.3.1.1 Magnetic standards 

As analysis of the standards was largely not important for the interpretation of the MTB 

concentration series and bee parts, plots relating to them can be found in section 9.3.2 of 

the Appendix. 

  

Hysteresis loops 

Hysteresis loops at 5 K and 300 K and the thermal decay of remanence were analysed 

for the silicon diamagnetic standard (Fig. A9.1). Diamagnetic materials create a 

magnetic field in the opposite direction to the applied field. The signal from 

diamagnetic sources can often obscure the magnetic features of other signal types, 

which is why it is often removed in post analysis of scans. As silicon is predominately 

diamagnetic, subtraction of the diamagnetic signal leaves little in the way of signal 

contribution in the adjusted 300 K loops, but shows evidence of paramagnetic 

contamination in the 5K loop. There was no clear evidence of coercivity displayed in 

either of the loops. 
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5 K & 300 K loops were also collected for an agar and manganese blank control 

(Fig A9.2). Manganese is paramagnetic, meaning magnetism is induced in the material 

in the direction of an external field. This means that once the diamagnetic signal is 

removed from the 5K loop, it is possible to see the approach to saturation (brillioun 

behaviour) expected of a paramagnetic material (Henry 1952). For the 300K data once 

the diamagnetic signal is removed the remaining data shows what appears to be a very 

weak hysteresis loop. This loop is thought to be related to the hysteresis of the 

superconducting solenoid.  It is more evident here than in the silicon sample due to the 

larger diamagnetic susceptibility of the agar sample. 

Loops for the pure magnetotactic bacteria (MTB) standard were likewise attained 

(Fig A9.3). The MTB standard will have elements of different types of magnetic 

material as it is not pure magnetite. However, in both the 5 K & 300 K loops, clear 

examples of coercivity and hysteresis can be seen. 

 

Thermal decay of remanence  

Thermal decay of remanence (TDR) scans showed little in the way of remanence in the 

silicon wafer, leading to a low signal-to-noise ratio in the thermal day of remanence 

(Fig. A9.4a). Diamagnetic materials only display magnetism in the presence of an 

external field. As there is theoretically no external field during a TDR analysis, the 

material produces almost no contributing signal. In fact it is impossible to remove the 

Earth’s magnetic field from the MPMS and hence the measured moments are related to 

the Earth’s field and the magnetic susceptibility (diamagnetic or paramagnetic) of the 

samples. This creates a low initial signal, and a steadily lower signal to noise as the 

sample is heated to room temperature. The same is true for paramagnetic materials, 

which is why the agar and manganese standard (A9.4b) exhibits a similar trend to the 

silicon TDR. 

The TDR of pure MTB displays a far higher moment than the other standards, due 

to the presence of ferri and ferromagnetic materials (A9.4c). The sequence began at 300 

K before cooling to 5 K.  The pure magnetotactic bacteria sample shows what could be 

a very small Verwey transition from 120 K – 140 K, visible as a slight shoulder along 

the curve.  If present however, the peak appears smeared over a range of temperatures. 

The presence of a peak is certainly not definitive like that observed for pure, uniformly 

sized magnetite particles. 
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4.3.1.2 Magnetotactic bacteria  

Hysteresis loops 

Hysteresis loops were recorded for the magnetotactic bacteria standards in fields up to 

±7 T, and are presented in Figure 4.3. Subtraction of the diamagnetic contribution 

means that moment strengths are not directly comparable. The 1x103 MTB/mL and 

1x104 MTB/mL samples displayed no evidence of coercivity at either 5 K or 300 K. 

Both the 1x105 MTB/mL and 1x106 MTB/mL showed some evidence of coercivity at 

300 K. The strongest example of coercivity was seen in the 1x106 MTB/mL sample at 5 

K, appearing to be only marginally less than that of the pure MTB standard. 

 

Thermal decay of remanence 

The thermal decay of remanence was observed for the magnetotactic bacteria standards 

following saturation of the samples at 7 T, displayed in Figure 4.4. The curves generally 

follow a similar path, beginning with a sharp increase from a negative moment to 

positive (associated with the temperature dependence of paramagnetic signal of the Mn) 

and then levelling off at 50K. Both the initial negative moment and subsequent positive 

moment increased as bacteria concentration was amplified. The 1x106 MTB standard 

displays a weak transition between 50K to 250K, which is not present at the other 

concentrations. However there is no sharp peak in moment at 120K which would be 

required to confidently suggest that the transition was a Verwey transition. 

 

78 
 



Magnetotactic Bacteria - 5K Hysteresis Loops
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Magnetotactic Bcaeria - 5K Hysteresis loop (zoomed)
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Magnetotactic Bacteria Standards - 300K Hysteresis Loops
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Magnetotactic Bacteria Standards - 300K Hysteresis loop (zoomed)
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Figure 4.3 - Hysteresis loops of magnetotactic bacteria standards at 5 K & 300 K, with 

additional close ups of the field strengths where hysteresis occurs. Scans preformed on the 

Quantum Designs MPMS-3. 
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Magnetotactic Bacteria Standard - Thermal Decay of Remanence
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Figure 4.4 - The decay of remanence according to temperature in magnetotactic bacteria 

standards. Scans preformed on the Quantum Designs MPMS-3. 

 

 

4.3.1.3 Honey bees 

Hysteresis loops 

Hysteresis loops were recorded for juvenile (day 0) and adult (day 25) bees. Scans of 

interest are displayed in Figure 4.5, while scans that showed no evidence of coercivity 

or hysteresis are shown in section 9.3.3 of the Appendix, Figure A9.5.  Foraging adult 

antennae were not present in sufficient numbers to collect any magnetometry data, and 

so are not shown in the figures below. Due to the high diamagnetic fraction of the 

samples, there is little moment left after the diamagnetic signal is subtracted. As such, 

small variations appear as large deviations in the adjusted 300 K loops of most juvenile 

parts. This distortion was reduced but still present in the adult samples. This distortion 

should not greatly affect the low field where coercivity would be observed. 

Subtraction of the diamagnetic signal means that the maximum moments of the 

different samples are not directly comparable. The day 0 abdomen measured on the 

MPMS-7 was the only part that displayed definitive coercivity. To ensure that airborne 

contaminants did not contribute to the signal, parts were transferred to new capsules and 

remeasured using the MPMS-3. Following this, the apparent coercivity was no longer 

visible (Fig. 4.7). While the day 25 head displays what appears to be strong hysteresis, 

there is no definitive coercivity. No other bee samples displayed any definitive form of 

coercivity indicative of ferro or ferrimagnetic materials.  
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Thermal decay of remanence 

The thermal decay of remanence was observed for juvenile (day 0) and foraging adult 

(day 25) bees. Both the day 0 abdomen and the day 25 thorax presented evidence of a 

Verwey transition from 50K to 120K (Figure 4.6). To ascertain whether this was due to 

the sample or an artefact of the scan, the samples were placed into a new capsule and 

scanned using the MPMS-3 (Figure 4.7). The first derivative of these scans was also 

investigated to more clearly identify changes in slope. These scans showed no clear 

evidence of a Verwey transition.  

Parts that did not display a Verwey transition or other abnormality are shown in 

Figure A9.6. Curves appear different from the MTB standards as the initial saturation 

field was likely not completely zeroed before measurement (a known flaw in older 

magnetometers), which allowed some signal from paramagnetic sources.  

Scans of the forager parts displayed a sharper gradient than the juveniles during the 

initial fall of the moment in all cases. Moments for most parts are comparable to the low 

concentration MTB standards, though the forager abdomen possessed the highest 

moment analysed. Low signal to noise levels in the juvenile antennae and thorax make 

data difficult to interpret, and could obscure the presence of a Verwey transition. 
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Head - 5K Hysteresis Loops
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Head - 5K Hysteresis Loops (zoomed)
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Head - 300K Hysteresis Loops

Field (Oe)

-80000 -60000 -40000 -20000 0 20000 40000 60000 80000

M
om

en
t (

em
u/

g)

-0.004

-0.002

0.000

0.002

0.004

Day 0 Head
Day 25 Head

 

Abdomen - 5K Hysteresis Loops
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Abdomen - 5K Hysteresis Loops (zoomed)
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Abdomen - 300K Hysteresis Loops
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Figure 4.5 - Hysteresis loops of different bee parts at 5 K & 300 K. No evidence of hysteresis 

could be found in any sample. Scans preformed on the Quantum Designs MPMS-7. 
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Thorax - Thermal Decay of Remanence
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Abdomen - Thermal Decay of Remanence
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Figure 4.6 - The decay of remanence according to temperature in the thorax and abdomen.  

Evidence of a Verwey transition can be seen in the day 25 thorax from ~60 K – 120 K, and day 

0 abdomen from ~60 K - 120 K. Scans preformed on the Quantum Designs MPMS-7. 
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Abdomen - 5K Hysteresis loop (MPMS-3)

Field (Oe)

-80000 -60000 -40000 -20000 0 20000 40000 60000 80000

M
om

en
t (

em
u/

g)

-0.04

-0.03

-0.02

-0.01

0.00

0.01

0.02

0.03

0.04

Day 0 (MPMS-3)

 

 Abdomen - 5K Hysteresis loop (zoomed)(MPMS-3)

Field (Oe)

-2000 -1000 0 1000 2000

M
om

en
t (

em
u/

g)

-0.004

-0.003

-0.002

-0.001

0.000

0.001

0.002

0.003

0.004

 

87 
 



Thorax - Thermal Decay of Remanence (MPMS-3)
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Abdomen - Thermal Decay of Remanence (MPMS-3)

Temperature (K)

0 50 100 150 200 250 300 350

M
om

en
t (

em
u/

g)

-0.00010

-0.00005

0.00000

0.00005

0.00010

0.00015

0.00020

0.00025

0.00030

Day 0 (MPMS-3)
Day 25

 
Figure 4.7 - Follow up scans of parts that displayed evidence of magnetite. These scans show an 

abdomen hysteresis loop and the decay of remanence according to temperature in the thorax and 

abdomen. Scans preformed on the Quantum Designs MPMS-3. 
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4.4 Discussion 
4.4.1 Superconducting quantum interference device magnetometry 

The use of superconducting quantum interference device (SQUID) magnetometry is an 

established technique in relation to the hunt for an iron based magnetoreception system. 

While SQUID has been used for a number of different investigations on insects 

(Wajnberg et al. 2010), the exact sources of the results found can sometimes be difficult 

to interpret. Trapped magnetic flux can occur both due to the generation of large 

magnetic fields and their subsequent removal and when cooling the superconducting 

coil in the presence of a magnetic field (including the Earth’s). Following the generation 

of a large magnetic field, trapped flux in a superconducting coil will generate a 

remanent field in the opposite direction to the last field, which can be between 10 – 100 

Oe. This trapped flux can be effectively removed by heating the superconductor above 

its critical temperature (Bowles 2009). However the superconducting coil will then cool 

in the Earth’s magnetic field trapping this field in the sample space.  The presence of 

trapped flux in magnetometers where the samples measured have large diamagnetic or 

paramagnetic susceptibilities with relatively small ferro- or ferri-magnetic components 

make observation of coercivity or a Verwey transition difficult. 

Part of this study was designed to discover what limitations SQUID magnetometry 

has and how they could be overcome. While its inability to analyse more than a few bee 

segments at a time is a hindrance, the high sensitivity still makes the technique viable 

for studying iron based magnetoreceptors. Theoretical iron level calculations (9.3.1 

Appendix) show that millions of magnetite particles that may make up the map sense 

should be above the SQUIDs noise threshold of 1x10-7 emu (Kirschvink 1981). 

However, the actual detectable limit becomes several orders of magnitude above 1x10-7 

emu when a diamagnetic background is present. Even when the diamagnetic signal is 

subtracted from the loop, the noise created by the signal is still present. This noise is 

typically three orders of magnitude less than the signal itself, which in the case of the 

unadjusted loops of the MTB standards, is approximately 6x10-5 emu. Therefore, the 

experimentally determined detectable limit is closer to 1x10-5 emu.  

 

Standard and magnetotactic bacteria concentration series analysis 

Neither the diamagnetic or paramagnetic standards showed magnetic features in either 

the hysteresis loops or thermal decay of remanence (TDR) measurements that could be 

used to distinguish a dia/paramagnetic receptor from normal tissue. Loops of the pure 

magnetotactic bacteria (MTB) standard however, displayed clear evidence of 
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ferrimagnetic material. The presence of this material is easily noticeable through the 

existence of strong coercivity in the hysteresis loops at 5 K & 300 K.  

TDR measurements of the pure MTB standard did not provide any clear evidence 

of a Verwey transition. While it appears that there may be a small shoulder in the 

moment at ~120 K, the characteristic peak was not as sharp or defined as the one 

demonstrated by Özdemir, Dunlop & Moskowitz (1993). The shoulder, if present, 

appears to be smeared over a range of values. Particle size is known have a large effect 

on the position of the Verwey transition in nano-scale magnetite, present at the standard 

120 K for 150 nm particles, decreasing to ~20 K for 50 nm particles, and disappearing 

after that (Goya et al. 2003). TEM analysis of the bacteria used in the standards show 

that the magnetite particle size is non-uniform (ranging from 10 nm – 100 nm), and thus 

would be expected to contribute only a small change in moment over a large range of 

temperatures. This would make the peak very difficult to locate against a biological 

background. 

The pure MTB standard is expected to contain approximately 3.1x10-4 g of 

magnetite, which is three orders of magnitude greater than the 5.18x10-7 g theorised to 

be needed to form a working mechanism for the map sense (see section 9.2 of the 

Appendix for calculation). It is possible that if the particle size of the magnetoreception 

system in bees were more tightly regulated than that of the magnetotactic bacteria, it 

could present a stronger localised shoulder in the area of 120 K on a TDR scan. 

However, the inability to see a definitive Verwey transition above the other signals in a 

sample with such a large amount of magnetite suggest that attempting to identify the 

presence of magnetite within a biological system though the observation of a transition 

may prove difficult. 

Analysis of the magnetotactic bacteria in agar indicated that smaller ferrimagnetic 

systems would be discernible in samples that possessed a biologically equivalent 

paramagnetic background. Coercivity was pronounced for the 1x106 MTB/mL sample 

at 5 K & 300 K, while the 1x105 MTB/mL displayed mild coercivity at 300 K. 1x105 

MTB/mL appeared to be at the detection limit for identifying coercivity in the hysteresis 

loops at 300 K, likely due to the presence of noise from the diamagnetic signal 

subtraction. The 1x106 MTB/mL was clearly visible in both loops however, indicating 

that a magnetoreception system of equivalent size should be detectable in biological 

systems. Theoretical calculations agree with this, as the theoretical moment of 

1.011x10-5 emu for 1x106 chains is several orders of magnitude above the SQUID 

detection limit of 1x10-7 emu. Should the measured iron level in the 1x106 MTB/mL 
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sample be purely due to magnetite as well, then the expected moment would be 

1.54x10-5 emu, which is still above this threshold (see Appendix 9.3.1 for calculations). 

The approximate level of magnetite present within the 1x106 MTB/mL sample 

(between 1.0x10-7 g and 1.58x10-7) is in the middle of the theoretical levels of magnetite 

present in a large scale magnetoreception system (5.18x10-8 g to 5.18x10-7 g), thought 

responsible for the mapping of fields proposed for bees (Kirschvink 1981). This 

suggests that it should be possible to identify the presence of a large scale 

magnetoreception system within a biological system by observing coercivity within 

either a 5 K or 300 K hysteresis loop. 

Similar problems were encountered when attempting to analyse the Verwey 

transition of the MTB concentration series in manganese doped agar as for the pure 

MTB standard. The level of magnetite present in the 1x103 MTB/mL to the 1x105 

MTB/mL samples did not appear to be sufficient to have a visible Verwey transition 

against the background. While, the 1x106 MTB/mL does display a shoulder in the 

moment as the sample warms, the change appears to be spread from ~50 K to ~200 K, 

which is substantially higher than the recorded limits for the Verwey transition to take 

place. The change in moment is also negative, rather than positive, indicating that this 

feature is likely unrelated to the presence of magnetite. If it were however, the change is 

so broad that it would be difficult to accurately identify under most circumstances.  

 

Bee part analysis 

Hysteresis loops of the bee parts displayed no clear evidence of coercivity in any 

sample. Even with subtraction of the diamagnetic signal, the low signal to noise ratios 

in the tissue at 300 K made the samples vulnerable to distortion when removing the 

diamagnetic signal.  

The 5 K loops did not display any perceivable evidence of coercivity in any of the 

parts. Only the forager heads displayed what could have been a very weak level of 

coercivity in the 5 K hysteresis loop, though the noise following the diamagnetic 

subtraction was too great to be certain.  

The slope of the 5 K & 300 K loops appeared notably higher for the head than for 

any other part. The initial slope of a hysteresis loop indicates the magnetic permeability 

of a sample, which is a measure of how easily magnetic flux is formed within the 

material. The high permeability of the head may be indicative of magnetic material. 

However, ICP-AES results seen in Chapter 3.0 demonstrated that the head is only on 

the cusp of possessing enough iron to house the map sense mechanism, and this requires 
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the assumption that near all the iron present is in the form of a magnetoreceptor, which 

is highly unlikely. The low saturation of the head measurements also indicates little 

magnetic material is present. While the high permeability doesn’t mean that magnetite 

or a magnetoreceptor system is present, it does indicate that a small level of 

ferrimagnetic material could exist in the head. Magnetic resonance imaging could 

potentially reveal the location of this material if it was tightly grouped. 

The original study that detected magnetic material in the abdomen found that the 

lack of natural remanence in one replicate of two freshly killed group of bees, in 

conjunction with behavioural data, indicated that the honey bees may normally build 

superparamagnetic (SPM) magnetoreceptors, and that the natural magnetic remanence 

found in older samples was a result of SPM clumping after death (Gould et al. 1978). 

The SPM theory is supported by later studies that detected magnetite particles in the 

size range of 20 nm to 26 nm in the abdomen (Esquivel 2002; Takagi 1995; Wajnberg 

et al. 2001). The lack of visible coercivity at 5 K, a temperature at which SPM 

magnetite should behave like a single domain (SD) magnet (Goya et al. 2003), suggests 

that only minimal SPM magnetite would be present in many of the parts. The higher 

moment but slower saturation at 5 K for many of the parts, is likely due to 

antiferromagnetic contributions from ferritin like materials such as the iron granules 

present within the abdomen (Gilles et al. 2002). The day 25 abdomen hysteresis loop at 

300 K appears to saturate at approximately 4000 Oe, which is consistent with magnetite 

nanoparticles, and is too high a temperature for contributions from ferritin (Desoil et al. 

2005). This may be true for the thorax and head samples as well, though there is too 

much distortion following the diamagnetic subtraction to be sure. 

The lack of coercivity in the abdomen however, is contrary to results collected for 

the abdomen in previous studies. The weak coercivity demonstrated for concentrated fat 

body iron granules was generated from the combination of two thousand bee abdomens 

(Hsu 2007). It may be that such high levels of material are required to breach the noise 

threshold of the SQUID, though this would suggest a map sense possessing millions of 

SD particles (Kirschvink 1981) doesn’t exist in the abdomen. However, the filtration 

system used in this study was designed in a way to exclude the collection of anything 

less than 200 nm, which would include the theoretical particles used in all iron based 

magnetoreceptor mechanisms. The stainless steel filters used during the creation of 

samples may have also impacted on the results.   

A definitive Verwey transition identified in previous TDR examinations of the 

abdomen (Desoil et al. 2005) was not located in any section of the bee. The prior study 
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used 15 ground up bee abdomens, as opposed to the 3 whole abdomens used in this 

study. While contamination is a potential issue when grinding material to fit in the 

capsules, it may be that the additional material is required to produce a visible Verwey 

transition. It may also be simple variation in iron levels and magnetic measurements 

between different bee groups, as seen in the chapter 3.0 recordings of iron levels and 

magnetic measurements of newly dead bees (Gould et al. 1978).  

Analysis of MTB hysteresis loops demonstrated that small amounts of SD 

magnetite, such as that theorised for the compass sense (Kirschvink 1981), will likely 

go undetected by SQUID. Coercivity is only barely visible in the 1x105 and 1x106 

MTB/mL samples at 300 K, and clearly visible only in the 1x106 MTB/mL sample at 5 

K. Thus, it can be inferred from the lack of coercivity in the bee parts that any 

magnetoreceptor system present in a single part will contain less SD magnetite than is 

present in these samples. This assumes however, that the system would have a similar 

particle and chain size to the magnetotactic bacteria, which may not be the case. 

Superparamangetic nanoparticles of magnetite are known to not display a Verwey 

transition (Goya et al. 2003), which could explain the lack of a detectable shoulder in 

the thermal decay of remanence in the bee. The absence of the Verwey transition 

following the secondary analysis in the MPMS-3 demonstrates the importance of repeat 

measurements, as well as having a field as close to zero as possible to ensure accurate 

readings. 

As the magnitude of the ferri/ferromagnetic signal is below the noise level in the 

diamagnetic signal in both scans, once the average diamagnetic susceptibility is 

subtracted the result is dominated by the noise rather than any underlying 

ferri/ferromagnetic signal.  As the noise scales with the diamagnetic signal, adding more 

mass will also increase the level of noise. The only solution is to reduce the magnitude 

of diamagnetic signal while increasing the magnitude of the ferri/ferromagnetic signal. 

This could be achieved through magnetic separation methods that separate 

ferri/ferromagnetic material from dia/paramagnetic materials. 

As there was no definitive coercivity or Verwey transition in any of the bee 

segments, we can presume at least one of the following is true; the iron based 

magnetoreceptor contains less that 1x105 chains of magnetite, the mechanism is not 

located solely in one part, the system uses superparamagnetic particles, or the system is 

not based on a ferri or ferromagnetic material. Whilst this leaves a broad range of 

operational modes of an iron based magnetoreceptor, it still aids in narrowing down the 

possible locations that the system may be situated.  
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4.5 Conclusion 
The investigation into the magnetic characteristics of various bee parts, ages and 

magnetotactic bacteria samples gave a novel insight into both the magnetic 

characteristics of the bee, as well as the effectiveness of SQUID magnetometry when 

attempting to identify magnetite in biological systems. 

