 % !"!'#! !
 !  ! $  
! "&       
   * '+& !!
)    %

     
( (* +

"!!!!"!!"! !
!  %

!!& !   
  
 # !%&!&" !
.,-/

This thesis is dedicated to my grandfather Erich Goelz,
Friend to all marine life, you are missed.

TABLE OF CONTENTS
ABSTRACT

2

STATEMENT OF AUTHORSHIP

4

STATEMENT OF CO -AUTHORSHIP

5

ACKNOWLEDGMENTS

8

C HAPTER 1: INTRODUCTION - MARINE SECRETIONS FOR USE IN BIOMIMETICS

10

C HAPTER 2: A COMBINED PROTEOMIC AND TRANSCRIPTOMIC ANALYSIS OF SLIME SECRETED
BY THE SOUTHERN BOTTLETAIL SQUID, SEPIADARIUM AUSTRINUM (C EPHALOPODA)

40

C HAPTER 3: COMPARATIVE PROTEOMIC ANALYSIS OF SLIME FROM THE STRIPED PYJAMA SQUID,
SEPIOLOIDEA LINEOLATA, AND THE SOUTHERN BOTTLETAIL SQUID, SEPIADARIUM AUSTRINUM
(CEPHALOPODA: SEPIADARIIDAE)

54

C HAPTER 4: QUANTITATIVE PROTEOMIC ANALYSIS OF THE SLIME AND VENTRAL
MANTLE GLAND OF THE STRIPED PYJAMA SQUID (S EPIOLOIDEA LINEOLATA)

65

C HAPTER 5: MORPHOLOGICAL CHARACTERISATION OF VENTRAL MANTLE GLANDS ON THE STRIPED
PYJAMA SQUID, SEPIOLOIDEA LINEOLATA (CEPHALOPODA: SEPIADARIIDAE )

102

C HAPTER 6: DISCUSSION

131

APPENDIX I. COOKE ET AL. 2015
APPENDIX II. SUPPORTING MATERIAL FOR CHAPTER 2
APPENDIX III. SUPPORTING MATERIAL FOR CHAPTER 3
APPENDIX IV. SUPPORTING MATERIAL FOR CHAPTER 4

153
196
179
190

ABSTRACT

Cephalopods are known to produce an extensive range of secretions, including ink, gel-type
secretions, and venom. These secretions are a potential source of valuable bioactive proteins
which may be of further use for human applications including drug design, adhesives, and
hydrogels. Sepiadariidae, a family of small, benthic bobtail squids, have been noted to emit
viscous slime from their underside (ventral mantle) when stressed.

Within this thesis I address two main objectives: 1) to utilise ‘omics techniques to investigate
the composition of the secretion from Sepiadariidae species; the southern bottletail squid,
Sepiadarium austrinum and the striped pyjama squid, Sepioloidea lineolata, and 2) to
characterise the structure of the ventral mantle glands from Sepioloidea lineolata using
histochemistry and ultrastructure methodologies. The first objective was subdivided into four
aims, 1) to develop de novo transcriptomes of both So. lineolata and Su. austrinum, 2) to
analyse the slime of both So. lineolata and Su. austrinum using mass spectrometry techniques,
3) to compare the secretion from So. lineolata and Su. austrinum secretion to determine
proteomic similarities between the slime from both species, and 4) to compare the proteomic
profile of different tissues and the slime in So. lineolata in order to determine proteins specific
to the slime. These ‘omics methods were then combined with histochemical and
ultrastructural studies on the ventral mantle glands of So. lineolata, to provide a
comprehensive insight into the composition and mechanisms of secretion of the slime.
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The results presented within the following chapters provide detailed analyses of the slime
secretion from Sepiadariid squids and determine that it is a complex secretion with an
abundance of bioactive molecules. In particular, analysis of the slime demonstrated that this
gel-type secretion does not contain the main water-holding component of mucus secretions,
mucins. Mucins are known to be found in the secretions of a variety of mollusc species1–3.
This slime from both species was also found to contain abundant enzymes, many of which
were annotated as being involved in hormone regulation. The identified enzymes are also in
addition to multiple putative toxins being identified in the slime of both species. In addition,
a number of extremely abundant short, novel proteins which are likely to be secreted were
also discovered, highlighting proteins which are ideal candidates for further investigation for
biomimetic applications such as hydrogels or therapeutics.

This research is the first ‘omics study conducted on Sepiadariidae, along with the first
histochemical and ultrastructural analysis of the family. The advantages of using ‘omics
analysis to identify proteins within non-model organisms are highlighted within this thesis,
while also demonstrating the advantages of integrating morphological techniques with ‘omics
analysis on species which have had little to no exploration. This thesis demonstrates the
importance of studying non-model organisms found in Australian waters in order to uncover
potentially beneficial bioactive substances.
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CHAPTER 1: INTRODUCTION - MARINE SECRETIONS FOR USE IN BIOMIMETICS
WHAT IS BIOMIMETICS?
Nature has inspired human innovation for centuries, driving remarkable advances in human
technology. This imitation of models, systems and mechanisms used for human innovation is
known as biomimetics. Modern technology has allowed the expansion of the fundamental
principles that occur in nature into a multitude of functional applications. These applications
range from the design of shinkansen trains in Japan, based on the beak of the kingfisher; the
invention of Velcro, invented after Swiss engineer George de Mestral wondered why burrs
clung to coats and fur; and the leaves of the lotus, Nelumbo nucifera, with the plant able to
remove the dirt through a process by which its porous texture traps air within the crevices of
the leaf4–7. This porous texture within the leaves of the lotus allows water to bounce off,
preventing the water from adhering to the leaf and causing the water to simultaneously clean
the plant. This ability has inspired a host of new water repelling and self-cleaning products,
including paints and varnishes4–7.

Biomimetics is not just limited to birds and plants. Science is frequently discovering novel
adaptations in all animal groups, which have evolved to help species survive in their
environment, as is the case for members of the family Hippopotamidae. Given the
hippopotamus’ native environment in sub-Saharan Africa, it is essential that the skin is
protected from ultraviolet rays emitted by the sun. Fur is the primary sunscreen used for
animals, however with hippopotamuses being submerged in water for most of their lives, this
is not practical. To overcome this, the hippo secretes a combination of oils onto its skin, with
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the oils being found in two pigments, orange and red8. These pigments are acidic in pH and
are able to block out the su, with the red pigment also being identified as an antibiotic8,9. As
the secretion is an oil, the ability for the oil to spread quickly and effectively without being
instantly evaporated by the sub-Saharan sun or washed away by water, means that this oil is
a prime candidate to potentially develop new waterproof sunscreens.

GLANDULAR SECRETIONS AS A SOURCE OF INSPIRATION FOR BIOMIMETICS
Secretions such as the one emitted by hippopotamus are commonly produced by specialised
glands, formed through an ingrowth of a tissue’s epithelial surface. The function of these
specialised glands can be broadly categorised into two groups, endocrine and exocrine glands
(Figure 1)10. Endocrine glands secrete substances through the bloodstream and often secrete
hormones through glands such as the pituitary, thyroid and adrenal glands10,11. Exocrine
glands can be divided into three groups (holocrine, apocrine, and merocrine), depending on
the processes by which the secretion takes place. Holocrine secretions are the most damaging
to the cell, with the product being secreted as the mature cell dies10,11. Sebaceous glands are
the most common holocrine glands, with sebum, primarily made of lipids and oils, being
released after cell death10,11. Cells from apocrine glands are only partly damaged during
secretion, with mammary glands commonly using this method10,11. Finally, merocrine glands
secrete substances through exocytosis, therefore avoiding any cellular damage and are
primarily involved in the sweat glands of humans, salivary glands and mucus glands10,11.
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While the hippopotamus uses an oil-based secretion, there are also variety of gel-type
secretions containing water-soluble proteins. Gel-type secretions such as mucus and slime,
are notoriously known for their ‘slimy’ consistency. This consistency is primarily due to a host
of gel-forming molecules including glycoproteins/proteoglycans, polysaccharides, and
proteins. Glycoproteins and proteoglycans are large molecules of protein with carbohydrate
chains attached. This includes the glycoprotein responsible for mammalian mucus, mucin12.
Mucus is generally a term given for any slimy secretion from an epithelial surface, however
the vagueness of this term does not properly construe the complexity and multitude of
structural differences that gel-type secretions form1. Gel-type secretions can also encompass
any primarily water-based secretion which takes on form using a combination of entangled
or crosslinked polymers, with or without the inclusion of proteins12. To avoid confusion within
this thesis, the term ‘mucus’ is defined as a gel-type secretion that has evidence of containing
mucin proteins, while the term ‘slime’ is used to denote a gel-type secretion without the
known presence of mucin proteins.

Figure 1 – Different types of secretion glands
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Gel-type secretions occur across the entirety of the animal kingdom, however the ability to
secrete in an already aqueous environment, as is the case for aquatic animals, is of particular
interest in biomimetic communities. Secretions are particularly varied in marine species, with
these secretions having potential biomimetic applications in fighting specific microbes,
waterproofing, and providing innovative resources within the pharmaceutical and cosmetic
industries1,13–15. The following brief review presents a discussion of gel-type secretions in their
many forms and complexities, particularly focused on its prevalence in marine species.
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IMPORTANCE OF GEL-TYPE SECRETIONS FROM MARINE ORGANISMS WITHIN BIOMIMETIC DESIGN
Gel-type secretions, including mucus and slimes, have been identified in a range of marine
species including vertebrates (fish)16–21 and invertebrates such as cnidaria (jellyfish, coral and
anemone)22–25,25–28, echinoderms (sea stars, sea urchins and sea cucumbers)29–32 and molluscs
(gastropods such as snails and nudibranchs, bivalves such as mussels and cephalopods)33–40.
These marine organisms have been able to employ gel-type secretions to benefit them in a
variety of applications. These applications can be classified into four main groups including
adhesives/locomotion, immune defence, fibres, and toxins (Table 1).

Adhesives are utilised within marine secretions for both for the ability to move (locomotion)
and the prevention of movement (fixation). These adhesives allow gastropod and bivalve
species to occupy vertical faces and overhangs, which would otherwise be an inaccessible
habitat12,14,37. Mucus and other gel-type secretions are commonly involved in the immune
defence mechanisms of countless species within both vertebrates and invertebrates41–43.
Antimicrobial peptides (AMPs) are a major component of the innate immune system of
marine species and possess a wealth of potentially beneficial proteins in the search for new
antimicrobials44. Another fascinating application of mucus-based secretions is demonstrated
in the protein threads found in hagfish (Myxinidae) secretions. These threads are able to
uncoil after secretion and expand in milliseconds, causing the dramatic expansion of the
slime16,20,21. Due the exceptional strength of these threads they have been further
implemented in the development of strong, sustainable fibres which have already started to
be developed for manufacturing textiles16,20. Finally, there are numerous species which
incorporate an arsenal of toxins within their secretions for defence and predation.
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Nudibranchs are one group of these species, with the ability to release an acidic mucus, often
in conjunction with a variety of chemical defences obtained from their food source, which
also make the organism distasteful to predators33,45.
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Table 1 – Table of the four applications of marine gel-type secretions with representative examples and references to the literature

Application by
organism

Definition

Marine Phyla

Adhesives/Locomotion
and fixation

The use of a viscoelastic gel secretion for
the ability or prevention of movement.

Mollusca,
Mytilidae
Echinodermata (mussels)

•
•

Glues
Waterproofing

29,37,38,46–48

Immune Defence

A combination of any antimicrobial
secretion involved in the immune
defence of an animal.

Chordata,
Sepiidae
Mollusca,
(cuttlefish)
Echinodermata

•
•
•

Antibacterials
Antifungals
Antimicrobials

41–43,49,50

•

Fibres

A thread-based secretion, which uncoils
and expands.

Sustainable fibres
for textile
manufacturing

16,19–21

Toxins
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Venom

A toxic substance causing a dosedependent physiological injury which is
transferred from one organism to
another via a delivery mechanism and
mechanical injury.

Poison

A toxic substance passively transferred
without a delivery mechanism to another
organism without mechanical injury.

Toxungen

A toxic substance causing dosedependent physiological injury that is
actively transferred via a delivery
mechanism from one organism to the
external surface of another organism
without mechanical injury.

Chordata

Cnidaria,
Mollusca,
Chordata,

Mollusca,
Cnidaria,
Chordata

-

Representative
Example

Myxinidae
(hagfish)

Potential biomimetic
applications

Chirodropidae
(box jellyfish)

Ostraciidae
(spotted
trunkfish)
Salamandridae,
No current
marine
examples

References

22,23,51,52

•
•
•

Therapeutics
Drug design
Antivenoms

33,53–55

56

From the above examples alone, it is clear that while gel-type secretions can act as a physical
barrier to pathogens and bacteria, they can also act as an active biological weapon, aiding in
the survival of organisms in an often-turbulent ecosystem. Some of these marine secretions
have already been implemented in biomimetic applications, including the development of
therapeutics, adhesives, antimicrobials and innovative fibres14,20,37,49,52. However, given the
rapid increase in the discovery of new marine species driven by recent innovative
technologies (e.g. autonomous underwater vehicles), more research is warranted to
understand the complexities of these species. Given the abundance of marine fauna57,58
within the waters surrounding Australia and New Zealand, there is ample opportunity to
contribute to our understanding of these animals and identify secretions which may have
further biomimetic applications. Understanding the biology of these species and their
secretions will aid in the understanding of the life thriving in Australia and New Zealand
waters and the bioactive secretions they possess.
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CEPHALOPODS – A STUDY SYSTEM TO UNCOVER COMPLEXITY IN INVERTEBRATES
Some of the most complex and remarkable molluscs are cephalopods59–64. The class
Cephalopoda includes octopuses, squids, cuttlefishes and Nautilus with over 700 species 65–
67

. They span a variety of marine habitats (all but the deepest [hadal] zone)68 including

benthic-cryptic, sandy habitats and burrowing within seagrass flats, rocks and coral reefs65–
68

. Cephalopods are incredibly intelligent invertebrates, with complex nervous systems, social

behaviour and a large arsenal of defensive mechanisms38,59,69,70. These defensive mechanisms
include, but are not limited to, toxicity, camouflage, and secretions such as ink and gel-type
secretion releases such as mucus and slime involved in the antimicrobial and predatory
defence of the animal. As cephalopods do not have an adaptive immune system, the
efficiency of their immune system is determined by a combination of innate cellular and
humoral components. Given cephalopods have no antibody-mediated immune responses,
their ability to fight disease and microbes is heavily dependent of the range of gel-type
secretions emitted by the animal. This immune response depends on the production of a
range of antimicrobial secretions, targeting microorganisms and allowing these species to
repair wound and tissue damage while combating pathogens71,72. Given the limited
knowledge on the bioactive molecules involved in the immune responses of cephalopods,
there is a multitude of potential resources for further biomimetic applications of
antimicrobials within therapeutics and drug design. Therefore, the identification of beneficial
bioactive components from the gel-type secretions of cephalopods is of particular importance
to biomimetic communities.
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There has been a rise in the interest of cephalopods from the order Sepiolida (Naef,
1923)67,73,74, with the genome of Euprymna scolopes (Hawaiian bobtail squid) developed and
recently published69. Also known as bobtail squids, members of Sepiolida are rounder in
appearance than most squid and possess no cuttlebone as found in cuttlefish67,75. Species of
bobtail squids are generally smaller than most other squids and cuttlefish, documented at
1cm-15cm in length and are benthic animals, being found around sandy substrates and rocks.
Currently Euprymna is the most recognised bobtail squid genus, best known for their
bioluminescent light organs due to their symbiosis with the bioluminescent bacteria, Aliivibrio
fischeri, and striking iridescent colours60,61,76. Euprymna are known to secrete an adhesive
secretion which they use to stick sand to themselves as a mode of camouflage. These
secretions are released from glands situated along the dorsal mantle of the animal, ensuring
that the entirety of the animal, excluding the eyes, is able to be hidden away from predators.
This secretion is released using a two-gland system, with the removal of the sand coat using
a dense muscle network which contracts and releases the sand coat74. The precise proteomic
and chemical composition of the adhesive secretion of Euprymna is yet to be identified.

This thesis is specifically interested in the secretions displayed by another family of bobtail
squids, known as Sepiadariidae. Members of the Sepiadariidae Fischer, 1882 are small (210cm in mantle length), benthic dwellers found around the coasts of the Indo-Pacific West
(Figure 2) 39,40,65,75,77. Sepiadariidae are known to secrete a slime from their ventral mantle
when threatened65,66, which is in stark contrast to Euprymna species which are recognised as
producing gel-type secretions from their dorsal mantle76.
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Figure 2 – A) Approximate distribution of Sepiadarium austrinum (orange) and Sepioloidea lineolata (teal) –
Distribution from Atlas of Living Australia. Scale = 500km. Position of Australia - 25.2744° S, 133.7751° E . B) Image
of Sepioloidea lineolata and C) Sepiadarium austrinum, both provided by Julian Finn, Museums Victoria.

Within the family Sepiadariidae there are currently two known genera, Sepiadarium
Steenstrup, 1881, and Sepioloidea d’Orbigny, 1845. All species possess a short and narrow
body, with ear-like fins found on the lateral sides of the body65–67. These genera are
distinguished by differences in the ventral mantle. In Sepiadarium the ventral mantle is
permanently fused with the funnel by a wide muscular band, with the dorsal mantle being
fused with the head and fins positioned in the posterior half of the mantle67. In Sepioloidea,
the funnel is connected by a unique mantle-locking apparatus with fins extending the length
of the body67,78 (Figure 3). The arms are equipped with two rows of suckers proximally, which
increase in some species to four or eight rows distally. The left ventral arm is hectocotylised
(specialised to store and transfer spermatophores to the female) in mature males, with
suckers disappearing and the sucker stalks transformed into papillae and small lamellae66,67,78.
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Both genera exhibit a synchronised breeding season with no generation overlap. Worldwide,
there are currently five described species within Sepiadarium and three with
Sepioloidea65,67,78,79.

Figure 3 – The mantle-locking apparatus of Sepioloidea species, as shown on
Sepioloidea lineolata. The blue circles illustrate the funnel-locking cartilage and the
red circles illustrate the mantle locking cartilage. Scale bar 10 mm.

To combat predators, members of the family Sepiadariidae can bury themselves in the sand
and also secrete both ink and slime when necessary. Field observations suggest that these
species are more likely to produce the slime than ink, which is reserved for dire circumstances
(pers. obvs). Given the viscous consistency of the slime and what is known about gel-type
secretions found on other species of mollusc38,41,71,72,76, it is extremely likely that the proteins
found within the slime of Sepiadariidae exhibit antibacterial and antimicrobial properties to
aid in the innate immunity of the species. This thesis focused on one species from each genus,
the southern bottletail squid, Sepiadarium austrinum, Berry 1921, and the striped pyjama
squid, Sepioloidea lineolata (Quoy and Gaimard, 1832) (Figure 2).
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So. lineolata possesses a fascinating black/brown and white striped patterning, imitating
striped pyjamas. This exquisite patterning raises the possibility that this display is a form of
aposematism41. Aposematism is an antipredator adaptation in which warning colourations
and signals are used to deter predators, highlighting the organism’s unprofitability, such as
being toxic, foul tasting or harmful in other ways. It has therefore been suggested that So.
lineolata is potentially toxic or distasteful to surrounding predators, with the main mechanism
by which this occurs being the slime secreted by the animal. Aposematic displays are a known
feature of molluscs, with nudibranchs commonly exhibiting beautiful bright colours, along
with the iridescent blue rings found on blue-ringed octopus (Hapalochlaena) species 59. So.
lineolata is also currently the only bobtail squid recorded to contain round-blunt papillae
scattered across the ventral mantle surface towards the edges of the mantle80 . These papillae
have been hypothesised to possibly be a source of slime for So. lineolata65.
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A COMBINED ‘OMICS AND MORPHOLOGICAL APPROACH

Traditionally, histological, histochemical and ultrastructural techniques have been used to
analyse the gland formation and mechanisms of secretion within marine species, including
cephalopods35,72,81–86. Histology involves the study of microanatomy using microscopy, while
histochemistry adds to histological techniques by investigating the molecular constituents of
tissues by integrating staining techniques. The result of histology and histochemistry is the
ability to uncover details about the molecular composition and structure of tissues, giving an
insight into their function. Ultrastructure techniques offer further functional insights by
utilising electron microscopy to image the fine structure of individual cells. These methods
have previously been used to highlight the complex neurological model of the Atlantic squid
(Loligo pealei), eventually forming the basis of the understanding of nerve impulses in
humans87.

Histochemical and ultrastructural analyses have effectively identified a host of glands and
tissue types involved in the secretions of cephalopods76,83,84,86,88. In particular, ultrastructural
techniques have been able to provide exceptionally detailed analysis on the specific cellular
mechanisms involved in the glands of cephalopods, as is the case of the adhesive glands in
Euprymna species

82,83

. Methodologies have become more comprehensive over the years,

primarily involving the technological improvements to microscopes and the use of antibodies
to analyse a subset of protein types89,90. While identification of proteins is possible using
histochemical and ultrastructural techniques, it is cumbersome and time-consuming to use
these methods to explicitly identify a large array of functional proteins. As a result, methods
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have been introduced over the last few decades which efficiently and effectively identify large
numbers of proteins, or the proteome of a cell, tissue or entire organism. Without whole
proteome analysis there is limited ability to uncover specific novel proteins which may be
involved in the tissues and secretions of non-model organisms, and in turn limit progress into
the identification of valuable novel proteins for innovative biomimetic applications.

Recently, the ability to investigate the whole proteome of tissues and secretions from
cephalopods has been facilitated by the accessibility and affordability of high-throughput
sequencing and mass spectrometry59,91. High-throughput nucleic acid sequencing
technologies provide necessary coding sequence information required for corresponding
proteomic analyses. This is done predominately through the use of fragmentation of DNA or
RNA, which is then amplified and assembled92,93. The sequencing of RNA of a particular tissue,
allows for the examination of the total transcripts (expressed genes) produced by that specific
tissue. The act of studying these transcripts, and as such, the transcriptome of a tissue, is
referred to as transcriptomics.

Mass spectrometry can also utilise fragmentation, with proteins being broken down into
peptides, before their ions are analysed to determine their mass-to-charge (m/z) ratio92,93.
Mass spectrometry and the analysis of whole proteomes, allows for the identification and
quantification of the complete complement of proteins involved in a tissue or secretion92,93.
As mass spectrometry only measure the m/z ratio, a sequence database is required in order
to translate fragment ion spectra into proteins sequences. In many cases, and in particular for
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model organisms, this is completed by using a genome in order to functionally annotate and
describe proteins identified through proteomic methods92,93. While the ability to assemble
whole genomes (the complete set of genetic material present in a cell or organism) for
individual species is becoming more routine, the process remains relatively expensive and
time consuming. For non-model organisms sequence databases (whether for transcriptomics
or proteomics) requires annotation via homology with known sequences.

As an alternative to genome assembly, RNA from specific tissues of interest can be extracted
in order to assemble a relatively complete database of transcript sequences for an organism,
which can in turn be functionally annotated
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. These databases can then be used in

conjunction with mass spectrometry, to give a comprehensive view of the functional proteins
within a given cell, tissue or organism.

The combination of transcriptomics and proteomics constitutes an integrated ‘omics analysis,
aiming at measuring the expression of transcripts and proteins in varying tissues and life
stages, and in turn can provide clues about the involved function. Recently, this methodology
has been used extensively to highlight proteins within the venoms from invertebrates 22,53,59,95
with limited studies also conducted on the gel-type secretions from invertebrates such as sea
stars, planarians and oysters 29,44,96. Studies into the protein content of gel-type secretions in
cephalopod species however, is particularly lacking. This is extremely surprising given
cephalopod species are commonly known for their valuable secretions, most notably their
ink, as well as the antimicrobial-containing gel-type secretions41,97–99. These technologies

26

have allowed for the rapid sequencing of transcriptomes and proteomes of non-model
organisms, enhancing the ability to identify new bioactive substances.

While the “rise of ‘omics” has considerably enhanced our ability to identify the components
of marine secretions, it is also important to combine the strength of these new technologies
with microscopy and histological techniques. This is particularly for cases where no
histological studies have been previously undertaken. In doing so, an improved understanding
of not only the functionally expressed proteins within a secretion can be developed, but can
be combined with an understanding of the structure of the glands these secretions originate
from, to fully appreciate secretion mechanisms in non-model organisms. The combination of
‘omics and histochemical analysis is particularly beneficial for non-model organisms, as an
overview of the organism can be gained in a relatively short amount of time. A combination
of histological, histochemical and ultrastructural analysis, along with a comprehensive ‘omics
study, can provide an in-depth investigation not only into the secretions of cephalopods, but
also the tissues involved in these secretions. For relatively unknown species such as
Sepiadariidae, this methodology is invaluable for highlighting the novel mechanisms of
secretion and potential bioactive proteins involved in its secretion.
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OVERVIEW OF THESIS

The overarching aim of my thesis was to investigate the composition and mechanisms behind
the slime secretions exhibited by two species of Sepiadariidae using a combination of ‘omics
methods and microscopy. My thesis explores the application of ‘omics methods to quickly
and effectively analyse the slime secretion of Sepiadariidae species, and in doing so further
expand the way that in which ‘omics tools can be utilised for understanding marine species
and their secretions. My thesis demonstrates that a combination of de novo assembled
transcriptomes and quantitative proteomics can highlight proteins which have potential for
biological applications, doing so without the need of a fully resolved genome. The ‘omics
techniques were then complemented with a series of morphological techniques including
histochemistry and ultrastructural analysis to further understand the mechanisms of
secretion. Two species, one from each genus of Sepiadariidae, were investigated:
Sepiadarium austrinum, Berry 1921 (Su. austrinum, the southern bottletail squid) and
Sepioloidea lineolata (Quoy, RC J; Gaimard, P J, 1832) (So. lineolata, the striped pyjama squid).
The following section outlines the structure of my thesis:

Chapter 2 incorporates the first proteomic and transcriptomic study on a member of the
Sepiadariidae family. This took the form of an investigation into the slime from the southern
bottletail squid, Sepiadarium austrinum, in particular highlighting the lack of identifiable
mucins within the slime secretion and the identification of abundant and novel proteins. A de
novo transcriptome (publicly available in the BioProject PRJNA337893) of Su. austrinum was
developed and combined with mass spectrometry techniques in order to identify the
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composition of the slime (with publicly available proteomics data found at the PRIDE
accession PXD003207). This is the first paper to analyse a member of the Sepiadariidae family
using proteomic and transcriptomic analysis.

This chapter was published as: Caruana, N. J.; Cooke, I. R.; Faou, P.; Finn, J.; Hall, N. E.;
Norman, M.; Pineda, S. S.; Strugnell, J. M. A Combined Proteomic and Transcriptomic Analysis
of Slime Secreted by the Southern Bottletail Squid, Sepiadarium austrinum (Cephalopoda). J.
Proteomics 2016, 148, 170–182. https://doi.org/10.1016/j.jprot.2016.07.026.

Within Chapter 3, analysis was undertaken of the proteomic composition of the slime from
the striped pyjama squid, Sepioloidea lineolata. A de novo transcriptome was created for So.
lineolata and mass spectrometry was undertaken to highlight the proteins within the slime.
To ensure that the lack of mucin proteins identified previously within the slime of
Sepiadariidae was not due to the mis-identification of peptides during mass-spectrometry,
the enzyme, PNGase F (Peptide: N-Glycosidase F), was used to highlight potential Nglycosylation of proteins within the slime of So. lineolata. N-glycosylation is the addition of an
oligosaccharide also known as a glycan (a carbohydrate with several sugar molecules) to a
peptide during post translational modification of a protein. The molecular weight of individual
peptides is increased when glycans are attached, as a result of this complexity, glycosylated
peptides may not be recognised by standard proteomic analysis. PNGase F removes these
sugars, making it possible for the mass spectrometer to analyse the peptides only. Identified
proteins within the slime of So. lineolata were then compared to the identified proteins from
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Su. austrinum collected during Chapter 2 (with publicly available proteomics data found at
the PRIDE accession PXD010283). As no mucins could be identified, even with the use of the
PNGase F enzyme, this chapter supports the lack of identifiable mucins within the slime
secretion from the family Sepiadariidae. This is a novel analysis using PNGase F in proteomics
to analyse N-glycosylation in invertebrate species and the first paper to compare the
secretions from each genus of Sepiadariidae.

This chapter was published as: Caruana, N. J.; Strugnell, J. M.; Faou, P.; Finn, J.; Cooke, I. R.
Comparative Proteomic Analysis of Slime from the Striped Pyjama Squid, Sepioloidea lineolata
and the Southern Bottletail Squid, Sepiadarium austrinum (Cephalopoda: Sepiadariidae). J.
Proteome Res. 2019. https://doi.org/10.1021/acs.jproteome.8b00569.

The fourth chapter utilises label-free quantitative (LFQ) proteomic analysis to identify
differentially expressed proteins within the slime of So. lineolata, along with ventral mantle
glands hypothesised to be the source of the secretion, and the dorsal and mantle epithelium
and muscle tissue. By comparing the average expression of all proteins sequenced with the
expression of the proteins found in the slime specifically, I was able to highlight a number of
abundant novel proteins along with abundantly secreted enzymes. This chapter was the first
to utilise LFQ proteomics for the analysis of a secretion from cephalopods. The study also
identified that the ventral mantle glands are the closest related tissue to the slime in So.
lineolata and are likely to contribute at least in part, to the slime. Ubiquitous cellular proteins
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which were identified in previous chapters to be highly abundant were also identified as likely
to be contamination from epithelial cells.

The fifth chapter further investigates the structure of the large ventral mantle glands found
on

So.

lineolata

using

histochemical,

immunohistochemical

and

ultrastructure

methodologies. This is the first in-depth microscopy study on the morphology of
Sepiadariidae species, identifying the ventral mantle glands as large (1mm) glands surrounded
by muscle tissue, indicating a mechanical secretion. Within the gland was a vast amount of
small extracellular vesicles along with larger groups of aggregated protein material. The study
identified a unique mechanism involved in the secretion of cephalopods with no other known
study highlighting any similar glands. This morphological analysis was also able to confirm the
lack of mucin proteins within the gland, with no mucopolysaccharides able to be identified
using histochemical staining techniques.

Finally, key findings are summarised in the final Chapter, in which future research questions
that emerge from the above research are presented along with a consideration of how the
methods used within in this thesis is of value to the wider scientific community.
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a b s t r a c t
Sepiadarium austrinum, the southern bottletail squid, is a small squid that inhabits soft sediments along
Australia's south-east coast. When provoked, it rapidly secretes large volumes of slime, presumably as a form
of chemical defense. We analyzed the proteomic composition of this slime using tandem mass spectrometry
and transcriptomics and found that it was remarkably complex with 1735 identiﬁed protein groups
(FDR:0.01). To investigate the chemical defense hypothesis we performed an Artemia toxicity assay and used sequence analysis to search for toxin-like molecules. Although the slime did not appear to be toxic to Artemia we
found 13 proteins in slime with the hallmarks of toxins, namely cysteine richness, short length, a signal peptide
and/or homology to known toxins. These included three short (80-130AA) cysteine rich secreted proteins with
no homology to proteins on the NCBI or UniProt databases. Other protein families found included, CAP, phospholipase-B, ShKT-like peptides, peptidase S10, Kunitz BPTI and DNase II. Quantitative analysis using intensity based
absolute quantiﬁcation (iBAQ via MaxQuant) revealed 20 highly abundant proteins, accounting for 67% of iBAQ
signal, and three of these were toxin-like. No mucin homologues were found suggesting that the structure of
the slime gel may be formed by an unknown mechanism.
Biological signiﬁcance: This study is the ﬁrst known instance of a slime secretion from a cephalopod to be analyzed
by proteomics methods and is the ﬁrst investigation of a member of the family Sepiadariidae using proteomic
methods. 1735 proteins were identiﬁed with 13 of these ﬁtting criteria established for the identiﬁcation of putative toxins. The slime is dominated by 20 highly abundant proteins with secreted, cysteine rich proteins. The
study highlights the importance of ‘omics approaches in understanding novel organisms.
© 2016 Elsevier B.V. All rights reserved.

