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INTRODUCTION

As biologists, we classify the world around us into nested categories to ease the
process of describing al characteristics for every organism. Knowing that a
manul is a cat we automaticaly know that it has all the features of a living
organism, an animal, a chordate, and a feline. Thisis a lot of information. We
also classify chemicals and molecules within living organisms in a similar man-
ner. Gene sequencing, together with other technologies, now provide scientists
with huge amounts of new data, however, this datais only useful if we are able
to put it into a context compatible with existing knowledge. Currently, we pos-
sess more knowledge than any one human can possibly comprehend and the
pool of unprocessed data is rapidly growing. To combat this problem, scientists
now rely on databases and bioinformatics tools to find the answers they need.

This dissertation provides another tool to help scientists draw conclusions
from and classify large datasets.

Nature has had many millions of years to find optimal solutions to most
problems involving survival and humans have only recently started to under-
stand and use this highly refined knowledge. Scientists are now searching for
biologically active components with pharmaceutical potential, and venomous
organisms are a rich source of such molecules. Cone snails have very potent
venoms that are composed of mixtures of biologicaly active peptides termed
conopeptides. A small fraction of total conopeptide diversity has been described
and aready some conopeptides are being used as medicines (Han et a. 2008;
Lewis et a. 2012). High-throughput genomic, transcriptomic, and peptidomic
methods are able to rapidly generate large datasets that contain, in an unclassi-
fied form, knowledge about undiscovered conopeptides. However, identifying
and classifying these conopeptides can only be made feasible by developing
bicinformatics tools specifically designed for this. A well-designed classi-
fication tool would allow one to identify and classify conopeptide sequences.

The first part of this thesis provides an overview of cone snails and
conopeptides and also of the model based methods for protein homology
searches and annotation.

The second part covers the research that was carried out while developing
the method and tool for conopeptide classification. This part also discusses the
results of applying our approach to describe conopeptide diversity within the
genome of the cone snail Conus consors.



LITERATURE REVIEW

I.1. Cone snails and their feeding habits

Cone snail is a common name for species classified within the very diverse
marine gastropod genus Conus. By January 2014, 761 species were described in
the literature and new species descriptions are published every year. Cone snails
have cone shaped shells that have been valued by collectors for centuries for
their beautiful colors and patterns, however, it is the venom produced by the
cone snails that has attracted the attention of researchers. Cone snails are preda-
tors that feed on worms, other mollusks, and fish. A dow-moving snail requires a
good weapon to catch a fast-moving fish, and cone snails have a great weapon —
venom that paralyzes their prey within a few seconds. The venoms of cone
snails are complex mixtures of small peptides termed conotoxins or cono-
peptides, which mostly act on different ion channels and immobilize the prey
(Olivera1997; Han et a. 2008).

Siphon
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Radula tooth ROStrumSalivary gIandGanina Pharynx

D

Figure 1. Shell and venomous apparatus of Conus consors. A — the shell of C.
consors (by Thierry Parel), B — alive specimen of C. consors (by Thierry Parel). C —a
radula tooth of C. consors (scanning electron microscopy photo by Dietrich Mebs), D —
schematic presentation of the cone snail venom apparatus (by Xavier Sprungli, modified
by Dietrich Mebs).



The most common strategy for prey capture among cone snails is the “hook-
and-line” approach. The snail fires a hollow venom-filled harpoon, termed the
radular tooth, into the fish who is then immobilized and swallowed. Some fish-
eating cone snails also use the “net” strategy to capture their prey. They release
venom into the water within a school of small fish who then become docile and
disoriented. The snail can then easily swallow one or more at a time. Figure 1
shows how a cone snail looks like and the schematics of its venom apparatus.

Cone snails also use their venom for defense when attacked by larger preda-
tors such as octopus or fish. Dutertre et.al (2014) demonstrated that severa
Conus species produce separate defensive venom that is more complex in com-
position than the predatory venom. The defense-evoked venom of Conus
geographus contains high concentrations of paralytic peptides that make it
deadly even for humans. The predatory venom is produced in a different part of
the venom duct and is more specialized and less potent. The authors speculated
that worm-eating cone snails adapted to fish and mollusk diets using the toxins
from their defensive venom (Dutertre et a. 2014).

1.2. Conopeptides

Conopeptides are the main active components within all known cone snail
venoms. Hundreds of different peptides have been observed in the venom of
one snail species (Olivera 2006; Biass et a. 2009) yet only a few of the same
conopeptides have been found in more than one species (Mr12.5 from Conus
marmoreus and Eb12.4 from Conus eburneus) (Liu et al. 2010). Thus, the over-
al number of different conopeptides is estimated to be hundreds of thousands.
Three years ago, roughly six thousand conopeptides from over one hundred
species had been collected and described within the conopeptide reference data-
base ConoServer (http://www.conoserver.org). This number has increased six
times within the last three years (Laht et al. 2012) and is likely to grow even
faster with the reducing cost of transcriptome sequencing and advances in pro-
teomics technologies that allow one to analyze snail venom ducts using both
technologies simultaneously (Jin et al. 2013; Safavi-Hemami et al. 2014).

Transcriptomic studies of Conus miles (Jin et a. 2013), Conus tribblei
(Barghi et al. 2015), Conus victoriae (Robinson et a. 2014), Conus marmoreus
(Lavergne et al. 2013), and Conus consors (Terrat et a. 2012) have found
between 53 (Conus consors) and 662 (Conus miles) different conopeptide tran-
scripts within the venom of one cone snail. This significant difference most
probably stems from the different criteria used within each study to report
unique conopeptides. In the C. miles transcriptome study they used an unassem-
bled transcriptome and reported 495 putative conopeptide transcripts from only
one 454 sequencing read (Jin et al. 2013). Most other studies require much
more evidence to report a potential new conopeptide.
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Conopeptides are synthesized as 60-80 amino acid (AA) long peptide pre-
cursors. The N-terminal signal peptide (~ 20 AA) and pro-peptide (20-30 AA)
are followed by a mature peptide (10-30 AA) (Figure 2 A). The signal peptide
targets the conopeptide secretion while the pro-peptide is required for proper
folding. Both the signal and the pro-peptide are cleaved during the maturation
process.

A Signal peptide Pro-peptide Mature peptide

Voseese . LoowYVELY Vel

Figure 2. Conopeptide precursor structure. A — The most common structure of
conopeptide precursor peptides. B — Sequence logo diagrams of superfamily A. C —
Sequence logo diagrams of superfamily O1. Sequence logos were created using
LogoMat-M software (Schuster-Bockler et a. 2004).