Coercivity was only resolvable in MTB numbers of 1x105 and above. TRM 

measurements did not demonstrate a clear Verwey transition in any of the standards. 

Although signal effects characteristic of a Verwey transition in magnetite may have 

been present in the pure MTB standard as well as the 1x106 MTB standard, the signal 

appeared to be smeared, potentially due to a range in particle sizes. These could not be 

called definitive proof for the presence of magnetite however, and no bee parts 

displayed anything that resembled a Verwey transition. 

Both theoretical calculations and examination of magnetotactic bacterial standards 

show that magnetoreception systems comprised of 1x106 chains of magnetite (and the 

equivalent number of individual particles) should be detectable using SQUID 

magnetometry through analysing the strength of coercivity in hysteresis loops. While 

this rules out small magnetic compass systems, larger systems that may comprise a map 

sense should be visible. However, no evidence of coercivity was found in any bee parts.  

This seems to indicate that the iron based magnetoreceptor either contains less that 

1x105 chains of magnetite, the system is spread throughout the bee, uses 

superparamagnetic particles, or the system is not based on a ferri or ferromagnetic 

material. 

Larger tissue volumes and more accurate equipment may aid in increasing the 

signal to noise ratio to a point where smaller theoretical magnetoreceptor cells can be 

detected in future studies. It is possible that imaging techniques that are sensitive to 

magnetic materials, such as magnetic resonance imaging, will be able to localise 

magnetic materials detected by SQUID to discrete areas of tissue. Considering the 

results of both this and previous investigations, the abdomen remains the strongest 

candidate in the honey bee for housing a magnetoreception system, although the head 

also remains viable and will be scrutinised in further studies.  
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5.0 Magnetic resonance imaging of the honey bee 
 

5.1 Introduction  
In order to locate a collection of magnetic nanoparticles in a body as vast as a 

multicellular organism, an array of techniques with a range of resolutions must be 

employed if there is any chance to successfully locate them. While ultimately 

transmission electron microscopy (TEM) will be required to characterise putative 

magnetoreceptor cells, there is need for a technique that can bridge the resolution gap 

between bulk methodologies such as ICP-AES, and TEM, which is severely limited in 

terms of the throughput of tissue that can be studied in a given time.  

Magnetic resonance imaging (MRI) serves as a promising approach to investigate 

that resolution gap as it can non-invasively screen relatively large volumes of tissue, 

and that the target material is strongly magnetic. Unlike the manually cut thin tissue 

sections used in optical microscopy or TEM, the volumetric data obtained using MRI 

can be digitally re-sliced in any orientation and is therefore a powerful tool for 

exploring samples by virtual dissection. 

Magnetic resonance imaging (MRI) is commonly used in medical settings to 

diagnose disease and for anatomical mapping in humans, but systems also exist in 

research settings, such as for preclinical studies of small animals. Other than providing 

general anatomical data to accurately map the location of tissue samples extracted from 

pigeons (Treiber et al 2012), the technique has not been applied in a magnetoreception 

context. This is likely due to the fact that current MRI systems are not capable of 

achieving the resolution necessary to resolve single particles in the size range 

hypothesised for a magnetite-based magnetoreceptor cell. However, high-field research 

MRI systems, capable of imaging small animals such as insects, can achieve near 

cellular resolution and has the potential to provide relevant information in terms of 

magnetoreception research, such as: 

 

1. Detailed anatomical information – in a digitally explorable format    

2. Non-destructive imaging – permitting correlative studies 

3. Magnetically sensitive imaging – signals may reveal the location of iron 
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5.1.1 MRI fundamentals 

MRI is based on the principle of nuclear magnetic resonance. A sample is placed in a 

large magnetic field, which triggers protons in the sample to align along the direction of 

the applied magnetic field in the MRI instrument and to precess about this field (Brown 

& Semelka 2011). Once aligned, pulsed radio waves are applied at the Lamour 

frequency and are absorbed by the protons in the sample, deflecting their magnetic 

vectors away from the orientation of the main field, generating a transverse component. 

When the radio pulsing is stopped, the spins will relax back to their original resting 

state. This causes the emission of a radio signal that is characteristic of the tissue, which 

is then detected by the receiving coils of an MRI. Using spatially varying gradients, the 

MRI can then compute where the signal originated, and thus form the MRI image. 

There are two aspects of proton relaxation that can be measured. The first is the 

time taken for the longitudinal component of the magnetic vector to return to its resting 

state (T1) and the second is the time needed for the transverse component of the 

magnetisation to decay to its resting state (T2*, T2). T2* relaxation represents the 

combined dephasing of the proton spins due to the recoverable or time-independent 

field inhomogeneities (T2’) plus the dephasing related to magnetic inhomogeneities 

associated with thermodynamic (non-recoverable) processes in the sample (T2) (Haacke  

et al. 1999). These time varying magnetic inhomogeneities in the sample can be 

generated by the presence of magnetic materials. The greater the amount of magnetic 

material in a sample, the shorter T2 will become. The reciprocal of the T2 measurements 

obtained (R2) is approximately proportional to the strength and amount of the magnetic 

material present within the sample (Wood et al. 2005). Chaining or clustering of 

magnetic particles will also have an effect, which can be enhanced by varying 

acquistion parametres like the echo spacing. 

 

5.1.2 MRI pulse sequences 

The most common sequences used in MRI are based on gradient echo (GE) and spin 

echo pulse sequences. GE pulse sequences are ideal for forming three-dimensional 

anatomical reconstructions of large tissue areas because they are typically fast to 

acquire, which reduces the inherently long scan times associated with three-dimensional 

imaging. Because they are T2* weighted, GE sequences are also particularly sensitive to 

variations in magnetic susceptibility from all sources (i.e. originating from within and 

also external to the sample). The high anatomical resolution achieved by GE images 
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also allows them to serve as anatomical references for lower resolution scan types, such 

as those used for R2 relaxometry. 

While the enhanced sensitivity to any variation in magnetic susceptibility is an 

advantage of the GE sequence, it may also overwhelm more subtle susceptibility 

variations within the tissue. Spin-echo based R2 sequences in comparison, are also 

sensitive to magnetic materials such as iron (Wood et al. 2005), but the use of a spin-

echo to recover signal from static magnetic inhomogeneities (e.g. from the MRI system 

or air-tissue boundaries) means that these types of sequences are potentially more 

specific to magnetic susceptibility changes in tissue related to concentrations of 

magnetic material. However, owing to the longer repetition times and multiple echoes 

required, the spatial resolution of R2 relaxometry sequences is typically poorer 

compared to a GE scan, so it is valuable to have an anatomical reference to aid in 

interpretation. 

 

5.1.3 MRI as a tool to investigate magnetoreception 

As there are currently no studies identifying single magnetoreceptive cells, or their 

arrangement within a tissue of an organism, it is difficult to assess whether iron particles 

might exist in large clusters or as single sparsely distributed particles. Receptor systems 

hypothesised to be responsible for the map sense of honey bees are suggested to possess 

between 106 and 107 single domain magnetite particles spread over a number of cells 

(Kirschvink 1981; Kirschvink & Gould 1981).   

Higher magnetic fields can allow for greater resolution when scanning the sample 

owing to the improved signal to noise when compared to lower field strengths. While 

MRI does not have sufficient resolution to image individual nanoscale magnetite 

particles, the particles themselves will affect the proton relaxation of any surrounding 

tissue, leading to a visible susceptibility effect that is larger than the particle itself 

(Taylor et al. 2014). Stronger external magnetic fields will further increase this effect.  

In order to assess the potential uses of MRI with regards to magnetoreception, we 

have investigated the model system of the honey bee. Similar to the ICP-AES and 

magnetometry studies, the small size and easily segmentable nature of the bee is ideal 

for high resolution MRI scanning. While ICP-AES and magnetometry can effectively 

demonstrate the levels of iron and magnetic materials present in the bee, they cannot 

indicate where it is within the tissue. A key step in locating a magnetoreceptor system 

amongst the unrelated biological iron is to understand the distribution of all the 

materials present. Gradient echo scans can be used to localise the magnetic materials 
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identified in bulk studies, and generate high resolution 3D data sets of the bee parts that 

can be used to guide other scan types and techniques. By mapping the magnetic data to 

anatomical features, we can begin to better understand the gross biological iron 

distribution in the bee.  

Previous studies have shown that single cells loaded with synthetic magnetite 

nanoparticles are resolvable using clinical MRI scanners with field strengths between 

1.5T and 11.7T (Brähler 2006; Foster-Gareau et al. 2003; Hinds et al. 2002; Pinkernelle 

et al. 2005). These papers were able to use predominantly T2 weighted scans to 

visualise concentrations of single cells against a homogeneous media background. 

These cells were stated to only be visible due to the susceptibility effects of the 

magnetic particles (Hinds et al. 2002). The contrast and resolution of these scans 

increased noticeably with higher MRI magnetic field strengths, longer scan times, larger 

particle concentration within the cells, and if there was clumping of loaded cells. While 

there is likely more magnetite in these loaded cells than what is expected for a single 

magnetite based magnetoreceptor cell, by using a 16.4T instrument a clustered system 

could still be potentially visible in a high-field MRI scan of the tissue.  

As both our SQUID magnetometry investigation (Chapter 4.0) and Chambarelli et 

al. (2008) recorded distinct differences in the magnetic characteristics of the body parts 

at different ages, both juveniles and adults were imaged. Locating regions of high R2 in 

juveniles may identify magnetic features that could otherwise be obscured by signals 

produced by dietary iron in the digestive tract or accumulations in the fat body of the 

adults. Micro-regions of a few pixels can be highlighted using image thresholding to 

only display pixels with high R2. The same regions can then be identified in the 

foraging adult to see whether the feature is still present or if it has changed. Should it 

still be present, this could designate an area to be excised for additional characterisation. 

The non-destructive nature of MRI also allows for correlative imaging of the same 

sample using multiple techniques. To demonstrate this potential, MRI data displaying 

the fat body were also compared with juvenile and adult fat bodies stained with Pearl’s 

Prussian blue. This iron specific stain has been used previously on bees to demonstrate 

iron in adult honey bee trophocytes using optical microscopy (Kuterbach 1982 & 1986). 

Comparing the staining pattern to the patterns seen by the MRI will help to further 

understand the accuracy of MRI reconstructions of iron rich areas in tissue, and validate 

the potential use for correlative imaging. Both juveniles and adults were examined to 

view gross changes in iron that may also be visible in the relaxometry.  
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5.2 Materials and Methods 
5.2.1 Magnetic resonance imaging 

Bees aged 0 and 25 days post eclosion were collected as per the General methods 

(Chapter 2.0), and divided into head, thorax and abdomen with ceramic tools, then fixed 

in 4% paraformaldehyde in phosphate buffered saline at a pH of 7.4. Samples without 

contrast agents were utilised so as to not obscure small signals in the gross tissue. 

 

Sample Preparation 

The bees were prepared for imaging by immersing them in phosphate buffered saline 

(PBS) with a pH of 7.4 (unless stated otherwise) and placing them under vacuum to 

minimise the presence of bubbles. The samples were held under vacuum until the 

bubbling ceased and the segments sank to the bottom of the chamber. The samples were 

then inserted into a 5 mm diameter tube filled with the same fluid. Multiple samples of 

the same part (e.g. day 0 and day 25 abdomen) were aligned within the tube where 

possible. 

 

MRI Protocol 

All MRI measurements were made at the University of Queensland on a Bruker 

Ultrashield Plus 700 WB Avance NMR spectrometer (Bruker Optics, Billerica, 

Massachusetts, USA) using a quadrature micro-imaging coil. Parameters for the scans 

are detailed in Table 5.1. 

 

Image analysis 

Data acquired was exported in DICOM format and analysed using DICOM-viewer 

OrsiriX software (v4.1.2). 3D gradient echo data was analysed in 3D MPR mode, with 

slices being imaged along the three orthogonal planes. Line profiles and area 

measurements were acquired using ImageJ (v1.48s). 

R2 values were calculated for each voxel using the MRI Analysis Calculator plug-in for 

ImageJ (v1.42). The software fits a monoexponential decay function of the form, 
 S(TE) = S(0)e-R2

*TE                      (5.1) 

to the data, where S(0) is the initial amplitude. Voxels were excluded where the 

goodness of fit parameter (R2) was less than 0.9.  

Determining significant differences in mean between the R2 readings of like areas 

in the juvenile and adult abdomens was achieved using Student’s t-test SigmaPlot for 

Windows (v11.0).  
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Table 5.1 – Acquisition parameters for the different MRI scan types of various bee parts. 

Parameters Head Thorax Abdomen 

 3D R2 3D R2 3D R2 

Echo time (ET) (ms) 4.84 7.65 -  

61.2 

4.84 7.65 - 

61.2 

3.53 7.65 - 

61.2 

ET Step size (ms) - 7.65 - 7.65 - 7.65 

Repetition time (TR) 

(ms) 

40 4 000 40 4 000 40 4 000 

Flip angle (degrees) 15 90, 180 17 90, 180 12 90, 180 

Signal averages 12 8 19 8 2 8 

Slice thickness (µm) 14.8 0.2 14.8 0.2 19.5 0.2 

Space between slice 

centres (mm) 

0.0148 0.6 0.0148 0.5 0.0195 0.45 

Matrix dimensions 

(pixels) 

1386 x 

320 

512 x 104 1024 x 

304 

512 x 

104 

1068 x 

256 

512 x 104 

Field of view (mm) 19.25 x 

4.5 

25 x 5 15 x 4.5 25 x 5 25 x 5 25 x 5 

In Plane Pixel 

Resolution (µm/pixel) 

13.9 x 

14.1 

48.83 x 

48.07 

14.65 x 

14.80 

48.83 x 

48.07 

19.53 x 

19.53 

48.83 x 

48.07 

 

 

 5.2.2 Perls’ Prussian blue staining 

Day 0 and Day 25 bees were collected and washed as described in the General methods 

(Chapter 2.0). The abdomens were cut down the dorsal section and splayed out using 

ceramic tools. Internal organs and connective tissues were removed to reveal the fat 

layer bordering the inner surface of the cuticle. The splayed abdomens were fixed 

between two 25 mm x 75 mm glass slides for 30 min using 4% paraformaldehyde in 1x 

PBS (pH 7.2). Following fixation, the slides were separated and the samples were rinsed 

3 times for 10 min intervals in 1x PBS (pH 7.4). Perls’ stain was then applied for 30 

min (see below for stain preparation). Post staining, the abdomen were rinsed 3 times 

for 5 min intervals using 1x PBS (pH 7.4). 

The splayed abdomens were imaged whilst immersed in 1x PBS (pH 7.4) and 

loosely pressed between two 25 mm x 75 mm glass slides. Images were taken using an 

8 megapixel digital camera mounted to the ocular lens of an Olympus SZG10 Research 

Stereo microscope. White balance was normalised between the images. 
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5.3 Results 
5.3.1 Magnetic resonance imaging 

Tissue fixation in the scanned samples preserved the morphology of the tissue when 

compared to freshly dissected specimens and anatomical drawings. There were minimal 

artefacts due to air bubbles within the tissue. Areas of the samples that had thick areas 

of hair (such as the top the head) contained some small pockets of air, although these 

did not appear to obscure any features significantly. 

 

5.3.1.1 Gradient echo scans 

Head and antennae  

A single digital slice was taken along the sagittal plane of an antenna, seen in Figure 

5.1. The head data set was digitally sliced along the sagittal, coronal and transverse 

axes, and displayed in Figure 5.2. The slice thickness of 14.8 µm and in plane pixel 

resolution 13.9 x 14.1 µm/pixel afforded sufficient spatial resolution to differentiate the 

anatomical structures and sub-structures within the head and antennae. Regions of 

hyperintensity were offset approximately 250µm in the frequency encoding direction 

from similar shaped regions of hypointensity near the mandibular (fig 5.2, ManG) and 

hypopharyngeal gland (fig 5.2, HypG).   

Images of the antennae were able to resolve the nerve canal (fig 5.1, NCan) that ran 

through the length of the flagellum segments (fig 5.1, Fla), pedicel (fig 5.1, Ped), and 

scape (fig 5.1, Sca). The two small hypointense regions in the pedicle are likely related 

to the join between the pedicle and the scape rather than any internal feature, and were 

most apparent in other antennae samples when there was a highly acute angle between 

the flagellum and scape. Ten antennae samples were viewed in total, with no internal 

features, other than the nerve canal, shared between them. 

Analysis of the head images reveal that there are many small dark features scattered 

throughout the bee, most notably near the mandibular gland and throughout the outer 

lobes of the brain (fig 5.2, Bra). Both the mandibular gland itself and the 

hypopharyngeal gland are hypointense.  The interface of the brain and compound eyes 

(fig 5.2, CEye) appears to have a multitude of small streaks running into the centre of 

the eye. While it is difficult to ascertain whether these features are solid or artefacts of 

the brain-eye boundary, it may still be indicative of features of interest. Small dark 

features are present within the extensor (fig 5.2, EMcl) and flexor (fig 5.2, RMcl) 

muscles seen in Figure 5.2 B and C. These features appear random and have no 

discernible pattern. The pharynx (fig 5.2, Pha), visible in the sagittal plane, appears 
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predominantly isointense, indicating it has been fully infiltrated by the PBS. The 

salivarium (fig 5.2, Sal) is of a uniform intensity, although it does not match that of the 

PBS, suggesting it could potentially contain material secreted from either the 

hypopharyngeal or salivary glands. The walls of the tentorium (fig 5.3, Ten) can be seen 

running from the anterior face of the bee through to the posterior tentorial pits, while the 

hollow centre appears to be filled with PBS. The cardo (fig 5.3, Car) had a bright 

feature that ran along its length. This feature appeared to be encapsulated by a wall with 

a similar hypointensity of the cuticle.   

 

Thorax 

3D gradient echo data of an adult forager thorax was compiled, digitally sliced along the 

sagittal, coronal and transverse axes, and is displayed in Figure 5.4. Muscle fibre 

bundles (fig 5.4, Mus) were clearly distinguishable from one another with the 14.8 µm 

slice thickness and a 14.65 x 14.80 µm/pixel in plane pixel resolution achieved. Areas 

of hypointensity run between the fibre bundles throughout the thorax, most notably in 

the dorsal region. There are no apparent features of interest within the musculature 

however. The digestive track (fig 5.4, Dig) appears to have been infiltrated by the PBS 

and presents no areas of hypointensity. A clear region of hypointensity was found above 

the first ganglion in the thorax (fig. 5.5, Gan 1), indicated by red circles in Figure 5.5. It 

is not clear what feature is related to this region of hypointensity.  

 

Abdomen 

The 3D gradient echo scan of a foraging adult abdomen was attained with few artefacts 

present. The data set was digitally sliced along the sagittal, coronal and transverse axes, 

and is displayed in Figure 5.6. The 19.53 µm voxel size was sufficient to resolve the 

fine structure present in many of the internal organs. Adequate contrast was maintained 

throughout the image, allowing for different tissues to be easily distinguished. 

Anatomical features are well preserved and correlate strongly with anatomical drawings 

illustrated in Figure 5.7b.   

The honey stomach (fig 5.6, HS) is engorged (likely with nectar) but otherwise 

shows a uniform average signal intensity. There were no visible features within the 

proventriculus (fig 5.6, Pvent). Small hypointense features were very common along the 

outer walls of the ventriculus (fig. 5.6, Vent), along with the Malpighian tubules (fig 

5.6, Mal). The rectum (fig 5.6, Rect) showed no apparent features of interest, although 

some small dark features were randomly scattered throughout the tissue or the waste 
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within. No features were present within the haemolymph surrounding the tissues which 

was marginally above isointensity when compared to the PBS. The fat layer (figs. 5.6 

and 5.8, Fat) is predominantly hypointense, though some regions of hyperintensity can 

be seen in small sections of the axial images (fig 5.8).  The fat layer is arranged in 

continuous sheets of tissue located directly under the cuticular plates throughout the 

abdomen. The slice along the sagittal plane (fig 5.6A) demonstrates that this layer 

appears thicker along the ventral section of the abdomen.  It is worth noting that fat 

typically appears as hyperintense in T1 weighted images of mammalian tissue because 

of its short T1 relaxation time compared to other tissues  

 

 

 

 
Figure 5.1 – A slice from a 3D gradient echo acquisition of a foraging adult bee’s antenna along 

the sagittal plane, detailing the antennal nerve canal (Ncan) in relation to the scape (Sca), 

pedicel (Ped), and flagellum (Fla). FOV 4.00 mm x 1.70 mm.  
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Figure 5.2 – Slices from a 3D gradient echo acquisition of a foraging adult bee head along the 

(a) coronal (b) sagittal and (c) transverse planes. FOV (a) 4.25 mm x 4.40 mm (b) 2.80 mm x 

3.20 mm  (c) 4.20 mm x 4.65 mm.  
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Figure 5.3 - Supplementary slices from a 3D gradient echo acquisition of a foraging adult bee 

head indicating the tentorium along the (a) transverse (b) sagittal and (c) coronal planes. FOV 

(a) 4.40 mm x 3.45 mm (b) 4.25 mm x 4.20 mm  (c) 3.70 mm x 3.80 mm. 
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Figure 5.4 - Slices from a 3D gradient echo acquisition of a foraging adult bee thorax along the 

(a) sagittal (b) transverse and (c) coronal planes. FOV (a) 5.90 mm x 4.25 mm (b) 4.80 mm x 

4.60 mm (c) 5.00 mm x 4.85 mm.  
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Figure 5.5 – Supplementary slices from a 3D gradient echo acquisition of a foraging adult bee 

thorax detailing a feature of interest along the (a) sagittal (b) transverse and (c) coronal planes. 

Region of interest indicated by a red circle in each plane image. FOV (a) 4.10 mm x 4.50 mm 

(b) 4.80 mm x 4.60 mm (c) 4.10 mm x 4.40 mm. 
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Figure 5.6 - Slices from a 3D gradient echo acquisition of a foraging adult bee abdomen along 

the (a) sagittal (b) transverse and (c) coronal planes. FOV (a) 7.00 mm x 4.65 mm (b) 6.15 mm 

x 5.00 mm (c) 4.40 mm x 4.25 mm.  