1. Introduction
The southern bottletail squid, Sepiadarium austrinum (family
Sepiadariidae), is a small benthic squid (b 30 mm body length) that occurs on shallow soft sediment habitats along Australia's south-east coast
(Fig. 1). It buries itself in sand during the day to avoid predation and
emerges under the cover of darkness to feed on small ﬁshes and crustaceans [1]. When stressed or under threat, S. austrinum secretes a large
volume of slime from glands distributed across the underside of the
body (the ventral mantle) [1]. Similarly, a second closely related species
within the same family, Sepioloidea lineolata (the striped pyjama squid)
is also known to produce slime and may use its distinct black and white
⁎ Corresponding author.
E-mail address: njcaruana@students.latrobe.edu.au (N.J. Caruana).

coloration as an aposematic warning to predators [1,2]. These observations of copious slime production in multiple species of the family
Sepiadariidae led Norman [2] to speculate that members of this family
are producing slime as a defense mechanism. We hypothesize that the
slime within S. austrinum contains potentially toxic proteins used as
part of a defense mechanism.
In this paper we use the word slime to refer to mucus-like secretions
with specialized biophysical properties such as the ability to adhere to a
substrate, rapidly occupy a large volume, or to hold a particular shape.
The ability to produce slime occurs across a wide range of taxa including
vertebrates (hagﬁshes [3], parrotﬁshes [4]), cephalopods (Sepiadarium
[1], Idiosepius [5], Nautilus [5], Euprymna [5]) and sea stars [6]. Slime
has been shown to confer protection against predators in Pteraster
tessalatus (cushion stars) [6], hagﬁsh [3] and parrotﬁsh [4], with the
slime of S. austrinum thought to be the main defense mechanism of

http://dx.doi.org/10.1016/j.jprot.2016.07.026
1874-3919/© 2016 Elsevier B.V. All rights reserved.
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Fig. 1. Overview of sample processing for RNA and protein level analyses for S. austrinum. Physical samples are shown using vertical brackets, databases with horizontal brackets and
processing steps with bold beveled rectangles.
Photograph of S. austrinum is supplied by Dr. Julian Finn, Museum Victoria.

the animal [2]. Several authors have speculated that the defensive action of slimes may be conferred by toxic molecules [7–9], however in
most cases these molecules have not been identiﬁed and to our knowledge no proteomic or metabolomics studies have been conducted on
slimes produced by cephalopods. Nevertheless, the suggestion that potentially defensive and/or toxic proteins may be present in slime is supported by the fact that toxins have been identiﬁed in other types of
defensive secretions such as the mucus secretions of Grammistins
(soapﬁsh) [10], nudibranchs [11] and sea stars [12].
Many mucus secretions and slimes exhibit interesting biophysical
properties (sheer thinning, volume expansion, adhesion). In the case
of S. austrinum, its slime is notable for occupying a large volume (similar
to the size of the animal) despite being secreted very rapidly. The phenomenon of massive volume expansion in slime has been well studied
in the Paciﬁc hagﬁsh [3] where it is supported by long threads composed of intermediate ﬁlament proteins and coated with mucins [13].
While the present study does not directly address the physical properties of S. austrinum slime we ﬁnd that a key component of many slimes
(mucin) is absent, which suggests that its properties are underpinned
by novel biophysical mechanisms.
Despite strong evidence that cephalopods use toxic proteins widely
for predation and defense [14,15] very few such proteins have been
characterized at the protein level (at present cephalopods comprise
just 0.03% proteins in the UniProt toxins database). Recent studies
using transcriptomic approaches have identiﬁed many transcript
encoding proteins within the posterior salivary glands of cephalopods
that are related to protein families where recruitment to toxic function
has been observed in well studied venomous taxa (snakes, arachnids,
cone snails) [14,16]. This work revealed the major families of toxin
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related proteins present within cephalopods, including cephalotoxin,
tachykinins, chitinase, CAP (cysteine rich secretory proteins – CRISPs-,
Antigen 5 -Ag5- and Pathogenesis-related -PR-1-), metalloproteases,
PLA2 (phospholipase A2) and serine proteases. In addition, proteins
from two of these toxin families tachykinins [17] and cephalotoxin
[18–20] have been directly shown to have a toxic function in cephalopods through puriﬁcation and toxicity assays. While transcriptomic approaches using glandular material provide a useful indication of the
potential diversity of toxic proteins used by cephalopods, direct protein
evidence from mass spectrometry has the ability to provide more speciﬁc functional information. In particular, for secretions such as saliva
or slime, proteomics offers the ability to identify, and potentially quantify a protein within the secretion itself rather than its parent gland.
Even if pure secreted material (e.g. slime or saliva) is not available, proteomic data on the parent gland provides the ability to directly conﬁrm
protein expression rather than infer it via the presence of mRNA. This is
exempliﬁed by the recent study of Cornet et al. [21] who performed
transcriptomics and proteomics on the posterior salivary gland (PSG)
of the common cuttleﬁsh, Sepia ofﬁcinalis.
In this study we carried out a comprehensive characterization of the
slime secreted by S. austrinum using transcriptomic, proteomic and
proteogenomic approaches. Our goal was to identify the proteins involved in the slime including any potential toxins as well as providing
a broad overview of the most abundant proteins present. We combined
data on transcript expression in various tissues with protein expression
to distinguish proteins strongly associated with slime from abundant
but otherwise ubiquitously expressed molecules.
To investigate potential toxicity of slime against crustaceans we performed a preliminary Artemia toxicity assay. In addition, we identiﬁed
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molecules based on the presence of common sequence features of
toxins including presence of a signal peptide, cysteine richness, short
length, similarity to known toxins and the presence or absence of
conserved domains. An additional advantage of the combined
transcriptomic and proteomic approaches used in this study was the
ability to distinguish genuine novel proteins from transcripts that
would otherwise be believed to be non-coding due to the lack of a
clear long open reading frame. The importance of this is demonstrated
by the fact that one of the most interesting molecules in this study
(comp37594_c0_seq2) was identiﬁed exclusively as a result. This
short protein was the 5th most abundant component in slime (by
iBAQ) and was toxin-like with distant homology to Termicin.
2. Experimental procedures
A broad overview of sample processing for RNA-Seq, mass spectrometry and integrative analyses including proteogenomics of S.
austrinum is shown in Fig. 1. Full details of each stage as well as for analyses and sample collection of other species are described in the following sections.
2.1. Sample collection
For RNA extractions, a single S. austrinum was collected via SCUBA on
the 30th of April 2010 at St Leonards Pier, Victoria, Australia. A sample of
the slime secretion (approximately 90 μl) was obtained by provoking S.
austrinum while in a petri dish. Once the slime was released from the
ventral mantle it was collected using a pipette, placed into a tube and
initially stored in liquid nitrogen and then transferred to − 80 °C. The
squid was then euthanized using a 10% magnesium chloride solution.
Five tissue samples were collected from this individual; a sample each
of the slime, dorsal mantle, ventral mantle, arm and brain tissue. All tissue samples (besides the slime) were stored in RNAlater (Qiagen) at
− 80 °C. Samples were collected under Museum Victoria's collection
and ethics permits by Dr. Mark Norman and Dr. Julian Finn.
For proteogenomic analysis and constructing the reference protein
database, a single S. austrinum (separate from the one used for RNA extractions) was collected via SCUBA on the 30th of April 2010 at St
Leonards Pier, Victoria, Australia. A sample of the slime secretion (approximately 90 μl) was collected and stored as outlined above. Samples
collected under Museum Victoria's collection and ethics permits by Dr.
Mark Norman and Dr. Julian Finn.
For quantitative proteomics and Artemia assays, three S. austrinum
individuals were collected via SCUBA on the 6th of May 2016 at St
Leonards Pier, Victoria Australia. Samples of the slime secretion (approximately 90 μl) were obtained as outlined above. Individuals were
then euthanized using a 10% magnesium chloride solution. Samples
were collected under La Trobe University collection and ethics permits
by Dr. Julian Finn.
Tissue samples were also collected from the following species for
comparative analyses; southern bobtail squid, Euprymna tasmanica
(ventral and dorsal mantle tissue), southern sand octopus, Octopus
kaurna (posterior salivary gland and posterior mantle), striped pyjama
squid, Sepioloidea lineolata (dorsal and ventral mantle), southern
pygmy squid, Idiosepius notoides (dorsal adhesive gland and head) and
southern blue-ringed octopus, Hapalochlaena maculosa (skin of the dorsal mantle, eyeballs, gills and branchial gland, systemic heart, posterior
salivary glands, ventral mantle muscle and skin, brain and anterior salivary glands). All samples were stored in RNAlater (Qiagen). E.
tasmanica, O. kaurna, I. notoides and H. maculosa were collected from
St Leonards Victoria, Australia (2nd of December 2008) and S. lineolata
was collected from Edithburgh Jetty, South Australia (35°5′S 137°44′
E) (15th of December 2008). All samples were collected under Museum
Victoria's collection and ethics permits by Dr. Mark Norman and Dr. Julian Finn.

2.2. RNA extraction
RNA was extracted from all samples using an RNeasy® Mini Kit
(Qiagen) according to the manufacturer's protocol. Tissue samples
were disrupted and homogenized using a desktop homogenizer (IKA).
RNA quantity and quality were checked on a Bioanalyzer (nano chip)
(Agilent).
2.3. Transcriptome sequencing, assembly and annotation
For S. austrinum, transcriptomes of each of the ﬁve samples were sequenced (100 base pair, paired end data) on a single lane of an Illumina
HiSeq2000, each forming 1/9th of a lane. For all other samples, transcriptome sequencing was completed on a single lane of an Illumina
HiSeq2000, each forming 1/8th of a lane. 3 μg of RNA was used to construct each library with an RNA concentration of N 100 ng/μl.
A single reference transcriptome was assembled for each species
using sequencing data from all available tissues and the RNA-seq de
novo assembly program Trinity (version 18.5.2012 for S. austrinum and
version 10.11.2013 for other species). Default parameters in Trinity
were used for all samples apart from S. austrinum and H. maculosa,
which used a minimum kmer coverage of three due to the large volume
of sequence data for these two species. Total number of read pairs for
each sample is provided as Supplemental Table S1.
Estimates of transcript abundance in each tissue sample were calculated as transcripts per million (TPM) using the program Salmon version 0.5.1 [22] using SMEM-based quasi-mapping. Outputs from
Salmon for each tissue were merged into a single table using R and
this was used for comparison with protein abundances to create Fig. 2.
All reference transcriptomes were annotated using the Trinotate
pipeline (version 1.1) (http://trinotate.github.io/). Trinotate provides
functional annotations for transcriptome sequences by combining protein prediction (via TransDecoder (http://transdecoder.github.io/)),
BLAST [23] homology with the UniProt database, identiﬁcation of
Pfam [24] domains using HMMER [25], prediction of signal peptides
using SignalP [26], prediction of transmembrane regions using
tmHMM [27] and prediction of rRNA using RNAMMER [28].
2.4. Mass spectrometry
In order to complete proteogenomic analyses and prepare the reference protein database, mass spectrometry was completed on a single
sample of slime (Fig. 1). As the protein composition of the slime was unknown the sample was divided into three 30 μl volumes (sub-samples 1,
2 and 3) to allow for multiple preparation techniques to be used. Each
sub-sample was then dried using a SpeedVac Concentrator and Savant
Refrigerated Vapor trap (ThermoScientiﬁc) for 15 min. Sub-sample 1
was resuspended in 8 M urea, 50 mM Tris pH = 8.3 (buffer A) and incubated overnight to extract proteins. Sub-sample 2 was treated with acetone (500 μl) in order to precipitate proteins and remove sugars and
lipids. The protein pellet was washed with 200 μl acetone and the proteins were solubilized by the addition of 100 μl buffer A. 1 μl of TCEP
(tris (2-carboxyethyl) phosphone hydrochloride, 200 mM solution in
water) was then added to sub-samples 1 and 2. The mixture was left
for 1 h at room temperature and 4 μl of 1 M IAA (iodoacetamide in
water) was added and incubated in the dark. 900 μl of ABC (50 mM ammonium bicarbonate in water) and 1 μg of trypsin were then added to
sub-samples 1 and 2 and incubated overnight at 37 °C.
Sub-sample 3 was resuspended in SDS-loading buffer (70 μl) and
heated to 75 °C. 40 μl was run on an SDS-PAGE gel and run at 150 V
for 35 min and stained with Coomassie Brilliant Blue G-250 (Bio-Rad).
The gel was cut into six fragments and tryptic peptides from each fragment were prepared according to Shevchenko et al. [29]. The digested
fragments were puriﬁed for mass spectrometry analysis using the C18
stage tips procedure [30].
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Fig. 2. Transcript and protein expression for transcripts corresponding to the top 20 most expressed protein groups in slime (by iBAQ). Each row represents a single transcript and is labeled
according to the transcript ID. All transcripts were included where there were multiple member proteins within the group. Transcript expression is given as transcripts per million (TPM)
and is shown across four tissues and slime. Protein expression is given as log iBAQ and is represented by the size of dots along the slime column. Side bar indicates whether the
corresponding protein had an identiﬁed signal peptide, which is shaded in green. In cases where multiple protein expression values were present for a single transcript the maximum
value is shown. Selected proteins are labeled by name.
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Peptides reconstituted in 0.1% formic acid and 2% acetonitrile were
loaded onto a trap column (C18 PepMap 100 μm i.d. × 2 cm trapping
column, Thermo-Fisher Scientiﬁc) at 5 μl/min for 6 min before switching
the precolumn in line with the analytical column (Easy-Spray 75 μm
i.d. × 50 cm, Thermo-Fisher Scientiﬁc). The separation of peptides was
performed at 250 nl/min using a linear acetonitrile gradient of buffer
A and buffer B (0.1% formic acid, 80% acetonitrile), starting from 5% buffer B to 60% over 300 min. Data was collected on an Orbitrap Elite (Thermo-Fisher Scientiﬁc) in Data Dependent Acquisition mode using m/z
300–1500 as MS scan range, CID MS/MS spectra were collected for the
20 most intense ions. Dynamic exclusion parameters were set as follows; repeat count 1, duration 90 s, the exclusion list size was set at
500 with early expiration disabled.
Other instrument parameters for the Orbitrap were the following:
MS scan at 120,000 resolution, maximum injection time 150 ms, AGC
target 1 × 106, CID at 35% energy for a maximum injection time of
150 ms with AGT target of 5000. The Orbitrap Elite was operated in a
dual analyzer mode with the Orbitrap analyzer being used for MS and
the linear trap being used for MS/MS.
For quantitative analysis, further three slime samples from different
S. austrinum individuals were used (Fig. 1). Protein concentrations were
measured using a nanodrop with Sample 1 at 0.828 mg/ml, Sample 2 at
0.092 mg/ml and Sample 3 at 3.051 mg/ml. 30 μl volume of each individual slime was dried using a SpeedVac Concentrator and Savant Refrigerated Vapor trap (ThermoScientiﬁc) for 15 min. Samples were
resuspended in 7 M urea, 3 M Tris pH = 8.3 (buffer A). 1 μl of TCEP
(tris (2-carboxyethyl) phosphone hydrochloride, 200 mM solution in
water) was then added to the samples that were incubated overnight.
4 μl of 1 M IAA (iodoacetamide in water) was added the following day
and incubated in the dark. 500 μl of 50 mM TRIS pH 8.3 in water and
1 μg trypsin were then added to samples and left for 6 h. Another 1 μg
trypsin was added for double digestion and incubated overnight at
37 °C. Digested peptides were analyzed using identical LC–MS procedures to those outlined above for the sample analyzed for
proteogenomics.
2.5. Proteogenomic analyses and preparation of reference protein database
Prior to all quantitative mass spectrometry data analysis we constructed a reference protein database for S. austrinum with a total of
40,475 amino acid sequences. This database consisted of the full set of
proteins predicted by TransDecoder combined with 84 additional proteins identiﬁed by searching all MS/MS spectra against all ORFs
(length N 15AA) generated by a six-frame translation of the reference
transcriptome.
Identiﬁcation of the 84 additional proteins was performed as follows. A database was constructed by concatenating known
(TransDecoder predicted) and novel (ORFs longer than 15AA from sixframe translations) sequences. An equal number of decoys were
added to this database to produce a total of 4.4 million entries. All MS/
MS spectra from S. austrinum samples were then searched against this
database using Mascot, MS-GF+ and X!Tandem with the following parameters; parent mass tolerance: 10 ppm; fragment mass tolerance:
0.5 Da; allowed missed cleavages: 2; ﬁxed modiﬁcations:
carbamidomethyl C; variable modiﬁcations: oxidation of methionine,
acetylation at the protein N-terminus; enzyme: trypsin with semi-tryptic peptides allowed.
All Peptide Sequence Matches (PSM) from this search were then
classiﬁed as coming from the ‘known’ or ‘novel’ protein sets and split
into separate ﬁles accordingly. In cases of redundancy between known
and novel sets the PSM was assumed to have come from the ‘known’
set. PeptideProphet [31] and then iProphet [32] were then used to calculate Posterior Error Probabilities (PEPs) for all PSMs in the ‘known’ and
‘novel’ sets separately as is recommended practice for proteogenomic
analysis [33]. ProteinProphet [32] was then used to combine results
from ‘known’ and ‘novel’ sets when performing protein inference to

produce a single protXML ﬁle. This ﬁle was then processed using the
protxml_to_gff tool from the protk package (version 1.4 https://
github.com/iracooke/protk) to map all peptides with PEP b 0.05 and
within proteins with PEP b 0.01 back to the reference transcriptome.
This process produced two gff3 ﬁles corresponding to peptides from
‘known’ and ‘novel’ sets respectively. Peptides found only within the
‘novel’ set were used as evidence to support inclusion of the 84 additional proteins in the S. austrinum reference protein database. Visualization of peptide tracks along with TransDecoder predictions was
performed in Geneious (Biomatters Ltd., version 7.1.6). The entire
proteogenomic analysis was performed using tools available for the Galaxy bioinformatics platform [34] via the Galaxy tool shed [35].
2.6. Quantitative mass spectrometry
Mass spectrometry data from slime samples of three separate individuals was analyzed using MaxQuant (Version 1.5, 0.30) [36] with intensity-based absolute-protein-quantiﬁcation method (iBAQ) [37]
turned on. The proteogenomically supplemented database described
above was used for peptide and protein identiﬁcation with 3 μl of each
sample injected for analysis. This database consisted of 40,475 S.
austrinum amino acid sequences and included known contaminants
and decoys added automatically by MaxQuant. MaxQuant calculates
an average iBAQ value across individuals and this was used as an approximate measure of absolute protein abundance. MaxQuant uses
the Andromeda [38] search engine internally to match MS/MS Spectra
to peptides. Settings used were; Parent mass tolerance: 10 ppm; Fragment mass tolerance: 0.5 Da; Allowed missed cleavages: 2; Enzyme:
Trypsin; Fixed modiﬁcations: Carbamidomethyl C; and Variable modiﬁcations: oxidation of methionine, acetylation at the protein N-terminus.
Protein groups were retained at 1% false discovery rate (FDR).
2.7. Artemia assay
A preliminary study on the toxicity of slime from S. austrinum was
undertaken using a modiﬁed Artemia assay based on the assay described
in [39]. S. austrinum individuals whose slime was used for quantitative
proteomics were removed from their petri dishes after obtaining slime
and ten brine shrimp (Artemia salina) were added and exposed to approximately 5 μl of slime in 3 ml of seawater for 48 h in the dark at
25 °C. Reference tests were performed using potassium dichromate
(5 mg/ml) and seawater respectively in place of slime [40].
2.8. Identiﬁcation of potential toxic proteins
Proteins were short listed as potential defensive proteins if they
were short (b 200AA), secreted (via SignalP [26]) and conﬁrmed manually using Predisi [41] and cysteine rich (more than 3 cysteines per
100AA), or if they were homologous to proteins in the UniProt toxins
database (BLAST E value less than 10−5). Although there is a slight preference for even numbers of cysteines in known toxins (approx. 65% of
proteins in the UniProt toxin database) we did not require proteins to
satisfy this criterion. Proteins passing this initial short-listing step
were then analyzed using InterProScan within Geneious to identify
the conserved domains.
2.9. GO term analysis
Gene ontology (GO) classiﬁcation was used to obtain an overview of
the slime proteome (Fig. 6). In order to reduce the complexity of this
summary we focused on the most abundant 213 protein groups. These
proteins made up 90% of total iBAQ intensity as measured by average
iBAQ intensity across the three replicate slime samples. Of these 213
protein groups a total of 137 were assigned GO annotations by
Trinotate. A list of all GO terms assigned to each protein group along
with corresponding iBAQ intensities were provided to the REVIGO
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[42] tool which associates GO terms based on semantic similarity.
REVIGO was run with allowed similarity equal to 0.5 and using the
SimRel semantic similarity measure.
2.10. Phylogenetic analysis
All assembled transcriptomes were annotated using Trinotate and
used for further phylogenetic analysis. Transcriptomes sequenced as
part of this study include those from O. kaurna, S. lineolata, H. maculosa,
and I. notoides. These were supplemented using transcriptomes
assembled from SRA (short read archive) data on GenBank from
Sepioteuthis lessoniana, Sepioteuthis australis, Sepia pharaonis, S.
ofﬁcinalis, Sepia latimanus, Sepia esculenta, Pareledone turqueti, Octopus
vulgaris, Octopus cyanea, Nautilus pompilius, Uroteuthis (Aestuariolus)
noctiluca, Doryteuthis (Amerigo) pealeii, Idiosepius paradoxus, Dosidicus
gigas, Adelieledone polymorpha and Abdopus aculeatus. The predicted
open reading frames (ORFs) were exported as FASTA ﬁles and imported
into Geneious to create a cephalopod transcriptome database.
For each of the putative toxins identiﬁed from S. austrinum a set of
comparison proteins was assembled in order to view the protein within
a broad phylogenetic context. This collection of proteins was created by
performing a series of BLAST (blastp) searches using the putative toxin
as query and retaining the top 10 matches with E b 1e − 5 for each
search. For each query BLAST searches were made against the following;
(a) a database of cephalopod transcriptome CDS (see section:
Phylogenetic analysis), (b) the ToxProt database of known toxins [43]
and (c) the UniProt Swiss-Prot database. Additional sequences were
also obtained from two studies on CAP proteins [44,45], in which phylogenetic studies on CAP proteins, including cephalopod sequences were
conducted. Sequences returned from all these searches were combined
with the putative toxins themselves and used to create a manually adjusted MUSCLE (multiple sequence comparison by log-expectation)
alignment in Geneious. ProtTest (Version 3.4) was used to establish
the best-ﬁt models of protein evolution according to the AIC (Akaike Information Criterion) [46]. Proteins removed from the original alignment
included, Fruiting body protein SC7 from Schizophyllum commne, Protein PRY1 from Saccharomyces cerevisiae, Carboxpeptidase inhibitor
SmCl from Sabellastarte magniﬁca, Cysteine-rich venom protein from
Hydrophis hardwickii (spine-bellied sea snake), Leioheterododon
madagascariensis (Madagascan giant hognose) and Telescopus dhara
(Arabian cat snake) and Cysteine-rich secretory protein from Macaca
mulatta (rhesus macaque), Rhabdophis tigrinus tigrinus (tiger keelback
snake), Cerberus ryhnchops (dog-faced water snake) and Lethenteron
camtschaticum (Arctic lamprey). The best evolutionary model was
used in a maximum likelihood framework in order to build phylogenetic trees. This was performed using a RAxML [47] plug-in from Geneious.
3. Results
3.1. Transcriptome assembly and annotation
Our assembly of S. austrinum included 80,517 contigs including alternate isoforms from 57,519 gene models and had a median contig
length of 383 nucleotides. All sequencing information is available at
GenBank under the BioProject PRJNA302677 (also see Supplementary
Table S2 for accession numbers and Table S1 for numbers of reads).
Functional annotation was performed using the Trinotate pipeline and
this resulted in 40,391 predicted protein sequences with 23,096 of
these being assigned annotations based on the presence of a BLAST hit
to SwissProt (E b 1e − 5) or at least one conserved domain identiﬁed
via HMMER search of Pfam (E b 1e−5). Although our primary focus in
this study was S. austrinum, reference transcriptomes assembled for S.
lineoata, O. kaurna, H. maculosa, E. tasmanica and I. notoides were also
generated to facilitate phylogenetic comparisons. Summary statistics
for these transcriptomes are provided in Supplemental Table S3.
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3.2. Proteogenomics
Prior to quantitative proteomic analysis using MaxQuant,
proteogenomic analysis was used to expand our reference protein database for S. austrinum. This analysis identiﬁed a total of 1711 proteins
from 1578 protein groups in S. austrinum slime. All proteins in this list
had a ProteinProphet probability N0.99, which corresponds to an empirical false discovery rate of b 1% (Supplemental Fig. S6).
Of the proteins identiﬁed in S. austrinum slime a total of 84 novel
(not predicted by TransDecoder) non-redundant proteins were identiﬁed from 75 transcripts. These 84 were supported by at least one unique
peptide with peptide probability N0.99, and were used to expand our
reference S. austrinum protein database. The vast majority of these 84
novel ORFs (53/84) were from transcript sequences with no Trinotate
protein prediction or where the prediction was completely wrong
(wrong frame or strand). Of these cases, 21 proteins were from transcripts where there was no clear starting methionine, due to
misassembly or incomplete assembly in the 5′ region of the transcript.
In another seven of these 53 cases ORFs were shorter than the minimum
required length of 50AA. In the remaining 25 transcripts with no protein
prediction a clear starting methionine was found for an ORF longer than
50AA which suggests a more subtle cause of protein prediction failure.
Possible causes include a log likelihood score lower than an alternate
frame, or a relatively short (b100AA) coding sequence making it less
likely that a conserved Pfam domain could be found. All remaining
novel proteins were extensions of proteins predicted by TransDecoder,
but where peptides were observed within predicted 5′ or 3′ untranslated regions.
3.3. Artemia assay
Results of the Artemia assay are presented in Table 1. Artemia mortality in the presence of slime was high (8/10) in one sample but similar to
controls (2–3/10) in the remaining two samples. The reference toxin
was successful in killing all Artemia. To test for differences between
mortality rates in slime and control samples we analyzed the data
using a logistic regression model (via the glm function in R [48] and
found no difference (p = 0.55)).
3.4. Putative toxins
A total of 13 proteins expressed in S. austrinum slime were identiﬁed
as potential toxins based on their length, cysteine richness and homology to known toxins (see Experimental procedures). These are listed
in Table 2 and include ten that were homologous to representatives
from protein families that have been recruited to toxic functions in
other species. These protein families include, CAP (Cysteine rich secretory proteins – CRISP-, Antigen 5 [Ag5] and Pathogenesis-related [PR1]) [44,49], ShKT [49], V5TPXLIKE (allergen V5/Tpx-2 related) [49],
short cysteine rich secretory proteins [21], kunitz protease inhibitor
[44], PLB (phospholipase B) [49,51,52], serine proteases [53], DNase II
[54], and histidine-rich calcium binding and acid phosphatases [55].

Table 1
Results from Artemia assay identifying each condition used, the total number of Artemia
placed in each condition and how many died as a result of that condition. The p-value
was calculated using a generalized linear model and bionomial regression model. The pvalue was not signiﬁcant.
Condition

Total individuals

Number dead

Control #1
Control #2
Slime #1
Slime #2
Slime #3
Reference

10
10
10
10
10
10
p-Value

4
3
8
3
2
10
N0.05 (0.3508)
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Table 2
Annotation and sequence properties of toxin like proteins identiﬁed in the slime of S. austrinum. Each sequence is listed with the UniProt ID of its closest homologue and a score
summarizing the match. Sequences with a signiﬁcant BLAST hit to ToxProt (E b 1e−5) are scored using their Geneious grade (a weighted score for the hit comprising of using the
E value, the pairwise identity and coverage). For sequences with no signiﬁcant BLAST hits to ToxProt signiﬁcant homologues identiﬁed using HMMSearch are shown along with the
HMMSearch E-value.
ID

Domains

Homolog (score)

Search method

#C

LEN

Comp41329_c0_seq1
Comp41531_c0_seq1
Comp18934_c0_seq1
Comp35836_c0_seq1
Comp16241_c0_seq1
Comp33249_c0_seq1
Comp16040_c0_seq1
Comp16531_c0_seq1
Comp21575_c0_seq1
Comp33139_c0_seq2
Comp37407_c0_seq3
Comp37594_c0_seq2
Comp40545_c1_seq1

PLB
CAP, SCP, PR-1-like, V5TPXLIKE, SHKT
Cysteine rich secretory protein related, PR-1-like, CAP, SCP, V5TPXLIKE, SHKT
DNase II
BPTI-like, Kunitz_BPTI
None
None
Acid phosphatase
Peptidase S10
None
Histidine-rich calcium binding
Termicin
Peptidase S10

PLB_CROAD (73.9)
MR30_CONMR (61.8)
CRVP_PSEAU (68.5)
DNA2_ACAPL (73.6)
VKT3_PSETT (44.9)
–
–
ACPH1_APIME (65.5)
VCP_APIME (69.9)
–
D4HPE9_CONCN (23.8%)
C9W4G4_9NEOP (2 × 10–3)
VCP_APIME (70.3)

BLASTP
BLASTP
BLASTP
BLASTP
BLASTP
–
–
BLASTP
BLASTP
–
BLASTP
HMMSEARCH
BLASTP

6
22
18
7
7
9
10
10
4
10
15
9
10

546
266
237
368
88
98
125
420
450
125
145
109
471

Two proteins (comp41531_c0_seq1, comp18934_c0_seq1) containing CAP, V5TPXLIKE and ShKT (ion channel blocker) domains were
identiﬁed within the slime of S. austrinum. These proteins had ToxProt
hits to proteins found in Conus marmoreus (cone snail) and Oxyuranus
scutellatus scutellatus (coastal taipan) venom, respectively. The maximum likelihood tree (Fig. 3) shows evolutionary relationships between
two separate members of the cysteine-rich secretory protein, allergen
V5/Tpx-1-related protein family. Proteins within each tree are broadly
classiﬁed according to high-level phylogenetic relationships of their
parent organisms. Both the invertebrate and vertebrate clades contain
representatives that have been recruited to a toxic function.
Proteins that hit to snake venoms included, comp41329_c0_seq1
and comp16241_c0_seq1. Comp41329_c0_seq1 possesses a highly conserved region of phospholipase B (PLB). This protein however does not
contain the consensus lipase sequence (GxSxG) identiﬁed in PLBs in
humans and mice [56], which is also the case for the PLB protein
found in the venom of Crotalus adamanteus (eastern diamondback rattlesnake) and Drysdalia coronoides (white-lipped snake) (Fig. 4).
Comp16241_c0_seq1 contains the BPTI-domain found within serine
protease inhibitors and neurotoxins. This protein had a 44.5% Geneious
grade hit (a weighted score for the hit comprising of using the E value,
the pairwise identity and coverage) to Kunitz-type serine protease inhibitor textilinin-3 precursor from the Eastern brown snake, Pseudonaja
textillis textillis.
Comp35836_c0_seq1 has a 75% Geneious grade when compared to
plancitoxin found in Acanthaster planci (crown-of-thorns starﬁsh)
while comp40545_c1_seq1 and comp21575_c0_seq1 both showed a
hit (with a Geneious grade of 70.3% and 69.9%, respectively) to a
venom serine carboxypeptidase in Apis mellifera (the honey bee).
Comp16531_c0_seq1 also corresponded to an A. mellifera venom acid
phosphatase (65.5% similarity).
In addition to these putative toxins, comp37594_c0_seq2 was found
to be a distant homolog (via proﬁle HMM search) to Termicin. We also
found an unusual protein (comp37407_c0_seq3) that had a 23.8%
(Geneious grade) ToxProt hit to Conotoxin found in Conus consors and
still satisﬁed our criteria for short length, cysteine richness and secretion. This protein shares a C-terminal metal binding region with large
(800AA) non-toxic sarcoplasmic reticulum histidine-rich calcium binding proteins (e.g. SRCH_RABIT) but lacks the long stretch of tandem repeats found in those molecules.
Although six of our putative toxins completely satisﬁed all traditional toxin criteria (short (b150AA), cysteine rich, secreted) several much
larger (N300AA) proteins were included due to strong homology with
known large toxins. These larger toxins were homologous to enzymes
found from bee venom (acid phosphatase and peptidase S10) [55],
snake and bee venom (PLB) [51], and crown-of-thorns starﬁsh
(DNAse II) [54].

Three proteins were included in our list purely on the basis of their
sequence properties but without any homology to known toxins. All
of these proteins showed clear homology to other unknown proteins
from our cephalopod transcriptome database with each having its
own highly conserved arrangement of cysteines. Proﬁle HMM searches
of the entire UniProt database based on alignments of these conserved
cephalopod proteins yielded no signiﬁcant matches (E b 0.005) and
none that completely preserved the cysteine arrangements. These
may represent novel short secreted cysteine rich proteins unique to
the Cephalopoda (Supplemental Fig. S7).
3.5. Abundant proteins in slime
Sepiadarium austrinum slime was dominated by a relatively small
number of very abundant proteins. The 20 most abundant proteins as
measured by intensity based absolute quantiﬁcation (iBAQ) are shown
in Fig. 5. When added together, the iBAQ estimates for these molecules
comprise over 67% of the total iBAQ intensity (sum of iBAQ values for all
1246 protein groups quantiﬁed from three replicate samples). A disproportionately large fraction of abundant proteins were secreted with 9/
20 having a predicted signal peptide compared with just 8% across the
full list of identiﬁed slime proteins. This list also contained three proteins from our list of 13 putative toxins.
The abundant protein list also contained many proteins that are unlikely to have been secreted. They had functions related to cell adhesion
(collagen alpha-6), cytoskeleton formation (actin, prefoldin) and chromatin formation (histone). Many of these proteins are abundant intracellular proteins and their presence in slime suggests ejection of cell
contents or whole cells when slime is released.
Further insight into the relative importance of abundant proteins in
slime compared with other tissues is shown in Fig. 2. The transcripts
shown are those corresponding to protein groups that were among the
20 most expressed in slime (by iBAQ). The expression patterns of transcripts for constitutively expressed proteins such as histones, actins and
calmodulin-like proteins indicate that they are highly expressed in a
range of tissues, including those unrelated to slime production such as
dorsal mantle, arms, and brain (Fig. 2). In contrast the majority of secreted
proteins showed their maximum expression in slime and/or ventral mantle, and this included the proteins potentially involved in defense
(comp37594_c0_seq2; comp41531_c0_seq1; comp33249_c0_seq1).
3.6. GO term analysis
Molecular function GO terms present in slime (Fig. 6A) included a
large contribution (by iBAQ abundance) of calcium dependent
phospholipid binding which comes from a single family of proteins
(comp37883_c1_seq1, comp37883_c1_seq2) annotated as Annexin.
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Fig. 3. Maximum-likelihood tree of Cysteine Rich Secretory Proteins and Mr30-like protein. Support values of nodes were generated via 100 bootstrap replicates. The tree was mid-point
rooted. Highlighting indicates protein of interest from S. austrinum (pink) as well as other cephalopods (squids, octopus and cuttleﬁsh) (black), proteins found in non-venomous
vertebrates (blue), proteins found in cone snails (light green), proteins found in venomous reptiles (red), proteins found in plants (brown), protein found in S. ofﬁcinalis as identiﬁed
by Cornet et al. [21] (purple), proteins found in arachnids (orange), proteins found in insects (light blue). Species included: Sepiadarium austrinum (southern bottletail squid),
Sepioloidea lineolata (striped pyjama squid), Euprymna tasmanica (southern bobtail squid), Hapalochlaena maculosa (the blue ring octopus), Sepia pharaonis, Sepia ofﬁcinalis (common
cuttleﬁsh), Sepioteuthis australis (southern calamari squid), Uroteuthis (Aestuariolus) noctiluca (luminous bay squid), Doryteuthis (Amerigo) pealei (longﬁn inshore squid), Octopus
kaurna (southern sand octopus), Idiosepius notoides (southern pygmy squid), Sepioteuthis lessoniana (bigﬁn reef squid), Sepia ofﬁcinalis (common cuttleﬁsh), Conus marmoreus
(marbled cone snail), Conus textile (textile cone snail), Heloderma horridum horridum (beaded lizard), Laticauda semifasciata (black-banded sea krait), Naja atra (Chinese cobra), Naja
kaouthia (monocled cobra), Hoplocephalus stephensii (Stephens' banded snake), Pseduchis australis (king brown snake), Psedechis prophyriacus (red-bellied black snake), Oxyuranus
scutellatus scutellatus (coastal taipan), Pseudonaja textillis (eastern brown snake), Oxyuranus microlepidotus (inland taipan), Varanus varius (lace monitor), Varanus acanthurus (spinytailed monitor), Vipera berus (European adder), Mus musculus (mouse), Homo sapiens (humans), Danio rerio (zebraﬁsh), Xenopus laevis (African clawed frog), Gallus gallus (chicken),
Bos taurus (cow), Equus caballus (horse), Phoneutria keyserlingi (Brazillian wandering spider), Tityus serrulatus (Brazilian yellow scorpion), Solenopsis richteri (black imported ﬁre ant),
Arabidopsis thaliana (thale cress), Nicotaiana tabacum (tobacco plant), Dolichovespula maculate (bald-faced hornet), Lycosa singoriensis (wolf spider), Aedes aegypti (yellow fever
mosquito), Ctenocephalides felis (cat ﬂea), Argas monolakensis (parasite), Stomoxys calcitrans (stable ﬂy), Rhodnius prolixus, Ixodes scapularis (deer tick), Phlebotomus perniciosus (sand
ﬂies), Trinatoma infestans (winchuka), Hydrophis hardwickii (spine-bellied sea snake), Protobothrops ﬂavoviridis (venomous pit viper), Polybia scutellaris rioplatensis (Camoati). The
sequence alignment used to generate this tree is included as Supplemental Fig. S6.

