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1. INTRODUCTION

1.1. Tribolium castaneum

Tribolium castaneum, also known as the red flour beetle, originate from India but it
has been widely scattered by man®, so today is considered cosmopolitan species. Tribolium
castaneum is tenebrionid beetle, 2.3 - 4.4 mm in size, it has 4 developmental stages: eggs,
larvae, pupa and adult (Figure 1). It's generation time is temperature dependant and can take
from 20 days on 37.5 °C to more than 140 days < 20 °C. They can prosper on wide variety of
grain, cereal and nut products at >10% relative humidity?. These biological properties have
established it as important organism for studies of development and evolution as well as for
biomedical and agricultural research®. Tribolium castaneum is a major global pest in the
agricultural industry, it causes billions of dollars worth losses on stored grain and cereal
products. Tribolium castaneum provides an excellent genetic model system for Coleopterans,
the largest and most diverse order of eukaryotic organisms. Similar to Drosophila
melanogaster in the order Diptera, Tribolium castaneum has characteristics desired in a
genetic model organism including ease of culture, short generation time, large brood sizes and
efficacy of genetic manipulation. The potential of Tribolium castaneum for genetic analysis
has been demonstrated through RNA interference*®, whole-genome molecular mapping’ and
classical mutational studies®®. Completion of the genome sequence'® have been greatly
facilitated molecular genetics and genomic studies in Tribolium castaneum. Sequencing
involved the euchromatic portion of the genome, with >20% of the genome, corresponding to
heterochromatic regions, excluded due to technical difficulties. The genome sequence is
currently being annotated and large sets of expressed sequence tags (ESTs) have been
generated from stage- and tissue-specific cDNA libraries by the Tribolium research
community. The sequence data provide useful information for identifying and characterizing
the function and organization of beetle genes as well as their orthologues in other insect
species. Tribolium castaneum is momentarily the most efficient model system for performing
functional analysis of genes lost in the Drosophila lineage but conserved in other insects.
Beetles (Coleoptera) and flies (Diptera) diverged about 300 million years ago*. Although
Coleoptera is considered to occupy a basal phylogenetic position, Diptera is one of the most
advanced insect orders and there is evidence that gene sequences in Drosophila may have

evolved rapidly**. As genome sequence data become available for Tribolium castaneum and
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other insect species, comparative genomics may reveal the genetic innovations that

accompanied the evolution of higher insects.

Figure 1 Developemental stages of Tribolium castaneum. A) larvae, B) pupa, C)
adult and D) eggs.

1.2. Satellite DNA

Satellite DNA (satDNA) is generally formed of large arrays of tandemly repeating
DNA in which the monomers are repeated in a head to tail fashion, although seldom satDNAs
can have complex repeat organisation resulting in higher-order repeats (HORs). SatDNA is
located mainly in the centromeric, pericentromeric and telomeric regions of chromosomes®?.
In eukaryotic organisms satDNA constitutes a considerable part of the genomic DNA, as in
beetles from the coleopteran family Tenebrionidae®, e.g. in Tribolium castaneum its major
satellite (TCAST), comprise 35% of the whole genome™*. SatDNA is major building element
of heterochromatin and it is important in the establishment and maintenance of centromeric,
telomeric and subtelomeric regions, which are essential for proper chromosome segregation.
In insects satDNA repetitive units (monomers) usually falls in two size classes, although with

numerous exceptions, one in the range of about 140-190 bp and the other in the range of about
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300-400 bp™. In some species satDNA monomer length is strictly conserved despite
remarkable sequence difference and compartmentalization into different genomic regions®®.
SatDNA monomer length can be a critical aspect for the nucleosome positioning and for the
heterochromatin condensation and centromeric function*’. It is also possible that the
monomer-length conservation is necessary for the modulation of higher-order structures or
that the length requirements are consequence of the interaction between satellite-array and
specialized centromere proteins'®. Generally the same type of satDNA exists in all
chromosomes of an insect species™® and sometimes satDNA can be chromosome specific. In
relation to specificity satDNA can be species specific, but usually it is shared among more or
less related species™. Species-specific satDNA can be produced by changes in the number of
copies as a result of differential amplification of pre-existing repeats. Ancestor of a closely
related species can contain a "library"” of repeat sequences, some of which could be amplified
into a major satellite during cladogenesis®®. Quantitative changes in satDNAs can occur in the
course of the speciation process, thus forming a species-specific profile of satDNAs. It is
generally accepted that satDNAs follow an evolutionary pattern known as concerted evolution
which induces sequence homogenisation within a repeat family and their subsequent fixation
in the population®. The internal satDNA sequence variability in insects is in range 1-13%%,
variability of each satDNA in each species depends mainly on the ratio between mutation and
homogenisation/fixation rates®*. Many of the repetitive units of satDNAs have variable and
highly conserved regions this indicates that conserved regions of satDNAs can have important

functional role?®?*

. The sequence conservation may be due to the satDNA sequence
interaction with specific proteins important in heterochromatin formation and in the possible
role of satDNA in controlling gene expression®. Different satDNA types can coexist in a
species, and the sequence variability corresponding to each type can differ. One of
characteristics of satDNA in majority of eukaryotic organisms is an intrinsically bent
structure. Intrinsic curvature is a sequence-dependent property of the DNA molecule which
may be related to chromatin organisation and the tight winding of DNA in constitutive
heterochromatin as well as to specific protein binding®. SatDNAs have a general reputation
of being transcriptionally inert, however low expression of these non coding sequences has
been observed in many organisms including insects?”?. Transcription of satDNAs generally
shows developmental-stage and tissue-specific differences, suggesting that the transcripts
could have regulatory roles®. SatDNAs and their transcripts play critical roles in
heterochromatin formation and in providing regular function of centromere and kinetohore

thus enabling proper chromosome functioning and ensuring genome integrity”>?°. Any
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disruption in proper heterochromatin formation or in centromere and kinetohore function can
cause aneuploidy and chromosome instability”’. The complete sequence conservation, wide
evolutionary distribution and presence of functional elements such as promoters and
transcription factor binding sites within some satDNA sequences has led to the assumption
that in addition to participating in centromere formation, they might also act as cis-regulatory
elements of gene expression®. To perform potential regulatory functions, satDNA elements
are predicted to be preferentially distributed in euchromatic portion of the genomes, in the

vicinity of genes.

1.2.1. TCAST satellite DNA

Tribolium species have sequence specific satellite DNA profiles: in each species a
single highly represented satellite is detected and the satellites exhibit no significant sequence
similarity except common structural features in the form of stable dyad structures and A+T
rich blocks. They are main building component of centromeric and pericentromeric regions of
all chromosomes and they all have high A+T content****3. In the red flour beetle Tribolium
castaneum TCAST is a major satellite DNA and it shares most features common to all main
satellites in Tribolium species. TCAST satellite encompasses centromeric as well as
pericentromeric regions of all chromosomes™®. TCAST satellite has high A+T content of 73%,
and lacks significant internal substructures. TCAST satellite is composed of two subfamilies
Tcastla and Tcastlb that together make up between 35-40% of the whole genome. Tcastla
and Tcastlb have average homology of 79%, similar size of 362 bp and 377 bp respectively,
but are characterized by a divergent, subfamily specific region of approximately 100 bp*
(Figure 2). The two subfamilies are prevalently organized in the interspersed form, although a
portion exists in the form of homogenous tandem arrays composed of only Tcastla or
Tcastlb. Comparison of sequence variability of Tcastla and Tcastlb among ten Tribolium
castaneum strains reveals a difference in the frequency of particular mutations present at some
positions. However, no difference in amount or organization of subfamilies was detected

among Tribolium castaneum strains.



Tcastlb AGCTGATAAAATTTCCTACAAAATAGTTATTTGCATTTTTCATGTAGGACTAACCATAAG 60
Tcastla AGCTGATAAAATWTYCTACAAAATAGTTATTTGCATTTTTYATGTAGGACTA-CCATAAG 59

KKK IAKKAKAKAXKAAR K FAAAXKAAKRKAAAAAKAXA AKX XAAA XA AKX, *AAA kA kAhkhAkkhkk Ak, *kkkkk*%k

Tcastlb CGAGATATATGTTTGAAAATAATTAATATTTAAAAAAAAATTGCTTTAACAGAAAATGTC 120
Tcastla CGAGTTATARAGTTGGATATAAATAATATTTAACAAAAACTTGCTTAAAAATAAAATGTT 119
Kk kk kkk*k kkhkk Kk kkhkkhkk hEhkhkkhkkhkhkhkkhkkhkk hhkkkhk kkhkkkhkkhkk kk Kk Kk kkkkxk
Tcastlb TTGTTGATTTAAAATACACTTAATTTATTGGGTCCAATACTTTATTAGAAGAAAAAGGAA 180
Tcastla TGAAATACTGAAATTAAACTAAATTAATTGTGTCTAACACTTTAGTAGAGRAAAAAGRAA 179
* * kK kkk k) kkhkk Khhkkk kkkhkk Kkkhkk Khk Kkkhkkkkkhkk K*khkkx Kk kkkk Kk*k
Tcastlb GTGACATAAAAGTCACTGAAGTCTTCAGAGTCGTTTTAAAT-GCTGCATTTTCGTC--—-- 235
Tcastla RAGACATAAAAGTCACYAAAGKYTTCAGARTCGTYTTTAGTCGTCATATTAATAACAATA 239
R R IR e e b b b b b Ih eh  gh 4 * k% kkkk k) k) K*hkkkkx k¥*k Kk K*x % * k% *
Tcastlb --—TTCGTCTCAA--ACATTGAAA--ACTGAATT--—-- ACATTT---TGTTCAGTAACA 280
Tcastla ACATTAATAATAATAATACTAATAGTACTAAATYTGCTTATATGCAARCGCTTWATTAAG 299
* % * * % *x k*X k* *x % * kK KKK *x k% *x ok *x ok
Tcastlb GTA-CAGTTTTCTTATTGGTTTTTTGCTTATATCACGAAAACAGTTACTCCTATCAATTT 339
Tcastla GTAACAGTKTT----TTGGTTTCTTGCTTATATCTCGAAAACAGTTACTCCTATSAATTT 355
*kkk Kkkikkk k% kAhkAkhkkhkkhk K hkhkkhkhkhAhkkhkhkhk *Ahkkhkkhkrkhkhkhkhkhkkhkrhkhkhrkhkk*x *kxk%k
Tcastlb TTATCTTTCTTTCAAAATTAA 360
Tcastla TTRTCTTTYTTTCAAAATTAA 376

Ak kkkkhkk khkkkkAkkKk Kk kKK

Figure 2 Alignement of Tcastla and Tcastlb variants of the major Tribolium castaneum satellite.

1.3. Transposable elements

Transposable element is a DNA sequence that can change its relative position within
the genome. Transposable elements are found in the genomes of nearly all eukaryotes. There
are two main classes of transposable elements according to their mechanism of transposition.
Class | (retrotransposons) use "copy and paste” mechanism of transposition. They copy
themselves in two stages, first by transcription from DNA to RNA and then by reverse
transcription from RNA back to DNA. The DNA copy is then inserted into the genome in a
new position. For this kind of transposition is needed reverse transcriptase which is often
coded by transposable element itself (Figure 3). Retrotransposons can be further classified as
autonomous and non-autonomous. Autonomous retrotransposons are coding for proteins
necessary for their transposition, although they are also dependent on host RNA polymerases
and DNA repair enzymes for successful jumping. Non-autonomous retrotransposons do not
code for any protein and must hijack other transposon’s enzymes to be able of transposition.

Furthermore reverse transcriptase-encoding transposable elements include long terminal
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repeat (LTR) retrotransposons and non-LTR retrotransposons, which have no terminal
repeats. Class Il (DNA transposons) use "cut and paste™ transposition mechanism. In this type
of transposable elements transpositions are catalysed by various types of transposase enzymes
(Figure 3). Some transposases can bind only to specific sequence targets and some can
transpose to any target site. Transposase cuts target DNA and makes sticky-end cut in it, then
intermediate DNA is inserted and ligated by transposase and gaps are filled by DNA
polymerase. As a result we have direct repeats around inserted DNA which can be used as an
evidence of transposition (Figure 4). Transposable elements can constitute considerable part
of the genome e.g. in Tribolium castaneum they constitute 5-6% of the genome™. Based on
the hypothesis of Britten and Davidson® repetitive elements can be a source of regulatory
sequences, and act to distribute regulatory elements throughout the genome. In particular,
mobile transposable elements are predicted to be a source of non-coding material that allows
for the emergence of genetic novelty, and influences evolution of gene regulatory networks™.
Recently it has been shown that at least 5.5% of conserved non-coding elements unique to
mammals originate from mobile elements, and are preferentially located close to genes

involved in development and transcription regulation®’.
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Figure 3 (Class I) Mechanism of retrotransposon mobility. The retrotransposon within donor DNA is
first transcribed into RNA and then reverse-transcribed into DNA, which is then inserted into a target
DNA Dby the same recombination mechanism as the DNA intermediates of transposons.
(Class Il) Mechanism of transposon mobility. The transposon within donor DNA is cut by a specific
enzyme and then inserted into a target DNA. In bacteria, this enzyme is called transposase which has
both nuclease and ligase activities.
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2. AIMS

Much is known about TCAST satellite DNA structure and organization in
heterochromatic regions of Tribolium castaneum chromosomes'*3. However, there are many
unanswered questions about presence of TCAST satellite repeats within euchromatic region
of Tribolium castaneum genome. Whole genome sequencing projects enable the presence and
distribution of satellite DNA repeats in the euchromatic portion of the genome to be
determined. The goal of this research is to analyse distribution, organisation, sequence
features and phylogenetic relationships of TCAST repeats within euchromatin as well to
describe genes in their vicinity. Such analysis could give us some insights into possible gene-
regulatory role of satellite DNA elements. In addition, comparison of satellite DNA-like
elements dispersed within euchromatin, with homologous elements present within
heterochromatin, may also reveal insights into the origin of satellite DNAs and their

subsequent evolution®,
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3. MATERIALS AND METHODS
3.1. Searching for TCAST satellite sequences in Tribolium castaneum genome

BLASTN version 2.2.22+ web service was used to screen the NCBI Genomes
(chromosome) database of Tribolium castaneum. (http://blast.ncbi.nlm.nih.gov/Blast.cgi)®.
All scaffolds that have not been mapped to linkage groups were also screened
(http://www.ncbi.nlm.nih.gov/Traces /wgs/?val=AAJJ01). The program was optimized to
search for highly similar sequences (megablast) to the query sequence (Figure 5)'*. Genes
flanking TCAST—-homologous elements were found automatically by NCBI blast. Repbase, a

reference database of eukaryotic repetitive DNA, was screened using WU-BLAST?,

Tcastlb (360bp) AGCTGATAAA ATTTCCTACA AAATAGTTAT TTGCATTTTT CATGTAGGAC TAACCATAAG
Tcastlb (360bp) CGAGATATAT GTTTGAAAAT AATTAATATT TAAAAAAAAA TTGCTTTAAC AGAAAATGTC
Tcastlb (360bp) TTGTTGATTT AAAATACACT TAATTTATTG GGTCCAATAC TTTATTAGAA GAAAAAGGAA
Tcastlb (360bp) GTGACATAAA AGTCACTGAA GTCTTCAGAG TCGTTTTAAA TGCTGCATTT TCGTCTTCGT

Tcastlb (360bp) CTCAAACATT GAAAACTGAA TTACATTTTG TTCAGTAACA GTACAGTTTT CTTATTGGTT
Tcastlb (360bp) TTTTGCTTAT ATCACGAAAA CAGTTACTCC TATCAATTTT TATCTTTCTT TCAAAATTAA

Figure 5 TCAST segence used for screeneng NCBI Genomes database for euchromatic Tcast
segences.
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3.2. Refining BLASTN results and importing results into database

BLAST output file has many alignments and only one smaller fraction represents data
needed in the research. In order to achieve that blast hits on the query sequence, the
alignments were analyzed one by one. Only those genomic sequences that contain at least
140 nt (40% of TCAST monomer length) continuous stretch with more than 80% homology
to TCAST element were considered for the further analysis. Alignments of the query
sequence were mapped regarding to start and end site, chromosome number and total length
of the alignment. Additionally, gene data as uniprot ID, Entrez ID, gene name and distance
from neighboring TCAST satellite element were imported into database. In process of
BLAST data collecting and management Ultra Edit Professional Text/HEX Editor Version
14.00a (http://www.ultraedit.com) and Microsoft Office Excel 2007
(http://office.microsoft.com/hr-hr/) were used.