108 
 



 
Figure 5.8 - Fat body of the (a) left (b) ventral (c) right segments of a foraging adult honey bee. 

FOV for each slice is 3.95 mm x 7.00 mm. 

 

  

  
Figure 5.7 – a) Dorsal cross-section of a worker abdomen detailing the cuticle segments and 

internal membrane (Mb). Labelled are tergites (2-7) and sternites (2-7).  b) Anatomical drawing 

of the digestive tract of the honey bee abdomen. Labelled features include the small intestine 

(SInt), Malpighian tubules (Mal), honey stomach (HS), proventriculus (Pvent), ventriculus 

(Vent),  rectal glands (RGl ), and rectum (Rect ) (images adapted from(Snodgrass 1910) 
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5.3.1.2 Relaxometry 

Head 

The heads of a newly eclosed juvenile and 25 day old forager were imaged 

simultaneously to provide relaxometry data of the head across 9 slices. These slices 

were compiled and displayed in Figure 5.9. The juvenile (top row) and forager (bottom 

row) heads fell out of alignment during imaging and so R2 values across the head were 

unable to be compared with line profiles. As such the intensity values of comparable 

anatomical features were analysed using region of interest (ROI) area selection and 

displayed in Figure 5.10 and Table A9.5. Features chosen were the mandibular region, 

the brain and a compound eye. Three measurements were taken for each part across 

different slices to ensure the values were representative. 

The foraging adult possesses a small increase in the average R2 value of the eye 

(fig 5.9, ROIs 1, 2, 3), while the juvenile brain (fig 5.9, ROIs 10, 11, 12) had a 

moderately higher R2 than the adult (fig 5.9, ROIs 7, 8, 9). Both areas displayed a 

moderate degree of variability. The mandibular region experienced the largest increase 

in average R2, as well as standard deviation. The strong intensities of these areas in 

Figure 5.9 (ROIs 13, 14, 15) continue throughout a majority of the slices in the adult. 

However, the juvenile proboscis was extended during the scan, while the forager’s was 

retracted. As such, ROIs 16, 17 and 18 do not contain values for the proboscis. 

Measurements of the brain region displayed a moderate decrease in intensity at the two 

ages. The intensity of this region is mostly continuous, with no lobe having a clearly 

different value, although the lower pixel density of the scan made the separation 

between the brain and hypopharyngeal glands less clear than that of the gradient echo 

scan. Areas selected for brain measurement were conservative as to where the brain was 

located in relation to the gland systems. Analysis of the forager eye region showed only 

a small increase in R2. R2 increased around the edge of the eye in both the adult and 

juvenile. The centre of the eye appeared to be uniform. This region may also include R2 

values from muscles related to the mandible.  

Thresholding the intensity value to only show high intensity (R2>70) highlighted 

several micro-regions (~1 pixel) in the brain area and hypopharyngeal glands in slices 

1-4 & 9. These can be seen as the red pixels in Figure 5.9. Similar micro regions can be 

seen in the adult bee brain area, though not localised to the same areas. 
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Figure 5.9 - Series of R2 maps through a juvenile (top) and adult (bottom) bee head. Sequence 

begins at the top left then continues right. FOV for each slice is 4.00 mm x 9.00 mm.  
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Figure 5.10 - R2 values for the eye, brain and mandible of a juvenile and adult head. Results are 

averaged from three measurements per area, with errors ± 1 S.E. 
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Thorax 

Thorax R2 maps were created from image slices taken along the sagittal plane. Five 

slices along a juvenile pair were taken (fig 5.11, figs A9.7-A9.10 are located in section 

9.4.3 of the Appendix). Anatomical features remain distinguishable despite the lower 

resolution. Alignment between the juvenile (right) and forager (left) pairs was sufficient 

that line profiles could be used to assess the change in R2 across the samples. Profiles 

were taken over the anterior and posterior of both slices, approximately perpendicular to 

the direction of the muscle fibre bundles. Average and maximum R2 values for these 

profiles are recorded in Figure 5.13 and Table A9.6. As the beginning and end of the 

plot lines acquired values for the PBS, values under 20 at either end of the recording 

were discarded when calculating averages. 

The average forager R2 value (62.95) was 1.38 times higher than that of the 

juvenile (45.81) over the different slices, whilst the maximum forager values (124.91) 

were on average 1.82 times that of the juvenile equivalent (68.74). Maximum intensities 

could be up to three times as large as the corresponding average value, though they 

tended to be approximately 1.5 times the size in a majority of the cases. The maximum 

of the adult sample was at its peak in slices 2, 4 & 5.  Much of slice 3 is taken up by the 

digestive tract, and possesses substantially less visible muscle than the opposing sides. 

Intensity thresholding to R2>85 mostly highlighted isolated lines of muscle fibre in 

the adult slices. However, there was a shared region of high intensity above the first 

nerve ganglion in both the juvenile and adult sample in slice 3 (indicated in Figure 

5.12). There appeared to be no other areas of shared high intensity other than isolated 

pixels in the muscle fibres. 
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Figure 5.11 - R2 maps of a foraging adult (left) and newly eclosed juvenile (right) thorax (slice 

1). Line profile graphs detail the intensity values of the pixels along the drawn line. Intensities 

are directly comparable between samples. Graphs are numbered to indicate where the 

corresponding profile was taken from.  FOV 13.65 mm x 3.85 mm. 
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Figure 5.12 - Threshold image of thorax slice 3, highlighting areas with R2 > 85. The juvenile 

and adult both displayed high intensity in a region above the first thorax ganglion (region 

indicated on image). FOV 12.95 mm x 3.95 mm 
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Figure 5.13 - R2 values for anterior and posterior profile lines of an juvenile and adult thorax. 

Results are averaged from five slices of a single thorax, with errors ± 1 S.E. 
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Abdomen 

Abdomen R2 maps were created from image slices taken along the sagittal plane. Four 

juvenile and forager pairs were imaged (figs 5.14, 5.15, A9.11, A9.12). The forager 

honey stomach, ventriculus, rectum and fat layer remain identifiable, while fine 

structures, such as the Malpighian tubules, were below the resolution threshold. R2 

values were collected from these areas, with readings for each area displayed in Table 

A9.7, and averages across the 4 samples shown in Figure 5.17. R2 values of 

approximately 20 were discounted when calculating values from the profile line, as 

these correlated to readings from the PBS background.  

The outer layer of the ventriculus and fat layer have noticeably higher R2 values 

than the other tissues. R2 intensity line profiles were taken along the ventral fat body in 

both the adult and juvenile, while ROI readings were taken on the inner rectum and 

between the inner and outer ventriculus walls, as these were the only tissues constantly 

visible in all specimens.  

Analysis of the t-tests performed between the parts of the juvenile-forager pairs 

showed that the intensities of the ventriculus and the fat body are significantly different 

(P<0.05), while the rectum was not. There was a large degree of variability in R2 

between the different foragers scanned, with forager 2 having almost double the R2 

value in the measured areas when compared to foragers 1, 3 and 4. The juveniles 

displayed significantly less variability between individuals.  

The juvenile rectum is greatly enlarged while the honey stomach is almost 

completely empty when compared to the forager. R2 values are all comparatively low, 

and most tissues other than the rectum have lower R2 values than the foraging adult.  

Line profiles were taken as per the forager, with values being displayed in Figure 5.17 

and Table A9.7. 

Thresholding of the intensities (R2 > 70) highlighted two common regions in the 

juvenile, the fat body above the A6 sternite, and lower region of the A2 tergite, 

indicated in Figure 5.16. These regions were constantly present in juveniles 1,3 and 4, 

and present in all adults. There were no other areas of high intensity in the juveniles that 

were present across the majority of samples. 
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Figure 5.14 - R2 maps of newly eclosed juvenile (left) and foraging adult abdomen (right) (pair 

1). Regions of interest have been numbered to indicate where data displayed in Table A9.7 was 

gathered. Line profile graphs detail the intensity values of the pixels along the drawn line. 

Intensities are directly comparable between samples. Graphs are numbered to indicate where the 

corresponding profile was taken from. FOV 11.65 mm x 4.00 mm.   
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Figure 5.15 - R2 maps of a newly eclosed juvenile (left) and foraging adult abdomen (right) (pair 

2). Regions of interest have been numbered to indicate where data displayed in Table A9.7 was 

gathered. Line profile graphs detail the intensity values of the pixels along the drawn line. 

Intensities are directly comparable between samples. Graphs are numbered to indicate where the 

corresponding profile was taken from. FOV 11.55 mm x 4.00 mm. 
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Figure 5.16 – Threshold image of abdomen pair 1, highlighting areas with R2 > 70. The juvenile 

displayed high intensity in the fat body above the A6 sternite, and the lower region of the A2 

tergite (ROI indicated on image). These regions of high intensity are common for abdomen 

pairs 1, 3 and 4. FOV 11.65 mm x 4.00 mm. 

 

 

 
Figure 5.17 - R2 values for the ventriculus, rectum and fat body of juvenile and adult abdomen 

pairs. Results are averaged from four separate pairs, with errors ± 1 S.E.. Significant differences 

juvenile and adult regions have been indicated using “ns” when P>0.05, * when P≤0.05, ** 

when P≤0.01, *** when P≤0.001, **** when  P≤0.0001. 
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5.3.3 Perls’ staining 

Iron specific staining of the fat bodies of juvenile and foraging adult honey bees was 

achieved using Perls’ Prussian blue stain, and shown in Figure 5.18. Cells containing 

ferric iron (Fe3+) reacted with the stain and acquired a blue tint. Fat cells of the forager 

exhibited a large degree of staining, particularly in the anterior ventral region along the 

nerve ganglion. Staining was also strong along the posterior edge of the abdominal 

segments. Other tissues did not present any evidence of staining. The juvenile fat sheets 

in comparison displayed very little staining. Some evidence of staining was present in 

the anterior ventral region, although the cells that reacted were scattered and formed no 

coherent pattern.  

 

 

 

 
 

Figure 5.18 - Optical micrographs of a splayed out juvenile (left) and adult (right) abdomen for 

iron specific staining. Fat tissue is present as a continuous layer directly under the cuticle of the 

bee from the anterior (A) to the posterior (P). The white bands between segments are muscle fibre 

bundles responsible for contraction of the abdomen. Nerve ganglions (NG) run along the centre of 

the ventral cuticular plates, although these are obscured in the adult by the heavy staining. Blue 

staining indicates the presence of iron within the cell. Scale bar represents 200 nm. 

 

  

P 

A 

NG 

P 

A 

NG 

120 
 



5.4 Discussion 
5.4.1 Magnetic resonance imaging 

Magnetic resonance imaging (MRI) represents a valuable tool for investigating 

correlations between anatomical and magnetic features within a biological system. The 

small size of the bee segments, coupled with the high field strength of the 16.4 T MRI 

produced highly detailed images of the bees’ internal structure. Compared to previous 

anatomical studies (Haddad et al. 2004; Rohlfing et al. 2005; Tomanek et al. 1996; 

Wang et al. 2013a), these images represent some of the highest resolution MRI data sets 

of the honey bee (Apis mellifera).  

While light and electron microscopy remain superior in terms of spatial resolution, 

the value of being able to non-destructively image structural and magnetic features of 

large tissue volumes cannot be discounted. The samples were imaged without the 

addition of contrast agents that are commonly used to stain tissue, thereby ensuring that 

the data collected was representative of both the anatomical and magnetic 

characteristics of the tissue. This data was then used in correlation with bulk tissue 

analysis to aid in identifying regions of the bee that may contain an iron based 

magnetoreception system and assess the overall use of MRI with regards to 

magnetoreception. 

Total iron readings of the body parts using ICP-AES (Chapter 3.0) have shown that 

the thorax and abdomen both possess enough iron to house the hypothetical map 

mechanism proposed for bees. However, the antennae do not possess enough iron to 

house this sense and the head is in the minimum range. This mechanism is proposed to 

be comprised of millions of single domain magnetite particles (Kirschvink 1981), which 

would likely be clearly visible in most MRI scan types if clustered. The compass sense 

however, may only need as few as three single domain particles to function (Kirschvink 

1981). All parts can house this receptor type, although magnetite levels this low would 

be difficult to resolve on most scan types.  

 

5.4.1.1 Gradient echo scans 

The high field and pulse sequences used in this study allowed the creation of highly 

detailed tissue reconstructions, with voxel sizes of approximately 14.5 µm3 for the head 

and thorax, and 19.5 µm3 for the abdomen. This is significantly smaller than the voxel 

sizes of 100 x 100 x 200 µm (Foster-Gareau et al. 2003), 100 x 50 x 50 µm (Hinds et al. 

2002), and 117 x 117 x 2000 µm (Pinkernelle et al. 2005) achieved in single cell 

tracking studies. Dark features were common throughout the various tissues in all parts. 
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However, contrast in gradient echo scans can be formed for a multitude of reasons that 

are not always related to the presence of magnetic material.  

When searching for a magnetoreceptor cell cluster in MRI, of particular interest are 

regions of hypointensity. An absence, or low levels, of signal (hypointensity) will 

appear black on a T1 weighted image. The tissue may have a short T2* value, and so the 

signal decays quickly and appears dark. This would be the case if a magnetic material 

such as iron or manganese were present, or if the tissue was near an interface of two 

materials with very different magnetic susceptibilities such as air and tissue. This effect 

would be greater for strongly magnetic material, such as magnetite, when compared to 

less magnetic materials, such as ferritin. 

Hypointensity can also be caused by a void (such as an air bubble), that has no 

protons to form a signal. Solid or near solid objects, such as the insect cuticle, will not 

produce an MRI signal under these imaging conditions, as the signal decay is too fast to 

observe. Chemical shift artefacts, or misregistration, can cause a spatial offset of the 

signal from fatty tissues. This causes a region of hypointensity where the signal should 

be located, while the actual white signal (hyperintensity) appears shifted from its true 

position. Out of phase effects can also be caused by chemical shift artefacts, where a 

pixel contains approximately equal amounts of fatty tissue and water. At certain echo 

times, the spin states of the water and fatty tissue will be 180° out of phase and cancel 

each other out, causing a region of hypointensity. As similar signals can be caused by a 

variety of different sources, their interpretation must be carefully considered in 

conjunction with other data.  

 

Head and antennae  

The anatomy of the head is compact and complex, with a host of features of varying 

intensity. Resolution was not sufficient to identify any features within the antennae 

other than the nerve canal, and the joints between segments. Many different antennae 

were examined but there were no features of interest that were shared between them. 

ICP-AES has shown that the antennae does not possess enough iron at any stage of its 

life to house the map sense mechanism consisting of millions of single domain 

magnetite particles (Kirschvink 1981). If the antennae only possess the few particles 

needed for the compass sense then it may be that only electron microscopy will be able 

to resolve them.  

The head, however, held many anatomical and hypointense features. Both the 

mandibular and hypopharyngeal glands possess white intensities that match dark 
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intensities. These are offset by the distance expected for a chemical shift artefact (see 

5.6.1 MRI artefact calculations). As such it is very likely the hypointensities seen in 

these regions are caused by artefacts. It is improbable that both these glands would 

contain magnetic iron, as the amount of magnetic iron required to produce an area of 

high susceptibility this size would have led to a higher concentration of iron within the 

head tissue (ICP-AES Chapter 3), and likely a characteristic magnetite signal which was 

absent from the head (SQUID Chapter 4). It is possible that this area is obscuring a 

smaller collection of magnetic iron, although the glands appeared to be a uniform 

intensity. 
A multitude of small dark features were scattered throughout the brain tissue, 

potentially indicating the presence of magnetic iron. These features appeared to be 

distributed along boundaries, potentially between different lobes of the brain. This is 

similar to the features along the interface of the brain and compound eye. Although 

these areas obviously have a connection to the nervous system, it is difficult to assess 

what the cause of the hypointensity could be.  The pattern along the boundaries appears 

random, and could be due to a number of reasons, such as the presence of minute 

plaques, bubbles of air, or out of phase effects due to the fatty nature of brain tissue. The 

echo time used in the head scan is at a point where out of phase effects would appear, 

making this a distinct possibility (see Appendix 9.4.1 MRI artefact calculations). 
The bee respiratory system is essentially a web of small tubes, trachea, and air 

sacks that allow direct diffusion of oxygen from the air into tissue (Snodgrass 1910). All 

sections of the bee have these tubes, which can potentially contain minute air bubbles 

that cause these small hypointensities.  

There are too many potential features within the head to attempt identification and 

characterisation with electron microscopy without further identification of regions of 

interest. Consequently this data set was predominantly used as an anatomical reference 

for relaxometry and other studies.  

 

Thorax 

Gradient echo scans of the thorax displayed the internal anatomy in high resolution. The 

thorax is almost entirely comprised of muscle tissue to facilitate flight. Two large nerve 

ganglions are located along the posterior and anterior ventral cuticular wall of the thorax 

to control the movement of these muscles, which could potentially also contain the 

relevant nerves to connect to a magnetoreception mechanism.  
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Striation of the muscle fibres is clearly visible, and the different muscle groups 

could be easily identified by hypointense boundaries. Much like the head, the thorax 

tissue contains many minute features that could indicate small amounts of magnetic 

iron. It is difficult to interpret what the cause of these features is, and there are too many 

to adequately characterise them all with correlative microscopy. There was a large 

region of hypointensity above the first ganglion however. This feature did not appear 

related to a chemical-shift artefact or air bubble, but rather a feature of the tissue. It is 

unclear precisely what this feature would be related to, but it may be due to the furca or 

entosternum, which is an internal extension of the cuticle which partially protects the 

first ganglion (Dade 1969; Snodgrass 1910). The furca is present on either side of the 

first ganglion, matching the symmetrical hypointensities. Dense structures such as these 

would also account for the lack of signal in the area.  

 

Abdomen  

Scans of the abdomen produced a high resolution data set in which a multitude of 

features can be seen. Small hypointense features appear in and around the ventriculus. 

These features appeared to have a definitive repeating pattern, and were exclusively 

within the outer wall. Such a pattern was markedly different to the distribution of 

similar features found in the head and thorax. The high susceptibility in the outer walls 

of the ventriculus is likely due to manganese, copper, and small amounts of iron (Raes 

et al. 1989; Wang et al. 2013a).  These elements are accumulated from food sources and 

industrial contaminants throughout the life span of the bee (Morgano et al. 2010; van 

der Steen et al. 2012), and are likely unrelated to a magnetoreception system.  

The fat tissue showed a strongly hypointense signature throughout the abdomen. 

This was especially prevalent in the anterior ventral area. As previously stated, the 

abdomen is known to accumulate iron throughout maturation. Iron accumulation in the 

cells would account for the high magnetic susceptibility and corresponding loss of 

signal in the MRI, but it is yet unknown whether this iron serves another purpose or is 

merely storage. Whether the greater signal loss of the anterior ventral region is due to a 

larger fat body or a greater concentration of iron per cell is unknown. A higher 

concentration per cell could indicate the presence of a magnetoreceptor. Relaxometry 

data and iron specific staining was necessary to further understand these features. 
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5.4.1.2 Relaxometry  

MRI relaxometry allows for the magnetic characteristics of the tissue (i.e. relaxation 

rates, R1, R2, R2*) to be explored in three dimensions. Although the transverse 

relaxation rate, R2, is unlikely to be as sensitive to iron accumulations compared to R2* 

or single-echo gradient echo images, R2 is generally more specific for tissue iron as the 

refocusing pulse recovers the signal loss from static magnetic susceptibility variations 

(e.g. air-tissue interfaces). Hence, R2 maps offer a cleaner view of potential magnetic 

anomalies within tissue which can be more easily interpreted, but are nevertheless not 

free of ambiguity. For example, increases in the relaxation rate could be due to the 

presence of metals other than iron, so it is important to correlate R2 maps with iron 

specific analyses. R2 is also approximately proportional to the amount of magnetic 

material in the tissue, making one of the most well suited scan types for searching for 

iron based magnetoreceptors.  

 

Head 

The head is an intricate structure with many different anatomical features occupying a 

limited amount of space. The lower resolution of the R2 maps make it difficult to tell 

precisely which features are experiencing changes in relaxation rate, although many 

observations can still be made.  

R2 appears to be generally higher in the adult head when compared to the juvenile, 

although the juvenile brain region possessed higher intensity than the adult. There was 

only a very minor increase in R2 of the eye, which appears predominantly on the eye’s 

surface. As R2 is typically high for solid and near solid objects, the increase in R2 is 

likely due to thickening or hardening of the cornea. These regions are unlikely to house 

a magnetoreceptor as the outer eye lacks the nerve innervation required for a functional 

magnetoreceptor (Snodgrass 1910). 

R2 in the brain decreases marginally as the bee reaches maturity. A decrease in R2 

would clearly not be indicative of the formation of an iron based magnetoreceptor, 

which would naturally raise the R2. ICP-AES (Chapter 3.0) and SQUID (Chapter 3.0) 

did not show any significant change between the juvenile and adult head, which 

suggests that this decrease in intensity is related either to other developmental factors, 

or random variation between samples.   

Thresholding showed several micro-regions in the brain and hypopharyngeal gland, 

but these regions appeared random and don’t match between the adult and juvenile. 

These small regions of high intensity don’t appear to be as prevalent as the small dark 
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features that are present in the adult gradient echo scan and only appear in the first and 

last few slices, indicating that the intensity could be due to small sections of the cuticle 

being imaged, rather than the brain. Much like the GE scans, the random nature and 

questionable origin of the micro regions would make them difficult to section out for 

electron microscopy analysis for full characterisation.  

The mandibular region showed the strongest increase in relaxation rate. The low 

resolution of this area makes the dispersed high and low R2 values difficult to interpret, 

even with the gradient echo scan as a reference. There are several possible reasons for 

the high R2 values present in the region. Between the mandibular glands and above the 

entrance of the mouth is small hollow called the salivarium. This hollow is connected 

by ducts to the hypopharyngeal glands and salivary glands present within the head. The 

hypopharyngeal glands are responsible for the production of larval food, as well as food 

for queens, drones and young workers. Secretions from this gland are thick and protein 

rich. Although feeding behaviour is more common for young bees, it can continue 

throughout a bee’s life span (Winston 1987). Should any of this larval food be present 

within the salivarium at the time of the scan, this would lead to a high R2 value in the 

area. 