1.2.1. Conopeptide genes

Conopeptides have mostly been studied at the mRNA and peptide levels, how-
ever, little is known about their gene structure. It was discovered already in
1999 that the signal, pro- and mature peptides of O1 superfamily conopeptides
are each coded in a different exon separated by long introns (Olivera et al.
1999). Each region of the pre-pro-peptide sequence has diverged at very dif-
ferent rates. This isillustrated by the sequence logos of A and O1 superfamily
conopeptides (Figure 2 B and C). While the signal sequence is very highly con-
served, even at the nucleotide level within the superfamily (almost no synony-
mous substitutions), the mature peptide region sequence has a mutation rate that
is more than ten times higher (Olivera et a. 1999). Thisis quite a difference for
atrand ation product that is only ~100 amino acids (AA) long.

For most conopeptide superfamilies (11, M, O2, O3, P, S, T) the gene struc-
tureis similar to the O1 superfamily (Figure 3). The first exon contains a coding
sequence for a5 untranslated region (UTR), signa peptide, and a few codons
of a propeptide. The second exon codes for the pro-peptide and the third exon
for the mature peptide and 3' UTR. The three exons are separated by introns
that are more than three kilobases (kb) long. The 12 superfamily conopeptide
genes also have three exons and two introns, however, the order of the func-
tional parts is different. In this case, the pro-peptide comes after the mature
peptide in the last exon and is termed a post-peptide. The A superfamily
conopeptide genes have two exons and one intron (~1 kb long) that splits the
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pro-peptide sequence into two parts. The intron sequences are conserved within
superfamilies among different species, just like the signal peptide sequences.
(Yuan et a. 2007; Wu et al. 2013).

A

=1000 nt Signal peptide C5

Pro-peptide C3

01,1, M 02,03, RET Mature peptide CS

=3000 nt =3000 nt Postpeptide CS

UTR

—_— e —_— Intran

3000 nt =3000 nt

Figure 3. Conopeptide gene structures (Y uan et a. 2007; Wu et al. 2013).

1.2.2. The molecular mechanisms behind
known conopeptide diversity

Thousands of peptides with different masses have been detected in the venom
of cone snails with modern ultra-sensitive mass spectrometry technologies
(Davis et a. 2009; Dutertre et al. 2013; Biass et a. 2015). This high diversity of
conopeptidesis achieved using several molecular mechanisms.

Each cone snail species expresses roughly one hundred to several hundred
conopeptide genes as determined at the transcript level as there are no genome-
wide studies of cone snails. Conopeptide genes are thought to be under diversi-
fying selection (Conticello et al. 2001), however, the number of different tran-
scripts is an order of magnitude smaller than the number of different masses
detected in the venom. Alternative splicing has been detected for at least one
conopeptide (Wu et a. 2013). The number of different conopeptide gene products
may also be provided by transcriptomic “messiness’ that produces single amino-
acid substitutions and alternative peptidase cleavage sites (Jin et a. 2013). The
main mechanism for increasing the variability of conopeptides appears to be
post-tranglational modification.

The maturation process of conopeptides includes both cleavage of the
signa and pro-peptide and a wide array of post-translational modifications,
including the formation of disulfide bridges, C-terminal amidation, and hydrox-
ylation of proline at C-4. To date, 16 different naturally occurring post-trans-
lational modifications have been described for conopeptides (Gerwig et al.
2013). The cleavage of the N-terminal pro-peptide is not site-specific and amino
acids can aso be cleaved from the C-terminus. Both aternative post-trans-
lational modifications and alternative cleavage of the pre-pro-peptide have been
observed (Dutertre et al. 2013; Lu et a. 2014). For example, the venom of
Conus marmoreus contains an average of 20 different and a maximum of 72
unique masses per precursor sequence (Dutertre et al. 2013).
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1.3. Conopeptide classification

Conopeptides are classified in three different ways — by gene superfamily, by
cysteine framework or by pharmacological family (Kaas et al. 2010; Robinson
and Norton 2014).

1.3.1. Pharmacological families

The first conopeptides were isolated from the venom of cone snails and de-
scribed at the peptide level. Thus, the first classification methods adopted were
pharmacological family and a cysteine framework.

Pharmacological families are based on the target receptor specificity of the
conopeptide and denoted with a Greek letter. In total, 12 pharmacological fami-
lies have been designated (www.conoserver.org) yet only 167 conopeptides
have been assigned to a pharmacological family (Table 1). The main reason for
this low number is that the pharmacological family can only be determined with
functional experiments and not through the use of bioinformatics methods.

Table 1. Conopeptide pharmacological families (based on Conoserver)

Pharma- Activity Nr of  Super- Cysteine
cological pro- families frameworks
family teins
alpha Nicotinic acetylcholine receptors 71 A,B3,D, I ILHLIV,VII,
(nAChR) JL,M,S XIV, XX, XXIV
chi Neuronal noradrenaline 4 T X
transporter
delta Voltage-gated Na channels 18 01 VI/VII
(agonist, delay inactivation)
epsilon Presynaptic Ca channels, 1 7T \%
presynaptic GPCRs
gamma  Neuronal pacemaker cation 4 01,02 VI/VII
currents (inward cation current)
iota Voltage-gated Na channels 2 11,M I, X1
(agonist, no delayed inactivation)
kappa Voltage-gated K channels 11 A12,3, ULV, VIVI,
(blocker) M, O1 X1, XIV
mu Voltage-gated Na channels 25 M,0LT |HILIV,V,VIIVII
(antagonist, blocker)
omega Voltage-gated Ca channels 27 01,02 VI/IVIL, XVI,
(blocker) XXVI
rho Alphal-adrenoceptors (GPCR) 1 A I
sigma Serotonin-gated ion channels 1 S VIII
(GPCR)
tau Somatostatine receptor 2 T \%
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1.3.2. Cysteine frameworks

Classification of conopeptidesinto cysteine frameworks is based on the cysteine
patterns of mature conopeptides. The cysteine frameworks are defined by the
number of cysteines and the number of residues (none or at least one) between
consecutive cysteines. Currently, researchers have defined 26 cysteine patterns
that contain either 4, 6, 8, or 10 cysteine residues, each designated with a roman
numeral (Table 2). The cysteine frameworks are not exclusive to a super-
family — one superfamily often contains conopeptides with different cysteine
frameworks and different cysteine frameworks can be found in different super-
families (Kaas et a. 2010). Conopeptides with less than 4 cysteines can not be
classified using this method.