3.3. Analysis of TCAST-like elements and their flanking region

3.3.1. Defining exact start and end sites of TCAST-like elements

Sequences corresponding to NCBI blast hits as well as their flanking regions were
analyzed by Nucleic Acid Dot Plots web service (http://www.vivo.colostate.edu/
molkit/dnadot/), using standard parameters (window size 9, mismatch limit 0), or more
relaxed conditions (window size 11, mismatch limit 1), in order to determine the exact start
and end site of particular TCAST-like element. In analysis 500 bp flanking region for each
TCAST-like element was also included, from both 5' and 3' sites. As additional tool in this
analysis program BioEdit Sequence Alignment Editor v 7.0.5.3** was used. Results of the
analysis will point out possible specificities in euchromatic TCAST satellite sequence and

composition as well as in their flanking region.

3.3.2. AT content analysis

To determine whether there was a target preference for the insertion of TCAST-like
elements the AT content within 100bp of the flanking regions for each TCAST-like element
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was analyzed, from both 5' and 3' sites. AT content was analyzed using BioEdit Sequence
Alignment Editor*’.

3.3.3. Terminal inverted repeats and target site duplications analysis

The TCAST transposon-like elements were analyzed in detail for the presence of
hallmarks, such as terminal inverted repeats (TIRs) and target site duplications (TDs) with the

aid of the Gene Jockey sequence analysis program (Apple Macintosh).

3.3.4. Secondary structure analysis

Secondary structure analysis was performed to detect if there were present any
secondary structure motifs specific for TCAST-like elements. Secondary structures were
determined using the default parameters of the MFOLD web server
(http://mfold.rna.albany.edu/ 2qg=mfold)*. MFOLD web server algorithm predicts a minimum
free energy for a given single stranded nucleotide sequence needed to predict nucleic acid

folding as well as hybridization and melting temperatures.

3.3.5. Sequence alignment and phylogenetic analysis

To see whether there is any clustering of sequences of TCAST satellite-like elements
due to the difference in the homogenization at the level of local array, chromosome, or among
different chromosomes, sequence alignment and phylogenetic analysis were performed.
Tcastla and Tcastlb subunits were analyzed separately. Sequence alignment was performed
using MUSCLE algorithm*® combined with manual adjustment. All sequences were included
in the alignment, with the exception of the ones that did not at least partially overlap with
other sequences. Gblocks was used to eliminate poorly aligned positions and divergent
regions of the alignments**. jModelTest 0.1.1 software®® was used to inferre best-fit models of
DNA evolution - TPM3uf+G for transposon-like and A type elements, and TPM1uf for B
type elements. Maximum likelihood (ML) trees were estimated with the PhyML 3.0

software*® using best-fit models. Markov chain Monte Carlo (MCMC) Bayesian searches
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http://mfold.rna.albany.edu/?q=mfold

were performed in MrBayes v. 3.1.2.%

under the best-fit models (2 simultaneous runs, each
with 4 chains; 3x10° generations; sampling frequency 1 in every 100 generations; majority
rule consensus trees constructed based on trees sampled after burn-in). Branch support was
evaluated by bootstrap analysis (1000 replicates) in ML and by posterior probabilities in
Bayesian analyses. Pairwise sequence diversity (uncorrected p) was calculated using the

MEGA 5.05 software™®.

3.4. Searching for genes in the vicinity to TCAST satellite elements

Genes flanking TCAST-homologous elements were found automatically by NCBI
blast (Figure 6). All genes automatically found by NCBI blast web service were included in
the analysis. TCAST satellite homologous elements were mapped to 5' or 3' ends, as well as
within introns of protein coding genes. Link in the NCBI blast output file for the
corresponding neighbouring gene enables redirection to selected NCBI nucleotide region
summary page where, among many other data, ENTREZ gene id for corresponding gene can
be found. Through this gene id uniprot ID can be obtained and it is used in the further gene
identification.

3.5. Searching for Tribolium castaneum genes homologues in Drosophila melanogaster

Tribolium castaneum genes homologues in Drosophila melanogaster were searched
by using OrthoDB Phylogenomic database (http://cegg.unige.ch/orthodb4)*. Each gene has
OrthoDB identifier under Uniprot data (http://www.uniprot.org/)®® which is linked to
OrthoDB. OrthoDB identifier is a link between orthologous genes in different species. Each
Drosophila melanogaster gene is represented by unique FlyBase number while each

Tribolium castaneum gene is represented by unique Uniprot ID.
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ﬂ“e INC 007424.2|NC 007424 E Tribolium castaneum linkage group 9, reference assembly (based
cn Tcas 3.0), whole genome shotgun segquence
Length=21459655

Sort alignments for this subject sequence by:
E value Score Percent identity
A Query start pesition Subject start pesiticn

Features flanking this part of subject sequen/ B
18773 bp at 5' side: similar to GA20S501-FA /
7795 bp at 3' side: similar to RAB37, member RAS conccgene family

Score = 556 bits (301), Expect = 4e-155
Identities = 344/364 (94%), Gaps = 6/364 (1%)
Strand=Plus/Plus

Query 1 AGCTGATARRATTTCCTACAARRTAGTTATITGCATITITCATGTAGGACTARCCATRARG 60
PECEEEEEEEe e e e e e e et tere e e e e v bbb e el
Sbjct 18138343 AGCTGATAARATTTCCTACRARARTAGTTAGTTGCATTTITTICATGTAGGACTAACCATAAG 18138402

Query 61 CGAGATATATGITIGARRATARTTAATATITaaaaa22aaT-TGCTTTAACAGRARARTGT 119
20 T Y 80U L 0 4 P 0 o
Sbjct 18138403 CGAGATATAAGTTTGAAARTAATTAATAATTAARAARAR-TGTGCTTITARCAGRRAATGT 18138461

Query 120 CTTGTTIGATTTAAARTACACTTARTTTATTGGGTCCAATACTTTATTAGARGAARRAGGRE 179

LEELE Frerr e et breer bbb teerrrirnnl IIIIIIIII
Sbjct 18138462 CITGT-GATTTAARATACACTAARTTTATTGGGTICCRACACTTTATTAGAGGARARAGGA 18138520

Query 180 AGTGACATARRAGTCACTGARAGTCTTCAGAGTCGITTT-ARATGCTGCATITICGICTIC 238
Forrrrerrereerrer e et b reererrerr et Frrerirr e err el
Sbjct 18138521 GGAGACATARRAGTCACTGAAGTCTITCAGAGTCGTTTITITAAATGCTGCATITICGICTIC 18138580

Query 239 GICTCRRACATTGARAACTGAATTACATTTT-GTTCAGTARCAGT-ACAGTTTTICTTATIT 296
PELREREEE e v e e ey |
Sbjct 18138581 GICTCRARACATTGARAACAGAATTACATITITGITCAGTAACAGTTACAGITTIICTITACT 18138640

Query 297 GGITTTITGCTTATATCACGAARRRCAGTTACTCCTATCAATTTITTATCTITICTITCAARR 356
LErrerrrerrrerr e veerr reerererr teerrre e e ere et terrrrnl
Sbjct 18138641 GGITITITGCTITATATCTCGAAATCAGTTACTCTTATCAATITTTATICTTITITICAARR 18138700

Query 357 TTAR 360
11l
Sbjct 18138701 TTAR 18138704

C

Features in this part of sub]ect[quence:
similar to CG32666 CG32666-FB

4e-150
7/365 (1%)

Score = 540 bits (292), Expect
Identities = 342/365 (93%), Gaps
Strand=Plus/Plus

Figure 6 Here is an example of links, automatically added to output file by NCBI blast web
service, to NCBI nucleotide summary page for genes in proximity to a Tcastlb homologous
sequence. Links are containing data such as gene distance from the alignement, gene name and
location relative to the alignments. There are 3 possible scenarious: gene is located from 5' (A) or
3' (B) side as well as within gene sequence (C) (in intron).

3.6. Analysis of genes flanking TCAST-homologous elements

3.6.1. Gene Ontology (GO) annotation

The Gene Ontology (GO) project is a bioinformatics initiative with the aim of
standardizing the representation of gene and gene product attributes across species and
databases®*. The project provides a controlled vocabulary of terms for describing gene product

characteristics and gene product annotation data. The GO project has developed three
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structured controlled vocabularies (ontologies) that describe gene products in terms of their
associated biological processes, cellular components and molecular functions in a species-
independent manner. The controlled vocabularies are structured so that they can be queried at
different levels: for example, GO can be used to find all the gene products in the Tribolium
castaneum genome that are involved in signal transduction, or can be used to zoom in on all
the receptor tyrosine kinases. This structure also allows annotators to assign properties to
genes or gene products at different levels, depending on the depth of knowledge about that
entity. On uniprot protein summary page there is a link to EBI Quick GO database
(http://www.ebi.ac.uk/QuickGO/) where a list of assigned GO terms for each gene of interest
was obtained. Acquired data was used to create table with detailed description of the genes,
including molecular function of their protein products, biological processes in which these
proteins are involved, and their cellular localization (cellular component). Table with detailed
description of the genes was created using data for Tribolium castaneum genes. In cases
where ortholog gene in Drosophila melanogaster had more GO information than the one from
Tribolium castaneum these additional GO annotations were added too.

3.6.2. Determining correlated characteristics between genes

In order to determine biological features (annotations) that frequently co-occur in a set
of genes and rank them by statistical significance web service GeneCodis 2.0
(http://genecodis.dacya.ucm.es/)* and Fatigo (http://babelomics.bioinfo.cipf.es/)>* were used.
GeneCodis and Fatigo generate statistical rank scores for single annotations and their
combinations. To find all the possible combinations of annotations, GeneCodis uses the
apriori algorithm®* and Fatigo uses Fisher's exact test for 2*2 contingency tables> to carry
out enrichment test. Once the annotations were extracted, a statistical analysis based on the
hypergeometric distribution or the Chi? test of independence was executed to calculate the
statistical significance (p values) for each individual annotation or co-annotations.
Determination of biological annotations or combinations of annotations that are significantly
associated to a list of genes under study with respect to a reference list will emphasize
possible gene regulatory role of TCAST satellite. One problem in this analysis is that
GeneCodis still doesn't have Tribolium castaneum gene annotations database, and therefore in
order to perform this kind of analysis Drosophila melanogaster gene annotations database

needs to be used. The results acquired for Drosophila melanogaster can be used to draw
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conclusions about Tribolium castaneum because usually orthologs have the same function®®.
Annotations tracked were three GO (biological process, molecular function and cellular

component), KEGG pathways and InterPro Motifs anotations.

3.6.3. Phylostratigraphic analysis

Genomic phylostratigraphy can be used to show grouping of genes by their
phylogenetic origin®’. This grouping can uncover footprints of important adaptive events in
evolution. Comparison of sequenced genomes has shown that a significant fraction of genes
occurs only in defined lineages®™®*®. This implies that these genes have arisen during the
evolution of the respective lineages, probably in the context of lineage specific adaptations.
This means that by genomic phylostratigraphy evolutionary innovations can be traced by
using data from genome projects. In the genomic phylostratigraphy analysis Drosophila
melanogaster gene orthologs of Tribolium castaneum genes near TCAST-like satellite
elements were used. Drosophila melanogaster data was used because there is not yet
Tribolium castaneum stratification map available. To assign these Drosophila melanogaster
genes to the internodes on the phylogenetic tree (Figure 7) BLAST sequence similarity
searches® against the non-redundant protein database®” were used. All genes were then
distributed into 14 groups (genomic phylostrata) according to the emergence of their founders
in the phylogeny. Variation from the expected frequencies of expression events for the genes
in vicinity to TCAST-like satellite elements was tested by a two-tailed hypergeometric test

with Bonferroni correction (alpha = 0.025) using GeneMerge®.
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Figure 7 Phylogenetic tree used in stratification of Drosophila melanogaster genome. Tree is divided
into 14 genomic phylostrata.

~
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3.7. Analysis of distribution of TCAST-like elements on Tribolium castaneum
chromosomes

Two-tailed hypergeometric test with Bonferroni correction (alpha = 0.025) was used to
analyse the distribution of TCAST-like elements among Tribolium castaneum chromosomes
in order to detect whether TCAST-like elements were distributed randomly among the
Tribolium castaneum chromosomes or whether there was a significant over or
underrepresentation of the elements on some chromosomes. In each chromosome the
frequency of TCAST-like elements was compared with the frequency in the complete sample
and the significance of deviations was calculated. Furthermore, positions of constitutive
heterochromatin and euchromatin were assigned on the haploid set of Tribolium castaneum
chromosomes, based on C-banding data® and Tribolium castaneum 3.0 Assembly data
(http://www.beetlebase.org). Within euchromatic segments, the position of each TCAST-like

element is specifically indicated based on the position within the genomic sequence.

19



4. RESULTS

4.1. Identification of dispersed TCAST-like elements

Using the consensus sequence of TCAST satellite DNA (Figure 5) as a query
sequence, the NCBI Genomes database of Tribolium castaneum was screened, employing the
alignment program BLASTN version 2.2.22+. The program was optimized to search for
highly similar sequences (megablast) and blast hits on the query sequence were analyzed
individually. Alignments were mapped regarding start and end site, chromosome number,
alignment orientation and total length. When the distance between two alignments on the
same chromosome was short, the genomic sequence was further analyzed by dot plot and
BioEdit Sequence Alignment editor to identify any potential continuity between the two
alignments. Dot plot analysis (Figure 8) and sorted mapped data indicated that there are 3
types of TCAST-like elements present in euchromatic regions of Tribolium castaneum

genome.

DMA 1 an horizontal axis = 360 hases
DMA 2 onvertical axis = 1363 bases

* Tcastla

" Tcastla

Figure 8 Dot plot analysis: consensus sequence of TCAST satellite DNA
against trimer detected in 9" chromosome. This dot plot graph indicates that
there are 2 variants of TCAST-like satellite element. These variants were
named Tcastla and Tcastlb.

20



Two of them usually occur together while the third one usually occurs alone and has some

characteristics typical for transposons (Figure 9 & Figure 10). Two subtypes of TCAST

satellite monomers were mutually interspersed: Tcastla and Tcastlb. Tcastlb corresponds to

the TCAST satellite consensus that was used as a query sequence®, and Tcastla corresponds

to the new version of TCAST subfamily lately experimentally confirmed in heterochromatin

and described®.

IR SatF

136
286

???

