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1.1. Satellite DNA 

 Eukaryotic genomes can vary greatly in size, from the small 12 megabase (Mb) genome of the 

yeast Saccharomyces cerevisiae (Wei et al. 2007) to the 160 gigabase (Gb) largest known eukaryotic 

genome of the fern Tmesipteris oblanceolata subsp. linearifolia (Fernández et al. 2024). The 

composition of the DNA sequences that make up the eukaryotic genomes is very complex and varies 

between different genomes. Apart from single-copy genes, which code for specific proteins and do 

not show homology with other genomic sequences, eukaryotic genomes are rich in different types of 

repetitive DNA (Figure 1), often accounting for more than half of the total genomic content. The two 

categories into which repetitive DNA can be generally sorted are: (i) interspersed repetitive sequences 

consisting mostly of transposable elements (TE), namely DNA and RNA transposons, and (ii) tandem 

repeats (TR) (Biscotti et al. 2015; Liao et al. 2023). The most abundant of tandemly repeated DNA 

sequences are satellite DNAs (satDNAs). Their repeat unit, often referred to as a monomer, is 

tandemly repeated in head to tail fashion forming long genomic arrays. SatDNAs are mainly associated 

with the heterochromatic areas of the eukaryotic genomes such as (peri)centromeres and 

(sub)telomeres (Plohl et al. 2012), but can also be found in the euchromatin (Pavlek et al. 2015; Cabral-

de-Mello et al. 2023; Rico-Porras et al. 2024). Other types of TRs in eukaryotic genomes that differ 

from satDNAs by their monomer length are microsatellites and minisatellites (reviewed in Garrido-

Ramos 2017). Microsatellites, also known as short tandem repeats (STR), are characterized by a repeat 

unit length of less than 10 base pairs (bp), whereas minisatellites have longer monomeric units of 

more than 10 bp (Garrido-Ramos 2017). In contrast to the short repeat unit sizes of microsatellites 

and minisatellites, monomers of satDNAs exhibit larger variations in monomer length, ranging from a 

few tens of bp to several thousand bp even in one genome (Gálvez-Galván et al. 2024).  

 

 

 

 

 

 

 

 

Figure 1. Classification of the repetitive DNA sequences in the eukaryotic genomes. 
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1.1.1. Detection of satellite DNAs 

 The earliest instances of experimentally observed satDNAs were obtained in 1961 by Kit in the 

genomes of mice and guinea pigs and by Sueoka in the genomes of two species of crab (Cancer borealis 

and Cancer irroratus) by density centrifugation in cesium chloride (CsCl) gradients (Figure 2). After 

centrifugation, the satDNAs formed a band separate from the rest of the genomic DNA, corresponding 

to the different buoyant densities and G-C contents (Kit 1961; Sueoka 1961). However, the authors 

were not yet able to explain these phenomena, theorizing the possible contamination of the DNA with 

proteins or foreign DNA (Sueoka 1961). Therefore, the term “satellite” was initially used to describe 

the band that differs from the remaining genomic DNA in the gradient of CsCl. Further advances in the 

field of satDNAs were made following DNA renaturation experiments on the satellite band of mouse 

DNA. The DNA renaturation rate of the satellite was faster than that of the genomic band, leading to 

the conclusion that the nucleotide sequence of the mouse satellite band is made up of short fragments 

repeated numerous times with little variation (Figure 2) (Waring and Britten 1966).  

 With the discovery of restriction endonucleases (Smith and Wilcox 1970), which enabled the 

cleavage of DNA at the specific nucleotide motif, the genomic organization of satellites could be 

further investigated. When mutation occurs at the restriction site within the monomer of the satDNA 

or due to incomplete restriction digestion, electrophoretic separation of the fragments on the agarose 

gel yields a ladder-like pattern, demonstrating the tandem organization of satellites (Singer 1982). The 

specific bands could be isolated from the agarose gel and, due to advances in molecular cloning, 

amplified. This was followed by, at the time, newly developed methods. Southern blot hybridization 

(Southern 1975) was used to explore the variation of monomer sequences, dot-blot hybridization for 

rough estimates of genomic abundance, and sequencing (Maxam and Gilbert 1977) to determine the 

nucleotide composition of satellite monomers (Singer 1982; Garrido-Ramos 2017). Even though the 

term satellite was initially used only for DNA separated by ultracentrifugation, the similarity of the 

repeated sequences discovered by restriction digestion with the properties of the distinct satellite 

bands, warranted the term to became synonymous with tandemly repeated genomic DNA (Figure 2) 

(Pech et al. 1979). 

 Further improvements in the methodology of satDNA detection and characterization were 

achieved by implementing fluorescence in situ hybridization (FISH) and polymerase chain reaction 

(PCR) into the research workflow. Interestingly, one of the first protocols for in situ hybridization 

experiments was developed for chromosomal localization of the mouse satellite, which was 

discovered by Kit (Pardue and Gall 1970). However, as the method used radioactivity for cytogenetic 

probe labelling, it only became widely used with the advent of fluorescent hybridization probes (Gall 

2016) (Figure 2). However, using previously described classical molecular biology methods, it was only 

possible to identify satDNAs that dominate the genomes of the species, often just one or two per 

organism. 
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 With the technological advances of the late 1990s and early 2000s, novel methods for 

sequencing DNA, known as Next Generation Sequencing (NGS) were developed, enabling easier and 

more cost-effective sequencing of genomes (Figure 2) (Hu et al. 2021). Although this resulted in a 

larger number of genomic assemblies, repetitive fractions of these genomes remained 

underrepresented. Nevertheless, new algorithms for detection of satDNAs from the genomic 

assemblies, such as Tandem Repeats Finder (TRF) were developed (Figure 2) (Benson 1999). However, 

the real breakthrough in satDNA research was the introduction of graph-based clustering of short 

reads obtained by NGS which groups the reads together according to their similarities and enables de 

novo identification of repeats without the need for prior genome assembly (Novák et al. 2010). The 

algorithm was later implemented as a collection of software tools in the web interface of the Galaxy 

platform under the name RepeatExplorer (Figure 2) (Novák et al. 2013; Jalili et al. 2021) and further 

improved as RepeatExplorer2 (Novák et al. 2020). Of particular importance for the identification of 

satDNAs was the development of the new module of RepeatExplorer, which specializes in the 

detection of satDNAs, called Tandem Repeat Analyzer (TAREAN) (Figure 2) (Novák et al. 2017). TAREAN 

enabled the characterization of multiple, high or low-copy, satDNA families in the genomes by 

providing consensus sequences of the potential new satDNAs (Novák et al. 2017). By using graph-

based clustering it became possible to detect numerous satDNA families in eukaryotic genomes 

(Heckmann et al. 2013; Ruiz-Ruano et al. 2017). Consequently, the new term satellitome was coined, 

describing the total collection of satDNA families in the genome after the detection of 62 different 

satDNAs in the genome of the migratory locust Locusta migratoria (Figure 2) (Ruiz-Ruano et al. 2016). 

As the TAREAN pipeline improves and becomes more precise, the search for satDNAs becomes more 

productive, with several hundred different satDNA families detected in numerous organisms 

(Cuadrado et al. 2023; Mora et al. 2023; da Silva et al. 2023). Even though the TAREAN pipeline enabled 

de novo identification of a plethora of satDNAs and provided their estimated genome abundance, it 

does not provide clues for determining their genomic context such as their chromosomal localization 

or length of the satDNA arrays. 

 Currently, research of satDNAs has again been strongly driven forward by the introduction of 

long-read sequencing by Oxford Nanopore Technologies (ONT) and Pacific Biosciences High Fidelity 

(PacBio HiFi) sequencing (Figure 2). Long, highly accurate reads enabled more complete genome 

assemblies with the inclusion of the repeat regions (Miga et al. 2020; Altemose et al. 2022) that 

provided insight into the genomic organization of satDNAs. Also, even using just the raw PacBio HiFi 

reads can be beneficial for investigating the evolution of satDNA families in related species (Peona et 

al. 2023) because of the 99.8% fidelity and more than 13.5 kb read length (Wenger et al. 2019). 
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Figure 2. Milestones in the development of methods for the discovery and characterization of satellite 
DNAs in eukaryotic organisms. 

 

 

1.1.2.  Structure and organization of satellite DNAs 

 Tandemly repeated satDNA monomers in some cases span more than a megabase (Mb) 

(Altemose et al. 2022; Macas et al. 2023). The preferred length of a satDNA basic repeat unit is 

between 150 – 180 bp and 300 – 360 bp, linking the length of monomer to the length necessary to 

encircle the nucleosome one or two times (Henikoff et al. 2001). Nevertheless, satDNAs show a large 

span of monomer sizes, from just several dozen bp in Petunia hybrida (Alisawi et al. 2023) to almost 6 

kb long pericentromeric satDNA of the potato Solanum bulbocastanum (Stupar et al. 2002). As the 

satDNA arrays consist of numerous monomers that could have different nucleotide sequences despite 

their low divergence, the consensus sequence of satDNAs based on available monomer variants is 

usually generated (Willard and Waye 1987). 
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 Except for the neatly repeated satDNA monomers, the nucleotide sequence of the monomer 

or the organization of the monomers in an array can be complex and form higher order repeats (HOR). 

The term HOR refers to the organizational pattern of satDNA in which, in contrast to a classical satDNA 

array, a repeat unit is of multimeric origin. The HOR unit is conserved in its structure, with monomers 

of the same type always occupying the same position in the HOR after undergoing simple amplification 

and fixation (Willard 1991). The satDNA with the best defined HORs is the human alpha satellite, 

whose monomer unit length is 171 bp.  Although its monomers can be arranged in classical satDNA 

arrays, with repeats that are on average 70% identical and arranged in no recognizable pattern, these 

arrays are primarily concentrated in pericentromeric regions on chromosomes (Figure 3) (Wevrick et 

al. 1992). However, the centromeric arrays are organized as HORs, which are homogeneous, array- 

and chromosome-specific, with monomers sharing the same position in the HOR being the most 

similar. The satDNA itself has twelve different defined consensus sequences (J1, J2, D1, D2, W1, W2, 

W3, W4, W5, M1, R1 and R2) which are subdivided into five suprachromosomal groups (SF1 – SF5). As 

an illustration of suprachromosomal groups, SF1 is dimerically organized with alternating J1 and J2 

variants and is present on 9 chromosomes, but with variations in the organization and number of the 

monomers specific to different chromosomes (Alexandrov et al. 2001; McNulty and Sullivan 2018). 

For example, the SF1 variant of the alpha satellite present on chromosome 1 has a simple dimeric HOR 

structure of J1 and J2 monomers repeated respectively and is 340 bp long (Figure 3) (Carine et al. 

1989). The HOR organization of satDNA has also been detected in non-primates, examples of which 

include SF05 satDNA superfamily of the grasshopper Pyrgomorpha conica (Ruiz-Ruano et al. 2018) and 

Ymin satDNA specific for Y chromosome of the house mouse Mus musculus (Pertile et al. 2009). 

 The monomer unit of satDNA by itself can be of complex structure. An example of this is 

satDNA families with several different monomer types that stem from the same sequence. In the 

beetle Chrysolina carnifex, the satDNA CCAH has three different monomer unit types, two of which 

have dimeric (CCAH-477) and trimeric (CCAH-633) HOR structure (Palomeque et al. 2005). More 

recently, the satDNA PSAT6 of the garden petunia Petunia hybrida was described to have two different 

subunits of 38 and 39 bp, which have a similarity of 65-70% and together form a dimeric HOR unit of 

78 bp (Alisawi et al. 2023). 
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Figure 3. Schematic view of human chromosome zoomed in to the organization of pericentromeric 
monomeric alpha satDNA arrays and centromeric HOR arrays specific for SF1 suprachromosomal 
family on chromosome 1. 

   

 The HORs of the monomeric units can be even more complex and can often be composed of 

inverted repeats that vary in length. The monomer of the aptly named partially inverted repeat or PIR 

satDNA found in the chicken Gallus gallus domesticus genome, is 1430 bp long, organized in central 

(~1000 pb) and a flanking (~430 bp) region. The central region is bordered on each side by an 86 bp 

long inverted repeat (Li et al. 2007). In the parasitic wasp species, namely Diadromus collaris, the 

monomer of the satDNA is 512 bp long and consists of two duplicated regions bridged by a 169 bp 

long sequence consisting of one sequence and a corresponding inverted repeat (Rojas-Rousse et al. 

1993). Furthermore, in the group of Asian subtropical lady slipper orchids (Paphiopedilum subgenus 

Parvisepalum), the SatA has four different subfamilies, each of them containing an inverted repeated 

region that is speculated to form hairpin loop motifs (Lee et al. 2018). It has been proposed that the 
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inverted repeats form dyad structures with potential roles in heterochromatin condensation and 

protein binding (Rojas-Rousse et al. 1993; Mravinac et al. 2004). 

 SatDNA abundance in the different genomes varies greatly, ranging from less than 0.1% to 

more than 50% of the total genomic content (Cabral-de-Mello et al. 2021; Mascagni et al. 2022; Mora 

et al. 2023). Even though the satellitomes consist of multiple different satDNA families, it is often the 

case that one satDNA dominates the genome. For example, 226 different satDNAs comprise the 

satellitome of the frog Proceratophrys boiei. However, a single satDNA PboSat01-176 accounts for 

93.62% of the satellitome content, as it is present in large blocks on the centromeric regions of all 

chromosomes in the complement (da Silva et al. 2023). For this reason, it was subsequently proposed 

that it could serve as a chromosomal centromeric marker (da Silva et al. 2024). The additional 

examples of major satDNA that is distributed across all the chromosomes include the tenebrionid 

insects Alphitobius diaperinus and Tenebrio molitor (Bruvo et al. 1995), and the centromeric satDNA 

of Arabidopsis thaliana (Naish et al. 2021). Furthermore, satDNAs can be positioned on fewer 

chromosomes (Gutiérrez et al. 2023; Toma et al. 2023; Kretschmer et al. 2024), but they can also be 

chromosome specific. In the plant Muscari comosum, satDNA MCSAT was found to be exclusively 

present on one chromosome pair (De La Herrán et al. 2001). It is also common for satDNAs to be 

present only on sex chromosomes, as seen with X-chromosome specific satDNA of the northern red 

muntjac Muntiacus muntjak vaginalis (Bogenberger et al. 1982) and different satDNAs of the fish 

Megaleporinus elongatus (Crepaldi and Parise-Maltempi 2020). The chromosome specific satDNAs 

can be used as markers for the differentiation of chromosomes in cytogenetic experiments.  

 Historically, because of the robustness of classical molecular biology methodology used for 

the detection of satDNAs, only the most abundant satDNAs were detected. Those satDNAs were 

usually positioned in the (peri)centromeres and (sub)telomeres, cementing the belief that satDNAs 

could be found exclusively in heterochromatin. However, with the advancements in sequencing 

technologies that lead to more complete genome assemblies, it became apparent that satDNAs could 

also be found in euchromatin.  In the red flour beetle Tribolium castaneum, nine different euchromatic 

satDNA families named Cast1-9 were characterized. The satDNAs showed efficient propagation in 

euchromatin with the possible role of regulation of gene expression (Pavlek et al. 2015). Furthermore, 

it was discovered that the satDNAs of the bug Oxycarenus hyalinipennis are present only in 

euchromatin (Cabral-de-Mello et al. 2023). In the beetle Chrysolina americana, more abundant 

satDNAs were found present in large blocks in pericentromeric regions, while the low-copy number 

satDNAs were found scattered thorough euchromatin (Rico-Porras et al. 2024). Comparative 

satellitome analysis of the two species of kissing bugs from the genus Triatoma, Triatoma delpontei 

and Triatoma infestans revealed that the two insects share much of the satDNA families, but with 

different genomic positions and abundance. The common occurrence for the shared satDNAs was to 

be positioned in heterochromatic regions in one species but found only in euchromatin in the other 

(Mora et al. 2023). 
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1.1.3. Function of satellite DNAs 

 Throughout history, the repetitive fraction of the eukaryotic genomes, and more specifically 

satDNAs, were referred to as “junk” DNA since they have no specific protein-coding function, and they 

also inflate heterochromatic portions of the genome (Ohno 1972). However, even at the early stages 

of satDNA research several hypotheses were proposed to explain potential satDNA function, such as 

role in chromosome organization by stabilizing centromeres and telomeres, facilitating correct 

chromosome pairing and segregation, and their role in speciation and evolution (John and Gabor 

Miklos 1979). But the potential roles of the previously considered “junk” DNA came into the spotlight 

with the completion of The Encyclopedia of DNA Elements or ENCODE (Consortium 2012) after which 

the death of the term has been ceremoniously announced (Pennisi 2012). The functions of satDNAs 

are currently being vastly studied. Although various studies indicate many different roles of satDNA, 

there is still no universal function of satDNA that is conserved among the species studied.  

 The most notable function is the role of satDNA in the formation of active centromeres. The 

previously mentioned alpha satellite forms the centromeres of primate chromosomes (Thakur et al. 

2021). One of the monomeric units of the dimeric HORs of the alpha satellite, which can be grouped 

into SF1 and SF2, contains within its nucleotide sequence the CENP-B box that interacts with the CENP-

B protein of the kinetochore complex (Henikoff et al. 2015). The mammalian CENP-B protein is the 

only protein of the complex known to recognize a specific DNA sequence of the centromere 

(Masumoto et al. 1989). In addition to primate genomes, the CENP-B box-like motif has also been 

found in the satDNA sequences of numerous species, including those of nematodes of the genus 

Meloidogyne (Despot-Slade et al. 2021), two Gerbilinae species (Uno et al. 2023) and mouse (Kipling 

et al. 1995). The transcription of the alpha satellite has also been researched. It was shown that the 

RNA transcripts of the alpha satellite have a role in engaging the proteins CENPC1 and INCENP of the 

centromere nucleoprotein complex leading to proper kinetochore assembly, therefore taking part in 

proper chromosome segregation (Wong et al. 2007). 

 The transcription of different satDNAs has been studied in multiple different organisms. In the 

yeast Schizosaccharomyces pombe, transcripts from the centromeric repeats containing TRs were 

found to be involved in the formation and maintenance of heterochromatin via RNA interference 

(RNAi). The small siRNAs interact with an Argonaute protein to form an RNA-induced transcriptional 

silencing complex (RITS) (Volpe et al. 2002). The RITS complex then promotes the methylation of HSK9 

histone, one of the hallmarks of inactive heterochromatin, which in turn leads to the formation of 

additional siRINAs through the recruitment of various proteins, representing a positive feedback loop 

(reviewed in Johnson and Straight 2017). The processing of satDNAs into siRNAs has also been 

observed in the sugar beet (Zakrzewski et al. 2011) and rice (Lee et al. 2006) where it has been 

hypothesized to be involved in the maintenance of heterochromatin. 



Ocje
na

 ra
da

 

u t
ije

ku

10 
 

 In humans, the expression of satDNA called satellite-III has been connected to the stress 

response. It was determined that the transcription factor Heat Shock Factor 1 (HSF1), in addition to 

transcriptional activation of various stress response proteins, activates the transcription of satellite-III 

(Jolly et al. 2004; Col et al. 2017). Differential expression of various repetitive elements was studied in 

early human development, and it was discovered that numerous satDNAs are expressed during the 

pre-implantation period and highly expressed during the 4-cell stage with specific patterns. However, 

some of the satDNAs were under expressed or not expressed at all (Yandlm and Karakülah 2019). The 

link between heat-induced stress and the expression of satDNAs was discovered in the red flour beetle 

T. castaneum. The transcription rate of the major satDNA TCAST1, located in the (peri)centromeric 

heterochromatin, is increased in relation to heat shock, which in turn leads to more epigenetically 

repressed heterochromatin (Pezer and Ugarković 2012). Further studies revealed that the transcripts 

of TCAST1 which is dispersed in the gene coding regions of the euchromatin, repress the activity of 

genes located nearby under heat stress condition (Feliciello et al. 2015). In addition, the differential 

expression of the TCAST1 transcription was detected during the different developmental stages of the 

beetle (Sermek et al. 2021). 