Several other molecular binding terms were identiﬁed (calcium ion
binding, zinc ion binding, metal ion binding, fatty-acyl-CoA binding)
and these relate to a wide variety of potential functions. In agreement
with the identiﬁcation of abundant histones and other intracellular contents in slime (Fig. 5), numerous terms related to DNA organization (e.g.
DNA binding, nucleotide binding), and protein production (DNA-templated transcription, protein folding, sequence-speciﬁc DNA binding,
RNA binding) were identiﬁed across molecular function and biological
process ontologies. Several terms were also identiﬁed in both molecular
function and biological process ontologies in relation to protein polymerization (protein polymerization, microtubule-based process, cytoskeletal protein binding). Aside from these dominant terms a wide
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variety of other molecular function and biological process categories
were represented reﬂecting the high protein diversity in slime.

3.7. Phylogenetics
We identiﬁed two CRISPs (cysteine-rich secretory protein) among
our putative toxin list, one of which has previously been identiﬁed in
cephalopods (comp18934_c0_seq1) [21]. The second CRISP showed homology to cysteine-rich venom protein Mr30 in the venomous cone
snail C. marmoreus and was identiﬁed in this study for the ﬁrst time in
cephalopods.
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Fig. 4. Alignment of phospholipase B proteins identiﬁed in Sepiadarium austrinum (southern bottletail squid), Crotalus adamanteus (eastern diamondback rattlesnake), Rattus norvegicus
(brown rat), Drysdalia coronoides (white lipped snake), Mus musculus (house mouse) and Dictyostelium discoideum (slime mold). Yellow shading indicates the common GxSxG motif
identiﬁed in mouse versions of phospholipase B and the absence in other species. Signal peptides are shaded in blue and identiﬁed by using the InterProScan program featured in Geneious.

Fig. 3 shows the CRISP (comp18934_c0_seq1) is also present across
the transcriptome of a diversity of cephalopod species including octopus, cuttleﬁsh and squids. Importantly, this protein was recently identiﬁed by mass spectrometry from the proteome of the posterior salivary
gland, the venom-producing organ of the cuttleﬁsh S. ofﬁcinalis [21].
The protein is also known from the venom of wide range of snakes
and lizards where it achieves toxic function by ion-channel interference
[57,58].
Within cone snails at least two variants exist within venom including one that processes toxic proteins via propeptide cleavage and another with an unknown function [59,60]. Mr30-like venom protein
(comp41531_c0_seq1) is also present within non-venomous vertebrates including humans where it is proposed to regulate ion-channel
activity. This protein was the sixth most abundant protein in the slime
(Fig. 4) and was also found within the transcriptomes of a broad diversity of cephalopod species including octopus, cuttleﬁsh and squids.
4. Discussion
This study provides the ﬁrst known instance of a slime secretion
from a cephalopod analyzed by proteomic methods and is the ﬁrst investigation of a member of the family Sepiadariidae using proteomic
methods. This study has revealed that the slime secreted by S.
austrinum, contains at least 13 toxin-like proteins of which three are
among the top 20 most abundant by iBAQ. In addition to toxin-like molecules, we found a surprisingly large number of proteins in the slime of
S. austrinum. This included at least 1735 protein groups of which 219
had signal peptides indicating classical secretion. The presence of abundant, ubiquitous intracellular proteins such as histones and actins suggest that slime either contains whole cells or cell contents that may be
released during the slime secretion process. S. austrinum rapidly
(b1 s) produces extremely large volumes of slime (similar to the size

of the organism itself) which suggests that it has a high protein to
water ratio, and therefore requires a mechanism for volume expansion
such as that employed by Eptatretus stoutii (the Paciﬁc hagﬁsh). In the
hagﬁsh this is achieved through long (~30 cm) macromolecular threads
made from intermediate ﬁlament proteins and coated with mucins via
Ca2 + mediated mucin vesicle rupture [13]. Although the slime of S.
austrinum contained several abundant proteins that form macromolecules (actins and intermediate ﬁlaments) as well as Ca2 + regulatory
proteins it is unclear whether these are essential to slime structure or
simply present due to the presence of whole cells or cell contents in
slime. We did not identify any mucin molecules which suggest a novel
mechanism for S. austrinum gel formation compared with most other
mucus like substances where mucin is the primary gel forming molecule [61–63].
Due to the difﬁculty of collecting the slime, and hence the small
sample size, the assay used for analyzing the toxicity of S. austrinum
slime was not conclusive. While the assay was not conclusive, it is
clear that slime is not always toxic to brine shrimp. The proposed
purpose of slime based on ﬁeld observation is that it is an acute defensive response [1,2,64,65]. This is based on the fact that it is secreted rapidly in response to a threat. This observation, combined with
the results of the toxicity assay raises questions about the role of
the potentially defensive proteins found in the slime, particularly
the highly abundant short secreted cysteine rich proteins. In order
to be an effective acute threat response the slime would need to be
either toxic, highly irritable, foul-smelling and/or provide some
form of physical defense. Since the assay suggests a lack of strong
toxicity to crustaceans these molecules may possess toxicity however it may only be effective to speciﬁc taxa. If the slime possesses absolutely no toxicity the secreted enzymes as well as short secreted
cysteine rich proteins may play a role in forming a potential physical
defense or be implicated in the slime formation itself.
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Fig. 5. Top 20 most abundant proteins in slime by iBAQ. Proteins are named according to
their closest annotated homolog, or by the Trinity ID of their transcript. Identiﬁcation
corresponds to proteins found in Supplemental Fig. S8. Colors indicate broad functional
groupings and dots indicate the existence of a predicted signal peptide (SignalP 4.1).

The proteins highlighted as potential defensive proteins identiﬁed
by BLASTP that were annotated with identiﬁable domains by UniProt
also hit to the ToxProt database. Organisms that displayed homology
to the putative defensive proteins included, cone snails, snakes, spiders,
anemone and bees. Comp41531_c0_seq1 and comp18934_c0_seq1
contained CRISP, ShKT and V5TPXLIKE domains. CRISP proteins are
known from the venoms of several Conus species, and snakes (C.
adamanteus) [66]; ShKT domains are found within various sea anemone
toxins, where they play a role in affecting potassium channels [67].
While there is relatively little known about V5TPXLIKE domains, they
are documented within the venom allergens of vespid wasps and ﬁre
ants [50]. Though CRISP proteins can be found within other processes
such as the mammalian reproductive system, endocrine activity, and
cell adhesion functions, they are known to be common toxins found
within venomous animals. It is noteworthy that both Ruder et al. [14]
and Cornet et al. [21] recently identiﬁed a CRISP within the posterior salivary glands (PSG) of the cuttleﬁsh, S. ofﬁcinalis [21] and also the PSG of
the blue-ringed octopus [14] respectively. In S. ofﬁcinalis, the abundance
of this protein was inferred using transcriptomic read counts and was
found to be ‘rather abundant’ [21]. This protein had strong homology
to one of two CRISPs found in S. austrinum slime, comp18934_c0_seq1
(Fig. 3) but it was found in low abundance in S. austrinum contrasting
with the CRISP protein in S. ofﬁcinalis posterior salivary gland.
Within the slime of S. austrinum the second CRISP protein (Mr30-like
comp41531_c0_seq1) was found to be the 9th most abundant. This protein has not been previously reported from cephalopods, however it
was present as an assembled transcript within the transcriptomic data
of S. ofﬁcinalis deposited by Cornet et al. [21]. Although the function of
CRISP in cephalopods is currently unknown our results show that
CRISP are not restricted to the posterior salivary gland and there are at
least two CRISP variants that exist within S. austrinum. While we
found both variants in slime, one (comp41531_c0_seq1) was far more
abundant and may have a slime speciﬁc function.
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Serine proteases (peptidase S10) were also identiﬁed within S.
austrinum slime as well as S. ofﬁcinalis posterior salivary gland. The serine proteases identiﬁed in the PSG by Cornet et al. [21] were not present
within the protein of S. austrinum slime and the two serine proteases
found within S. austrinum were not found within the PSG proteome of
S. ofﬁcinalis. This highlights the distinct function of serine peptidases
within slime compared to PSG where a diverse range of digestive,
toxic and post-translational functions is likely to be required [14]. In
slime serine proteases are unlikely to have any digestive function but
may have either a toxic or post-translational function.
Other putative toxins also have ToxProt hits to kunitz-type toxins
which are known to function as inhibitors of serine proteases and as
neurotoxins, inhibiting calcium and potassium ion channels [68]; allergens api m9 and m3 which are responsible for the allergic reaction
humans have to bee stings [69] and plancitoxin which is able to hydrolyze DNA and is potently hepatotoxic [54].
Among the 13 proteins in our putative toxin list, three showed no
homology to functionally annotated proteins in the SwissProt database
(BLASTP E b 1 × 10−5). This underscores the potential for novel peptide
discovery within the Cephalopoda but it also highlights the challenge of
identifying homologues for such short proteins that may be rapidly
evolving under strong selective pressure. Using proﬁle HMM searches
and slightly relaxed search score thresholds we found that one of
these molecules (comp37594_c0_seq2) was similar to termicins. Molecules from this family have been implicated in antimicrobial roles [69,
70] in clams and termites respectively but are part of a broader class
that includes scorpion neurotoxins [71] and which has an unknown
venom related role in platypus [72,73]. While this sequence has been
identiﬁed as a possible toxic protein, it may be also implicated in antimicrobial or antifungal defense mechanisms.
Other toxins that are routinely identiﬁed in cephalopods,
cephalotoxin and tachykinin were not present within the protein composition of S. austrinum slime or its transcriptome. Cephalotoxin has
been identiﬁed in the PSG of cuttleﬁsh [18,21] and octopods [19,20].
Cephalotoxin homologues have also been found in a small number of
other organisms [73,74] however its function is unknown in these species. Tachykinins are found in octopods [17] however within cuttleﬁsh
Cornet et al. [21] was unable to identify tachykinins within the PSG despite using tachykinin speciﬁc search methods. They were identiﬁed
however, within the central nervous system as well as hemolymph,
identifying other potential roles for tachykinins other than speciﬁc
toxicity [75].
While the exact delivery mechanism of the proteins found in the
slime is unknown there are a number of possible ways that S. austrinum
slime could be delivered to potential predators. Secreting the slime in
the surrounding water may create a barrier around S. austrinum and
given the slime itself is colorless, may be accidently ingested by potential predators. If the slime surrounds S. austrinum and the predator does
in fact consume the squid, it may be released due to the potentially foul
tasting or toxic nature of the slime. The proteins in the slime may also
act as an irritant, causing irritation to potential predators, who may try
and attack the individual, passing through the slime. Mucus and other
slime substances are known to contain chemicals used in the defense
of the animal, with shelled gastropods as well as nudibranchs producing
chemical defense mechanisms [76–78]. The skin of marine gastropods is
also known to possess deterrent chemicals and these can either be dietderived or synthesized de novo [79–81].
The proteins identiﬁed as potentially defensive may be wholly or
partly implicated in other biological responses within the slime of S.
austrinum. While not investigated in this paper, given the mucus-like
consistency of the slime, the secretion may be involved in innate immune responses or antimicrobial effects. A number of proteins identiﬁed in the slime are implicated in the immune response of mollusks
including, bacterial permeability-increasing proteins, ﬁbrinogen-related proteins, lectins, 14-3-3 proteins and heat shock proteins [82].
While secretion of large volumes in response to an acute threat is the
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Fig. 6. Gene ontology (GO) based summary of the slime proteome. Two treemap plots are shown with (A) showing molecular function and (B) showing biological process. Each rectangle
represents a speciﬁc GO term and its area is proportional to the sum of iBAQ abundance values for proteins identiﬁed in slime and annotated with that term. Blocks of rectangles with the
same color represent groups of similar terms according to the SimRel semantic grouping implemented in REVIGO [42]. Due to space constraints the following abbreviations are used:
Ribo = structural constituent of ribosome; hyacCN = hydrolase activity, acting on carbon-nitrogen (but not peptide) bonds, in linear amidines; hTM = hydrolase activity, acting on
acid anhydrides, catalyzing transmembrane movement of substances; pdha = phosphoric diester hydrolase activity; indiac = inorganic diphosphatase activity; mib = magnesium ion
binding; phhyac = phosphopyruvate hydratase activity; frbis = fructose-bisphosphate aldolase activity; oxacNADP = oxidoreductase activity, acting on the aldehyde or oxo group of
donors, NAD or NADP as acceptor; prdiOx = protein disulﬁde oxidoreductase activity; oxCHOH = oxidoreductase activity, acting on the CH-OH group of donors, NAD or NADP as
acceptor; oxacO2 = oxidoreductase activity, acting on single donors with incorporation of molecular oxygen, incorporation of two atoms of oxygen; phosAl = phosphotransferase
activity, alcohol group as acceptor; prglut = protein-glutamine gamma-glutamyltransferase activity; sulfATP = sulfate adenylyltransferase (ATP) activity; oxred = oxidoreductase
activity; GpC = G-protein beta/gamma-subunit complex binding; carbb = carbohydrate binding; pccmp = phosphate-containing compound metabolic process; GTPsig = small
GTPase mediated signal transduction; hadpm = homophilic cell adhesion via plasma membrane adhesion molecules; credhom = cell redox homeostasis; oxrp = oxidation-reduction
process.

most dramatic and easily observed slime secretion mode, it is also possible that a more permanent slime layer is present as an antimicrobial
barrier. It is possible that slime produced in response to a threat (and
collected by us) incidentally contains this putative protective layer.
Thus it is possible that the slime proteome reported here contains elements of the innate immune system.
This study speciﬁcally utilized the slime secretion itself and not the
tissue that creates the secretion, giving greater insight into the components of the secretion with minimal interference from proteins, which
are involved in the standard cellular function of the tissue. Despite

these efforts we did observe abundant histones, actins and other intracellular proteins that are due to contamination of whole cells into the
slime. Aside from these speciﬁc proteins the use of iBAQ abundance
measures has allowed us to highlight proteins that are likely to play a
signiﬁcant role in the slime itself.
The class Cephalopoda (squid, octopus, cuttleﬁsh and nautilus) has
so far received very limited proteomic study [21,83,84] presumably
due to a lack of genomic and/or transcriptomic information required
to generate predicted protein sequences for shotgun mass spectrometry. In addition to being the ﬁrst proteomic study of mucus (or slime)
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from a cephalopod, our work contributes six relatively complete (N 82%
CEGMA scores) de novo assembled transcriptomes across four squid and
two octopus species greatly expanding the potential for future proteomic work.
5. Conclusion
By characterizing the slime proteome of a little known species, it is
clear that more work needs to be completed on potential toxins and
other proteins involved in defense within cephalopods. By further understanding the proteins in slime secretion and their function it will become easier to identify the difference between potential defensive
proteins and structural slime components. This will also increase our
understanding of the relationship between immunity and toxicity within organisms. This study has shown the advantages of using an ‘omics
approach’ (utilizing proteomics and transcriptomics) in order to describe potential toxins found within the family Sepiadariidae for the
ﬁrst time. Using ‘omics approaches’, along with further assays will
help further establish an understanding of toxins and their components.
In turn, application of toxin knowledge in drug design and a better understanding of toxic and antimicrobial effects within pharmacology are
exciting avenues for further research.
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ABSTRACT: Sepioloidea lineolata, the striped pyjama squid
(family Sepiadariidae), is a small species of benthic bobtail squid
distributed along the Southern Indo-Paciﬁc coast of Australia.
Like other sepiadariid squids, it is known to secrete large
volumes of viscous slime when stressed. In order to identify key
proteins involved in the function of sepiadariid slimes, we
compared the slime proteome of Sepioloidea lineolata with that
of a closely related species, Sepiadarium austrinum. Of the 550
protein groups identiﬁed in Sepioloidea lineolata slime, 321 had
orthologs in Sepiadarium austrinum, and the abundance of these
(iBAQ) was highly correlated between species. Both slimes were dominated by a small number of abundant proteins, and
several of these were short secreted proteins with no homologues outside the class Cephalopoda. No mucins were identiﬁed
within either species’ slime, suggesting that it is structurally distinct from mucin polymer-based gels found in many vertebrate
and echinoderm secretions. The extent of N-glycosylation in the slime of Sepioloidea lineolata was also studied via glycan
cleavage with Peptide: N-glycosidase F (PNGase-F). Although very few (four) proteins showed strong evidence of Nglycosylation, we found that treatment with PNGase-F led to a slight increase in peptide identiﬁcation rates compared with
controls.
KEYWORDS: proteomics, Cephalopoda, squid, Sepiadariidae, transcriptomics, N-glycosylation
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highly abundant proteins.20 Surprisingly, no evidence was
found of mucins (the primary protein component of mucus) or
mucin-like proteins within secretions from Su. austrinum (we
therefore refer to these as slime rather than mucus). This is
signiﬁcant because the formation of biological gels (mucus and
slime) across a wide range of taxa is thought to occur through
formation of mucin oligomers via cross-linking between
cysteine rich domains.21,22 The lack of abundant mucin-like
proteins in the slime of Su. austrinum therefore points toward a
novel molecular basis of gel formation in these animals, but the
proteins involved in this mechanism remain unknown.
Sepiadarium comprises one of two genera within the family
Sepiadariidae, with the second, Sepioloidea, also exhibiting the
same defensive secretion.19,20,23 Both genera of benthic bobtail
squids are found inhabiting the shallow waters of the IndoWest Paciﬁc.23 In this study, we analyzed the slime proteome

INTRODUCTION
Gel-like substances (mucuses and slimes) have been identiﬁed
in a wide range of species of invertebrates and vertebrates,
including hagﬁsh,1 planarians,2 sea stars,3−5 ﬁsh,6−9 and
humans.2,10,11 Applied interest in these substances stems
from the physical properties of the gels themselves2,12−14 as
well as their pharmaceutical discovery potential as sources of
antimicrobial peptides6,15 and toxins.16 For example, threads
made from intermediate ﬁlament proteins in hagﬁsh slime are
being investigated as promising high performance ﬁbers,17 and
mussel adhesive proteins are being used to develop exceptionally strong underwater glues.18
Bobtail squids from the family Sepiadariidae are known for
their distinctive ability to rapidly secrete large volumes of a gellike substance from their ventral mantle when threatened.19
Previously, we analyzed the proteome of this substance from
the southern bottletail squid, Sepiadarium austrinum Berry,
1921, and found that it was highly complex (over 1700
proteins) but was primarily comprised of a small number of
© 2019 American Chemical Society
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of a second sepiadariid species, the striped pyjama squid,
Sepioloidea lineolata (Quoy and Gaimard, 1832), under the
assumption that slimes in the two species show homology and
that comparative proteomics would highlight key abundant
proteins that may be involved in slime formation in both
species. This proteome was complemented with an So. lineolata
transcriptome assembled from ﬁve tissues including slime, to
ensure a comprehensive database of potential proteins could be
constructed and used for identiﬁcation of the slime proteome.
Furthermore, the distinct black and white striped pattern that
So. lineolata displays has long been hypothesized to be a display
of aposematism, signaling to predators that it may be a toxic
animal.23
One possible explanation for the lack of observed mucins in
the slime of Su. austrinum could be due to diﬃculties in their
proteomic identiﬁcation due to extensive N and O
glycosylation. In order to address this issue and to explore
the extent of N-glycosylation within the proteome of the slime,
PNGase F (Peptide: N-Glycosidease F) was used to attempt to
identify peptides that were N-glycosylated. Commonly,
glycosylated proteins present a variety of glycoforms for any
given peptide fragment and, as a result of this complexity,
cannot be recognized by standard proteomic analysis.24
Enzymatic cleavage of glycans has proven to be an eﬀective
way to cleave the bond between GlcNAc (N-Acetylglycosamine, the glycan attached to the amino acid sequence of the
glycosylated protein) and an asparagine residue.25 The removal
of this bond allows the peptide to be analyzed by mass
spectrometry (MS) and also converts the asparagine to aspartic
acid. This allows proteomic software to analyze the location of
the now cleaved glycan.26
N-Glycosylation is the most common post-translational
modiﬁcation and a particularly common modiﬁcation for
secreted proteins.27 For example, among the reviewed human
proteins on Swiss-Prot28 (the manually annotated and
reviewed section of the UniProt knowledgebase) over 73%
of secreted proteins (2601/3548) have evidence for Nglycosylation compared with a background rate of just 22%
N-glycosylated across the proteome as a whole. Since the
slimes are enriched for secreted proteins, we therefore
expected a high degree of N-glycosylation, and that if glycans
were not removed this could reduce peptide and protein
identiﬁcation rates. One of the aims of this study was therefore
to test whether glycan cleavage with PNGase-F would increase
peptide identiﬁcation rates compared with control samples.
This study was also able to compare the non-PNGase F
samples of both So. lineolata and Su. austrinum to assess
homology of slimes between the species at the molecular level.
This identiﬁed orthologous proteins within the slimes that
were correlated in abundance between species. In addition,
some entirely novel orthologs were identiﬁed, and possible
glycoproteins present in Su. austrinum slime were identiﬁed by
comparing the likely glycoproteins in So. lineolata and their
orthologs in Su. austrinum. This study is the ﬁrst proteomic
analysis of a cephalopod utilizing PNGase in order to identify
N-glycosylation. Previous studies have only investigated
hemolymph in molluscs29 and have utilized a number of
other methodologies to identify glycosylation (i.e., staining,30
separation by chromatography31). Therefore, this is a novel
analysis using PNGase F in proteomics to analyze Nglycosylation in invertebrate secretions.

METHODS

Sample Collection

Tissue and slime samples were collected from Edithburgh
Jetty, South Australia (35°5′S, 137°44′E) (15 December
2008). Tissue samples were stored in RNAlater (Qiagen) at
−80 °C, while slime samples were stored unﬁxed at −80 °C.
All samples were collected under Museums Victoria’s
collection and ethics permits by Dr. Mark Norman and Dr.
Julian Finn. Samples (n = 4) of the slime secretion
(approximately 90 μL) were obtained by provoking So. lineolata
while in a Petri dish. Once the slime was released from the
ventral mantle it was collected using a Pasteur pipet, placed
into a tube and initially stored in liquid nitrogen and then
transferred to −80 °C. The individuals were then euthanized
using a 10% magnesium chloride solution. Additional tissue
samples were collected from a single individual for transcriptome sequencing. Tissue samples were taken from the
ventral mantle, dorsal mantle, brain and arms, along with a
sample of slime.
RNA Extraction

RNA was extracted from all tissue samples including the slime,
using a RNeasy Mini Kit (Qiagen) following the manufacturer’s protocol. Samples were disrupted and homogenized
using a desktop homogenizer (IKA). RNA quantity and quality
were measured on a Bioanalyzer (nano chip) (Agilent).
Transcriptome Sequencing, Assembly, and Annotation

Transcriptomes of each of the ﬁve samples were sequenced
(100 base pair [bp], paired end data) on a single lane of an
Illumina HiSeq2000 by the Australian Genome Research
Facility.
A single reference transcriptome was assembled from all
sequencing data using the RNA-seq de novo assembly program
Trinity (version 2.2).32 Trinity default parameters were used
with data normalization. The total number of read pairs for
each sample is provided in Table S1.
All reference transcriptomes were annotated using the
Trinotate pipeline (version 3.0.1) (http://trinotate.github.io/
), which provides putative functional annotations for transcriptome sequences. Annotated transcriptome assemblies for
all species were deposited with NCBI (National Center for
Biotechnology Information) under the transcriptome short
read assembly (RSA) archive.
Mass Spectrometry

Each slime sample was dried using a SpeedVac Concentrator
and Savant Refrigerated Vapor trap (Thermo Fisher Scientiﬁc)
for 15 min at room temperature. Samples were resuspended in
buﬀer A (7 M Urea, 2 M Thiourea, 50 mM Tris pH = 8.3).
One μL of TCEP (tris[2-carboxyethyl]phosphine hydrochloride, 200 mM solution in water) was then added to the
samples and incubated overnight at 21 °C. Four μL of 1 M
IAA (iodoacetamide in water) was added the following day
and incubated in the dark at 21 °C. 500 μL of 50 mM Tris (pH
8.3) and 1 μg trypsin were then added to samples and left to
incubate for 6h at 37 °C. Another 1 μg trypsin was added for
double digestion and incubated overnight at 37 °C. The
digested samples were puriﬁed for mass spectrometry analysis
using the C18 stage tips procedure.33 All samples were then
split into two groups, one control group without PNGase F
and one with PNGase F. These samples were left to incubate
overnight at 37 °C. The PNGase F samples were puriﬁed again
using the C18 stage tips procedure. For all samples, peptides
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Figure 1. Sequence alignment showing the four most abundant proteins groups found in So. lineolata slime aligned with the most abundant protein
found in Su. austrinum. Black bracket indicates signal peptide region. SL_1−SL_11 indicates proteins found within So. lineolata with
comp40049_c1_seq1 found in Su. austrinum.

oxidation of methionine, acetylation at the protein N-terminus;
enzyme, trypsin with semitryptic peptides allowed. Peptide
spectrum matches were then analyzed with PeptideProphet35
and InterProphet36 to discriminate correct from incorrect
peptide spectrum matches (PSMs) and these were retained at
a 5% false discovery rate (FDR). Protein prophet was then
used to infer protein probabilities based on peptide
probabilities and proteins were retained at a 1% FDR. ORFs
supported by at least two peptide spectrum matches that were
otherwise not predicted by TransDecoder were appended to
TransDecoder predictions to complete the protein database
used for subsequent MaxQuant analyses.

were reconstituted in 0.1% formic acid and 2% acetonitrile and
were loaded onto a trap column (C18 PepMap 100 μm i.d. × 2
cm trapping column, Thermo Fisher Scientiﬁc) at 5 μL/min
for 6 min before switching the precolumn in line with the
analytical column (Easy-Spray 75 μm i.d. × 50 cm, Thermo
Fisher Scientiﬁc). The separation of peptides was performed at
250 nL/min using a linear acetonitrile gradient of buﬀer A
(0.1% formic acid, 2% acetonitrile) and buﬀer B (0.1% formic
acid, 80% acetonitrile), starting from 5% buﬀer B to 60% over
300 min. The liquid chromatography−tandem mass spectrometry (LC−MS/MS) analysis was performed using an Ultimate
3000 RSLCnano system coupled online to a QExactive HF
mass spectrometer (both from Thermo Scientiﬁc, Bremen,
Germany). The threshold for triggering MS2 was at a
minimum AGC target set at 3.0 × 103, with the normalized
collision energy at 28 eV. Charge state screening parameters
included the exclusion of single, unassigned, or 6 and higher
charge states. The mass spectrometry (MS) instrument was
operated in a data-dependent mode. The 20 most abundant
precursor ions detected in the full MS survey scan (m/z range
of 350−1500, R = 120 000) were isolated with a 1.4 m/z mass
window for further high-energy collisional dissociation (HCD)
tandem mass spectrometry (MS/MS) analysis with a
resolution of 15 000. Spectra were acquired under automatic
gain control (AGC) for survey spectra (AGC: 3 × 106) and
MS/MS spectra (AGC: 2 × 105). In all cases, one microscan
was recorded using dynamic exclusion of 30 s.

Identiﬁcation and Approximate Absolute Quantitation of
Slime Proteins

Mass spectrometry data was analyzed using MaxQuant
(Version 1.5.3.8)37 using the intensity-based absoluteprotein-quantiﬁcation method (iBAQ) turned on, and the
protein database mentioned above for peptide and protein
identiﬁcation. Known contaminants and decoys were added
automatically by MaxQuant. MaxQuant uses the Andromeda
search engine internally to match MS/MS Spectra to
peptides.38 The following settings were used: parent mass
tolerance, 4.5 ppm; fragment mass tolerance, 20 ppm; allowed
missed cleavages, 2; enzyme, trypsin; Fixed modiﬁcations,
carbamidomethyl C; variable modiﬁcations, oxidation of
methionine, acetylation at the protein N-terminus. In order
to account for mass shifts resulting from both chemical
deamidation and glycan cleavage by PNGase-F, we allowed for
both N and Q deamidation in database searches. Protein
groups were retained at 1% FDR.
High precursor mass accuracy such as the one used in this
study (4.5 ppm) has been suﬃcient in the accurate detection of
deamidation associated with the removal of N-glycans with
PNGase F.39 Nevertheless, inferring the presence Nglycosylation based on observed deamidation sites is somewhat
error prone because the deamidation of native proteins can
occur during sample preparation resulting in deamidated sites
that are unrelated to N-glycosylation. To mitigate this issue, we
identiﬁed glycosylated peptides on the basis that it must
contain the known consensus sequence (N-X-T/S, where X is
any amino acid but proline) and that this should correspond
with the best scoring deamidated-N localization for that
peptide. MS/MS spectra supporting the annotation were
viewed using Lorikeet Spectrum Viewer (https://code.google.
com/p/lorikeet/).
Each protein group was given an arbitrary ID, reported in
Table S2 and listed according to iBAQ value in decreasing
order.

Bovine Mucin Identiﬁcation

To ensure that the lack of identiﬁcation of mucins within the
sample was not due to experimental factors or due to the mass
spectrometer, 50 μg of bovine mucin was prepared following
the sample protocol as detailed above. The equivalent of 0.1 μg
of digested peptides was injected for mass spectrometry
analysis (QE-HF). The bovine mucin protein family was
detected without diﬃculty, with 124 peptides identiﬁed within
the sample with 70% coverage (data not shown).
Proteogenomic Analyses and Preparation of Reference
Protein Database

Prior to all quantitative MS data analysis using MaxQuant, a
reference protein database was constructed for So. lineolata
with a total of 43 760 amino acid sequences. This database
consisted of the full set of proteins predicted by TransDecoder
(version 3.0.0) combined with 18 additional proteins identiﬁed
by a proteogenomic search of the So. lineolata transcriptome
using methods previously described in Caruana et al. (2016)20
and Whitelaw et al. (2016).34 Brieﬂy, all MS/MS spectra were
searched against all open reading frames (ORFs) (length > 15
amino acids [AA]) generated by a six-frame translation of the
reference transcriptome. Searches were performed using three
search engines, Mascot, X!Tandem and MS-GF+ with the
following settings: parent mass tolerance, 10 ppm; fragment
mass tolerance, 0.5 Da; allowed missed cleavages, 2; ﬁxed
modiﬁcations, carbamidomethyl C; variable modiﬁcations,

Abundant Orthologous Proteins

ProteinOrtho40 (version 5.1) was used to compare the protein
databases of So. lineolata and Su. austrinum, reporting the
orthologous proteins between the two species. These results
were then used to analyze any potential orthologous
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Table 1. Top 20 Most Abundant Groupsa

glycosylated proteins as well as the most abundant proteins
that are shared between the two species. Putative toxic proteins
also highlighted in the slime of Su. austrinum were also
compared to proteins in So. lineolata to determine if there were
any orthologous putative toxins.
Although the two most abundant proteins detected within
So. lineolata and the most abundant protein in Su. austrinum
were not identiﬁed as orthologs by ProteinOrtho,40 they did
share sequence similarity. To investigate this further, both
sequences were analyzed for domains using InterProScan
(version 1.1.0),41 and a sequence alignment was constructed in
Geneious using MUSCLE42 (Figure 1).

■

RESULTS

Transcriptome Assembly and Annotation

The Sepioloidea lineolata transcriptome assembly included
247 283 contigs, including alternate isoforms from 213 006
gene models and had a median contig length of 326
nucleotides. All sequencing information is available at NCBI
under the BioProject PRJNA302677 (also see Table S1 for
accession numbers and numbers of reads). 43 778 predicted
protein sequences were transcribed with 32 847 of these being
assigned annotations based on the presence of a BLAST (Basic
Local Alignment Search Tool, accessible through NCBI) hit to
Swiss-Prot (E < 1 × 10−5) or at least one conserved domain
identiﬁed via HMMER search of Pfam (E < 1 × 10−5). Details
of the assembly of the Sepiadarium austrinum transcriptome are
detailed in Caruana et al. (2016).20

arbitrary ID

iBAQ

SignalP

domains identiﬁed

SL_1
SL_2
SL_3
SL_4
SL_5
SL_6
SL_7
SL_8
SL_9
SL_10
SL_11
SL_12
SL_13
SL_14
SL_15
SL_16
SL_17
SL_18
SL_19
SL_20
SL_21
SL_22
SL_23
SL_24
SL_25
SL_26

1.0264 × 1011
97 682 000 000
96 653 000 000
63 475 000 000
61 357 000 000
43 753 000 000
16 174 000 000
6 518 100 000
2 250 700 000
2 064 300 000
1 808 500 000
1 644 600 000
1 622 800 000
900 010 000
804 760 000
767 400 000
632 580 000
547 620 000
531 950 000
484 990 000
461 290 000
369 560 000
354 700 000
268 900 000
229 660 000
212 990 000

yes
yes
yes
yes
yes
yes
yes
yes
no
yes
yes
yes
no
no
no
no
no
no
no
no
no
yes
yes
no
no
no

N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
HSP20
Cartilage Associated Protein
Actin
Histone H4
Histone H2B
Intermediate Filament
Histone H2A
Peptidase S8
Lamin
EF-Hand
N/A
N/A
Peptidase M17
Histone H3
Tubulin

a
Reported isoforms represent a single protein group. The arbitrary ID
corresponds to the one found in Table S2 for extra information about
the speciﬁc protein. Averaged iBAQ from each sample, whether the
protein has a signal peptide (SignalP) and if a domain was identiﬁed
using InterproScan as part of Geneious.

Proteogenomics

Prior to quantitative proteomic analysis using MaxQuant, the
Trans-Proteomic Pipeline (TPP) analysis was used to expand
our reference protein database for So. lineolata. This analysis
identiﬁed a total of 2303 possible protein translations in
So. lineolata slime. All translations in this list had a
ProteinProphet35 probability >0.99, which corresponds to an
empirical FDR of <1%. A total of 139 novel (not predicted by
TransDecoder43) nonredundant translations were identiﬁed
from over 7.4 million transcripts. These 139 proteins were
supported by at least one unique peptide with peptide
probability >0.99 and were used to expand our reference
So. lineolata protein database. These proteins were not
identiﬁed by TransDecoder either due to a lack of starting
methionine, misassembly, or incomplete assembly in the 5′
region of the transcript or had an amino acid sequence less
than 100 AA, which is the default for TransDecoder.

the iBAQ intensity (SL_9 was excluded due to inconsistency
and a lack of signal peptide regions). These four isoform
groups are all relatively short (approximately 69, 59, 66, and 86
amino acids respectively) and had near identical signal peptide
regions (Figure 1). The most abundant protein identiﬁed from
Su. austrinum slime (comp40049_c1_seq1) also shared this
near identical signal peptide region, as well as some similarity
with the C-terminal regions of these abundant So. lineolata
proteins (SL_1-SL_11). These proteins showed no identiﬁable
homology to any known and recorded proteins in GenBank
(BLAST search of NCBI nr E < 1 × 10−5).