Solid support structures, known as the tentorial arm and cardo support strut, are 

also present in this region. The tentorium are solid walled tubes that run from the 

anterior to the posterior cuticle of the head, while the cardo extends into the centre of 

the head and acts as an anchor for the proboscis. The cardo can be seen in the 

relaxometry images as pair of red dots in several of the slices that matches the rod like 

structure seen in the gradient echo images. The high intensity of the cardo is curious, as 

solid structures typically produce T2 values that are too short to produce high R2 

intensities in this scan type. Gradient echo slices of the cardo displayed paired white 

features that ran along their length.  These structures appeared to be encapsulated within 

the cuticle, and were likely the source of the cardo’s high intensity. Precisely what this 

feature represents is unknown. The hyperintensity in the gradient echo scan appears too 

bright for it to be related to muscle tissue, and there is no signal offset artefacts as seen 

for the other fatty tissues. Dissection and correlative microscopy would likely be 

required to discern the nature of this feature and its potential role.    
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Thorax 

The anatomy of the thorax primarily consists of muscles required for flight, two large 

ganglions, as well as elements of the digestive track (Snodgrass 1910). Striations of the 

muscle fibre bundles were still visible, even at low resolution. The adult had a 

significantly higher average and maximum R2 than the juvenile in all cases. This 

increase appeared spread over the muscle tissue, rather than being restricted to a 

localised area.  

Line profiles of the anterior and posterior regions of the thoraxes demonstrated R2 

increases along the muscle fibre bundles, most notably in the posterior musculature. The 

adult had consistently higher maximum and average R2 values than the juvenile. This 

could be due to the use of iron containing proteins for flight. Honey bee thoracic 

muscles are known to contain cytochromes (Keilin 1925). These proteins contain single 

iron atoms and are used in the production of ATP used to power the muscles (Locke & 

Nichol 1992). Mitochondria, which produce these cytochromes, form 43% of honey bee 

flight muscle fibres (Suarez et al. 2000). The turnover rate of some cytochrome types in 

honey bees is up to 19 fold greater than those found in rat hearts (Suarez et al. 1999). As 

this high turnover occurs during activation of the wing muscles, it is possible that the 

iron present within the cytochrome proteins would lead to a higher R2 value as wing 

muscles develop. As R2 increases were strongly correlated to the muscle fibre bundles, 

this strengthens the hypothesis raised by ICP-AES analysis that the increase in thorax 

iron concentrations is related to the development and use of the flight muscles.  

Thresholding of the R2 images primarily highlighted high intensity regions in 

minor regions of the juvenile muscle fibres. The consistently high intensity in the adult 

muscle tissue overwhelmed these regions, but could obscure the presence of a small 

magnetoreceptor system. Bulk tissue analysis and magnetometry data did indicate a 

relatively high iron content and magnetic moment when compared to tissues in the head 

and abdomen, so it remains a potential region of interest. A target area was also 

identified above the first thorax nerve ganglion in both juveniles and adults. This region 

appears to be colocalised to the region of hypointensity seen in gradient echo scans of 

the adult thorax. While the solid mass of the furca explains the hypointensity in the 

gradient echo scans, the T2 of the solid furca would most likely be too short to produce 

the measurable R2 values seen in the relaxometry map. It may be that there is another 

anatomical feature located in this region, between the furca and the ganglion, which 

possesses a high R2. The local presence of the ganglion suggests the material would be 

well innervated, which is a primary requirement of a magnetoreception system. As such, 
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this area would need to be analysed in more detail using optical and electron 

microscopy in order to determine the presence of a candidate magnetoreception system. 

 

Abdomen 

The lower resolution of the relaxometry scans meant that only major structures such as 

the honey stomach, ventriculus, rectum and fat body were easily distinguishable. 

Juvenile and adult organs are shifted within the abdomen due to varying expansion of 

the honey stomach and rectum. As the juvenile samples were collected before they have 

left the hive, they do not defecate, leading to swelling of the rectum and the pushing of 

other organs to the anterior portion of the abdomen. These anatomical changes are 

minor, but they did prevent the direct comparison of the anterior and posterior line 

profiles between the adults and juveniles. 

Juvenile abdomen R2 values are all substantially less than those of the foraging 

adult. When compared to other tissues within it, the juvenile ventriculus has a mildly 

higher R2 value than the other sections of tissue within the juvenile, although not 

significantly so. The fat body does have several localised spikes in R2 along its length 

which are likely the base levels of iron identified by ICP-AES. There are no other 

features apparent outside of these structures that could indicate the early formation of a 

magnetoreceptor. 

Several marked differences were present between the adult and juvenile abdomen. 

Rectum size is largely diminished, while the honey stomach is full in most cases, 

leading to a shift in the location of the ventriculus. Both the outer wall of the ventriculus 

and the fat body show significant increases in R2. This trend occurred in each pair 

imaged, and was especially apparent in Figures 5.12 and 5.13.  High R2 values in the 

ventriculus were again likely due to the presence of the various metallic compounds 

mentioned in the gradient echo discussion, and are not indicative of a magnetoreception 

system. 

The fat body presented the largest increase in R2 throughout all the observable 

tissues of the bee. While all areas of the fat body indicated a rise in R2, the ventral wall 

displayed the largest increase in values. Line profiles along this region demonstrated a 

three to five fold increase in R2 values between the adult and juvenile, which correlates 

with the hypointense regions within the fat body in the gradient echo scans. ICP-AES 

and magnetometry indicated that the abdomen contains a sizeable amount of iron and a 

high magnetic moment by the time it reaches 25 days old. As the change in the 

ventriculus R2 is likely due to other metals, and there were no other large scale changes 
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in R2 between the adult and juvenile, it is likely a majority of this iron is localised to the 

fat body.  

Areas of high intensity are also apparent in the fat body below the A2 and A3 

tergite cuticle in several of the adults. While this appears to be related to the fat body in 

this region, it is possible the base of the magnetic hairs proposed by Schiff (1991) may 

have an effect on the high intensity of this region. Electron dense crystalline material 

between 10-20 nm was shown to exist in the base of these hairs, but not in the base of 

other hairs in the abdomen (Schiff 1991). 300 nm particles were also found in the 

cuticle and surrounding tissue of this area which, if magnetite, could produce regions of 

high intensity in the relaxometry images. As both particle types have yet to be 

characterised using electron diffraction or magnetometry, their composition and 

magnetic behaviour is not certain. Magnetic iron oxides have also been reported in the 

subsurface hair structure of bumble bees as well, though these were primarily located in 

the head and wing (Jandacka et al. 2014). Since the region of high intensity in the adult 

honey bee is not present in the juveniles, it would imply any receptors in this area must 

develop some time after eclosion as has been suggested by ferromagnetic resonance 

studies (Chambarelli et al. 2008).  

Thresholding accented two regions in the abdomen, one in the fat body above the 

A6 sternite and the other in the lower region of the A2 tergite. While the region of the 

A6 sternite has no links to behavioural studies of magnetoreception, the region behind 

the A2 tergite cuticle may be close enough to the anterior dorsal region to be affected by 

the magnetic wire experiments of Walker & Bitterman (1989).  

 

5.4.2 MRI comparison to optical techniques 

As MRI scans are non-destructive, samples can be imaged by multiple techniques. Iron 

specific staining has been commonly used in the field of magnetoreception (Falkenberg 

et al. 2010; Fleissner et al. 2003; Hanzlik et al. 2000; Kuterbach 1982). Optical 

microscopy of the splayed abdomen allows the visualisation of the entire fat body rather 

than the slices obtained from MRI. Comparison of the adult and juvenile staining 

patterns demonstrates where this inclusion of iron is occurring, as well as aiding in the 

interpretation of the gradient echo and relaxometry information.  

The juvenile presented very little in the way of staining. The fat body was also 

significantly more fragile and less substantial than the equivalent in the foraging adult. 

These results closely mirrored those of Kuterbach & Walcott (1986), who demonstrated 

that the fat body only appeared to stain once bees reached 6 days post eclosion, and 
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reaching maximum stain intensity at day 12. There were no observable high intensity 

areas of staining in any part of the fat body, with only mild evidence of a reaction 

present in seemingly randomly distributed cells. This is consistent with the low R2 

present in the MRI relaxometry images of juvenile abdomens, and demonstrates that the 

iron is not accumulating in areas visible in the relaxometry images. 

Staining of the adult fat body revealed the presence of iron throughout the entirety 

of the fat layer. The pattern of staining in the forager matched that of the MRI image 

slices of the fat layer shown in Figure 5.7. This suggests that the high magnetic 

susceptibility and R2 is due to the presence of iron distributed throughout the fat body, 

as has been reported previously (Kuterbach et al. 1982), and that MRI presents accurate 

reconstruction of iron loaded sections of tissue.  

 

 

5.5 Conclusion  
High resolution MRI has been shown to be a potentially valuable analytical tool for 

scanning relatively large volumes of tissue at intermediate resolution to better 

understand the distribution of iron and magnetic materials within the bee, and locate 

areas of interest for further TEM characterisation. Gradient echo scans provided 

excellent anatomical detail of all bee body parts. Many target features were identified 

throughout the tissue of various body parts, but the existence of numerous hypointense 

regions highlights the need for additional correlative techniques to verify the structure 

and composition of these areas. Large sections of iron rich tissue, such as the fat body, 

were readily apparent and closely matched with the patterns of iron specific staining for 

light microscopy. Gradient echo scans were most useful as an anatomical guide for 

other experiments and scan types. 

R2 relaxometry showed promise as a tool for locating small concentrations of 

magnetic material. Although the resolution of R2 scans is substantially lower than that 

of gradient echo scans, the technique is more specific to iron and other magnetic 

material. Considerable volumes of tissue can be assessed for high magnetic intensities, 

and direct comparisons can be made between R2 values of different regions or samples. 

Statistical comparison of the juvenile and adult abdomen shows that the relaxation rate 

of both the ventriculus and fat body is higher in foragers compared to newly eclosed 

bees, while the rectum remains approximately the same.  
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Thresholding can also aid in targeting small highly intense regions in large sections 

of tissue. By identifying micro regions of high intensity in juveniles, that are unlikely to 

be contaminated by dietary or stored iron, and comparing them to the same region in 

adults, it is possible to identify regions of interest that can then be characterised using 

other correlative techniques. Thresholding revealed three clear regions of high intensity 

shared by juveniles and adults, 1) the fat body above the A6 sternite in the abdomen, 2) 

the lower region of the A2 abdominal tergite, and 3) above the first nerve ganglion of 

the thorax. To establish whether these areas contain magnetoreceptors, correlative 

microscopy will need to be performed. As such, although MRI may not be able to serve 

as a standalone technique in the context of magnetoreception, with the aid of bulk 

analysis techniques such as ICP-AES and SQUID magnetometry it can serve as an 

excellent guide for determining where tissue sections should be collected from for later 

high resolution analyses. 
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6.0 Particle extraction and electron microscopic 

characterisation 

 

6.1 Introduction  
High resolution imaging techniques, such as transmission electron microscopy 

(TEM), will ultimately be needed to fully characterise the nanoscale iron oxides found 

in organisms and place them in their cellular context. One of the limitations of such 

high-resolution techniques is the limited volume of sample that can be analysed. 

Typically, biological TEM samples are sections of resin embedded tissue that are cut to 

approximately 300 µm2 and less than 200 nm thick. It is therefore impractical to employ 

an ultra-thin sectioning approach at the organism or tissue level to search for 

nanoparticles within candidate magnetoreceptor cells. However, processes that can 

separate inorganic particulates from the gross biological tissue could form an 

intermediate strategy, capable of demonstrating the presence of particulates and whether 

they possess properties consistent with those hypothesised for a magnetic particle based 

sensor. 

Combined mechanical and chemical homogenisation techniques have been used 

previously to concentrate iron particles in a number of animal systems, including fish 

(Kirschvink et al. 1985; Mann et al. 1988; Walker et al. 1984), humans (Kirschvink et 

al. 1992), ants (Acosta-Avalos et al. 1999; de Oliveira et al. 2010), termites (Maher 

1998) and bees (Desoil et al. 2005; Hsu et al. 2007). These procedures generally rely on 

a combination of physical maceration to break up the tissue followed by chemical 

digestion using a combination of sodium hypochlorite and/or chloroform to digest the 

tissue and lipids, respectively. However, such protocols can be easily corrupted by 

issues arising from contamination, the presence of natural biogenic sources of iron 

(Kobayashi 1995) or the introduction of sampling errors.    

Tissue digestion methods commonly rely on centrifugation to concentrate materials 

between various steps such as rinsing (Acosta-Avalos et al. 1999; Hsu et al. 2007; de 

Oliveira et al. 2010). Such a process is inherently designed to separate particulates from 

the fluid, but is indiscriminate and likely to amplify potential contaminants leading to 

false positives. With iron being the fourth most abundant element on the Earth by mass, 

together with the growing range of anthropogenic dust particulates present in laboratory 

environments, the likelihood of contamination is high. Some studies have exploited the 
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use of magnetically clean rooms (Kirschvink et al. 1985; Kirschvink et al. 1992; Mann 

et al. 1988; Walker et al. 1984) in order to address these issues and the use of non-

magnetic tools, and acid washed laboratory ware is common (Desoil et al. 2005; Maher 

1998). 

While important, homogenisation and digestion are only one part of a procedure 

that must occur to ultimately permit the researcher to interrogate the bulk of the isolated 

material. The steps for preparing the particles isolated for TEM analysis are equally 

important. Although the digest process significantly reduces the amount of material to 

study, it can still represent a “needle-in-a-haystack” problem from a TEM perspective.  

Prior studies have taken subsamples of the digests by placing a droplet of the extracted 

material onto TEM grids coated in a thin film, which is then allowed them to dry 

(Acosta-Avalos et al. 1999; de Oliveira et al. 2010; Kirschvink et al. 1985; Kirschvink 

et al. 1992; Maher 1998; Mann et al. 1988; Walker et al. 1984). Resin embedding 

digested material has been used before, although the filtration steps used in the study 

restricted the size of the particles collected to between 220 nm and 650 nm, meaning 

much of the inorganic material could have been discarded (Hsu et al. 2007). 

In this regard, additional consideration should also be given to the behaviour of 

particulate magnetic materials when they are removed from their biological context. It is 

likely that releasing single domain or superparamagnetic particles from their cellular or 

subcellular components, drastically alters their behaviours and interactions. For example 

free floating single domain nanoparticles are known to aggregate and form clumps in 

liquid media (Jung & Jacobs 1995; Duguet et al. 2006; Fayol et al. 2013). The level of 

this aggregation is often size, time and concentration dependent (Bentzon et al. 1989; 

Berret et al. 2006; Eberbeck et al. 2006). Should the superparamagnetic particles in 

biological systems not possess the number or proximity to form aggregates, then 

magnetic separation techniques used in previous studies (Acosta-Avalos et al. 1999; de 

Oliveira et al. 2010; Kirschvink et al. 1992; Maher 1998; Mann et al. 1988; Walker et 

al. 1984) may not extract the particles from the bulk inorganic material. 

While extraction methods are not necessarily novel to the field of 

magnetoreception, there is significant scope for improving the process in order to 

address the limitations of the technique alluded to above. In order to reliably screen 

tissues for a putative iron based magnetoreceptor mechanism using extraction methods 

the technique must achieve the following: 
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1. Minimise the introduction of iron contamination 

2. Employ the use of controls (to determine background contamination) 

3. Account for the magnetic behaviour of the extracted material 

4. Make all of the extracted material available for analysis 

5. Ensure target material remains unaltered from the process  

 

Here, we apply a new tissue homogenisation, extraction and sample preparation 

procedure on the honey bee Apis mellifera, which addresses many of the technical 

limitations identified in previous studies. In addition, the single domain magnetite 

particles derived from magnetotactic bacteria are used as a proxy to clearly demonstrate 

that magnetic particles, similar to those hypothesised to exist in magnetoreceptive cells, 

can be recovered using the technique. The method aims to address a number of the 

problems associated with contamination and particle behaviour, but highlights some of 

the pitfalls that must be avoided when applying such methods.      

 

      

6.2 Materials and Methods 
Homogenisation, digestion and embedding 

The homogenisation and digestion process was performed as outlined in Figure 6.1. 

Samples included the following controls and treatments: Controls (x2 replicates), 

cultured stock magnetotactic bacteria (MTB) (1 mL x5 replicates), 100 adult bee 

abdomens (x2 replicates each), 100 adult abdomens spiked with 1 mL of stock MTB (x3 

replicates). All MTB samples were created from a stock solution with a concentration of 

6.1x108 MTB/mL. Adult abdomens were chosen for examination as they are known to 

contain large amounts of paramagnetic material, which will aid in understanding the 

interaction between ferro/ferrimagnetic MTB particles and paramagnetic materials.  

Stock MTB, washed non-spiked bee abdomens (NSA) and washed MTB spiked 

abdomens (SPA) were added to separate plastic gentleMACS M-tubes (Miltenyi Biotec, 

Bergisch Gladbach, Germany). All samples were then filled to the 10 mL line of the M-

tube using PBS (pH 7.4). Samples were blended twice using the stored “protein” 

protocol in a gentleMACS Dissociator (Miltenyi Biotec, Bergisch Gladbach, Germany) 

which lasted 54 sec per run. Homogenised abdomen samples were comprised of mostly 

homogenised mixture with visible shredded cuticle particulate.  

All homogenates were passed through 20 mL plastic syringes fitted with 500 µm 

nylon mesh into 50 mL polypropylene centrifuge tubes (Cellstar tubes, Greiner bio-
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one). For abdomen samples, this resulted in a liquid and a pressed cuticle fraction, 

which were each treated separately. M-tubes were rinsed with an additional 10 mL of 

PBS (7.4 pH), shaken and added to the respective centrifuge tube. Following this, 15 

mL of a 12% stock sodium hypochlorite solution (AquaPro, Texas, USA) was added to 

all tubes, making a final bleach concentration of ~5%. Tubes were then agitated on a 

rocking shaker for 24 hours. Following bleach treatment, all solutions appeared clear 

and yellow. 

To digest lipids, 4 mL of 100% chloroform (Sigma-Aldrich, Missouri, USA) was 

added to the tubes, placed on a rocking shaker for 2 h and then vortexed for 

approximately 1-2 min. Tubes were then centrifuged (10 min at 4000 rcf) and the 

bottom 1 mL of fluid/sample was extracted with a pipette and transferred to 1.5 mL 

micro-centrifuge tubes. At this stage, the separated abdomen fluid and cuticle fractions 

were recombined. Samples were then rinsed four times by re-suspending the pellet in 1 

mL of 100% chloroform following centrifugation (10 min at 4000 rcf). 

After the fourth centrifugation the top ~0.6 mL of liquid was removed and the 

pellet resuspended in the remaining ~0.4 mL and then pipetted into a BEEM bottle-neck 

specimen embedding capsule (Electron Microscopy Sciences, Pennsylvania, USA) 

fitted into a 1.5 mL microfuge tube. This was then centrifuged (10 min at 4000 rcf) to 

force any particulate to the tip of the capsule. Microfuge tubes were left open overnight 

to allow the chloroform to evaporate, leaving the inorganic material at the bottom of the 

capsule.  

Samples were infiltrated with Procure 812 resin (ProSciTech, Queensland, 

Australia) using a dilution series of 1:1 resin and 100% dry ethanol x2 for 1 h, followed 

by 100% resin for 8 h and 100% overnight prior to polymerisation at 70oC overnight. 

The top 2 mm of the resin embedded sample was trimmed from the block and mounted 

for examination by X-ray microscopy (XRM) (Versa 520, Xradia/Zeiss). All XRM 

scans were captured with the source set to 50 kV and 80 µA, an optical magnification of 

4x, 2x camera binning and an exposure of 3 s. A total of 401 projections were captured 

over a range of 360o. An isotropic voxel resolution of approximately 2 µm was 

achieved. Reconstruction was conducted with a beam shift of 2.5 and 0 beam hardening 

using the standard Xradia reconstruction software and reports were generated using 

XRM Viewer (Xradia/Zeiss). Following examination of the XRM data to determine 

regions of interest, samples were mounted for ultra-thin sectioning using a microtome 

(EM UC6, Leica). Sections were cut from target regions at a thickness of 120-150 nm 
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using a diamond knife (Histo, Diatome) and mounted on 200 mesh continuous carbon 

coated copper finder grids for TEM analysis. 

 

Electron microscopy 

TEM analysis was performed at 200 kV using a JEOL 2100 TEM (JEOL, Ltd., Tokyo, 

Japan), equipped with a post column Gatan Tridiem energy filter (Gatan, Inc., 

California, USA), and bright field and high angle annular dark field STEM detectors.  

A combination of standard bright field (BF) imaging, dark field-scanning TEM 

(DF-STEM), selected area electron diffraction (SAED) and electron energy loss 

spectroscopy (EELS) was carried out on target features in the control, MTB, non-spiked 

abdomen (NSA) and spiked abdomen (SPA) digest samples. A magnification of 4000x 

was used for screening samples, as this was appropriate for MTB particle observations. 

SAED is a crystallographic technique that creates unique electron scattering 

patterns from a selected area of the sample. These patterns are formed through 

interactions of electrons and particle planes hit at a Bragg angle in the area, which are 

scattered at angles unique to the particle structure (Knoll & Ruska 1932; Wang et al. 

2013; Zou & Hovmöller 2007). However, small particle numbers, or particle 

arrangements that prohibit certain planes being hit by the electron beam may produce 

incomplete patterns. Particle plane spacings collected using SAED were compared 

against known magnetite spacings (Haavik et al. 2000), maghemite spacings (Greaves 

1983), hematite (Blake et al. 1966), goethite (Yang et al. 2006), and lepidocrosite 

(Wyckoff 1963), collected from the American Mineralogist Crystal Structure Database 

(http://rruff.geo.arizona.edu/AMS/amcsd.php). A full list of each spacing present in 

these mineral phases is given in section 9.5.2 of the Appendix. These mineral phases 

were chosen as they are the most common forms of crystalline iron-oxide formed by 

biological systems. 

