The . N
4 University materials
7% Of '

Sheffield. 2 dgroup

Ecto-secretions: A Comparative Study
between Mucus, Venom and Silk

Edgar Barajas Ledesma

Supervisors
Dr Chris Holland
Prof. Gwen Reilly

A Thesis submitted to
The University of Sheffield
Department of Materials Science and Engineering
Natural Materials Group

For the Degree of
Doctor of Philosophy

Sheffield, September 2021



Thesis abstract
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Animals have developed specific characteristics to facilitate a range of natural functions, from
the chemical to the mechanical. One of these adaptations include producing ecto-secretions,
materials secreted by specialised glands to be used outside the body. Three model ecto-
secretions include gastropod locomotive mucus, used to facilitate animal’s locomotion; snake
venom, to facilitate the immobilization and digestion of prey; and silk, which has a range of
functions, from protection to reproduction. However, even now, there are no studies

analysing these three model ecto-secretions together.

To fill the gap in the study of ecto-secretions, the primary aim of this thesis was to investigate
the structure-hydration-function relationship of gastropod locomotive mucus and snake
venom for comparison to silk. To achieve this a set of experimental techniques was included,
such as spectroscopy, electrophoresis, thermoanalytical techniques (differential scanning

calorimetry and thermogravimetric analysis) and rheology.

This project was the first to directly correlate ecto-secretions’ properties. Here, | have
developed a novel scientific platform combining different experimental and analytical
techniques. This approach has made it possible to compare and contrast the role of proteins
in ecto-secretions and to use these materials as a novel grouping to explore the more general

area of how proteins have been selected and optimised to perform outside the body.

The compositional and thermal characterisation of these materials revealed that proteins in
gastropod locomotive mucus and snake venom exhibit a higher thermal stability than silk, due
to glycosylation, hydration state and main function. Moreover, rheology offered a unique
answer to a question regarding the flow properties of snake venom, proving it is a Newtonian

fluid.



The developed Performance Map can be used as a guide to incorporate more and new ecto-
secretions in the future. With my findings, | have a broader knowledge of these materials,

which can be used during the industrial processing of materials inspired by ecto-secretions.
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List of abbreviations and symbols

Species (names in bold correspond to species tested)

Gastropods
A. fulic@.....uceeuvssvrvevssunesnnnns Achatina fulica
A. marginata...................... Achatina marginata
P. boraceiensis................... Phyllocaulis boraceiensis
C. aspersum............cceeeeeeees Cornu aspersum
..................... Cepaea nemoralis
A. ater ....uvvvsvreeriricnsecsenns Arion ater
A. hortensis....................... Arion hortensis
A. subfuscus....................... Arion subfuscus
A. columbianus................. Ariolimax columbianus
............................. Limax flavus
L. maximus.............c.c........ Limax maximus
L. marginata...................... Lehmannia marginata
D. reticulatum.................... Deroceras reticulatum
D. caruanace........................ Deroceras caranuae
G. maculosos...................... Geomalacus maculosos
T. pisan@...........ceecvveenne.. Theba pisana
E. vermiculata.................... Eobania vermiculata
L. haroldi.............cccuceuu....... Laevicaulis haroldi
V. sloanei............ccceuueu...... Venonicella sloanei
L. stagnalis........coeeeerssvseens Lymnaea stagnalis
M. cornuaretis.........c......... Marisa cornuaretis
............................ Pomacea diffusa
L. limatula........................... Lottia limatula
P. vulgata...........ccvvveenann.. Patella vulgata
H. diversicolor..................... Haliotis diversicolor

D. maxima.............ccev.........DENdropoma maxima

L. irroratQ.........uuueueeeeveennenn... Littoraria irrorata

L. littoreq.......cueeceeeeveenanne.. Littorina littorea

L. obtusata..........cccoeeuueunn... Littorina obtusata

L. SOXQEIliS.....eeceeeeeisaenaan.. Littorina saxatilis

I. obsoleta............ccceuveueuuunn. Illyanassa obsoleta
Snakes

B. arietans..........ccccceeeeunn.... Bitis arietans

B. caudaliS...........eueuuaun....... Bitis caudalis

B. gabonica...........uu..... Bitis gabonica
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B. nasicornis.............uuuuuo...

Bitis nasicornis

C. dUIISSUS..c.uvesvesrecrrcrrireninns Crotalus durissus
............... Hemachatus haemachatus
N. pallida........................... Naja pallida
N. nubiae...............ccceuuu... Naja nubiae
N. mossambica................. Naja mossambica
N. nigricollis...................... Naja nigricollis
........................ Naja subfulva
............................. Naja nivea
............................... Naja haje
..................... Naja annulifera
............................... Naja naja
N. siamensis............ccueeuues Naja siamensis
N. philippinensis............... Naja philippinensis
............................... Naja atra
N. kaouthia....................... Naja kaouthia
O. hannah......................... Ophiophagus hannah
Silk
B. MOFi....ueuuueeeunerianeneaaans Bombix mori
N. eduliS....cccessssressssssessarnns Nephila edulis
A. PeINYinecceesevrecsserssrsssssenss Antheraea pernyi
Others
O. vulgariS.......ccuveveecveun. Octopus vulgaris
H. suspectum...................... Heloderma suspectum
E. goliath............cveuveunee.. Eptatretus goliath
E. rowelli.............coueeeun... Euperipatoides rowelli
Techniques
Ultraviolet-visible Spectroscopy (UV-vis)
A e Absorbance, a.u.
o TR Path length, cm
Gt e Concentration, mol/L
€ e et e Molar absorptivity or molar extinction coefficient, L/mol.cm
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Fourier Transform Infrared Spectroscopy (FTIR)

ATR ottt Attenuated Total Reflection

(o SO Depth of penetration, nm
Aeeeereteneneneesensese s e eseneeseees Wavelength of the light, nm
R RR Angle of incidence, °
N1 Refractive index of the crystal
N1 e Refractive index of the sample
- 11 O SO RRRRSRON Arbitrary units

Sodium Dodecyl Sulphate—Polyacrylamide Gel Electrophoresis (SDS-PAGE)

Rfeereeieerree et Relative electrophoretic mobility
(D 7 [ SR kilodalton
MW i Molecular weight

Differential Scanning Calorimetry (DSC)

AHoooniiiie e Enthalpy of denaturation, J/mol
T0ieeeeieencee et Initial temperature, °C
Tttt Final temperature, °C
ACp ittt Heat capacity change, J/mol °C
AT et Temperature difference, °C
TG Glass transition temperature, °C
W et Watt

Rheology
YV ereerererensinseensnesssess e s s s Shear rate, s
L Viscosity, Pa.s
Tt eerrreeerreeeeeeeeteserteseraeeeraen s Shear stress, Pa
Pa.e Pascal
G ot Elastic modulus or storage modulus, Pa
(I Viscous modulus or loss modulus, Pa
Olurererrereesanesessseessesesesesesenns Cone angle, ©
Divereeererereeeseseessssesesessasenanes Angular frequency, rad/sec
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Fluid mechanics

RE.tiietirirere et e Reynolds number, dimensionless

o JE TR Density, kg/m3

D TN Diameter, m

AP e Pressure differential, Pa

Ul ereerereneneerereasessenensesesseeeseses Velocity at the inlet point, m/s
U2ereerereneneerereesessesensesessenseseses Velocity at the outlet point, m/s
Al Cross section area at the inlet point, m?
At Cross section area at the outlet point, m?
Lttt e Length, m
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CHAPTER 1: INTRODUCTION

“l have called this principle, by which each
slight variation, if useful, is preserved,
by the term of Natural Selection.”
Charles Darwin




This chapter introduces the concept of “ecto-secretion”, defining this term based on
examples of materials produced by different species. Then, a comparison between ecto-
secretions is provided, where two main groups of these materials are explored in detail:
gastropod mucus and snake venom. This chapter also includes a bibliographic review of the
information found related to gastropod mucus and venoms, comparing collection and storage
methods, and characterisation techniques, in order to identify the gap in knowledge about
these two fascinating ecto-secretions. The section “Gastropod Mucus” of this chapter, is
based on my contribution to a review paper in preparation “Characterisation of Gastropod

Mucus and its applications: A review”.

1.1 WHAT IS AN ECTO-SECRETION AND WHAT ARE REPRESENTATIVE EXAMPLES OF
THESE MATERIALS?

Natural selection has led to the development of characteristics amongst species that allow
them to adapt to their environment and deal with a range of challenging conditions or
changes that may exist [1],[2]. The term ecto-secretion is formed by two words: ecto, derived
from Greek ektos, meaning “outside”; and secretion, from a biological perspective defining
the cellular process which involves the delivery of substances from the inside to the outside
of the cell, transported by secretory vesicles [3], [4]. Therefore, an ecto-secretion is a
compound used by species outside their body. Examples of ecto-secretions are some salivas
produced by animals, such as predatory molluscs in the Gastropoda and Cephalopoda
lineages [5]; silk produced by silkworms and spiders [6]—[8]; mucus produced by snails and
slugs in the Gastropoda lineage [9]—-[13]; and the venom produced by some animal species,
such as cobras and vipers [14]-[16]. In this thesis we will focus on silk, gastropod locomotive

mucus and snake venom.

The first example of ecto-secretions is saliva. This material has different functions such as oral
digestion, lubrication, protection of soft and hard tissues, and antibacterial and antifungal
activities [17]. One interesting example is found in predatory molluscs, such as octopuses in
the class Cephalopoda, which produce ecto-secretions containing toxic substances [5]. This
saliva consists of glycoproteins associated with mucus, and also contains hyaluronidase, an

enzyme that decomposes hyaluronic acid into monosaccharides, to increase membrane
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permeability by increasing molecular movement, and as a consequence facilitating the flow
of the viscous mucus throughout the prey item [18]. Other proteins are also present, one of
them named in the early 1960°s as cephalotoxin [19]. In the species O. vulgaris (figure 1.1)
two of these toxins were characterised by Cariello and Zanetti [20], where in prey such as

crabs, these toxins can cause paralysis [19].

FIGURE 1.1 Common octopus, O. vulgaris. Credit: https://pixabay.com/photos/octopus-kraken-
octopus-vulgaris-428745/

The second example is silk. Since ancient times, silk has been of strong interest to people for
its high commercial value (the Silk Road), and for the luxury of the material itself. Today, this
material continues to amaze us because of the great diversity of clothes that can be made
with it and the wide range of fashion items that are designed every day. But silk, is more than
a nice material to create clothing: it is a biomaterial with extraordinary mechanical properties

(7], [21]-[27].

Silkworm silk is a natural protein fibre produced by insects in the order Lepidoptera such as
B. mori, and it is used to protect the larva from external factors, such as the environment or
predation, during metamorphosis [28]. Silk consists of two major protein components:
fibroin, which makes the fibres (70 - 80 %); and sericin (20 - 30 %), which binds fibres together.
[29], [30] Fibroin consists of heavy and light chain proteins, 390 and 26 kDa, respectively [31].
Sericin is a globular protein soluble in water, containing primary random coil and [-sheet

structures [32]. Figure 1.2 shows the species B. mori: larvae, cocoon and moth.
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FIGURE 1. 2 Species B. mori in the order Lepidoptera: a) Silkworm, b) Cocoon, and c) Silk moth.

Another ecto-secretion is mucus produced by snails and slugs, which allow them to adhere to
different surfaces, remaining in horizontal or vertical positions without falling yet still be able
to move. From terrestrial to marine snails, they are all characterised by producing compounds
that contain proteins and carbohydrates in their structure that give to mucus its particular

properties [33]—-[41]. This material is explained in detail in section 1.3.

The last example of ecto-secretions in this thesis are venoms produced by snakes, and these
are powerful weapons for survival and defence against predators, or as mechanisms to
facilitate digestion and obtain food, containing a mixture of toxins and proteins that vary

depending on the species [14]-[16], [42]-[45]. Venoms are explained in detail in section 1.4.

These materials as we know them, have been changing over millions of years of evolution,
modifying their structure, composition, protein hydration, and function, as a consequence of
the survival needs of the animal producing them. Species need to develop adaptations to
compete against each other if they want to survive, and different factors influence those
changes. This includes the interactions and diversification between species, to deal with a
wider range of other living organisms, gaining the ability to live in other environments. [46].
Despite the technological advances in different scientific fields, there are still many questions
to be answered and properties to be discovered in the field of ecto-secretions. The correlation
between properties will allow us to understand how each one of these materials has specific

adaptations that make it suitable and stable for a chemical or mechanical function.
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1.2 GASTROPOD MUCUS
1.2.1 DEFINITION, PROPERTIES AND PREVIOUS STUDIES

To understand why this ecto-secretion is unique, we need to start by defining what is a
gastropod. Gastropods are snails and slugs in the class Gastropoda, the largest class of
molluscs with more than 50, 000 species described. These species started its diversification
from a common ancestor 540-550 million years ago, by the early Cambrian, and interestingly,
the shell of snails have appeared from a mucus coating. [47] The cladogram (Figure 1.3) shows
the families within this class, detailing the Stylommatophora clade, where most of the
terrestrial snails and slugs belong, including the species explored in this thesis [48].
Gastropods produce three types of non-Newtonian gels: defensive, adhesive and locomotive
mucus, the last one which will be studied in detail in this thesis. Animals use this ecto-
secretion to move (lubrication), for protection against pathogens, and to adhere to different
surfaces. Mucus contains > 98% water and the rest consisting of mucins and other organic
and inorganic materials [49]. The most important components in mucus are mucins, proteins
highly glycosylated by large numbers of monosaccharides linked glycosidically, conferring
mucus its viscoelastic properties [50], [51]. Mucins in gastropod mucus have a molecular

weight between 50-200 kDa [52].

Since ancient cultures, gastropods have been observed and their behaviour used as indicator
of some events, such as harvest time. However, the analysis of gastropod locomotion was not
reported in more detail until the 1920s, where a study discussed wave deformations during
slugs’ locomotion [53]. Although in the 1980’s more detailed studies described other
characteristics of gastropods, such as their adhesive or locomotive mucus [54], until now
there are no reports correlating the structure and function of this material. Two areas of study

seem to be exclusive: adhesive and locomotive mucus.

To gain more knowledge in our understanding of gastropod mucus’ function, its
compositional, thermal and mechanical (rheological) properties need to be characterised. In
the past, they have been analysed, and studies have been carried out in the three categories
of gastropods: marine, freshwater and terrestrial, analysing their mucus from different

perspectives and approaches. For the purposes of this thesis, a detailed analysis of the
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literature up to 2021 was undertaken and it is shown in Table 1.1 To do this analysis only
literature was included where gastropod mucus was collected from the animal’s foot and
where no animals were killed. Studies were classified depending on the type of mucus
(adhesive or locomotive), as well as the characterised property (compositional, thermal,
structural or functional). A distinction is also included in Table 1.1, corresponding to research
group (life or physical sciences), this was classified based on author’s affiliations; and species

are related according to the cladogram in figure 1.3.

Certain families, and more specifically species, have been studied more, such as A.
columbianus [55]-[58] or A. subfuscus [34], [59]-[65], and others are almost forgotten. This
choice of gastropod to study can be attributed to the ease and availability of finding and
maintaining certain species in the laboratory, or perhaps to build on previous studies showing

great potential in the gastropod mucus in question.
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TABLE 1. 1 List of species reported in literature, classified according to figure 3. Coloured cells represent the
collection and storage method, and property and technique. Letters A and L represent Adhesive or Locomotive

mucus, respectively. 1-31 represent the reference numbers. Pink numbers indicate Life sciences, in blue

Physical sciences, and in black, both Life and Physical sciences groups.
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L. limatula AL 1 1 1 1 1
P. vulgata L 2 3 2,3 3 2 3 2
H. diversicolor A 4 4 4 4
D. maxima A 5 5 5
. A 6 6 7 6 6,7 6
L. irrorata
L 7 7 7 7
L. littorea L 8 8 8
L. obtusata L 8 8 8
L. saxatilis L 8 8 8
1. obsoleta L 9 9 9
L. stagnalis L 10 10 10
M. indica A 11 11 11 11
L. maculatus L 10 10 10
A 12 13 llé’ 12 13
L. maximus 12 3
o) - 9
L 12 13,14 14 12 14
L. marginata L 15 15 15
D. reticulatum L 10 15 10 15 10 15
D. caruanae L 10 10 10
G. maculosus L 15 15 15
A. hortensis L 10 10 10
A 12 12 12
A. ater 10
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List of studies included in table 1: 1 [76], 2 [77] 3 [78], 4 [79] 5 [80], 6 [81], 7 [49], 8 [82], 9 [83], 10 [59], 11 [33],
12 [55], 13 [34], 14 [84], 15 [85], 16 [52], 17 [60], 18 [34], 19 [61], 20 [62], 21 [63], 22 [64], 23 [65], 24 [56], 25
[57], 26 [58], 27 [86], 28 [87], 29 [35], 30 [36], 31 [88]

The mucus collection process is as important as the selection of the species to be studied,
since it has been reported that proteins undergo denaturation by mechanical processes [89].
Additionally, handling the animal during the collection process, could generate stress on the
gastropod changing the mucus composition. For example, it has been reported that slugs can
increase the production of minerals, such as calcium by external stimuli [85]. Of 29 species
included in 32 studies, in 79.3 % the collection method consisted of razor blades to collect

mucus from the foot of the animal.

There are three categories of storage described in table 1.1, in which mucus has been stored
once collected: at room temperature, cold, or frozen. Samples of 23 species were stored at
room temperature for later characterisation, and samples from two species were stored at
temperatures between 1 to 10 °C. Although the procedures for collection and storage have
been reported in these studies, there is no study that analyses the effect of collection or
storage method on gastropod mucus’ properties. It is likely that temperature will have an
effect on the modification or stabilization of the proteins in mucins, the main components in

gastropod mucus [90], [91].

Regarding the properties of gastropod mucus, in my literature review analysis | classified

them into four categories:

1.- Compositional: including Fourier Transform Infrared Spectroscopy (FTIR), in order to
determine the functional groups of organic compounds in mucus; Sodium Dodecyl Sulphate
Polyacrylamide Gel Electrophoresis (SDS-PAGE), to separate the different groups of proteins
in mucus; chromatography and mass spectrometry, to determine the organic and inorganic

materials in mucus, as well as the molecular weights of proteins.

2.- Thermal: in this category only Thermogravimetric Analysis (TGA) is considered, where the
quantity of dry mucus with respect to the fresh mucus was determined in the studies
considered.
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3.- Structural: including Optical Microscopy, to analyse mucus trails; and Scanning Electron
Microscopy (SEM), to perform X-ray compositional analysis under SEM and to determine trails

mucus morphologies.

4.- Functional: including Rheology, to determine the flow behaviour of mucus; and tensile

testing, to determine the force required to break the adhesive mucus, i.e., its tensile strength.

Of the species examined, compositional properties were characterised in 19 of them; thermal
properties in 2; structural properties in 16; and mechanical (functional) properties in 7. Thus,
the broadest knowledge gained from the characterisation of gastropod mucus corresponds
to compositional properties. Of the studies carried out on this topic, only one on A. fulica
mucus [87], included the four groups of properties, where the correlation between mucus’

composition with its function and thermal stability is described.

Itis crucial to note that only one study covered nine different species [59], including terrestrial
and freshwater gastropods, but only compositional properties of mucus by FTIR were
characterised. In line with this, perhaps the characterisation method chosen by scientists to
study the species described in Table 1.1, is also related to the fact that the topic has been
approached fundamentally from two angles: life and physical sciences. Although the
properties of gastropod mucus analysed in these studies have already been indicated, other
important aspects are the groups of species (marine, freshwater or terrestrial), the two types
of mucus studied (adhesive or locomotive), and the two research groups (life or physical
sciences). Based on this, figure 1.4 shows the three groups of gastropods, with the studies
that have been carried out in relation to adhesive or locomotive mucus, the percentages of

each property analysed, and classified by research group.
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FIGURE 1.4 Classification of studies by research group, analysing adhesive or locomotive mucus
according to four types of properties (compositional, thermal, structural and functional), based on
table 1.1

From figure 1.4, marine snails correspond to 28.1% of the total studies, with 9 species
analysed, and no studies have been reported by groups of physical scientists, only by life
scientists. This fact can be attributed to the type of environment in which these species are
found, the collection and storage methods in the laboratory, as well as the procedures for
mucus collection. The two types of mucus have been analysed, and mainly compositional
properties of adhesive mucus has been characterised. Structural aspects of locomotive mucus
represent the most relevant in these studies, such as microanalysis by SEM and analysis of
mucus trials. Freshwater snails correspond to 3.1% of the studies, which represents only one
study and just one species, carried out by a research group of life sciences regarding to

locomotive mucus, and characterising compositional properties, more specifically, by FTIR.

Finally, 68.7% of the total studies correspond to terrestrial gastropods, and 94.7% of them to
the Stylommatophora clade, probably due to the ease of finding, collecting and maintaining
species in the laboratory, in addition to the fact that this clade represents the majority of
terrestrial gastropods [12]. In this group, both categories, life and physical sciences, have
analysed species. From a life sciences perspective, the two main properties that have been
studied in adhesive mucus are compositional and functional, while for locomotive mucus they

include structural aspects. The groups of physical scientists have focused their attention on
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mechanical (tensile strength) and compositional (molecular weight) properties of adhesive
mucus; and structural properties of locomotive mucus, such as mucus trails and crystals
formed when mucus is dry. A synergy between both groups, developing even more extensive
studies in this field, is necessary, in order to share standardized or successfully tested
methodologies, and the selection of representative “model systems” for each group of

gastropods (marine, freshwater or terrestrial).

Despite the division of research groups and the exclusive characterisation of gastropod
adhesive or locomotive mucus, each one of these studies have contributed to our knowledge
on this type of ecto-secretion. The study of aquatic species, such as marine snails in the
Littorinidae family, has demonstrated that trail following on deposited mucus reduces the
energetic costs associated with mucus production. It has also demonstrated that mucus’
dehydration will reduce its aggregation (trail following) and its effectiveness for microbial

growth [49], [76]-[82].

Regarding the study of terrestrial gastropods, four decades ago, pioneering studies were
completed by Denny, the first person to study in detail the rheological properties of gastropod
mucus, considering the environment and molecular weight as parameters affecting mucus’
viscosity. Denny contributed substantially to bring researchers’ attention to the study of this
ecto-secretion, at a time when it was almost forgotten or not explored in detail. His research
including the slug A. columbianus, answered some important questions regarding the
relationship between structure-performance in gastropods, such as how locomotive mucus
determines the limitations of gastropod size and speed [56],[57]. Another relevant study was
carried out in the year 2000 by Skingsley et al., [59], which included the characterisation of
locomotive mucus from freshwater and terrestrial slugs to compare their composition, and
to identify the main molecular components in mucus. This was the first detailed study

including FTIR to analyse gastropod mucus.

These important contributions to this field opened the door to new studies. However, there

are still unexplored areas and gaps that need to be filled. Some important questions remain

unanswered, corresponding to each group of properties:
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1.- Compositional: do marine, freshwater or terrestrial species have similar water content in
their mucus? What is the composition of their mucus? Does mucus in all species show

evidence of glycosylation?

2.- Thermal: What is the range of temperatures for mucus to be stable, maintaining its
function as an adhesive or lubricant? How do protein secondary structures in mucus change
as a response to an increase in temperature? How thermostable is gastropod mucus

compared to other ecto-secretions?

3.- Structural: Do mucus trails show crystal growth during the drying process?

4.- Functional: How does molecular diversity affect mucus function?

These questions need to be answered, in order to contribute to our knowledge about
gastropod mucus. All techniques detailed in table 1.1 can be transferred to different clades
within the Gastropoda class, to learn more about these fascinating materials and their
applications. For example, gastropod mucus shows antimicrobial activity [51]; it can be used
as an bioindicator for heavy metals in the oceans or to show changes that marine ecosystems
undergo as a result of pollution [92]; and to establish what are the locomotion mechanisms
in freshwater snails [93]. This will allow us to elucidate more about the potential applications

of gastropod mucus in different fields [51], [94]—[96].

1.2.2 APPLICATIONS

Gastropod mucus has been demonstrated to offer a wide range of applications, from soft
robotics to super adhesives [49], [95], [97]-[99]. As explained in section 1.2.1, some clades
have been studied in more detail than others. Figure 1.5 shows some examples of applications
for adhesive and locomotive mucus, which includes super adhesives; skin regeneration
products; the design of soft-crawling robots based on gastropods locomotion; and how snail

mucus in freshwater and marine snails can be used as a substrate for microbial growth.
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FIGURE 1.5 Gastropod mucus A) composition and B) applications. Numbers refer to data reported by
1[49], 2 [49], 3 [95], 4 [97], 5 [98], and 6 [99].

1.2.2.1 ADHESIVE MUCUS

Super adhesives

Bio-inspired adhesives have been developed based on adhesive mucus produced by
terrestrial snails [100]. However, slug’s mucus has been studied in more detail because of its
promising properties for medical applications and its toughness as a strong gel, more
specifically, the slug A. subfuscus [63], [64]. This slug produces an adhesive mucus that forms

a strong network between polysaccharides and proteins and its particular metal binding
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proteins with a higher concentration than locomotive mucus (higher protein/carbohydrate
ratio) [63]. In one study conducted by Li et al. [95], the design of bioinspired adhesives based
on A. subfuscus adhesive mucus was proposed, because the existing adhesives designed for
wet surfaces such as internal tissues can be cytotoxic affecting healthy cells, and they do not
have strong adhesion to tissues. Contrary to this, the super glue produced by this slug has
been demonstrated to have strong adhesion to diverse wet surfaces and due to electrostatic

interactions, the glue can adhere to wet surfaces and act as a heart sealant [95].

Skin regeneration

It has been demonstrated that mucins in snail mucus can induce cell proliferation [88], but
also A. fulica and C. aspersum mucus have antibacterial properties [101], and an antioxidant
effect due to the glycosaminoglycans in mucus. As a result, snail mucus has been used in
cosmetology and beauty care, for skin regeneration and also to treat dermatitis and burns
[102], [103]. In one study conducted in 2009 by Tsoutsos et al. [97], they tested the efficacy
of a repair cream containing 80 % of snail extract obtained from C. aspersum mucus, applied
on deep partial thickness burns in adult humans. Results were visible on patient’s skin
between 12-14 days or until complete epithelialization, showing the healing effect of snail

mucus on promoting cell proliferation and regeneration.

1.2.2.1 LOCOMOTIVE MUCUS

Soft-crawling robots based on gastropods locomotion

Soft-crawling robots, with designs based on gastropod’s locomotion, have been developed
during the past five years and are gaining more interest due to the high versatility and wide
range of possible applications [98], [104], [105]. For example, a soft pneumatic actuator,
consisting of a flexible material which can change its shape and size as a consequence of an
external stimulus such as electricity or other type of energy, has been proposed for medical
uses, especially for gastrointestinal endoscopy. This is because the current protocols and
instruments used for this procedure have some disadvantages, such as the discomfort caused

by a non-highly flexible apparatus [104]. Another design is a micro scale robot, based on
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snail’s locomotion and pedal waves, consisting of a 50 um thick crystalline polymeric film with
an area of 30 mm?, deformable by stimulation with light in order to generate the snail based
pedal waves [105]. Another soft-robot consisting of flexible rubber tubes moved by
pneumatics can recreate pedal waves, such as those produced when snails or slugs move, and

this design can be used to move objects without damage and under irregular surfaces [98].

Substrate for microbial growth

In aquatic snails, locomotive mucus plays different roles apart from being a lubricant, it can
help snails to obtain food that is attached to the mucus trail. It also facilitates microbial
growth and has the ability to behave as a fertilizer for algae and other microscopic organisms,
due to the presence of mineral ions and organic components, such as proteins and
carbohydrates [99] In addition, snails can be used to determine the concentrations of
pollutants in their environment, i.e., they can be used as bioindicators if their trail mucus
composition and microbial organisms deposited are analysed and tracked, to identify high

concentrations of heavy metals or abnormal microbial growth or absence [106].

These applications based on gastropod locomotion and mucus have been explored more in
recent years with a high potential in the medical field and micro and nano-engineering. This
mucus has potential not only for its high versatility, but also for its biocompatible and
biodegradable properties. The design of more complex soft structures is in process in many
studies. This work will progress more successfully if gastropods are explored in more detail
and if we know more about their peculiar characteristics, and of course, their distinctive ecto-

secretions.
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1.3. SNAKE VENOM

1.3.1 DEFINITION, PROPERTIES AND PREVIOUS STUDIES

Venom is another ecto-secretion produced by specialised glands in the body of the snake, it
consists of a complex mixture of proteins and other organic compounds, which can be
delivered using specific mechanisms [15], [16], [107], [108]. Phylogenetic analyses indicate
that snake venom glands evolved 60-80 million years ago, and some venom toxins evolved
from a single ribonuclease ancestor. [109] Snakes use venom for predation, protection and
digestion [110]. This ecto-secretion has a different composition between species and is a clear
example of how evolution has modified a material to become a potent weapon with
properties and characteristics to be explored [111]. One study conducted in 2004 by Li et al.
[112] identified 74 different components in snake venom, as a result they classified cobra
venom as cytotoxic, and the one in vipers (venomous snakes in the Viperidae family) as
haemotoxic. They compared the main biochemical differences in both groups of snakes,
attributing the major variations to the presence of neurotoxins and absence of
metalloproteinases in cobra venom, and the absence of neurotoxins and presence of

metalloproteinases in viper venom.

Snake venom has a molecular weight ranging from 6 to 200 kDa, and the main group of
components includes 3FTx (three- finger toxins), NUC (nucleases), CRISP (cysteine rich
secretory proteins), LAAOs (L-amino acid oxidases), PDE (phosphodiesterases), PLA;
(phospholipases A2) and SVMP (snake venom metalloproteinases) [113]. Depending on the
amount and presence of these components, venom will be more or less potent [108], [112],

[114], [115].

Another interesting aspect about snake venom is related to delivery mechanisms. According
to a recent study published in 2020 [111], snakes in the Colubroides clade are the most
studied, more specifically their venom systems. In this clade, vipers and elapids are included.
Figure 1.6 shows a cladogram of some common elapids and vipers, adapted from [116].
However, viperids separated from elapids about 61 Mya, as a consequence vipers B. arietans,
B. caudalis, B. gabonica, B. nasicornis and C. durissus have not been included in the

cladogram, only listed [117].
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Asian facultative spitting cobra
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C. durissus South American viper

4.0 My

FIGURE 1.6 Cladogram showing the most common African and Asian Elapid species, which are
studied in this thesis. Vipers are also listed. Adapted from [116]. The abbreviation “My” refers to
million years.

The elapid species included in this cladogram correspond to the majority of Asian and African
cobras, all of them will be studied in detail in this thesis. These elapids include Naja species,
and some of them can spit this potent weapon as a defence mechanism, producing severe
damage to the corneal tissue and extreme pain to the predator’s eyes [118], [119]. There are
morphological differences in spitting and non-spitting cobras’ fangs. In spitting cobras, the
orifice to discharge venom is rigid and as a consequence the process to spit the venom,
occurring in milliseconds, requires high accuracy (if spat venom is not in contact with the eyes,
then the effect in other external tissues is less severe) and fast movements of their heads
[120]. This morphological variability has been investigated in previous studies as have the
processes associated during venom spitting. There are two different mechanisms when
venom is spat as a continuous horizontal stream, suggesting that fang muscle contraction and

an increase in intraglandular pressure produce a pressurised flow [121], [122].
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In line with this, another aspect which has been investigated in detail since 1980°s is the
adaptation of certain Naja species to spit venom, focusing on tracking the drops of spat
venom using high speed video recording [123], [120], [124], [125]. Another group of
researchers focused their attention on the understanding of morphological adaptations in
snake fangs and venom channel, and few of them have characterised rheological properties
of venom [126], [122], [127], [128], [129]. There is one study carried out in the year 2011
[128], where the effect of surface tension on the process of injecting venom into the prey was
analysed. It was also studied in general, whether the venom corresponded to a Newtonian or
non-Newtonian fluid, reporting that it is indeed a non-Newtonian fluid, because its viscosity

was observed to change with the shear rate [128], [126].

In order to better identify the main areas of research reported before and including vipers
and elapids in figure 1.6, table 1.2 shows a classification of techniques used to analyse snake
venom from the African primitive spitter ( ); the most common Naja species
(African spitters: N. pallida, N. nubiae, N. mossambica and N. nigricollis; African non spitters:
N. subfulva, N. nivea, N. haje and N. annulifera; Asian spitters: and

; Asian non-spitters: and ; and Asian facultative spitter: N. kaouthia),
African vipers (B. arietans, B. caudalis, B. gabonica, B. nasicornis), and the South American
viper (C. durissus) from a literature review since 1980 to 2021, corresponding to studies where
only venom was analysed and not any tissue or other part of the animal was considered.

Species are classified according to figure 1.6.
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TABLE 1.2 List of the most common Naja species and five vipers reported in literature. Coloured cells
represent the collection and storage method, property and technique. Numbers 1- 46 represent the

references.
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40,
. . 41, 40, 41
B. nasicornis 40 41,43 41, ! i
43 43
43
41, o 41,
C. durissus 44, 45 41, 46 44- ¢ 44, 41, 44 46 45 46
46 46 45

List of studies included in table 2: 1 [130], 2 [131], 3 [130], 4 [113], 5 [132], 6 [133], 7 [134], 8 [135], 9 [136], 10
[137], 11 [138], 12 [139], 13 [140], 14 [141], 15 [142], 16 [143], 17 [144], 18 [145], 19 [146], 20 [147], 21 [148],
22 [149], 23 [150], 24 [127], 25 [151], 26 [152], 27 [153], 28 [154], 29 [155], 30 [156], 31 [157], 32 [158], 33
[159], 34 [160], 35 [161], 36 [162], 37 [163], 38 [126], 39 [164], 40 [165], 41 [166], 42 [167], 43 [168], 44 [169],
45 [170], 46 [171].

From table 1.2, in terms of venom collection, the two ways for obtaining venom are: directly
from the animal (milking) or purchased (from different companies). These collection methods
depend on snake’s availability, collaboration with research centres, trained technicians to
milk snakes, and animal regulations for handling, keeping and working with vertebrates. An
important procedure found in 90% of studies is the storage method, based on lyophilised
venom once it was collected from the animal, to obtain a dry powder for further analyses.
This means it is not possible to carry out functional properties of this ecto-secretion because

a fresh wet sample is needed for viscosity tests.

As can be observed in table 1.2, the majority of studies have focused their attention on
compositional properties, with two main groups of characterisation techniques: SDS-PAGE
and chromatography, mass and/or absorption spectrometry. There are only two studies
including FTIR, used to analyse crotamine, a potent toxin which can penetrate cells causing
and promoting necrosis, and this component is found in vipers. Those studies analysed the
region between 1800-1600 cm™, more specifically amide | peaks at 1650 cm™ [170], [171].
There are also two more studies referring to thermal characterisation of some thermostable
toxins in the venom of non-spitter cobra N. naja and viper C. durissus [152], [171]. The
rheological and thermal properties of cobra venom have not been analysed together in
studies within this review. For example, the use of chromatography, mass spectrometry and
SDS-PAGE, is considered in the majority of reports, possibly due to availability, venom
complex composition, or perhaps because some analytical techniques are more on the

materials and engineering side than in the life sciences field.

From information in table 1.2, a more specific analysis can be done, in order to quantify the
percentage of studies focused on spitters, non-spitters and vipers. Figure 1.7 shows a

35




classification of snakes by behaviour and property percentages based on compositional,
thermal, morphological and functional characteristics of snake venom.
28 studies 10 studies 8 studies

7 species 6 species 5 species

1001

801

Property, %

Spitters  Non-spitters Vipers

[Jcompositional [_]Thermal [T]Structural [_]Functional

FIGURE 1.7 Classification of studies by snake behaviour (spitting and non-spitting cobras, including
Asian and African species; and vipers, including African and the South American species), according
to four types of properties: compositional, thermal, structural and functional, based on table 1.2.

According to figure 1.7 the highest number of studies corresponds to spitting cobras, while
the lowest to vipers. However, all of them have a percentage from 72 to 87 % of compositional
characterisation, which suggests, as previously mentioned, that researchers have focused on
the identification and classification of venom’s toxins. This is possibly due to the promising
medical applications of several of these components that require a better understanding of
which species contains the highest number of specific enzymes such as PLA; or SVMP. These
approaches have allowed researchers to continue with further studies to identify the post-
translational modifications occurring in venom proteins, which cause venom variations and

different toxicity.

However, there are areas underexplored and gaps that should be filled to obtain a wider
understanding of snake venoms. For the four properties described in table 1.2, these

unanswered areas can be grouped as follows:
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1.- Compositional: despite the vast majority of snake venom studies includes proteomic
characterisation, there are no studies including the analysis of snake venom describing how
protein secondary structures vary between species and families, and if these variations can
be attributed to the presence of the main components of venom. Another interesting aspect
is that all studies reported include the use of very expensive and time-consuming techniques,

where others such as a FTIR, could offer a new approach to this field.

2.- Thermal: to understand the thermostability of proteins and their performance at different
temperatures. There are no reports studying a wide variety of snake venoms from a
thermodynamic approach, where thermal transitions are described and linked to the external

hydration state of this ecto-secretion and its composition.

3.- Structural: snake venom affects blood cells morphology, and this has been reported and
indicated in table 1.2. However, to my knowledge, there are no studies indicating how this
enzymatic activity of snake venom varies when pH is acidic or alkaline, and how this

contributes to cells’ shape variations.

4.- Functional: the mechanical properties of fresh snake venom remain widely unexplored,
and there are no reports including the rheological characterisation of this ecto-secretion,
including species from different families, geographical locations and behaviour (spitter or

non-spitter).

Correlating these properties in a holistic way, will evidence the complexity of snake venom
and the importance of studying this ecto-secretion using a wider range of techniques, to
interpret the hydration-function relationships; glycosylation and its thermostability. This will

add information about venom’s properties to be considered for its applications.
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1.3.2 EFFECTS IN HUMANS AND POSSIBLE APPLICATIONS

Due to the high number of components in snake venom, it can cause moderate to severe
effects in animals when venom is injected or spat. Some components can have local damage
close to the site of the bite, but other toxins have a systemic effect that can cause organ
failure, and consequently death, within minutes. In humans, these effects can be severe and
worldwide, every year snake bites cause thousands of deaths, reports estimate this at 138,
000. The highest numbers of deaths occur in tropical countries and more specifically, rural

areas where people are in close contact with snakes [111], [172].

In contrast, the same toxins found in snake venom can be used to treat specific diseases in
humans. Some applications have been studied in the past years and many others are in their
early stages with promising results. These components in the cocktail of biomolecules in
snake venoms could be used to treat diseases such as Alzheimer, cancer or hypertension [15],

[42], [43], [45], [173]-[190].
Figure 1.8 shows the five main groups of components identified in snake venom and studied

previously as well as some examples of effects in humans when venom is injected or spat. In

addition to this, some examples of possible medical applications are included.
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1.3.2.1 SNAKE VENOM EFFECTS

Some of the five groups of components in snake venom (Figure 1.8, section 1) are associated

with different reactions when a human has been bit or spat at by a snake.

Cornea Tissue Damage (Ophthalmia)

Naja spitting cobras use their fang muscles and venom glands to increase the pressure of the
fluid inside, then venom is ejected as a pressurised stream travelling more than 1 meter to
finally touch the predator’s eyes. This process can be repeated several times and a single spit
can contain 0.01 to 0.5ml of venom occurring in approximately 50 milliseconds [120], [196].
The ocular surface of terrestrial animals is protected by a tear film containing several layers
and tissues. The first layer consists of different molecules and proteins protecting the eyes
against bacteria, as well as providing hydration. When venom is in contact with the eyes,
mucins protecting the ocular tissue and cornea are damaged and the severity depends on the
volume of spat venom and the time before any treatment is applied. As a result, conjunctivae
are affected and the cornea can present patchy edema, and in some cases neovascularization

[154], [191].

Ventricular dysfunction

There are reports of multiple organ failure in humans after one or several snake bites
associated with the age of the human and with the amount of venom injected. The lungs,
brain and heart can suffer several types of damage and as a consequence the death is
imminent. The left ventricle of the heart can be strongly affected which leads to death, it can
be caused by cardiogenic shock, and multiple infarcts derived from myocardial rupture and
infarction. These problems are caused by the cardiotoxins, neurotoxins and haemotoxins in

snake venom [192].
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Blood cell damage

Haemolysis can be caused by the effect of haemotoxins in snake venom. This problem consists
of the destruction of red blood cells (erythrocytes), i.e., modification and destruction of the
erythrocyte membrane. Red blood cells are transformed into discocytes or echinocytelike
(cells with abnormal membranes, with evenly-spaced spikes on their surfaces), because of
morphological modifications of membranes [181]. This will also produce thrombocytopenia
due to the reduction in the number of thrombocytes in the blood and consequently the

development of thrombosis which can be lethal [192].

1.3.2.2 POSSIBLE MEDICAL APPLICATIONS

Snake venom offers a wide range of potential applications, due to the strong effect of toxins
in other organic compounds. Researchers worldwide are studying in detail these components
to be able to propose new and novel uses for snake venom in humans. Here, three examples

of possible applications are described:

Alzheimer’s disease (AD)

Alzheimer’s disease (AD) starts with the formation of the amyloid plaque. Studies revealed
that the amyloid peptide-42 (AR42) is more abundant in brains with Alzheimer’s, whereas in
healthy brains the amyloid peptide-40 (AR40) is found. In AD the breakdown of the amyloid
precursor protein into fragments is one of its characteristics, and one of these fragments is
the AR42 which will form plaques. In AD the amyloid peptide has changed chemically and
begins to pair with other protein strands to form a tangle. This causes the microtubules
disintegration, collapsing the transport system of neurons, followed by poor communication
between neurons and then the death of the cells [193], [197]. Inhibition of the process
associated with the amyloid plaque and its destabilization could be useful for prevention and
treatment of AD. In line with this, venom of the viper D. russelli contains some specific
components, for example, phospholipases A, hyaluronidases, protease inhibitors, and one

component identified as factor V activator (RVV-V). RVV-V is a glycoprotein forming small
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peptides, which has been demonstrated in tests in vitro to affect AR42, destabilizing the

amyloid aggregate, offering a possible opportunity for the treatment of AD [193].

