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Abstract

Background: Skogsbergia lerneri (Kornicker, 1958) is a species of ostracod which, like
all crustaceans, has a protective exoskeleton (or carapace). As well as being used for
a protective function, the S. lerneri carapace is also transparent. Understanding how
the carapace is transparent while retaining its protective function was the primary

aim of this thesis.

Results: Ultrastructural analysis showed that the carapace consisted of an epicuticle,
exocuticle and an endocuticle split into a calcified, crystalline endocuticle and a
laminated endocuticle. Numerous structural adaptations were seen to minimise
refractive index changes at the layer intersections. These layers developed along with
growth of the ostracod, maintaining similar proportions throughout. Microstructural
analysis identified a chitin based second harmonic generated signal from the
carapace. Pixel analysis of this signal showed a consistent level of chitin expression
(~60-80% of the total carapace) throughout all the developmental stages except
instar 4, which showed a lower level of expression. Elemental analysis showed that
the calcified, crystalline layer comprised mainly calcium, oxygen and magnesium,
leading to the assumption that the structures were calcium carbonate. X-ray
absorption near edge structure analysis revealed that the calcium carbonate
consisted of entirely amorphous calcium carbonate in the early to middle stages of
development and a mix of amorphous and aragonite in the later stages. Unlike most
crustaceans, calcite was not seen in any carapaces. Optical testing showed a
consistent refractive index across all stages (1.401-1.406) leading to a mean 99.94%
transmission of light at the carapace surface in seawater. Spectrophotometric results
showed that light transmission increased at longer wavelengths in the younger

samples but maintained a consistent level by the adult stage.

Conclusions: Through the various structural adaptations of the carapace, in
combination with the rare calcium carbonate polymorph distribution and its overall
thinness, the S. lerneri is able to maintain its transparency without sacrificing many

of its physical properties.

Xiii
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1. Introduction

Ostracods, Ostracoda, or ostracodes are a class of crustaceans well known in the field
of palaeontology due to their numerous fossil records, being the most common
arthropod recorded, with thousands of species discovered. While a substantial
amount of research has been focussed on the study of their fossils, living ostracod
species have huge potential as well, especially the order Myodocopida (Fig. 1.1
(Lindholm and Hobaek 2014). A particular interest is seen in the Cypridinidae family,
which comes from the impressive characteristic of its carapace being transparent
while also potentially maintaining the durable physical characteristics expected of a
typical crustacean carapace. While multiple species in the Cypridinidae family contain
transparent windows in the carapace, the species Skogsbergia lerneri (Kornicker

1958) has a uniform transparency across its entire carapace (Kornicker 1958).

Due to these physical features, Skogsbergia lerneri was chosen for this study, to
investigate further how the carapace architecture (composition and design)
contributes to its physical properties, as well as, how these characteristics change

through the ostracod’s developmental stages to the final adult structure.

1.1 Skogsbergia lerneri

1.1.1 Habitats

Skogsbergia lerneri are found along the eastern coast of the American continents
from Florida to the top of Brazil and the Caribbean islands as can be seen in figure
1.2 (Kesling 1951a; Kornicker 1958; System 1999; Board 2017). For this thesis,

Skogsbergia lerneri were collected off the east of the Florida Keys in the open ocean.

15



Ben Rumney Introduction

Phylum Arthropoda
|
Subphylum Crustacea
Class Ostre!coda
Order Myodocopida Podocopida
Family Cypridinidae Cyprididae
Genus Skogsbergia lerneri  Cypridopsis vidua

Species

Figure 1.1: A simplified phylogenetic tree showing the taxonomy of the S. lerneri compared
to the ostracod Cypridopsis vidua (O.F. MUller, 1776) of the order Podocopida. The image
of C. vidua is attributed to Lindholm and Hobak under creative commons CC 4.0.

Skogsbergia lerneri is a benthic species that can be found in the open oceans
between 1-130m deep (Kornicker et al. 2002). As a benthic species, S. lerneri spends
the majority of its time on the ocean floor, although unlike some ostracods, they are
capable of swimming short distances (Thorp and Covich 2010). When not out for food
they live within the sand or sediment of the ocean floor where they can burrow or

build small nests to allow them to maintain optimal environmental conditions

16
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(Williams et al. 2015). S. lerneri is by nature a scavenger, feeding off of

meroplanktonic species but will also eat dead fish or shrimp (Cohen 1983).
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Figure 1.2: Map of reported locations of Skogsbergia lerneri. Colours indicative of the
number of recorded cases of the species in that area. The red circle identifies locations of
sample collection in this study. Distribution map generated by the Ocean Biogeographic
information system (Bouligand 1972; System 1999).

1.1.2 Physical Features

All ostracods share the same distinctive features, the body is entirely enclosed within
a ‘bivalved’ carapace. The soft body of the ostracod is placed inside two halves of a
circular or oval shell, each half being called a valve and being held together at the
superior end of ostracod in the hinge region (see figure 1.3). This bivalve carapace
can close tightly to form a protective internal environment in the case of damaging
external factors such as the presence of pollutants or oxygen toxicity (Williams et al.
2015). The ostracod can also open its valves to allow its appendages and large limb

(known as a furca) to protrude for moving and eating.
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S. lerneri follow the standard physical features of myodocopid ostracods, which vary
between 1-3mm in size and are usually very calcified (Holmes and Chivas 2002). Adult
females possess a carapace around 2mm long whereas adult males grow up 1.7mm
in length (Cohen 1983). While no previous testing had been done on the calcium
content of the S. lerneri prior to this thesis (to the knowledge of this author), the
carapace seemed to exhibit all the physical characteristics of a calcified material. The
carapace, like all ostracods, is formed by two lateral folds of the epidermis known as
duplicatures, see figure 1.3b. The outer duplicature being the calcified external layer

commonly thought of as the carapace. The space between the two layers has been
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Figure 1.3: A basic diagram of an adult ostracod showing a a) lateral view and b) transverse
cross-section adapted from (Bate and East 1972). For the sake of simplicity, the valves have
not been drawn transparent and the main internal body has not been shown. The size and
number of the claws on the furca varies depending on instar and sex.
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known to house various organs and can act as a region of metabolism for certain
physiological functions of some ostracods (Holmes and Chivas 2002; Yamada 2007b).
The general structure of the external duplicature of the ostracod carapace in the
Cypridacean family shows the carapace to be a structure comprising an outer
epicuticle, an exocuticle and an endocuticle (Bate and East 1972) with a supporting
epidermal cellular layer. A more detailed description of the structure of the carapace

will be provided later.

S. lerneri are different from the majority of ostracod species, firstly they have the
uniform transparency of the carapace instead of possessing a transparent eye
window like most ostracods in the Myodocopida order (Parker et al. 2018). Secondly,
the entire order has evolved a pair of lateral compound eyes seemingly
independently of other arthropods (Oakley and Cunningham 2002; Oakley and Huber
2004) and so have a more highly developed visual system than other ostracods. S.
lerneri shows evidence of containing multiple opsin genes or gene duplicates,
although their function is somewhat unknown as there has been partial evidence
towards a lack of colour vision in S. lerneri (Huvard 1993; Oakley and Huber 2004).
Other given suggestions could be range fractionation, the process where different
levels of stimuli lead to varying signal intensities, the locating of opsins in extraocular
photoreceptors or the selective expression of subsets of opsins leading to differences
in visual response (Oakley and Huber 2004). This surprisingly well-developed vision
system may have a beneficial synergistic relationship with its transparent carapace

by allowing a greater field of vision.

1.1.3 Life Cycle

Like all ostracods, S. lerneri grows in specific stages of a set size and development,
called instars, with instars separated by moults in a process known as ecdysis, where
the old carapace is shed and a new one is grown underneath. At certain ages, the
ostracod will moult its old valve and grow into a new, larger one, this will also come
with other developments such as more claws on its main appendage, the furca, and

more/larger limbs. S. lerneri has five intermediate instars between the egg and the
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final adult stage, totalling 7 stages of development as seen in figure 1.4. In the later
stages of development i.e. instar 5 and adult, there can be a significant variation in
carapace size between individuals. Due to this, care must be taken to not only identify
the instar via carapace size but alongside other factors such as shape and furca
development. The time taken to progress from initial egg to full adult is between 65-

93 days (Cohen 1983).
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Figure 1.4: A diagram of S. lerneri ostracod shape and size throughout their lifespan
adapted from Anne Cohen’s paper (Cohen 1983). Before instar 4 there are no identifiable
sexual dimorphisms between the animals so they are shown as the same for both.
L:length; H:height, both in mm. F denotes the number of the claws on their furca.
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1.2 General Crustacean Integument Architecture and its

relationship to Ostracods

1.2.1 Composition

1.2.1.1 Organic

The most important organic component of the carapace, when studying the
properties and structure of the carapace, is chitin. Chitin is a polymer consisting of
80-90% N-acetyl-d-glucosamine and 10-20% glucosamine attached by B-(1,4)-
glycosidic linkage (Hackman and Goldberg 1974; Das et al. 2016) and is the building
block from which the carapace is generated. 18-25 of these chitin crystals arrange
into anti-parallel chains know as a-chitin (Minke and Blackwell 1978), which is the
only form found within crustaceans (Stevenson 1985). These chains of chitin are
enclosed in a protein matrix of a primary repeating protein and various ‘satellite’
proteins (Rudall and Kenchington 1973); this is called a nano- or microfibril. The total
chitin volume fraction in a single fibril has been revealed to be 0.17 (17%) (Nikolov et
al. 2011). Proteins are non-covalently connected to the chitin although covalent
bonding has been hypothesised, with the most likely non-covalent bonding being
hydrogen bonding (Rudall and Kenchington 1973; Hackman 1987). A helical
arrangement of 6 proteins per turn around the chitin centre has been suggested
(Hackman 1987). Unfortunately little is known about the local composition of these
proteins surrounding the chitin or if there are any species to species variability
between them (Fabritius et al. 2016b). Water is also an essential component of this
construction and it is predicted that without it the protein matrix would dry out,
become too stiff and cause the cuticle to become too brittle (Neville 1969).
Polyphenols and a small number of lipids are also present as secondary components
(Vincent and Wegst 2004). Polyphenols are important in the protective properties of
the carapace, the oxidation of phenols is involved in the cross-linking of proteins, in
a process known as tanning or scleroisation (Pryor 1940). This process leads to a

much higher stability of the proteins and overall hardening of the cuticle.
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Other proteins are found within the carapace outside of the ones involved in chitin
formation, and a wide diversity has been discovered in the proportion of their
intermolecular bonding. In the crayfish, Orconectes sanborni (Faxon, 1884), the
proportion of all bonding of proteins within the cuticle could be broken down into
53% covalently bound, 26% non-covalently bound and 21% unbound (Stevenson
1985). A commonly seen protein within the exoskeleton is resilin, and resilin or
resilin-like proteins have been seen in crustaceans from copepods (Kannupandi 1976)
to crabs (Welinder et al. 1976). Resilin is an important factor when determining the
physical properties of a carapace, as it maintains extremely high elastic efficiency
with only 3% of applied energy lost as heat (Stevenson 1985). It is also used to store
kinetic energy and increase flexibility in various limbs and joints of athropods. Resilin
is also extremely suitable for optical materials, as it is both transparent and

amorphous (Michels et al. 2016).

Lipids have also been found within the crustacean carapace (Stevenson 1985),
cholesterol has been found in the prawn Penaeus japonicus, Spence Bate, 1888 at a
mean concentration of 4.67mg/g (Kanazawa et al. 1976). One of the main functions
of these lipids is the waterproofing of the exoskeleton (Bursell 1955), lipids, as well
as proteins and calcium salts are the main constituents of the outermost layer of the

cuticle, the epicuticle (Stevenson 1985) which forms the initial layer of protection.

1.2.1.2 Inorganic

Mineralisation and calcification are difficult processes to categorise as many
crustaceans have varying mineralisation levels both to adapt to their environment
and dependant on what is available. For example, animals that exist in seawater
usually have a much higher proportion of magnesium content due to its availability.
The marine Tylos europaeus Arcangeli, 1938 showed a 0.1 magnesium/calcium ratio
in comparison to a much lower ratio in the cave-dwelling Titanethes albus (C.Koch,

1841) (Hild et al. 2009; Fabritius et al. 2016b). This relationship has been
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guantitatively demonstrated in magnesium and other trace elements found in the

carapace such as strontium (Holmes and Chivas 2002).

The benefit of a harder cuticle is balanced by the significant energy costs of
incorporating minerals, especially the rarer ones (Hild et al. 2009). Flexibility needs
to be considered as well, the higher the inclusion of mineralisation, the harder and
less flexible the cuticle will be (Hild et al. 2009) which will affect delicate moving
parts. The Myodocopid ostracod exists in seawater and possess a carapace that is a
continuous shell, except for the hinge connecting the two valves. Therefore it most
likely maintains a higher level of magnesium-containing calcite crystal lattices, as it
does not require any flexibility and has an easier access to magnesium from its
marine environment. However, this may be offset by a general lowering in the level

of calcification/mineralisation to maintain transparency.

Calcium is the most commonly occurring mineral in the exoskeleton, although it
exists in multiple forms. Calcite is located within the exocuticle, but is constrained to
a thinner outer layer and is not homogenously present, whereas the majority of the
exocuticle and the entire endocuticle contain amorphous calcium carbonate (ACC)
exclusively (Al-Sawalmih et al. 2008). It is speculated that, due to its presence
exclusively in the outermost exocuticle layer, the function of calcite is a protective

one of impact and wear resistance.

From a structural categorisation, four major mineral morphologies have been listed
(Fabritius et al. 2016b), on the microfibril level they are found either as small
spherical particles (20-50nm) that form around the microfibril (Fabritius et al. 2009)
or as solid tubes completely enclosing the microfibril (Ruangchai et al. 2013).
Whereas on the chitin-protein fibre level, minerals are found as either tubes
enclosing the macrofibrils or as large mineral blocks surrounding irregularly shaped
clumps of microfibrils (Seidl et al. 2011). Small amounts of magnesium and significant
amounts of potassium have been found in the carapace which both influence calcium
carbonate polymorph formation (Fabritius et al. 2016b). Potassium has been shown
to stabilise ACC, which due to its low stability tends to crystallise into more stable
compounds (Addadi et al. 2003; Al-Sawalmih et al. 2008), and helps the animal
control the production of calcite (Reddy 1977). Although it should be noted that
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experimental evidence has indicated that high concentrations of potassium are not
necessary for ACC formation or stabilisation and multiple compounds are also
suitable (Habraken et al. 2015). Magnesium has been shown to increase the elastic
constraints of magnesium containing calcite crystals when added in the most stable
conformation and has a beneficial effect on the stiffening impact of the cuticle’s

mechanical properties (Fabritius et al. 2016b).

The interplay of various elements on calcite and its structure is a very important
aspect of the cuticle’s hardness, calcite as a pure mineral is soft and extremely brittle
and even when optimised still breaks easily (Huber et al. 2015). Yet when
strengthened correctly calcite becomes strong enough to be an essential component
of crustacean armour and the teeth of many animals such as sea urchins, which
constantly graze the sea bed (Goetz et al. 2014). A couple of different structures have
been predicted to prevent the fragility seen in pure calcite and are dependent on the
level of calcite (Huber et al. 2015). The first, found under lower -calcite
concentrations, contains a high number of fibrils and a subsequent large interface
between the inorganic calcite and organic phase. This is predicted to both increase
stability and reduce crack propagation, which allows for longer crystalline domain
slopes (Huber et al. 2015). The second, with a higher calcite level, have less but
thicker fibres, which, due to the smaller organic/inorganic interface requires shorter
crystalline domains and creates for a larger surface area and higher stability by
making the calcite domain borders more irregular (Huber et al. 2015). However,
between these changes in the calcite domains, the fibres running through them stay
unchanged and remain a permanent fixture of the mechanical properties of the

cuticle.

There has been evidence to suggest that crustaceans have an element of control over
the crystallisation of the amorphous calcium carbonate into calcite, leading to
varying organisations and microstructures, unlike other biological forms of calcium
carbonate tissue (Seidl et al. 2012; Huber et al. 2015). This control has been predicted
to be related to function and behaviour, including a response to predators (Seidl et

al. 2012).
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1.2.2 Architecture

Structures within all crustaceans follow the same general classification, the main
difference being the location or proportion of various structures. The lowest level of
the structural hierarchy is identical between all species, the chitin crystal formation,
and a degree of similarity remains until the highest levels where it becomes highly
differentiated even between very close species (Ruangchai et al. 2013; Alagboso et

al. 2014; Fabritius et al. 2016b).

The basic carapace structure comprises four layers (Stevenson 1985): a thin outer
layer devoid of chitin known as the epicuticle; a dense laminar layering of chitin
known as the exocuticle; a less dense laminar layering known as the endocuticle
(both exo- and endocuticle together are known as the procuticle) and the epidermal
cells connected to a basal membrane (Fig 1.5). The boundaries between these layers
are not generally smooth and distinct borders, for example, the proximal epicuticle
layer and exocuticle border is erratic with multiple extensions. This is predicted to
strengthen the connection between the two layers to prevent delamination

(Fabritius et al. 2016b).

Throughout every layer, penetrating through the epidermis to the epicuticle, are
pore canals, which form pore openings at the carapace surface. The ostracods
maintain three different types: simple pores with extruding sensory hairs (known as
setae or sensilla); sieve pores also containing setae and exocrine pores that transport
minerals required for moulting (Maddocks 1990; Holmes and Chivas 2002). These
pore canals have numerous structural functions as well as the primary one stated

that will be described later.
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Figure 1.5: A diagram of a basic crustacean carapace structure. The black lines represent
chitin lamellae with the exocuticle being smaller but more densely packed with lamellae
and the endocuticle being the reverse. To simplify the full pore canal is shown, however
the pore canal twists throughout the carapace creating a spiral like structure so the
entirety of the canal would not be able to be seen in 2D cross section.

1.2.2.1 Epicuticle

The epicuticle is different from the other main parts of the cuticle, as it does not
contain chitin within it. This layer is further split up into at least two layers, an outer
thin membrane and an inner, thicker layer. In some crustaceans such as fiddler crabs,
there are six distinct layers (Green and Neff 1972). Across the surface of the
epicuticle, spines projecting from the surface through the exocuticle are found, these
numerous extensions that project down into the exocuticle vary in size depending on
the organism (Fabritius et al. 2016b). In the crab Cancer pagurus, Linnaeus, 1758
vertical canals were only found within these spines and the base layer, and these
canals were the only area where mineralisation occurs within the epicuticle (Hegdahl
et al. 1977b). The form of calcification is unique in the epicuticle as a consequence of
it forming in crystalline plaques which rest against each other (Neville 1975;

Stevenson 1985). It is interesting to note that the thickness and level of
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mineralisation of the epicuticle vary drastically at different areas on the same
organism, which has been theorised to be due to an adaptation to various mechanical

strains (Ruangchai et al. 2013).

As one might expect, smaller creatures have thinner layers. In a similarly sized
ostracod to S. lerneri (as opposed to crustaceans generally), Cypridopsis vidua
(MOller, 1776), the thickness varies between 4nm — 29nm towards the selvage,
although C. vidua is around 0.66mm long and so about half the size of S. lerneri (Bate
and East 1972). Other ostracods have shown epicuticles ranging anywhere from 9 to
50nm thick, depending on the organism (Seidl et al. 2011; Fabritius et al. 2016b).
Recently research has been carried out on the ultrastructure of Euphilomedes
japonica (Mueller, 1890) and others of the same subclass as S. lerneri (myodocopa),
which showed three distinct layers to the epicuticle, comprising of a thin outer layer,
a thick middle and an electron-dense inner layer, that total around 1um in thickness

(Yamada 2019).

1.2.2.2 Exocuticle

Sometimes referred to as the primary procuticle, the exocuticle consists of densely
packed fibrous laminae parallel to the surface that roughly make up a constant 25%
of the depth of the integument (Hegdahl et al. 1977a). While most of the fibrils run
parallel to the surface, some run vertical or obliquely as connectors (Stevenson

1985).

These microfibrils appear to connect to each other within a bundle known as a
macrofibril which have diameters ranging from 25-300nm with the microfibrils,
having a range between 1.8-6.5nm (Neville 1969; Stevenson 1985; Raabe et al.
2005a). The macrofibrils are arranged in laminae showing a specific helicoidal
arrangement. Due to the importance of this formation to both the structure and the
physical properties of the overall carapace, this will be described in more detail in its
own section. A small subset of crustaceans do not contain these macrofibrils and the

larger order structures are created purely from microfibrils (Fabritius et al. 2016b).
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In some crustaceans, for example, the holocarid Squilla desmarestii, Risso, 1816 the
laminar sheets are separated with a non-chitinous membrane, however, this has only
been seen in certain holocarid and copepod species and so far not in ostracods
(Dennell 1978). Calcification is highest within the exocuticle (Neville 1975) where
calcite, vaterite and hydroxyapatite crystals occupy the space between the chitin
microfibrils. The proportion of calcification varies greatly and in general the larger
number of calcite crystals the less protein. Crustaceans have a higher level of
calcification compared to insects due to the need to withstand the hydrostatic
pressure, except in pelagic species due to their need to float (Neville 1975; Stevenson

1985).

The border between the exocuticle and the lower endocuticle is difficult to
differentiate without TEM imaging, which reveals the exocuticle to be rougher and
to contain larger interconnecting, branching pore canals (Fabritius et al. 2016b). The
exocuticle also maintains the property of being stronger and stiffer than the
endocuticle due to a higher fibre fraction (Cheng et al. 2008). For example, in the
claw of the Homarus americanus, H. Milne Edwards, 1837 via nano-indentation, a
distinct decrease in hardness was found between both the layers with a mean

450MPa found in the exocuticle and 282 MPa in the endocuticle (Sachs et al. 2006).

In some ostracods, the exocuticle can be subdivided into an outer, electron-dense
layer considered to be strengthened by tanning and an inner non-tanned layer (Bate
and East 1972). In C. vidua the layer varied between 0.054um and 0.158um, again

dependent on the location (Bate and East 1972).

1.2.2.3 Endocuticle

This endocuticle is also known as the secondary procuticle or the post-ecdysial
procuticle, as it is the portion secreted after the moult (Stevenson 1985). It is similar
to the exocuticle in most crustaceans in that it is made up of fibrous laminae running
parallel to the surface and they make up the bulk of the cuticle (Vincent and Wegst

2004). However, there are notable differences, the most obvious being that the
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layers are much less densely packed together. This is due to the planes of fibres in
the endocuticle being much thicker and creating a coarser matrix structure, for
example in the Homarus americanus, each endocuticle stack of fibres was just under

four times thicker (Raabe et al. 2005b).

Secondly, the layer is split into two separate layers, an outer calcified principal layer
and a thin, uncalcified membranous layer (Drach and Tchernigovtzeff 1969), although
this second layer is not found in all crustaceans (Fabritius et al. 2016b). Amorphous
calcium phosphate is found throughout the endocuticle and is concentrated within
areas that undergo higher mechanical stress (Ruangchai et al. 2013). Pore canals are
found to be smaller with much less branching compared to the exocuticle layer
(Fabritius et al. 2016b). These canals are elliptical and the inner walls show no

structurally differentiated lining (Hegdahl et al. 1977c).

As with the epicuticle/exocuticle interface, the border between the exocuticle and
endocuticle does not cleanly separate the two layers. In the crab Cancer pagurus,
bulbiform extensions from the endocuticle protrude into the exocuticle (Hegdahl et

al. 1977c¢) reinforcing the connection between the layers.

While the previously mentioned endocuticle has the basic structure of that in
crustaceans, ostracods differ slightly. Instead of a layer composed of less densely
stacked chitin lamellae (Vincent and Wegst 2004), the apical portion of the
endocuticle takes on a completely different formation in ostracods. Here it forms a
much more open structure with slender chitin fibres creating a matrix containing
large crystalline granules of calcium carbonate (CaCos) (Bate and East 1972) as can
be seen in figure 1.6. In one study the mean size of these crystals was found to be
around 2um (Jorgensen 1970), they also showed no preferred crystallographic
orientation when studied via X-ray diffraction (Travis 1963) and are bonded
externally and internally by chitinous layers (Rosenfeld 1979). Looking at the research
more specific to the Myodocopid family, a scanning electron microscopy (SEM) study
examined cross-sections of various myodocopid ostracod shells (Sohn 1988). This
study identified five primary components that can form the structure of the
endocuticle which are: laminate (as seen in the generic crustacean architecture),

columnar, fine granular, coarse granular and homogeneous. There has also been
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some discussion about whether the coarse granular layer can be distinguished into
two separate types depending upon the size of the inner electron-dense core
(Rosenfeld 1979). Individual species can have anything from one to a combination of
four of these components (however never all five) depending upon whether they
were pelagic or benthic. Vargula hilgendorfii, Mueller, 1890 a benthic ostracod much

like Skogsbergia lerneri, was assessed to contain laminate, coarse granular,

Setae

Epicuticle

Figure 1.6: A diagram of a basic ostracod carapace structure. The black lines represent
chitin lamellae with the exocuticle being smaller but more densely packed with

lamellae and the endocuticle being the reverse. The calcified endocuticle can be seen
to be composed of CaCO; crystals with no preferred orientation.

Calcified
Endocuticle

Endocuticle
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homogeneous components, with some discussion about a fourth, columnar
component. The most prominent and common of these components is the laminate
which consists of multiple thin layers of chitin stacked on top of each other. A
secondary component was also found in Vargula hilgendorfii, multiple crystalline
nodules made from calcite (Sohn 1969), however, these were found to be more
prominent in preserved specimens and so may be inflated due to the preservation
method rather than natural morphology. It was also noted in this study that there is
little difference between juveniles and adults except for larger, less defined grains in

the coarse granular component (Sohn 1988).
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1.2.2.4 Epidermal Cell Layer

Occasionally known as the hypodermis, the epidermis is a single layer of cells,
overlying a basement membrane. This makes up the lowest level of the integument
that shows evidence of intense secretory activity and controls the secretion of the
other layers (Stevenson 1985; Mrak et al. 2015), including to some degree the
morphological patterning of chitin lamella as well as their formation (Whitten 1969;
Rudall and Kenchington 1973). The epidermis also reabsorbs calcium from previous
layers just before moulting to preserve mineral storage (Glotzner and Ziegler 2000).
Consequent specialisations are a larger surface area through both greater exposure
and folding, an increase in the abundance and volume of mitochondria and a complex
collection of channels and interstitial dilations known as the interstitial network,
although the first two alter depending on the current moulting stage (Ziegler 1997).
There is also an important structural function for the epidermis which is to connect
with the muscle cells underneath the integument via microtubules attaching to
hemidesmosomes at the epidermal cells’ apex that, in turn, connect to a muscle

attachment fibre (Caveney 1969).

1.3 Physical Properties of Crustacean Carapaces

Crustacean carapaces are well known for being a tough yet lightweight protective
material. It is no surprise that studies have investigated the specifics of their
mechanical properties and the feasibility of synthetically creating or artificially

mimicking them.

Most of the research done in this field around crustacean carapaces is based on the
mechanical or physical strength of the substance as a durable or protective material.
As such certain points have to be taken into account when understanding data given
from an engineering, especially a tribological, perspective. Mainly when testing
hierarchically structured materials that are subject to mechanical loads it is necessary

to identify what specific property is being studied (Raabe et al. 2005b). There exists
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no specific metric unit for wear damage and instead, it can be categorised into a
combination of other fundamental properties such as hardness, elastic modulus or

fracture toughness (Amini and Miserez 2013).

It is important to keep in mind what area of the exoskeleton is being tested. Different
parts will have different strengths depending on their function (Amini and Miserez
2013), the hardness of the claw in crabs is 3-4 times harder than the walking legs
(Chen et al. 2008). This is due to the required flexibility needed of legs, which is lost

if the exoskeleton becomes too mineralised and stiff.

1.3.1 Hierarchical Design

Raabe (Raabe et al. 2005a) summarised the structural hierarchy of the procuticle into
six distinct levels (see figure 1.7), the smallest being the arrangement of antiparallel
chains of chitin, known as a-chitin (Carlstrom 1957). The strong crystallographic
texture is rare even in man-made materials and was not expected from previous
studies (Kesling 1951b; Jorgensen 1970; Bouligand 1972; Rudall and Kenchington
1973; Gharagozlouvanginneken and Bouligand 1975; Kumar 2000). These a-chitin
chains form long narrow units covered by proteins, known as microfibrils and these,
in turn, form the third distinct level called a macrofibril (described in section 1.2.2.2
above). The fibril forms a systematically woven and branched laminae containing
various proteins and biominerals (Raabe et al. 2005a). These laminae are then
stacked into planes maintaining a helicoidal or ‘twisted plywood’ arrangement
(Raabe et al. 2005b). This arrangement allows for a much more even distribution of
force throughout the carapace, causing the forces to be spread horizontally at each
plane, rather than passing completely vertically down the structure. The sixth and
final level is the stacking of the helicoidal formations and the inclusion of pore canals
(Nikolov et al. 2010; Nikolov et al. 2011). See Figure 1.7 of a diagram for the
hierarchical breakdown. Helicoidal or twisted plywood arrangement was proposed
in arthropod cuticle by (Bouligand 1972), the fibril layers seen in the exo-and
endocuticle have a specific layering where each layer is rotated from the one below

it through a small angle at an axis perpendicular to the planes.
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Most fibrils run in parallel with the lamella, however, a smaller proportion of fibrils
run perpendicular or obliquely to the others. The combination of the different
orientations leads to the illusion of parabolic patterns in oblique sections of cuticles
(Cheng et al. 2008). Later studies have redefined this formation into a ‘twisted
plywood’ or sometimes ‘Bouligand’ pattern and found that the interconnected pore
canal fibres running through the planes bend around cavities in a ‘twisted ribbon’
structure in the cuticle to form a ‘honeycomb’ structure (Cheng et al. 2008). It is
important to note that while at imaging at certain cutting angles and in older
literature it may seem like there is a parabolic pattern in these interconnected fibrils
as well as the laminar layers, this is just an illusion caused by the helicoidal pattern.
It has been shown that one of the main differences between the endo and exo-cuticle
layers is the degree of the rotation. In the lobster cuticle, the exocuticle showed a
much shorter pitch of rotation of 10um compared to the 30um from the endocuticle

(Nikolov et al. 2010).

Figure 1.7: Hierarchical structural formations of the crustacean cuticle, starting from the
entire carapace and ending with the specific chitin crystal. Image taken with permission
from (Raabe et al. 2005b)

This twisted plywood stacking has been speculated to create enhanced resistance to
crack propagation and deflecting compared to a smooth stacking orientation (Raabe

et al. 2005a). As well as crack resistance, this formation directly affects the hardness
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and stiffness which can be seen on experiments between the exo- and endocuticle.
The main difference between the two layers structurally is the density and number
of these twisted plywood planes. A microindentation experiment (Raabe et al.
2005b) showed a transition of nearly one order of magnitude in hardness between
the layers, with the exocuticle, with the mean 3.7 factor increase in stacking density
being the harder. However, is it also important to state that this increase in hardness
does not match the increase in stacking density one to one and there is plenty of
potential for other factors to have an effect. There is also a steady increase in
exocuticle hardness as it gets closer to the endocuticle to the point its hardness is
doubled from the most basal values 50um from the exocuticle/endocuticle

transition.