EELS is a technique that produces a spectrum from inelastically scattered electrons 

from a selected area of a sample (Joy & Maher 1980). Inner shell ionization energies are 

typically the most valuable part of the spectrum, as the peaks are specific to the 

elements present in the area (Egerton 1996). EELS spectra were collected using a 2 µm 

aperture in cumulative acquisition mode.  Spectra eV windows analysed were 20 eV - 

640 eV for low loss energies, 250 eV - 800 eV for medium loss energies, and 1000 eV- 

2000 eV for high loss energies.  
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Magnetotactic bacteria 

Magnetotactic bacteria were collected and washed from cultured stock as per the 2.0 

General materials and methods chapter. Haemocytometer readings of the washed 

sample showed that the concentration used in the digestion process was 6.1x108 

MTB/mL. TEM samples of unprocessed bacteria were created by pipetting 5 µL of the 

stock solution used for spiking bee samples onto a 200 mesh continuous carbon coated 

copper grid. 

 

Bee collection and preparation 

Foraging adults were collected from the front of hives as described in the 2.0 General 

materials and methods. These bees were not specifically aged, as only the presence of 

iron granules in the abdomen was important. Bees were placed within an acid washed 

500 µm nylon mesh plastic sieve and washed for 10 min by stirring and sonication in 

200 mL of PBS (pH 7.4) to remove external dirt, pollen and other external particulates. 

Bees were handled and dissected using ceramic tools and all equipment was acid 

washed in 0.1 M hydrochloric acid for 24 hours before use. 
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Figure 6.1 – A flow diagram detailing the digestion process used for sample preparation. Bee 

abdomen samples were first washed, and then dissected. 1mL of MTB were added to MTB only 

or spiked abdomen samples. Samples were then blended, filtered through a nylon mesh, then 

digested in sodium hypochlorite followed by chloroform. Centrifugation then concentrated 

inorganic particles, which were removed, rinsed several times in chloroform, and pipetted into a 

specialised BEEM capsule. The inorganic material was then centrifuged into the capsule tip and 

allowed to dry. Once dry, the sample is then resin embedded, removed from the capsule and 

analysed using correlative XRM and TEM. 
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6.3 Results 
6.3.1 Pre-digest magnetotactic bacteria 

TEM analysis of the unprocessed magnetotactic bacteria indicated that the bacteria were 

predominantly the spirillum population, as was expected. These bacteria formed a single 

chain of varying lengths, typically consisting of between 10-20 hexagonal single 

particles (Figure 6.2a).  

DF-STEM of the magnetotactic bacteria (Figure 6.2b) clearly displays the presence 

of 100 nm particles within the cell owing to the high angle scattering of the electrons by 

the iron oxide particles compared to the organics. The bacteria themselves are also more 

visible against the background, due to the greater mass of the cell versus the carbon 

film. 

SAED of the 100 nm particles in Figure 6.3 produced d-spacings that were 

consistent with both magnetite and maghemite. The lack of unique spacings for 

maghemite in the material however, indicates the material is predominantly magnetite 

(Table 6.1).  The spacing at 2.25 Å could indicate that a small amount of hematite could 

also be present.  

 
 

 

 

  
 

Figure 6.2 - a) BF micrograph of spirillum MTB containing a chain of 100 nm particles b) Dark 

field STEM image of a similar bacterium, also containing a chain of 100 nm particles. Scale 

bars = a) 100 nm, and b) 500 nm. 

 

B A 
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Figure 6.3 - a) BF micrograph of untreated magnetotactic bacteria placed directly onto a carbon 

coated grid surface. The dotted white circle indicates the region analysed using SAED. Scale bar 

= 200 nm. b) Associated diffraction pattern of the area. Spacings measured are indicated by the 

coloured lines. Scale bar = 2 nm-1. 

 

Table 6.1 - Measured (±2%) planar spacings of the region indicated in Figure 6.3, compared 

to known spacings of several magnetite, maghemite, hematite, goethite and lepidocrocite. d-

spacings values are in Å. 

Sample Magnetite Maghemite Hematite Goethite Lepidocrocite 
d hkl d  hkl d hkl d hkl d hkl d 
  -  -  -  - 200 6.20 
  - 110 5.9  -  -  - 
  -  -  - 020 4.98  - 

4.90 111 4.85 111 4.81  -  -  - 
  -  -  - 110 4.17  - 
  - 210 3.73 012 3.69  -  - 
  - 211 3.40  - 120 3.38  - 
  -  -  -  - 210 3.28 

3.02 220 2.97 220 2.95  -  - 101 2.97 
  - 212 2.78 104 2.70 130 2.69  - 
  - 310 2.64  -  -  - 

2.58 311 2.53 311 2.51 110 2.52 021 2.58  - 
  -  -  - 101 2.52  - 
  -  -  - 040 2.49 - - 

2.45 222 2.42 222 2.41  - 111 2.45 410 2.42 
  -  -  - 200 2.30 111 2.36 

2.25  -  - 006 2.29 121 2.25  - 
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6.3.2 Analysis of digested samples 

6.3.2.1 X-ray microscopy 

Analysis of the materials in the resin block faces revealed that virtually all of the 

digested material was observed within the first 50µm of the block surface (Figures 

A9.13-9.15 of the section 9.5.1 of the Appendix). There was a general pattern of 

aggregation towards one side of the resin where material had accumulated during the 

centrifugation processes. Contrast is based on X-ray absorbance, with brighter regions 

indicating areas of higher X-ray absorption.  

 

6.3.2.2 Blank control 

Prior to embedding, the blank control possessed what appeared to be small traces of 

clear crystalline material at the tip of the capsule. X-ray microscopy of the controls 

indicated bright features in the 10 µm – 150 µm size range that had been predominantly 

forced to one edge of the block face (Figure A9.13). Some fibres were also visible in 

control sample 2. 

Sections cut from the control sample revealed a number of features presumed to be 

contamination introduced during the homogenisation, digestion and embedding process 

(Figure 6.4). These features contained a range of elements including Al, Si, Ca and O 

(Figure A9.16-A9.18, summarised in Table 6.2). In one feature, Ti, O, Cr and Fe were 

observed (Figure A9.17). Although C was observed in all samples, this is attributed 

partly to the carbon support film of the grid. Areas where these materials were present 

were generally poorly infiltrated with resin, leading to holes and tears in the sections. 

Similar materials were present in the MTB and abdomen samples. A summary of these 

features and their respective EEL spectra can be found in Appendix 9.5.3.  
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Figure 6.4 – Contaminant features present in blank control digest and other sample types. Scale 

bars = a) 500 nm, b) 500 nm, and c) 200 nm. 

 

Table 6.2 – Characteristic EELS peaks generated from common features found within the 

control samples. The features that the spectra were generated from are provided in [1] Figures 

A9.16a, A9.16e and A9.16g, [2] Figures A9.16b and A9.16d, and [3] Figures A9.16c and A9.16f.  

 

Element Feature A[1] Feature B[2] Feature C[3] 

Carbon K 281 eV - 281 eV 

Oxygen K 530 eV 530 eV 536 eV 

Aluminium K 1580 eV - 1580 eV 

Silicon L2,3 103 eV - - 

Silicon K 1875 eV - 1870 eV 

Calcium L2,3 346 eV - - 

Titanium L2,3 - 455 eV - 

Iron M2,3 - 54 eV - 

Iron L2,3 - 710 eV - 
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6.3.2.3 Magnetotactic bacteria  

Before resin embedding, all magnetotactic bacteria digests exhibited small 

concentrations of black material in the tips of the BEEM capsules. X-ray microscopy of 

the five blocks demonstrated the presence of bright particulates concentrated along the 

rim of the sample blocks (Figure A9.14). The amount of material present in each block 

was variable, with sample 2 possessing little particulate, while sample 5 contained two 

different densities of material throughout much of the block face.  

Bright field TEM imaging of the MTB digests revealed 100 nm particles derived 

from the MTB (Figure 6.5). The particle morphology remained unaltered from the 

particles observed in the untreated MTB sample seen in Figure 6.2, but possessed no 

visible membrane surrounding the particles. However, the number of particles was 

typically very low, with little more than 5 to 15 particles in one area. Most of the 

particles were grouped tightly together, either into small chains or unorganised clumps.  

SAED of the particles in Figure 6.6 produced diffraction patterns with measurable 

d-spacings. Low particle numbers mean that some of the particle plane Bragg angles 

may not have been hit, and don’t appear in the diffraction pattern. Spacings match both 

magnetite, magnetite, and potentially hematite. There was a very low intensity spacing 

at 4.27 Å that was not attributable to any of the five iron-oxides, but as there were no 

other reproducible spacings not linked to these iron-oxides, it is likely this spacing is 

due to a small contaminant within the selected area. 

 

 
Figure 6.5 - BF micrograph of the 100 nm particles found in the MTB digest sample. Scale bar = 

200 nm. 
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Figure 6.6 – a) BF micrograph of a post-treatment sample of magnetotactic bacteria. Crystalline 

nanoparticles were the main feature in the sample. The dashed white circle indicates the region 

analysed using selected area electron diffraction. Scale bar = 100 nm. b) Associated diffraction 

pattern of the area. Spacings measured are indicated by the coloured lines. Scale bar = 2 nm-1. 

 

Table 6.3 - Measured (±2%) planar spacings of the region indicated in Figure 6.6, compared 

to known spacings of several magnetite, maghemite, hematite, goethite and lepidocrocite. d-

spacings values are in Å. 

Sample Magnetite Maghemite Hematite Goethite Lepidocrocite 
d hkl d  hkl d hkl d hkl d hkl d 
  -  -  -  - 200 6.20 
  - 110 5.9  -  -  - 
  -  -  - 020 4.98  - 

4.85 111 4.85 111 4.81  -  -  - 
4.27  -  -  -  -  - 

  -  -  - 110 4.17  - 
2.69  - 210 3.73 012 3.69  -  - 

  - 211 3.40  - 120 3.38  - 
  -  -  -  - 210 3.28 

3.04 220 2.97 220 2.95  -  - 101 2.97 
2.80  - 212 2.78 104 2.70 130 2.69  - 

  - 310 2.64  -  -  - 
2.55 311 2.53 311 2.51 110 2.52 021 2.58  - 
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6.3.2.4 Bee abdomen 

Prior to embedding, both bee samples displayed collections of black and orange residue. 

X-ray microscopy of the two abdomen sample types demonstrated substantial 

differences from the control and MTB sample blocks. In addition to the bright 

particulate at the edge of the block, 200 - 400 µm plates of low density material were 

heavily distributed throughout all block faces (Figure A9.15). Co-analysis with the 

TEM sections showed this material was the digested material from the abdomen.  

A range of electron dense materials were found in NSA and SPA samples. Both 

samples possessed two main types of granule. Type 1 granules had a non-uniform dense 

appearance with a maximum diameter of 500 nm (Figures 6.7a and 6.8a). Electron 

diffraction shows that these granules are amorphous and they noticeably suffer from 

beam damage, suggesting that the material is unstable (Figure 6.9). Type 2 granules 

were spherical and commonly contained concentric rings of material. These granules 

were larger than the Type 1 granules, reaching a maximum diameter of 1800 nm (Figure 

6.10). EELS of the two granules revealed that Fe, O, Ca, P, C and Mn was present in 

both Type 1 and 2 granules (Figures A9.19-A9.21, summarised in Table 6.4). 

Clusters of 10 to 30 nm crystalline particulate material was also observed in one 

NSA and one SPA bee abdomen sample (Figure 6.11). This substance was aggregated 

in small areas rather than being distributed throughout the samples. Despite similarities 

in appearance (Figures 6.12 and 6.13), SAED d-spacings produced from the particulate 

in the NSA sample (Table 6.5) were not clearly attributable to any specific iron-oxide 

phase, while those of the SPA sample were characteristic of hematite (Table 6.6). The 

presence of C, O and Fe was recorded for both forms of crystalline particulate samples 

(Figures A9.22-A9.23). Mn was also present in the NSA sample, while a strong Cr peak 

was detected in the SPA sample (Table 6.4).  

100 nm particles originating from the digested MTB were located in many areas of 

the spiked abdomen sample (Figures 6.7b and 6.8b). These retained the morphology of 

the magnetite/maghemite particles seen in both the unprocessed and processed MTB 

samples (Figures 6.2 and 6.5). The number of these 100 nm particles was far greater 

compared to that of the MTB digest, and were often present in clumps (Figure 6.7b). 

SAED of the 100 nm particles in Figure 6.14 produced patterns with diffraction 

spacings that are consistent with the spacings of magnetite, maghemite and hematite 

(Table 6.7). The Type 1 granules and the 100 nm particles each had similar intensities in 

the DF-STEM images (Figure 6.15), while the Type 2 granules could not be detected.    
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Figure 6.7 – a) BF view of the non-spiked abdomen digest. Primary features present are 

electron dense Type 1 granules (feature 1), and the larger circular Type 2 granules 

(feature 2). b) BF image of the spiked abdomen digest. Features found in the non-spiked 

sample were prevalent, although 100 nm particles derived from the MTB were also 

distributed throughout the sample (feature 3). Examples of features are indicated with 

red arrows. Scale bars = 500 nm.  

 

  

A 

B 
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Figure 6.8 – Higher magnification BF micrographs of the a) non-spiked and b) spiked 

abdomen digests. Type 1 granules (feature 1) and a Type 2 granule (feature 2) are 

visible in the non-spiked abdomen, while particles originating from the MTB (feature 3) 

can be seen surrounding the Type 1 granules in the spiked abdomen sample. Example 

features are indicated by red arrows in both images. Scale bars = 200 nm. 

 

A 

B 
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Figure 6.9 – a) BF micrograph of a post-treatment adult abdomen sample. Electron dense 

granules (Type 1) were the predominant feature in the sample. The dashed white circle indicates 

the region analysed using selected area electron diffraction. b) Associated diffraction pattern of 

the area. No diffraction rings were apparent. 

 

 
Figure 6.10 – BF image of Type 2 granules present in all bee samples. The concentric rings 

were common to all the structures, although the number and size varied between features. Scale 

bar = 200 nm. 
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Figure 6.11 – BF view of uncommon aggregated small crystalline features present in the spiked 

bee abdomen digests (indicated by the red arrow). Particle sizes ranged from 10 nm – 30 nm 

and were roughly spherical. Scale bar = 400 nm.  

 

Table 6.4 – Characteristic EELS peaks generated from common features found within the bee 

abdomen digest samples. The features that the spectra were generated from are provided in [1] [2] 

Figure A9.19, and [3] Figure A9.22 of section 9.5.3 of the Appendix. 

 

Element Type 1 granule [1] Type 2 granule [2] 
Crystalline 

particulate cluster[3] 

Carbon K 380 eV 280 eV 280 eV 

Oxygen K 530 eV 532 eV 530 eV 

Phosphorus L2,3 133 eV 133 eV - 

Calcium L2,3 344 eV 346 eV - 

Chromium L2,3 - - 576 eV 

Manganese L2,3 640 eV 640 eV 640 eV 

Iron M2,3 50 eV - 52 eV 

Iron L2,3 710 eV 710 eV 710 eV 
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Figure 6.12 – a) BF micrograph of a post-treatment non-spiked adult abdomen sample 

containing aggregates of small particles. The dotted white circle indicates the region analysed 

using selected area electron diffraction. Scale bar = 100 nm. b) Associated diffraction pattern 

of the area. Spacings measured are indicated by the coloured lines. Scale bar = 2 nm-1. 

  

Table 6.5 - Measured (±2%) planar spacings of the region indicated in Figure 6.12, 

compared to known spacings of several magnetite, maghemite, hematite, goethite and 

lepidocrocite. d-spacings values are in Å. 

Sample Magnetite Maghemite Hematite Goethite Lepidocrocite 
d hkl d  hkl d hkl d hkl d hkl d 
  -  -  -  - 200 6.20 
  - 110 5.9  -  -  - 

4.98  -  -  - 020 4.98  - 
 111 4.85 111 4.81  -  -  - 
  -  -  - 110 4.17  - 

3.75  - 210 3.73 012 3.69  -  - 
  - 211 3.40  - 120 3.38  - 
  -  -  -  - 210 3.28 

3.05 220 2.97 220 2.95  -  - 101 2.97 
  - 212 2.78 104 2.70 130 2.69  - 
  - 310 2.64  -  -  - 

2.59 311 2.53 311 2.51 110 2.52 021 2.58  - 
  -  -  - 101 2.52  - 
  -  -  - 040 2.49 - - 
 222 2.42 222 2.41  - 111 2.45 410 2.42 
  -  -  - 200 2.30 111 2.36 

2.27  -  - 006 2.29 121 2.25  - 
2.14  2.10  2.08  -  2.19  - 
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Figure 6.13 – a) BF micrograph of a post-treatment spiked adult abdomen sample containing 

aggregates of small particles. The dotted white circle indicates the region analysed using 

selected area electron diffraction. Scale bar = 400 nm b) Associated diffraction pattern of the 

area. Spacings measured are indicated by the coloured lines. Scale bar = 2 nm-1. 

  

Table 6.6 - Measured (±2%) planar spacings of the region indicated in Figure 6.12, 

compared to known spacings of several magnetite, maghemite, hematite, goethite and 

lepidocrocite. d-spacings values are in Å. 

Sample Magnetite Maghemite Hematite Goethite Lepidocrocite 

d hkl d  hkl d hkl d hkl d hkl d 

  -  -  -  - 200 6.20 
  - 110 5.9  -  -  - 
  -  -  - 020 4.98  - 
 111 4.85 111 4.81  -  -  - 
  -  -  - 110 4.17  - 

3.74  - 210 3.73 012 3.69  -  - 
  - 211 3.40  - 120 3.38  - 
  -  -  -  - 210 3.28 
 220 2.97 220 2.95  -  - 101 2.97 

2.77  - 212 2.78 104 2.70 130 2.69  - 
  - 310 2.64  -  -  - 

2.57 311 2.53 311 2.51 110 2.52 021 2.58  - 
  -  -  - 101 2.52  - 
  -  -  - 040 2.49 - - 
 222 2.42 222 2.41  - 111 2.45 410 2.42 
  -  -  - 200 2.30 111 2.36 

2.24  -  - 006 2.29 121 2.25  - 
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Figure 6.14 – a) BF micrograph of a post-treatment sample from adult abdomens spiked with 

magnetotactic bacteria. Electron dense granules and crystalline nanoparticles were the 

predominant features in the sample. The dashed white circle indicates the region analysed using 

selected area electron diffraction (Note: Aperture extends outside field of view in bright field 

image as it was taken at a higher magnification). Scale bar = 200 nm. b) Associated diffraction 

pattern of the area. Spacings measured are indicated by the coloured lines. Scale bar = 2 nm-1. 
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Table 6.7 - Measured (±2%) planar spacings of the region indicated in Figure 6.14, compared to 

known spacings of several magnetite, maghemite, hematite, goethite and lepidocrocite. D-

spacings values are in Å. 

Sample Magnetite Maghemite Hematite Goethite Lepidocrocite 

 hkl d  hkl d hkl d hkl d hkl d 

  -  -  -  - 200 6.20 

5.95  - 110 5.9  -  -  - 

  -  -  - 020 4.98  - 

4.85 111 4.85 111 4.81  -  -  - 

  -  -  - 110 4.17  - 

  - 210 3.73 012 3.69  -  - 

  - 211 3.40  - 120 3.38  - 

  -  -  -  - 210 3.28 

3.00 220 2.97 220 2.95  -  - 101 2.97 

  - 212 2.78 104 2.70 130 2.69  - 

  - 310 2.64  -  -  - 

2.57 311 2.53 311 2.51 110 2.52 021 2.58  - 

  -  -  - 101 2.52  - 

  -  -  - 040 2.49  - 

2.45 222 2.42 222 2.41  - 111 2.45 410 2.42 

  -  -  - 200 2.30 111 2.36 

2.14  -  - 006 2.29 121 2.25  - 
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Figure 6.15 – DF-STEM images of a) crystalline particles in the MTB digest b) electron dense 

granules in the unspiked abdomen digest, and c) crystalline particles interspersed with larger 

electron dense granules in the spiked abdomen digest.  Scale bars = 200 nm. 

 

A B 

C 
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6.4 Discussion 
The homogenisation, digestion and embedding process detailed here clearly 

demonstrates that biogenic iron oxide nanoparticles can be liberated from tissue and 

prepared for imaging and analysis by TEM. Specifically, magnetite particles derived 

from the magnetosomes of magnetotactic bacteria (MTB) were recovered both in 

isolation and when introduced to honey bee abdomen samples. 

The technique was a combination of aspects from several previous studies as well 

as possessing characteristics unique to this analysis. Following mechanical digestion, 

the samples would be digested chemically using a 5% bleach solution, common to 

previous studies (Acosta-Avalos et al. 1999; de Oliveira et al. 2010; Kirschvink et al. 

1985; Kirschvink et al. 1992; Maher 1998; Mann et al. 1988; Walker et al. 1984). The 

inorganic material concentrated at the end was resin embedded rather than air dried onto 

a grid. While resin embedding has been used before on digested bee samples, these 

samples were filtered using metallic filters that would remove a portion of the 

remaining inorganic particulate (Hsu 2007). Our limited 500 µm filtration and resin 

embedding ensured that all inorganic material could be collected and analysed, rather 

than a small sub volume.   

 While some adjustments could be made to improve the efficiency of collection, 

this technique recovers the bulk of the inorganic material present in the target tissue and 

prepares it in a way that can be analysed in its entirety, greatly enhancing the potential 

for detecting putative particles involved in magnetoreception.  

 

6.4.1 Analysis of samples 

X-ray microscopy (XRM) was a useful tool for examining the location of particulate 

material within the sample block face. The inorganic material was primarily in the top 

50 µm of the block face, with more X-ray absorbent materials being present at the edges 

of the block that were likely forced to one side by the tilt of the centrifuge. It was 

apparent from the analysis of the control samples that there was a degree of 

contamination present in all sample types, which was later analysed with TEM. The 

flaking of the material in the abdomen samples is likely due to the material cracking 

after drying, before being embedded with resin. Generally, XRMs key use was in 

guiding the trimming process for TEM sectioning. As the block could be viewed in 

three dimensions, it could be ensured that excessive trimming of the block, which would 

effectively remove target regions of the sample, was not an obstacle, and that optimum 

regions of interest were present in the TEM sections.  
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TEM analysis of the four sample types revealed a great deal about the effect of the 

digestion methodology on the magnetosomes and other inorganic elements present, and 

gave a general indication as to the value of the different analytical techniques. 