516

SatR IR
352
283

Figure 9 Shematic representation of TCAST transposone-like element. It containins two
TCAST-like satellite elements: SatF - 136 bp long and SatR - 352 long. IR represnts inverted

repeats.

dG = 51264 roliNW_0010953789. 1{Tcal G9_WGAT156_2:23900-26200 Tri

Figure 10 Mfold DNA graphical output for TCAST transposone-like element and 50 bp flank
region. It is visible that TCAST transposone-like element forms long ant stable hairpin secondary

structure.
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4.2. Classification of dispersed TCAST-like elements

Only genomic sequences with at least 140 nt (40% of TCAST monomer length) of
continuous sequence, and > 80% identity to the TCAST consensus sequence were considered
for further analysis. The total number of dispersed TCAST-like elements was 68 (Table 1),
with 36 elements flanked by genes at both 5’ and 3’ ends, 3 elements flanked by a single gene
either at 5” or 3’ end (sequences no. 36, 39, 50), and the 29 elements positioned within introns
(Table 2). Except 68 TCAST-like elements associated with genes, no other dispersed TCAST-
like elements were found within the assembled Tribolium castaneum genome. Analysis of
scaffolds that have not been mapped to linkage groups revealed presence of additional 41
TCAST-like elements, but since they were not mapped to Tribolium castaneum genome and

could possibly derive from heterochromatin, we did not consider them for further analysis.

Table 1 Summarised data from table 1. showing the number of TCAST like elements in the form of
either satellite or transposone-like elements on each chromosome. The number of genes in vicinity to
TCAST-like elements on each chromosome is indicated as well as postions of TCAST-like elements
relative to genes: from 3' side, 5' side or in intron.

Chromosome  TCAST \ Satellite  Transposone  3' st intron Genes
2 1 2 1 1 1 3
5 2 3 4 3 1 7
17 4 13 11 11 6 28
4 2 2 2 2 2 6
4 3 1 2 2 2 6
4 2 2 2 2 2 6
4 2 2 1 1 3 5
6 2 4 2 2 3 7
17 12 5 10 10 7 25
5 4 1 3 3 2 8
68 34 35 38 37 29 101
= Satellite =3
m5
H Transposone )
Eintron
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There were only three cases in which two different TCAST-like elements were associated
with the same gene: gene D6X2C4 contains TCAST-like sequences no. 6 and 13 within
introns, gene D6X2U7 is flanked at 5° and 3 end by sequences no. 5 and 7, respectively,
while gene D6WB29 is located at 3’ end of the sequence no. 53 and has sequence no. 52
within an intron. All other TCAST-like elements were positioned near or within different
genes. Thus in total, there were 101 genes found in the vicinity of TCAST-like elements.
Characteristics of the genes associated with TCAST-like elements, including gene identity
number, gene name and chromosomal location, position relative to the associated TCAST-like
element and distances between TCAST-like elements and genes are shown in Table 2.
Distances between TCAST-like elements and genes range from 262 nt (gene positioned at 3’
site of the sequence no. 36 ), to a maximal distance of 404 270 nt (gene positioned at 5’ site of

the sequence no. 5).
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Table 2 TCAST-like elements associated with genes within Tribolium castaneum euchromatin

Uniprot Entrez Gene name Chr Sat_seq. Position Distance,bp DM homolog FBgn Type Length  copies
D6WZP1 662564  Altered disjunction 9 1 5' 18773 Q9VEH1 FBgn0000063  satelite 734 2,0
D6WZP3 662624  Ras-related protein Rab-26 9 1 3 7795 Q9VvP48 FBgn0086913  satelite 734 2,0
D6WZL9 661947  Probable serine/threonine-protein kinase 9 2 inside QOKHT7 FBgn0052666 satelite 993 2,8
D6X226 660275  Arrest 9 3 5' 99669 Q81P89 FBgn0000114  satelite 716 2,0
D6X238 661741 Numb 9 3 3 115984 P16554 FBgn0002973 satelite 716 2,0

100141832 no match on uniprot 9 4 5' 1520 satelite 517 1,4
D6X2D0 660440 Short-chain dehydrogenase 9 4 3' 6704 Q9VES0 FBgn0038610 satelite 517 1,4
D6X1E7 656884  Cytochrome P450 306A1 9 5 5' 404270 Q9VWR5 FBgn0004959  satelite 1058 2,9
D6X2U7 656977 Elongase 9 5 3' 9947 Q9VCY6 FBgn0038986  satelite 1058 2,9
D6X2C4 660195 Dopamine receptor 1 9 6 inside P41596 FBgn0011582  satelite 304 0,8
D6X2U7 656977 Elongase 9 7 5' 7128 Q9VCY6 FBgn0038986  satelite 394 1,1
D6X366 657055 elongation of very long chain fatty acids protein 9 7 3 50111 Q9VCY5 FBgn0053110 satelite 394 1,1
D6X0D7 657748 Ret oncogene 9 8 5' 56625 Q8INUO0 FBgn0011829  satelite 213 0,6
D6XO0E1 657829  Dpr9 9 8 3' 62781 Q9VFD9 FBgn0038282  satelite 213 0,6
D6X2H8 654954 ADAM metalloprotease 9 9 inside Q6QU65 FBgn0051314  transposone 1107
D6X2U7 655561 Elongase 9 10 5' 47902 Q9VvCz0 FBgn0038983  transposone 1085
D6X2V3 655640  Putative uncharacterized protein 9 10 3 67953 Q9VDB7 FBgn0038881 transposone 1085
D6X244 655011  Serine/threonine-protein kinase 32B 9 11 inside QOKID3 FBgn0052944 transposone 1062
D6X374 100141521  Putative uncharacterized protein 9 12 inside Q9VGz4 FBgn0037814  satelite 292 0,8
D6X2C4 660195 Dopamine receptor 1 9 13 inside P41596 FBgn0011582  transposone 900
D6X259 656290  Transport and Golgi organization 13 9 14 5' 9456 QIVGT8 FBgn0040256  satelite 222 0,6
D6X260 656373  Protein-tyrosine sulfotransferase 9 14 3 33523 Q9VYB7 FBgn0086674  satelite 222 0,6
D6X075 658603  MICAL-like protein 9 15 5' 39684 Q9vu34 FBgn0036333  satelite 203 0,6
D6X1P2 658891 tiptop 9 15 3 142821 Q9u3vs FBgn0028979  satelite 203 0,6
D6X095 659195  Troponin C 9 16 5' 3922 P47947 FBgn0013348 transposone 589
D6X0I1 659336  Troponin C 9 16 3 15143 P47947 FBgn0013348 transposone 589
D6X1J0 655713  Transporter 9 17 inside Q9NB97 FBgn0034136 satelite 915 2,5
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http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=Retrieve&dopt=full_report&list_uids=662564
http://www.ensemblgenomes.org/id/FBgn0000063
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=Retrieve&dopt=full_report&list_uids=662624
http://www.ensemblgenomes.org/id/FBgn0086913
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=Retrieve&dopt=full_report&list_uids=661947
http://www.ensemblgenomes.org/id/FBgn0052666
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=Retrieve&dopt=full_report&list_uids=660275
http://www.ensemblgenomes.org/id/FBgn0000114
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=Retrieve&dopt=full_report&list_uids=661741
http://www.ensemblgenomes.org/id/FBgn0002973
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=Retrieve&dopt=full_report&list_uids=100141832
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=Retrieve&dopt=full_report&list_uids=660440
http://www.ensemblgenomes.org/id/FBgn0038610
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=Retrieve&dopt=full_report&list_uids=656884
http://www.ensemblgenomes.org/id/FBgn0004959
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=Retrieve&dopt=full_report&list_uids=656977
http://www.ensemblgenomes.org/id/FBgn0038986
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=Retrieve&dopt=full_report&list_uids=660195
http://www.ensemblgenomes.org/id/FBgn0011582
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=Retrieve&dopt=full_report&list_uids=656977
http://www.ensemblgenomes.org/id/FBgn0038986
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=Retrieve&dopt=full_report&list_uids=657055
http://www.ensemblgenomes.org/id/FBgn0053110
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=Retrieve&dopt=full_report&list_uids=657748
http://www.ensemblgenomes.org/id/FBgn0011829
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=Retrieve&dopt=full_report&list_uids=657829
http://www.ensemblgenomes.org/id/FBgn0038282
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=Retrieve&dopt=full_report&list_uids=654954
http://www.ensemblgenomes.org/id/FBgn0051314
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=Retrieve&dopt=full_report&list_uids=655561
http://www.ensemblgenomes.org/id/FBgn0038983
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=Retrieve&dopt=full_report&list_uids=655640
http://www.ensemblgenomes.org/id/FBgn0038881
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=Retrieve&dopt=full_report&list_uids=655011
http://www.ensemblgenomes.org/id/FBgn0052944
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=Retrieve&dopt=full_report&list_uids=100141521
http://www.ensemblgenomes.org/id/FBgn0037814
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=Retrieve&dopt=full_report&list_uids=660195
http://www.ensemblgenomes.org/id/FBgn0011582
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=Retrieve&dopt=full_report&list_uids=656290
http://www.ensemblgenomes.org/id/FBgn0040256
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=Retrieve&dopt=full_report&list_uids=656373
http://www.ensemblgenomes.org/id/FBgn0086674
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=Retrieve&dopt=full_report&list_uids=658603
http://www.ensemblgenomes.org/id/FBgn0036333
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=Retrieve&dopt=full_report&list_uids=658891
http://www.ensemblgenomes.org/id/FBgn0028979
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=Retrieve&dopt=full_report&list_uids=659195
http://www.ensemblgenomes.org/id/FBgn0013348
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=Retrieve&dopt=full_report&list_uids=659336
http://www.ensemblgenomes.org/id/FBgn0013348
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=Retrieve&dopt=full_report&list_uids=655713
http://www.ensemblgenomes.org/id/FBgn0034136

Table 2, continued

Uniprot Entrez Gene name Chr Sat_seq. Position Distance,bp DM homolog FBgn Type Length  copies
D6WF56 100141877  zinc finger protein 250 3 18 5' 125685 Q7KAHO FBgn0027339  satelite 1208 3,4
D6WF61 656924  Transcription initiation factor TFIID subunit 7 3 18 3 64294 Q9VHY5 FBgn0024909  satelite 1208 3,4
D6WGB1 659040 Mahya 3 19 5' 115537 P20241 FBgn0002968  satelite 687 1,9
D6WGB5 659201  V-type proton ATPase subunit E 3 19 3 82217 P54611 FBgn0015324  satelite 687 1,9
D6WII0 100141571 NADH dehydrogenase, putative 3 20 5' 4278 Q9W3N7 FBgn0029971 transposone 635
D6WII2 100142263  Putative uncharacterized protein 3 20 3 18585 QIVIYl FBgn0032769 transposone 635
D6WFT8 657535 WD repeat-containing protein 47 3 21 inside Q960Y9 FBgn0026427 satelite 604 1,7
D6WDY2 656125  Kynurenine aminotransferase 3 22 5' 10696 Q8sXxc2 FBgn0037955 transposone 1000
D6WDY4 656298  Annexin IX 3 22 3 11599 P22464 FBgn0000083  transposone 1000
D6WFK8 656174  ankyrin 2,3/unc44 3 23 inside Q7KU95 FBgn0085445 transposone 1081
D6WFX1 657874 ral guanine nucleotide exchange factor 3 24 5' 64025 Q8MT78 FBgn0034158 transposone 888
D6WFX3 658031 galactose-1-phosphate uridylyltransferase 3 24 3 3958 Q9VMA2 FBgn0031845 transposone 888
D6WDQ4 659233  Putative uncharacterized protein 3 25 5' 15051 Q8TOR9 FBgn0038809 transposone 1016
D6WDQ6 659376  coiled-coil domain containing 96 3 25 3 9162 A1ZA72 FBgn0013988 transposone 1016
D6WF68 655042 glucose dehydrogenase 3 26 5' 25896 Q9VY00 FBgn0030598 transposone 1067
C3XZ92 655348 Mitogen-activated protein kinase kinase kinase kinase 2 3 26 3' 92876 Q8SYA1 FBgn0034421 transposone 1067
D6WES82 658463  Putative uncharacterized protein 3 27 inside Q9VDK2 FBgn0038815 transposone 314
D6WHX6 658191  Putative uncharacterized protein 3 28 5' 173881 Q1RKQ9 FBgn0085382  transposone 826
D6WI58 658343  Cathepsin L 3 28 3 82559 Q95029 FBgn0013770 transposone 826
D6WDJ9 656922  Putative uncharacterized protein 3 29 5' 173548 Q8IPJ1 FBgn0031859  transposone 1084
D6WDNO 657559  PRMT5 3 29 3 383809 QouU6Y9 FBgn0015925 transposone 1084
D6WGS3 656976  Putative uncharacterized protein 3 30 5' 37572 AOAMQS8 FBgn0034655 satelite 216 0,6
D6WGTO 100142515 calpain 3 3 30 3 226707 Q11002 FBgn0008649  satelite 216 0,6
D6WDS8 660532  Muscle-specific protein 300 3 31 5' 378626 Q4ABG9 FBgn0260952  transposone 1060
D6WDTO 654860 Phosphatidylinositol-binding clathrin assembly protein 3 31 3 7855 C1C3H4 FBgn0086372 transposone 1060
D6WHF2 664188 Nephrin 3 32 inside Q9wW4T9 FBgn0028369 transposone 666
D6WI96 100142620 Heat shock protein 70 3 33 inside P11147 FBgn0001219 transposone 1058
D6WG02 654917  N-acetylglucosaminyltransferase vi 3 34 inside Q9VUH4 FBgn0036446 transposone 1058
D6WYD1 656891  Putative uncharacterized protein 8 35 5' 385712 Q8SY79 FBgn0032249 satelite 625 1,7
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Table 2, continued