Table 2. Cysteine frameworks (based on ConoServer and (Robinson and Norton
2014)).

Cysteine Nr of Super- Cysteine Nr of Super -
framework sequences families framework  sequences families
I 359 A,/ M, 0L T XV 27 N, 02,
\%
[ 3 AM XVI 12 M, O1,
T
Il 329 M XVII 1 Y
VI 55 A'M XVIII 2
\Y 203 T XIX 2
VIIVII 646 A H, 11,13, M, | XX 21 D
01, 02, 03
VIII 20 B2, S XXI 5
IX 35 M, 01, P XX11 10 AE
X 10 T XXII1 6 K
XI 104 11,12,13 XXIV 1 B3
XIl 49 14,01 XXV 1
X1l 2 G XXVI 1
XV 78 A12,J L, M,
01,02, P

1.3.3. Conopeptide gene superfamilies

Conopeptides are classified into gene superfamilies based on the similarity of
their signal sequence (Table 3). The signal sequences show little homology
between superfamilies excepting standard features of a signal sequence, such as
having a methionine at the first position and a central hydrophobic region (Kaas et
a. 2010) (Figure 1 B and C). Classification into gene superfamiliesis supported by
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evolutionary evidence that shows that members of different gene superfamilies
are genetically and evolutionarily divergent (Puillandre et al. 2012).

There are 26 superfamilies in the conopeptides reference database Cono-
Server (www.conoserver.org), however, 35 are listed in a recent review about
conotoxin superfamilies (Robinson and Norton 2014). The main difference comes
from the fact that ConoServer does not classify cysteine-poor (two cysteines or
less) conopeptides into superfamilies. They are classified separately into classes,
however, differentiation between cysteine-rich and cysteine-poor conopeptides
has been shown to have no phylogenetic meaning (Puillandre et al. 2012).

Table 3. Conopeptide gene superfamilies (based on ConoServer and Robinson and
Norton 2014 ).

Super - Nr of Cysteine Super - Nr of Cysteine
family sequences frameworks family sequences  frameworks
A 276 L1V, M 443 [ Y,
VI/VIL, XIV, VIIVIL X, XIV,
XXII XVI, —
B(1) 18 - N 4 XV
B2 2 VI 01 575 [, VIVIL, IX,
X1, XIV, XVI
B3 1 XXIV 02 133 VIIVIL, XIV, XV,
C 4 - 03 43 VIIVII
D 28 XX P 12 IX, XIV
E 1 XXI1 Q 12 IX, X1V
F 2 S 21 VIII
G 1 X1l T 234 I,V, X, XVI
H 10 VIIVII U 3 VI/VII
11 26 VI/VIL, XI Y 2 XV
12 60 X1, X1V Y 1 XVII
13 9 VIIVIL, XI Con-ikot-ikot 7 homodimer, XXI
14 3 X1l ConoCAP 1 -
J 30 X1V Conopressin/ 7 -
conophysin
4 XX Conkunitzin 3 Kunitz-fold
L 14 X1V

15



Some cysteine-poor conopeptides that were previously classified into families
have been reclassified into superfamilies, together with cysteine-rich cono-
peptides (conomarphins and contryphans have moved into the M and O2 super-
families, respectively). Other cysteine-poor conopeptides have unique signal
sequences and have been placed within their own superfamilies (conantokins
and contulakins can now be refered to as superfamily B and C, respectively)
(Robinson and Norton 2014).

Every transcriptomic study has revealed conopeptide sequences that cannot
be placed into any of the existing superfamilies. Some authors confidently
declare new superfamilies (Lavergne et a. 2013) while others assign them to
temporary superfamilies (Biggs et a. 2010; Jin et a. 2013). There are currently
13 superfamilies from Conus californicus in ConoServer that are termed “diver-
gent”. There is no question if the conopeptides within these divergent super-
families exist, however, it is not clear if a new superfamily should be declared
based on a few sequences from a single species. Robinson and Norton (2014)
also note that superfamilies identified using only one or two Conus species
should be considered putative.

1.3.4. Bioinformatics methods for conopeptide classification

Several different bioinformatics methods have been developed or suggested to
classify conopeptides into gene superfamilies. The first and the most common
method is performing a homology search against previously described
conopeptides. This approach is useful when the novel conopeptide sequence
contains a signal peptide because signal peptides have high conservation within
asuperfamily and lack homology between different superfamilies.

ConoServer includes a conopeptide sequence analysis tool called ConoPrec
(http://www.conoserver.org/ ?page=conoprec) that accepts both nucleotide and
protein sequences. First, it finds the signal sequence cleavage site with the
Signal P algorithm and then uses the defined signal sequence to search for simi-
lar signal sequences among the conopeptide sequences aready in the
ConoServer database. The similarity cut-off for superfamily designation is 90%,
and when this is not exceeded, the user will obtain the maximum percentage of
identity within each superfamily for further evaluation. In addition to gene
superfamily prediction, the ConoPrec tool also provides information on pro-
peptide cleavage locations and possible post-translational modifications.

When the precursor sequence of a conopeptide is not known and the classi-
fication has to be made based on a mature peptide sequence alone, a ssimple
homology search is often not sufficient. Use of support vector machines (SVMs)
aong with pseudo-amino acid composition (PSAAC) has been shown to be effec-
tive for the classification of mature conotoxins. The sensitivity of this approach
was shown to be in the range of 84.0-94.1% and the specificity between 80.0—
95.5% for the superfamilies tested (A, M, O, T) (Mondal et a. 2006). An algo-
rithm called increment of diversity combined with quadratic discriminant
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(IpQD) has also been suggested for conopeptide gene superfamily classification
(Lin and Li 2007). This algorithm only uses the mature peptide sequence and
provided an overall sensitivity of 88% and a specificity of 91% for the super-
families tested (Lin and Li 2007). Although these methods show rather good
performance for conopeptide superfamily prediction, they have not been widely
adopted by other conopeptide researchers. The most probable reason for thisis
the lack of usability.