 Human satDNAs have been linked with tumorigenesis, with an association with genomic 

instability and improper mitosis (reviewed in Ferreira et al. 2015). In advanced metastatic prostate 

cancer, alpha satellite DNA on chromosomes 2, 3, 4, 15 and 20 and satellite-III were shown to be 

excessively overamplified (Ariffen et al. 2024). The presence of long non-coding RNAs (lncRNAs) 

derived from the pericentromeric satDNAs HS2/HS3 was detected in large numbers in the cancer-

associated fibroblasts (CAFs) of human adenocarcinoma and was associated to the regulation of 

inflammatory genes (Enukashvily et al. 2023). In addition, satellite 2 DNA has been proposed as a 

potential biomarker for the detection of cancer, as it has been detected in substantial amounts in the 

blood plasma of various cancer patients (Özgür et al. 2021). 

 The role of satDNAs in speciation has also been studied. It is well known that satDNAs are 

often the most divergent regions of the genomes of some related species (Robledillo et al. 2020; 

Schmidt et al. 2024). In the study of Drosophila melanogaster and Drosophila simulans hybrids, it was 

found that the 359 bp long satellite from the X chromosome of D. melanogaster, which is not present 

in the genome of D. simulans, upon paternal inheritance causes delayed chromatin during early 

embryogenesis of the hybrids. Ultimately, lagging chromatin prevents the separation of chromosomes 

during mitosis, leading to hybrid incompatibility (Ferree and Barbash 2009). Also, in Drosophila, 

pericentromeric satDNAs are known to be responsible for the grouping of heterologous chromosomes 

into a single nucleus forming chromocenters, the disruption of which can lead to the loss of 

chromosomes and eventual cell death (Jagannathan et al. 2018). Additional studies of hybrids of D. 

melanogaster and D. simulans/D. mauritania revealed that the divergence of satDNAs leads to 

defective chromocenter assembly (Jagannathan and Yamashita 2021). Research on Drosophila hybrids 

indicates that differentiation of satDNAs ultimately leads to reproductive isolation of the species. 
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1.1.4. Evolution of satellite DNAs 

SatDNAs are widely considered as the fastest evolving fraction of eukaryotic genomes. Despite 

this, monomers within satDNA arrays are homogenous with typically low sequence divergence. The 

reason for this is that satDNA monomers do not evolve independently within the array. When the 

mutation in sequence occurs, it spreads throughout the other repeat units in an array, or it disappears 

entirely. The homogenization of the sequences occurs due to the mechanism of non-reciprocal 

sequence transfer, while the fixation is the result of the random transfer of genetic material during 

meiosis and sexual reproduction (Dover 1986). Homogenization and fixation are part of the 

evolutionary process known as molecular drive (Dover 1982). The process of molecular drive explains 

the concept of concerted evolution in which a satDNA monomer variant homogenizes and fixates in 

the population, becoming different from the variant in another population which can ultimately lead 

to speciation. The concerted evolution results in satDNA monomers with higher sequence identity 

within the species than between the monomers of different species (Figure 4A) (Dover 1986). 

The second important concept of the satDNA evolution is the “library” hypothesis. The 

hypothesis explains that there might be shared satDNA families in the genomes of related species. The 

changes in satDNAs between species include primarily variations in the copy number due to 

differential amplification. To be more precise, the satDNA family, which originated from the ancestral 

species, can experience a burst in the number of monomers becoming major satDNA in one of the 

daughter species, but remain low-copy in others. This leads to the species-specific satDNA profile 

(Figure 4B) (reviewed in Plohl et al. 2012). The satDNA library hypothesis was first suggested by Fry 

and Salser in 1977 by exploring the Hα Satellite DNA from the kangaroo rat Dipodomys ordii that was 

found to be conserved among different rodent species. The first experimental proof for the concept 

was provided by Meštrović et al. in the insect genus Palorus. The satDNA libraries were further 

confirmed in various species including root-knot nematodes from the genus Meloidogyne (Meštrović 

et al. 2006), Characidae fish (Utsunomia et al. 2017), grasshoppers from the genus Schistocerca 

(Palacios-Gimenez et al. 2020) and different genera of sturgeons in which satDNAs were conserved 

even though the species diverged more than 100 Mya (Robles et al. 2004). 

 



Ocje
na

 ra
da

 

u t
ije

ku

12 
 

 

 

 

Figure 4. Schematic view of the evolutionary concepts of concerted evolution (A) and the satDNA 
library hypothesis (B). 

 

 Homogenization and propagation of satDNA monomers is widely considered to be driven by 

a non-reciprocal transfer of sequences. The mechanisms involved are unequal crossover, gene 

conversion, rolling circle replication, and transposition (Dover 1986). Unequal crossover is an 

important mechanism for the spread of satDNAs. Since the monomers of satDNAs are tandemly 

repeated, their arrays have many homologous points that offer hot spots for recombination. By the 

mechanism of unequal crossover, parts of the satDNA arrays could be duplicated or deleted, fixating 

the more similar sequences in the genomes and altering both the donor and recipient DNA strands 

(Smith 1976). Furthermore, the high homology of satDNA arrays also makes them suitable for 

unidirectional transfers of genetic material using the mechanism of gene conversion. More 

specifically, the transfer of genetic material from a donor strand to a recipient strand takes place, with 

the recipient sequence being completely replaced by the donor sequence. The result is the number of 

monomers, or differently positioned satDNA arrays, that share the same mutations (Dover 1986). Both 

unequal crossover between sister chromatids and gene conversion have been identified as factors 

contributing to the evolution of human alpha satellite DNA (Waye and Willard 1986; Warburton and 

Willard 1992; Alexandrov et al. 1993; Mashkova et al. 1998), centromeric satDNAs in Arabidopsis 

species (Wlodzimierz et al. 2023) and Rsp locus satDNA of D. melanogaster (Khost et al. 2017).  

The rolling circle replication generates extrachromosomal circular DNAs (eccDNAs) by 

homologous recombination between direct repeats, which then reinsert into the genome via 

homologous or non-homologous recombination, leading to deletion or expansion of satDNA arrays 

(reviewed in Cohen and Segal 2009). First evidence of the satDNA eccDNAs was found in 

D. melanogaster (Cohen et al. 2003) but they were later confirmed in two additional Drosophila 
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species (Sproul et al. 2020) and ten species of higher plants from various genera (Navrátilová et al. 

2008). 

 Another mechanism involved in propagation of satDNA is transposition. It is known that many 

satDNAs share homologies with different transposable elements. This can be observed in the pea 

Pisum sativum genome in which the 3’ untranslated region (UTR) of the Tat lineage of LTR-

retrotransposon carries various different short TRs that are also found tandemly repeated as satDNA 

arrays in different genomic regions. The short TRs could be moved thorough the genome by 

transposition and subsequently amplified, therefore providing origin for the tandemly repeated arrays 

(Macas et al. 2009). The additional examples of satDNAs derived from TEs include satellite 1 of the 

African clawed frog Xenopus laevis that showed sequence homology with SINE elements (Pasero et al. 

1993) and maize satDNAs CRM1TR and CRM4TR that originated from centromeric retrotransposons 

(Sharma et al. 2013). More recently, it has been determined that the satDNA PcH-Sat, which can be 

found in the genomes of the mollusk Patella caerulea and its relatives, shares homology with the 

truncated segment of the Nin-SINE transposable element, suggesting the tandemization of the 

segment as the origin of PcH-Sat (Petraccioli et al. 2024). Furthermore, the analysis of genome 

assembly of the hybrid plant Populus tremula x Populus alba revealed that the satDNA PtaM147 has 

its origin in the LTR-retrotransposons (Zhou et al. 2023). New and improved genome assemblies 

enable us to further broaden our understanding of co-existence and dynamics between the 

transposable elements and satDNAs.  
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1.2. The genus Tribolium 

The genus Tribolium belongs to the insect order Coleoptera which is the most numerous 

animal order occupying the wide range of ecological habitats. It contains 387,000 described species, 

making it 40% of all described insect species and 25% of all described animal species (Stork 2018). 

Inside the order Coleoptera, the family Tenebrionidae or darkling beetles consists of around 20,000 

described species, including the flour beetles of the genus Tribolium. 

The genus Tribolium comprises over 30 different flour beetle species. Ten of the species are 

pests living in the storages of agricultural products, with several of them, including T. castaneum and 

Tribolium confusum, being cosmopolitan (Angelini and Jockusch 2008). The species of the genus 

Tribolium are commonly divided into five different species groups, according to their morphology and 

their original geographical distribution. The groups in question are the castaneum group, the 

confusum group, the brevicornis group, the alcine group and the myrmecophilum group (Table 1, 

Figure 5) (Hinton 1948). The genus Tribolium is considered to be evolutionarily old, with its age 

estimated to be over 100 Mya. Despite its evolutionary old age, the genus also consists of sibling 

species for which speciation occurred much later. An example of this is the sibling species pair 

T. castaneum and Tribolium freemani, which diverged around 14 Mya (Figure 5) (Ramesh et al. 2021).  

The variety of divergence times within the genus Tribolium makes it an excellent platform for different 

evolutionary studies.  

 

 

Figure 5. Phylogenetics of the genus Tribolium according to Angelini and Jockusch 2008 and Ramesh 
et al. 2021 with chromosome number and genome size. Hearts mark the pairs of sibling species. 
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Table 1. Species of the genus Tribolium with their geographical distribution according to Hinton 1948 
and Angelini and Jockusch 2008. 

1 The species were possibly introduced by human activity.  
* Eight species used in research studies.  

  

  The species of the genus Tribolium Geographical distribution 

castaneum group 
 South and Southeast 

Asia 

T. apiculum Neboiss (1962) Australia 

T. audax Halstead (1969)* North America1 

T. caledonicum Kaszab (1982) Lifou (New Caledonia) 

T. castaneum Herbst (1997)* Cosmopolitan1 

T. cylindricum Hinton (1948) 
Malay peninsula, Indonesia, 
Borneo, Philippines 

T. freemani Hinton (1948)* Kashmir, Japan1, Brazil1 

T. madens Charpentier (1825)* Cosmopolitan1 

T. parki Hinton (1948) Bali, Larat (Indonesia) 

T. politum Hinton (1948) Doerian (Indonesia) 

T. waterhousei Hinton (1948) Queensland, New South Wales 

confusum group      
Africa 

T. anaphe Hinton (1948)* Central Africa 

T. arndti Grimm (2001) South Africa 

T. bremeri Grimm (2001) South Africa 

T. confusum Jacquelin du Val and Fairmaire (1868)* Cosmopolitan1 

T. destructor Uyttenboogaart (1934)* Cosmopolitan1 

T. downesi Hinton (1948) Mali, Sudan, Chad 

T. ferreri Grimm (2001) Gambia 

T. indicum Blair (1930) 
Central Africa, Saudi Arabia1, Iran1, 
India1 

T. risbeci Lepesme (1943) Senegal 

T. semele Hinton (1948) Mali, Mauritania, Sudan, Chad 

T. semicostata Gebien (1910) Kenya 

T. sulmo Hinton (1948) Ethiopia, Gambia, Ghana 

T. thusa Hinton (1948) 
Chad, South Africa, Botswana, 
Namibia 

brevicornis group    
North and South 

America 

T. brevicornis Leconte (1859)* California 

T. carinatum Hinton (1948) Argentina 

T. gebieni Uyttenboogaart (1934) Paraguay 

T. linsleyi Hinton (1948) Mexico 

T. parallelus Casey (1890) Western North America 

T. setosum Triplehorn (1978) Arizona 

alcine group 
Madagascar 

T. alcine Hinton (1948) Madagascar 

T. ceto Hinton (1948) Madagascar 

T. quadricollis Fairmaire (1902) Madagascar 

myrmecophilum group 
Australia 

T. antennatum Hinton (1948) Queensland 

T. myrmecophilum Lea (1904) Victoria 
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1.2.1. Red flour beetle Tribolium castaneum 

 The red flour beetle T. castaneum is the representative of the genus Tribolium and one of the 

most studied insect laboratory organisms, second only to the most common insect model organism 

D. melanogaster. Due to the accelerated evolution of Drosophila and the more basal position of the 

genus Tribolium in the phylogenetic tree, T. castaneum is the better representative of insects overall 

(Richards et al. 2008). It is widely used in various research fields, including population genetics, 

functional genomics, and developmental and evolutionary biology (Kumar et al. 2018). The factors 

that have significantly contributed to the popularity of T. castaneum in research are the minimal 

maintenance required for rearing T. castaneum cultures in laboratory conditions and the numerous 

offspring it produces. Furthermore, T. castaneum has holometabolous development and passes 

through complete metamorphosis that includes four developmental stages (egg, larva, pupa and 

adult) in about 30 days, which makes it a great model for developmental studies (Figure 6). The long-

standing presence of T. castaneum in research studies resulted in several hundred different genetic 

mutants that are available for the scientific community (Brown et al. 2009). The extensive research 

performed on T. castaneum was compiled in the comprehensive database containing genomic data 

called BeetleBase, making the information more accessible (Kim et al. 2009). What makes T. 

castaneum even more useful as a model organism is its strong RNAi response. If used for gene knock-

down, its efficiency is almost 100%. RNAi has been used extensively for the identification of gene 

functions, including genes involved in the formation of the cuticle (Arakane et al. 2005) and 

pigmentation (Arakane et al. 2009). Furthermore, a broad screening of RNAi phenotypes has been 

performed and made available in the iBeetle-Base (Dönitz et al. 2015). 

 

Figure 6. Developmental stages of egg, larvae, pupae, and adult of the red flour beetle Tribolium 
castaneum. 
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 The widespread distribution of T. castaneum in laboratories around the world led to it 

becoming the first insect to have its genome sequenced in 2008, using BAC libraries and shot gun 

Sanger sequencing. Approximately 80% of the whole genomic content was assembled into the 10 

linkage groups, which include 9 autosomes and the X chromosome, while the remaining 20% was 

grouped into scaffolds and singletons (Richards et al. 2008). Genome assembly and the corresponding 

gene set were further improved in 2020, but the repetitive portion of the genome remained largely 

unassembled (Herndon et al. 2020). 

 Under non-laboratory conditions, T. castaneum is a cosmopolitan pest reported in 156 

countries and is found in dry agricultural storages, primarily of wheat and rice (Table 1). It has been 

spread by humans throughout the world, mainly through transportation by cargo ships, which has 

allowed its growth in controlled indoor environments of storehouses even in countries with unsuitable 

climates. Due to the same characteristics that make it a great model organism, such as longevity and 

rapid reproductive rates, it spreads through different facilities and causes economic damage through 

its feeding habits, but also through the dissatisfied consumers of infested goods (Campbell et al. 2021). 

 

 

1.2.2. Other species of the genus Tribolium 

 Apart from T. castaneum, the representative of the genus Tribolium, seven more Tribolium 

species have been used in various research studies (Table 1). Most of the remaining species have not 

been mentioned in the literature since they were described as species by Hinton in 1948  (Angelini 

and Jockusch 2008). These include species of the alcine and myrmecophilum group, which remain 

underrepresented in research. The investigated species of T. castaneum, T. freemani, T. madens, 

T. audax, T. confusum, T. anaphe, T. destructor and T. brevicornis are divided into the three remaining 

groups – castaneum, confusum and brevicornis (Table 1). 

 

Castaneum group 

 Within the castaneum group, T. freemani is most closely related to the representative 

T. castaneum. The native areal of T. freemani is considered to be in the Kashmir region on the Indian 

subcontinent, as the first specimen of the species was found there in 1893 (Table 1). After its 

discovery, however, the beetle was transferred to the British Museum and was forgotten until it was 

described as a new species by Hinton in 1948 (Hinton 1948). The next record of T. freemani was in 

1978 in Japan, where it was discovered as an infestation in a shipment of maize imported from Brazil. 

Subsequently, these beetles were successfully propagated in laboratory culture. Further studies found 

that individuals of T. castaneum and T. freemani can hybridize, and that hybridization produces 

numerous but sterile offspring (Nakakita et al. 1981), confirming Hinton’s morphological observations 
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of their close relationship as sibling species. Further hybridization experiments confirmed that the two 

species share homologous genes with very similar genetic content (Brownlee and Sokoloff 1988; Spray 

and Sokoloff 1995). From an evolutionary standpoint, the hybridization experiments determined that 

the reproductive isolation of T. castaneum and T. freemani is postcopulatory and prezygotic. This 

conclusion was made by the simultaneous copulation of female specimens of T. castaneum with the 

males of both species, in which sperm produced by the conspecific male was strongly preferred in 99% 

of cases, establishing that the reproductive barrier occurs after copulation and before zygote 

formation (Robinson et al. 1994; Wade and Johnson 1994). The high-quality reference genome of 

T. freemani Tfree1.0, assembled from sequences generated by PacBio HiFi sequencing with 99.8% 

completeness of the conserved insect genes, was published in 2022 (Volarić et al. 2022). Using the 

assembled T. castaneum genome as a reference, the T. freemani genomic sequence was assembled 

into 10 linkage groups composed of nine autosomes and the X chromosome. Although the genome 

size of T. freemani was experimentally determined to be 0.238 pg or approximately 230 Mb (Alvarez-

Fuster et al. 1991), bioinformatic analyses show that the more accurate number is 320 Mb (Figure 5) 

(Volarić et al. 2022). Cytogenetically, T. freemani also shows karyotypic similarity with T. castaneum. 

Moreover, it has a diploid set of 20 chromosomes with the meiotic formula of 9 + Xyp (Figure 5), where 

the Xyp refers to the large blocky X chromosome and the corresponding small y chromosome, which 

together resemble a parachute during metaphase I. The chromosomes of both species vary in their 

morphology, ranging from acrocentric and submetacentric to metacentric. 

 The castaneum group of the genus Tribolium also contains the second pair of sibling species, 

namely the black flour beetle T. madens and the American black flour beetle T. audax. The exact 

country of origin of T. madens is unknown, but it was first found in a beehive in Silesia, Poland, and 

subsequently throughout Europe (Hinton 1948). Due to the very similar phenotype, specimens of 

T. madens and T. audax were initially grouped together as a single species T. madens. Due to the slight 

morphological differences in beetles found in a grain elevator in the USA, the taxonomy was revised 

and T. audax was described as a new species. However, the two species are able to hybridize and 

produce a few sterile progenies, which consolidated their status as sibling species  (Halstead 1969). 

Both species have a diploid number of 20 chromosomes, but with additional smaller supernumerary 

or B chromosomes with the meioformula of T. madens being 9 + Xyp + BII 3 + BI 2 (Figure 5) (Shimeld 

1989). 

 

Confusum group 

 The African continent is considered to be the area of origin of the beetles in the confusum 

group. The most notable beetle of the group is the confused flour beetle T. confusum, but the 

destructive flour beetle T. destructor and flour beetle T. anaphe were also studied in laboratories 

(Table 1). Interestingly, T. confusum was found in an Egyptian pharaonic tomb estimated to date back 
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to 2500 BC (Hinton 1948).  It is a globally spread pest in storages of food but also has a long history as 

a model organism (Pointer et al. 2021). T. confusum emerged as a research subject 100 years ago when 

it was recognized as a good model for nutritional studies (Chapman 1924). In more contemporary 

laboratories, it has been used in various agricultural studies related to pest management due to its 

cosmopolitan pest status (Agrafioti et al. 2023; Berhe et al. 2024). Moreover, its close evolutionary 

relationship with another important pest, T. castaneum, makes the two excellent organisms for the 

study of population dynamics (Holditch and Smith 2020; Cronin et al. 2023).   