Uniprot Entrez Gene name Chr Sat_seq. Position Distance,bp DM homolog FBgn Type Length  copies
D6WYN3 654942  serine-type protease inhibitor 8 35 3' 58583 Q9VsC9 FBgn0035833  satelite 625 1,7
D6WYA1 657913  Copia protein (Gag-int-pol protein) 8 36 3 262 B6V6Z8 ?? satelite 196 0,5
D6WYC9 656718 Cmp-n-acetylneuraminic acid synthase 8 37 inside B5RIF3 FBgn0052220 transposone 831
DéWV42 656028 CG5080 8 38 inside Q7K3E2 FBgn0031313  transposone 582
D6WYAO 100142507 Beaten path 8 39 5' 7165 Q94534 FBgn0013433 transposone 1181
D6WUX6 662235  Putative uncharacterized protein 8 40 inside Q7KUK9 FBgn0036454 transposone 440
D6X0E1 654938  defective proboscis extension response 7 41 inside Q9VFD9 FBgn0038282  satelite 722 2,0
D6WPX8 662021  Ribosome-releasing factor 2, mitochondrial 7 42 5' 17480 Q9VvCxa FBgn0051159 transposone 905
A2AX72 662058  Gustatory receptor 7 42 3' 1581 Q9VPT1 FBgn0041250 transposone 905
D6WTD1 661895  similar to chitinase 6 7 43 inside Qowamz7 FBgn0034580 satelite 1440 4,0
D6WPE6 100142073 voltage-gated potassium channel 7 44 inside P17970 FBgn0003383 transposone 814
D2A2C6 663849  Putative uncharacterized protein 4 45 5' 9489 Q9Vv3s3 FBgn0013300 satelite 549 1,5
D2A2D1 663875  Putative uncharacterized protein 4 45 3' 10920 Q9w191 FBgn0034994 satelite 549 1,5
D2A210 657017  Putative uncharacterized protein 4 46 5' 5820 Q85228 FBgn0033786 satelite 558 1,6
D2A211 657098 Ribonucleoside-diphosphate reductase 4 46 3' 7000 P48591 FBgn0012051  satelite 558 1,6
D177G6 660983  Kinesin-like protein 4 47 inside Q9vLw2 FBgn0031955 transposone 508
D2A2P8 100142595 PiggyBac transposable element 4 48 inside Q9VHL1 FBgn0037633 transposone 377
D6WB65 655028 E74 2 49 5' 60525 P20105 FBgn0000567  satelite 770 2,1
D6WB73 654962  organic cation transporter 2 49 3! 2638 Q7K3M6 FBgn0034479 satelite 770 2,1
D6WBGS8 659129 pre-mRNA-splicing helicase BRR2 2 50 3! 4811 Q9Vvuv9 FBgn0036548 satelite 728
D6WB14 658844 monophenolic amine tyramine 2 51 5' 7955 P22270 FBgn0004514 transposone 567
D6WB15 658769  Cuticular protein 47Ef 2 51 3! 16173 A1Z8H7 FBgn0033603  transposone 567
D6WB29 657778 Endoprotease FURIN 2 52 inside P30432 FBgn0004598 transposone 1045
A8DIV5 657942  Nicotinic acetylcholine receptor subunit alphall 2 53 5' 13645 P25162 FBgn0004118 transposone 1021
D6WB29 657778 Endoprotease FURIN 2 53 3 4875 P30432 FBgn0004598 transposone 1021
D6X319 661787  Transcription initiation factor IIF 10 54 5' 10025 Q05913 FBgn0010282  satelite 870 2,4
D6X3J1 661827  Putative uncharacterized protein 10 54 3 6607 satelite 870 2,4
D6X4P3 655389  Neutral alpha-glucosidase ab 10 55 inside Q7KMM4 FBgn0027588  satelite 694 1,9
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Table 2, continued

Uniprot Entrez Gene name Chr Sat_seq. Position Distance,bp DM homolog FBgn Type Length  copies
D6X3H5 661246  Neurexin-4 10 56 5' 2234 Q94887 FBgn0013997  satelite 224 0,6
D6X3H7 661308  Succinate semialdehyde dehydrogenase 10 56 3 14901 Q9VBP6 FBgn0039349  satelite 224 0,6
D6X4V6 655916  Tubby, putative 10 57 inside Q9VvB18 FBgn0039530 transposone 763
D6X3J6 662034  Putative uncharacterized protein 10 58 5' 1015 Q9VEJ9 FBgn0038511  satelite 564 1,6
D6X3J7 657069 cdc73 domain protein 10 58 3 27239 Q9VHI1 FBgn0037657 satelite 564 1,6
D2A693 663231  lysine-specific demethylase 4B 6 59 inside Q9VveLo FBgn0053182  satelite 498 1,4
D2A490 659655  Facilitated trehalose transporter Tret1-2 homolog 6 60 inside Q8MKK4 FBgn0033644 transposone 689
D2A614 659728  Putative uncharacterized protein 6 61 5' 116030 Q9W4G2 FBgn0260971 transposone 764
D2A6I6 659791  Putative uncharacterized protein 6 61 3' 4860 Q9VNB4 FBgn0037323  transposone 764
D2A3V0 657272  Fasciclin-3 6 62 5' 37286 P15278 FBgn0000636  satelite 281 0,8
D2A3V3 657421  LIM domain kinase 1 6 62 3' 21789 Q8IR79 FBgn0041203  satelite 281 0,8
D6W8F4 660322  Disco-related X 63 inside Q9VXI5 FBgn0042650 satelite 530 1,5
D6WS8D3 659123  PlexA X 64 5' 1973 096681 FBgn0025741 transposone 848
D6WGD2 659272  Aldose-1-epimerase X 64 3! 6472 Q9VRU1 FBgn0035679  transposone 848
B3MMG1 657652  Neural-cadherin 5 65 inside 015943 FBgn0015609 satelite 273 0,8
D6WNNG6 658579  Transient receptor potential-gamma protein 5 66 5' 2547 Qovi7 FBgn0032593  transposone 894
A3RE80 658661 Cardioacceleratory peptide receptor 5 66 3' 27105 Q868T3 FBgn0039396 transposone 894
ALJUG2 661207  Ultraspiracle 5 67 inside P20153 FBgn0003964 satelite 379 1,1
D6WNB3 656063 Y box protein 5 68 5' 14993 046173 FBgn0022959  satelite 455 1,3
D6WNB6 656095  Peptide chain release factor 1 5 68 3! 350365 Q9VK20 FBgn0032486 satelite 455 1,3

Description: List of genes with gene identity number, gene name and chromosomal location. Distances between TCAST-like elements and genes,
positions of TCAST-like elements relative to genes (5°, 3” or within introns), types of TCAST-like elements (satellite or transposon-like type), their
total length in bp and copy number of satellite repeats within an array are shown
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Table 3 Chromosomal location, exact start and end site, and composition of TCAST-like elements within genomic sequence

Name Variant Location Start End Genome View

(left) Distant approximately 19kb from gene "D6WZP1" .
Molecular function: ATP binding; protein kinase activity.
Biological process: protein phosphorylation.

Cellular component: unknown.

1 BA LG9 18138275 | 18139008
(right) Distant approximately 8kb from gene "D6WZP3 (Q9VP48)" .

Molecular function: GTP binding .

Biological process: protein transport; small GTPase mediated signal transduction.
Cellular component™*: intrinsic to plasma membrane.

Transcript in: Part of transcript from gene "D6WZL9".

Molecular function: ATP binding; protein serine/threonine kinase activity; transferase activity, transferring phosphorus-
2 ABA LG9 17975173 | 17976213 | containing groups.

Biological process: protein phosphorylation.

Cellular component: unknown.

(left) Distant approximately 100kb from gene "D6X226 (Q8IP89)" .

Molecular function: nucleotide binding; RNA binding.

Biological process*: regulation of alternative nuclear mRNA splicing, via spliceosome; inter-male aggressive behavior; mRNA
polyadenylation; germ cell development; spermatid development; oogenesis; positive regulation of exit from mitosis; germ-line
stem cell division; negative regulation of oskar mMRNA translation. Cellular component*: nucleus; P granule.

3 AB LG9 9281520 | 9282235 | (right) Distant approximately 116kb from gene "D6X238 (P16554)" .

Molecular function*: protein binding; Notch binding; nucleotide binding; ATP binding.

Biological process*: cell fate determination; neuroblast fate determination; central nervous system development; heart
development; pericardial cell differentiation; protein localization; multicellular organismal development; glial cell migration;
regulation of asymmetric cell division; sensory organ precursor cell division; negative regulation of Notch signaling pathway;
muscle cell fate specification; regulation of neurogenesis, asymmetric neuroblast division.

Cellular component*: nucleus; cytoplasm; cell cortex; basal part of cell; basal cortex.
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Table 3, continued

Name Variant Location

End

Genome View

4 AB LG9

10699909

10700425

(left) Distant approximately 1,5kb from gene "hypotetical protein™ .
Molecular function: unknown.

Biological process: unknown .

Cellular component: unknown.

(right) Distant approximately 6,5kb from gene "D6X2D0".
Molecular function: oxidoreductase activity; nucleotide binding.
Biological process:oxidation-reduction process .

Cellular component: unknown.

5 AgBA LG9

4568301

4569358

(left) Distant approximately 404kb from gene "D6X1E7 (Q9VWR5)" .

Molecular function: monooxygenase activity; iron ion binding; electron carrier activity; oxidoreductase activity, acting on
paired donors, with incorporation or reduction of molecular oxygen; heme binding. Biological process: oxidation-reduction
process.

Cellular component*: microsome; endoplasmic reticulum membrane.

(right) Distant approximately 10kb from gene "D6X2U7".
Molecular function: unknown.

Biological process: unknown.

Cellular component: integral to membrane.

6 B LG9

10553279

10553582

Transcript in: Part of transcript from gene "D6X2C4".

Molecular function: signal transducer activity; dopamine receptor activity; G-protein coupled receptor activity.

Biological process: signal transduction; G-protein coupled receptor protein signaling pathway; dopamine receptor signaling
pathway.

Cellular component: integral to membrane.

7 B LG9

4587153

4587546

(left) Distant approximately 7kb from gene "D6X2U7".
Molecular function: unknown.

Biological process: unknown.

Cellular component: integral to membrane.

(right) Distant approximately 50kb from gene "D6X366".
Molecular function: unknown.

Biological process: unknown.

Cellular component: integral to membrane.
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Table 3, continued

Name Variant Location Start End Genome View

(left) Distant approximately 57kb from gene "D6X0D7".

Molecular function: nucleotide binding; ATP binding; protein tyrosine kinase activity; calcium ion binding.
Biological process: protein phosphorylation; homophilic cell adhesion.

Cellular component: membrane.

8 B LG9 19746866 | 19747078
(right) Distant approximately 63kb from gene "D6X0E1 (Q9VFD9)".
Molecular function: unknown.

Biological process*: behavioral response to ethanol.

Cellular component: unknown.

Transcript in: Part of transcript from gene "D6X2H8".

Molecular function: metalloendopeptidase activity; zinc ion binding.
Biological process: proteolysis.

Cellular component: unknown.

9 TR LG9 11855262 | 11856368

(left) Distant approximately 48kb from gene "D6X2U7".
Molecular function: unknown.

Biological process: unknown.

Cellular component: integral to membrane.

10 TR LG9 13938275 | 13939359
(right) Distant approximately 68kb from gene "D6X2V3 (Q9VDB7)".
Molecular function: unknown.

Biological process*: phagocytosis, engulfment.

Cellular component: unknown.

Transcript in: Part of transcript from gene "D6X244 (QOKID3)".

Molecular function: ATP binding; protein serine/threonine kinase activity; transferase activity, transferring phosphorus-
11 TR LG9 9763147 | 9764208 | containing groups.

Biological process™: protein phosphorylation; actin filament organization; regulation of cell shape.

Cellular component: unknown.

Transcript in: Part of transcript from gene "D6X374".

Molecular function: unknown.
12 = L 158940928 15684 308 Biological process: unknown.

Cellular component: unknown.
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Table 3, continued

Name Variant Location End Genome View

Transcript in: Part of transcript from gene " D6X2C4 (P41596)".
Molecular function: signal transducer activity; receptor activity; G-protein coupled receptor activity; dopamine receptor
activity.
13 UL HES HUEnied || ABstele Biological process: signal transduction; G-protein coupled receptor signaling pathway; dopamine receptor signaling pathway;
thermotaxis*, associative learning*; visual learning*.
Cellular component: integral to membrane.
(left) Distant approximately 9,5kb from gene "D6X259"
Molecular function: transferase activity, transferring glycosyl groups.
Biological process: metabolic process.
Cellular component: unknown.
14 AB LG9 9894630 | 9894851
(right) Distant approximately 34kb from gene "D6X260 (Q9VYB7)"
Molecular function: sulfotransferase activity; protein-tyrosine sulfotransferase activity™.
Biological process*: protein secretion.
Cellular component™*: integral to membrane; Golgi membrane
(left) Distant approximately 40kb from gene "D6X075 (Q9VU34)"
Molecular function: zinc ion binding.
Biological process: unknown.
Cellular component: unknown.
15 AB e il || vl (right) Distant approximately 143kb from gene "D6X1P2 (Q9U3V5)"
Molecular function: zinc ion binding; DNA binding™.
Biological process* : regulation of transcription, DNA-dependent; multicellular organismal development; specification of
segmental identity, head; epidermis morphogenesis; compound eye development.
Cellular component: intracellular; nucleus*.
(left) Distant approximately 4kb from gene "D6X095 (P47947)"
Molecular function: calcium ion binding.
Biological process: unknown.
Cellular component: unknown.
16 TR LG9 1560153 | 1560740
(right) Distant approximately 15kb from gene "D6X0I1 (P47947)"
Molecular function: calcium ion binding.
Biological process: unknown.
Cellular component: unknown.
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Table 3, continued

Name Variant Location Start End Genome View

Transcript in: Part of transcript from gene "D6X1J0 (QO9NB97)".

Molecular function: neurotransmitter:sodium symporter activity; dopamine transmembrane transporter activity*; cocaine
17 AB LG9 5501464 | 5501685 | binding™.

Biological process: neurotransmitter transport; dopamine transport*; sleep™; circadian sleep/wake cycle*.

Cellular component: integral to membrane.

(left) Distant approximately 126kb from gene "D6WF56 (Q7KAHO0)"
Molecular function: nucleic acid binding; zinc ion binding.
Biological process*: regulation of chromatin silencing.

Cellular component: intracellular.

18 ABBA LG3 23706992 | 23708337
(right) Distant approximately 64kb from gene "D6WF61 (Q9VHY5)"

Molecular function*: sequence-specific DNA binding transcription factor activity.
Biological process: transcription initiation from RNA polymerase Il promoter.
Cellular component: transcription factor TFIID complex; nucleus.

(left) Distant approximately 115kb from gene "D6WGB1 (P20241)"
Molecular function: calcium ion binding.
Biological process*: neuron cell-cell adhesion; epidermal growth factor receptor signaling pathway; multicellular organismal
development; axonogenesis; imaginal disc morphogenesis; axon ensheathment; mushroom body development; septate junction
assembly; nerve maturation; melanotic encapsulation of foreign target; regulation of tube size, open tracheal system; axon
19 BA LG3 28288889 | 28289575 extension; dendrite morphogenesis; synapse organization; gstabl_ishm_ent o_f glia}l blood-brain barrier. _ _

Cellular component*: plasma membrane; pleated septate junction; tight junction; lateral plasma membrane; filopodium.
(right) Distant approximately 82kb from gene "D6WGBS5 (P54611)"
Molecular function: proton-transporting ATPase activity, rotational mechanism.
Biological process: ATP hydrolysis coupled proton transport.
Cellular component: proton-transporting two-sector ATPase complex, catalytic domain.

(left) Distant approximately 4kb from gene "D6WII0 (Q9W3N7)"
Molecular function: NADH dehydrogenase activity.

Biological process*: oxidation-reduction process.

Cellular component: mitochondrion.

20 TR LG3 36078931 | 36079422
(right) Distant approximately 18,5kb from gene "D6WI112"
Molecular function: unknown.

Biological process: unknown.

Cellular component: unknown.
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Table 3, continued

Name Variant Location Start End Genome View

Transcript in: Part of transcript from gene "D6WFT8 (Q960Y9)".

Molecular function*: DNA binding.

21 BA LG3 4957720 | 4957084 | Biological process*: mitotic chromosome condensation; gene silencing; heterochromatin formation; chromosome organization.
Cellular component*: chromosome, centromeric region; heterochromatin; condensed chromosome; polytene chromosome;
nuclear heterochromatin.

(left) Distant approximately 10,5kb from gene "D6WDY2 (Q8SXC2)"
Molecular function: catalytic activity; transferase activity, transferring nitrogenous groups; pyridoxal phosphate binding;

Biological process: biosynthetic process; 1-aminocyclopropane-1-carboxylate biosynthetic process™.
29 R LG3 17823306 | 17824305 Cellular component: unknown.

(right) Distant approximately 11,5kb from gene "D6WDY4 (P22464)"

Molecular function: calcium ion binding; calcium-dependent phospholipid binding.
Biological process*: wing disc dorsal/ventral pattern formation.

Cellular component: unknown.