Pore canal fibres are essential in maintaining high interlaminar shear strength and
shear stiffness in a layer composite structure such as the carapace. This is
accomplished by absorbing energy through the stretching and friction of transverse
fibres, which can help prevent delamination (Cheng et al. 2008). Chen et al describe
a ‘Hole-pin’ joining structure that seems to be a pore canal and pore fibre with chitin
fibres surrounding the whole continuously to form a pattern known as a “fibre-round-
hole’ distribution. This specific pattern leads to any crack in the area near the hole
causing a change in its propagation orientation from moving towards the hole to
actually avoiding it. Comparison of man-made made materials with this specific
pattern to one without showed a much greater maximum pull-out force (Chen et al.

2014).

The progression from a single, crystalline chitin to the overall honeycomb structure
can be defined as different hierarchical orders and they have a synergistic effect
between themselves. It has been observed that the specific characteristics of the
structures at the lower hierarchies (i.e. a-chitin) contribute significantly to their
macroscopic properties, while the shortcomings of the intrinsic properties of these
lower hierarchy biomaterials are corrected by the superstructures at the upper

hierarchies (i.e. twisted plywood structures) (Nikolov et al. 2010).

Nlkolov et al. studied the effect of hierarchies by analysing two main mechanics

(Nikolov et al. 2010; Nikolov et al. 2011). Firstly, NlIkolov showed the anisotropy ratio
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is compensated throughout the hierarchies by strongly decreasing from 4.25 in the
chitin crystal (119 GPa axially to 28GPa transversally) to 1.25 in the honeycomb
structure. The anisotrophy ratio is defined as the ratio between a physical property
(in this case the elastic modulus) in different dimensional axes (i.e. the axial axis
compared to the transverse axis). Secondly Nikolov showed large deviations of up to
20% in structure at lower hierarchies had no serious effects on the macrostructure.
This was put down to the soft protein wrapping of the chitin nanocrystals and the
twisted plywood structure, negating the structural changes. As such the overall
properties of the crustacean cuticle are highly robust to large variation and frequency

of any component except on the higher levels of the hierarchical order.

The specific hierarchical structure of the carapace leads to a near-optimal use of the
stiffness of the individual components available. In fact, the cuticle showed all
mechanical properties approaching close to the theoretical upper bound of

mechanical behaviour (Nikolov et al. 2011).

1.3.2. Heat Resistance

Chitin is shown to be very heat resistant for biological material, degradation was not
shown to occur until 270°C and this chitin was not completely removed from the H.
americanus carapace until around 500-600°C. Most importantly from a structural
point of view, major decomposition was not confirmed until 370°C, only showing
gradual change before this point (Romano et al. 2007). In the centre of the sample,
the structure was well preserved although individual fibres were rough and broken.
The areas nearer the surface still displayed a very well developed honeycomb
structure but the walls were not compact and former fibrillar structures were no
longer visible (Romano et al. 2007). The overall lack of influence the heat treatments
had on the overall structure holds a positive implication to the physical resistance of
the cuticle at high temperatures. It should be noted that while there seems to be
minimal structural change, it is not known how these changes would affect

transparency.
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1.3.3 Hardness

Hardness is defined as the resistance of a material to localized, permanent
deformation (Chua et al. 2017). A study by Amini and Miserez modelled the hardness
of crustacean exoskeletons amongst multiple biological materials, based upon
controlled depth-sensing indentation experiments and found at the hardest point it
can range from 0.5— 5 GPa hardness when tested against yielding at a blunt contact
(Amini and Miserez 2013). It also showed good resistance to cracking, having the
greatest abrasion resistance response out of all the moderately mineralised
materials. A moderately mineralised material being defined in this study as below
75% mineral content by volume, with crustacean exoskeletons containing
approximately 40% mineralisation (Romano et al. 2007). When testing pressure
under contact with a sharp object, crustacean exoskeletons showed evidence for
yielding well before any cracking occurred. In the crab species Cancer pagurus, a
distinct structural architecture is seen where the exocuticle is invaded by highly
mineralised bulges from the endocuticle, in which the regular plywood-like layers
rotated vertically (Fabritius et al. 2012; Fabritius et al. 2016b). This alternation of hard
bulges and the calcite-containing exocuticle provide a high level of protection against
predators due to its ability to disperse compressive loads. The bulge containing
vertical layers act as pillars and transfers the compressive load to the lower regions
of the endocuticle, which due to their horizontal arrangement, can dissipate the
energy in a much more widespread and stable horizontal fashion (Fabritius et al.

2012).

It is not known where the ostracod carapace would lie on a scale of function
compared to hardness. We can hypothesise that as it has no moving parts, excluding
the hinge at the back, it will not need to sacrifice protection for mobility but as the
carapace is not expected to undergo near constant assault, like a claw, it probably
will not be as hard as its potential maximum. However, predicting levels of localised
hardness through the carapace would only be in comparison to other parts of the

ostracod and not against other crustaceans so might be seen as somewhat of a moot

36



Ben Rumney Introduction

point. There is also a high likelihood that due to specific structural prerequisites

needed to retain transparency, the hardness may be reduced by some level.

1.3.4 Hydration

Hydration is also a critical parameter that influences the mechanical response of
biological tissue. Hydration has been shown to lower the hardness and modulus of
the tissue but increase the fracture toughness and cause a shift towards yielding,
rather than cracking, dominated damage (Amini and Miserez 2013) when modelled
on previous predicted wear map resistances (Zok and Miserez 2007). It has been
speculated that the natural hydration of a crustacean exoskeleton significantly
minimises the embrittling effect of the inorganic salt components (Hepburn et al.
1975). In crab exoskeletons the mean toughness value under compression pressure,
predicted from the Vickers hardness value, of wet samples was 8.3 + 1.5 MPa
compared to the dry value of 1.6 + 0.5 MPa and the yield strength was almost
doubled when tested on wet tissue (Chen et al. 2008). Water also affected the
fracture surface of the previously tested samples with the dry samples having a flat
surface while wet samples have an irregular appearance due to bundle pull out (Chen

et al. 2008), which could be caused by stronger bonding between microstructures.

Nacre or ‘mother of pearl’ can be seen in some aspects as a more extreme version of
a crustacean exoskeleton where the calcium carbonate goes from a moderate
component of the structure in a crystallised form to being the predominant aspect
with chitin reduced to being a ‘mortar’ (Stempfle and Brendle 2006). Water has been
shown to increase both the ductility and toughness of nacre at the cost of a slight
reduction in tensile strength of roughly 18%, in contrast, the increase in toughness is
nearly tenfold (Jackson et al. 1988). Toughness in this study was being measured in
three different ways: a single-edged, notched tensile unstable fracture and both
stable and unstable single-edged, notched three-point bending fractures. This

change is predicted to be due to the water plasticising the organic matrix resulting in
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a tendency for de-bonding to occur around the crack tip at the point of fracture

(Jackson et al. 1988).

Transparency is also affected by hydration and this has been seen within other
biological material. The cornea shows a decreased level of transparency with

increased hydration due to an increased amount of light scattering (Zucker 1966).

1.3.5 Elastic Modulus

Elastic modulus is defined by the resistance of a material to elastic deformation (a
self-reversing change) (Ashby and Jones 2012). The elastic modulus represents the
tensile elasticity or more specifically the tendency of an object to deform along an
axis when opposing forces are applied along that axis and in this field of study is
mainly defined by the Young modulus. The mean elasticity in the main parts of the
cuticle remained fairly consistent, the elastic modulus for example, generated via
tensile testing in the z-direction of a sheep crab, was 511 + 79 MPa for mean samples
of a fraction of the cuticle containing both exo- and endocuticle. A purely endocuticle
reading gave 536 + 87 MPa, with the carapace having an overall tensile strength of
518 + 72 MPa wet and 764 + 83 MPa dry (Chen et al. 2008). However, when discussing
the entire cuticle structure, like all physical properties it changes depending on where
on the crustacean is being tested, another study comparing entire cuticle sections at
different areas of the crustacean revealed a Young modulus of between 4-12 GPa

against blunt contact (Amini and Miserez 2013).

The compressive modulus of the same samples (Chen et al. 2008) was shown to be
higher than the tensile modulus, providing higher values in both strength and
stiffness. The overall compressive modulus of the carapace was 634 + 63 MPa wet
and 1.07 + 0.1 GPa dry, showing an approximately 40% increase compared to the
tensile measurements. The difference was much greater in dry samples, with the
compressive modules showing a 4.4 times increase from the tensile value of 12.9 +

1.7 MPato 57 + 10 MPa. As the majority of the force applied to a crustacean carapace
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is likely to be compressive in nature (i.e. collisions), a higher compressive modulus is

a very important attribute to maintain.

1.3.6 Fracture Toughness

Fracture toughness is described as the ability of a material containing a crack to resist
fracture (Chua et al. 2017). Fracture toughness is created primarily through the
structure of various gradients, as these gradients lead to stress redistribution away
from the point of contact and can be either smooth or sharp. Smooth gradients such
as microstructural gradients, for example, changes in layer thickness (Amini and
Miserez 2013) can be seen in the lamellae of the crustacean cuticle or porosity
gradients (Chen et al. 2008) and are adaptations towards wear and tear abrasion that
are seen in crustacean exoskeleton. These adaptations lead to stress redistribution
beneath the point of contact and improves tolerance against contact yielding as well

as minimising crack propagation (Suresh 2001).

Crack propagation resistance or fracture toughness is further enforced by sharp
gradients such as organic to inorganic interfaces, or regions with abrupt variations in
mineral content as seen in the crustacean integument. This resistance has been
proven via mathematical modelling (He and Hutchinson 1989) (Amini and Miserez
2013) and through multiple biological examples including human teeth which have a
toughness similar to that of glass yet remain incredibly resilient regardless of

numerous cracks by utilising mechanisms such as this one (Chai et al. 2009).

The direction of impact plays an important role in how the integument reacts to
fractures, Chen et al. (2008) showed that the structure was much more resistant to
pressure from the z-axis direction i.e. perpendicular to the surface. The tensile
strength of dry endocuticle samples in the x-y direction was found to be 12.9 MPa
which was around 50% less than what was seen in the z-direction at 19.8MPa (Chen
et al. 2008). Both this tensile strength and fracture toughness increase has been
hypothesised to be due to the pore canal tubules running throughout the integument

layers. Imaging showed a high density of pore canal tubules ruptured in tension and
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it was proposed that the tubules act as a ductile component which helps stitch the
more brittle bundles together. When pressure is applied to separate the chitin
bundles leads to a stretching of the tubules before an eventual failure if enough
pressure is applied and this helps provide additional toughness to the entire network
(Chen et al. 2008). While the tubules have this positive effect on fracture toughness,
they have an overall reduction in the structural strength and only exist due to
mineralisation requirements. To compound this problem, due to the intensive
requirements of mineralisation, canal openings make up 30% of the area of the
cuticle (Nikolov et al. 2011). To combat this the formation of the macrostructure of
regular honeycombs with thick walls guarantees the greatest possible in-plane
stiffness (Nikolov et al. 2010). The specific geometry of this structure ensures the
canal pore area is just large enough to both ensure optimal cuticle stiffness and

maximal fluid transport capacity for mineralisation.

1.3.7 Transparency

The suitable comparison when looking at a transparent, protective cuticle in-depth
seems to be the cuticle covering the cornea of the isopods Ligia oceanica (Linnaeus,
1767) and Sphaeroma serratum (J.C. Fabricius, 1787) (Alagboso et al. 2014), as they

need to maintain the strength of an exoskeleton while also being transparent.

Numerous structural adaptations have been undertaken, including specialised
epicuticular extensions in L. oceanica. These extensions are comparatively longer and
regularly spaced, with the dimensions of the extensions and the distances between
them below the wavelength of light (Alagboso et al. 2014). The spaces in between
contain calcite and so it has been predicted the extensions reduce the steep change
in refractive index between the epicuticle and a subjacent layer of calcite (Fabritius
et al. 2016b) which helps the antireflective nature required. It is not difficult to

imagine parallels between this and the transparent carapace of Skogsbergia lerneri.

S. serratum maintains a lack of pore canals in the central region of the cornea

(Alagboso et al. 2014; Fabritius et al. 2016b) due to the size of the cross-section of
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the pore canals being within the wavelength of visible light which would cause
scattering. Where canals cannot be avoided, they are restricted to the
interommatidial regions. It is more difficult to draw parallels to the transparent S.
lerneri when considering pore canal reduction as, due to the importance of these
canals, they cannot be completely removed or significantly reduced over the entire
carapace instead of just a small area. Possible explanations could be smaller, more
numerous pores that are smaller than the wavelength of light, more spread out pores
that are far enough apart to not cause any significant visual problems or a lack of
pores in the carapace directly over the eyes. Calcite found in the exocuticle was also
shown to be thinner than outside of the cornea, which is suggested to perhaps be
due to the birefringence property of calcite that, if too thick, could lead to a blurring

of light (Fabritius et al. 2016b).

Compositional differences have been observed as well, most crustacean carapaces
contain carotenoids however they are known to pigment the general cuticle and are
absent in the corneal cuticle of L. oceanica and S. serratum (Alagboso et al. 2014).
Therefore, it is likely that the Skogsbergia lerneri carapace will not contain any

carotenoids.

To understand the role of this transparency, an understanding of the context of this
transparency within the wider marine environment is needed. The most important
questions of transparency are its purpose within the organism and whether
transparency is a requirement for a particular organism or it is generated as an
ancestral adaptation. Transparency is an adaptation employed by multiple animals in
the ocean (Cronin 2016) as traditional camouflage is not very effective. This can be
attributed to two main factors; the lack of environmental cover to camouflage in the
open ocean and the additional vertical angles to be observed from (as compared to
most terrestrial animals). The consequence is that organisms need two separate
camouflages to deal with observation from both above and below. Unique
camouflage techniques have been ultilised by some animals, such as the reflective
sides of fish (Denton 1970) or bioluminescent counterillumination (Claes et al. 2014)

to prevent being backlit from below. However both of these have issues that prevent
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such adaptations being effective always, such as the movement of the animal or

specialised adaptations of predators (Cronin 2016).

Initially transparency could be deemed an adaptation developed by a particular
species with this attribute; the phylogenetic distribution of transparency is diverse,
uneven and highly influenced by the environment (Johnsen 2001). However several
factors complicate this issue when it comes to S. lerneri. First, is the concept that any
organism small enough will be transparent. The interactions of light is covered in
chapter 6 but to simplify: the thinner a material is, the less light interacts with it and
so the closer the material will be to transparent, as understood by the Beer-Lambert
law modified for solids (Fox 2010). As such, organisms that are small enough will be
transparent inherently, rather than due to a specific adaptation caused by
environmental pressure. S. lerneri could fall into this category due to the small size

of the animal and the thinness of the carapace overall.

Another potential issue is the phylogenetic link between S. lerneri and other
ostracods. A closely related ostracod from the same subfamily, Photeros
annecohenae (Torres and Morin, 2007) is bioluminescent (Gerrish and Morin 2008).
As such P. annecohenae would posses a transparent carapace to utilise this
bioluminescence regardless of any protective benefit. Therefore a transparent
carapace may have nothing to do with the survival of S. lerneri and instead could be
an ancestral attribute that the S. lerneri has not had a need to change. Due to these
factors there is a possibility that the S. lerneri carapace may not be specifically
adaptated for camouflage or that there even are structural or compositional features
within the carapace at all. Therefore, transparency outside of the eye window is

merely inherent.
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1.4 Aims and Hypothesis

1.4.1 Overall Hypothesis

S. lerneri will possess an ultrastructure and composition, different to that of similar,
non-transparent ostracods, that allows it to maintain carapace transparency and
retain the mechanical properties of similar, non-transparent crustacean carapaces of

similar size.

1.4.2 Overall Aim

To analyse the structure and composition of the S. lerneri carapace, to further our
understanding of their contribution to the physical properties (transparency and

strength) of the carapace.

1.4.3 Hypothesis 1

The ultrastructure will have a resemblance to other ostracod species, however
specific differences in the structure will be seen to allow for the observed

transparency. Changes seen during development will follow that of other ostracods.

1.4.4 Aim1

To determine the ultrastructure of the S. lerneri carapace architecture and if it alters

through the ostracod’s developmental stages.
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1.4.5 Hypothesis 2

A signal specific to chitin, will be derived from non-linear microscopy signals, and will
enable analysis of chitin expression to be performed in the ostracod carapace,

showing higher levels of chitin expression at later developmental stages.

1.4.6 Aim 2

To develop a non-invasive imaging technique to examine chitin expression and

distribution throughout the S. lerneri carapace.

1.4.7 Hypothesis 3

Elemental composition and polymorphs of calcium carbonate, together with their
distribution, will share a similarity with the standard crustacean carapace but with a
unique composition in order to maintain S. lerneri carapace strength and

transparency. However, the composition will be modified as the ostracod develops.

1.4.8 Aim 3

To analyse the elemental composition of the S. lerneri carapace and how it changes

throughout the ostracod’s developmental stages

1.4.9 Hypothesis 4

The S. lerneri carapace will have optical properties similar to that of other biologically
transparent materials across the visible spectrum, but will maintain mechanical

properties consistent with the carapaces of crustaceans similar in size.
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1.4.10 Aim4

To evaluate the physical properties, optical and mechanical, of the carapace.
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Chapter Two

Methodology
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2. Methodology

2.1 Aquaculture

2.1.1 Licensing for the Acquiring and Transportation of Samples

For collection off the east coast of the Florida Keys (Keys Marine Laboratory) and
transport of ostracods (Skogsbergia lerneri) into the UK, several permits were
required. These were: special activity licenses (SAL-16-1796-SR and SAL-19-1796-SR);
Florida Keys National Marine Sanctuary permits (FKNMS-2016-116 and FKNMS-2018-
116); a Fish Health Inspectorate authorised aquaculture production business
certificate (following an inspection in the US via an authorised veterinarian) and a
general import authorisation license. S. lerneri were identified via their size (capture
nets porosity allowed S. lerneri only to enter), the location of their habitats and
general features as stated by Cohen (Cohen 1983). Collection, identification and

transportation of ostracods were carried out personally by Lifescaped Ltd.

2.1.2 Transfer of Ostracods from Deliveries to Aquaculture Tanks

During shipment (Airsupply, Slough) by air into the UK, and to Cardiff, the ostracods
were contained within sealed bags containing their natural seawater within insulated

boxes that were fitted with an air pump to ensure survival during transport.

Before adding the new ostracods to the aquaculture tanks (described below) in
Cardiff, the ostracods were acclimatised to the tank conditions. The ostracod-
containing sealed bags were placed in the tank for 45 minutes to bring the new
ostracods to the correct temperature (25°C). The bags were then opened to release
the ostracods with Florida seawater into an 18-litre bucket, to which a slow transfer
of aquaculture tank water was added to fill the bucket with a ratio of 1:2 Florida
seawater:tank water. Hot water was added to excess water from Florida and
disposed of via lab sinks, to prevent its contamination of the general UK water

systems. Water transfer was performed through a drip tube, starting very slowly and
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increasing throughout the transfer to prevent shock. Once the bucket was full, the
traps were released and ostracods were added into the tank safely using smaller, 2-

litre buckets.

2.1.3 Maintenance of Aquaculture

After the new ostracods were added, water changes were carried out using artificial
seawater using Pro-Reef Sea Salt (Tropic Marin, Wartenberg, Germany, CAT: 10551),
created at a salinity of 35 parts salt mixture per 1000. Testing was carried out daily

for several days until ammonia and nitrate/nitrite levels were optimal.

The Cardiff, ostracod aquaculture was in custom-built specialised tanks (see Fig 2.1),
which enabled the ostracods to breed. The aquaculture ecosystem (i.e. near-identical
to their natural habitat) was maintained with salt water (mentioned above).
Additionally, to maintain optimal conditions, tank water was tested twice weekly for
pH levels, salinity, temperature (Table 1). The concentrations of ammonia, nitrite and
nitrate were also tested twice weekly via NHs*/NH3 and NO2/NOs test kits from Tropic
Marin (Wartenberg, G&ermany, CAT: 28270 and 28260 respectively). The water in the
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Figure 2.1: The two ostracod aquaculture tanks used for housing the ostracods
throughout the project. Each tank was split into smaller separate containers to allow for
easy locating of the ostracods.
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tank was renewed by 18-54 litres a week, with the larger volume water changes being

performed when tank water conditions were not optimal.

Ostracods were fed twice a week with fish (Tropical Marine Centre, Gamma Slice,
frozen Whole fish, CAT: 8474), the remains of which were removed several hours
after introduction to prevent the build-up of ammonia, nitrate and nitrite to

damaging levels.

Parameter Optimum level
Salinity 35 (ppt)

pH pH 7-8

Ammonia 0.02-0.05mg/L
Nitrate 0.5-1mg/L
Nitrite 0-0.02mg/L
Temperature 25-26°C

Table 2.1: The optimal conditions for S. lerneri ostracods within the aquaculture tank.
Note that ppt represents parts per thousand.

2.2 Dissection

2.2.1 Development of dissection protocol

Ostracods were removed from the aquaculture tank and anaesthetised in ice-cold
water for 5 minutes, before being transferred and sacrificed in 30% ethanol. Initially,
ostracods were placed in 4% paraformaldehyde to fix the animal immediately after
death. However, this led to an embrittling of the carapace with cracking during the
dissection process which would damage the samples. Instead, fixation was

performed after the dissection process had been completed.

The ostracod was placed on a slide and immersed in a small amount of PBS which in
combination with the 30% ethanol relaxed the muscles for easier dissection

(Namiotko et al. 2011; Martens and Horne 2016). The ostracod was securely
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supported from the back at the hinge by an insect pin (attached to a long wooden
handle) or a microdissection needle and a razor blade or scalpel was inserted into the

front opening, between the 2 valves, of the ostracod near the furca. The blade was

_——Forceps Microdissection

Hinge Region

razor blade

Ostracod Prior
to dissection

Figure 2.2: A diagram detailing the process of ostracod dissection. Once the body has
been removed the carapace is checked to make sure there were no remaining pieces of
tissue.

then pushed up following the curve of the shell to sever the adductor muscles, which
when carried out on both sides allowed for easy, clean removal of the body tissues.

The dissection technique can be seen in figure 2.2.

2.2.2 Dissection Axes

Across all experiments, any transverse sections taken, were selected from a distance

of one-third of the length from the anterior of the carapace (being defined as the end
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Figure 2.3: The anatomical axes stated for a) the ostracod and b) the cross-section of
the carapace, as a reference for the TEM imaging. The red dotted line indicates where
dissection takes place for transverse cross-section images.
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nearest the eyes and mouth). This was to ensure that data were recorded
consistently from a similar position in all samples. Throughout the thesis all

directional axes will refer to the directions seen in figure 2.3.

2.3 Electron Microscopy

2.3.1 Transmission Electron Microscopy (TEM)

Single valves from each sample were fixed in modified Karnovsky fixative (2%
paraformaldehyde, 2.5% glutaraldehyde (Karnovsky 1965)) in 0.1M sodium
cacodylate buffer for 2-3 hours at pH 7.2-7.4 at room temperature and then washed
in the same buffer. Samples were then immersed with 1% osmium tetroxide (TAAB,
Berkshire, UK, CAT: 0015/1)/1.5% potassium ferricyanide (Thermo Fisher Scientific,
Waltham, USA, CAT: 10414583) and place on the rotator for one hour. Next, the
tissue was immersed in heated (60°C) 1% thiohydrocarbozide (Sigma Aldrich, St.
Louis, USA, CAT:88535-25G) for 20 minutes, 1% osmium tetroxide for one hour, 1%
uranyl acetate (agueous) overnight and finally Walton’s lead aspartate (Walton 1979)
for one hour at 60°C. Samples were rinsed in distilled water 3 times for 10 minutes
in between every step and care was taken to remove as much liquid as possible at
each step to prevent overstaining. The tissue was then serially dehydrated through
70%, 90%, 100%, 100% ethanol for 15 minutes each, before further dehydration in

acetone/ethanol (1:1), 100% acetone, 100% acetone again for 15 minutes each.

The resin, Durcupan (Sigma Aldrich, St. Louis, USA, CAT:44610), was made up at a
concentration of 22.8ml of component A, 20ml of B, 0.6ml of Cand 0.2ml of D. A, B
and a conical flask was pre-warmed in the oven at 50°C for 5-10 minutes. Resin
infiltration was started by keeping the samples in acetone/Durcupan (1:1) for 2
hours. The samples were transferred to acetone/Durcupan (1:3) for two hours and
then pure Durcupan resin overnight with the vial tops off. Durcupan was renewed
twice over 6 hours, and then samples were individually embedded into moulds and

placed into an oven at 60°C for a minimum of 24 hours.
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Once fully hardened, sample blocks were trimmed down to a small trapezoid with a
razor blade around the sample to remove excess resin. The trapezoid shape

minimises compression of the resin during the cutting process. They were then

N
-

Figure 2.4: The Ultracut E uItramicrotoe with an 8mm diamond knife with

microscope attachment.
‘polished’ by cutting the block with a glass knife on a Leica EM UC7 ultramicrotome
(Reichert-Jung Ultracut E) to create a smooth surface, seen in figure 2.4. A glass knife
was created by using a glasscutter (Leica EMKMR2). Then 100nm ultrathin sections,
identifiable by their golden sheen, were cut from each block using the
ultramicrotome and an 8mm diamond knife (Diatome, Midau, Switzerland,
CAT:DH4580) set at a 45° angle. Sections were collected on G300hex copper grids
(Taab, Berkshire, UK, CAT:GC060/C), dried on filter paper in a Petri dish and stored
ready for TEM.

Initial optimisation of the protocol tried both a marine optimised version of the
fixative piperazine-N,N’-bis(2-ethanesulfonic acid) (PIPES) (Baur and Stacey 1977)
and filtered water from the aquaculture tank to help prevent damage through
osmosis. Unfortunately, the PIPES fixative did not prevent cellular breakdown and

the filtered tank water did not produce as optimal a result as the Karnovsky fixative.

Additionally, since the same sample blocks were required for subsequent SBFSEM,
en bloc staining (described above) with uranyl acetate and lead aspartate before

sectioning was determined to be optimal, over grid staining for all imaging. This
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substantially reduced preparation time for the TEM sections and maintained near-
identical conditions for both TEM and SBFSEM. TEM was carried out first, as the
relatively few sections taken would prevent any major change in carapace depth
between the techniques. This meant the same samples could be used, both to
increase sample number and allow for sample comparison between the two
techniques. It also prevented the potential loss of samples that can be caused by the

precipitation of lead during on grid staining.

TEM was carried out using a Jeol 1010 microscope using an accelerating voltage of
80kV. Electron microscope images were collected on a Gatan Orius 1000 CCD TEM
camera. Images were taken at a 1 second exposure time with a beam current of 68pA

at 1.5k, 4k and 10k magnifications using Gatan digital micrograph software.

2.3.2 Serial Block Face Scanning Electron Microscopy

Following block sectioning for TEM, the sample blocks were cut to create a smaller
surface area for SBFSEM (see figure 2.5). Sample blocks were cut into a square shape

to prevent debris build-up within the ultramicrotome that could obstruct the images.

Following trimming the modified block was chopped off with a razor blade,
superglued onto a sample pin (Leica, UK, CAT:16701950), and cemented with silver
epoxy resin (Agar, Stansted, UK, CAT:AGG3349) (figure 2.6).

__— TEMsection shape

SBFSEM section
[ W
<lmm — shape

. Ostracod valve

1mm

Figure 2.5: The size and shape of the different resin blocks as compared to the sample
embedded in the resin. The SBFSEM sections were 1mm width maximum and 1mm in
height maximum, whereas the TEM sections encompassed the sample in its entirety.

The sample was then gold-coated at 7nm thickness and placed into the Zeiss Sigma

VP FEG 3view Scanning Electron Microscope using Gatan Digital Microscopy software
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Sample

Pin
Silver Epoxy

Figure 2.6: The cut off, trimmed resin block, attached to the sample pin via the silver
epoxy

(Gatan, ver 3.3.2), as seen in figure 2.7. The voltage and vacuum were set at between
2-3 KeV and 26-31 Pa respectively. Due to the semi-vacuum conditions of the

microscope chamber, these conditions were altered to create optimal conditions

Figure 2.7: The SEM and attached computers processing a sample. The original chamber
of the SEM has been replaced with the 3view system as can be seen in the bottom left
of the image.

without damaging the samples. Images were taken at 4Kx4K with a resolution of
7.5nm per pixel and a pixel dwell time of 8us. SBFSEM images were acquired from

the block face, using the Gatan 3view 2XP system. Serial slice images were acquired
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automatically following successive 50nm thick cuts by the 3view micro-
ultramicrotome. Approximately 1000 serial images per tissue block were taken and
imported into the 3D modelling software, Amira version 6.0.1. The images were then

resampled to provide a reduced resolution suitable for 3D modelling.

2.3.3 Amira Software

Images generated from SBFSEM were imported into Amira as tifs and were
resampled from their original input resolution (4096x4096x468) to a lower resolution
(1024x1024x468) for better clarity and processing. For models generated by
automatic thresholding a ‘volren’ object was created and the colourmap minimum

and maximum values were adjusted for best visualisation.

For manually created models Amira was switched into ‘Segmentation’ mode and the
resampled tif images were selected for tracing. Labels were created for each wanted
material and position and shape of each was then manually traced. The trace was
repeated for each image slice and the number of image slices was dependent on how
many were needed to properly recreate the structure (normally 50-100). Amira was
then swapped back into ‘Project’ mode and the ‘generate surface’ object created,

once the correct label was selected the ‘surface view’ object was created.

All videos were created within Amira’s animation and rendering properties within the

‘Animation’ tab. Videos were exported as .avi formats.

2.3.4 Scanning Electron Microscopy

Samples were fixed in Karnovsky fixative for two hours and placed in 0.1M Na
cacodylate buffer. Afterwards, samples were washed thrice in distilled water before
being dehydrated. Samples were serially dehydrated through ethanol in steps of
70%, 90%, 100% and 100% again for 30 minutes each. Further dehydration was

carried out via the addition of hexamethyldisilazane (HMDS), (Thermo Fisher
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Scientific, Waltham, USA, CAT: 11492108), firstly in a 1:1 concentration with 100%
ethanol for 30 minutes and then in 100% HMDS for another 30 minutes. Samples
were then placed in a desiccator in the fume hood, topped up with HMDS and left
until all liquid had fully evaporated. The vial lids were removed to assist dehydration,
however, parafilm was placed over the opening and holes created in the film with
scissors. This was to prevent extremely rapid evaporation of the HMDS, which can
cause damage to the sample. Samples were placed on adhesive Liet discs and then

coated with 9nm of gold to prevent electron charging.

2.4 Non-linear microscopy Sample Preparation

Non-linear analysis was carried out for the purpose of determining if chitin within the
samples generated non-linear signals (second order) that could be used to examine

the distribution of chitin within the carapace.

2.4.1 Cryosectioning

Initially, cryosections of ostracod valves at all instars were to be used for non-linear
microscopy. Tinfoil holders were created with a circular base around 2cm wide and
4cm long and were then filled with OCT. Isopentane was cooled in liquid nitrogen,
then samples were then snap-frozen in the isopentane and then placed into the OCT
in the sample holder, which was placed into the isopentane until frozen. Blocks were
stored at -80°C. Sections were cut from the frozen OCT samples with the use of the
Leica CM3050S cryostat (see figure 2.8) at a thickness of 30um with a cutting
temperature of -21°C. Sections were placed onto Superfrost Plus slides, coverslipped

in PBS and sealed with nail varnish.
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i E3 5]

Figure 2.8: The Leica CM3050S cryostat while not in use, the internal temperature of
the chamber is kept to above -20°C to prevent the OCT from melting.