Even though the typical diploid chromosome number for coleopteran species is 20, the 

chromosome number of the three specie from the confusum group mentioned here is 2n = 18, with 

the meioformula of 8 + neo-XY (Figure 5) (Smith 1952; Shimeld 1989). It is hypothesized that the 

reduction in chromosome number was due to the fusion of the sex chromosomes with a pair of 

autosomes, which are therefore named neo-X and neo-Y. For this reason, neo-X is larger than the 

other chromosomes of the complement, while neo-Y remains relatively small (Smith 1952). 

 

Brevicornis group 

The brevicornis group and its representative, the North American flour beetle T. brevicornis, 

are the most basal Tribolium group in evolutionary terms. However, their position within the genus 

Tribolium is controversial, and various evolutionary studies have been published exploring it with 

contradictory results. The evolutionary study regarding the phylogeny of Tribolium beetles was 

conducted by analyzing the mitochondrial DNA cytochrome oxidase I and 16S RNA as molecular 

markers determining the monophyly of the genus. The eight species of the three Tribolium groups 

were included - T. castaneum, T. freemani, T. madens, T. audax (castaneum group), T. confusum, 

T. anaphe, T. destructor (confusum group) and T. brevicornis (brevicornis group) (Meštrović et al. 

2006). These results were largely in accordance with the previous research done by Hinton in 1948, 

who used morphological characteristics. In another study performed on the same species, using two 

mitochondrial and three nuclear molecular markers, the authors supported the castaneum and 

confusum groups as monophyletic, but questioned the position of T. brevicornis within the genus 

(Angelini and Jockusch 2008). They argued that the species of the brevicornis group should be 

considered part of the genus Aphanotus, making Aphanotus brevicornis the alternative species name 

to T. brevicornis. In the most recent study, which used improved techniques of Bayesian methods for 

the estimation of the divergence of species, T. brevicornis was found to have split from the rest of the 

genus around 86 Mya, solidifying its position within the genus Tribolium (Figure 5) (Ramesh et al. 

2021). Cytogenetically T. brevicornis has 2n = 18 chromosomes, with a meioformula of 9 + neo-XY and 

chromosomes neo-X and neo-Y similar to those of T. confusum (Shimeld 1989). 
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1.3. Satellite DNAs of the Tribolium species 

The species of the genus Tribolium are an excellent experimental model for the study of 

repetitive DNA, especially satDNAs. Using classical molecular biology methods, the major satDNAs 

have been characterized in genomes of eight species (Table 2), namely T. castaneum (Ugarković et al. 

1996a), T. freemani (Juan et al. 1993), T. madens (Ugarković et al. 1996b), T. audax (Mravinac and 

Plohl 2010), T. confusum (Plohl et al. 1993), T. anaphe (Mravinac et al. 2004), T. destructor (Mravinac 

et al. 2004), and T. brevicornis (Mravinac et al. 2005). Curiously, their monomer units show no 

similarities in nucleotide sequences, with the exception of the major satDNAs of the sibling species 

pair T. madens and T. audax (Mravinac and Plohl 2010). However, what they have in common is the 

high A+T composition of their monomer consensus sequence, with the lowest value being 69% (Table 

2). Furthermore, all characterized major satDNAs dominate the (peri)centromeric heterochromatic 

regions of chromosomes.  

 

Table 2. Major satellite DNAs of the eight species of the genus Tribolium and their basic characteristics.  

1 Ugarković et al. 1996a, 2 Juan et al. 1993, 3 Ugarković et al. 1996b, 4 Mravinac and Plohl 2010, 5 Plohl 

et al. 1993, 6 Mravinac et al. 2004, 7 Mravinac et al. 2005 

 

 The satellitome of the red flour beetle T. castaneum has been studied extensively. The major 

satDNA TCAST was detected by restriction digestion, and its genomic abundance was determined to 

be 17% (Ugarković et al. 1996a). Further studies revealed the existence of five different subfamilies of 

TCAST with their consensus sequence similarity being 70% and a variation in monomer length between 

332 and 384 bp due to insertion and deletion events (Feliciello et al. 2011; Pavlek et al. 2015). 

Differentiation between them could not be achieved by FISH experiments, as all of the variants 

showed identical localization in the (peri)centromeric region of all 20 chromosomes  (Pavlek et al. 

species satDNA 
monomer lenght 

(bp) 

genome 

proportion% 
A+T composition% 

T. castaneum 1 TCAST 360 17 73.1 

T. freemani 2 TFREE 166 31 70.5 

T. madens 3 
TMAD1 225 30 74 

TMAD2 704 4 70 

T. audax 4 
TAUD1 110 40 72.3 

TAUD2 1412 19.3 70.8 

T. confusum 5 TCONF 158 40 73 

T. anaphe 6 TANAPH 161 13.2 69 

T. destructor 6 TDEST 145 0.7 79.3 

T. brevicornis 7 TBREV 1061 21.2 69.2 
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2015). Furthermore, TCAST was found to be the dominant centromere-competent DNA sequence, co-

localizing with the centromeric histone H3 variant of T. castaneum, called cCENH3, with centromeres 

spreading over 40% of the chromosome length (Gržan et al. 2020). Ten new additional satDNAs of 

T. castaneum were discovered in the first version of the genomic assembly, but their genomic 

abundance is generally no more than 1%, making them moderate copy (Feliciello et al. 2014; Pavlek 

et al. 2015). In contrast to the heterochromatic TCAST, the previously mentioned satDNAs are found 

in euchromatic regions in most cases (Pavlek et al. 2015). The satellitome of T. castaneum was 

expanded with the discovery of 46 new low-copy satDNAs using Illumina reads and the TAREAN 

pipeline, bringing the total satDNA number in the T. castaneum genome to 57 (Gržan et al. 2023). 

Novel satDNAs together comprise 2.1% of the total genomic content and 45 of them are present in 

the genome with a proportion of less than 0.01%. As seen with the major satDNAs, the low-copy 

satDNAs of T. castaneum are skewed towards a high A+T composition of more than 60% (Gržan et al. 

2023). 

 Even though T. freemani is a sibling species of T. castaneum, the nucleotide sequence of the 

major satDNA found in its genome shows no similarities with the TCAST satDNA. The consensus 

sequence of the TFREE satDNA is 166 bp long, A+T rich and comprises 31% of the genome (Table 2). 

Regarding the complexity of the monomer unit, four different inverted repeat regions of 20 bp or less 

were identified in its sequence, which presumably form cruciform structures (Figure 7A) (Juan et al. 

1993). Juan et al. located TFREE in the centromeric chromosome areas and concluded that the satDNA 

is pericentromeric, but do not mention whether it is present on all of the chromosomes. 

 The monomers of the major satDNAs of T. madens, TMAD1 and TMAD2, exhibit a complex 

organization. The monomer of TMAD1 is 225 bp long and consists of two subunits that are derived 

from the same ancestral subunit and have a pairwise identity of 66.1% (Figure 7B)  (Ugarković 1996b). 

The HOR organization of TMAD2 is even more complex. It has two different subfamilies both of which 

have evolved by amplification of a 110 bp subunit homologous to the subunits of TMAD1.  The 110 bp 

sequence is repeated two and a half times, followed by an inverted duplication of the same region, 

which accounts for 525 bp of the 704 bp long monomer. The remainder of the sequence is a unique 

extraneous element (Figure 7B) (Ugarković 1996b). According to the FISH localization experiments, 

TMAD1 and TMAD2 are located in large blocks throughout the whole pericentromeric area of every 

chromosome in the complement, including the supernumerary chromosomes. TMAD2 is primarily 

interspersed within the longer arrays of TMAD1, with only 15% of the total monomers located in arrays 

consisting of more than five TMAD2 monomers (Durajlija et al. 2000). Interestingly, the structure, 

sequence and organization of the two major satDNAs TAUD1 and TAUD2 in the sibling species of 

T. audax closely mirrors those of the major satDNAs of T. madens (Mravinac and Plohl 2010). The 

origin sequence of TAUD1 and TAUD2 is also an approximately 110 bp long fragment, with a 110 bp 

also being the monomer length of TAUD1 (Table 2). The monomer of TAUD2 is 1412 bp long and 

consists of 14 amplified 110 bp long fragments, with two inverted segments within the repeat unit, 
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possibly forming a hairpin formation. By comparing the nucleotide sequences of the major satDNAs 

of T. madens and T. audax using maximum parsimony, it was determined that the 110 bp fragments 

of TMAD1 and TAUD1, as well as those of TMAD2 and TAUD2, are more homologous to each other 

than the fragments derived from the same species. Furthermore, TAUD2 is interspersed within the 

arrays of TAUD1, as is the case for TMAD1 and TMAD2 (Mravinac and Plohl 2010). 

 The major satDNAs of the three species of the confusum group, T. confusum, T. anaphe and 

T. destructor, do not share significant homologies with other major satDNAs in the nucleotide 

sequences of their monomer unit. Experimental data suggests that TCONF of T. confusum is the most 

abundant of all, comprising 40% of the genome (Table 2). Its monomer is 158 bp long (Table 2) and 

consists of several A+T rich direct repeats with one 28 bp long inverted repeat that could possibly 

make a cruciform structure (Figure 7C) (Plohl et al. 1993). Both TANAPH and TDEST are also A+T rich 

with inverted repeats (Table 2). However, the low genomic abundance of TDEST is the outlier in the 

genus, but TDEST is still distributed in large heterochromatic blocks as shown by FISH experiments 

(Mravinac et al. 2004). 

  TBREV, the major satDNA of T. brevicornis, has a 1061 bp long and complex HOR monomer 

unit. It is composed of two large inverted subunits called DIR and INV, which are 473 bp and 467 bp 

long, respectively, and only 18% diverged from each other. For this reason, the monomer has a strong 

potential of forming the stable dyad structure. The subunits are divided by two unique linker 

segments, LINK1 and LINK 2 (Figure 7D) (Mravinac et al. 2005). Although the known major satDNAs of 

species in the genus Tribolium lack homology in their sequences, some of their similarities, such as 

high A+T composition and small inverted repeats, suggest that the structure of the pericentromeric 

regions is more important for chromatin formation than the conserved sequences (Mravinac et al. 

2005). 

 The low-copy satDNAs of the Tribolium species, except for the representative T. castaneum, 

have yet to be described. Therefore, their satellitomes have been unknown until the research done in 

this dissertation.  

  



Ocje
na

 ra
da

 

u t
ije

ku

23 
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7. Schematic representation of structure and organization of monomers of Tribolium major 
satellite DNAs TFREE (A), TMAD1 and TMAD2 (B), TCONF (C) and TBREV (D). 
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1.4. Aim and hypotheses of the study 

 The aim of this study is to define and comprehensively study the satellitomes of four insect 

species of the genus Tribolium, namely T. freemani, T. madens, T. confusum and T. brevicornis, by 

combining bioinformatics and experimental approaches. The main purpose of the analysis of each 

satellitome is to determine the composition of the satellite collections and genomic organization of 

satDNAs within each of the species. Ultimately, the comparison of the satellite profiles will determine 

how the satDNAs evolved and possibly clarify how the evolution of satDNA has influenced the shaping 

of their genomes and speciation. 

 Major satDNAs of the four Tribolium species have already been characterized, but their 

potential low-copy satDNAs remain unexplored. The preliminary hypothesis of this study is that the 

genomes of T. freemani, T. madens, T. confusum and T. brevicornis contain multiple different 

uncharacterized satDNA families. Because of the fact that their major satDNAs do not share sequence 

similarities, it can be hypothesized that some of their low-copy satDNAs will also be species-specific. 

Furthermore, some of the satDNAs could be shared among multiple analyzed species, evolving 

following the concept of concerted evolution. 
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 METHODS AND MATERIALS 
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2.1. Materials 

2.1.1. Model organisms 

 In this research, insects of the species Tribolium freemani, Tribolium madens, Tribolium 

confusum and Tribolium brevicornis were used. The initial cultures were obtained from the 

Insectarium of the Agricultural Research Service (Manhattan, Kansas, USA) at the United States 

Department of Agriculture. The cultures were continuously propagated in standard laboratory 

conditions (27°C, 50-75% humidity, 75% whole wheat flour, 25% barley/rye flour with addition of 

barley/rye) with a change of flour every 2 – 4 weeks.  

 

 

2.1.2. Chemicals 

Chemicals used in this research: 

- ethidium bromide (Promega) 

- ethanol, NaOH, acetic acid, KCl, NaCl, Na-citrate, Na-acetate, Na2HPO4, KH2PO4 (Kemika) 

- agarose LE, orange G, Ethylenediaminetetraacetic acid disodium salt dihydrate (EDTA), Tris, 
formaldehyde, blocking reagent, Tween20, maleic acid, colcemide (Sigma-Aldrich) 

-5-bromo-4-chloro-3-indolyl-β-D-galactoside (X-gal), isopropyl-beta-D-thiogalactopyranoside (IPTG) 
(Gibco-BRL) 

- formamide (Merck) 

 

 

2.1.3. Buffers and solutions 

Buffers and solutions used in this research: 

- 20x SSC buffer (pH 7.0): 3M NaCl, 0,3 M Na-citrate 

- 10x PBS buffer (pH 7.4): 137 mM NaCl, 2.7 mM KCl, 10.1 mM Na2HPO4, 1.8 mM KH2PO4 

- 50x TAE buffer (pH 8.0): 2 M Tris, 1 M acetic acid, 50 mM EDTA 

- 5x TBE buffer: 446 mM Tris base, 445 mM boric acid, 10 mM EDTA (ph 8.0) 

- TE buffer: 10 mM Tris-HCl (pH 8.0), 1 mM EDTA (pH 8.0) 

- liquid medium for bacterial growth LB (pH 7.0): Bacto Tryptone (10 g/L), yeast extract (5 g/L), NaCl 
(10 g/L) 

- liquid medium SOC: 2% Bacto Tryptone, 0,5% yeast extract, 10 mM NaCl, 2.5 mM KCl, 10 mM MgCl2, 
10 mM MgSO4, 20 mM glucose (Merck) 
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- solid medium for bacterial growth LB with antibiotic (pH 7.0): LB agar (40 g/L) and ampicillin (0.1 μg/L) 

- buffer G (genomic DNA isolation buffer): 0.1 M NaCl, 0.01 M Tris-HCl (pH 8.0), 25 mM EDTA (pH 8.0), 
0,5% SDS  

- phenol:chlorophorm:isoamyl alcohol mixture (25:24.1) (Merck)  

 

Labeled nucleotides and commercial antibodies: 

- Biotin-16-(5-aminoallyl)-dUTP, Aminoallyl-dUTP-Cy3 (Jenna Bioscience) 

- Biotinylated Goat Anti-Avidin D Antibody, Streptavidin Fluorescein (Vector Laboratories) 

 

Buffers and solutions for FISH experiments: 

- denaturation solution: 70% formamide in 2x SSC buffer 

- buffer DeSO4 (pH 7.0): 4x SSC, 20% dextran sulphate, 50 mM Na-phosphate 

- hybridization buffer: 60% deionized formamide, 40% DeSO4 buffer 

- washing buffer: 50% formamide in 2x SSC buffer 

- 4M buffer: 4x SSC, 5% blocking reagent 

- 4T buffer: 4x SSC, 0.05% Tween20 

- lysis buffer for chromatin fiber slide preparation: 200 mM Tris-HCl, pH 7.4, 50 mM EDTA, 0.2% SDS, 
1 mM PMSF 

- fixative (acetic acid:ethanol = 1:3) 

- 45% acetic acid solution 

- DAPI solution in 2xSSC: 50 ng/ml, 2x SSC 

- 70%, 90% and 100% cold ethanol  

- 2x SSC in 50% formamide 

- antifade reagent Mowiol 4-88 (Sigma-Aldrich) 

- phenylmethylsulfonyl fluoride (PMSF) (Merck) 

- Image-iT Signal Enhancer (Cell Signalling Technologies) 

 

Buffers and solutions for Southern blot hybridization: 

- hybridization buffer: 0,25 M phosphate buffer (pH 7.2), 1 mM EDTA (pH 8.0), 20% SDS, 0.5% blocking 
reagent 

- washing buffer: 20 mM Na2HPO4, 1 mM EDTA, 1% SDS 

- buffer 1 (pH 8.0): 0.1 M maleic acid, 3 M NaCl, 0.3% Tween20 
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- buffer 2: buffer 1, 1% blocking reagent 

- buffer 3: 0.1 M Tris-HCl (pH 9.5), 0.1 M NaCl 

- stripping buffer: 0.2 M NaOH, 0.1% SDS 

- chemiluminescent substrate CDP-star (1:50 in buffer 3) 

 

 

2.1.4. Commercial kits 

Commercial kits used in this work: 

- “E.Z.N.A. Insect DNA Kit” for isolation of high molecular weight insect DNA (Omega Bio-tek) 

- “QIAquick PCR Purification Kit” for purification of PCR reactions (QIAGEN) 

- “Monarch® PCR & DNA Cleanup Kit (5 μg)” for purification of PCR reactions (New England Biolabs) 

- "QIAquick Gel Extraction Kit" for purification of DNA fragments from agarose gel (QIAGEN) 

- "GoTaq Flexi DNA Polymerase" for polymerase chain reaction, which contains: GoTaq DNA 
polymerase (5U/μl), 5×GoTaq Flexi concentrated buffer and 25 mM MgCl2 (Promega) 

- "GoTaq Green Master Mix" kit for polymerase chain reaction, with 2x Green GoTaq reaction buffer 
which contains: GoTaq DNA polymerase, 400 μM dNTP mixture and 3 mM MgCl2 (Promega) 

- "pGEM-T Easy Vector System I" for cloning PCR products, which contains: plasmid vector pGEM-T 
(50 ng/μl), enzyme T4 DNA ligase (3 Weiss U/μl) and 2× concentrated buffer for T4 DNA ligase 
(Promega) 

- "High Pure Plasmid Isolation Kit" for plasmid isolation (Roche Applied Science) 

- “Nick Translation Mix” for fluorescent labelling (Roche) 

 

 

2.1.5. Enzymes 

- Exonuclease V (RecBCD) with corresponding buffers (New England Biolabs) 

- RNase A, proteinase K (Thermo Scientific) 

- pepsin powder (Sigma-Aldrich) 

 

 

2.1.6. Markers and ladders for gel electrophoresis 

- GeneRuler DNA Ladder Mix, ready-to-use containing 21 DNA fragments in size range from 100 bp to 
10000 bp (Thermo Scientific) 
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- Quick-Load® 1 kb Extend DNA Ladder, size range 0.5 kb to 48.5 kb (New England Biolabs) 

 

 

2.1.7. Plasmid vector 

The plasmid vector pGEM-T Easy from the kit "pGEM-T Easy Vector System I", which enables 

AT cloning, was used to clone the PCR products. The Taq polymerase adds dATP to the 3' ends of the 

PCR product, which is paired with complementary thymidine at the ends of the linear T vector in the 

ligation reaction. 

The vector pGEM-T Easy contains a gene for resistance to the antibiotic ampicillin (apmr), 

which enables selection of the transformed bacteria. The site for fragment cloning is located within 

the lacZ gene, which codes for the enzyme β-galactosidase, so that blue-white selection of the 

transformants is possible by α-complementation. 

 

 

2.1.8. Bacterial strain 

The bacterial strain XL10-Gold of Escherichia coli (TetrΔ(mcrA)183 Δ(mcrCB-hsdSMR-mrr)173 

endA1 supE44 thi-1 recA 1gyrA96 relA1 lac Hte [F´ proAB lacIqZΔM15 Tn10 (Tetr) Amy Camr] (Agilent) 

were used for plasmid propagation. 