If one's god is to discover drug candidates for either further development
or as research tools, classification into gene superfamilies provides a limited
amount of information. Of more interest is discovering the most likely targets of
the newly discovered conopeptides. This task is much more complicated than
defining the gene superfamily because there is no obvious sequence similarity
between the mature conopeptide sequences within each pharmacological family.
To the best of my knowledge, no tool is able to predict the conotoxin pharmaco-
logical family based on its sequence data. The only attempt to distinguish
pharmacological families was carried out by Lin and Li using the IDQD method.
The amount of data available for testing was very limited and they only
attempted to determine the pharmacological families within the O-superfamily
(omega, delta, and other). This method provided a sensitivity of 72% and a
specificity of 78% (Lin and Li 2007). Another tool, called iCTX-Type, predicts
the type of ion channel that the conopeptide targets (K-channel, ca-channel or
Na-channel) using only the sequence of the mature peptide. This tool uses a
stetistical prediction method that applies pseudo amino acid composition to
build vectors from the protein sequences followed by classification using
support vector machines. When tested on an independent dataset, the iCTX-Type
had a success rate of 91.7%, 91.9%, and 90.5% for K-, Na-, and Ca-conotoxins,
respectively (Ding et al. 2014). The authors have also set up a web server for
the iCTX-Type tool to make it convenient for experimental scientists. While the
identification of the target ion-channel type is not as specific as prediction of
pharmacological families, it is a big step forward in our ability to predict
conopeptide function and significantly narrows the number of laboratory tests
required to determine the function of novel conopeptides.

|.4. Models for protein homology searches and
annotation

Proteins, RNAs, DNA repeats, and other biological sequences can usually be
organized into families of related sequences. Similarity at the sequence level
very often indicates similarity in function as well. However, functional studies
are often time-consuming, resource intensive, and complicated. The ability to
predict function based on sequence data can aid and simplify this process. The
most popular tool for similarity searches is BLAST, or Basic Local Alignment
Search Tool, that works by performing pairwise similarity searches (Altschul et
a. 1990). BLAST is relatively fast and has modified versions for specific appli-
cations. It also has an easy-to-use web interface and is kept up to date.

17



While it is often very useful, pairwise comparison does not provide much
information about which residues in the sequence are more conserved or where
insertions or deletions are alowed. This information can be revealed when
sequences of the same protein family are aligned into multiple sequence align-
ment (MsA). The conserved motifs can be described as sequence patterns using
a qualitative consensus sequence (regular expressions). This is useful for short
motifs such as the active sites within enzymes that are highly conserved. Pattern
matching is fast but we lose information on the relative frequency of each
allowed amino acid at a given position and it is very difficult to write long pat-
terns. The information seen in the MsA can aso be “saved”’ into profiles or
models in the form of position-specific scores for residues and position-specific
penalties for gaps or deletions (Gribskov et al. 1987; Eddy 1998; Sigrist et al.
2002). Two different methods for protein modeling that were adopted in the
studies presented herein are described below in more detail.

1.4.1. Profile hidden Markov models (pHMMs)

Profile HMMs are statistical models of multiple sequence alignments (MsA). A
pHMM can incorporate more information about similar sequences than any
single representative sequence. A simple schematic representation of a pHMM is
provided in Figure 4. While generating a pHMM, probabilities for three different
states are calculated for each position in the Msa. A ‘match’ state models the
distribution of amino acid or nucleotide residues alowed in that position. For a
nucleotide sequence a ‘match’ state has four emission probabilities and for a
protein sequence 20 emission probabilities — one for each possible residue in
that position. An ‘insert’ state models the probability of inserting one or more
residues between that position and the next and also has the emission prob-
abilities. A ‘delete’ state models the probability of deleting the consensus resi-
due (Eddy 1998). All scoring parameters are set based on probability theory,
including the gap and insertion scores. This makes pHMM-based methods
amenable to automation and therefore easy to apply in large-scale anaysis
(HMMER userguide, http://hmmer.janelia.org).

The most popular and best-supported tool for using pHMMS in sequence
analysis is HMMER (http://hmmer.janelia.org). Until recently, HMMER processed
sequences about 100 times slower than BLAST (Altschul et al. 1997). In the era
of huge data, speed outweighs sensitivity in most cases. The latest version of
HMMER, HMMER3 uses an acceleration heuristic algorithm called multiple seg-
ment Viterbi (Msv) filter that makes the searches as fast as BLAST. Despite the
added filtering steps, HMMER is still as sensitive as before. The speed makes it
applicable for large-scale similarity searches with both single sequences (in-
cluding iterative searching) and multiple sequence alignment based pHMMS
(Eddy 2011). The increased speed has aso enabled the development of a web-
based tool for HMMER (Finn et al. 2011)
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Figure 4. Schematic representation of a profile hidden Markov model (pHMM). Three
match states (squares labeled M1-m3) represent three columns in a multiple sequence
alignment (MsA). Insert states (diamonds labeled 10+3), delete states (circles labeled
D1-D3), begin (B) and end (E) states are also included. Arrows indicate state transition
probabilities.

pHMMs are widely used in computational biology. The first and most common
application is to model protein domain families in the search for homologous
proteins. Pfam is a database of curated protein families where each family is
defined by two alignments and a pHMM. A curator selects a seed alignment of a
representative sequence in the family and builds a profile HMM from it. The
profile HMM is searched against the full sequence database and all protein
sequences that exceed a given gathering threshold are included in the full aign-
ment of the protein family. The gathering thresholds for each family are set by
the curator to exclude false positive hits (Finn et al. 2014).

In metagenomics, a pHMM based tool HMM-FRAME helps by accounting for
sequencing errors thereby providing annotations for a larger portion of the se-
quencing reads (Zhang et a. 2012). Profile HMMs have al so been used to detect
viral seguences (Skewes-Cox et al. 2014) and antibiotic resistance functions
(Gibson et al. 2015) from metagenomic data.

In addition to protein sequences, pHMMS can be applied to nucleotide se-
guences. The sensitivity of finding remote homologues has been used to anno-
tate repeats within genomes. The Dfam database of transposable elements (TES)
is built using pHMMs and the models can be used to annotate al TES in a
genome sequence (Wheeler et al. 2013).