Cancer therapy

Cancer has been identified as the second most common cause of death in humans (the
number one corresponds to cardiovascular diseases), with a 17 % of the total number of
deaths worldwide [198]. This disease is characterised by the development of abnormal cells
that divide uncontrollably and have the ability to infiltrate and destroy healthy tissue [199].
Different types of scientific approaches against cancer have been investigated and every year
new treatments are tested in animals and on human cells. One group of studies is associated
with snake venoms, because results revealed that cationic peptides in snake venom are
characterised by hydrophobic residues, and using three mechanisms can contribute to
tumour cell modification: 1) disruption of the membrane; 2) interfering with nucleic acid and
protein synthesis; and 3) immune cell activation [194]. More specifically, crotamine a
neurotoxic peptide isolated from the South American viper C. durissus has antitumoral
properties which have been characterised using in vitro and in vivo tests. Results revealed
that this peptide shows selective cytotoxicity against cancer cells when it is used at
concentrations around 5 pg/ml, and in tests using a melanoma mouse model and in vitro
human melanomas exhibit a significant inhibition of tumour size [200]. Derivates of this
component have been designed and researchers are studying other snake species and

components in their venoms to develop new possible applications to treat cancer.

Hypertension (blood pressure regulation)

Cardiovascular diseases, including hypertension, are the number one cause of deaths
worldwide, according to data published in 2017 by the World Health Organization [201].
There are different factors considered as the main causes of hypertension: stress; high levels
of sodium; low levels of potassium and calcium; other chronic diseases like diabetes mellitus;
and modifications on adrenergic receptors’ function [202]. To treat hypertension, the
adrenergic receptors (AR) are crucial, because their guanine nucleotide regulatory protein (G

protein)/adenylyl cyclase (AC) is related to the regulation of cardiac function. In the human
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heart, there are two types of AR: a and 3 families [203]. Activation of B-AR increases heart
rate, and toxins in venom from elapids and vipers have been studied in order to identify the
effect on heart rate frequency and pressure regulation. More specifically, -cardiotoxins,
blocking the (B-AR function, from the king cobra O. Hannah, have been shown to reduce heart

rate in vivo in rats and ex vivo in isolated rat hearts [195].

Toxins in snake venoms attack the organ systems of the prey, in a similar way as doctors using
prescription drugs treat patients against different diseases, like pressure regulation to control
hypertension. Snake venom toxins have different effects from local to systemic as described
before, and the individual effect of each toxin can be used for the development of new

synthetic compounds to treat a wide range of top diseases in humans.

1.4. CONCLUSION

Since ancient times, humans have been interested in ecto-secretions. Traditional costumes
made with pure silk decorated with vibrant colours were used in Chinese Dynasties, or even
decorating metallic objects to enhance their beauty. Gastropods have been used to treat
some skin problems in different small towns in Europe, where people believed and even now,
that gastropod mucus regenerates damaged skin cells. In Mexico, Aztecs and Mayans made
extensive use of snakes not only in religion, but also in food and traditional medicine. And in

ancient Egypt, legends surround the death of Cleopatra by a snake bite.

Whatever the reason is, nowadays researchers are intrigued by the unique set of properties
these ecto-secretions have, inspiring the creation of new robots; new medicines to treat
diseases in humans; to understand more about evolutionary processes that modified animal’s
behaviours; or to identified and establish links between species in different families. Research
groups in both fields, physical and life sciences, are starting to focus on particular properties
(compositional, morphological, thermal or functional). However, still now there are no
standardised protocols to handle, collect or store some of these ecto-secretions once they
have been extracted from the animal, affecting its properties or not giving the opportunity to

analyse them in their native state.
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There are areas unexplored with gaps to be filled in order to incorporate more details that

contribute to our knowledge about these materials. The main gaps identified are:

- If gastropod mucus contains mostly water and only 2% or less of solids (including
proteins and carbohydrates), do mucus from different species share similar
rheological properties, such as viscosity?

- Mucins in gastropod mucus and how they affect the rheological properties of this
ecto-secretion.

- Rheological characterisation of snake venoms including spitting and non-spitting
species from different families, and how this is affects their behaviour (spitting).

- Thermodynamics of gastropod mucus and snake venom to identify the thermal events
and what parameters contribute to their thermostability.

- The relationship between ecto-secretion’s function and its compositional and thermal

properties.

1.5. THESIS AIM AND OBJECTIVES

1.5.1 AIM

Given that proteins are responsible for ecto-secretions’ function, they must have specific
adaptations, unlike those used inside the body, to achieve this. However, the understanding
of why ecto-secretions behave in those peculiar forms is still unknown. By studying a range
of ecto-secretions that have been selected for different functions, such as chemical (venom)
and mechanical (mucus and silk), it will be possible to identify some common components
and optimisations that proteins require to be used outside of the body in their natural
environments. This is most likely related to the precise control and maintenance of protein

hydration.
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1.5.2 OBJECTIVES

To fulfil this aim, the following objectives have been set:

- Characterise the compositional and mechanical properties of gastropod mucus and
snake venom, in order to identify the main parameters contributing to each group of

properties.

- Evaluate the effect of temperature on protein stability in gastropod mucus, snake

venom and silk.

- Compare compositional and thermal properties of gastropod mucus, snake venom
and silk with its function, in order to establish the structure-hydration-function

relationship between them.

1.6. CHAPTER INTRODUCTION

This thesis consists of four sections: the introduction, methodology, results and discussion,

and conclusions and future outlook, spanning eight chapters as follows:

Chapter 2: Experimental Techniques and Theory

In this chapter, the methods for gastropod mucus and snake venom collection are explained,
as well as the principles and theory behind each technique used to analyse compositional,
thermal and functional properties of ecto-secretions. Also, criteria for species selection are
explained. This will facilitate the understanding of results and will give the reader an overview

of how results were obtained.
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Chapter 3: Analysis of Gastropod Mucus by Infrared Spectroscopy

This chapter is the first one of gastropod mucus analysis and it describes the characterisation,
identification and classification of gastropod mucus by FTIR, including Caenogastropoda and
Heterobranchia clades with a total of twelve species. Spectra were analysed from 1800 to
1000 cm™, including Gaussian fitting and contrasting my results with the only one study about
FTIR reported in 2000 by Skingsley et al. [59], comparing the different spectral regions to
establish the degree of glycosylation, protein ratios, and relationships between mucus by all
the gastropods tested. Species were also classified based on their spectral similarities
performing a Multivariate Analysis, representing a new methodology applied to gastropod’s

classification.

Chapter 4: Rheological and Compositional Properties of Gastropod Mucus

In this chapter, compositional and functional properties of six different mucus corresponding
to terrestrial gastropods in the Stylommatophora clade are described in detail. Results show
that mucins are the main component in mucus in all species tested. Mucins have been
adapted to maintain mucus locomotive function and its stability as a lubricant depending on

the natural environment.

Chapter 5: Rheological and Compositional Properties of Snake Venom

This chapter is the first one of two corresponding to snake venom. Viperidae and Elapidae
families were included in this study in order to compare protein concentration, pH and
viscosity of spitting and non-spitting cobras as well as one viper. These analyses determined
if venom delivery mechanism and concentration (biting or spitting) affect venom’s rheological
properties. In order to establish the effect of viscosity on the delivery mechanisms, X-ray
microtomography data reported by du Plessis et al. [129] were incorporated in flow
calculations to obtain pressure requirements inside the venom channel. The main effect in
venom delivery mechanism was attributed to morphological adaptations rather than

rheological variations.
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Chapter 6: Structural Characterisation, Classification and Identification of Snake Venoms

This chapter includes the compositional characterisation of snake venom in families Viperidae
and Elapidae combining SDS-PAGE with FTIR, to determine the proteins present, but also to
identify structural and compositional variations in snake venom, as a result of thermal stress.
In addition, a multivariate analysis was performed to classify snakes based on the hierarchical
clustering analysis of FTIR spectra. This approach is a novel strategy to provide new insights

into venom’s properties, as well as for the identification and classification of species.

Chapter 7: Differential Scanning Calorimetry of Ecto-secretions

This chapter presents a differential scanning calorimetry (DSC) study performed on gastropod
locomotive mucus and snake venom. Data previously reported on silkworm silk was included
in the analysis. The main thermal events occurring in all ecto-secretions were identified, to
link them with the external hydration state. This contributed to elucidate the effect of protein

type (globular or fibrous) and glycosylation, on the thermal stability of each ecto-secretion.

Chapter 8: Summary and Future Outlook

The last chapter of my thesis includes the answers to the main research questions,
summarising the four groups of properties with their most important parameters, to obtain
the Performance Map. It also includes “model” species as the most representative ones for
each ecto-secretion. This chapter also incorporates recommendations for future work in
other ecto-secretions, such as mucus produced by marine snails or Cephalopods, or the study
of other venomous animals in addition to snakes, to expand the knowledge gained with this

project to other species.
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CHAPTER 2: EXPERIMENTAL TECHNIQUES AND THEORY

“If the experiments which | urge be defective,
it cannot be difficult to show the defects,
but if valid, then by proving the theory,
they must render all objections invalid.” Isaac Newton




Experimental techniques and theory are described in this chapter, with the main purpose to
help the reader to understand the criteria for species selection and collection methods, and
the principle behind each characterisation technique. This information will be useful for the

comprehension of the following chapters.

2.1 SPECIES SELECTION

Ecto-secretions included in this study (gastropod mucus and snake venom) were selected as
two representative materials which main functions are when they are wet, but also because
they have two opposite uses by the animal that can be compared. Gastropod locomotive
mucus is used for mechanical roles (locomotion), while snake venom’s function is chemical

(digestion, defence and predation).

Gastropod and snake species were selected based on different criteria, and they are described

as follows.

2.1.1 GASTROPODS

Gastropods can be found in different environments, from land to sea. As explained in Chapter
1, there are no more than a handful of studies including different gastropod mucus properties
together (compositional, thermal, morphological and/or functional), and different species.

With this in mind, the criteria for gastropod selection included in this study are:

a) Availability: this is crucial considering that species are not found in cold environments
or when the weather is dry and warm (above 20 °C). This limits the selection and
collection months in the UK.

b) Laboratory animal facilities: due to the wide range of gastropod species, some of them
require special containers and equipment, which are not always available and require
unique installation and permissions. Therefore, marine species were not included in
this study. Only terrestrial and freshwater species were considered, in order to adapt
their containers for them to live in healthy conditions. No species were damaged or

killed during this research.
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c) Clades: gastropods are the most abundant molluscs with more than 50, 000 species
included [48], and in order to compare different clades, Heterobranchia and
Caenogastropoda clades were included, representing terrestrial gastropods and
freshwater snails, respectively.

d) Mucus production and facility to collect it: species such as the Japanese freshwater
snail C. chinensis, or the Nerite snail N. natalensis, only move if they are in their
containers and with no human intervention or disruption to collect the animal for
different tests, so these species were discarded. Thus, freshwater snails studied are
the only species available and fulfilling this criterion.

e) Invasive species: Some gastropod species represent a major problem around the world,
due to their ability to adapt to different environments. One of these examples is the
African snail A. fulica, considered a polyphytophagous pest, i.e. can eat different plants,
also this species has a high reproductive capacity [204], [205], [206]. These
characteristics make this species suitable for study. Even when it represents a problem
in different countries, there are interesting properties of its mucus, like antibacterial
effects against some microorganisms. Therefore A. fulica snail was included in this

study.
For gastropods tests, in total 7 species were collected (C. aspersum, C. nemoralis, A. ater, A.
hortensis, L. flavus, L. maximus and L. stagnalis) and 5 were purchased (A. fulica, L. haroldi, V.

sloanei, M. cornuaretis and P. diffusa), based on the 5 criteria mentioned above.

Figure 2.1 shows the geographical distribution of these species in their natural environments:
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FIGURE 2. 1 Distribution of selected gastropod species. Colours indicate the geographical
distribution of each species (highlighting the UK), not considering the non-native
countries/continents where they are found, based on [207]. Cladogram extracted from figure 1.3,
shows all species, including collected and purchased gastropods. ® Refers to the African snail found in
America, Africa, Asia and Europe as an invasive species.

Figure 2.1 shows the cladogram with selected species found in Africa, America, Asia and
Europe, in order to compare properties and results between families, which will be discussed
in Chapters 3 and 4. Selected species include tropical freshwater snails and gastropods native
from the UK to identify the main variations in their mucus. The African snail is included in this

study to compare mucus from a snail native from a different natural environment
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(temperature, humidity, food, etc.) with gastropods native from Europe. This will offer

insights into the impact of geographical location on locomotive mucus.

2.1.2 SNAKES

Species were selected based on the literature review discussed in Chapter 1, where it is clear
the lack of studies including three or the four properties of snake venom (compositional,
thermal, morphological or functional), and on the availability of Naja cobras and one
outgroup (viper) for comparison purposes. This was done in collaboration with the Centre for
Snakebite Research & Interventions, at the Liverpool School of Tropical Medicine (LSTM), UK,
for several reasons: 1) the maintenance and husbandry of snakes requires special permissions
approved by the UK Home Office and the LSTM Animal Welfare and Ethical Review Board; 2)
specific health and safety procedures are required, especially when handling venomous and
potentially lethal animals in case anyone who is in close contact with these species is bit or
spat by the animal; and 3) the availability of antivenom in case there is an accident. At the
LSTM, there are standardised protocols to address these issues, which are inspected and

approved by the UK Home Office and the LSTM Animal Welfare and Ethical Review Board.

Figure 2.2 shows the geographical distribution of snakes and a cladogram including all species

studied in this thesis.
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FIGURE 2.2 Geographical distribution of most common African and Asian Naja species, African
primitive spitter H. haemachatus, and viper B. arietans. Colours indicate the geographical
distribution of each species adapted from [113] and based on [208]. Cladogram extracted from
figure 1.6, shows the list of species included in this study indicating the number of analysed snakes
from each species and available at the LSTM.

From figure 2.2, most African territory occupied by Naja species is considered in this study,

with the spitting, non-spitting cobras and viper. The Asian area where Naja cobras are found

includes most of China, India, Thailand and the Philippines.
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Once species have been collected, selected or purchased (gastropods), the next step is to
collect the ecto-secretion, considering the available options and the different positive and

negative effects they could have on the nature of this material.

2.2 ECTO-SECRETIONS COLLECTION

In all scientific areas, physical or life sciences, sample collection has a crucial effect on results,
due to the effects each process can have on the sample, altering its nature, and as a
consequence, modifying its compositional, thermal, morphological and/or functional
properties. Another factor to consider is the knowledge on how to collect and store samples
once extracted from the animal. Gastropod mucus and snake venom collection methods are

explained in this section.

2.2.1 GASTROPOD MUCUS

As described in table 1.1 in Chapter 1, there are different methods used to collect terrestrial
gastropod mucus reported in the literature from 1980 to 2021: 1) using a sterile glass rod on
the foot of the gastropod; 2) direct stimulation of gastropod’s foot by mechanical or electrical
stimulation; 3) using sterile razor blades to collect the mucus behind the gastropod; and 4)
using forceps or plastic straws (mostly for the adhesive mucus collection). All results
presented in this thesis, related to gastropod mucus, correspond to locomotive mucus, and
with this in mind, table 2.1 shows a comparison between the collection methods reported in

other studies.

TABLE 2.1. A comparison between the different collection methods of gastropod locomotive mucus
reported in the literature

Collection method Effect on the animal Effect on mucus

Mucus collected from stressed

Sterile glass rod/Glass slide/direct Stress and could cause the death of animals can have different
mechanical or electrical stimulation the animal due to the chemical composition, more
of gastropod'’s foot hyperproduction of mucus specifically calcium concentration
[85]

If mucus is not collected

None, as mucus is collected behind . . .
immediately, evaporation can

Sterile razor blades/metal spatula to the snail (trail of mucus), when .
. . . . occur, and dry mucus will be
collect mucus behind the gastropod animal is moving freely on a glass . .
o collected instead of fresh native

one
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Based on table 2.1, the best collection method for terrestrial gastropod mucus corresponds
to the use of sterile razor blades, used while the snail is moving across a sheet of glass, to
scrape up the fresh mucus from the smooth surface of the glass. Then mucus is transferred
to a clean plastic Eppendorf centrifuge 1 ml tube to be used within 12 hours, i.e., immediately

and the same day after being collected.

Freshwater snails are considered only for Fourier transform infrared spectroscopy (FTIR)
characterisation, due to the difficulty to collect fresh mucus from an aqueous environment
where mucus is dissolved. For these tests, freshwater snails were removed from their tanks,
cleaned with type | water and then put in a clean Petri dish with 10 ml of water, to allow them
to move and produce locomotive mucus for 10 minutes. After this period, snails were
carefully removed from the plastic container and put close to the attenuated total reflectance
crystal of the FTIR crystal to allow them to move for 1 minute, before returning animals to

their tanks.

2.2.2 SNAKE VENOM

Snake venom can be obtained by a number of different procedures, but the most common
and used these days is by massaging the venom glands, followed by the injection of venom
into a sterile Petri dish or other container covered with parafilm, also known as the “milk”

process [114]. This procedure is showed in figure 2.3.

FIGURE 2.3 Snake venom obtention manually by massaging venom glands.
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Although the manual procedure to extract venom is used worldwide, there are some
important considerations to keep in mind:
- Young snakes (< 3 years) could suffer glands traumatism and it could be potentially
lethal for animals [114].
- According to procedures at the LSTM, snakes are milked once a month only if needed,
in order to avoid infections, traumatism and irreversible gland damage to the animal.
- Sometimes due to the stress caused to the animal during venom extraction, snakes
bite themselves producing some bleeding that can contaminate the venom. In these

cases, samples are not considered.

All species showed in the cladogram in figure 2.2 were milked to extract their venom. Each
native venom sample was transferred immediately into a sterile plastic Eppendorf 2 ml tube,
and transported on ice from Liverpool to Sheffield, to carry on all the characterisation tests.

As all species are available at the LSTM, there was no need to purchase any venom.

2.3 CHARACTERISATION TECHNIQUES

A wide range of techniques exists that can be used for materials characterisation, and
depending on the type of material to be analysed, there are important aspects to be

considered [209]:

Sensitivity of the technique.

- Amount of sample required for the analysis.

- Time required for sample preparation and analysis.

- Previous knowledge of the technique, i.e., user expertise required.
- Availability

- Cost

These aspects can be included for different types of materials’ characterisation (metals,

polymers, ceramics and composites), and for natural and synthetic materials. Apart from

these points, other details to think about are:
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- What information can be obtained from each technique?
- Isthe information obtained from that technique valuable for my research?
- Is the characterisation technique destructive or non-destructive?

- Is there another technique which can be used easily?

Considering all these points, for the characterisation of gastropod mucus and snake venom,
there are six techniques that were chosen from a larger group available at the University of

Sheffield and other institutions, and classified according to the property characterised:

- Compositional: UV-vis spectroscopy (UV-vis), Fourier transform infrared spectroscopy
(FTIR), and sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE).

- Thermal: thermogravimetric analysis (TGA), differential scanning calorimetry (DSC)
and rheology (ramp temperature tests).

- Functional: rheology.

Figure 2.4 shows the techniques indicating some examples of the information that can be

obtained from each one.
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FIGURE 2.4 Characterisation techniques used to analyse ecto-secretions.

Protein concentration can be estimated from UV-Vis, based on absorption peaks and
Lambert-Beer law [210]. FTIR provides absorbance bands which can be used to identify
organic groups such as those associated with proteins and carbohydrates [211]; and SDS-
PAGE is used to identify which group of proteins is more abundant in one sample based on
their relative molecular weights [212]. TGA provides information about volatile compounds
in one sample as well as the total solids present [213]; and DSC is a useful technique which

gives us information about thermal stability of proteins, when the material is heated up [214].
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Finally, rheology in general is used when flow behaviour and deformation of a material needs
to be described, for example to study the viscoelastic behaviour of protein systems [215].

Each technique is explained in detail, including its principle and how the instrument works.

2.3.1 UV-VIS

UV-Vis spectroscopy consists of the absorption of ultraviolet-visible radiation (with a
wavelength range between 200 and 800 nm) by a molecule. This process of absorbing
radiation causes an electron to go from its ground state to an excited one. The electrons in
molecules are those that are excited during this radiation absorption process and the
absorption spectra and their maximum peaks are then associated with different types of
bonds present in the analysed material. This is why UV-vis spectroscopy is widely used in the
identification of functional groups in a molecule. A particular characteristic of this technique
is the width of the bands that appear in a UV-Vis spectrum, and it is due to the superposition

of vibrational and electronic transitions [210].

The mathematical relationship between sample concentration and absorbance, can be

explained by the Beer-Lambert law [216]:

Where:

A = absorbance, a.u.

b = path length, cm

C = concentration, mol/L

€ = molar absorptivity or molar extinction coefficient, in L/mol-cm, and it is characteristic of
each chemical species, representing how well the material absorbs light at a specific

wavelength.

Figure 2.5 shows a schematic representation of the UV-vis spectrometer.
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FIGURE 2.5 Diagram showing how a double beam UV-vis spectrometer operates. Schematic
representation is based on [210].

According to figure 2.5, both lamps emit different types of light: the tungsten one corresponds
to the visible light, while the deuterium lamp generates ultraviolet light. The emitted
electromagnetic radiation is directed to the monochromator, which selects the corresponding
wavelength to the sample. Then, the beam-splitter directs the light source through the
cuvette with the sample to be analysed, for example an ecto-secretion (sometimes diluted in
water if native sample consists of a non-translucid material, such as snake venom); the other
cuvette contains the reference. If samples are diluted in distilled water, then the reference
will contain the same type of water. And finally, the photodetector records the transmitted

light and the signal is processed and the spectrum displayed on the monitor [210].

This technique can be used in the analysis of a wide range of materials, and its main
applications include:

- Identification of metals in coordination compounds

-Colorimetric identifications

-Determination of the degradation process of organic dyes caused by photocatalysis
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- Semiconductor analysis
-Determination of functional groups in organic compounds, such as proteins.
-By correlating the concentration of solutions and UV-vis spectra, the concentration of

proteins in a sample can be quantitatively determined.

Some of the disadvantages of this method include the limitation that only liquid samples can

be analysed and if cuvettes are handled incorrectly wrong measurements will be obtained.

2.3.2 FTIR

The principle for IR spectroscopy is that most molecules absorb light in the infrared range of
the electromagnetic spectrum and this energy is converted into molecular vibrations. The
spectrophotometer measures the absorption of infrared light through the analysed material,
and it is measured as a function of the wavenumber between 4000 to 400 cm™. The
absorption spectrum that is obtained is a "molecular fingerprint", since each material is
different, and with this spectrum, organic compounds present in a material can be identified,

such as functional groups in proteins or sugars [217].

The IR spectrophotometer consists of a continuous light source that produces light with a
wide range of infrared wavelengths, which passes through the interferometer and directed
to the sample. This process results in an interferogram, representing an unprocessed signal
of light intensity as a function of mirror position. Then, this signal is Fourier transformed,

producing the typical spectrum of absorbance vs wavenumber [218].

Initially, IR sample preparation requires prior procedures. For example, powder or fibres must
be combined with potassium bromide (KBr), which is transparent to infrared rays, to obtain a
sample that after being pressed, can be cut into thin layers for analysis. Liquid samples can
be measured directly or by using a transparent solvent (such as water, or some organic
compounds) under infrared rays. However, in most cases, sample preparation requires
chemicals or additional instruments not always available in the laboratory. This is why the use

of the Attenuated Total Reflectance (ATR) -FTIR is a good option, because it allows the study
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of native liquids or solid samples without modifying or destroying them, such as fresh

gastropod mucus, snake venom or silk [219].

ATR is based on the internal reflection and the light path of the sample, which depends on
the depth of penetration (dp) of infrared energy in the sample, so as long as the sample has a
minimum thickness the depth of penetration (dp) covers the entire material, resulting in the

absorption spectrum, as described in Figure 2.6.

Sample

Beam condensing lenses

Crystal 9! -
Reflected

. beam
Incident

beam

ATR top plate

Sample Spectrum

Wavenumber, cm?

Depth of penetration

Evanescent (dp): 2- 4 ym

wave

FIGURE 2.6 Diagram showing how the FTIR-ATR operates. ? Schematic representation of the ATR has
been adapted from [220].

First, in the ATR crystal (which can be diamond, Ge, ZnSe, etc.) IR light from the
spectrophotometer is reflected by the mirrors, and at the crystal interface the interaction
with the sample occurs (Figure 2.6). The effective light path of the ATR sensor is defined by
the number of internal reflections multiplied by the depth of penetration of the evanescent
wave. At each node, a wave of evanescent energy exits the surface as it decreases in intensity

as a function of the distance from the sensor’s surface [220].
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The depth of penetration (dp) also depends on the specific wavelength of the energy, and it is

defined as [220]:

s A
} 2m\/n? sin?0 — n2

Where:

dr = depth of penetration, nm

A = wavelength of the light, nm

0 = the angle of incidence

n1 = the refractive index of the crystal

ny = the refractive index of the sample

The common value for dp is between 2-4 um. The evanescent wave produces partial
penetration of the IR light and then an absorption spectrum will be recorded. That spectrum
can be used to determine degree of glycosylation in ecto-secretions; to compare different
samples and its structural variations; or to correlate similarities between species in the same

family. The main disadvantage of FTIR-ATR is related to the small sampling area (fig 2.6).

2.3.3 SDS-PAGE

Polyacrylamide gel electrophoresis is one of the most widely used methods for the analysis
and characterisation of proteins. Electrophoresis is relatively simple, fast and sensitive, which
makes it a very useful technique. There are numerous variations of this technique depending
on the equipment used, and physical-chemical properties in which the separation is to be
carried out. For example, the capillary electrophoresis, electrophoresis on paper, and
polyacrylamide gel electrophoresis. Protein electrophoresis in polyacrylamide gels can be
carried out under native (ND-PAGE) or denaturing (SDS-PAGE) conditions. The differences
between one type and another lie in the components of the gels and the buffer solutions
used, as well as the treatment of the samples. SDS-PAGE is shown in figure 2.7, indicating how

this technique works [212].
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FIGURE 2.7 Diagram showing SDS-PAGE technique. * Refers to the picture taken from [221].

®Schematic representation of proteins has been adapted from [222].

Denaturing, reducing agents and detergents are included in SDS-PAGE. Proteins are
solubilized in the presence of the anionic detergent SDS, which binds to proteins, breaking
down the hydrophobic interactions and denaturing them. Denatured proteins will adopt a
linear structure with a series of negatively charged SDS molecules along the polypeptide
chain. Because the amount of SDS that binds to proteins is proportional to their size, SDS-
protein complexes have a constant charge-mass value, and as a consequence will separate
according to their size, when they migrate from the cathode to the anode of the
electrophoresis tank. In addition to SDS, other denaturing agents can be used, such as a 2-
mercaptoethanol that reduces disulphide groups. To ensure the dissociation of proteins into
their subunits and the loss of secondary structures, samples are usually heated up before

being loaded on the gel, generally between 90-95 °C [212].

SDS-PAGE is frequently used to determine the molecular weight of unknown proteins by

comparing their relative electrophoretic mobility (Rf) with that of the standard proteins of
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known molecular weight (protein ladder) and to determine the number of subunits of a

protein complex. Rt is defined as [223]:

migration distance of the protein

Relative migration distance = Ry = —; - -
& f migration distance of the dye front

The Laemmli system consists of two types of gels: a gel, called a concentrator with a non-
restrictive (large) pore size that is formed on a second gel called a separator. In this system,
each one of the gels is prepared with buffers of different pH’s, and the electrophoresis buffer
is a third type of buffer. The mobility of a protein in the concentrator gel is intermediate
between the mobility of the CI ion in the gel, and the mobility of the Gly ion in the sample
buffer. Thus, between the two gels, there is an area of low conductivity and a large voltage
difference, so that the proteins are concentrated in a very small area between the two ions.
Once in the separating gel, the basic pH promotes glycine ionization, and its ions migrate
through the concentrated polypeptides, just behind the CI- ions. Proteins migrate through the
separator gel in a zone of uniform voltage and pH and they are separated based on their size,

as observed in figure 2.7 [212].

Once the protein separation is complete, the gel is carefully removed from the tank, and
scanned to obtain a clear image and proceed with the molecular weight determinations of
each band for all samples tested. In a double tank for SDS-PAGE as shown in figure 2.7, two

gels can be run at the same time, with ten wells for each one.

Some limitations of this method include the time required for the preparation of gels and
poor band resolution if protein concentration is too low or high (for ecto-secretions,
gastropod mucus and snake venom, the minimum protein concentration to obtain clear

bands is 5 mg/ml).
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2.3.4TGA

This technique is based on the thermogravimetric principle, in which the mass of a sample is
measured while it is heated up under specific atmosphere, recording mass changes as a
function of temperature. TGA measures also thermal processes where mass variations are
not occurring, such as solid-solid transitions, melting point, etc. It is a useful technique for the

determination of volatile compounds, moisture analysis and total solids [213].

Measurements are usually performed at heating rates between 0.5 and 50 °C/min, but more
commonly at 20 °C/min. These tests can start at room temperature, but also at higher values
(>50 °C), in order to detect possible drying of the sample. The final temperature depends on
the type of sample and the property measured and it is usually relatively high, for example,
600 °C for organic substances or above 1000 °C for inorganic samples. Maximum
temperatures are set based on the test, selected program and properties to be determined,
because in some cases it is also important to know the decomposition of the sample. Under

these conditions, a purge gas needs to be used during all measurements [213].

Based on the same principle, there are other variations of this technique, and more
specifically, focused on the moisture analysis and total solids content, such as the TGA
described in figure 2.8. This instrument is designed for the measurement of volatile
compounds in the sample, as well as solids present, and it has been widely used in the food

industry.
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FIGURE 2.8 Diagram showing TGA, for the total solids content determination.

Figure 2.8 describes how the TGA-moisture analyser works. Different heating rates can be
used, for example 1 °C/min with data intervals between 15 and 60 seconds. Tests can start at
room temperature with a maximum value depending on the sample. Aluminium sample pans
can be used or alumina crucibles. Mass variations in grams will be recorded, to monitor
volatile compounds and the final mass, will correspond to total solids (dry sample). While
volatile compounds are evaporated from the sample, a reduction in mass occurs, and the TGA
curve shows this variation as a function of temperature. At the starting temperature, the
initial mass remains unaffected, but once the heating program starts, sample mass will
change, starting to decrease until the final mass is not changing. This indicates the total mass
of volatile materials has been eliminated and the remaining mass will correspond to total
solids in that specific sample. This instrument will stop automatically only if after five
consecutive measurements sample mass remains constant, indicating moisture content is

zero as well as volatile compounds. The atmosphere used during these tests was air [224].

The TGA curve can give us information about the water and volatile components, chemical

reactions, etc. The interpretation of TGA curves plays an important role in the analysis,
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because mass variations can be associated to chemical reactions (for example, reactions with
gaseous substances in the purge gas such as oxygen, CO; or volatile compounds), or physical
transitions (for example, adsorption of gaseous substances). Most TGA curves show weight
losses, typically caused by decomposition or combustion; and physical transitions like

evaporation, desorption, or drying [213].

TGA application areas include thermoplastics, metals, ceramics, polymers, composites (for
example determination of the fibre content of composite materials), as well as a wide range
of analyses in the chemical, food and pharmaceutical industries [213]. This technique can be
used in natural materials characterisation, more specifically, ecto-secretions, to determine
total solids concentration. The main limitation of this technique is related to mass loss,

because it represents the volatiles.

2.3.5DSC

Differential scanning calorimetry (DSC) is a technique used to thermally characterise a wide
range of materials, such as synthetic polymers, nanomaterials, and in the food and
pharmaceutical industries. The information obtained by DSC is used to identify amorphous
and crystalline behaviour, polymorphic transitions, etc., for product design and fabrication.
In terms of the study of proteins, this technique provides information about how stable a
protein is in its native state [225]. This is performed using the heat capacity variation
measurements, when the sample is heated up at a constant rate. With this information,
processes associated with folding and unfolding of proteins can be described, because
proteins form well-defined structures which change as a function of temperature. These
structural rearrangements produce heat absorption due to the redistribution of covalent and
non-covalent bonds [214]. Figure 2.9 shows a diagram of this technique, based on a two cell

DSC chamber instrument, which was used to analyse gastropod mucus and snake venom.

68



Ecto-secretion Empty Al hermetically sealed pan
(wet sample) or with distilled water
(reference)

DSC chamber Heating and cooling
system
Heat resistor
Thermocouple
Reference temperature Sample temperature
Thermocouple A Thermogram
At B
Heat flux 3
g
x

e

Temperature, °C

FIGURE 2.9 Diagram showing how a DSC works.

The DSC chamber with its heating and cooling system, consists of two cells, one for the
reference and one for the sample. For liquid samples or gels with high percentages of water,
such as gastropod mucus (98-99.5 % of water), the reference pan can consist of an Al
hermetically sealed pan, containing water (approximately the same mass as the sample), in
order to record only those changes associated with protein rather than water (solvent)
events. For samples with less water content, for example, snake venom, the reference can

consist only of an empty Al sealed pan.

The DSC device is designed to keep the two cells at the same temperature, regardless of the
selected program (heat-cool-heat; heat only, or to stay at one specific temperature certain
time) and heating rate. To carry out a measurement, both cells are heated with a constant
scan increment. Depending on the type of sample, the heating rates are established to obtain
good resolution and analysis of peaks or transitions. The absorption of heat that occurs when
a protein unfolds causes a temperature difference (AT) measured by thermocouples between
the two cells, resulting in a thermal gradient in the DSC chamber. The result will be a

thermogram, showing all the events occurring during the test. For example, the enthalpy of
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protein denaturation, which is the area under the DSC peak obtained based on the sample
mass (initially the fresh sample mass is recorded, but later it is changed to the dry mass),
expressed in J/mol or J/g [226]. DSC software can calculate peak areas, but also that area can

be estimated manually, by using the following equation [227]:

T;
AH = f Ac,dT

Ty
Where:
AH = enthalpy for the process, in this case enthalpy of denaturation, J/mol
To=initial temperature, °C (where the denaturation event starts, i.e., the starting point of the
peak)
T, =final temperature, °C (where the denaturation event ends, i.e., the end point of the peak)
Acp = heat capacity change during unfolding, measured and registered by the instrument,

J/mol-°C

Values obtained by DSC can be compared to determine if there is a thermal denaturation of
proteins at specific temperatures, or if a glass transition is occurring, or both. By comparing
samples, the thermal stability of materials is determined, and these parameters can be

associated with other compositional or functional properties.

The disadvantages of this technique are the reduced sample size to be measured (in the order
of mg); the effect of heating rate on resolution and identification of thermal events; and in
the case of samples with high amount of water content, such as gastropod mucus, sample
pan needs to be filled with water to measure changes in proteins only and not due to the

solvent.
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2.3.6 RHEOLOGY
2.3.6.1 DEFINITION AND CLASSIFICATION OF FLUIDS

In a general definition, rheology is the study of the deformation and flow of matter, and in
any process involving fluids, rheology is present. Its applications include, for example:
polymer solutions, particle suspensions, foods, coatings, biological fluids and tissues, and

many others, such as ecto-secretions in their native state [228], [229].

Fluids can be classified as Newtonian and non-Newtonian. The first ones obey Newton's law
of viscosity, which establishes a linear relationship between the shear stress, 1, and the shear
rate, ¥; and viscosity, n, is independent of shear rate. In this group we can find some ecto-
secretions. The second group of fluids (non-Newtonian) do not have a linear relationship

between shear stress and shear rate [229] (figure 2.10).

n=constant| ) Newtonian
(ecto-secretions)

FLUIDS T &y, t)

b) Thixotropic

Non-Newtonian

n # constant

c) Antithixotropic

T,Pa

d) Pseudoplastic
(ecto-secretions)

T < () e) Dilatant

f) Bingham

v.1/s

FIGURE 2.10 Rheological classification of fluids. Adapted from [230]

From figure 2.10, there are five groups of non-Newtonian fluids, two of them where shear
stress is a function of shear rate and time, which are the thixotropic and antithixotropic. The
other three, where shear stress is a function of shear rate, are the dilatant, Bingham and the

pseudoplastic. This last group is also characterised for the shear-thinning behaviour, where
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the fluid shows a reduction in viscosity when the shear rate increases, and some ecto-

secretions such as silk are in this category.

2.3.6.2 TYPES OF RHEOMETERS

Depending on the sample to be tested, its characteristics and the type of information needed,

rheometers can be used to determine the rheological properties of the material. New

adaptations to rheometers are designed by experts to provide a more complete

understanding of the functional properties of the material related to its compositional or

thermal characteristics. For example, rheological measurements combined with microscopy

attachments; or viscosity measurements as a function of temperature, to see how this

property affects functionality. As previously discussed, each group of techniques can be

combined with others to offer a complete characterisation of materials. In terms of

rheometers, there are three main groups, where they are classified depending on the

principle and operation [228], [229], [231]:

Rotational rheometer: This instrument basically consists of two parts that are
separated by the fluid to be studied. Those parts can be two cylinders, two parallel
surfaces, or a surface and a cone of small angle, and it has a rotor inside a cylinder.
The movement of one of these parts causes the appearance of a velocity gradient
along the fluid. For example, to determine how the shear viscosity of a material is
changing as a function of shear rate or temperature, or to test ecto-secretions in their

native state (liquid/gel).

Capillary rheometer: this instrument is designed to measure shear viscosity of a
polymer, based on a fluid forced to flow through the capillary (narrow space) under
certain specific conditions (T, P). For example, in the study of polymers, these
instruments measure the viscosity of the polymer as a function of temperature and
rate of deformation. A capillary rheometer is also capable of testing various composite

materials with small sized particles or fibres.
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- Extensional Rheometer: This instrument is designed to measure the flow and
deformation of materials involving elongation or stretching. Extensional rheometers
focus on pulling on a sample in an extensional way, which means there is no shear.
The stress (F/A) is higher in the extensional deformation due to the extent of the

deformation [231].

2.3.6.2.1 ROTATIONAL RHEOMETERS

As described in the previous section, the rotational rheometer is one type of instrument
widely used for the analysis of polymer solutions. This instrument was used to analyse native
ecto-secretions, such as gastropod mucus and snake venom. The analysis of samples in
rotational rheometers reproduces the behaviour of the material subjected to a shear stress,
which means that it is subjected to shear forces parallel to the deformation plane of the
material. These forces are reproduced by two parallel plates, one mobile and the other fixed,
and the sample is deposited in between, for example, cone-plate geometry, as it is shown in
figure 2.11. On the sample, a shear is applied by rotation of the moving part on the fixed part

[221].

With this type of rheometer, the flow curve of the material is obtained, in which sample
viscosity variations with the shear rate are represented (viscosity vs shear rate), as shown in
figure 2.11. This test consists of the complete rotation of the upper mobile part (cone or plate,
in the example shown in Figure 2.11, it is a cone geometry) on the lower fixed part (plate).
The sample is placed between both geometries, and depending on the type of geometry, the
amount of sample varies. It is important to avoid placing too much or too little sample, since
in both cases, incorrect results will be obtained. The amount of sample placed must be
sufficient to cover the entire geometry, without being outside of the edges, and without
leaving empty spaces between both geometries [221]. This is shown in figure 2.11. During the
test, an environmental chamber is used to avoid evaporation. The Peltier controller, can
increase the temperature or keep it constant if needed, depending on the test to be carried

out.
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Once the sample has been placed and the instrument adjusted to the “geometry gap” and
any excess of sample has been removed, the mobile plate is rotated progressively. The stress
values (Pa) for each shear rate (1 / s) are automatically recorded, and the viscosity variation
is obtained. At low shear rates, viscosity provides information on the nature of the material
at a structural level, as well as information on molecular weights (since molecular weight has

a direct effect on the viscosity of the material), cross-linking, etc.

Other measurements that can be carried out in this type of rheometer are oscillatory tests, in
which the viscoelastic response is monitored, and both the storage modulus (G') and loss
modulus (G"), are obtained, while applying a frequency sweep for deformation. Differences
in samples’ response, can provide indications of molecular structure variations between
them. In viscoelastic solids with G' > G", it is due to chemical bonds or physical-chemical
interactions in the material. However, viscoelastic liquids with G" > G' do not have strong

bonds between the individual molecules in the material [221], [232].

Figure 2.11 shows a diagram of a rotational rheometer, with a cone-plate geometry used to

test an ecto-secretion in its native state.
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FIGURE 2.11 Diagram showing how a rotational rheometer works. ? Refers to the explanation of
protein changes, adapted from [228].

As the shear rate increases, this shear-thinning fluid will exhibit a reduction in viscosity due
to effect of shear stress on the molecules, more specifically on the polymeric chains. This is
because the long chains of the polymer are disturbed from their equilibrium conformation
positions (entangled chains), causing elongation of chains in the direction of shear (stretched
chains). A similar behaviour that occurs if viscosity is measured against temperature. As
temperature increases, a clear reduction in shear viscosity is observed. This occurs because

proteins are thermally affected or denatured [231].

Tests like this can be carried out in other ecto-secretions or materials to know more about
their rheological properties and to determine the point at which the material fails to maintain
its functionality under certain conditions. In chapters 3 to 7, all the techniques described in

this chapter will be explored in detail, to characterise gastropod mucus, snake venom and silk.
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CHAPTER 3: ANALYSIS, CLASSIFICATION AND
IDENTIFICATION OF GASTROPOD MUCUS BY FTIR

“...A protein compound was chemically formed,

ready to undergo still more complex changes,

at the present such matter would be instantly devoured,
or absorbed, which would not have been the case
before living creatures were formed.” Charles Darwin
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This chapter corresponds to the paper “Analysis, classification and identification of gastropod
mucus by Fourier Transform Infrared Spectroscopy”, to be submitted for publication to the

Journal of Molluscan Studies.