Generally, bright field (BF) analysis was adequately suited to locate features of interest 

at relatively low magnifications (x4000) as well as differentiate potential magnetite 

particles from other inorganic particles.  

Dark field scanning transmission electron microscopy (DF-STEM) is an imaging 

technique that relies on the scattering of electrons as an electron probe scans the surface 

of a sample (Nellist & Pennycook 2000). DF-STEM did not contribute greatly to the 

overall analysis of the samples, as the image refresh rate was too slow for a high 

throughput of sample examination and did not differentiate between inorganic particles 

with any greater efficiency than standard imaging. This technique may be more useful 

in tissue sections where there are a greater proportion of lighter elements surrounding 

the denser inorganic features.  

SAED was generally an effective method for identifying iron-oxide particles, as 

many have clearly identifiable and unique spacings. Patterns that could not be clearly 

attributed to the five primary biological iron-oxide phases are more difficult to interpret 

however. The use of EELS on all crystalline materials of unknown origin was critical 

for understanding the elemental composition, which aided in the interpretation of the 

SAED patterns. 

 

6.4.1.1 Magnetotactic bacteria 

Analysis of the digested magnetotactic bacteria samples found that the nanoscale 

particles that comprise the magnetosome could be successfully recovered following the 

digestion process. The particle sizes and morphologies were identical to those in the 

starting material and SAED revealed that they possess the same particle structure.  

Comparison of diffraction patterns of the undigested and digested MTB particles 

suggests that the magnetosomes are oxidising from magnetite (Fe3O4) to maghemite 

(Fe2O3) during the process. Oxidation to maghemite is also known to occur to 

nanoscale magnetite at low temperatures over time if it is left exposed (Colombo et al. 

1968; Feitknecht & Gallagher 1970; Sidhu et al. 1977). Oxidation would likely occur 

after the membrane that surrounds the magnetosome is removed by bleach and 

chloroform, thus exposing the particles to oxidative elements. The properties of 

magnetite and maghemite at room temperature are very similar (Alphandéry et al. 2009; 
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Özdemir et al. 1993), so the oxidation of magnetite to maghemite does not have any 

major implications for the characterisation of the particle’s behaviour.  

The presence of hematite could be due to heating of the magnetite/maghemite by 

the electron beam of the TEM (Sidhu 1988; Shebanova & Lazor 2003; Wang et al. 

2007). While it would take several hours of exposure to convert 100 nm particles, fine 

grained magnetite/maghemite will convert faster. Although hematite is substantially less 

magnetic than magnetite and maghemite (Bødker 2000), the temperature required for 

conversion is unlikely to be reached until after the particles are locked in place through 

the embedding process and thus would not affect aggregation or position.   

While SAED is invaluable for distinguishing most iron-oxide forms, the analysis of 

magnetite and maghemite populations can be problematic, as their diffraction patterns 

are very similar. All characteristic magnetite d-spacings (Haavik et al. 2000) are present 

in maghemite, which also has several additional unique spacings (Greaves 1983). SAED 

can only definitively show that maghemite is present if these additional spacings are 

present; otherwise the minerals are virtually indistinguishable by SAED analysis. While 

these spacings have a very high probability of appearing in patterns formed from many 

randomly orientated particles, patterns produced by a small number of particles can be 

harder to interpret. There are some techniques, such as Mossbauer spectrometry (Roca 

et al. 2007; Santoyo Salazar et al. 2011), Raman spectroscopy (De Faria et al. 1997; 

Hanesch 2009), and analysis of certain X-day diffraction peaks (Kim et al. 2012), that 

can more easily differentiate between magnetite and maghemite.   

No obvious chaining of particles was observed in the pure MTB digests. Rather, the 

particles tended to form clumps of seemingly unordered particles, with no chains above 

three particles present. Similar extraction of particles from tuna (Walker et al. 1988) and 

salmon (Kirschvink et al. 1985; Mann et al. 1988) have demonstrated chaining 

behaviour, including the formation of coils or loops of chains (Mann et al. 1988). The 

concentration of particles in the pure MTB digests of this study may be large enough 

that the chains become so intertwined that balls or clumps are formed, rather than 

isolated particles. Alternatively, the membranes encasing the magnetite chains in the 

fish studies may have remained intact owing to the different digestion protocol, which 

used ether instead of chloroform, and did not include blending.   

 

6.4.1.2 Bee abdomen digests 

The novel digestion and processing of the abdomen samples successfully removed the 

tissue of the bee and concentrated a range of inorganic material. Embedding and 
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sectioning was required in order to analyse the large amount of material present in the 

abdomen. Sections from the abdomen samples contained four primary features of 

interest: 1) 340 ± 14 nm diameter Type 1 amorphous iron granules, 2) 1800 nm Type 2 

granules filled with calcium, iron and other elements, 3) aggregates of small maghemite 

particles (10 nm – 30 nm) and 4) 100 nm magnetite/maghemite/hematite particles in the 

case of the MTB spiked sample. 

The Type 1 granules were only present in the bee related samples. The granule size, 

shape and composition all match that of the iron granules reported in the trophocytes 

and ventriculus of the adult honey bee. These granules are often cited as being 500 nm – 

1000 nm in diameter (Kuterbach & Walcott 1986b; Kuterbach & Walcott 1986a; Hsu & 

Li 1993) and consist of iron, oxygen, calcium and phosphorus (Kuterbach & Walcott 

1986a; Keim et al. 2002; T.H. Wang et al. 2013), which matches the characteristics of 

the granules found in this study. It does not appear that the structure has changed 

significantly from these reports, although the lipid layer that encapsulates some granules 

(Kuterbach & Walcott 1986a; Hsu & Li 1993) was not observed. SAED of the granules 

demonstrated that the granules were largely amorphous, which matches previous 

reports, and furthers the suggestion that they are unrelated to the magnetic sense in bees 

(Keim et al. 2002). 

Type 2 granules were also common in both non-spiked and spiked abdomen digests. 

These were generally larger than the Type 1 granules, and were similarly amorphous. 

The chemical composition was very similar to that of the Type 1 granules, possessing 

iron, oxygen, calcium, phosphorus and manganese. Calcium was the dominant element 

of these features, likely in the form of an amorphous calcium carbonate. The origin of 

this material is unknown. Previous studies of abdomen digests have not noted the 

presence of these structures (Hsu 2007). 

While the digestion procedure used in previous studies successfully achieved the 

goal of amassing trophocyte iron granules, the filtering and collection system used 

would exclude any features outside of a 220 nm – 650 nm size range (Hsu 2007). This 

would exclude the Type 2 granules and any magnetite particles in the expected ≤100 nm 

size range that are thought to be responsible for honey bee magnetoreception. Laser 

ablated inductively coupled plasma mass spectroscopy shows that calcium and 

manganese are primarily stored in the ventriculus tissue (Wang et al. 2013). In trials of 

our protocol in which the intestinal tract was removed, these Type 2 particles were 

completely absent. Examination of tissue sections from the ventriculus may reveal the 

structure and function of these Type 2 granules prior to treatment.   

159 
 



Aggregates of small crystalline iron oxide particles were detected in both the non-

spiked and spiked abdomen digests. SAED of the particles determined that these 

particles existed in at least two phases; one being hematite, while the other could not be 

definitively attributed to an iron-oxide phase. As the material was present in both bee 

sample types and no others, it is probable the substance is derived from the bee. Similar 

particles have been shown in digests of termite tissue (Maher 1998), and ants (Acosta-

Avalos et al. 1999), both of which exhibited ~10 nm particles with similar clumping 

behaviour. Although these particles reportedly exhibited ferrimagnetic behaviour, there 

was no elemental data to determine whether the material was purely iron-oxide.  

As the material is fine grained, it is very likely that any magnetite/maghemite 

would convert to hematite if exposed for a prolonged period of time. This may explain 

the presence of hematite in the spiked abdomen sample, although it is also possible that 

the material may have been in a hematite phase before processing.  If the material was 

originally magnetite, this would explain the superparamagnetic material detected in 

numerous magnetometry studies of the bee abdomen (Desoil et al. 2005; El-Jaick et al. 

2001; Gould & Kirschvink 1980; Hsu et al. 2007; Wajnberg et al. 2001). However, the 

lack of a clear iron-oxide phase in the non-spiked sample, as well as the presence of 

chromium, suggests that  the material may be unrelated to magnetoreception, and could 

simply be concentrated particulate from dietary sources. Before the role of these 

particles can be ascertained, they must be located in the tissue to ensure they are not 

particulates from the digestive tract or an external contaminant.  

100 nm particles from the digested MTB were also located within the spiked 

abdomen digests. Electron diffraction again indicated that the SD magnetite particles 

were oxidising to maghemite, although some magnetite may still be present. Unique 

hematite spacings were also noted, indicating that the heating caused by the electron 

beam may be converting some of the phases to hematite in a similar way to the pure 

MTB samples. The MTB derived particles were far more prevalent in the spiked 

abdomen digest when compared to the pure MTB standard. The granules could be 

binding with the magnetosomes, or were at least preventing large scale clumping of the 

100 nm particles. This may have allowed the resin to infiltrate the sample better and 

reduce the chance of the sectioning procedure tearing large aggregated clumps of the 

magnetosomes from the block face. Although holes were still present near the clusters, 

the size of the holes was greatly reduced when compared to the MTB sample.  
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6.4.2 Technique issues and refinements 

While XRM demonstrated that the processing method does collect some contamination, 

the use of control samples made it possible to account for these materials in the honey 

bee and MTB samples. There are several ways that this contamination could be further 

reduced however. In the first instance, an additional step could be introduced that 

involves magnetic filtration. While this may isolate the magnetic fraction of the sample, 

care would have to be taken to optimise the process so as to capture both 

superparamagnetic and permanent magnetic material. The MTB magnetosome could 

also play an important role in this optimisation process. 

Care must also be taken to use only reagent grade chemicals during the digestion 

process. Sodium hypochlorite has been commonly used to digest tissues for 

magnetoreception studies (Acosta-Avalos et al. 1999; de Oliveira et al. 2010; 

Kirschvink et al. 1985; Maher 1998; Mann et al. 1988; Walker et al. 1984), but the 

sources are not always clearly stated. Although sourced from a chemistry department, 

the bleach used in the current study was found to be non-reagent grade and may have 

introduced some of the observed contaminants. These areas of contamination also led to 

regions of poor resin infiltration and holes in the resulting ultrathin sections cut for 

TEM. As such, reducing the levels of contamination is likely to produce higher quality 

resin sections.          

Notably, the MTB only digest samples yielded fewer than expected 100 nm MTB 

particles. This may be due to two reasons. Firstly, these magnetic particles may 

aggregate strongly to form a large clump of particles that may be difficult to infiltrate 

with resin resulting in loss during the sectioning process. Secondly, this aggregation 

process may mean that the particles were confined to very small regions of the resin 

block and therefore more difficult to find.  

The reduced clumping of 100 nm MTB particles dispersed with abdominal iron 

granules raises important implications for future attempts to concentrate potential iron 

based magnetoreceptors in other tissue samples. It may be necessary to add artificial 

particles to prevent clumping of magnetosomes, especially in samples that do not 

possess dense granules similar to those found in bees. Another solution would be to add 

some kind of easily sectioned material that the magnetosomes would attach to, either 

through magnetic attraction, electrostatic interactions, or through targeted chemical 

adhesion. This would also prevent large scale aggregation of dense particles whilst 

ensuring SPM particles are still collected, localise all the magnetic material to targeted 
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areas, and may be more readily apparent in XRM and other low resolution 3D imaging 

used to aid in block trimming.  

Quantum dots are functional nanoparticles made from semiconductor materials that 

vary in size between 10 to 1000 nm that may be an ideal candidate for this targeted 

particle adhesion, as their surface capabilities and core characteristics are highly 

customisable (Dubertret et al. 2002; Leutwyler et al. 1996). The high degree of 

fluorescence and ability to functionalise the surface to attach to specific biological 

markers makes these particles popular in biological imaging, as small quantities can be 

clearly seen using fluorescence imaging (Larson et al. 2003; Wu et al. 2002). Their core 

can be made magnetic in addition to being fluorescent, which could attract 

magnetosomes and then guide trimming using confocal or fluorescence microscopy 

(Mahajan et al. 2013; Michalet et al. 2005). This would clearly require extensive trial 

and optimisation periods, but represents a definite avenue for future research relating to 

digestion and imaging methodologies for locating biogenetic magnetic nanoparticles. 

Once the digestion, concentration and analysis steps are able to further concentrate 

small levels of magnetic nanoparticles to easily identifiable locations, other bee body 

parts and age cohorts can be examined. ICP-AES (Chapter 3.0) and SQUID 

magnetometry (Chapter 4.0) have indicated that the antennae and head, as well as newly 

eclosed bees, have substantially lower iron levels than the adult abdomen. As such, 

reduced contamination effects and heightened concentration and detectability of the 

sample in the block face will be important to adequately characterise any inorganic 

particulate present within these samples. Once identified, the particles of different age 

groups and part types can be directly compared. The nature of the particle differences 

may be able to aid in the understanding of the gross iron level changes demonstrated by 

ICP-AES, as well as provide a potential source for the features identified in MRI and 

magnetometry. 
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6.5 Conclusion 
A novel digestion, embedding and analysis procedure was developed that could be used 

to identify target materials prior to in situ studies. This demonstrated that MTB 

magnetosomes could be isolated and concentrated from a large volume of bee tissue 

with little change to their structure, validating the technique. Other inorganic 

particulates originating from the bee were also characterised to ascertain their origin and 

purpose.  

Two forms of inorganic granules were found in spiked and non-spiked bee 

abdomen samples. Iron rich Type 1 granules were the most common and consistent with 

those identified in the fat body trophocyte cells. Type 2 granules were larger than Type 

1 granules, with a concentric ring structure and similar elemental composition. It is 

thought that these originate from the ventriculus.  
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7.0 Conclusion 
 

7.1 Summary 
The primary focus of this study was to explore the utility of a range of novel and 

previously used techniques as applied to the search for a magnetic particle-based 

magnetoreceptor system. The techniques used were chosen and developed on the basis 

that they could address issues associated with the needle-in-a-haystack problem and the 

presence of biological/environmental iron, which have been identified as significant 

barriers to scientific enquiry in this field. Additional consideration was given to the 

ability of the techniques to allow high throughput and/or comparative and correlative 

approaches. Honey bees were utilised as a model system upon which these techniques 

could be tested. In addition to this, biogenic magnetic particles derived from 

magnetotactic bacteria (MTB) were used as proxies to optimise the various 

methodologies used. This thesis is aimed at stimulating new research directions in the 

field of magnetoreception, and highlights the potential strength of multi-modal and 

multidisciplinary approaches to this long standing research problem where the 

biological, physical and technical challenges must be equally considered.  

 

The quantification and distribution of iron in the honey bee 

Inductively coupled plasma atomic emission spectroscopy (ICP-AES) was used to 

calculate the total iron and iron concentration in the worker bee’s antennae, head, 

thorax, and abdomen, over its life span. This enabled iron levels to be tracked and 

linked to behavioural or physiological changes as the bee matures. It was found that all 

parts possess enough iron to house the hypothetical compass mechanisms proposed in 

for honey bees (Kirschvink 1981). Only the thorax and abdomen contain enough iron to 

adequately form the proposed map sense. Neither the head nor the antennae possess 

enough iron to accommodate the map sense at any stage of the bee’s life.  

Significant increases in total iron and iron concentration were seen in the thorax 

and abdomen during maturation of the bee. Rises in iron within the thorax coincide with 

hive fanning and flight, and so are likely tied to the development of wing musculature. 

Abdominal increases are likely due to pollen intake and the storage of iron in the fat 

body and ventriculus. This agreed with previous research conducted using particle-

induced X-ray emission (PIXE) (Kuterbach & Walcott 1986b), although the total iron in 

the laboratory reared adult bee abdomens measured by PIXE was significantly lower 
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than the naturally aged bees measured in this study by ICP-AES. Statistical analysis 

showed that age and the type of body part had significant effects on the total iron 

measured in the part, and that age, colony and body part significantly affected the iron 

concentration measured. The reasons for the part type variations were related to clear 

anatomical differences, while age effects were linked to internal changes caused by the 

evolution in age related roles. Variations between colonies are likely due to differences 

in average bee weights. However, it was deemed unlikely that this would affect the 

development of a magnetoreceptor.  

One of the potential flaws in the technique is the reliance on accurate weight 

measurement for calculating iron concentrations. Differences in weight, whether due to 

biological or technical reasons, can cause vastly different iron concentrations between 

replicate samples, which is why total iron concentration data should be considered 

alongside total iron levels. In the context of identifying the location of a 

magnetoreceptor, ICP-AES provides a picture of all the iron within the system, which in 

turn reduces the chance of misidentifying unrelated biological iron as a 

magnetoreceptor.  

 

Evaluation of magnetometry as applied to magnetoreception 

Superconducting quantum interference device (SQUID) magnetometry, a technique 

used extensively in magnetoreception studies, was revisited to determine its ability 

gather data on the magnetic properties of tissue samples, and identify magnetite when 

masked by a biological background. MTB standards were used to experimentally 

resolve the concentration of magnetic particles needed to exceed the instruments 

detection limits, as well as to ascertain the practicality of different scan types. Bee parts 

were then analysed using modern instruments to determine whether magnetite could be 

detected in any part. 

SQUID magnetometry analyses primarily focused on the study of hysteresis loops 

and thermal decay of remanence (TDR) curves produced by the MTB standards and bee 

parts. Hysteresis loops of standards show that a receptor system comprised of 1x106 

MTB (such as that theorised for the map sense of honey bees) should be detectable by 

identifying coercivity in hysteresis loops at both 5 K and 300 K, and receptor systems of 

1x105 MTB in 300 K hysteresis loops. There was no clear coercivity in bee parts. TDR 

curves will likely only be able to detect large amounts of single domain magnetite if the 

particle size is tightly controlled. Analysis of the pure MTB and 1x106 MTB/mL 

standard showed what could be a Verwey transition spread over a range of 
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temperatures, potentially due to a range in particle sizes. This effect has been noted for 

synthetic nanoscale magnetite particles (Goya et al. 2003). Contrary to previous studies 

(Desoil et al. 2005), the bee abdomen showed no evidence of a Verwey transition, nor 

did any other part. As the transition temperature is particle size dependent, particle size 

would have to be tightly controlled for a characteristic signal to appear. 

The lack of coercivity or a Verwey transition in any part of the bee indicates that 

the parts either contain less than 1x105 chains of magnetite, the system is spread 

throughout the bee, uses superparamagnetic particles, or is not based on 

ferri/ferromagnetic materials.  

 

Magnetic resonance imaging of the honey bee 

Magnetic resonance imaging (MRI) was explored as a technique that has the ability to 

bridge the resolution gap between bulk techniques such as ICP-AES and magnetometry, 

and higher resolution techniques such as electron microscopy. As a magnetic imaging 

tool, the utility of various MRI scan types for pinpointing regions of interest was also 

explored. This was done using a combination of high resolution 3D imaging and R2 

relaxometry. 3D gradient echo images revealed many small features throughout the 

body (~10-30 µm), most notably in the brain, but were too common to single out as a 

potential magnetoreceptor location. The iron rich tissue in the abdominal fat layer was 

readily apparent, and closely matched iron specific staining patterns seen in optical 

microscopy. A large hypointense region was found above the first ganglion of the 

thorax, although this may be due to an internal ridge of cuticle known as the furca. As 

hypointensities can be caused by many sources, such as magnetic material, voids, solid 

objects and artefacts, gradient echo scans cannot serve as a stand-alone imaging 

technique. They can, however, serve as anatomical references for other MRI scan types 

and correlative imaging or analytical studies. 

R2 relaxometry images had a lower resolution than gradient echo scans, but higher 

specificity to magnetic materials. Statistical comparisons of juvenile and adult 

abdomens showed that the R2 of both the ventriculus and the fat body of the adult are 

significantly higher than the juvenile. Thresholding images to show only high intensities 

demonstrated that small shared regions of high intensity existed between juveniles and 

adults in 1) the fat body above the A6 sternite in the abdomen, 2) the lower region of the 

A2 abdominal tergite, and 3) above the first nerve ganglion of the thorax. The region in 

the thorax matched the positioning of the hypointense feature seen in the gradient echo 

scan. As juveniles have not had time to accumulate dietary iron, it is unlikely these 
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anomalous areas are related to iron storage. Although this form of analysis is not 

sufficient to identify a single magnetoreceptor, it has the potential to identify a clustered 

system of many magnetoreceptor cells, and guide tissue sectioning for correlative light 

or electron microscopy. 

 

Particle extraction and electron microscopic characterisation 

A novel tissue digestion, embedding and analysis protocol was tested on a range of 

samples. These included a blank control, pure MTB, adult bee abdomens, and adult bee 

abdomens spiked with MTB. This approach demonstrated that MTB magnetosomes 

could be concentrated and recovered after processing without significantly changing 

their mineral form, even in the presence of large volumes of bee tissue. Inorganic 

particulates contained within the bee abdomens were also characterised.   