 

 

2.1.9. Technical equipment and machines 

Technical equipment and devices used in this work: 

-  PCR 2720 Thermal Cycler (Applied Biosystems) 

- device for horizontal DNA electrophoresis of agarose gels (Bio-Rad) 

- UV transilluminator with system for recording agarose gels G:BOX (Syngene) 

- hybridization oven OV1 (Biometra) 

- table microcentrifuge Minispin (Eppendorf) 

- table shaker Vibramax (Heidolph) 

- thermoblock (Bioblock Scientific) 

- ThermoMixer C with ThermoTop (Eppendorf) 

- device for quick drying of samples Speed vac DNA120 (Thermo) 
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- dryer (Shel Lab) 

- thermostatic incubator (Sutjeska) 

- water bath (Inko) 

- device for sealing of plastic bags (Gorenje) 

- photographic red light (Kaiser) 

- device for fluorometric measurement of DNA concentration Qubit 4 (Invitrogen) 

- confocal laser scanning microscope Leica TCS SP8 X (Leica Microsystems) 

- Cytospin 4 (Thermo Scientific) 

- SteREO Discovery.V20 stereo microscope (Zeiss) 

- chemiluminescence and spectral fluorescence imaging system Alliance Q9 mini (Uvitec) 
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2.2. Methods 

2.2.1. Genomic DNA isolation 

 The total genomic DNA of the Tribolium species was isolated from insect tissue using organic 

solvents according to the protocol for the isolation of genomic DNA. The insect tissue was frozen in 

liquid nitrogen and crushed with a mortar and pestle. The crushed tissue was resuspended in buffer 

for the isolation of genomic DNA (100 mg tissue in 1 ml buffer) with the addition of proteinase K 

(0.25 mg/ml) and incubated in a water bath at 50 °C for approx. 18 hours. An equal volume of phenol 

(pH 8.0) was added to the suspension. The solution was mixed by swirling and centrifuged at 

12,000 rpm for 9 minutes. After centrifugation, the aqueous phase was transferred to a new 

microtube and the procedure was repeated twice. In the next repetition, an equal volume of 

phenol:chloroform:isoamyl alcohol solution in the ratio 25:24:1 was added to the aqueous phase, 

whereupon the genomic DNA was found in the upper aqueous phase. The genomic DNA was 

precipitated with 0.1 initial volume of 3M sodium acetate (pH 4.7) and two initial volumes of ice-cold 

100% ethanol by incubation at room temperature for 10 minutes. After incubation, the solution was 

centrifuged for 15 minutes at a rotation speed of 12,000 rpm. The supernatant was removed, and 75% 

ice-cold ethanol was added to the precipitate. The solution was centrifuged at 12,000 rpm for 7 

minutes. The supernatant was carefully removed with a vacuum pump and the precipitate was dried 

at room temperature (~30 min). After the precipitate was completely dried, it was dissolved in 1× TE 

buffer (pH 8.0). RNase A (10 μg/ml) and SDS (0.1%) were added to the solution and incubated for 1 h 

at 37 °C in a water bath. Extraction was performed with a phenol:chloroform:isoamyl alcohol solution. 

The sample was precipitated in 0.1 volumes of 3M sodium acetate (pH 4.7) and 2 volumes of ice-cold 

100% ethanol by incubation at room temperature for 10 minutes followed by centrifugation at 12,000 

rpm for 15 minutes. The precipitate was washed with 75% ice-cold ethanol and the solution was 

centrifuged at 12,000 rpm for 7 minutes. After centrifugation, the supernatant was removed, and the 

precipitate was dried completely at room temperature. The dry residue was dissolved in 1×TE buffer 

(pH 8.0). Quantity and quality of isolated total genomic DNA were assessed by electrophoresis in a 1% 

agarose gel by comparison with DNA of known concentration. The concentration was also confirmed 

by fluorometric measurement using the Qubit 4 instrument. 

 High molecular weight DNA (HMW DNA) was isolated using the “E.Z.N.A. Insect DNA Kit” by 

modified protocol published by Oppert et al. (2019) from 25 mg of pupal or larval tissue and by 

protocol described by Volarić et al. (2021) from 1 g of pupal tissue. The concentration was measured 

using the Qubit 4 fluorometer. 
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2.2.2. Polymerase chain reaction (PCR) amplification of DNA fragments 

 The DNA segments of potential satellites were amplified using the PCR. 

 

2.2.2.1.  PCR primers 

 PCR primers were used to amplify segments of different potential satDNAs. The nucleotide 

sequences of the primers and their annealing temperatures are listed in Table 3. The listed 

oligonucleotide primers were synthesized at the Macrogen Europe (Amsterdam, The Netherlands) 

customer service. Gradient PCR was used to determine the optimal pairing temperatures of each 

primer pair with the DNA template. 

 

 

Table 3. Nucleotide sequences and annealing temperatures of PCR primers used in this study. 

satDNA primer sequence 
Ta 
°C 

satDNA primer sequence 
Ta 
°C 

TfrSat01 
5'-CAAGGGTCGAAACAGTTCCA-3' 

56 TmaSat09 
5'-TATCCGCATTCACACCTTTATCT-3' 

57 
5'-CAGGCAATCGATTGAAGTTCAAAA-3' 5'-GGTAAACTGCCAATACATTACGC-3' 

TfrSat03 
5'-AACGTTTGCTGGTTTCGAAG-3' 

54 TmaSat10 
5'-ACTTTACAGTCTGATCATAGCCT-3' 

58 
5'-ACAAAAACGGCAAATTTCAGAC-3' 5'-TCTACTGAAAACAGAGAGCAAT-3' 

TfrSat04 
5'-AAGACGTTTTCAGTGAGTTTTATG-3' 

65 TcoSat01 
5'-TTTTACTGGTGTTATACGTAGGTC-3' 

55 
5'-GATTTTTGTTACAGTTTGGATGAA-3' 5'-ATTGCTTTATCTCTACTAATAGCTG-3' 

TfrSat05 
5'-GGCGCATCCACCATTTTTCA-3' 

62 TcoSat02 
5'-TCCTACTTTTATAACGTTTCAGCA-3' 

59 
5'-TGTTCCATTGAATTCTGCGG-3' 5'-TCTGCTCAATCGAATGGT-3' 

TfrSat06 
5'-TGCCTAATCAGATTCTCTTGCAA-3' 

57 TcoSat03 
5'-CTATTGTTTTTATACTTTTGCA-3' 

53 
5'-TGGCATATCTCAATTTGTTTTGTCAG-3' 5'-CAATCTACATTCTCCAGCTTGT-3' 

TfrSat07 
5'-TTTCCACCCTGTTCCCAAA-3' 

55 TcoSat04 
5'-AACGTTTACTATCAGGCTT-3' 

56 
5'-AAAATTCATTAAGGTCCCAAGGG-3' 5'-AAGAGAATGAGATTTGGGACA-3' 

TfrSat09 
5'-CGGTGTTCCCAAGCAAATT-3' 

51 TcoSat05 
5'-CAATATGGAGGAATAAAATATAA-3' 

50 
5'-TTTGCACTTACATTCTAAATATTCT-3' 5'-AACATATAATTATCTCGAAACTT-3' 

TfrSat10 
5'-GTTTTTCAACGATTTCAAGTACT-3' 

59 TcoSat06 
5'-AGAATGTTGTTCTGACCTGCT-3' 

59 
5'-AAGAGTGAACTACCCTTCCG-3' 5'-TGGCTAAATCACCGTGGATT-3' 

TfrSat11 
5'-CCCTAATTTGAATATGTCAACTCTG-3' 

61 TcoSat07 
5'-TCTACAAGTGAAAGAACGACG-3' 

59 
5'-TTTTCTCTACCCCTACCCCTT-3' 5'-GTGGAAGACTGGGTTGGAG-3' 

TmaSat01 
5'-TCCGATTTGGGTCAATTT-3' 

55 TcoSat08 
5'-AAAATAATTTCGCTCCCCTCGA-3' 

59 
5'-TCAAAATATCACAAATTGCTT-3' 5'-GAAATACCATTTACACACGTTGA-3' 

TmaSat04 
5'-CCCGAAAAACCCTCTGAGAT-3' 

56 TcoSat09 
5'-AGGAGAAGGATAAGTCACCAGA-3' 

59 
5'-TGTAGGAGTTTTGTCTTTAGGAGT-3' 5'-AGGTGTCAATTTAATTTCAGTAGGT-3' 

TmaSat05 
5'-AGCTTAAGGACTGATGGCCG-3' 

56 TbrSat02 
5'-GACCAAGGATTTTAAATTCATAA-3' 

54 
5'-AGCGCTTAAAATCGTTGAAAAAC-3' 5'-CAATTTGGATGTTTGTTGAAGT-3' 
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TmaSat06 
5'-GGTTACAATGGCTTTTTAGGGCT-3' 

56 TbrSat03 
5'-AAAAACTGTCTTTGTGTAAAAA-3' 

50 
5'-CGATACACGGGATGACACTTGA-3' 5'-ACTAGTATCCGTAGCTTAAAAA-3' 

TmaSat07 
5'-TCGTAGTATTTAAAACCGGAACCC-3' 

56 TbrSat05 
5'-GGTACAAATCTTCCACTAAT-3' 

50 
5'-GCTAAAAGCGATATTACAGGTCTCT-3' 5'-TGTCTGGGGCCAAAACATT-3' 

TmaSat08 
5'-GGTAAACCGACATCAGCCAA-3' 

58 TbrSat10 
5'-CTGACCTTCCCAAATTTTGCC-3' 

50 
5'-GGGCGTTTTTGGGAGATTTG-3' 5'-GATGGCCGAATGAGAAACCT-3' 

 

 

2.2.2.2. PCR reaction mixtures and conditions 

 The reaction mixtures for the amplification of satDNA using the PCR method were prepared 

in a total volume of 30 μl. The mixture contained 5×GoTaq Flexi Buffer, 2.5 mM MgCl2, 0.2 mM dNTP 

mix, 0.4 μM specific primers, 0.25U GoTaq polymerase and 10 ng genomic DNA. The PCR program for 

amplification of satDNAs is listed in Table 4. Specific annealing temperatures for satDNAs can be found 

in Table 3. 

 

Table 4. PCR program for amplification of satellite DNAs. Specific annealing temperatures (marked 
with an asterisk) can be found in Table 3. 

 Temperature Time PCR cycles 

Initial denaturation 94 °C 3 min 1 

Denaturation 94 °C 10 s 35 

Annealing* 50 – 65 °C  10 s 35 

Extension 72 °C 10 s 35 

Final extension 72 °C 5 min 1 

 

 

2.2.3. Agarose gel electrophoresis for separation of DNA 

 The DNA fragments amplified by the PCR were separated by electrophoresis in a 1% agarose 

gel. The gel was prepared by dissolving agarose in 1×TAE buffer and adding ethidium bromide 

(0.5 μg/ml) to visualize the DNA. Electrophoresis was performed at room temperature in the same 

buffer. λ-DNA of known concentration was used to estimate the amount of DNA, and the "Quick Load 

2-Log DNA Ladder" electrophoresis marker was used to estimate the length of the segments. After 

electrophoretic separation, the gels were photographed with the G:BOX device. 
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2.2.4. Extraction of DNA from agarose gels 

 Parts of the agarose gel with the desired DNA segment were cut on a transilluminator and 

weighed. The DNA was isolated using the "QIAquick Gel Extraction Kit" according to the 

manufacturer's instructions. 

 

 

2.2.5. Cloning of DNA fragments 

 The DNA segments were cloned using the pGEM-T plasmid vector from the "pGEM-T Easy 

Vector System I" kit, which enables AT cloning. 

 

2.2.5.1. Ligation of DNA fragments and plasmid vector 

 Ligation reactions of the isolated DNA fragments and the pGEM-T Easy vector were performed 

using the T4 DNA ligase enzyme in 2×rapid ligation buffer overnight at 4 °C. The ratio of DNA fragments 

and vector in the reaction was 3:1. 

 

2.2.5.2. Transformation of competent bacterial cells 

 Competent E. coli bacterial cells were transformed with the pGEM-T Easy vector by the heat 

shock method. 1 μl β-mercaptoethanol was added to 25 μl of cell solution and the suspension was 

incubated on ice for 10 minutes. 2 μl of the ligation mixture was added to the prepared 

ultracompetent cells, followed by incubation on ice for 30 minutes. The cells were subjected to a heat 

shock of 42 °C for 30 seconds by incubating the cell solution and the ligation mixture in a water bath. 

The cells were then incubated on ice for 2 minutes and regenerated for 90 minutes in 250 μl pre-

warmed SOC medium with continuous shaking at 250 rpm at a temperature of 37 °C. Cells were grown 

on selective solid LB media with the addition of ampicillin (100 μl/ml), 40 μl inductor IPTG (100 mM) 

and 40 μl substrate X-gal (20 mg/ml) and incubated overnight at 37 °C. 

 

2.2.5.3. Colony PCR 

 The use of the plasmid vector pGEM-T Easy enabled the blue-white selection of the colonies. 

To determine the size of the embedded DNA segments, PCR was performed on bacterial colonies 

(colony PCR). A specific bacterial colony was touched with a sterile pipette tip, the tip was immersed 

in a microtube containing 10 μl mQ-H2O and resuspended. The sample was denatured in the PCR 

instrument at 94 °C for 10 minutes, then cooled on ice and briefly centrifuged. The PCR reaction was 
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performed in 5 μl of a reaction mixture containing 2.5 μl 2× GoTaq Green Master Mix, 0.5 μl denatured 

bacterial colony, 0.4 μM primer M13R-pUC (5'-CAGGAAACAGCTATGAC-3'), 0.4 μM primer M13F (5'-

GTAAAACGACGGCCAGT-3') and 1.6 μl mQ-H2O according to the program listed in Table 5. 

 

Table 5. PCR program for amplification of bacterial colonies. 

 Temperature Time PCR cycles 

Initial denaturation 94 °C 2 min 1 

Denaturation 94 °C 15 s 30 

Annealing 54 °C 15 s 30 

Extension 72 °C 30 s 30 

Final extension 72 °C 5 min 1 

 

The products of PCR amplification of the bacterial colonies were analyzed in a 1% agarose gel. 

Colonies that contained DNA segments of the expected length were grown in 4 ml of liquid selective 

medium LB supplemented with ampicillin (100 μg/ml) overnight at a temperature of 37 °C and 

continuous rotation at 225 rpm. 

 

2.2.5.4. Isolation of plasmid DNA 

 Bacteria grown overnight in the liquid selective medium LB were pelleted by brief 

centrifugation. The plasmid DNA was isolated using the "High Pure Plasmid Isolation Kit" according to 

the manufacturer's instructions and eluted from the column with 100 μl elution buffer. The 

concentration and quality of the isolated plasmid DNA was assessed by gel electrophoresis in 1% 

agarose gel using λ-DNA of known concentration. 

 

2.2.5.5. Sanger sequencing of plasmid DNA and bioinformatical analysis of the cloned fragments 

 The nucleotide sequences of the cloned DNA fragments were determined by the sequencing 

service Macrogen Europe (Amsterdam, Netherlands) using the above-mentioned plasmid primer 

M13R-pUC. The nucleotide sequence of sequenced plasmids was evaluated using Geneious Prime 

2023.2.1 (Biomatters Ltd). 
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2.2.6. Labelling of DNA hybridization probes 

 The hybridization probes were labeled with biotin or cyanine3 by the PCR method or using 

nick translation. The clones most representative of the consensus sequences of satDNAs were used as 

a reaction template using a mixture of certain clones specific for a particular satellite DNA. 

 PCR labelling of hybridization probes of potential satellite DNAs was performed in 25 μl of the 

reaction mixture containing 2.5 mM MgCl2, 0.5 mM dATP, 0.5 mM dGTP, 0.5 mM dCTP, 0.32 mM dTTP, 

0.18 mM biotin-16-dUTP, 5 U GoTaq DNA polymerase, 0.1 ng template DNA and 10 μM specific 

primers for biotin-labeled probes and 5xGoTaq Colorless buffer, 2.5 mM MgCl2, 0.5 mM dATP, 0.5 mM 

dGTP, 0.5 mM dCTP, 0.3 mM dTTP, 0.2 mM Cy3-dUTP, 5 U GoTaq DNA polymerase, 0.1 ng template 

DNA and 10 μM specific primers for Cy3-labeled probes. The amplification program started with a 

two-minute initial denaturation at 94 °C and continued with 40 cycles alternating three steps: 

denaturation at 94 °C for 15 seconds, primer annealing for 15 seconds and DNA synthesis reaction at 

72 °C for 30 seconds. The pairing reaction was carried out at the optimal pairing temperatures of each 

satellite, as indicated in Table 3. 

 Nick translation labelling was performed for a hybridization probe specific for TbrSat01 

satDNA. The reaction mixture contained 0.5 mM dATP, 0.5 mM dGTP, 0.5 mM dCTP, 0.3 mM dTTP, 0.2 

mM Cy3-dUTP, nick translation mix and 1 µg template DNA, according to manufacturer 

recommendations. The reaction mixture was incubated for 95 min at 15 °C then stopped by adding 1 

µl of 0.5 M EDTA and heating to 65 °C for 10 min.  

 Concentration and quality of labelled probes was checked using 1% agarose gel 

electrophoresis and Qubit 4 fluorometer. 

 

 

2.2.7. Fluorescence in situ hybridization (FISH) 

2.2.7.1. Metaphase chromosome slide preparation 

 The tissue for the preparation of metaphase chromosome slides was isolated from the gonads 

of male or female Tribolium beetles at the pupal stage. The isolated tissue was incubated in colcemid 

(10 μg/ml) for 1 hour. A hypotonic shock condition was achieved by incubation in 0.075 M KCl for 15 

minutes, which caused the cells to rupture. The tissue was transferred to a fixative (acetic acid:ethanol 

in a 1:3 ratio) and incubated for 15 minutes. Slides were prepared using the so-called "squash" 

technique in 45% acetic acid and then immersed in liquid nitrogen. The slides were completely air-

dried and stored at -20 °C until they were used in the FISH experiment. 

 



Ocje
na

 ra
da

 

u t
ije

ku

37 
 

2.2.7.2. Chromatin fibers slide preparation 

 The preparation of slides with elongated chromatin fibers began with the isolation of male 

gonads from pupae of the species T. confusum in sterile 1xPBS supplemented with 1 mM PMSF. The 

buffer containing the tissues was changed and 100 µl of fresh buffer was added. The tissue was 

homogenized using a microtube homogenizer with a sterile tip for 30 seconds. As the volume of the 

suspension per cytoslide should be 400 µl, the volumes of 1xPBS with 1 mM PMSF were calculated to 

match final volume of suspension. The cell suspension was then passed through a cell mesh with pores 

of 100 µm in size. 

 Subsequently, 400 µl of the cell suspension was distributed in each cell funnel attached to the 

slides. The suspensions were centrifuged in a Cytospin 4 cytocentrifuge at a speed of 1200 rpm for 10 

minutes. The slides were briefly airdried, then 15 µl of lysis buffer was added to each slide and 18 x 

18 mm coverslips were placed upon them with an incubation period of 4-10 minutes at room 

temperature. After completion of the lysis reaction, the coverslip was removed with a knife and then 

fixed with freshly prepared 2% formaldehyde dissolved in 1xPBS buffer for 10 minutes at room 

temperature. The fixative was washed three times for 5 minutes each in 1xPBS. Before the 

prehybridization, slides were rinsed in 45% acetic acid for 10 min at RT.   

 

2.2.7.3. Prehybridization and hybridization of the cytogenetic slides 

 The slides were washed in 2×SSC buffer at 37 °C for 5 minutes, followed by incubation in fresh 

2×SSC buffer with RNase A (100 μg/ml) and incubated at 37 °C for 1 hour. After washing the slides in 

2×SSC solution for 3×5 minutes at 37 °C, they were treated with 10 mM HCl solution containing 

dissolved pepsin (100 μl/ml) for 10 minutes at 37 °C. Furthermore, they were washed 2x5 minutes at 

room temperature in 1×PBS solution and then for 5 min in 1×PBS solution with dissolved 50 mM MgCl2. 