ABSTRACT

Gastropod mucus consists mostly of water (>98%) and less than 2% of other organic and
inorganic components. Of these mucins are of particular interest, consisting of highly
glycosylated proteins, which endow mucus with the ability to act as both an adhesive,
lubricant and provide protection against pathogens. Mucins’ performance relies on its
molecular composition and structure however, to date, there are very few studies addressing
this. In this chapter we use Fourier Transform Infrared Spectroscopy (FTIR) to analyse, identify
and classify gastropod mucus. Specifically, the relative content of proteins, their secondary
structures and degree of glycosylation were investigated for a range of gastropod mucus
samples. Advancing the field beyond previously static spectroscopic studies performed, we
probed mucus response to a temperature increase, in an effort to determine its propensity
to remain hydrated (i.e., resist denaturation). Specifically, out of 648 total spectra, a
multivariate analysis performed on 72 spectra from 12 gastropod species at 25 and 80 °C,
revealed that it was possible to classify species based on their mucus composition. Hence our
study shows that the classification of gastropods based on their mucus characterised by FTIR
is an accurate and novel method, while providing information about the chemical
composition of mucins. This was further compared to previously published phylogenetic data
and taxonomies which demonstrated a resounding degree of correlation, implying that mucus

FTIR may be also a powerful tool for biodiversity studies.

KEYWORDS: Gastropod mucus, FTIR, Multivariate analysis.
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3.1 INTRODUCTION

The largest class of molluscs is Gastropoda, comprising of more than 50, 000 species, and
within this, the Stylommatophora clade is the home to most of our terrestrial snails and slugs
[48]. They are found across a vast diversity of habitats, from tropical to temperate regions
with each requiring specific morphological and genetic adaptations to a particular

environment [33]-[41].

One element of gastropod biology assumed to be under natural selection is their mucus, a
material consisting of around 98 % water and 2 % organic and inorganic materials. Within
that 2% are mucins, highly glycosylated proteins which represent the main functional
component of mucus [50], [51]. Further evidence of selection is seen by the existence of
multiple types of mucus, each with a specific function. The two main types of gastropod
mucus are adhesive and locomotive, with adhesive containing twice the

protein/carbohydrate ratio compared to locomotive [49].

To understand more about the diversity of mucus’ compositional properties, several studies
have been carried out on marine, freshwater and terrestrial species, analysing their mucus
primarily using chromatography and mass spectrometry [49], [59], [76]-[81]. However, whilst
informative, the time required for sample preparation and costs for characterisation in these
experiments are high, and there are other alternatives to these techniques, such as Fourier

Transform Infrared spectroscopy (FTIR).

To date there is only one study reported using FTIR to characterise gastropod mucus,
conducted by Skingsley et al. 20 years ago [59]. They carried out FTIR characterisation of
locomotive mucus from eight land snails and slugs and one freshwater snail. In their study,
they were able to identify the groups associated with the sugar chains present in mucins and
amide | and amide Il groups associated with proteins. Although Skingsley et al., were the first
to successfully conduct a study, their results were limited to being able to suggest the
formation of two groups of muco-polysaccharides present in locomotive and adhesive mucus

and called for further work in this area [59].
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However, whilst gastropod mucus has only seen a single study using this technique, FTIR as
an alternative to characterise and classify species has been used before for everything from
bacteria [233], to coffee beans [234] to hair [235], [236]. Taking silk as an example, Boulet-
Audet, et al. collected over 1000 individual spectra from 41 different species, in order to group
and classify silks [237]. With this information they produced an ultrametric tree generated
from hierarchical clustering and found it bore a striking resemblance to a phylogenetic tree,
suggesting FTIR may be able to classify species based on a material they secrete [237]. Beyond
a holistic characterisation, FTIR spectra can also be used to obtain information to determine
protein secondary structures [238], such as a-helix, B-sheets, B-turns, random coil or
aggregated strands. Furthermore, information about sugar residues can be obtained too,
which is related to the degree of glycosylation in mucins [239]. As mucins are highly
glycosylated proteins, meaning their carbohydrate content is >80 %, and glycosylation is
known to play an important role in mucins ability to hold onto water, and thus have higher
denaturation temperatures and thermal stability [240], we propose that differences can be
observed if we compare spectra at room temperature with others at higher temperatures,

giving an indication of further specialisation.

In this work, we propose that the selection for performance across a range of habitats has
driven molecular diversification and specialisation in mucus and that FTIR could be a rapid,
non-destructive and appropriate tool to understand this. Probing the relative performance
space of these materials further, we hypothesize that the degree of glycosylation in mucins
plays an important role in thermal stability of gastropod mucus, an analogue to their
hydrophilicity, and to address this, locomotive mucus of twelve gastropod species across the
Heterobranchia and Caenogastropoda clades was analysed at 25 and 80°C. With this
information and to complement this characterisation, the method described by Boulet-Audet
et al., forsilk [237], is applied to classify gastropod species based on the mucus they produce.
Hence this work represents the first reported gastropod mucus analysis and classification by
FTIR including multivariate analysis, which considers both the compositional properties of

mucus within the context of its evolution and biodiversity.
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3.2 MATERIALS AND METHODS

3.2.1 MATERIALS

Three species of terrestrial snails (A. fulica, C. aspersum and C. nemoralis), six terrestrial slugs
(A. ater, A. hortensis, L. flavus, L. maximus, L. haroldi and V. sloanei), and three freshwater
snails (L. stagnalis, M. cornuaretis and P. diffusa) for a total of twelve species, were included
in this study. A. hortensis, A. ater, C. nemoralis, C. aspersum, L. flavus. L. maximus and L.
stagnalis were collected in Sheffield, UK, between May and September 2018. A. fulica, M.
cornuaretis and P. diffusa snails, and L. haroldi and V. sloanei slugs were purchased as
juveniles and reared in house. All terrestrial species were kept in plastic containers (39 cm x
48 cm x 20 cm) with ~ 6 cm of vermiculite layering the bottom of the box at 22 °C+ 1 °C and
high humidity. Freshwater snails L. stagnalis (native from the UK) were kept in a plastic
container (39 x 25 x 29 cm) with 17 L of tap water at a temperature of 17 £ 1 °C. Freshwater
snails M. cornuaretis and P. diffusa (tropical species) were kept in a plastic container (39 x 25
x 29 cm) with 17 L of tap water at a temperature of 21 + 1 °C. Terrestrial species where fed
ad libitum twice weekly with cucumber, lettuce and sweet potatoes. Freshwater snails were

fed twice weekly with cucumber.

3.2.2 METHODS

3.2.2.1 SPECTRAL ACQUISITION AND TREATMENT

FTIR spectra were collected at room temperature (22 °C £+ 1 °C) using a Nicolet 380
spectrometer (Thermo Instruments, UK) purged with dry air and equipped with an Attenuated
Total Reflection (ATR) accessory (Golden Gate, 45° single-bounce diamond sensor, Specac,
UK). Clean animals were placed away from the diamond sensor on top of the ATR accessory
and directly opposite a black box used to encourage terrestrial species to move in that
direction over the sensor (see figure 3.1a). When the animal had passed completely over the
sensor, the mucus trail was allowed to dry for 20 min, before collecting spectra at 25 °C (see
figure 3.1b). Samples were then heated up to 80 °C, at a heating rate of 3.23 °C/min. In total,
648 individual spectra were collected, 3 at each temperature for each species. Data between

1000 cm™ and 1800 cm™ were obtained by collecting 64 scans at 4 cm™ resolution.
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FIGURE 3.1 Procedure to collect gastropod mucus. a) Snail over the FTIR-ATR device following the
red line direction, leaving wet mucus on the ATR crystal, as observed, wet mucus spectrum collected
when the animal is over the crystal, is not showing all the main bands associated to proteins, the
main band corresponds to H-O bonds. b) After 20 min covered with a glass slide, gastropod mucus is
dry at room temperature to start spectra collection for FTIR analyses, from 25 80 °C. This procedure
was used for all species. Diagram shows the operational principle behind the ATR and it was adapted
from [241]. For freshwater snails, the procedure to collect spectra was the same, but species were
removed from their containers and placed in a Petri dish with water to allow animals to move for
five minutes before placing species on the FTIR-ATR. This reduces stress on the animals.

3.2.2.2 DATA PRE-PROCESSING

Spectral operations were performed using Origin software, v2020, USA. All spectra were
normalised to the amide | peak (1645 cm™), to compensate for absolute signal variations due
to different mucus film thickness deposited on the FTIR-ATR accessory. The five main spectral
regions were identified in all species. The relative area of each peak for all samples was
obtained by subtracting a linear baseline, selecting peaks according to each wavenumber

values and range, and integrating peaks.

3.2.2.3 GAUSSIAN FITTING

Fourier self-deconvolution and curve fitting were performed on spectra between 1600 and

1700 cm™ and an 8-point multipeak Gaussian fitting was done using Origin software, v2020,
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USA, for all samples at 25 and 80 °C. Protein secondary structures were assigned according

to previous studies [242]-[245].

Absorption bands and the corresponding groups are presented in table 3.1.

TABLE 3.1. Assignments of the main bands present in the twelve gastropod native mucus analysed,
between 1800 and 1000 cm™

Position (cm™) Assignment References
1646-1634 Amide | (C=0 stretching) [59], [246]
Amide Il (C-N stretching, N-
1534 H bending) [219], [246]
1475-1350 CHs bending [211], [237]
1352 Tryptophan (Trp) residues [211]
Amide IIl (C-N stretching, N-
1250 H bending), random coil [237], [246], [247]
1180-1024 O—Glyc05|d|c_bond|ng (sugar [41], [59], [248]
residues)

3.2.2.4 MULTIVARIATE ANALYSIS AND DENDROGRAM GENERATION

Absolute absorbances are not constant between measurements, depending on the mucus
film thickness. To discriminate mucus, the first derivatives of 72 spectra were used for the
multivariate analysis, i.e., 3 spectra at 25 and 80 °C per species, and then a Principal
Component Analysis (PCA) was performed using Origin software, v2020, USA, to simplify the
complexity of the dataset, while maintaining the main trends [249], [236]. Linear Discriminant
Analysis (LDA) [250], [251] was performed on the principal component scores, in order to find
a linear combination of features that characterises infrared spectra from mucus of different
species. Then, LDA mean factor scores were used to calculate the Euclidean distance between
species, for Hierarchical Cluster Analysis (HCA) [252], [253]. This method represents an
algorithmic approach to identify groups with different degrees of similarity, which are
constituted by a similarity matrix. Finally, the obtained dendrogram was compared with the

cladogram built from reported data on different gastropod clades [9], [13], [66]-[75].
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3.3 RESULTS AND DISCUSSION
3.3.1 GENERAL GASTROPOD MUCUS SPECTRAL FEATURES

As a basis for a more structured comparison of FTIR results, figure 3.2 shows a cladogram of

the twelve species included in this study.
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FIGURE 3.2 Cladogram of class Gastropoda, showing the twelve species included in this study. This
cladogram was built with information from [9], [13], [66]-[75].

From the cladogram in figure 3.2, it is clear that seven different families represent the twelve
species of gastropods: Achatinoidea, Helicoidea, Arionoidea, Limacoidea, Veronicelloidea,
Lymnaeoidea and Ampullarioidea. Based on this cladogram, results in figure 3.3 are grouped,
showing FTIR spectra at both 25 and 80 °C. Absorption bands are indicated and there are clear

changes in chemical structure between species at both temperatures.
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FIGURE 3.3 FTIR spectra of gastropod mucus from A. fulica, C. aspersum, C. nemoralis, A. ater, A.
hortensis, L. flavus, L. maximus, L. haroldi, V. sloanei, L. stagnalis, M. cornuaretis and P. diffusa at 25
°C and 80 °C. The main regions are highlighted: amide | (1645 cm™); amide Il (1543 cm™); CHs
bending (1475-1350 cm®); amide Ill (1250 cm™); and sugar residues and glycosidic bonding (1180-
1024 cm™).

In figure 3.3, at 25°C we can observe that all samples show major bands between 1634-1646
cml, corresponding to amide I. With respect to the peak at 1543 cm, associated to amide
I, itis observed in all samples as well, but interestingly, A. ater, A. hortensis and L. flavus show
a shoulder in this peak, that is not present in the other nine species. The region between
1475-1350 cm™? is the most variable within the spectral range reported in this study,
corresponding to CHs; bending and aromatic residues like tryptophan (Trp). It shows a broad
band and higher absorbance on A. fulica, A. hortensis and L. maximus spectra. The other nine
species exhibit the same band but with lower absorbances. Peak at 1250 cm™, associated to
amide lll, has its maximum absorbance value corresponding to the freshwater snails M.

cornuaretis and P. diffusa. Finally, in the region between 1180-1024 cm?, representing the
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sugar residues, the slug L. flavus shows the highest absorbance, followed by the two snails C.

aspersum and C. nemoralis.

At 80°C, the amide | peak is similar for all species. Amide Il peak shows a similar pattern in all
species, but a shoulder in A. fulica snail and A. hortensis slug is observed. The region
corresponding to bending of methyl groups and Trp residues, is different in all species,
showing in general, higher absorbance. Amide Il region remains similar to 25°C in all species
and sugar residues region, shows a reduction in absorbance for five species, including A. ater,

A. hortensis, L. flavus, V. sloanei and L. stagnalis.

A detailed comparison between terrestrial gastropods and freshwater snails can be
established, to identify differences between species, but also to compare our findings with
those reported by Skingsley et al [20]. Starting with the terrestrial snails A. fulica, C. aspersum
and C. nemoralis, we can observe that at 25 °C, amide | and Il peaks are similar in position and
intensity, indicating that protein secondary structures are almost the same, i.e., B-sheet, B-
turns and random coils. The region corresponding to CHs bending is similar in position with C.
nemoralis but different to C. aspersum, and this is caused by stretching vibrations of C-N in
secondary amides, related to the percentage of water in the amino acids present [41], [59],

[254], [255].

Skingsley et al. [20] reported the presence of a peak at 1380 cm™ in the snails C. aspersum
but not in C. nemoralis, indicating a change in CH, OH bending or COO- stretching. Our results
contradict those findings reported previously, because that peak is present in both snails and
the highest absorbance corresponds to C. nemoralis. We attribute these variations to the
procedure used to collect mucus, because Skingsley et al., collected mucus directly from the
animal using a sterile glass rod to wipe the mucus from the foot of the gastropod, and then
each sample was placed between calcium fluoride IR windows to be analysed. This could
cause a disruption of the mucus granules, where our procedure described in Chapter 2,
section 2.2.1, placing native mucus directly onto a chemically inert diamond window, reduces

these effects on gastropod mucus.

85



Whilst not available to Skingsley at the time, our reflectance-based IR technique offers several
improvements over their previous state of the art. Our procedure requires only very small
samples, as it is only able to test > 4 um sample thickness, as a result variation in sample
thickness are limited through our approach. Furthermore, the sample is collected in situ with
no additional deformation or dehydration that could occur using a glass rod and then

sandwiching between windows.

Moving to the region between 1180-1024 cm, representing the OH and O-glycosidic
bonding, it is less intense for A. fulica than in the other two land snails, suggesting a different
degree of mucin glycosylation. This ties well with Skingsley et al. [239], where spectra
reported for C. aspersum and C. nemoralis showed a strong band at 1080 cm™ [20]. At 80 °C,
amide | and amide Il peaks remain similar for the three species, but the CHs; bending region
shows a shoulder in the A. fulica spectrum, compared to the other two snails. Amide Il region
is lower in A. fulica than in C. aspersum and C. nemoralis, but C. nemoralis shows an
absorption band higher than C. aspersum, indicating higher percentage of random coil and -
turns [247], [256]. All these three species exhibit an increase in the sugar residues region,
which ties well with previous studies wherein bovine submaxillary mucins were studied at a
range of temperatures from 5 to 85 °C, and concluded that heavy glycosylation is the main

factor influencing mucins structural stability [239].

Regarding to the six terrestrial slugs, at 25 °C we can observe that all species show similar
amide | and Il bands, but the region related to CHz bending and aromatic residues is higher in
A. hortensis than in A. ater, and in L. maximus than in L. flavus. Skingsley et al. [20], reported
the same differences in A. hortensis and A. ater, which are attributed to the carbon spin of
the core proteins, i.e., CH3 bending, and also to aromatic residues variations. The amide Il
peak is higheris L. haroldi mucus than in the other 11 species, and this is attributed to random
coil variations. The main difference is in the region at 1180-1024 cm™ corresponding to
glycosidic bondings and sugar residues, and it is observed in L. flavus, from the Limacidae
family, showing the highest absorbance. Finally, L. haroldi shows higher absorption in the
sugar residues region than V. sloanei, both from the Veronicelloidea family, most likely due

to a higher state of glycosylation [59].
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At 80 °C, the amide | and amide Il peaks remains similar for the six species, but the CH3
bending region is higher in A. ater than in the other five species, indicating skeletal vibrations
of the proteins, and also related to the chain length, which suggests that this CHs bending
increases proportionally with the number of times it occurs within the molecule [257]. The
Amide Ill region is again more intense in L. haroldi than in the other species, maintaining its
random coil structures when mucus is heated up, which dictates protein folding and stability
in this particular case [256]. These observations also suggest differences in components of
protein secondary structures: B-turns and random coil. There are bands related to sugar
residues in all species, gastropods in the Arionoidea and Limacoidea families have similar

pattern, while L. haroldi in the Veronicelloidea family shows a higher absorption band.

Finally, with regard to the last group of species, corresponding to freshwater snails L.
stagnalis, M. cornuaretis and P. diffusa, at 25 °C it is clear that the three spectra show strong
amide | and Il bands, and this also ties well with observations made by Skingsley et al. [20] on
the giant pond snail L. stagnalis and its amide | and amide Il bands. However, one of the
prominent features observed, corresponds to the region of CHs bending and aromatic
residues which is higher in M. cornuaretis and P. diffusa than in L. stagnalis, i.e. the two
tropical species exhibit different CHs bending events compared to the temperate species
native to the UK [257]. Furthermore, the amide Ill peak is higher and similar in M. cornuaretis
and P. diffusa and higher than in L. stagnalis, which we attribute to unordered structures such
as random coil. In the region 1180-1024 cm corresponding to glycosidic bondings and sugar
residues, both bands in M. cornuaretis and P. diffusa are similar, but different compared to L.
stagnalis, which is due to a similar state of glycosylation in the tropical snails, and different
from the pond snail. [59]. The same pattern is evident at 80 °C, where M. cornuaretis and P.
diffusa are similar in the five regions, but different to L. stagnalis, suggesting not only different
degree of glycosylation and thermal stability, but also different protein concentration, and

protein chain length [58], [257]-[260].
Thus, in summary, it is possible to use the major bands observed in each spectrum to

determine the type of protein structures and the degree of glycosylation in the measured

gastropod mucus.
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3.3.2 BETWEEN-SPECIES COMPARISON OF THE CHEMICAL COMPOSITION OF GASTROPOD
MUCUS

To determine the relative content of each one of the main regions observed in spectra at 25

and 80 °C, peaks were integrated and results are shown in figure 3.4.
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FIGURE 3.4 Composition of gastropod mucus from A. fulica, C. aspersum, C. nemoralis, A. ater, A.
hortensis, L. flavus, L. maximus, L. haroldi, V. sloanei, L. stagnalis, M. cornuaretis and P. diffusa at 25
°C, and 80 °C, showing the relative areas of a band assigned to amide | (1645 cm™); amide Il (1543
cm); CHs bending (1475-1350 cm®); amide 11l (1250 cm™); and sugar residues and glycosidic
bonding (1180-1024 cm™). White asterisks indicate the maximum values, and areas are relative
within that category. The error bars represent the standard deviation of three different observations
per species at each temperature. A value of 1 represents the highest area calculated and 0
represents the minimum measured.

Amide |
This region is attributed mainly to the C=0 stretching vibrations of the peptide bonds present

in the structure of protein, and secondary structural information can be obtained from this
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band (a-helix, B-sheets, B-turns, random coil or aggregated strands) [211], [261]. For most
species, the amide | region appears as a strong band at both temperatures, with the minimum
value of 0.64 + 0.01 for A. fulica and C. aspersum, and the maximum relative area of 1.00 for
L. flavus at 25 °C; and 0.72 £ 0.01 for C. nemoralis and 1.00 for A. ater at 80 °C. This observation

could be related to the relationships between taxonomic families, as discussed below.

Amide Il

This region is due to the C-N stretching vibrations and N-H bending, due to tyrosine
protonation state, and these aromatic interactions between the residues within a protein are
essential for the correct function of the protein molecule. Amide Il shows higher variations
compared to amide I, with the minimum value of 0.26 + 0.01 for L. flavus, and the maximum
relative area of 1.00 for A. hortensis at 25 °C; and 0.51 + 0.01 for L. haroldi and 1.00 for A.
fulica at 80 °C. One interesting aspect of amide | and amide I, is that the ratio between these
two bands indicates the relative degree of ionisation and hydration of the molecules, as can
be seen from section 3.4, there are variations in those regions. As a result, amide | to amide
Il ratios for all of the gastropods included in this study show differences [20]. Table 3.2

indicates these ratios for each species at 25 and 80 °C.

TABLE 3.2. Amide I/Amide Il ratios calculated for all species at 25 and 80 °C, with values from figure
3.4. Conditional formatting with colour scale red-yellow-green, represents the maximum, medium
and minimum values, respectively.

) Amide I: Amide Il ratio
Species > >
25 °C 80 C
A. fulica 1.09 + 0.04]0.85 + 0.06
C. aspersum 1.10 + 0.08|1.02 + 0.01
113 + 0.01|1.11 + 0.04
A. ater 1.46 + 0.09]1.19 + 0.03
A. hortensis 0.85 + 0.01|1.50 + 0.03
3.87 + 0.17]|1.08 = 0.02
L. maximus 0.96 + 0.06]1.02 + 0.01
L. haroldi 1.75 + 0.08]1.61 + 0.08
V. sloanei 143 + 0.05]|1.18 + 0.12
L. stagnalis 1.10 + 0.03]1.02 £ 0.07
M. cornuaretis 2.06 + 0.07]1.19 + 0.02
2.10 + 0.01]1.12 + 0.05
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The maximum amide I/amide Il ratio at 25 °C corresponds to L. flavus with 3.87 + 0.17 and
the lowest to A. hortensis with 0.85 + 0.01. At 80 °C the maximum value is for L. haroldi with
1.61 £ 0.08, while the lowest is 0.85 + 0.06 for A. fulica. These ratios suggest that in gastropod
mucus the protein cores are different in some cases, with less variations in other families
(Helicoidea and Ampullarioidea), but B-sheet and B-turns structural elements are present in
all species. This aspect may be responsible for some characteristics of gastropod mucus, such
as its rheological properties, because B-sheet move easily over the same structures, due to
the compressed pleated sheet, compared to other protein secondary structures with

different shapes or order [20], [262].

CHs bending

The other region between 1475 and 1350 cm™ corresponds to CHs; bending and aromatic
residues in proteins [211], [246], [263]. This region shows variations at both temperatures,
with the minimum value of 0.32 for L. stagnalis, and the maximum relative area of 1.00 for L.
maximus at 25 °C; and 0.27 + 0.01 for L. stagnalis and P. diffusa, and 1.00 for A. fulica at 80
°C.

Amide lll

Bands at 1250 cm™, corresponds to amide Il region, and show major variations due to the C-
N stretching, N-H bending in protein secondary structures, and also could indicate the
presence of random coils [246], [247]. The amide lll region has its minimum value of 0.08 for
L. flavus, and the maximum relative area of 1.00 for P. diffusa at 25 °C; and 0.01 for A.

hortensis and 1.00 for P. diffusa at 80 °C.

Sugar residues

At 1180 and 1024 cm™ the last region is identified, the presence of O-glycosidic bonding is
clear, i.e., the covalent bond between a sugar molecule and a protein (mucins) [59].
Khajehpour et al [264] investigated glycosylation of proteins and, interestingly, the bovine
submaxillary mucin sample showed the higher absorbance bands at around 1100 cm?,
indicating a high degree of glycosylation, i.e., stabilisation of proteins by sugar molecules,
when compared to non-glycosylated proteins. The sugar residues region shows clear

variations at both temperatures, with the minimum value of 0.24 + 0.01 for A. fulica, and the
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maximum relative area of 1.00 for L. flavus at 25 °C; and 0.12 for L. stagnalis and 1.00 for M.
cornuaretis at 80 °C. This observation could be related to the effect of sugar molecules on the
stability of proteins and how mucins respond to dehydration and thermal stress [240], [265],
but also related to the amount of glycosylation, because the absorbance in the sugar residues
region is directly proportional to the amount of glycosylation in samples containing mucins,

such as gastropod mucus [264].

However, in order to elucidate a more specific effect of protein secondary structures in

locomotive mucus, a more detailed analysis of amide | region needs to be undertaken.

3.3.3 PROTEIN SECONDARY STRUCTURES: AMIDE | PEAK DECONVOLUTION

Gaussian fitting following the procedure described in section 3.2.2 was performed for samples
at 25 and 80 °C, corresponding to the amide | region. Figure 3.5, shows the relative proportion
of protein secondary structures, such as a-helices, characterised by a coil formed by amino-
acid residues on the polypeptide chain [266]; B-sheet, extended polypeptide strands link
together by hydrogen bonds [267]; B-turns, where a change occurs in the polypeptide chain
[268]; random coil, or also classified as the unfolded structures [256]; and aggregated strands.

A table indicating the presence or absence of each component is included.
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FIGURE 3.5 Distribution of elements present in protein secondary structure for each species, at 25 °C
and 80 °C derived from FTIR measurements. A table showing the presence (coloured cell) or absence
(white cell) of specific structures is included.

It is clear that the most stable material corresponds to A. fulica mucus because all structures
are present at 80 °C, only the percentages change. For the other eleven species, one or two
components are not present at both temperatures, indicating transitions between structures
or new conformations. Another interesting observation corresponds to the lack of a-helices
at 25, 80 °C or both temperatures, in ten of the twelve species, and the presence of 3
structures in all species. Our results match well with Denny [262], because he suggested that
B structures are one of the main groups of protein secondary structures in gastropod

locomotive mucus, contributing to mucus function as a lubricant. These structures can form
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an infinite planar network facilitating the displacement of layers, and as a consequence,

enhancing protein chain mobility.

These B structures of polypeptides can interact with each other by hydrogen bonds, giving
place to B-sheet and B-turns, folded laminar structures present in proteins [267]. It has been
reported that globular proteins consist of approximately 30 % or more of amino acid residues
corresponding to B structures [246], this is in concordance with our results where these
structures correspond to a range between 22-65 %. The predominant percentages of protein
secondary structures in all species at 25 and 80 °C, correspond to a general transition from
random coil to B-sheet. There is evidence that indicates disordered proteins can be adapted
to different conditions due to their hydrophilicity and versatility, keeping their function when
water deficit is clear, because they possess high flexibility [269], and the disordered regions

in mucins could be the main factor influencing functionality of mucins [270].

In summary, our analysis of the amide | region of FTIR spectra has given clear information
about the protein secondary structures in gastropod locomotive mucus and how these
conformations may contribute to its function. However, with FTIR spectra a more holistic
analysis can be performed, considering the full range from 1800 to 1000 cm™ which can help

classify species.

3.3.4 CLASSIFICATION OF GASTROPOD SPECIES

In the previous sections spectral analysis was performed to compare and determine the main
groups associated to the compositional properties of gastropod locomotive mucus. However,
Boulet-Audet, et al. studying silkworm silk [237], suggested that multivariable analysis is a
useful tool for species classification and discriminating samples. Hence, we first performed a
principal component analysis of spectra of twelve species at both 25 and 80 °C. Our initial
multivariate analysis of gastropod locomotive mucus is summarized in Fig. 3.6, showing the

values of the first and second factor scores calculated from the mucus spectra.

93



25°C 80 °C

Group 1

@ M. cornuaretis

®A. fulica !

VC. aspersum @ M. cornuaretis

A. fulica
e Group2

® (A ater
]

dA. ater

i L. stagnali ;

© : S1agnalsq, g A. hortensis :

14 ; vV——L. maximusi
i *ﬁ ‘

3 V. sloanei L. haroldi

L. maxim usf
L. stagnalis

L. haroldi% ¥ @ A. hortensis
3 mYV. sloanei

Second factor scores
o
1
[2]
3
c
el
N
Second factor scores
o
1

First factor scores First factor scores

FIGURE 3.6 Factor scores of gastropod mucus at 25 and 80 °C. The first and second factor scores
contribute to 65.6 % of species discrimination.

From figure 3.6, at 25 °C, we can observe different clusters, group 1 comprises terrestrial
snails in Helicoidea (C. aspersum and C. nemoralis) and Achatinoidea families (A. fulica), as
well as the terrestrial slug L. flavus in the Limacoidea family. Group 2, where most of the
terrestrial slugs are grouped, corresponding to families Arionoidea (A. ater and A. hortensis),
Limacoidea (L. maximus), Veronicelloidea (L. haroldi and V. sloanei), and the freshwater snail
L. stagnalis in Lymnaeoidea family. Finally, in the periphery of those two clusters we find M.
cornuaretis and P. diffusa species, suggesting a greater dissimilarity with the average of the
measured mucus. It is clear that these two species appear as outliers. Notably, our results
imply that the tropical freshwater snails M. cornuaretis and P. diffusa produce similar mucus,

most likely because both species are in the same family (Ampullarioidea).

At 80 °C, there are two clusters, group 1, including the two terrestrial snails C. aspersum and
C. nemoralis, suggesting that mucus produced by these species has a similar response to
temperature, which is not a surprise because both are from the same family, Helicoidea.
There is another cluster, group 2, including all six terrestrial slugs in the families Arionoidea

(A. ater and A. hortensis), Limacoidea (L. flavus and L. maximus), and Veronicelloidea (L.
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haroldi and V. sloanei), the freshwater snail L. stagnalis in Lymnaeoidea family and the A.
fulica snail in Achatinoidea family, indicating a lower dissimilarity with the average of the
measured mucus. As observed in the protein secondary structures analysis, the only sample
which shows all structures is the snail A. fulica. Interestingly, at 25 °C, the tropical freshwater
snails M. cornuaretis and P. diffusa appear as outliers, indicating these two species produce

mucus that responds in a similar way to heating.

In order to draw quantitative links between species, our HCA used the scores of the most

important factors to group gastropod species according to their similarity.

3.3.5 COMPARING FTIR AND PHYLOGENETIC TREES

The ultrametric tree generated from the infrared spectra at 25 °C for native dry mucus (see
Fig. 3.7b) was compared with a cladogram (see Fig. 3.7a). It was built from the sequencing of
gastropod mucus in different clades and species, combining trees reported previously for the
class Gastropoda, including the seven families of species selected for this study [9], [13], [66]—
[75]. Importantly, the cladogram and ultrametric tree are similar, especially families. It is
evident that terrestrial snails are close between each other and the tropical snails are

together as well, remaining in the same position comparing figures 3.7a and b.

95



d Sequencing b FTR

4E Group 1
M. cornuaretis M. cornuaretis High Amide Il
p— . stagnalis L. haroldi Group 2
Same amide |
— —E V. sloanei L. stagnalis
L. haroldi V. sloanei
L. maximus L. maximus H Group 3
S 5 Same sugar residues
A. hortensis
A. hortensis A. ater H Lowest amide Ill

Group 4
Same CH; bending

A. ater

Lok

C. aspersum C. aspersum Group 5
Same amide Il
A. fulica A. fulica
) T T T 1
0 400 800 1200 1600

Dissimilarity (Euclidean distance)

FIGURE 3.7 Classification of gastropod species. (a) Cladogram generated based on the phylogenetic
analysis of [9], [13], [66]—[75]. (b) Ultrametric tree generated from the hierarchical clustering
analysis of gastropod mucus infrared spectra LDA factor scores. Species with a Euclidean distance
smaller than 250 were grouped together.

From the ultrametric tree generated from FTIR spectra (Fig. 7b), five main groups are
identified. They were grouped together based on their similarities, more specifically, on their
amide |, Il, Ill, CH3 bending and sugar residues values. This ties well with our findings about

peak areas described in figure 3.4, at 25 °C.

Group 1: High amide Il

This group encompasses the two tropical freshwater snails M. cornuaretis and P. diffusa, both
in the Ampullarioidea family, displaying a larger Euclidean distance from the other four groups
(> 250). The two species from this group have high absorbance at 1250 cm™ (Fig. 3.4),
suggesting that these species were grouped together based on their high amide Il
absorbance, indicating a high random coil content. In this case, the presence of random coils
suggests a high degree of internal rotation within the protein as limited side chain interactions
take place [256]. This may help contribute to the viscoelastic properties of mucins, as a result

of a higher entanglement density [271].
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This finding could be related to the behaviour of these species of freshwater snails, which are
primarily considered as shredders of plants and predators of other small animals [272].
Observations on the behaviour of these species, put them apart from other freshwater
gastropods based on their unusual mode of feeding, consisting of small particles floating on
the water surface (air-water interface) [273]. For example, snails in the Ampullarioidea family
during the feeding process form a funnel-like shape with the anterior part of its foot. Then
once the funnel is formed, it produces a current, drawing food particles in to combine with
the mucus layer which is then ingested through the mouth. These observations indicate that
species in the Ampullarioidea family use their locomotive mucus film not just as a lubricant,
but also as a net that enables collection of particles [273]. These characteristics, suggesting a
low protein concentration in gastropod mucus, contribute to form a viscous solution with a

time-dependent properties attributed to a flexible random coil structure [274].

Group 2: Same amide |

This group includes the two terrestrial slugs L. haroldi and V. sloanei, both in the
Veronicelloidea family, as well as the freshwater snail native from the UK, L. stagnalis in the
Lymnaeoidea family. Species in this group have the same amide | absorbance, at 1645 cm,
as observed in figure 3.4, suggesting that these gastropods have similar protein concentration
in their mucus. According to our Gaussian fitting (figure 3.5 at 25 °C), the main contribution
to this band in these three species comes from the -sheet presence. It has been reported
before that in concavalin-A, a carbohydrate-binding protein, the percentage of B-sheet is
around 58% [246], which is in agreement with our findings on these three gastropods. Species
in the Veronicelloidea family are hermaphroditic and can perform self-fertilization and mucus
of the slug P. boraceiensis in the same family, has been previously studied to determine its
bactericidal and bacteriostatic effect on E. coli and S. aureus. Results demonstrate that the
main components in mucus are lipids, proteins and glucose (mucins), where proteins
identified have a molecular weight up to 300 kDa [275]. Mucus from the pond snail L. stagnalis
has been characterised by gel chromatography, finding the major component in locomotive
mucus, which is secreted into the water and remains as a biofilm on the substrate, being a
high molecular glycoconjugate with a high molecular weight of 260 kDa [276], [277]. These
studiesincluding the three species in this group, indicate there is a clear similarity in molecular
weight of proteins identified, and possibly in protein concentration in native mucus.
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Group 3: Same sugar residues

In this group we find the terrestrial slugs L. maximus and A. hortensis, in Limacoidea and
Arionoidea families, respectively. These species have the same absorption between 1180-
1024 cm?, as observed in figure 3.4, indicating a similar glycosylation degree. To support our
interpretation, a previous study, compared the degree of glycosylation from six proteins:
cytochrome c, collagen type IV, soybean peroxidase, avidin, neutravidin, and bovine
submaxillary mucin, showing that FTIR absorbances in the sugar residues region increases

when the degree of protein glycosylation increases [264].

However, there are no studies which have focussed on gastropods mucus and glycosylation.
One study based on the entire body of five different gastropod species provides some insight
[278]. In this study, the species L. maximus, C. hortensis, P. corneus, A. arbustorum and A.
fulica were characterised, to identify the N-glycans of gastropods. These components
contribute to gastropod glycosylation abilities and offer information about the biosynthetic
capacity for glycosylation. Their findings showed that these species are able to methylate
terminal sugars [278]. These studies provide a glimpse into glycosylation in gastropods, and
our results demonstrate that this modification is also present in locomotive mucus from all

species of terrestrial and freshwater gastropods.

Group 4: Same C-H bending

This group encompasses the slug L. flavus and the snail C. nemoralis, in Limacoidea and
Helicoidea families, respectively. Species in this group show the same absorption bands
between 1475-1350 cm™, as described in figure 3.4. This band represents the carbon spins of
the core backbones of the glycosaminoglycans and proteoglycans, for example, CHz bending
[59], [58], [279]. The same CHs3 bending in all species in this group, suggests that
glycosaminoglycans (GAGs), described as isolated proteoglycans linked to a protein, are
similar, with the same disaccharide building block consisting of N-acetylated or N-sulphated
glucosamine or N-acetylgalactosamine in mucus. These characteristics, as well as the
structure of the protein cores and conformation of protein structures, establish the biological

role associated with glycosaminoglycans and proteoglycans [280], [281].
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Group 5: Same amide Il

Finally, in this group we find the terrestrial snails C. aspersum and A. fulica, in the Helicoidea
and Achatinoidea families, respectively. This group is characterised by the same amide Il
absorption at 1543 cm?, as observed in figure 3.4. The amide Il region is characterised by the
hydrogen bonding by the NH bending and CN stretching vibration, affected by side chain
vibrations [282]. Interestingly, these species not only have the same amide I, but also similar

amide | and Il peak areas, which suggests there are also similarities in protein structures.

In one study of different polypeptides and proteins, poly (L-glutamic acid) and poly (L-lysine)
in various conformational forms characterised by Vibrational Circular Dichroism (VCD), Gupta
and Keiderking found interesting results when comparing groups based on their amide Il
bands [282]. The FTIR absorption of amide Il spectra of concanavalin-A, a carbohydrate
binding protein, gives its major contribution to the amide Il band due to the high -sheet
content, and this is attributed mainly due to the mixed structure of the globular protein. The
deconvoluted FTIR spectra show evidence of multiple components, possibly some of the main
three groups of protein secondary structures (random coil, a-helix, and B-sheet), but these
peaks are poorly resolved. The distinction is better when considering amide | peak, as we
showed above, it provides a clearer identification of peaks and protein secondary structures

[282].

Thus, translating these observations to proteins in gastropod mucus, we can assume that the
structures of these proteins in C. aspersum and A. fulica are highly correlated, i.e., they have
similar higher amount of B-sheet than a-helix. This finding can be corroborated with our

analysis on amide | peaks.

In summary, the five groups indicated in the ultrametric tree (Figure 3.7b) can be correlated
based on their similar absorption bands. However, there is one species which represents an
outlier, A. ater in Arionoidea family which has the lowest amide Ill content. Although this
species is excluded of these five main groups, it is close to A. hortensis, the other one species
in the same family, as it is shown in Figure 3.7a. According to molecular phylogeny of

gastropods, the divergent species in Arionoidea family is monophyletic and the closest clade
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corresponds to the Limacoidea family [283]. This observation ties well with our ultrametric
tree (Figure 7b), where A. ater is close to L. flavus.

Despite similarities between species and groups, some species were classified differently
using FTIR spectra and these variations could be the result of proteins and sugar molecules
(mucins) in gastropod mucus. Although, species such as A. ater is not together with the other
Arion species, they are close in the ultrametric tree, and most important, species
corresponding to tropical freshwater snails were classified together based on their
similarities. Hence selection may be driving the composition of locomotive mucus towards
convergent functional properties as opposed to the diversification seen in other aspects of

animal’s morphology and genetics, which typically are used to create a tree.

In summary, even with these differences comparing the cladogram based on phylogeny with
the ultrametric tree, FTIR with multivariate analysis offers a powerful tool to classify
gastropod species based on their absorbances, while reducing the effect of external factors,
such as temperature or humidity which could affect results, when temperature is controlled,

and dry samples are analysed.

3.4 CONCLUSIONS

FTIR spectroscopy provides a relatively simple, non-destructive and real-time methodology
for gastropod mucus characterisation, collecting native mucus directly from the foot of the
animal, reducing the effects of sample’s modification due to collection or storage processes.
This technique allowed us to analyse samples from terrestrial and freshwater gastropods, to
identify the main groups of components responsible for mucus compositional properties, as
well as the determination of protein secondary structures in proteins, which are important

for the understanding of how folding and unfolding mechanisms affect mucus stability.

Although small changes in amide | bands were observed with an increase in temperature, the
transition from a native folded state to an unfolded state of the proteins (secondary
structures variations), seem to be the major changes in the FTIR spectra of proteins. With the

correlation between amide | and sugar residues regions, it was possible to identify the main
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glycosylation variations in the twelve species included in this study, proving our hypothesis

that mucins, play an important role in mucus stability.

The classification of species based on mucus’ structural information suggests there are
relationships between families, possibly related to adaptations to a terrestrial or aquatic
environment. Spectral changes detected by FTIR will contribute to the hierarchical
classification performed here. Variations observed by FTIR indicating different protein
structures, could be further validated by other techniques, such as ultraviolet-visible
spectroscopy (UV-Vis), to determine protein concentration in locomotive mucus; sodium
dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE), to know the molecular
weight of proteins in mucus. Additionally, as any structural and compositional change affects
thermal stability of mucus and its functionality as a lubricant, thermal and rheological tests

can be performed to correlate all properties of gastropod mucus.

This chapter provides the first study reported on gastropod mucus using FTIR to analyse,
identify and classify gastropod mucus based on their structural characteristics. This procedure
could be used to expand our interpretation of this group of molluscs to other clades, such as

marine species.
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CHAPTER 4: THE RHEOLOGICAL PROPERTIES OF
GASTROPOD LOCOMOTIVE MUCUS: RELATING
COMPOSITION TO FUNCTION

“..\We don't often see a snail that way,

and that's because we've only recently had the tiny lenses
and electronic cameras that we need

to explore this miniature world...” David Attenborough




This chapter corresponds to the paper “The rheological properties of gastropod locomotive
mucus: relating composition to function”, to be submitted for publication to the Journal of

Molluscan Studies.