Transcript in: Part of transcript from gene "D6WFK8 (Q7KU95)".

Molecular function: unknown.

23 TR LG3 25914814 | 25915894 | Biological process: signal transduction; microtubule cytoskeleton organization*; neuromuscular junction development*; axon
extension.

Cellular component®: neuromuscular junction; presynaptic membrane; terminal button.

(left) Distant approximately 64kb from gene "D6WFX1"
Molecular function: guanyl-nucleotide exchange factor activity.
Biological process: small GTPase mediated signal transduction.
Cellular component: intracellular.

24 TR LG3 26709980 | 26710867
(right) Distant approximately 4kb from gene "D6WFX3"

Molecular function: catalytic activity; UDP-glucose:hexose-1-phosphate uridylyltransferase activity; zinc ion binding.
Biological process: galactose metabolic process.

kynurenine-oxoglutarate transaminase activity*; 1-aminocyclopropane-1-carboxylate synthase activity*.
Cellular component: unknown.
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Table 3, continued

Name Variant Location End Genome View

(left) Distant approximately 15kb from gene "D6WDQ4"
Molecular function: unknown.

Biological process: unknown.

Cellular component: unknown.

25 R L e R (right) Distant approximately 9kb from gene "D6WDQ6 (A1ZA72)"

Molecular function*: protein serine/threonine kinase activity; calmodulin-dependent protein kinase activity; myosin light chain
kinase activity; transferase activity.

Biological process*: protein phosphorylation.

Cellular component*: microtubule associated complex.

(left) Distant approximately 26kb from gene "D6WF68"

Molecular function: choline dehydrogenase activity; oxidoreductase activity, acting on CH-OH group of donors; flavin adenine
dinucleotide binding.

Biological process: alcohol metabolic process; oxidation-reduction process.

Cellular component: unknown.

26 TR LG3 24245475 | 24246541
(right) Distant approximately 93kb from gene "C3XZ92"

Molecular function: nucleotide binding; ATP binding; protein kinase activity; protein serine/threonine kinase activity; small
GTPase regulator activity; transferase activity, transferring phosphorus-containing groups.

Biological process: protein phosphorylation.

Cellular component: unknown.

Transcript in: Part of transcript from gene " D6WES82 (Q9VDK2)".
Molecular function*: nucleotide binding.

Biological process: unknown.

Cellular component: unknown.

27 TR LG3 19520989 | 19521302

(left) Distant approximately 174kb from gene "D6WHX6"
Molecular function: unknown.

Biological process: unknown.

Cellular component: unknown.

28 U Lo MIENERES || EIED (right) Distant approximately 83kb from gene "D6WI58 (Q95029)"

Molecular function: peptidase activity; cysteine-type endopeptidase activity; hydrolase activity.

Biological process: proteolysis; multicellular organismal development*; digestion*; autophagic cell death*; salivary gland cell
autophagic cell death*.

Cellular component*: lysosome; fusome.
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Table 3, continued

Name Variant Location Start End Genome View

(left) Distant approximately 174kb from gene "D6WDJ9"
Molecular function: unknown.

Biological process: unknown.

Cellular component: unknown.

(right) Distant approximately 384kb from gene "D6WDNO (Q9U6Y9)"

PAY) TR LG3 15448171 | 15449494 | Molecular function: methyltransferase activity; protein methyltransferase activity*; transferase activity*; protein-arginine
omega-N symmetric methyltransferase activity*.

Biological process: methylation; transcription, DNA-dependent*; multicellular organismal development*; pole plasm
assembly*; pole plasm protein localization*; intracellular mRNA localization*; peptidyl-arginine methylation*; peptidyl-
arginine methylation, to symmetrical-dimethyl arginine*; cell differentiation*; P granule organization*; ecdysone receptor-
mediated signaling pathway*; growth*; oogenesis*.

Cellular component: cytoplasm; nucleus™.

(left) Distant approximately 38kb from gene "D6WGS3"
Molecular function: unknown.

Biological process: unknown.

Cellular component: unknown.

30 Eat HEE BRI || AL (right) Distant approximately 227kb from gene "D6WGTO0 (Q11002)"

Molecular function: calcium ion binding; calcium-dependent cysteine-type endopeptidase activity; hydrolase activity*.
Biological process: proteolysis; phagocytosis, engulfment*; dorsal/ventral pattern formation*; protein autoprocessing*; BMP
signaling pathway involved in spinal cord dorsal/ventral patterning*; cuticle development*.

Cellular component: intracellular; cytoplasm*; actin cytoskeleton*; neuronal cell body*.

(left) Distant approximately 379kb from gene "D6WDS8"
Molecular function: unknown.

Biological process: unknown.

Cellular component: unknown.

31 TR LG3 16844007 | 16845066
(right) Distant approximately 8kb from gene "D6WDT0"

Molecular function: clathrin binding; phospholipid binding; 1-phosphatidylinositol binding.
Biological process: clathrin coat assembly.

Cellular component: clathrin coat.
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Table 3, continued

Name Variant Location Start End Genome View

Transcript in: Part of transcript from gene "D6WHF2 (Q9WA4T9)".

Molecular function*: protein binding.

32 TR LG3 8278354 | 8279019 | Biological process*: compound eye morphogenesis; homophilic cell adhesion; heterophilic cell-cell adhesion; garland cell
differentiation; myoblast fusion; larval visceral muscle development; regulation of striated muscle tissue development.

Cellular component: membrane; plasma membrane*; adherens junction*; cell surface*.

Transcript in: Part of transcript from gene "D6WI96 (P11147)".

Molecular function: nucleotide binding; ATP binding; protein binding*; chaperone binding*.

Biological process*: nuclear mRNA splicing, via spliceosome; embryonic development via the syncytial blastoderm; response
33 TR LG3 11368959 [ 11370016 | to stress; neurotransmitter secretion; nervous system development; axon guidance; axonal fasciculation; vesicle-mediated
transport; RNA interference.

Cellular component: nucleus; cytoplasm; lipid particle; microtubule associated complex; perinuclear region of cytoplasm;
precatalytic spliceosome; catalytic step 2 spliceosome; Z disc.

Transcript in: Part of transcript from gene "D6WG02 (Q9VUH4)".

Molecular function: transferase activity, transferring hexosyl groups; alpha-1,3-mannosylglycoprotein 4-beta-N-
34 TR LG3 27541368 | 27541686 | acetylglucosaminyltransferase activity*.

Biological process: carbohydrate metabolic process.

Cellular component: membrane.

(left) Distant approximately 386kb from gene "D6WYD1"
Molecular function: Rab GTPase activator activity.

Biological process: positive regulation of Rab GTPase activity.
Cellular component: intracellular.

35 BA LG8 1951867 | 1952561
(right) Distant approximately 59kb from gene "D6WYN3 (Q9VSC9)"
Molecular function*: chitinase activity; hydrolase activity, acting on glycosyl bonds.
Biological process: unknown.
Cellular component: unknown.
(right) Distant 262bp from gene "D6WYA1"
36 B LG8 896125 896320 Molecular function: nucleic acid binding; zinc ion binding.

Biological process: DNA integration.
Cellular component: unknown.
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Table 3, continued

Name Variant Location Start Genome View

Transcript in: Part of transcript from gene "D6WYC9".
Molecular function: unknown.

37 U1 et feiai || R Biological process: lipopolysaccharide biosynthetic process.

Cellular component: unknown.

Transcript in: Part of transcript from gene "D6WV42".

38 R LG8 5308401 | 5308982 Molecular function: unknown.
Biological process: unknown.

Cellular component: unknown.

Molecular function: unknown.

39 TR LG8 774647 775827 | Biological process*: axon guidance; defasciculation of motor neuron axon; axon choice point recognition; Bolwig's organ
morphogenesis.

Cellular component: membrane.

Transcript in: Part of transcript from gene "D6WUX6".
40 R LG8 3944782 | 3945221 Molecular function: unknown.
Biological process: unknown.

Cellular component: unknown.

Transcript in: Part of transcript from gene "D6X0E1 (Q9VFD9)".
Molecular function: unknown.

Biological process*: behavioral response to ethanol.

Cellular component: unknown.

(left) Distant approximately 7kb from gene "D6WY A0 (Q94534)"
41 ABA LG7 2265910 | 2266834

(left) Distant approximately 17kb from gene "D6WPX8 (Q9VCX4)"

Molecular function: nucleotide binding; GTP binding; GTPase activity.

Biological process: GTP catabolic process; mitochondrial translation®; ribosome disassembly*.
Cellular component®: mitochondrion.

42 TR LG7 12042178 | 12043082 | (right) Distant approximately 1,5kb from gene "A2AX72 (Q9VPTL)"

Molecular function: signal transducer activity; receptor activity; G-protein coupled receptor activity; taste receptor activity*.
Biological process: signal transduction; G-protein coupled receptor signaling pathway; sensory perception of taste; behavior*;
detection of carbon dioxide*; sensory perception of smell*; response to carbon dioxide*; response to stimulus*; detection of
chemical stimulus involved in sensory perception of taste*.

Cellular component: membrane; integral to membrane; plasma membrane; dendrite*; neuronal cell body*.
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Table 3, continued

Name Variant Location Genome View

Transcript in: Part of transcript from gene "D6WTD1 (Q9W2M7)".

Molecular function: catalytic activity; hydrolase activity, hydrolyzing O-glycosyl compounds; chitinase activity; hydrolase
43 AAAA LG7 4818766 | 4820205 | activity; hydrolase activity, acting on glycosyl bonds; cation binding.

Biological process: carbohydrate metabolic process; chitin metabolic process; chitin catabolic process; metabolic process.
Cellular component™*: extracellular region.

Transcript in: Part of transcript from gene "D6WPES6 (P17970)".

Molecular function: voltage-gated potassium channel activity.

44 TR LG7 9703400 | 9704213 | Biological process: potassium ion transport; regulation of ion transmembrane transport*; potassium ion transmembrane
transport*.

Cellular component: membrane; voltage-gated potassium channel complex.

(left) Distant approximately 9kb from gene "D2A2C6 (Q9V3S3)"
Molecular function: DNA binding.

Biological process*: spermatid nucleus differentiation.

Cellular component*: chromatin.

45 ABA LG4 1384466 | 1385028
(right) Distant approximately 11kb from gene "D2A2D1"

Molecular function: ionotropic glutamate receptor activity; extracellular-glutamate-gated ion channel activity.
Biological process: unknown.

Cellular component: membrane.

(left) Distant approximately 6kb from gene "D2A210"
Molecular function: unknown.

Biological process: unknown.

Cellular component: unknown.

46 AB L PELES || PR (right) Distant approximately 7kb from gene "D2A211 (P48591)"

Molecular function: ribonucleoside-diphosphate reductase activity; ATP binding; oxidoreductase activity.

Biological process: DNA replication; oxidation-reduction process; activation of caspase activity™; deoxyribonucleotide
biosynthetic process*.

Cellular component: ribonucleoside-diphosphate reductase complex.

Transcript in: Part of transcript from gene " D1ZZG6 (Q9VLW2)".

Molecular function: nucleotide binding; ATP binding; microtubule motor activity.
41 U LC Sty || BEUHD Biological process: microtubule-based movement.
Cellular component: microtubule; cytoplasm*; cytoskeleton*.

38



Table 3, continued

Name Variant Location Start End Genome View

Transcript in: Part of transcript from gene "D2A2P8".
Molecular function: unknown.

Biological process: unknown.

Cellular component: unknown.

48 TR LG4 12821659 | 12822035

(left) Distant approximately 60kb from gene "D6WB65 (P20105)"

Molecular function: sequence-specific DNA binding transcription factor activity.

Biological process: regulation of transcription, DNA-dependent; autophagy*; multicellular organismal development™®; cell
death*; salivary gland cell autophagic cell death*; regulation of development, heterochronic*; oogenesis™.

49 BA LG2 934977 935572 Cellular component: nucleus.

(right) Distant approximately 2,6kb from gene "D6WB73"
Molecular function: transmembrane transporter activity.
Biological process: transmembrane transport.

Cellular component: integral to membrane.

Molecular function: nucleotide binding; ATP binding; ATP-dependent helicase activity; hydrolase activity; nucleoside-
50 AgBgA? LG2 1290094 | 1291458 | triphosphatase activity.

Biological process*: mRNA processing; RNA splicing.

Cellular component™®: nucleus; spliceosomal complex.

(left) Distant approximately 8kb from gene "D6WB14 (P22270)"

Molecular function: signal transducer activity; receptor activity; G-protein coupled receptor activity; octopamine receptor
activity.

Biological process: signal transduction; G-protein coupled receptor signaling pathway; sensory perception of smell*.

51 R LG2 298503 299069 Cellular component: integral to membrane; plasma membrane*.

(right) Distant approximately 16kb from gene "D6WB15"
Molecular function: structural constituent of cuticle.
Biological process: unknown.

Cellular component: unknown.

Transcript in: Part of transcript from gene " D6WB29 (P30432)".

Molecular function: hydrolase activity; peptidase activity; serine-type peptidase activity; serine-type endopeptidase activity;
52 TR LG2 451626 452670 | ATP binding*; transmembrane receptor protein tyrosine kinase activity*.

Biological process: proteolysis; protein phosphorylation*; transmembrane receptor protein tyrosine kinase signaling pathway*.

(right) Distant approximately 4,8kb from gene "D6WBGS8 (Q9VUV9)"
Cellular component*: membrane; integral to membrane.
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Table 3, continued

Name Variant Location Start Genome View

(left) Distant approximately 14kb from gene " A8DIV5"

Molecular function: receptor activity; ion channel activity; acetylcholine-activated cation-selective channel activity;
extracellular ligand-gated ion channel activity.

Biological process: transport; ion transport.

Cellular component: membrane; plasma membrane; integral to membrane; synapse; cell junction; postsynaptic membrane.

53 TR LG2 428375 429394
(right) Distant approximately 5kb from gene "D6WB29 (P30432)"

Molecular function: hydrolase activity; peptidase activity; serine-type peptidase activity; serine-type endopeptidase activity;
ATP binding*; transmembrane receptor protein tyrosine kinase activity*.

Biological process: proteolysis; protein phosphorylation*; transmembrane receptor protein tyrosine kinase signaling pathway™.
Cellular component*: membrane; integral to membrane.

(left) Distant approximately 10kb from gene "D6X319 (Q05913)"

Molecular function: DNA binding; catalytic activity; transferase activity™.

Biological process: transcription initiation from RNA polymerase Il promoter; positive regulation of transcription, DNA-
dependent.

54 ABA LG10 1397507 | 1398376 Cellular component: nucleus.

(right) Distant approximately 6,6kb from gene "D6X3J1"
Molecular function: unknown.

Biological process: unknown.

Cellular component: unknown.

Transcript in: Part of transcript from gene " D6X4P3 (Q7TKMM4)".

Molecular function: catalytic activity; hydrolase activity, hydrolyzing O-glycosyl compounds; carbohydrate binding; alpha-
55 BAB LG10 9243139 | 9243842 | glucosidase activity*; maltose alpha-glucosidase activity™.

Biological process: carbohydrate metabolic process.

Cellular component*: microtubule associated complex.
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Table 3, continued

Name Variant Location Start End Genome View

(left) Distant approximately 2,2kb from gene "D6X3H5 (Q94887)"

Molecular function: unknown.

Biological process: cell adhesion; establishment or maintenance of cell polarity*; dorsal closure*; protein localization*; axon

ensheathment™; synaptic vesicle targeting*; synaptic vesicle docking involved in exocytosis*; septate junction assembly*; nerve

maturation®; regulation of tube size, open tracheal system*; cell-cell junction organization*; establishment of glial blood-brain

barrier*; terminal button organization*; presynaptic membrane assembly*.