The slides were incubated in a formaldehyde solution (2.7 ml formaldehyde in 100 ml PBS buffer with 

the addition of 50 mM MgCl2) for 10 min, washed in a solution of 1×PBS and dehydrated by passing 

through a series of cold ethanol (70% → 90% → 100%, 3 min each) and then completely air-dried. 

Prior to hybridization, the double-stranded chains of the DNA probe and the DNA fragments on the 

slides were separated by denaturation. The chromosome slides were heated for several minutes at 

50-60 °C on the top of a water bath and denatured in a denaturing solution (70% formamide in 2×SSC) 

for exactly 1:30 min at 70 °C, followed immediately by a series of cold ethanol (70% → 90% → 100%, 

3 min each) and dried completely at room temperature. Labelled DNA probes (200 ng) were 

lyophilized, then 15 μl of hybridization solution (60% formamide, 40% DeSO4 buffer) was added and 

the mixture was denatured at 75 °C for 5 min in a water bath. After denaturation, the probes were 

cooled on ice for a few minutes and applied to the chromosome slides. Hybridization took place 

overnight in a humid chamber at 37 °C. After hybridization, washes were performed in pre-warmed 
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2×SSC buffer containing 50% formamide for 4×5 min at 37 °C, followed by 2×SSC buffer washes for 

3×5 min at 37 °C.  

 

2.2.7.4. Immunodetection of labelled DNA probes 

 The immunodetection begins with the incubation of the slides in buffer 4M in a humid 

chamber at 37 °C for 30 minutes. Under the same conditions, the slides were incubated in buffer 4M 

with avidin-FITC at a dilution of 1:500. The slides were washed for 3×5 minutes in buffer 4T at room 

temperature and then incubated for 20 minutes in buffer 4M with α-avidin-biotin in a ratio of 1:100 

inside a humid chamber for signal amplification. Next, the slides were washed in buffer 4T for 3×5 

minutes, then 4M buffer containing diluted avidin-FITC at a ratio of 1:2000 was added to the slides, 

and incubation was carried out for 20 minutes in a humid chamber. The slides were washed 3×5 min 

in buffer 4T and 5 min in 1×PBS solution and subsequently dehydrated by passing through a series of 

cold ethanol (70% → 90% → 100%, 3 min each). The slides were stained by incubation in a DAPI 

solution (50 ng DAPI/ml 2×SSC) for 20 min at room temperature. Excess dye was removed by washing 

the slides with running water. The slides were further washed with distilled water and allowed to air 

dry completely. Before microscopy, the slides were embedded in the so-called antifade reagent 

(Mowiol 4-88). 

 

2.2.7.5. Confocal imaging of cytogenetic slides  

 The cytogenetic slides were analyzed using a Leica TCS SP8 X confocal laser scanning 

microscope. The resulting images were processed and analyzed using Adobe Photoshop, V.21.0.3 and 

the image analyzing program ImageJ2 (Rueden et al. 2017) with the image processing package Fiji 

(Schindelin et al. 2012) and QuickFigures plugin (Mazo 2021). 

 

 

2.2.8. Two-dimensional (2D) agarose gel electrophoresis for detection of extrachromosomal 

circular DNA  

2.2.8.1. Modification of DNA with Exonuclease V 

 To preserve circular eccDNAs and eliminate excess linear DNA for the detection of eccDNAs, 

genomic DNA of T. freemani first had to be modified by exonuclease V (ExoV). First, to shear linear 

DNA, genomic DNA was passed 25 times through a 0.33 mm hypodermic needle. Then, the reaction 

with ExoV was set up in the following ratio: 1x NEBuffer 4, 1 mM ATP, 10U ExoV and 1 µl shared DNA, 

scaled to initial DNA mass of 20 µg. The reaction mixture was incubated overnight at 37 °C, and 
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stopped by adding EDTA to the concentration of 11 mM in addition to heat inactivation at 70 °C for 30 

min. The samples were purified using Monarch® PCR & DNA Cleanup Kit (NEB) following the 

manufacturer’s instructions.  

 

2.2.8.2. 2D agarose gel electrophoresis 

 The DNA modified by ExoV was used to perform 2D agarose gel electrophoresis. The first 

electrophoresis was run in 0.7% agarose prepared in 1xTBE buffer at 0.7 V/cm for 18h without added 

ethidium bromide (EtBr) to ensure proper separation of fragments. Therefore, the agarose gel was 

later stained with 1xTBE buffer containing 0.2 µg/ml EtBr. The portion of the gel containing the 

separated DNA was excised and positioned at a 90° angle to the first electrophoresis. The 1.5% agarose 

in 1xTBE containing 0.2 µg/ml EtBr was poured around it. The second electrophoresis was run for 

3:15 h at 4 V/cm. 

 

 

2.2.9. Southern blot hybridization 

2.2.9.1. Transfer of DNA fragments to the nylon membrane 

 After 2D electrophoretic separation, the gel was rinsed in 0.25 M HCl for 30 min to depurinate 

the DNA fragments and in 0.4 M NaOH for 30 min to neutralize it. A positively charged nylon 

membrane (Roche Applied Science) was placed on the gel. The DNA fragments were transferred to 

the membrane by alkaline transfer in 0.4 M NaOH solution overnight. The membrane was neutralized 

by washing in 2×SSC buffer and completely air dried. The dried membrane was placed in a sterilizer 

for 20 minutes at 120 °C for further fixation of the DNA fragments. 

 

2.2.9.2. Prehybridization and hybridization of membranes 

 Prehybridization of the nylon membrane containing DNA fragments was performed for 2 

hours at a temperature of 65 °C in hybridization cylinders containing preheated hybridization solution. 

Hybridization was then performed in a fresh, pre-warmed hybridization buffer with DNA biotin-

labelled probe specific for each satellite added with a concentration of 20 ng/ml hybridization buffer. 

Hybridization was carried out overnight at a temperature of 65 °C. 
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2.2.9.3. Detection of hybridization signal 

 After hybridization, the membranes were washed for 3×20 minutes in the wash buffer at a 

temperature 3°C lower than the hybridization temperature in the hybridization cylinders. The 

hybridization signal detection steps were performed in plastic tubs on a shaker at room temperature. 

The membranes were incubated in buffer 1 for 2 minutes and then in buffer 2 for 30 minutes. The 

next incubation lasted 30 min and was performed in buffer 2 to which the antibody solution was 

added. A streptavidin-AP conjugate (Roche Applied Science) at a ratio of 1:5,000 was used for the 

detection of biotin-labelled probes. The membranes were washed 5×8 min in buffer 1 and then 2×3 

min in buffer 3. The next incubation step was performed in a dark chamber. The membranes were 

incubated in a sealed transparent plastic bag in buffer 3, to which alkaline phosphatase substrate CDP-

Star (Roche Applied Science) was previously added at a ratio of 1:50. The membranes were visualized 

by Alliance Q9 mini (Uvitec) and images were processed by Adobe Photoshop, V.21.0.3. 

 

 

2.2.10. Whole genome sequencing 

 The genomes of the Tribolium species were sequenced using two different sequencing 

platforms by commercial services. Illumina sequencing was performed by Admera Health Biopharma 

Services, New Jersey, USA on the Novaseq X Plus 10B 2x150 sequencer. Library preparation was 

performed using KAPA Hyper Prep kit with PCR (Roche). The DNA was sequenced from both ends, so 

the output generated were paired-end reads. Total sequencing output for the four Tribolium species 

is presented in Table 6. 

 PacBio HiFi sequencing and DNA isolation from the flash frozen insect pupae was performed 

by DNA Sequencing Center/Brigham Young University, Provo, USA. HMW DNA was isolated using the 

“Genomic-tip 100/G” (Qiagen) kit and the library was prepared by the SMRTbell Express Template 

Prep Kit 2.0 (Pacific Biosciences). Output of the sequencing is presented in the Table 6. 

 

Table 6. Cumulative output of Illumina paired-end reads sequencing and PacBio HiFi sequencing. 

 
Illumina (151 bp) PacBioHiFi 

output 
(Gb) 

sequences 
output 

(Gb) 
N50 
(Kb) 

coverage 

T. freemani 10.726 2 x 35 516 583 23.796 14.72 ~74.4x 

T. madens 5.173 2 x 17 108 408 28.046 15.53 ~107.9x 

T. confusum 4.972 2 x 16 462 163 27.980 15.68 ~111.9x 

T. brevicornis 5.464 2 x 18 092 995 25.227 16.40 ~64.7x 
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2.2.11. Bioinformatic analyses 

2.2.11.1. Defining the satellitomes of species of the genus Tribolium 

 The TAREAN pipeline was used for the detection of tandem repeats (Novák et al. 2017). 

TAREAN is hosted at the RepeatExplorer platform on the Galaxy server (https://repeatexplorer-

elixir.cerit-sc.cz/galaxy/). The TAREAN analysis was performed under the following conditions: Cluster 

size threshold 0.001, perform cluster merging, no filtering of abundant satellite repeats, extra-long 

queue. Potential novel satDNAs were annotated to corresponding genome assembly (Tfree1.0 for 

T. freemani (Volarić et al., 2022a) or preliminary assemblies (T. madens, T. confusum and 

T. brevicornis) generated using hifiasm genome assembler (Cheng et al. 2021; Cheng et al. 2022) with 

the similarity criterion of 70%. Annotations were reviewed using the bioinformatic program Geneious 

Prime 2023.2.1 (Biomatters Ltd) and duplicated consensuses that were present in different TAREAN 

analyses were excluded from further analyses. The consensus sequences that tandemly repeated 5 or 

more times were declared to be satDNAs. Novel satDNAs were compared to the sequences present in 

databases of NCBI GenBank (https://www.ncbi.nlm.nih.gov/genbank/) using the on-line tool nBLAST 

(Altschul et al. 1990)  and specialized repeat database Repbase (Kohany et al. 2006) 

(https://www.girinst.org/repbase/) to determine their potential similarity with already known DNA 

sequences. All of the downstream analyses (detection of satDNA superfamilies, detection of HOR 

monomer structures, long-range organization analyses) were performed using the bioinformatic 

program Geneious Prime 2023.2.1 (Biomatters Ltd). Nucleotide alignments were also done using 

Geneious Prime, by the Geneious Alignment tool with following conditions: Global alignment with free 

end gaps, 65% similarity cost matrix, gap open penalty = 12, gap extension penalty = 3. 

 

2.2.11.2. Phylogenetic analyses 

 To determine whether there are orthologous satDNAs in the genomes of the five Tribolium 

species (T. castaneum, T. freemani, T. madens, T. confusum and T. brevicornis) a batch search of 

nucleotide sequences of all Tribolium satDNAs was performed using blastn and Discontiguous 

Megablast algorithms (Morgulis et al. 2008) built into the Geneious Prime program with the default 

parameters.  

 To perform the phylogenetic analyses of the orthologous satDNAs, consensus sequences were 

mapped to the genome assemblies TcasONT for T. castaneum satDNAs (Volarić et al. 2024), Tfree1.0 

for T. freemani satDNAs (Volarić et al. 2022) and corresponding preliminary assemblies for T. madens, 

T. confusum and T. brevicornis satDNAs with the similarity criterion of 70%, and subsequently 

extracted. Nucleotide alignments were performed by the Geneious Alignment tool as described 

above. Phylogenetic trees were generated using the IQ-TREE 2.3.3 algorithm (Minh et al. 2020) 

accessed through the Galaxy server (https://usegalaxy.org) (Abueg et al. 2024). IQ-TREE has an inbuilt 

model finder that is used to determine the best evolutionary model for generating the maximum 

https://www.ncbi.nlm.nih.gov/genbank/
https://www.girinst.org/repbase/
https://usegalaxy.org/
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likelihood tree (Kalyaanamoorthy et al. 2017). Statistical support for the topology of the phylogenetic 

trees was determined based on 1000 bootstrap replications using the ultrafast bootstrap (UFBoot) 

option (Thi Hoang et al. 2017). Phylogenetic trees were visualized and edited using iTOL v6 (Letunic 

and Bork 2024). Principal component analyses (PCA) were performed using R package FactoMineR (Lê 

et al. 2008) on distance matrixes generated by R package ape (Paradis and Schliep 2019) and genetic 

distance model F18 by courtesy of Marin Volarić. 
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 RESULTS  
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3.1. Satellitome of the species Tribolium freemani 

3.1.1. Detection of satellite DNAs in T. freemani genome 

 To determine the satellitome of the species T. freemani, whole genome sequencing was 

performed using the Illumina platform. The sequencing yielded 71 033 166 paired-end reads with a 

length of 151 bp (Table 6). The reads were analyzed using the bioinformatics pipeline TAREAN (Novák 

et al. 2017). The initial TAREAN run was performed with 175 000 randomly selected Illumina paired-

end reads, which corresponds to a genomic coverage of 0.1x. However, the reads containing the 

major, highly abundant satDNA TFREE “clogged" the pipeline, which could only process 44 222 reads, 

the majority of which matched the satDNA TFREE. For this reason, all subsequent TAREAN analyses 

were performed with the subset of Illumina paired-end reads from which the major satDNA TFREE 

was removed, resulting in a pool of 47 255 306 paired-end reads. To maximize the number of satDNAs 

detected, seven TAREAN analyses were performed with different random subsets of Illumina reads 

(Table 7). As expected, analyses which were able to process more reads resulted in a larger number 

of clusters containing possible low-copy satDNAs. 

 

Table 7. Summary of the seven different TAREAN analyses performed for the flour beetle Tribolium 
freemani. All analyses were performed with the subsets of reads from which the major satDNA TFREE-
containing reads were removed (Juan et al. 1993). 

TAREAN clustering 
analysis 

TF1 TF2 TF3 TF4 TF5 TF6 TF7 

No. of input reads 175,000 450,000 880,000 1,300,000 1,760,000 1,500,000 1,500,000 

No. of analyzed reads 175,000 450,000 880,000 1,300,000 1,433,120 1,135,188 1,411,839 

Genome coverage ~0.1x ~0.25x ~0.5x ~0.75 ~0.8x ~0.65x ~0.8x 

Proportion of reads in 
top clusters 

30% 36% 40% 42% 42% 42% 42% 

No. of reads in 
clusters 

83,951 
(47.97%) 

262,022 
(58.23%) 

602,466 
(68.46%) 

981,268 
(75.48%) 

1,107,469 
(77%) 

816608 
(72%) 

1,087,125 
(77%) 

No. of clusters 12,053 39,925 97,615 159,351 178,152 127,028 175,480 

No. of singlets 91,049 187,978 277,534 318,732 325,651 318,580 324,714 

No. of satellites 12 27 41 96 98 74 107 

No. of high putative 
satellites 

3 7 11 30 21 16 26 

No. of low putative 
satellites 

9 20 30 66 77 58 81 

  

 The tandem repeat organization of potentially novel satDNAs was investigated by annotating 

the consensus sequence of each satDNA cluster provided by TAREAN on the T. freemani genome 
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assembly Tfree1.0 (Volarić et al. 2022) with a 70% similarity criterium. The annotations were manually 

reviewed and the sequences that formed arrays of 5 or more consecutive monomers were declared 

to be satDNAs. Genomic annotations of the TAREAN output clusters revealed that some of them were 

repeated as an output in various runs so the duplicates were excluded from further analyses.  

 

 

3.1.2. Analysis of the satellitome of T. freemani 

  Using in silico analyses, 134 novel satDNAs were defined in the genome of T. freemani. 

Together with the previously known major satDNA TFREE, referred to as TfrSat01 for the purposes of 

this study, they form the satellitome of T. freemani (Table 8). Consensus sequences of defined satDNAs 

are presented in Supplementary table 1. 

 

Table 8. Satellitome of the flour beetle Tribolium freemani. The table contains the main characteristics 
of satellite DNAs: repeat unit (monomer) lengths, the genome proportion, the A+T base composition 
of the individual satellite DNAs. The satellite DNAs that show higher order of repeat (HOR) 
organization are (*), while the satellite DNAs that belong to the same superfamily are color-coded and 
labelled with superscripts A, B, C and D.  

satDNA 
length 

(bp) 
% 

genome 
AT 
% 

satDNA 
length 

(bp) 
% 

genome 

AT 
% 

satDNA 
length 

(bp) 
% 

genome 

AT 
% 

TfrSat01 1 166 31 69.9 TfrSat46 209 0.0019 73.7 TfrSat91 148 0.0010 71.6 

TfrSat02 1106 1.5976 67.3 TfrSat47 490 0.0018 77.1 TfrSat92 260 0.0010 71.5 

TfrSat03 A* 340 5.6957 68.8 TfrSat48 398 0.0017 70.6 TfrSat93 378 0.0010 79.4 

TfrSat04 A 112 0.0667 68.7 TfrSat49 341 0.0017 71.8 TfrSat94 223 0.0010 74.4 

TfrSat05 173 0.0257 71.1 TfrSat50 265 0.0017 74 TfrSat95 230 0.0010 74.8 

TfrSat06 143 0.0472 67.1 TfrSat51 206 0.0017 80.6 TfrSat96 173 0.0010 74.6 

TfrSat07 166 0.0285 63.3 TfrSat52 355 0.0016 76.3 TfrSat97 184 0.0010 68.5 

TfrSat08 120 0.0104 59.2 TfrSat53 369 0.0016 69.4 TfrSat98 281 0.0010 74 

TfrSat09 122 0.0125 68.9 TfrSat54 215 0.0016 77.2 TfrSat99 329 0.0010 74.5 

TfrSat10 145 0.0188 63.4 TfrSat55 257 0.0016 68.1 TfrSat100 255 0.0010 62.7 

TfrSat11 266 0.0257 66.5 TfrSat56 260 0.0016 75.8 TfrSat101 151 0.0153 71.5 

TfrSat12 63 0.0188 46 TfrSat57 269 0.0016 75.8 TfrSat102 326 0.0021 71.5 

TfrSat13 63 0.0104 47.6 TfrSat58 398 0.0016 77.4 TfrSat103 563 0.0017 73.7 

TfrSat14 204 0.0076 62.3 TfrSat59 167 0.0016 73.1 TfrSat104 342 0.0031 67.8 

TfrSat15 164 0.0068 68.3 TfrSat60 316 0.0015 71.5 TfrSat105 419 0.0013 72.8 

TfrSat16 178 0.0010 70.8 TfrSat61 D 155 0.0015 74.8 TfrSat106 362 0.0011 76.2 

TfrSat17 63 0.0044 57.1 TfrSat62  D 315 0.0013 72.7 TfrSat107 266 0.0010 71.8 

TfrSat18 78 0.1459 53.8 TfrSat63 248 0.0015 73 TfrSat108 283 0.0010 63.4 
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TfrSat19 63 0.0038 58.7 TfrSat64 294 0.0015 78.6 TfrSat109 359 0.0011 76.6 

TfrSat20 226 0.2570 80.1 TfrSat65 191 0.0015 62.3 TfrSat110 229 0.0010 76.4 

TfrSat21 1006 0.0549 58.4 TfrSat66 390 0.0014 72.3 TfrSat111 115 0.0019 69.6 

TfrSat22 333 0.0014 74.2 TfrSat67 99 0.0014 65.7 TfrSat112 321 0.0015 73.5 

TfrSat23 167 0.0090 70.1 TfrSat68 193 0.0014 68.9 TfrSat113 279 0.0013 71.3 

TfrSat24 164 0.0051 61.6 TfrSat69 149 0.0014 75.2 TfrSat114 176 0.0012 75.6 

TfrSat25 154 0.0042 65.6 TfrSat70 174 0.0014 68.4 TfrSat115 156 0.0012 71.2 

TfrSat26 416 0.0033 78.1 TfrSat71 173 0.0013 72.3 TfrSat116 159 0.0011 70.4 

TfrSat27 180 0.0033 63.9 TfrSat72 196 0.0013 72.4 TfrSat117 301 0.0010 76.1 

TfrSat28 362 0.0030 71 TfrSat73 470 0.0013 76.6 TfrSat118 302 0.0010 78.5 

TfrSat29 252 0.0029 71.4 TfrSat74 224 0.0013 74.1 TfrSat119 323 0.0010 73.4 

TfrSat30 182 0.0028 71.4 TfrSat75 312 0.0013 74 TfrSat120 148 0.0011 64.2 

TfrSat31 199 0.0028 70.9 TfrSat76* 180 0.0013 56.1 TfrSat121 426 0.0029 63.1 

TfrSat32 B 267 0.0027 77.2 TfrSat77* 313 0.0013 76.4 TfrSat122 309 0.0011 73.1 

TfrSat33 B 504 0.0022 72.8 TfrSat78 283 0.0012 64.7 TfrSat123 423 0.0019 65.7 

TfrSat34 B 392 0.0013 75.5 TfrSat79 402 0.0012 73.6 TfrSat124 225 0.0017 68.4 

TfrSat35 116 0.0027 85.3 TfrSat80 255 0.0012 73.7 TfrSat125 161 0.0015 68.9 

TfrSat36 710 0.0024 69.4 TfrSat81 142 0.0011 64.8 TfrSat126 191 0.0015 63.9 

TfrSat37 174 0.0024 79.9 TfrSat82 289 0.0011 74 TfrSat127 365 0.0013 70.7 

TfrSat38 508 0.0023 73.8 TfrSat83 172 0.0011 65.1 TfrSat128 146 0.0013 73.3 

TfrSat39 C* 355 0.0021 74.6 TfrSat84 166 0.0011 77.1 TfrSat129 160 0.0013 69.4 

TfrSat40 C 185 0.0013 75.7 TfrSat85 297 0.0011 74.7 TfrSat130 149 0.0013 71.8 

TfrSat41 C * 347 0.0015 72.6 TfrSat86 316 0.0011 80.7 TfrSat131 154 0.0013 75.3 

TfrSat42 C 174 0.0011 73 TfrSat87 262 0.0011 72.1 TfrSat132 262 0.0013 67.6 

TfrSat43 97 0.0020 78.4 TfrSat88 569 0.0011 72.8 TfrSat133 288 0.0013 74 

TfrSat44 744 0.0020 69.1 TfrSat89 178 0.0011 73 TfrSat134 288 0.0013 76.7 

TfrSat45 388 0.0019 75.8 TfrSat90 284 0.0010 76.4 TfrSat135 190 0.0013 64.7 

1 This satDNA corresponds to the major T. freemani satDNA, previously characterized Juan et al., 1993. 

  

 The 134 novel satDNAs characterized in this study accounted for 8.3% of the total genomic 

content of T. freemani. Most of this is attributed to the satDNAs TfrSat02 and TfrSat03, which account 

for 1.6% and 5.7% of the genome, respectively. The remaining satDNAs together make up less than 

1% of the beetle’s genome, so they can be considered low-copy number satDNAs (Figure 8A). Overall, 

satDNAs dominate the genome of T. freemani with a total proportion of 39.2%.  