ABSTRACT

The main component in gastropod locomotive mucus are mucins, conferring mucus its
viscoelastic properties. However, there are no studies reported contrasting compositional,
thermal and rheological properties of mucus from different gastropods. To fill this gap, in this
study, we analysed native locomotive mucus from Achatina fulica (A. fulica), Cornu aspersum
(C. aspersum), Cepaea nemoralis (C. nemoralis), Arion ater (A. ater), Arion hortensis (A.
hortensis) and Limax flavus (L. flavus). Mucus samples were characterised using Sodium
dodecyl sulphate-polyacrylamide gel electrophoresis, SDS-PAGE; Ultraviolet-visible
spectroscopy, UV-vis; Thermogravimetric analysis, TGA; and rheology, in order to correlate
and compare characteristics between species, to elucidate how mucins influence mucus
behaviour. Here we show that mucins are the main factor influencing mucus’ function under
different mechanical or thermal stresses. We found that all mucus tested comprised of
glycosylated proteins (41-377 kDa) acting as weak gels (1.58-36.33 Pa.s at 1 rad/sec). The
lowest ratio of protein to total solids was found in A. fulica (0.007), and the highest (0.042) in
A. hortensis. Our results demonstrate that members from the same family exhibit similar
characteristics, suggesting there is a common response to specific environments. We expect
our study to be a terminus a quo in the comprehension of how a correlation between

properties is crucial for the understanding of the stability and functionality of snail mucus.

KEYWORDS:

Ecto-secretion, gastropod, mucins, function.
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4.1 INTRODUCTION

Most natural materials remain inside or close-to the body, allowing for repair and
reconfiguration. However, some species have evolved the ability to produce and use materials
outside of their bodies. Termed ecto-secretions, these are a remarkably overlooked, yet
important class of materials, selected to perform in extreme environments and facilitate a
range of functions, from structural (silks) to chemical (venoms) [108], [284]. Gastropod mucus
is a prime example of such an ecto-secretion, which when excreted as a thin layer (between
10-20 um) aids locomotion, adhesion and defence as well as preventing desiccation and
infection [40], [49], [285]-[292], and in some cases even serves as a substrate for microbial
“farming” [293]. Yet despite its natural ubiquity and utility, there are only a limited number
of studies focused on gastropod mucus per se [33]-[36], [49], [52], [55]-[61], [63]-[65], [76]—
[88]. This apparent dearth of knowledge surrounding the composition and structure of

gastropod mucus is compounded when considering its material/mechanical properties.

Although the interest in learning more about gastropods, their behaviour and characteristics
has existed for centuries, it was not until the 1980's that Denny [58], [258] systematized the
study of gastropod mucus with a broader vision, and through a combination of experimental
and theoretical studies related a range of mucus’ physical properties to the animal’s biology
and habitat [58]. Denny was the first to study the mechanical (rheological) properties of
gastropod locomotive mucus, demonstrating that in the slug A. columbianus its shear stiffness
is indirectly proportional to its water content (degree of hydration) [58]. Twenty years later,
Ewoldt et al. [34], extended this line of research and compared the non-linear rheological
properties of locomotive mucus from a snail (H. aspersa) and a slug (L. maximus). Their
findings suggested that the timescale by which a mucus is deformed determines whether it
behaves as an adhesive or a lubricant. They categorized mucus as having viscoelastic
properties and behaving as a non-Newtonian gel [34]. More recently in 2019, Smith et al. [65],
attributed the complex rheological properties of the adhesive mucus from the slug A.
subfuscus, to sacrificial bonds between components in the mucus, which can readily reform
if broken. They tested mechanical properties of adhesive mucus in order to determine the
effect of those sacrificial bonds. Stress relaxation tests demonstrated that slug’s glue behaves

like a viscoelastic material, showing elastic and viscous characteristics when it experiences
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deformation; tensile tests showed that adhesive mucus samples stretched six times their
initial length before yielding. This is supported by other studies that demonstrated that metal
ions are essential to maintain the stiffness of the slug’s gel (adhesive mucus), more
specifically, calcium, magnesium, zinc, manganese, iron and copper. It is precisely the role of
calcium which is crucial in the stabilisation of the polymer network, due to the cross-links,

because calcium is the most common cation bound to the glue (40 mmol I) [61], [64].

Facilitating these mechanical properties are mucus’ proteins, mucins, which are heavily
glycosylated [294]. As a result, most compositional studies have used SDS-PAGE to identify
molecular mass of the main group of proteins in gastropod mucus, characterising the marine
snails L. limatula, H. diversicolor; terrestrial slugs A. subfuscus, A. ater, and the garden snail H.
aspersa [34], [49], [52], [60], [61], [63], [76], [79], [81]. Also, mass spectroscopy and
chromatography have been used, characterising the marine snails P. vulgate and D. maxima;
terrestrial slug A. subfuscus; and terrestrial snails H. aspersa, E. vermiculata, T. pisana and M.
obstructa [60], [61], [77], [80], [81], [86]. However, the use of UV-vis to correlate structural
variations between samples has not been widely included in gastropod mucus’ studies, and
this technique could complement the compositional characterisation of mucus using one of

the well-used techniques, such as SDS-PAGE.

As such a cohesive understanding, within an appropriate evolutionary context, between
mucus’ molecular components and behaviour across a range of species is required. To address
this, we propose that proteins in mucins are the most likely component to influence
phenotype and in line with our wider classification of these materials as ecto-secretions,
proteins will be key in delivering functionality for the required timescale of use. Hence this
work presents a combination of thermal (TGA and Rheological ramp temperature tests),
compositional (UV-Vis and SDS-PAGE) and functional (Rheology) techniques to characterise
locomotive mucus across six different terrestrial gastropod species: A. fulica, C. aspersum, C.

nemoralis, A. ater, A. hortensis and L. flavus.
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4.2 MATERIALS AND METHODS
4.2.1 MATERIALS

Three species of terrestrial snails (A. fulica, C. aspersum and C. nemoralis), and three
terrestrial slugs (A. ater, A. hortensis and L. flavus), were included in this study. Apart from
the snail A. fulica, which is native to Africa, all other species are found in Europe. A. hortensis,
A. ater, C. nemoralis, C. aspersum and L. flavus were collected in Hillsborough Park,
Hillsborough, Sheffield (53.4080° N, 1.5015° W). A. fulica snails were purchased as juveniles
and reared in house. All species were kept in plastic containers (39 cm x 48 cm x 20 cm) with
~ 6 cm of vermiculite layering the bottom of the box at 22 °C £ 1 °C and high humidity. Animals

were fed ad libitum twice weekly with cucumber, lettuce and sweet potatoes.

For each species three specimens were removed from the containment area and cleaned
using type Il water and placed into an empty and clean plastic container. Animals were then
allowed to move freely across a clean sheet of glass for five minutes, to avoid collecting
adhesive mucus. After that, locomotive mucus was collected from the glass surface using two
razor blades (cleaned using ethanol and then type Il water) and keptin a 2.0 ml polypropylene
graduated centrifuge tube with cap, stored at room temperature and subjected to analysis

on the day of collection.

4.2.2 METHODS

4.2.2.1 THERMOGRAVIMETRIC ANALYSIS

TGA tests were carried out using a MX-50 (A&D Instruments UK) moisture content analyser.
An alumina crucible (9.5 mm diameter and 14 mm high, Almath Crucibles Ltd, UK) with 1 ml
of fresh native mucus was used for all experiments. The heating rate was 1 °C/min from 25
to 120 °C with a data interval of 15 seconds. All experiments were repeated three times for
each species, with separate samples collected for each test, from the same group of

individuals.
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4.2.2.2 UV-VIS SPECTROSCOPY

With concentrations obtained from TGA analysis, dilutions were prepared for all species and
samples were set to the same concentration 1 mg/ml approximately. Type |l water was used
as a solvent and native mucus collected as described in section 2.2.1. Then, using a UV300
Spectronic Unicam spectrometer (Thermo, UK), all samples were analysed at room
temperature (22 °C + 1 °C), in 1 cm path-length polystyrene cuvettes. Type Il water was used
as a blank and mucus samples were manipulated using a 1000 pl micro-pipette. Scans were

performed from 200 - 500 nm, at a scan speed of 240 nm/min and 300 steps in total.

Using maximum absorbance at 215, 225-230 and 260nm, concentrations can be estimated

for each samples using the following equations [45]:

Concentration (mg/ml) = (0.183 x A230nm) — (0.075 X A26onm) ~ Equation 1

Concentration (ug/ml) = 144 x (A21snm — A22snm)  Equation 2

The use of equations 1 or 2 depends on the presence of peaks at 215 with absorbance values
< 2.0 [45]. To corroborate the use of equation 1 or 2 for each species based on maximum
absorption peaks, deconvolution of UV-vis spectra and curve fitting were performed between
200 and 350 nm, and a 10-point multipeak Gaussian fitting (every 10 nm) was performed
using Origin software, v2020 (See Appendix Al). Equation 1 was used for C. aspersum, C.
nemoralis, A. ater, A. hortensis and L. flavus (snails and slugs native from the UK), while

equation 2, for A. fulica.

4.2.2.3 SDS-PAGE

Mucus from each one of the six species was collected as described in section 2.1. Samples
were weighed, placed in a 2 ml polypropylene graduated centrifuge tubes and diluted with
type | water to 5.92 mg/ml, based on the lowest dry weight measured previously by TGA.
Aliquots of 20 ul were taken and mixed with an equal volume of a solution containing sodium
dodecyl sulphate and P-mercaptoethanol, according to the method of Laemmli [296].
Aliquots of 20 pl of the resulting solutions were resolved on 4-20 % tris-glycine gel under

reducing conditions, using a mini gel tank Invitrogen (Thermo Fisher Scientific, USA), power
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supply PS 250 (Hybaid Ltd, UK), over 100 minutes at 120 V. Protein bands were visualised by
staining with 0.25% Coomassie Brilliant Blue R-250 (VWR Chemicals, USA) and imaged using
a Scanjet G2710 scanner (HP Inc., USA). A Hi-Mark Pre-Stained protein standard (Thermo

Fisher Scientific, USA) was used as a ladder.

4.2.2.4. RHEOLOGY

Rheological measurements (frequency sweep and temperature ramp tests) were performed
using an AR-2000 (TA Instruments, Delaware, USA) rheometer, with cone-plate geometry
(cone angle 40 mm 2° and 55um truncation) and a Peltier temperature controlled bottom
plate. Native mucus, sufficient to completely fill the geometry gap, was placed onto the
bottom plate and the geometry was lowered to the truncation gap at a slow speed to avoid
any undue shearing of the sample. To avoid the native mucus drying out, the area outside and
on top of the cone was filled with type Il water and enclosed using an environmental chamber.
Frequency sweep tests were performed from 0.6 to 62.8 rad-s (0.1 to 10 Hz) at 10% strain at
25 °C (chosen to be within the materials linear viscoelastic region). Single frequency
oscillatory tests were then carried out at 0.63 rad-s* 10% strain between 15 °C to 80 °C using

a ramp temperature of 5 °C/min.

4.2.2.5 STATISTICAL ANALYSIS

Statistical analysis was performed using a Student’s t test and P < 0.05 significance level

(Origin software, v2020, USA).
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4.3 RESULTS AND DISCUSSION

We present results from a comparative study of gastropod locomotive mucus, relating

compositional, thermal and functional properties.

4.3.1 COMPOSITIONAL PROPERTIES

To determine the compositional properties of gastropod locomotive mucus, TGA, UV-vis, and
SDS-PAGE were performed. In order to gain an initial, broad appreciation of composition, total
solids concentration and protein concentration was determined using TGA and UV-Vis

respectively (Figure 4.1).

Species a Total solids concentration, mg/ml b Protein concentration, mg/ml
10.93 + 1.254 0.29 + 0.006
A. hortensis 25.15 + 0.180 1.07 + 0.070
A. ater 15.95 + 0.396 0.67 + 0.021
C. nemoralis 12.10 + 0.250 0.43 = 0.008
C. aspersum 13.78 + 0.464 0.47 + 0.108
A. fulica 5.97 + 0.057 0.04 + 0.004
a b
—
S‘ A. hortensis - .
» =
©
A. ater g
8
* —
C. nemoralis §
P <
'E C. aspersum
w
A. fulica
0.00 001 002 003 004 005 200 250 300 350

M oroteinttotal solids Wavelength, nm

FIGURE 4.1 a) Protein to total solids concentration ratio, and b) UV-vis spectra of native locomotive
mucus from A. fulica, C. aspersum, C. nemoralis, A. ater, A. hortensis and L. flavus. Significant
differences between A. fulica and A. hortensis (P< 0.05) are indicated with black asterisk brackets.
Standard deviation error bars correspond to a series of three experiments per species. A table with
a) total solids and b) protein concentration in mg/ml, used to calculate ryrotein/total solidgs, is included.
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Water composition in gastropod mucus is 97.4 £ 0.07 in the slug A. hortensis and 99.4 % +
0.004 in the snail A. fulica. Between these values we found the other four species. C. aspersum
and C. nemoralis have similar percentage of water, 98.7+ 0.10 and 98.6 % + 0.08,
respectively, they are from the same family Helicidae. The slugs A. ater and L. flavus, from
two different families, have values of 98.3 +0.02 and 98.9 % + 0.006, respectively. Again, the
two snails in the Helicidae family show similar water content. Our findings agree with previous
studies where pedal mucus in terrestrial snails and slugs has been shown to consist of around
91-98 % water, and the rest corresponds to inorganic material and high molecular weight

organic compounds, such as proteins [58], [258], [259], [260].

According to figure 4.1, table a, the lowest total solids concentration corresponds to the
African snail (A. fulica) with 5.97, while the highest value is for the slug A. hortensis, 25.15
mg/ml. That difference could be associated with the presence of minerals such as calcium,
because it has been demonstrated that terrestrial slug mucus contains substantial quantities
of metals, contributing to total solids concentration, such as zinc, iron, copper and manganese.
Ireland [297], analysed A. ater dry mucus and found that calcium concentration is 60 % higher
than the total concentration of magnesium, phosphate, manganese, zinc and copper. These
metals reduce the solidification speed of mucus and also they are necessary for the correct
function of proteins, giving mucins the ability to absorb water, creating a protection against

harmful pathogens, as well as facilitating gel formation [36], [51], [60], [298]—-[300].

From figure 4.1b, proteins to total solids ratio, if we look at the three slugs, we immediately
identify a lower value in the slug L. flavus from Limacidae family, compared to the other two
slugs, A. ater and A. hortensis, respectively, both from the Arionidae family. In terms of the
three snails, a similar pattern is observed which suggests members in the same family show
similar ratio. The species A. fulica, in the Achatinidae family has the lowest ratio in comparison
with the other two snails, C. aspersum and C. nemoralis, both in the Helicidae family. With a
value of 0.007, the African snail A. fulica has the lowest ratio, while the highest one is for the
slug A. hortensis, with 0.042. There is a significant difference between A. fulica and A.
hortensis (P = 0.0030) and this could be attributed to the variation in other organic

compounds like carbohydrates.
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In this figure, 4.1b, UV-vis spectra are included, corresponding to the six gastropod species,
with the main band observed at 225-230 nm, and a shift in this band in the snail A. fulica is
observed at 215 nm, attributed to tryptophan (Trp) [301]. UV-vis spectra show the maximum
absorption band between 215-230 nm, due to aromatic amino acids present in proteins being
the major chromophores, due tom — m* transition by absorption of a photon with particular
energy leading it from a low energy level to a higher one (excited state) [302]-[304]. This
could also be attributed to the presence of different components in protein secondary
structures, because ionization of dissociable groups effects can change protein absorbance,

even if there are no structural transitions associated with denaturation [305].

In mucus, there are globular proteins and mucins, consisting of glycoconjugates [306].
Previous studies related to other globular proteins suggest that tryptophan (Trp) and tyrosine
(Tyr), two of the main aromatic amino acids in proteins, affect absorption maxima when the
nature of the environment changes, i.e., a polar solvent. In native proteins residues will have
contribution in the absorption coefficient, and as a consequence, in the absorbance.
Butnarasu et al. [307] reported that the main peak observed in mucin from pig gastric mucus
was due to the presence of the amino acid phenylalanine (Phe) [305]. In another study, egg
albumin was analysed and they concluded that changes in absorbance were due to the lack
of ionization of Tyr residues in the native protein, due to steric constraints in protein
secondary or tertiary structures [308]. These different amino acid structures could be the
main factor for the peak shift in spectra comparing European gastropods with the African

snail.

In order to compare these results and to determine the molecular weight of proteins in
locomotive gastropod mucus, we analysed our samples by SDS-PAGE. Also, this test is
important to establish if protein length influences the rheological properties of gastropod
mucus. Figure 4.2 shows the electrophoregram corresponding to SDS PAGE of native mucus

from the six gastropod species.
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FIGURE 4.2 Electrophoregram of gastropod locomotive mucus. Lines correspond to A. fulica, C.
aspersum, C. nemoralis, A. hortensis, A. ater and L. flavus mucus. Molecular weights corresponding
to ladder bands are indicated.

Proteins were separated into 2-9 main bands, with molecular weight ranging from 41-377 kDa
(See Table 4.1). Table 4.1 indicates that mucus from the three snails does not have the 377
kDa band compared to slugs, and this result could be attributed to post-translational
modifications of proteins due to glycosylation, i.e., different degrees of glycosylation,

suggesting variations in protein/carbohydrate ratio [292].
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TABLE 4.1. Identities of specimens in each lane and main bands observed. Coloured cells indicate the
presence of that protein group. GP1-GP19 are protein groups of bands identified in gastropod

mucus.
kDa | Protein group | A. fulica |C. aspersum A. ater |A. hortensis
41 GP1
51 GP2
66 GP3
78 GP4
926 Achacin
100 GP6
104 GP7
113 GP8
128 GP9
145 GP10
151 GP11
165 GP12
179 GP13
194 GP14
229 GP15
249 GP16
260 GP17
271 GP18
333 GP19
347 .

Lectins
377

When comparing our results to those reported in previous studies, it must be pointed out
that A. fulica mucus is the only one showing the achacin band at 96 kDa, which is the
glycoprotein associated to antimicrobial activity of the African snail mucus [51], [309]. Bands
between 41 -100 KDa, and 333-377 kDa are present in all species analysed in this study. Our
results tie well with those reported previously, with main bands identified between 45 and
97 kDa, corresponding to mucus from A. fulica, C. bistrialis, P.globosa, P.virens, B. Dissimilis,
B.(Digoniostoma) pulchella and M. tuberculate [310]; and 350 kDa corresponding to high
molecular weight lectins observed in the African snail A. fulica, where it has been studied that
lectins have a saccharides specificity which is crucial for its function, as well as their roles in

host defence mechanism [311].
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4.3.2 FUNCTIONAL AND THERMAL PROPERTIES

Locomotive gastropod mucus is necessary to facilitate gastropod locomotion, reducing
friction between the animal and the surfaces. In order to analyse the effect of protein
composition on gastropod mucus, rheological tests at different temperatures were

performed, and results are shown as follows.

Figure 4.3 shows the average complex viscosity vs angular frequency. Gastropod mucus
clearly exhibits non-Newtonian fluid properties [292], which means viscosity will change with
the rate of deformation. Complex viscosity in all samples tested at low frequencies increased
gradually while for higher frequencies it is considerably reduced. This clearly indicates that
proteins and sugar molecules in mucus provide a melt-viscosity-lowering effect due to the
hydrogen bonds in the corresponding polymeric structure [312]. A. fulica shows the lowest
values (brown hexagon) for viscosity while A. hortensis (black sphere) presents the highest

ones.

100 — —@— A. fulica
—W¥— C. aspersum

< C. nemoralis
—<4— A ater
—&— A. hortensis
@ L. flavus

Average complex viscosity, Pa.s

0.01 7 — —

Angular frequency, rad/s

FIGURE 4.3 Average complex viscosity vs angular frequency of A. fulica (brown hexagon), C.
aspersum (red down triangle), C. nemoralis (orange left triangle), A. ater (magenta half up left
triangle), A. hortensis (black sphere) and L. maximus (cyan half up hexagon). Standard deviation
error bars correspond to a series of three experiments per species.
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In order to establish clear relationships between protein content in gastropod mucus and
viscosity, figure 4.4 shows the average complex viscosity at two different angular frequencies
vs protein concentration for all species. As the protein concentration increases, the viscosity
shows the same trend, indicating proteins in mucins have a major effect on the rheological
properties of mucus, which means that the amount of protein in the total solids’

concentration determines viscosity variations between species.
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FIGURE 4.4 a) Average complex viscosity at 1 rad/sec vs protein concentration, b) Average complex
viscosity at 10 rad/sec vs protein concentration of A. fulica (brown hexagon), C. aspersum (red down
triangle), C. nemoralis (orange left triangle), A. ater (magenta half up left triangle), A. hortensis (black
sphere) and L. maximus (cyan half up hexagon). Standard deviation error bars correspond to a series

of three experiments per species.

A linear relationship between slugs is observed in figure 4.4, and in the case of snails, similar
pattern is evident, because the African snail shows the lowest viscosity compared to the other
two snails and the protein concentration is the lowest too. The slug A. hortensis has the

highest viscosity and protein concentration.

Additionally, as described before by Lai et. al. [50], studying the micro and macro rheology of
mucus in different biological systems, to describe the rheology of this ecto-secretion, two
parameters are important: the loss modulus (G"”), describing the extent to which this material

resists the tendency to flow; and the elasticity or storage modulus (G’), measuring the
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tendency of mucus to recover its original shape. Thus, for each species, linear viscoelastic
moduli were measured (storage modulus G’, and loss modulus G”), as observed in figure 4.5
(detailed information is included in Appendix A2). It is clear that the viscoelastic properties
are dominated by rearrangements of molecular segments in mucins for all samples, which are
sufficiently short to not depend so much on cross-links with other chains, as the molecular

weight of chains [312].
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FIGURE 4.5 Average linear viscoelastic moduli, a) G’, and b) G”, of locomotive mucus from A. fulica
(brown hexagon), C. aspersum (red down triangle), C. nemoralis (orange left triangle), A. ater
(magenta half up left triangle), A. hortensis (black sphere) and L. flavus (cyan half up hexagon),
including digitized data reported before by Ewoldt et al. [34], corresponding to L. maximus (grey
square), for comparison purposes. Standard deviation error bars correspond to a series of three
experiments per species.

From figure 4.5, our analysis of the viscoelasticity of locomotive mucus indicates that in all
samples over the range of angular frequencies G’> G”, which means that mucus has an elastic-
solid behaviour [313], in agreement with previous studies on other types, such as human
respiratory and intestinal mucus, and porcine respiratory mucus [314]-[317]. The differences
on G’ and G” can be attributed to mucus’ composition and hydration level (water content)
[313]. Interestingly, locomotive mucus tested in one previous study analysing mucus from the
slug L. maximus and included in figure 4.5 [34], showed that G'and G™" at around 1 rad/s are
198.7 and 20.8 Pa, respectively. Values corresponding to G” are slightly higher than those from
our measurements, but G” is in the same range of our results. In one pioneering study by
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Denny [56], locomotive mucus from the slug A. columbianus showed that G’ and G”” were 1.75
and 0.75 Pa, respectively, again in the range of our results. These studies on gastropod mucus
where rheological properties were analysed in detail, have contributed to the understanding
of the rheology of gastropod mucus. However, they did not include several species to

compare their behaviour.

In order to further compare our findings with other mucus’ analyses, there is one interesting
report published in 2021, on human laryngeal mucus [313]. Their results indicate that the
average G’ and G” moduliare 12.28 and 4.19 Pa, respectively, which ties well with our findings
on gastropod mucus. This comparison supports our hypothesis that mucins are the main
parameter controlling the rheological properties of mucus, because different types of
secreted mucus exhibit a similar gel character and moduli in the same range of values, tested

at the same angular frequencies.

If previous assumptions and observations on different kinds of mucus are valid, and mucins
and their proteins are the main factors governing the rheological behaviour of mucus [318],
[319], then an examination of viscosity as a function of temperature could add valuable

information to this hypothesis. Figure 4.6 shows the average complex viscosity vs

temperature.
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FIGURE 4.6 Normalised complex viscosity vs temperature of native locomotive mucus from A. fulica
(brown hexagon), C. aspersum (red down triangle), C. nemoralis (orange left triangle), A. ater
(magenta half up left triangle), A. hortensis (black sphere) and L. maximus (cyan half up hexagon).
Standard deviation error bars correspond to a series of three experiments (each one normalised to
its first value of complex viscosity taken at 0.63 rad-s™*, n") for all the species.
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From figure 4.6, between 45°C and 48°C, a reduction in viscosity is clear for A. hortensis, A.
ater, C. aspersum and L. maximus mucus (inflection point of European gastropods’ mucus),
where the 50% of initial viscosity has reduced, indicating a change in terms of the stability of
mucins. An atypical behaviour is observed for A. fulica mucus compared to the other five
species native from Europe, which means that at normal conditions and with the
characteristic natural environment, mucus will maintain its function. The other five gastropod
mucus show a similar response with the increase of temperature. Between 15 °C and 35 °C,
all the species exhibit the same trend except the snail C. nemoralis, with higher amplitude. At
this stage the variations in terms of viscosity are minimal and the materials seem to be
decreasing in viscosity while the temperature is increasing. At around 35 °C, A. fulica native
mucus immediately shows a different trend with a more constant viscosity, testing the
hypothesis that mucins and their proteins are the main factors affecting compositional and
functional properties of gastropod mucus, and glycosylation influences the stability of mucins
under thermal, mechanical stress or both. This also suggests that A. fulica mucus has a higher

heat capacity and so takes longer to warm up compared to the others.

There is a clear difference between A. fulica and the other five species. Mucus from this snail
exhibits a higher stability in viscosity when the temperature is increased and it changes 15 °C
after the other samples reduce their viscosity drastically. This variation could be due to A.
fulica having the highest water content of all the mucus tested. A higher water content would
mean the proteins are more stable in the African snail, resisting denaturation when
temperature is higher [320]. Also, this mucus shows the lowest viscosity, indicating this
property is not entirely dependent on proteins, but also on molecular interactions with sugar

chains (glycosylation) in mucins [303].

Terrestrial snails and slugs come from the same ancestor and during millions of years of
evolution, Stylommatophora clade increased its diversity, adapting animals’ behaviour,
functions and secretions [321]. Chemical relationships among species from the same super
families are an indication that gastropods share some phylogenetic characteristics to live in
specific environments [321]. A. fulica snail shows the more stable material under thermal or
mechanical stress, which means, mucins keep their function in a wider range of temperatures,
assuming this species requires a higher desiccation mechanism to protect the snail because it
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is native from a region with higher average temperature compared to the other five species

included in this study.

4.4 CONCLUSIONS

The different compositional and rheological tests confirmed my hypothesis that mucins in
gastropod mucus have been adapted to specific environments to preserve mucus natural
function as a lubricant, reducing dehydration and ensuring its stability. This is clear in my
results, which indicate a different composition, stability and behaviour of mucus from the

African snail A. fulica, compared to the European snails and slugs.

This is the first report analysing six different species and correlating protein concentration
and composition to function. My study also demonstrates that the shell or external
components of gastropods are not the only feature with which we can compare species and
their evolutionary, chemical and physical relationships. These relationships can also be
explored by characterising gastropod mucus, an ecto-secretion used as a survival adaptation

to live and continue expanding their populations to new and changing environments.

Although my study demonstrates a clear relationship between compositional, thermal and
mechanical properties of locomotive mucus in terrestrial snails and slugs from the order
Stylommatophora, the incorporation of a complete thermal characterisation including

Differential Scanning Calorimetry (DSC), could add information about protein denaturation.
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CHAPTER 5: STRUCTURAL CHARACTERISATION,
CLASSIFICATION AND IDENTIFICATION OF SNAKE
VENOMS

“It is not the strongest of the species that survives,

not the most intelligent that survives.
It is the one that is the most adaptable

to change.” Charles Darwin



This chapter corresponds to the paper “Structural characterisation, classification and
identification of snake venoms”, to be submitted for publication to the Journal of

Experimental Biology.

ABSTRACT

Species in Elapidae, Viperidae and Colubridae families produce a toxic liquid, an ecto-
secretion containing proteins, and other organic and inorganic compounds. Particular toxins
have demonstrated temperature-dependent enzyme activity, with potential uses in
pharmacological applications or in antivenoms production. The proteomic analysis of snake
venoms has included different techniques, such as mass spectrometry, providing valuable
information to the knowledge and understanding of snake venoms, and new approaches in
this field are combined with the aim of achieving a broader knowledge on the compositional,
structural and thermal properties of this ecto-secretion. However, the use of non-destructive
and less time-consuming techniques, such as Fourier transform infrared spectroscopy (FTIR),
has only been included in few studies. To fill this gap on the understanding of how
temperature affects snake venom’ compositional and structural properties, here we present
the first study combining SDS-PAGE with FTIR, to analyse venom from one viper in the Bitis
genus, one primitive spitting cobra in the genus Haemachatus, and thirteen species in the
genus Naja. This combination of methods allowed us to determine the proteins present, and
also to identify structural and compositional variations in snake venom as a function of
temperature. In addition, a multivariate analysis was performed to classify snakes based on
the hierarchical clustering analysis of FTIR spectra. Our approach represents a novel route to
provide new insights into venom’s properties, as well as for the identification and

classification of species.

KEYWORDS: Snake venom, SDS-PAGE, FTIR, carbohydrate-binding protein, Multivariate

Analysis.
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5.1 INTRODUCTION

For millennia humans have been fascinated by snakes, finding their way into several ancient
mythological and religious texts, and are often seen as a symbol of fertility, life, rebirth and
power. Today, whilst feared by some, they continue to offer positive inspiration in many
aspects surrounding their biology (biodiversity), behaviour (soft-robotics) and materials
(venoms) [322]—-[325]. Of the total number of extant snakes species around 20% of them
secrete a toxic substance, venom, from specialised glands located in both sides of the head
on the upper jaw [111], [129], [326]. Found primarily in the Elapidae, Viperidae and
Colubridae families [14], [115], [327] venom has evolved to disable and kill prey, facilitate
digestion, and for some cobras in the Naja genus act in defence, via spitting [113], [118],
[120], [125], [127], [154], [172], [191], [192], [328]-[330]. The biodiversity of venom has
helped taxonomic classification, and through a biochemical understanding of its toxicity, even

helped identify compounds for medicinal use [127], [193], [195], [200], [331], [332].

Proteomic characterisation of snake venoms has primarily been achieved through sodium
dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE), high-performance liquid
chromatography (HPLC), and mass spectrometry [113], [130], [132], [133], [137]—-[140], [142],
[143], [146], [148]-[150], [153], [154], [156]-[158], [160]-[169]. Whilst typically used in
isolation, recently the combination of these techniques is helping to build a better and more
holistic overview of venom composition [333]. Several studies have identified proteins such
as phospholipases A; (PLA;), snake venom metalloproteinases (SVMP), snake venom serine
proteases (SVSP), and three-finger toxins (3FTx) as underpinning venoms diverse range of
functions [14], [113], [116], [131], [132], [165]—-[171], [332], [334]. Yet despite the major
contributions made with these techniques, there are others, outside of the typical molecular
biologists’ toolkit, that can be introduced and combined to add new perspectives and insights

into this field.

One example is Fourier Transform Infrared spectroscopy (FTIR), which measures a sample’s

infrared absorption and provides a “molecular fingerprint”, giving insight into its organic

compounds, such as proteins and carbohydrates [217], [219]. In contrast to the techniques
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above, there is no sample preparation required, it is non-destructive and a measurement

takes less than 5 minutes [237], [242]—-[245].

Adopting alternative techniques such as this may help address some peculiarities seen in
venom proteins, namely that they appear remarkably thermally and electrophoretically stable
when compared to other enzymes [335]—[338]. This has led some to the conclusion that SDS-
PAGE may not be sensitive to changes between the natured and a denatured state of venom
proteins [335]. However, FTIR has the ability to measure a structural response over a range
of temperatures, providing insights into adaptations to maintain biological activity of a
protein solution when outside the body and environmentally challenged [237], [242]—-[245].
When applied to venom, this may be useful for basic research and medicinal applications,
helping the development of antivenoms, or the design of pharmacologically active and stable

drugs for therapeutic applications [339], [340].

These benefits have led to FTIR being employed to identify the composition of everything
from blueberries [341], cyanobacterial strains [233], human hairs [235], Indonesian coffee
bean varieties [234], wines [236], to silkworm silk [237]. A more advanced analysis of the data
can even generate ultrametric trees for species classification [237]. Hence it is surprising that,
to the authors knowledge, only two studies have tried to analyse snake venom composition

using FTIR, let alone combining it with traditional proteomic characterisation [170], [171].

Here | present the largest dataset of venom SDS-PAGE profiles and FTIR spectra to date. Our
results include native venom from one viper, B. arietans; one primitive spitting cobra: H.
haemachatus; and thirteen species in the Naja genus, including spitting and non-spitting
cobras from Africa and Asia. | demonstrate that FTIR can successfully identify significant
structural and compositional changes in venom’s response to temperature at 25 and 80 °C.
Beyond basic identification of the protein secondary structures present, | build a classification
of species based on their spectral similarities. | believe the combinatorial approach described
here, represents a step towards a more integrated and cohesive route for the identification,
classification and potential applications of venoms from species in the Viperidae and Elapidae

families.
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5.2 MATERIALS AND METHODS
5.2.1 MATERIALS

In this study, venom samples from thirty individual snakes were collected, corresponding to
15 different species: 1 viper, B. arietans; 1 primitive spitting cobra, H. haemachatus; and 13
Naja species, N. pallida, N. nubiae, N. mossambica, N. nigricollis, N. subfulva, N. nivea, N. haje,
N. annulifera, N. naja, N. siamensis, N. philippinensis, N. atra and N. kaouthia. The viper as
the outgroup, was included to compare results with the primitive spitter and the Naja spitting
and non-spitting species (see table A3 in Appendix A3, where a detailed information is
included). All snakes listed in table A3 were maintained in individual containers within
controlled environmental conditions (temperature, humidity and light) at the Centre for
Snakebite Research and Interventions, Liverpool School of Tropical Medicine (LSTM), UK. All
protocols referring to the expert husbandry of the snakes are regularly inspected and
approved by the UK Home Office and the LSTM Animal Welfare and Ethical Review Board.
Venom was extracted by milking each snake and fresh venoms were transferred into 2 ml
low-protein binding cryotubes (Simport Scientific, Beloeil, Canada) using a pipette. All
samples were kept onice, and all FTIR and SDS-PAGE tests were carried out at the Department

of Materials Science and Engineering at the University of Sheffield.

5.2.2. METHODS
5.2.2.1. SDS-PAGE

Native snake venom corresponding to each snake was collected as described in section 5.2.1.
For each sample, 0.5 ul of fresh venom was placed in a 2 ml polypropylene graduated
centrifuge tubes and diluted with 800 pl of distilled water. Aliquots of 20 ul were taken from
each sample and then mixed with 20 ul of sodium dodecyl sulphate and B-mercaptoethanol
solution, based on Laemmli’s method. [296] From the resulting solution, aliquots of 20 ul were
resolved on 4-20 % tris-glycine gel under reducing conditions, using a mini gel tank Invitrogen
(Thermo Fisher Scientific, USA), power supply PS 250 (Hybaid Ltd, UK), at a voltage of 120 V
for 100 minutes. In order to visualise protein bands, a staining solution with 0.25% Coomassie
Brilliant Blue R-250 (VWR Chemicals, USA) was used, and gels were imaged using a Scanjet
G2710 scanner (HP Inc., USA). The ladder used was a pre-stained protein standard (Thermo
Fisher Scientific, USA), of broad molecular weight (10-250 kDa).
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5.2.2.2. FTIR

5.2.2.2.1. SPECTRAL ACQUISITION AND TREATMENT

A volume of 4 pl of native venom from each snake was place on the Attenuated Total
Reflection (ATR) crystal and the starting temperature was set to 25 °C, using a Nicolet 380
spectrometer (Thermo Instruments, UK) purged with dry air and equipped with an ATR
accessory (Golden Gate, 45° single-bounce diamond sensor, Specac, UK). Samples were then
covered with a glass slide to avoid evaporation, and were then heated up to 80 °C, at a heating
rate of 3.23 °C/min. In total, 1620 individual spectra were collected, 3 at each temperature
for each specimen. Data between 1000 cm™ and 1800 cm™! were obtained by collecting 64

scans at 4 cm™ resolution.

5.2.2.2.2. DATA PRE-PROCESSING

Spectral analyses were performed using Origin software, v2020, USA. Spectra were
normalised to the amide | peak (1645 cm™), to compensate for absolute signal variations due
to different venom film thickness deposited on the FTIR-ATR accessory. For the venom
composition analysis divided into five groups, the average relative areas per species were
obtained by subtracting a linear baseline, selecting peaks according to each wavenumber

values and range, and peaks were integrated.

5.2.2.2.3. GAUSSIAN FITTING

Fourier self-deconvolution and curve fitting were performed on spectra between 1600 and
1700 cm™ (amide 1) and an 8-point multipeak Gaussian fitting was done using Origin software,
v2020, USA, for all samples at both temperatures, 25 and 80 °C. Finally, based on previous

studies, protein secondary structures were assigned [242]—-[245].

The corresponding groups and absorption bands are indicated in table 5.1.
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TABLE 5.1. Main bands present in all species, between 1800 and 1000 cm™.

Position (cm™) Assignment References
Amide |, due to C=0
1646-1634 stretching [59], [246]
Amide Il, due to C-N
1534 stretching and N-H bending [219], [246]
Methyl group bending (CHs
1475-1350 bending) [(211], [237]
Aromatic residues, mainly
1352 211
35 Tryptophan (Trp) [211]
Amide Ill, due to C-N
stretching and N-H
1250 bending. It also indicates [237], {246, [247]
random coil
1180-1024 Sugar residues region, due [41], [59], [248]
to O-Glycosidic bonding ’ ’

5.2.2.2.4. MULTIVARIATE ANALYSIS AND DENDROGRAM GENERATION

To discriminate snake venom while reducing the complexity of dataset and keeping the main
trends [249], [236], a Principal Component Analysis (PCA) was performed using Origin
software, v2020, USA. To do this, the first derivative of 180 spectra was used for the
multivariate analysis, corresponding to 3 spectra at each temperature, 25 and 80 °C, per
snake. Subsequently, a Linear Discriminant Analysis (LDA) was performed on the principal
component scores to find a linear combination of features that guarantee maximal
separability of data [250], [251], [342]. The obtained LDA, mean factor scores were then used
for Hierarchical Cluster Analysis (HCA), to estimate Euclidean distances between species
[252], [253]. HCA represents an algorithmic method to dissimilarity identification between

groups, which are constituted by a similarity matrix. Finally, a comparison between the

ultrametric and phylogenetic trees was done.
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5.3 RESULTS AND DISCUSSION
5.3.1 SNAKE VENOM REDUCED SDS-PAGE PROFILES

Overall, our findings both agree with, and extend, previous molecular studies on venoms
[113], [130], [132], [133], [137]-[140], [142], [143], [146], [148]-[150], [153], [154], [156]-
[158], [160]-[169]. Figure 5.1 summarises the SDS-PAGE profiles for each species, with bands
highlighted that appear to correspond to sizes of proteins where the protein family has been
identified based from previous studies on venom [113], [116], [343], [344]. Note

unadulterated gels can be seen for all snakes in Appendix A4.

Viper

Primitive spitter
Spitters
Non-spitters
Spitters
Non-spitter
Facultative spitter

Protein
family

B. arietans

H. haemachatus
N. pallida

N. nubiae

N. mossambica
N. nigricollis

N. siamensis

N. philippinensis
N. kaouthia

-——-] Pro-
- coagulant
J
J

CLEC,
PDE

) Nuc
LAAO
CVF

SVMP

CRISP

PLA,

CLEC,
3FTx

African species Asian species

FIGURE 5.1 Selected electrophoregrams of snake venom from B. arietans, H. haemachatus, N.
pallida, N. nubiae, N. mossambica, N. nigricollis, N. subfulva, N. nivea, N. haje, N. annulifera, N. naja,
N. siamensis, N. philippinensis, N. atra and N. kaouthia, to show a comparison between species.
Molecular weights corresponding to ladder bands are indicated. Protein families refer to:
Procoagulant (Factor X and V); C-type lectins (CLEC; and CLEC; refer to high and low molecular
weight, respectively); phosphodiesterase (PDE); nuclease (NUC); L-amino acid oxidase (LAAO); cobra
venom factor (CVF); snake venom metalloproteinase (SVMP); cysteine rich secretory protein (CRISP);
phospholipases A, (PLA;); and three- finger toxin (3FTx).
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From figure 5.1, between 7 and 14 protein bands are observed for all species [345]. The main
protein families identified, based on previous proteomic and SDS-PAGE studies on snake
venoms, correspond to: pro-coagulant (Factor X and V), C-type lectins (CLEC);
phosphodiesterase (PDE); nuclease (NUC); L-amino acid oxidase (LAAQO); cobra venom factor
(CVF); snake venom metalloproteinase (SVMP); cysteine rich secretory protein (CRISP);

phospholipases A, (PLA;); and three- finger toxin (3FTx) [113], [116], [343], [344].

A previous study on Naja cobras and O. hannah species, identified between 9 and 17 protein
bands, with the highest number corresponding to non-spitting cobras, and the lowest to the
spitting species [113]. Our results match these findings reasonably, with the Asian non-
spitting cobras N. naja and N. atra showing the lowest number of bands. The African non-
spitting cobras show the highest number of bands with 14, in line with this previous report
[113]. In terms of the outgroup viper, B. arietans, it shows three distinct bands between 100-
130 KDa not present in any of the other 14 species, which may correspond to high molecular

weight C-type lectins (CLEC1) as have been reported in another viper, B. gabonica [343].