Unfortunately, samples embedded in optimal cutting temperature (OCT) compound
did not produce sections with good morphology; the samples were found to smear
instead of cutting cleanly. This was believed to be due to the difference in hardness

between the sample and the frozen OCT.

2.4.2 Butyl:methyl methacrylate (BMMA)

2.4.2.1 BMMA Resin Creation

BMMA is a plastic resin that was chosen as an embedding media to replace OCT for

production of sections prior to non-linear microscopy.

BMMA was created by mixing butyl methacrylate and methyl methacrylate (Sigma
Aldrich Corp., St. Louis, MO, USA, CAT: 235865 and M55909 respectively) at a ratio

of 1:4 for 30 minutes. The hardness of the resin could be increased by increasing the
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proportion of the methyl to butyl methacrylate. Dithiothreitol (Sigma Aldrich,
CAT:10708984001), a reducing agent, was added to the mixture to a final
concentration of 5mM. Benzoin ethyl ether (Sigma Aldrich, CAT:172006), a photo-
inhibitor, was added to provide 0.3% total volume. The BMMA solution was degassed
with inert N2 gas for 30 minutes to prevent polymerisation due to excess oxygen. The
final BMMA solution was kept at -20°C to prevent premature polymerisation from

heat and ambient light.

2.4.2.2 Sample preparation

Valves were embedded in BMMA resin according to the embedding protocol
previously reported (Parfitt et al. 2012). In brief, samples were fixed with 2%
paraformaldehyde in PBS, pH 7 for 24 hours, then embedded in low melting point 3%
agarose (ThermoFisher Scientific, CAT:R0801). The agarose had been heated at a
temperature above 67°C, maintained above that temperature in a beaker of hot
water and degassed with a vacuum pump to remove bubbles. Once embedded in the
agarose, the samples were arranged into the preferred orientation to allow
transverse cross-sections to be cut and were cooled on an ice block to below 25°C to
set the gel. The samples were then cut out of the gel with a biopsy punch and placed
into individual capsules. They were serially dehydrated through increasing
concentrations of ethanol at 50%, 70%, 90%, 100%, 100% at 30-minute intervals and
then infiltrated with increasing concentrations of ethanol:BMMA solutions; 2:1, 1:1,
1:2 for a minimum of 3 hours per step. Finally, the samples were placed in fresh 100%
BMMA and polymerised under UV light at 4°C overnight. Blocks were stored at room

temperature until sectioning.

Chitin flakes were for testing were acquired from Sigma-Aldrich (St. Louis, USA,

CAT:C9213) and were coverslipped in air for analysis.

58



Ben Rumney Chapter 2 - Methodology

2.4.2.3 Sectioning

Samples were serially sectioned at 2um thickness using the Ultracut E
ultramicrotome equipped with an 8mm diamond knife with microscope slide
attachment. Serial sections were placed in ribbons onto poly-L-lysine-coated slides
(Thermo Scientific, CAT:10219280) and then left to adhere on a 70°C hotplate for a

minimum of two hours.

2.4.2.4 BMMA removal

If required for imaging, the BMMA resin was removed from the sections by
immersion in acetone for 10-30 minutes. Initially, deplasticising was performed for
10 minutes, but the longest duration showed a greater removal of BMMA. Sections
were then rehydrated through a series of ethanol concentrations at 90%, 70%, 35%,
10 minutes each, and finally rinsed in PBS for 10 minutes. Slides were then

coverslipped in PBS and sealed with nail varnish.

2.4.3 Equipment and software

A pulsed femtosecond Ti:Sapphire Chameleon laser (Coherent) was used for
excitation of samples over a range of 700nm-1050nm. This was because chitin-
derived maximum intensity signals were suggested to be emitted around 450-460nm
for SHG and 520nm for TPEF based on 2 previous studies (Gualda et al. 2007;
Reinhardt et al. 2017). In cases where wavelengths lower than 700nm were to be
excluded, a 690+ nm beam splitter was used. The Two Photon Excited Fluorescence
(TPEF) and Second Harmonic Generation (SHG) emission filters were set at
505/119nm and 400/12nm respectively. All forward propagated signals were
detected by a NDD.2 (non-descanned) detector (Zeiss, Oberkochen, Germany) and
all back-propagated signals were collected either by a BiG.2 (Zeiss) or an internal

Gallium Arsenide Phosphide (GaAsP) (Zeiss) detectors.
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Images were captured as single images and montages in 2D. A Zeiss Axio Examiner
Z.1 captured images and Zen 2.3 (black) (ver.14.0.0.201) (Zeiss, Oberkochen,
Germany) was used to collate and analyse all images. All calibration and scale bars
were provided in software by Zen (ver.14.0.0.201). Images were taken with a
resolution of 512x512 pixels and an image size of 212.55x212.55um with a pinhole
size of 601 Airy units. 20x 0.8 NA air and 40x 1.3 NA oil immersion objective lenses

were used throughout these experiments.

For laser power testing, a power meter (Thor labs) was fitted in place of a sample to
test the energy reaching the sample. The laser wavelength was set to 800nm and the

percentage was increased linearly and the mean power reading was taken.
2.5 X-ray Microtomography and Ptychography

X-ray microtomography and ptychography was carried out in order to perform 3D
analysis of the ostracod carapace at high resolution, without any of the potential
damage caused by sample preparation and/or sectioning needed for other

techniques.

2.5.1 X-ray Microtomography

Ostracod samples were used at the Diamond Light Source synchrotron near Oxford,
UK on beamline 113-2. Data were generated of both the whole ostracod and carapace
valves mounted onto metal pin sample holders (CN Technical Services Ltd, Wisbech,
UK) at 4x for the whole and 10x magnification for the carapace valve. A
monochromatic beam was used with a pco.edge 5.5 detector and scanned through a
180-degree rotation. 4x total magnification for the whole ostracod used 0.5 second
scan acquisition time, with a 12cm detector distance from the sample. 10x
magnification for the carapace valves used a 0.2 acquisition time with a 22.5cm
detector distance from the sample. Reconstruction of scans was carried out via a
series of tomocommands in Savu (ver 0.1) and Image) (ver 1.5.1) before being

rendered in Avizo 9 3D imaging software (ver 2019.1).
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2.5.2 Ptychography

Ptychography is a method of computational imaging that uses coherent diffraction
imaging to generate 3D models (Pfeiffer 2018). Multiple overlapping diffraction
patterns are taken by scanning an x-ray probe over a specimen. Coherent
interference patterns are processed with intensive reconstruction algorithms to
generate a 3D reconstruction. After dissection, ostracod valves were frozen at -20°C
to prevent degradation. At Diamond, the valves were cut into a sharp point with a
scalpel for better focusing. Samples were then glued to metal pins, placed in the

beam for scanning (see figure 2.9) and Bragg ptychography was then carried out.
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Fig 2.9: Sample attached to the pin on the 113-2 beamline. Here the entire sample can be
seen, the left half of the valve has been cut away to form a point. The blue line shows the
total sample rotation with the middle point being the centre of rotation that the sample
should be aligned to. The green square is used for alignment of the sample with the
camera, with the area of interest being centred on the top left corner of the square.
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An Excalibur ODIN detector was used at a distance of 14.5 metres using a silicon
monochromator (silicon 111 double crystal) as seen in figure 2.10. Experiments were
carried out at 9.7KeV energy with an exposure time of 0.05 seconds with a beam size
of 15um and a wavelength of 0.1278nm. Samples were scanned to acquire 600
images through a 180-degree rotation. Images were then initially reconstructed using
Tomocommand to determine the value for the centre of rotation. This value was then
used in DAWN software (ver 2.5.0) to determine a more accurate centre of rotation,

obtained with the most focussed image. Both Dr Silvia Cipiccia and Dr Darren Batey

|
|
|
|

Figure 2.10: a) The beamline setup for 113-1, the ptychography station showing the
beamline with the detector is at the near end of this photo. * denotes the position of the
sample station, also shown in b) and indicated by the arrow.
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generously assisted with the use of the beamline equipment and the generation of

the 3D models afterwards.

2.6 Elemental Analysis

2.6.1 Energy-dispersive X-ray spectroscopy

Energy-dispersive x-ray spectroscopy (EDS) was carried out for the purpose of
discovering the distribution of elements within the ostracod carapace by layer.
Samples were fixed in modified Karnovsky fixative (Karnovsky 1965) in 0.1M Na
cacodylate buffer (Na(CHs);AsO;) for 1 hour and then serially dehydrated with
ethanol and HMDS as previously described for SEM protocol in Section 2.3.2. Samples
were then dissected transversely so that their cross-section was visible and placed
on carbon adhesive Leit discs (Agar Scientific, Stansted, UK, CAT:AGG3357N). These
were then mounted on aluminium stubs (Leica, UK, CAT:16701950) and sputter
coated with an 8nm layer of gold via an EM ACE 200 low vacuum coater (Leica,
Wetzlar, Germany) and a Pascal 2005SD vacuum pump (Pfeiffer vacuum, ARlar,
Germany). Samples were analysed by a Tescan Maia 3 field emission gun scanning
electron microscope (FEG-SEM) fitted with an XMAXN 80 energy dispersive X-ray
detector (Oxford Instruments, UK) at 10.0kV using a finely polished cobalt standard.
Images were acquired using the secondary electron and backscattered electron
detectors. Analysis of the intensity ratios of the Ka line of carbon, oxygen, calcium,
magnesium, phosphorous, silicon, sodium and fluorine generated semi-quantitative
measurements of signal intensity. Values for other trace elements were also found

but were not analysed.

Data analysis was carried out using Oxford Instruments Aztec software (Ver 3.3) with
a map sum spectrum being generated for each element in the sample showing counts
per second against energy. All data were collected from energy release generated
from the K electron shell. Multiple peaks are generated for heavier elements and so
the combined value of all peaks was used. Comparison of elemental signal intensity

against a referential elemental standard allowed for the total amount of each
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element within the sample to be calculated. The data were then mapped against the
original SEM image to reveal individual elemental localisation. Dr. Tom Davies

generously assisted with using the microscope for the generation of the images.

2.6.2 X-ray Fluorescence

X-ray Fluorescence (XRF) was carried out for the purpose of analysing the elmental
composition across the entire carapace in order to determine the overall elemental
distribution of the carapace (as apposed to in the vertical cross-section examined in

EDS).

Dissected ostracod valves that were used for synchrotron analysis at the Diamond
beamline 118 (Mosselmans et al. 2009) were frozen at -20°C after dissection and
during travel to prevent degradation before analysis. Some samples were briefly
fixed in 4% paraformaldehyde before also being frozen to prevent embrittling and to
maintain equal conditions to the others. The paired valves were separated and

placed on Kapton adhesive tape.

The beamline used for x-ray fluorescence had a cryogenically cooled Si (111)
monochromator. A 2um x 2um beam size was used on the sample with a four-
channel silicon drift detector (Hitachi High-Tech Science Corporation, Tokyo, Japan)

at a distance of 26mm.

XRF was carried out at both high and low energy modes. Low energy XRF was used
to detect magnesium, potassium, sulphur, chloride and silicon signals and was carried
out at 3keV with an exposure time of 0.05s. High energy XRF was utilised to examine
calcium expression and was carried out at 4.8keV with an exposure time of 0.02s.
Both high and low energy XRF studied the same samples via raster scans over an area

between 0.85x0.5mm and 2.2x1.3mm with 5um step increments.

During analysis, the samples were contained within a helium bag to both prevent
unwanted interaction between the beam and the heavier oxygen, and to help reduce

the dehydration of the sample over time.

PyMCA X-ray fluorescence software (ver. 5.3.1) (European Synchrotron Radiation

Facility) was used to analyse the data generated from low energy XRF analysis. Data
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were fitted to an active curve generated from a silicon and chlorine-based calibrant.
This generated a plot of the elements against their total concentration. The data
analysis was modified with an attenuator thickness of 0.003mm and a Fano factor of
0.12. Data were normalised across the samples and colour maps of individual

elemental distribution were generated.

High energy XRF was processed with Diamond Synchrotron’s DAWN software. Under
the Mapping perspective, data were imported and processed via the XRF Elemental
maps option. In this maps option, the Ka version of calcium was selected as the
element chosen for analysis, this generated an elemental map of calcium distribution

throughout the valve.

2.6.3 X-ray Absorption Near Edge Structure

X-ray Absorption Near Edge Structure (XANES) analysis was carried out for the
purpose of identifying the species of calcium carbonate polymorphs present within
the ostracod carapace. Samples were prepared as described in section 2.8.2. The
XANES experiments were performed at the same station with an identical beam size
and monochromator as XRF. The mechanically bent Kirkpatrick-Baez Si mirrors were
used for the XANES mapping at the Ca K-edge to provide harmonic rejection. XANES
was carried out as a series of four- or six-point line scans along the ostracod in either
300/200/150/100 um steps, dependent on which would capture the majority of the
valve. The experiment was run at 4.2keV using the silicon stripe on the harmonic

rejection mirror (HRM).

Data generated from this experiment were analysed via Athena: XAS Data processing
software (Demeter version 0.9.26). The values were normalised against a known
calcite sample at both the upper and lower limits of the energy values. The elements
examined during this experiment were light enough to need only k-edge energy
spectra comparison. Through this analysis, the different polymorphs of CaCOs could
be identified via comparison with previously characterised CaCO3 absorption spectra

(Brinza et al. 2013). Determination of the different polymorphs with previous
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literature was aimed at four factors: the pre-edge region, the shoulder peak at
around 4025eV, the number of peaks and presence of peaks in the post edge region

(fig 2.11).

Dr Fred Mosselmans generously assisted with the use of the beamline equipment for

XANES and XRF and helped with processing the generated data.

Absorption

Energy

Figure 2.11: A representative XANES spectrum with the four important areas
labelled. 1: the pre-edge, 2: the shoulder peak, 3: the peak and 4: the post-edge
region.

2.6.4 Wide Angle X-ray Scattering

Wide Angle X-ray Scattering (WAXS) was carried out for the purpose of chitin analysis
within the S. lerneri carapace, to determine if chitin spacing differed to previously
observed spacing identified in other ostracod species, due to the carapace’s
transparency. Unfixed samples were held between clingfilm and placed in the sample
holder to be measured. WAXS scans were carried out at 9KeV with a rhodium high
resolution monochromator, used to control x-ray flux, with a 1 second exposure time.

WAXS was carried out on beamline 102 at the Diamond Light Source synchrotron.
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WAXS was carried out using a beam with a cross-section size of 160x60um and a
wavelength of 0.979A, at several areas across the centre of the valve with 150um

spacings between sampling points. Powdered calcite was used as a calibrant.

Data were processed via SAXS4COLL (Abass et al. 2017) after being converted to TIFFs
in DAWN software. The data of powdered calcite were imported for calibration with
a spacing of 3.05A, and the data missing in the detector module gaps were
interpolated by the pattern centro-symmetry. The centre of the pattern was found
through a SAXS4COLL centring script and the position of the chitin peaks was

generated.

2.7 Summary of Structural and Compositional Techniques

A large number of seemingly similar techniques are used within this thesis, however
they each have a specific purpose for their use. This difference could be the location
studied or the scale at which a structure is examined for example. Table 2.2 shows a

summary of each technique and the differences between them.
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Goal Technique Target Location Approx. Scale Function
) _ Identification of the layering of the carapace and all internal
Ultrastructure TEM Cross-section of entire carapace 0.2-5um structures in the highest resolution possible.

Imagining of the carapace surface and the patterning of pore

SEM Carapace surface 1-200um holes and setae.
The entire carapace over a Generation of 3D models of the carapace created at high

SBFSEM ~20um depth 2-10um resolution with the same samples used for TEM.
. o Measuring the chitin spacing within the S.lerneri carapace to
WAXS Chitin 204 compare against chitin within non-transparent carapaces.
The entire carapace over a 10pm Generation of 3D models in a theoretically higher resolution
XMT ~30um depth than SBFSEM.
; ; Identification of chitin signal from each technique and
. Cross sections of the entire
Microstructure | SHG and TPEF carapace 50-500pm analysis of the distribution seen throughout the carapace.
.. Central line scan across the Identification of CaCO; polymorphs throughout the
COI’T]pOSItIOh XANES entire length of the carapace N/A carapace.
XRF Entire carapace via top down ~250um Identification of the elemental composition over the entire
scan carapace.

Identification of elemental composition throughout the
EDS Cross section of entire carapace 10pm vertical layers of the carapace through analysis of transverse

cross-sections.

Table 2.2: A table outlining the various structural and compositional analysis techniques used and a brief breakdown showing the differences between
them by their scale, function and target location. Approx. scale was based off of the scale bars used for the images, with the exception of WAXS.
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2.8 Spectroscopy

2.8.1 Refractometry

Refractive index testing was carried out with an Abbe 60 refractometer (Bellingham
& Stanley, Tunbridge Wells) at room temperature (20.5°C). The refractometer was
first calibrated with a quartz test piece with an Rl of 1.5159 using 1-Bromonapthalene
as the optical suspension fluid. The equipment was then adapted for use for the S.
lerneri valves by the use of black tape to shrink the area of sample analysis for a more
accurate carapace reading. One valve from each ostracod was removed and placed
in a drop of 1-Bromonapthalene before the refractive index was measured. Since, 1-
bromonapthalene has been used in refractive index testing of other organic material,
such as the cornea (Clark and Carney 1971), without affecting tissue properties , 1-

Bromonapthalene was used on the carapace.

2.9.2 Transmittance measurements

Samples were analysed using a Hitachi U-2800 UV-VIS spectrophotometer with UV
Solutions software and measured over the spectral range of visible light (400-700nm)
at 2nm intervals, with a 10mm optical path length. The spectrophotometer was
adapted for use by the ostracod sample holders by attaching them to the side of the
cuvette holder facing the light source. The absorbance of a control slide containing
only the silicone oil (SigmaAldrich, USA,317667) was first measured before being
compared to the absorbance of the single valve samples. To study the proportion of
incident light that was transmitted through the samples across the spectral range,
the absorbance values were converted to percentage transmittance. Mean values
were plotted as a function of wavelength and all readings were normalised against a
suspension fluid only control. After the silicon experiments, the same methodology
was carried out with 3.5% saline solutions created from the same mineral salt

product used for tank water creation.
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Chapter Three

Ultrastructural

Analysis
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3. Ultrastructure analysis

3.1 Introduction

The physical and optical properties of the crustacean carapace have been shown in
chapter 1 to be heavily influenced by its specific ultrastructure (Chapter 1.3.1 and
1.3.5). The ultrastructure of the S. lerneri carapace is most easily and clearly seen via
electron microscopy and as such, a substantial portion of this chapter’s data were
generated through various electron microscopy techniques. The three methods
being examined are transmission electron microscopy (TEM), scanning electron
microscopy (SEM) and serial block face SEM (SBFSEM). A brief outline of the

principles behind each of these techniques is given below.

3.1.1 Transmission electron microscopy

TEM is the most basic form of electron microscopy and, as the name suggests,
involves the transmission of electrons from the gun (incident electrons) through the
sample and to the detector below (Fig 3.1). Unlike the other techniques shown here,
the samples are cut into thin sections placed on grids as the electrons need to
penetrate the entirety of the sample, so it must be extremely thin (around 100nm).
The image is recreated through the pattern and level of absorption of the electrons
as they pass through the sample. Where the electrons are absorbed by the heavier
materials of the sample, no electrons can penetrate, and the lack of detection is
represented by a lack of signal. While this gives the highest level of resolution,
reaching up to around 0.1nm, it requires more sample preparation including multiple
chemical processing steps. Nearly every step in EM tissue preparation techniques
alters the sample in some way, for example the dehydration steps can substantially
damage the natural structures within a tissue through tissue shrinkage (Bastacky et

al. 1985). TEM, as previously mentioned, has both more intense steps and many

71



Ben Rumney Chapter 3 - Ultrastructural Analysis

unique ones such as 0sO4: and lead staining, and so has a greater effect on the

samples, including overstaining and the formation of deposits.

Electron Gun

Condenser Lenses

I Condenser Aperture

Sample

Objective Lens

I Objective Aperture

Intermediate Lenses

Projector Lens

Screen

Figure 3.1: A diagram showing the internal structure of a TEM and the path of the
electrons through the sample to the screen. As the name suggests, the electrons
transmit through the sample. Although named as lenses, these parts are in fact
electromagnets used to focus the electron beam.

3.1.2 Scanning Electron Microscopy

SEM utilises a similar form of electron microscopy but differs in how it detects the
signal. Instead of detecting electrons that penetrate through sections, SEM scans
across the sample and utilises a detector above the sample to measure electrons
reflected off (Fig 3.2). As electrons can reflect from the sample in different directions
based on its topography, a 3-dimensional image of the surface can be generated.
There are several different types of electrons given off by the interaction of incident

electrons with the sample. Secondary electrons are generated by being knocked out
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of their atom’s orbit by the incident electrons. These are lower energy, below 50eV
(Joy 1991) inelastically scattered electrons and provide the best spatial information,
as they are only released from within a few nm of the surface. Backscattered
electrons (BSE) are incident electrons that are reflected from large atoms in the
sample to exit back out of the surface and are generated from deeper in the sample.
BSE are elastically scattered, meaning there is very little energy loss but a large
change in direction (Zhou and Wang 2007). These electrons are used more for
composition studies. Characteristic x-rays are another form of measurement
generated and record the change in energy of electrons moving between orbits to
identify elements; this technique is used in chapter 5 and so will be discussed later.
As the samples are not measured by penetration of the electrons, very little sample
preparation is required as opposed to TEM. SEM samples only require fixation and
dehydration and therefore avoid the intense staining and resin infiltration steps. Just
before being placed into the microscope, samples are gold coated to prevent a

process known as ‘charging’ where static electric fields can build up and damage the

Electron Gun

Condenser Lenses

Objective Lens

I I Condenser Aperture
Detector Amplifier
Sample
Screen

Figure 3.2: A diagram showing the internal structure of a SEM and the path of the electrons
through the sample to the screen. Here the electrons do not penetrate through the sample
and instead the scattered electrons are detected.
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sample. Conventional SEM collects low energy secondary electrons and this allows a
non-destructive method of surface imaging in a very short period (Vernon-Parry
2000). However, the resolution can only reach 2nm which is around 20 times lower

than TEM’s maximum.

3.1.3 Serial Block Face Scanning Electron Microscopy

SBFSEM is, as the name suggests, an offshoot of normal SEM but allows for a 3D
reconstruction at more than a surface level. The process involves the use of an
ultramicrotome inside of the vacuum chamber of the scanning electron microscope.
The sample is cut into a flat block and an SEM image is taken of the surface, utilising
the elastically back-scattered electrons from the heavy metal stains used to contrast
the biological sample. These generate a 2D image of the exposed surface similar to
TEM, but with lower resolution. However, within the SBFSEM, the ultramicrotome
then cuts the imaged section off and another image is taken of the newly revealed
sample surface. This process automatically repeats for a set number of cuts, usually
between 500-1000, and a 3D reconstruction can be generated from the set of images
obtained (Gluenz et al. 2015). Every section follows exactly from the previous,
something nearly impossible and too time-consuming to do in TEM. There are
examples of serial TEM being carried out (Birch-Andersen 1955; Bang and Bang 1957)
and each is considered a titanic expenditure of effort to correctly maintain 3-
dimensional accuracy. SBFSEM removes this extreme difficulty and requires very
little additional effort to prepare as the fixation and staining process is the same as
in TEM. It does however, require a significant time investment for both the cutting

and imaging and the generation of the 3D reconstructions.
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3.1.4 Wide Angle X-ray Scattering

WAXS is a technique that involves the use of x-rays to interact with the electrons
related to atoms or molecules (for this chapter it will be molecules) within a sample
and measure the periodicity of repeating electron densities. The interactions with
these x-rays will generate a series of diffraction peaks (called reflection orders) at
specific scattering angles (Giannini et al. 2016). The intensity of these peaks will be
narrower and more intense from a crystal with high lattice coherence and broader
and fainter from amorphous materials. The position of the innermost of these peaks
depends on the spacing between the molecules (and their related electrons) in

accordance with Bragg’s law for:
2dSin® = n\

Where d stands for the interplanar spacing (in this case the intermolecular distance),
n is the order of reflection, A is the wavelength and 26 is twice the Bragg angle 6,

The relationship can be seen in fig 3.3.
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Fig 3.3: The relationship between 6, d and A as described by Bragg’s law shown between
2 intermolecular planes. The combination of the incident and reflected angle is equal
to 26.

The scattering angle can be determined from the sample-to-detector distance and

the position of the diffraction maximum on the detector (Fig 3.4). Then, using this
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formula, the intermolecular distance can be calculated. The distance from the sample
to the detector is not known accurately but can be found by calibrating the system
using a material with a known d-spacing. As WAXS involves the analysis of scattered
x-rays, as explained above, minimal (if any) extensive or invasive specimen
processing is carried out. This allows the samples to be measured in-situ which is
especially important for measurement-based analysis, as processing may alter the

size or shape of internal components within a sample (as discussed in 3.1.1).

e{\(\% Distance between
@ diffraction peak
and diffraction
centre

X-ray 20

\

>

Sample Distance to sample

Fig 3.4: A representation of the path of the x-ray beam and how from this interaction the ©
can be calculated for use in the Bragg’s law equation

3.1.5 Ptychography

Ptychography is a technigue which has one major advantage over EM, its much
greater penetration depth. Even advanced techniques such as SBFSEM require such
small section thickness (50-100nm) to generate an accurate model, that very little of
the whole sample is analysed. Ptychography is a method of computational imaging
that utilises what is known as coherent diffraction imaging to generate an accurate
model with a much higher sample depth penetration (Pfeiffer 2018). Effectively it
measures multiple (usually hundreds or thousands) of overlapping diffraction
patterns by scanning an x-ray probe over a specimen and recording this data via a
detector. This overlap, in conjunction with intensive reconstruction algorithms that

solve the phase of the waves that arrive at the detector, can lead to the generation
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of a 3D reconstruction of the initial sample (Rodenburg and Maiden 2019). While this
technique is very powerful, the reason it has only grown in popularity over the last
decade or so is due to the extremely challenging computational demands of the

algorithms, and so it is still somewhat of a rare technique.

3.1.6 Previous Ostracod Ultrastructure Research

Numerous studies have been carried out on ostracod carapaces, many of which were
discussed in the introduction (section 1.2.2). However, it has been noted that the
majority of these have been carried out on podocopan carapaces (Yamada 2019).
Very few research articles describe the carapace of transparent ostracods of the
myodocopidan order, to which S. lerneri belongs. Additionally, most research has
focused on Vargula hilgendorfii (Sohn 1988; Abe and Vannier 1995) and has
concentrated on either specific structures, such as the hinge or marginal infolds
(Yamada 2007a; Yamada and Keyser 2010), or with a lack of information concerning
the specific ultrastructure of the calcified outer cuticles (Okada 1982; Keyser 2005;
De Deckker and Martens 2013). Detailed analysis of the ultrastructure throughout

developmental stages has not been reported (Sohn 1988).

Transparent carapaces are reported to be ultrastructurally similar to that of non-
transparent ostracods, although thinner (Berndt et al. 2019), and with a difference
within the crystalline endocuticle. Previous studies on other myodocopid carapaces
have shown they commonly maintain a combination of monohydrocalcite and calcite
(Sohn 1969; Smith and Bate 1983), although there have been concerns about the
degree of calcite formation potentially being misrepresented due to calcite

formation caused by sample processing (Yamada 2019).
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3.1.7 Aims and Hypothesis

Hypothesis:

The Skogsbergia lerneri will possess a carpace that will be structurally similar to that
of others within the myodocopan subclass, and crustaceans in general, in terms of
the major layers. However it will show specific differences that can be related to its
transparency, as was demonstrated within chitin lamellae spacing in previous
research into the transparent eye windows of the Macrocypridina castanea (Brady,
1987) (Parker et al. 2018). Structural changes will occur throughout the development
of the ostracod, however they will not deviate from or substantially interfere with
the expected layered structure of the carapace in order to avoid the transparency

being affected.
Aims:

i.  Tocharacterise the layers and structures within the ultrastructure of the adult

carapace of the Skogsbergia lerneri to determine the basis of its transparency.

ii. To analyse the changes in carapace ultrastructure, including layer
proportions, throughout ostracods development.

iii.  Togenerate 3D reconstructions of the carapace to confirm observations in (i)

and (ii) are consistent across a 3D perspective, and to identify any additional

ultrastructural differences that could be missed due to the limited viewpoint

of 2D imaging.

3.2 Experimental Design

i) Characterisation of the Ultrastructure of the Adult Carapace

The ultrastructural features of the adult carapace were analysed using TEM (n=5)

(chapter 2.3.1) and SEM (n=3) imaging (chapter 2.3.2). Chitin was measured with
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WAXS that was carried out as three line scans of seven points each (n=3) across the
in 150um steps with a beam of cross-section size of 160x60um using a 1-second
exposure and a 0.979A wavelength, with a detector distance of 350mm. The height
and width of the crystals measured within the endocuticle section 3.3.3.3 were taken
as the distance between the two farthest points of the x-axis and y-axis respectively.

3D reconstructions of the crystals were traced by hand based on SBFSEM images.

ii) Analysis of Changes within the Ultrastructure Throughout Development

Changes in carapace ultrastructure throughout development were analysed by TEM
imaging at n=5 for instar 2, 3, 5 and the adult, and n=4 for instar 1 and 4 due to
contamination of some samples. Ptychography was performed on the left valve of all
developmental instars (n=1) at beamline 13-1 at the Diamond Light Source (chapter

2.7.2) with a beam size of 15um and reconstruction carried out.

iii) Generation of the 3D reconstructions

SBFSEM imaging was performed for every instar (n=1), 1000 sections at 50nm
thickness each were generated for each sample and reconstruction carried out with

AMIRA (Chapter 2.3.3).

iv) Statistical Analysis

Every measurement value generated for each ultrastructure feature was averaged
over a minimum of 3 different cut sections per n number. All comparisons of size
differences between the instars were carried out via one-way ANOVA testing with
Tukeys post-hoc, calculated with SPSS, showing significance at p<0.05. Direct
comparisons between two sets of data were carried out with independent t-testing.
Kolmogorov-Smirnov testing determined that all data sets were normally distributed
(excluding analysis with samples sizes of 1) and so normal distribution was assumed.
Kurtosis and skewness were seen to be between +1.5 for all data sets. All data was
assumed to have equal population variance due to having either equal sample sizes
or similar (e.g. n=4 and n=5). All data generated from these sample populations was

assumed to be done via random independent sampling as samples were chosen at

79



Ben Rumney Chapter 3 - Ultrastructural Analysis

random and no emphasis was put on selecting images based on their structural

characteristics.

All samples for TEM and SBFSEM were cut and sectioned one-third of the way down
the carapace in the anterior-posterior axis to try and ensure that any changes would
be comparable both between and within instars. This is because substantial
differences in thickness are found throughout the ostracod carapace, (Bate and East

1972).

3.3 Results

3.3.1 The Adult Carapace Ultrastructure

The adult carapace of Skogsbergia lerneri consists of four main layers (Fig 3.5): a thin
outer epicuticle, an exocuticle, a large crystalline endocuticle layer and an inner
membranous endocuticle layer. The mean thickness of the carapace was
19.2+1.78um and was proportionally comprised of 0.85% epicuticle (0.16+0.02um),
21.98% exocuticle (4.2+0.64um), 59.19% crystalline (11.344+0.81um) and 19.08%

endocuticle (3.66+0.88um) as seen in figure 3.5.

All layers were significantly different from each other (p<0.001) except for between
the exo- and endocuticle (p=0.34). Minimal variation was seen between the layer
dimensions although the greatest amount was seen within the endocuticle, which

was caused by the differing number of lamellae contained within.