 The monomer length of the satDNAs studied in this work varied widely, ranging from 63 bp to 

1106 bp (Table 8). Nevertheless, the preferred monomer length is in the range between 100 and 200 

pb, with the median of this range being 166 bp. Overall, the monomer length of the majority of the 

new satDNAs is between 100 and 400 bp (Figure 8B) with a median of 252 bp. In terms of nucleotide 

composition, the satDNAs of T. freemani are A+T rich, with only two satDNAs having an A+T content 
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of less than 50%. They strongly favor an A+T composition of more than 60% (127 satDNAs) (Figure 8C) 

which is in accordance with overall A+T composition of the T. freemani genome, which was 

determined to be 68% (Volarić et al. 2022). The satDNAs were checked for similarities with known 

transposable elements in RepBase (Kohany et al. 2006) and 69 of them showed partial similarity to 

various TE, majority of which were DNA transposons (Suppl. table 2). 

 

 

  

 

 

 

 

Figure 8. Share of satellitome in the total genomic content (A), monomer length distribution (B) and 
A+T composition (C) of consensus sequences of the 135 Tribolium freemani satellite DNAs. 

 

 The major satDNA of T. freemani was characterized 30 years ago, and its consensus was 

derived from five cloned monomers and was deposited to GenBank under the accession number 

X58539 (Juan et al. 1993). In this research consensus was revised using the genome assembly Tfree1.0. 

The new consensus TfrSat01 was defined by aligning 800 extracted monomers from the Tfree1.0 
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assembly and then compared to the X58539 sequence (Figure 9). It was determined that the two 

consensuses have minimal differences, sharing 94.6% of identical sites. 

 

 

Figure 9. Muscle alignment of the old (X58539) and revised (TfrSat01) consensuses of the major 
satellite DNA of Tribolium freemani.  

 

 

 By analyzing the TfrSat01 annotations on the Tfree1.0 genome assembly, it was found that 

long arrays of major satDNA are organized in the multi-megabase TfrSat01 regions. Within the long 

arrays, the TfrSat01 monomers are organized into subarrays that differ from each other with respect 

to monomer orientation (Figure 10A). Such a dyad symmetry of inversely oriented subarrays indicates 

the potential for the formation of secondary structures such as hairpin and cruciform conformations. 

Also, TfrSat01 arrays are frequently interrupted by the arrays of TfrSat03 satDNA. Interestingly, the 

TfrSAt03 monomer is a HOR consisting of three subunits similar in nucleotide sequence, showing an 

average pairwise identity of 70.4% (Figure 10B). In addition, TfrSat03 arrays also exhibit dyad 

symmetry in their long-range organization, comprising several monomers of TfrSat03 in the forward 

direction, opposed by several monomers in the reverse direction (Figure 10A).  

 Further analysis revealed that the TfrSat03 subunits share nucleotide similarity, spanning from 

65.8% to 72.6%, with a consensus monomer of TfrSat04 satDNA (Figure 10C), with the length of 

TfrSat03 subunits corresponding with the length of the TfrSat04 monomer. Due to nucleotide 

sequence similarity, TfrSat03 and TfrSat04 have been grouped together into the superfamily A of the 

T. freemani satellitome (Table 8). Nevertheless, while the subunits of TfrSat03 form HORs and exhibit 

a complex organization, the TfrSat04 monomers are neatly tandemly organized in long arrays (Figure 

10A).  
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Figure 10. A) Schematic representation of Tribolium freemani centromeric region containing satellite 
DNAs TfrSat01 and TfrSat03. The arrays of TfrSat03 are embedded into the TfrSat01 arrays showing 
dyad symmetry. The arrows show the orientation of the monomers within the TfrSat01 and TfrSat03 
arrays. The higher-order repeat structure of TfrSat03 monomer containing the three subunits (A, B, C) 
is also shown. The organization of TfrSat04 long continuous array in comparison to the embedded 
TfrSat03 is presented. B) Geneious alignment and distance matrix of the TfrSat03 subunits. C) 
Geneious alignment and distance matrix of the superfamily SF1 satellite DNAs TfrSat03 and TfrSat04. 
For TfrSat03, the three subunits (A, B, C) corresponding to the length of the TfrSat04 monomer 
sequence were compared. 
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 Regarding satDNA mutual similarities, the three additional superfamilies have been 

characterized, named superfamily B – D. Superfamily B consists of the satDNAs TfrSat32, TfrSat33 and 

TfrSat34, which are partially similar in their monomeric sequences (Figure 11A). Their monomers share 

a pairwise identity spanning from 62.8% to 64.7%. Within superfamily C, comprising satDNAs 

TfrSat39/40/41/42, the relationships between the satDNAs are more complex. All satDNAs share 

similarities in nucleotide sequences, but TfrSat39 is structured as a dimeric HOR form of a monomeric 

satDNA TfrSat40 with the subunits having the pairwise identity of 63%. TfrSat41 is also a dimeric HOR 

with subunits with similar nucleotide composition and pairwise identity of 63.9% (Figure 11B, Figure 

12A and 12B). The satDNAs TfrSat61 and TfrSat62 of superfamily D have partial similarity in their 

consensus monomer sharing 68.4% pairwise identity (Figure 11C). 

 

 

 

Figure 11. Geneious alignments and distance matrices of Tribolium freemani satellite DNAs belonging 
to the superfamiliy B (A), superfamiliy C (B) and superfamiliy D (C). 
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 Regarding the HOR organization of the satDNAs of T. freemani, in addition to TfrSat03, 

TfrSat39 and TfrSat41, there are two additional satDNAs that exhibit HOR structures. The monomer 

of TfrSat76 consists of two highly similar subunits with a pairwise identity of 82.2% (Figure 12C), while 

the monomer of TfrSat77 also has two subunits that are 75% similar (Figure 12D).  

 

 

Figure 12. Schematic representation of dimeric higher-order repeat structures and Geneious 
alignments of the subunits of satellite DNAs TfrSat39 (A), TfrSat41 (B), TfrSat76 (C) and TfrSat77 (D) 
with indicated subunits’ pairwise identities.  
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3.1.3. Chromosome localization of the T. freemani satellite DNAs 

 The chromosomal location of the most prominent T. freemani satDNAs was determined by 

FISH experiments.  

 Since TfrSat01 and TfrSat03 showed a mutually interspersed genomic organization in silico, 

double FISH experiments were performed to confirm their colocalization (Figure 13). On the male 

chromosome spreads, the TfrSat01 and TfrSat03 signals were detected on 19 chromosomes of the 

complement in large blocks, mainly in heterochromatic (peri)centromeric regions. Curiously, neither 

of the two satDNAs showed the signals on the male-specific sex-chromosome yp (Figure 13A).  

However, FISH on female chromosome spreads showed signals on all 20 chromosomes (Figure 13B).  

  

Figure 13. Chromosomes of Tribolium freemani male (A) and female (B) specimens stained with DAPI 
and in situ hybridized with a Cy3-labelled probe specific for TfrSat01 (red fluorescence) and FITC-
labelled probe specific for TfrSat03 (green fluorescence). A DAPI grayscale image is shown to better 
visualize the contours of the chromosomes. An arrow shows the sex chromosome yp. The "merge" 
panels show the overlap of TfrSat01 and TfrSat03 signals.  

 

 FISH analysis was also performed to identify the position of TfrSat04 satDNA (Figure 14). It 

revealed that the satDNA TfrSat04 is exclusively present on the yp chromosome (Figure 14A). 

Accordingly, the FISH experiment using the TfrSat04 probe on chromosome spreads isolated from 

female gonads showed no signals (Figure 14B). Since TfrSat03 and TfrSat04 belong to the same 

superfamily A and are similar in their nucleotide sequences, the additional double FISH check was 

performed with TfrSat03 and TfrSat04 specific probes on the male chromosome spreads (Figure 15). 

In accordance with the previous experiment, no colocalization of the two satDNAs was observed as 

TfrSat03 was found on all chromosomes except the yp chromosome, while TfrSat04 localized on yp. 

These in situ experiments revealed that two related satDNAs from the same superfamily differ not 
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only in their long-range organization but also in their chromosomal localization, with TfrSat04 being 

specific for the male sex chromosome. 

 

 

 

 

 

 

 

 

Figure 14. Fluorescence in situ hybridization of the Tribolium freemani male (A) and female (B) 
chromosomes with TfrSat04 satDNA-specific probe (green FITC signal). The chromosomes 
counterstained with DAPI (blue) are also shown in grayscale. The white arrow shows the yp 
chromosome. 

 

 

 

Figure 15. Localization of TfrSat03 and TfrSat04 satDNAs on T. freemani male chromosomes (stained 
in DAPI) obtained by FISH with Cy3-labeled TfrSat03 probe (red fluorescence) and FITC-labelled 
TfrSat04 probe (green fluorescence). The arrow shows the yp chromosome. Scale bar = 5 µm. 
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 FISH experiments were also done for the most conspicuous low-copy-number satDNAs of 

T. freemani (Figure 16). TfrSat05 is located on most chromosomes, but it showed no signal on the yp 

chromosome. In contrast to the highly abundant TfrSat01, which is also found on all chromosomes 

except on yp, the TfrSat05 signals were more dispersed and discrete, and did not extend over the 

entire heterochromatic regions (Figure 16A). The signals of TfrSat06 were similar to those of TfrSat05, 

also distributed on the majority of chromosomes (Figure 16B). There is a possibility that there are 

TfrSat05 and TfrSat06 arrays on additional chromosomes as seen in the annotated genome, but they 

are too short to be detected by FISH. The satDNA TfrSat07 was located on less than half of the 

chromosomes of the complement, but interestingly it is present on the yp chromosome (Figure 16C). 

TfrSat09 showed signals on only one pair of chromosomes, which is consistent with the genomic 

annotation showing only one array of TfrSat09 on chromosome 3 (Figure 16D). The satDNA TfrSat10 

was detected on two chromosome pairs and appeared as two distinct signals in the interphase nucleus 

(Figure 16E). The last low-copy satDNA analyzed by FISH was TfrSat11 with two strong signals on 

chromosomes and several less intense, scattered signals on two other chromosome pairs (Figure 16F). 

The FISH results for all of the examined low-copy-number satDNAs are consistent with the genomic 

annotations in the Tfree1.0 assembly. 
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Figure 16. Chromosomes of Tribolium freemani male specimens hybridized in situ with a FITC-labelled 
probe specific for TfrSat05 (A), TfrSat06 (B), TfrSat07 (C), TfrSat09 (D), TfrSat10 (E) and TfrSat11 (F).  
An arrow shows the sex chromosome yp. 
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3.2. Satellitome of the species Tribolium madens   

3.2.1. Detection of satellite DNAs in T. madens genome  

 The satellitome of the species T. madens was determined using whole genome sequence reads 

obtained from the Illumina platform. The sequencing yielded 33 902 390 paired-end reads with a 

length of 151 bp (Table 6). Six different TAREAN analyses were performed (Table 9). The first analysis 

TM1 was performed with a random subsample of 168 290 pair-end reads, corresponding to 

approximately 0.1x coverage with the two major satDNAs included. Further analyses were performed 

on the subset of 21 280 718 original Illumina reads missing the two major satDNAs MAD1 and MAD2 

to maximize the total amount of satDNAs that could be mined. 

  

Table 9. Summary of the results of six different TAREAN analyses performed for the black flour 

beetle Tribolium madens. 

TAREAN clustering 
analysis 

TM1 TM2*  TM3*  TM4*  TM5*  TM6*  

No. of input reads 168,290 168,402 416,172 840 000 1 260 000 1,684,340 

No. of analyzed reads 168,290 168,402 416,172 832,478 1,248,506 1,684,340 

Genome coverage ~0.1x ~0.1x ~0.25x ~0.5x ~0.75 ~1x 

Proportion of reads 
in top clusters 

48% 19% 22% 25% 28% 30% 

No. of reads in 
clusters 

98,129 
(58.31%) 

62,627 
(37.19%) 

208,307 
(50.05%) 

539,831 
(64.85%) 

932,534 
(74.69%) 

1,378,784 
(81.86%) 

No. of clusters 7,057 13,176 48,098 124,970 204,038 274,966 

No. of singlets 70,161 105,775 207,865 292,647 315,972 305,556 

No. of satellites 5 8 16 25 77 119 

No. of high putative 
satellites 

3 2 7 8 9 18 

No. of low putative 
satellites 

2 6 9 17 68 101 

*analyses performed with the subset of reads missing the major satDNAs MAD1 and MAD2 (Ugarković et al. 
1996b) 

 

 To determine whether the potential satDNAs are indeed tandemly repeated, the consensus 

sequences provided by TAREAN were annotated to the preliminary assembly of T. madens, which was 

assembled using PacBio HiFi reads (unpublished results) applying the 70% similarity criterion. All 

sequences that showed a tandem organization of 5 or more repeating monomers were declared to be 

satDNAs. 
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3.2.2.  Analysis of the satellitome of T. madens 

 In total, 122 new satDNAs were found in the genome of the black flour beetle T. madens. For 

the purpose of sequential numeration of newly discovered satDNAs, the two already characterized 

major satDNAs MAD1 and MAD2 (Ugarković et al. 1996b) are referred to as TmaSat01 and TmaSat02, 

respectively. Altogether, the satellitome of T. madens consists of 124 satDNAs (Table 10) whose 

consensus sequences are presented in Supplementary table 1. 

 

Table 10. Satellitome of the black flour beetle Tribolium madens. The table contains the main 
characteristics of detected satellite DNAs: repeat unit (monomer) lengths, the genome proportion, 
the A+T base composition of the individual satellite DNAs. The satellite DNAs with higher-order-
repeats (HORs) are shaded in a darker shade of green and marked with an asterisk.  

satDNA 
length 

(bp) 
% 

genome 
AT% satDNA 

length 
(bp) 

% 
genome 

AT% name 
length 

(bp) 
% 

genome 
AT% 

TmaSat011 225 33 74.2 TmaSat43* 174 0.0017 55.2 TmaSat84 414 0.0015 78.3 

TmaSat021 711 4.8 69.6 TmaSat44 283 0.0017 75.6 TmaSat85 433 0.0015 76.4 

TmaSat03 1264 2.8 67.6 TmaSat45 264 0.0016 59.5 TmaSat86 433 0.0015 70 

TmaSat04 123 0.0081 63.4 TmaSat46 209 0.0016 77.5 TmaSat87 276 0.0013 67 

TmaSat05 145 0.0050 62.8 TmaSat47 343 0.0016 64.1 TmaSat88 580 0.0013 75.3 

TmaSat06 166 0.0199 71.1 TmaSat48 312 0.0015 67.6 TmaSat89 453 0.0013 75.3 

TmaSat07 306 0.0118 75.8 TmaSat49 280 0.0014 69.3 TmaSat90 291 0.0013 69.4 

TmaSat08 363 0.0170 46.6 TmaSat50 214 0.0014 82.2 TmaSat91 342 0.0013 74 

TmaSat09 99 0.0057 64.6 TmaSat51 206 0.0014 75.2 TmaSat92 212 0.0012 81.1 

TmaSat10 334 0.0059 76 TmaSat52 543 0.0014 78.1 TmaSat93 643 0.0011 81.8 

TmaSat11* 102 0.0051 53.9 TmaSat53 297 0.0014 65.7 TmaSat94 173 0.0011 65.9 

TmaSat12 132 0.0009 62.1 TmaSat54 272 0.0014 72.8 TmaSat95 212 0.0011 67 

TmaSat13 63 0.0150 57.1 TmaSat55 211 0.0014 81 TmaSat96 195 0.0011 65.6 

TmaSat14 90 0.0033 53.3 TmaSat56 366 0.0014 71.6 TmaSat97 317 0.0011 71.9 

TmaSat15 692 0.5000 69.1 TmaSat57* 389 0.0014 71.7 TmaSat98 303 0.0011 70.6 

TmaSat16* 450 0.0180 70.9 TmaSat58 174 0.0013 52.9 TmaSat99 63 0.0011 42.9 

TmaSat17 55 0.0036 78.2 TmaSat59 394 0.0012 77.9 TmaSat100 228 0.0010 79.4 

TmaSat18 206 0.0012 70.9 TmaSat60 269 0.0012 67.7 TmaSat101 658 0.0010 78.3 

TmaSat19 264 0.0011 78.4 TmaSat61 221 0.0012 65.6 TmaSat102 382 0.0010 77.7 

TmaSat20 122 0.0019 68 TmaSat62 301 0.0012 79.7 TmaSat103 164 0.0009 71.3 

TmaSat21 477 0.0009 76.9 TmaSat63 336 0.0011 77.4 TmaSat104 303 0.0009 73.3 

TmaSat22 161 0.0052 71.4 TmaSat64 331 0.0011 75.2 TmaSat105 171 0.0009 67.3 

TmaSat23 525 0.0046 76.8 TmaSat65 353 0.0011 70.8 TmaSat106 245 0.0009 72.2 

TmaSat24 451 0.0037 76.1 TmaSat66 165 0.0011 73.3 TmaSat107 303 0.0009 58.7 

TmaSat25 259 0.0030 75.7 TmaSat67 313 0.0011 72.5 TmaSat108 436 0.0009 74.8 

TmaSat26 687 0.0047 75.5 TmaSat68 451 0.0010 74.1 TmaSat109 333 0.0009 73 

TmaSat27 133 0.0019 57.1 TmaSat69 279 0.0010 68.5 TmaSat110 323 0.0009 74.9 
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TmaSat28* 418 0.0018 71.1 TmaSat70 321 0.0010 75.1 TmaSat111 300 0.0009 74.3 

TmaSat29 238 0.0017 70.2 TmaSat71 327 0.0010 70 TmaSat112 264 0.0009 54.2 

TmaSat30 333 0.0017 76 TmaSat72 1275 0.0051 73.3 TmaSat113 158 0.0009 81.6 

TmaSat31 288 0.0017 76.4 TmaSat73 260 0.0025 74.2 TmaSat114 159 0.0009 67.9 

TmaSat32 382 0.0015 74.6 TmaSat74 859 0.0025 74.6 TmaSat115 135 0.0008 68.9 

TmaSat33 123 0.0032 74 TmaSat75 395 0.0024 81.5 TmaSat116 328 0.0008 78 

TmaSat34 216 0.0028 71.8 TmaSat76 615 0.0019 71.4 TmaSat117 163 0.0008 63.2 

TmaSat35 141 0.0024 78 TmaSat77 624 0.0019 72.1 TmaSat118 334 0.0007 73.4 

TmaSat36* 300 0.0024 77.3 TmaSat78 640 0.0019 74.2 TmaSat119 204 0.0007 81.4 

TmaSat37 365 0.0021 77.3 TmaSat79 392 0.0019 71.7 TmaSat120 188 0.0007 72.3 

TmaSat38 629 0.0019 78.4 TmaSat80 528 0.0016 74.1 TmaSat121 259 0.0007 74.5 

TmaSat39 343 0.0019 75.2 TmaSat81* 351 0.0016 76.4 TmaSat122 133 0.0007 73.7 

TmaSat40 342 0.0019 73.1 TmaSat82 547 0.0016 73.9 TmaSat123 454 0.0007 78.2 

TmaSat41 408 0.0017 75.2 TmaSat83 562 0.0016 73.1 TmaSat124 79 0.0007 65.8 

TmaSat42 413 0.0017 75.5 

1The satDNAs detected previously in Ugarković et al. 1996b 

 

 The 122 novel satDNAs make up 3.6% of the total genomic content of T. madens. The majority 

of it belongs to the satDNA TmaSat03 which accounts for 2.8% of the genome, while the percentage 

of the cumulative remaining satDNA does not exceed 1%. The total satellitome percentage of 

T. madens is 41.4%, with TmaSat01 dominating the genome with 33% and TmaSat02 being the second 

most abundant with 4.8% (Figure 17A). 79 satDNAs of the satellitomes have been found to share 

similarities with a repeat element from the RebBase data base, the majority of which are DNA 

transposons (Suppl. table 3). 