Proteins Identiﬁed in So. lineolata Slime

Comparison of Slime Proteomes between Su. austrinum
and So. lineolata

Of the top 20 most abundant groups (SL_1 to SL_26) (with
reported isoforms representing a single protein group), 14
were completely novel (i.e., not having any known BLAST hits
or identiﬁable domains other than signal peptide if applicable)
(Table 1). Proteins primarily consisted of likely intracellular
proteins, with actin, tubulin, histones and ﬁlament proteins
being identiﬁable. EF-hand domain containing proteins and
two peptidases (S8 and M17) were also found; however, these
did not contain a signal peptide. A total of 12 proteins
contained a signal peptide indicating classical secretion with 11
of the secreted proteins being identiﬁed as novel proteins and
one being identiﬁed as a heat-shock protein.
Within the slime of So. lineolata, the top four isoform groups
([SL_3, SL_5, SL_7], [SL_6], [SL_10], and [SL_1, SL_2,
SL_4, SL_8, SL_11]) dominated the slime comprising 97% of

By combining the proteomic analysis of So. lineolata from the
present study with previously published results on Su. austrinum
Caruana et al. (2016),20 we were able to compare the
abundance proﬁles of proteins by functional group (Figure 2)
and by relative abundance of orthologs (Figure 3) between
both species. The protein functional proﬁle of slime from
So. lineolata was broadly similar to that of Su. austrinum with
many of the same functional categories (KEGG BRITE
categories, [Kyoto Encyclopedia of Genes and Genomes])
appearing as abundant in both species (Figure 2). Cytoskeletal
proteins, enzymes, and proteins associated with extracellular
vesicles and chromosomes were particularly abundant in both
species. An examination of expressed orthologous proteins in
both species provided further insight into the shared proteomic
functional proﬁles of their slime. A total of 321 proteins
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Figure 2. Comparison of protein functional proﬁles between the slimes of So. lineolata and Su. austrinum. Stacked barplot shows the relative
abundance of proteins according to KEGG BRITE category. Vertical height of open bars represents the relative abundance of a single protein.
Proteins with no known BRITE category were particularly abundant and are shown with a separate vertical scale at right with exceptionally
abundant proteins highlighted with labels.

(p < 1 × 10−16; Spearman rank correlation) (Figure 3) and for
abundant functional groups (Figures S1 and S2). The topmost
abundant orthologous proteins were highly correlated
(abundant in both species) and included cytoskeletal proteins
(actin and ﬁlament domain containing), four diﬀerent histones,
two calmodulins, and proteins containing translationally
controlled tumor protein (TCTP), alcohol dehydrogenase,
and glutathione transferase domains (Figure 3).
The proteins previously identiﬁed as potentially toxic within
Su. austrinum20 were also investigated to determine if there
were orthologs in So. lineolata. Out of 13 putative toxic
proteins identiﬁed previously in Su. austrinum, four putative
toxic orthologs were identiﬁed including phospholipase B
(SL_301), DNase II (SL_263), CAP/ShKT (ion channel
blockers) (SL_392), and peptidase S10 (SL_157). All four of
these proteins contain signal peptides in both species.
Eﬀect of PNGase F on Peptide Identiﬁcation Rates

A total of 2113 peptides were identiﬁed using MaxQuant
(Andromeda) searches across both PNGase F and control
samples from the slime of So. lineolata. The eﬀect of PNGase-F
on peptide identiﬁcation rates is shown in Figure 4. These
varied strongly between individual slime samples, with slime
sample 3 showing by far the highest overall peptide
identiﬁcation rate as well as the largest proportion of peptides
identiﬁed exclusively in the PNGase-F treated sample (Figure
4A). This strong variation in peptide identiﬁcation rates
between samples was reﬂected in the rarefaction curve (Figure
4B), which suggests that more peptides could be identiﬁed if
further samples were obtained and included in the analysis.
Although Figure 4B suggests that use of PNGase-F does lead

Figure 3. Relative abundance of orthologous proteins found in
So. lineolata and Su. austrinum. Black circles represent each
orthologous protein with the most abundant proteins classiﬁed (and
distinguished by shape and color) into protein families by the
presence of conserved domains.

expressed in the slime of both species were identiﬁed as
orthologous by ProteinOrtho. The iBAQ expression values of
these orthologous proteins were highly correlated in aggregate
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S3). These peptides included 16 that were identiﬁed purely
from PNGase-F treated samples, 11 identiﬁed purely from
controls and 19 identiﬁed from both. The vast majority of
these peptides appeared to be unrelated to N-glycosylation as
only four were localized to sites with the motif N[X][ST].
Figure S3D shows a representative MS/MS spectrum of a
deglycosylated peptide (m/z 1815.90) from a potential
calmodulin protein. The b- and y-series of product ions
show the appropriate mass shift indicative of conversion of
asparagine to aspartic acid at the original site of Nglycosylation. There is a mass shift of 115 Da between the
y16 and y15 product ions, which indicates the presence of
aspartic acid instead of asparagine, due to the enzymatic
deglycosylation process.
The four putatively N-glycosylated proteins are shown in
Table 2 (with spectra shown in Figure S3) with two of the
proteins (SL_23, SL_12) containing signal peptides. One of
these (SL_23) was cephalopod-speciﬁc and the other had a
BLAST hit to a heat shock protein (SL_12). The ﬁnal two
proteins identiﬁed included calmodulin (SL_37) and angiotensin converting enzyme (SL_35). When analyzed against the
Swiss-Prot database, SL_35 had similarity to angiotensin in
Theromyzon tessulatum (duck leech) (68.2% Geneious grade).
A conserved glycosylation site exists between So. lineolata and
T. tessulatum, suggesting that the glycosylation site may have a
conserved function. SL_37, similar to known calmodulin
proteins, primarily consisted of EF-hand domains. Results
when compared against the Swiss-Prot database identiﬁed
similarities to various algae species, including Saccharina
japonica (sweet kelp) (87.7% Geneious grade) and Macrocystis
pyrifera (giant kelp) (87.7% Geneious grade). Calmodulin is
not traditionally known to be glycosylated, and neither species
identiﬁed within the Swiss-Prot database contained any known
glycosylation; however, in both cases identiﬁcation of the
protein was purely experimental evidence at transcript level.
The ﬁnal protein, identiﬁed as a heat-shock protein (SL_12),
also had similarity to one found in Octopus bimaculoides (lesser
two-spotted octopus) (33.3% Geneious grade), and no
glycosylation was indicated.

■

DISCUSSION
In order to further understand the role slime plays in the
defense mechanisms of Sepiadariidae, the proteomes of two
sepiadariid genera, Sepioloidea and Sepiadarium, were compared to determine orthologous proteins within the slime.
Given that there is very little literature on both the family
Sepiadariidae as well as nonmucin-based slime secretions
generally, it was important to investigate the secretion to shed
light on this family and to identify any valuable proteins that
could be further used for biomimetic applications.
The top 20 most abundant orthologous proteins along with
the top 20 most abundant proteins in So. lineolata, show
common protein families within the slimes of both species,
such as actins, histones, intermediate ﬁlament, and heat shock
proteins. These proteins are likely to be involved in
intracellular membrane fusion and transport, which may
suggest the secretion of whole cells from the glands of the
species, or the release of extracellular vesicles containing the
protein content of the slime. This may also be the case for
collagen, which is heavily abundant in the slime of
Su. austrinum,20 but is not as prominent in So. lineolata.
Therefore, collagen may play less of a role within the slime
itself as previously thought but is potentially a result of the

Figure 4. Eﬀect of treatment with PNGase-F on peptide identiﬁcation
rates in So. lineolata slime. Barplot at top (A) shows numbers of
distinct peptides identiﬁed from each of four individuals slime samples
broken down into those that were identiﬁed exclusively under
PNGase-F treatment, exclusively in control (not treated with
PNGase-F) and in both. Line plot (B) shows the accumulated
number of distinct peptides expected to be identiﬁed by pooling
spectra from four individuals slime samples. Expected values were
calculated as averages from all possible combinations of the given
number of samples. Separate curves are shown for PNGase-F treated
samples (open triangles) and control samples (open circles).

to (on average) a higher rate of peptide identiﬁcations
compared with the control, it is important to note that the
very high degree of variability in these rates (Figure 4A) means
that the eﬀect is highly sample speciﬁc.
N-Glycosylated Proteins in Slime

A total of 59 peptides from 34 protein groups were identiﬁed
with at least one deamidated asparagine by MaxQuant (Table
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Table 2. Putative N-Glycosylated Proteins Identiﬁed in So. lineolata Slimea
Trinity
ID

glycosylation
site

position in
protein

SL_35

N(0.991)VS

333

SL_38

N(0.999)GT

SL_23
SL_12

N(0.973)LT
N(1)GT

E-value

secreted

6 × 10−140

N

KQGYN(0.991)VSMMFHQAENFFTSIGLKK

60

Angiotensin-converting
enzyme 2
Calmodulin

5 × 10−80

N

34
74

−
HSP20 domain

−
−

Y
Y

SLGENPTDAELKDMINEVDADGN(0.999)
GTIDFAEFLTLMSQK
NVMN(0.973)LTPAETQQLHAALESQLSPGELAK
WFSGISSLFPKPDVSSSSSIEDIN(1)GTK

homology

peptide

The homology column shows protein names inferred via a BLAST hit (E < 1 × 10−3) to Swiss-Prot or in the case of SL_12 via the presence of a
conserved Pfam domain detected via InterProScan.
a

mechanisms of secretion.20 Along with these intracellular
proteins, alcohol dehydrogenase (ADH), translationally
control tumor protein (TCTP) and glutathione s-transferase
(GST), were identiﬁed as highly abundant (Figure 3). ADH
performs a basic metabolic function in invertebrates (oxidative
elimination of formaldehyde)44 and currently only one form is
known to exist in cephalopods (identiﬁed from octopus
species45,46). The reason for the high abundance of the protein
within both species of bobtail squid remains unknown and
requires further investigation. While no investigation has been
completed on TCTP proteins in cephalopods, studies into the
venom proteins in sea anemones47 have identiﬁed TCTP as a
candidate toxin. Furthermore, this protein has also been found
in the venom of Loxosceles intermedia (brown spider).48 Given
that the natural response of TCTP in the venom of the
L. intermedia is a vascular permeability and vasodilation
response, it is possible that the protein is associated with the
vasoconstrictive angiotensin-converting enzyme found in
So. lineolata. It may therefore play a role in the secretion
itself, as part of the defense mechanism, or the mechanism of
secretion itself. While the gene duplication of GST has been
identiﬁed as the source of enzymatically inactive crystallins in
the development of cephalopod lens refraction,49 at least one
active GST enzyme has been identiﬁed in the digestive gland
of squids.49 When compared against Swiss-Prot and BLAST
databases, the protein was more closely aligned with other
aquatic snails, such as Reishia clavigera and Cipangopaludina
cathayensis, than any known squid lens protein. Therefore, it is
likely that this protein exists in the enzymatic form within the
secretion.
Intracellular proteins identiﬁed may also play a role in
protection or innate immunity. Joo et al. (2015)50 identiﬁed a
number of proteins within human airway-mucus that share
similar family groups identiﬁed in So. lineolata and Su. austrinum such as histones, gelsolin, and annexins. Particularly
histones 2A and H4 are been shown to be involved in
antibacterial roles.51,52 Both histones are abundant in the slime
of both So. lineolata and Su. austrinum, along with other
orthologous histones found in both species. Annexins are
typically involved in vesicle transport; however, a number of
annexins (A1 and A2) have been shown to also have antifungal
and bacteria clearing properties, respectively.53,54 While the
annexins found within So. lineolata have been identiﬁed as A13
and A7, A7 was also found within the mucus of Schmidtea
mediterranea (freshwater planarian) and shown to have related
proteins identiﬁed in human secretomes, mainly tear ﬂuid,
olfactory cleft mucus and nasal mucus.2 While it is likely that
these proteins are only part of the secretion mechanism from
the bobtail squid itself, given the comparison that can be made
between proteins present in human airway mucus and the
slime of So. lineolata and Su. austrinum, these proteins should

be investigated further to establish potential immune defense
properties. Doing so would provide further evidence of the
slime being used as an immune defense against bacteria and
other sources of infection for the bobtail squid, as ﬁrst
introduced as a role within the slime of Su. austrinum.20 The
analysis of these secretions, particularly when involved in
immune defense and predator avoidance, is important in
understanding an innate ability to defend against a collection
of pathogens and microbes, which may be further used in drug
design applications.
The four orthologous proteins which were found to be
putative toxins within the slime of Su. austrinum included a
CAP/ShKT protein, phospholipase B, DNase II and peptidase
S10. Interestingly, the CRISP protein identiﬁed in both species
was previously identiﬁed as a related transcript in Caruana et
al.20 and has similarity to a CRISP toxin veriﬁed in the
cuttleﬁsh salivary proteome55 as well as other snake species
where toxic function is achieved by ion-channel interference.
Phospholipase B has similarity to known toxins identiﬁed in
Crotalus adamanteus (eastern diamondback rattlesnake) and
DNase II is found in Acanthaster planci (crown of thorns
starﬁsh). Peptidases have also been identiﬁed in many types of
venoms and often are involved in the blood coagulation (serine
proteases56) and ﬁbrinolytic pathways (carboxypeptidases57,58)
responsible for killing prey. Peptidases and other enzymes
routinely make up the majority of venom and toxin
composition with peptidase S10 being identiﬁed in the
venom gland of Conus geographus (the geography cone).59
Over 98% of the protein abundance within the slime of
So. lineolata comes from the top 20 most abundant proteins,
with the most abundant protein and its isoforms (SL_1, SL_2,
SL_4, SL_8, SL_11) contributing 53% of the total protein
abundance alone. The inability for four replicates to contain a
greater proportion of the total proteins all proteins involved
within the slime in both search engine methods, may be due to
these few extremely abundant proteins dominating the MS
analysis, hiding the less abundant ones.60 While possibly being
involved in the formation of the slime itself, these abundant
proteins did not have any of the hallmarks of mucins, such as
containing von-Willebrand factor domains, having a high
cysteine content or Ser/Thr/Pro tandem repeats.21 The
relatively short (64−88 AA) amino acid sequences and lack
of conserved domains make it diﬃcult to detect homology with
distant model organisms, and the function of these proteins is
therefore still mostly unanswered.
This study also utilized the enzyme PNGase F in order to
help characterize the proteome of the slime secreted by
So. lineolata. PNGase F was primarily used to determine if
additional proteins, especially N-glycosylated proteins could be
identiﬁed in the slime. While we did see an increase in peptide
identiﬁcation rates with the use of PNGase F the majority of
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homologues in the slimes of either bobtail squid species,
suggesting an alternative molecular basis to gel formation.
Further investigation of these slimes in order to identify the
molecular and physical basis for this unknown gel forming
mechanism warrants further investigation, given the potential
applications in the engineering of glues, waterprooﬁng,
adhesives, and ﬁbers.17,66 Bioactive molecules such as the
abundant and diverse peptidases identiﬁed in sepiadariid slime
may also be of interest to medical and pharmaceutical
industries.67,68
This study has emphasized the need for more investigation
into these bioactive secretions and their role within
sepiadariids, and morphologically diverse molluscan class as a
whole. It is clear that the identiﬁcation of glycosylated proteins
in nonmodel invertebrates, particularly dealing with a slime or
mucus-type sample, is exceptionally multifaceted. This paper
highlights the need for more comprehensive analyses of posttranslational modiﬁcations within sepiadariid and cephalopod
secretions as a whole. The study also advocates for further
investigation into nonmodel organisms and their secretions for
the wider use in a range of medical, pharmaceutical, and
biomimetic applications.

additional peptides identiﬁed were not N-glycosylated. This
suggests that the peptide identiﬁcation rates are more strongly
aﬀected by associated changes in sample preparation protocol
required by PNGase F treatment. Using stringent criteria to
control for false positives allowed us to detect a relatively small
number of conﬁdently identiﬁed N-glycosylated proteins (four
proteins in the top (A) grade) in the slime of So. lineolata.
Among the four proteins identiﬁed as highly likely to be
glycosylated (see Table 2) Peptidase M2 was identiﬁed.
Peptidase M2 is a known angiotensin-converting enzyme
(ACE) and is vasoconstrictive.61 ACE proteins have particular
interest within the treatment of hypertension, with the
commonly used drug Capoten being derived from an ACE
found within Crotalinae sp. (pit viper). Peptidases are
particularly common and abundant within the slime of both
Sepiadariidae species, with metallopeptidases and serine
peptidases being the most predominant. Both metallopeptidases and serine peptidases are responsible for a variety of
functions including digestion, immunity and blood coagulation
among others.62 N-glycosylation is known to be crucial in the
folding and stability of proteins and therefore it would not be
unusual that secreted peptidases within the slime contain Nglycosylated peptidase to ensure the stability of the proteins in
a volatile environment.63 It is also likely that the identiﬁed
HSP20 protein, which is also a grade A glycosylated protein, is
involved in chaperoning other proteins in order to protect
them against heat-induced denaturation and aggregation within
the surrounding environment.64 A calmodulin protein was also
identiﬁed to be glycosylated. Calmodulin is a ubiquitous
protein, involved in mediating processes including inﬂammation, smooth muscle contraction and immune response
through Ca2+ binding.65 Given that no signal peptide could
be identiﬁed within the amino acid sequence, it is possible that
the calmodulin protein identiﬁed, also highly abundant within
the slime of both Su. austrinum and So. lineolata, may play a
role in smooth muscle contraction, both for movement and as
part of the secretion mechanism. The ﬁnal glycosylated
protein, while containing a signal peptide, was completely
novel, with no hits to any proteins or nucleotides present
within the Swiss-Prot or BLAST databases.
The slime of both So. lineolata and Su. austrinum exhibits
high complexity and a dynamic range of proteins, with a few at
very high abundance. This characteristic of the slime, which is
also found when analyzing human plasma, makes analysis of
the slime extremely complex.60 Another explanation for the
lack of identiﬁable N-glycosylation within the Sepiadariidae
species may include the innermost GlcNAc residue of the
glycopeptide being linked to a α1−3 fucose residue, which
cannot be digested by PNGase. The α1−3 fucose residue is
most commonly found in plants, and in some cases insects, and
therefore we do not believe that this was a cause for the lack of
identiﬁcation of N-glycosylated peptides. New consensus motif
sequences also cannot be ruled out given the lack of
investigation into mucus and slimes within cephalopods and
invertebrates in general.
These analyses have shown that the slime of both
So. lineolata and Su. austrinum is similar in protein
composition. This suggests that the slime secretion produced
by these two species of bobtail squid is homologous and may
serve a similar function. In slimes where the molecular basis of
gel formation has been studied in detail, large mucin polymers
are a crucial element of the proposed gel forming
mechanism.3,22 In this paper we did not identify any mucin
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CHAPTER 4
QUANTITATIVE PROTEOMIC ANALYSIS OF THE SLIME AND
VENTRAL MANTLE GLAND OF THE STRIPED PYJAMA SQUID

(SEPIOLOIDEA LINEOLATA)

In preparation for submission to Molecular and Cellular Proteomics as Caruana, N. J.; Cooke, I. R Faou,
P.; Finn, J.; Plummer, K.M.; Strugnell, J. M. Quantitative Proteomic Analysis of the Slime and Ventral
Mantle Gland of the Striped Pyjama Squid (Sepioloidea lineolata).
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ABSTRACT
Cephalopods are known to produce an extensive range of secretions including ink, mucus,
and venom. These secretions are a potential source of valuable bioactive proteins, which may
be of further use for human applications. Sepiadariidae, a family of small, benthic bobtail
squids, have been noted to emit viscous slime when stressed. One species in particular,
Sepioloidea lineolata (striped pyjama squid), is covered with glands along the perimeter of
the ventral mantle. These structures are hypothesised to be the source of the slime from So.
lineolata. Using label-free quantitative proteomics, we analysed five tissue types (dorsal and
ventral mantle muscle, dorsal and ventral epithelium and ventral mantle glands) and the slime,
from four individuals. In doing so we were able to determine the relationship between the
slime and the tissues, as well as highlight proteins which are specifically expressed within the
slime. A total of 28 highly positively differentially expressed proteins were identified within
the slime and were predominantly comprised of a host of enzymes including peptidases and
protease inhibitors. Seven of these proteins contained predicted signal peptides, indicating
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classical secretion, with four proteins having no identifiable domains or similarity to any
known proteins. The identified glands also appear to be the tissue with closest overall
proteomic composition to the slime and therefore it is likely that the slime originates, at least
in part, from these glands.
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INTRODUCTION
Cephalopods are a morphologically diverse molluscan class, known for their intelligence, large
arsenal of defence mechanisms and unique social behaviour1–4. Cephalopods are also able to
employ their secretions for a range of purposes including envenomation, adhesion to surfaces,
and defence1–4. Prior studies into other mollusc secretions have demonstrated that these
secretions can be valuable sources of beneficial proteins for both species survival5 and use in
human applications6. As a result, the proteins from these secretions in molluscs have been
used in a range of pharmaceutical and adhesive applications, including the use of cone snail
venom as a potential fast-acting insulin for diabetics6 and the use of mussel secretions being
used in waterproof glues7,8. Given that cephalopods exhibit and utilise similar biochemical
and biophysical secretions, they are likely to be a rich source of proteins for further
biomimetic investigation.

Sepioloidea lineolata (Quoy and Gaimard, 1832), a species of the family Sepiadariidae, are
small (6-8cm) benthic bobtail squids that inhabit seagrass beds (up to depths of 20m) around
waters of the Indo-West Pacific9. All known members of this group appear to have the
capacity to produce slime3. The slime is a response to an immediate threat but has been
observed to occur either before ink secretion, a commonly known method of cephalopod
defence, or with the absence of ink entirely (pers. obs). Sepiadariidae consists of two known
genera, Sepiadarium and Sepioloidea, with prior studies focusing on the specific proteomic
composition of the slime in Sepiadarium austrinum Berry, 1921 and So. lineolata.10,11. These
studies described the complex proteomic composition of the slime, identifying a number of
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novel secreted proteins and an abundance of ubiquitous intracellular proteins such as
histones and actin, likely to be the result of sloughing of epithelium cells from the mantle
during secretion. While these studies generated a profile of the slime, they lacked a reference
tissue from the same organism for comparison, making it difficult to distinguish proteins
which may be a key component of the slime from ubiquitous intracellular proteins. The origin
of the slime in Sepiadariidae is currently not known, however, observations by Norman (2000)
have suggested that the slime originates from glands found under the fins on the posterior
ventral mantle (Figure 1).
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Figure 1 – (A) Illustration of the ventral mantle of S. lineolata showing approximate location of glands.
Illustration provided by Robert Richards. (B) Glands situated under the fin of Sepioloidea lineolata, which
were excised individually for proteomic analysis, indicated by an asterisk. (C) Image of So. lineolata glands
(in brackets) showing pores indicated by arrows.

Other families within the class Cephalopoda, including Euprymna spp. (bobtail squids) and
Idiosepius spp. (pygmy squids), are known to secrete an adhesive for protection against
predators1,12. Euprymna spp. are often recorded using their adhesive secretion to adhere a
sand coat to their dorsal mantle1–3,12, which can later be removed3,9. Alternatively, Idiosepius
spp. use their adhesive to attach to seagrasses and seaweeds, keeping them hidden within
their environment13,14. Unlike the secretion method suggested for the family Sepiadariidae,
the secretions of both Euprymna spp. and Idiosepius spp. are produced from glands situated
on the upper (dorsal) mantle12,13. The evolution of the slime and mechanisms of secretion by
Sepiadariidae is particularly interesting due to the potential composition of the slime and the
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location of the theorised ventral mantle glands. Given that Sepiadariidae have not been
observed to use their slime to adhere to surfaces or substances, and their alternative location
on the mantle, it is likely that their secretion performs a different function to that of
Euprymna and Idiosepius. This would then suggest that Cephalopoda secretions can provide
a number of advantageous properties, including adhesion and defence.

This study aimed to use label-free quantitative (LFQ) analysis to elucidate the proteins
specifically differentially expressed within the slime, to further understand the function and
proteins potentially involved in the mechanisms of secretion. While quantitative proteomics
is not commonly used to analyse complete proteomes of non-model organisms, our work
illustrates that the combination of de novo assembled transcriptomes and comprehensive
bioinformatic analysis can provide rapid and informative investigation into non-model
organisms. These investigations can then highlight proteins which have high potential for
biological applications without the need of a full genome. This study incorporates the first
label-free quantification analysis of a proteome from a cephalopod and its secretion in order
to determine the function of the slime of a sepiadariid squid. Secondary to this, this paper
highlights that the potential proteases and enzymatic proteins identified within the slime may
be valuable to the design of new drugs and pharmaceuticals.
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METHODS:
Sample collection
Tissue and separate slime samples were harvested from four individual adult So. lineolata
squid collected by Dr. Mark Norman and Dr. Julian Finn (Museums Victoria’s ethics permit:
MV AEC #07003) at Edithburgh Jetty, South Australia (35°5’S 137°44’E) (15th of December
2008). Tissue (in RNAlater, Qiagen) was snap frozen in liquid nitrogen, then stored at -80°C,
while slime samples were stored directly at -80°C. Samples (n=4) of the slime (approximately
90 µL) were obtained by provoking each So. lineolata individually while in a Petri dish. Once
the slime was released, it was collected using a Pasteur pipette, placed into a tube and initially
stored in liquid nitrogen and then transferred to -80°C. The four animals were then
immediately euthanized using a 10% magnesium chloride solution. Tissue samples (n=4) were
then taken of the ventral mantle muscle, the ventral mantle skin, dorsal mantle muscle, and
dorsal mantle skin. Glands (Figure 1B-C) found on the ventral mantle skin were also excised
individually.

Transcriptome sequencing, assembly and annotation
An existing So. lineolata transcriptome, previously assembled and detailed in Caruana et al.11,
was used in this study to assist with the peptide assignment. Briefly, a single reference
transcriptome was assembled in Trinity (version 2.2)15 using Illumina HiSeq 2000 data from
the ventral mantle, dorsal mantle, brain, arms and slime of So. lineolata and annotated using
Trinotate (v 3.0.1) (https://trinotate.github.io/). Trinotate is an annotation suite, comprising
functional annotation methods including homology searches (BLAST+/SwissProt) and protein
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signal peptide prediction (SignalP). The translated transcriptome was run against the Kraken
classification system in order to determine if there was any microbial contamination within
the samples16. Transcriptome data can be found at the Transcriptome Shotgun Assembly (TSA)
database under BioProject accession number PRJNA302677.

Mass spectrometry
Each sample was dried using a SpeedVac Concentrator and Savant Refrigerated Vapor trap
(Thermo-Fisher Scientific) for 15 minutes at room temperature. Samples were resuspended
in 7M Urea, 3M Tris pH=8.3. 1 μL of TCEP (tris (2-carboxyethyl) phosphine hydrochloride, 200
mM solution in water) then incubated overnight at 21°C. Iodoacetamide (4 μL of 1 M IAA in
water) was added the following day and incubated in the dark at 21°C for 20 min. 500 μL of
50 mM Tris pH 8.3 in water and 1 μg of trypsin was then added to samples and incubated for
a further 6h at 37°C. Another 1 μg trypsin was added to samples for double digestion and
incubated overnight at 37°C. The digested samples were purified for mass spectrometry
analysis using the C18 stage tips procedure17. For all samples, peptides reconstituted in 0.1%
formic acid and 2% acetonitrile, were loaded onto a trap column (C18 PepMap 100 μm i.d. ×
2 cm trapping column, Thermo-Fisher Scientific) at 5 μL/min for 6 min before switching the
precolumn in line with the analytical column (Easy-Spray 75 μm i.d. × 50 cm, Thermo-Fisher
Scientific). The separation of peptides was performed at 250 nL/min using a linear acetonitrile
gradient of buffer A (0.1% formic acid, 2% acetonitrile) and buffer B (0.1% formic acid, 80%
acetonitrile), starting from 5% to 60% buffer B over 90 min. The LC-MS/MS (liquid
chromatography-tandem mass spectrometry) analyses were performed using an Ultimate
3000 RSLCnano system coupled online to a QExactive HF mass spectrometer (both Thermo
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Scientific, Bremen, Germany). The threshold for triggering MS2 was at a minimum AGC target
set at 3.0 103, with the normalised collision energy at 28eV. Charge state screening
parameters included the exclusion of single, unassigned, or 6 and higher charge states. The
mass spectrometry (MS) instrument was operated in a data-dependent mode. The 20 most
abundant precursor ions detected in the full MS survey scan (m/z range of 350−1,500, R =
120,000) were isolated with a 1.4 m/z mass window for further high-energy collisional
dissociation (HCD) tandem mass spectrometry (MS/MS) analysis with a resolution of 15,000.
Spectra were acquired under automatic gain control (AGC) for survey spectra (AGC: 3×106)
and MS/MS spectra (AGC: 2×105). In all cases, one microscan was recorded using dynamic
exclusion of 30 s.

Label-free quantitation
Mass spectrometry data were analysed using MaxQuant (Version 1.5,0.30)18 with label-free
quantitation (LFQ) turned on, and the protein database mentioned above for peptide and
protein identification. The database consisting of 31,895 So. lineolata amino acid sequences
(found in the BioProject PRJNA302677) was used for all MaxQuant analyses. MaxQuant uses
the Andromeda search engine internally to match MS/MS Spectra to peptides19. Settings used
were; Parent mass tolerance: 10ppm; Fragment mass tolerance: 20 ppm; Allowed missed
cleavages: 2; Enzyme: Trypsin; Fixed modifications: Carbamidomethyl C; Variable
modifications: oxidation of methionine, acetylation at the protein N-terminus. Protein groups
were retained at 1% false discovery rate (FDR).
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Bioinformatic analysis
All bioinformatic analyses can be replicated using the R script deposited on Github
github.com/marine-omics/slineolata_quantification. The R package limma20 was used to
conduct the differential expression analysis, first utilizing Variance Stabilising Normalisation
(VSN)21. Differential expression values were determined by comparing the expression of
tissues against the average expression of all other tissues. The resulting differential
expression values were then filtered for a p-value less than 0.05. These proteins were then
specifically filtered to include only those proteins which had a positive differential expression
in the slime and negative differential expression in both the dorsal and ventral mantle muscle
(Table 1). Gene Ontology (GO) analysis was conducted using the TopGO22 package in R with
the molecular function parent ontology. A full table of identified proteins and their
annotations can be found in Supplementary Table 1.

The amino acid sequences of the 28 differentially expressed proteins identified in this study
were searched (blastp) against the NCBI non-redundant (nr) protein database as well as an
in-house transcriptomic and proteomic database of Su. austrinum slime and the Euprymna
scolopes genome to find the most similar identified sequences (e-value of 1e-5). Data used to
create the Su. austrinum databases can be located in the National Centre for Biotechnology
(NCBI) (BioProject PRJNA302677) and PRIDE archive (PXD003207).
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Slime-specific proteins
As proteins must be present in at least two tissues in order to calculate a differential
expression score and associate p-value, proteins present exclusively in the slime would be
ignored by differential expression analysis. A subset of proteins were identified that were
present in at least two or more individuals’ slime samples but were not present in the dorsal
or ventral mantle muscle tissue. These identified proteins that are potentially slime-specific.

Alignment of differentially expressed novel proteins in So. lineolata
Two proteins (DN82601_c3_g4, DN80879_c1_g6) which were identified as novel (i.e. having
no identifiable homologues using available sequences in NCBI databases) and had similarity
to the most abundant novel protein identified in Su. austrinum10, were used to create a
manually adjusted MUSCLE (multiple sequence comparison by log-expectation) alignment in
Geneious24.

73

RESULTS
Ubiquitous intracellular proteins within the slime
The abundant proteins identified within the slime of So. lineolata, are consistent with those
identified by proteomic analysis in prior studies of Su. austrinum and So. lineolata10. However,
this study demonstrated that these proteins (including actin, intermediate filament proteins,
histones and calmodulin) are not overexpressed within the slime of So. lineolata. These
proteins are commonly identified as intracellular proteins, and therefore it is likely that their
presence in slime is due to release of cellular material from the epithelium and surrounding
tissue (mantle muscle samples) during slime secretion.

Label free quantitative proteomic analysis
In total, 2,163 proteins were identified across all tissues and the slime in So. lineolata. There
is a distinct difference between the protein profiles of the slime and the other tissues
analysed (Figure 2), with the closest tissue to the slime being the ventral mantle glands. The
slime contains fewer proteins overall (862) compared to the other tissues analysed (1283 for
the glands, 1367 and 1630 for dorsal and mantle epithelium respectively, and 1158 and 1028
for dorsal mantle and ventral mantle muscle respectively). A total of 385 proteins were found
to vary significantly between sample types (tissues and slime) of So. lineolata (F test adjusted
p-value <0.05) (Supplementary Figure 1). Of these, 28 proteins were selected for further
analysis as they were overexpressed in the slime in comparison with the average protein
expression of all tissues (fold change greater than one) and simultaneously under expressed
(had a negative fold change) in the muscle in comparison with the average protein expression
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of all tissues (Figure 3, detailed in Supplementary Table 1). These criteria were designed to
select proteins solely enriched in the slime. Of these 28 slime-enriched proteins, 12 were
overexpressed in the slime and ventral mantle glands alone. Four of these proteins were
identified as being homologous to peptidases (carboxypeptidase E [E:5e-136],
neuroendocrine convertase [E:0], angiotensin converting enzyme [E:2e-165], and caspase-7
[E:1e-42]).