Based on the main bands identified, procoagulant proteins are present in all snakes (Factor X
and V) and in many viperid species [346], [347]. The second group of proteins are the CLEC,
characterised by their proteins containing a carbohydrate domain and most stabilised by Ca?*
ions [343]. Previous studies show that snake venoms are a rich source of CLEC and this ties
well with our results where bands assigned to CLEC; are present in all samples. This protein
family could be indicative of the existence of interactions with sugar molecules in snake
venoms [343]. The third group of proteins in our samples corresponds to PDE, which served
to reduce arterial pressure in prey [348]. The strongest bands attributed to PDE, correspond
to N. haje and N. annulifera, which supports previous findings [113]. The next group is NUC,
proteins which act upon nucleic acids and, depending on their activity, are classified as
endonucleases and exonucleases, or more recently as a multitoxin [348], [349], [110]. Here,
bands are present in all African non-spitting cobras (N. subfulva, N. nivea, N. haje and N.
annulifera) in line with previous observations [348], [349], [110], in two African spitting
species (N. mossambica and N. nigricollis), in the primitive spitting cobra H. haemachatus, and
in the Asian spitting cobra N. kaouthia. Such a variation in the presence of NUC components

could be attributed to the origin of each snake (see table A3, in Appendix A3).
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The next protein family identified in our profiles, corresponds to LAAOs, which are present in
13 of 15 species, except from N. pallida and N. nubiae, which ties well with previous studies,
where the absence of this band is clear on N. pallida venom [113]. LAAOs are abundant
glycoproteins found across a range of species [350] [351] and the carbohydrates in LAAOs
facilitate interaction with cell surfaces, producing a high concentration of H,0, causing

cytoxicity [352] apoptosis, haemorrhage and possess antimicrobial activity [36].

Another component found in our samples, is CVF, found in all species except from B. arietans
and H. haemachatus. This result is not a surprise because these bands are present in venom
from all the Naja genus cobras. CVF is an activating protein in cobra venom [353], and
comparing our results to one previous study [113], this component is present in all Naja
species, as expected. In terms of the SVMP, these are clearer in the African and Asian spitting
species than in the other snakes. This fact could be attributed to the ability to spit venom, as
well as evolution of cytotoxicity in snake venom, because SVMP in snake venoms inhibit
platelet aggregation and blood coagulation, which is one of the more common effects when

venom envenomation occurs [113].

The group corresponding to CRISP is present in all species, and this ties well with previous
reports in snake venoms, where they confirmed the existence of these bands in SDS-PAGE
reduced profiles [113]. CRISP’s are abundant in snake venoms but have not been
characterised in detail. However, it has been demonstrated that they inhibit ion channels and
contribute to angiogenesis, and promote inflammatory responses [354], [355]. The family
corresponding to PLA; are clear in all species except the viper B. arietans. This result is
corroborated with previous studies, where all Naja species showed this band [113]. Finally,
the presence of 3FTx is evident in all Naja species except in the viper B. arietans, showing
slightly stained bands, indicating the high abundance of proteins of lower molecular mass
below 15 KDa, supported by previous reports with similar findings [113], [116]. These 3FTXs
are one of the major components found in elapid snakes, including Naja species, and they are

responsible for neurotoxic effects when venom is injected [116], [334].

Overall, our findings both agree with, and extend, previous molecular studies on venomes. It

is clear that there are differences in the presence of protein families identified in our profiles,
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with variations also between spitting and non-spitting cobras, attributed to the concentration
of specific proteins in venoms [113]. In order to identify if the presence of carbohydrates
binding proteins is different in viper, spitters and non-spitters, and how this affects venom
stability, further analysis was done, surrounding FTIR characterisation, identification and

classification.

5.3.2 SNAKE VENOM SPECTRAL FEATURES

In order to compare our results more easily, FTIR spectra are grouped by taxonomic families

and results are shown in figure 5.2.
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FIGURE 5.2 FTIR spectra of venom from B. arietans, H. haemachatus, N. pallida, N. nubiae, N.
mossambica, N. nigricollis, N. subfulva, N. nivea, N. haje, N. annulifera, N. naja, N. siamensis, N.
philippinensis, N. atra and N. kaouthia, at 25 °C and 80 °C. The main regions are highlighted: amide |
(1645 cm); amide Il (1543 cm™); CHs bending (1475-1350 cm™); amide 11l (1250 cm™); and sugar
residues and glycosidic bonding (1180-1024 cm™). Species in green represent the viper; light blue,
primitive spitter; dark blue, spitters; and light purple, non-spitters.
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Figure 5.2 shows the five major bands observed at 25 and 80 °C, corresponding to amide |, at
1645 cm™; amide Il at 1543 cm™; CHs bending at 1475-1350 cm™ ; amide Il at 1250 cm™; and
finally, in the region between 1180-1024 cm'?, the sugar residues. It is interesting to note that
the amide | peak shows a similar intensity between species at both temperatures, indicating
that protein concentration in snake venom does not vary significantly [356]. Amide | and Il
were also observed in two studies on C. durissus venom, where the amide | and Il bands were

observed in samples at 25°C, obtained from lyophilised venom [170], [171].

Comparing our results at 25 and 80°C, some spectral variations are clear, indicating that snake
venom structures change upon heating. The amide Il peak in the B. arietans sample, shows a
shoulder and a shift compared to the other 14 samples corresponding to the Naja genus,
which indicates a different degree of protein hydration or ionisation [238]. The sugar residues
region shows an increase in absorbance in all species compared to spectra at 25 °C, with the
highest value associated to the viper, B. arietans. This increase in the sugar residues is also
related to the glycoproteins or carbohydrate binding proteins, as observed in our snake
venom SDS-PAGE reduced profiles, the presence of more bands associated to CLECy, ; has
been attributed to the viper. This observation confirms our findings on the corresponding
absorption bands and also confirms that B. arietans venom has a higher degree of

glycosylation compared to the Naja species [59].
In this section, | demonstrated that all species show the same main bands in both spectra at

25 and 80 °C, with clear variations. However, in order to quantitatively and qualitatively

compare these absorbances, a more detailed analysis needs to be performed.
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5.3.3 BETWEEN-SPECIES COMPARISON OF THE CHEMICAL COMPOSITION OF SNAKE VENOM

To establish a more detailed comparison between spitting, non-spitting cobras and the viper,
the five main regions observed in all spectra in figure 5.2 were integrated and results are
included in Figure 5.3. With this analysis, it is clear that venom structure changes when

temperature is increased to 80 °C.
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FIGURE 5.3 Composition of venom from B. arietans, H. haemachatus, N. pallida, N. nubiae, N.
mossambica, N. nigricollis, N. subfulva, N. nivea, N. haje, N. annulifera, N. naja, N. siamensis, N.
philippinensis, N. atra and N. kaouthia, at 25 °C and 80 °C. Relative areas of bands assigned to amide
| (1645 cm™); amide Il (1543 cm™); CH3 bending (1475-1350 cm™); amide 11l (1250 cm); and sugar
residues and glycosidic bonding (1180-1024 cm™). White asterisks indicate the maximum values, and
areas are relative within that category. The error bars represent the standard deviation of at least
three different observations per species at each temperature. A value of 1 represents the highest
area calculated and 0 represents the minimum measured.
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Amide |

This region has been widely used to determine protein secondary structures, such as a-helix,
B-sheets, B-turns, random coil or aggregated strands [211], [261]. It is attributed mainly to
the C=0 stretching vibrations of the peptide bonds. It is clear that in all species, in figure 5.3,
the amide | region is the strongest band at both temperatures. This information can be
associated with the protein concentration in native snake venom, suggesting that
concentrations are similar between species, even when comparing viper, spitting and non-
spitting cobras. If that is the case, then the main differences are in the group of protein
families present in snake venom, rather than the overall protein concentration, as it was
observed in our electrophoregrams [157]. These peak areas are also linked to the

classification of species based on spectral features.

Amide Il

Peaks in this region are attributed to the C-N stretching vibrations and N-H bending, due to
aromatic protonation states, more specifically linked to tyrosine, and interactions between
the aromatic residues within a protein and are necessary for the correct function of proteins.
Figure 5.3 shows the amide Il relative peak areas, where there is a clear variation between

species.

CHs bending

The third region between 1475 and 1350 cm™ corresponds to CH3 bending and aromatic
residues in proteins [211], [246], [263], showing variations between species at both
temperatures. The maximum and minimum areas at 25 °C correspond to N. nigricollis and N.
nivea, respectively. At 80 °C, the minimum area corresponds to N. kaouthia, while the highest

is found in the sample corresponding to N. nivea.

Amide lll

The fourth region observed in figure 5.3 corresponds to amide Ill, at 1250 cm™, and even
when it is the result of the C-N stretching and N-H bending in proteins, it is also an indicative
of the unordered secondary structures present and attributed to random coil [246], [247].
From figure 5.3, the minimum area at 25 °C correspond to the viper B. arietans, while the

maximum area is observed in N. nivea and N. annulifera, both African non-spitting cobras. At

133



80 °C, the minimum value is found in the sample corresponding to N. kaouthia and the

maximum relative area is clear in N. siamensis.

Sugar residues

This final region indicated in figure 5.3, between 1180 and 1024 cm?, represents the sugar
residues [59]. Our SDS-PAGE profiles demonstrated that all samples showed strong bands
attributed to CLEC,, and 13 of 15 species show the presence of LAAOs, both protein families
indicating the existence of carbohydrate-binding proteins. There are various types of lectins
in snake venom identified before, some related to the sugar-binding and others non-sugar-
binding [357]. However, with the FTIR characterisation and analysis, as well as the
identification of the relative major areas observed in all spectra, | can elucidate that the type
observed in all species correspond to the sugar-binding one. In figure 5.3, the minimum and
maximum areas at 25 °C correspond to N. atra and N. subfulva, respectively. While at 80 °C,
the minimum and maximum relative areas correspond to N. philippinensis, and B. arietans. It
is not a surprise to see that B. arietans has the second highest value at 25 °C and the maximum
at 80 °C, because previously, on the SDS-PAGE profiles three main bands were identified only
in this species, attributed to CLEC3, which suggests that the presence of sugar-binding proteins
is higher than in the other 14 species. In all species, the high relative amount of sugar residues,
can be correlated with the presence of glycoproteins in CLEC and in LAAOs, where it has been
reported before that the content of carbohydrates can represent up to 12 % of the overall

mass of the glycoprotein [352].

The existence of these components can also be linked to the high thermal stability of snake
venom reported before [358], because during thermal stress proteins can exhibit a
modification and change of order structures into unordered ones, or increasing/decreasing
the relative amounts of these structures, to maintain its stability [359]. To further identify and
analyse how protein secondary structures vary between species and on heating, the amide |

region can be explored in more detail.
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5.3.4 PROTEIN SECONDARY STRUCTURES: AMIDE | PEAK DECONVOLUTION

The amide | region was also studied in more detail by performing Gaussian fitting as described
in section 5.2.2.3. With this procedure, information about the percentages of protein
secondary structures can be obtained, as presented in figure 5.4: a-helices, rod-like structures
formed by amino-acid residues on the polypeptide chain [266]; B-sheet, where hydrogen
bonds maintain polypeptide strands together [267]; B-turns, formed by a tight loop, where a
direction in change occurs in the polypeptide backbone [268]; random coil, with the

monomers oriented randomly [256]; and aggregated strands or intermolecular B-sheets
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FIGURE 5.4 Distribution of elements present in protein secondary structure for all species, at 25 °C
and 80 °C, derived from FTIR measurements, and table showing the presence (coloured cell) or
absence (white cell) of specific structures.
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From figure 5.4, it is clear that at both temperatures the four protein secondary structures
are present in 12 of the 15 species. Interestingly, the viper B. arietans, shows a different
pattern compared to the other 14 species, with the lack of a-helices and B-turns at 80 °C,
which indicates a protein composition variation, corroborated with the SDS-PAGE profiles. It
can be extracted from figure 5.4, that at both temperatures, the predominant structures in
snake venom in all species are B-sheet and random coil, which are in agreement with previous
studies related to proteins [267]. Most toxins in snake venom, such as CLEC, LAAOs, SVMP
and 3FTx, have a-helices, B-strands and random coil, as the major protein secondary
structures [361], [362]. The presence of B-sheet and random coils in all species, with no major
variations, indicates the thermal stability of these structures even when samples are
subjected to a thermal stress, suggesting the presence of thermostable components in snake
venom, as previously described [340]. These B structures of polypeptides are capable of
interaction due to hydrogen bonds, conforming the B-sheet and B-turns, which represent the
ordered and folded laminar structures in proteins [267]. More specifically, in globular
proteins, It has been estimated that at least 30 % of amino acid residues corresponds to 8
structures [246]. Our results tie well with this observation, with the overall B structures

accounting for between 45-75 % of the protein secondary structure composition.

In terms of the unordered structures or random coil, they mostly serve to connect 3 structures
[170], and there is evidence that indicates disordered protein structures have high flexibility
and adaptability to different conditions, like hydration variations, contributing to protein
stability [269]. Therefore, there is a clear relationship between these two major structures
observed in snake venom from species in the Elapidae and Viperidae families. This suggests
that snake venom stability is maintained by the laminar structures, which can be linked to the
mechanical properties of this material, including the spitting and biting behaviours. This fact
is also related to the evolvability of protein systems in snake venom, to preserve its specific

functions and toxicity unaltered [363].
The Gaussian fitting analysis described in this section, allowed us to correlate protein
secondary structures with venom composition, as well as thermal stability. Although this

information contributes to the understanding of snake venom from a spectroscopic
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perspective, the classification of snakes based on venom’s spectral properties is another

analysis that can be performed, which has not been reported before.

5.3.5 CLASSIFICATION OF SNAKE SPECIES

The compositional characterisation can be highly complemented with the classification of
species based on spectral features in snake venom. This method of classifying species based
on FTIR spectra has not been reported extensively and there is only one complete study by
Boulet-Audet et al. where a multivariate analysis was used to classify silkworm species based
on their cocoon silk [237]. Therefore, in this section, | present the classification of snake
species by following the procedure described by Boulet-Audet et al, where | first performed
a PCA for all spectra at 25 and 80 °C. Our initial multivariate analysis of snake venom is
summarized in Fig. 5.5, showing the values of the first and second factor scores calculated

from the venom spectra.
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FIGURE 5.5 Factor scores of snake venoms at 25 and 80 °C. The first and second factor scores
contribute to 61.8 % of species discrimination.

With information from figure 5.5, it is clear that the structure and composition in snake

venom changes when the temperature is higher, indicating a modification in protein
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secondary structures, such as B strands or a-helices, to an unfolded state; which could affect
venom’s enzymatic activity [335]. From figure 5.5, | can identify some groups and outlier
species at both temperatures. First, at 25 °C, there are some visible clusters, one comprises
the primitive spitter H. haemachatus and the two African spitters N. pallida and N. nigricollis.
There is another cluster, including two of the Asian spitting cobras N. siamensis and N.
kaouthia, and on the same positive axes of the second factor scores, | find N. philippinensis,
the other Asian spitter. The two African non-spitting cobras N. nivea and N. annulifera are
together, and the rest of the species are on the positive axes of the first factor scores,
indicating a possible relationship which will be identified with the HCA. Finally, and more
evident in the periphery of all species and clusters, | find the African non-spitting cobra N.
subfulva, appearing as an outlier and indicating a major dissimilarity with the average of the
analysed venoms. In one study published recently [116], results revealed substantial
variations in the Principal Coordinate Analysis of proteomic characterisation of venom toxins
between spitting and non-spitting species, but more specifically, in the African species. This
finding is partially in agreement with our results, because | can see that the Asian spitting
species show little variation between different lineages of spitting and non-spitting,

compared to the African species.

It is not a surprise that at 80 °C from 14 of the Elapidae species, 13 appear in one cluster
indicating a similar behaviour at higher temperature, the only exception is the African non-
spitting cobra N. subfulva. This outlier shows different spectral features from the rest of the
Naja species. Another outlier corresponds to the viper B. arietans, which also was showing
compositional differences compared to the Naja species, as well as the corresponding family
and behaviour (biting). Although, the fact that one of the cobras appears as an outlier and
not just the viper as expected, this result is atypical, because our SDS-PAGE profiles and
Gaussian fitting of the amide | peak, did not show any differences comparing the snake N.
subfulva with the other Naja species. However, the peak area analysis offers an insight into
this dissimilarity, because from the 13 Naja cobras, N. subfulva is the one with the lowest
amide |, Il and Il relative areas and the one with the highest sugar residues value, which may

dictate these outlier trend.
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The information from the first and second factor scores offers insights into the spectral
features in snake venoms. However, and in order to draw quantitative links between species,

HCA needs to be performed on group species based on their similarity.

5.3.6 COMPARISON OF FTIR AND PHYLOGENETIC TREE

To draw quantitative relationships between species, | generated an ultrametric tree from the
infrared spectra at 25 °C for native venom (see Fig. 5.6b) and it was compared to a
phylogenetic tree (see Fig. 5.6a) from [116]. The phylogenetic and ultrametric trees show
similarities, especially between viper and the other species, i.e., Viperidae and Elapidae
families. It is clear that some of the African spitting and non-spitting cobras are close to each
other, as well as the Asian spitting cobras, N. siamensis, N. kaouthia and N. philippinensis. As

we mentioned in figure 5.5, the African non-spitting cobra N. subfulva appears as an outlier.
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FIGURE 5.6 Classification of species in the Viperidae and Elapidae families. (a) Phylogenetic tree
adapted from [116]. (b) Ultrametric tree generated from the hierarchical clustering analysis of snake
venom infrared spectra, using LDA factor scores. Species with a Euclidean distance smaller than 130

were grouped together.
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From figure 5.6b, five main groups are identified as well as one outlier, and they are grouped
together based on their similarities, related to amide |, Il, lll, CHs bending and sugar residues
absorbances. | can compare this ultrametric tree with figure 5.3 and this ties well with our

estimated peak areas at 25 °C.

Group 1: Same amide |

The three Asian spitting cobras N. philippinensis, N. kaouthia and N. siamensis are included in
this group. Species were grouped together because they display the same amide |
absorbance, at 1645 cm™, as observed in figure 5.3, indicating these species could have similar
protein concentration. From information showed in figure 5.4, at 25 °C it is clear that the
maximum relative proportion of protein secondary structures in these three species, as well
as in the other snakes, comes from the 3-sheet presence, with a range between 62-68 %. It
has been reported before that venom composition of spitting cobras is also characterised by
their ability to cause ocular irritation and damage to the corneal tissues of potential predators
if venom is in contact with their eyes, where cardiotoxins are the responsible components for
this damage [154]. Interestingly, B-sheets are present in cardiotoxins, playing an important
role in maintaining proteins active [364], [365]. Also, these three species are native from the
same continent [208], sharing similar ancestors, which may also be the reason for spectral

affinities.

Group 2: Same amide |l

This group encompasses three African non-spitting cobras N. annulifera, N. haje and N. nivea,
all of them showing high absorbance at 1250 cm™ (Fig. 5.3). They have the same amide III
values, as described before, this region also indicates a high random coil content in protein
secondary structures. This specific structure, random coil, is dependent on the molecular
aspects of the polypeptide chain, showing no side chain interactions [256]. This group of
African non-spitting cobras has been studied before in order to identify morphological,
compositional and geographical similarities. Mitochondrial preliminary DNA sequences on
southern African non-spitting cobras, showed that N. nivea was close to N. haje complex, and
on the phylogram of cytochrome b sequences, N. annulifera appears next to N. haje [366].

This observation ties well with our findings on FTIR classification.
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Group 3: Same amide Il

In this group | find the African spitting cobra N. mossambica and the two Asian non-spitting
cobras N. naja and N. atra. These species are characterised by the same amide Il absorption
at 1543 cm™, as confirmed in figure 5.3. This spectral region is characterised by N-H bending,
as well as the presence of CN stretching vibrations [282]. Although these three species do not
share the same behaviour, i.e., two are non-spitting and one is spitting; and two are from Asia
and one from Africa, they share common ancestors. This spectral similarity can be explained
based on the hydrogen bonds (H-bonds), because they play a major role in protein stability.
It has been reported before that H-bonds stabilize the protein secondary structures, such
as a-helices and R-sheets. It is precisely the interaction between the backbone with a-helices
and B-structures the most frequently observed H-bonds. This assumption is confirmed on our
Gaussian fitting on another spectral region, where the presence of a-helices and B-structures
is clear at both temperatures. These observations indicate that N-H bending and H-bonds
have further implications on the thermal and functional stability of proteins, by keeping its

protein structures stable [367].

Group 4: Same sugar residues

This group includes two African spitting cobras N. nigricollis and N. pallida, as well as the
primitive spitting cobra H. haemachatus. These three species have the same absorption
between 1180-1024 cm™, as corroborated in figure 5.3, suggesting they have similar
glycosylation degrees, which was also confirmed by the presence of CLEC; in our SDS-PAGE
profiles. In previous studies involving globular proteins, it was demonstrated that
absorbances in the sugar residues region are directly proportional to the degree of
glycosylation [264]. This spectral coincidence observed in these three species is also
attributed to similar geographical distribution, as well as their behaviour, i.e., they have the
ability to spit their venoms [208]. Additionally, in one recent study of the different proteins
families in spitting and non-spitting species, it was found that despite their divergence, H.
haemachatus was grouped close to the African spitting cobras, indicating a relationship and

possibly, molecular convergence [116].
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Group 5: Same CHs bending

Finally, the last group encompasses the African spitting cobra N. nubiae and the viper, B.
arietans. These two species exhibit the same spectral absorption between 1475-1350 cm, as
confirmed in figure 5.3, which represents a similar CHz bending, providing us with information
about the basic structure of proteins, related to protein chain, as well as the degree of
regularity in the linear backbone structure [59], [58], [279]. Another aspect in common
between these two species, is the fact that their venoms have cytotoxic activity [368], as the
majority of spitting cobras in the Naja genus produce venom predominantly cytotoxic, which
can cause necrosis, but the venom of the species N. nubiae is different, as it has both cytotoxic
and neurotoxic properties [369]. Another similarity between these two species is found in
our SDS-PAGE profiles, showing that the most intense bands associated to CRISP in the African
spitting cobras, correspond to N. nubiae, and these protein families are present also in the
viper B. arietans. This group of components in snake venom has not been studied in detail,
but there are reports suggesting it could have more important roles in venom toxicity apart
from blocking Ca%* channels and blocking smooth muscle contraction. This component has
been also used in phylogenetic hypothesis testing, and interestingly, the genus Ophiophagus
was grouped together with vipers, but more studies need to be done in order to confirm these

results [370].

These five groups observed in the ultrametric tree (Figure 5.6b) are correlated based on their
spectral similarities. However, there is one species which is an outlier and it corresponds to
the African non-spitting cobra N. subfulva, with the highest sugar residues, and the highest
amide I/amide Il ratio compared to the other African non-spitters. This result is atypical as it
was supposed to be grouped close to the other African species. However, there is one study
about Naja species, which indicates this species shows considerable geographical variation
and it suggests a phylogeographic structure [371]. This previous finding has a significant
impact on the current results, because it has been demonstrated that the habitat and diet in
snakes, plays an important role in venom composition [322]. | attribute this result in our
multivariate analyses to specific variations in snake venom composition in this particular
species. Our ultrametric tree and the corresponding Euclidean distances obtained from
analysed spectra reveal major differences between the different species of spitting and non-

spitting cobras, as well as the viper, more specifically between African species, which agrees
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with one previous study. In this study, researchers found substantial differences among the
African species, based on their Euclidean distance matrix from venom proteomics [116].
These variations are attributed to the evolution of venom spitting and the defence

mechanism as the major factor affecting venom composition.

In this section, despite the observed differences comparing the phylogenetic tree with the
ultrametric one, it is clear that the multivariate analysis performed on FTIR spectra, can be
considered as a reliable approach on snake’s classification and it can be extrapolated to other

taxonomic families or clades.

5.4 CONCLUSIONS

| demonstrated here that the FTIR can be used as a valuable complementary technique to be
combined with one of the most common used alternatives in venom proteomics, such as SDS-
PAGE, to offer a better understanding of the compositional and structural properties of snake
venom. It is possible to identify and classify species based on their spectral properties, while
obtaining information in real time, at a relatively simple and non-destructive way, which can
be replicated in other species. With the combination of techniques described here, it is
evident that proteins in snake venom and their interaction with carbohydrates, play an
important role in venom’s thermal stability, maintaining protein structures under thermal
stress. | also identified one interesting outlier species, N. subfulva, with its venom showing a
different chemical composition, providing an indication of its origin and evolution. This new
and different approach on snake’s classification could have greater potential for use in the
understanding of venoms, and how the spiting ability is related to venom composition and

structure.
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CHAPTER 6: CHARACTERISATION OF THE PHYSICAL
PROPERTIES OF SNAKE VENOM

“Everything flows (mdvta pei).” Heraclitus




This chapter corresponds to the published paper “Unexpected lack of specialisation in the
flow properties of spitting cobra venom”, 2021, Journal of Experimental Biology. See
Appendix A10, for the published paper. This paper was completed with contributions from all
authors, and the first authorship is shared between Ignazio Avella and Edgar Barajas Ledesma.
However, | performed all the characterisation, analysis (including the pressure differential
calculation) and figures which are described in this chapter. The section corresponding to
Phylogenetic Analyses is included to contribute to the understanding of this chapter. These
analyses were performed by Ignazio Avella. The specific contributions to each author are as

follows:

Methodology: Ignazio Avella, Edgar Barajas Ledesma, Wolfgang Wiister, Chris Holland and
Arie van der Meijden; Validation: Edgar Barajas Ledesma, Chris Holland and Arie van der
Meijden; Formal analysis: Ignazio Avella, Edgar Barajas Ledesma, Wolfgang Wister, Chris
Holland and Arie van der Meijden; Investigation: Ignazio Avella, Edgar Barajas Ledesma and
Chris Holland; Resources: Edgar Barajas Ledesma, Nicholas R. Casewell, Robert A. Harrison,
Paul D. Rowley, Edouard Crittenden, Wolfgang Wister, Chris Holland and Arie van der
Meijden; Data curation: Ignazio Avella, Edgar Barajas Ledesma, Paul D. Rowley and Edouard
Crittenden; Writing-original draft: Ignazio Avella, Edgar Barajas Ledesma, Nicholas R.
Casewell, Robert A. Harrison, Wolfgang Wister, Riccardo Castiglia, Chris Holland and Arie van
der Meijden; Writing-review and editing: Ignazio Avella, Edgar Barajas Ledesma, Nicholas R.
Casewell, Robert A. Harrison, Paul D. Rowley, Edouard Crittenden, Wolfgang Wister, Riccardo
Castiglia, Chris Holland and Arie van der Meijden; Visualization: Ignazio Avella, Edgar Barajas
Ledesma, Nicholas R. Casewell, Robert A. Harrison, Riccardo Castiglia, Chris Holland and Arie

van der Meijden.
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ABSTRACT

Venom-spitting is a defence mechanism based on airborne venom delivery used by a number
of different African and Asian elapid snake species (‘spitting cobras’; genus Naja and
Hemachatus). Adaptations underpinning venom spitting have been studied extensively at
both behavioural and morphological level in cobras, but the role of the physical properties of
venom itself in its effective projection remains largely unstudied. Here, the first comparative
study of the physical properties of venom in spitting and non-spitting cobras is provided.
Viscosity, protein concentration and pH were measured, corresponding to venom of 13 cobra
species of the genus Naja from Africa and Asia, alongside the spitting elapid Hemachatus
haemachatus and the viper Bitis arietans. Using available microCT scans, the pressure
required to eject venom through the fangs of a spitting and a non-spitting cobra was
calculated. Despite noticeable differences in the modes of venom delivery between the
variety of snake species studied here, no significant differences in the rheological and physical
properties of the studied venoms between these functional groups were found. A species
(spitting and non-spitting) showed a Newtonian behaviour, suggesting possible selection for
conservation. Although results imply that the evolution of venom spitting did not significantly
affect venom viscosity, the model of fang pressure described here, suggests that the pressure

requirements to eject venom are lower in spitting than in non-spitting cobras.

KEYWORDS: Cobra, Venom, Rheology, Viscosity, Concentration, pH
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6.1 INTRODUCTION

A plethora of defensive behaviours can be found across the animal kingdom. Such variety can
be explained by natural selection acting more strongly on defence mechanisms than on
offense/predation mechanisms, as suggested by the “life-dinner principle” [372]. According
to this principle, evolutionary selective pressure on the prey is much stronger than on the
predator, because in a predator-prey encounter, the prey may lose its life, while the predator
may only lose a meal. Defensive behaviours can be summarised in three main categories:
freezing, fleeing, and fighting/defensive attack [373]. As part of the latter category, some
organisms employ venom, defined as an injectable harmful chemical secretion, to mount a
more effective defensive attack, e.g., hymenoptera, arachnids, and venomous snakes. The
noxious effects of venom increase the dissuading effect of the defence, enabling even small
animals to ward off larger attackers [374]. Snake venom consists of a complex mixture of
peptides and proteins, small organic molecules and salts in an agueous medium [375]. The
high peptide and protein content makes it more viscous than water [128], and it has been

previously identified as a non-Newtonian shear-thinning fluid [128], [196].

Venomous snakes (superfamily Colubroidea) inject venom into the body of their prey, or
defensively into the body of their attackers, through specialised fangs or grooved teeth [376],
[377]. Members of the families Viperidae, Elapidae and Atractaspididae use an advanced
front-fanged venom delivery system [378]. In these snakes, the venom originates from the
primary venom gland, and is expelled by the pressure of a skeletal muscle (referred to as m.
compressor glandulae in viperids or m. adductor mandibulae externus superficialis in elapids);
through the primary duct, the secondary (accessory) gland and into the fang, which acts like
a hypodermic needle [379]-[382]. Once injected, venom toxins become systemic via dispersal
by the bloodstream and lymphatic system, interacting with the prey/attacker’s physiological
proteins and receptors, ultimately disrupting the nervous system, the blood coagulation
cascade, the cardiovascular and neuromuscular system, and/or homeostasis in general [378].
The Elapidae family of snakes includes taipans, mambas, coral snakes, kraits and cobras.
Snakes of this family inject their venom through short, fixed fangs located in the frontal part
of the upper jaw, as opposed to the movable front fangs of the Viperidae and Atractaspididae

[383], [384]. Cobra species of the genus Naja Laurenti, 1768, possess venoms with neurotoxic
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and/or cytotoxic properties, which they use to rapidly immobilize their prey for consumption,
or to dissuade predators [157], [384]. Members of this genus are present in both Africa and

Asia [384], [385], [386], and cobras from these two continents separated about 16 Mya [386].

Several Naja species are well known for their peculiar ability to spit venom as a defence
mechanism, expelling it as pressurised jets or sprays at their attackers [125], [383], [387]—
[390]. These spits are generally aimed at the face and eyes of an aggressor [391], and once in
contact with the eyes, can cause severe pain and inflammatory pathology [191], [391]. The
ability to spit venom likely evolved from non-spitting ancestors on three independent
occasions, once in African cobras and once in Asian cobras, in addition to a third occasion in

the closely related Naja-relative, the rinkhals, Hemachatus haemachatus [388], [392], [393].

The venom delivery system of spitting cobras possesses several subtle morphological
adaptations that enable them to eject their venom over long distances, and which distinguish
them from non-spitting cobras. The discharge orifice, for example, has a more circular shape
[383], [390], and is directed more anteriorly, creating a 90° bend in the venom channel inside
the fang [127], [196]. This channel has internal ridges unique to spitting cobras [124] that
reduce the pressure loss by about 30% compared to an identical channel without ridges, thus
helping to achieve a longer reach of the jet [196]. Furthermore, spitting cobras actively
displace the fang sheath (thus removing a physical barrier to venom expulsion), unlike other
venomous snakes, where displacement of the fang sheath is passive [121]. Additional
behavioural adaptations found in African spitting Naja species include adjusting head
movements to distance from target to optimise the spread of venom [387], and tracking and
anticipating target movements to improve accuracy [120]. Spitting cobras also show a certain
degree of variation in their spitting modes: as demonstrated by previous studies [125], [389];
some specialised spitters eject their venom in streams (e.g., Naja pallida) while others
produce a fine mist (e.g., Naja nigricollis). The combination of morphological and behavioural
adaptations allows most spitting cobras to eject venom up to at least 1 m, with some species

(e.g., Naja mossambica) able to spit up to about 3 m [125].
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To date, considerable research effort has been focused on the anatomical features of the
specialised venom delivery apparatus of spitting cobras [121], [124], [196], [383], [390], and
on their associated peculiar defensive behaviour [387], [389], [120]. In contrast, the possibility
of changes in the composition of the venom itself, as an adaptation for its new role as a venom
applied outside of the body, or toxungen [394], has remained largely neglected. Nevertheless,
a recent study [388] suggested that, in African cobras at least, the venom of spitting species
appears to have a higher cytotoxicity than the venom of the non-spitters, which may increase

its effectiveness when applied externally.

However, in addition to new selective pressures relating to its function as a toxungen, venom
spitting may also have changed the mechanical demands of the venom, but so far this has not
been studied. Since the venom has to pass through the narrow ducts of the venom apparatus,
it is expected that a lower venom viscosity (i.e., resistance to flow) would serve to reduce
pressure loss during venom expulsion, thereby reducing the energetic requirements of
ejection. Furthermore, for a given ejection force, venom projection distance would also be
aided by more rapid expulsion, obtainable with a less viscous venom. On the other hand, in
spitting cobras, a higher viscosity would aid jet cohesion after venom ejection, keeping the jet
of venom from breaking up into droplets for longer, thus improving spitting distance and
accuracy. These two seemingly conflicting demands could be met if venom in spitting cobras
exhibits a shear-thinning non-Newtonian behaviour, which would benefit ejection and

cohesion.

Here the rheological properties of the venoms of twelve spitting and non-spitting cobra
species of the genus Naja from both Africa and Asia were measured and compared, the only
known “non-Naja” species of spitting elapid Hemachatus haemachatus, and the African
viperid Bitis arietans (used as outgroup). Also protein concentration and pH were compared,
two properties, known to play an important role in the stability of some snake venom
components [395] and are often directly correlated to the severity of the envenomation
[396]-[398]. Given the morphological differences between the fangs of spitting and non-
spitting cobras [121], [124], [196], [383], [390], the hypothesis in this study is that the two
venom delivery mechanisms (spitting and biting) might be associated with different pressure

requirements for venom ejection, and that venom of non-spitting species behaves as a
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Newtonian fluid, and in spitting cobras, as a non-Newtonian material. To test this, the
pressure needed for venom to flow through the fang channel of one spitting and one non-
spitting cobra species was calculated and compared (Naja nigricollis and Naja nivea,
respectively), using previously available microCT scanning data [129] and rheological data

obtained in this study.

6.2 MATERIALS AND METHODS
6.2.1 VENOM EXTRACTION

In total, venom samples of thirty snakes were used in this study. Venom was extracted from
28 cobras belonging to 13 different species of the genus Naja, namely: Naja annulifera, Naja
atra, Naja haje, Naja kaouthia, Naja mossambica, Naja naja, Naja nigricollis, Naja nivea, Naja
nubiae, Naja pallida, Naja philippinensis, Naja siamensis and Naja subfulva. Venom was also
extracted from one rinkhals, Hemachatus haemachatus and one puff adder, Bitis arietans,
used for comparative analyses, respectively as a “non-Naja” venom spitter and non-spitter.
Twelve of the specimens were captive bred (CB), while the remaining eighteen were collected
in the wild (see Appendix A5, table A5, for details). All snakes were maintained in individual
cages within the temperature, humidity and light-controlled environment of the herpetarium
at the Centre for Snakebite Research & Interventions, Liverpool School of Tropical Medicine,
UK. This facility and its protocols for the expert husbandry of the snakes are inspected and
approved by the UK Home Office and the LSTM Animal Welfare and Ethical Review Board.
After milking, the snakes were immediately put back into their enclosures and the venom
transferred into 2 ml low-protein binding cryotubes (Simport Scientific, Beloeil, Canada) using
a pipette. Appendix A5, table A5, shows the total solids concentration for each species. The
tubes were then transferred on ice to the laboratory of the Department of Materials Science
and Engineering of the University of Sheffield for rheological, pH and concentration
measurements on the same day. Unless otherwise stated all samples were tested at room

temperature 22 + 1° C.
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6.2.2 RHEOLOGICAL TESTS

Shear viscosity measurements were performed at the Department of Materials Science and
Engineering, University of Sheffield, using a DHR-2 rheometer (TA Instruments, USA),
equipped with a cone-plate geometry (20 mm diameter, 1° angle cone, 27 um truncation gap,
36 ul to fill), and subjecting samples to a shear rate ramp from 1.0 s to the maximum shear
rate possible in this instrument [10, 000 s%], (41 steps, 15 s per step) at 25° C. 25° C was chosen
from direct comparison to other protein rheology work conducted in the group and as it
approximates previous field reports ranging between 26-31 °C capturing spat volumes
spitting cobras N. nigricollis, N. pallida, N. mossambica and H. haemachatus,. Only species
where sufficient venom was obtained to perform at least two replicates are shown (up to
three repeats for 70% of species included in this study were achieved). Venom samples that
were not sufficient included H. haemachatus (African “non-Naja” spitter), N. subfulva (African
non-spitter) and N. naja (Asian non-spitter). In order not to overlook the potential presence
of intraspecific variation in the considered rheological properties, all measurements were

carried out on the venom of individual specimens.

6.2.3 CALCULATING FANG VENOM SHEAR RATE

To support the range of shear rates tested and their biological relevance, it is necessary to
calculate the natural range of shear rates encountered by venom. If venom is considered to
be flowing down a channel, assuming all four species (one reported by Triep et al. [196], and
three by du Plessis et al. [129]) could spit over the same timescale and volume, the maximum

shear strain rate at the fang wall is given by:

20

mR3

Yw = (equation 6.1)

Where Q is the volumetric flow in m® s and R is the radius of the venom channel in m, and
Y is the shear rate in s1. According to data from [196], and from [129], the values considered

during the venom spitting process are:

Volume of a single spitting event, Vsingle spit= 1.0 x 108 m3
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Time for a single spitting event, tsingle spit = 40ms =4 x 102 s
R=3.8x10% m, B. arietans [129]

R=2.2 x 10* m, N. nigricollis [129]

R=2.0x10%* m, N. nivea [129]

_ 1.0x 1078 m3

T 107 = 2.5x107" m3s~1

And finally, using Eqn 6.1, from [129],

4% 2.5x1077 m3s~
(3.8 x 10~%m)3

" —5,8015!

B. arietans: y,, =

4% 25x10"7 m3s71

(2.2 x 10~4m)3

=29,894 571

N. nigricollis: y,, =

4% 2.5x 1077 m3s~
1 (2.0 x 10~%4m)3

N. nivea: j;, = ~ =38,051 51

6.2.4 CALCULATING THE PRESSURE NEEDED TO EJECT VENOM

If the venom is considered to be flowing down a venom channel of converging radius from R1
to Ry, the pressure drop will be the result of the radius reduction from the fang base to the
end of the fang where the exit orifice of the venom channel is located, plus the losses due to
the viscous material or venom flowing in the venom channel [399]. In order to corroborate if
the flow is laminar or turbulent for the appropriate use of equations, the Reynolds number
for the three species considered needs to be determined. The maximum Reynolds number
defined for a Newtonian fluid can be calculated with the following equation:

__ p*uqxDq

Remax = (equation 6.2)

Mmin
Where:
Renax is the maximum Reynolds’” number
p is the density of the venom, kg*m™3 = 1084 kg*m3 [196]
u, is the venom velocity at the channel inlet, m*s?, 1.33 m*s*?(calculated with information

from [196].
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D, is the diameter at the channel inlet: 7.6 x 10* m, B. arietans [129]; 4.4 x 10* m, N. nigricollis
[129]; and 4.0 x 10* m, N. nivea [129].

Umin IS the dynamic viscosity of venom, Pa*s, from our own data at 10,000 s*: 0.026 Pa's +
8.5 x10%, B. arietans; 0.031 Pa-s + 8.6 x10°3, N. nigricollis; and 0.170 Pa-s + 0.079, N. nivea.
Assuming that all species have the same velocity at the channel inlet and density, Reynolds

numbers are:

1084 kgxm™3%1.33 mxs~1+5x10"* m

B. arietans: Re = = 27.72
max 0.026 Pa's
.. ) 1084 kgxm™3%1.33 m*s~1%5x10" % m
N. nigricollis: Re.x = £ = 23.25
0.031 Pa-s
. 1084 kg*m™3%1.33 m*s~1%5x10 % m
N. nivea: Repax = g = 4.24

0.170 Pa's

Reynolds numbers are < 100, and in line with [196] predictions, corresponding to a laminar

flow, which is below the critical Reynolds number of 2300, where turbulent flow is observed.

As the flow is in the laminar region, then the following equation will be used to calculate the
total pressure differential in the venom cannel (see Appendix A6 for the detailed deduction

of this equation), which corresponds to an Extended Bernoulli Equation:

2 —
AP=P1—P2=§-uf<(ﬁ) —1)+ﬁ-i-u—-p (equation 6.3)

Where:

AP is the pressure differential in the venom channel, in Pa.

P1 and P; are the pressures at the inlet (1) and outlet (2) points, in Pa.

uz and uz are the velocities at the inlet (1) and outlet (2) points, in m-s™.
p is the density of venom, in kg-m3,

A; and A; are the cross-section areas at the inlet and outlet points, in m2.
Re is the Reynolds number, dimensionless.

L is the length of the venom channel, in m.

D is the average diameter of the venom channel, in m.
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u is the average velocity of the venom in the venom channel, in m.