Profile hidden Markov models have also been used to classify HIV strains
(Dwivedi and Sengupta 2012).
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1.4.2. Position specific scoring matrices (PSSMs)

Position specific scoring matrices (also called generalized profiles) are another
way of describing the multiple sequence alignment of proteins for similarity
searches. PssMs provide numerical weights for each possible match or mis-
match between a sequence residue and a profile position. By using an amino
acid substitution matrix, appropriate weights can be assigned to residues not
observed at a given alignment position. PSSMs also enable one to model inser-
tions and deletions by applying position-specific penalties (Gribskov et al.
1987; Sigrist et a. 2002)

Generalized profiles are used within the PROSITE database (Sigrist et al.
2010). The developers of PROSITE have also developed and maintain tools for
the generation of PssMms generation and for performing database searches. For
the PROSITE profiles annotated multiple sequence alignments are used. Curators,
who are experts in their field, perform the annotations manually. The curators
also set the cut-off scores to decide when a sequence is considered to be similar
enough to be classified into a given protein family (Sigrist et a. 2010). The
manual curation has both advantages and disadvantages at the same time.
Expert involvement guarantees that profiles that are best able to distinguish
between true positives and negatives. The biggest disadvantage is that expert
curation takes alot of time.

PssMs are not well suited to model patterns with variable length or posi-
tional dependencies, or patterns that contain insertions or deletions.

PssMs have been used to build specialized databases of proteins, eg.,
PeroxiBase (Koua et a. 2009). pssms also display good performance for the
prediction of membrane transport proteins and their substrate specificity
(Mishraet a. 2014).
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AIMS OF THE STUDY

Our workgroup was one of the partners in the project Cone Snail Genome for
Hedth (coNco). The aim of the coNcO project was to discover novel
conopeptides and possible drug candidates from the venom of Conus consors.
The project involved severa groups that performed different tasks including
proteomic analysis of milked and dissected venom, functional anaysis of
venom components, and sequencing of the transcriptomes of several tissues
together with the entire genome. The problem we set out to solve was very
practical — to develop a method for discovering and classifying conopeptides
using both the venom duct transcriptome and the Conus consors genome.

The aims of this study were:

a) Develop amethod to identify and classify conopeptides.

b) Identify and describe the conopeptide genes within the genome of Conus
CONSOrs.
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RESULTS AND DISCUSSION

2.1. pHMMs for conopeptide identification and
classification (ref. I)

As described in section 2.3.4, there are several methods that can be used to
identify and classify conopeptides. However, none of them is especially ame-
nable for high-throughput data analysis and most are limited to only some of the
known superfamilies. Our aim was to build a set of models that could be used to
annotate all conopeptide superfamilies described to date even from partial
sequences obtained using mass-spectrometry and short-read sequencing data.

Based on the available conopeptide sequences 62 pHMMS were built for the
24 conopeptide superfamilies described at the time of the study (Table 1 in
reference 1). Separate models were made for each functional part of the cono-
peptide for each superfamily, when possible. Five disulfide-poor conopeptide
superfamilies had only been described at the mature peptide level by that time,
so no signal and propeptide model could be constructed for these groups. The
rationale behind constructing three separate models for each functiona part was
to create models that are more versatile and that can be used together with
proteomic and genomic data where the three functional parts are not sequential.

16 out of the 24 conopeptide superfamilies contained less than 10 sequences
at the time of analysis. Therefore, we needed to determine how many sequences
are required to train pHMM models that possess sufficient sensitivity and speci-
ficity. For this we trained three superfamilies that contain over 100 conopeptide
precursor sequences with 2, 3, 5, 10, 20, 30, 40, 50, 60, 70, and 80 sequences.
For highly conserved signal peptide models, a sensitivity of 100% was achieved
aready with two sequences. The maximum sensitivity of propeptide models
was reached using between 10-20 training sequences. For the mature peptide
models, more than 30 sequences were required to obtain maximum sensitivity.
The specificity was aways nearly 100% with the exception of the O1 super-
family whose mature peptide model incorrectly identified sequences from the 13
superfamily, which has the same cysteine framework. From these results we
conclude that the specificity of the conopeptide models trained on less than ten
sequences can be trusted, however, the sensitivity would improve if more se-
quences were included. When full precursor sequences for superfamilies with
only mature peptides become available, the sensitivity will increase sig-
nificantly because both the propeptide and especially the signal peptide models
are more sensitive.

We also determined if the conopeptide pHMMSs are specific for conopeptides
by searching the entire UniProtK B/SwissProt protein database using each of the
62 pHMMS. In total, we found only 111 false-positive predictions and 57 pHMMS
yielded no false-positive matches. The 11, 13, 01, 02 superfamily mature peptide
models had several and the P superfamily mature peptide model had only one
false-positive match. All of these false positives were cysteine-rich peptides that
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contain a knottin domain that has a similar structure to conotoxins within the o
and | superfamilies. Overall, the specificity of these models is high and the few
false-positives found were easily excluded using manual analysis.

To see how well the conopeptide pHMMs work in practice, we performed
two experiments. First the pHMMs we used to classify a set of 53 novel
conopeptide precursors found within the venom duct transcriptome of Conus
consors (Terrat et al. 2012). Only propeptide and mature peptide pHMMS were
used to classify this set of conopeptides because the presence of signal sequence
guarantees 100% sensitivity and specificity. The propeptide models gave
neither false positives nor false negatives on this set of conopeptides. The
mature peptide pHMMS were able to correctly classify 79% of the sequencesin
the test set. Two sequences from the O superfamily were incorrectly classified
into the 13 superfamily (see the explanation above). The lower sensitivity of
mature peptide models can be explained by the high variability of mature pep-
tides within a given superfamily. This test aso shows that it is important to
include all conopeptide superfamilies, including the ones that only contain a
few sequences. By discovering and describing new members of smaller super-
families we were able to reduce the bias that has been introduced due to the
superfamily-specific identification of conotoxins (Luo et al. 2006; Yuan et al.
2007; Liu et a. 2009; Liu et a. 2010).

The second test was performed on a set of 2410 putative conotoxins identi-
fied from the venom-duct transcriptome of Conus bullatus using homology
search with BLASTX (Hu et a. 2011). The authors were able to classify 543
(23%) of the conotoxin contigs into a superfamily based on the similarity of the
signal sequences. We were able to classify 1188 (49%) of these putative
conotoxins using our pHMMS. Many of the 2410 putative conopeptide contigs
did not contain full precursors and lacked the entire signal sequence. This is
illustrated by the fact that 766 conotoxin contigs were classified without the
signal peptide model. These results indicate that the three models per super-
family approach is justified and the possibility to classify conopeptides without
asignal sequence is also very useful.

In my opinion, the pHMMs are a useful and relatively easy to use tool for
conopeptide identification from large data sets. The models are applicable for
both transcriptome and genome data analysis (see section 4.3).