56 B LG10 995570 995824 _Cellqlar component: membrane;_integ_ral to membrane; integral to plasma membrane*; septate junction*; pleated septate
junction™; cell junction*; presynaptic active zone*.

(right) Distant approximately 15kb from gene "D6X3H7 (Q9VBP6)"

Molecular function: oxidoreductase activity, acting on the aldehyde or oxo group of donors, NAD or NADP as acceptor;

succinate-semialdehyde dehydrogenase activity*.

Biological process: metabolic process; oxidation-reduction process.

Cellular component: unknown.

Transcript in: Part of transcript from gene "D6X4V6".
Molecular function: unknown.

Biological process: intracellular signal transduction.
Cellular component: intracellular.

57 TR LG10 10249341 | 10250103

(left) Distant approximately 1kb from gene "D6X3J6 (Q9VEJ9)"

Molecular function: peroxidase activity; heme binding; oxidoreductase activity™.
Biological process: oxidation-reduction process; response to oxidative stress.
Cellular component: unknown.

58 BA LG10 1554285 | 1554971 | (right) Distant approximately 26,6kb from gene "D6X3J7 (Q9VHI1)"

Molecular function*: transcription factor binding.

Biological process*: compound eye morphogenesis; imaginal disc-derived leg morphogenesis; chaeta morphogenesis; imaginal
disc-derived wing vein morphogenesis; imaginal disc-derived wing margin morphogenesis; Wnt receptor signaling pathway;
positive regulation of smoothened signaling pathway; positive regulation of transcription, DNA-dependent.

Cellular component™: protein complex; Cdc73/Pafl complex.
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Table 3, continued

Name Variant Location End Genome View
Transcript in: Part of transcript from gene "D2A693 (Q9V6L0)".
Molecular function: DNA binding; oxidoreductase activity, acting on single donors with incorporation of molecular oxygen,
incorporation of two atoms of oxygen*; metal ion binding*; histone demethylase activity (H3-K9 specific)*; histone
demethylase activity (H3-K36 specific)*.

59 ES et e | Eeil Biological process*: transcription, DNA-dependent; regulation of transcription, DNA-dependent; chromatin modification;
histone demethylation; histone H3-K9 demethylation; negative regulation of transcription, DNA-dependent; oxidation-reduction
process; histone H3-K36 demethylation.

Cellular component*: nucleus.
Transcript in: Part of transcript from gene "D2A490 (Q8MKK4)".
Molecular function: substrate-specific transmembrane transporter activity; trehalose transmembrane transporter activity™.

60 UL et SRR || SO Biological process: transport; transmembrane transport; trehalose transport*.

Cellular component: membrane; integral to membrane; plasma membrane*; plasma membrane part*.
(left) Distant approximately 116kb from gene "D2A614"

Molecular function: ion channel activity; potassium channel activity.

Biological process: potassium ion transmembrane transport.

Cellular component: membrane; integral to membrane.

61l TR LG6 8735958 | 8736740

(right) Distant approximately 4,8kb from gene "D2A616"

Molecular function: transporter activity.

Biological process: transport.

Cellular component: intracellular.

(left) Distant approximately 37kb from gene "D2A3VO0 (P15278)"

Molecular function: unknown.

Biological process*: cell adhesion; homophilic cell adhesion; multicellular organismal development; nervous system
development; axon guidance; axonal fasciculation; learning or memory; synaptic target recognition; olfactory learning; synaptic
target attraction; cell differentiation; ovarian follicle cell development.

Cellular component: membrane; basolateral plasma membrane*; integral to membrane*; lateral plasma membrane*; plasma
membrane*; septate junction*.

62 AB LEB Beltedlsd || Leltatiely (right) Distant approximately 22kb from gene "D2A3V3 (Q8IR79)"

Molecular function: ATP binding; metal ion binding; nucleotide binding; protein kinase activity; transferase activity,
transferring phosphorus-containing groups; zinc ion binding; kinase activity*; protein kinase binding*; protein serine/threonine
kinase activity*.

Biological process: protein phosphorylation; actin cytoskeleton organization*; compound eye development*; establishment of
imaginal disc-derived wing hair orientation*; establishment of planar polarity*; imaginal disc morphogenesis*;
phosphorylation*; regulation of axonogenesis™; synapse assembly*; synaptic growth at neuromuscular junction.

Cellular component*: actomyosin contractile ring; cell cortex; cleavage furrow; cytoplasm; midbody.
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Table 3, continued

Name Variant Location Start End Genome View

Molecular function: zinc ion binding.
63 e 2P MUESEE) || LS Biological process: unknown.

Cellular component: intracellular.

(left) Distant approximately 2kb from gene "D6W8D3 (096681)"

Molecular function: receptor activity; protein binding*; semaphorin receptor activity™*.

Biological process: signal transduction; multicellular organismal development; axon guidance*; axon midline choice point
recognition*; motor axon guidance®; semaphorin-plexin signaling pathway involved in regulation of photoreceptor cell axon
guidance*.

04 TR LGX 10594562 | 10595409 | Cellular component: intracellular; membrane; integral to membrane.

(right) Distant approximately 6,5kb from gene "D6WGD2 (Q9VRU1)"

Molecular function: catalytic activity; isomerase activity; carbohydrate binding; aldose 1-epimerase activity*.
Biological process: carbohydrate metabolic process; hexose metabolic process.

Cellular component: unknown.

Transcript in: Part of transcript from gene "B3MMGL1".

Molecular function: calcium ion binding.

Biological process: cell adhesion; homophilic cell adhesion.

Cellular component: membrane; plasma membrane; integral to membrane.

65 B LG5 15212039 | 15212315

(left) Distant approximately 2,5kb from gene "D6WNNG6 (Q9VJJ7)"

Molecular function: ion channel activity; calcium channel activity; cation channel activity*; protein binding*.

Biological process: calcium ion transmembrane transport; visual perception*; response to light stimulus*; detection of light
stimulus involved in visual perception™.

Cellular component: membrane; integral to membrane; rhabdomere*.

06 TR LG5 3545168 3546061
(right) Distant approximately 27kb from gene "A3RE80 (Q868T3)"

Molecular function: G-protein coupled receptor activity; receptor activity; signal transducer activity; vasopressin receptor
activity; peptide receptor activity™.

Biological process: signal transduction; G-protein coupled receptor signaling pathway; ecdysis, chitin-based cuticle*.

Transcript in: Part of transcript from gene "D6W8F4".
Cellular component: integral to membrane; integral to plasma membrane*.
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Table 3, continued

Name Variant Location Start End Genome View

Transcript in: Part of transcript from gene "A1JUG2 (P20153)".
Molecular function: DNA binding; ligand-dependent nuclear receptor activity; metal ion binding; receptor activity; sequence-
specific DNA binding; sequence-specific DNA binding transcription factor activity; steroid binding; steroid hormone receptor
activity; zinc ion binding; ecdysteroid hormone receptor activity*; juvenile hormone binding*; lipid binding*; protein binding*;
protein heterodimerization activity*; protein homodimerization activity*.

Biological process: intracellular receptor mediated signaling pathway; regulation of transcription, DNA-dependent; steroid
67 A?B e SRS IR hormone mediated signaling pathway; transcription, DNA-dependent; border follicle cell migration*; dendrite morphogenesis*;
ecdysone receptor-mediated signaling pathway*; ecdysone-mediated induction of salivary gland cell autophagic cell death*;
germ cell development®; muscle organ development™; negative regulation of cell differentiation*; negative regulation of
transcription, DNA-dependent*; neuron development*; neuron remodeling*; positive regulation of transcription, DNA-
dependent™; regulation of development, heterochronic*.
Cellular component: nucleus; polytene chromosome*; ecdysone receptor holocomplex*; dendrite*.

(left) Distant approximately 15kb from gene "D6WNB3 (046173)"

Molecular function: nucleic acid binding; DNA binding; mRNA binding*.

Biological process: regulation of transcription, DNA-dependent; nuclear mRNA splicing, via spliceosome™; oogenesis™.
Cellular component*: precatalytic spliceosome; catalytic step 2 spliceosome.

68 A LG5 3048045 | 3048267
(right) Distant approximately 350kb from gene "D6WNB6"
Molecular function: translation release factor activity, codon specific.
Biological process: translational termination.

Cellular component: cytoplasm.

Composition of dispersed TCAST-like elements (A: Tcastla, B: Tcastlb, ?: Tcastla or Tcastlb, g: sequence gap between A and B, TR: transposon), their
chromosomal location and start and end sites. Detailed description of neighbouring genes including molecular function of their protein products, biological
processes in which these proteins are involved and their cellular localization (cellular component) is shown. As a gene identificator is Uniprot ID used.
bracketed Uniprot ID is for Drosophila melanogaster. Uniprot ID in brackets is used when more GO data in Drosophila melanogaster than for Tribolium
castaneum were available. * denotes Drosophila melanogaster GO data.
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4.3. Characteristics of TCAST-like elements

4.3.1. TCAST satellite-like elements

Sequence analysis of the 68 TCAST-like elements identified within the vicinity of
genes enabled their classification into two groups. The first group contains partial TCAST
satellite monomers or tandemly arranged elements, either complete or partial dimers, trimers
or tetramers (Table 2). The minimal size of satellite repeat is 203 nt (0.6 of complete TCAST
monomer; sequence no. 15), while the maximal size is 1 440 nt (4 complete TCAST
monomers; sequence no. 43) (Table 2). In many sequences, two subtypes of TCAST satellite
monomers were mutually interspersed: Tcastla and Tcastlb. Tcastlb corresponds to the
TCAST satellite consensus that was used as a query sequence™, and Tcastla corresponds to
the lately discovered TCAST subfamily®. Tcastla and Tcastlb have an average homology of
79%, and are of similar sizes, 362 bp and 377 bp respectively, but are characterized by a
divergent, subfamily specific region of approximately 100 bp® (Figure 2). There were 34
TCAST satellite-like elements found within or in the region of 53 genes. Lengths of TCAST
satellite-like elements (Table 2), their exact start and end sites within genomic sequence and

composition (Table 3) are provided.

In order to see if there is any clustering of sequences of TCAST satellite-like elements
due to the difference in the homogenization at the level of local array, chromosome, or among
different chromosomes, sequence alignment and phylogenetic analysis were performed.
Tcastla and Tcastlb subunits were extracted from TCAST satellite-like sequences and
analyzed separately. Alignment was performed on 24 Tcastla subunits, ranging in size from
136 and 377 bp (Figure 11). The average pairwise distances between Tcastla subunits of
TCAST satellite-like sequences was 5.8%. (Table 4) Alignment adjustment using Gblocks®
which eliminates poorly aligned positions and divergent regions resulted in few changes,
therefore the original, unadjusted alignment was used for the construction of phylogenetic
trees. Since the sequences differ in lengths and comprise regions of divergent variability,
methods that take into account specific models of DNA evolution were considered as the most
suitable for the construction of phylogenetic trees, maximum likelihood (ML) and Bayesian
(MCMC). The ML tree showed weak resolution with no significant support for clustering of
sequences derived from the same satellite-like array or from the same chromosome. Similarly,

Bayesian tree demonstrated no significant sequence clustering (Figure 12A). Alignment of 28

45



Tcastlb subunits, ranging from 159 bp to 363 bp (Figure 13) was also not significantly
affected by Gblocks adjustment, therefore the unadjusted alignment was used for the
construction of phylogenetic trees (Figure 12B). The average pairwise divergence between
Tcastlb subunits, of TCAST satellite-like sequences, was 4.7% (Table 5). With the ML
phylogenetic tree, four groups composed of two or three sequences, were resolved by
relatively low bootstrap values. However, the majority of Tcastlb subunit sequences remained
unresolved. There was no clustering of subunits derived from the same array or the same
chromosome (Figure 12B). Bayesian tree analysis produced one significantly supported

cluster composed of 10 sequences derived from 7 chromosomes (Figure 12B).
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Figure 11 Graphical representation of multiple alignment of 24 TCAST satellite-like elements (subunits Tcastla). Sequence numbers
correspond to those in Table 2 and Table 3. When a particular sequence is composed of few subrepeats (e.g. Tcastla or Tcastlb), numbers

indicating subrepeats are added (e.g., 02_1, 02_2).



Table 4 Tabular representation of pairwise distances between 24 Tcastla subunits of TCAST satellite-like sequences. Sequence numbers correspond to those
in Table 2 and Table 3. When a particular sequence is composed of few subrepeats (e.g. Tcastla or Tcastlb), numbers indicating subrepeats are added (e.g.,
02_1,02_2).
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Figure 12 Bayesian/ML phylogentetic trees of: (A) TCAST satellite-like elements (subunits Tcastla), (B) TCAST satellite-like elements (subunits Tcast1b),
and (C) transposon-like elements. Sequence numbers correspond to those in Table 2. When a particular sequence is composed of few subrepeats (e.g.
Tcastla or Tcastlb), numbers indicating subrepeats are added (e.g., 43 1, 43 2, 43 _3). Numbers in brackets indicate chromosomes on which the
corresponding sequences are located. Numbers on branches indicate Bayesian posterior probabilities/ML bootstrap support (above 0.5/50%, respectively).
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Figure 13 Graphical representation of multiple alignment of 28 TCAST satellite-like elements (subunits Tcastlb). Sequence
numbers correspond to those in Table 2 and Table 3. When a particular sequence is composed of few subrepeats (e.g. Tcastla or
Tcastlb), numbers indicating subrepeats are added (e.g., 18 1, 18 2).
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Table 5 Tabular representation of pairwise distances between 28 Tcastlb subunits of TCAST satellite-like sequences. Sequence numbers correspond to those
in Table 2 and Table 3. When a particular sequence is composed of few subrepeats (e.g. Tcastla or Tcastlb), numbers indicating subrepeats are added (e.g.,
18 1,18 2).
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4.3.2. TCAST transposon-like elements

The second group of TCAST-like repeats is represented by a complex element that
contains an almost complete TCAST (or Tcastlb) monomer, and a TCAST monomer segment
of approximately 121 bp in an inverted orientation. These two TCAST segments are separated
by a non-satellite sequence of approximately 306 bp. Both TCAST segments are part of
terminal inverted repeats (TIRS) that are approximately 269 bp long (Figure 14). Due to the
long TIRs, these elements are likely to form stable hairpin secondary structures and therefore
resemble transposons (Figure 10). The non-satellite part of sequence, common for all TCAST
transposon-like elements, is unique, in that it does not exhibit significant homology to any
other sequence within the Tribolium castaneum genome. There were 34 TCAST transposon-
like elements found within or in the vicinity of 50 genes. Their lengths (Table 2) and exact
start and end sites within genomic sequence (Table 3) are provided. Sequence analysis of
TCAST transposon-like elements determined that 13 of them were > 1 000 bp, with a
maximal size of 1 181 bp (Table 2). The remaining TCAST transposon-like elements were
shorter, with a minimal size of 314 bp (sequence no. 27), and usually lacking part of, or one
or both, TIRs. Conserved TIRs are necessary for transposition, and if they are absent,
truncated or mutated so that the transposase cannot interact with the transposon sequence, the
transposon cannot be mobilized and therefore represents a molecular fossil of a once active
transposon®®. Despite mutations and partial truncations of TIRs within the TCAST
transposon-like elements, and likely due to the length of the TIRs, most of the elements still

preserve a stable secondary structure and could potentially remain mobile.