Chitin can be seen within the exocuticle and the endocuticle, although it is much less
dense within the exocuticle and lacks the even, lamellae patterning of the

endocuticle.
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Figure 3.5: a) Cross-section of the adult S. lerneri carapace. The carapace is divided
into four main sections the epicuticle (Epi), the exocuticle (Exo), the calcified layer
(CL) and the endocuticle (Endo). Scale bar represents 5um.b-e are the different
sections in higher detail, b) the epicuticle c) the exocuticle d) the crystalline
endocuticle e) the chitin lamellae. Scale bar represents 200nm
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Figure 3.6: The measurements from the adult carapace in Figure 3.5 showing the thickness
of each of the layers. *** represents p<0.001.

3.3.1.1 Epicuticle

The epicuticle is the outermost protective layer of the carapace and can be seen to
comprise of at least 3 distinct parts, the extremely thin outer layer, the thick inner
layer and the electron-dense basal layer (Fig 3.7a). It appears to lack both chitin and
calcium carbonate as can be seen by the absence of distinct structures within its
layers. The epicuticle showed no significant change in thickness along the entirety of
the carapace cross-section and had only a couple of nanometers difference between
samples (Fig 3.6). There is a very distinct separation between the epicuticle and the
exocuticle, with the only disruption in the epicuticle’s structure being the inclusion
of pore canals (Fig 3.7b) and projections from the base of the epicuticle protruding

into the exocuticle.
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Pore canals were found regularly spaced throughout the entire carapace (Fig 3.7)
penetrating through the epicuticle and the entire carapace into the cellular layer
below. Different pore canals were seen depending upon their different roles, smaller,
empty pore canals for mineral transport and much larger pore canals containing a

seta for environmental awareness were seen.

Figure 3.7: The epicuticle layer of the adult carapace at 40,000x magnification showing a)
the 3 identifiable layers of the epicuticle and b) a pore canal interfacing with epicuticle. c) A
screenshot of a highlighted pore canal travelling through the adult carapace, see the
attached file for the full video. Abbreviations: O, outer; M, middle; I, Inner; PC, pore canal.
Scalebar is set at 200nm for a and b, and 20um for c.
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Fig 3.8: a) The external ostracod carapace under SEM at 250x magnification, this view
revealed one valve of the shell. b) A close up of the surface reveals the two main types of
pore canals on the ostracod carapace at 5000x magnification. c) The smaller pore hole
indicated by the arrowheads in b are involved in secretion, and lack any identifiable features
(taken at 50,000x magnification). d) The larger pore canal indicated by the arrow in b
housed a seta for sensory observation (taken at 15,000x magnification).

3.3.1.2 Exocuticle

The adult exocuticle within the carapace reveals an organised if loosely packed series
of chitin fibrils when compared to the endocuticle (Fig 3.9). The curved shape of many
of the different fibrils, along with their varying sizes reveals the presence of a twisted
plywood structure within the layer. The end of the exocuticle is hard to define, as the
crystalline polyhedrons seem to overlap into the exocuticle layer preventing the
creation of a distinct edge between the two and rather just a transition into the

crystalline layer when the chitin fibrils stop (Fig 3.9a).
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Figure 3.9: The adult exocuticle seen at a) 3000x magnification and b) 10,000x magnification.
A horizontal orientation can be seen throughout the entire layer. The scale bar corresponds
to 200nm.

As mentioned previously between the epicuticle and the exocuticle are numerous
projections that start from the base of the epicuticle and continue throughout the
exocuticle (Fig 3.10). These can be distinguished from the pore canals by their

reduced size, constant appearance and the fact that they stop before the crystalline

Figure 3.10: a) A representative SBFSEM image used to create a 3D reconstruction. The
epicuticle projections can be clearly seen extending all the way through the exocuticle. The
most prominent ones are labelled by the arrows. b) A 3D reconstruction of the carapace
without the exocuticle chitin and crystalline layer, generated from manual tracing. Projections
from the epicuticle that extend into the exocuticle are numerous and clearly visible. Pink is
the epicuticle, green are the projections and blue is the chitin lamellae layer see the attached
file for the full video.
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layer instead of penetrating the entire carapace. While these projections may seem
sparse from the 2D imaging, 3D reconstructions reveal a very dense formation (Fig

3.10b).

3.3.1.3 The Calcified/Crystalline Layer

The crystalline layer was seen to consist of polyhedrons of varying sizes (Fig 3.11) that

are extremely similar in appearance to the expected calcium carbonate crystalline

Medial

Figure 3.11: a) A TEM image of the adult crystalline layer from a single cross-section
labelled with the larger medial crystals and the smaller basal crystals b) A 4000x
maghnification image of the crystals with labels showing the measurements for height (H)
and width (W). ¢) A manually traced reconstruction showing the 3D structure of the
adult crystalline layer with labelling for medial and basal crystals. d) An SEM image of
the cross section of the adult carapace for better visualisation, CL = Crystalline Layer.

86



Ben Rumney Chapter 3 - Ultrastructural Analysis

structures seen in other myodocopid ostracods (Yamada 2019). Chapter 5 will

analyse this layer and discuss the composition of these polyhedrons in greater detail.

These polyhedrons vary widely in size and lack uniformity, however, they get smaller
in diameter towards the basal end. Medial polyhedrons had a mean height of
1.07£0.3um and a mean width of 1.02+0.34um whereas the basal polyhedrons had
a mean height of 0.34+0.1um and width of 0.39£0.13um. Independent t-testing from
a mean of both measurements (herein referred to as the length) showed that medial
polyhedrons were significantly larger than the basal crystals (p=0.002) (Fig 3.12). As
well as being smaller, the polyhedrons interfacing with the endocuticle are not fully

formed and seem to fuse into the chitin lamellae.
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Figure 3.12: The mean length of the crystals within the adult carapace averaged between
height and width measurements. The medial crystals were significantly larger than the
basal ones (p=0.002). Error bars are +SD.
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3.3.1.4 Endocuticle

The endocuticle comprises organised, regularly repeating chitin lamellae (fig 3.13)
that maintain their consistency throughout the entire layer. The mean thickness of
each lamella was 75.9113.7nm with a distance of 44.05t4.4nm, measured from the
basal edge of one lamella to the proximal edge of the next. At higher magnifications

it is seen that the chitin fibrils within the lamellae are not entirely orientated parallel
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Figure 3.13: TEM imaging of the endocuticle layer seen at a) 4000x and b) 10,000x
magnification. Chitin lamellae are indicated via the red double-headed arrows and the spaces
in_between are shown via the black double-headed arrows. ¢) The mean width of the chitin
lamella and the spaces between them. ** represents p<0.01 and error bars represent +SD.
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with the lamella but branch off at the edges, implying a twisted plywood structure as
in the exocuticle. The mean number of lamellae contained within the adult

endocuticle was 17.6+4.6 and ranged between 12 and 24.

3.3.1.5 Chitin Spacing
WAXS was carried out on ostracod carapace samples, after being calibrated with a
calcite standard. An intermolecular distance was generated for three adult samples

(Fig 3.14). This gave mean intermolecular distances of 20.6+0.5A, 20.5+0.6A and

O Mean Intermolecular Distance A
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Fig 3.14: (a) Representative WAXS single line scan from an adult ostracod carapace, each of the red
squares is a point on the scan at which an x-ray exposure was taken. (b) a diffraction pattern taken from
a single exposure point of a line scan from a. diffraction pattern taken from a single exposure point of a
line scan from a. Arrows indicate diffraction rings, C shows the chitin diffraction ring (first order), CL

shows the clingfilm diffraction ring, which the samples were held in ¢) The mean intermolecular
distances in the three ostracod samples. Scale bar represents 500um and error bars are £SD.
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20.8+0.3A, leading to a mean adult chitin molecular spacing of 20.6A (Fig 3.14c). No
significant differences were found between the intermolecular distances of chitin

between any of the carapaces.

3.3.2 Changes in the Ultrastructure Throughout Development

There were significant changes in the ostracod carapace throughout its development,
both in the overall size of the layers and in the layer proportion (Fig 3.15). The most
noticeable change in structure was the lack of a formed crystalline layer within the
instar 1 carapace. There were consistent changes in the thickness of the layers as

they progress throughout development.
: : s

Figure 3.15: Cross sections of the carapace from each instar, a) instar 1, b) instar 2, c) instar
3, d) instar 4, e) instar 5 and f) the adult for reference. Scale bars represent S5pum.

After the ostracod’s progression from an egg, the earliest form of the carapace, instar
1 was 1.5£0.24 um thick, with a proportional breakdown of 2.21% epicuticle; 30.9%
exocuticle, 24.05% underdeveloped crystalline layer and 41.8% membranous
endocuticle layer (Fig 3.15). Instar 2 showed significant growth (p=0.04) to maintain
a carapace with a mean thickness 6.5£1.2um consisting of 1.25% epicuticle, 22.29%
exocuticle, 52.4% crystalline endocuticle and 18.8% membranous endocuticle. Instar

3’s carapace was also significantly thicker than its predecessor (p=0.03) with a mean
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thickness of 10.16+1.27um. The proportions were found to be: 1% epicuticle, 19.12%
exocuticle, 59.83% crystalline endocuticle and 16.46% membranous endocuticle.
There was no significant change in thickness between instar 3 and 4, instead, instar
4 showed a reduction in thickness, although there was a high standard deviation. The
carapace had a thickness of 5.61+2.9 um consisting of 1.5% epicuticle, 24.5%

exocuticle, 46.27% crystalline endocuticle and 25% membranous endocuticle. The
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Figure 3.16: a) The mean carapace thickness at each instar. The thickness increases gradually with
development with exception of 14. b) The percentage proportions of the layers within each instar,
the largest variation is seen within the crystalline layer. * represents p>0.05 and *** is p<0.001.
Error bars are £SD.
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carapace of instar 5 was significantly thicker than that of instar 4 (p=0.001) at
11.3£0.55 um, although it was not significantly different from instar 3 (p=0.9). The
proportions of the layers were: 1.24% epicuticle, 24.55% exocuticle, 55.78%
crystalline endocuticle and 17.79% membranous endocuticle. Finally, the adult layer
was significantly larger than all other instars (p<0.001) with a mean thickness of
19.16+1.78um and, as previously mentioned, had proportions of 0.85% epicuticle,
21.98% exocuticle, 59.19% crystalline endocuticle and 19.1% membranous
endocuticle. The most substantial change from these was the transition from instar
1 to 2 where the crystalline layer increased by 28.35%, whereas the organic layers
(exo- and endocuticle) proportionally decreased by a combined total of 31.6%,

although the actual thickness of the organic layers increased by 1.55 um.

3.3.2.1 Epicuticle

The epicuticles of all the instars maintain the same structure as the adult, they are
formed from three different layers, an outer layer, the thick middle layer and the
third electron-dense inner layer (Fig 3.17). Throughout the progression of the instars,
the epicuticle grows thicker (Fig 3.17g). There was a significant increase (p=0.04) in
the thickness from instar 1 (33.6nm) to 2 (80.5nm). The mean epicuticle thickness
increased to 100nm at instar 3, however, this change is not significant (p=0.7). The
epicuticle thickness actually decreased from instar 3 to 4 by 13.4nm to 87.3nm.
However decrease is not significant (p=0.7), and there is a substantially larger
standard deviation (SD+33.8nm) than the other instars. The instar 5 epicuticle is
significantly thicker (p=0.018) than instar 4 at 140.2 nm and the adult instar had the
largest epicuticle with a mean thickness of 161.9nm; this was significantly larger than

all other instars except for instar 5 (p<0.003).
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Figure 3.17: The epicuticle and exocuticle at each stage of development a) instar 1, b) Instar 2, c)
instar 3, d) instar 4, e) instar 5 and f) the adult. The chitin within the exocuticle can be seen to
follow a specific orientation. g) The thickness of the epicuticle throughout development, the
thickness increased steadily throughout the instars. h) The thickness of the exocuticle
throughout development, the thickness increases steadily throughout the instars. * represents
p<0.05 and ** represents p<0.01. Scale bar is 500nm
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3.3.2.2 Exocuticle

Throughout development, the instars can be seen to maintain the orientation of
chitin fibrils within the exocuticle, which run parallel to the endocuticle and epicuticle
(i.e. horizontally) across the carapace (Fig 3.17). The exocuticle significantly increased
between instar 1 and 2, from 0.47um to 1.44um (p=0.001) (Fig 3.16h). Instar 3 had a
mean exocuticle thickness of 1.94um, although this was not significantly greater than
instar 2 (p=0.68). As in the previous sections, instar 4 actually decreased in thickness
to 1.37um, however, due to the large standard deviation (0.89) this was not
significant. Instar 5 was significantly thicker than instar 4 at 2.78um (p=0.009) and
the adult was significantly thicker than all other developmental stages with a mean

thickness of 4.21um (p<0.005).

3.3.2.3 Crystalline Layer

The crystalline layer was the most variable, with the largest increases in thickness
throughout all of the layers. The crystalline layer of instar 1 had a mean thickness of
0.37um which became significantly thicker (p=0.001) in instar 2 (3.38um) (Fig 3.18).
The crystalline layer then significantly increased again to 6.08um (p<0.001) at instar
3. The instar 4 crystalline layer decreased in thickness to 2.6um, however, unlike the
previous features this decrease was significant (p<0.0001). This layer increased
significantly to 6.3um at instar 5 (p<0.001) and the adult crystalline layer is
significantly thicker than every other instar with a mean thickness of 11.3um

(p<0.0001).

Apart from instar 1, all the development stages have the same crystal polyhedron
patterning, being larger at the centre and smaller at the basal position (Fig 3.19). The
sides of each polyhedron are inconsistent throughout the carapace, with some being
smooth and relatively straight, whereas others are jagged and curved. The instar 1
crystals are completely different from those seen in the other instars, they lack a

defined structure and the sides are uneven. There is also no identifiable distinction
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between the exocuticle and the crystalline layer making it difficult to separate the

two. This most likely suggests that the instar 1 crystalline layer consists of partially

developed polyhedrons, which have formed by instar 2.

Crystalline Layer Thickness (um)

oQ

* %k k

I 12 13 14 15 Adult
Instar

Figure 3.18: The calcified layer from each development stage (where possible) showing a)
instar 1, which lacks fully formed crystals, b) instar 2, c) instar 3, d) instar 4, e) instar 5 and f)
the adult. The crystals are largest in the centre and reduce in size toward the basal axis. Scale
bar is 200 microns. g) Measurements of the calcified layer throughout development. The
crystalline layer increases generally throughout development, although it decreases at instar
4. * represents p<0.05, ** represents p<0.01 and *** represents p<0.001.
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Every instar with fully developed crystals had significantly larger medial polyhedrons
and smaller basal ones, both in height and width (fig 3.19). Instar 2 had a mean basal
polyhedron height of 0.46pum and width of 0.52um, with larger medial ones 1.63um
high and 1.4pum wide (p=0.001). Instar 3 had basal polyhedrons 0.42um in width and
0.54um in height, the medial ones were larger with a height of 1.24um and a width
of 1.36um (p=0.001). Instar 4 followed the same pattern as the other instars within
the crystalline layer, containing basal polyhedrons with 0.53um height and 0.56um
width as well as larger, medial polyhedrons 1.52um high and 1.55um wide (p=0.002).
This runs against instar 4 development in previous carapace layers, where instar 4
has shown a decrease in size. Instar 5 had smaller basal polyhedrons 0.77um high
and 0.62um wide, the medial polyhedrons were larger with a mean height of 2.01um
and width of 1.67um (p<0.001). The adult again had smaller basal polyhedrons,
0.34pum high and 0.39um wide, and larger medial ones, 1.07um high and 1.02um
wide (p=0.001). While there were significant differences between the differently
positioned polyhedrons in each instar, the only significant difference between
polyhedrons of the same position throughout the instars, was between instar 5 and
the adult. Although the crystalline layer is large in the adult, the polyhedrons were in
fact smaller. The medial polyhedrons had a significantly smaller height, showing a
reduction of 1.07um (p=0.016) and the basal ones had significantly shorter widths,
width a shrinkage of 0.31um (p=0.003).

Throughout all instars (except for instar 1), no significant difference was seen
between height and width in the polyhedrons within each instar. When the medial
and basal crystals were averaged together the crystals were roughly equal in
diameters (Fig 3.20). This is especially true for the adult crystals where the difference

was only 0.05um, this translates to a 0.03% difference between them.
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Figure 3.19: Measurements of the crystal size between the medial and basal positioned
crystals displaying a) crystal height and b) width. The crystals at the basal layer were
significantly smaller than those found in the medial part of the layer. ** represents p<0.01
and *** represents p<0.001.
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Figure 3.20: Comparison between the widths and heights of the crystals across the entire
layer. No significant difference was seen between width and height at each instar. *
represents p<0.05

3.3.2.4 Endocuticle

Throughout the instars, the endocuticle layers increased in size and number of chitin
lamella, as development progressed (Fig 3.21), additionally there were some changes
in the lamellae themselves. However, unlike most previous features, these changes

were not in line with an increase in age and were specifically related to instar 3.

The increase in membrane endocuticle layer thickness is very gradual, with significant
increases only seen between instar 1 and instars 3 and above, and the adult
compared to the rest (Fig 3.21g). This is mirrored in the number of lamellae within
the endocuticle, which only shows significant growth between instar 1 and 4 and
above, and the adult when compared with all other instars (Fig 3.21h). Instar 1 has a
mean thickness of 0.64um and 5.4 lamellae, instar 2 has a thickness of 1.21um with
a mean of 7.7 lamellae. A significant increase in endocuticle thickness is seen at instar

3, the thickness of 1.67um being thicker than instar 1 (p=0.019), however, with a
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mean 8.8 lamellae, these were not significantly more numerous than instar 1
(p=0.32). Instar 4 had a mean thickness of 1.4um and a mean 10 lamellae per layer
(p=0.049), which was a significantly increased number of lamellae, compared to
instar 1. Instar 5 did not have a significantly thicker layer compared to instar 4 (p=0.8)
and had 10 lamellae, the same as instar 4. The adult endocuticle had a significantly
thicker layer, at 3.66um, and more lamellae, 17.6, than all other instars (p<0.01 and

p<0.001 respectively).

The thickness of the lamellae is larger than the distance between them in every instar
(Fig 3.22). Instar 1 had a mean thickness of 67.9nm with a statistically significant
smaller distance of 42.36nm (p<0.001). Instar 2 had a thickness of 91.8nm and a
smaller sized distance of 59nm (p=0.02) while instar 3 had a thickness of 58.8nm and
a smaller distance of 33.2 (p=0.003). Instar 4 had a thickness of 71.2nm and smaller
distance of 51nm (p=0.049). 15 had the largest endocuticle dimensions with a lamella
thickness of 95.87nm and a significantly smaller distance of 63.6nm (p=0.009). The
adult had a mean lamella thickness of 73.4nm and a smaller distance of 45.7nm

(p=0.006).

There were very few differences between the dimensions of each lamella between
each instar. The lamella thickness of instar 3 was significantly thinner than that of
instar 5 (p=0.013) and instar 2 (p=0.3) lamella and the distance between the lamellae
was significantly shorter than in instar 5 (p=0.009). With the exception of these
comparisons, there were no other significant differences between any of the lamella

or their spacing throughout the developmental stages.
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Figure 3.21: The endocuticle layer from a) instar 1, b) instar 2, c) instar 3, d) instar 4,
e) instar 5 and f) the adult. Individual chitin lamellae can be seen within each layer. g)
The thickness of the endocuticle layer throughout development. h) Comparison
between the number of lamellae within the endocuticle throughout development. In
both g+h the endocuticle increases gradually with a sharp increase in the adult. Scale
bars are 1um.* represents p<0.05, ** represents p<0.01 and *** represents p<0.001.
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Figure 3.22: Comparison between the thickness and spacing distance between the lamellae.

All lamellae except for those in instar 4 were significantly thicker than the difference

between them.* represents p<0.05, ** represents p<0.01 and *** represents <0.001. Error

bars are +2 SE

3.3.3 3D Reconstruction of the Carapaces throughout the Instars

Using SBFSEM, the carapace was examined in three dimensions to confirm changes
observed in the 2D TEM micrographs and determine if any additional changes
unobservable from 2D sections are present. In the 3D model generated from the
adult carapace (Fig 3.23), it was noted that the proportion of the layers did not
drastically alter along the length (100um in this model) of the carapace scanned. The
edges of each layer were clearly distinct, smooth and uninterrupted, with each layer
remaining parallel and a constant distance with each other, suggesting that any cross-
sectional view through the carapace would provide a good representation of its
structure. Apparent gaps, within the endocuticle, were a result of incorrect
thresholding due to uneven staining that affected the contrast. As seen previously
(Fig 3.10), the epicuticle projections had similar density throughout the carapace.

Additionally, two pore canals were identified. While there were not enough pore
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canals to make accurate predictions for the spacing between them, their sparseness

was observed, and that they penetrated through the carapace.

Figure 3.23: 3D volume render of an adult carapace generated from 1000 SBFSEM slices. The crystal
layer was made more transparent so the pore canals can be seen. Abbreviations: Epi, Epicuticle;
Exo, Exocuticle; CL, Crystalline Layer; Endo, Endocuticle; PC, Pore Canal. Scale bar is 10um.

3D reconstructions of carapace sub-volumes were made for each instar (Fig 3.24) to
see if there were differences in carapace structure between developmental stages.
It was determined that overall carapace structure in these 3D visualisations was
consistent with that observed in TEM micrographs. As with the adult sample, the

borders between the layers were even, smooth and uninterrupted.

The 3D models enabled detailed investigation/analysis of specific layers, in isolation
of the rest of the carapace (Fig 3.25). Individual features such as the crystalline
endocuticle can be manually traced to study the structure in greater detail. The 3D
reconstructions confirmed that the crystals are not tubes that carry on throughout

the entire carapace, but that they tapered off in the z-axis and new polyhedrons
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Figure 3.24: 3D volume renders of each instar a) instar 1, b) instar 2, c) instar 3, d) instar 4, e)
instar 5 and f) the adult. Abbreviations: Exo, Exocuticle; Exo, Exocuticle; CL, Crystalline Layer;
Endo, Endocuticle. See attached videos for 3D reconstructions. Scale bars are 10um.

Figure 3.25: Traced 3D models of a transverse section of the crystalline endocuticle layer for
each developmental stage showing, a) instar 1, b) instar 2, c) instar 3, d) instar 4, e) instar 5
and f) the adult. Scale bars represent 0.5um for instar 1 and 2um for all other developmental
stages

started. Examining the depth of the poly%grons can provide a better understanding
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of how these polyhedrons fit together within the endocuticle. It was determined that
the polyhedrons were randomly unorganised and of variable size, whichever
directional axis it is viewed from, consistent with that observed in 2D TEM

micrographs (Figs 3.25 and 3.26).

Figure 3.26: Reconstruction of the adult crystalline endocuticle, showing a horizontal
cross section. The shape of the polyhedrons can be seen to be as disorganised and
variable as in the transverse plane. Scale bar represents 500nm.

3.3.4 Analysis via Ptychography

Synchrotron x-ray ptychography provided several issues, as it was difficult to prevent
movement within the sample during scanning. More significant vibrations were seen
for instars 2, 3 and the adult which prevented the reconstruction of any usable data
for these stages. 3D reconstructions were able to be generated for instars 1, 4 and 5,
although these lacked contrast and therefore prevented distinction between the
different layers and detailed analysis of the internal ultrastructure of the carapace.
However, carapace thickness was analysed in Instar 1, 4 and 5 (Fig 3.27). Unlike the
previous EM analysis, these reconstructions included the epidermal cells below the
endocuticle and showed a combined mean thickness of 7.6+0.51um for instar 1,
which was significantly increased to 8.610.4um (p=0.03) for the instar 4 carapaces,

and 12.15+0.75um at instar 5 (p<0.001).

104



Ben Rumney Chapter 3 - Ultrastructural Analysis

Variation in the thickness was measured along the anterior-posterior axis (length)
and the dorsal-ventral axis of the carapace. This dorsal-ventral axis is in relation to
the entire ostracod, however as the sample was only comprised of the valve, the
sample was placed on its side and so appears to be the width in Fig 3.26, instead of
the height. The change in thickness along the anterior-posterior axis was greater
than that along the dorsal-ventral as in table 3.1. The deviation along the dorsal-
ventral axis was 0.9% from the central thickness of 7.66um for instar 1, 1.88% from
the central thickness of 8.69um for instar 4 and 6.2% from the central thickness of
11.78um for instar 5. The variation along the anterior-posterior axis was 12.19% for

instar 1, 13.78% for instar 4 and 8.99% for instar 5.

Anterior-posterior| |nstar 1 Instar 4 Instar 5
Anterior 6.77um 8.01um 11.65pm
Centre 7.54um 9.33um 11.46um
Posterior 8.52um 8.4um 13.33um
d Dorsal-Ventral Instar 1 Instar 4 Instar 5
Dorsal 7.66um 8.56um 11.6um
Centre 7.66um 8.69um 11.78um
Ventral 7.52um 8.5 um 13.06um

b

Table 3.1: The thickness of each carapace measured from the images taken to form the 3D
reconstructions in a) the anterior-posterior axis and b) the dorsal-ventral axis.
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Thickness (um)

Instar 1 Instar 4 Instar 5
d Developmental Stage
Figure 3.27: 3D reconstructions for the ptychography-derived data of a) instar 1, b) instar 4
and c) instar 5 carapaces. d) Carapace thickness increased throughout the instars. Scale bars
represent 10um, * represents p<0.05 and *** represents p<0.001. Abbreviations: A: anterior,
P: Posterior, D: Dorsal, V: Ventral

3.4 Discussion

This study was the first to monitor the growth of the internal structures of the
carapace in a myodocopid ostracod and is the first to investigate ultrastructural
development in detail in an ostracod, as well as the first to subject crustaceans to the
aforementioned techniques for investigations. While changes in ostracod instars
have been analysed, these are measurements recorded from a surface view, either
SEM or observations by eye (Kesling 1951a; Cohen 1983; Yumoto 1994) or are
focused on the changes in the overall size of the ostracod body (Gerrish and Morin

2008; Pereira et al. 2017).
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The ostracod carapace increased in thickness as it progressed through the instars
until reaching a maximum thickness in the adult. It is interesting to note that this
increase in thickness was not proportional to the increase in the size of the carapace.
The maximum increase in carapace length over the ostracod’s lifespan was from
0.59mm to 1.98mm (Cohen 1983), an increase of 3.36 times, whereas the mean
increase of thickness found in this work was from 1.5um to 19.16um, a 12.7 times
increase. Therefore it seems that this increase in thickness is not just to maintain a
proportional relationship with the carapace as it grows but perhaps to create a more
protective valve as the animal gets older. Mineral uptake may increase with age,
resulting in a thicker calcified layer, as seen with S. lerneri in these results. This would
make the increase in thickness a natural result of ageing, rather than a specific
adaption. Another potential reason is purely a structural one, an increase in the area
of the carapace may require more than a proportional response in thickness to
maintain structural integrity. This change in thickness is similar to that seen in other
ostracods, for example, analysis of the same part of the carapace in Xestoleberis
Hanaii Ishizaki, 1968 from the order podocopia, showed a thickness increase from
2.3um at instar 2 to 16.5um at the adult stage (Yumoto 1994). Unfortunately, this
author made no measurements on instar 1, however judging by the change in
thickness of the other instars, the estimated thickness of the instar 1 would create a

similar change in proportions to that found here.

The epicuticle increased in thickness over the ostracod’s lifetime by roughly a factor
of five, however, the structure of the epicuticle remained consistent throughout all
the instars. The epicuticle ultrastructure was comparable with other myodocopid
ostracods, such as E. japonica, in which the carapace is also divided into the same
three distinct layers (Yamada 2019). While structurally similar, a substantial size
difference in the thickness was seen, the adult E. japonica was approximately
between 1 and 1.5mm long with an epicuticle thickness of 1um (Yamada 2019). The
S. lerneri adult was larger, at a maximum of 2mm in length (Cohen 1983) but with an
epicuticle thickness of 161.9nm. This six-fold size difference between the two
epicuticles may be linked to the required transparency of S. lerneri. E. japonica is

smaller and lives around the same sea level and water conditions, which would
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suggest the need for an equal, if not thinner epicuticle. However, E. japonica is not
transparent and so needs to make no compromises to the thickness of the overall
carapace. It is important to note that, as has been discussed previously, any material
that is thin enough will be transparent, and 1um is a very thin layer. An increase of
less than a micron would not have a substantial effect on transparency, so it is
unlikely that S. lerneri would have evolved such a thin epicuticle purely for

transparency.

Thinner ostracod carapaces have also been seen, for example, in the adult
Cypridopsis vidua which is only 0.6mm in length (Roca et al. 1993) but has an
epicuticle thickness of 29nm (Bate and East 1972). This raises the question of why
the epicuticle of S. lerneri is not proportionally even thinner to more easily maintain
transparency. There are several potential reasons for this. C. vidua is a freshwater
species, so will experience less punishing conditions and depths than a marine-based
species such as S. lerneri, and this could allow it to maintain a thinner, less protective
epicuticle than would be otherwise needed. Secondly, C. vidua is not from the
myodocopid order of ostracods and so significant genetic differences may well be
involved that could not be modified by environmental influences. Finally, there could
be the possibility that this thickness is the optimal size for S. lerneri, it is thin enough
to maintain transparency but thick enough to provide the maximal protection. There
would be no reason to have a thinner epicuticle if the lower energy cost is offset by

the higher risk of permanent damage.

The two chitin-based layers, the exocuticle and the laminated chitin endocuticle
share a similar level of progression throughout the developmental stages. They both
substantially increase in thickness as the instars progress, the epicuticle increased by
a factor of 9 from 0.47um at instar 1 to 4.21um in the adult, and the endocuticle
increased by a factor of 6 from 0.64um to 3.66um. It is interesting that, while these
are large increases, they are actually both lower than the total thickness increase
between the instars, which increases by a factor of 12.7, so their relative thicknesses
both proportionally decrease. This is mainly due to the severe reduction of the
crystalline endocuticle within the instar 1 carapace (24% total carapace compared to

59% in the adult), giving the exocuticle and endocuticle larger proportions by its

108



Ben Rumney Chapter 3 - Ultrastructural Analysis

absence (30.9% and 41.8% respectively). When comparing instar 2 onwards, the two
chitin layers together increase at a similar rate to the total thickness, the total
proportion of the carapace staying between 22-24.5% for the exocuticle and 16.5-

25% for the endocuticle.

The exocuticle consists of chitin fibrils organised in a much looser pattern than within
the endocuticle, which is composed of numerous, regularly spaced chitin lamellae.
Both layers showed a chitin orientation parallel to the surface of the valve, as seen
in other ostracod carapaces such as C. vidua (Bate and East 1972). The chitin in both
layers showed patterning representative of a typical crustacean twisted plywood
structure (Bouligand 1972). The apparently differently sized fibrils in the exocuticle
and the curved appearance of the fibrils within each endocuticle lamella, are instead
all identical chitin fibrils but being viewed at different rotations. Twisted plywood
structures are, as was mentioned in chapter 1, extremely effective at diffuse force
distribution and so the S. lerneri carapace will possess the characteristic hardness and

toughness of a crustacean carapace.