Since our work was published, other researchers have started using pHMMS
to identify and classify conopeptides. Robinson et al. used pHMMS together with
BLASTX to search for conopeptides from the transcriptome of Conus victoriae
with good results. They described 114 different conopeptides from 20 super-
families, the largest number of conopeptides discovered in one study (Robinson
et a. 2014). The ConoSorter tool developed by the researchers behind the
ConoServer database uses pHMMS together with regular expression to identify
conopeptides (Lavergne et al. 2013). Compared with our pHMMSs, ConoSorter is
less specific. A direct comparison between ConoSorter and our pHMMS was
performed against the UniprotK B/Swiss-Prot database and reveal ed specificities
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of 99.94% and 99.98%, with 738 and 111 false positives, respectively (Lavergne
et a. 2013). This comparison is not entirely fair because the number of proteins
in the UniprotK B/Swiss-Prot database was 540251 during the ConoSorter study
and 531473 during the testing of our pHMMsS. However, it is unlikely that the
1.6% increase in the size of the database size would result in an almost seven-
fold increase in the number of false positives.

2.2. pSSMs and pHMMs complement each other
for conopeptide classification (ref Il, 111)

Profile HMMs are a good tool for conopeptide classification, however, there is
room for improvement. For this we chose to apply position specific scoring
matrices (PSSMs) to improve the classification.

In this study we constructed models for 14 gene superfamilies with at least
three precursor sequences available at the time of analysis. The A, 01 and 02
superfamilies were split into two subsets based on the number of cysteines in
the mature peptide (A 4, A_6, 01 6, 01 8, 02 6, 02 8). The smaler super-
families were excluded, because the PssMs built using only one or two se-
guences cannot add sensitivity or specificity compared with homology searches.

As before, separate models for each part of the precursor sequence were
built. The construction of PssMs takes somewhat more effort than pHMM train-
ing and profiles need to be calibrated against a large database and cutoffs tuned
manually to avoid false positive matches. In addition, “compete lines’ were
added to the profiles for a competition step where the highest scoring profile
can be chosen when more than one profile has a match to the sequence. Alto-
gether, we generated and tested 97 models (47 pHMMs and 50 PssMs). We
tested the ability of each model to classify conopeptides using a test set con-
sisting from previously described conopeptides that were not used during the
construction of the models. As expected, the signal-based models performed
well, however, both propeptide and mature peptide models were not far behind.
Combining the classification results from these two sets of models significantly
increased the number of correct classifications for each superfamily. The Pssm
approach had more predictive power for highly variable motifs. In the T and M
superfamilies, PssMs for mature peptides displayed 75% and 73% sensitivity,
however, use of the pHMMs aone provided only 39% and 36% sensitivity,
respectively. The pssms failed to classify D superfamily mature peptides, yet
pHMMs were able to classify D superfamily conopeptides correctly without any
difficulties. The combined prediction sensitivity was 91% with an accuracy of
92% using only the mature peptide models. Combined classification performs
better than all other previously developed methods for mature peptide
classification. For the svMs, an accuracy of 88% was achieved (Mondal et .
2006) and for IDQD an overall sensitivity of 88% was achieved (Lin and Li
2007).
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Another advantage of model-based methods is their usability. To make it
accessible for non-bioinformaticians we built a web-based tool we cal
ConoDictor that is designed for conopeptide classification. ConoDictor takes
amino acid sequences as an input and users can either choose to use the pHMMS
and pssMs we have built or upload their own models. The results are repre-
sented to the user with various levels of detail starting with an overview of the
combined results and going down to individual positions, scores, and e-values
for each Pssm and pHMM match found. The results can either be viewed online
or downloaded in a spreadsheet or text format for further analysis.

ConoDictor can be used to discover sequences from full transcriptome data,
although the Pssm search is somewhat slow. With large datasets it may be more
practical to only use the pHMMs. ConoDictor can also be used to classify
sequences identified as putative conopeptides with other methods. One appli-
cation could be classification of peptides discovered from the venom of cone
snails using mass spectrometry data.

Because this tool is web-based it should be easier for other researchers to
use our models. However, in the field of conopeptide research, which has
possible applications in pharmacology, other researchers may not be very eager
to upload their newly discovered sequences to a competitor's server. A
competing tool, ConoSorter, has been designed especially for the anaysis of
transcriptome data (Lavergne et al. 2013). It is available as downloadable soft-
ware that can be installed locally thereby eliminating the concern for data se-
curity. Similar to ConoDictor, ConoSorter also combines two identifi-
cation/classification schemes by combining patterns (regular expressions) with
pHMMs and has separate models for each functional part of the precursor
sequence. The superfamilies were divided into clusters of closely related
sequences in order to establish subsets that best describe each superfamily
which resulted in 777 models for classification (Lavergne et al. 2013). The
choice of identification/classification approach depends on both the data and the
goals of the study. ConoDictor is more conservative and provides fewer false
positive results while ConoSorter should be more capable of discovering novel
conopeptide superfamilies.

2.3. Conopeptides in the genome
of Conus consors (ref 1V)

Prior to constructing the conopeptide pHMMS, we intended to use them to find
and classify conopeptides from the genome of Conus consors. The genome was
sequenced using Roche 454 and |llumina paired end technologies with approxi-
mately 19x coverage. The size of the C. consors genome is approximately 3
GB. Approximately 20% of the genome contains low-complexity (mono-
nucleotide, dinucleotide, trinucleotide and tetranucleotide) repeats and in total
49% of the genome consists of repeats. The high repeat content and the lack of
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a reference genome complicated the assembly process. The assembly of
conopeptide coding genes was especially chalenging due to a relatively high
amount of simple repeats in the introns and high similarity between the signal
sequences of different conopeptides from the same superfamily.

To identify conopeptide genes in the assembled genome, we used the
known conopeptide sequences available in the UniProtK B/Swiss-Prot database
(975 peptides from more than 30 different superfamilies), the 64 conopeptide
pHMMs described in Ref. |, peptide sequences from the C. consors proteome
sequencing (126 peptides from 8 different superfamilies) (Violette et a. 2012),
and conopeptide precursor sequences predicted from the transcriptome data
(135 distinct precursor sequences from 23 different superfamilies). We used
four different approaches to both maximise the number of conopeptide dis-
coveries and gather more evidence for each potential conopeptide gene identi-
fied. Conopeptides from the transcriptome were predicted using the first three
methods.