Figure. 2 – MDS Plot of normalized log2 expression label-free quantitative values of
proteins isolated from tissue and slime samples of four Sepioloidea lineolata
individuals.
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Figure 3 – Heatmap of the 28 differentially expressed proteins enriched in the slime of
S. lineolata (normalized LogFC P<0.05). Proteins containing a signal peptide are
indicated by a * and novel proteins (no sequence similarity to proteins in NCBI
databases) indicated by a ^. Darker pink colouring represents overexpressed proteins,
with darker green colouring representing underexpressed proteins.
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Table 1 – 28 overexpressed proteins in the slime of Sepioloidea lineolata. Columns within the table include the ID of
the protein group, annotation of the proteins using blastx and the corresponding E values, the description of the most
similar protein family identified from the Pfam database with corresponding E values, and whether the sequence
predicted to contain a signal peptide (SignalP-4.1). LogFC values are documented in Supplementary Table 1.
PROTEIN ID

BLASTX

BLASTX
EVALUE
NA

PFAM
NA

PFAM
EVALUE
NA

SIGNAL
PEPTIDE
*

DN82601_ c3_g4

NA

DN16929_ c0_g1

Fatty acid-binding protein,
heart
Carboxypeptidase E
Neuroendocrine convertase 1
NA
NA
NA

E:9e-24

Lipocalin_7

E:3.2e-10

E:5e-136
E:0
NA
NA
NA

E:1.7e-80
E:6.2e-20
E:0.00015
NA
E:1.6e-05

NA
SUMO-activating enzyme
subunit 2
WSC domain-containing
protein 2
Angiotensin-converting
enzyme
NA

NA
E:1e-58

Peptidase_M14
Peptidase S8 pro-domain
HSP20
NA
ETX_MTX2^Clostridium
epsilon toxin ETX/Bacillus
mosquitocidal toxin MTX2
NA
ThiF family

E:7e-10

WSC domain

E:3.3e-09

*

E:2e-165

Angiotensin-converting
enzyme
NA

E:3.3e206
NA

*

Profilin-1B
C3 and PZP-like alpha-2macroglobulin domaincontaining protein 8
CD63 antigen
Synaptic vesicle membrane
protein VAT-1 homolog-like

E:1e-10
E:5e-08

Profilin
Farnesoic acid 0-methyl
transferase

E:4.1e-19
E:7.7e-16

E:4e-29
E:5e-146

Tetraspanin family
Alcohol dehydrogenase
GroES-like domain

E:2.2e-49
E:2.2e-12

NA
Universal stress protein in
QAH/OAS sulfhydrylase
3'region
D-beta-hydroxybutyrate
dehydrogenase, mitochondrial
von Willebrand factor A
domain-containing protein 5A
Annexin A7
Calmodulin-2
Protocadherin Fat 4
Ras-related protein Rab-1A
Caspase-7
Glutaredoxin-1
Annexin A4
Major vault protein

E:9e-111
E:5e-09

SPFH domain / Band 7 family
Universal stress protein family

E:1.9e-32
E:1.7e-29

E:6e-75

Short chain dehydrogenase

E:1.2e-40

E:9e-105

Vault protein inter-alphatrypsin domain
Annexin
EF-hand_7
Cadherin
Ras family
Peptidase_C14
Glutaredoxin
Annexin
Major Vault Protein repeat

E:2e-07

DN68022_ c0_g1
DN77951_ c0_g1
DN63432_ c0_g1
DN80533_ c6_g3
DN81508_ c12_g1
DN83146_ c1_g3
DN82640_ c0_g3
DN76318_ c0_g1
DN82375_ c0_g1
DN80879_ c1_g6
DN37209_ c0_g1
DN82592_ c10_g1
DN76407_ c0_g1
DN82373_ c7_g1
DN54713_ c0_g1
DN82798_ c3_g1
DN78409_c0_g1
DN82535_ c0_g1
DN73195_ c2_g1
DN68650_ c0_g2
DN83293_ c0_g2
DN79549_ c4_g1
DN80806_ c4_g3
DN67082_ c1_g1
DN70833_ c0_g1
DN81926_ c5_g1
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NA

E:4e-112
E:2e-12
E:7e-171
E:3e-86
E:5e-67
E:2e-10
E:3e-86
E:0

*

NA
E:2.3e-07

E:3.5e-25
E:4.4e-11
E:4.9e-11
E:1.6e-37
E:6.3e-47
E:1.1e-13
E:2e-191
E:3.3e-13

*

*

Within these 28 slime enriched proteins, the top 10 overexpressed proteins were selected,
with expression values ranging from 4.1-6.3 log2FC (relative to the average expression of all
tissues) in the slime (Table 1). This selection included five proteins with predicted signal
peptides (DN82601_c3_g4, DN16929_c0_g1_i1, DN68022_c0_g1, DN63432_c0_g1,
DN76318_c0_g1), indicating classical secretion. These proteins were also solely
overexpressed in both the slime and ventral mantle glands.

The most overexpressed protein identified in the slime and ventral mantle glands had no
characterised domains or BLAST results (DN82601_c3_g4). This overexpressed protein is a
short, 139 amino acid (aa) protein with a predicted signal peptide (DN82601_c3_g4). There
was also another overexpressed protein within the slime (DN80879_c1_g6), which contained
no known domains and returned no similar proteins in the NCBI nr database (e-value of 1e5). This protein was also short and featured a predicted signal peptide with similarity to
protein DN82601_c3_g4 (Figure 4). Both proteins identified in So. lineolata had a similar
predicted signal peptide to that of an abundant protein with no known function previously
identified in Su. austrinum (Figure 4)10. No cysteines were found within either mature peptide
sequence, indicating no likely disulphide bond formation within the secondary structure of
the proteins. Cleavage sites for the predicted signal peptide in each protein occurred between
amino acid positions 24 and 25 (DN82601_c3_g4) and 25 and 26 (DN80879_c1_g6) (predicted
by SignalP-4.125). Arginine and lysine propeptide cleavage sites for So. lineolata proteins
were predicted to occur at amino acid positions 56 and 108 (DN82601_c3_g4), and 94 and
105 (DN80879_c1_g6) (as predicted by ProP-1.026, Figure 4) and the secreted subcellular
locations were predicted to be extracellular (as predicted by DeepLoc-1.027).

The second most overexpressed protein showed a high similarity to lipocalin 7
(DN16929_c0_g1) (E:3.2e-10). Lipocalin 7 is an important pro-angiogenic protein in model
organisms (mouse, rat, zebrafish, and human28–30), but the protein identified in So. lineolata
had homologues to a protein identified in the saliva of Ixodes ricinus (tick)31 and Rhipicephalus
(Boophilus) microplus (cattle tick)32. This protein was only overexpressed within the slime.
Finally, the third most overexpressed protein identified was a protein with a high similarity to
a zinc carboxypeptidase, carboxypeptidase E (DN68022_c0_g1). Carboxypeptidase E proteins
characteristically contain a C-terminal glutamate as the catalytic residue33,34, which also
occurs within the amino acid sequence of the protein identified in So. lineolata.
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Figure 4 – Alignment of two novel proteins (i.e. no similarity to currently described proteins on BLAST or characterised domains), both within the top 10 most overexpressed proteins
within the slime with the most abundant novel protein identified in the slime secretion of Sepiadarium austrinum. Magenta highlighted amino acids were predicted by ProP to be
possible pro-peptide cleavages sites.
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TopGO analysis
A topGO enrichment analysis identified 12 significantly enriched GO terms within the 28 slime
enriched proteins, with all proteins identified during mass spectrometry analysis and
annotated with GO terms as the background set. The most significant (classic fisher score <=
0.005) terms were (as indicated by the red rectangles in Supplementary Figure 2):
carboxypeptidase activity (two significant proteins), serine hydrolase activity (two significant
proteins), and serine-type peptidase activity (two significant proteins), all of which fall under
parent terms ‘hydrolase activity’ and ‘catalytic activity’. Proteins containing these GO terms
include proteases with potential functions in metabolic processes, immune system functions,
and blood clotting. Five overexpressed proteins had one or more of these significant GO terms
(DN16929_c0_g1_i1, DN68022_c0_g1_i1, DN77951_c0_g1_i1, DN82640_c0_g3_i1, and
DN82375_c0_g1_i1). In addition, the 28 overexpressed proteins included ten proteins
matching the GO term ‘extracellular’, which included peptidases (peptidase M2, M14, S8, C14,
and methyltransferase), calcium binding proteins (Annexin, Cadherin, EF-hand proteins) and
lipocalin.

Of

these

ten,

four

proteins

(DN16929_c0_g1_i1,

DN68022_c0_g1_i1,

DN82375_c0_g1 and DN83293_c0_g2) had predicted signal peptides (SignalP - 4.1)

Similarity to proteins found in other cephalopods
All 28 of the overexpressed proteins in So. lineolata had a detectable homologue within the
Su. austrinum slime transcriptome but only 18 of these were identified within the proteome
of the slime from Su. austrinum

10

. Differentially overexpressed proteins that were solely

found in the So. lineolata proteome included proteins with similarity (e-value of 1e-5) to: a
SUMO activating enzyme (DN82640_c0_g3); Annexin VII (DN73195_c2_g1); a zinc binding
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dehydrogenase (DN82373_c7_g1); and two further proteins which have unknown functions
(DN82601_c3_g4, DN80544_c6_g3). SUMO activating enzymes are responsible for the posttranslational modification of sumolayted proteins, the addition of small ubiquitin-like
modifiers on proteins for protein stability and transport35. Annexin VII has a number of roles
within the exocytotic pathway as well as promoting the contact and fusion of chromaffin
granules, carriers for small molecules of neuropeptides36,37. Finally, zinc binding
dehydrogenase performs oxidative elimination of formaldehyde and currently one form is
known to exist in the purified proteome from the gills, salivary glands and branchial hearts of
Octopus vulgaris (common octopus)38,39.

Further potential homologues of the overexpressed proteins were also identified by searching
BLAST nr databases using blastp (e-value of 1e-5). Similarities to sequences in the Octopus
bimaculoides (Lesser two-spotted octopus) genome were detected in 14 proteins
(DN63432_c0_g1,DN82798_c3_g1,DN80806_c4_g3,DN54713_c0_g1,DN83146_c1_g3,DN82
373_c7_g1,DN77951_c0_g1,DN82535_c0_g1,DN70833_c0_g1,DN82640_c0_g3,DN68022_c
0_g1,DN81508_c12_g1,DN81926_c5_g1,DN82375_c0_g1), with a potential profilin protein
being identified within Euprymna scolopes (Hawaiian bobtail squid) (DN37209_c0_g1_i1), and
a calmodulin-like protein in Ictidomys tridecemlineatus (thirteen-lined ground squirrel)
(DN68650_c0_g2_i1). Other proteins shared similarity to the CD63 antigen or
uncharacterised proteins in Mizuhopecten yessoensis (Japanese scallop) (DN76407_c0_g1_i1,
DN67082_c1_g1_i1), a D-beta-hydroxybutyrate dehydrogenase Crassostrea virginica
(eastern oyster) (DN78409_c0_g1_i1), a lipocalin-7 from Lottia gigantea (owl limpet)
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(DN16929_c0_g1), annexin from Lingula anatina (lingula brachiopod) (DN73195_c2_g1) and
a ras-related protein in Pomacea canaliculata (golden apple snail) (DN79549_c4_g1_i1).

Slime-specific proteins
15 proteins were identified in the slime samples but were not present at all in any of the
dorsal or ventral mantle muscle tissue samples (Table 2). The 15 proteins would not be
identified during differential expression analysis and so were manually identified. Seven of
these had potential signal peptides, indicating classical secretion (SignalP - 4.1). One of these
proteins (DN76805_c0_g1) had a sequence similarity to a Kunitz-type serine peptidase
inhibitor (E:4e-09) detected from the Vipera ursinii renardi (steppe viper) (Figure 5). Also
predicted were:

two C-terminal amidation proteins, peptidylamidoglyolate lyase and

peptidylglycine monooxygenase (DN79993_c2_g1, DN80272_c3_g2); peptidase M20
(DN81793_c9_g4); proteasome subunit A (DN64833_c0_g1), and phosphatidylethanolaminebinding proteins (DN81137_c1_g1). Protein (DN16109_c0_g1) had domain similarity to
‘protein of unknown function’ (E:3.6e-32). A single protein (DN81793_c9_g4) was also
identified that had no similarity to any proteins or any identifiable domains. This subset
ensured that important enzymatic proteins and potential proteins involved in the defence
properties of the slime, were able to be analysed.
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Table 2 – Sepioloidea lineolata slime-specific proteins. Columns within the table include the ID of the protein group,
the description of the most similar protein family identified from the Pfam database with corresponding E values, the
average expression of the protein across all tissues analysed and whether the sequence predicted to contain a signal
peptide (SignalP-4.1).

ID
DN16109_c0_g1_i1
DN64833_c0_g1_i1;
DN136150_c0_g1_i1
DN70402_c0_g2_i1
DN76318_c0_g1_i1
DN76805_c0_g1_i1
DN79993_c2_g1_i1
DN80272_c3_g2_i1;
DN80272_c3_g2_i2
DN81137_c1_g1_i1
DN81137_c5_g1_i6;
DN81137_c5_g1_i5;
DN81137_c5_g1_i2;
DN81137_c5_g1_i4;
DN81137_c5_g1_i3;
DN81137_c5_g1_i1
DN81755_c3_g3_i1
DN81793_c9_g4_i3;
DN81793_c9_g4_i2;
DN81793_c9_g4_i1;
DN81793_c9_g1_i11;
DN81793_c9_g3_i1
DN82055_c1_g2_i1
DN82232_c5_g2_i1
DN82872_c0_g3_i21;
DN82872_c0_g3_i4;
DN82872_c0_g3_i18
DN82872_c0_g3_i27
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Pfam Description
Protein of unknown function (DUF3105)

E value - Pfam
E:3.6e-32

SigP
N

SwissProt
NA

E value - SwissProt
NA

Proteasome subunit A N-terminal signature

E:7.6e-10

N

PSA2_CARAU

E:2e-138

Domain of unknown function (DUF4735)
WSC domain
Kunitz/Bovine pancreatic trypsin inhibitor
domain
NHL repeat
Copper type II ascorbate-dependent
monooxygenase, N-terminal domain
Phosphatidylethanolamine-binding protein

E:1.7e-66
E:2.5e-09

N
Y

CP089_DANRE
WSCD2_MOUSE

E:7e-27
E:2e-09

E:1.9e-16

Y

VKT_VIPRE

E:4e-09

E:6.8e-07

Y

PAL2_DROME

E:3e-65

E:4.4e-30

Y

PHM_DROME

E:3e-75

E:1.2e-05

Y

NA

NA

Tumour protein D52 family

E:3.2e-40

N

TPD52_MOUSE

E:2e-25

Peptidase family M20/M25/M40

E:2.5e-32

N

ACY1B_RAT

E:2e-158

Unknown

-

Y

NA

NA

L27 domain
Glycosyl hydrolases family 2, sugar binding
domain

E:7.9e-05

N

MPP6_HUMAN

E:2e-156

E:2.4e-07

Y

MANBA_MOUSE

E:0

Cadherin-like

E:6.9e-10

N

PCD17_HUMAN

E:1e-07

Cadherin-like

E:1.8e-09

N

PCD19_MOUSE

E:2e-11

*

*

Figure 5 – Alignment of protein sequence containing Kunitz-type domains found in the slime and ventral mantle on Sepioloidea lineolata with top SWISS-PROT hits, (2) conkunitzinS1 found within Conus striatus (striated cone snail); (3) include Vipera renardi (steppe viper); (4) Eristicophis macmahoni (McMahon’s viper); (5) Notechis scutatus scutatus (tiger
snake); (6) Bungarus fasciatus (banded krait); and (7) Walterinnesia aegypti (desert black snake). The cysteine pair missing from So. lineolata and C. striatus is indicated with a *.
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Further interesting proteins
Though the slime has a mucus-like consistency, prior studies on both So. lineolata and Su.
austrinum were unable to identify any mucin proteins, the protein responsible for the high
water holding capacity and gel-like consistency of mucus secretions40. Though the proteins
responsible for the mucilaginous consistency of the slime have yet to be identified, two
proteins containing a predicted WSC domain (for the cell Wall integrity and Stress response
Component of yeast)41 were identified. WSC domains are predicted as putative carbohydratebinding domains and have been recorded as a likely part of the adhesive mechanism of
nematode-trapping fungi alongside mucins42,43. One of these proteins was within the top 10
most differentially expressed proteins (DN76318_c0_g1_i2) and the second was a slime
specific protein (Table 2, DN76318_c0_g1_i1).

Finally, a protein with a predicted aerolysin/ETX toxin domain was also identified in one of
the overexpressed proteins (DN81508_c12_g1), however, there was minimal sequence
similarity to any characterised proteins in the BLAST nr database. This is not unusual as
proteins containing this domain are more likely to have structural, but not sequence
similarities64,65. Proteins containing the aerolysin fold, originally identified as a toxic
component of Aeromonas sp., are widely conserved throughout kingdoms65. Toxic function is
often assigned, with the domain being identified in the stonustoxin and verrucotoxin proteins
from species of scorpaenoid fish66, and melittin from bee venom67.
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DISCUSSION

Potential neurohormonal and neuropeptide function of the slime in So. lineolata
Peptidases and proteases were prominent among proteins that were more abundant in slime
compared with other tissues. This includes two of the most overexpressed proteins, a
putative zinc carboxypeptidase (DN68022_c0_g1) and a putative neuroendocrine convertase
with a peptidase S8 domain (DN77951_c0_g1). Interestingly, the established function of both
of these proteins within the literature is to play a role in the synthesis of peptide hormones
and neurotransmitters

33,34,47

. Both proteins have also been implicated in the standard

processing of insulin and hormonal peptidases found in both Heloderma suspectum
suspectum (Gila monster) and Conus geographus and Conus tulipa (cone snail) venoms7,48,49.
Two additional enzymes (Table 2) were also involved in C-terminal amidation,
peptidylamidoglycolate lyase and peptidylglycine monooxygenase. C-terminal amidation is
important in the post-translational modification of peptide hormones. Along with their
involvement in the synthesis of neuropeptides, these four proteins have been described to
be involved in the formation of chromaffin granules, the main secretory vesicles for hormones
50,51

. Given these proteins are needed to synthesise neuropeptides and neurohormones for

secretion, it is possible that a similar mechanism is occurring within the slime of So. lineolata.

Proteins which are commonly expressed through peptide hormone pathways include insulin,
glucagon and angiotensin II51. However, the proteomic analysis did not identify any of these
within the highly differentially expressed proteins. Given the most overexpressed protein has
features common to neuropeptides, including being short (138 amino acids), containing a
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signal peptide and having possible pro-peptide cleavage sites at positions 56 and 108 (Figure
4), this protein cannot be ruled out as a potentially novel hormone or neuropeptide. Given
that these short and highly abundant proteins are secreted by both genera within the family
Sepiadariidae, they are likely to play an important role in the composition of the slime.

Enzymes identified within the slime-specific proteins
The kunitz-type serine protease inhibitor found within the So. lineolata slime has high
similarity to proteins that have been identified in a number of venoms and toxins across
several taxa, including spiders52–54, snakes55,56, sea anemones57, and cone snails58. These
proteins from spiders, snakes, and sea anemones all have six highly conserved cysteines,
predicting the formation of three highly conserved disulphide bridges. However, both the
cone snail protein and the protein identified in So. lineolata possess only four of the
conserved cysteines (Figure 5). Studies into the cone snail venom protein conkunitzin-S1
revealed that the loss of these two cysteines (and predicted associated disulphide bridge) in
cone snails had no effect on the capability of the protein to inhibit its target protein channel58.
A homologous protein to this kunitz-type serine protease inhibitor was not identified within
the slime of Su. austrinum, suggesting that this protein may be specific to the slime of So.
lineolata. Another predicted peptidase family, M20/M25/M40, which is a family of zinc
metallopeptidases was also found to be slime-specific. While there is minimal information on
this family it was previously detected in the analysis of the botulinum neurotoxin type A
complex in Clostridium botulinum59. However, the study was unable to establish if the family
was a determinate part of the complex or if was only loosely associated.
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Further proteins identified as potentially involved in defence roles include a heat-shock
protein, commonly involved in the immune defence pathway and a putative angiotensin
converting enzyme (ACE) regularly used in the processing of angiotensin II, an active
vasoconstrictor60,61. Given ACE proteins involvement in smooth muscle contraction, the
enzyme may be involved in the overall mechanism of the secretion, with the gland itself
contracting in order to release its contents. ACE proteins are also found within the venoms of
the sea snail Colubraria reticulata (false triton)62 and the venomous fish Thalassophryne
nattereri63. Given ACE is highly overexpressed in the slime but Angiotensin I and Angiotensin
II (the substrate and products of ACE) are not found in the slime may indicate that ACE is
acting on proteins exterior to So. lineolata.

Possible functions for the slime from So. lineolata
The striking striped pattern of So. lineolata has been previously hypothesised to be an
aposematic display, warning predators that it is potentially toxic3. The species has also been
frequently found in the open during daylight hours, in comparison to Su. austrinum, which is
consistently found buried within the sand. This adventurous behaviour has also been
observed while in the presence of cuttlefish and fish (Dr. Julian Finn pers. comm.), suggesting
that it may be unpalatable or have a greater ability to defend itself in the presence of
predators than Su. austrinum. There are a number of possible mechanisms in which the slime
could be released, including the slime being dispersed into surrounding water as has been
recorded for the saliva of Hapalochlaena maculosa (southern blue-ringed octopus) 68. The
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slime may be distasteful or harmful upon consumption, leading predators to avoid the distinct
black and white striped patterning of So. lineolata. As secreted peptidases and other proteins
were highly overexpressed in both slime and the ventral mantle glands were detected, it is
likely that the slime originates, at least in part, from the ventral mantle glands. It is possible
that the glands are involved in a glandular secretion system, however, histochemistry and
morphology studies are needed to understand the role the epithelium and glands play within
the secretion. Although the enzymes identified may play their conventional role of activating
hormones within the animal, as described above, these specific peptidases have also been
identified within the venoms of species of jellyfish, sea anemone, and cone snails69–71.

Finally, lipocalins are a large and diverse family participating in the transport of small
hydrophobic molecules as well as roles in invertebrate cryptic colouration, olfaction, and
pheromone transport72. While lipocalins may be contributing to the cryptic colouration within
the epithelium of So. lineolata, the secreted lipocalin identified was solely overexpressed with
the slime. It was also the third most overexpressed protein in the slime overall. Other possible
reasons for the elevated expression of lipocalin include the transport of olfaction or even
pheromone transport73, particularly if the function of the slime is to deter predators, or used
in the reproduction process. These responses may also act as alarm signals, as exhibited by
Aplysia californica (California sea hare)74, which use pheromones within their secretion to
warn surrounding individuals of predators.

Lipocalins are also often involved in the

modulation of the immune response along with allergen responses72,75–77, as observed in
animals subjected to tick bites and the apparent toxic function in some species of snakes78.
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Conclusions and future directions
The slime from the family Sepiadariidae is a complex collection of bioactive molecules,
including proteases, possible hormones and likely immune defence proteins. In particular, the
novel secreted proteins identified should be isolated and their function understood in order
to determine if the most abundant novel protein is involved in a hormone defence pathway.
This can be facilitated by the transcriptomic resources that have already been developed. If
the slime itself is highly enzymatic and involved in neuropeptide and hormonal pathways, it
is likely that the slime is involved in protecting the species from predators. In order to fully
understand the mechanisms of secretion with Sepiadariidae species, and whether the
secretion mechanisms are conserved between genera, morphological analysis should also be
completed. This will in turn characterise any further glands or cells involved in the secretion
and further support the relationship of the glands on the ventral mantle to the slime.
Morphological studies can be complemented with behavioural studies as well as bioassays in
order to determine the exact biological function of the slime and proteins involved.
Investigating the secretion further could also have implications in understanding how
neuropeptides and enzymes stay active within viscous aqueous environments. In addition,
the enzymatic secretions exhibited within Sepiadariidae slime could help in understanding
the way hormones, neuropeptides and enzymes are used as defence mechanisms.
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CHAPTER 5
HISTOCHEMICAL AND ULTRASTRUCTURAL
CHARACTERISATION OF VENTRAL MANTLE GLANDS FROM
THE STRIPED PYJAMA SQUID, SEPIOLOIDEA LINEOLATA

(CEPHALOPODA: SEPIADARIIDAE)

Authors: N. J.; Cyran, N.; Strugnell, J. M.; Finn, J.; Cooke, I. R.; Plummer, K.M.; von Byern, J.
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ABSTRACT

Exocrine secretions in cephalopods perform a variety of applications including adhesion,
immune defence and toxicity. Recent proteomic investigations of the slime secreted by
bobtail squids from the Sepiadariidae family, have shown that it is a highly bioactive
secretion incorporating a number of proteases, peptidases and novel proteins. Further
investigation into one species from this family, the striped pyjama squid (Sepioloidea
lineolata), have identified glands surrounding the perimeter of the underside of the animal
(ventral mantle). Previous studies have indicated that these glands are the closest related
tissue to the slime and are likely to be involved in the production of the components of the
slime. To investigate the morphological characteristics of these glands, histological and
histochemical analyses were performed on So. lineolata individuals. This was complemented
with transmission electron microscopy (TEM) to investigate the contents within the glands.
This morphological analysis showed that these large (approximately 1mm in diameter)
glands are made of a granular-like material. These glands are connected to a pore, opening
through the connective tissue and epithelium. The gland itself is encased in a muscular
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sheath with interconnected chambers situated throughout. It is likely that the glands
contribute, at least part, to the overall composition of the slime secretion identified in So.
lineolata and that this secretion occurs by a muscle-triggered mechanism.
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INTRODUCTION

Exocrine glands (glands that produce and secrete substances onto epithelial surfaces by a
duct)1 found throughout molluscan classes are known to secrete an assortment of bioactive
molecules, including adhesives, toxins and antimicrobials8–102–8. These secretions are highly
specialised and operate in a variety of environments in diverse conditions, often for use in
immune and predatory defence2,3,5,6,8–11. These secretions can range from adhesive glues for
attachment to seagrasses2,12, to immune defence secretions to protect species from
microbes and in some cases toxic compounds to protect against predators. The class
Cephalopoda is relatively unexplored, yet has the potential for the identification of bioactive
epithelial secretions. While work has been conducted on the adhesive nature of epithelial
secretions from cephalopods3,4,11,132,3,9,12,13 there has yet to be in-depth investigation into
other types of epithelium secretions and the glands that produce these secretions.

One family of cephalopods, Sepiadariidae, are benthic bobtail squids found in the Indo-West
Pacific region14–16. These bobtail squids predominately bury themselves during the day and
come out at night to feed on small fish and crustaceans. Currently, two genera have been
described, Sepioloidea and Sepiadarium, with species being documented to emit volumes of
viscous slime when stressed15–18. One species in particular, the striped pyjama squid
(Sepioloidea lineolata) (Quoy and Gaimard, 1832)19, is covered with small glands along the
perimeter of the underside of the animal (ventral mantle) (Chapter 4) (Figure 1)20. Prior
investigations into sepiadariids have included a number of integrated ‘omics (proteomics
and transcriptomics) studies, primarily analysing the secretion itself17,18. Chapter 4 included
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a comparison of the proteome of the slime with the proteome of the tissues (ventral and
dorsal mantle, epithelium and ventral mantle gland) in So. lineolata. This study showed the
glands on the ventral mantle had a proteome that was quite similar to the slime proteome
(Chapter 4). While there are been several studies on the composition of the secretion
itself17,18, there has been little study conducted on the glands found on the ventral mantle
which are potentially the source of the slime. This is particularly important to further
understanding the composition, mechanisms of secretion and the role the secretion plays in
the defence of So. lineolata.

Prior proteomic studies into the slime from So. lineolata identified a high abundance of
enzymes, including proteases, peptidase inhibitors and putative toxic proteins18. This is in
contrast to other closely related genera of cephalopods (Euprymna, Sepiolidae and
Idiosepius, Idiosepiidae), which are known to produce a glue from adhesive glands on their
dorsal mantle for attachment of sand and reeds, respectively. Histochemical analysis on
these species identified numerous systems and epithelium gland types, with Euprymna sp.
using a synergistic two-component system10 and Idiosepius sp. using a process of transitory
adhesion2,12. Both species possess mucoproteins released from their glands as evident by
histochemical analysis. However, prior studies into both So. lineolata and the closely related
Southern bottletail squid, Sepiadarium austrinum, were not able to identify any mucins, the
common water-holding component of mucus secretions, within the proteome of the slime.
Given that in So. lineolata the glands appear on the ventral mantle and the slime lacks
mucin proteins but is rich in enzymes, it is possible that the slime in this species performs a
different function than the adhesive of Euprymna species.
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This is the first histochemical analysis on any member of the family Sepiadariidae and the
first study to investigate the morphology of the glands in So. lineolata. In order to
investigate the glands found on the ventral mantle of So. lineolata and provide further
insight into the function of the slime, a series of histochemical and ultrastructural analyses
were conducted. These analyses complemented prior ‘omics studies and highlight the
benefits of utilising morphological analyses to support ‘omics analyses. Given the potential
usefulness of these secretions, as evident by the current literature into mollusc
secretions3,4,13,21,22, it is important to investigate the source of these secretions and
understand the diversity of the glands which they originate from. By understanding the
mechanisms of secretion, where and how the secretion is stored, a greater understanding of
the role the secretions play within cephalopods can be achieved. This will therefore lead to
an improved understanding of these species and the role they play in Australia’s marine
ecosystems.
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Figure 1 – A) Image of So. lineolata provided by Dr. Julian Finn, Museums Victoria, Australia, scale bar = 1cm. (B) Removed epithelial surface from ventral
mantle muscle of So. lineolata, including connective tissue and glands. (C) Epithelial surface of the ventral mantle of So. lineolata with glands visible. (D) Closeup images of epithelial surface of the ventral mantle of So. lineolata with glands. Insert shows a single gland with pore visible. Scale bars in B-D = 2mm.
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METHODS

Sample collection and fixation
Adult individuals of So. lineolata were collected from Edithburgh Jetty, South Australia
(35°5’S 137°44’E) (15th of January 2018). All samples were collected under La Trobe
University collection and ethics permits (AEC 15-50) by Dr. Julian Finn. The squids were then
euthanized using a 10% magnesium chloride solution. The dorsal and ventral mantle as well
as the arms were fixed in an acetic–alcohol–formalin (AAF) mixture23 for 3 h at 25°C, in
Carnoy solution24 for 3 h at 25°C or a 4% paraformaldehyde solution (4% PFA in 0.1 mol L−1
phosphate buffered saline, pH 7.4)25 for 3 h at 25°C for histological and histochemical
analyses. For ultrastructural studies, tissue samples were preserved in 2.5% glutaraldehyde
with a sodium-cacodylate buffer (0.1 M, pH 7.4, plus 10% sucrose) for 6 h at 25°C.

Histology and histochemistry
Samples fixed in Carnoy and AFF were cleared three times at 20 minutes each in
methylbenzoate followed by benzene, then infiltrated overnight with paraffin. Sections (5
μm) were cut, mounted on glass slides with Ruyter solution and dried at room temperature
before staining. Histochemical analysis was carried out according to von Byern et al.3 using
Azan trichrome for overview of the glands, mantles, arms and structural details. Periodic
acid-Schiff (PAS) staining was used to detect the presence of neutral hexose sugar units26.
For the negative control of PAS, sections were immersed at room temperature in
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Anhydride-Pyridine solution for 3h before proceeding the normal PAS reaction. Proteins
were detected using Alcian Blue 8GX at pH 1.0 (for sulphated glycosaminoglycans) and pH
2.5 (carboxylated glycosaminoglycan groups) for 2h at 20°C in addition to Toluidine Blue O
(in 0.2 mol L−1 acetate buffer at pH 4.3)27 and Biebrich Scarlet (0.04%) for 1h at 20°C in
phosphate buffer at pH 6.028 and Laskey’s glycine buffer at pH 8.0, 9.5 and 10.524. Detection
of lipids and calcium was carried out on PFA-PBS 100 μm thick vibratome sections prepared
with a vibratome Leica VT1200S. Sudan Black B was used to visualize lipids (dilution 1:2)23
with von Kossa23 (staining with phosphate for identification of acidic material) and Alizarin
red (calcium phosphate)23 staining for calcium deposit detection.

Table 1: Histochemical tests applied to the glandular ventral mantle region of So. lineolata
Stain
Periodic Acid Schiff (PAS)

For the localization of

Embedded in

Reference

1,2-Glycol carbohydrates

Paraffin

Kiernan (2008)

Paraffin

Pearse (1960)

Paraffin

McManus
Mowry (1960)

Paraffin

Spicer and Lillie
(1961)

Alcian Blue (pH 1.0-2.5)

Acidic mucopolysaccharides

Toluidine Blue (pH 4-5)

Acidic proteins

Biebrich Scarlet (pH 6.0-10.5)

Basic proteins

Von Kossa

Decalcification

Paraffin

Böck (1989)

Neutral triglycerides and lipids

Agarose

Böck (1989)

Calcific deposition

Agarose

Böck (1989)

Sudan Black B

Alizarin Red

&
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Immunohistochemical analysis
Immunohistochemical analysis of nuclei, muscles and nerve fibres were also carried out on
the PFA-PBS fixed samples using 100 μm thick vibratome sections followed by incubation
with 2.5% Alexa Fluor TRITC-conjugated phalloidin and DAPI (4ʹ,6-diamidino-2-phenylindole)
(see protocol in Wollesen et al.

29,30

) and observed with a confocal laser scanning

microscope. Carbohydrates were characterized enzymatically on paraffin sections (5-7 μm
thick) using the following lectins (50 mg/ml; incubated for 30 min at room temperature):
FITC-labelled concanavalin agglutinin (ConA), specific for a-D-mannose/a-D-glucose; Texas
Red labelled peanut agglutinin (PNA), specific for lactose/β-galactose; TRITC-labelled
soybean agglutinin (SBA), specific for N-acetyl-D-galactosamine; FITC-labeled wheat germ
agglutinin (WGA), specific for N-acetyl-D-glucosamine; TRITC-labeled Galanthus nivalis lectin
(GNA), specific for mannose; and FITC-labeled Ulex europaeus agglutinin (UEA), specific for
α-L-fucose. All lectins were diluted with the respective buffers as specified by the
manufacturer (EY Laboratories, San Mateo, CA, USA). Inhibition was carried out by
incubating diluted fluorescent-labelled lectin with 0.2 M inhibitory carbohydrate for 60 min
at room temperature before application to the sections. Autofluorescence was controlled by
incubating sections in buffer solution without fluorescent-labelled lectin.

Ultrastructure
Glutaraldehyde-fixed samples were washed three times for 30 min in buffer solution at
room temperature and sorted for further processing. For post-fixation the samples were
immersed for 1.5 h in 1% osmium tetroxide in 0.1 M sodium cacodylate buffer and
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dehydrated in a graded series of ethanol. Samples were then embedded in Epoxy resin
(Hexion, Columbus, OH, USA) for transmission electron microscopy (TEM). Following
polymerization, ultrathin sections (70 nm) were prepared on a Leica UC7 ultra-microtome
using ultra diamond knives (Diatome, AG, Biel, Switzerland). Sections were mounted on
copper slot grids coated with formvar in dioxane, stained with 2.5% gadolinium triacetate31
and 3% lead citrate27, and examined under a Zeiss Libra 120 electron microscope (Carl Zeiss
AG, Oberkochen, Germany). Serial semi-thin sections (500 nm) were stained with Toluidine
Blue and observed under a standard light microscope.
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RESULTS
Dorsal mantle morphology and histochemistry
Sepioloidea lineolata has a distinctly different dorsal and ventral mantle structure and
composition. The dorsal mantle consists of a thin (~5 μm) epithelium layer. Underneath the
epithelium, is a layer of connective tissue embedded with reflector cells and
chromatophores. Each ‘stripe’ that makes up the distinct ‘striped pyjamas’ of So. lineolata is
made of reflector cells with the gaps between each reflector ‘white stripe’ allowing the
chromatophores to make up the ‘black stripes’ (Figure 2)32. Reflectors and chromatophores
are located underneath the epithelial layer and a layer of connective tissue. There was no
indication of any glands on the dorsal mantle epithelium or within the connective tissue of
So. lineolata. There was a lack of protein identified within the epithelial layer of the dorsal
mantle, as indicated by the negative reaction of the epithelia to biebrich scarlet (pH 6-10).
There was a weak staining for acid mucosubstances and sugars, and positive staining was
primarily found in the muscle and top epithelial layer.