 The satDNAs of T. madens exhibit a wide range of monomer lengths, ranging from 55 to 

1275 bp, with a median length of 303 bp. As it was the case with satDNAs of T. freemani, the majority 

of the novel satDNAs of T. madens have a monomer unit between 100 – 400 bp long, with a preferred 

length spanning between 300 and 400 bp (Figure 17B). Regarding the base composition of satDNAs, 

they are A+T rich, with only one satellite with the A+T content of less than 50%. The majority of 

satDNAs (88 of 124) have the A+T content of more than 70% (Figure 17C). 



Ocje
na

 ra
da

 

u t
ije

ku

59 
 

  

 

 

 

 

 

 

Figure 17. Share of satellitome in the total genomic content (A), monomer length distribution (B) and 
A+T composition (C) of consensus sequences of the 124 Tribolium madens satellite DNAs. 

 

 Several of the T. madens satDNAs show HOR organization of their monomer unit.  The 

monomer of TmaSat11 has a 30 bp pairs sequence repeated three times with a 12 bp tail of the same 

sequence at the end of the consensus, with pairwise similarity ranging from 66.7% to 83.3% (Figure 

18A). A similar situation is observed within the 450 bp long monomer unit of TmaSat16 that consists 

of a 134 bp sequence that repeats three times, with a similarity of 73.1% to 78.7%. The end of a 

monomer also shows similarities with a repeated subunit (Figure 18B). TmaSat28 and TmaSat36 

satDNAs have highly conserved segments, being 109 bp (Figure 18C) and 103 bp (Figure 18D) long, 

respectively, that are repeated twice in a monomer. The two satDNAs do not have typical HOR 

organization, but could be considered complex monomer units because of their conserved segments. 

Dimeric HOR organization is recognized in the structure of TmaSat43 (Figure 18E) and TmaSat81 

(Figure 18G). The similarity between subunits of TmaSat43 is 65.5% but their core is highly conserved, 

showing a similarity of 93.9% (Figure 18E). Subunits of TmaSat81 share a similarity of 82% (Figure 18G). 
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The TmaSat57 monomer shows the most complex structure, being a hexameric HOR based on 66 bp 

long subunits (Figure 18F). 
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Figure 18. Higher-order repeat structures of satellite DNAs TmaSat11 (A), TmaSat16 (B), TmaSat28 (C), 
TmaSat36 (D), TmaSat43 (E), TmaSat57 (F) and TmaSat81 (G). For each satellite DNA there is a 
schematic representation of higher-order repeat structure and the alignment of the subunits with 
pairwise identities indicated. 
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3.2.3. Chromosome localization of the T. madens satellite DNAs 

 FISH experiments were performed to localize seven newly discovered satDNAs on T. madens 

chromosomes. Hybridization with a probe specific for the most abundant T. madens satellite, 

TmaSat01, was included in the FISH analysis as a positive control. It must be emphasized that the 

karyotype of T. madens consists of 2n=20 chromosomes, which differ considerably in size. The 

karyotype also includes a variable number of small supernumerary chromosomes (usually between 1-

3), that are very similar in size and appearance to the small chromosomes of the regular complement, 

and it is practically impossible to distinguish them. 

 TmaSat01 is present on (peri)centromeric regions on all of the chromosomes (2n=20 + 

supernumeraries) (Figure 19A). As it is expected, novel satDNAs are present on fewer chromosomes 

as they are low-copy satDNAs in regards to their abundance (Table 10). The satDNAs TmaSat04 (Figure 

19B), TmaSat07 (Figure 19E), TmaSat09 (Figure 19G) and TmaSat10 (Figure 19H) are all located only 

on one pair of chromosomes in the complement. Contrary to the aforementioned satDNAs, the 

satDNA TmaSat05 (Figure 19C), TmaSat06 (Figure 19D) and TmaSat08 (Figure 19F) are present on a 

larger number of chromosomes, approximately on half of the chromosome complement. These 

cytogenetic results are consistent with the in silico analysis that shows all of the monomers of 

TmaSat04, TmaSat07, TmaSat09 and TmaSat10 tandemly organized in a single genomic array, while 

the remaining satDNAs are dispersed throughout more contigs. 
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Figure 19. Chromosomes of Tribolium madens male specimens counterstained by DAPI and hybridized 
with a FITC-labelled probe (green signals) specific for TmSat01 (A), TmSat04 (B), TmSat05 (C), TmSat06 
(D), TmSat7 (E), TmSat08 (F), TmSat09 (G) and TmSat10 (H) satellite DNAs. DAPI-counterstained 
chromosomes (blue) are also shown in grayscale to better visualize the chromosome contours. The 
last panels show merged images of DAPI-stained chromosomes and FITC-labelled satellite DNA signals 
(green). 
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3.3. Satellitome of the species Tribolium confusum  

3.3.1. Detection of satellite DNAs in T. confusum genome 

 Using the 151 bp short reads generated by whole genome sequencing with the Illumina 

platform, the satellitome of T. confusum was characterized. The total number of paired-end reads 

sequenced was 32 571 752 (Table 6). TAREAN analyses TC1 and TC2 were performed with the random 

subset of total Illumina reads, but the major satDNA (Plohl et al. 1993) was shown to be too abundant 

for the pipeline. Because of that, further analyses (TC3 – TC7) were performed with the subsample of 

reads from which the major satDNA was filtered (28 311 462 reads in total) (Table 11). 

 

Table 11. Summary of the results of seven different TAREAN analyses performed for the confused 
flour beetle Tribolium confusum.  

TAREAN clustering 
analysis 

TC1* TC2*  TC3*  TC4* TC5* TC6* TC7* 

No. of input reads 160,346 400,808 160,420 401,440 802,724 1,204,028 1,605,468 

No. of analyzed 
reads 

160,346 325,504 160,420 401,440 802,724 1,204,028 1,605,468 

Genome coverage 0.1x ~0.2x 0.1x ~0.25x ~0.5x ~0.75 ~1x 

Proportion of 
reads in top 

clusters 
26% 31% 17% 24% 28% 31% 33% 

No. of reads in 
clusters 

70,100 
(43.72%) 

160,446 
(40.03%) 

59,044 
(36.80%) 

184,331 
(45.92%) 

445,316 
(55.48%) 

753,774 
(62.60%) 

1,095,528 
(68.24%) 

No. of clusters 10,458 23,048 12,099 34,861 85,192 144,922 208,881 

No. of singlets 90,246 165,058 101,376 217,109 357,408 450,254 509,940 

No. of satellites 10 18 12 21 40 82 94 

No. of high 
putative satellites 

6 11 6 11 19 33 29 

No. of low putative 
satellites 

4 7 6 10 21 49 65 

*analyses performed with the subset of reads from which the major satDNA (Plohl et al. 1993) was removed  

 

 The consensus sequences of potential novel satDNAs were annotated to the preliminary draft 

genome assembly, assembled using PacBio HiFi reads (unpublished results), with the similarity 

criterion of 70%. All of the sequences that were tandemized in arrays of 5 or more monomers were 

defined as satDNAs. 
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3.3.2. Analysis of the satellitome of T. confusum 

 Using previously described in silico methods, 107 new satDNAs were characterized in the 

genome of T. confusum. Counting the previously defined major satDNA (Plohl et al. 1993) (referred to 

as TcoSat01 in this work), the satellitome of T. confusum consists of 108 different satDNAs (Table 12). 

The consensus sequences of satDNA monomer are shown in Supplementary table 1. 

 

Table 12. Satellitome of the confused flour beetle Tribolium confusum. The table contains the main 
characteristics of satellite DNAs: repeat unit (monomer) lengths, the genome proportion, the A+T base 
composition of the individual satellite DNAs. The satellite DNAs with higher-order-repeats (HORs) are 
marked with an asterisk (*), while the satDNAs that belong to the same superfamily are color-coded 
and labelled with superscripts A, B, C, D, E, F and G.   

satDNA 
length 

(bp) 
% 

genome 
AT% satDNA 

length 
(bp) 

% 
genome 

AT% satDNA 
length 

(bp) 
% 

genome 
AT% 

TcoSat011 158 13 73.4 TcoSat37C 64 0.0037 65.6 TcoSat73 181 0.0019 74 

TcoSat02A 183 2.2500 73.2 TcoSat38 398 0.0035 65.1 TcoSat74 62 0.0019 77.4 

TcoSat03A 183 0.4450 74.9 TcoSat39 211 0.0028 69.7 TcoSat75 437 0.0019 68.4 

TcoSat04 185 1.2000 73 TcoSat40 170 0.0026 72.4 TcoSat76 242 0.0018 73.6 

TcoSat05 127 0.1800 78 TcoSat41 153 0.0026 72.5 TcoSat77 237 0.0017 75.1 

TcoSat06 139 0.0220 60.4 TcoSat42 268 0.0023 70.9 TcoSat78 154 0.0017 76 

TcoSat07* 120 0.0135 55 TcoSat43 491 0.0022 72.5 TcoSat79 174 0.0017 73 

TcoSat08 547 0.0150 73.1 TcoSat44 176 0.0022 73.3 TcoSat80G 163 0.0017 82.2 

TcoSat09 120 0.0080 60.8 TcoSat45 177 0.0022 56.5 TcoSat81G 432 0.0021 79.9 

TcoSat10 177 0.2600 72.9 TcoSat46 379 0.0016 63.1 TcoSat82G 151 0.0014 72.2 

TcoSat11 655 0.0296 63.1 TcoSat47 184 0.0016 76.6 TcoSat83G 212 0.0014 70.8 

TcoSat12 600 0.0200 69.8 TcoSat48 181 0.0015 76.2 TcoSat84G 134 0.0011 79.9 

TcoSat13 182 0.0061 72.5 TcoSat49D 123 0.0015 74.8 TcoSat85G 302 0.0044 78.5 

TcoSat14 90 0.0104 66.7 TcoSat50D 562 0.0037 73.7 TcoSat86 150 0.0017 73.3 

TcoSat15B 141 0.0131 76.6 TcoSat51 171 0.0015 78.4 TcoSat87 172 0.0017 75.6 

TcoSat16B 122 0.0011 74.6 TcoSat52 171 0.0015 70.2 TcoSat88 262 0.0015 67.2 

TcoSat17B 205 0.0044 74.1 TcoSat53 203 0.0015 71.4 TcoSat89 330 0.0015 73.3 

TcoSat18B 154 0.0019 74.7 TcoSat54 840 0.0165 67.3 TcoSat90 170 0.0014 68.8 

TcoSat19B 152 0.0044 77 TcoSat55 352 0.0049 69.9 TcoSat91 170 0.0014 78.2 

TcoSat20B 191 0.0027 73.8 TcoSat56 168 0.0030 70.8 TcoSat92* 136 0.0014 74.3 

TcoSat21B 303 0.0023 75.9 TcoSat57 575 0.0029 68.7 TcoSat93 153 0.0013 78.4 

TcoSat22B 122 0.0054 76.2 TcoSat58 248 0.0028 66.9 TcoSat94 192 0.0013 73.4 

TcoSat23B 181 0.0039 80.7 TcoSat59E 162 0.0027 75.3 TcoSat95 263 0.0013 75.7 

TcoSat24 196 0.0087 74.5 TcoSat60E 164 0.0017 77.4 TcoSat96 93 0.0013 77.4 

TcoSat25 121 0.0028 75.2 TcoSat61 83 0.0014 68.7 TcoSat97 415 0.0012 69.9 

TcoSat26 105 0.0041 58.1 TcoSat62 83 0.0020 80.7 TcoSat98 345 0.0012 69.9 

TcoSat27 302 0.0031 74.8 TcoSat63 150 0.0023 64.7 TcoSat99 181 0.0012 63.5 
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TcoSat28 161 0.0200 64 TcoSat64 154 0.0023 76 TcoSat100 60 0.0011 55 

TcoSat29 101 0.0110 68.3 TcoSat65 211 0.0023 74.9 TcoSat101 102 0.0010 61.8 

TcoSat30 682 0.6090 69.6 TcoSat66 93 0.0015 73.1 TcoSat102 146 0.0030 63.7 

TcoSat31 265 0.0074 72.1 TcoSat67F 220 0.0023 73.6 TcoSat103 371 0.0028 75.2 

TcoSat32 168 0.0054 75.6 TcoSat68F 195 0.0018 78.5 TcoSat104 183 0.0023 74.9 

TcoSat33 189 0.0048 75.1 TcoSat69 277 0.0022 67.1 TcoSat105 171 0.0021 71.9 

TcoSat34 153 0.0068 77.1 TcoSat70 234 0.0021 69.2 TcoSat106 174 0.0019 69 

TcoSat35C 62 0.0040 69.4 TcoSat71 170 0.0020 75.3 TcoSat107 387 0.0017 72.1 

TcoSat36C,* 130 0.0039 70.8 TcoSat72 159 0.0020 72.3 TcoSat108 184 0.0016 71.7 

1 SatDNA characterized previously in Plohl et al. 1993 

 

 The abundance of the major satDNA in the genome of T. confusum was experimentally 

estimated to be 40% (Plohl et al. 1993), but the number of the Illumina reads corresponding to the 

consensus sequence of TcoSat01 and the output of TAREAN analyses indicate that the estimate is 13% 

(Table 12, Figure 20A). Nevertheless, the major satDNA TcoSat01 represents the most abundant 

sequence in the genome of T. confusum. Only two of the newly characterized satDNAs, TcoSat02 and 

TcoSat04, are present in the genome with more than 1%, while the remaining 105 satDNA 

cumulatively make up 1.5% of the genome (Figure 20A). Altogether, the satellitome comprises 18.3% 

of the total T. confusum genomic content. Out of the 108 total satDNAs in the genome of T. confusum, 

59 have shown similarity with repeats found in the RepBase, among which DNA transposons are the 

most common hit (Suppl. table 4). 

 The monomers of the T. confusum satDNAs vary in length, spanning from 60 to 840 bp. The 

majority of them are in the 100 – 200 bp range, with 176 bp being the median length of all of the 

monomers (Figure 20B). Regarding the nucleotide composition of the monomers, they are abundant 

in A+T nucleotides, with 71 of 108 satDNAs having the A+T composition in the range from 70-80% 

(Figure 20C). 
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Figure 20. Share of satellitome in the total genomic content (A), monomer length distribution (B) and 
A+T composition (C) of consensus sequences of the 108 Tribolium confusum satellite DNAs. 

 

 Seven different superfamilies were observed among the satDNAs of the T. confusum (Table 

12). Superfamily A consist of the satDNAs TcoSat02 and TcoSat03, whose consensus monomers show 

a pairwise identity of 76.1% (Table 12, Figure 21A). Superfamily B is comprised of nine different 

satDNAs TcoSat15/16/17/18/19/20/21/22/23 (Table 12). The average pairwise identity of satDNAs of 

superfamily B is 61.6%, with similarities between sequences spanning from 51.9% to 78.4% (Figure 

21B). Furthermore, superfamily C consist of satDNAs TcoSat35/36/37, with their average pairwise 

identity being 75.1, ranging from 70.3% to 79% (Table 12, Figure 21C). Interestingly, TcoSat36 is a HOR 

based on the two subunits showing opposite orientation (Figure 22B), but still sharing the high 

pairwise identity of 84.4%. The next superfamilies with two mutually similar satDNAs are superfamily 

D, which is made up of TcoSat49 and TcoSat50 (Table 12) with pairwise identity of 69.0% (Figure 21D), 

superfamily E consisting of TcoSat59 and TcoSat60 (Table 12) that share a pairwise identity of 76.5% 

(Figure 21E), and superfamily F with TcoSat67 and TcoSat68 (Table 12) sharing pairwise identity of 
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62.5% (Figure 21F). SatDNAs TcoSat80/81/82/83/84/85 are part of the ultimate superfamily G (Table 

12) in which their pairwise identities span from 52.5% to 74.6% (Figure 21G). 
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Figure 21. Geneious alignments and distance matrices of Tribolium confusum satellite DNAs belonging 
to the superfamily A (A), superfamily B (B), superfamily C (C), superfamily D (D), superfamily E (E), 
superfamily F (F), and superfamily G (G). 
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 Except for the TcoSat36, two other T. confusum satDNAs have HOR monomers (Table 12). Both 

satDNAs, TcoSat07 and TcoSat92 are of dimeric structure, with subunits being 81.0% and 81.2% 

similar, respectively (Figure 22A and 22C). 

 

 

 

Figure 22. Schematic representation of the higher-order repeat structures of satellite DNAs TcoSat07 
(A), TcoSat36 (B), and TcoSat92 (C). For each satDNA, Geneious alignments of the subunits and 
subunits’ pairwise identities are shown.   

 

 

3.3.3. Chromosome localization of the T. confusum satellite DNAs 

 FISH experiments were performed to localize the most prominent satDNAs of T. confusum on 

the chromosomes. Major satDNA TcoSat01 is present in large heterochromatic blocks on all of the 

chromosomes of the complement (2n=18) (Figure 23). 
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Figure 23. Chromosomes of male Tribolium confusum specimen stained by DAPI and in situ hybridized 
with a FITC-labelled probe specific for TcoSat01. Scale bar represents 3 µm. 