The chitin organisation within the S. lerneri carapace is very similar to that seen
within most ostracods (Bate and East 1972; Smith and Bate 1983). The greatest
similarity is seen in ostracods within the same order, myodocopida, specifically
Vargula hilgendorfii, Cypridina noctiluca Kajiyama, 1912 and Euphilomedes japonica
(Yamada 2019). However, the myodocopid Halocypris infzata Dana, 1849 shows a
much lower level of parallel organisation in the chitin in the exocuticle (Smith and
Bate 1983). The total thickness of the layers in the adult S. lerneri is consistent, or
slightly thinner than that of the non-transparent E. japonica, which had an exocuticle
varying between 2-5um and an endocuticle around 5um (Yamada 2019). Importantly
they are also similar to the transparent V. hilgendorfii examined in the same paper
which appears to maintain an exocuticle between 4-5um and endocuticle around
3um. Even though these layers are roughly equal between the two transparent
myodocopid ostracods, V. hilgendorfii is much larger than S. lerneri, being up to
3.4mm long (Abe and Vannier 1995). The thickness of these layers may then be the
maximum thickness possible, whilst maintaining transparency, as this formation

leaves V. hilgendorfii with a much thinner carapace proportional to its size.
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Within the S. lerneri, the lamellae do not follow the same proportional growth of the
larger layers and show almost no significant changes between the instars. The only
exceptions to this involved instar 3, whose lamellae were significantly thinner than
both instar 2 and 5, and had an inter-lamella distance smaller than instar 5. The lack
of any size differences elsewhere implies that this is not a developmental change and
it is instead instar 3 specific. This change is immediately reverted with no lasting
impact carrying on to any other instars. The changes in ostracod size from instar 2 to
3 and from instar 3 to 4 were not substantially different than the change between
any of the other developmental stages (Cohen 1983), which leads to the belief that
the I3 carapaces used were not truly representative. Intensive EM processing can
damage samples, however, this seemed not to have occurred for any of the other
samples. The most likely reason is that several of the instar 3 carapaces were caught
close to post-moult, which would not be recognisable to the naked eye. In other
myodocopids studied these chitin lamellae only develop post-moult (Yamada 2019)
and it would seem likely that they may be thinner while being developed. The
significant difference seen in every instar between their inter-lamella distance and
their lamella thickness implies that the formation of this layer is a highly regulated,
with a greater degree of order than is apparent in the other layers. This is further
reinforced by the fact that this inter-lamella distance grows and shrinks alongside the
lamella thickness such that the distance is always between 56.5-66.5% of the

thickness of the lamella, again showing a high level of regulation.

What can be compared to other myodocopid carapaces, is the number of chitin
lamellae seen in the carapace and V. hilgendorfii is comparable at points during its
development (Yamada 2019). From TEM sections presented in this article, there can
be seen to be roughly 20 chitin lamellae, organised and spaced in a similar pattern.
The number of lamellae has previously been linked to the level of calcification and
the weight of the carapace (Voss-Foucart and Jeuniaux 1978) so a large number of
lamellae may just be indicative of a high level of calcification. Potentially the similarity
seen between S. lerneri and V. hilgendorfii may purely be due to their (comparatively)
closer taxonomy. In contrast, the podocopid ostracod Bicornucythere bisanensis

Okubo, 1975 maintains only a very thin membrane layer (Okada 1982) although it
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still shows significant calcification. This layer of the carapace appears to be a
substantial proportion of most myodocopid crustaceans (Sohn 1988), although

unfortunately no specific measurements or lamellae counts have been recorded.

The crystalline endocuticle seen between the two organic layers is formed from
polyhedrons likely to consist of calcium carbonate polymorphs (Kesling 1951a;
Jorgensen 1970; Rosenfeld 1979). Again the structure is very similar to that seen in
general myodocopid ultrastructure (Yamada 2019) where the polyhedrons shrank in
size, the more basal they were. This change was substantial at all stages of
development, it was a reduction of roughly a third at all instars no matter how large
the layer became. The polyhedrons also never significantly changed size throughout
the ostracod’s lifespan, except for the adult, in which they decreased in size
compared to I5. This meant thicker layers consisted of more polyhedrons rather than
larger ones, which could suggest an imposed limit to the polyhedron size, as this
requires the creation of more of the biological matrix and so is more energy-intensive
to create. Instar 1 did not have a properly developed crystalline layer, which is almost
certainly due to the ostracod not having access to enough of the various minerals or
available energy in the egg. No significant difference was seen between the height
and the width of these polyhedrons, leading to structures with no preferred
morphological orientation. While this is consistent with other myodocopida
examined (including the non-transparent ones), it is at odds with some podocopian
carapaces. B. bisanensis possess “grains” slightly wider than those seen in the S.
lerneri, at 2um wide but only 0.3um thick (Okada 1982), leading to a much more
brick-like structure. Other podocopian species had “crystal units” of no preferred
morphological orientation that decreased towards the basal end but were much
larger (Jorgensen 1970). These crystal units ranged from 6um to 0.5um near the
chitin lamellae. This implies that if there is an imposed limit on the size of the
polyhedrons within S. lerneri, it may be restricted to the myodocopian order. The
minimum size of 0.5um at the most basal end of the layer is similar to the minimum
size of that within S. lerneri, 0.52um. The polyhedrons of V. hilgendorfii, appear to be
made of amorphous calcium carbonate or monohydrocalcite, instead of the usually

expected calcite (Yamada 2019). This reduced size and change in the composition
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may also be due to the depth at which the ostracod lives. Yamada suggests because
V. hilgendorfii is nekto-benthic and would spend more time away from the ocean
floor than benthic species, this would explain the lighter carapace, with pelagic
species being even lighter by showing very little mineralisation, if any. The carapace
of the benthic S. lerneri (Kornicker et al. 2002) seems to reaffirm this idea showing a
thicker carapace than that of V. hilgendorfii and an equal, if not higher, level of

mineralisation.

Changes in the crystalline endocuticle due to the fixation steps within EM processing
is an issue which has been raised in the literature (Sohn 1969,1988; Yamada 2019).
The concern is that amorphous calcium carbonate or monohydrocalcite is altered
into much more distinct grains/polyhedrons of probable calcite. An example of this
is shown by Yamada (2019) who showed the comparison in V. hilgendorfii. This would
suggest that although the well-defined crystals in S. lerneri could imply a significant
proportion of calcite within the composition, it may just be amorphous calcium
carbonate. This is of special interest as the non-fixed carapace was transparent and
the fixed was opaque and it is likely this processing plays a role in this loss of
transparency. None of the EM carried out in this chapter was done without fixation
so it is difficult to know how S. lerneri would be affected, however due to the
ultrastructural similarities to V. hilgendorfii, it is likely to be similar. It is important to
note that not all grains generated like this are due to this fixation effect, (Smith and
Bate 1983) showed grains of calcite different from those generated by this fixation.
Also, the imaging of the non-fixed V. hilgendorfii was from SEM, so it is difficult to get
an exact representation of the ultrastructure. It should be kept in mind however
when considering transparency, that the sharp, flat edges of the polyhedrons may be
an artefact and much smoother borders may exist in the living creature reducing light

reflections at the interface.
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The ptychography work was a pilot study to determine if this technique could be used
for the first time to analyse ultrastructure in this small and lightweight material.
While specimen preparation, experimental and data analysis protocols were
successfully established, there were still issues relating to micro-vibrations shaking
the carapace and causing issues with contrast within the sample. This prevented the
outcome of 3D reconstructions at the nanometre scale and limited the reliability of
the exact thicknesses of the carapaces. However, comparisons between the samples
are still valid and showed that variation in carapace thickness was not always
proportionate to the developmental stage. The thickness along the length of the
instar 5 carapaces showed lower variation than either instar 1 or 4, with instar 4
having the highest. Changes along the width were more consistent with what would
be expected, with both the instar 1 and 4 having very little fluctuation in thickness
and the adult having the highest. Additional work will be carried out to remove as
many of the issues created by sample vibration as possible, through modifications to
the reconstruction algorithms. This work has been started, however, it is incomplete

and not in a publishable state (Fig 3.28). If modifications to the algorithms does not

Fig 3.28: 2D slices from ptychographic reconstructions. Additional processing was
performed to reduce issues caused by sample vibrations. A much higher level of detail can
be seen from the ultrastructure.

113



Ben Rumney Chapter 3 - Ultrastructural Analysis

improve the images then alternate sample preparation can be prepared. Samples
could potentially be embedded within a resin or agarose that does not absorb x-rays.
This would prevent any movement of the samples whatsoever but will require

further beam-time sessions at the synchrotron.

The difference in the variation is also interesting to analyse, with a higher overall
variance seen across the length instead of the width. This could be due to the fact
that the selected area of the carapace chosen to analyse was a third of the way down
the carapace at the central width. Because of the curved nature of the carapace, the
structure is flatter near the centre and more curved towards the edges. Therefore
the curvature would be greater in the anterior-posterior axis (as it is further from the
centre of this axis) than the dorsal-ventral axis (which is closer to its centre). This
increase in curvature could lead to a larger variance by the thinning and thickening

of the carapace which helps create this curved structure.

No previous studies have employed WAXS analysis on ostracods from the sub-order
myodocopina or on the chitin of ostracods maintaining a transparent carapace to this
author’s knowledge. The WAXS analysis in the present study was carried out to
measure the spacing of the chitin molecules and to confirm it was in line with
previous crustacean studies which showed the chitin orthorhombic unit with
dimensions of a= 4.74 A, b= 18.86 A and c= 10.32A, within the lobster cuticle (Minke
and Blackwell 1978). The mean distance seen from the apparent chitin within the S.
lerneri was 20.6A, which would set it closest to the distance seen in the b axis at 18.86
A. This is not caused by processing altering the shape, as tests on the effects of
dehydration and deproteinisation have shown minimal changes to the chitin crystal’s
dimensions (Serrano et al. 2016). Previous WAXS analysis of chitin within the
ostracod carapace showed much stronger results for the c axis (Parker et al. 2018).
The reason why the b-axis is so much more prominent in the S. lerneri is most likely
a practical one, this ostracod is much smaller than the one used in Parker’s paper and
the analysis was only focused on the eye window. Here the WAXS was carried out
across the body and the smaller size of the carapace meant that while the centre of
the valve was flat to the beam, a large amount of the sample would have been at an

angle due to the curvature. As the chitin is highly organised within the carapace, this
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change in the angle of incidence would lead to a different axis being measured. The
Macrocypridina castanea (Parker et al. 2018) also showed changes in chitin spacing
around the eye window believed to be to help transparency, and this may be why S.

lerneri showed a change in overall chitin spacing compared to previous literature.

Skogsbergia lerneri is an ostracod that possesses a transparent carapace. There are
many different mechanisms to achieve transparency and individual, less effective
mechanisms could be combined to achieve greater effects. The simplest way to
achieve transparency is through a material’s thickness, as according to the linear
attenuation coefficient within the Beer-Lambert for solid light (Swinehart 1962), the
thinner the material the lower the effect of scattering/absorption. Therefore, if any
given material is thin enough it can become transparent. Thus, maintaining a thin
carapace makes it significantly easier for the S. lerneri carapace to retain its
transparency. Another simple way for a material to be transparent is for all its
components to have the same refractive index (RI) (Maurice 1957). While it is very
doubtful that every layer of the S. lerneri carapace has the same Rl, instances can be
seen of structures having been organised to modify a sharp Rl change into a
smoother one, which would create less scattering (Born and Wolf 1980). For
example, the projections coming down from the epicuticle, the lack of a distinct
exocuticle-crystalline endocuticle border and the size reduction of polyhedrons close
to the chitin lamellae, all point to the presence of a gradient between adjacent layers

that could minimise any Rl changes.

The other potential mechanism of transparency is based around the concept of
destructive interference of light, similar to what is seen in the human cornea. Within
the cornea an organised tightly packed pseudolattice of collagen fibrils are
distributed in such a way that all the light scattered from the fibrils interferes
destructively to prevent scatter in every direction except forwards (Knupp et al.
2009). To accomplish this the distance between adjacent collagen fibrils must be
similar, and less than half the incoming light’s wavelengths. A recent study into
transparency within the ostracod Macrocypridina castanea’s carapace showed that
a lamellae distance of between 125 and 150nm gave optical transmission of above

90% between 350nm and 675nm, as well as 900nm upwards (Parker et al. 2018). As
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the distance between lamellae in S. lerneri averages to 47.9nm, significantly shorter
than half the wavelength of any visible light and the adjacent lamellae are similar in
size, it seems probable that this same mechanism would also be in effect. However,
the important difference between M. castanea and S Lerneri is that M. castanea is
composed of chitin lamellae for over half its entire carapace, whereas these lamellae
only comprise 19% in the adult S. lerneri. As such, the effect these lamellae can have
on overall transparency is reduced. The solution is most likely a combination of all
these factors: a thin carapace overall means scattering and absorption are less
impactful; the smooth change between Rl gradients minimises the scattering that
still happens and the transparency mechanism of the chitin lamellae means they do

not increase scattering further.
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4.  Microstructural Analysis

4.1 Introduction

4.1.1 The Importance of the Carapace and Chitin

The carapace is essential for the protection of the crustacean it encompasses. Chitin
is essential to the overall strength of the carapace, and as such is found in specific
structures throughout most of the tissue (see section 3.3.1 ). These include ordered
hierarchical structures which contribute to the physical properties of the carapace.
The abundance and level of organisation of these chitin containing structures within
the carapace make chitin a potential target for nonlinear imaging. What is especially
promising, is that chitin has endogenous fluorescence and there is compelling
evidence that chitin has the properties required for emission of second harmonic
generation (SHG) signals (i.e. it is non-centrosymmetric) (Rabasovic et al. 2015).
Using chitin as a target for non-linear microscopy has not been carried out within
ostracods and establishment of a successful technique allows for a new method for

the measurement of chitin distribution within a carapace.

The aim of this chapter was to develop a method to acquire a chitin-derived signal
within the ostracod carapace using non-linear imaging in order to provide an overall
evaluation of its contribution to ostracod carapace structure. This will provide
specific component identification (chitin) to analyse chitin distribution throughout

the carapace, as opposed to the small volume viewed using electron microscopy.

4.1.2 Nonlinear Optics

Nonlinear microscopy is an imaging technique involving the use of nonlinear optics,
where the effects of the presence of light on the optical properties of a material
system do not react with a linear response, as commonly seen with conventional
microscopy. The response from the sample material is dependent on the strength of

the optical field in a nonlinear manner (Boyd 2008). This response varies depending
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on which order of nonlinearity is utilised. The experiments used in this chapter are
only investigating second-order optics, and so the other orders will not be discussed

(Campagnola et al. 1999; Boyd 2008).

As well as by order, nonlinear microscopy can be divided into whether the light is
coherent or incoherent in relation to signal phase and power. Incoherent microscopy
produces signals with a random phase and a power proportional to the concentration
of radiating molecules. Coherent microscopy however, produces signals with a
precise and predictable phase, determined by a range of factors and a power
proportional to the concentration of radiating molecules squared (Mertz 2004). The
experiments performed in this chapter use both coherent (SHG) and incoherent

(TPEF) signalling.

Nonlinear microscopy has been used for biological research for the last few decades
(Campagnola and Loew 2003; Oheim et al. 2006; Campagnola and Dong 2011) as the
process holds numerous advantages over other forms of light microscopy. One such
reason is a significant reduction of any phototoxicity or photobleaching that is seen
in microscopy utilising linear fluorescence methods (Campagnola and Dong 2011).
This is especially true in SHG, as the signal arises from induced polarisation rather
than absorption. The ability to identify specific materials or tissue without the need
for artificial tags such as green fluorescent protein (GFP) or dyes is another important
benefit. Other reasons include the generation of better optical contrast due to the
longer near infra-red wavelengths and deeper imaging of tissue less permeable by
conventional light microscopy wavelengths (Oheim et al. 2006; Rabasovic et al.
2015). Studying structures at a much larger scale than what has been observed at
the ultrastructural level (Chapter 3), may allow for the identification of potential
larger structural formations previously not observable., This is especially valuable
along the carapace (i.e. a direction parallel to the surface) as ultrastructural analysis

was mainly focused on layer formation through the carapace.
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4.1.3 Two-photon-excited-Fluorescence

Two-photon-excited fluorescence, unlike SHG, is based upon nonlinear absorbance
rather than scattering, with the near-instantaneous absorbance (a time window of
107%8s) of two low-energy photons that combined have enough energy to excite the
fluorophore. This required level of energy needs to approximately match the energy
difference between the normal ground state (So) and the excited state (Sz) (Fig 4.1).
This combination of photons in normal light conditions is extremely unlikely requiring
high light intensities to be observable (Goppert-Mayer 1931) typically a photon
density of 102°-103° photons/cm? (Oheim et al. 2006). After the absorption event has
occurred, the molecule undergoes a radiation-less loss of energy through internal
conversion to the state Si (Fig 4.1). While it is possible from this state to undergo
phosphorescence (Oheim et al. 2006), it is rare and so only fluorescence will be
discussed here. Once S1 is reached, molecules will return to the ground state, most
molecules will do so without emitting a photon and instead, the energy is converted
or transferred away from the molecule. Some molecules, however, will emit a photon
when returning to the ground state, this photon will have lower energy than the
combined total previously absorbed by the fluorophore due to the energy loss during
the conversion from S, to Si1. Due to the lower energy, the photon will have a longer
wavelength, and this reduced energy and increased wavelength is known as the
Stokes’ shift. The nonlinear, second-order nature of this mechanism and so the
requirement for two photons, means that the emitted fluorescence will depend upon
the intensity (number of photons per time unit and cm?) squared. This proportional
relationship between the emission and square of the excitation is limited by a

depletion in fluorophore ground states, known as saturation (Mertz 2004).
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So

Figure 4.1. A simplified diagram of TPEF excitation in relation to fluorescence based on
the Jablonski diagram. So shows the ground state of the fluorophore, S; is the activated
fluorescent state and S;is the temporary higher energy state. L shows the radiation-less
energy loss, p shows the photons, which combined give enough energy to reach the
higher energy level. F shows the energy loss to the base state from which some
fluorophores will release photons. (Campagnola et al. 1999).

4.1.4 Second Harmonic Generation

Second Harmonic Generation is based upon the process of an induced nonlinear
polarisation where two excitation photons interact with a material that emits a
photon in a coherent wave at exactly twice the incident frequency and half the
wavelength (Fig 4.2) (Campagnola et al. 1999). Unlike the nonlinear absorption
mechanism TPEF follows, SHG is based on nonlinear scattering. There is no loss of
energy due to the formation of an excited state, and so the emitted energy can
maintain its coherency (Reinhardt et al. 2017). Critically, SHG can only occur in a
material with a non-centrosymmetric structure such as birefringent crystals or

specific biological structures e.g. collagen fibrils (Campagnola et al. 1999).
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51

So

Figure 4.2: A simplified diagram of SHG scattering based on the Jablonski diagram. So
shows the ground state of the fluorophore, S is the activated fluorescent state. p shows
the photons, which combined give enough energy to reach the higher energy level. E
shows the energy loss to the base state from which will release photons. Figure modified
from Campagnola et a/ (Campagnola et al. 1999).

4.1.5 SHG and TPEF analysis on arthropod carapaces

Previous chitin analysis has found SHG signals derived from the carapace of other
arthropods, specifically two cave-dwelling insect species (Rabasovic et al. 2015).
These species do have some similarity to S. lerneri in that they have a thin chitin-
based carapace which is also depigmented. SHG signals have not been identified in
crustaceans. However, there exist numerous differences in the exoskeleton between
different crustaceans; from structural layout to mineral composition and such
differences between crustaceans and insects are even larger (Willis 1999). There has
also been a reported difficulty in replicating these published results as a second study
could not detect an SHG signal following 840nm excitation, although it was in the

cuticle of a bedbug, Cimex lectularius Linnaeus, 1758 (Reinhardt et al. 2017).

TPEF analysis has been somewhat more successful, with both of the aforementioned

studies identifying a TPEF signal from chitin (Rabasovic et al. 2015; Reinhardt et al.

2017), which was also observed in another study; nonlinear analysis of various cells

within Drosophila (Chien et al. 2011). The main issue with TPEF analysis of the
122



Ben Rumney Chapter 4 - Microstructural Analysis

ostracod carapace is identifying the source from which the signal is emitted
(Reinhardt et al. 2017). Unlike SHG, a purely chitin response, it is proposed that resilin
and potentially oxidated melanin, also contribute to the TPEF signal (Andersen 1964;

Reinhardt et al. 2017).

4.2 Experimental Design

4.2.1 Hypothesis

A chitin-derived SHG and/or TPEF signals can be identified from within the ostracod
carapace and will enable the characterisation of the distribution of chitin within

different ostracod instars.

4.2.2 Aims and Objectives

Overall Aim: To identify non-linear chitin-specific signals within the carapce for each
stage of the ostracod’s development in order to visualise chitin distribution and

guantify chitin content.

To achieve this a number of objectives will be pursued:

i) Determine optimal parameters (excitation and emission wavelengths) for
derivation of chitin nonlinear signals using a positive control sample, namely
chitin flakes.

ii) Using parameters determined in (i), identify nonlinear signals emitted from
ostracod carapaces.

iii) Determine a laser power that generates optimal signal response without
sample damage

iv) Optimise the chitin-derived nonlinear signal parameters in the carapace:

- Determination of optimal excitation wavelength
- Determination of optimal emission wavelength

v) Further identification of non-linear signal

123



Ben Rumney Chapter 4 - Microstructural Analysis

Vi) Determine differences in nonlinear signals and chitin expression through

ostracod developmental stages.

4.2.3 Method development

i) Determination of a nonlinear signal generated from a pure chitin positive

control sample

Before the investigation of the generation of nonlinear signals within the ostracod
samples, it was necessary to confirm that there were clear, recognisable SHG and
TPEF signals generated from crustacean chitin. As there has been confusion over the
presence of a consistent signal (Reinhardt et al. 2017). Therefore practical grade
purity, coarse chitin flakes (section 2.4.2.2) were mounted in air under a coverslip
and excited at 920nm using 20% total laser power. Emission spectra were acquired

over 398-698nm, through 3nm slit widths.

ii) Determination of a nonlinear signal in ostracod samples

Samples, in triplicate, were excited at 800nm as lower excitation wavelengths have
greater signal response (Rabasovic et al. 2015) and forward-scattered SHG signals
were collected by a NDD.2 detector (described in 2.4.3) with a 400/12nm filter, whilst

back-scattered TPEF signals were collected with a BiG.2 with a 505/119nm filter.

iii) Determination of optimal laser power to generate an optimal signal

response without sample damage

Since nonlinear signals have been generated from chitin using 800nm excitation

wavelengths previously (Rabasovic et al. 2015), 800nm was set as the lower limit.
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Laser power was tested at excitation wavelengths of 800nm, 840nm, 900nm and

1000nm to cover the potential range of wavelengths for future experiments.

Laser powers were tested in triplicate samples and included 5, 10, 15 and 20%, with
exposure times ranging from 3-30 minutes, dependent on sample damage at time of
imaging. Initial imaging started at 20x, however the majority was carried out at 40x

for the highest generation of signal and the greatest level of damage.

iv) Identification and optimisation of nonlinear signals

a. Determination of optimal excitation parameters for nonlinear imaging of

ostracod carapace chitin:

An excitation spectral scan was carried out to try and identify optimal excitation
parameters for both TPEF and SHG signals. The samples were subjected to an
excitation wavelength range of 700 to 1000nm, with an emission wavelength filter of
400nm/12 for the forward-propagated SHG, 505nm/119 for the back-propagated
TPEF. Additionally, a 690+ beam splitter was used to filter out signals above 690nm.
To record the correct results for all samples it is important to maintain a consistent
level of energy at every wavelength. Changes in the wavelength will cause an
associated change in laser power, with longer wavelengths having lower energy
photons. Therefore, for all experiments involving multiple excitation wavelengths,
the laser power had to be calibrated with the excitation wavelength to produce equal
energy. This prevents shorter wavelengths incorrectly showing a higher emission
signal due to the greater amount of energy used. A macro based on the calibration
table (table 4.1) was modified from a pre-existing energy calibration calculation used
for excitation analysis and the proportional change between each set laser power

was used throughout these experiments.
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Excitation Wavelength Laser Power | Excitation Wavelength | Laser Power
(hm) (%) (nm) (%)
840 2.8 960 15.1
850 3.2 970 18.1
860 3.6 980 20.9
870 4 990 243
880 4.4 1000 28.9
890 4.8 1010 35.9
900 5.8 1020 42.4
910 7.2 1030 49.2
920 8.6 1040 58
930 9.8 1050 73.5
940 11 1060 100
950 12.9

Table 4.1: Laser power levels at increasing excitation wavelengths for maintenance of
constant energy levels to sample. The calibration was based on starting from 840nm
and the increase in laser power is nonlinear, with the later wavelengths requiring a
substantial increase in power percentage.

b) Determination of optimal emission parameters for nonlinear imaging of

chitin:

Ostracod samples were cut into sections, both with and without BMMA resin were
subjected to nonlinear microscopy to ascertain whether BMMA resin interfered with
chitin signal generation. Firstly, samples with BMMA resin were analysed. To
determine optimal excitation, emission wavelengths and power usage, a series of 6
spectral emission scans (using 10nm emission slit widths) were performed over a
range of excitation wavelengths from 840nm to 990nm, increasing in 30nm intervals.
The emission signals over 690nm were excluded from the internal detector by an
internal 690+ filter. All emission spectral scanning was performed with a pixel dwell

time of 8.24s with line averaging of 16.

126



Ben Rumney Chapter 4 - Microstructural Analysis

Since SHG signals could not be detected within triplicate BMMA embedded ostracod
samples, an additional optimisation step was needed to remove BMMA resin i.e.

‘deplasticising’ sections.

¢) Removal of BMMA resin
To confirm whether an SHG signal could be seen within ostracod sections following
BMMA resin removal (see section 2.5.4 from chapter 2 for deplasticising procedure),
a series of emission spectral scans were carried out on deplasticised samples.

Spectral imaging was performed using the parameters described above in section b).

v) Further Identification of Second-Order Signal via Powermeter

measurement

Powermeter readings were taken multiple times per minute and after a minimum of
10 minutes, values were averaged to a mean per percentage laser power. To
generate a value for laser power that considered changes in the laser power caused
by constant use, the values were taken again after the machine had been in near-
constant use for 5 hours running different experiments. The two sets of data were

compared and a mean of the two values was taken to account for the changes seen.

To reinforce that the signal coming from the samples is truly a second order signal,
the rate of reaction can be calculated. Plotting the log-log plots of the power
interacting with the sample against the singal emitting from the sample will give a
line equation with the gradient being representative of the order of the reaction. SHG
imaging of rat tail tendon collagen was used as a positive control to confirm that a
second-order relationship was seen, due to its strong second-order signal. Next, the
same was performed for the adult ostracod carapaces for comparison. Images of rat
tail tendon, a positive control for a collagen-derived SHG signal and the S. lerneri
carapace were generated at 2%, 4% and 6% laser power and log signal against log

power plots created for both.
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vi) Nonlinear imaging of different ostracod developmental stages

All sample (n=5 per developmental stage) BMMA sections were deplasticised and
mounted in PBS. Spectral imaging was performed at an 840nm excitation wavelength
at 10% total power throughout an emission wavelength range of 400nm to 600nm,

with a 10nm slit.

a) Comparison of chitin-derived emission spectra

The shape of each emission spectrum curve (containing both SHG and TPEF signal
data) was normalised to the peak signal value, so that the highest peak of each curve
was set to 100. Then intra-instar spectra and inter-instar spectra were compared
using Kruskal-Wallis, followed by analysis with Dunn’s test, using a Bonferroni
corrected significance level. Since, significant differences were observed, Kruskal-
Wallis analysis was repeated on data derived from the SHG (420-450nm) or TPEF

(483-583nm) parts of each spectrum to determine which curves were consistent.

b) Analysis of chitin contribution to carapace through developmental stages
Lambda stacks acquired were converted into binary images in Image J; to quantify
SHG pixels (i.e. white pixels) derived from chitin as a percentage of total pixels within
the carapace. To do this three region of interests (ROI) were selected to encompass

the full width of each carapace (n=5 per developmental stage).

Using the measure tool. Each image selected was the 430nm (which was both close
to the centre of SHG peaks seen and the theoretical truest SHG signal of 420nm)
emission image taken from the emission lambda stack/montage so that only chitin

derived SHG signals were quantified.

Vii) Statistical Assumptions

For the powermeter reading, log-log plot testing and pixel analysis, a normal
distribution was assumed following Kolmogorov-Smirnov testing. Kurtosis and

skewness were seen to be between +1.5 for all data sets.
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Kolmogorov-Smirnov testing showed non-normal distribution for the spectrum data,
therefore non-normal distribution was assumed and Kruskal-Wallis analysis and

Dunn’s test were used.

All data generated from these sample populations was assumed to be done via
random independent sampling as samples were chosen at random from their groups
and no emphasis was put on selecting images based on their structural features or
non-linear properties. Equal variance between the populations was also assumed

due to equally sized testing groups.

4.3 Results

4.3.1 Determination of a nonlinear signal generated from a pure chitin
positive control

Excitation of chitin flakes at 920nm, using 20% total laser power, generated nonlinear
signals over the emission range 398 - 695nm. The SHG signal (Fig 4.3a) was identified
as a sharp peak at an emission wavelength of 460nm (i.e. at half the original
excitation wavelength). The TPEF signal derived from chitin flakes (Fig 4.3b) was
represented by a broad peak within the emission spectrum, ranging from 480 to

670nm, with a peak around 536nm.
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Figure 4.3: Nonlinear signals emitted from purified chitin flakes. Purified chitin excited at
920nm generated a a) SHG signal (emission wavelength: 455 - 465nm) and a b) TPEF signal
(emission wavelength: 480 — 670nm) with c) the emission spectrum denoting the
positions of the SHG and TPEF signals.

4.3.2 Determination of a nonlinear signal in ostracod samples

Nonlinear signals, forward-scattered SHG and TPEF, were emitted from the ostracod
carapace (Fig 4.4). The forward scattered signal was present throughout the entire
valve (Fig 4.4a). This widespread signal was consistent with chitin’s ubiquitous
dispersal throughout the carapace (as discussed in chapter 1). TPEF was derived from

specific structures, including a central supporting structure throughout the valve and
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the attachment of an additional limb (Fig 4.4b). TPEF distribution differed from that

of SHG signals, as it was observed throughout the valve.

posterior
posterior

anterior b

posterior

Figure 4.4: Maximum intensity projection of nonlinear signals emitted from an ostracod
valve. a) Forward scattered signal collected at SHG’s predicted emission wavelength,
394-406nm; pseudo-coloured green b) Back scattered signal collected at a range within
TPEF’s predicted emission wavelength, 445.5-564.5nm and pseudo-coloured red. c) An
overlap of both images shows that two distinct signals are emitted from the sample.
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4.3.3 Determination of laser power for optimal signal response without
sample damage

Before further nonlinear microscopy of the ostracod samples was undertaken,
determination of the optimal laser power was performed, to assess optimal signal

production, without causing damage to the sample from the beam energy.

In BMMA-sections of S. lerneri at 800nm excitation, no sample damage was seen
when the applied laser power was at 5%, 10% and 15% for 30 minutes. Mild damage
was evidenced as the creation of a small bubble following three minutes at 20% laser
power (Fig 4.5b). Significant damage was identified at nine-minutes with the
generation of multiple bubbles taking up a significant portion of the image, as seen
in figure 4.5c. 15% was deemed the maximum safe power level to ensure negligible

sample damage in BMMA sections at 800nm.

Figure 4.5: The effect of 20% laser power on samples in BMMA sections at 800nm at 20x
0.8NA, Phase contrast images acquired a) pre-laser exposure, b) post 3-minutes laser
exposure indicating early damage and c¢) major sample damage observed at 9 minutes.
Examples of sample damage are denoted by red arrows. Scale bars are 500um.