Some TCAST transposon-like elements > 1000 bp, have a three base pair duplication
at the site of insertion in the form of ACT. One TCAST transposon-like element (sequence
no. 39) is inserted into another repetitive DNA, indicated as Tcast2, which had been
previously identified bioinformatically**. Sequence analysis of this transposon-like element
confirms the continuity of Tcast2 from the duplication site “ACT”. Typically, the size of
target site duplication (TSD) is a hallmark of different superfamilies of eukaryotic DNA
transposons, with mariner/Tcl the only superfamily whose members are characterized by
either 2- or 3-bp TSD®*®. There are 3 open reading frames (ORF) within TCAST transposon-
like sequences, but the resulting putative proteins are very short and do not share similarity
with any other proteins (Figure 14). The elements therefore do not code for transposases and
are considered nonautonomous. Using the whole TCAST transposon-like elements as a query
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sequence, we searched the Tribolium castaneum Gen Bank database for “full-sized”
homologous elements that could potentially code for transposases and be considered
autonomous. The search identified an element, named TR 1.9, with a 925 bp sequence
inserted within a unique sequence of the TCAST transposon-like elements (Figure 14). This
925 bp sequence contains an ORF of 206 amino acids, and contains a conserved domain
belonging to the Transposase 1 superfamily, which also includes the mariner transposase.
DNA transposons of the mariner/Tcl superfamily Mariner-1_TCa and Mariner-2_TCa, were
identified within the Tribolium castaneum genome®®®’. Using BLASTP and the translated
sequence from the 925 bp ORF as a query sequence, we identified hits with a partial
homology to a Mariner-2_TCa transposase and to a mariner-like element transposase present
in two other insects, the beetle Agrilus planipennis (emerald ash borer) and Chrysoperla

plorabunda (green lacewing; Neuroptera), but not to Mariner-1_ TCa transposase.

mRNA 925bp
Teastl-like 148 T1lz & v 1 -‘I ll&'w

transposon ACT ACT

. Teastlb .~ Unique
R N S
in tandem =

Figure 14 Organization of TCAST elements within Tribolium castaneum genome in the form of
TCAST transposon-like element, tandem arrays and CR1-3 _TCa retrotransposon. Regions
corresponding to TCAST element are shown in red. TCAST transposon-like element contains an
almost complete TCAST monomer and a monomer segment of approximately 121 bp in an inverted
orientation, while CR1-3 retrotransposon contains segment corresponding to 1.2 monomer. Within
TCAST transposon-like element terminal inverted repeats (arrows) unique non-satellite sequence
(green), target site duplication in the form of “ACT” and the insertion point of 925 bp sequence
found within TR 1.9, element and coding for the putative transposase are shown. Three short open
reading frames within TCAST transposon-like element are also indicated. Within non-LTR
retrotransposon CR1-3 TCa regions corresponding to 5’UTR and to two ORFs are indicated.
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To test if there is any chromosome-specific sequence clustering of TCAST
transposon-like sequences which could suggest difference in homogenization within
chromosome and among different chromosomes, the alignment and subsequent phylogenetic
analysis of TCAST transposon-like sequences was performed. Since TCAST transposon-like
elements differ significantly in size (314 to 1 181 nt), the alignment and phylogenetic analyses
was performed on 25 elements that mutually overlap in their sequences while other 9 TCAST
transposon-like elements were excluded from the analysis due to the very low overlapping
with other elements. Alignment was additionally adjusted using Gblocks (Figure 15). The
average pairwise divergence among TCAST transposon-like sequences was 7.1% (Table 6).
ML and Bayesian methods gave similar tree topologies (Figure 12C). The ML tree showed
very weak resolution of TCAST transposon-like sequences and a general absence of
subgroups with specific sequence characteristics (Figure 12C). Only two clusters were
formed while Bayesian tree identified three well supported groups, two of them were as for
ML tree (Figure 12C).
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Figure 15, continued
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Figure 15 Graphical representation of multiple alignment of 28 TCAST transposon-like elements. Sequence numbers correspond to those in Table 2

and Table 3.

636
603
951
951
951
951
904
951
951
821
951
951
951
906
691
892
832
813
951
487
951
951
951
945
814

58



Table 6 Tabular representation of pairwise distances between 25 TCAST transposone-like sequences. Sequence numbers correspond to those in Table 2 and

Table 3.
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4.3.3. Distribution of TCAST-like elements on Tribolium castaneum chromosomes

TCAST-like elements found in the vicinity of genes were distributed on all 10
Tribolium castaneum chromosomes (Table 2). Positions of constitutive heterochromatin and
euchromatin were assigned on the haploid set of Tribolium castaneum chromosomes, based
on C-banding data® and Tribolium castaneum 3.0 Assembly data (Figure 16). Within
euchromatic segments, the position of each TCAST-like element is specifically indicated
(Figure 16) based on the position within the genomic sequence (Table 3). TCAST-like
elements were dispersed on both arms of chromosomes 3, 5, 9 and 7, while on other
chromosomes they were located on a single arm (Figure 16). The number of TCAST-like
elements ranged from 2 on chromosome 1(X) to 17 on chromosomes 3 and 9. In order to
detect if TCAST-like elements were distributed randomly among the Tribolium castaneum
chromosomes or if there was a significant over or underrepresentation of the elements on
some chromosomes was performed hypergeometric distribution analysis test (Figure 17). The
analysis revealed no statistically significant deviation in the number of TCAST-like elements
among the chromosomes (Figure 17), pointing to their random distribution. Analysis of
deviation in the number of genes among the chromosomes revealed that there is statistically
significant underrepresentation of genes on chromosomes 3, 9 and 10 and statistically

significant over-representation on chromosomes 4, 5, 7 and 8 (Figure 18).

To determine if there was a target preference for the insertion of TCAST-like
elements, for example high AT content or another sequence characteristic, we analyzed the
AT content within 100 bp of the flanking regions for each TCAST -like element, from both 5’
and 3’ sites (Figure 19 & Figure 20). The average AT content of the flanking regions for both
TCAST satellite-like elements and TCAST transposon-like elements did not differ
significantly from the average AT content of the whole Tribolium castaneum genome, or from
the AT content of randomly selected intergenic regions and introns. Thus, this suggests that
with regards to AT content, there is no target preference for the insertion of TCAST-like
elements. Furthermore, alignment and comparison of all flanking sequences of TCAST-like

elements did not identify any common sequence motifs.
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Figure 16 Distribution of TCAST-like elements on Tribolium castaneum chromosomes. The karyotype representing the haploid set of Tribolium castaneum
chromosomes, and positions of constitutive heterochromatin (dark) and euchromatin (white) are depicted, based on C-banding data® and Tribolium
castaneum 3.0 assembly (www.beetlebase.org). TCAST transposon - like elements (blue) and TCAST satellite-like elements (red) are shown. Two TCAST-
like elements are represented as separate lines if they are at least 100 kb distant from each other.
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frequency in the complete sample and deviations are shown by log-odds (y-axis). Log-odds of zero
denotes that the frequency of TCAST-like elements in chromosome and in the complete sample do
not differ, whereas positive and negative values point to over-representation and under-
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Figure 18 In each chromosome the frequency of genes is compared with the frequency in the
complete sample and deviations are shown by log-odds (y-axis). Log-odds of zero denotes that the
frequency of genes in chromosome and in the complete sample do not differ, whereas positive and
negative values point to over-representation and under-representation, respectively. Significance of
the deviations is shown in the p-value chart.
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Figure 19 AT content within 100 bp of the flanking regions for each of TCAST satellite-like elements, both from 5’ (blue) and 3’ site (green), and from each

TCAST satellite-like element (red).
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Figure 20 AT content within 100 bp of the flanking regions for each of TCAST transposone-like elements, both from 5” (blue) and 3’ site (green), and from
each TCAST transposone-like element (red)
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4.3.4. Genes in the vicinity of TCAST-like elements

Uniprot gene numbers were used as identifiers of genes located in the vicinity of
TCAST-like elements (gene names shown in Table 2). Uniprot gene numbers for homologous
genes found in Drosophila melanogaster are also indicated (Table 2). Detailed description of
the genes, including molecular function of their protein products, biological processes in
which these proteins are involved and their cellular localization (cellular component) are
shown (Table 3). Each identified gene is assigned to a particular TCAST-like element within
its vicinity, and the precise position of TCAST-like elements in genomic sequence (start and
end site) is indicated (Table 3). Functional analysis revealed that 17 out of 101 genes
correspond to putative uncharacterized proteins, while the remaining genes are involved in
different molecular functions and diverse biological processes. Among the proteins, a
proportion are characterized by ATP binding activity (13 proteins) and involvement in protein

phosphorylation and /or signal transduction (9 proteins) (Table 3).

To determine if TCAST-like elements are distributed randomly relative to genes, or if
they are overrepresented near specific groups of genes, we used GeneCodis 2.0 and Fatigo to
provide a statistical representation of the genes associated with TCAST-like elements®>®3. As
many genes are still not annotated in Tribolium castaneum and furthermore Tribolium
castaneum genomic data are not included in GeneCodis, we used gene numbers for
orthologous genes from Drosophila melanogaster for the analysis, and compared them with
the whole set of 14 869 genes annotated in Drosophila melanogaster. Genecodis analysis
revealed that TCAST-like elements are located near 9 genes characterized as members of the
immunoglobulin protein superfamily (Table 7 & Table 8). Since there are only 133
immunoglobulin-like genes present within the total set of Drosophila melanogaster genes,
random distribution of TCAST-like elements would result in their occurrence near
approximately a single immunoglobulin-like gene. Presence of TCAST-like elements in the
vicinity of 9 immunoglobulin-like genes therefore represents a statistically significant
overrepresentation (0,00000396). All nine genes exhibit structural features of
immunoglobulin-like, immunoglobulin subtype 1 and immunoglobulin subtype 2 proteins and
are associated with the following TCAST transposon-like elements: 25 —at 3’end, 28 and 39 —
at 5” end, 32 and 40 — within introns, and TCAST satellite-like elements: 8 — at 3’ end, 19
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and 62 — at 5’ end, and 41 - within intron (Table 2). A minimal distance between TCAST-like
element and immunoglobulin-like gene was 7 165 bp and a maximal 173 881 bp (Table 2).

Table 7 Fatigo output file for interpro functional motifs (terms). Term annotation % per list shows
percentage of genes with designated interpro term in the lists 1 and 2. List 1 contains 98 genes in
vicinity to TCAST-like elements and list 2, representing Drosophila melanogaster genome, contains
13980 genes. Adjusted p value is a measure of statistical significance of distinction between
prevalence of interpro term between the two lists.

Term Term size (in Term annotation % : Odds ratio Adjusted
Term % 2 Annotated ids pvalue
size genome) per list (loge) pvalue
a3 | st1: FB 0636,FBg "
Immunoglobulin subtype (IPR003599) 124 124 e e 23631 0.000002342 0.002376
. . st1: 1 8.169 st 1: FBgn0000&36,FB o [ e N
Immunoglobulin-like (IPR007110) 133 133 - O 22877 0.00000396 0.002376
Immunoglobulin V-set, subgroup .  dist1: |l e st1: FB 2968,FB S (S A
90 90 3785 0.00003789 0.009094
(IPR003596) i - o el 2 0 0
Immunoglobulin subtype 2 st s st 1: FBgn0002968,FBg e (o LS
119 119 2539 0.0000189 0.00757
(IPR003598) S0 ER e 2 2
Fibronectin, type lli-like fold 20 20 st1: |l B3 st1: FB 24432  0.0001248 Lo
70 70 24432 0.0001248 0.0214
(IPRO08957) 5 st2 FBgn0000464 FBgn000 - ‘ ‘
st1: 6.12% t1: FBa o
Immunoglobulin V-set (IPR013106) 86 86 Sian EAE 24276 0.00002926 0.008778
) | st [ | 2% st 1: FBgn0002968,FBg N (S -
Immunoglobulin (IPR013151) 106 106 . sl T 2203 0.00009494 0.01899

Molecular function of most of immunoglobulin-like genes is unknown and they are
involved in different biological processes such as cell adhesion, protein phosphorylation and
axon guidance (Table 3). Although all 9 genes belong to immunoglobulin superfamily, they
did not exhibit sequence similarity which could suggest role of duplication in their evolution
and spreading. The position of TCAST-like elements relative to the genes was also not
consistent with the possibility that TCAST-like elements duplicated along with the

immunoglobulin-like genes.

Overrepresentation of TCAST-like elements was also found near genes which exhibit
ATP-binding activity and axon guidance properties, but with a marginal significance
(0.0183374 and 0.00865139). For the rest of genes no significant overrepresentation of
TCAST-like elements was detected. Thus, enrichment of TCAST-like elements in the vicinity
of immunoglobulin-like genes potentially implicates a role of TCAST-like elements in the

regulation of these genes.
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Table 8 List of genes with imunoglobulin interpro annotations. Q9VFD9 1 & 2 genes are different genes they have unique entrez 1D but they have the same
uniprot ID because annotation of Tribolium castaneum genome is still underway and one of them will get unique uniprot ID after their manual revision is
done.

Inter Pro ID Inter Pro name A1ZA72 Q9W4T9 Q94534 P20241 Q9VFD9 (1) Q9VFD9(2) Q1RKQ9 P15278 (oy/ (V] €]
IPRO07110 Immunoglobulin-like Yes Yes Yes Yes Yes Yes Yes Yes Yes
IPR003599 Immunoglobulin subtype Yes Yes Yes Yes Yes Yes Yes Yes Yes
IPR003598 Immunoglobulin subtype 2 Yes Yes Yes Yes Yes Yes Yes - Yes
IPR003596 Immunoglobulin V-set, subgroup Yes Yes - Yes Yes Yes Yes - Yes
IPR013106 Immunoglobulin V-set Yes Yes - Yes Yes Yes Yes - Yes
IPR013151 IPRO13151 Yes Yes - Yes Yes Yes Yes - Yes
IPR003961 Fibronectin, type IlI Yes - - Yes Yes Yes Yes - Yes
IPRO08957 Fibronectin, type lll-like fold Yes - - Yes Yes Yes Yes - Yes
IPR013098 IPRO13098 Yes - - Yes Yes Yes Yes - Yes

Tyrosine-protein kinase, vascular
IPR009134 endothelial growth factor Yes - - Yes - - Yes - -
receptor (VEGFR), N-terminal
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Phylostratigraphic analysis of genes in vicinity to TCAST-like elements was done to detect

when these genes entered into genome of Tribolium castaneum. Grouping of genes by their

phylogenetic origin can uncover footprints of important adaptive events in evolution.

Phylostratigraphic profile of genes in vicinity to TCAST-like elements is similar to

phylostratigraphic profile of genes in the whole genome (Figure 21).

40% \
Bilalerian
LCA
35% 1
Y

30%
E Cambrian
(<] explosion
S 25%
[
<
£ 20%
3
®
15%
2

10%

5% f%
1 2 3 4 5 6 7 8 9 10 1" 12 13 14
Phylostrata Drosgphi
phila
Diptera-, AJ
Endopterygotav—+
Inqsecta ~|)
Pancrustacea \|>
Arthropoda
Protosiomia~,
BiIPteﬁN |

Holozoa (Metazoa + Allies)\

Eumetazo N
Me azoa\\lr' 3.4)

Qpisthokonta.,

Eukaryota

Cellular org.\!