Using a combination of X-ray microscopy (XRM) and transmission electron 

microscopy (TEM), magnetosome particles were identified in both the pure MTB 

samples and the spiked adult bee abdomen samples. While digestion methods have been 

utilised in previous studies, this is the first to utilise proxy biogenic magnetic particles 

sourced from MTB, and show definitively that such methods can recover unaltered 

magnetic particles from a raw tissue sample. Data from selected area electron 

diffraction (SAED) indicated that the particles may oxidise from magnetite to 

maghemite after the membrane is stripped from the magnetosome chain. Heating effects 

from the electron beam may also cause some conversion of magnetite/maghemite to 

hematite. In the spiked abdomen samples, magnetosome particles were mixed among 

the other materials extracted from the bee, but exhibited patchy distribution and were 

not evident in all areas.  
Excluding the magnetosomes, analysis of the non-spiked and spiked bee samples 

revealed three main particle types present in the abdomens. Most common were iron 

rich granules consistent with those identified in the fat body trophocyte cells as shown 

in this and previous studies (Hsu & Li 1993; Kuterbach et al. 1982; Kuterbach & 

Walcott 1986a). These Type 1 granules had a maximum diameter of ~500 nm, and 

contained iron, oxygen, phosphorus and calcium. Analysis by SAED demonstrated that 

these granules were amorphous. Large spherical structures with a concentric layered 

structure were also observed in spiked and non-spiked bee samples. These Type 2 

granules were considerably larger than the Type 1 granules, with a maximum diameter 

of ~1800 nm. The elemental composition was similar to that of the Type 1 granules, 

consisting of iron, oxygen, phosphorus, manganese, but possessed stronger calcium 
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electron energy loss spectroscopy (EELS) peaks. The exact anatomical location and 

function of these Type 2 granules in the abdomen is unknown, although in trials where 

the gut was removed, these granules were absent, suggesting they may originate from 

the ventriculus. 

 

Advantages of a multi-modal approach  

Many of the techniques and results listed above became far more powerful when 

considered collectively, and with the aid of multidisciplinary expertise to ensure that 

results were gathered and interpreted correctly. When correlated, ICP-AES and SQUID 

magnetometry were able to produce a more detailed picture of where magnetic iron is 

present in bee parts and how this changes with age. As such, it was determined that only 

a limited number of body parts were suitable for housing the large magnetoreception 

systems that are theorised to make up the map sense. MRI combined with histological 

staining then demonstrated that in some cases it was possible to localise this iron to 

specific tissues or body parts in both juvenile and adult bees, thus providing the 

anatomical context needed to discriminate between known biological processes. 

Analysis of the homogenised and digested samples also provided insights into the types 

of inorganic features present in the bee abdomen that might give rise to the signals 

present in the MRI and the SQUID analyses.  

   

 

7.2 Future work 
This body of work has shown the value of applying both old and new techniques 

together to paint a broader picture than any single technique can achieve in isolation. 

Additionally, the use of MTB magnetosomes as proxies or controls has broad potential 

for testing the viability of various techniques and methods relating to magnetoreception. 

The adoption of new methods in the field, such as MRI, can be further refined and 

enhanced as tools in the search for magnetoreceptive cells. There are a number of future 

experiments that can be done to aid in this refinement, as well as to improve our 

understanding of both the honey bee’s magnetic sense and magnetoreception in general.  

Additional bulk magnetic analysis techniques, such as ferromagnetic resonance and 

electron paramagnetic resonance, could be revisited with MTB standards similar to 

those used in this study for SQUID magnetometry. Not only will this aid in determining 

the optimal methodologies for identifying magnetoreception systems in tissue, but 

analysis of the same standards across multiple instruments might allow for the direct 
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comparison of technique sensitivities, strengths and weaknesses. This will form a more 

cohesive understanding of the benefits and limitations of magnetometry in the context 

of magnetoreception.  

Magnetic resonance imaging (MRI) served as a valuable tool for identifying 

regions of tissue that could be subsequently analysed using correlative microscopy, but 

the development of suitable standards could lead to a better understanding of the types 

of signals produced using this technique. As for SQUID relaxometry, phantoms 

comprised of varying concentrations of MTB could be used to determine the optimal 

scan conditions, sensitivity and contrast generated by putative magnetoreceptor 

particles. This approach would be similar to tests done when attempting to identify 

single cells in MRI, although with emphasis on lower magnetite concentrations in 

multiple cells. Such data would aid in the interpretation of the 3D gradient echo data 

generated in the MRI scans. 

One of the strengths identified for MRI is that scanned samples can be subsequently 

analysed using other modalities. For example, correlative light microscopy could be 

used to clarify MRI data relating to the head, such as the micro-features in the brain. 

Perls’ staining of a serial sectioned bee head could also be correlated to digital slices 

through the 3D gradient echo data. This could identify further regions of interest that 

could be examined by electron microscopy or other imaging methods. In addition to any 

regions identified in the head, the three regions identified through thresholding of the 

juvenile and adult R2 relaxometry images must also be examined using other 

microscopy techniques to determine the source of high R2 intensity.   

Intermediate techniques could also be applied to other animals that possess putative 

iron based magnetoreceptor cells. A potentially promising model system is the 

nematode Caenorhabditis elegans. A recent study demonstrates that these organisms 

display magnetosensitive behaviours reminiscent of magnetotactic bacteria (Vidal-

Gadea 2015). This study has shown that their magnetic orientation and movement is 

related to the TAX-4 cyclic nucleotide-gated ion channel in a pair of AFD sensory 

neurons. Previous studies have also shown that C. elegans contain magnetite (Cranfield 

et al. 2004), though these particles have yet to be linked to magnetoreception. 

Investigations of the AFD sensory neurons using iron specific imaging techniques, such 

as Perls’ staining, may uncover the role of iron in C. elegans’ magnetosensory 

behaviour.  

The novel digestion and embedding procedure developed in this study showed that 

nanoscale magnetite particles derived from magnetosomes could be isolated and 
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concentrated from raw tissue. There are, however, several refinements that could be 

adopted to increase the likelihood of finding magnetic particles. The use of magnetic 

filtration has received little attention in the literature of magnetoreception. Such an 

approach is attractive, although a detailed understanding of the behaviour of magnetic 

particles would be needed. There now exists a great deal of literature relating to the 

behaviour of magnetic particles in suspension, mainly owing to their use as either 

imaging contrast agents, targeted drug delivery systems or other therapeutic treatments 

(Bentzon et al. 1989; Berret et al. 2006; Duguet et al. 2006; Eberbeck et al. 2006; Fayol 

et al. 2013; Jung & Jacobs 1995). Magnetic filtration could also be utilised in 

conjunction with magnetic manipulation of material isolated from biological tissue. In 

this study, the isolated inorganic material was centrifuged to the base of a bottle-neck 

BEEM capsule approximately 1 mm in diameter. While this is a significant step 

forward, it may be possible to use magnetic techniques to focus this material to a more 

restricted region during the embedding process, which could limit the search area 

further. 

Aggregation of the magnetosome particles in the pure MTB digest may have led to 

them being torn from the block during sectioning. The addition of artificial substances 

may allow for the concentration of magnetic particles to specific areas of the resin 

block, while preventing them from aggregating in such a way as to impede sectioning. 

Many nanoparticles exist that have functionalised surfaces that adhere to targeted 

molecules or structures. An example of such a material is quantum dots, a nanocrystal 

that can possess a magnetic core, and components which can fluores under specific 

wavelengths of light (Mahajan et al. 2013). These sorts of materials could lead to 

superior methods of detecting target particulates embedded in resin and enhance their 

sectioning properties for TEM analysis. 

Detection of regions of interest in the resin block could be further improved by 

using an intermediate step between XRM imaging and TEM analysis. Raman 

spectroscopy uses laser light to observe the unique bond vibrations of different 

materials, and produces spectra that are unique to different materials (Long 1977). By 

scanning this laser over the surface of a sample, spectra can be gathered from many 

points. For example, Raman could be used to scan the surface of the resin block faces to 

produce a map of the mineral composition at the surface, or even sub-surface if using a 

confocal system, which could guide subsequent sectioning for imaging and analysis at 

the TEM level (Gouadec & Colomban 2007). While the ~300 nm laser probe size is too 
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large to identify single crystals, the aggregated nature of materials in the homogenised 

samples may be large enough to generate adequate signal for detection.  

 As the digestion, concentration and analysis steps become further refined, 

additional samples can also be examined. Other parts of the bee, such as the antennae, 

head and thorax, or juvenile parts, could also be studied and compared with one another. 

Reductions in the level of contamination, coupled with methods for further 

concentrating magnetic materials to specific areas of the resin block, will make analysis 

of samples substantially easier, and allow for the direct comparison of the inorganic 

materials found in different parts of the bee and in different bee ages. This will then 

give additional insight into which tissue sections of the bee should be investigated using 

other forms of microscopy.  

For many years, a great deal of evidence has been generated that clearly 

demonstrates the existence of a magnetic sense in animals. However, this evidence is 

dominated by behavioural studies, and the magnetoreception field will remain at a 

deadlock until the cellular basis of the sense has been located and characterised. It is 

hoped that this study, as well as the suggestions made above, will aid in directing the 

field towards this goal by providing new avenues for scientific enquiry. Once these 

elusive cells have been identified, further analytical techniques can be employed to 

characterise the mechanistic basis of the sense and how it relates to the animal’s 

cognitive network. Solving this long standing question will refocus future behavioural 

studies and provide new insight into the biological, ecological and environmental 

importance of magnetoreceptive species.  
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9.0 Appendix 

 
9.1 Behavioural evidence for honey bee magnetoreception 
Honey bees use a number of cues in conjunction with the magnetic field in order to 

navigate. Learned colour patterns (Horridge 2009), shapes (Srinivasan et al. 2006; 

Srinivasan 2010), position of the sun (Rossel & Wehner 1984a), polarised light (Rossel 

& Wehner 1984b; Rossel & Wehner 1986), smells (olfaction), as well as landmarks 

when the sun is obscured (Dyer & Gould 1981) have been shown to be utilised for 

honey bee navigation. Although the magnetic sense may be a secondary or backup 

system for navigation in bees (Dyer & Gould 1981; Gould 1998), understanding its 

form and function is none the less important.  

Use of the magnetic sense has been recorded for numerous behaviours in honey 

bees. The first evidence of magnetism affecting bees came from observing changes in 

the angle of orientation (±20°) in the bees “waggle dance” when an external magnetic 

field was applied (Lindauer & Martin 1968). These changes would disappear if the field 

was removed, or after a period of adjustment. Misdirection in these dances was also 

shown to be correlated to daily variations in the geomagnetic field intensity (Lindauer & 

Martin 1972). When constructing a new hive, bees will also build the comb in the same 

magnetic field direction as the former hive (De Jong 1982). In the absence of celestial 

information, bees will also use the cardinal points of a compass in combination with 

other senses to discriminate between panoramic patterns (Frier et al. 1996), and in 

learning visual landmarks (Collett & Baron 1994). The use of the cardinal compass 

points for dancing has also been observed when bees were deprived of a gravity cue by 

placing the hive comb horizontally (Martin & Lindaur 1977). Flight orientation was 

tested for bees exiting a hive in total darkness, with predicted changes occurring in path 

when the external field was shifted 90° (Schmitt & Esch 1993). 

Magnetic pulses used to invert the field of iron based materials have been shown to 

disrupt honey bee behaviour in simple maze experiments (Kirschvink & Kirschvink 

1991). Small magnets placed on the anterior dorsal region of free flying honey bees 

interrupted their magnetic discrimination ability, while non-magnetic copper wire 

controls were shown to have no effect (Walker & Bitterman 1989a). The most definitive 

evidence comes from a series of conditioning paradigms in which bees were trained to 

discriminate between two alternating magnetic fields against an Earth strength 
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background field (Kirschvink & Kirschvink 1991; Walker & Bitterman 1985; Walker & 

Bitterman 1989c). These experiments showed sensitivities for field fluctuation as weak 

as 26nT, with sensitivity decreasing as fluctuation frequency increased (Kirschvink et 

al. 1997). The repeatability of this particular experiment is perhaps the strongest 

indicator of a magnetic sense existing in honey bees. 

Although it has been shown that light wavelength and polarity play a role in the 

magnetic effects on the waggle dance (Leucht 1984; Leucht & Martin 1990; Lindauer & 

Martin 1972), this doesn’t necessarily indicate the receptor system is light based. Many 

of the listed behaviours indicate the honey bee magnetoreceptor is based on iron (or at 

least magnetic) particles. Disruptions caused by magnets attached far from eyes, pulse 

demagnetisation, and the ability to perceive fields in darkness are all uniquely iron 

based properties. In addition to this, magnetite has been detected in termites (Alves et 

al. 2004; Maher 1998), ants (Abraçado et al. 2005; Acosta-Avalos D 1999; Wajnberg et 

al. 2004) and bees (Esquivel et al. 2002; Gould et al. 1978; Lucano et al. 2006b; Takagi 

1995). It is the iron based system that is the primary focus of this study. 
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9.2 The quantification and distribution of iron in the honey 

bee 
Theoretical level of magnetite needed to form a magnetoreceptor 

In order to ascertain whether the various body parts contained enough iron to house an 

iron based magnetoreceptor system, calculations were made to determine the level of 

iron in the bee specific mechanisms (Kirschvink 1981). Both the map and compass 

sense of the bee are theorised to use single domain magnetite particles, with each 

particle possessing a theoretical volume of approximately 10-15 cm3. Using the known 

density of magnetite (5.18 g/cm3), a single particle would contain in the order of 

5.18x10-15 g of magnetite. As iron makes up 72.36% of the molecular mass of 

magnetite, the mass of iron in each of these particles would be 3.75x10-15 g or 3.75x10-9 

µg.  

As the compass system theoretically may only need three particles, the total amount 

of iron needed would be 1.12x10-8 µg. The map sense however, may use between 1x107 

and 1x108 of such particles to function, with masses of iron equalling 3.75x10-2 µg and 

0.38 µg. 

 

 
Table A9.1 – A summary of the total iron levels found in each part of the bee at ages 0 and 25, 

and whether this amount is sufficient to form the theoretical mechanism for the compass and 

map senses. 

Part Sufficient TI for 

Compass 

Sufficient TI for 

Map 

Day 0 Antennae    (9.77x10-3 ± 3.49x10-3 µg) Yes No 

Day 25 Antennae (7.03x10-3 ± 6.21x10-3 µg) Yes No 

Day 0 Head (0.27 ± 0.03 µg) Yes In minimum range 

Day 25 Head (0.30 ± 0.06 µg) Yes In minimum range 

Day 0 Thorax (1.04 ± 0.04 µg) Yes Yes 

Day 25 Thorax (2.51 ± 0.33 µg) Yes Yes 

Day 0 Abdomen (0.54 ± 0.08 µg) Yes Yes 

Day 25 Abdomen (3.47 ± 1.21 µg) Yes Yes 
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9.3 Evaluation of magnetometry as applied to 
magnetoreception  

9.3.1 Theoretical moment calculation  

Theoretical magnetic saturation moments were calculated for both the pure and agar 

enrobed magnetotactic bacteria standards. These moments should be comparable to 

those measured by SQUID magnetometry. The approximate noise limit for SQUID 

magnetometry is 1x10-8 emu/g, meaning that theoretical moments equal to or less than 

this will likely be undetectable by SQUID. 

A single domain particle of magnetite of a type likely to be used for 

magnetoreception in bees weighs approximately 5.16x10-15 g (Kirschvink 1981). 

Transmission electron microscopy of the bacteria used during the creation of the 

standards show that each cell possess approximately 20 magnetite particles, leading to 

1.032x10-13 g of magnetite in a single bacterium.  Using the known saturation value of 

magnetite at room temperature (98 emu/g), theoretical moments were calculated for the 

different concentrations and recorded in Table A9.2. Theoretical moments were also 

calculated for the samples based on the iron levels recorded by ICP-AES (Table A9.3). 

These moments presume that all the iron detected was in the form of magnetite.  

 
Table A9.2 – Theoretical saturation moments calculated for the magnetotactic bacteria 

standards measured by SQUID magnetometry. Figures have been rounded to 2 significant 

figures due to approximations. 

Number of chains Mass of magnetite (g) Theoretical moment (emu) 

1x103 1.0x10-10 1.0x10-8 

1x104  1.0x10-9 1.0x10-7 

1x105  1.0x10-8 1.0x10-6 

1x106  1.0x10-7 1.0x10-5 

3x109  3.1x10-4 3.0x10-2 

 

Table A9.3 – Theoretical saturation moments calculated for the magnetotactic bacteria 

standards based on exact iron levels returned by ICP-AES for each sample. 

No. of MTB Mass of Iron (g) Mass of magnetite (g) Theoretical moment (emu) 

1x103 2.42x10-8 3.34x10-8 3.28x10-6 

1x104  2.91x10-8 4.02x10-8 3.94x10-6 

1x105  4.23x10-8 5.85x10-8 5.73x10-6 

1x106  1.14x10-7 1.58x10-7 1.54x10-5 
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9.3.2 Accessory SQUID Scans 

Standards 

Silicon Standard - 5K Hysteresis Loop (unadjusted)
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Silicon Standard - 300K Hysteresis Loop (unadjusted)
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Silicon Standard - 300K Hysteresis Loop (adjusted)
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Figure A9.1 – Hysteresis loops of the silicon standard at 5 K & 300 K. Signal from the 

standard is predominantly diamagnetic. The diamagnetic signal has been subtracted in 

the adjusted loops. Scans preformed on the Quantum Designs MPMS-3. 
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Agar Standard - 5K Hysteresis Loop (unadjusted)
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Agar Standard - 5K Hysteresis Loop (adjusted)
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Agar Standard - 300K Hysteresis Loop (unadjusted)
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Agar Standard - 300K Hysteresis Loop (adjusted)
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Figure A9.2 - Hysteresis loops of the agar and manganese standard at 5 K & 300 K. The 

diamagnetic signal has been subtracted in the adjusted loops. Scans preformed on the 

Quantum Designs MPMS-3. 
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Pure MTB Standard - 5K Hysteresis Loop (unadjusted)
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Pure MTB Standard - 5K Hysteresis Loop (adjusted)
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Pure MTB Standard - 300K Hysteresis Loop (unadjusted)

Field (Oe)

-80000 -60000 -40000 -20000 0 20000 40000 60000 80000

M
om

en
t (

em
u/

g)

-0.6

-0.4

-0.2

0.0

0.2

0.4

0.6

 

Pure MTB Standard - 300K Hysteresis Loop (adjusted)
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Pure MTB Standard - 5K Hysteresis Loop (zoomed)
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Pure MTB Standard - 300K Hysteresis Loop (zoomed)
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Figure A9.3 - Hysteresis loops of the pure 3x109 magnetotactic bacteria standard at 5 K 

& 300 K. A zoom on the regions of coercivity in the 5 K & 300 K loops has been 

displayed separately. The diamagnetic signal has been subtracted in the adjusted loops 

and the zoomed loop. Scans preformed on the Quantum Designs MPMS-3. 
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Silicon Standard - Thermal Decay of Remanence
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Agar Standard - Thermal Decay of Remanence
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Pure MB Standard - Thermal Decay of Remanence
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Figure A9.4 - The decay of remanence according to temperature in the silicon, agar and 

manganese, and pure magnetotactic bacteria standards. Scans preformed on the 

Quantum Designs MPMS-3. 
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Bee part hysteresis loops 
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Thorax - 5K Hysteresis Loops
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Thorax - 300K Hysteresis Loops
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Abdomen - 5K Hysteresis Loops
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Abdomen - 300K Hysteresis Loops
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Abdomen - 300K Hysteresis Loops (zoomed)
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Figure A9.5 - Hysteresis loops of different bee parts at 5 K & 300 K that displayed no evidence 

of coercivity. Scans preformed on the Quantum Designs MPMS-7. 
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Antennae - Thermal Decay of Remanence
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Figure A9.6 - The decay of remanence according to temperature in the antennae and head of the 

bee.  There is no evidence of a Verwey transition in either sample.  Scans preformed on the 

Quantum Designs MPMS-7. 

212 
 



9.4 Magnetic resonance imaging of the honey bee 
9.4.1 MRI artefact calculations 
Chemical shift artefacts can cause a spatial offset of the signal from fatty tissues, 

causing a region of hypointensity in the feature location, and a hypterintensity located a 

certain distance from the associated hypointensity. The expected distance of this shift 

can be calculated using the formula 

 Distance = (δf x L)/2Bw (9.1) 

where δf is the frequency difference between water and fat at 700 MHz, L is the length 

of the FOV in the frequency encoding or read direction, and Bw is the bandwidth. 
 δf = (the separation of water and fat resonance peaks) x the MRI frequency (Hz) (9.2) 

The separation of water and fat peaks is 3.5 ppm, and the frequency used is 700MHz, 

the L used was 5mm, and the Bw was 25 kHz. Entering these values gives  
 Distance = ((3.5x10-6 x 700x106 Hz) x 5 mm)/(2x25x103 Hz) = 245 µm (9.3) 

which is the approximate observed shift distance for artefacts in the glands in the head. 

Therefore, the hypointensities seen for these features are likely due to chemical shift 

artefacts. 

Out of phase effects can also cause regions of hypointensity when, at certain echo 

times, the spin states of the water and fatty tissue are 180° out of phase and cancel each 

other out. At 1 T water and fat are out of phase every 6.9 ms, beginning at 3.5 ms. At 

16.4 T these numbers are divided by 16.4, so water at fat will be out of phase every 0.42 

ms, beginning at 0.21 ms. The echo time used in the head and thorax gradient echo scan 

was 4.84 ms, which is one of the out of phase time points. As such, out of phase effects 

are possible for pixels containing approximately equal amounts of water and fat. The 

abdomen gradient echo scan used an echo time of 3.53 ms, which was close to the out 

of phase time point of 3.58 ms. Equal water and fat amounts will therefore not cancel 

each other out, though the intensities may be diminished.  
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9.4.2 Relaxometry tables 
Table A9.4 – R2 values for the juvenile and adult mandible, brain, and eye. Three readings 

were taken per area from different slices, with the corresponding measurement area on the 

image noted by the number enclosed in brackets.  

Area No. Mean Std. Dev. Min Max 

Juvenile eye 

1 (4) 35.403 6.695 19.202 52.383 

2 (5) 38.645 10.355 16.811 63.646 

3 (6) 41.059 8.341 17.851 72.323 

Adult eye 

1 (1) 38.619 7.516 16.217 58.118 

2 (2) 39.336 4.654 33.185 54.158 

3 (3) 44.436 6.608 21.858 59.404 

Juvenile brain 

1 (10) 41.351 2.583 33.505 48.532 

2 (11) 40.795 3.339 23.742 50.525 

3 (12) 41.454 3.125 34.157 53.802 

Adult brain 

1 (7) 34.513 3.137 23.779 54.16 

2 (8) 35.782 2.918 27.849 49.253 

3 (9) 36.063 7.671 1 110.392 

Juvenile mandible 

1 (16) 35.965 36.872 1 500 

2 (17) 30.137 14.912 16.297 111.746 

3 (18) 31.387 15.922 13.952 168.372 

Adult mandible 

1 (13) 57.624 29.757 1 500 

2 (14) 57.854 37.35 1 500 

3 (15) 48.728 35.464 12.075 500 
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Table A9.5 – R2 values for the anterior and posterior sections of the juvenile and adult thorax. 