The fragmented assembly made it difficult to determine the exact number of
conopeptide genes. We aligned the fragments of putative conopeptide genes
together with both similar transcripts and previously described conopeptide
precursor sequences into multiple sequence alignments to estimate the number
of different genes. This approach alowed us to identify 27 genes of previously
described conopeptides, 141 novel conopeptide genes, and 46 dubious conopep-
tide genes that were only found in the genome and not from the transcriptome
or proteome. In total, we found 214 putative conopeptide genes from 21 gene
superfamilies (table 4). There are probably more conopeptide genes in the
genome of C. consors than we report, however, we decided to only report the
genes we are most confident are conopeptides. We cannot distinguish between
pseudogenes so not all reported conopeptide genes are necessarily expressed as
active conopeptides.

The largest conopeptide gene superfamilies in the C. consors genome are A
(29 genes), M (29 genes, including 19 conomarphin-like genes) and ol (33
genes). These superfamilies are also the most abundant in the transcriptome and
injectable venom both by the number of different conopeptides and by their
expression levels (Terrat et al. 2012; Violette et al. 2012).

We identified the exon-intron structure of 15 conopeptide genes from 13
superfamilies (Table 5 and figure 5). The gene structures of representatives
from the 11, M, 01, 02 and S gene superfamilies are the same as previously
described (Yuan et al. 2007; Wu et a. 2013) and is considered the classical
gene structure of conopeptides where each part of the precursor is encoded in a
separate exon with afew amino acids of the propeptide sometimes coded by the
signa and/or mature peptide exon. We were unable to determine the length of
the introns except for the intron between the s superfamily conopetpide signal
and propeptide exons, which is 995 nt long. The structure of the one A
superfamily conopeptide gene we were able to reconstruct is also the same as
previously described with a single intron between the signal peptide exon and
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the exon that encodes both the pro- and mature peptides (Olivera 1997; Y uan et
al. 2007). The gene structure of the P superfamily conopeptide described by Wu
et a. (2013) contained three exons and two introns. We found a gene with two
exons and oneintron. The first exon contains the sequence for the signal peptide
and most of the propeptide and the second exon encodes the reminder of the
propeptide and the mature peptide.

Table 4. Number of conopeptides found from the genome using both superfamily and
direct evidence approaches.

Superfamily UniProt genes  Novel genes Dubious Total
(present in our genes
datasets)

A 8 13 8 29
B 1 3 1 5
C 0 2 3 5
Conkunitzin 0 6 0 6
ConoCAP 0 3 0 3
Conodipine 1 3 2 6
Conophysin 0 8 4 12
Conoporin 1 13 0 14
11 0 5 0 5
12 0 3 0 3
13 0 2 1 3
J 0 4 1 5
K 0 3 2 5
M 8 18 3 29
01 8 18 7 33
02 0 8 4 12
03 0 7 2
P 0 5 1
S 0 9 1 10
T 0 7 5 12
Y 0 1 1 2

27 141 46 214
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We reported the gene structure of six gene superfamilies that were previously
not known. The 13 superfamily representative was found to have the classical
structure while the ¢ and conkunitzin superfamilies have two exons and one
intron. The first exon codes for the signal peptide and part of the propeptide and
the second exon codes for the other part of propeptide and mature peptide.
Genes from the B, Jand conodipine superfamilies do not have any introns and
the full precursor sequences are encoded by one exon. While the B superfamily
conopeptide has a signal, pro- and mature peptide, the single conodipine gene
did not contain a propeptide and the two genes from the J superfamily have a
post-peptide in addition to the first three classical domains.

Table 5. Gene structures of conopeptide superfamilies

Superfamily Gene structure Gene structure
(previously reported) (thisstudy)

A 2 exons, 1 intron 2 exons, 1 intron
B - 1 exon, no introns
C - 2 exons, 1 intron
Conkunitzin - 2 exons, 1 intron
Conodipine - 1 exon, no introns
11 3 exons, 2 introns 3 exons, 2 introns
12 3 exons, 2 introns -

13 - 3 exons, 2 introns
J - 1 exon, no introns
M 3 exons, 2 introns 3 exons, 2 introns
o1 3 exons, 2 introns 3 exons, 2 introns
02 3 exons, 2 introns 3 exons, 2 introns
P 3 exons, 2 introns 2 exons, 1 intron
S 3 exons, 2 introns 3 exons, 2 introns

It has been suggested that the three exon-two intron gene structure is the origi-
nal conopeptide gene structure and intron loss has occurred in the evolutional ly
younger A superfamily (Yuan et al. 2007; Wu et a. 2013). This suggests that the
B and J superfamilies that have lost both introns are even younger than the A
superfamily. The Jand B superfamilies are closely related, however, the c, Pand A
superfamilies with one intron are phylogenetically distant (Puillandre et a. 2012).
This suggests there has been separate events of intron loss. The observed intron
loss seems to be an ongoing process when one considers the P superfamily, how-
ever, more information is required to confirm this.
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A28 >811 nt

== Signal peptide CS
B(Conantokin)_33 Pro-peptide CS
= Mature peptide CS
C(Contulakin)_40 .
>1856 nt Mature peptide CS
with stop codon
Conkunitzin-Cn2
>82 nt — Intron
— POstpeptide CS with
Conodipine_55 stop codon
Contryphan_100 > 951 nt > 3228 nt
1_115 >315 nt >1762 nt
13_131
- >227 nt >1602 nt
J_134
J_135
M_228 >4121 nt >1230 nt
01_280
— >1901 nt >1217 nt
02_299 >1134 nt >1349 nt
P_324 >658 nt
S_337 995 nt >492 nt
10 aa

Figure 5. The gene structures discovered from the genome of Conus consors (Remm
et.al, submitted). CS — coding sequence.
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CONCLUSIONS

We developed a specific and sensitive method that is able to identify and clas-
sify novel conopeptide genesdiscovery and classification. This method uses
both pHMMs and pPssms and by combining the results from both types of model
we were able to increase the sensitivity of identification. These two model sets
can either be used together or separately. To make our work more accessible to
other researchers, we developed a web-based tool we call ConoDictor that uses
both pHMMs and PssMs to classify conopeptide genes.