E
C
R

Figure 2 – Dorsal mantle of Sepioloidea lineolata showing reflector cells (R) and
chromatophores (white arrow heads), located under a layer of epithelia (E) and
connective tissue (C). Scale = 100 μm
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Ventral mantle morphology and histochemistry
In comparison, the ventral mantle epithelium of So. lineolata consists of two layers, a thin
(~5 μm) epidermis situated on the surface of a thick dermal layer (~160 μm thick). The
connective tissue within the dermal layer does not contain reflector cells, only comprising
chromatophores. Embedded within the connective of the ventral mantle are a series of
large glands (1 mm in diameter). No evidence could be seen for glands of different
maturities and all appeared to be fully formed at time of imaging. The glands are compactly
located under the fins of the ventral mantle (Figure 1) and along the posterior of the animal.
Each gland is visibly raised from the rest of the ventral mantle with pores visible in the
centre of the gland (Figure 1D). There is an absence of visible chromatophores on the
position of each gland, however this seems to be due to the density of the gland itself on
top of the chromatophore layer, which is consistent over the ventral mantle. The gland sits
within the connective tissue of the ventral mantle (Figure 3A). Proteins, acid
mucosubstances and sugars were not detected within the gland itself. The tissue
surrounding the gland was Alcian Blue positive (pH 1.0 and 2.5, Figure 3B), indicating
possible collagen cushioning neighbouring glands from one another. The gland appears to
contain fine granular-like material with occasional aggregates of larger and more dense
collections. Interestingly, the gland stained positive for Sudan Black B, indicating the
presence of lipid components (Figure 3C). The aggregates were not positively stained for
Sudan Black B. The top epithelial layer also stained positive for Sudan Black B, indicating the
presence of lipids. Alizarin Red staining was also positive within the muscle tissue of gland
itself including the aggregates, indicating the presence of calcium, however, there is
negative staining of Alizarin red within the other components of the gland.
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Table 2: Histochemical analyses of the ventral mantle gland of So. lineolata, reaction defined as no
reaction (-), weak reaction (+), and strong reaction (++).
Stain

Purpose

Reaction

Location of Reaction

PAS

Carbohydrate

-

N/A

Alcian Blue (pH 1.0)

Nucleic acids and acidic
mucopolysaccharides

+

In surrounding
connective tissue

Alcian Blue (pH 2.5)

Nucleic acids and acidic
mucopolysaccharides

++

In surrounding
connective tissue

Sudan Black B

Lipid

++

Within gland but not
aggregates

Biebrich Scarlet (pH 6.0)

Basic protein

-

N/A

-

N/A

Biebrich Scarlet (pH 8.0)

Basic protein

Biebrich Scarlet (pH 9.5)

Basic protein

-

N/A

Biebrich Scarlet (pH 10.5)

Basic protein

-

N/A

Von Kossa

Calcium

-

N/A

Alizarin Red

Calcium

++

Within gland muscle
and aggregates
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Epithelium

A

A

Pore Opening

ve Tissue
Connecti

B

B

C

D

Figure 3 – All images are of Sepioloidea lineolata. (A) Ventral mantle glands of Sepioloidea lineolata showing epithelial surface, thick
connective tissue, open pore and gland. (B) Paraffin section of the ventral mantle gland stained with alcian blue (pH 2.5). (C) Vibratome
section of a ventral mantle gland stained with Alizarin Red. (D) Vibratome section of a ventral mantle gland stained with Sudan Black B. Scale
bar (A)-(D) = 1000 μm
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Ventral mantle immunohistochemistry
Incubation with peanut agglutinin (PNA) revealed moderate reactivity to the pore tissue
(Figure 4A). No other applied lectins showed reactivity with the glands or epithelial layer of
either the dorsal or ventral mantle. The tissue surrounding the gland, within the gland, as
well as the connective tissue and epithelial layer, was positively labelled by phalloidin
(Figure 4B-D). This positive reaction indicates the presence of F-actin and therefore it is
likely that the gland as well as the epithelial layers are likely to be made of extensive
networks of muscle, including the pore (Figure 4B-D).
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B

A

D

C
C
G

G

G

M

Figure 4 – (A) Ventral mantle gland pore opening. Arrow indicates that tissue surrounding the pore opening contains N-acetyl-Dglucosamine. (B-D) Fluorescence microscopy of vibratome sections of the ventral mantle glands in So. lineolata stained with 2.5% Alexa
Fluor TRITC-conjugated phalloidin, muscle mantle (M), connective tissue (C) and glands (G). Scale bar in (A) = 25 μm, (B) and (C) = 100 μm
and (D)= 250 μm
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Ultrastructure analysis of the ventral mantle glands.
Supporting histochemical analyses, semi-thin sections revealed a clear gland structure
(Figure 5). The gland is connected to a pore and filled with a fine granular-like material,
indicated by staining with toluidine blue. Material within the gland also appears as dense
aggregates, which are likely to be secreted as evident by the presence of the aggregates
appearing within the pore and near the opening at the epithelial layer. These aggregates are
unlikely to be the result of fixation as they appear in all fixation and staining techniques.
Surrounding the whole gland is the myoepithelium with muscle fibres embedded
throughout the gland. In individual semi-thin sections, the gland appears to contain
separate compartments, separated by muscular fibres (Figure 4B-D). When these sections
are assembled together however, it is evident that the sections are not completely
separated from one another, and the lumen and gland are continuous, all opening to the
pore.

There are multiple apoptotic nuclei, (evident by chromatin condensation, followed by
nuclear fragmentation) (Figure 6A-B) within the gland and found predominately around the
perimeter of the gland. There were also a number of nuclei found within the pore. Often
when multiple nuclei are present within a gland, the gland is said to be a syncytium.
However, usually the nuclei are not mostly apoptotic and are clearly defined. This does not
seem to be the case for the ventral mantle gland of So. lineolata. In addition, while there are
numerous apoptotic nuclei within the gland, no defined cells within the gland could be
observed.
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C

Myo

M

P

E

Figure 5 – Semi-thin section of the ventral mantle gland with its pore opening (P) through
the connective tissue (C) and epithelium (E). Muscle tissue (M) also appears within
sections of the gland with the myoepithelium (Myo) surrounding the entire gland
structure. Gland is filled with granular material and red arrows point to an example of
denser collections of material. Scale bar = 100 μm

There was evidence of mitochondria and rough endoplasmic reticulum (RER) present within
the gland also, however they are not in abundance (Figure 6C-E). The RER were typically
found in the form of swollen, rounded cisternae. While there is evidence of synthesis of
proteins within the gland, this synthesis appears to be at a low level. An abundant number
of small vesicles were also found in close proximity to rough endoplasmic reticulum and
mitochondria and range in size. We also cannot eliminate the possibility that the apoptotic
nuclei may have occurred during fixation of the animal and not just naturally within the
gland.
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RER

Figure 6 – Transmission electron microscopy images inside the ventral mantle epithelium glands of So. lineolata
residing under a layer of muscle (M). (A-B) The gland shows multiple nuclei, not membrane bound (N), most of
which are degraded as shown in (B). (C&E) show evidence of mitochondria (Mt) and rough endoplasmic
reticulum (RER) within the gland. (D) There are an abundance of small vesicles (SmV) which are likely to be
secreted within the slime. Scale bars – A) 10 μm, B) 2.5 μm C) 500nm
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DISCUSSION

This is the first histochemical and ultrastructural investigation of the ventral mantle glands
of the family Sepiadariidae. The original description of Sepioloidea lineolata by Ferussac and
d’Orbigny (1832) details the ventral mantle as containing ‘papillae’ on the epithelial surface,
however no other details were recorded about the use or tissue type of the glands20. We
examined the structure of the ventral mantle glands from So. lineolata, and found that
there are currently no known glands within the literature which could be used as a
comparison to the ones identified in So. lineolata.

Studies investigating the gland of other species of cephalopod, including related bobtail
squid species, Euprymna scolopes, have identified a variety of glands contributing to the geltype secretions

2,9,12

. These glands include interstitial cells, ovate cells and goblet cells and

each contribute to the production of the adhesive secretion from E. scolopes10. However,
the largest of these glands, the ovate cells, were around 2 μm in diameter, compared to the
size of ventral mantle glands found in So. lineolata which were approximately 1 mm in
diameter. No other currently described glands within cephalopods were comparable in size
or composition to that of those found in So. lineolata. While the rounded shape of the
glands appears more comparable to those found on the surface of amphibians33–35, the size
of the glands on So. lineolata are still larger. Amphibian glands, particularly parotoid glands,
are responsible for contributing to the toxic secretions of salamanders and toads. Therefore,
it is highly likely the glands identified in So. lineolata are the first of their kind recorded in
the literature.

120

Histochemical staining exhibited no positive reaction to polysaccharides (glycogen),
mucosubstances (glycoproteins/mucins) or proteins. A lack of positive reaction to
polysaccharides and mucosubstances for exocrine glands in cephalopods is unusual as thes
substances are often identified within gel-type secretions

3,10

. The lack of positive reaction

to polysaccharides and mucosubstances however, supports prior studies in which no mucin
proteins and a limited amount of glycosylated peptides, were identified in the slime of
Sepiadariidae species17,18. While there was a limited amount of reactivity of the pore area to
the lectin PNA (peanut agglutinin), there was no reactivity to any of the lectins used within
the gland itself, and therefore it is unlikely that the carbohydrate detected within the pore
tissue, is contributing to the slime. Given that the glands and slime were previously
identified to contain a number of enzymes, including proteases and peptidases, it is not
unexpected that there was difficulty in the staining of protein content within the gland.
When fixation and dehydration occur for histological sections, it is likely that there will be a
degradation of enzymes and unbound proteins due to pH changes.

The positive reaction of the gland to Sudan Black B, indicates that the gland is likely to
contain neutral triglycerides and/or lipids. However, previous studies detailing proteomic
results were not able to identify any lipids or any other hydrophobic molecules within the
slime or gland. This is not surprising due to the complexity of analysing lipids by standard
mass spectrometry techniques36. Cryofixation and cryosectioning can overcome these issues,
however this was not an option during this study. Proteomic studies also revealed that
within the slime there is a high expression of lipocalin protein, responsible for the transport
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of small hydrophobic molecules such as retinoids and lipids37, which supports the likelihood
of the slime containing a high number of hydrophobic molecules.

Based on the immunohistochemical findings and the positive reaction of phalloidin to the
epithelium, it is likely that the slime is secreted by the gland using a muscular-triggered
release. These muscles are likely to perform the ‘squeezing’ necessary for secretion. (Figure
2B, with the pore opening also visible). This is a faster and more coordinated mechanism
than that of a chemical reaction causing the release of the slime10. So. lineolata is currently
the only known cephalopod to exhibit this contracting mechanism of secretion, and also the
contain a gland embedded within the connective tissue. Other cephalopod species
investigated histochemically, such as Nautilus and Sepia, have unicellular epithelial glands
with no muscular release. While the adhesive secretion from Euprymna is produced by a
duo-gland system, the sand coat this adhesive attaches to is removed using a muscular
contraction10. This is in comparison to Idiosepius where there is an absence of mantle
muscle beneath the adhesives area

2,12

. The absence of mantle mussle is in order to

strengthen the adhesion area by creating a flatter surface2,12.

The ventral mantle gland is of particular interest as it contains a host of apoptotic nuclei,
evident through ultrastructure analysis. Usually, multiple nuclei within a gland constitutes a
syncytium, which occur predominately in merocrine and apocrine secretions such as within
human serous glands38. In anuran (frog and toad) serous glands however, the secretion
method can sometimes be described as holocrine or a bulk discharge which involves both
secretory product and syncytial cytoplasm and also requiring regenerative processes33. This
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process usually results from an intense myoepithelial cell compression, forcing the emission
of large amounts of secretory product along with portions of cytoplasm39–41. Given the
apoptotic status of the nuclei, and with little to no active nuclei or active cell division within
the gland, it is possible that this gland is already ‘full’, having produced all the possible
secretion it can hold. This is supported by the low amount of protein synthesis activity, with
the minimal identification of mitochondrial and RER within the gland. There is also evidence
of small vesicles produced within the gland which are likely to be secreted, however, the
contents of these vesicles still remain unknown. The question still remains, whether the
gland is able to produce more secretion after the gland has been emptied. Given the high
number of glands on the ventral mantle of So. lineolata, it is possible that once a gland is
used, it is emptied and no longer able to secrete. More investigation into the glands during
different ages of So. lineolata is needed to determine whether these glands exist from
hatching, if they develop and grow over time, and if they are able to generate new secretion
once the secretion has been released. Given the number and size of the glands, along with
the likely muscle-triggered mechanism of slime release, it is likely that the production of the
slime is energetically taxing both to produce and secrete. It is therefore unlikely that the
secretion is produced purely for general immune defence to protect the species from
bacteria and other microbes in the environment.

This study has identified a unique gland type situated within the connective of tissue of So.
lineolata. It is the first characterisation of any gland from a member of the family of bobtail
squids, Sepiadariidae. The gland is likely to produce a secretion which is involved, at least
partly, in the secretion of the slime from So. lineolata with the slime, which seems to be
released through a muscle-triggered mechanism. These morphological analyses have
123

described a potentially new gland type within cephalopods and mollusc, with further
investigation needed to determine the precise biological function of the slime. Given that it
is currently the only documented member of Sepiadariidae that contains these ventral
mantle glands but is not the only Sepiadariidae species to secrete a slime, a comparison is
needed with other members of other Sepioloidea species, as well as other members of the
Sepiadariidae family.

ACKNOWLEDGMENTS
The authors would like to thank Mag. Daniela Gruber and Prof. Irene Lichtscheidl, Core
Facility Cell Imaging and Ultrastructure Research, University of Vienna, Austria, for their
support, especially in terms of assistance in the use of equipment, Dr. Livia Rudoll for her
assistance with the development of histochemical stains and Dr. Álvaro Roura Labiaga for
his assistance with the dissection microscope.

124

REFERENCES

(1)

Young, B.; Woodford, P.; O’Dowd, G. Wheater’s Functional Histology E-Book: A Text and Colour Atlas;
Elsevier Health Sciences, 2013.

(2)

Norbert Cyran, W. K. Ultrastructural Characterization of the Adhesive Organ of Idiosepius Biserialis and
Idiosepius Pygmaeus (Mollusca: Cephalopoda). J. Mar. Biol. Assoc. U. K. 2011, 91 (07), 1499–1510.
https://doi.org/10.1017/S002531541100021X.

(3)

von Byern, J.; Wani, R.; Schwaha, T.; Grunwald, I.; Cyran, N. Old and Sticky—Adhesive Mechanisms in
the Living Fossil Nautilus Pompilius (Mollusca, Cephalopoda). Zool. Jena Ger. 2012, 115–884 (1–3), 1–
11. https://doi.org/10.1016/j.zool.2011.08.002.

(4)

Davies, M. S.; Hawkins, S. J. Mucus from Marine Molluscs. In Advances in Marine Biology; J.H.S. Blaxter,
A. J. S. and P. A. T., Ed.; Academic Press, 1998; Vol. 34, pp 1–71.

(5)

Cimino, G.; Ghiselin, M. T. Chemical Defense and Evolutionary Trends in Biosynthetic Capacity among
Dorid Nudibranchs (Mollusca: Gastropoda: Opisthobranchia). CHEMOECOLOGY 1999, 9 (4), 187–207.
https://doi.org/10.1007/s000490050052.

(6)

III, H. W. A.; Givens, R. P.; Chen, R.; Ambrose, K. P. Distastefulness as a Defense Mechanism in Aplysia
Brasiliana

(Mollusca:

Gastropoda).

Mar.

Behav.

Physiol.

1979,

6

(1),

57–64.

https://doi.org/10.1080/10236247909378553.
(7)

Modica, M. V.; Lombardo, F.; Franchini, P.; Oliverio, M. The Venomous Cocktail of the Vampire Snail
Colubraria

Reticulata

(Mollusca,

Gastropoda).

BMC

Genomics

2015,

16

(1),

441.

https://doi.org/10.1186/s12864-015-1648-4.
(8)

Castillo, M. G.; Salazar, K. A.; Joffe, N. R. The Immune Response of Cephalopods from Head to Foot.
Fish Shellfish Immunol. 2015, 46 (1), 145–160. https://doi.org/10.1016/j.fsi.2015.05.029.

(9)

von Byern, J.; Cyran, N.; Klepal, W.; Nödl, M. T.; Klinger, L. Characterization of the Adhesive Dermal
Secretion of Euprymna scolopes Berry, 1913 (Cephalopoda). Zool. Jena Ger. 2017, 120, 73–82.
https://doi.org/10.1016/j.zool.2016.08.002.

(10)

Polglase, J. L.; Bullock, A. M.; Roberts, R. J. Wound Healing and the Haemocyte Response in the Skin of
the Lesser Octopus Eledone Cirrhosa (Mollusca: Cephalopoda). J. Zool. 1983, 201 (2), 185–204.
https://doi.org/10.1111/j.1469-7998.1983.tb04269.x.

(11)

Johannes, R. E.; Johannes, R. E. A Poison-Secreting Nudibranch (Mollusca: Opistho-Branchia). Veliger
1963, 5, 104–105.

125

(12)

von Byern, J.; Rudoll, L.; Cyran, N.; Klepal, W. Histochemical Characterization of the Adhesive Organ of
Three

Idiosepius

Spp.

Species.

Biotech.

Histochem.

2008,

83

(1),

29–46.

https://doi.org/10.1080/10520290801999316.
(13)

Byern, J. von; Klepal, W. Adhesive Mechanisms in Cephalopods: A Review. Biofouling 2006, 22 (5), 329–
338. https://doi.org/10.1080/08927010600967840.

(14)

Norman, M. Cephalopods: A World Guide; ConchBooks, 2000.

(15)

Norman, M.; Reid, A. Guide to Squid, Cuttlefish and Octopuses of Australasia; 2000.

(16)

Reid, A. Cephalopods of Australia and Sub-Antarctic Territories; Csiro Publishing, 2016.

(17)

Caruana, N. J.; Cooke, I. R.; Faou, P.; Finn, J.; Hall, N. E.; Norman, M.; Pineda, S. S.; Strugnell, J. M. A
Combined Proteomic and Transcriptomic Analysis of Slime Secreted by the Southern Bottletail Squid,
Sepiadarium

austrinum

(Cephalopoda).

J.

Proteomics

2016,

148,

170–182.

https://doi.org/10.1016/j.jprot.2016.07.026.
(18)

Caruana, N. J.; Strugnell, J. M.; Faou, P.; Finn, J.; Cooke, I. R. Comparative Proteomic Analysis of Slime
from the Striped Pyjama Squid, Sepioloidea lineolata and the Southern Bottletail Squid, Sepiadarium
austrinum

(Cephalopoda:

Sepiadariidae).

J.

Proteome

Res.

2019.

https://doi.org/10.1021/acs.jproteome.8b00569.
(19)

Dumont d’Urville, J.-S.-C. Voyage de La Corvette l’Astrolabe : Exécuté Par Ordre Du Roi, Pendant Les
Années 1826-1827-1828-1829 /; J. Tastu,: Paris :, 1830.

(20)

Férussac, A. E. d’Audebard de; Orbigny, A. D. d’. Histoire Naturelle, Générale et Particulière Des
Céphalopodes Acétabuifères Viants, et Fossiles : Comprenant: La Description Zoologique et
Anatomique de Ces Mollusques, Des Détails Sur Leur Organisation, Leurs Moeurs, Leurs Habitudes, et
l’histoire Des Observations Dont Ils Ont Été l’objet Depuis Les Temps Les plus Reculés Jusqu’à Nos Jours;
Impr. de A. Lacour,: Paris :, 1835; Vol. text.

(21)

Robinson, S. D.; Li, Q.; Bandyopadhyay, P. K.; Gajewiak, J.; Yandell, M.; Papenfuss, A. T.; Purcell, A. W.;
Norton, R. S.; Safavi-Hemami, H. Hormone-like Peptides in the Venoms of Marine Cone Snails. Gen.
Comp. Endocrinol. 2017, 244, 11–18. https://doi.org/10.1016/j.ygcen.2015.07.012.

(22)

Safavi-Hemami, H.; Gajewiak, J.; Karanth, S.; Robinson, S. D.; Ueberheide, B.; Douglass, A. D.; Schlegel,
A.; Imperial, J. S.; Watkins, M.; Bandyopadhyay, P. K.; et al. Specialized Insulin Is Used for Chemical
Warfare by Fish-Hunting Cone Snails. Proc. Natl. Acad. Sci. 2015, 112 (6), 1743–1748.
https://doi.org/10.1073/pnas.1423857112.

(23)

Böck, P. Romeis Mikroskopische Technik. 17. Aufl. Urban Schwarz. Verl. Münch. 1989.

126

(24)

Kiernan, J. A. Histological and histochemical methods: theory and practice, 3rd EDITION. Shock 1999,
12 (6), 479.

(25)

Rieger, R. M.; Tyler, S. A New Glandular Sensory Organ in Interstitial Macrostomida (Turbellaria): -1:
Ultrastructure; Akad. der Wiss. und der Literatur, 1974.

(26)

McManus, J. F. A.; Mowry, R. W. Staining Methods—Histologic and Histochemical. Acad. Med. 1961, 36
(1), 108.

(27)

Romeis - Microscopic Technique, Original Text; Mulisch, M., Welsch, U., Eds.; Springer spectrum, 2010.

(28)

Spicer, S. S.; Lillie, R. D. Histochemical Identification of Basic Proteins with Biebrich Scarlet at Alkaline
PH. Stain Technol. 1961, 36 (6), 365–370. https://doi.org/10.3109/10520296109113312.

(29)

Wollesen, T.; Loesel, R.; Wanninger, A. FMRFamide-like Immunoreactivity in the Central Nervous
System of the Cephalopod Mollusc, Idiosepius notoides. Acta Biol. Hung. 2008, 59 Suppl, 111–116.
https://doi.org/10.1556/ABiol.59.2008.Suppl.18.

(30)

Wollesen, T.; Loesel, R.; Wanninger, A. Pygmy Squids and Giant Brains: Mapping the Complex
Cephalopod CNS by Phalloidin Staining of Vibratome Sections and Whole-Mount Preparations. J.
Neurosci. Methods 2009, 179 (1), 63–67. https://doi.org/10.1016/j.jneumeth.2009.01.021.

(31)

Nakakoshi, M.; Nishioka, H.; Katayama, E. New Versatile Staining Reagents for Biological Transmission
Electron Microscopy That Substitute for Uranyl Acetate. J. Electron Microsc. (Tokyo) 2011, 60 (6), 401–
407. https://doi.org/10.1093/jmicro/dfr084.

(32)

Bell, G. R. R.; Mäthger, L. M.; Gao, M.; Senft, S. L.; Kuzirian, A. M.; Kattawar, G. W.; Hanlon, R. T. Diffuse
White Structural Coloration from Multilayer Reflectors in a Squid. Adv. Mater. 2014, 26 (25), 4352–
4356. https://doi.org/10.1002/adma.201400383.

(33)

Angel, R.; Delfino, G.; Parra, G. J. Ultrastructural Patterns of Secretory Activity in Poison Cutaneous
Glands of Larval and Juvenile Dendrobates auratus (Amphibia, Anura). Toxicon 2003, 41 (1), 29–39.
https://doi.org/10.1016/S0041-0101(02)00206-4.

(34)

Heiss, E.; Natchev, N.; Rabanser, A.; Weisgram, J.; Hilgers, H. Three Types of Cutaneous Glands in the
Skin of the Salamandrid Pleurodeles Waltl . A Histological and Ultrastructural Study. J. Morphol. 2009,
270 (7), 892–902. https://doi.org/10.1002/jmor.10728.

(35)

von Byern, J.; Dicke, U.; Heiss, E.; Grunwald, I.; Gorb, S.; Staedler, Y.; Cyran, N. Morphological
Characterization of the Glandular System in the Salamander Plethodon shermani (Caudata,
Plethodontidae). Zool. Jena Ger. 2015, 118 (5), 334–347. https://doi.org/10.1016/j.zool.2015.04.003.

(36)

Li, L.; Han, J.; Wang, Z.; Liu, J.; Wei, J.; Xiong, S.; Zhao, Z. Mass Spectrometry Methodology in Lipid
Analysis. Int. J. Mol. Sci. 2014, 15 (6), 10492–10507. https://doi.org/10.3390/ijms150610492.

127

(37)

Flower, D. R. The Lipocalin Protein Family: Structure and Function. Biochem. J. 1996, 318 (Pt 1), 1–14.

(38)

Edgar, W. M.; O’Mullane, D. M.; Dawes, C. Saliva and Oral Health, 3rd ed.; London : British Dental
Association, 2004.

(39)

Delfino, G.; Brizzi, R.; Calloni, C. Serous Cutaneous Glands in the Tree-frog Hyla Arborea arborea(L.):
Origin, Ontogenetic Evolution, and Possible Functional Implications of the Secretory Granule
Substructure. Acta Zool. 1994, 75 (1), 27–36. https://doi.org/10.1111/j.1463-6395.1994.tb00959.x.

(40)

Delfino, G.; Brizzi, R.; Alvarez, B. B.; Gentili, M. Granular Cutaneous Glands in the Frog Physalaemus
biligonigerus (Anura, Leptodactylidae): Comparison between Ordinary Serous and ‘Inguinal’ Glands.
Tissue Cell 1999, 31 (6), 576–586. https://doi.org/10.1054/tice.1999.0071.

(41)

Nosi, D.; Terreni, A.; Alvarez, B.; Delfino, G. Serous Gland Polymorphism in the Skin of Phyllomedusa
Hypochondrialis azurea (Anura, Hylidae): Response by Different Gland Types to Norepinephrine
Stimulation. Zoomorphology 2002, 121 (3), 139–148. https://doi.org/10.1007/s004350100051.

128

CHAPTER 6:
DISCUSSION AND CONCLUSION
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GENERAL DISCUSSION
My thesis uses an integrated ‘omics approach (combined transcriptomics and proteomics) to
investigate the mechanism and composition of the slime secretion from two species of
Sepiadariidae, a family of small (3-10cm), benthic, bobtail squids1,2. In doing so, my thesis
constitutes the first ‘omics analysis of secretions from any cephalopod and the first ‘omics
study of Sepiadariidae. By using an integrated ‘omics approach, rather than traditional
methods such as western blotting, I was able to identify a host of novel and potentially
valuable proteins in the slime of Sepiadariidae species. The approach outlined in this thesis
has the potential to be applied to other non-model organisms and their secretions, to rapidly
identify novel candidate proteins for potential biomimetic applications, such as drug design
and therapeutics.

DEVELOPING AN INTEGRATED ‘OMICS ANALYSIS
To investigate the composition of the slime secretion from Su. austrinum and So. lineolata,
Chapters 2, 3 and 4 applied an integrated ‘omics analyses to aid in the functional annotation
of the proteins within the slime (Figure 1). The integrated ‘omics analyses combined de novo
transcriptomes with mass spectrometry peptide identification, analysing the proteome of the
slime in both species. Investigations into bobtail squids have previously focused on
reproductive behaviours or the identification of symbiotic-host interactions with bacteria3–
5

(Table 1). While there have been proteomic studies conducted previously on the tissues of

the Hawaiian bobtail squid (Euprymna scolopes)5, these studies have not been able to
specifically detail the composition of the identified adhesive secretion. The secretion and
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glands involved in the adhesive secretion of E. scolopes, have also been investigated using
histochemical methods, however these studies were still unable to characterise the precise
proteins involved in the secretion6.

Chapters 2 and 3 employed a proteogenomic pathway to identify expressed protein
sequences from the de novo transcriptome assembled for Su. austrinum and So. lineolata.‘A
proteogenomic pipeline was employed to identify expressed protein sequences from each of
the de novo transcriptomes assembled for Su. austrinum and So. lineolata. Using a
proteogenomic pipeline resulted in the expansion of the overall predicted proteome
compared with using standard methods such as TransDecoder alone (an extra 84 and 139
predicted proteins in the Su. austrinum and So. lineolata databases respectively). The Su.
austrinum and So. lineolata transcriptomes were then coupled with shotgun proteomics to
investigate the proteomic content of the slime (Figure 1). To further develop basic shotgun
proteomic approaches established in Chapter 2, Chapter 3 utilised the enzyme Peptide: NGlycosidase F (PNGase F), to understand the role that glycosylation plays in the slime of So.
lineolata and Su. austrinum. Glycosylation is one of the most abundant and diverse protein
modifications and plays an important role in a host of biological processes7,8. Therefore,
understanding the mechanisms of glycosylation in non-model organisms may provide insights
into glycosylation of peptides and proteins in humans. Few studies have used PNGase F to
characterise glycosylation in non-model organisms, though a glycan moiety from the Malayan
pit viper (Calloselasma rhodostoma), has been characterised using these methods9. While
relatively few (four) glycosylated proteins were identified in So. lineolata, Chapter 3 also
demonstrated that using PNGase F can increase the overall identification rate of proteins
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within a secretion10. Further studies should be undertaken in order to determine the effect
that PNGase F has on the overall identification rate of proteins in studies which may not
necessarily be identifying glycosylation, and may prove an advantageous tool in peptide
identification.

While the study of glycosylation in the secretions from non-model organisms is still in its
infancy, future avenues of investigation should include testing the second form of
glycosylation, O-linked glycosylation. O-linked glycosylation is responsible for the ‘slimy’
texture of mucus secretions and studies should be completed to determine if it plays a role
within the slime of Sepiadariidae species. Currently studies into the O-linked glycosylation of
peptides within secretions as a whole, remains highly understudied. The lack of study into Olinked glycosylation is due to the complexity of O-glycans. O-glycans are smaller than Nglycans and are extremely diverse. Unlike N-glycans, which are only known to attach to an
asparagine, O-glycans can attach to a peptide at varying amino acid sites. Therefore, a single
enzyme such as PNGase F is not able to cleave all O-glycans from a peptide at once,
complicating not only the mass spectrometry analysis of the glycans, but also the resulting
bioinformatic analyses to identify them. Due to these complexities there are currently no
detailed proteomic studies investigating O-glycosylation on the secretion of a non-model
organism.
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Figure 1 – Integrated ‘omics analysis pipeline used to investigate the slime secretion of Su.
austrinum and So. lineolata.
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In Chapter 4, I extended the proteomic analyses developed in Chapters 2 and 3, incorporating
the first label-free quantitative (LFQ) analysis of a cephalopod (Figure 1). Commonly, LFQ
studies are used to measure the protein expression profiles of tissues in clinical studies. LFQ
proteomics and the accompanying differential expression analysis that follows, requires a
base of comparison, in order to highlight proteins which have been over or under expressed.
This comparison often takes the form of a control sample. As there was no control tissue for
comparison, the LFQ analysis completed in Chapter 4 utilised the average expression of the
protein profile across all tissues to identify those which were differentially expressed within
the slime. This methodology can be used in the study of specific proteins differentially
expressed within certain tissues, particularly within non-model organisms. While peptides
and proteins can still be identified and annotated without the comparison of other tissues,
there is a tendency to infer function based on the perceived role of the secretion. As I have
demonstrated within this thesis, the functional annotation of a protein purely based on the
secretion proteome (such as identifying histone proteins potentially involved in immune
defence or the regulation of DNA), may not give as an accurate representation of the inferred
function of that protein than if compared to the expression profiles of that protein in other
tissues. This study has been invaluable in highlighting the proteins specific to the slime of So.
lineolata by being able to sort ubiquitous intracellular proteins from proteins which are
specific to the slime.

My thesis has demonstrated that a combination of de novo assembled transcriptomes and
quantitative proteomics can highlight proteins which have potential for biological
applications. The methods I applied in Chapter 4 have already been implemented in studies
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on posterior salivary glands of the Southern sand octopus, Octopus kaurna, and the southern
blue-ringed octopus, Hapalochlaena maculosa11. These studies highlight the applicability of
this methodology to a broad range of species and research questions allowing for the rapid
identification of functional proteomes, without requiring a fully resolved genome. Integrated
‘omics analysis has the potential to be used across a variety of non-model organisms, allowing
for relatively cheap, rapid and detailed proteomic characterisation of species which might
have otherwise been overlooked.
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SLIME – A GEL-TYPE SECRETION WITHOUT MUCINS

Chapters 2 and 3 highlighted that mucin proteins, the primary water-holding component of
gel-type secretions, were not present in the slime of Su. austrinum or So. lineolata. Given
mucins are commonly found within mucus and gel-type secretions of other molluscs12, it was
unusual to find a gel-type secretion without these proteins. A number of novel proteins with
unknown functions were identified in the slime of Su. austrinum and So. lineolata. While it
was originally hypothesised in Chapter 2 that these proteins could be contributing to the bulk
of the slime, these proteins are not likely to perform a similar function to that of mucins, as
they do not share the characteristics typical of mucus proteins (which have a large molecular
weight and tandem repeats in the amino acid sequence). Negative staining of
mucopolysaccharides and sugars within the gland also support the minimal glycosylation and
lack of mucin proteins observed in the ‘omics analyses within Chapters 2 and 3. Other proteins
identified within the slime which may give an insight into the gel-type texture of the slime
from Sepiadariidae include WSC domain-containing proteins (cell Wall integrity and Stress
response Component of yeast)13. WSC proteins are putative carbohydrate-binding proteins
and were identified as highly differentially expressed in the slime of So. lineolata (Chapter 4).
While Sepiadariidae have not been recorded using their slime as an adhesive, WSC domaincontaining proteins have been previously recorded as a likely part of the adhesive mechanism
of nematode-trapping fungi alongside mucins13,14.