The effect of laser power over exposure times was also tested in tissue sections
following removal of BMMA. Analysing laser damage, using a 40x objective lens, no
damage was identified following excitation at 840nm with laser powers below 40%
for thirty minutes exposure. At 40% laser power, the damage was seen after three
minutes with a small amount of disintegration around the edges of the carapace.

Extreme damage followed at about four-minute exposure with significant portions of
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the sample destroyed (seen in Fig 4.6a-c). 20% laser power was deemed the optimal

power level to use at 840nm in deplasticised tissue sections.

At 900nm excitation, in deplasticised tissue sections, sample damage was negligible
up to 30% laser power, with mild damage at eleven minutes exposure and moderate
damage after thirty minutes (Fig 4.6d-f). 25% laser power was deemed the optimal
power level for 900nm excitation. At the 1000nm excitation wavelength, as the
overall laser energy is substantially reduced, mild damage was observed only after
30 minutes exposure of 100% laser power (Fig 4.6g-i). Therefore 90% laser power
was determined to be the optimal power level for 1000nm. While this power
optimisation experiment did not test any longer wavelengths, it would be safe to
assume any experiments carried out at a wavelength significantly longer than

1000nm could be safely carried out at 100% laser power
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1000nm 1000nm 1000nm

Figure 4.6: The effect of laser power on deplasticised, damaged tissue sections at various
excitation wavelengths. Examples of damage are shown via red arrows. Phase contrast
images acquired following excitation (a-c) at 840nm using 40% laser power, (d-f) at
900nm using 30% and (g-h) at 1000nm using 100% a) Initial pre-laser image b) post 3
minute laser exposure indicating early damage c¢) major sample damage observed at 4
minutes. d) Initial pre-laser image. e) post 11 minute exposure showing initial damage. f)
End of test at 30 minutes showing damage to the sample. g) Initial pre-laser image h) post
15 minutes showing no damage had been caused to the sample, i) End of test at 30
minutes where mild damage can be seen. Scalebars were 100um.
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4.3.4 ldentification of nonlinear signal from BMMA embedded samples
and optimisation of nonlinear parameters

A strong TPEF signal was emitted from 445-565nm in the BMMA embedded carapace
tissue sections following 840nm excitation (Fig 4.7). However, the signal within the
SHG wavelength range, emitted at half the excitation wavelength, was not produced

from the chitin-rich carapace.

Figure 4.7: Maximum intensity projection of nonlinear signals derived from an
ostracod BMMA section. Red: TPEF wavelength. Green: SHG. Arrowheads mark the
carapace.
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4.3.5 Determination of optimal excitation and emission wavelengths

An excitation spectral scan (excitation wavelength range between 700 and 1000nm,
emission wavelengths: 394-406nm) was carried out to identify both nonlinear signals
and the optimal excitation wavelength. Excitation lambda stack montages (Fig 4.8)
showed a strong signal between 700nm and 810nm, before gradually decreasing.

This was indicative of a TPEF signal response, which had a characteristic broad peak.

Based on the excitation lambda montage, an SHG signal could not be interpreted.
The characteristic strong signal with a narrow range centred at half the excitation

wavelength was not identified. To determine if an SHG signal underlied the TPEF

signals, a series of emission spectra at constant excitation wavelengths were

Figure 4.8: Excitation lamda stack of ostracod sections in BMMA over 700nm and
900nm, in 10nm steps. The strong signal between 700nm and 810nm, before slowly
decreasing is indicative of a TPEF signal response.
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undertaken in an attempt to separate any SHG peak from the broad TPEF signal.
Results identified a strong signal, with a broad peak, consistent with that of TPEF in
all excitation ranges (Fig 4.9, Fig 4.10). However, no second peak, indicative of an
SHG signal was observed at the half excitation wavelength. Signals acquired after

excitation at 870nm and 900nm were of a much higher intensity than that of the

others.

Figure 4.9: a) Emission lambda stack, 403 - 663 nm, following excitation at 840nmin
BMMA embedded ostracod sections. b) Montage of emission lambda stack images, at
10nm increments. Pixel intensity values were extracted from the regions of interest,
denoted by red circles.
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Fig 4.10: Relative intensity of emission spectra from ostracod BMMA sections at
different excitation wavelengths, between 840nm and 1020nm. All emission spectra
show a TPEF curve, with 870nm and 900nm having a significantly increased signal, but
no SHG peaks. Error bars shown are #SE.

4.3.6 lIdentification of nonlinear signals within deplasticised ostracod

sections

To determine whether an SHG signal was masked by the presence of BMMA resin,
emission spectra were repeated (see section 4.45) in deplasticised ostracod tissue
sections (i.e. BMMA resin removed). A TPEF signal was easily identified, similar to
that in BMMA- sections, in all excitation wavelength ranges. However, unlike the
BMMA embedded samples, when emission spectral intensities derived from ROls
within the ostracod carapace were taken (Fig 4.11), a secondary peak was observed
within the emission spectra at the shorter excitation wavelengths (Fig 4.12). This
peak centred on half the excitation wavelength; indicative of an SHG signal. This peak
was seen when the sample was excited at 840nm, 870nm and 900nm, with no

evidence of a stronger TPEF signal ‘swamping’ the SHG signal.
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Figure 4.11: a) Lambda stack of emission spectra emitted at 840nm excitation, acquired

using 40x objective. The purple coloured signal is representative of the wavelength band
SHG would be produced from. Values for the intensities were taken from three ROl from
the carapace. Ex stands for exocuticle and is the layer showing in mostly green, En stands
for endocuticle and is the layer shown in purple (SHG signal emission) b) Montage of
individual emission scans at set 10nm wavelengths that combine to form the lambda
scan for one excitation wavelength.
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Fig 4.12) a) The expression intensity of each emission spectrum at laser excitation
wavelengths 840nm to 1020nm. All curves show a broad TPEF curve however the signals
between 840 and 900 show a shorter wavelength, SHG peak. b) The curves for 870nm
and 900nm to show in better detail the expression at the SHG peak. Arrowheads point
towards the range of the SHG peak and brackets show the range expected for the SHG
curve.

4.3.7 Further Identification of Second-Order Signal via Powermeter

measurement

An additional validation of second-order signals is an analysis of the rate of the signal
to power increase. So to fully ascertain that the emission signals given by the
carapace samples were second-order reactions, in addition to the checking the shape
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of the peak and the range of the emission wavelengths, the signal order can be
determined from the gradient of a log-log plot of the excitation power against the

emission signal strength (Theodossiou et al. 2006).

Power levels at the sample position (at-sample) were found to be higher after 5 hours
of use than the initial point, despite the laser being set to an identical power level
throughout (Fig 4.13). Not only was there a difference in the at-sample power, but
this difference increased with higher laser power levels. The difference is lowest at
1%, with a change of 0.71mW, and increased to 1.93mW at 2%, 2.97mW at 3%,
4.07mW at 4%, 4.88mW at 5% and finally 5.94mW at 6%. All changes were

statistically significant at p>0.001.
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Figure 4.13) The at-site power level readings of the laser at different percentages

both pre and post 5 hours of use. All readings post-use are significantly higher than
pre-use, *** represents ( p<0.001)

The relationship between log Power at the specimen versus the log laser power was
linear (Fig. 4.14), with a gradient of almost 1 (0.9981), meaning the energy reaching

the site was linearly related to the energy at the laser, with no higher-order effects.
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The collagen sample gave a linear equation of y=1.857x+0.236, showing a gradient
of near 2. The combined non-linear signal derived from the chitin within the carapace

in the ostracod sections generated a linear equation with a gradient of 1.2379 (fig.

4.15).
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Figure 4.14 The linear relationship between the log of the power measure at site and
the log of the laser power (as a percentage of the maximum laser power).
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Figure 4.15: Log-log plots showing the log of the laser power against the log of signal
expression showing the dependence of a) rat tail collagen signals and b) adult ostracod
carapace signals as a function of laser power.
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4.3.8 ldentification of differences in nonlinear signals during ostracod

instar development

To test whether there were any changes in the chitin distribution along the carapace
during the lifetime of the ostracod, additional emission spectral analyses were
carried out at 840nm excitation (Fig 4.16). This seemed to be the optimal SHG
emission from previous emission spectral analysis done on the adult carapace.
Regions of interest (ROI) were taken from all developmental stages. Analysis of the

emission values shows that the samples all contain the specific SHG peak.

Figure 4.16: Lambda stack images of example emissions spectra at 840nm excitation for
a) instar 1 b) instar 4 and c) adult instars using a 40x magnification objective lens. Pixel
values for intensities were taken from each ROI, identified by the red circle.

The shapes of the curves showed a difference between the mean ranks and so a
difference in the shape of the curves (p=0.003) (Fig 4.19). Dunn’s pairwise tests were
carried out for comparison between the instars at all wavelengths. A significant
difference was seen between instar 4 and instar 3, instar 4 and the adult and instar
5 and the adult (p=0.029, p=0.002 and p=0.027) respectively, adjusted using the

Bonferroni correction).
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Figure 4.17: a) Expression intensity for emission spectra at 840nm excitation for all
developmental stages. b) The relative intensity for each instar when normalised. The
dotted lines represent the area selected for SHG (423-453nm) and TPEF (483-593nm)
expression for comparison between the samples.
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Figure 4.18) Emission spectra at 840nm excitation for a) instar 1, b) instar 2, c) instar 3, d) instar 4, e) instar 5, f) adult. The dotted lines represent the area selected

for SHG (423-453nm) and TPEF (483-593nm) expression for comparison between the samples.
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Kruskal-Wallis analysis with Dunn’s tests between the samples within each instar
showed a small amount of deviation. Instar 1 showed one significant difference,
instar 2 showed two, instar 3 showed three, instar 4 showed one, instar 5 showed

two and the adult showed two.
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Figure 4.19: Distribution of the normalised spectrum values across each instar. Instar 4
showed a significantly different distribution to instar 3 and the adult, instar 5 was
significantly different to the adult. ° represents an outlier greater than 1.5x the height of

the box, % represents an outlier greater than 3x the height. * represents p<0.05 and **
represents p<0.01.

The spectra were split into their SHG and TPEF wavelength sections to judge where
the significant difference between the instars was located. Kruskal-Wallis analysis
with Dunn’s pairwise tests carried out on the SHG wavelength range (420-450nm)
(Fig 4.20a) showed no significant difference between the instars (p=0.582). Identical
analysis carried out at the TPEF range (483-583nm) (Fig 4.21b) showed strong

significant deviation between the instars (p<0.001).

147



Ben Rumney

Chapter 4 - Microstructural Analysis

100_ I 1 I
S % —
= 1 L
& 60-
v
g 40 T
2 20- 1
)
< 0 I ] 1 1 I 1
a 1 2 3 4 5 Adult
Instar
3 80— ] * k - : L X :
¢ I 1
- = =
& 604 T T
3 - ——
@
240 - = , .
© - * %
g - | 1
g 20- —
I 1 I 1 1 1
b 1 2 3 4 5  Adult
Instar

Figure 4.20: Distribution of the normalised spectra values across each instar a) at the
SHG section (420-450nm), which showed no differences and b) the TPEF section (483-
583nm) that showed numerous significant differences between the instars. ° represents

an outlier greater than 1.5x the height of the box, % represents an outlier greater than

3x the height. * represents p<0.05, ** represent

Chitin derived signals were strongly expressed
seen that instar 4 and 5 do not show any signal
it can be seen that instar 1 had a significantly h
derived signal at 85.5£10% compared to instar

significant difference was seen between any of

s p<0.01 and *** represents p<0.001.

in every instar (Fig 4.21), it can be
within the centre. From figure 4.22
igher pixel percentage of chitin

4 at 66.87.6% (p=0.03). No

the other instars. Instar 2 had a pixel

percentage of 78.3+4.2%, instar 3 69.9+4.2%, instar 5 67.518.6% and the adult

showed 79.7+8.2%.
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Figure 4.21: ROl selected from an instar carapace samples at the 430nm emission window, a-f) showing proportional chitin expression, ROl are
based on the width of each individual carapace. All pixels that are white are from SHG signal given off at 430nm emission from the chitin. Scale
bars are 50um
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Figure 4.22: Percentage chitin contribution to carapace in different developmental

stages. A decrease in percentage chitin contribution was seen from instars 4. Error bars

were generated with £ SD and * represents p<0.05.

4.4 Discussion

To this author’s knowledge, there is no previously described research data
concerning the emission of nonlinear signals from chitin in crustaceans, and only a
few reports in arthropods (Nie et al. 2012; Rabasovic et al. 2015; Reinhardt et al.
2017). The distinction between crustacean and arthropods is important to make as
there are numerous differences between the exoskeletons of these two sub-phyla,
particularly in the level of cuticle mineralisation (Willis 1999; Hild et al. 2009;
Fabritius et al. 2016b).

Calcium especially is an integral part of the make-up of the crustacean cuticle, in
which it completely encloses the chitin fibrils on multiple hierarchical orders (Seidl et
al. 2011; Ruangchai et al. 2013). This high level of calcium is known to affect the
density and orientation of chitin fibrils (Seidl et al. 2011; Huber et al. 2015). By

contrast, calcification is extremely rare in insects and would be unlikely to be seen in
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the Plusiocampa christiani Condé and Bareth, 1996 described by in Rabasovic et al.
(2015), the bedbug Cimex lectularius from Reinhardt et al. (2017), or in the wings of
the flies studied by Nie et al. (2012). While the calcium does not bind to the chitin at
a molecular level and so would not affect its symmetry (or lack thereof), it does cause
chitin to be more dispersed and potentially less organised, therefore may affect the
amount of SHG signal generated. Combined with this is the fact that, to this author’s
knowledge, this is the first case of nonlinear imaging of cuticle tissue sections, rather
than of the entire animal. This will significantly reduce the available amount of chitin
within the sample and the area from which the signal can be generated. However, it
will enable easier identification of signal emission, and also a more accurate mapping
of signal location. Fortunately, the consequently lower levels of chitin did not have a
negative impact on signal emission, as can be seen from the results above. An SHG
peak was seen with spectral curves, as a separate peak at an emission wavelength
half that of the excitation within a very narrow band, and also qualitatively expressed
within the inner layers of the carapace in emission spectra lambda stacks. This
narrow, steep band is attributed to the SHG’s maintenance of coherence (Reinhardt

etal. 2017).

Initial sectioning was carried out via cryosectioning with the samples embedded in
Optimal Cutting Temperature (OCT) compound and then analysed with nonlinear
microscopy. However, because of the hardness of our material and the relative
softness of the OCT compound, the sectioning of the samples led to a ‘smearing’
effect, leading to an inability to generate suitable tissue sections for imaging. Instead,
a resin known as butyl-methylmethacrylate (BMMA) was utilised as the embedding
medium, as BMMA has been previously used for nonlinear imaging (Parfitt et al.
2012). However, when previously used, SHG signals were generated from the
samples prior to deplasticising as the BMMA did not block the signal. However, in
this current study BMMA appeared to affect signal generation, although it is not
understood why this was the case. In the study by Parfitt et a/ (2012), SHG was
emitted from collagen in the mouse eyelid and tarsal plate and it is likely that the
amount of collagen was significantly higher than the amount of chitin within the

ostracod carapace. If this was the case it could mean the BMMA diminishes the
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amount of SHG signal from the chitin enough to cover it by background noise.
Another potential possibility could be that the BMMA resin reacts in some way with
the chitin to affect its non-symmetrical centre but does not do so with collagen. As
the signal was observed once the BMMA had been removed, any potential reaction

between the two is reversible to some extent and so should not affect these results.

Identifying a weak SHG signal from a strong TPEF one can be problematic. Stokes’
shift should theoretically prevent the signals from overlapping and should allow for
easy separation of the two signals, however problems can arise from practical issues
of the equipment. The beam passes through the microscope, including the focusing
lens, and interactions with this and the environment could cause a potential drift
from the set signal ranges. This means it is possible for signal seen within the
predicted SHG range to instead be TPEF signal and for there to be no actual SHG
signal at all. Ideally, a strong SHG signal would be seen in a very narrow excitation
band and no signal would be seen elsewhere. If the SHG signal was stronger than the
TPEF, it would be easily identifiable as one of the TPEF images would be much
brighter than the others. However, if the SHG is a weaker signal than the TPEF, any
potential signal would be ‘swamped’ by the much more powerful TPEF signal. If this
were the case it would be impossible to know whether the signal was SHG or TPEF
purely from its excitation wavelength. This can cause significant confusion and so the
SHG signal validation required multiple stages; including the shape of the signal to

wavelength curve and the log-log response of the signal to power relationship.

More importantly for the TPEF signal is the cuticle composition. Due to the potential
multiple origins of the TPEF signal, this cannot be as clear cut as the SHG signal.
Rabasovic et al. (2015) analysed the insect P. christiani carapace because its low
levels of pigment, protein and minerals would prevent interference (Rabasovic et al.
2015). Previous literature has reported on the numerous components that
autofluoresce within the crustacean cuticle, with the main factors including chitin,
resilin and potentially melanin (Reinhardt et al. 2017). Not only this but both the
amount of resilin and the degree of resilin crosslinking, which greatly impacts on the
autofluorescence, varies between cuticles (Neville 1975). As such it is difficult to

ascertain whether the entire TPEF signal is derived from chitin, even if the
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parameters are optimal for chitin autofluorescence. However, the resilin
autofluorescence is emitted from two amino acids, dityrosine and trityrosine
(Andersen 1964), following ultraviolet excitation (Burrows et al. 2008). In this current
study, excitation wavelengths were too long (minimum 800nm) to excite resilin, and
therefore resilin is unlikely to contribute to a potential signal. Furthermore, melanin,
another endogenous fluorophore in crustaceans (Needham 1949; Horst and
Freeman 1993), is unlikely to present (or will be at extremely low levels) in the

carapace of Skogsbergia lerneri due to its transparency.

Since an SHG signal emitted from chitin was successfully identified in this study, the
derivation of the TPEF signal (even though most likely to be from chitin as discussed
previously) was not further investigated. SHG signal analysis was determined to be
an effective tool for quantifying relative chitin content within the carapace at the

different developmental stages.

However, It is worth noting that TPEF requires further investigation and if a better
method of chitin isolation could be utilised TPEF could be an important tool for

assessing carapace development and could prove useful in future experiments.

From the spectral imaging of ostracod carapaces, the SHG signal follows a pattern of
expression which encompasses the outermost parts of the ostracod body matching
to the carapace and so can be said to be emitted from the carapace. It can be seen
that the majority of this signal was identified as being emitted specifically from the
endocuticle, the inner layer of the carapace, which is almost entirely comprised of
chitin (Vincent and Wegst 2004). Therefore, the carapace signal was determined to

be derived from chitin.

Additionally, concerning the SHG signal, it is worth noting that the log laser power-
log signal power plot of the SHG signal derived from the ostracod carapace had a
gradient of 1.24, versus 1.85 from rat tail tendon collagen. This may be a result of
rat tail tendon predominantly consisting of collagen |, (known to generate an intense
SHG signal as a result of its non-centrosymmetric nature (Theodossiou et al. 2006).

Therefore collagen type | generates a very strong second-order response. In contrast,
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chitin is not distributed throughout the entirety of the ostracod carapace, and so may

give a weaker signal.

What is more interesting is the results from the pixel analysis, which shows no
significant pixel percentage difference except the decrease from instar 1 to 4. As the
ROI of these was modified to accommodate the change in size of the carapaces, what
is shown can be interpreted as the change of chitin proportion within each instar’s
carapace. No significant change implies that most instars have chitin cover a very
similar proportion of the carapace, which grows and maintains around 60-80%
coverage throughout the ostracod’s lifetime. The decrease seen at instar 4 may be
due to its middle stage of development. The smaller size of the earlier instars means
that the chitin shows a high proportion of the overall carapace, whereas the larger
carapaces have thicker chitin containing layers (as seen in chapter 3) which would
show more signal. Instar 4 might be in a compromised middle point, where it is not
developed enough to gain significantly more chitin but is large enough that the
smaller chitin levels are no longer significant. Instar 3 seems to follow the same trend
as instar 4 on the bar chart, although it was not significantly lower than instar 1
(p=0.09) and as the other middle instar (S. lerneri has 6 instars) (Cohen 1983) it would
be the other carapace to show a reduced signal if this central developmental stage
reduction was true. Further research from larger sample sizes and a higher resolution
(for more accurate pixel distribution) would help increase the statistical power and

help to see if there is this trend that is implied by the shape of the graph is valid.

Despite the large changes in the size of the ostracod towards the end of its
development, significant changes in total chitin or chitin content as a percentage of
total carpace were not identified. The only significant difference between
developmental stages observed was lower percentage chitin at instar 4, compared
to that at instar 1. This decrease in chitin contribution could be due to the fact that
the younger, smaller ostracods merely do not have the space to store enough
components to make a thicker carapace immediately. It is known that for some
components of the carapace, for example calcium, crustaceans will only use internal
stores (Glotzner and Ziegler 2000) immediately before moulting. Ostracod mothers

keep their eggs inside their carapace for protection and fertilisation, however, this
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protection is removed once the eggs are laid and the new ostracods hatch. So an
immediate priority of the young ostracods could be collecting as many resources as
they can for moulting until they have reached a perceived ‘safe’ thickness of carapace
before slowing down towards adulthood. This would tie in with defences against
predation, as if the ostracod developed chitin at a linear rate, it would mean having
a weaker carapace for longer. As has been previously described chitin is influential in
increasing the protection of the carapace (Raabe et al. 2005a; Raabe et al. 2005b)
and so it would seem appropriate that the ostracod would attempt to reach a ‘safe’

level of chitin as soon as possible.

Unfortunately, at this point it is unknown what exact concentration of chitin exists
within the ostracod samples, however the pixel analysis showed the % chitin
contribution. Future work will include the development of techniques to quantify the
exact levels and organisation of chitin within the carapace layers to determine how

this alters over the six developmental stages.

In conclusion, an SHG signal derived from chitin has been established, that
demonstrated chitin distribution within the ostracod carapace over a number of
developmental stages. Since this work provided a two-dimensional view of the
ostracod carapace, future work will be focussed on 3D analysis to complement the
SBFSEM imaging already done. Image stacks can be utilised to generate a three
dimensional model of chitin distribution throughout the entirety of the carapace, at
different development stages. To accommodate this 3D imaging, thicker sections will
need to be taken to process tissue faster, which cant be taken on an ultramicrotome
and so a different cutting method will need to be established. Additionally, it is
anticipated that the evaluation of such models at different stages of moulting will

provide a greater understanding of how new carapace is formed at each instar.

155



Ben Rumney Chapter 5 - Elemental Analysis

Chapter Five

Elemental Analysis

of the Carapace
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5. Elemental Analysis of the Carapace

5.1 Introduction

5.1.1 Elements within the Carapace

As has been previously mentioned, calcium is a major component of the crustacean
carapace and has a protective function, with magnesium and potassium playing a
role in the expression of specific forms of calcium (Reddy 1977; Addadi et al. 2003;
Al-Sawalmih et al. 2008; Fabritius et al. 2016b). However, the specific composition
and distribution of the minerals within the carapace could be as important to the
eventual strength of the exoskeleton as the architecture itself. All layers within the
carapace contain varying levels of calcium carbonate in various forms (known as
polymorphs) (Al-Sawalmih et al. 2008) but the compound is especially prominent in
the crystalline endocuticle layer (Kesling 1951b). De Deckker states that Podocopida
ostracod valves are low-Mg, having <5% Mg within their calcite matrix (De Deckker

2017).

It is important to bear in mind when discussing mineral levels within ostracod valves
that the mineral concentration for ostracods varies wildly, and that numerous factors
can change values between individual members of the same species or even between
the valves of different instars of the same ostracod (Morishita et al. 2007). Rather
than just being a pre-set of inflexible conditions based purely on an ostracod’s
genetic factors, it is instead a highly adaptive template that is influenced by
numerous environmental factors. The most obvious of these is the availability of the
minerals themselves and for this reason, marine arthropods are more mineral heavy
than their non-marine counterparts (Holmes and Chivas 2002; Hild et al. 2009;
Fabritius et al. 2016b). Other factors also play a role however, including reactionary
influences that can affect the degree of crystallisation, which can in turn influence
mechanical properties on an individual level (Huber et al. 2015). There has been
evidence to suggest that, unlike with other biological CaCOs-containing tissue (Seidl

et al. 2012; Huber et al. 2015), crustaceans can exert a degree of control over the
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orientation of their crystals and conversion between amorphous calcium carbonate

(ACC) and other polymorphs (Addadi et al. 2003).

Mineral distribution is another important factor to discuss, and it has been shown
that marine ostracod valves do not display a homogenous distribution of Ca or Mg
throughout the valves (De Deckker 2017). Instead, electron microprobe analysis has
shown three bands throughout the thickness of the carapace (Morishita et al. 2007):
a high-Mg, Sr-rich outer band; a heterogeneous low-Mg, low-Sr middle band and a
high-Mg, high-Sr inner band. The differences in this distribution of Mg was suggested
to be due to the shape of the carbonate grains. In the Neonesidea oligodentata
Kajiyama, 1913, the carbonate grains in the inner Mg-rich layer were coarser than
other layers indicating a relationship between the kinetics of carbonate formation

and the carapace chemistry (Morishita et al. 2007).

The distribution of the forms of calcium carbonate is also heterogeneous, calcite is
almost only found in the exocuticle, whereas ACC can be found throughout the valve
(Fabritius et al. 2016b). Amorphous calcium phosphate (ACP) has been found
previously to occur in the mineral phase of the valve and has been shown to stabilise
ACC (Reddy 1977; Fabritius et al. 2016b). The amount of ACP was seen to widely vary
across different species, ranging from 7.5%-18% (Hild et al. 2009; Seidl et al. 2011;
Fabritius et al. 2016b). However, while phosphorus is a commonly used stabiliser of
ACC, it is not essential. There are numerous other compounds that have been
suggested to fulfil the same role such as citrate or phosphoenolpyruvate (Habraken

et al. 2015) and so it not guaranteed that ACP will be found near ACC.

Calcite is not only found solely in the exocuticle and it is also not smoothly distributed
within the layer, instead usually being found in a few ‘clusters’ (Al-Sawalmih et al.
2008). Previously studied myodocopid species have been shown to differ in
composition compared to all other orders of ostracods as they have replaced

crystalline calcium carbonate, such as calcite, with ACC (Sohn 1969).

5.1.2 X-ray Analysis
X-ray radiation can be used as a structural probe in a number of different ways; either

the x-ray beam is scattered as in x-ray diffraction or the atom absorbs the beam and
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ejects one of its own electrons leading to another x-ray being emitted that is

characteristic of the sample composition (Warren 1990).

X-ray diffraction follows a similar principle to that of WAXS and is based on the angle
of the scattered x-ray beam after its interaction with repeating patterns of either

individual atoms or molecules within the sample as described in chapter 3.

X-ray fluorescence (XRF) utilises the second category of x-ray analysis, the absorption
of the x-ray energy by the material and the generation of characteristic x-rays from
this interaction. When the beam hits the sample, part of the energy is transferred to
the sample atoms, allowing a ‘core’ electron to jump to a higher energy orbital, a
core electron being a non-valence electron which does not undergo interaction with
external electrons (Rassolov et al. 2001). To excite these core electrons to this empty
state the energy from the x-ray has to be equal or greater than that of the binding
energy of the core-level state of the electron (Henderson et al. 2014). This leaves a
positively charged, highly unstable ‘core hole’ which is filled by an electron from a
higher orbital (Zhang et al. 2018). To move to this lower energy shell, the electron
has to give off the energy difference in the form of an x-ray. The energy of these
secondary x-rays is equal to the difference in energy between the original inner
orbital and higher energy orbital and is proportional to the squared nuclear charge
of the element (Chen et al. 2012). These specific characteristics allow for the

identification of the element that the photon was emitted from.

X-ray absorption near-edge spectra (XANES) is similar in theory to the previous
techniques however it is focused more on the initial absorption energy as a function
of incident x-ray energy. When the x-ray energy reaches the binding energy regime
of a core-shell, before the core electron is ejected, a sudden increase in absorption
occurs. This increase in absorption energy is sharp and significant, which when
plotted in a graph of energy against absorption shows an extremely steep increase,
known as the rising edge. This gives rise to the name ‘near-edge spectra’. XANES
comes under the theory known as x-ray absorption fine structure (XAFS) which refers
to the structure in the x-ray absorption coefficient near an x-ray absorption edge
(Rehr and Albers 2000). An oscillation is caused by the electric field of an x-ray passing
through an electron, which pushes the electron sequentially in opposite directions,
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allowing the electron to capture the energy due to the field’s oscillation in direction
and strength (Henderson et al. 2014). Specifically, XANES relates to the readings close
to the absorption edge, within around 30eV (Rehr and Ankudinov 2005), instead of
extended XAFS (EXAFS) which measures absorption much further from the edge.
Study of the characteristic shape of the edge allows it to discern not only between
elements but also between the different isoforms within these elements. Three main
identifying areas exist which are used to ascertain the correct elements, compounds
and isoform. First, are the weak transitions seen before the edge known as the pre-
edge transitions, second is the transitions upon the curve itself and finally the
transitions seen after the curve known as the post-edge transitions (Brinza et al.
2013). Signals from elements can have different edges dependent upon which orbital
the electron that absorbs the x-ray energy is from. Biological material, such as
ostracod carapaces, is made up of lighter elements and so the k-edge is used because
this edge is the most sensitive as it takes into account electrons from the 1s orbital
onwards. XANES is able to identify different isoforms of the same compounds by
identifying the geometrical differences in the absorption sites that alter various

scattering pathways which modifies the absorption edge.

Energy-dispersive x-ray spectrometry (EDS), is similar in theory to XRF however
instead of using x-ray radiation to excite the sample it uses instead an electron beam.
Specifically, EDS involves inelastic scattering where electrons from the electron beam
interact with the sample and lose energy without a noticeable change in direction
(Scimeca et al. 2018). When the inelastically scattered electron hits the sample it
transfers energy to the sample in the same way as stated for XRF. EDS can be carried
out without the use of a synchrotron and instead, can be achieved with an electron
microscope. This EDS research was specifically SEM-based, where the elemental map

is projected over the 3D sample, instead of 2D TEM images.

5.1.3 Hypothesis

The elemental composition and calcium carbonate polymorphs of the Skogsbergia

lerneri carapace is hypothesised to be similar to that of other ostracods but that
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specific differences will be seen that support transparency. Additionally, we

hypothesise that there will be changes throughout development, that will not

substantially alter the carapace composition at different developmental stages, so

that a consistent transparency is maintained throughout its lifetime.

5.1.3.1 Aims and Objectives

fi.

Identify the elemental distribution (using XRF) throughout the carapace valve
and determine if this varies between developmental stages.

Identify the elemental distribution and proportion throughout the different
structural carapace layers (using EDS) within transverse tissue sections at
different developmental stages.

Identify the proportion of calcium carbonate polymorphs in the carapace

(using XANES) and if these vary throughout developmental stages.

Experimental Design

Analysis of carapace elemental distribution and quantity at different

developmental stages.

Elemental analysis was performed following XRF measuring levels of Mg, P, S
and Clin instar 1, 3, 4, 5 and adult valves, in triplicate (except n=1 for instar
4), on station i18 at Diamond synchrotron, as described in chapter 2.8.3. Due
to the strict time constraints of awarded experimental beam-time at the

Diamond synchrotron, additional repeats could not be carried out.

Analysis of elemental distribution and proportion within the different

carapace layers at different developmental stages.