Figure 21 Drosophila melanogaster genomic (blue), and genes in vicinity to TCAST-like elements
(red) maps. Fourteen genomic phylostrata that correspond to the phylogenetic internodes (lower
panels) are bordered by vertical grids and denote sets of Drosophila genes whose founder genes
originated in the corresponding evolutionary periods. Here can be seen how many genes entered

genome at each phylostratum.
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These data point us to believe that there is no present lineage specific adaptation
whose regulation is directed by TCAST-like elements. Phylostratigraphic profile of genes in
vicinity to TCAST-like elements differs from Drosophila melanogaster genomic profile only
in the 14™ phylostratum. This difference is expected because genes in the 14™ phylostratum
are Drosophila melanogaster specific and there are no Tribolium castaneum orthologs in this
phylostratum present. If we assume that all non orthologous genes fall into 14th phylostratum

even this difference disappears and in both cases = 15% of genes fall in the 14th phylostratum
(Table 9).
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Table 9 Tabular summary of genomic phylostratigraphy in Drosophila melanogaster. TCAST: 85 orthologs of genes in vicinity to TCAST-like elements.
ALL: whole Drosophila melanogaster genomic set. TCAST2: TCAST + 16 non orthologous genes added to 14™ phylostratum.

A

A

0 0 77 0 0,00% 0,57% 0,00%
1 45 4911 45 52,94% 36,47% 44,55%
2 15 3140 15 17,65% 23,32% 14,85%
3 2 301 2 2,35% 2,24% 1,98%
4 1 157 1 1,18% 1,17% 0,99%
5 2 155 2 2,35% 1,15% 1,98%
6 5 734 5 5,88% 5,45% 4,95%
7 7 657 7 8,24% 4,88% 6,93%
8 1 130 1 1,18% 0,97% 0,99%
9 0 118 0 0,00% 0,88% 0,00%
10 3 193 3 3,53% 1,43% 2,97%
11 2 265 2 2,35% 1,97% 1,98%
12 1 121 1 1,18% 0,90% 0,99%
13 1 455 1 1,18% 3,38% 0,99%
14 0 2052 16 0,00% 15,24% 15,84%
85 13466 101

60,00%

40,00% k TCAST

20,00% ——ALL

= _{_ ~——TCAST2
0,00% —= e

1

2 3

6

11 12
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5. DISCUSSION

5.1. Transposable elements

Transposable elements (TEs) are classified in several dozen families based on
transposition mechanisms and different dynamics properties®. Active TEs encode the
enzymes necessary for their transposition, either to move between non-homologous regions in
the genome or to copy themselves to other positions. In many cases, TEs do not produce their
own enzymes but are able to use those from functional copies or even from other TEs
families. Defective and inactive transposable elements are often amplified in regions of low
recombination such as heterochromatin, and may form tandemly repeated satellite DNAs. The
origin of satellite DNA array from transposon-like elements is reported for many insects such
as Drosophila melanogaster®®, Drosophila guanche™ and the beetle Misolampus goudoti’
while the retroviral-like features were first observed in the satellite DNA from rodents of the
genus Ctenomys’%.

Transposons can be inserted into other repetitive sequences such as satellite DNAS, as
has been observed for the mariner-like element and MITE element, both inserted into satellite
DNA of the ant Messor bouvieri’®. Searching for repetitive elements homologous to the
TCAST repeat within Repbase® (http://www.girinst.org/repbase/) revealed that 5’UTR of
non-LTR retrotransposon CR1-3_TCa’* shares a high similarity of 83% with a 444 bp long
TCAST sequence composed of 1.2 tandem monomers (Figure 14). Other CR1 subfamilies
identified within Tribolium castaneum such as CR1-1 TCa, CR1-2 TCa and CR1-4 TCa,
published in Repbase, do not share similarity to CR1-3 and do not contain TCAST similar
sequence. We propose that CR1-3 was inserted within TCAST satellite array and through
recombination has acquired a part of TCAST sequence. Newly acquired TCAST element
could act as a promoter since TCAST satellite DNA has internal promoter for RNA Pol 117,
and become a new functional 5’UTR. Subsequent retrotransposition of CR1-3_TCa could
explain the dispersion of TCAST within the euchromatin (Figure 22). Three CR1-3 TCa
elements with TCAST in the 5’UTR were identified within scaffolds that have not been
mapped to linkage groups. However, truncated fragments with partial homology to CR1-
3_TCa retrotransposon can be mapped within Tribolium castaneum genome, some of them in
the vicinity of TCAST elements. Such arrangement also indicates the role of CR1-3 TCa in
the spreading of TCAST elements. There is also a possibility that TCAST satellite DNA

originates from CR1-3 retrotransposon which was, after inactivation, amplified within the
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heterochromatin region. In the case of TCAST transposon-like elements, part of the satellite
sequence is incorporated within TIRs which are characteristic for DNA transposons. Presence
of target site duplications at the sites of insertions of some TCAST transposon-like elements
also indicates transposition as a mode of spreading of TCAST elements. Parts of satellite

DNA elements can be found within some transposons, such as pDv transposon’®’’

whose long
direct terminal repeats show significant sequence similarity to the pvB370 satellite DNA,
located in the centromeric heterochromatin of a number of species of the Drosophila virilis
group’®. The presence of short stretches of PisTR-A satellite DNA sequences within 3° UTR
of Ogre retrotransposons dispersed in the pea (Pisum sativum) genome was reported’.
Furthermore, the mobilization of subtelomeric repeats upon excision of the transposable P

element from tandemly repeated subtelomeric sequences has been observed®.

Teastl . e Teastl
tandem array CRISTCx tandem array
Transcription l
ANAAAAAAANAANANNNANAANANAA
Reverse transcription
and integration
B
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replication by Deattached
rolling circle circle

0
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Figure 22 Models of spreading of TCAST-like elements based on (A) retrotransposition of CR-
3_TCa element. CR1-3_TCa was inserted within TCAST satellite array and through recombination
has acquired a part of TCAST sequence, which could act as a promoter and become a new functional
5'UTR. Subsequent retrotransposition of CR1-3_TCa could explain the dispersion of TCAST within
the euchromatin. (B) Rolling circle replication of TCAST satellite DNA sequences excised from their
heterochromatin loci via intrastrand recombination, followed by reintegration into different genome
locations by homologous recombination.
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5.2. Amplification of TCAST-like elements

Incorporation of part of a TCAST satellite DNA sequence into a (retro)transposable
element, and its subsequent mobilization and spreading by (retro)transposition, may explain
the distribution of TCAST element in the vicinity of genes within euchromatin. Satellite DNA
sequences are prone to undergo recurrent repeat copy number expansion and contraction in
divergent lineages as well as among populations of the same species®’. This amplification
appears to be random and does not correlate with phylogeny of the species’®. Amplification
of a satellite sequence is reported to occur as a result of unequal crossingover or duplicative
transposition®®!. The discovery of human extrachromosomal elements originating from
satellite DNA arrays in cultured human cells and different plant species indicates the possible
existence of additional amplification mechanisms based on rolling-circle replication®*®®. It has
been proposed that satellite sequences excised from their chromosomal loci via intrastrand
recombination could be amplified in this way, followed by reintegration of tandem arrays into
the genome®’. Moreover, it is possible that such a mechanism affected TCAST satellite DNA,
and that extrachromosamal circles of TCAST were reintegrated into different genome
locations by homologous recombination based on short stretches of sequence similarity
between TCAST satellite and target genomic sequence (Figure 22). Integrated TCAST
sequences are mainly composed of interspersed elements belonging to two major subfamilies,
Tcastla and Tcastlb, which is a prevalent type of organization in pericentromeric
heterochromatin®. This indicates that the origin of dispersed euchromatic TCAST elements
may be duplication of heterochromatin copies.

5.3. Distribution of TCAST-like elements

The distribution of TCAST -like elements relative to protein coding genes, revealed no
specific preference for insertions within introns or at 5’ or 3’ ends of genes (Table 1).
TCAST-like elements are distributed on all chromosomes with no significant deviation in the
number among the chromosomes, and phylogenetic analysis did not detect any significant
sequence clustering of TCAST-like elements derived from the same chromosome (Figure 12).
Dispersed TCAST satellite-like elements produce tandem arrays up to tetramers, but repeats
from the same array do not reveal any significant clustering on phylogenetic trees. This

indicates there is no significant difference in the homogenization of TCAST satellite-like
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repeats at the level of local arrays or chromosome, or among different chromosomes. The
average pair-wise sequence divergence (5% for dispersed TCAST satellite-like repeats), is
higher than the usual divergence of satellite elements located in heterochromatin of
tenebrionid beetles (approximately 2%)*. This difference in homogeneity between repeats
located in heterochromatin and euchromatin may be explained by a lower rate of gene
conversion affecting dispersed satellite-like elements or by a specific mechanism of DNA
repair acting on satellite DNA®’. TCAST transposon-like elements dispersed among the genes
within euchromatin have an even higher average sequence divergence (approximately 7%)
and also exhibit no significant chromosome-specific sequence clustering, indicating a similar
rate of homogenization within and among the chromosomes. Relatively high sequence
divergence of TCAST transposon-like elements and the significant truncation of the majority
of them, indicates that the transposition of these elements did not occur very recently and that
these elements could be considered as molecular fossils of the functional TCAST transposon-

like elements.

5.4. Gene expression regulatory role of TCAST-like elements

Cis-regulatory elements, such as promoters or transcription factor binding sites, are
predicted in some satellite DNAs®’. Transcription from promoters for RNA Pol Il is also
characteristic for pericentromeric satellite DNAs from the beetles Palorus ratzeburgii and
Palorus subdepressus®®®. Temperature-sensitive transcription of TCAST satellite DNA from
an internal RNA Pol Il promoter has been demonstrated’. Based on these findings, it can be
proposed that TCAST elements located in the vicinity of genes may function as alternative
promoters, and transcripts derived from them may interfere with the expression of
neighboring gene. This type of regulation is often observed for retrotransposons positioned

% In addition, some tissue-specific gene promoters are

immediately 5’ of protein genes
derived from retrotransposons® . Because of rapid evolutionary turnover, satellite DNA
sequences are often restricted to a group of closely related species, or in some instances are
species specific. This is the case with TCAST satellite DNA, which is not even detected in the
congeneric Tribolium species. If restricted satellite DNAs have regulatory potential, then
insertion of these elements in vicinity of genes could contribute to the establishment of
lineage-specific or species-specific patterns of gene expression. Annotation of genes in

proximity to TCAST-like elements, demonstrated a statistical overrepresentation of certain
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groups of genes, for example, those with immunoglobulin-like domains. Recently, in the fish
Salvelinus fontinalis, a regulatory role of a 32 bp satellite repeat, located in an intron of the
major histocompatibility complex gene (MHIIB), on MHIIB gene expression was
demonstrated®™. The level of gene expression depends on temperature, as well as the number
of satellite repeats, and indicates a role for temperature-sensitive satellite DNA in gene
regulation of the adaptive immune response. Further studies are necessary to determine if
TCAST-like elements exhibit a potential regulatory role on nearby genes. The transcriptional
potential of satellite DNAs as well as their distribution close to protein-coding genes, as
shown in this study, provides strong support, that in addition to transposons, satellite DNAS

represent a rich source for the assembly of gene regulatory systems.
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6. CONCLUSION

On the basis of this research, it can be concluded:

1)

2)

3)

4)

5)

TCAST satellite is composed of two subfamilies Tcastla and Tcastlb that together
make up between 35-40% of the whole genome. Tcastla and Tcastlb have average
homology of 79%, similar size of 362 bp and 377 bp respectively, but are

characterized by a divergent, subfamily specific region of approximately 100 bp.

In euchromatic portion of the genome there are identified 68 arrays composed of

TCAST-like elements distributed on all chromosomes.

The analysis revealed no statistically significant deviation in the number of TCAST-
like elements among the chromosomes, pointing to their random distribution.

Based on sequence characteristics the arrays are composed of two types of TCAST-
like elements. The first type consists of TCAST satellite-like elements in the form of
partial monomers or tandemly arranged monomers, up to tetramers, while the second
type consists of TCAST-like elements embedded with a complex unit that resembles a

DNA transposon.
TCAST-like elements are statistically overrepresented near genes with

immunoglobulin-like domains attesting to their non-random distribution and a

possible gene regulatory role
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8. SUMMARY

In the red flour beetle Tribolium castaneum the major TCAST satellite DNA accounts
for 35% of the genome and encompasses the pericentromeric regions of all chromosomes.
Due to the presence of transcriptional regulatory elements and transcriptional activity in these
sequences, TCAST satellite DNAs have also been proposed to be modulators of gene
expression within euchromatin. Here is analyzed the distribution of TCAST homologous
repeats in T. castaneum euchromatin, and studied their association with genes as well as their
potential gene regulatory role. There are identified 68 arrays composed of TCAST-like
elements distributed on all chromosomes. Based on sequence characteristics the arrays were
composed of two types of TCAST-like elements. The first type consists of TCAST satellite-
like elements in the form of partial monomers or tandemly arranged monomers, up to
tetramers, while the second type consists of TCAST-like elements embedded with a complex
unit that resembles a DNA transposon. TCAST-like elements were also found in the 5' UTR
of the CR1-3_TCa retrotransposon, and therefore retrotransposition may have contributed to
their dispersion throughout the genome. No significant difference in the homogenization of
dispersed TCAST-like elements was found either at the level of local arrays or chromosomes,
nor among different chromosomes. Of 68 TCAST-like elements, 29 were located within
introns with the remaining elements flanked by genes within a 262 to 404 270 nt range.
TCAST-like elements are statistically overrepresented near genes with immunoglobulin-like

domains attesting to their non-random distribution and a possible gene regulatory role.
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9. SAZETAK

U vrsti Tribolium castaneum najzastupljenija satelitha DNA, TCAST, ¢ini 35%
genoma i obuhvaca centromerne i pericentromerne regije svih kromosoma. Zbog prisutnosti
transkripcijskih regulatornih elemenata i transkripcijskee aktivnosti u tim sekvencama,
predpostavlja se da eukromatinska TCAST satelitska DNA moze biti modulator ekspresije
gena. Ovdje se analizira raspodjela TCAST homolognih elemenata u eukromatinu vrste
Tribolium castaneum i proucava njihova povezanost s genima, kao i njihova potencijalna
uloga u regulaciji genske ekspresije. Identificirano je 68 TCAST elemenata rasporedenih na
svih 10 kromosoma. Na temelju obiljezja njihovih sekvenci opisane su dvije vrste elemenata
slicnih TCAST satelitu. Prvi tip se sastoji od elemenata u obliku parcijalnin monomera ili
uzastopno ponavljaju¢ih TCAST sekvenci do duzine tetramera, dok se drugi tip sastoji od
TCAST elemenata ugradenih u slozenu strukturu ¢ija jedinica nalikuje DNA transpozonu.
TCAST elementi su takoder nadeni u 5 UTR CR1-3_TCa retrotransposona, $to upucuje na to
da je retrotranspozicija mogla doprinijeli njihovoj rasprsenosti diljem genoma. Nisu uo¢ene
znacajne razlike u homogenizaciji rasprsenihn TCAST elemenata niti na razini lokalnih polja
ili kromosoma, niti medu razli¢itim kromosomima. Od 68 TCAST elemenata, 29 je smjeSteno
unutar introna a ostali elementi se nalaze u blizini gena, unutar 262 - 404 270 NT raspona.
TCAST elementi su statisticki over-reprezentirani u blizini gena s imunoglobulinskim
domenama §to upucuje na njihovu ne-sluc¢ajnu distribuciju i mogucu regulatornu ulogu u

ekspresiji gena.
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