Throughout this thesis I have specified that mucus secretions are composed of mucins and
therefore I have defined any gel-based secretion that does not contain any currently
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identifiable mucins as a slime. As most gel-type secretions studied are mucus-based
secretions found in model organisms, it is common within the literature to define any gelbased secretion as a mucus. However, there are still relatively few studies on the proteomic
composition of gel-type secretions in other non-model species and therefore it is possible
that gel-type secretions contain a host of viscoelastic proteins responsible for this gel-type
consistency. Further investigation into the proteomic composition of Sepiadariidae slime and
other non-model organisms’ gel-type secretions, may provide new avenues for research into
the innovation of hydrogels. Hydrogels are macromolecular polymer gels and have been
studied in sea anemone15,16, oysters17 and mussel18 species. The study and development of
hydrogels is important in the development of anti-biofouling paints and biodegradable
material, contributing to the production of less toxic paints for the waterproofing of marine
vessels and the development of biodegradable plastics. These developments are currently
being explored in species such as the starlet sea anemone (Nematostella vectensis) and the
blue mussel (Mytilus edulis).
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CHARACTERISING A NOVEL GLAND ON THE VENTRAL MANTLE OF SO. LINEOLATA

Ventral mantle glands identified on the epithelial surface of So. lineolata were hypothesised
to be the source of the slime19 and were originally recorded within the literature by Férussac
and d’Orbigny (1835)20 who detailed the glands as ‘papillae’ on the surface of the ventral
mantle. Since this description there have been no further studies conducted into these
structures. Chapter 5 identified a novel gland type, approximately 1mm in diameter, in the
connective ventral mantle tissue of So. lineolata.

The likely mechanism of secretion of the slime from So. lineolata is through a process of
muscular contraction. Muscle contraction is often triggered by a release of extracellular free
calcium, and since the gland in So. lineolata indicated the presence of calcium deposits, it is
possible that the contractile mechanism is influenced by the presence of calcium21. Hagfish
species are known to secrete their slime through a combination of the uncoiling of
intermediate filament proteins, and Ca2+ mediated mucin vesicle rupture. While not likely to
be an identical mechanism, the presence of vesicles within the ventral mantle glands of So.
lineolata (Chapter 5) may also be affected by the calcium present in the gland. Given the large
size, likely contractile mechanism and high number of glands (~100 glands per animal), it is
likely that the production of the slime is energetically taxing both to produce and secrete. It
is therefore unlikely that the slime is produced solely for innate immune defence with known
cephalopod species producing immune secretions without the need for large glands 22,23.
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Prior studies into both bobtail squids and cephalopods have identified a host of gland types
such a goblet cells and ovate cells but no known cephalopod gland type could be compared
to that found in So. lineolata6,24–26. However, the structure of the ventral mantle glands from
So. lineolata, is similar in shape and size to those found in vertebrates, in particular the
parotoid glands in the Orders Anura (frogs and toads) and Urodela (salamander). Parotoid
glands are responsible for secreting a milky alkaloid substance which acts as a neurotoxin and
given the similarity of the gland structure to those found in amphibians, it is possible that So.
lineolata is exhibiting a similar toxugenous response (toxin transferred via delivery
mechanism without mechanical injury)
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to potential threats. While the slime may not

necessarily cause death as in some Anura species28, it is possible that the slime may be
distasteful, irritative or harmful upon consumption. If the slime from So. lineolata is revealed
to be a toxungeous response, it is likely to be the first known marine species to produce a
toxin solely through this method. While there has been a report of H. maculosa exhibiting this
behaviour by ejecting its saliva into the water surrounding a crab, this is not the common
method by which H. maculosa obtains its prey and has only been recorded on one
occasion27,29.

Given that So. lineolata is the only documented member of Sepiadariidae that contains
ventral mantle glands but is not the only species known to secrete a slime1,10,30 , comparisons
are needed with other known species of Sepioloidea (So. magna and So. pacifica) to
determine the secretion methods of other members of the Sepiadariidae family such as Su.
austrinum. In particular, a histochemical and ultrastructural analysis on the ventral mantle of
Su. austrinum may provide insight into the different ways secretions occur in the family
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Sepiadariidae. Upon visual inspection, the ventral mantle glands of So. lineolata, do not
appear on species of So. magna, So. pacifica or Su. austrinum (pers obs.). Therefore, is it likely
that not only does the slime of So. lineolata have a specific function for the species, but that
the secretion from other members of the Sepiadariidae family, originates from a variety of
different glands. Investigating methods of slime secretion will yield a broader understanding
of the differences between species and between genera, which can then be compared to the
studies completed on other cephalopods6,25,26, to add to the variety of glandular types known
and determine the function of secretions in cephalopods.
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PUTATIVE TOXINS WITHIN THE SLIME OF SU. AUSTRINUM AND SO. LINEOLATA

Investigating the slime proteomes of Su. austrinum and So. lineolata highlighted that the
slime is comprised of a host of bioactive proteins including putative toxins, proteases,
protease inhibitors and antimicrobials31–34. If these proteins are eventually confirmed as toxic
within the slime of Su. austrinum and/or So. lineolata, they may provide new avenues of
research in the search for novel therapeutics. A number of molluscs have already shown
promise in these fields, with proteins within the cone snail venom being sourced to develop
faster-acting insulin in the treatment of diabetes35–37.

There has been an underlying assumption that the striking black/brown and white striped
patterning of So. lineolata indicates an aposematic display. However, prior to the studies
presented in this thesis there have been no empirical findings to support this. In order to
investigate the potential toxicity of the slime, bioassays can be conducted on the slime to
determine how active putative toxic proteins are within the slime38. Within venom-based
drug discovery, bioassays are used to determine the pharmacological and physiological
effects of venoms after being administered to animals. Bioassays can be conducted by
injecting purified peptides into animals, or by conducting a tissue bath, whereby tissue
contractility following the dosing of a venom can be studied38. However, there are limitations
in conducting bioassays such as ethical implications and the difference in expression,
structure and function of specific proteins to elicit a response with the target tissue/animal.
Therefore, it is important to consider the specific predators that may be affected by the slime
secretion from Sepiadariidae species when developing bioassays and the ways that these
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toxins may affect a potential predator. Predators such as cuttlefish may be specifically
affected by the proteins within the slime, with the slime not affecting other organisms such
as humans. In addition, as the slime from Sepiadariidae is not injected into predators it would
not be advantageous to test the slime by injection of peptides into the target organism, but
rather the testing of the peptides after ingestion or physical contact.

Behavioural studies should also be conducted in the behaviour of Sepiadariidae species when
confronted with predators. Su. austrinum and So. lineolata have been successfully kept in
captivity where they have undergone reproduction39,40, suggesting that there should be
relatively few complications in observing Sepiadariidae in aquaria. While no specific studies
have yet to be conducted on the defensive behaviour of Sepiadariidae species, there have
been observations of So. lineolata displaying defensive behaviour towards species of
cuttlefish, flaring arms and tentacles towards the potential threat (pers. comms Dr. Julian
Finn). This response should be investigated further and in a controlled setting to allow for the
recorded observations of any defensive behaviour exhibited by So. lineolata or other
Sepiadariidae species. In doing so, we may gain an improved understanding of the role that
the slime plays in the defence of Sepiadariidae species.
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PEPTIDE HORMONE PATHWAYS WITHIN THE SLIME SECRETION OF SO. LINEOLATA

In addition to the putative toxic proteins predicted, the most overexpressed proteins within
the slime of So. lineolata were similar to proteins that play a role in the synthesis of peptide
hormones and neurohormones. These enzymes are often involved in the post-translational
modifications of peptide hormones such as secretin41. This pathway is also utilised for the
activation of peptide hormones within the venoms of the Gila monster, Heloderma suspectum
suspectum and cone snail species, Conus geographus and Conus tulipa35,36,42,43. There are two
potential explanations for these overexpressed proteins – 1) The enzymes are activating their
substrate within the gland itself, and that substrate is important for the function of the slime,
or 2) these enzymes are being secreted within the slime and then are acting on a substrate
outside the bobtail squid.

Throughout the proteomic analyses of both Su. austrinum and So. lineolata, there was no
indication of a particular hormone which could act as the substrate for these enzymes. It is
therefore possible, that the enzymes are activating their substrate outside the Sepiadariidae.
A number of novel proteins identified in the slime of both species have features common to
peptide hormones, including being abundant, short, likely secreted and having putative propeptide cleavage sites44, and therefore cannot be ruled out as potentially novel
preprohormones (precursor proteins to peptide hormones). In addition, the characteristics
shown in the novel sequences in Sepiadariidae sequences, are also consistent with those
displayed in the predicted preprohormones from the common cuttlefish (S. officinalis)45.
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As is in the case with identifying the potential potency of the identified putative toxins,
bioassays may aid in highlighting any effects these novel proteins have on living animals or
tissues. Prior studies into cone snail venom utilised transcriptomics to identify potential
insulin peptides, which were synthesised and insulin receptor activation assays used to
determine the extent of the signalling induced by the peptide in the venom37. This study is a
leading example of utilising a combination of ‘omics and bioassays in order to identify the
function of peptides which may be useful for further drug design. If the novel proteins
identified in So. lineolata have no specific effect on other tissues, it is possible that the
enzymes involved in the hormone activation pathway are activating a protein outside the
gland (i.e on another organism), or that another hormone exists which has not been reported
within the above studies. While there is still uncertainty about the direct role the slime plays
in the defence of Sepiadariidae, the use of bioassays may provide a way of isolating and
testing these novel peptides to understand the role they play within Sepiadariidae species.
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CONCLUDING REMARKS
Cephalopods can be employed in a wealth of potentially biomimetic applications, from the
investigation of their chromatophores and iridophores for stealth technologies46, to the use
of squid ring teeth to develop innovative biopolymers47. As highlighted throughout this study,
the slime proteomes of Su. austrinum and So. lineolata are comprised of a host of bioactive
proteins including putative toxins, proteases, protease inhibitors and antimicrobials. The
findings from this thesis may have further implications in the development of biomimetic
materials including potential hydrogels and pharmaceuticals. A number of molluscs have
already shown promise in these fields, with proteins within the cone snail venom being
sourced to develop faster-acting insulin in the treatment of diabetes35–37 and bivalves
investigated to develop antifouling paints and hydrogels to avoid the accumulation of
biological material on underwater surfaces48,49. Through further study of the slime in So.
lineolata and Su. austrinum, it may be possible to use the putative toxins, hormones and other
bioactive proteins in order to further contribute to therapeutics and drug design. In particular,
therapeutics may benefit from the identification of possible novel hormones and use of
hormone pathways in non-model organisms. By understanding the wide variety of the
expression, structure and function of novel bioactive proteins, we can develop innovative
ways for the study of drugs and improve the research of both drugs and drug targets.

Within this thesis I have conducted the first studies into the molecular composition of the
tissues and slime of two Sepiadariidae species, the southern bottletail squid, Sepiadarium
austrinum, and the striped pyjama squid Sepioloidea lineolata. I have conducted the first
integrated ‘omics analysis on Sepiadariidae and the first description of a new gland type
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within So. lineolata, developing de novo transcriptomes and utilising a range of mass
spectrometry and histochemical techniques. In doing so, these studies have highlighted a geltype secretion without mucins, a novel gland structure in cephalopods and a series of novel
abundant proteins potentially involved in the defence of Su. austrinum and So. lineolata.

The use of integrated ‘omics analysis allows for the opportunity to identify a range of
potentially valuable bioactive proteins in non-model organisms, which may be ideal
candidates for further drug studies. This thesis has demonstrated that Sepiadariidae are a
complex and varied family of bobtail squid, establishing that these understudied animals are
a wealth of fascinating adaptations. Further integrating these analyses with studies on the
defensive behaviour of Sepiadariidae, along with specific bioassays investigating the potential
protein candidates for drug design, will provide a comprehensive exploration of these diverse
adaptations. These results will in turn provide further knowledge into the marine taxa in
Australian waters and provide insight into a group of species which might otherwise not have
been studied.
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Abstract
Cephalopods are a morphologically diverse molluscan class that includes octopuses, cuttleﬁshes, squids, and
nautiluses. The behavior, morphology, and sometimes aposematic appearance of coleoid cephalopods
(octopuses, cuttleﬁshes, and squids) are highly suggestive of the widespread use of toxins for predation
and/or defense. Many cephalopods use a combination of their parrot-like beak and/or toothed radula to inject
venomous saliva, thought to be produced in the posterior salivary gland, into prey through a bite wound or a
hole drilled into the shell. However, relatively few toxins have been studied to date from only a narrow range
of cephalopods. Active components that have been identiﬁed from cephalopod posterior salivary gland
extracts (or saliva) include neurotoxins such as tetrodotoxin (also found in body tissues), tachykinins and
cephalotoxins, biogenic amines such as serotonin and octopamine, and a diverse range of enzymes including
serine proteases, phospholipase A2, hyaluronidases, and chitinases. Coleoid cephalopods represent excellent
candidates for biodiscovery, being taxonomically distinct from heavily studied venom-producing organisms,
and because their venoms appear to be complex mixtures of proteins and small molecules. Understanding the
evolutionary history of toxicity in cephalopods remains a challenge, with many major taxa remaining
unstudied and very little speciﬁc functional information available on most cephalopod toxins. The application
of “omics” technologies to research on venoms and other toxic secretions (“venomics”) is an important and
powerful way of characterizing entire suites of proteinaceous toxins from pure venom or gland extracts in
cephalopods and is likely to yield future insights into the evolution of toxicity in this class.

Keywords
Cephalopoda; octopus; squid; venom; coleoid; tachykinin; cephalotoxin

Introduction
The molluscan class Cephalopoda contains the octopuses, squids, cuttleﬁshes, and nautiluses. Although the
greatest diversity of cephalopods is found in tropical shallow oceans, they occur in all marine habitats
including the deep sea and polar regions. Cephalopods do not occur in freshwater environments. There are
about 800 known species encompassing a large size range, from the giant squids (14 m) to the pygmy
squids (2 cm). Most extant cephalopods do not possess an external shell, the exception to this being the
nautiluses (subclass Nautiloidea). The remaining cephalopods (subclass Coleoidea) possess an internal
shell, which has been reduced or lost in many cases throughout the course of evolution and thus they are
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Fig. 1 Cephalopods with (possibly) aposematic coloration and displays. Photograph A is Metasepia pfefferi and B is
Hapalochlaena sp. (Photograph A was taken by Roger Steene and B by Mark Norman)

vulnerable to predation. This lack of an external shell has likely driven the evolution of the remarkable
ability of coleoids to change texture and color to blend in with their surroundings or, in some cases, to
display warning colorations – potentially advertising their toxicity. In addition to the use of toxins in a
defensive role, the behavior and feeding morphology of many coleoids is highly suggestive of the use of
venom in subduing and/or externally digesting prey. The existence and use of toxins are so far unknown for
nautiluses, and this review will therefore focus exclusively on coleoid taxa.
Coleoids are carnivorous, with many species, especially those that are benthic or demersal, specializing
in hard-shelled prey such as bivalves, gastropods, crustaceans, and nautiluses (Pilson and Taylor 1961;
Chichery and Chichery 1988; Saunders et al. 1991). The feeding apparatus of all coleoids is a small parrotlike beak, which would appear to be unsuitable for dealing with hard-shelled prey by crushing. Although
brute force dismemberment is possible for smaller prey, it seems likely that venoms are often employed to
at least weaken the prey, if not to kill it. This is well documented among many octopods, whereby the hard
shell of the prey is penetrated by drilling a small hole through which a venom is injected (Grisley
et al. 1996; Mather and Nixon 1995; Pilson and Taylor 1961; Runham et al. 1997; Saunders et al. 1991;
Wodinsky 1969). Close observation of prey capture by cuttleﬁshes (Chichery and Chichery 1988)
suggests that they also inject toxins through a small wound inﬂicted in a soft joint area of their prey
(crabs). Likewise, the tiny (7–12 mm) Japanese pygmy squid (Idiosepius paradoxus) is capable of
paralyzing shrimp much larger than itself (20–30 mm) within 1 min of capture (Kasugai et al. 2004)
and also uses salivary secretions for external digestion.
The brightly colored, or otherwise striking, appearance of some octopus and squid species suggests that
they may use toxins for defense (based on the aposematic warning colorations of diverse vertebrates and
invertebrates). In some cases, such as in the brightly colored ﬂamboyant cuttleﬁsh (Metasepia pfefferi, see
Page 2 of 15
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Fig. 2 Taxonomic distribution of 6,306 veriﬁed proteins in the UniProt toxin database. The database contains just a single
cephalopod protein (SE-cephalotoxin). Note that at least one other cephalopod toxin (eledoisin) was erroneously missing from
the UniProt toxin database at the time of writing

Fig. 1a), this striking coloration is coupled with diurnal activity in environments with high predator
pressure (in contrast, many less colorful cephalopods are primarily nocturnal). The best-studied example
of a cephalopod with a striking appearance is that of the blue-ringed octopuses (genus Hapalochlaena, see
Fig. 1b), which ﬂash iridescent blue markings when agitated (these cephalopods are also capable of
excellent camouﬂage in order to stalk prey) (Norman 2000). Hapalochlaena species possess tetrodotoxin
(TTX) in both the salivary glands and distributed throughout body tissues (Yotsu-Yamashita et al. 2007).
The dramatic warning colorations and presence of the powerful neurotoxin throughout the body suggest
more than a purely predatory role. Other examples include the striped pyjama squid (Sepioloidea
lineolata) whose striking black-and-white striped color pattern suggests a warning to potential predators
(Norman 2000). In addition, many coleoids that inhabit relatively shallow water environments produce
ink that is released when attempting to evade a predator. Studies on the gastropod slugs known as sea
hares (Aplysiomorpha), which also produce a form of ink, have discovered a complex cocktail of
compounds in the ink that affect the behavior of predators such as lobsters (Derby 2007). Far less is
known about the chemical composition and ecological role of cephalopod inks. Although some form of
chemical defense in inks seems likely, this is yet to be demonstrated (Derby 2014; Wood et al. 2008).
These life history traits (hole drilling, aposematic coloration, lack of a hard protective shell, ink and
slime production) suggest that cephalopods may possess a rich arsenal of toxic compounds in their venom
and tissues. Nevertheless, the number of cephalopods for which any form of toxin research has been
conducted remains low (fewer than 30 species), and the majority of these species appear in just four
studies (Fry et al. 2009; Ruder et al. 2013; Ueda et al. 2008; Undheim et al. 2010). These four recent
studies provide a glimpse into the diversity and potency of proteinaceous cephalopod toxins. Ueda
et al. (2008) observed potent toxicity against crabs for posterior salivary gland (PSG) extracts of all
three species of cuttleﬁsh (Sepia esculenta, Sepia lycidas, Sepia japonica) studied and toxicity against
both crabs and mice for PSG extracts of all three species of loliginid squids (Loliginidae) studied. This
suggests that the use of potent venoms is widespread in cuttleﬁsh and squids and that examination of a
range of cephalopod taxa is likely to reveal different compounds (or variants) to account for varying target
speciﬁcity. This is underscored by the studies by Ruder et al. (2013) and Fry et al. (2009) who provide a
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list of nine putative toxin protein families coded for in the transcriptomes of cephalopod posterior salivary
glands.
Despite the high likelihood that cephalopods exhibit a diverse proteinaceous toxin arsenal, the number of
well-characterized cephalopod toxins is extremely low. This is reﬂected in Fig. 2 which shows the number
of proteins in the UniProt toxin database (veriﬁed toxins or components of venom) according to the
taxonomic group from which the proteins were isolated. In this database, cephalopods, a taxonomic
group of some 800 species, are represented by just one protein (SE-cephalotoxin), whereas a single wellstudied genus of gastropods (Conus) accounts for 1,022 entries.
Although recent venomics work provides strong evidence that cephalopod posterior salivary gland
secretions are complex mixtures of many molecules (Cornet et al. 2014; Ruder et al. 2013), the effects of
these compounds on potential prey (or predators) have not been established in most cases. In this review,
we ﬁrst focus on the most studied classes of molecules, including small molecules such as tetrodotoxin
(TTX) and biogenic amines, as well as proteins such as cephalotoxin, chitinases, and peptidases. Later
sections of the review summarize current knowledge on the evolution of toxicity in cephalopods and
technological developments including the potential insights to be gained from venomics studies.
Since cephalopods produce a range of potentially toxic substances (salivary venom, ink, body tissues),
it is important to clarify our use of the terms venom, venomics, toxin, and toxic. In this review we use the
term venom to refer to substances injected via a bite or drill hole (i.e., salivary secretions) but accept that
the term “venomics” can sometimes be applied to studies of other toxic secretions. We use the term toxin
to refer to speciﬁc molecules that confer toxicity and emphasize that toxins may be contained within
various tissues in the cephalopod body or secreted as part of venoms or inks. All substances that contain
toxins are referred to as toxic.

Significant Toxin Classes in Cephalopods
Tetrodotoxin
Tetrodotoxin (TTX) is an extremely potent low molecular weight neurotoxin. In cephalopods, TTX is
known to be present in members of the genus Hapalochlaena (blue-ringed octopuses). Many studies have
focused their attention on the genus Hapalochlaena due to the immediate threat it poses to humans. The
ﬁrst documented fatal envenomation from a blue-ringed octopus occurred in 1954 in Darwin, Northern
Territory, Australia (Jacups and Currie 2008). Studies into the posterior salivary gland (PSG) of
H. maculosa identiﬁed the fatal component as maculotoxin (Crone et al. 1976), which was later revised
to TTX (Sheumack et al. 1978). A similar toxin to TTX was isolated from H. maculosa called
hapalotoxin, distinguishable from TTX due to its higher polarity (Savage and Howden 1977).
Aside from cephalopods, TTX also occurs in a diverse range of other organisms including ﬁshes,
amphibians, arthropods, nemerteans, ﬂatworms, arrow worms, echinoderms, and other molluscs. The
origins of tetrodotoxin are not fully understood, but its sporadic appearance across unrelated taxa suggests
that it is either ingested or produced by bacterial symbionts (Chau et al. 2011). Studies on puffer ﬁsh have
shown that captive animals lose toxicity over time if fed a non-TTX containing diet (Noguchi et al. 2006),
which suggests accumulation via ingestion. However, the newt, Taricha granulosa, is able to maintain
and even increase TTX levels on a non-TTX containing diet (Haniﬁn et al. 2002), which suggests that it is
produced by symbionts or even endogenously by the newts themselves. Studies on puffer ﬁsh
(Yu et al. 2004; Wu et al. 2005) have identiﬁed TTX-producing bacteria from the tissues of
TTX-bearing host species. TTX in blue-ringed octopuses is thought to be bacterial in origin, but it is
not known whether these bacteria are housed within a particular organ, spread throughout the body, or
ingested. Hwang et al. (1989) cultured 22 strains from the tissues of H. maculosus, [sic] of which 16 were
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shown to produce TTX. TTX-producing strains were found in cultures made from the posterior salivary
gland, tentacle, intestine, and ink sac and were identiﬁed as species of Vibrio, Alteromonas, Pseudomonas,
and Bacillus.
Blue-ringed octopus are one group of only a small number of animals believed to use toxins for defense
as well as to subdue prey. Evidence for a predatory role comes from the presence of TTX in the posterior
salivary glands, which are the usual venom-producing organs in octopods, but its efﬁcacy against typical
prey has not been quantiﬁed (Williams 2010). Evidence for a defensive role comes from the characteristic
iridescent blue warning rings that the animal displays when distressed, as well as from the relative
distribution of TTX across tissues, eggs, and larvae. This intraorganismal distribution of TTX varies
depending on species and geographic location (Hwang et al. 1989; Williams and Caldwell 2009). For
example, Hwang et al. (1989) examined the relative concentrations of TTX in the posterior salivary glands
versus other soft tissues, for two specimens collected at different locations. In one specimen (Cebu Island,
Philippines), they found that the majority of total TTX was located in the soft tissues, with only around a
quarter of total TTX being located in the PSG. In contrast, a specimen from Izu Peninsula (Japan) had
concentrated almost all TTX in its posterior salivary gland. This suggests that the relative role (defense or
predation) of TTX in blue-ringed octopus may vary between individuals or subpopulations. Further
evidence for a defensive role for TTX comes from Yotsu-Yamashita et al. (2007), who examined six
specimens from South Australia and found much higher levels of TTX in bulk body tissues (arms,
cephalothorax, abdomen) than in the posterior salivary gland. Williams et al. (2011) found that while
H. maculosa larvae contained TTX, it was not at a sufﬁcient concentration to intoxicate or deter predators
in controlled feeding experiments. Interestingly, they found that H. maculosa larvae were indeed
distasteful to predators but speculate that this is due to some compound other than TTX, since
TTX-spiked control items were not distasteful to representative ﬁsh or stomatopod predators.
Utilization of a toxin necessarily requires an organism to also contain these highly detrimental proteins
or compounds. As a result, the organism requires a degree of resistance to these toxic elements
(Flachsenberger and Kerr 1985). The tolerance of one Hapalochlaena species (most likely H. maculosa
based on the collection site) was examined by Flachsenberger and Kerr (1985), who found no negative
effects when the specimen was injected with high doses of puriﬁed TTX or salivary extract. This suggests
that any predatory or defensive function of Hapalochlaena venom is not directed at others of the same
genus. In contrast, the male platypus utilizes its venom almost exclusively for intraspecies competition
(Wong et al. 2012).

Cephalotoxin

The term cephalotoxin was ﬁrst used by Ghiretti (1959) to describe a protein puriﬁed from the posterior
salivary gland of Sepia ofﬁcinalis. The deﬁning characteristic of this protein was its ability to induce
complete paralysis in crabs, a phenomenon that had previously been observed for whole octopus saliva as
early as 1897 (Krause 1897). Later work by Ghiretti (1960), McDonald and Cottrell (1972), Songdahl and
Shapiro (1974), and Cariello and Zanetti (1977) isolated protein fractions with similar neurotoxic effects
from the common octopus (Octopus vulgaris), the curled octopus (Eledone cirrhosa), and the giant
Paciﬁc octopus (Octopus doﬂeini, now Enteroctopus doﬂeini). Although all of the proteins in these early
works have been referred to as cephalotoxin, no sequencing or other detailed molecular characterization
was performed, and it is not clear that they were homologues. Indeed, Songdahl and Shapiro (1974) noted
that the molecular weight of their protein (23 kDa) was very different from the protein studied by
McDonald and Cottrell (30–70 kDa) and suggested that cephalotoxins may be a diverse group.
Much more recently, Ueda et al. (2008) performed the ﬁrst direct protein sequencing on a compound
with the neurotoxic effects characteristic of cephalotoxin. This protein, puriﬁed from the posterior
salivary glands of the golden cuttleﬁsh (Sepia esculenta), was named SE-cephalotoxin and is one of
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only a small number of cephalopod toxins that have been puriﬁed and sequenced. At 1,052 amino acids, it
is exceptionally large for a venom protein. Currently, the Tox-Prot database of over 6,000 proteins
contains just 14 longer sequences and has a median length of 79 amino acids (http://www.uniprot.org/
program/Toxins). Other features of the protein sequence are the presence of a signal peptide, pro-peptide,
and multiple cysteine-rich regions, all of which are commonly observed in other venom proteins (Ueda
et al. 2008). It is likely that SE-cephalotoxin is indeed a homologue of at least some of the proteins
previously called cephalotoxin. It is highly glycosylated, which is consistent with observations made by
Cariello and Zanetti (1977) on cephalotoxins isolated from the O. vulgaris.
The evolutionary origin of cephalotoxin remains unclear as very few homologues have been
sequenced. SE-cephalotoxin homologous sequences have been found in Sepia ofﬁcinalis (Cornet
et al. 2014), Hawaiian bobtail squid (Euprymna scolopes) (Collins et al. 2012), the coral Acropora
millepora (Ramos-Silva et al. 2013), and most recently the Australian ghost shark (Callorhinchus milii)
(Venkatesh et al. 2014). In addition, Ruder et al. (2013) sequenced cephalotoxin homologues in the
broadclub cuttleﬁsh (Sepia latimanus), the pharaoh cuttleﬁsh (Sepia pharaonis), and the southern reef
squid (Sepioteuthis australis) but did not publish the assembled sequences or present a phylogenetic
analysis for cephalotoxin. The existence of homologues in the coral and ghost shark genomes indicates an
ancient (pre-molluscan) origin for the protein, and functional work (Collins et al. 2012) indicates that
within Euprymna scolopes, the protein plays an important role in the organism’s immune system that is
possibly unrelated to its use as a venom.

Tachykinins
Tachykinins comprise a large family of highly conserved neurotransmitters found in vertebrates and
invertebrates including cephalopods. They participate in both the peripheral and central nervous systems
via afferent and efferent pathways, being involved in smooth muscle contraction, peripheral sensing, and
neurogenic inﬂammation (Khawaja and Rogers 1996). Tachykinin receptor proteins (TKRP) mediate the
effects of tachykinins via speciﬁc binding between each tachykinin and its associated receptor.
The ﬁrst peptide toxin to be isolated and sequenced from cephalopod venom was the tachykinin
eledoisin (Erspamer and Anastasi 1962), from the musky and curled octopuses (Eledone moschata and
Eledone cirrhosa, respectively). This followed the discovery of substance P, a mammalian tachykinin in
1931 (von Euler and Gaddum 1931), and it was soon realized that these molecules were structurally and
pharmacologically similar, being part of a large family widespread across many taxa (Khawaja and
Rogers 1996). Eledoisin is present in the salivary glands of octopods from the genus Eledone (Anastasi
and Erspamer 1963; Erspamer and Anastasi 1962). It induces hypotension and contraction of gut muscles
in vertebrate (dog and guinea pig) assays (Anastasi and Erspamer 1962) but its effects on invertebrates
have not been assayed.
More recent studies on O. vulgaris have revealed considerable additional detail about the role of
tachykinins in octopods. Kanda et al. (2003) isolated two tachykinins from the posterior salivary glands of
O. vulgaris (Oct-Tk-I, Oct-TK-II), and subsequently, Kanda et al. (2007) detected a total of seven
tachykinin-related peptides in O. vulgaris brain tissue. The ﬁrst octopod tachykinin receptor
(Oct-TKRPR) was identiﬁed by Kanda et al. (2007) from heart tissue of O. vulgaris, and it was found
that this receptor is not responsive to tachykinins expressed in salivary glands (Oct-Tk-I), but that it is
responsive to tachykinin-related peptides expressed in brain tissue (Oct-TKRP’s I–IV). This suggests that
production of tachykinins in saliva is likely to be speciﬁcally related to venom production rather than
participating in the octopus’ endogenous neurologic pathways.
Tachykinins and tachykinin-related peptides are usually small (approx 10–150 amino acids) and are
often produced by cleavage of a larger precursor protein. It has been noted that vertebrate tachykinins
often possess a motif of the form FXGLM, whereas in invertebrates it is FXGXR. A study by Ikeda
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et al. (1999) showed that the C-terminal residue within this motif (M for vertebrates, R for invertebrates)
was crucial to the potency of neuromuscular effects for a tachykinin from an echiuroid worm and one of
mammalian origin. In particular, they assayed invertebrate and vertebrate tachykinins against invertebrate
and vertebrate assays and found that substitution of the C-terminal residue (R to M for invert tachykinin
and M to R for vertebrate) could induce a switch in assay speciﬁcity from invertebrate to vertebrate and
vice versa. Interestingly, tachykinins from the O. vulgaris posterior salivary gland and Eledoisin (found in
posterior salivary glands of Eledone) all possess the vertebrate motif (FXGLM) despite the fact that their
dominant prey items are invertebrates. Ruder et al. (2013) assayed the relative activity of three octopus
tachykinins (two from O. vulgaris and one from Octopus kaurna), all of which had an FX[SG]LM motif
using vertebrate and invertebrate assays. They found that all peptides elicited a response from both assays
and that their relative potency was the same on invertebrate and vertebrate tissues. These results and others
(e.g., Poels et al 2009) point to a deﬁciency in our current understanding of the differences between
vertebrate and invertebrate tachykinins and their receptors, and that vertebrate vs invertebrate tachykinin
speciﬁcity cannot simply be induced by analysis of the tachykinin motif amino acid sequence alone.

Chitinases, Peptidases, and Other Degradative Enzymes
Many venomous animals include degradative enzymes as components of venom and which may be
classed as toxins due to their ability to cause cell or tissue damage or even neurotoxic effects (Kini 2003).
These often target speciﬁc structurally important molecules whose degradation may have anticoagulant
effects, leading to increased tissue permeability, cell lysis, or hemorrhage (Gutierrez and Rucavado 2000;
Kini 2003; Kang et al. 2011; Wong and Belov 2012). This in turn can enhance the spread of other venom
components and/or hasten the immobilization or death of the victim. It is likely that cephalopod venoms
include molecules to perform these functions, but little is known about them. Transcript sequences from
several major venom enzyme classes have been identiﬁed in cephalopod posterior salivary gland extracts
(Fry et al. 2009; Ruder et al. 2013) including hyaluronidase (H. maculosa, O. cyanea), serine peptidases
(probably ubiquitous), and phospholipase A2 (Loliolus, Sepia, Sepiotheuthis). In addition, whole PSG
extracts of four Antarctic octopus species (Adelieledone polymorpha, Megaleledone setebos, Pareledone
aequipapillae, and Pareledone turqueti) have been assayed for alkaline phosphatase, acetylcholinesterase, phospholipase A2, hemolytic, and proteolytic activities (Undheim et al. 2010) with three species
showing some activity in all assays. That these degradative enzymes are important components of
cephalopod venoms is suggested by the fact that they have undergone diversiﬁcation (in the case of
serine proteases) within the cephalopod lineage (Fry et al. 2009) and have acquired adaptations to cold
temperatures within Antarctic species (Undheim et al. 2010).
Chitinases and peptidases appear to be a ubiquitous component of cephalopod posterior salivary gland
extracts, being found in all species for which transcriptomic sequencing has been performed (Fry
et al. 2009; Ruder et al. 2013; Cornet et al. 2014), as well as being identiﬁed in numerous other species
via bioassays (Grisley and Boyle 1987; Undheim et al. 2010; Grisley 1993) or by puriﬁcation and direct
sequencing (Ogino et al. 2014). As components of venom, they are likely to cause considerable damage to
prey, breaking down muscle or connective tissue and/or assisting with cephalopod hole boring into the
exoskeletons of crustaceans. A key role for chitinases, peptidases, and other digestive enzymes in
cephalopod venom is likely to be external digestion. The cephalopod body plan includes a very small
mouth and a narrow esophagus that passes through the doughnut-shaped brain, thereby placing strong
constraints on the size of food particles that can be ingested. External digestion is particularly well
documented for octopus, where the injection of salivary secretions greatly increases the ease with which
crustacean prey can be dismembered (Grisley and Boyle 1987; Nixon 1984). By devising a speciﬁc
bioassay for detachment of crab muscle from carapace, Grisley and Boyle (1987) were able to attribute
this activity to a proteolytic enzyme contained in milked salivary extracts from Eledone cirrhosa.
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Amines
Amines are low molecular weight organic compounds that are ubiquitously found in biological systems.
Many amines are neurotransmitters, including epinephrine, norepinephrine, dopamine, serotonin, and
histamine. They are frequently encountered as components of invertebrate venoms, and, while they are
often responsible for producing an acute pain response (Welsh 1964), they are not often the cause of more
serious effects such as paralysis or death (Welsh 1964).
Early work on cephalopod venoms identiﬁed a substance with the ability to induce smooth muscle
contractions in mammals from posterior salivary gland extracts of O. vulgaris. This substance was then
named enteramine, but in 1952 (Erspamer 1952) it was found to be identical to serotonin, a substance that
had been studied independently by another group of researchers working on mammalian blood
(Whitaker-Azmitia 1999). In addition to identifying enteramine/serotonin, Erspamer (1952) also discovered octopamine from the posterior salivary gland extracts of O. vulgaris. The effects of octopamine in
invertebrates and in vertebrates have been extensively studied (David and Coulon 1985). It acts as a
neurotransmitter, neurohormone, and neuromodulator with effects on both the central and peripheral
nervous systems (David and Coulon 1985). It has been shown that both octopamine and serotonin elicit a
neurophysiological response from crustaceans (Livingstone et al. 1980), but because these molecules are
so ubiquitous in biological systems, it is unclear whether their presence in posterior salivary glands
indicates an active role in octopus venom itself.