In total, we discovered 214 genes that encode conopeptide sequences within
the genome of Conus consors, and 187 of these conopeptide sequences are
novel. We also described the gene exon-intron structure for 13 conopeptide
gene superfamilies. For six of these superfamilies, the gene structure was previ-
ously not known and for the P superfamily we described a structure that is dif-
ferent from the one reported previoudly.
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SUMMARY IN ESTONIAN

Konopeptiidide klassifitseermine ja
kindlakstegemine varjatud Markovi mudelite ja
positsioonispetsiifiliste skoorimaatriksite abil

Agade ja elusorganismide liigitamine aitab meil kiirelt teada saada ja edas anda
palju informatsiooni Uhe konkreetse isendi kohta. Seetdttu on klassifitseerimine
vaga oluline ka molekulaarbioloogias, kus uue geeni vdi valgu liigitamine
annab kétte niidiotsad, mille jérgi tema funktsioon ja omadused kindlaks teha.

Minu uurimisobjektideks olid konopeptiidid. Konopeptiidid on soojades
meredes elavate koonustigude (Conus sp.) mirgis leiduvad lUhikesed valgud.
Koonusteod on kiskjad ja toituvad sOltuvalt liigist kas ussikestest, teistest
molluskitest voi kaladest. Koonusteod tulistavad oma saaki mirgiga téaidetud
harpuuniga, mirk muudab saaklooma liikumatuks ja tigu saab ta rahulikult ter-
velt allaneelata. MUrgi uimastavava ja halvava toime annavadki erinevad kono-
peptiidid, mis toimivad pohiliselt néarvi- ja lihasrakkudes olevatele ioonkana-
litele. Uhe teo miirgis on leitud umbes 1000 erinevat peptiidi. Teod kasutavad
murki ka enesekaitseks ja méned suuremad liigid on ohtlikud isegi inimestele.
Konopeptiidid siinteesitakse eellasvalkudena, millel on signaaljérjestus rakku-
dest vélja mirgitorusse transportimiseks ja propeptiid, mis kaitseb tigu ennast
mirgi toime eest ning aitab murgipeptiidi digesti modifitseerida. Konopeptiidi
eellasvalke |Bigatakse mitmest erinevast kohast ja lisaks modifitseeritakse sageli
osasid aminohappeid vgaliku aktiivsuse saavutamiseks. Selline posttranslat-
siooniline muutmine on ka uks vahenditest, millega teod saavutavad erinevate
konopeptiidide suure hulga oma murgis.

Konopeptiidid on signaaljérjestuse sarnasuse alusel liigitatud superpere-
kondadesse. Signaaljarjestused on védga konserveerunud, propeptiidid veidi
varieeruvamad, aga murgipeptiidide puhul on ka Uhe perekonna siseselt muut-
likkus vaga suur.

Teadlased uurivad konopeptiide lootusega leida nende hulgast uusi ravimi-
kandidaate. Konopeptiidid on vaga spetsiifilised nérvirakkudes leiduvate ioon-
kanalite modulaatorid ja omavad seetbttu suurt potentsiaali néiteks valuvaigis-
tite vOi lihastel 6dvestajatena.

Antud uurimist6o esimeseks eesmargiks oli vélja téotada meetod, mille abil
saaks transkriptoomi, genoomi voi peptidoomi jérjestuste hulgast vélja otsidaja
klassifitseerida konopeptiidid. Selleks kasutasme me profiil-HMM’id  ja
PSSM’id.

pHMM'’ide tugevateks killgedeks on Kiirus ja skooride méaédramine tdenao-
suste alusel, tanu millele on neid lihtne kasutada suurte andmehulkade puhul.

Et saavutada suurem tundlikkus, tegime me mudelid iga perekonna kdigi
kolme funktsionaal se osa jaoks eraldi.

Kuueteistkiimnes konopeptiidi superperekonnas kahekiimne neljast oli ana-
lhUside tegemise hetkel vahem kui 10 kirjeldatud jérjestust. Kolme suurema
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perekonna abil testisme, kui paju jéarjestusi on vaja piisavalt tundlike
pHMM’ide treenimiseks. Signaaljérjestuste mudelid olid 100% tundlikud juba
ainult Uhe-kahe jérjestusega treenides, propeptiidide mudelite puhul oli vga 10—
20 ja murgipeptiidide puhul rohkem kui 30 nédidigjarjestust, et saavutada maksi-
maalne tundlikkus. pHMM’ide spetsiifilisus UniprotK B/Swiss-Prot valkude
andmebaas peal testides oli 99.98%, kogu. Rohkem kui pool miljonit j&rjestust
sisdldavast andmebaasist leidsid meie konopeptiidimudelid Ules ainult 111
valku, mis ei olnud konopeptiidid.

Osade perekondade klassifitseerimisel oli pHMM’ide tundlikkus madal ja
selle parandamiseks votsime lisaks pHMM'idele kasutusele ka PSSMid.
pHMM’ide ja PSSM’ide kombineerimisega saavutasime 91% tundlikkuse eriti
varieeruvate murgipeptiidide klassifitseerimisel, mis on varasematest meeto-
ditest parem tulemus. See on oluline seetbttu, et néiteks peptidoomi sekveneeri-
misel on olemas ainult Ghikesed mirgipeptiidid vGi propeptiidid eraldi, mitte
terve konopeptiidi eellagdrjestus Uhes tikis. Sama olukord esineb ka kono-
peptiidide otsimisel genoomist, sest konopeptiidide geenidel on enamasti iga
funktsionaal ne osa kodeeritud erinevas eksonis.

Selle t6o teiseks eesmérgiks oli otsida ja kirjeldada konopeptiide koonusteo
Conus consors'i genoomist. Konopeptiidide leidmiseks genoomist otisimise
sarnasust konopeptiidide pHMM'idele ja ka varem kirjeldatud konopeptiididele
ja C. consors'i mirgist leitud peptiididele. Me leidsime Conus consors'i
genoomist 214 konopeptiidi, millest 187 olid sellised jérjestused, mida pole
varem Kirjeldatud.

Meid huvitas ka konopeptiidide geenistruktuur, mida on varem véhe uuri-
tud. Conus consors'i genoom on umbes sama suur kui inimesel ja sisaldab palju
kordugjdrjestusi ja teistest geenidest enam esines lihtsaid kordusi just kono-
peptiidigeenide imbruses. Sellepérast Gnnestus meil kokku panna vaid 15 kono-
peptiidi geeni 13-st erinevast superperekonnast ja kirjeldada nende geenide
ekson-intron struktuur. Kuue perekonna geenistruktuur oli varem teadmata.

Oma ttoga oleme andnud véikese panuse looduse tohutu mitmekesisuse
kirjeldamisse.
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