Transversely bisected ostracod valves of instar (11), early-mid (12-3), late-mid (14-5)

and adult ostracods (n=3 per stage minimum) were subjected to EDS as described in
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section 2.8.1. Each valve was analysed at multiple points, with a minimum of 3 points

per n number, and the mean of the elemental signal data generated was presented.

jii. Determination of calcium carbonate polymorphs in the ostracod carapace

throughout development.

The EM imaging seen in chapter 3 showed S. lerneri to contain the additional
crystalline layer that is seen in certain other ostracods. The focus was thus on the
elemental distribution within the internal layers of the carapace which could not be
identified via XRF. Carapace valves at instars 1, 3, 5 and adult (in triplicate), and one
instar 4 were subjected to XANES analysis carried out on the Diamond beamline i18
as described in section 2.8.4. Across all samples of each time point, a mean weight
percentage was calculated for all major elements, any elements with a minor

expression (i.e. <0.5%) were ignored.

iv.  Statistical Analysis

All analysis of elemental values compared between instars was carried out via one-
way ANOVA testing with Tukeys post-hoc, calculated with SPSS, showing significance
at p<0.05.

Following Kolmogorov-Smirnov testing, all data were assumed to be normally
distributed. Kurtosis and skewness were seen to be between 1.5 for all data sets.
All data generated from these sample populations were assumed to be done via
random independent sampling as samples were chosen at random from their groups
and no emphasis was put on elemental composition for image analysis. Equal
variance between the populations was also assumed due to equally sized testing
groups (for XRF and XANES testing, instar 4 had an n=1 but was not included in the

analysis due to this small n number).
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5.3 Results

5.3.1 XRF

XRF analysis revealed the carapaces included strong levels of chlorine, medium levels
of sulphur and phosphorus and low levels of magnesium, throughout the valve
(Figure 5.1). Silicon readings were taken but not included due to an extremely high
background signal from the sample holders and sample images were normalised for
size. Specific areas that show strong and localised signal levels are most likely a result
of damaged regions. This could compact areas or allow the collection of saltwater
deposits that remained after being washed in distilled water, rather than the actual

carapace composition.

Instar 1

Instar 5 Instar 3

Adult

o

500 1000 0 5000 10000 15000 0 5000 10000 0 10000 20000

Figure 5.1: Signal expression of carapaces across developmental stages, showing Mg, P,
S, Cl, stage 1 (a-d), stage 3 (e-h), stage 5 (i-l) and adult (m-p) ostracods. Arrowheads
show examples of damaged areas creating localised areas of high signal intensity. Scale
bars represent 250um.

Significant differences in elemental expression were seen across the developmental
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stages (Fig 5.2). Magnesium signals were lower by 554.71 counts between instar 1
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Figure 5.2: Comparison of the element levels throughout the developmental stages: a)
Magnesium counts were lower in instar 1 and instar 3, when compared to adults. b)
Phosphorus showed no changes. c) Sulphur count were lower in the adult valve,
compared to that of instar 1. d) Chlorine showed no differences between instars. e)
Comparison of the signals for each instar * represents p<0.05, *** represents p<0.001,
error bars are +SD.
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and adult (p=0.011) and 555.82 counts from instar 3 to adult (p=0.019). Sulphur
signal analysis showed a significant decrease of 5398.5 between instar 1 and adult
(p=0.018). No significant differences were seen between the phosphorous or

chlorine signals between any of the instars.

5.3.2 EDS

Elemental signals from ostracod cross-sections were identified via scanning electron
microscopy EDS. Elemental maps were generated from the adult, instar 5, instar 4,
instar 3, instar 2 and instar 1. A scanning electron micrograph of an adult carapace
tissue section, with superimposed elemental maps, representative of carbon,

calcium, oxygen, magnesium and phosphorous are shown in Figs 5.3a-f. distribution.

Oxygen was expressed specifically within the nodes of the crystalline layer at a higher
level than outside of them (Fig 5.3d), which, in combination with strong calcium (Fig
5.3c) and magnesium signals (Fig 5.3e) also identified in this layer, suggests the
formation of calcium and magnesium carbonate. Calcium and magnesium were also

seen to be present across the entire cross section, however calcium showed a strong

Figure 5.3: SEM images and elemental maps of the a) adult valve, with the following

elemental distributions: b) carbon, c) calcium, d) oxygen, e) magnesium, f) phosphorous.
Scale bars are 10um. En = Endocuticle, C=Crystalline layer, Exo=Exocuticle, Epi=Epicuticle,
En and Epi arrows are carried on through all images to help orientation.
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homogenous signal expression throughout the entire cross section suggesting heavy
calcium distribution throughout all layers of the carapace. A strong band of
phosphorus was observed outlining the epicuticle at the edge of the valve (Fig 5.3f).
Carbon was present throughout the entire sample (Fig 5.3b), consistent with general

biological tissue.

The elemental distribution through the carapace layers within the instar 5 valves (Fig
5.4) followed a similar pattern to that in the adult, however, the signal was not as
defined. The overall levels of oxygen and magnesium are lower within the tissue
section, and oxygen shows comparatively less definition in the crystalline layer.
Calcium still shows homogenous expression throughout the carapace cross-section.
The phosphorus band on the epicuticle can still be seen although, unlike in figure 5.3,
a broad signal was seen throughout the rest of the cross-section except for the

exocuticle.

Figure 5.4: SEM images and elemental maps of the a) instar 5 valve, with the following

elemental distributions: b) carbon, c) calcium, d) oxygen, e) magnesium, f)
phosphorous. Scale bars are 10um. En = Endocuticle, C=Crystalline layer,
Exo=Exocuticle, Epi=Epicuticle, En and Epi arrows are carried on through all images to
help orientation.
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The instar 4 valve was substantially different from the other stages (Fig 5.5), although
only one sample was able to be analysed which may have led to an anomalous result.
The overall signal was both weak and ill-defined with very little distinction between
the different layers, particularly observed with the oxygen and magnesium signals.
However, calcium had a consistent signal within the cross-section. Phosphorus
showed a stronger signal along the cross-section, not seen in other instars although

no distinguishable epicuticle-associated signal.

Figure 5.5: SEM images and elemental maps of the a) instar 4 valve, with the following
elemental distributions: b) carbon, c) calcium, d) oxygen, e) magnesium, f) phosphorous.
Scale bars are 10um. En = Endocuticle, C=Crystalline layer, Exo=Exocuticle, Epi=Epicuticle,
En and Epi arrows are carried on through all images to help orientation.

The instar 3 valve signals (Fig 5.6) were similar to instar 5 for the elemental
distribution, however the localisation and strength of the signals continued to
decrease, making the images appear fuzzy. Calcium and magnesium were distributed
in a similar pattern as seen in the instar 5. Oxygen signal expression appeared to show
areas of localisation as seen previously, however the reduced signal strength
prevents accurate mapping to the crystals. There was a lack of the epicuticle-specific

phosphorus signal previously seen in Fig 5.3 and 5.4f.

The instar 2 valve (Fig 5.7) was in line with what was observed at instars 5 and the

adult, calcium, magnesium were seen in high levels within the cross-section, whilst
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Figure 5.6: SEM images and elemental maps of the a) instar 3 valve, with the following

elemental distributions: b) carbon, c) calcium, d) oxygen, e) magnesium, f)
phosphorous. Scale bars are 10um. En = Endocuticle, C=Crystalline layer,
Exo=Exocuticle, Epi=Epicuticle, En and Epi arrows are carried on through all images to
help orientation.

oxygen signal expression was higher within the crystals. Phosphorus showed a strong
epicuticle band.
Instar 1 valves (Fig 5.8) were again very similar to the previous instars, however, the

magnesium was actually seen to be lower within the main part of the cross-section.
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Figure 5.7: SEM images and elemental maps of the a) instar 2 valve, with the following
elemental distributions: b) carbon, c) calcium, d) oxygen, e) magnesium, f)
phosphorous. Scale bars are 10um. En = Endocuticle, C=Crystalline layer,
Exo=Exocuticle, Epi=Epicuticle, En and Epi arrows are carried on through all images to
help orientation.
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Figure 5.8: SEM images and elemental maps of the a) instar 1 valve, with the following

elemental distributions: b) carbon, c) calcium, d) oxygen, e) magnesium, f)
phosphorous. Scale bars are 10um. En = Endocuticle, C=Crystalline layer,
Exo=Exocuticle, Epi=Epicuticle, En and Epi arrows are carried on through all images to
help orientation.

With each elemental map, an emission spectrum was also generated (Figure 5.9),
from which a proportional weight percentage of each element’s contribution to the
total mass from the signal collected by the probe was calculated. The mean
breakdown across all time points was: carbon 45.5%, oxygen 27.6%, calcium 20.3%,
phosphorus 3.5%, magnesium 1.89%, silicon 0.6% and sulphur 0.42% (Fig 5.10a). The
carbon signal was significantly higher than all other elements (p<0.001). Oxygen was
the next highest and was significantly higher than all lower elements at p=0.02 for
calcium and p<0.001 for the other elements. Calcium was the next highest and was
significantly higher than all other elements (excluding carbon and oxygen) at

p>0.001. No other elements showed a significant difference in signal strength.

As mentioned in the experimental design, samples were separated into four
developmental stages, the initial stage (instar 1), the early to mid-stage (instar 2 and
3), the mid to late-stage (instar 4 and 5) and the final, adult stage. Very little
difference in the percentage weight of the elements detected in the sample (Figure

5.10b). A significantly higher phosphorous level was observed in the late to mid-stage
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(p>0.001), compared to other stages; whilst oxygen levels were significantly lower at

this stage, compared to instar 1 (p>0.05).
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Figure 5.9: a) Representative spectra of the adult valve, showing the peaks for each
element b) A semi-quantitative breakdown of the elemental composition from the valve
shown in a. The Cu and Pd seen is contamination and can be ignored.
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Figure 5.10: a) Mean percentage weight contribution of elements in the ostracod
carapace b) Percentage weight value of each element as a function of developmental
stage. * represents p<0.05 and *** represents p<0.001.

5.3.3 XANES

XANES analysis identified amorphous calcium carbonate (ACC) and aragonite within

the carapaces as identified by their characteristic absorption spectra (Fig 5.11).

171



Ben Rumney Chapter 5 - Elemental Analysis

V]

Normalised Absorbance

Normalised Absorbance

The analysis shows ACC was the only polymorph identified in all carapaces at all
stages of development (Figure 5.12). In fact, ACC was the only polymorph observed
instars 2 and 3, two of the three instar 5 samples and three of the adult samples.
Aragonite was the other polymorph identified, but was only found in the later stages
of development, instars 5 and adult. No significant difference was seen between the

amount of aragonite between instar 5 and the adult (p=0.9).
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Figure 5.11: Representative Ca K-edge XANES spectra generated from four or six scan points
along the long axis of the carapace valves of a) instar 1, b) instar 3, c) instar 5, d) adult, showing
the internal absorption energy of the samples. Each spectrum denotes a form (polymorph) of
CaCos which was identified; ACC (amorphous calcium carbonate) or aragonite. * indicates the
two distinguishing curve shapes (the pre-edge and post-edge) between Aragonite and ACC.

As well as not being seen in every sample, the aragonite polymorph was not
consistently expressed across the samples. Aragonite observation was rare; being
seen only once per 4-6 points making up the line scans in the majority of cases. No
specific area of distribution was identified for aragonite expression, with it being seen

at random scan points along the samples.
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Figure 5.12: Calcium carbonate polymorphs in the ostracod valve. ACC and aragonite
were quantified as a mean percentage per scan point across all valves at each instar.
Aragonite is only seen in the later instars, instar 5 and the adult and no difference were
seen in the amount of aragonite between the two.

5.4 Discussion

The analysis of Skogsbergia lerneri valves showed high levels of calcium and oxygen
seen throughout the valve. XANES analysis also confirmed the presence of two CaCOs3
polymorphs, the most common of which was ACC. In combination with the EDS, that
showed these levels are especially concentrated within the medial layer, reinforces
the idea that this medial cross-section is mainly composed of calcium carbonate
polymorphs. This is consistent with previous literature, the mineral component of
the ostracod carapace is comprised of mainly calcium and some magnesium
carbonates exemplified by Cypridopsis vidua and Vargula hilgendorfii (Kesling 1951a;
Sohn 1969; Yamada 2019) which is consistent with what is seen in general crustacean
species such as the lobster Homarus americanus and the woodlouse Porcellio scaber
Latreille, 1804 (Becker et al. 2005; Al-Sawalmih et al. 2008), which is found
throughout all the layers of the carapace. The majority of this CaCOs found in the

general crustacean carapace is in a stable ACC state (Addadi et al. 2003).
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When analysing the proportions of CaCOs polymorphs comprising the carapace, it is
essential to consider their different respective mechanical properties in order to
understand their overall influence on the carapace. Aragonite in its pure form has a
significantly lower stiffness and hardness in comparison to calcite or vaterite when
tested via nanoindentation (Sevcik et al. 2018). Aragonite was shown to be
approximately three times less hard than that of vaterite (0.3GPa to 0.9GPa) with an
elastic modulus roughly six times lower (5GPa compared to 31GPa). However, there
is a large difference between the properties of minerals in their pure form and when
incorporated in a biological matrix, so it is difficult to fully predict physical properties

based on pure form testing alone.

Measurements within a biological matrix were carried out on similar structures,
comprised of aragonite and vaterite within an organic matrix, isolated from
freshwater carp, (Ren et al. 2013). Both structures (otoliths, structures found in the
inner ear) had a substantial increase in hardness and stiffness compared to their pure
forms. What was interesting however, was compared to vaterite, aragonite had a
substantially higher level of both hardness (4.9GPa to 3.2GPa) and elastic modulus
(67GPa to 57GPa). Therefore while aragonite initially seems like a less suitable
protective material due to its pure form mechanics, it may actually be harder and
tougher than the other polymorphs in biological materials. Another beneficial
property of aragonite is its resistance to crack propagation, caused by the ‘needle-
like’ (Sevcik et al. 2018) shape of the aragonite crystal. The direction and extent of
the crack might be controlled by the degree of aragonite orientation (Ren et al. 2013).
By increasing the orientation of aragonite crystals in one direction, there is a higher
likelihood that a crack would propagate in that and vice versa. This could have
significant advantages for the ostracod carapace, through control of the degree of
orientation across the carapace, crack damage can be guided to areas of less

importance.

Elemental composition would not only be important for protection as a function of
age of the carapace, but would also have an influence on its transparency. Calcium
carbonate has been seen in biological transparent material previously, a genus of

mollusc called a chiton has an eye lens not made from proteins but instead from
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either entirely aragonite or an aragonite/ACC composite (Speiser et al. 2011).
However as the CaCOs in this structure is in its pure form instead of a mineral/protein
composite, the lens is less applicable for mechanical comparisons with the ostracod
carapace. However the chiton eye lens is a large structure containing aragonite and
potentially ACC, and in combination, these contribute to maintaining transparency.
Therefore it is likely that smaller structures containing the same materials, such as
found in the Skogsbergia lerneri carapace, likely also maintain transparency. The
ostracod carapace may comprise aragonite and ACC, instead of other polymorphs, to
both strengthen the tissue, in the way all CaCOs polymorphs would, and also enable

light transmission.

The ACC polymorph is proposed to have a unique role in crustaceans. Its
thermochemical and kinetic instability at ambient conditions (Clarkson et al. 1992)
means it has a much higher solubility than the other polymorphs (Weiner et al. 2003).
This is important as crustaceans have the ability to reabsorb calcium into the body
before moulting (Glotzner and Ziegler 2000). ACC is hypothesised to be utilised for
easier transfer between the old and new carapaces, although the amount of CaCOs3
retained varies between crustaceans, from 24% in the crab carcinus maeras
(Linnaeus, 1758) and 96% in the amphipod Gammarus pulex (Linnaeus, 1758)
(Greenaway 1985; Weiner et al. 2003). ACC also maintains an important structural
role and so, because of this previously stated instability, mechanisms to stabilise it
when required must be present (Aizenberg et al. 2003). Such stabilisation is thought
to be attributed to high proportions of glycosylated proteins and the creation of
sophisticated microstructures in association with another CaCOs polymorph
(Aizenberg et al. 2003). The ability of the carapace to transform between a major
structural feature for the majority of its lifetime and an easily transportable material
for reabsorption, just before moulting, would be very useful to the ostracod. ACC is
also a precursor stage to numerous polymorphs of CaCOs, including calcite and
aragonite (Addadi et al. 2003). Therefore it might be produced for the purpose of
turning into specific polymorphs dependent on environmental conditions, such as
defence from predation (Reddy 1977; Holmes and Chivas 2002; Addadi et al. 2003;
Seidl et al. 2012; Huber et al. 2015).
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Additionally, ACC’s protective function within a carapace includes that it is an
isotropic material permitting equal resistance to mechanical force in all orientations
(Weiner et al. 2003). Reinforcement by ACC at structures at their weakest
orientations structural weakness can be minimised without a reduction to the
maximum structural integrity. ACC has also been suggested to act as the final step in
a protective material; once the actual penetration causing damage has stopped, the
more elastic ACC-reinforced sections of the carapace can dissipate the impact energy

(Al-Sawalmih et al. 2008).

One of the most significant results from the XANES analysis was the apparent
absence of any calcite. The majority of crustaceans, including ostracods, contain
calcite within their carapace (Kesling 1951a; Xia et al. 1997; Caporaletti 2011). Calcite
would be expected to be present as it is both stiffer and harder than the other
commonly-occurring polymorphs (Lee et al. 2016), as well as its use in other
transparent materials (Alagboso et al. 2014), so its absence in the S. lerneri carapace
was surprising. It could be that the central vertical line scan missed a significant
amount of calcite within the carapace due to a specific distribution pattern. The
edges of the valve would be the most likely position for calcite expression due to its
more protective function. Crustacean morphological elements which are exposed to
different mechanical loads have different levels of biomineralisation (Al-Sawalmih et
al. 2008; Vittori et al. 2016). It has also been previously shown that calcite can form
heterogeneously distributed “clusters” that might have been missed by the scan (Al-

Sawalmih et al. 2008).

The lack of calcite may be a result of the animals’ stage of moulting. While care was
taken to ensure that no ostracods were not visibly transferring between two instars
(identifiable by a “cloudy” hue to the valve) (Cohen 1983), no distinction was able to
be made between the other, less obvious, moulting stages. There is a strong
possibility that different moulting stages could have different degrees of mineral or
crystalline formation. In some benthic ostracods, ambient water temperature
immediately after moulting can directly affect calcite levels in the carapace (Cadot
and Kaesler 1977). Valves are uncalcified initially after moulting and slowly re-calcify

(Turpen and Angell 1971), so it is possible that it takes time to reconstruct specific
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CaCOs polymorphs. However, to see no calcite in any of the samples means it is highly

unlikely that they all were immediately post-moult.

The magnesium, as detected using EDS spectroscopy, may contribute to the absence
of calcite. While magnesium is present in a wide range of biological calcite, too high
a concentration of it actually inhibits calcite formation (Raz et al. 2000). This is
because Mg?* ions are readily adsorbed onto the surface of calcite, but not aragonite.
The Mg?* is then incorporated into the calcite structure and substantially increases
the solubility, making it unstable (Berner 1975). It is important to note that in many
crustaceans, calcite is only a minor part of the overall CaCOs composition (Al-
Sawalmih et al. 2008). So perhaps the apparent lack of calcite within Skogsbergia
lerneri may not cause major, widespread changes to the physical properties of the

carapace compared to studies on other crustaceans.

Qualitatively higher levels of phosphorous were seen on the epicuticle compared to
the rest of the carapace. This may suggest the formation of amorphous calcium
phosphate which has been seen in crustacean carapaces (Luguet 2012) or could be
evidence of higher levels of phosphorylated proteins (Becker et al. 2005). The
epicuticle consists primarily of various proteins and lipids (Stevenson 1985) and so

will have high levels of phosphorus-containing components.

Several changes were seen throughout the different developmental stages of the
ostracod, both in elemental analysis and in the CaCO3 polymorph composition.
Aragonite was only seen within the later developmental instars (15 and adult), which
implies this change allows for a more permanent reinforcement and a greater level
of structural strength required to maintain structural integrity over a larger area.
Unfortunately to the author’s knowledge, no direct comparisons exist between
biological aragonite and ACC, however from the previous information about the
physical properties of each polymorph mentioned earlier, it would be likely that
aragonite has a higher hardness and elastic modulus. Total calcium concentrations
did not significantly alter from instar to instar, but remained one of the higher
contributors amongst other elements (excluding C and O which are essential to all
biological life), showing that it remains as important within S. lerneri as it is in other
crustaceans.
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XRF data showed significant decreases in both Mg and S levels within the adult,
compared to instar 1 (and instar 3 for Mg). This implies either a higher importance
for the earlier instars or that the elements are rare/inefficient to incorporate and so
the carapace never increases beyond its initial stockpile of Mg and S. Sulphur is
especially important for crustaceans as it is involved with protein stability (Gomez-
Tamayo et al. 2016) which affects the physical properties of the carapace. This
stockpiling would lead to the signal count becoming more dispersed as the carapace
grows larger. The late-mid stage (14 and 15) showed a higher level of P compared to
all other instars, as well as the lowest level of O; significantly lower than instar 1. The
most likely explanation is that this stage, as the penultimate stage, is leading towards
the transition to the final adult stage. As the carapace reabsorbs the C, the proportion
of carbonates would shift, which could lead to a lower O signal. The increased P levels
would also be explained as it would be the total amount of P for the adult carapace

but still within the smaller carapace, leading to a higher signal.

It is interesting to note that there are significant disparities between the EDS and the
XRF results. The former showing a change in P, not seen in XRF, with XRF detecting
changes within Mg and S, not seen in EDS. There are two main possibilities to explain
this, firstly that it could merely be a lack of statistical power due to small sample sizes.
Unfortunately, due to the high demand on synchrotron time, and that this was
performed in the last year of study (hence no time to submit another application), an
increased sample size was not possible. Further experiments would either solve the
problem or reinforce the second possibility, that they are both correctly representing
different aspects of the carapace. EDS studies a transverse cross-section of the valve,
which while very useful to see contribution to different layers, does not account for
the entire valve. On the larger instars, only part of the full cross-section of the valve
is analysed, so changes seen in the non-studied area (i.e. the extreme edges of the
valve) could have been ignored. XRF however, detected signal from the surface view
of the entire carapace, therefore any changes that happen in the carapace along an
x- or y-axis would be seen by XRF and not EDS and vice versa for the z-axis. However,
both techniques are likely showing true data results, and the differences in signal

expression are likely due to differences in the localisation of elemental expression.
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Chapter Six

Optical Properties of

the Carapace
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6.  Optical Properties of the Carapace

6.1 Introduction

6.1.1 The Mechanisms of Transparency

The mechanisms of transparency are complex; however, they can be broken down into three
basic properties: the level of scattering, the level of absorption and the thickness of the
sample. This can be summarised the Beer-Lambert law (Swinehart 1962) modified for light

transmission through solids (Fox 2010):
I = Ioe_#x
(6.1)

where | is transmitted light, lo is incident light, pis the linear attenuation/extinction coefficient
and x is the thickness. The linear attenuation coefficient u depends on the absorbance and
scattering in the material and can be defined as:

_ Hat i
p

(6.2)

where pa is the absorbance coefficient, us is the scattering coefficient and p is the density of
the material. Therefore, thickness, scattering and absorbance all contribute to the
transparency of a material. Thickness is a property that has a practical limitation within
biological materials, the theoretical ideal would be a thickness as close to zero as possible
however the material may be required to be much thicker to carry out its role in the organism.
Scattering and absorbance can have much more complex interactions and materials can be
created to display specific structural formations or compositions to minimise these properties

in materials that would otherwise not be transparent.
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6.1.1.1 Scattering

The scattering coefficient of a material depends on the difference in the refractive index (RI)
between the sample and that of the surrounding medium (Jacques 2013). The refractive index
of a material is defined as the ratio of the velocity of light in a vacuum to that within the
specified material. The differences between the transmission of light in two materials (as
represented by their respective Rl), means that the when light progresses from one material
to the other, a specified amount of light will be not be transmitted into the new material and
will instead be scattered. Scattering is created any time there is a change in refractive indices,
either within a material or at the surface of a material, and so materials with numerous
components, such as most biological tissue will include numerous scattering events, whereas
structurally consistent materials (such as glass) only scatter at their surfaces. The discussion
of chapter 3.4 has previously covered how structurally, ostracods have both reduced changes
to internal Rl between layers and potentially use destructive interference to maintain

transparency.

A specific form of scattering can occur at smooth boundaries such as the surface of the
ostracod carapace; the light scattered backwards interferes to produce a reflection at a
specific angle. From a material’s refractive index, predicted light transmission at such a
boundary can be calculated from the Fresnel equation (Born and Wolf 1980; Gupta et al.

2019) (assuming 6, the angle of the incident light, is 0):

Ne_n; \?
R=< t l>
nt+nl-

(6.3)

where R is Reflection, n: is the Rl of sample and njis the Rl of the surrounding medium, in this
case a saline solution — similar to that of seawater which has an Rl of 1.339 at 577nm (Austin

and Halikas 1976). The transmission of light (T) can be calculated as:
T=1-R

(6.4)
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6.1.1.2 Absorption

Any light-absorbing material will absorb a fraction of the incident light per unit of travelled
distance within the material and convert this into heat energy. The lower the level of
absorption, the thicker the material can be while maintaining a negligible effect on the overall
transparency. Absorption occurs when specific wavelengths of light possess the exact amount
of energy to excite an electron within an atom interacting with the light, to a higher energy
state (Nobel 2005). If the energy and the energy requirements do not match, then absorption
does not occur. For a material to be transparent for humans, the only wavelengths important
for absorption are those in the visible spectrum (i.e. 400-700nm), for example glass absorbs

some UV wavelengths (Sackey et al. 2015) but is transparent at all visible wavelengths.

The main areas within the ostracod that would be responsible for light absorption would be
cells related to pigmentation. The most obvious of these are the pigments that are contained
in non-transparent ostracod carapaces that give the animal its colour. The Heterocypris
incongruens (Ramdohr, 1808) ostracod, of the podocopid order, has an orange-yellow
appearance with specific pigments seen in high densities in the epidermal cells of the valves
(Green 1959) with this colour becoming stronger later in development. This presents the
possibility that the optical properties of an ostracod carapace (in S. lerneri’s case, its
transparency), may be affected by its developmental stage. Analysis of this pigmentation
showed it to be comprised of the carotenoid B-carotene. While a transparent carapace is not
going to contain any pigmentation granules it is interesting to note that the majority of the
carotenoids within the food given to H. incongruens were not B-carotene (Goodwin 1954)
and were not found anywhere within the carapace at all (Green 1959). This suggests that the
diet of the ostracod has little effect on the colouring of the carapace, which otherwise could

have an impact on S. lerneri as it is a scavenger and would consume a large variety of foods.

6.1.2 Refractometry

A refractometer is a tool which used for measuring the refractive index of transparent liquid
or solid samples, an Abbé refractometer was used for this experiment so it will be the one

explained. A refractometer works on the principle of the critical angle which is the largest
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angle the incident light can approach without total internal reflection. Incident light
approaching at angles below the critical angle will continue through the sample and the
measuring prism to illuminate an optical image further in the instrument (Rheims et al. 1997).
Light approaching at angles above the critical angle will not pass through, leaving part of the
optical image dark (Fig 6.1). By altering the viewing angle, the exact middle between light and
dark can be found, which then allows for the critical angle to be revealed and subsequently
the RI to be calculated from Snell’s Law. Abbé refractometers have compensating Amici
prisms added to allow the use of non-monochromatic light, which would normally create a
blurry border between the illuminated and non-illuminated areas. By adjusting these prisms

light can be focused into a single white beam and a clearer image can be generated.

) ——Travel path of light
Light Source

— Travel path of the critical angle

Prism

Sample medium

Optical Image

Figure 6.1: A simplified diagram of an Abbé refractometer. By using the boundary between
the illuminated and non-illuminated sections of the optical image, the critical angle and
subsequently the refractive index can be determined.
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6.1.3 Spectrophotometry

Spectrophotometry is a technique used to measure the intensity of light after being passed
through a sample, compared to the original intensity, as a function of its wavelength (Skoog

et al. 2007) (Fig 6.2).

Slit

Light Source Lens Monochromator (Wavelength  sample Detector
Selector)

Figure 6.2: The inner mechanism of a spectrophotometer, the light source is focused and split into
the wanted wavelength before been sent through the sample. The total light detected after the
sample is compared to the amount before and the absorbance is calculated.

The difference between these two intensity values is labelled as absorbance, as the sample is
compared to a ‘zero’ or a baseline measurement of a similar sample therefore differences in
reflection should be minimal. This is especially relevant as commonly most
spectrophotometry is carried out with liquids so the difference in light scatter between the
sample and the control would be insignificant. While the most basic form of
spectrophotometer analyses a sample at a single wavelength, more advanced models can
measure the absorbance at multiple wavelengths in one session. While the absorbance is still
measured at a single wavelength at a time, advanced spectrophotometers can quickly cycle
through any range of wavelengths, from the standard visible spectrum (400-700nm) to
ultraviolet (<400nm) and infrared (>700nm). This is useful for analysing the properties of a
sample throughout the spectrum of light rather than using the values of the absorbance of a

sample as an indicator of development (e.g. studying changes in metabolic processes).

184



Ben Rumney Chapter 6 — Optical Properties of the Carapace

6.1.4 Aims and Hypothesis

Hypothesis:

The carapace of the Skogsbergia lerneri will have optical properties (Rl and optical
transmission) consistent with general transparent materials across the visible spectrum,
especially other biological examples. This transparency will not significantly alter throughout

the organism’s lifespan, keeping consistent optical properties during their development.
Aims:

l. Measure the refractive index of the Skogsbergia lerneri carapace for the final, adult stage and
the previous developmental stages.

1. Develop a method for measuring the optical transmission of the Skogsbergia lerneri carapace
and record the results for the final, adult stage and the previous developmental stages, in both

a medium with a similar Rl and in the medium close to their natural habitat.

6.2  Experimental Design

I Measure the refractive index at both the adult stages and the previous developmental stages
Ostracod valves were measured via refractive index testing as described in chapter 2.9.3

at every instar (n=3 per developmental stage).

Il.  Develop a method for measuring the optical transmission
The spectrophotometer used was outfitted for analysis of liquids within cuvettes (See
section 2.9.1 for details) and so modifications had to be made to allow for the successful
completion of the experiment. Due to their small size, the sample would freely move
around if merely placed into a cuvette filled with a medium. This would mean that it could
not be guaranteed that the entire beam would always be travelling through the sample.
Therefore, sample holders had to be created to allow constant and accurate absorbance

readings of the carapace.

Initially, quartz cuvettes were used as sample holders, wrapped in black PVC tape with a

1.5mm hole, created by a biopsy punch, at the front and back of the cuvette to prevent
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light reaching the detector that had not passed through the sample. This would create an
easily identifiable section that would clearly show a change in absorption when compared
to a positive control. Without this blackout the changes in absorbance would be washed
out by the lack of absorbance seen by the majority of the sample-free cuvette. The sample
was glued to the end of a cocktail stick and immersed into the suspension fluid at a fixed
height, level with the hole (Fig 6.3). Unfortunately, with the suspension fluid tested (silicon
oil) the sample would not stay attached to the cocktail stick. There was also the risk that
movement or accidental bumps to the holder could unknowingly move the sample away

from the hole and so the cuvettes were deemed not usable.