Taxonomic Coverage and the Evolution of Toxicity in Cephalopods
The evolutionary history of toxicity in cephalopods remains relatively unknown, and in order to better
understand it, two major challenges need to be overcome. The ﬁrst is poor taxonomic coverage. Several
taxonomic groups have received very little (e.g., cirrate octopuses [Cirrata], vampire squid
[Vampyroteuthidae]) or no (e.g., argonauts, blanket octopus [Argonautoidea], bottletail squids
[Sepiadariidae]) investigation. Also, relatively few species of some speciose groups have been investigated. For example, around six species from the family Sepiidae (cuttleﬁshes) have been investigated to
date, yet the family is known to contain around 100 species. Similarly there are over 300 species known
from the super family Octopodoidea, Strugnell et al. (2013), but only 7 species have been investigated at
the present time. Only a single species (Todarodes paciﬁcus) from the order Oegopsida has been studied,
yet at least 250 species are known to belong to the order. Therefore, we cannot be certain that the toxins
identiﬁed to be present within those species studied are “representative” of the broader taxonomic group.
The second challenge is that almost no cephalopod-speciﬁc functional information exists regarding the
molecular components of venoms. This means that although we may be able to identify protein variants
that are speciﬁc to cephalopods, or perhaps to a particular cephalopod clade, we are limited in our ability
to draw links with feeding behaviors or life history traits that would explain these evolutionary events. In
the absence of cephalopod-speciﬁc functional information (e.g., studies on the speciﬁc effects of pure
venom fractions), the best that can be achieved is to infer function based on sequence similarity with
venom components from well-studied species such as cone snails, snakes, and arachnids. This is
problematic because some families of venom proteins (e.g., PLA2, Kini 2003) include many variants
that have evolved diverse and highly speciﬁc functions that cannot readily be determined from the amino
acid sequence alone. Furthermore, since all venomics studies on cephalopods to date have used posterior
salivary gland extracts as a proxy for venom, it is sometimes difﬁcult to rule out the possibility that a
putative venom component is in fact merely part of the salivary gland apparatus and not present in the
actual saliva produced.
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Several recent studies have made progress toward addressing these challenges and have provided the
ﬁrst signiﬁcant insights into toxin evolution in cephalopods. A study by Ueda et al. (2008) assayed
posterior salivary gland extracts from three cuttleﬁsh species (Sepia), three loliginid squid species (Loligo,
Sepioteuthis), and one oegopsid squid species (Todarodes paciﬁcus) for lethal activity against mice and
crabs (Potamon dehaani). They found that extracts from all cuttleﬁsh species were most potent against
crabs but had no activity against mice, whereas all the loliginid squids exhibited some potency against
both mice and crabs, and the oegopsid squid had no lethal activity in either assay. This ﬁnding suggests
that Sepia and loliginid squids possess specialized toxins to suit their preferred prey, with loliginids
consuming a greater proportion of vertebrates (ﬁsh) than Sepia whose main diet is crustaceans (Hanlon
and Messenger 1996). The complete lack of lethal activity from PSG extracts of Todarodes paciﬁcus is
also interesting because this species is from a different taxonomic group (order Oegopsida), contained
within the Decapodiformes, from the six toxic species studied (which belong to the order Myopsida and
family Sepiidae). Another recent study that used assays on whole PSG extracts to demonstrate toxin
evolution was that of Undheim et al. (2010). They provide evidence that some Antarctic octopods have
evolved cold-adapted enzymes as part of their venom. In particular, they showed that alkaline phosphatase
activity was cold adapted (higher activity at 0  C than at 37  C) in all species and proteolytic activity was
also cold adapted in three of four species tested.
Recently, two studies (Fry et al. 2009; Ruder et al. 2013) have speciﬁcally attempted to gain insights
into toxin evolution in cephalopods by applying high-throughput transcriptome sequencing to posterior
salivary gland extracts across ten cephalopod species from major octopod and decapod groups. These
offer the ﬁrst molecular phylogenetic insights into toxin evolution in these taxa, in addition to providing a
broad overview of the protein composition of cephalopod venoms. Of particular interest is the ﬁnding by
Fry et al. (2009) (later expanded upon by Ruder et al. (2013)) that a large number of S1 peptidases exist in
the venoms of all ten species studied. At least for H. maculosa, O. kaurna, and S. latimanus, these
molecules are collectively distinct from non-cephalopod taxa while being present throughout the cephalopod clade (Fry et al. 2009). Fry et al. (2009) argue that at least four successive gene duplication events
have occurred prior to the divergence of the decapodiform and octopodiform lineages (revised to six
events by Ruder et al. 2013) and that this suggests an ancient origin of the posterior salivary gland organ in
cephalopods and, by extension, its use in venom production. In addition, Ruder et al. (2013) applied sitespeciﬁc selection analyses to serine proteases and pacifastins. They found that although most sites were
under negative selection, 26 serine protease sites and three pacifastin sites were under positive selection,
with the majority of positively selected serine protease sites likely to be at the surface of the folded protein.
Since changes at the protein surface are most likely to affect receptor binding and/or enzymatic function,
positive selection at these sites agrees with a model for toxin evolution in which genes are duplicated and
then one of the copies takes on a role as a toxin (Wong and Belov 2012). Given that venom proteins are
injected into a foreign victim, they are likely be subject to some positive selection in order to optimize
efﬁciency against novel receptors or substrates.

New Technologies and Shifting Emphasis
Over the past 50 years, technologies for separating, assaying, and characterizing venom extracts and toxin
molecules have become more sensitive and are providing increasing quantities of data. Constrained by
older technologies, early studies tended to focus on a small number of abundant species (available
commercially), used large volumes of starting material, and attempted to isolate a single molecule for
detailed study. For example, Erspamer and Anastasi (1962) used salivary glands from 10,000 Eledone
individuals in order to characterize the tachykinin peptide, eledoisin, and 30,000 O. vulgaris individuals
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were used by Erspamer and Asero (1953) to isolate enteramine. Such large quantities of material are
astonishing by the standards of most modern studies where less than ten individual animals is the norm
(e.g. Ruder et al. 2013; Ueda et al. 2008; Undheim et al. 2010). This trend toward the use of fewer animals
is undoubtedly a positive one as it enables study of less abundant species, is signiﬁcantly cheaper, and is
more ethically sound.
Despite using reduced sample volumes, modern studies are able to generate vastly more data than ever
due to the adoption of modern “omics” technologies. These allow whole genomes and transcriptomes to
be sequenced via next-generation nucleic acid sequencing technology and for whole proteome surveys to
be conducted using mass spectrometry. Collectively termed “venomics” (Escoubas and King 2009), these
techniques allow data to be obtained on whole suites of molecules (e.g., whole animal or whole tissue), at
low cost, from a small (milligram to gram) quantity of sample. Techniques related to venomics (indicated
by arrows l, m, n, and o in Fig. 3) have so far seen very little application to cephalopod venom research.
Notable exceptions are the studies by Fry et al. (2009) and Ruder et al. (2013), which performed
transcriptome sequencing on posterior salivary gland (PSG) extracts of several species, and the study
of Cornet et al. (2014), which performed both transcriptomic and proteomic analyses on PSG of
S. ofﬁcinalis. These studies identiﬁed numerous transcripts with homology to venom proteins observed
in other taxa (snakes, arachnids, and cone snails) including CAP (CRiSP/Allergen/PR-1) proteins,
carboxypeptidases, chitinases, hyaluronidases, pacifastins, phospholipase A2 proteins,
SE-cephalotoxin, and serine proteases (Table 1).
Notable missing lines of inquiry from Fig. 3 include those corresponding to direct protein analysis, for
example, by mass spectrometry-based proteomics, and particularly analysis of venom or pure toxic
fractions. These are important because venom proteins are often posttranslationally modiﬁed (Buczek
et al. 2005) and because transcripts may be expressed in venom gland tissue without necessarily being

Fig. 3 Summary of research on proteinaceous cephalopod toxins to date. Toxin puriﬁcation is shown in along the center line,
with methods for measuring toxin effects shown on the right, and for molecular characterization on the left. Notable missing
lines of inquiry are shown in thick red (no studies) or as dashed lines (very few studies). Full details describing each labeled
arrow are given in Table 1 with example studies
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Table 1 Methodologies and lines of inquiry pursued in cephalopod toxin research. Labels correspond to arrows in Fig. 3
Label
a
b, c
d, e
f, g
h
j
k, i
l, m
n
o
p
q

Description
Behavioral and morphological studies demonstrating venom
use by cephalopods
Injection of salivary extract or milked venom into
representative prey species (as an assay)
Model assays on milked venom or posterior salivary gland
extract
Investigation of potential medicinal effects of whole venom or
a pure toxin isolated from venom
Extraction of pure saliva via milking or dissection
Dissection of posterior salivary glands and homogenization
and/or extraction with solvent
Isolation of pure active fraction via bioassay-guided
fractionation
mRNA sequencing (transcriptomics) or proteomics (via mass
spectrometry) on pure cephalopod saliva
Transcriptomic sequencing on posterior salivary gland extracts
Proteomics on posterior salivary gland extracts
Direct sequencing of pure toxic peptides or proteins
Secondary or tertiary structure determination

Examples
Fiorito and Gherardi 1999; Kasugai et al. 2004
Ghiretti 1960; Songdahl and Shapiro 1974
Erspamer 1948; Grisley and Boyle 1987; Key
et al. 2002
Karthigayan et al. 2007
Ballering et al. 1972; Ghiretti 1960
Erspamer 1948; Cariello and Zanetti 1977
Anastasi and Erspamer 1962; Cariello and Zanetti
1977; Ghiretti 1959
No cephalopod studies. See Corrêa-Netto
et al. 2011 for an example in other taxa
Fry et al. 2009; Ruder et al. 2013
Cornet et al. 2014
Anastasi and Erspamer 1963; Ueda et al. 2008
Grace et al. 2003

translated to protein and/or secreted into the mature venom. Posttranslational modiﬁcations can include
modiﬁcations to the amino acid sequence (e.g., cleavage of pro-peptides, signal peptides, etc.) and sitespeciﬁc modiﬁcations (Buczek et al. 2005; Kapono et al. 2013).
An additional issue identiﬁed by Fig. 3 is that no venomics studies have been performed on pure
cephalopod saliva (as opposed to posterior salivary gland extracts). Obtaining pure saliva is clearly a
technical challenge, but one that a number of studies in the past have overcome through milking (Grisley
and Boyle 1987) or careful dissection of the venom ducts (Ghiretti 1960). Studies on pure saliva are
important because they allow unambiguous identiﬁcation of venom products without the presence of
proteins related to other functions of the posterior salivary gland. Nevertheless, future studies to tackle this
issue will need to employ a combined transcriptomic/proteomic strategy since protein production (and
hence related mRNA) occurs in the gland and not in the saliva/venom itself. Thus, proteomics of saliva/
venom combined with a database of transcript sequences obtained from a variety of body tissues including
posterior salivary gland is required.
While venomics studies can identify the protein sequences of many potential toxins simultaneously,
their ability to make inferences about the biological signiﬁcance of these molecules is heavily reliant on
homology with sequences where detailed functional studies, or bioassays, have previously been
conducted. One of the few recent studies to pursue such detailed work is that of Ueda et al. (2008),
who used between three and 18 specimens per species to study posterior salivary gland toxins across three
cuttleﬁsh and four squid species. This study observed toxic activity in six of seven species and was able to
fully isolate and sequence one toxic protein (SE-cephalotoxin) from Sepia esculenta. Unfortunately, toxic
proteins from squids in this study were not amenable to separation on the basis of salt concentration;
however, it is clear that those proteins were potent against both mice and crabs (whereas cuttleﬁsh venom
was effective only against crabs) and would be interesting targets for future puriﬁcation and sequencing
efforts.
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Conclusion and Future Directions
Research into the nature of toxicity in cephalopods dates back over 100 years with detailed biochemical
studies dating from the 1950s. Despite this long history, our understanding of cephalopod venoms, and the
toxins they contain, remains extremely rudimentary. In particular, very few examples exist where a
particular molecule has been isolated as a pure (or near pure) fraction, assayed to determine its physiological effects, and then characterized to determine its structure or amino acid sequence. Notable
exceptions are the tachykinin eledoisin, SE-cephalotoxin, and TTX. Toxins of octopuses, squids, and
cuttleﬁshes show a very high potential for biodiscovery. The application of “venomics” technologies to
toxin research is emerging as an important and powerful way of characterizing entire suites of proteinaceous toxins from pure venom or gland extracts in cephalopods.
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Appendix II – Supporting information for Chapter 2
Table S1: Number of sequenced paired-end reads (in millions) for each tissue
library. Phylogenetic analysis of putative toxins was carried out using the
assemblies from combined tissue libraries for each organism.
Species	
  

Tissue	
  

Number	
  of	
  PE	
  Reads	
  (Million)	
  

S. austrinum

Mucus	
  

17	
  

S. austrinum

Dorsal	
  Mantle	
  

16	
  

S. austrinum

Ventral	
  Mantle	
  

12	
  

S. austrinum

Arms	
  

20	
  

S. austrinum

Brain	
  

21	
  

E. tasmanica

Ventral	
  Mantle	
  

20	
  

E. tasmanica

Dorsal	
  Mantle	
  

21	
  

O. kaurna

Salivary	
  gland	
  

23	
  

O. kaurna

Posterior	
  mantle	
  

22	
  

S. lineolata

Dorsal	
  mantle	
  

22	
  

S. lineolata

Ventral	
  mantle	
  

20	
  

I. notoides

Dorsal	
  adhesive	
  gland	
  

22	
  

I. notoides

Head	
  

20	
  

H. maculosa

Skin	
  of	
  Dorsal	
  mantle	
  

24	
  

H. maculosa

Eyeballs	
  

24	
  

H. maculosa

Gills	
  

25	
  

H. maculosa

Systemic	
  heart	
  

24	
  

H. maculosa

Posterior	
  salivary	
  gland	
  

24	
  

H. maculosa

Ventral	
  mantle	
  muscle	
  and	
  skin	
  

27	
  

H. maculosa

Brain	
  

24	
  

H. maculosa

Anterior	
  salivary	
  glands.	
  

24	
  

H. maculosa

Branchial	
  hearts	
  

22	
  

H. maculosa

Renal	
  appendages	
  

24	
  

H. maculosa

Male	
  reproductive	
  tract	
  

20	
  

H. maculosa

Digestive	
  gland	
  

23	
  

2	
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Table S2: SRA accession information. All assemblies using the Newbler
assembler were performed in a single step using the runAssembly command.
All multi-read contigs as well as singletons were retained in the final
assembly. Newbler version 2.6 was used in all cases.
All assemblies using the Trinity assembler used default parameters apart from
S. austrinum and H. maculosa, which used a minimum kmer coverage of three
due to the large volume of sequence data for these two species.

Species	
  
Sepioloidea	
  lineoata	
  
Octopus	
  kaurna	
  
Hapalochlaena	
  maculosa	
  

Euprymna	
  tasmanica	
  
Idiosepius	
  notoides	
  
Sepioteuthis	
  lessoniana	
  
Sepia	
  officinalis	
  

Sepioteuthis	
  australis	
  
Sepia	
  pharaonis	
  
Sepia	
  latimanus	
  
Sepia	
  esculenta	
  
Pareledone	
  turqueti	
  
Octopus	
  cyanea	
  
Nautilus	
  pompilius	
  
Uroteuthis	
  (Aestuariolus)	
  
noctiluca	
  
Doryteuthis	
  (Amerigo)	
  pealeii	
  

Idiosepius	
  paradoxus	
  
Dosidcus	
  gigas	
  
Adelieledone	
  polymorpha	
  
Abdopus	
  aculeatus	
  

169

	
  

NCBI	
  SRA	
  Run	
  Accession	
  
SRR2984340	
  
SRR2984341	
  
SRR3105321	
  
SRR3105322	
  
SRR3105554	
  
SRR3105555	
  
SRR3105556	
  
SRR3105557	
  
SRR3105558	
  
SRR3105559	
  
SRR3105560	
  
SRR3105561	
  
	
  
SRR2985349	
  
SRR2984339	
  
SRR2984342	
  
SRR2984343	
  
SRR1386192	
  
SRR1325121	
  SRR1325113	
  
SRR1325114	
  SRR1325115	
  
SRR1325116	
  SRR1325117	
  
SRR1325118	
  SRR1325119	
  
SRR1325120	
  SRR1325121	
  
SRR725780	
  
SRR725935	
  
SRR725779	
  
SRR1386223	
  
SRR725936	
  
SRR725937	
  
SRR330442	
  SRR108979	
  
DRR001453	
  
SRR725597	
  
	
  
SRR1522987	
  SRR1522988	
  
SRR1725163	
  SRR1725164	
  
SRR1725167	
  SRR1725169	
  
SRR1725171	
  SRR1725172	
  
SRR1725213	
  SRR1725235	
  
SRR1725236	
  
	
  
SRR001452	
  
SRR1386212	
  
SRR684167	
  
SRR680047	
  

	
  

Assembly	
  Software	
  
Trinity	
  
Trinity	
  
Trinity	
  

Trinity	
  
Trinity	
  
Trinity	
  
	
  
Trinity	
  

Newbler	
  
Newbler	
  
Newbler	
  
Trinity	
  
Newbler	
  
Newbler	
  
Newbler	
  
Newbler	
  
Trinity	
  

Newbler	
  
Trinity	
  
Newbler	
  
Newbler	
  

3	
  

	
  
Table S3: Public sequencing data from the NCBI Short Read Archive (SRA) used to
assemble transcriptomes for various Cephalopod species. The Newbler assembler was
used for all 454 data and Trinity was used for all other data. All assemblies using the
Newbler assembler were performed in a single step using the runAssembly command.
All multi-read contigs as well as singletons were retained in the final assembly. Newbler
version 2.6 was used in all cases. All assemblies using the Trinity assembler used
default parameters apart from S. austrinum and H. maculosa, which used a minimum
kmer coverage of three due to the large volume of sequence data for these two species.

NCBI	
  SRA	
  
Species	
  

Sequencing	
  volume	
  and	
  platform	
  

Accession	
  

Assembler	
  

Abdopus	
  aculeatus	
  

0.016	
  Gbp	
  reads	
  by	
  454	
  GS	
  FLX	
  Titanium	
  

	
  SRX227139	
  

Newbler	
  

Adelieledone	
  polymorpha	
  

0.041	
  Gbp	
  reads	
  by	
  454	
  GS	
  FLX	
  Titanium	
  

	
  SRX228189	
  

Newbler	
  

5.638	
  Gbp	
  reads	
  by	
  Illumina	
  Genome	
  Analyzer	
  
Dosidicus	
  gigas	
  

IIx	
  

	
  SRX593724	
  

Trinity	
  

Euprymna	
  scolopes	
  

0.227	
  Gbp	
  reads	
  by	
  454	
  GS	
  FLX	
  Titanium	
  

	
  SRX286705	
  

Newbler	
  

Euprymna	
  scolopes	
  

0.237	
  Gbp	
  reads	
  by	
  454	
  GS	
  FLX	
  Titanium	
  

	
  SRX286703	
  

Newbler	
  

Euprymna	
  scolopes	
  

0.276	
  Gbp	
  reads	
  by	
  454	
  GS	
  FLX	
  Titanium	
  

	
  SRX286702	
  

Newbler	
  

Euprymna	
  scolopes	
  

0.65	
  Gbp	
  reads	
  by	
  454	
  GS	
  FLX	
  Titanium	
  

	
  SRX286704	
  

Newbler	
  

Hapalochlaena	
  maculosa	
  

0.03	
  Gbp	
  reads	
  by	
  454	
  GS	
  FLX	
  Titanium	
  

	
  SRX237451	
  

Newbler	
  

Idiosepius	
  paradoxus	
  

0.326	
  Gbp	
  reads	
  by	
  454	
  GS	
  FLX	
  Titanium	
  

	
  DRX000712	
  

Newbler	
  

Loligo	
  bleekeri	
  

21.601	
  Gbp	
  reads	
  by	
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  Gbp	
  reads	
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  Illumina	
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  2000	
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  reads	
  by	
  Illumina	
  HiSeq	
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Sepia	
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  by	
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  Gbp	
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  by	
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  reads	
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  454	
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Newbler	
  

Sepioteuthis	
  australis	
  

0.041	
  Gbp	
  reads	
  by	
  454	
  GS	
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10.21	
  Gbp	
  reads	
  by	
  Illumina	
  Genome	
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Sepioteuthis	
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IIx	
  

	
  SRX591339	
  

Trinity	
  

Abdopus	
  aculeatus	
  

0.016	
  Gbp	
  reads	
  by	
  454	
  GS	
  FLX	
  Titanium	
  

	
  SRX227139	
  

Newbler	
  

	
  SRX228189	
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  by	
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Supporting Table 1 – Number of sequenced paired-end reads (in millions) for each tissue library
and associated SRA accession numbers.

Supporting Table 2 – ProteinGroups.txt file from MaxQuant showing all identified protein
groups and relating information. Provided as a separate file, SupportingTable2.xlsx

Supporting Table 3 - All protein groups identified by MaxQuant as having a deamidation
probability as well as the number of samples the deamidation was identified in, if it was found in
proteins from the control samples and if the protein was likely to be glycosylated. Provided as a
separate file, SupportingTable3.xlsx

Supporting Figure 1: Relative abundance of orthologous proteins found in Su. austrinum and
So. lineolata by KEGG Brite category.

Supporting Figure 2: Sample clustering based on iBAQ abundance measurements of
orthologous proteins between Su. austrinum and So. lineolata. Points represent individual
slime samples with colours indicating differences between species and shape indicating whether
the samples were treated with PNGase-F. Axes are principle components based on a matrix of
iBAQ intensities from 77 orthologous proteins with measurements across all samples. Note that
for S. lineolata sample 3 is not shown as it was a strong outlier and its inclusion would obscure
relationships between all other samples.
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Supporting Figure 3A-D: LC-MS/MS mass spectra of a formely N-glycosylated peptides. Peptide
identified is A – KQGYN*VSMMFHQAENFFTSIGLKK (m/z 1815.90) from a potential calmodulin
protein. B- NVMN*LTPAETQQLHAALESQLSPGELAK (m/z 460.19) from a novel secreted protein.
C- WFSGISSLFPKPDVSSSSSIEDIN*GTK (m/z 420.21) from a potential HSP20 protein. D SLGENPTDAELKDMINEVDADGN*GTIDFAEFLTLMSQK (m/z 1815.90) from a potential calmodulin
protein. The asterisk (*) denotes the site of N-glycosylation. Spectra generated using the
Lorikeet Spectra Viewer.
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Supporting Table 1 – Number of sequenced paired-end reads (in millions) for each
tissue library and associated SRA accession numbers.

Sample Tissue

SRA Accession

Read Pairs (Mil)

Slineolata_Brain

SRR5396792

18

SRR5396791

19

Slineolata_Ventral

SRR5396790

20

Slineolata_Dorsal

SRR5396789

19

Slineolata_Slime

SRR5396788

19

Slineolata_Arms
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Supporting Figure 1: Relative abundance of orthologous proteins found in Su. austrinum
and So. lineolata by KEGG Brite category.
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Supporting Figure 2: Sample clustering based on iBAQ abundance measurements of
orthologous proteins between Su. austrinum and So. lineolata. Points represent individual
slime samples with colours indicating differences between species and shape indicating
whether the samples were treated with PNGase-F. Axes are principle components based on
a matrix of iBAQ intensities from 77 orthologous proteins with measurements across all
samples. Note that for So. lineolata sample 3 is not shown as it was a strong outlier and its
inclusion would obscure relationships between all other samples.
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Supporting Figure 3A-D: LC-MS/MS mass spectra of a formely N-glycosylated peptides. Peptide identified is A – KQGYN*VSMMFHQAENFFTSIGLKK (m/z
1815.90) from a potential calmodulin protein. B- NVMN*LTPAETQQLHAALESQLSPGELAK (m/z 460.19) from a novel secreted protein. CWFSGISSLFPKPDVSSSSSIEDIN*GTK (m/z 420.21) from a potential HSP20 protein. D - SLGENPTDAELKDMINEVDADGN*GTIDFAEFLTLMSQK (m/z 1815.90) from
a potential calmodulin protein. The asterisk (*) denotes the site of N-glycosylation. Spectra generated using the Lorikeet Spectra Viewer.
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Tissues Vs Average Expression P<0.05

VMMvsAv

DMMvsAv

VMEvsAv

DMEvsAv

VMGvsAv

SlimevsAv

logFC
2
0
-2
-4
-6

Supplementary Figure 1 - Heatmap of all differentially expressed proteins in all tissues vs average expression
(normalized LogFC P<0.05). Tissues are SLIME – slime, VMG - ventral mantle gland, DME – dorsal mantle
epithelium, DMM – dorsal mantle muscle, VME – ventral mantle epithelium, VMM – ventral mantle muscle.
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Supplementary Table 1 – Top 28 most positively differentially expressed proteins within the slime and ventral mantle glands and negatively differentially expressed proteins
in the mantle muscle of S. lineolata. ID’s are given according to protein groups found in the proteingroups.txt file from MaxQuant. Log2 expression values from left to right –
SlimevsAv – Slime compared to the average expression of all tissues and slime, VMEvsAv – ventral mantle epithelium compared to the average expression of all tissues and
slime, VMGvsAv – ventral mantle gland compared to the average expression of all tissues and slime, DMMvsAv – Dorsal mantle muscle compared to the average expression
of all tissues and slime, DMEvsAv - dorsal mantle epithelium compared to the average expression of all tissues and slime, ventral mantle muscle compared to the average
expression of all tissues and slime.
Protein ID
TRINITY_DN82601_c3_g4_i9::g.46492::m.46492
TRINITY_DN16929_c0_g1_i1::g.2700::m.2700
TRINITY_DN68022_c0_g1_i1::g.14926::m.14926
TRINITY_DN77951_c0_g1_i1::g.25183::m.25183
TRINITY_DN63432_c0_g1_i1::g.12579::m.12579
TRINITY_DN80533_c6_g3_i9::g.33474::m.33474

Swiss-Prot
NA
FABPH_HUMAN
CBPE_HUMAN
NEC1_HUMAN
NA
NA

blastx
NA
Fatty acid-binding protein, heart
Carboxypeptidase E
Neuroendocrine convertase 1
NA
NA

Evalue
NA
E:9e-24
E:5e-136
E:0
NA
NA

TRINITY_DN81508_c12_g1_i1::g.38883::m.38883

NA

NA

NA

TRINITY_DN83146_c1_g3_i2::g.50492::m.50492
TRINITY_DN82640_c0_g3_i1::g.46709::m.46709
TRINITY_DN76318_c0_g1_i2::g.22477::m.22477
TRINITY_DN82375_c0_g1_i1::g.44735::m.44735
TRINITY_DN80879_c1_g6_i1::g.35342::m.35342
TRINITY_DN37209_c0_g1_i1::g.5570::m.5570

NA
SAE2_HUMAN
WSCD2_HUMAN
ACE_HUMAN
NA
PRO1B_ACACA

TRINITY_DN82592_c10_g1_i1::g.45743::m.45743

CPMD8_HUMAN

NA
SUMO-activating enzyme subunit 2
WSC domain-containing protein 2
Angiotensin-converting enzyme
NA
Profilin-1B
C3 and PZP-like alpha-2macroglobulin domain-containing
protein 8
CD63 antigen
Synaptic vesicle membrane protein
VAT-1 homolog-like
NA
Universal stress protein in QAH/OAS
sulfhydrylase 3'region
D-beta-hydroxybutyrate
dehydrogenase, mitochondrial
von Willebrand factor A domaincontaining protein 5A
Annexin A7
Calmodulin-2
Protocadherin Fat 4
Ras-related protein Rab-1A
Caspase-7
Glutaredoxin-1
Annexin A4
Major vault protein

TRINITY_DN76407_c0_g1_i1::g.22582::m.22582

CD63_RAT

TRINITY_DN82373_c7_g1_i5::g.44789::m.44789

VAT1L_MOUSE

TRINITY_DN54713_c0_g1_i1::g.9110::m.9110

MEC2_CAEEL

TRINITY_DN82798_c3_g1_i1::g.47078::m.47078

YQA3_THEAQ

TRINITY_DN78409_c0_g1_i1::g.26049::m.26049

BDH_BOVIN

TRINITY_DN82535_c0_g1_i1::g.46063::m.46063

VWA5A_RAT

TRINITY_DN73195_c2_g1_i1::g.18635::m.18635
TRINITY_DN68650_c0_g2_i1::g.15335::m.15335
TRINITY_DN83293_c0_g2_i6::g.50960::m.50960
TRINITY_DN79549_c4_g1_i1::g.29354::m.29354
TRINITY_DN80806_c4_g3_i1::g.34947::m.34947
TRINITY_DN67082_c1_g1_i1::g.14476::m.14476
TRINITY_DN70833_c0_g1_i1::g.16874::m.16874
TRINITY_DN81926_c5_g1_i1::g.41753::m.41753

ANXA7_BOVIN
CALM2_BRAFL
FAT4_MOUSE
RAB1A_LYMST
CASP7_MOUSE
GLRX1_RICFE
ANXA4_PIG
MVP_STRPU
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NA
E:1e-58
E:7e-10
E:2e-165
NA
E:1e-10

Pfam
NA
Lipocalin_7
Peptidase_M14
Peptidase S8 pro-domain
HSP20
NA
ETX_MTX2^Clostridium epsilon toxin
ETX/Bacillus mosquitocidal toxin MTX2
NA
ThiF family
WSC domain
Angiotensin-converting enzyme
NA
Profilin

Evalue
NA
E:3.2e-10
E:1.7e-80
E:6.2e-20
E:0.00015
NA

SlimevsAv
6.638264547
6.333361358
6.084998415
5.812156628
5.105784072
4.748402693

E:5e-08

VMEvsAv
-1.397966486
-1.965754396
-1.893290747
-1.502674564
-1.409345065
0.402623686

VMGvsAv
1.719720853
-1.586787406
2.37687191
2.01090697
2.177468342
-1.571045565

E:1.6e-05

4.452865274 -0.965502741 -1.245621425

NA
E:2.3e-07
E:3.3e-09
E:3.3e-206
NA
E:4.1e-19

4.173569788
4.15433318
4.106917026
4.002960162
3.495695197
2.779578307

-0.947010665
0.737080197
-0.830338242
-0.822467233
-0.368851609
-0.683799948

Farnesoic acid 0-methyl transferase

E:7.7e-16

2.51863674

0.282050004 -0.869273602 -1.634967004 1.310720124 -1.607166262

-1.288273063
1.156123739
2.013017682
1.982192454
0.220121014
0.13834463

DMMvsAv
-2.367304684
-1.225204702
-3.343476558
-1.77408363
-1.708793123
-2.51684733

DMEvsAv
-2.885229155
-1.190556986
-1.431157289
-2.404493976
-2.382271411
-0.43772248

VMMvsAv
-1.707485075
-0.365057869
-1.79394573
-2.141811428
-1.782842815
-0.625411004

-0.86967767

-0.83449955

-0.537563888

-0.479599905
-2.599513481
-1.502436705
-1.855863498
-1.735118035
-0.065348673

-0.971769502
-1.813309346
-1.882989132
-3.088545869
-1.377801887
-1.340315708

-0.486916652
-1.634714288
-1.904170629
-0.218276016
-0.23404468
-0.828458608

E:4e-29

Tetraspanin family

E:2.2e-49

2.060718456 -1.377417342 0.785832252 -0.291552469 -0.886600119 -0.290980778

E:5e-146

Alcohol dehydrogenase GroES-like domain

E:2.2e-12

2.041974899 -0.658856831 1.025512769 -0.828429208 -0.105243562 -1.474958066

E:9e-111

SPFH domain / Band 7 family

E:1.9e-32

2.015055056 -0.639929361 -0.312903423 -0.307607864

-0.25968224

-0.494932168

E:5e-09

Universal stress protein family

E:1.7e-29

2.008394049 -0.476140659 -0.564312241 -0.361478744

0.23992042

-0.846382826

E:6e-75

Short chain dehydrogenase

E:1.2e-40

1.863800603 0.357433613

0.31059586

-0.759398796

E:9e-105

Vault protein inter-alpha-trypsin domain

E:2e-07

1.699840966 0.006269986 -1.248324498 -0.647724384 0.813256249

-0.62331832

E:4e-112
E:2e-12
E:7e-171
E:3e-86
E:5e-67
E:2e-10
E:3e-86
E:0

Annexin
EF-hand_7
Cadherin
Ras family
Peptidase_C14
Glutaredoxin
Annexin
Major Vault Protein repeat

E:3.5e-25
E:4.4e-11
E:4.9e-11
E:1.6e-37
E:6.3e-47
E:1.1e-13
E:2e-191
E:3.3e-13

1.594657608
1.45246272
1.403907506
1.277198669
1.233724357
1.23112679
1.193116189
1.117875844

-0.040091542
-0.582465028
-2.330063125
-0.722512059
-0.878603899
-1.784114923
-0.317402297
-2.140619578

-0.292890583
-0.693309868
-0.772179114
0.058866754
-0.274937586
0.475237342
-1.155765136
0.435681106

-0.76228227

-0.948836682
0.55646347
0.372597943
-0.218548521
0.339959067
-0.649143135
0.538718759
0.225081527

-1.010149009

-0.258761605
-0.495039007
-0.105102012
-0.42679967
-0.397874898
-0.422069492
-0.572047311
-1.060157176

-0.054077198
-0.238112288
1.4308388
0.031794827
-0.02226704
1.148963417
0.313379796
1.422138277

Supplementary Figure 2 – TopGO analysis of significant proteins differentially expressed in secretion when
compared to average expression. Rectangle boxes indicate proteins with a p value < 0.01 (17 nodes). (17 nodes
p value < 0.01) with the most significant terms in red and the least in yellow.
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