To directly relate these calculations to the natural system and measured rheological data,
microCT scans from [129], and available at the GigaScience Database

(http://dx.doi.org/10.5524/100389), were used to calculate venom channel length and

radius. Fang morphology data was available for three species included in this study: Bitis
arietans (viper), Naja nigricollis (African cobra, spitter) and Naja nivea (African cobra, non-
spitter). MicroCT image stacks were imported into Amira (Thermo Scientific, version 2019.4)
and 10 evenly spaced measurements were taken along the length of the venom channel (/)
from the end of the entry orifice into the channel at the base of the fang to the opening point
of the exit orifice at the tip of the fang. Of the ten measurements per species, the average

diameter was obtained (D) for input into Eqn 6.3.

Table 6.1 summarises the values used for each variable as well as the pressure differential

results for B. arietans, N. nigricollis and N. nivea.

TABLE 6.1. Parameters used for AP calculations.

Species D1, m D2, m D, m Length, m uz, m.s? AP, Pa

B. arietans 1.4x1073 | 4.4x107* | 7.6x10™* | 0.00915 1.33 0.104x10°

N. nigricollis | 8.0x10™* | 2.3x10™* | 4.4x10™* | 0.00333 1.33 0.172x10°

7.7x107* | 1.0x10™* | 4.0x10~* | 0.00352 1.33 2.829x10°

6.2.5 PROTEIN CONCENTRATION

Protein concentration was measured for each venom sample using a UV300 Thermo
Spectronic spectrometer (Unicam/Thermo, UK). All samples (dilutions consisting of 1.5 ul of
fresh venom + 1 ml of water) were analysed at room temperature in 1 cm path-length
polystyrene cuvettes from 200 to 500 nm wavelength. Double distilled water was used as a
blank and for all dilutions. Protein concentration was estimated as follows, using absorbance

at 260 and 230 nm [400]:
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Concentration (mg ml™?) = (0.183 x A230nm) — (0.075 x Az60nm) (equation 6.4)

Where Azeonm and Az3onm correspond to absorbance at 260 and 230 nm, respectively.

6.2.6 PH MEASUREMENTS

A Sentron pH meter (Netherlands) equipped with a cupFET pH probe was used to make pH
measurements at room temperature. Two 3 ul droplets from each undiluted venom sample

were measured individually and averaged to generate a pH measurement.

6.2.7 PHYLOGENETIC COMPARATIVE METHODS

The aim of the analyses reported here was to test for patterns in the measured parameters
between spitting and non-spitting cobra venoms across the sampled species. All the analyses
were performed using R 3.6.1 implemented using RStudio 1.2.1335, always taking the species
phylogeny into account. Species tree reported in [401] were used. This tree contained 46
elapid species belonging to 11 different genera and was generated using a multispecies
coalescent model based on DNA sequence alignments of both mitochondrial (partial cytb and
ND4 gene sequences) and nuclear genes (CMOS, NT3, PRLR, UBN1 and RAG1). For the
analyses in the current study, the original tree was pruned, and the species used in the venom
rheology tests were retained (i.e., Hemachatus haemachatus and the various Naja species).
The viper B. arietans was added manually to the tree as an outgroup, considering previous

research suggesting that viperids separated from elapids about 61 Mya [117].

Within spitting cobras, a further division can be made in the different ways venom is ejected,
which likely require different rheological properties of the venom. Following previous studies
[125],[389], the modes of venom ejection were divided into three categories: i) “streams”:
venom is ejected in the form of more or less continuous jets; ii) “mist”: venom is ejected in
the form of a fine spray; iii) “mixed”: venom is ejected in a form in between the other two
categories (see Appendix A5, table A5). Information about the venom spitting modes of seven
species of spitting elapids considered in this study (N. atra, N. kaouthia, N. mossambica, N.
nigricollis, N. pallida, N. siamensis and H. haemachatus) was gathered from the literature

[125], [389], [402], [403]. The spitting mode category for N. nubiae and N. philippinensis was
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assigned based on the authors’ personal observations. The category “non-spitter” was

assigned to the non-spitting cobras N. annulifera, N. haje, N. naja, N. nivea and N. subfulva.

To first test evaluates if there was a difference between spitting and non-spitting cobras
and/or between Asian and African cobras across all the measured physical properties, a
MANOVA using spitting behaviour was performed (defined in the analysis as “spit”) as a
binary factor (spitter or non-spitter), and the data about protein concentration and viscosity
at 10,000 s as multivariate dependent variables. Spitting behaviour as a binary trait was
considered only in this analysis. After this preliminary MANOVA, the same test was performed
considering the three different spitting mode categories, to look for possible correlation

between differences in spitting modes and the measured physical properties of the venoms.

To test if there was a difference in venom viscosity due to spitting behaviour, protein
concentration or pH, an ANCOVA test was performed using viscosity at 10,000 s*
(“visc10000”) as dependent variable and “spit”, protein concentration (“ProtConc”) and pH

(“pH”) as independent variables.

To test if there was a difference in protein concentration due to spitting behaviour, an
ANCOVA was performed, using protein concentration as dependent variable and ‘spit’ as
independent variable. To look for possible presence of phylogenetic signal for pH, protein
concentration and viscosity at 10,000 s™%, both Blomberg’s K [404] and Pagel’s A [405] were
calculated, using the R packages caper (https://cran.r-project.org/web/packages/caper/),
geomorph (https://cran.r-project.org/web/packages/geomorph/) and phytools
(https://cran.r-project.org/web/packages/phytools/). Finally, Blomberg’s K was calculated for

protein concentration and viscosity at 10,000 s at the same time.
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6.3 RESULTS
6.3.1 PHYSICAL PROPERTIES OF THE VENOM

For all Naja venoms tested, the protein concentrations had an average of 132.6 mg ml?,
ranging from 51.11 mg ml? (N. nivea) to 159.1 mg ml* (N. annulifera). The venoms of B.
arietans and H. haemachatus had similar protein concentrations (132.4 and 132.5 mg ml?,
respectively). No differences were found between species or groups. The same was also true
following quantification of venom pH, where the average pH of the Naja venoms was 5.77,
ranging from 5.49 (N. kaouthia) to 6.02 (N. pallida). The pH of H. haemachatus venom was

5.76, and finally the pH of B. arietans venom was the lowest at 5.43 (Fig. 6.1).
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FIGURE 6.1 Physical properties of the venoms. A) Cladogram of the elapid species analysed,
extrapolated from the phylogenetic analyses performed (following [117], viperids separated from
elapids about 61 Mya, therefore B. arietans has not been included in the cladogram); B) box plot of
protein concentration for venoms extracted for each species; C) box plot of pH, where each data
point represents the average of two individual measurements. Triangles represent African Naja
species, diamonds represent Asian Naja species. Venom-spitting species are in blue, non-spitting
species in violet. The green circle and the green stars represent, respectively, Hemachatus
haemachatus and Bitis arietans.
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Rheological tests demonstrated that, contrary to our starting hypothesis, the venoms of both
spitting and non-spitting cobras show a Newtonian behaviour, at least over the range
reported here (i.e., 100 to 10,000 s) (Fig. 6.2). No significant differences between species or

groups were evident.
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FIGURE 6.2 Rheological properties of the venoms. A) Cladogram of the elapid species analysed,
extrapolated from the phylogenetic analyses performed (following [117], viperids separated from
elapids about 61 Mya, therefore B. arietans has not been included in the cladogram); B) box plot of
viscosity at 10, 000 s for venoms extracted for each species; C) Viscosity vs shear rate for each
species. Venom-spitting species are in blue, non-spitting species in violet. The green star represents
the viper B. arietans. Error bars correspond to standard error from at least two experiments per
specimen.

Combining rheological and morphological data to determine the pressure required for venom
to flow down the venom channel, Fig. 6.3 shows the results for the African non-spitting cobra
N. nivea, the African spitting cobra N. nigricollis and the viper B. arietans. MicroCT scans
obtained from [129] indicate two different types of fangs, closed fused (B. arietans) and non-
fused (N. nigricollis and N. nivea, Fig. 6.3A), and subsequent measurements provide
information as to the fang length/diameter ratio (Fig. 6.3B). The results of fang pressure
calculations shown in Fig. 6.3C report that the highest value corresponds to N. nivea (2.8 x

10° Pa), while B. arietans shows the lowest pressure differential (0.10 x 10° Pa).
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FIGURE 6.3 Fang Pressure Prediction for N. nivea (violet), N. nigricollis (blue) and B. Arietans (green).
A) MicroCT images showing fang types (data analysed from [129], available at GigaScience Database,
http://dx.doi.org/10.5524/100389); B) fang length/diameter ratio; C) AP in the fang venom channel
using representative rheological data for each species.

6.3.2 PHYLOGENETIC COMPARATIVE METHODS

The results of both MANOVAs showed no significant relationships between spitting behaviour
and the multivariate combination of the measured physical properties of the venom (protein
concentration, viscosity at 10,000 s™!). An additional MANOVA including pH among the
variables was also performed, but then discarded because of the non-significance of the
added variable and to simplify the model. The results of the ANCOVAs also showed no
significant effect of spitting behaviour, protein concentration or pH on viscosity, or of spitting
behaviour on protein concentration. Results of the statistical analyses performed considering

the three spitting mode categories are reported in Table 6.2.
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TABLE 6.2. Results of statistical testing. The symbol “y” indicates the multivariate variable consisting
of protein concentration, power law index and viscosity at 10,000 s. Degrees of freedom (Df), F
ratios (F) and p-values (P) are reported.

Type of analysis Model Variable Df F P
Phylogenetic MANOVA y ~ spit spit 3 0.569 0.669
510000 ~ spit 3 0.976 0.448
Phylogenetic ANCOVA | “"° ProtConc 1 3380 | 0.094
spit+ProtConc+pH
pH 1 0.079 0.775
Phylogenetic ANCOVA ProtConc ™~ spit Spit 3 0.140 0.911

Protein concentration, pH and viscosity at 10,000 s' show both Blomberg’s K and,
particularly, Pagel’s A close to 0 (See table 6.3), indicating phylogenetic independence. The
same can be said for the multivariate analysis, which considers both protein concentration
and viscosity, and for which only Blomberg’s K has been calculated. None of these results was

significant, with P-values always higher than 0.05 (between 0.276 and 0.707 for K and equal

to 1 for A).
TABLE 6.3. Results of phylogenetic signal testing.
. BI ¢
Tested variable omll(oerg S P Pagel’s A P
Protein concentration 0.333 0.707 7.69x 107 1
pH 0.455 0.375 6.41x 10 1
Viscosity at 10,000 s 0.505 0.276 7.69x 107 1
Protein concentration and 0.477 0.323
viscosity at 10,000 s

6.4 DISCUSSION

Young’s study on venom gland pressure in spitting cobras suggested that the force required
by the m. adductor mandibulae externus superficialis to expel venom would be reduced if a
highly shear thinning venom was present [121]. The sudden increase in shear rate upon
entering the venom channel would cause a decrease in the viscosity of the venom, which
could therefore be pushed through the fang more easily and thus at the higher velocities that
are required to increase the reach of the venom jet [196]. However, upon exiting the fang,
the effective shear rate in the airborne venom jet ejected by a spitting cobra would be
dramatically reduced, and as such, a higher viscosity in the jet would reduce internal flow,

thus slowing down the breaking up of the jet into separate droplets. This provides the
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advantage of a more coherent jet of venom, resulting in less drag and thus a longer reach.
Given that non-spitting cobras do not eject their venom, they presumably have less need for

a higher venom ejection speed, and hence less need for a highly shear-thinning venom.

In light of these biomechanical considerations, a more pronounced shear-thinning behaviour
in spitting cobras than in non-spitting cobras was expected, in order to reduce pressure loss
inside the venom duct and to increase jet cohesion. Thus, when considering the above and
the specific morphological adaptations to spitting in spitting cobras, such as the ridges present
along the channel inside their fangs [196], [329], the more circular and anteriorly oriented
discharge orifice of their fangs [383], [390], [121], and the apparently higher algesic activity
of venoms of the three spitting lineages [401], the rheological properties of the venom

between spitting and non-spitting cobras were expected to also be different.

Hence, in light of our findings, it is surprising to find no systematic differences in venom
viscosity between spitting and non-spitting species. However, it is worth noting that this result
might be influenced by the small number of rheological tests performed for most of the
analysed snakes, owing to the relatively small amount of venom a single cobra specimen
produces. Nevertheless, differences in viscosity between and within species were found,
suggesting that there is enough variability for natural selection to potentially act on. Between
species, the average venom viscosities at 10,000 s! went from a minimum of 0.0103 Pa s (N.

naja) to a maximum of 0.1709 Pa s (Naja nivea) (Figure 6.2).

Similarly, it was found that viscosity could vary greatly even among specimens of the same
species. For instance, the average venom viscosities measured for the three N. nubiae
specimens (NajNubCB001, NajNubCB003 and NajNubCB004) were, respectively, 0.0064,
0.0252 and 0.0790 Pa s (Figure 6.2B). These results suggest that the venom of all the elapid
species analysed may vary in viscosity owing to functional or other non-flow related
requirements. Within the range of rheological variability indicated here for spitting cobras,
other selective pressures may dictate the observed rheological properties. Although protein
concentration and pH have been previously shown to vary and be of influence in snake
venoms [406] and in other secreted protein systems (e.g. silk, [21], [407]), these two
parameters did not vary significantly in our study.
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Snake venom is known to vary in composition depending on different factors, such as diet
[408], [409], ontogeny [410]-[412] and, potentially, local adaptation driven by relatively small
changes in the physical environment [413]. Compositional alterations in snake venom likely
influence its rheology. Environmental changes determined by captivity (e.g., food supply
restricted to a single type of prey) can also result in modifications of venom composition.
However, most of the evidence produced so far suggests that the effect of captivity on snake

venom composition is minimal [414].

In light of this and considering that all venom samples analysed here were sourced from adult
snakes fed on the same diet and kept under the same enclosure conditions, age, diet and
ecology-related sources of variability have been minimised as much as possible, and thus
seem unlikely to play a major role in the findings of this study. Thus, inherited differences in
molecular venom composition [141], [415], [416] can be the primary influence for any
rheological differences. However, considering that in two studies [157], [401], both found
the venoms of African spitting cobras (N. katiensis, N. mossambica, N. nigricollis, N. nubiae,
N. pallida) to show similar compositional patterns in terms of proteins, long chain (high
molecular weight) non-protein molecules present in snake venom, such as carbohydrates

[417]-[420], could be responsible for the detected variation in rheological properties.

Surprisingly, our rheological testing showed Newtonian behaviour for all analysed snake
venoms across the shear rates presented. This appears to be in direct contrast to previous
studies where snake venoms have been classified as non-Newtonian [128], [196], [421]. For
example, Triep et al. [196] suggested that N. pallida venom had non-Newtonian behaviour in
the range of 1 to 37 s1. However, upon closer inspection of the data within this range, it is
concluded that the apparent shear-thinning behaviour of N. pallida venom could be
attributed to surface tension effects [422]. As a result, through comparison of our findings to
previous studies, and accounting for the potential confounding influence of surface tension
artefacts, it is proposed that any venom rheological data obtained below 100 s™* presented
to date should not be considered when determining if a venom is Newtonian or non-
Newtonian (see Appendix A7, figure A7). Previous studies have interpreted the rheological

behaviour of snake venom based on experimental shear rate values ranging from 1 to 100 s
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[196], and from 0.01 to 200 s™* [128]. In these cases, because of the surface tension artefacts,

only data from 100 to 200 s™! (indicating a Newtonian flow behaviour) should be considered.

To explore the delivery mechanism and pressure requirements of venom ejection, rheology
data were combined with microCT scans of snake fangs reported by du Plessis et al. [129]. For
the corresponding calculations, since fang venom channels are typically slightly curved and
may have additional pressure-increasing features such as internal ridges [196], [329] and
pressure losses due to viscosity, an extended generalised Bernoulli equation (Eqn 6.3) was
used. The pressure required for venom to flow through the fang for three of the species was
modelled, and three species were considered: N. nivea (African non-spitting cobra), N.
nigricollis (African spitting cobra) and B. arietans (viper). Despite the limited number of
species investigated, there are clear differences in the pressure required to move venom
down the fang. The spitter N. nigricollis has a smaller fang length/diameter ratio and a lower
pressure requirement, whereas the non-spitter N. nivea has a larger fang length/diameter
ratio and a higher-pressure requirement. Interestingly, the viper B. arietans displayed both
the largest fang length/diameter ratio and the lowest pressure requirement overall (Fig. 6.3),
likely related to the relatively larger absolute diameter and/or curvature of the fang channel

in this species.

It was found that the effect of viscosity and friction of the fluid in the venom channel (which
is included in the Reynolds number; see Appendix A6 for details) represents 5% of the
pressure loss in B. arietans; 17% in N. nigricollis (spitter); and 9% in N. nivea (non-spitter). It
appears that with this approach neither density nor viscosity contributes significantly to
pressure losses, and that the major influence is the cross-section area variations along the
venom channel (A1>A2), which represent between 83 and 95% of the total pressure loss. In
light of this, it is concluded that for all the viscosities observed, and for all the snake species
analysed in this study, venom viscosity does not strongly influence the pressure requirements
of venom ejection, and that what most defines such requirements are the morphological
adaptations of the venom delivery systems (i.e., tapering of the fang venom channel).
Considering the ‘life=dinner principle’ [372], which suggests that selection for defensive

strategies should take precedence over selection for predatory efficiency, the lack of
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significant signs of adaptation of venom rheological properties to spitting behaviour is

unexpected.

In fact, if the principle is true, considering the lack of consistent differences in venom rheology
between spitting and non-spitting cobras, and that venom spitting is an unambiguously
defensive behaviour, it is interesting to question why selective pressures have not favoured
the emergence of venom spitting in all cobras. A recent study investigating patterns of venom-
induced pain across snake species and time has suggested that the common ancestor of all
elapids might have possessed early-pain-inducing venom [423]. With the rapid infliction of
pain being a requirement of defensive venoms [423], [424], this could indicate that the use of
venom for defensive purposes appeared early in elapid evolution, before the evolution of

spitting behaviour.

While a trend towards loss of rapidly painful venom is common in snakes [423], venom
spitting, coupled with enhanced algesic activity [401] could be an extension of this basic
defensive strategy (i.e. injection of early-pain-inducing venom), which allows contactless
defence at a distance, and of shorter duration and higher accuracy than striking/biting [380],
[389], [425]. In this scenario, spitting behaviour is probably the evolutionary response to
specific selective pressures. Exposure to agile vertebrates (including visually acute primates),
as suggested by [401], likely attacking from an elevated position, and for which a defensive
strategy involving striking/biting could be hazardous and/or ineffective, could have been one
of the drivers of spitting behaviour evolution. It is therefore possible that spitting behaviour
would not emerge in the absence of this kind of selective pressures, thus offering a conjecture
for why not all cobra species are able to spit venom. Alternatively, the existence of yet
unidentified constraints preventing the evolution of spitting in non-spitting species is not to

be excluded a priori.

Spitting behaviour has been recently documented for two species of Asian cobras that are
generally considered non-spitters and that display very limited modification of their fangs,
namely N. kaouthia and N. atra [390], [402], [403]. These reports suggest that venom spitting
can evolve in the presence of very limited adaptation of the dentition, without the greater

level of morphological adaptation and precision documented for specialised spitters [196],
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[121]. The reason why these species have not evolved the more specialised venom spitting
apparatus that other species possess (e.g. N. mossambica, N. nigricollis, N. pallida), may be
due to differences in selective pressures, as outlined above, or perhaps the more recent origin
of spitting in Asian cobras [401]. In light of these findings, spitting behaviour in cobras should
probably not be seen as a binary trait, but may vary continuously in prevalence among the

species of the genus Naja.

Understanding the evolution, or lack of evolution, of specialised spitting behaviour and
associated physical adaptations would likely require studying the efficacy and prevalence of
spitting behaviour as a defence against natural predators, an under documented aspect in the
literature on this adaptation. Although, perhaps surprisingly, our results did not show any
clear adaptation of the rheological properties of venom to spitting behaviour, it was
demonstrated that both spitting and non-spitting cobra venoms are Newtonian fluids over a
biologically relevant shear rate range, in contrast to previous literature reports. In order to
gain a more comprehensive understanding of the mechanics behind venom spitting in cobras,
we suggest considering the continuous nature of the prevalence of spitting behaviour and
spitting modes, fang morphology and parts of the cobra venom delivery system at play in
venom spitting but not included in this study (e.g., m. adductor mandibulae externus
superficialis). Furthermore, future studies should increase the sample size in terms of both
venom samples, specimens and species, in order to more comprehensively address the
remarkably high variability in viscosity detected in the present work. The results in this
chapter will stimulate further comparative study of the rheology of venom spitting across the

genus Naja.
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CHAPTER 7: DIFFERENTIAL SCANNING CALORIMETRY OF
ECTO-SECRETIONS

“A grain in the balance will determine which individual
shall live and which shall die - which variety or species
shall increase in number, and which shall decrease,

or finally become extinct.” Charles Darwin



This chapter corresponds to the paper “Differential Scanning Calorimetry of Ecto-secretions”,

to be submitted for publication to the journal Soft Matter.

ABSTRACT

Protein structure and function are important to understand ecto-secretions, materials
produced by some animals to be used outside their bodies. These materials offer a great
system to explore, as they span all ranges of functionality (from chemical to mechanical) and
hydration state (wet to dry). However, to date there are no studies comparing thermal
properties of different ecto-secretions. This presents a gap in our understanding surrounding
how protein stability and the thermal events involved in denaturation are affected by
glycosylation, hydration state and phenotype. To address this, this chapter present the first
study using Differential Scanning Calorimetry (DSC), to analyse three exemplar ecto-
secretions: venom, mucus and silk. Gastropod locomotive mucus of six terrestrial gastropods
was analysed; snake venom extracted from six species (one viper and five Naja species); and
data previously reported on silkworm silk. The hypothesis is that protein thermostability is
affected by the type of protein, presence of highly glycosylated proteins and main function
(chemical or mechanical). Our results show that proteins in silk have the lowest thermal
stability, while snake venom has the highest. The well documented presence of carbohydrate-
binding proteins contributes substantially to the stability of proteins. Our study represents a
novel route to provide new details into the relationship of protein type, presence of
carbohydrates, hydration degree and primary function, with protein thermal stability. This
information will provide more practical details to be considered in the use of ecto-secretions

for biotechnological applications.

KEYWORDS: Ecto-secretion, globular protein, fibrous protein, enthalpy of denaturation, glass

transition, carbohydrate-binding protein.
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7.1 INTRODUCTION

Ecto secretions are produced by specialised glands in the animal, to be used outside their
bodies for a wide variety of purposes, from mechanical (silk or gastropod locomotive mucus)
to chemical (venoms) [1]-[4], [6], [7], [16], [8]—[15]. Due to their diversity, proteins in ecto-
secretions have been under selection to perform in the wet (venom and mucus) and dry (silk)
environments and have been subjected to a wide range of environmental stresses, such as
mechanical or thermal. Thermal stress is known to denature proteins by removing the water
shell, and this will affect protein’s function. Ecto-secretions have specific optimisations to
keep their properties unaltered over a certain range of temperature, maintaining their main
function. For example, the high toxicity of snake venom and enzymatic activity [107], [108],
[113], [150], [401], [426]-[428]; mucus’ lubricant properties [34], [58]; or silk’s high strength
[429].

In this group of materials, silk is the most well-known and extensively characterised, studying
the solidification mechanisms involved, comparing its denaturation enthalpy to albumin,
finding that it is almost ten times lower [430]-[438]. However, the thermal characterisation
of snake venom remains almost unexplored and a better knowledge of the thermal properties
of snake venoms could offer information related to the presence of carbohydrate-binding
proteins and their role in venom stability [152], [171]. In terms of gastropod mucus, to our
knowledge, there is only one study analysing its thermal properties, where the main finding
was the presence of calcium carbonate in locomotive mucus contributing to the formation of

gels and fibres, which are important to maintain mucus’ function as a lubricant [87].

Although, these studies propose answers to some questions regarding ecto-secretions’
thermal properties, to date there are no reports comparing all of them, considering their
protein type (globular or fibrous), hydration state and main function. These ecto-secretions
present an immense variety of opportunities for technological applications, from super
adhesives to drugs for chronic diseases in humans [95], [100], [102], [103], [193]—-[195], [200].
To make this possible, a wider characterisation is necessary, because these ecto-secretions
are a unique but still underexploited resource. The study of thermal properties of proteins in

ecto-secretions is crucial to understand how these biomolecules interact with the
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surrounding water, as well as the role of hydrogen bonding interactions to stabilise molecules
[225], [227], [240], [243], [266], [359], [439]. Thus, during industrial processing of synthetic
proteins, this information offers an enormous advantage to determine the region at which
each component will be thermally stable, maintaining its function unaltered [215], [244],
[312], [440] and the relationships between ecto-secretion’s protein structure, stability and

function.

To fill this gap in our knowledge, | propose that the mechanisms developed by nature to
control protein stability in response to a thermal stress are related to the type of proteins,
carbohydrate-binding proteins and phenotype. Here | hypothesize that an ecto-secretion that
must perform in hydrated environments will be better at holding onto water and have a
higher denaturation temperature. To test this, here | present the Differential Scanning
Calorimetry (DSC) characterisation of three ecto-secretions as model systems: silkworm silk
(data reported before on B. mori, A. pernyi and N. edulis [430]), snake venom (species B.
arietans, and five Naja species, including spitters and non-spitters: N. mossambica, N.
annulifera, N. naja, N. philippinensis, and N. kaouthia), and gastropod locomotive mucus
(from species A. fulica, C. aspersum, C. nemoralis, A. ater, A. hortensis and L. flavus). | included

egg white proteins [441] and trehalose for comparison purposes.

This analysis allowed us to identify that proteins selected for a chemical function and in a
hydrated state, show a different response to thermal stress compared to those in the dry
state, whose main function is mechanical. | could identify the main thermal events occurring
in all samples (glass transition, aggregation and/or denaturation), establishing the minimum
and maximum temperature limits. Enthalpies of denaturation were calculated and used as a
parameter to determine the hydration state of the ecto-secretion. In addition, | compare
denaturation enthalpy of globular proteins (gastropod mucus, conalbumin, ovalbumin and
lysozyme), to that of fibrous proteins in silkworm silk. The integrated analysis described here,

represents the first reported on ecto-secretions.
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7.2 MATERIALS AND METHODS
7.2.1 MATERIALS

7.2.1.1 GASTROPOD MUCUS

Six terrestrial gastropods were included in this study: the three snails (A. fulica, C. aspersum
and C. nemoralis), and three slugs (A. ater, A. hortensis and L. flavus). The five terrestrial
gastropods native to the UK, were collected in Hillsborough Park, Hillsborough, Sheffield. The
African snails, A. fulica, were purchased as juveniles and captive bred. All species were
maintained in plastic containers (39 cm x 48 cm x 20 cm) with vermiculite as a substrate, with
a thickness of approximately 6 cm. The temperature was controlled, at 22 °C £ 1 °C, and all
containers were kept at high humidity. Animals were fed twice weekly with cucumber, lettuce

and sweet potatoes.

Three specimens per species were removed from their containers and cleaned using type |l
water and placed into a clean and empty plastic container. Afterwards, gastropods were
transferred and allowed to move freely across a clean sheet of glass for five minutes, to be
sure that only locomotive mucus was deposited. This was then collected from the surface
using two sterile razor blades and kept in a 2.0 ml polypropylene graduated centrifuge tube

with cap, labelled, stored at room temperature and subjected to tests on the day of collection.

7.2.1.2 SNAKE VENOM

Venom samples were collected from six species: one viper, B. arietans; and five Naja species
including spitters and non-spitters (N. mossambica, N. annulifera, N. naja, N. philippinensis,
and N. kaouthia). All snakes were maintained in individual containers within controlled
temperature, humidity and light at the Centre for Snakebite Research and Interventions,
Liverpool School of Tropical Medicine (LSTM). Regarding to the protocols referring to the
expert husbandry of the snakes, they are regularly inspected and approved by the UK Home
Office and the LSTM Animal Welfare and Ethical Review Board. All native venoms were
extracted by milking snakes and venoms were transferred from the Petri dish into 2 ml low-

protein binding cryotubes (Simport Scientific, Beloeil, Canada) using a pipette. Samples were
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kept on ice, and DSC tests were carried out in the Department of Materials Science and

Engineering, University of Sheffield.

7.2.1.3 TREHALOSE SOLUTIONS

To compare the effect of carbohydrates and carbohydrate-binding proteins in ecto-secretions
and how the presence of sugars can influence their thermal stability, a trehalose solution was

prepared at room temperature.

This solution comprises 30 % trehalose dihydrate (Sigma-Aldrich, St. Louis, Missouri, USA), 60
% egg white and 10 vol % type Il water. The solution and its percentages were selected based
on: a) trehalose is a protein stabiliser [442], [443] b) egg-white and its proteins represent a
standard and well-studied and accessible group of globular proteins, suitable for comparison
[271], [441]; and c) percentages were selected based on snake venom solids concentration

ranging between 25 to 30 %, and the rest water [444].

A free-range egg was dissected, the egg white was separated from the yolk and sample was
taken from the centre of the bulk using a 1 ml plastic pipette and added into a 2 ml
polypropylene microcentrifuge tube. Trehalose and type Il water were weighed and added to
the tube. Finally, the tube was then homogenised for 2 minutes using a Sprout mini centrifuge

(Heathrow Scientific, lllinois, US) before performing the DSC tests.

7.2.2 Methods
7.2.2.1 DSC

DSC characterisation was carried out on a Diamond DSC instrument (Perkin-Elmer, USA).
Heat-cool-heat DSC tests were performed from 25 to 80 °C at a heating/cooling rate of 1.5
°C/min., using Aluminum hermetically sealed pans (Perkin-Elmer, No. B016-9321) for both
sample and reference. Due to the low protein concentration in gastropod mucus [49], the
reference pan contained the same mass of type Il water as the sample. For venoms and
trehalose solutions, sample reference was an empty Aluminum hermetically sealed pan. Post-

test, pinholes were made on pan lids and samples placed in a vacuum oven overnight at a
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temperature of 60 °C. Mass was then measured and used for dry weights determinations.
Using Pyris software v11 to identify peaks, denaturation enthalpies were determined
considering the dry mass for each sample and peak area calculations corresponding to the

endothermic heat flow were obtained using Origin software v2020.

Glass transition temperature, Tg, is characterised by a step in the baseline of the thermogram
(a change of slope in the thermogram). Three important values can be identified in the
thermogram: an onset, midpoint and endset temperature. In snake venoms and trehalose
Tg’s were determined using Pyris software v11. This assumes that the crossover point
between two tangents corresponds to Tg: one tangent is determined at the initial straight line

representing the baseline; and the second tangent intersecting the slope.

7.3 RESULTS AND DISCUSSION

Tests were undertaken to identify the thermal events of proteins in gastropod locomotive
mucus and snake venoms, such as denaturation or glass transition. Trehalose solutions were
included in our tests, because it has been reported before that this sugar plays an important
role in protein stabilisation, also protein-carbohydrate interactions contributes to increase
thermal stability of proteins [445]. Egg white was included too, because it contains globular
proteins, homologous to those found in snake venom. Egg white is a source of proteins that

can also be obtained in a native state with minimal preparation [446].

7.3.1 PROTEIN DENATURATION IN GASTROPOD MUCUS AND SILK

Protein denaturation is an irreversible and endothermic process, where the peak maximum
represents the temperature of the highest heat absorption and the integral of the endotherm
gives us the denaturation enthalpy, important for the understanding of the process where
proteins exhibit a change in their structure as a result of changes in its hydration sphere [430],
[447]. The denaturation enthalpy is also related to the rupture of hydrogen bonds between
proteins and water [225]. This process was observed in gastropod locomotive mucus and silk
[430], as shown in Figure 7.1, indicating the peak maximum and denaturation enthalpies,

including egg white proteins (conalbumin, lysozyme and ovalbumin) [441].
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FIGURE 7.1 a) Peak maximum, and b) Denaturation enthalpies corresponding to mucus from A.
fulica, A. hortensis, A. ater, C. nemoralis, C. aspersum and L. flavus. *Values corresponding to egg
white proteins are included for comparison purposes [441]; and Pnative silk feedstock [430]. Proteins
are grouped as globular or fibrous. Standard deviation error bars for snails and slugs correspond to a
series of three experiments per species. Areas under peaks are coloured to facilitate identification
and comparison between species/components.

Our results indicate that A. fulica snail’s mucus has the highest denaturation enthalpy, 24.4 £
4.7 J/g, compared to the other species tested, suggesting that mucus produced by this snail
requires more energy to denature proteins than in the other species. This result can be
associated to snail’s natural environment, with an annual average temperature between 23-
30 °C, which is approximately 15°C higher than the annual temperature in the UK, of 14 °C
[204]. It is also evident that denaturation enthalpy values of gastropod mucus are similar to
those reported previously on egg white proteins [441], such as conalbumin (12.6 J/g),
lysozyme (28.2 J/g) or ovalbumin (17.9 J/g), but higher compared to silk with a denaturation
enthalpy of 1.7 J/g [430]. These thermal events in gastropod mucus, could be related to the
high water content (> 98%) and to the hydrogen bonds connecting sugars to proteins [240],
suggesting that the stabilisation of proteins in mucins occurs as a result of the interaction with

sugar molecules.

Another crucial aspect in the analysis of these thermal variations is the type of proteins.
Gastropod mucus’ proteins are globular while in silk they are fibrous. This difference plays a

major role in the response of proteins to thermal stress and denaturation. During
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denaturation process, protein secondary or tertiary structures are affected, modifying their
conformation, in globular proteins the hydrophobic interactions stabilise their tertiary
structure. When globular proteins are heated up, for entropy reasons, the hydrophobic side
chains contribute to an expansion and partial unfolding of protein structures. Contrary to this,
fibrous proteins, which are characterised by a single repetitive structural motif playing the
main role of mechanical support [440], [448], are broken on heating. As a result, proteins will

form unordered structures, such as random coils, losing their function [449].

This higher thermal stability of proteins in gastropod mucus, compared to silk, can also be
linked to the highly glycosylated proteins in mucins. This indicates the presence of
carbohydrates-binding proteins, as reported before, carbohydrate moieties prevent the
aggregation of unfolded protein structures and contributes to increase the stabilisation of the
glycoprotein [450]. For example, sugars have been used extensively as additives by scientists
to protect the native structure of proteins as well as the enzymatic activity affected by
thermal denaturation. Their findings suggest that carbohydrate binding proteins are possible
due to a series of attractive forces, including hydrophilic and hydrophobic interactions [440],

[448], [451]-[454].

There is another model proposed by Allison et al. [455], explaining why carbohydrates are
important in maintaining protein thermal stability, which can be linked to the higher thermal
resistance in gastropod mucus compared to silk. That model implies that water molecules
eliminated during the drying phase of proteins, are replaced by carbohydrates contributing
with hydrogen bonding due to the numerous hydroxyl groups (-OH) in saccharides and
therefore, to the stability of proteins. This will prevent changes in protein secondary
structures, more specifically, a-helices [451], [455], [456]. According to this model, the
opposite interaction is also possible, i.e., proteins can substitute the eliminated water in
dehydrated sugars. Actually, it has been studied that hydrogen bonds between proteins and
saccharides have the same role as water in the hydrated sugar. This assumption suggests a
two-way interaction between these molecules and how important it is on conferring

carbohydrate-binding proteins their particular response to a thermal stress [456], [457].
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Apart from these processes observed in globular and fibrous proteins, such as gastropod
mucus and silk, there is another phenomenon identified in macromolecules and polymers,

this is known as the glass transition.

7.3.2 GLASS TRANSITION IN SNAKE VENOMS AND TREHALOSE

Glass transition has been described before in proteins, carbohydrates, and mixtures. This
characteristic process is only evident in snake venoms. Compared with trehalose solutions, it
indicates that the identified glass transition, Tg, in all samples is in the same range as that

observed in the trehalose solution. This representative comparison is evident in figure 7.2.
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FIGURE 7.2 Representative thermograms of snake venom from the viper B. arietans, and cobras N.
mossambica, N. annulifera, N. naja, N. philippinensis and N. kaouthia. Trehalose is included for
comparison purposes. Glass transition temperature, Tg, is indicated.

Figure 7.2 shows the thermograms for each snake species and trehalose solution, with Tg
highlighted. Note complete thermograms can be seen for all snakes and trehalose in Appendix
A8, table A8.2. Contrary to gastropod mucus and silk, snake venoms and trehalose show a
clear glass transition, a thermal transition where the material changes from a glassy to a

rubbery state on heating [458], [459]. What is interesting here, is the fact that snake venoms
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show similar Tg compared to trehalose, suggesting the same thermal response and the
presence of a similar component in venoms. This result can be linked to snake venoms
composition, because it consists of a mixture of several enzymes, each one of them with a
specific function to preserve venom stability and toxicity [107], [108], [113], [150], [401],
[426]—-[428]. In this group of components, some of the main families identified correspond to
C-type lectins, consisting of carbohydrate-binding proteins playing various physiological
functions, such as blood coagulation [115], [167], [330], [334], [361]. In venoms analysed
here, all of them contain these carbohydrate-binding proteins. According to [460], Tg of
trehalose is 85 °C, which ties well with our results [461]. In another study, a
protein/polysaccharide mixture, consisting of whey protein concentrate (WPC) and
hydroxypropyl methylcellulose (HPMC), Tg was between 80 and 85 °C, for mixtures of 12%

WPC and 2% HPMC [462]. This range of temperatures, again, agrees with our results.

Our findings suggest that there is a similar pattern in venoms and trehalose, as a result of
heating, which indicates that sugars in snake venom are retarding and preventing
denaturation [461]. For example, in one study, analysing the glass transition temperature of
hydrolysed fish protein and the collapse in structure, results showed that sugars in the

protein/sugar mixtures, reduced Tg, retarding the glass transition point [463].

It has been studied before that some of the effects conferred by trehalose include its ability
to stabilize proteins and cell membranes, as well as reduction in protein aggregation. Also,
trehalose is a unique molecule which reduces crystallisation of proteins and it is found in
nature to protect biological systems in dry or extremely cold environments [445]. There is
another study where trehalose solutions were tested in the stability of B-cell exosome-like
vesicles (B-ELV), to evaluate functionality and stability of proteins. Their results demonstrated
that trehalose reduces aggregation and maintains the integrity of ELV [445]. This is not the
only mechanism of action, in fact, trehalose has a stronger interaction with proteins in the
absence of water, where the hydrogen bonds are highly stable, based on the steric
configuration and proteins’ hydration state. This sugar also contributes with its relatively high

Tg to the overall stability of the protein/sugar system [456], [464], [465].
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In protein/sugar aqueous systems, the understanding of Tg is important in the design of
biomaterials to be functional at certain conditions and parameters [462], [466]. Also, this
knowledge is crucial in stability studies to establish the best storage condition for a dried
protein product in the food industry [463], [467] and in proteomic characterisation of snake
venoms, where the vast majority of studies include the use of lyophilized venom [133], [135],

[141], [142], [156], [162], [169], [344], [358], [361], [468]-[472].

Snake venom is well-known for its high toxicity and complexity, but these properties are
related to its main functions and uses by snakes in their natural environments, which are

possible due to the stability of its proteins.

7.3.3 THERMAL TRANSITIONS

In order to compare the thermal transitions described above and identified in snake venom,
gastropod mucus and silk, figure 7.3 shows the main thermal events (denaturation,
crystallisation or glass transition) in proteins, including silk data reported before [430], egg
white proteins for comparison purposes [441], and trehalose solution. See Appendix AS,
figures A8.1 to A8.2 where thirteen thermograms are included: six gastropod species and six

snakes; as well as trehalose solution.
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FIGURE 7.3 Transition temperatures associated to thermal events identified in snake venom (B.
arietans, N. mossambica, N. annulifera, N. naja, N. philippinensis and N. kaouthia), gastropod mucus
(A. fulica, C. Aspersum, C. Nemoralis, A. ater, A. Hortensis and L. flavus), silk (B. mori, N. edulis and A.

pernyi) [430], egg white proteins (conalbumin, lysozyme and ovalbumin) [441], and trehalose. The
main thermal events are indicated: denaturation (D), glass transition (Tg) and aggregation (A).
Standard deviation error bars for gastropod mucus and snake venom correspond to a series of three
experiments per species.

From figure 7.3, It is clear that the range at which these thermal processes occur is between
55 and 87 °C. Interestingly, proteins in gastropod mucus and silk exhibit denaturation. Snake
venoms and trehalose display glass transition, in the range of temperatures tested and at
which the vast majority of proteins are denatured, including egg white [473]-[475]. The
highest and lowest values for denaturation temperatures correspond to ovalbumin and
conalbumin, two proteins in egg white, with 86 and 55 °C, respectively. In the group of
gastropods, the highest and lowest temperatures correspond to the slug A. hortensis (72.11
+0.43 °C) and land snail C. nemoralis (65.64 + 0.45°C), respectively. Appendix A8, tables A8.1
and A8.2, shows a summary of thermodynamic properties of gastropods locomotive mucus,
snake venom and trehalose. Even when these species and proteins in their natural
environments never experience temperatures above 40 °C, the understanding of protein
stability as a response to a thermal stress is the basis for the comprehension of how the

different components in these ecto-secretions interact with each other to keep the material
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stable. Also, to know at which point these chemical structures lose their ability to maintain

their function, resisting dehydration more than others [240], [265].

Protein structures and composition play important roles in conferring ecto-secretions their
particular characteristics. It is important to know the thermal stability of them, since from a
more focused view on the processing, development and application of ecto-secretions, it is
crucial to establish the range of temperatures at which these materials maintain their
properties and functions. With this information, proteins can be processed before they suffer

an irreversible modification [430].

7.3.4 STABILITY OF ECTO-SECRETION’ PROTEINS

The three model ecto-secretions tested here (snake venom, gastropod mucus and silk) share
common characteristics, for example, being produced by specialised glands in the animal for
specific purposes, such as predation or protection. The mechanisms developed by nature to
control protein hydration in response to thermal stress are related to the type of proteins,
globular or fibrous. However, the composition varies between them, and more important, the
specific function of each one is also unique. With this in mind, it is not a surprise to discover
that their thermal stability is different, even when they contain globular or fibrous proteins
and similar protein secondary structures (a-helices, B-sheets, B-turns, random coil or
aggregated strands) [29], [36], [162], [243], [282], [292], [352], [476], [477]. Protein stability
has different meanings, but in general, it can be described as the ability of a protein to

maintain its structure and function in a particular environment [478].