Blu-tack Cocktail
stick

Hole

where
— sample is
positioned

Quartz
cuvette

Black PVC
tape

Figure 6.3: Initial cuvette-based sample holder created to replace the standard cuvette used in
spectrophotometry.

An alternative sample holder was developed based on a quartz slide wrapped in black PVC
tape with a 1.5mm hole created identically to last time. These solved issues occurring with
the previous holders and prevented the sample from moving away from the target circle. To
prevent the sample from being crushed and to hold it in place, a spacer was created out of
waterproof epoxy resin and the base was coated with nail varnish to prevent leaks. This
prevented any noticeable leaks, however it was difficult to judge whether it had reliably
prevented very minor leakages. Tape was added on either side and a second quartz slide was

placed on top of the spacer (Fig 6.4a). The slides were then taped together with the sample
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and the suspension fluid inside the epoxy resin spacer to prevent leakage. Initial testing
suggested that these new holders could reliably contain the sample and prevent any
significant leaking. As the sample holder can no longer fit within the cuvette holder of the
spectrophotometer, it is attached to the side of the cuvette holder so that it is still in the
pathway of light and all light transmitted through the sample can be received by the
detector(Fig 6.4b).

Black PVC

Hole where sample

is positioned
Quartz slide
a
. . Sample  Cuvette
Light Source Slit Holder Holder Detector
Sample /
b

|
Slidel Slide 2

Figure 6.4: a) Finalised slide-based sample holder created to securely hold the sample in place
while allowing maximum transmission. b) Pathway of light through modified spectrophotometer
layout. The sample holder is attached to the front side of the cuvette holder to allow maximum
transmission.

187



Ben Rumney Chapter 6 — Optical Properties of the Carapace

lll.  Measure the optical transmission at both the adult stage and the previous developmental
stages
Ostracod valves were analysed for optical transmission via spectrophotometry as described
in chapter 2.9.2 at every instar. Samples were initially tested with a medium of a similar R,
silicone oil (n=1 at every instar), however silicone oil caused issues with the sample holders
leading to leakage and unreliable results (see 6.3.2.1). Due to this leakage and saline being
much closer to the animal’s natural habitat, testing was mainly carried out with a saline

medium with an identical ppt as seawater (n=3 at every instar).
iv.  Statistical Analysis

Refractive index testing was analysed via one-way ANOVA testing across the instars. Normal
distribution of data was confirmed using the Kolmogorov-Smirnov test. Kurtosis and skewness
were seen to be between £1.5 for all data sets. All data generated from these sample
populationsis assumed to be done via random independent sampling as samples were chosen
at random from their groups and no emphasis was put on apparent transparency. Equal

variance between the populations was also assumed due to equally sized testing groups

6.3 Results

6.3.1 Refractive Index Testing

Refractive Index testing showed a mean Rl of 1.406+0.002 for instar 1, 1.404+0.001 for instar
2, 1.401+0.001 forinstar 3, 1.401+0.003 for instar 4, 1.406+0.001 for instar 5 and 1.406+0.002
for the adult. When analysed via one-way ANOVA testing, no significant differences were seen
between the Rl of the instars (Table 6.1) and an overall mean Rl for the S. lerneri carapace can

be given at 1.404+0.003.

Using the refractive index values, the transmission and reflection of the carapaces within
saltwater can be calculated from the Fresnel equations (assuming 6 is 0), using a Rl of

saltwater as 1.339 at 577nm (Austin and Halikas 1976) (Table 6.1).
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Instar Refractive Index Reflection Surface Transmission
1 1.406 0.060% 99.940%
2 1.404 0.056% 99.944%
3 1.401 0.051% 99.949%
4 1.401 0.051% 99.949%
5 1.406 0.060% 99.940%
Adult 1.406 0.060% 99.940%

Table 6.1: The mean refractive indices of the different S. lerneri developmental stages and
their calculated reflection and transmission values.

6.3.2 Optical Transmission

6.3.2.1 Silicone Oil

Optical transmission measurements with carapaces in silicone oil showed a lack of conformity
throughout the developmental stages (Fig 6.3). Instar 1 showed a general increase in
transmission from 400nm to 700nm, Instar 2 showed almost no transmission at 400nm until
565nm where it rapidly increases at 602nm and then gradually increases to 700nm. Instar 3
showed a general increase in transmission from throughout the entire spectrum, instar 4
showed a minor decrease in transmission from 400nm to 700nm. Instar 5 showed a very
minor increase in transmission across the spectra. The adult showed a decrease in

transmission similar to instar 4.

189



Ben Rumney Chapter 6 — Optical Properties of the Carapace

Instar
100 | el |
=14
80 | 15
—_ == Adult
=]
S
g ‘\x—_\d\
-a EG '
0
E i —
wn e
&
= 40|
20|
ol A _ |
400 450 500 550 600 650 700
Wavelength (nm)

Figure 6.5: Light transmission from ostracod valves from each developmental stage, within a
silicone oil medium in the visible spectrum of light.

6.3.2.2 Saline

Spectrophometric measurements showed an increase in optical transmission at longer
wavelengths except for instar 5 and the adult which showed decreases (Fig 6.4). The mean
Instar 1 value showed an increase in transmission from 400nm to 700nm, with a steeper
increase being seen between the smallest wavelengths (400-475nm). Instar 2 showed an
increase in transmission along the spectrum. A similar rate of transmission increase was seen
with both instar 3 and 4. Instar 5 differed from the previous instars by showing a significant
decrease in transmission throughout the wavelengths,. The adult samples also showed a
decrease, however this change is minimal, unlike instar 5. One characteristic shared between

all stages except instar 5 was a sharp, if minor, increase in transmission at 600nm.
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Figure 6.6: The graph of light transmission seen in from the ostracod valves within a saline
medium

The proportional change in transmission was measured in each instar and compared to each
other. Instars 2-4 show the most common pattern across the instars. These values showed
around half of their maximum transparency at the lowest wavelengths (48.6%, 53.1% and
58.2% for instars 2, 3 and 4 respectively) and steadily increased until 600nm. The sharp
transmission spike noticed previously at 600nm, while being a small increase for total
transmission, was much larger proportion of their total transmission being a mean increase
of 13.7%. Instars 2-4 reached their maximum transparency at the longest wavelength
measured, 700nm. Instar 1 followed a very similar pattern as previously mentioned except
the transmission between 400-450nm was lower than that of instars 2-4 (38.8%) and
increased sharply to return to parity. Instar 5 showed a reverse of the younger developmental
stages, with maximum transmission at the lowest wavelength (400nm) and half maximum
transparency (52.2%) at the largest (700nm). The adult instar was unique in that it maintained

a constantly high level of its maximum transmission varying between 92.7% and 76.6%
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throughout all wavelengths except for a spike to its maximum transparency between 600-

625.

6.4 Discussion

While previous refractive index testing has been carried out on ostracod eyes, this is to the
author’s knowledge the first example of analysis within the order myodocopida as well as the
first analysis on transparent, full carapaces. Andersson and Nilsson measured the Rl of cells
within the eye and the cuticular lens (which doubles as the protective carapace) in
Notodromas monachus (O.F. Muller, 1776) (Andersson and Nilsson 1981). Here it was shown
that within the eye that the refractive index ranged between 1.351-1.371, dependant on the
specific part of the eye. While this is lower than the value found for S. lerneri carapace this is
due to the internal nature and limited function of these eye cells. These eye cells carry out no
protective role and only exist for the purpose of maintaining vision. What it is of interest is
that the refractive index of the cuticular lens, which would carry out the same function as the
S. lerneri carapace in both transparency and protection, is actually 1.62 (close to that of pure
calcite). This is substantially higher than the mean Rl of 1.404 seen in the S. lerneri and leads
to over ten times higher light reflection in saltwater. While the transparency of the N.
monachus cuticular lens is still high, the fact that S. lerneri maintains a lower refractive across
its entire carapace than N. monachus does over its eye window shows how adapted the S.

lerneri is for its transparent function.

This is also the first set of results to test if the development of the ostracod affects the
refractive index of its transparent biological materials. The carapace shows no significant
change in Rl throughout the developmental stages, maintaining a constantly high
transmission of light (in its marine environment). This allows the ostracod to maintain both
the highest level of visual performance and environmental camouflage throughout its

lifetime.

The values given for the optical transparency were greatly different from what would be
expected. While the conversions predicted by the Fresnel equations only show the

transmission at the surface, the scattering caused by refractive index changes between the

192



Ben Rumney Chapter 6 — Optical Properties of the Carapace

carapace layers and absorption from the materials should not reduce transmission to the level
seen. This could be caused by several reasons. The first possibility is that the readings were
correct, and this difference is accounted for by absorbance, which is not considered with
refractive index testing via a refractometer. It is immediately apparent that the
spectrophotometer transmission values were too low, as a basic qualitative appraisal with the
human eye shows that all carapaces appear transparent, which would not be the case if
optical transmission really was approximately 30%. This implies firstly that the minimum
optical transmission should be higher than any found from this analysis and secondly that the

instars should not have such a disparity between their optical transmission values.

The most likely explanation is that there was an issue with measuring the samples correctly.
As stated previously, analysis with the silicone oil samples was quickly stopped due to its
extremely low viscosity causing it to leak from between the sample holder and the quartz
slide. This means that the actual medium surrounding those valves was air and the remaining
droplets of oil, which would cause numerous scattering issues as the light passed through
multiple different media. However, this does not explain the results seen within the saline
medium samples, where no leaking occurred. While the sample holders were improved upon
several times during experimentation, they were not a professional product and minor
defects may have been present. For example, an uneven surface of the epoxy resin spacer
would create an imperfect seal with the slide which could allow small amounts of air/water

transferal. This would lead to the creation of bubbles which would cause significant scattering.

The final cause could be an issue created by the non-standard use of the spectrophotometer.
The model used was a standard spectrophotometer that requires cuvettes to measure liquids,
however as mentioned in the experimental design (section 6.2) cuvettes could not be used.
Instead, sample holders were created that were attached in front of the cuvette holder. While
adjustments were made to accommodate this (e.g. increasing the assumed travel distance of
the light through the sample) certain issues were unavoidable. Multiple sample holders were
created to analyse the samples quickly and efficiently however this could have caused issues
in reliability between samples. Every cuvette placed within a cuvette holder will have a face
completely perpendicular to the incident light. However, the slight differences between each
sample holder and the attachment to the side of the cuvette holder (lacking a specific,

standardised slot) meant that incident light hitting the quartz slide at the front of the sample
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holder may have not have been at the same angle every time. This would cause significant
variability in the results for each reading, although as the readings were zeroed against a
similar sample holder, this would account only for a large variability between the readings,

not the overall low transmission seen.

Although the issues mentioned above make the absolute transmission readings unreliable,
none of these issues should impact the wavelength dependencies measured. Therefore the
trends of the instar spectra can be analysed. The fact that the transmission of light through
the carapace for the majority of the instars almost doubles at the longer wavelengths
compared to the shortest within the visible spectrum is the opposite to what would be
expected. Due to longer wavelengths having lower frequencies they are attenuated more
quickly in sea water than the shorter wavelengths (Schechner and Karpel 2004). As such they
do not penetrate as deeply into the ocean and so are not as influential in the visibility of
marine organisms. There might however be a simple solution to this confusing implication,
the longer wavelengths are not immediately attenuated and so penetrate a certain distance
(Chiang et al. 2011). While S. lerneri are benthic, they were not collected from a great depth,
being within 10 metres of the surface, as such the majority of the wavelengths would reach
their habitats. As long as S. lerneri didn’t move to a substantially deeper habitat, the
attenuation of longer wavelengths shouldn’t matter. Instar 5 showed the greatest deviation
from the normal spectra, it both had a higher transmission level compared to all other instars
and had the opposite progression of light transmission across the wavelengths. This result
could in part be be due to the development of the ostracod as the adult shows a similar
deviation from the other instars. While the adult does not see this decrease throughout the
wavelengths, it does not show the increase seen in instars 1-4 either. In fact the adult shows
the most optimal distribution out of all developmental stages, staying relatively similar across
all wavelengths. As the adult is the largest and longest developmental stage, it would be

reasonable to assume their carapaces would be the most highly adapted to light transmission.

The spectrophotometry used in these experiments could in future be improved by improving
the sample holder to avoid some of the difficulties encountered here. Creating thicker walls
for the epoxy resin spacer with a specifically flattened epoxy/slide interface would remove
the chance of air/water exchange and the use of a spirit level to create a flat surface that

would interact with the incident light would remove any issues caused by angling of the
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sample holders. Alternatively, more specific experimentation could be carried out to calculate
guantitative values for the different optical properties of the carapace such as ps and ps-
(Cheong et al. 1990), which could then be combined to generate highly accurate optical
transmission values. However, to generate these values, equipment specialised for biological
tissue or techniques are required, such as photothermal radiometry (Long et al. 1987) or time-

of-flight studies (Patterson et al. 1989).

Overall it seems safe to judge that the predicted transmission calculated from the Rl readings
are much closer to the actual readings rather than the spectrophotometry data. While there
is most likely some minor absorption that is ignored from the Rl readings, and there is a lack
of experimental data to reinforce the theoretical transmission predictions, it can be suggested
that the S. lerneri carapace is at least as optically transparent as other transparent biological

materials.
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7. Discussion

7.1 The transparent carapace of the S. lerneri

Skogsbergia lerneri is a rare type of crustacean; it possesses the protective exoskeleton which
is a characteristic of all crustaceans, but its carapace maintains a transparency similar to that
only found in the protective covering commonly seen in many crustaceans’ eyes. The
transparency of the S. lerneri carapace is not only fascinating from a purely biological

perspective but also has promising potential for biotechnical applications.

Like other myodocopid ostracods, the calcified carapace consists of four main layers, namely
the epicuticle - a thin outer layer, the exocuticle —comprising loosely organised chitin fibrils,
a calcified endocuticle containing crystalline calcium carbonates within an organic matrix and
the laminate endocuticle with densely packed chitin lamellae. This structure, together with
its overall composition, allows the S. lerneri to maintain both its transparency and physical

properties.

Until now, a comprehensive analysis of structure has not been undertaken on transparent
ostracod carapaces and indeed, there have been very few studies on transparent crustacean
carapaces in general, especially throughout development. Research on transparency has been
carried out in one of two ways, the first has been through limited electron microscopy, such
as TEM of adult transparent ostracods (Yamada 2019) or SEM of the outer carapace of
transparent amphipods (Bagge et al. 2016). While these give a good insight into the specific
area the authors were interested in (e.g. carapace comparison to other myodocopids or
analysis of a specific anti-reflective structural feature), they lack detail and context of the
carapace as a whole. They also do not probe how these structures change throughout
development, which can be important when analysing an organism. This is especially
important in crustaceans which completely replace their carapaces via moulting numerous
times. The second area of research is in certain species where carapace transparency is only
maintained over a crustacean’s eyes, but not elsewhere (Alagboso et al. 2014; Parker et al.
2018). While specific transparent areas may employ similar structural features to entirely

transparent carapaces, they have greater flexibility as any issues created by their structure
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can be compensated for by the much larger non-transparent portion. This can be seen by the
cornea cuticles of studied isopods, which contain no pore canals across the transparent
section (Alagboso et al. 2014; Fabritius et al. 2016a), a feat obviously impossible to maintain
across the entire carapace. This makes analysis of these areas limited for understanding how

a fully transparent carapace such as S. lerneri can be maintained.

7.2 Instar Development

While there are many similarities between the instars, this thesis has identified substantial
changes in physiology over different developmental stages (summarised in Table 7.1). The
instar 1 carapace has some of the most distinctive features as it lacks crystals formed within
the endocuticle. This makes the carapace significantly thinner than in other instars, with a
higher proportion allocated to the exocuticle and laminar endocuticle layers, and also less
specific magnesium distribution within what would normally be the crystalline endocuticle.
This is not due to a lack of magnesium within the instar 1 carapace as XRF analysis (section
5.3.1) showed high magnesium counts. As magnesium is involved in the stabilisation of
calcium carbonate polymorphs (Addadi et al. 2003; Fabritius et al. 2016a), it would be
reasonable to assume that the crystalline CaCO3 polymorphs have not fully formed into an
established layer and so magnesium would not yet need to be present. Chitin inclusion
(section 4.4.7) measured as percentage chitin-derived signal within the carapace, however,
was at its highest in instar 1, compared to all other developmental stages. This is not
surprising, as without a properly developed crystalline endocuticle layer, a greater proportion
of the carapace will be either exo- or endocuticle, and so chitin based. The rate of growth
from instar 1 to instar 2 was the highest throughout instar development. The change showed
the highest proportional rate and the second-highest actual rate of development in the
ultrastructure, even though the literature as shown it has the smallest increase in animal size
(Cohen 1983). The ultrastructural data (section 3.3) showed that between these two instars,
the carapace increased over 4 times in overall thickness. This consisted of an approximate 2-
3 times increase with each layer and 9-fold with the calcified endocuticle layer, as well as the

complete formation of this layer. However, there was no significant change in percentage
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chitin contribution (section 4.4.7) or elemental composition (chapter 5) between these two
instars. Therefore, the changes observed were purely related to ultrastructural differences.
Instar 2 establishes the basic carapace structure that was seen in all subsequent instars; the
crystalline endocuticle is formed and total carapace thickness increased, compared to instar
1. A stronger and broader magnesium signal was also seen throughout the cross-section
compared to instar 1. However, analysis showed no differences in chitin distribution or CaCO3

polymorph proportions, with all CaCOs structured as amorphous calcium carbonate (ACC).

The instar 3 carapace was significantly thicker than that of instar 2, while maintaining similar
layer proportions. An elemental difference was present; the carapace lacked the previously
identified phosphorous signal within the epicuticle. No change in epicuticle thickness was
seen between instar 2 and 3, indicating that this change was attributed to compositional

differences.

As well as instar 1, instar 4 showed substantial differences compared to the other stages.
Instar 4 was not significantly larger than instar 3, had a lower percentage chitin contribution
than instar 1 and had a reduced crystalline endocuticle thickness. This was seen in both the
guantitative change in the ultrastructure measurements and the reduced -calcium,
magnesium and oxygen distribution, generated from the EDS analysis, which is indicative of
the calcified layer. Although the instar 4 samples used in chapter 3 or chapter 5 could
individually be suggested to have experimental issues, the fact that these instar 4 samples
(different samples and using different techniques) were anomalies in both experiments
suggests that the instar 4 carapace is unique amongst developmental stages. Chapter 5 did
have a smaller sample size for instar 4 (n=1), however the additional samples were not
analysed due to what appeared to be damage caused by their processing, which prevented
experimentation. In retrospect these could have merely been the abnormal structure seen at
this instar, the lack of the calcified endocuticle made the structure of these repeats too thin
to correctly maintain its structure after processing. This uniqueness is additionally supported
by the decrease in chitin-associated pixel percentage, with instar 4 being the only stage with
a significantly lower chitin distribution. However, as the changes in instar 4 structure are
mainly based in the crystalline endocuticle, the overall changes to chitin would be reduced.

Therefore, if this structural change does have an effect it is likely in combination with the
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effect caused by its position as one of the middle stages of development as mentioned in the

discussion of chapter 4 (Section 4.5).

In instar 5, development-related carapace structural changes are re-established, with the
carapace significantly thickened, compared to that in instar 4, with bigger epicuticle,
exocuticle and crystalline endocuticle layers. While this increase of size is substantial, it is
mainly relative to the abnormal structure of instar 4, as the ultrastructural thicknesses of
instar 5 are in line with what would be expected compared to the progressive changes
observed in all other instars. In instar 5 carapaces, calcium, magnesium and oxygen were
again expressed throughout its depth (observed in tissue cross-sections) and the phosphorus
band was present in the epicuticle. Percentage chitin significantly increased from instar 4 (i.e.
no longer significantly lower than instar 1). The most significant change at instar 5 of the S.
lerneri development was the presence of the CaCOs polymorph aragonite within the

crystalline layer, as opposed to ACC, solely seen in all previous instars.

The adult carapace showed a significant increase in thickness by approximately 8 microns,
compared to instar 5, indicating the largest change in size between instars. This was
consistent with the rate of growth of the entire ostracod, which also showed the largest
increase in body size at this stage. The carapace maintained the elemental localisation seen
within instar 5, however it had significantly reduced levels of magnesium and sulphur counts
compared to the early instars (Section 5.3.1, measured by XRF). The number of endocuticle

lamellae and overall thickness significantly increased, as did the percentage chitin level.

Functionally, no significant difference was seen between any of the instars when it came to
refractive index values. Even with all the compositional and structural changes stated above,
no changes to the optical properties of S. lerneri appeared to occur throughout its lifetime.
Although it should be noted that the Rl values were measured at the surface (epicuticle) of

the carapace and so no values have been measured for the deeper layers.

200



Ben Rumney

Chapter 7 — Discussion

Properties of the S. lerneri Carapace and changes over development
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Figure 7.1: Summary of various structures and properties of the S. lerneri carapace throughout development. Scale bars represent Sum. *
represents p<0.05, ** p<0.01, ***p<0.001
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7.3 The Effect of Structure and Composition on the Physical

Properties of the Carapace

Although attempts were made to test the mechanical properties of the S. lerneri
ostracod carapace, failure of equipment meant that data could not be acquired
within the timeframe of this thesis. However, through an analysis of their structural
features and composition some predictions can be made. Firstly, the chitin fibrils in
both the exo- and the endocuticle demonstrated the presence of twisted plywood
structures (Section 3.3.1.2 and 3.3.1.4). These structures are characteristic of the
crustacean carapace and have been shown to increase hardness, stiffness and
potentially crack resistance (Raabe et al. 2005a; Raabe et al. 2005b). Their presence
in both chitin including layers, along with the broad distribution of chitin, implies that
these structures will have a widespread effect upon the carapace. The twisted
plywood structures also indicate that the impressive interplay of hierarchical orders
of chitin, typical of crustacean carapaces, is present in the ostracod carapace also.
The synergistic effect of stiff small subunits combined into larger structures with
reduced anisotropy gives a near-optimal use of the physical properties of each of the
individual components available to the carapace (Nikolov et al. 2011). Hierarchical

design and anisotropy were explained further in section 1.3.1.

The elemental composition also plays a part in the physical properties of a material
and the presence of calcium carbonate polymorphs reinforces the idea that S. lerneri
should have properties expected from a typical crustacean. Aragonite has been
shown to be harder, and have a higher elastic modulus within an organic matrix than
some other CaCOs polymorphs (Ren et al. 2013). Therefore it is possible that S. lerneri
could exhibit even higher physical properties than expected. Aragonite has also been
seen to resist and control crack propagation through its shape and orientation (Ren
et al. 2013; Sevcik et al. 2018). Crack propagation is not only problematic for the
carapace’s protective function but also has serious negative consequences for the
material’s transparency. The inclusion of aragonite over other CaCOs polymorphs

may impart a higher level of control over crack propagation which would minimise
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the impact of damage to transparency. The presence of ACC, an isotropic material,
helps remove anisotropy from within the carapace, further reinforcing the effects

created by the structural chitin hierarchy (Weiner et al. 2003).

This analysis showed that the S. lerneri carapace has a high level of structural
similarity to the general crustacean model and a similar composition (for instance,
even differences with CaCO3 polymorphs were seen). Therefore it seems highly likely
that the S. lerneri carapace would express physical properties similar to that of the
carapace of a typical, similarly sized crustacean, meaning that it would most likely
maintain impressive physical properties for a transparent biological material as

initially predicted.

7.4 Transparency

7.4.1 Mechanisms of transparency within the carapace

As stated within section 3.4, carapace transparency is most likely a combination of
multiple different factors that work in unison, rather than a single, underlying
adaptation. From an ultrastructural viewpoint, numerous transparency mechanisms
can be determined, such as the potential destructive interference generated by the
chitin lamellae and a thin overall carapace to reduce the impact of scattering and
absorption. The ultrastructure combines with various elements within the
composition of the carapace to help overcome any potential issues. The calcified
endocuticle can be seen to be composed of polyhedrons of various sizes, surrounded
by an organic matrix. From the elemental analysis, these polyhedrons were found to
be composed mainly of calcium carbonate polymorphs. The organic matrix within
this layer may impact transparency by preventing the creation of larger calcium
carbonate formations. By doing so, the matrix can provide a gradient into the higher
Rl of the CaCOs; and prevent a sharp refractive index change occurring midway

through the carapace, in a similar way to the epicuticle projections. As has been
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generated from the optical research, the mean refractive index of the carapace
surface is 1.404, whereas the refractive index of the various calcium carbonate
polymorphs is much higher, e.g. aragonite has a maximum Rl of 1.69 and calcite 1.66
(Bragg 1924). Second, calcium carbonate crystals such as aragonite are birefringent,
which would cause additional optical issues to the carapace if grouped in a large

enough mass and so the maintenance of this matrix prevents this as well.

Therefore, by the placement of this organic matrix, the ultrastructure prevents two
potential issues caused by the mineral composition. The chitin lamellae make up only
part of the carapace ultrastructure, however, from the microstructure analysis, we
can see that chitin is present consistently throughout the valve. While this consists
of chitin from both the exo- and endocuticle, this still represents a substantial
amount of the carapace that would be influenced by the potential destructive
interference generated by the lamellae. The lack of calcite is a divergence from the
majority of other ostracod or crustacean carapaces, and its absence shows a large
change, even from ostracods within the same order. This means it could potentially
be a direct adaptation made for maintaining transparency across the carapace. It has
already been previously mentioned that the inclusion of aragonite could be due to
its control and resistance to crack propagation, an issue extremely important for
maintaining transparency. The high level of ACC could also have an effect, as it has
been suggested to dissipate acting impact energy better, due to its more elastic
properties compared to other polymorphs (Al-Sawalmih et al. 2008). The safer
dissipation of energy would also lead to a reduced chance of cracking from the less
elastic parts of the carapace. The exclusion of calcite for higher levels of ACC and
aragonite could be an adaptation made to better maintain transparency after injury,
at the cost of slightly lower hardness values. In addition, calcite is brittle (Huber et al.
2015) and its inclusion could potentially negatively impact crack resistance, so its

removal could have multiple positive impacts on crack resistance.
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7.4.2 Comparison with other transparent biological materials

The Skogsbergia lerneri carapace is structurally similar but compositionally different
to the closest related examples of transparent materials. Vargula hilgendorfii,
another myodocopid ostracod with a transparent carapace, consists of the same
layers of ultrastructure, although the calcified endocuticle is less defined (Yamada
2019). The ultrastructure of the carapace covering the eye window of the ostracod
Macrocypridina castanea, also shares similarity in the appearance and order of the
layers within the carapace (Parker et al. 2018). While the exocuticle is more densely
packed and the carapace comprises substantially more chitin lamellae, a basic
homology remains. Moving away from ostracods, fully transparent amphipods have
shown specific structural adaptations on the surface of the carapace (Bagge et al.
2016). Several species have shown monolayers of subwavelength-sized spheres on
the surface of the cuticle that reduces surface reflection. No similar feature was seen
on the S. lerneri cuticle surface, which was smooth except for pore canals, which are

much too large and sparsely distributed to create the same effect.

Another previously used comparison was the corneal cuticle on non-transparent
crustaceans, these show a general similarity but with distinct differences. The Ligia
oceanica cornea shows a similar laminate endocuticle but no calcified endocuticle
section is seen, the exocuticle is present, however, it is structured into lamellae much
like the endocuticle (Alagboso et al. 2014). This exocuticle formation is closer to how
the typical crustacean carapace would be, so it is interesting to note that both types
of these substantially different exocuticles contribute to transparency. Specialised
extensions projecting down from the epicuticle (mentioned in section 1.3.5) seen on
the L. oceanica corneal cuticle (Alagboso et al. 2014) were found to be present in the
S. lerneri carapace as well, suggesting this structural feature is a widespread

adaptation and not just a hallmark from previous phylogenetics.

The major compositional difference seen between S. lerneri and most other
ostracods is the apparent lack of calcite within the carapace. A large number of

ostracods, including V. hilgendorfii, have been shown to include some calcite (Sohn
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1969) (Xia et al. 1997), although a large amount of the literature stating the
composition of the carapace is older and may be dated. As well as the ostracod
carapace, the previously mentioned cornea cuticles (Alagboso et al. 2014) also
contain calcite. It is worth noting that in both of these specific examples a large
amount of amorphous calcium carbonate is also seen within the carapace, similar to
S. lerneri, so there is some level of similarity when comparing the overall

compositions.

7.5 Future work

1. One of the most exciting potential avenues for this research is the generation of
a functional model for the S. lerneri carapace. The 3D spatial data required has
already been generated in section 3.3.4 following SBFSEM . This data has also
already been separated into the individual layers and each of the structural
components can be identified from the images. Future testing of either optical
or physical properties can be carried out on specific areas within the carapace
and then assigned to these structures. This model could then simulate data for
further information on carapace properties, not only for the actual carapace but
also on specific sections of the carapace, which could be isolated and analysed

for potential biotechnical applications.

2. The design and creation of protective transparent materials is an area in great
demand for numerous different purposes (Patel et al. 2000; Hwang et al. 2003).
The ability to synthetically or biomimetically create a transparent protective
material such as that exhibited by S. lerneri is an area with exciting potential.
Through the research done within this thesis, the structure and composition of
the S. lerneri carapace has been better understood and the groundwork has
been laid to expand upon the re-creation of these properties. Expansion into a

synthetic re-creation of this material would require proteomic analysis to
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understand how to re-create the carapace and the generation of primary cell

cultures, work on which has already been started.

Analysis of the physical properties of the carapace would be valuable in
reaffirming the implications generated from analysis of the ultrastructure.
Originally this thesis was to include a section on nanoindentation within chapter
6, however, the equipment failed and had to be replaced, and this delay
unfortunately prevented its inclusion. A series of nanoindentation tests would
be extremely informative for revealing the hardness of the S. lerneri carapace
and whether the inclusion of transparency came at the cost of physical
properties (such as hardness). Any changes over development could be analysed
and directly compared to the progression of the ultrastructure. In addition, the
majority of the physical testing in crustaceans has been carried out on larger,
more commonly examined examples, such as lobsters or crabs, with more
complex, multi-sectioned carapaces. This makes it difficult to relate to as small
and uniform a carapace as the bivalved ostracod. Analysis of hardness testing of
the ostracod carapace would also be the first (to this author’s knowledge) and
would be impactful for any potential biotechnical applications to which the

study of this carapace or that of any other ostracod could lead.

The absence of calcite seen within the S. lerneri carapace is a substantial
difference from other ostracods as previously mentioned. Total calcite
expression can be minimal in a lot of crustaceans and the XANES measurements
carried out in chapter 5 only used a central line scan, so some ambiguity
remains. Further XANES analysis, using raster scans which fully encompass the

valve, can confirm this apparent lack of calcite.

Additional spectrophotometric research would be an area of immediate future
analysis to reinforce the results generated in this thesis. As previously stated,
the major problems were caused by the sample holders created to adapt the
equipment for carapace analysis. The issues caused by these holders have been

identified and could be remade to remove these issues and generate more valid
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data. Alternatively, the use of a spectrophotometer outfitted to analyse solid
materials would remove the need for sample holders to be created. With more

practical optical data, the transparency values become more reliable.

The surface of the carapace is important in maintaining transparency and pore
canal distribution could have a significant effect on these properties, therefore
S. lerneri most likely have adapted to overcome this issue. Further examination
of pore canal number or distribution on S. lerneri compared to non-transparent
ostracods would lead to an understanding of how S. lerneri overcomes the
problem of essential pore canals. This would give insight into how transparent
biological materials can maintain essential carapace upkeep without affecting

transparency.
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