Results recorded from five slices of the same pair.  

Slice No. Area Mean Std. Dev. Min Max 

Slice 1 

J. anterior (18) 46.770 11.275 20.790 62.758 

A. anterior (15) 59.196 14.741 25.227 74.226 

J. posterior (17) 51.110 9.651 22.249 64.929 

A. posterior (16) 63.867 14.593 21.150 77.929 

Slice 2 

J. anterior (21) 47.192 12.193 21.048 74.847 

A. anterior (19) 69.938 26.107 22.176 151.787 

J. posterior (22) 45.564 10.348 20.433 61.718 

A. posterior (20) 70.639 17.367 22.255 104.956 

Slice 3 

J. anterior (3) 43.328 14.935 19.944 74.342 

A. anterior (1) 56.063 21.628 20.009 91.916 

J. posterior (4) 41.532 13.012 16.433 62.062 

A. posterior (2) 53.505 23.063 20.414 94.107 

Slice 4 

J. anterior (7) 48.874 16.423 20.394 93.570 

A. anterior (5) 63.602 30.144 21.950 216.608 

J. posterior (8) 47.018 11.417 21.286 64.750 

A. posterior (6) 69.106 18.226 20.799 101.628 

Slice 5 

J. anterior (3) 43.240 14.183 20.612 63.960 

A. anterior (1) 61.571 24.226 20.523 98.098 

J. posterior (4) 42.576 12.837 20.798 64.488 

A. posterior (2) 62.004 32.680 17.416 237.849 
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Table A9.6 – R2 values for the juvenile and adult ventriculus, rectum, and fat body within the 

R2 maps. Four separate abdomen were analysed. The average value for all areas across the parts 

was calculated and statistical significance (p) between the juvenile determined with t-tests. 

 

Pair no. Area Mean R2 s-1 Std. Dev. Min R2 s-1 Max R2 s-1 

Pair 1 

J. Ventriculus (2) 23.25 5.63 14.81 52.62 

A. Ventriculus (1) 56.90 20.88 35.62 170.82 

J. Rectum (4) 51.56 1.254 49.20 58.06 

A. Rectum (3) 66.51 2.29 62.54 73.78 

J. Fat body (5) 45.84 13.68 23.26 83.735 

A. Fat body (6) 77.10 51.16 19.452 364.171 

Pair 2 

J. Ventriculus (2) 23.40 5.93 13.80 59.51 

A. Ventriculus (1) 119.11 39.01 55.98 500 

J. Rectum (4) 62.89 1.715 58.49 74.11 

A. Rectum (3) 119.69 12.28 101.54 186.02 

J. Fat body (5) 39.54 10.21 19.10 70.12 

A. Fat body (6) 149.44 78.12 7.54 373.72 

Pair 3 

J. Ventriculus (2) 29.453 5.24 21.982 58.644 

A. Ventriculus (1) 48.12 15.73 37.00 334.01 

J. Rectum (4) 76.55 2.30 71.344 91.52 

A. Rectum (3) 63.35 6.50 57.19 98.77 

J. Fat body (5) 53.74 16.84 19.433 111.99 

A. Fat body (6) 63.82 60.26 2.78 490.68 

Pair 4 

J. Ventriculus (2) 46.24 3.063 39.78 65.68 

A. Ventriculus (1) 123.32 42.27 21.16 500 

J. Rectum (4) 38.60 0.494 35.109 40.16 

A. Rectum (3) 96.38 21.72 81.26 191.87 

J. Fat body (5) 75.95 12.75 54.691 105.708 

A. Fat body (6) 107.48 5087 18.845 298.884 

 

Area Average Std dev P 

J. Ventriculus avg. 30.57 9.378 
0.02 

A. Ventriculus avg. 86.866 34.52 

J. Rectum avg. 57.40 14.00 
0.075 

A. Rectum avg. 86.48 23.1 

J. Fat body avg. 54.36 13.1 
0.044 

A. Fat body avg. 99.46 32.92 
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9.4.3 Supplementary MRI relaxometry scans 

Thorax 
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Figure A9.7 - R2 maps of a foraging adult (left) and newly eclosed juvenile (right) thorax 

(slice 2). Lines with the relevant numbers have been overlaid on the original image to detail 

where the line profiles were taken. FOV 13.05 mm x 3.90 mm. 
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Figure A9.8 - R2 maps of a foraging adult (left) and newly eclosed juvenile (right) thorax 

(slice 3). Line profile graphs detail the intensity values of the pixels along the drawn line. 

Intensities are directly comparable between samples. Graphs are numbered to indicate 

where the corresponding profile was taken from.  FOV 12.95  mm x 3.95 mm. 
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Figure A9.9 - R2 maps of a foraging adult (left) and newly eclosed juvenile (right) thorax (slice 

4).  Line profile graphs detail the intensity values of the pixels along the drawn line. Intensities 

are directly comparable between samples. Graphs are numbered to indicate where the 

corresponding profile was taken from.  FOV 13.30  mm x 3.90 mm. 
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Figure A9.10 - R2 maps of a foraging adult (left) and newly eclosed juvenile (right) thorax 

(slice 5).  Line profile graphs detail the intensity values of the pixels along the drawn line. 

Intensities are directly comparable between samples. Graphs are numbered to indicate where the 

corresponding profile was taken from.  FOV 13.25 mm x 3.85 mm. 
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Figure 9.11 - R2 maps of a newly eclosed juvenile (left) and foraging adult abdomen (right) 

(pair 3). Regions of interest have been numbered to indicate where data displayed in Table A9.7 

was gathered. Line profile graphs detail the intensity values of the pixels along the drawn line. 

Intensities are directly comparable between samples. Graphs are numbered to indicate where the 

corresponding profile was taken from. FOV 11.50 mm x 4.00 mm. 

221 
 



  

Juvenile 4 - Fat layer (5)

Distance (pixels)

0 20 40 60 80 100 120

P
ix

el
 V

al
ue

0

100

200

300

Forager 4 - Fat layer (6)

Distance (pixels)

0 20 40 60 80 100 120 140

P
ix

el
 V

al
ue

0

50

100

150

200

250

300

350

 
Figure A9.12 - R2 maps of a newly eclosed juvenile (left) and foraging adult abdomen (right) 

(pair 4). Samples were left immersed in 4% paraformaldehyde, leading to a higher surrounding 

R2. Regions of interest have been numbered to indicate where data displayed in Table A9.7 was 

gathered. Line profile graphs detail the intensity values of the pixels along the drawn line. 

Intensities are directly comparable between samples. Graphs are numbered to indicate where the 

corresponding profile was taken from.  Tissue values remained equivalent to other recorded 

pairs. FOV 11.60 mm x 4.00 mm. 
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             Figure A

9.14 - X
-ray m

icroscope reconstruction of the top 50 µm
 of the five M

TB
 digest sam

ple blocks. Scale bar = 200 µm
. 
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9.5.2 Diffraction spacings of iron-oxide phases 
 

 Table A9.7 – Cell parameters of magnetite, d-spacings and their relative intensities according 

to X-ray diffraction. Data collected from Haavik et al. (2000). 

Cell parameters:  8.3965  8.3965  8.3965   90.000   90.000   90.000 

Space group: F d3m 

2-Theta Intensity d-spacing (Å) h k l Multiplicity 

18.3 8.2 4.8477 1 1 1 8 
30.1 28.21 2.9686 2 2 0 12 
35.46 100 2.5316 3 1 1 24 
37.09 8.41 2.4239 2 2 2 8 
43.09 20 2.0991 4 0 0 6 
53.46 9.26 1.7139 4 2 2 24 
56.99 24.29 1.6159 5 1 1 24 
56.99 6.17 1.6159 3 3 3 8 
62.58 40.03 1.4843 4 4 0 12 

71 3.29 1.3276 6 2 0 24 
74.04 8.3 1.2805 5 3 3 24 
75.04 3.86 1.2658 6 2 2 24 

79 2.49 1.2119 4 4 4 8 
86.8 3.52 1.122 6 4 2 48 
89.7 8.11 1.0931 7 3 1 48 
89.7 5.06 1.0931 5 5 3 24 
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Table A9.8 – Cell parameters of maghemite, d-spacings and their relative intensities according 

to X-ray diffraction. Data collected from Greaves (1983). 

Cell parameters: 8.3396  8.3396  8.3220   90.000   90.000   90.000 

Space group: P 213 

2-Theta Intensity d-spacing (Å) h k l Multiplicity 

15.02 3.09 5.897 1 1 0 8 
15.04 3.49 5.8908 1 0 1 4 
18.44 3.72 4.8115 1 1 1 8 
23.86 3.15 3.7296 2 1 0 8 
23.87 2.66 3.728 2 0 1 8 
23.9 3.9 3.7233 1 0 2 8 

26.18 6.21 3.4034 2 1 1 8 
26.21 3.08 3.3998 1 1 2 8 
30.31 15.9 2.9485 2 2 0 8 
30.35 33.52 2.9454 2 0 2 4 
32.23 1.95 2.7773 2 1 2 2 
33.99 1.32 2.6372 3 1 0 8 
34.06 2.7 2.6322 1 0 3 8 
35.71 100 2.514 3 1 1 8 
35.77 45.49 2.5101 1 1 3 8 
37.38 5.32 2.4057 2 2 2 8 
43.4 16.62 2.0849 4 0 0 8 
43.5 7.92 2.0805 0 0 4 8 

50.13 1.18 1.8197 4 2 1 8 
50.15 1.57 1.8191 4 1 2 8 
50.21 1.06 1.8169 2 1 4 8 
53.88 12.08 1.7017 4 2 2 8 
53.94 6.09 1.6999 2 2 4 4 
57.42 23.9 1.6048 5 1 1 8 
57.46 8.39 1.6038 3 3 3 8 
57.54 12.12 1.6018 1 1 5 8 
60.84 1.09 1.5225 5 2 1 8 
60.86 1.33 1.5222 5 1 2 8 
60.96 1.6 1.5199 2 1 5 8 
63.06 20.88 1.4742 4 4 0 8 
63.13 40.81 1.4727 4 0 4 8 
65.27 1.01 1.4294 4 3 3 8 
71.56 2.53 1.3186 6 2 0 8 
71.57 2.19 1.3183 6 0 2 8 
71.71 2.18 1.3161 2 0 6 8 
74.67 8.75 1.2712 5 3 3 8 
74.73 4.28 1.2702 3 3 5 4 
75.66 2.02 1.257 6 2 2 8 
79.72 2.89 1.2029 4 4 4 8 
87.56 2.51 1.1143 6 4 2 8 
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Table A9.8 continued 
2-Theta Intensity d-spacing (Å) h k l Multiplicity 

87.61 2.09 1.1138 6 2 4 8 
87.69 2.48 1.1129 4 2 6 8 
15.02 3.09 5.897 1 1 0 8 
15.04 3.49 5.8908 1 0 1 8 
18.44 3.72 4.8115 1 1 1 4 
23.86 3.15 3.7296 2 1 0 2 
23.87 2.66 3.728 2 0 1 8 
23.9 3.9 3.7233 1 0 2 8 
26.18 6.21 3.4034 2 1 1 8 
26.21 3.08 3.3998 1 1 2 8 
30.31 15.9 2.9485 2 2 0 8 
30.35 33.52 2.9454 2 0 2 8 
32.23 1.95 2.7773 2 1 2 8 
33.99 1.32 2.6372 3 1 0 8 
34.06 2.7 2.6322 1 0 3 8 
35.71 100 2.514 3 1 1 8 
35.77 45.49 2.5101 1 1 3 8 
37.38 5.32 2.4057 2 2 2 4 
43.4 16.62 2.0849 4 0 0 8 
43.5 7.92 2.0805 0 0 4 8 
50.13 1.18 1.8197 4 2 1 8 
50.15 1.57 1.8191 4 1 2 8 
50.21 1.06 1.8169 2 1 4 8 
53.88 12.08 1.7017 4 2 2 8 
53.94 6.09 1.6999 2 2 4 8 
57.42 23.9 1.6048 5 1 1 8 
57.46 8.39 1.6038 3 3 3 8 
57.54 12.12 1.6018 1 1 5 8 
60.84 1.09 1.5225 5 2 1 8 
60.86 1.33 1.5222 5 1 2 8 
60.96 1.6 1.5199 2 1 5 8 
63.06 20.88 1.4742 4 4 0 4 
63.13 40.81 1.4727 4 0 4 8 
65.27 1.01 1.4294 4 3 3 8 
71.56 2.53 1.3186 6 2 0 8 
71.57 2.19 1.3183 6 0 2 8 
71.71 2.18 1.3161 2 0 6 8 
74.67 8.75 1.2712 5 3 3 8 
74.73 4.28 1.2702 3 3 5 8 
75.66 2.02 1.257 6 2 2 4 
79.72 2.89 1.2029 4 4 4 2 
87.56 2.51 1.1143 6 4 2 8 
87.61 2.09 1.1138 6 2 4 8 
87.69 2.48 1.1129 4 2 6 8 
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Table A9.9 – Cell parameters of hematite, d-spacings and their relative intensities according to 

X-ray diffraction. Data collected from Blake et al. (1966). 

Cell parameters:  5.0380  5.0380 13.7720   90.000   90.000  120.000 

Space group: R 3c 

2-Theta Intensity d-spacing (Å) h k l Multiplicity 

24.15 28.73 3.6855 0 1 2 6 
33.15 100 2.7028 1 0 4 6 
35.64 73.67 2.519 1 1 0 6 
39.25 2.05 2.2953 0 0 6 2 
40.86 17.99 2.2084 1 1 3 12 
43.52 1.94 2.0797 2 0 2 6 
49.46 37.43 1.8428 0 2 4 6 
54.05 45.13 1.6966 1 1 6 12 
57.46 2.34 1.6037 1 2 2 12 
57.56 8.52 1.6014 0 1 8 6 
62.44 30.65 1.4873 2 1 4 12 
64.02 29.47 1.4543 3 0 0 6 
69.56 3.04 1.3514 2 0 8 6 
71.89 10.86 1.3133 1 0 10 6 
72.24 1.73 1.3078 1 1 9 12 
75.48 6.96 1.2595 2 2 0 6 
77.74 1.26 1.2285 0 3 6 6 
77.74 1.26 1.2285 3 0 6 6 
80.61 1.58 1.1918 3 1 2 12 
80.69 4.23 1.1909 1 2 8 12 
82.9 5.63 1.1646 0 2 10 6 

84.95 8.65 1.1416 1 3 4 12 
88.56 7.94 1.1042 2 2 6 12 
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Table A9.10 – Cell parameters of goethite, d-spacings and their relative intensities according to 

X-ray diffraction. Data collected from Yang ett al (2006). 

Cell parameters:  4.5979  9.9510  3.0178   90.000   90.000   90.000 

Space group: Pbnm 

2-Theta Intensity d-spacing (Å) h k l Multiplicity 

17.83 12.68 4.9755 0 2 0 2 
21.29 100 4.1739 1 1 0 4 
26.39 10.93 3.3768 1 2 0 4 
33.31 46.86 2.6901 1 3 0 4 
34.77 25.21 2.5803 0 2 1 4 
35.58 6.44 2.5229 1 0 1 4 
36.1 16.31 2.4878 0 4 0 2 
36.75 77.55 2.4455 1 1 1 8 
39.19 3.31 2.2989 2 0 0 2 
40.07 10.43 2.2502 1 2 1 8 
40.26 3.52 2.2399 2 1 0 4 
41.26 18.22 2.188 1 4 0 4 
43.36 1.46 2.0869 2 2 0 4 
45.15 4.2 2.0081 1 3 1 8 
47.36 7.52 1.9196 0 4 1 4 
50.76 11.51 1.7986 2 1 1 8 
51.6 3.12 1.7714 1 4 1 8 
53.38 38.31 1.7165 2 2 1 8 
54.34 11.04 1.6884 2 4 0 4 
55.4 3.76 1.6585 0 6 0 2 
57.55 8.71 1.6015 2 3 1 8 
59.13 26.09 1.5625 1 5 1 8 
61.45 11.95 1.5089 0 0 2 2 
61.64 5.35 1.5047 2 5 0 4 
63.09 3.64 1.4735 2 4 1 8 
63.52 5.5 1.4647 3 2 0 4 
64.07 11.8 1.4535 0 6 1 4 
65.81 6.61 1.419 1 1 2 8 
67.3 5.04 1.3913 3 3 0 4 
68.06 1.23 1.3776 1 2 2 8 
68.69 5.07 1.3665 3 0 1 4 
69.17 6.49 1.3581 1 7 0 4 
69.42 2.07 1.3538 3 1 1 8 
69.94 2.48 1.345 2 6 0 4 
71.61 2.29 1.3177 3 2 1 8 
71.72 8.11 1.316 1 3 2 8 
73.39 3.31 1.2901 0 4 2 4 
75.2 2.3 1.2635 3 3 1 8 
75.34 1.16 1.2615 2 0 2 4 
76.05 1.03 1.2514 2 1 2 8 
76.72 3.09 1.2422 1 4 2 8 
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Table A9.10 continued 
2-Theta Intensity d-spacing (Å) h k l Multiplicity 

80.13 4.02 1.1977 3 4 1 8 
84.19 3.11 1.15 0 8 1 4 
84.93 3.64 1.1419 4 1 0 4 
86.37 1.31 1.1265 3 5 1 8 
86.45 1.18 1.1256 3 6 0 4 
86.5 4.42 1.1251 2 4 2 8 

86.77 1.15 1.1224 2 7 1 8 
87.37 1.68 1.1161 0 6 2 4 
89.61 1.48 1.094 2 8 0 4 
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Table A9.11 – Cell parameters of lepidocrocite, d-spacings and their relative intensities 

according to X-ray diffraction. Data collected from Wyckoff (1963). 

Cell parameters:  12.4000  3.8700  3.0600   90.000   90.000   90.000 

Space group: Bbmm 

2-Theta Intensity d-spacing (Å) h k l Multiplicity 

14.29 100 6.2 2 0 0 2 
27.16 64.11 3.2829 2 1 0 4 
28.8 1.02 3.1 4 0 0 2 
30.08 3.94 2.9709 1 0 1 4 
36.54 52.08 2.4594 3 0 1 4 
37.16 7.76 2.4195 4 1 0 4 
38.19 16.34 2.3566 1 1 1 8 
43.6 3.22 2.0757 3 1 1 8 
43.8 4.24 2.0667 6 0 0 2 
46.96 18.35 1.935 0 2 0 2 
47.17 22.54 1.9267 5 0 1 4 
49.34 6.51 1.8471 2 2 0 4 
53.1 16.55 1.7248 5 1 1 8 
56.78 1.37 1.6214 1 2 1 8 
59.65 4.81 1.55 8 0 0 2 
60.51 7.06 1.53 0 0 2 2 
60.92 17.75 1.5207 3 2 1 8 
62.53 2.76 1.4854 2 0 2 4 
64.79 1.46 1.4389 8 1 0 4 
65.49 9.84 1.4253 7 1 1 8 
66.16 2.27 1.4125 6 2 0 4 
67.55 6.56 1.3868 2 1 2 8 
68.76 10.66 1.3653 5 2 1 8 
73.19 2.36 1.2931 4 1 2 8 
75.24 2.22 1.263 2 3 0 4 
77.65 1.34 1.2297 6 0 2 4 
79.18 3.32 1.2097 8 2 0 4 
79.93 4.89 1.2002 0 2 2 4 
81.31 1.76 1.1833 1 3 1 8 
81.51 3.94 1.1809 10 1 0 4 
81.73 2.11 1.1783 2 2 2 8 
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9.5.3 Electron energy loss spectra   

 
Figure A9.16 – Electron micrographs of the contaminants noted in the various sample types. 

The white dotted circle indicates the area in which EELS spectra were collected. Sample type 

and feature include a) control feature A, b) control feature B, c) control feature C, d) MTB 

contaminant feature B, e) non-spiked abdomen feature A, f) non-spiked abdomen feature C, and 

g) spiked abdomen feature A. Scale bar = 200 nm in all figures. 
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Figure A

9.17 – EELS spectra of a)  Low
 energy loss peaks of control feature A

 (fig A
9.15a), b) H

igh energy loss peaks of control feature A
 (fig A

9.16a), c) control 

feature B
 (fig A

9.16b), d) control feature C
 (fig A

9.16c), and e) M
TB

 feature A
. (fig A

9.16d). Elem
ent edge energies are listed in Table 6.2. 
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Figure A9.19 – Electron micrographs of the two granule types noted in the bee 

abdomen digests. The white dotted circle indicates the area in which EELS spectra 

were collected. Features present are a) Type 2 granule from a non-spiked abdomen 

digest, b) Type 2 granule present in a spiked abdomen digest, c) Type 1 granule from 

non-spiked abdomen digest, and d) Type 1 granule from a spiked abdomen digest. 

Scale bars of a), b), and d) = 200 nm. Scale bar of c) = 100 nm. 
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Figure A9.20 –EELs spectra of the Type 2 granules analysed in the a) non-spiked abdomen (fig 

A9.19a), and b) the spiked abdomen (fig A9.19b). Element edge energies are listed in Table 6.4. 
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Figure A9.21 – EELs spectra of the Type 1 granules analysed in the a) non-spiked abdomen (fig 

A9.19c), and b) the spiked abdomen (fig A9.19d). Element edge energies are listed in Table 6.4. 
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Figure A9.22– Bright field micrographs indicating where EELS spectra were collected from a) 

small particle aggregates in the non-spiked abdomen b) small particle aggregates in the spiked 

abdomen. Scale bars = 200 nm. 

 

 
Figure A9.23 – EELS spectra of a) particles indicated in Figure A9.22a, and b) particles 

indicated in Figure A9.22b. Element edge energies are listed in Table 6.4. 
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