For example, proteins isolated from hyperthermophilic organisms, species living in extreme
environments, have a considerably less activity if tests are carried out at lower temperatures.
At room temperature protein activity is almost zero, because these biomolecules have been
adapted to temperatures close to the boiling point of water. Researchers have been
investigating if this group of proteins exhibit a glass transition at higher temperatures
compared to other proteins, to identify the main role of proteins at temperatures above 100

°C, and their thermal stability [479].
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Thus, regarding to the three types of ecto-secretions studied here, thermal stability is a
function of different parameters, such as type of protein, degree of hydration and presence
of carbohydrate-binding proteins. Silkworm silk as a mechanical support material consisting
mainly of fibrous proteins, is produced as a gel by the silkworm species, but the main function
of this material is evident when it is dried. Contrary to gastropod locomotive mucus and snake
venom, both containing globular proteins and produced and used as liquids/gels (wet) by the
animal and functional at a hydrated state. Also, as it has been demonstrated before,
gastropod mucus and snake venom contains carbohydrate-binding proteins [52], [90], [182],
[272], [281], [452], [480], [481], which increase the thermal stability of proteins and as a
result, ecto-secretion’s functionality. For example, in one study on native and non-
glycosylated proteins, results indicated that glycosylation increases protein conformational
stability when samples are heated up [450]. In another study [482], researchers analysed the
effect of glycosylation on the thermal stability of proteins. Their results showed that
glycosylated enzymes in S. cerevisiae, a species of yeast, exhibit higher thermal stability
compared to non-glycosylated enzymes in E. coli. Even more interesting, is the fact that their
results also showed that glycosylated enzymes were thermally destabilized by carbohydrate

elimination.

Although gastropod mucus and its mucins, and C-type lectins present in snake venom, both
containing carbohydrate-binding proteins in their components, snake venom has another
particular characteristic. This ecto-secretion is also a mixture of several enzymes, such as
phospholipases A, (PLA;) or metalloproteinases [108], [130], [168], [169], [361], [362], [470],
[480], [483], [484]. This aspect makes another enormous difference comparing these two
ecto-secretions as observed in figure 7.4, indicating that thermostability is not only affected
by carbohydrates [479]. Even in a more complex protein system, such as snake venom, it may
be advantageous to have sugars present that can stabilize any of the hundreds of proteins
present, as a result of natural selection, to drive a strategy that can be applied to the entire
material easily and allow for changes in the composition, maintaining venom’s enzymatic

activity, toxicity and stability [115], [131], [156], [168], [189], [485]-[487].
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FIGURE 7.4 Protein stability as a function of four different parameters: protein type, glycosylation,
external hydration state and primary function.

As described in figure 7.4, the combination of these unique properties gives us the ecto-
secretions’ thermal stability: type of protein, presence of carbohydrates or glycosylation
(carbohydrate-binding proteins), external hydration state (hydrated or dehydrated when the
ecto-secretion is used by the animal), and primary function (mechanical or chemical). All of
this makes sense by looking at the main function of each ecto-secretion. For example,
gastropod locomotive mucus is used for lubrication [13], [34], [93], [488]; snake venom has
been designed by nature for defence and predation [14], [331], [116]; and silk cocoon is used
during the metamorphosis, to allow the larvae to be an adult moth [8], [24], [32]. The
functional requirements for each one of these materials are specific and thermal stability is
an indicator of how well proteins retain water. In line with this, the less thermally stable ecto-
secretion is silk, because this ecto-secretions requires denaturation, so would have a lower
thermal stability by association. This does not affect silk’s functionality, because this material
does not require high thermal stability, it requires a high mechanical strength. Contrary to
this, snake venom, the highest thermal stable ecto-secretion in our group, do require a high

stability and toxicity in order to be effective and active. Venom enzymatic activity has been
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tested in samples at different pH and temperatures, showing that it has a wide range of

activity before disappearing [139], [152], [164], [169], [335], [471], [489].

The understanding of the thermal properties and stability of these ecto-secretions help us to
understand the range of temperatures at which they maintain their protein structures still

active and playing their role as biomolecules, contributing to the design of novel biomaterials.

7.4 CONCLUSIONS

Ecto-secretions exhibit several adaptations in order to maintain their functions and this
includes protein type and thermal stability. Functionality does not mean that thermal stability
needs to be high, i.e., ecto-secretions main function. This can be observed in silk, a natural
material with excellent mechanical properties, but with a denaturation enthalpy 14 times
lower than the proteins in locomotive mucus of the African snail A. fulica. This indicates that
the amount of water bonded in silk proteins is lower than in gastropod mucus. Each species
uses its ecto-secretions for chemical or mechanical purposes and this could explain such

differences in enthalpies and denaturation temperatures.

Opposite to these species, there are snakes with their complex and highly toxic venom,
showing a high glass transition temperature, similar to trehalose. This suggests a retarding
denaturation process in proteins, which can be linked to the presence of enzymes, high
variety of proteins and a retarding carbohydrate agent present in their structure similar to

the behaviour of trehalose, as a stabiliser when it is combined with proteins.

All these differences and observations may dictate major changes in protein structures
(primary, secondary, tertiary or quaternary), which can be linked to their stability, and this
study shows the first comparative study of thermal properties of three model ecto-secretions.
The correlation of the different properties, such as compositional, mechanical and thermal,

can offer a better understanding of natural materials, for biotechnological applications.
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CHAPTER 8: Summary and Future Outlook

“How many things have been denied one day,

only to become realities the next!”
Jules Verne




In this thesis, for the first time, ecto-secretions have been studied from a broad approach,
characterising their compositional, thermal and mechanical properties to understand how
these materials have adapted to maintain their chemical or mechanical function. As a Final
Chapter, here | present five sections: Thesis Summary; Ecto-secretions’ Structure-Hydration-
Function relationships and Performance Map; Proposed Model Systems for each Ecto-

secretion; Thesis Main Scientific Contributions; and Future Outlook.

8.1 THESIS SUMMARY

Each one of the results chapters (3 to 7) described the main contributions considering
compositional, thermal and/or mechanical properties of the different ecto-secretions
included in this study. In order to highlight the main results related to each system, Table 8.1

presents a summary of the main contributions.
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TABLE 8.1. Summary of the main chapter’s contributions. See Appendix A9, Table A9, for a detailed
list of collection and storage methods, properties measured, and characterisation techniques

Chapter 3 4 5 6 7
Does mucus How do mucins Does venom Does snake What is the
show molecular | influence mucus | show molecular venom viscosity relationship
diversification functionality? diversification influence the between
Questions and and spitting hydration and
specialisation? specialisation? behaviour of thermostability
cobras? in ecto-
secretions?
Ecto- Native Native Natlve.
secretion locomotive locomotive Native venom Native venom Iocomotlv.e
type MUCUS MUCUS mucus/Native
venom
A. fulica
C. aspersum
. . A. ater
B. arietans B. arietans .
A. hortensis
A. fulica
C. as{)ersum N. pallida N. pallida B. arietans
N. nubiae N. nubiae
A. ater A. fulica N. mo'sst'lmb{'ca N. mo'sst'lmb{'ca N. pallida
. N. nigricollis N. nigricollis .
A. hortensis C. aspersum N. nubiae
System N. mossambica
L. maximus A. ater N. nigricollis
L. haroldi A. hortensis
V. sloanei
L. stagnalis . . . .
M. cornuaretis N. s.’ qm(:zns:s . N. s.’ qm{ens:s .
N. philippinensis | N. philippinensis
N. kaouthia N. kaouthia N. s_' qm(::ns:s .
N. philippinensis
N. kaouthia
B. mori
Properties Compositional Compositional, Compositional Compositional Thermal
measured and thermal thermél and and thermal an.d
functional functional
- Locomotive -Proteins in -Proteins in -Spitting and -Gastropod
mucus of mucins have a snake venom non-spitting mucus and
terrestrial and major effect on and their cobra venoms snake venom
freshwater the rheological interaction with are Newtonian have higher
species shows properties of carbohydrates, fluids thermostability,
the presence of mucus. contribute to the | -Morphological compared to
[ structures -Mucus’ thermal stability, adaptations of silk.
Contributions | linked to mucus’ functions as a maintaining the venom - Ecto-
properties. lubricant, protein delivery systems secretions’
-Species can be respond to their | structures under are the main thermostability
accurately natural thermal stress. factor on the is influenced by
classified based environment. - FTIR spectra spitting globular proteins
on their FTIR provides enough behaviour. and
spectra. information to carbohydrate-
classify species. binding proteins.
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8.2 ECTO-SECRETIONS” STRUCTURE-HYDRATION-FUNCTION RELATIONSHIPS, AND
PERFORMANCE MAP

My results show that ecto-secretions’ properties allow them to maintain their function under
natural conditions. Table 8.2 shows the three groups of properties characterised in this thesis,

including the main parameters associated with each one.

TABLE 8.2. Ecto-secretions’ main parameters. Numbers indicate average values measured at room
temperature. Snake venom values correspond to six snake species (B. arietans, N. mossambica, N.
annulifera, N. philippinensis, N. naja and N. kaouthia); gastropod mucus refers to six species (A.
fulica, C. aspersum, C. nemoralis, A. ater, A. hortensis and L. flavus); and silk feedstock correspond to
one species (B. mori). Standard deviation values in snake venom and gastropod mucus represent
three repeats per species. Protein secondary structures in silk were determined by Gaussian fitting
(following the procedure described in Chapters 3 and 5) performed on FTIR data provided by Dr Pete
R. Laity, Natural Materials Group, The University of Sheffield. He prepared the dry silk films and
collected FTIR data.

Ecto-secretion
Property Parameter Snake Gastropod silk
venom mucus
Ageregated | o oo 5 o5 | 8234235 | 3.774044
strands
Random coil 18.62 45.14 + 56.59+
*Protein 6.08 11.49 9.74
10.15 ¢
secondary a—helices 219 9.11+3.81 | 2.94+0.41
structures, %
Compositional B—turns 2.60 £ 0.69 1083+ 24.73%
2.60 6.51
B—sheet 60.26 + 26.66 + 11.82
8.83 5.51 4.24
Molecular Min 10 41 24 [490]
weight, kDa Max 240 377 440 [490]
. . 128.45 ¢ 240 + 25
Protein concentration, mg/ml 18.30 0.49+£0.15 [490]
Protein type Globular Globular Fibrous
Transition 85.18 £ 68.96 £ 66.26 +
Thermodynamics | temperature, °C 3.12 2.50 0.41 [430]
of proteins Denaturation 1.77+£0.24
Thermal enthalpy, J/g -- 10.84+3 [430]
Presence of highly glycosylated Yes, CLEC Yes., Low
components mucins
External hydration state Wet Wet Dry
. - . **0.047 + 21.05 1757-2242
Mechanical Viscosity, Pa.s 0.026 10.23 [491]

*Calculated from the amide | peak. **At 10, 000 s-1, a relevant biological shear rate.
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Interestingly, in chapters 3 to 7, it is evident that gastropod mucus and snake venom share a
common molecular organisation and type of proteins, with variations in the percentages of
protein secondary structures. For example, the presence of B—sheets was identified in
gastropod mucus and snake venom. In mucus from the twelve species analysed here,
—sheets were observed in all species. These f—sheets in snake venoms are an important part
of toxins’ structure. The same structures have been reported before in silk, contributing to its
remarkable mechanical properties [429]. Also, the presence of a-helices and random coil,
contribute to proteins’ thermostability, because the interactions between these two
structures concentrate more energy in thermostable proteins [492]. As observed in

gastropod mucus and snake venom, these structures are present in all species.

Protein concentration and molecular weight are other parameters contributing to the thermal
and/or mechanical properties of ecto-secretions, because the apparent viscosity increases at

higher concentrations and molecular weights [493].

As discussed in Chapter 7, the presence of carbohydrate-binding proteins and type of proteins
in ecto-secretions are linked to a higher thermal stability. This was demonstrated in Chapters
3 and 5 that both, gastropod mucus and snake venom, show a higher content of glycosylated
proteins compared to silk. However, some researchers are focusing their attention on
modifying the silk gland protein, to glycoengineer the silkworm and produce a more stable N-

glycan [494], to increase silk’s thermostability [495].

Therefore, it was not a surprise to conclude that in terms of thermostability, silk is the less
stable ecto-secretion. However, this property is again, correlated to ecto-secretion’s main

function: chemical or mechanical; and to its external hydration state: wet or dry.

Each one of these parameters represent a special piece conforming a map, where all of them
are interconnected and have evolved to make these materials unique and functional, suitable
to each environment. Figure 8.1 shows the Performance Map, indicating the relationship
between most of the parameters included in table 8.2. Viscosity is plotted as a function of
protein concentration. These two variables were selected from table 8.2, because a clear
numerical variation is observed.
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FIGURE 8.1 Ecto-secretions’ Performance Map. Symbols represent each one of the species analysed
in this thesis, grouped in three clusters: snake venom, gastropod locomotive mucus and silk. All
clusters are representative of the species tested in this thesis. Two guidelines are included as a

reference to identify the external hydration state and main function.

Snake venom and gastropod mucus are two ecto-secretions developed by nature to be
functional as wet materials, contrary to silk. The only one ecto-secretion with a chemical
function, due to their toxins, is snake venom. Figure 8.1 highlights these differences, including
all species analysed here. It is proposed that this can be used as an Ecto-secretions’ Property
Chart, where depending on the type of protein, main function and hydration state, the user
could identify the range for protein concentration, and the corresponding expected viscosity
and thermal stability. This will be useful also in the short and long terms for the study and

design of protein-based materials.
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8.3. MODEL SYSTEMS

A Model System has been widely used in different scientific fields, to design specific and
appropriate studies to understand more about biological systems. This Model System need
to have specific characteristics, such as availability, cost, maintenance, etc. In order to select
the most representative species for each one of the ecto-secretions described in this thesis,

the following characteristics were considered:

- Availability: is the species easy to find? is the species widely distributed (found in
different countries)?

- Ecto-secretion’s production: yield from the animal (For example, in gastropods, time
to produce mucus).

- Compositional, thermal and mechanical properties: based on my results, the median
for each parameter was calculated, i.e., the middle values. The parameters considered
were protein concentration, solids concentration, [-strands, random coil,
denaturation enthalpies or glass transition temperature, and viscosity at 25 and 80 °C
(for gastropod mucus), and viscosity at 10, 000 s (for snake venoms at a biological

relevant shear rate).

Figure 8.2, shows a list of species per both groups, highlighting the Model Systems.

189



P

™ A. fulica

=C. aspersum
=, ater

= A. hortensis

= . maximus

= | . haroldi

= V. sloanei

| . stagnalis

= . cornuaretis

GASTROPOD MUCUS

=N. nigricollis ) ‘ - m

™ B. arietans

= N. pallida

= N. mossambica
= N. siamensis

= N. philippinensis

== N. nubiae
= N. kaouthia

| | | | |
SNAKE VENOM

FIGURE 8.2 Model systems indicating the most representative species.

Based on the characteristics considered for Model’s selection, the most representative
species are C. aspersum and N. nigricollis, corresponding to gastropods and snakes,
respectively. It is important to mention that the African snail A. fulica, is widespread in
different habitats with tropical and subtropical climates (including Italy, France, Spain and
Portugal, in Europe) [496]. However, in terms of compositional, thermal and functional

properties, this species is non representative.

Regarding to silkworm silk, the best well-known and understood species is B. mori and several
studies included the mechanical and compositional characterisation of silk, while some others
the thermal analysis of this ecto-secretion. This is not a native species, it is a domesticated
one and it has been called a transgenic silkworm, ease to handle, low-cost, and high-yield

[495]. For these reasons this species is included as a Model System.
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8.4. THESIS IMPACT

The main conclusions of this thesis on how ecto-secretions are specialised animal
adaptations, will hopefully make a significant contribution to the field and help establish this
group of materials as one cohesive unit. Additionally, the integrated approach described here
could have an important impact on the processing of biomaterials inspired by these ecto-

secretions.

8.4.1 PLATFORM TO TEST ECTO-SECRETIONS

In this thesis, | developed the ability to test and compare ecto-secretions from a Materials
Science perspective, to understand how these materials behave considering the structure-
hydration-function relationship. This Platform (a set of properties, parameters and
techniques) contributed to explain the most remarkable characteristics of these materials,

such as their adaptability to cope with changes in temperature and hydration.

The correlation between the main observed parameters in the three categories of properties
measured (compositional, thermal and mechanical/functional), represents the first
comparative study between ecto-secretions. Through this analysis, | have elucidated the main
role of proteins and how they are capable of giving ecto-secretions a vast diversity of thermal

and mechanical properties.

8.4.2 ECTO-SECRETIONS’ FTIR SPECTRA PROVIDE PHYLOGENETICAL INFORMATION

Gastropods and snakes are found in a wide variety of ecosystems, and species have
morphological and structural adaptations, including variations in the compositional

properties of their ecto-secretions.

FTIR spectra collected from native ecto-secretions, provided an enormous amount of
information to be considered for detailed analyses. This information allowed me to determine
the main protein secondary structures of proteins and for the first time, to classify gastropods

and snakes using spectral features. The results provided data relevant to the phylogeny of
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these species, representing a novel and important opportunity to study the variety of
gastropods or snakes. Contrary to the highly cost and time-consuming methods considering
proteomics, FTIR could be included as a reliable technique to help researchers to fill
knowledge gaps on the understanding of species classification. Gastropod mucus responds to
animal’s natural environment, and it is not a surprise to discover that spectral features also
vary based on these parameters. Snake venom also showed similar spectral characteristics in

species sharing the same geographical location, behaviour or taxonomic family.

8.4.3 MUCINS IN GASTROPOD MUCUS SHOW AN ADAPTIVE RESPONSE TO THEIR NATURAL
ENVIRONMENT

Mucins as the major components in gastropod mucus, show variations based on animal’s
natural environment. This group of highly glycosylated proteins confers locomotive mucus its

unique properties as a lubricant, responding to a mechanical or thermal stress.

Species native from the UK showed a similar pattern when comparing their rheological
properties at different temperatures, but not the African snail, A. fulica, because this species
is native from tropical and subtropical climates with an annual temperature around 25.7 °C
[496], [497]. Our findings showed that mucins in its mucus, have a different response when
temperature is increased, i.e., contribute to a substantial reduction in mucus’ dehydration
and maintains its function unaltered almost 20 °C after the other species have undergone
denaturation. By looking at the natural environment of both groups of species, it is clear that
natural conditions have contributed to mucins response, trying to keep their properties

unaffected when an increase in temperature is clear.

8.4.4 SNAKE VENOMS ARE NEWTONIAN FLUIDS

Previous studies analysing snake venoms in spitting and non-spitting species, concluded that
this ecto-secretion was non-Newtonian, based on the observed shear-thinning behaviour
[128], [126]. This assumption was valid based on the rheological data and also on theories
assuming that in order to facilitate the spitting of venom, a higher viscosity would aid jet

cohesion after venom ejection, maintaining the jet of venom from breaking up into droplets
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for more time, improving spitting distance and accuracy by reducing physical forces [389],

[421], [498], [499].

However, when calculating the torque effects of the rheometer, to determine the limits
where a valid experimental window was acceptable, it was demonstrated that previous
assumptions were based on artifacts. Even more interesting was the fact to compare our
rheological data with a standard Newtonian fluid, water, and to identify surface tension

effects at specific shear rates.

With these findings, then it was possible to define the valid experimental window
corresponding to reliable data. We demonstrated that both spitting and non-spitting cobra
venoms are Newtonian fluids over a biologically relevant shear rate range, in contrast to those
previous reports. The spitting behaviour as it was wrongly assumed in previous studies, is not

controlled by venom viscosity, but due to other physical or morphological factors.

8.4.5 SNAKE FANG’S MORPHOLOGICAL ADAPTATIONS CONTROL THE SPITTING BEHAVIOUR

If rheological properties of snake venom were not the main factor controlling spitting
behaviour in cobra species, then there were other factors to be considered. In previous
studies it has been stated that the venom delivery system of spitting cobras has specific
morphological adaptations that enable them to eject their venom over several meters, and
which is one of the main differences with non-spitting species. For example, the venom
channel orifice in spitting species, has a more circular shape [129], [421], [498] and has

internal ridges reducing the pressure loss [421].

All these adaptations were considered in our pressure differential calculations, using models
in fluid mechanics, to derive our own equation to determine pressure loss in spitting and non-
spitting species. Our findings demonstrated that fang morphology properties contribute
substantially to pressure variation in the venom channel, making possible to eject venom, and

the pressure loss is mainly due to the converging radius in the venom channel.
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8.4.6 GLYCOSYLATION CONTRIBUTES TO THERMAL STABILITY OF PROTEINS

Glycosylation in gastropod mucus not only contributes to its mechanical properties, but also
to its thermal stability. Also, the same protein modification in snake venom makes it highly

thermally stable. (Chapters 3, 5 and 7).

The glycosylated proteins in these two ecto-secretions, higher compared to silk, are one of
the factors influencing their higher thermal stability, compared to silk. This suggests that the
external hydration state needed to maintain the ecto-secretion active is a crucial parameter
to keep the hydration sphere or to substitute the reduction in water. When water molecules
are eliminated from the molecule, carbohydrates can contribute to replace these molecules

and then to increase the thermal stability of proteins.

Our findings corroborate this phenomenon and it was clear with the identified sugar residues
in all gastropod mucus and snake venoms. The average values of denaturation enthalpies in
gastropod mucus compared to silk were 10.84 J/g and 1.7 J/g, respectively, showing that

mucus requires more energy for protein denaturation than proteins in silk.

8.5. FUTURE OUTLOOK

This thesis brings a novel study of ecto-secretions, considering the different properties that
affect their function. However, this new approach also raises additional questions, which from
my perspective, could be answer in future studies. Compositional, thermal and mechanical
properties of gastropods were analysed. Marine species were not considered in this study
due to external factors, such as availability, collection process, maintenance, etc. As a new
direction, it would therefore be interesting to include species in the Littorinoidea family,
because they have a particular behaviour: they can be found in the water or in rocks and
cracks above the water surface [106], [500]. This would provide additional information to the
performance of locomotive mucus in these snails and how it is affected by minerals and
extreme environments. Additionally, FTIR characterisation on mucus from these species could
be incorporated into the hierarchical discriminant analysis, to identify how close marine

species in this family are to freshwater and terrestrial gastropods, based on spectral features.
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The study of locomotive mucus as a lubricant offers enormous and valuable details to the
comprehension of gastropods and this unique type of animal locomotion. Although, this
thesis offers the first study incorporating different techniques to characterise this ecto-
secretion, there is a second type of mucus which has promising applications in medicine: the
adhesive. In previous reports it has been demonstrated that it has higher protein
concentration and viscosity than locomotive mucus [49]. Thus, the characterisation of this
type of mucus from some of the twelve gastropod species included in this thesis, to compare
their compositional, thermal and rheological properties, would corroborate the assumption
that protein structures, concentration and their interaction with sugar molecules have a
direct impact on the thermal and mechanical properties of mucus. Additionally, extensional
rheology tests on this particular mucus could be done to determine the tensile strength of
mucus, to establish which species has the highest values, making it suitable as a good

candidate for medical applications in super-adhesives [501], [95].

Another fascinating ecto-secretion is snake venom and in Chapter 6, we demonstrated that
these ecto-secretions are Newtonian fluids, contrary to previous assumptions reported in the
literature. This discovery has contributed substantially to this field, but there are no reports
describing how the properties of venom change when it has been spat, i.e., when the material
is outside of the fangs. Therefore, the incorporation of studies combining computational fluid
dynamics (CFD) with surface tension and contact angle measurements in spitting and non-
spitting cobra venom, could contribute with additional data to the understanding of the

physical forces acting on the airborne jet.

Finally, the three types of ecto-secretions studied in this thesis, from my perspective are the
most representative examples, but do not include all of them. Although, the promising
applications in soft-robotics and medicine of these materials are enormous, the study of other
ecto-secretions could expand our understanding of how different parameters, such as protein
structures, glycosylation and hydration state, are correlated to the main function of the
material (mechanical or chemical). Other ecto-secretions to be considered for future studies
include saliva from molluscs, such as the octopus O. vulgaris [20], [18]; venom from the Gila

monster H. suspectum, a venomous lizard native from Mexico and the United States [502],
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[503]; mucus produced by the hagfish E. goliath, an eel-shaped marine fish [504]; or adhesive

mucus produced by the Velvet worm E. rowelli [505].
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APPENDIX Al. CHAPTER 4: UV-Vis

Fourier self-deconvolution and curve fitting were performed as it is described in Section 2.2.2.
Four peaks were selected for all species and are highlighted in figure A1, in order to include
absorbances at four different wavelength ranges, considered in equations 1 and 2. Peak 1,
corresponds to 212-215 nm; Peak 2, 222-225 nm; Peak 3, 227-230 nm; and Peak 4, 257-260

nm. Only two or three of the four peaks are obtained for each spectrum.
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FIGURE A1.1 Gaussian fitting corresponding to a) A. fulica, b) C. aspersum, c) C. nemoralis, d) A. ater,
e) A. hortensis and f) L. flavus. Peaks 1, 2, 3 and 4 correspond to coloured areas.

Figure A2 shows the relative percentage of each peak obtained for the six species, considering

only Peaks 1, 2, 3 and 4, respectively.
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FIGURE A1l.2 Relative proportion of peaks 1, 2, 3 and 4 for each species, obtained from UV-vis
Gaussian fitting.

Peak 1 is only obtained in A. fulica spectrum, while peaks 3 and 4 are observed in the other

five spectra.



APPENDIX A2. CHAPTER 4: RHEOLOGY
Figure A2. G’ and G” for the six species, where G’ > G”.
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hortensis and f) L. maximus native mucus. Each line represents an individual data set.
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APPENDIX A3.

CHAPTER 5: SNAKES” DETAILS

TABLE A3. Details for each snake included in this study

Family Species Specimen code | Behaviour | Continent Origin
N -
Viperidae B. arietans BitAriNGAO0O3 _on Nigeria
spitter
HemHaeCBOO1 Pr|rT1|t|ve Captive
spitter bred
NajPalKENOO1
, . Kenya
N. pallida NajPalKENOO02
NajPalTZA002 Tanzania
N. nubi NajNubCB001 Capti
- hublae NajNubCB003 aptive
; bred
NajNubCB004
NajMosTZA001 )
. . Spitter .
N. mossambica | NajMosTZA002 Tanzania
NajMosTZA003 Africa
NajNigNGA001
NajNigNGA002 N
L - Nigeria
N. nigricollis NajNigNGA003
NajNigNGA004
Elapidae NajNigTGO001 Togo
NajMelCMR0O0O1 Cameroon
NajMelUGA0OO1 Uganda
NajNivZAF003 South
NajNivZAF004 Non- Africa
NajHajUGAO001 spitter Usanda
NajHajUGA004 &
NajAnnCB002
NajNajCB001
N. siamensis NajSiaCB002 )
S . — Spitter
N. philippinensis NajPhiCB001 Captive
NajAtrCBT002 Non- Asia bred
spitter
NajKaoCB001
N. kaouthia NajKaoCB002 Spitter
NajKaoCB003




APPENDIX A4. CHAPTER 5: SDS-PAGE
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FIGURE A4 Electrophoregrams for all snakes corresponding to species: a) H. haemachatus, N.
pallida, and N. nubiae; b) N. mossambica and N. nigricollis; c) N. nigricollis, N. subfulva, N. nivea, N.
haje and N. annulifera; and d) N. naja, N. siamensis, N. philippinensis, N. Atra, N. kaouthia, B.
arietans and H. haemachatus (this last species corresponds to the same primitive snake shown in
figure Ada). Specimen codes correspond to snakes described in table A3. Yellow dotted rectangles
highlight selected profiles shown in figure 5.1, for comparison purposes.



APPENDIX A5. CHAPTER 6: PROPERTIES OF VENOMS” SAMPLES

TABLE A5. Properties of the venom samples per specimen

Total solids -
. . . Spitting . . .
Species Specimen code | concentration, Continent Origin
mode
w/w
. n Non- N
B. arietans BitAriNGAO0O3 0.2253 . Nigeria
spitter
HemHaeCBOO1 0.2540 Mixed Captive
bred
NajPalKENOO1 0.2688
, - Kenya
N. pallida NajPalKENOO02 0.2688
NajPalTZA002 0.2688 Tanzania
N. nubi NajNubCB001 0.3082 Capti
- nublae NajNubCB003 0.3082 Streams Z':e'(‘j’e
NajNubCB004 0.3082
NajMosTZA001 0.2758
N. mossambica | NajMosTZA002 0.2758 Tanzania
NajMosTZA003 0.2758 )
- Africa
NajNigNGA001 0.2723
NajNigNGA002 0.2723 Niveria
N. nigricollis NajNigNGA003 0.2723 Mist 8
NajNigNGA004 0.2723
NajNigTGO001 0.2959 Togo
NajMelCMROO 0.2240
1 Cameroon
NajMelUGA001 0.2516 Uganda
NajNivZAF003 0.2985 N South
NajNivZAF004 0.2996 . I‘it”er Africa
NajHajUGA001 0.2879 P Ueands
NajHajUGA004 0.2996 &
NajAnnCB002 0.3150
NajNajCB001 0.2604
N. siamensis NajSiaCB002 0.3094 Mist
N. philippinensis | NajPhiCB001 0.200 Stl:leams Captive
NajAtrCBT002 0.2500 on Asia bred
spitter
NajKaoCB001 0.2871
N. kaouthia NajKaoCB002 0.2871 Streams
NajKaoCB003 0.2871




APPENDIX A6. CHAPTER 6: DELTA PRESSURE EQUATION

There is pressure loss in fangs associated to converging diameter, meaning that rpase of the fang
> Tend of the fang and close to the exit orifice, Which is in line with our fang measurements using microCT
data (data analysed from [129]; available at  GigaScience  Database,

http://dx.doi.org/10.5524/100389). However, this is not the only effect in pressure loss,

because there is also the effect of venom flowing in the venom channel, i.e., viscous pressure
loss. Then Poiseuille’s law is not correct in this case because there is no constant diameter in
the venom channel (and fang’s morphology), and Bernoulli’s equation is only accepted if there
is no viscous pressure loss. Therefore, an extended generalized Bernoulli equation must be
used in order to have an approximation of the pressure loss in the venom channel considering

radius variations and viscosity [399].

If the venom channel is considered as a converging radius pipe:

Inlet (1) . Outlet (2)
Ps P2
u———>---"- 1—-—------_ ------------- DJ—-—-—-—-—» Uz
Ay Laminar flow i A,

Then, the generalized Bernoulli’s equation considered for the venom channel can be written

as:

P, + u%z'p = P, + uip + hs - p- g (equation A6.1)
Where:

P1 and P; are the pressures at the inlet (1) and outlet (2) points, in Pa.
uz and uz are the velocities at the inlet (1) and outlet (2) points, in m-s™.
p is the density of venom, in kg-m3,

hs corresponds to losses due to viscosity, in m.

g is the acceleration of gravity, 9.81 m-s.



hs can be expressed as [506]:

_f
he =L

; : (equation A6.2)

S R

Where:

fis the friction factor, dimensionless.

L is the length of the venom channel, in m.

D is the average diameter of the venom channel, in m.

u is the average velocity of the venom in the venom channel, in m, and it can be calculated

with the following equation:
u= % (equation A6.3)
Where:

Q is the volumetric flow in the venom channel, in m3-s2.

A is the average cross section area of the venom channel, in m2.

The friction factor, for laminar flow, can be expressed as:
64 .
f= ™ (equation A6.4)

Where:

Re is the Reynolds number, dimensionless.

If we combine equations A6.4 and A6.2, we obtain:

64 1 u? .
hy = %e D 29 (equation A6.5)

And combining equations A6.5 and A6.1:

2, 2, 72
P+ ulzp =P, +%+%-é-%-p (equation A6.6)

From the Continuity Equation [507]:
A;uy = A, -u, (equation A6.7)
Where:

A; and A; are the cross-section areas at the inlet and outlet points, in m2.



Rearranging equation A6.7:

Al'ul

(equation A6.8)
Ay

u2:

If we define P1 — P, = AP, rearrange equation s6, and combining with equation A6.8:

A1) 2

22
AP =P, —-P, =§-u§ <(A2) —1)+ﬁ-i-u—-p (equation 6.3)

Which is the equation used to calculate the pressure loss in the venom channel.



APPENDIX A7. CHAPTER 6: RHEOLOGY- EXPERIMENTAL WINDOW
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APPENDIX A8: CHAPTER 7. DSC

Figures A8.1 to A8.8, show thermograms of the six species, indicating the thermal events.
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FIGURE A8.1 Thermogram of A. fulica mucus corresponding to the three measurements.
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FIGURE A8.2 Thermogram of C. aspersum mucus corresponding to the three measurements.
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FIGURE A8.3 Thermogram of C. nemoralis mucus corresponding to the three measurements.
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FIGURE A8.4 Thermogram of A. ater mucus corresponding to the three measurements.
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FIGURE A8.5 Thermogram of A. hortensis mucus corresponding to the three measurements.
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FIGURE A8.6 Thermogram of L. flavus mucus corresponding to the three measurements.
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FIGURE A.8.7 Thermograms of a) B. arietans, b) N. mossambica, c) N. annulifera, and d) N. naja
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venom. Each species was tested three times.
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FIGURE A8.8 Thermograms of e) N. philippinensis, f) N. kaouthia venom, and g) trehalose. Each
sample was tested three times.



TABLE A.8.1 DSC calculations of different thermal properties of A. fulica, A. hortensis, A. ater, C.
nemoralis, C. aspersum and L. flavus.

Species Property measured Mean value | Standard deviation
(n=3) (o)

A. fulica Enthalpy of denaturation 24.44 4.79
(J/8)

Onset temperature(°C) 69.44 0.40

Peak maximum (°C) 70.61 0.715

C. aspersum | Enthalpy of denaturation 6.08 1.08
(J/8)

Onset temperature(°C) 65.73 0.41

Peak maximum (°C 66.68 0.43

Enthalpy of denaturation 3.71 0.41
(J/g)

Onset temperature(°C) 64.72 0.36

Peak maximum (°C 65.64 0.45

A. ater Enthalpy of denaturation 12.78 2.21
(J/8)

Onset temperature(°C) 66.82 0.49

Peak maximum (°C 69.02 0.39

A. hortensis | Enthalpy of denaturation 2.92 0.45
(J/8)

Onset temperature(°C) 71.14 0.90

Peak maximum (°C 72.11 0.43

Enthalpy of denaturation 15.16 2.60
(J/g)

Onset temperature(°C) 69.42 0.65

Peak maximum (°C 70.70 0.38




TABLE A.8.2 DSC calculations of different thermal properties of B. arietans, N. mossambica, N.
annulifera, N. naja, N. philippinensis, N. kaouthia venom, and trehalose.

Species Property measured Mean value St.anf:lard
(n=3) deviation (o)
ACp (/g °C) 0.19 0.05
. Tg onset (°C) 83.54 0.29
B.arietans - -
Tg midpoint (°C) 83.74 0.22
Tg endpoint (°C) 84.00 0.14
ACp (/g °C) 0.10 0.03
N. Tg onset (°C) 83.61 1.76
mossambica Tg midpoint (°C) 83.97 1.83
Tg endpoint (°C) 84.12 1.69
ACp (J/g °C) 0.11 0.02
Tg onset (°C) 84.35 0.82
Tg midpoint (°C) 84.62 0.92
Tg endpoint (°C) 84.85 0.98
ACp (J/g °C) 0.13 0.02
Tg onset (°C) 84.82 0.16
Tg midpoint (°C) 84.97 0.07
Tg endpoint (°C) 85.25 0.18
ACp (/g °C) 0.10 0.01
N. Tg onset (°C) 86.68 0.14
philippinensis Tg midpoint (°C) 87.24 0.46
Tg endpoint (°C) 87.31 0.20
ACp (/g °C) 0.12 0.03
N. kaouthia Tg <.)nse.t (°C) 85.04 0.20
Tg midpoint (°C) 85.31 0.09
Tg endpoint (°C) 85.57 0.05
ACp (/g °C) 0.077 0.01
Tg onset (°C) 84.18 0.54
Trehalose - -
Tg midpoint (°C) 84.67 0.27
Tg endpoint (°C) 84.97 0.47




APPENDIX A9: CHAPTER 8. THESIS SUMMARY

TABLE A9. Summary showing the list of species studied, collection and storage methods, properties
measured, and techniques for the thesis work. Coloured cells indicate the selection of the
corresponding column.
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Unexpected lack of specialisation in the flow properties of spitting

cobra venom

Ignazio Avella', Edgar Barajas-Ledesma?, Nicholas R. Casewell®, Robert A. Harrison?, Paul D. Rowley?,
Edouard Crittenden?, Wolfgang Wiister, Riccardo Castiglia®, Chris Holland?®* and Arie van der Meijden"*

ABSTRACT

Venom spitting is a defence mechanism based on airborne venom
delivery used by a number of different African and Asian elapid
snake species (‘spitting cobras’; Naja spp. and Hemachatus spp.).
Adaptations underpinning venom spitting have been studied
extensively at both behavioural and morphological level in cobras,
but the role of the physical properties of venom itself in its effective
projection remains largely unstudied. We hereby provide the first
comparative study of the physical properties of venom in spitting
and non-spitting cobras. We measured the viscosity, protein
concentration and pH of the venom of 13 cobra species of the
genus Naja from Africa and Asia, alongside the spitting elapid
Hemachatus haemachatus and the non-spitting viper Bitis arietans.
By using published microCT scans, we calculated the pressure
required to eject venom through the fangs of a spitting and a non-
spitting cobra. Despite the differences in the modes of venom
delivery, we found no significant differences between spitters and
non-spitters in the rheological and physical properties of the studied
venoms. Furthermore, all analysed venoms showed a Newtonian flow
behaviour, in contrast to previous reports. Although our results imply
that the evolution of venom spitting did not significantly affect venom
viscosity, our models of fang pressure suggests that the pressure
requirements to eject venom are lower in spitting cobras than in
non-spitting cobras.

KEY WORDS: Cobra, Venom, Rheology, Viscosity, Concentration, pH

INTRODUCTION

A plethora of defensive behaviours can be found across the animal
kingdom. Such variety can be explained by natural selection acting
more strongly on defence mechanisms than on offence/predation
mechanisms, as suggested by the ‘life—dinner principle’ (Dawkins
and Krebs, 1979). According to this principle, evolutionary
selective pressure on the prey is much stronger than on the
predator, because in a predator—prey encounter, the prey may lose its
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life, while the predator may only lose a meal. Defensive
behaviours can be summarised in three main categories:
freezing, fleeing and active defence (Eilam, 2005). As part of
the latter category, some organisms — for example, hymenoptera,
arachnids and venomous snakes — employ venom, defined as an
injectable harmful chemical secretion, to mount a more effective
defensive attack. The noxious effects of venom increase the
dissuading effect of the defence, enabling animals like bees,
scorpions and snakes to ward off larger attackers (Schmidt, 2019).
Although snake venoms are thought to have mainly evolved for
their function in aiding predation (Arbuckle, 2017; Daltry et al.,
1996), it is their use in defensive behaviour that makes them
relevant to human health (Gutiérrez et al., 2017).

Snake venom consists of a complex mixture of peptides and
proteins, small organic molecules and salts in an aqueous medium
(Chan et al., 2016). The high peptide and protein content makes
venom more viscous than water (Young et al., 2011), and it has
been previously identified as a non-Newtonian shear-thinning fluid
(Triep et al., 2013; Young et al, 2011). Venomous snakes
(superfamily Colubroidea) inject venom into the body of their
prey, or defensively into the body of their attackers, through
specialised fangs or grooved teeth (Broeckhoven and du Plessis,
2017; Vonk et al., 2008). Members of the families Viperidae,
Elapidae and Atractaspididae use an advanced front-fanged venom
delivery system (Kerkkamp et al., 2017). In these snakes, the venom
originates from the primary venom gland, and is expelled by the
pressure of a skeletal muscle (referred to as m. compressor
glandulae in viperids or m. adductor mandibulae externus
superficialis in elapids; Haas, 1973) through the primary duct, the
secondary (accessory) gland and into the fang, which acts like a
hypodermic needle (Fransen et al., 1986; Jackson, 2003; Young and
Kardong, 2007; Young et al., 2001). Once injected, venom toxins
become systemic via dispersal by the bloodstream and lymphatic
system, interacting with the prey/attacker’s physiological proteins
and receptors, ultimately disrupting the nervous system, the blood
coagulation cascade, the cardiovascular and neuromuscular system,
and/or homeostasis in general (Kerkkamp et al., 2017).

The Elapidae family of snakes includes taipans, mambas, coral
snakes, kraits and cobras. Snakes of this family inject their venom
through short, fixed fangs located in the frontal part of the upper
jaw, as opposed to the movable front fangs of the Viperidae and
Atractaspididae (Bogert, 1943; Vitt and Caldwell, 2013). Cobra
species of the genus Naja Laurenti 1768 possess venoms with
neurotoxic and/or cytotoxic properties, which they use to rapidly
immobilise their prey for consumption, or to dissuade predators
(Petras et al., 2011; Vitt and Caldwell, 2013). Members of this
genus are present in both Africa and Asia (Vitt and Caldwell, 2013;
Wiister, 1996; Wiister et al., 2007), and cobras from these two
continents form phylogenetically distinct groups, which are thought
to have separated about 16 Mya (Wiister et al., 2007).
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Several Naja species are well known for their peculiar ability to
spit venom as an exclusively defensive mechanism, expelling it as
pressurised jets or sprays at their attackers (Berthé et al., 2009;
Bogert, 1943; Panagides et al., 2017; Rasmussen et al., 1995;
Westhoff et al., 2005; Wiister and Thorpe, 1992). These spits are
generally aimed at the face and eyes of an aggressor (Westhoff et al.,
2005), and once in contact with the eyes, can cause severe pain and
inflammatory pathology (Chu et al., 2010; Westhoff et al., 2005).
The ability to spit venom likely evolved from non-spitting ancestors
on three independent occasions, once in African cobras and once in
Asian cobras, and on a third occasion in the closely related rinkhals
Hemachatus haemachatus (Kazandjian et al., 2021; Panagides
et al., 2017; Slowinski et al., 1997; Wiister et al., 2007).

The venom delivery system of spitting cobras possesses several
subtle morphological adaptations that enable them to eject their
venom over long distances, and which distinguish them from non-
spitting cobras. The discharge orifice, for example, has a more
circular shape (Bogert, 1943; Wiister and Thorpe, 1992), and is
directed more anteriorly, creating a 90 deg bend in the venom
channel inside the fang (Balmert et al., 2011; Triep et al., 2013).
This channel has internal ridges unique to spitting cobras (Berthé,
2011; Triep et al., 2013) that reduce the pressure loss by about 30%
compared with an identical channel without ridges, thus helping to
achieve a longer reach of the jet (Triep et al., 2013). Furthermore,
spitting cobras actively displace the fang sheath (removing a
physical barrier to venom expulsion), unlike other venomous
snakes, where displacement of the fang sheath is passive (Young
et al., 2004). Additional behavioural adaptations found in African
spitting Naja species include adjusting head movements to distance
from target to optimise the spread of venom (Berthé et al., 2009),
and tracking and anticipating target movements to improve accuracy
(Westhoff et al., 2010). Spitting cobras also show a certain degree of
variation in their spitting modes: as demonstrated by previous
studies (Rasmussen et al., 1995; Westhoff et al., 2005), some
specialised spitters eject their venom in streams (e.g. Naja pallida)
while others produce a fine mist (e.g. Naja nigricollis). The
combination of morphological and behavioural adaptations allows
most spitting cobras to eject venom up to at least 1 m, with some
species (e.g. Naja mossambica) able to spit up to about 3 m
(Rasmussen et al., 1995).

To date, considerable research effort has been focused on the
anatomical features of the specialised venom delivery apparatus of
spitting cobras (Bogert, 1943; Triep et al., 2013; Wiister and
Thorpe, 1992; Young et al., 2004; 2009), and on their associated
peculiar defensive behaviour (Berthé et al., 2009; Westhoff et al.,
2005; 2010). In contrast, the possibility of changes in the
composition of the venom itself, as an adaptation for its new role
as a venom applied outside of the body, or toxungen (Nelsen et al.,
2014), has remained largely neglected. Two recent studies have
suggested that the venom of spitting species may have evolved for
increased effectiveness when applied externally. Panagides et al.
(2017) showed that African spitting cobras have venom that is more
potently cytotoxic than that found in African non-spitters.
Kazandjian et al. (2021) demonstrated that all three spitting
lineages independently evolved venoms with more potent pain-
inducing effects. These determine enhanced activation of sensory
neurons through synergy between the ancestral cytotoxins
widespread among cobras and phospholipases A,.

However, in addition to new selective pressures relating to its
function as a toxungen, venom spitting may also have changed the
mechanical demands of the venom, but so far this has not been
studied. Since the venom has to pass through the narrow ducts of the

venom apparatus, we expect that a lower venom viscosity
(i.e. resistance to flow) would serve to reduce pressure loss during
venom expulsion, thereby reducing the energetic requirements of
ejection. Furthermore, for a given ejection force, venom projection
distance would also be aided by more rapid expulsion, obtainable
with a less viscous venom. On the other hand, in spitting cobras, a
higher viscosity would aid jet cohesion after venom ejection,
keeping the jet of venom from breaking up into droplets for longer,
thus improving spitting distance and accuracy by reducing air drag.
The reported strong shear-thinning, non-Newtonian behaviour of
snake venom (Triep et al., 2013; Young et al., 2011) would result in
a reduced viscosity in the high-shear environment of the venom
channel, but a high viscosity in the low-shear environment of an
airborne jet, and would thus likely aid in meeting these two
seemingly conflicting demands.

Here, we measured and compared the rheological properties of
the venoms of 12 spitting and non-spitting cobra species of the
genus Naja from Africa and Asia, the only known ‘non-Nagja’
species of spitting elapid, /. haemachatus, and the African non-
spitting viperid Bitis arietans (used as an outgroup). We also
compared the protein concentration and pH of the studied venoms,
two properties known to play an important role in the stability of
some snake venom components (Kurt and Aurich, 1976) and often
directly correlated to the severity of the envenomation (Bon, 2003;
Ribeiro et al., 2016; Sanhajariya et al., 2018).

Given the morphological differences between the fangs of
spitting and non-spitting cobras (Bogert, 1943; Triep et al., 2013;
Wiister and Thorpe, 1992; Young et al., 2004, 2009), we
hypothesised that the two venom delivery mechanisms (i.e.
spitting and biting) might be associated with different pressure
requirements for venom ejection. Furthermore, we hypothesised
that the venom of spitting cobras has a more pronounced shear-
thinning behaviour than the venom of non-spitting cobras, in order
to reduce pressure loss inside the venom duct and to increase jet
cohesion in the airborne venom. To test this, we calculated and
compared the pressure needed for venom to flow through the fang
channel of one spitting and one non-spitting cobra species (Naja
nigricollis and Naja nivea, respectively), using previously available
microCT scanning data and our rheological data.

MATERIALS AND METHODS

Venom extraction

In total, venom samples of 30 snakes were used in this study. Venom
was extracted from 28 cobras belonging to 13 different species of
the genus Naja, namely: Naja annulifera Peters 1854, Naja atra
Cantor 1842, Naja haje (Linnaeus 1758), Naja kaouthia Lesson
1831, Naja mossambica Peters 1854, Naja naja (Linnaeus 1758),
Naja nigricollis Reinhardt 1843, Naja nivea (Linnaeus 1758), Naja
nubiae Wiister & Broadley 2003, Naja pallida Boulenger 1896,
Naja philippinensis Taylor 1922, Naja siamensis Laurentil 768 and
Naja subfulva Laurent 1955. Venom was also extracted from one
rinkhals, Hemachatus haemachatus Bonnaterre 1790, and one puff
adder, Bitis arietans Merrem 1820, used for comparative analyses,
as a ‘non-Ngja’ venom spitter and non-spitter, respectively. Twelve
of the specimens were captive bred (CB), while the remaining 18
were collected in the wild (see Table 1 for details). All snakes were
maintained in individual cages within the temperature, humidity and
light-controlled environment of the herpetarium at the Centre for
Snakebite Research and Interventions, Liverpool School of Tropical
Medicine. This facility and its protocols for the expert husbandry of
the snakes are inspected and approved by the UK Home Office and
the LSTM Animal Welfare and Ethical Review Board. Before the
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Table 1. Properties of the venom samples per specimen

Wet venom Protein conc. Viscosity (Pa s)
Species Spitting mode Specimen ID Continent Origin yield (mg) pH (mg mi~") at 10,000 s~*
B. arietans Non-spitter BitAriNGA003 Africa Nigeria 1261.0 543 132.4 0.02652
H. haemachatus Mixed HemHaeCB001 Africa Captive bred 2421 5.76 1325 0.02503
N. annulifera Non-spitter NajAnnCB002 Africa Captive bred 400.3 5.80 159.1 0.05658
N. atra Streams NajAtrCBT002 Asia Captive bred 136.4 5.81 144.5 0.01553
N. haje Non-spitter NajNivZAF004 Africa South Africa 257.9 5.63 152.5 0.01946
NajHajUGA001 Africa Uganda 1371 5.89 140.1 0.05181
NajHajUGA004 Africa Uganda 337.0 5.90 151.2 0.06024
N. kaouthia Streams NajKaoCB001 Asia Captive bred 966.4 5.50 124.0 0.01703
NajKaoCB002 Asia Captive bred 494.6 5.49 103.3 0.00309
NajKaoCB003 Asia Captive bred 681.9 5.69 814 0.04501
N. mossambica Streams NajMosTZA001 Africa Tanzania 490.7 5.65 121.0 0.11901
NajMosTZA002 Africa Tanzania 183.4 5.75 137.4 0.04564
NajMosTZA003 Africa Tanzania 603.1 5.91 122.4 0.08120
N. naja Non-spitter NajNajCB001 Asia Captive bred 169.6 5.66 120.4 0.01029
N. nigricollis Mist NajNigNGA001 Africa Nigeria 140.0 5.60 115.7 0.03149
NajNigNGA002 Africa Nigeria 795.7 5.59 133.8 0.07626
NajNigNGA003 Africa Nigeria 1116.9 5.60 127.4 0.05422
NajNigNGA004 Africa Nigeria 1059.4 5.88 154.9 0.02689
NajNigTGO001 Africa Togo 1423.4 5.53 152.7 0.01236
N. nivea Non-spitter NajNivZAF003 Africa South Africa 290.8 5.88 51.1 0.17088
N. nubiae Streams NajNubCBO001 Africa Captive bred 293.6 6.01 154.9 0.00643
NajNubCB003 Africa Captive bred 1198.8 5.79 127.2 0.07902
NajNubCB004 Africa Captive bred 457.3 5.84 1421 0.02517
N. pallida Streams NajPalKENO0O01 Africa Kenya 362.4 5.80 150.4 0.01600
NajPalKEN002 Africa Kenya 513.8 5.91 145.0 0.02814
NajPalTZA002 Africa Tanzania 479.9 6.02 1375 0.04007
N. philippinensis Streams NajPhiCB001 Asia Captive bred 140.3 5.78 129.0 0.02855
N. siamensis Mist NajSiaCB002 Asia Captive bred 585.1 5.73 154.0 0.10437
N. subfulva Non-spitter NajMelCMR001 Africa Cameroon 126.3 5.98 139.9 0.01878
NajMelUGA001 Africa Uganda 155.9 5.89 140.1 0.01340

Mean wet venom yield produced by each snake is shown. The values reported for pH, protein concentration and viscosity were obtained averaging the values of
the measurements taken for each individual. Values of single measurements are reported in Tables S1, S2 and S3.

beginning of the experiments, none of the specimens considered for
this study had been milked for at least 4 weeks. After milking, the
snakes were immediately returned to their enclosures and the venom
transferred into 2 ml low-protein binding cryotubes (Simport
Scientific, Beloeil, Canada) using a pipette. Table 1 shows the
average mass of fresh venom extracted from each specimen. The tubes
were then transferred on ice to the laboratory of the Department of
Materials Science and Engineering of the University of Sheffield for
rheological, pH and concentration measurements on the same day.

Rheological tests

Shear viscosity measurements were performed in the Department of
Materials Science and Engineering of the University of Sheffield,
using a DHR-2 (TA Instruments, USA) rheometer, equipped with a
cone-plate geometry (20 mm diameter, 1 deg angle cone, 27 um
truncation gap, 36 ul to fill), and subjecting samples to a shear rate
ramp from 1.0s™! to 10, 000 s~! (41 steps, 15 s per step), the
maximum shear rate achievable by this instrument and geometry
combination. Data below 100 s~! were not included in later analysis
as the apparent shear thinning observed is most likely attributed to
surface tension effects and artefacts (see Fig. S1 and Ewoldt et al.,
2015). Unless otherwise stated, all samples were tested at a room
temperature of 25°C. This temperature was selected as it falls within
the range of body temperatures of active snakes (El-Deib, 2005;
Lillywhite, 2014) and approximates the temperature at which spitting
was elicited from specimens of N. nigricollis, N. pallida, N.
mossambica and H. haemachatus in previous studies (Westhoff
etal., 2005; Young and O’Shea, 2005). Only species where sufficient
venom was obtained to perform at least two replicates are shown. We

were able to achieve up to three replicates for 19 of the 30 specimens
included in this study. Venom samples that were not sufficient
included H. haemachatus (African ‘non-Naja’ spitter), N. subfilva
(African non-spitter) and N. naja (Asian non-spitter). In order to
control for the potential presence of intraspecific variation in the
considered rheological properties, all measurements were carried out
on the venoms of single individuals, without pooling them.

Calculating fang venom shear rate

To support the range of shear rates tested and their biological
relevance, it is necessary to calculate the natural range of shear rates
encountered by venom. If venom is considered to be flowing down a
channel, assuming all species spit in the same time and produce the
same volume, the maximum shear strain rate at the fang wall is
given by:

40

Vo= 5 (1)
where Q is the volumetric flow in m® s™!, R is the radius of the
venom channel in m and ¥,, is the shear rate in s™!. According to
data on N. pallida obtained by Triep et al. (2013) and du Plessis
etal. (2018), the values considered during the venom spitting process
are: volume of a single spitting event, Vgl spi=1.0%1075 m?; time
for a single spitting event, gl spi‘=4><10’2 s, for B. arietans,
R=3.8x10"*m (du Plessis et al., 2018); for N. nigricollis, R=2.2x10~* m
(du Plessis et al., 2018); and for N. nivea, R=2.0x10~* m (du Plessis
et al.,, 2018). Therefore 0=2.5x10"7 m?® s~! and using Eqn 1, for
B. arietans, +,,=5801 s7'; for N. nigricollis, ¥,,=29,894 s™' and for

3

>
(o)
i)
.0
[a'a]
©
+
c
()
S
=
()
o
x
]
“—
o
©
c
—
>
[¢]
=




RESEARCH ARTICLE

Journal of Experimental Biology (2021) 224, jeb229229. doi:10.1242/jeb.229229

N. nivea, ¥,,=38,051 s, which from a rheological perspective is in
broad agreement with the 10,000 s~! shear rate applied in this study.

Caleul

ting the pr ded to eject

If the venom is considered to be flowing down a venom channel of
converging radius from R; to R,, the pressure drop will be the result
of the radius reduction from the fang base to the end of the fang
where the exit orifice of the venom channel is located, plus the
losses due to the viscous material (i.e. venom) flowing in the venom
channel (Synolakis and Badeer, 1989). In order to corroborate if the
flow is laminar or turbulent for the appropriate use of equations, the
Reynolds number for the three species considered needs to be
determined. The maximum Reynolds number defined for a
Newtonian fluid can be calculated with the following equation:

p X up x Dy
Memin. ’

Reax, = (2)
where Rey,,y. is the maximum Reynolds number; p is the density of
the venom=1084 kg m™> (Triep et al., 2013); u, is the venom
velocity at the channel inlet=1.33 ms™! (calculated with
information from Triep et al., 2013); D; is the diameter at the
channel inlet=7.6x10~* m for B. arietans (du Plessis et al., 2018),
4.4x10™* m for N. nigricollis (du Plessis et al., 2018) and
4.0x10~* m for N. nivea (du Plessis et al., 2018); tyin. is the
dynamic viscosity of venom from our own data at 10,000 s~'=0.026+
8.5x107* Pa s for B. arietans; 0.031+8.6x107> Pa s for N. nigricollis
and 0.170+0.079 Pa s for N. nivea.

Assuming that all species have the same velocity at the channel
inlet and density, Reynolds numbers are: B. arietans, Re, =27.62;
N. nigricollis, Ren,=23.25 and N. nivea, Rep,=4.24. All these
Reynolds numbers are <100, corresponding to a laminar flow (in
line with the predictions made by Triep et al., 2013), which is below
the critical Reynolds number of 2300, above which turbulent flow is
observed.

As the flow is in the laminar region, then the following equation,
which corresponds to an Extended Generalised Bernoulli Equation,
will be used to calculate the total pressure differential in the venom
channel (see Appendix for detailed deduction of this equation):

sp=pi-p=(?) ((j_)_ 1)
(7))~ (5) =)

where AP is the pressure differential in the venom channel, in Pa; P,
and P, are the pressures at the inlet and outlet points of the venom
channel, respectively, in Pa; u; and u, are the velocities at the inlet
and outlet points of the venom channel, respectively, in m s™!; p is
the density of the venom, in kg m~3; 4, and 4, are the cross-section
areas at the inlet and outlet points, in m?; Re is the Reynolds number;
L is the length and D the average diameter of the venom channel,

©)

both in m; u is the average velocity of the venom in the venom
channel, in m s~".

To directly relate these calculations to the natural system and the
measured rheological data, microCT scans from du Plessis et al.
(2018), and available at the GigaScience Database (http:/dx.doi.
org/10.5524/100389), were used to calculate venom channel length
and radius. Fang morphology data was available for three species
included in this study: B. arietans (viper), N. nigricollis (African
spitting cobra) and N. nivea (African non-spitting cobra). MicroCT
image stacks were imported into Amira (Thermo Fisher Scientific,
v.2019.4) and 10 evenly spaced measurements were taken along the
length of the venom channel (/), from the end of the entry orifice
into the channel at the base of the fang to the opening point of the
exit orifice at the tip of the fang. Of the 10 measurements per
species, the average diameter was obtained (D) for input into Eqn 3.
The values used for each variable for the three snake species are
reported in Table 2.

Protein concentration

Protein concentration was measured for each venom sample using a
UV300 Thermo Spectronic spectrometer (Unicam/Thermo, UK).
All samples (dilutions consisting of 1.5 pl of fresh venom+1 ml of
water) were analysed at room temperature in 1cm path-length
polystyrene cuvettes from 200 to 500 nm wavelength. Double
distilled water was used as a blank and for all dilutions. Protein
concentration was estimated as follows, using absorbance at
260 and 230 nm (Aitken and Learmonth, 2009):

Concentration (mgml™") = (0.183 X A30nm) — (0.075 X A260mm),
4)

where 460 nm and Az3o nm correspond to absorbance at 260 and
230 nm, respectively.

pH measurements

A Sentron pH meter (Netherlands) equipped with a cupFET pH
probe was used to make pH measurements at room temperature.
Two 3 ul droplets from each undiluted venom sample were
measured individually and averaged to generate a pH measurement.

Phylogenetic comparative methods

The aim of the analyses reported here was to test for patterns in the
measured parameters between spitting and non-spitting cobra
venoms across the sampled species. All the analyses were
performed using R 3.6.1 (https:/www.r-project.org/) implemented
using RStudio 1.2.1335, always taking the species phylogeny into
account. We used the species tree reported in Kazandjian et al.
(2021). This tree contained 46 elapid species belonging to 11
different genera and was generated using a multispecies coalescent
model based on DNA sequence alignments of both mitochondrial
(partial cytb and ND4 gene sequences) and nuclear genes (CMOS,
NT3, PRLR, UBNI and RAGI). For the analyses in the current
study, we pruned the original tree and retained only the species used
in the venom rheology tests (i.e. H. haemachatus and the various

Table 2. Parameters used to calculate the pressure differential in the venom channel of the fang of Bitis arietans, Naja nigricollis and Naja nivea

Dy (m) D, (m) D (m) L (m) uy (ms™) AP (Pa)
B. arietans 1.4x107% 4.4x107* 7.6x107* 0.00915 1.33 0.104x107¢
N. nigricollis 8.0x107 2.3x107 4.4x107* 0.00333 1.33 0.172x107¢
N. nivea 7.7x1074 1.0x104 4.0x1074 0.00352 1.33 2.829x10°¢
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Naja species). The viper B. arietans was added manually to the tree
as an outgroup, with branch lengths adjusted manually to reflect
previous research suggesting that viperids separated from elapids
about 61 Mya (Zheng and Wiens, 2016).

Within spitting cobras, a further division can be made in the
different ways venom is ejected, which likely require different
rheological properties of the venom. Following previous studies
(Rasmussen et al., 1995; Westhoff et al., 2005), we divided the
modes of venom ejection into three categories: (i) ‘streams’ where
venom is ejected in the form of more or less continuous jets; (ii)
‘mist” where venom is ejected in the form of a fine spray; (iii)
‘mixed” where venom is ejected in a form in between the other two
categories (see Table 1). Information about the venom spitting
modes of seven species of spitting elapids considered in this study
(N. atra, N. kaouthia, N. mossambica, N. nigricollis, N. pallida,
N. siamensis and H. haemachatus) was gathered from the literature
(Paterna, 2019; Rasmussen et al., 1995; Santra and Wiister, 2017;
Westhoff et al., 2005). The spitting mode category for N. nubiae and
N. philippinensis was assigned based on the authors’ personal
observations. The category ‘non-spitter’ was assigned to the
non-spitting cobras N. annulifera, N. haje, N. naja, N. nivea and
N. subfulva. The spitting mode category assigned to each studied
species is reported in Table 1.

To first test if there was a difference between spitting and non-
spitting cobras and/or between Asian and African cobras across all
the measured physical properties, we performed a MANOVA using
spitting behaviour (defined in the analysis as ‘spit’) as a binary
factor (spitter or non-spitter), and the data about protein
concentration and viscosity at 10,000s”! as multivariate
dependent variables. We considered spitting behaviour as a binary
trait only in this analysis. After this preliminary MANOVA, we
performed the same test considering the three different spitting
mode categories, in order to look for possible correlation between
differences in spitting modes and the measured physical properties
of the venoms.

To test if there was a difference in venom viscosity due to spitting
behaviour, protein concentration or pH we performed an ANCOVA
using viscosity at 10,000 s~ (‘visc10000’) as dependent variable
and ‘spit’, protein concentration (‘ProtConc’) and pH as
independent variables.

To test if there was a difference in protein concentration due to
spitting behaviour, we performed an ANCOVA using protein
concentration as dependent variable and ‘spit’ as independent
variable. We looked for possible presence of phylogenetic signal for
PH, protein concentration and viscosity at 10,000 s, calculating both
Blomberg’s K (Blomberg et al., 2003) and Pagel’s A (Pagel, 1999),
using the R packages caper (https:/cran.r-project.org/web/packages/
caper/), geomorph (https:/cran.r-project.org/web/packages/geomorph/)
and  phytools  (https:/cran.r-project.org/web/packages/phytools/).
Finally, we calculated Blomberg’s K for protein concentration and
viscosity at 10,000 s~! at the same time.

RESULTS
Physical properties of the venom
For all Naja venoms tested, the protein concentrations had an
average of 132.6 mg ml~!, ranging from 51.11 mg ml~! (V. nivea)
to 159.1 mg ml~! (N. annulifera). The venoms of B. arietans and
H. haemachatus had similar protein concentrations (132.4 and
132.5 mg ml™!, respectively). No significant differences were
found between species or groups (Fig. 1B, see also Table 1 and
more details below). The same was also true following
quantification of venom pH, where the average pH of the Naja
venoms was 5.77, ranging from 5.49 (N. kaouthia) to 6.02
(N. pallida). The pH of H. haemachatus venom was 5.76, and
finally the pH of B. arietans venom was the lowest at 5.43 (Fig. 1C).
Rheological tests demonstrated that, contrary to our starting
hypothesis, the venoms of both spitting and non-spitting cobras
show a Newtonian behaviour, at least over the range reported here
(i.e. 100 to 10,000 s~) (Fig. 2). No significant differences between
species or groups were evident (Table 1 and below).

A B C
N. kaouthia | | a4 ). — 1 25-75%
N. atra * + T Min-max.
N. philippinensis 4 L3 __ Median
N. siamensis 4 * * = Mean
N. naja{ ¢ ¢
N. annulifera { D3 ¥
N-haje 4 lar'e  ——
N. niveaq p g
N. subfulva » g
N. nigricollis { > b L, @00 »
— N. mossambica > —h—>
N. nubiae > | . o —
N. pallida 1 ladd —r—
H. haemachatus ]
— B. arietans . . ¥ . , . ¥ i i i
4 My 50 100 150 200 54 5.6 58 6.0
Protein concentration (mg mi-1) pH

Fig. 1. Physical properties of snake venoms. (A) Cladogram of the elapid species analysed, extrapolated from the phylogenetic analyses performed (following
Zheng and Wiens, 2016, viperids separated from elapids ~61 Mya, therefore Bitis arietans has not been included in the cladogram). (B) Box plot of protein
concentration for venoms extracted for each species. (C) Box plot of venom pH, where each datapoint represents the mean of two individual measurements.
Triangles represent African Naja spp., diamonds represent Asian Naja spp. Venom-spitting species are in blue, non-spitting species in violet. The green circle and
the green star represent, respectively, the spitting elapid Hemachatus haemachatus and the non-spitting viper outgroup B. arietans.
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Viscosity at 10,000 s~! (Pa's)
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Fig. 2. Rheological properties of snake venoms. (A) Box plot of viscosity at 10,000 s~ for venoms extracted from each species. (B) Viscosity as a function of
shear rate for each species. Note the absence of data for H. haemachatus, N. subfulva and N. naja (venom volume insufficient to run the experiments). The same
colour code used in Fig. 1 has been applied. Data are meanszs.e.m. from at least two experiments per specimen.

Combining rheological and morphological data to determine the
pressure required for venom to flow down the venom channel, Fig. 3
shows the results for the African non-spitting cobra N. nivea, the
African spitting cobra N. nigricollis and the viper B. arietans.
MicroCT scans obtained from du Plessis et al. (2018) indicate two
different types of fangs, closed fused (B. arietans) and non-fused
(N. nigricollis and N. nivea, Fig. 3A), and subsequent
measurements provide information as to the fang length/diameter
ratio (Fig. 3B). The results of fang pressure calculations shown in
Fig. 3C report that the highest value corresponds to the non-spitter
N. nivea (2.8x10° Pa), while the spitter N. nigricollis presents a
lower value (0.17x10° Pa). The viper B. arietans shows the lowest
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pressure differential (0.10x10° Pa). The pressure differential results
for the three snake species are reported in Table 2.

Phylogenetic comparative methods

The results of both MANOVAs showed no significant relationships
between spitting behaviour and the multivariate combination of the
measured physical properties of the venom (protein concentration,
viscosity at 10,000 s™!). An additional MANOVA including pH
among the variables was also performed, but then discarded because
of the non-significance of the added variable and to simplify the
model. The results of the ANCOVAs also showed no significant
effect of spitting behaviour, protein concentration or pH on

Cc

0 5

Fang length:diameter ratio

10 0

01 02 03 04 05 06 07

Fang pressure prediction AP (X106 Pa)

Fig. 3. Fang pressure prediction for Naja nivea, Naja nigricollis and Bitis arietans. (A) MicroCT images showing fang types (data analysed from du Plessis
etal., 2018; available at GigaScience Database, http:/dx.doi.org/10.5524/100389) in the three species. (B) Fang length/diameter ratio. (C) AP in the fang venom

channel, calculated using representative rheological data for each species.
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Table 3. Results of statistical testing

Type of analysis Model

Phylogenetic MANOVA y~Spit

Phylogenetic ANCOVA visc10000~Spit+ProtConc+pH
Phylogenetic ANCOVA ProtConc~Spit

Variable d.f. F P

Spit 3 0.5692 0.669
Spit 3 0.976 0.448
ProtConc 1 3.38 0.094
pH 1 0.0794 0.775
Spit 3 0.140 0.911

y indicates the multivariate variable consisting of protein concentration and viscosity at 10,000 s~".

viscosity, or of spitting behaviour on protein concentration. Results
of the statistical analyses performed considering the three spitting
mode categories are reported in Table 3.

Protein concentration, pH and viscosity at 10,000 s~' show both
Blomberg’s K and, particularly, Pagel’s A close to 0 (Table 4),
indicating phylogenetic independence (Karatzas and Shreve, 1998).
The same can be said for the multivariate analysis, which takes into
account both protein concentration and viscosity, and for which
only Blomberg’s K has been calculated. None of these results was
significant, with P-values always higher than 0.05 (between 0.276
and 0.707 for K and equal to 1 for %).

DISCUSSION

Young’s study on venom gland pressure in spitting cobras suggested
that the force required by the m. adductor mandibulae externus
superficialis to expel venom would be reduced if a highly shear-
thinning venom was present (Young et al., 2004). The sudden
increase in shear rate upon entering the venom channel would cause
a decrease in the viscosity of the venom, which could therefore be
pushed through the fang more easily and thus at the higher velocities
that are required to increase the reach of the venom jet (Triep et al.,
2013). However, upon exiting the fang, the effective shear rate in
the airborne venom jet ejected by a spitting cobra would be
dramatically reduced, and as such, a higher viscosity in the jet
would reduce internal flow, thus slowing down the breaking up of
the jet into separate droplets. This provides the advantage of a more
coherent jet of venom, resulting in less drag and thus a longer reach.
Given that non-spitting cobras do not eject their venom, they
presumably have less need for a higher venom ejection speed, and
hence less need for a highly shear-thinning venom. In light of these
biomechanical considerations, we expected a more pronounced
shear-thinning behaviour in spitting cobras than in non-spitting
cobras, in order to reduce pressure loss inside the venom duct and to
increase jet cohesion.

Thus, when considering the above and the specific
morphological adaptations to spitting in spitting cobras, such as
the ridges present along the channel inside their fangs (Berthé,
2011; Triep et al., 2013), the more circular and anteriorly oriented
discharge orifice of their fangs (Bogert, 1943; Wiister and Thorpe,
1992; Young et al., 2004) and the apparently higher algesic activity
of venoms of the three spitting lineages (Kazandjian et al., 2021),
we expected the rheological properties of the venom between
spitting and non-spitting cobras to also be different. Hence, in light

Table 4. Results of phylogenetic signal testing

Tested variable Blomberg's K P Pagel'sr P
Protein concentration 0.333852 0.707  7.69-05 1
pH 0.455545 0.375 6.41e-05 1
Viscosity at 10,000 s~" 0.505132 0.276  7.69e-05 1
Protein concentration and 0.4774 0.323

viscosity at 10,000 s™'

of our findings, it is surprising to find no systematic differences in
venom viscosity between spitting and non-spitting species.
However, it is worth noting that this result might be influenced by
the small number of rheological tests performed for most of the
analysed snakes, owing to the relatively small amount of venom a
single cobra specimen produces.

Nevertheless, we did find differences in viscosity between and
within species, suggesting that there is enough variability for
natural selection to potentially act on. Between species, we found
that the average venom viscosities at 10,000 s~! went from a
minimum of 0.0103 Pa s (N. naja) to a maximum of 0.1709 Pa s
(Naja nivea) (see Fig. 2A and Table 1). Similarly, we found
that viscosity could vary greatly even among specimens of the
same species. For instance, the average venom viscosities
measured for the three N. nubiae specimens (NajNubCBO0OI,
NajNubCBO003 and NajNubCB004) were, respectively, 0.0064,
0.0252 and 0.0790 Pa s (Table 1 and Table S1). These results
suggest that the venom of all the elapid species we analysed may
vary in its viscosity owing to functional or other non-flow related
requirements. We speculate that, within the range of rheological
variability we recovered here for spitting cobras, other selective
pressures may dictate the observed rheological properties.
Although protein concentration and pH have been previously
shown to vary and be of influence in snake venoms (Takahashi
and Ohsaka, 1970) and in other secreted protein systems (e.g.
silk, Holland et al., 2007; Terry et al., 2004), these two
parameters did not vary significantly in our study.

Snake venom is known to vary in composition depending on
different factors, such as diet (Daltry etal., 1996; Gibbs etal., 2011),
ontogeny (Alape-Girén et al., 2008; Cipriani et al., 2017; Mackessy
et al., 2006) and, potentially, local adaptation driven by relatively
small changes in the physical environment (Zancolli et al., 2019).
Compositional alterations in snake venom likely influence its
rheology. Environmental changes determined by captivity
(e.g. food supply restricted to a single type of prey) can also
result in modifications of venom composition. However, most of the
evidence produced so far suggests that the effect of captivity on
snake venom composition is minimal (Farias et al., 2018; Freitas-
de-Sousa et al., 2015; McCleary et al., 2016). In light of this, and
considering that all venom samples analysed here were sourced
from adult snakes fed on the same diet and kept under the same
enclosure conditions, age, diet and ecology-related sources of
variability have been minimised as much as possible, and thus seem
unlikely to play a major role in the findings of this study. Thus, we
suspect inherited differences in molecular venom composition
(Mukherjee and Maity, 2002; Silva-de-Franga et al., 2019; Tan and
Tan, 1988) to be the primary influence for any rheological
differences. However, considering that both Petras et al. (2011)
and Kazandjian et al. (2021) found the venoms of African spitting
cobras (N. katiensis, N. mossambica, N. nigricollis, N. nubiae,
N. pallida) to show similar compositional patterns in terms of
proteins, we speculate that long chain (high molecular weight)
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non-protein molecules present in snake venom, such as
carbohydrates (Bieber, 1979; Gowda and Davidson, 1992;
Nawarak et al., 2004; Soares and Oliveira, 2009), could be
responsible for the detected variation in rheological properties.

Surprisingly, our rheological testing showed Newtonian
behaviour for all analysed snake venoms across the shear rates
presented. This appears to be in direct contrast to previous studies
where snake venoms have been classified as non-Newtonian
(Balmert et al., 2011; Triep et al., 2013; Young et al., 2011). For
example, Triep et al. (2013) suggested that N. pallida venom had
non-Newtonian behaviour in the range of 1 to 37 s~!. However,
upon closer inspection of the data within this range, we conclude
that the apparent shear-thinning behaviour of N. pallida venom
could be attributed to surface tension effects (Ewoldt et al., 2015).
As a result, through comparison of our findings to previous studies,
and accounting for the potential confounding influence of surface
tension artefacts, we propose that any venom rheological data
obtained below 100 s™! presented to date should not be considered
when determining if a venom is Newtonian or non-Newtonian (see
Fig. S1). Previous studies have interpreted the rheological
behaviour of snake venom based on experimental shear rate
values ranging from 1 to 100 s~! (Triep et al., 2013), and from
0.01t0200 s~ (Young etal., 2011). In these cases, we suggest that,
because of the surface tension artefacts, only data from 100 to
200s~! (indicating a Newtonian flow behaviour) should be
considered.

To explore the delivery mechanism and pressure requirements of
venom ejection, we combined our rheology data with microCT
scans of snake fangs reported by du Plessis et al. (2018). For the
corresponding calculations, since fang venom channels are typically
slightly curved and may have additional pressure-increasing
features such as internal ridges (Berthé, 2011; Triep et al., 2013)
and pressure losses due to viscosity, an extended generalised
Bernoulli equation (Eqn 3) was used. We were able to model the
pressure required for venom to flow through the fang for three of the
species we studied: N. nivea (African non-spitting cobra),
N. nigricollis (African spitting cobra) and B. arietans (viper).
Despite the limited number of species investigated, there are clear
differences in the pressure required to move venom down the fang.
The spitter N. nigricollis has a smaller fang length/diameter ratio
and a lower pressure requirement, whereas the non-spitter N. nivea
has a larger fang length/diameter ratio and a higher pressure
requirement. Interestingly, the viper B. arietans displayed both the
largest fang length/diameter ratio and the lowest pressure
requirement overall (Fig. 3), likely related to the relatively larger
absolute diameter and/or curvature of the fang channel in this
species. We found that the effect of viscosity and friction of the fluid
in the venom channel (which is included in the Reynolds number;
see Appendix for details) represents 5% of the pressure loss in
B. arietans; 17% in N. nigricollis (spitter); and 9% in N. nivea
(non-spitter). It appears that with this approach neither density nor
viscosity contributes significantly to pressure losses, and that the
major influence is the cross-section area variations along the venom
channel (4,>4,), which represent between 83 and 95% of the total
pressure loss. In light of this, we conclude that for all the viscosities
observed, and for all the snake species analysed in this study, venom
viscosity does not strongly influence the pressure requirements of
venom ejection, and that what most defines such requirements
are the morphological adaptations of the venom delivery systems
(i.e. tapering of the fang venom channel).

Considering the ‘life—dinner principle’ (Dawkins and Krebs,
1979), which suggests that selection for defensive strategies should

take precedence over selection for predatory efficiency, the lack of
significant signs of adaptation of venom rheological properties to
spitting behaviour is unexpected. In fact, if the principle is true,
considering the lack of consistent differences in venom rheology
between spitting and non-spitting cobras, and that venom spitting is
an unambiguously defensive behaviour, it is interesting to question
why selective pressures have not favoured the emergence of venom
spitting in all cobras.

A recent study investigating patterns of venom-induced pain
across snake species and time has suggested that the common
ancestor of all elapids might have possessed early-pain-inducing
venom (Ward-Smith et al., 2020). With the rapid infliction of pain
being a requirement of defensive venoms (Eisner and Camazine,
1983; Ward-Smith et al., 2020), this could indicate that the use of
venom for defensive purposes appeared early in elapid evolution,
before the evolution of spitting behaviour. While a trend towards
loss of rapidly painful venom is common in snakes (Ward-Smith
etal., 2020), venom spitting, coupled with enhanced algesic activity
(Kazandjian et al., 2021) could be an extension of this basic
defensive strategy (i.e. injection of early-pain-inducing venom),
which allows contactless defence at a distance, and of shorter
duration and higher accuracy than striking/biting (Kardong and
Bels, 1998; Westhoff et al., 2010; Young et al., 2001). In this
scenario, spitting behaviour is probably the evolutionary response to
specific selective pressures. Exposure to agile vertebrates (including
visually acute primates, as suggested by Kazandjian et al., 2021),
likely attacking from an elevated position, and for which a defensive
strategy involving striking/biting could be hazardous and/or
ineffective, could have been one of the drivers of spitting
behaviour evolution. It is therefore possible that spitting behaviour
would not emerge in the absence of this kind of selective pressures,
thus offering a conjecture for why not all cobra species are able to spit
venom. Alternatively, the existence of yet unidentified constraints
preventing the evolution of spitting in non-spitting species is not to be
excluded a priori.

Spitting behaviour has been recently documented for two
species of Asian cobras that are generally considered non-spitters
and that display very limited modification of their fangs, namely
N. kaouthia and N. atra (Paterna, 2019; Santra and Wiister, 2017;
Wiister and Thorpe, 1992). These reports suggest that venom
spitting can evolve in the presence of very limited adaptation of
the dentition, without the greater level of morphological
adaptation and precision documented for specialised spitters
(Triep et al., 2013; Young et al., 2004). The reason why these
species have not evolved the more specialised venom spitting
apparatus that other species possess (e.g. N. mossambica,
N. nigricollis, N. pallida), may be due to differences in
selective pressures, as outlined above, or perhaps the more
recent origin of spitting in Asian cobras (Kazandjian et al., 2021).
In light of these findings, spitting behaviour in cobras should
probably not be seen as a binary trait, but may vary continuously
in prevalence among the species of the genus Naja.
Understanding the evolution, or lack of evolution, of specialised
spitting behaviour and associated physical adaptations would
likely require studying the efficacy and prevalence of spitting
behaviour as a defence against natural predators, an under-
documented aspect in the literature on this adaptation.

Although, perhaps surprisingly, our results did not show any
clear adaptation of the rheological properties of venom to spitting
behaviour, we demonstrated that both spitting and non-spitting
cobra venoms are Newtonian fluids over a biologically relevant
shear rate range, in contrast to previous literature reports. In order to
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gain a more comprehensive understanding of the mechanics behind
venom spitting in cobras, we suggest considering the continuous
nature of the prevalence of spitting behaviour and spitting modes,
fang morphology and parts of the cobra venom delivery system at
play in venom spitting but not included in this study
(e.g. m. adductor mandibulae externus superficialis). Furthermore,
future studies should increase the sample size in terms of both
venom samples, specimens and species, in order to more
comprehensively address the remarkably high variability in
viscosity we detected in the present work. We hope our findings
will stimulate further comparative study of the rheology of venom
spitting across the genus Naja.

APPENDIX
Delta pressure equation
There is pressure loss in fangs associated to converging diameter,
which means Tyase of the fang > Tend of the fang and close to the exit orifices
which is in line with our fang measurements using microCT data
(data analysed from du Plessis et al., 2018; available at GigaScience
Database, http:/dx.doi.org/10.5524/100389). However, that is not
the only effect in pressure loss, because there is the effect of venom
flowing in the venom channel, i.e. viscous pressure loss. Therefore,
Poiseuille’s law is not correct in this case because the diameter of the
venom channel is not constant, and Bernoulli’s equation is only
accepted if there is no viscous pressure loss. Therefore, an extended
generalised Bernoulli equation must be used in order to have an
approximation of the pressure loss in the venom channel
considering radius variations and viscosity (Synolakis and
Badeer, 1989).

If the venom channel is considered as a converging radius pipe
(see Fig. S2), then the generalised Bernoulli’s equation considered
for the venom channel can be written as:

2 x 2 x
P+ (%) = Pﬁ(%)ﬂhfxpxg), (A1)

where P and P, are the pressures at the inlet and outlet points, in Pa;
u; and u, are the velocities at the inlet and outlet points, inms™"; p is
the density of venom, in kg m~3; & corresponds to losses due to
viscosity, in m; g is the acceleration of gravity, 9.81 m s=2.

hy can be expressed as defined by Soares and Santos (2013), as

follows:
_(fxI ?
hy = < b ) *\2g)

where /s the friction factor; / is the length of the venom channel, in
m; D is the mean diameter of the venom channel, in m; # is the mean

(A2)

velocity of the venom in the venom channel, in m s™!, and can be
calculated with the following equation:
__ 0
==, A3
=2 (A3)

where Q is the volumetric flow in the venom channel, inm?s~!; 4 is
the mean cross section area of the venom channel, in m?. The
friction factor, for laminar flow, can be expressed as:

64
=—. A4
f=r (A%)
If we combine Eqns A2 and A4, we obtain:
64 / w
o= (70) = (5) = o) -

And combining Eqns Al and AS:

64 1 w?
() @) (3)xe)
From the continuity equation (Munson et al., 2006):

Ayuy = Ayuy, (A7)

where 4, and A4, are the cross-section areas at the inlet and outlet
points, in m?.

Rearranging Eqn A7:
A

Uy =

b (A8)

If we define P\—P,=AP, rearrange Eqn A6, and combine with
Eqn A8, we obtain Eqn 3:

AP =p—p, = (5) x (:%)2_1
()~ 6) = (5) =)

which is the equation used to calculate the pressure loss in the
venom channel.

(A9)
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