 

 Due to the nucleotide sequence similarities between the satDNAs TcoSat02 and TcoSat03 

(superfamily A), a double FISH was performed to determine their chromosomal position 

simultaneously. As shown in Figure 24, both satellites are present on approximately three pairs of the 

chromosomes, but they do not colocalize on the same chromosomes. The signals appear to be located 

next to the large heterochromatic blocks, therefore it can be concluded that the satDNAs in question 

are predominately located in pericentromeric regions. 

 

Figure 24. Tribolium confusum chromosome spreads from male gonads, stained by DAPI (blue) and 
hybridized in situ with Cy3-labelled probe specific for TcoSat02 (red fluorescence) and FITC-labelled 
probe specific for TcoSat01 (green fluorescence). Scale bar represents 3 µm. 

 

 FISH experiments were also performed for the six low-copy-number satDNAs, TcoSat04, 

TcoSat05, TcoSat06, TcoSat07, TcoSat08, and TcoSat09.  

TcoSat04 is located on half of the chromosomes of the complement with the signals that are more 

dispersed than those of the major satDNA TcoSat01 (Figure 25A). The signals of the satDNA TcoSat05 

are similar in appearance to those of TcoSat04, also being present on half of the chromosomes (Figure 

25B). The abundance of the signals is in accordance to their higher genomic percentage in comparison 

to other low-copy satDNAs. Furthermore, due to the localization of the signals, it can be concluded 
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that satDNAs TcoSat04 and TbrSat05 are also positioned in pericentromeric regions. Considering that 

the heterochromatic blocks are primarily made of the major satDNA TcoSat1, cytogenetic localization 

of satDNAs TcoSat02-03-04-05 in pericentromeric regions was additionally explored in silico by 

analyzing the preliminary assembly of T. confusum. The major satDNA TcoSat01 mapped on some of 

the longest contings of the preliminary assembly in arrays of more than 10 Mb, making them likely 

candidates for centromeric regions. Flanking regions surrounding centromeric TcoSat01 arrays of the 

contings ptg000013l and ptg000014l were further explored (Figure 26). The upstream region of the 

ptg000013l centromere contained arrays of the TcoSat05 (~140 Kb) and TcoSat03 (~120 Kb) satDNAs, 

while the downstream region was occupied by two arrays of TcoSat04 (~16 Mb + ~26 Mb) and an array 

of TcoSat03 (~25 Kb) (Figure 26A). Regarding the ptg000014l, both regions surrounding TcoSat01 array 

consist of TcoSat02 arrays (upstream ~1 Mb, downstream (~50 Kb) (Figure 26B). In silico analyses 

therefore confirmed the position of satDNAs TcoSat02-03-04-05 in pericentromeric regions of 

T. confusum chromosomes. Additionally, no arrays of TcoSat02 and TcoSat03 were found mapped 

together in pericentromeric regions, in accordance to the double FISH experiments (Figure 24). 

 

 

 

 

 

 

 

 

 

 

 

Figure 25. Tribolium confusum male chromosome spreads stained by DAPI (blue) and hybridized with 
FITC-labelled probes (green) specific for the satellite DNAs TcoSat04 (A), TcoSat05 (B). Scale bar 
represents 3 µm. 
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Figure 26. Schematic representation of (peri)centromeric organization of Tribolium confusum 
chromosomes. A) Long range organization of contig ptg000013l with annotated TcoSat01 centromeric 
region (red box) and pericentromeric regions containing satellite DNAs TcoSat03 (turquoise box), 
TcoSat04 (dark blue box) and TcoSat05 (purple box). B) Long range organization of contig ptg000014l 
with annotated TcoSat01 centromeric region (red box) and pericentromeric region containing satellite 
DNA TcoSat05 (light blue box). 
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 TcoSat06 (Figure 27A), as well as TcoSat09 (Figure 27D), showed signal on only one pair of 

chromosomes. TcoSat07 is located on two chromosome pairs (Figure 27B). TcoSat08 was detected on 

only one chromosome. The mentioned chromosome is in fact the biggest chromosome of the 

complement, so it can be assumed that the said chromosome is the sex neo-X chromosome (Figure 

27C).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 27. Tribolium confusum male chromosome spreads stained by DAPI (blue) and hybridized with 
FITC-labelled probes (green) specific for the satellite DNAs TcoSat06 (A), TcoSat07 (B), TcoSat08 (C) 
and TcoSat09 (D). An arrow shows the sex chromosome neo-X. Scale bar represents 3 µm.  
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 To compare the long-range organization of abundant satDNAs and low-copy-number satDNAs, 

TcoSat01, TcoSat02, TcoSat08 and TcoSat09 were chosen for the FISH experiments on the extended 

chromosome fibers. The major satDNA TcoSat01 showed long continuous organization, dominating 

the whole length of the chromosome fibers (Figure 28A). TcoSat02 is the moderate-copy-number 

satDNA, and its more scattered signals (Figure 28B) reflect lower abundance compared to the major 

satDNA TcoSat01. As the representatives of low-copy satDNAs, TcoSat08 and TcoSat09 show a similar 

pattern of organization, made up of shorter arrays with less signals that are scattered on the 

chromosome fibers (Figures 28C and 28D). 

 

 

 

 

Figure 28. Extended DNA fibers of Tribolium confusum stained by DAPI (blue) and hybridized with FITC-
labelled probes (green) specific for the satellite DNAs TcoSat01 (A), TcoSat02 (B), TcoSat08 (C), 
TcoSat09 (D). Scale bar represents 3 µm. 
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3.4. Satellitome of the species Tribolium brevicornis   

3.4.1. Detection of satellite DNAs in T. brevicornis genome 

 The satDNAs of the North American flour beetle T. brevicornis were determined by whole 

genome sequences obtained using the Illumina platform. The sequencing provided 35 262 904 paired-

end reads that were 151 bp long (Table 6). To characterize the maximum amount of satDNAs, six 

different TAREAN runs were performed (Table 13). Analyses TB1 – TB3 were performed with random 

subsets of the total Illumina reads, but the major satDNA TBREV (Mravinac et al. 2005) clogged analysis 

TB3, which was run with the highest coverage. Therefore, subsequent TAREAN analyses were 

performed with the subset of 29 987 536 paired-end reads lacking the major satDNA. 

 

Table 13. Summary of the results of six different TAREAN analyses performed for the North American 
flour beetle Tribolium brevicornis. 

TAREAN clustering 
analysis 

TB1 TB2 TB3 TB4* TB5* TB6* 

No. of input reads 185,000 460,000 920,000 920,000 1,390,000 1,850,000 

No. of analyzed reads 183,316 455,856 885,412 911,482 1,377,316 1,833,126 

Genome coverage 0.1x ~0.25x ~0.5x ~0.5x ~0.75x ~1x 

Proportion of reads in 
top clusters 

33% 40% 45% 38% 41% 43% 

No. of reads in 
clusters 

87,998 
(47.57%) 

253,773 
(55.67%) 

550,955 
(62.23%) 

532,159 
(58.38%) 

886,585 
(64.37%) 

1,264,602 
(68.99%) 

No. of clusters 9,615 25,102 56,319 71,806 123,543 180,242 

No. of singlets 95,318 202,083 334,457 379,323 490,731 568,524 

No. of satellites 16 24 48 60 111 148 

No. of high putative 
satellites 

3 7 15 14 28 37 

No. of low putative 
satellites 

13 17 33 46 83 111 

 *analyses performed with the subset of reads missing the major satDNA TBREV (Mravinac et al. 2005) 

 

 A preliminary assembly of T. brevicornis was assembled using PacBio HiFi reads (unpublished 

results). It was used to determine the tandem organization of potentially novel satDNAs found by 

TAREAN. The consensus sequences were annotated to the preliminary assembly applying the 70% 

similarity criterion, and the sequences that showed tandem organization of 5 or more monomers were 

characterized as satDNAs. 
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3.4.2. Analysis of the satellitome of T. brevicornis 

 The 165 new satDNAs were found in the genome of the North American flour beetle 

T. brevicornis using in silico methods. Thus, the satellitome of T. brevicornis comprises a total of 166 

satDNAs, including the previously characterized major satDNA TBREV. For additional clarity, satDNA 

TBREV is referred to as TbrSat01 in this work (Table 14). Consensus sequences of the T. brevicornis 

satellitome can be found in Supplementary table 1. 

 

Table 14. Satellitome of the North American flour beetle Tribolium brevicornis. The table contains the 
main characteristics of satellite DNAs: repeat unit (monomer) lengths, the genome proportion, the 
A+T base composition of the individual satellite DNAs. The satellite DNAs with higher-order-repeats 
(HORs) are marked with asterisk (*), while the satellite DNAs that belong to the same superfamily are 
color-coded and labelled with superscripts A, B, C, D, E and F.   

satDNA 
length 

(bp) 
% 

genome 
AT% satDNA 

length 
(bp) 

% 
genome 

AT% satDNA 
length 

(bp) 
% 

genome 
AT% 

TbrSat01* 1061 14 69.2 TbrSat57 337 0.0029 70.9 TbrSat112 388 0.0013 69.8 

TbrSat02A 165 0.37 78.8 TbrSat58 173 0.0024 74.0 TbrSat113 91 0.0013 78.0 

TbrSat03A 165 0.076 76.4 TbrSat59 287 0.0016 73.5 TbrSat114 152 0.0013 69.1 

TbrSat04A 172 0.0011 76.7 TbrSat60 304 0.0026 71.4 TbrSat115 506 0.0013 76.1 

TbrSat05 102 0.2408 60.8 TbrSat61 335 0.0026 72.2 TbrSat116 288 0.0013 76.0 

TbrSat06B 166 0.0327 69.9 TbrSat62 423 0.0026 72.3 TbrSat117 153 0.0013 71.2 

TbrSat07B 169 0.0021 70.4 TbrSat63 249 0.0023 75.5 TbrSat118 611 0.0026 78.9 

TbrSat08B 163 0.0027 67.5 TbrSat64 163 0.0022 71.2 TbrSat119 547 0.0024 76.2 

TbrSat09B,* 330 0.0015 65.8 TbrSat65 456 0.0022 77.2 TbrSat120F 164 0.0022 73.2 

TbrSat10 491 0.0241 67 TbrSat66 307 0.0019 71.3 TbrSat121F 301 0.0011 71.1 

TbrSat11C 150 0.0220 65.3 TbrSat67 243 0.0019 73.3 TbrSat122 339 0.0022 68.4 

TbrSat12C 171 0.0055 65.5 TbrSat68D 173 0.0024 76.3 TbrSat123* 224 0.0020 75.4 

TbrSat13 175 0.0180 68.6 TbrSat69D 323 0.0022 71.2 TbrSat124 307 0.0018 75.2 

TbrSat14 216 0.0210 70.4 TbrSat70E 694 0.0112 65.6 TbrSat125 490 0.0018 76.5 

TbrSat15 249 1.2500 71.5 TbrSat71E 698 0.0035 66.0 TbrSat126 383 0.0017 75.2 

TbrSat16* 52 0.0361 53.8 TbrSat72E 634 0.0035 66.1 TbrSat127 271 0.0017 73.8 

TbrSat17 174 0.4042 74.7 TbrSat73 342 0.0032 81.3 TbrSat128 305 0.0017 66.9 

TbrSat18 847 0.5500 67.4 TbrSat74 311 0.0031 70.4 TbrSat129 144 0.0016 81.2 

TbrSat19 143 0.0560 65 TbrSat75 476 0.0031 72.1 TbrSat130 515 0.0016 72.2 

TbrSat20 133 0.0460 69.2 TbrSat76 411 0.0028 74.7 TbrSat131 466 0.0016 74.2 

TbrSat21 155 0.0048 63.2 TbrSat77 233 0.0027 74.7 TbrSat132 306 0.0016 66.0 

TbrSat22 147 0.0053 63.9 TbrSat78 283 0.0026 76.0 TbrSat133 335 0.0015 74.0 

TbrSat23 120 0.0077 64.2 TbrSat79 295 0.0026 81.4 TbrSat134 323 0.0015 73.4 

TbrSat24 105 0.0028 70.5 TbrSat80* 345 0.0024 71.6 TbrSat135 558 0.0015 71.9 

TbrSat25 75 0.0072 53.3 TbrSat81 442 0.0024 70.4 TbrSat136 260 0.0015 76.2 

TbrSat26 164 0.0210 67.1 TbrSat82 204 0.0022 72.5 TbrSat137 257 0.0015 75.9 

TbrSat27 246 0.0068 60.2 TbrSat83 175 0.0022 73.1 TbrSat138 344 0.0014 71.5 
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TbrSat28 327 0.0066 74.3 TbrSat84 248 0.0021 76.2 TbrSat139 345 0.0014 72.8 

TbrSat29 335 0.0065 75.5 TbrSat85 461 0.0021 74.6 TbrSat140 251 0.0013 72.1 

TbrSat30 316 0.0066 74.7 TbrSat86 282 0.0021 74.1 TbrSat141 194 0.0013 72.2 

TbrSat31 338 0.0044 72.2 TbrSat87 445 0.0021 70.1 TbrSat142 677 0.0013 71.6 

TbrSat32 350 0.0075 67.7 TbrSat88 285 0.0020 75.8 TbrSat143 143 0.0013 79.7 

TbrSat33 489 0.0070 68.9 TbrSat89 325 0.0020 72.9 TbrSat144 163 0.0012 77.9 

TbrSat34 355 0.0054 72.1 TbrSat90 224 0.0019 72.3 TbrSat145 341 0.0012 70.7 

TbrSat35 317 0.0038 73.8 TbrSat91 57 0.0019 50.9 TbrSat146 159 0.0012 76.1 

TbrSat36 236 0.0038 69.5 TbrSat92 235 0.0019 66.4 TbrSat147 185 0.0012 70.3 

TbrSat37 209 0.0036 70.3 TbrSat93 252 0.0019 63.5 TbrSat148 212 0.0012 68.4 

TbrSat38 287 0.0035 66.6 TbrSat94 293 0.0018 69.6 TbrSat149 301 0.0012 66.8 

TbrSat39 155 0.0034 79.4 TbrSat95 337 0.0016 75.1 TbrSat150 134 0.0012 65.7 

TbrSat40 305 0.0030 75.1 TbrSat96 60 0.0017 60.0 TbrSat151 134 0.0011 70.9 

TbrSat41 170 0.0029 72.9 TbrSat97 922 0.0172 64.6 TbrSat152 269 0.0011 68.8 

TbrSat42 245 0.0028 72.7 TbrSat98 324 0.0017 70.1 TbrSat153 165 0.0011 71.5 

TbrSat43 315 0.0028 70.2 TbrSat99 224 0.0017 77.7 TbrSat154 327 0.0010 77.1 

TbrSat44* 226 0.0027 72.1 TbrSat100 508 0.0016 74.6 TbrSat155 266 0.0010 69.5 

TbrSat45 354 0.0027 72.6 TbrSat101 289 0.0016 73.7 TbrSat156 165 0.0009 77.6 

TbrSat46 235 0.0027 68.5 TbrSat102 172 0.0015 69.8 TbrSat157 300 0.0009 72.3 

TbrSat47 212 0.0027 69.8 TbrSat103 177 0.0015 71.2 TbrSat158 331 0.0009 68.0 

TbrSat48 289 0.0027 71.6 TbrSat104* 336 0.0015 69.0 TbrSat159 215 0.0009 76.3 

TbrSat49 298 0.0026 69.8 TbrSat105 320 0.0015 71.9 TbrSat160 187 0.0009 70.1 

TbrSat50 209 0.0026 70.8 TbrSat106 267 0.0015 68.2 TbrSat161 257 0.0009 73.5 

TbrSat51 404 0.0026 70.5 TbrSat107 327 0.0014 76.1 TbrSat162 235 0.0009 74.0 

TbrSat52 243 0.0025 70.4 TbrSat108 303 0.0014 74.3 TbrSat163 282 0.0009 82.6 

TbrSat53 269 0.0023 72.9 TbrSat109 299 0.0014 68.9 TbrSat164 180 0.0009 64.4 

TbrSat54 335 0.0040 72.2 TbrSat110 332 0.0013 71.7 TbrSat165 282 0.0009 79.8 

TbrSat55 147 0.0035 70.1 TbrSat111 421 0.0013 77.0 TbrSat166 295 0.0009 63.7 

TbrSat56 143 0.0033 68.5 

1SatDNA TBREV previously characterized in Mravinac et al. 2005 

 TAREAN analyses indicate that the major satDNA TbrSat01 makes up 14% of the genome. Even 

though that number differs from the experimental estimation of 21% (Mravinac et al. 2005), the in 

silico analyses also show that it is the most dominant satDNA in the T. brevicornis genome. In contrast, 

165 newly defined satDNAs are mostly low-copy-number satDNAs, with genome abundance being less 

than 0.4% each. In total, the 165 low-copy-number satDNAs account for 3.5% of the genomic content 

of T. brevicornis (Mravinac et al. 2005). Overall, the satellitome makes up 17.5% of the total genome 

of T. brevicornis (Figure 29A). Even though the satDNAs of T. brevicornis have a wide range of 

monomer lengths spanning between 52 and 1061 bp, the majority of satDNAs, 135 of them, are 

between 100 and 400 bp long. The median length of satDNA monomers of T. brevicornis satDNAs is 

282 bp (Figure 29B). The characterized satDNAs are A+T rich, with only 3 satDNAs having an A+T 
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composition of less than 60%. The A+T composition of the majority of the satDNAs (109 of 165) is 

between 70% and 80% (Figure 29C). By comparing the satellitome to RepBase, it was found that 113 

of satDNAs have similarities with already known repetitive elements, mainly DNA transposons (Suppl. 

table 5). 

 

 

 

 

 

 

 

Figure 29. Share of the satellitome in the total genomic content (A), monomer length distribution (B) 
and A+T composition (C) of consensus sequences of the 167 Tribolium brevicornis satellite DNAs. 

 

 

 Six different superfamilies of satDNAs were detected in the satellitome of T. brevicornis (Table 

14). The first is superfamily A, which consists of the satDNAs TbrSat02-04. The consensus sequences 

of their monomers show an average identity of 68.5%, while the monomers of TbrSat02 and TbrSat03 

are even more similar with a percentage of 78.1% (Table 14, Figure 30A). Superfamily B is made of 

four different satDNAs (TbrSat06-09) whose monomers have an average pairwise identity of 72.8% 

with a span from 70.2% to 75.4% (Table 14, Figure 30B). In addition, the monomeric unit of TbrSat09 
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is a dimeric HOR, whose subunits, mutually similar 77.9% (Figure 31A), share 71.8-74.0% similarity 

with the remaining satDNAs of superfamily B (Figure 30B). The next superfamilies are superfamily C, 

consisting of TbrSat11 and TbrSat12 (Table 14) with a pairwise identity of 69.9% (Figure 30C) and 

superfamily D, consisting of TbrSat68 and TbrSat69 (Table 14), which have a pairwise identity of 73.6% 

(Figure 30D). Superfamily E is comprised of the three satDNAs, TbrSat70/71/72, whose average 

pairwise identity is 65.8%, but spans from 64.1% to 67.4% (Table 14, Figure 30E). SatDNAs TbrSat120 

and TbrSat121 are part of superfamily F and share pairwise identity of 70.7% (Table 14, Figure 30F). 
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Figure 30. Geneious alignments of Tribolium brevicornis satellite DNAs belonging to the superfamily A 
(A), superfamily B (B), superfamily C (C), superfamily D (D), superfamily E (E), and superfamily F (F). 
Pairwise identities between satellite DNAs within each superfamily are indicated. 
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 The monomers of several T. brevicornis satDNAs have an HOR structure. Apart from the 

already mentioned TbrSat09 (Figure 31A, Figure 30B), there are five other satDNAs with HOR 

monomer units. TbrSat16 has a repeat unit which comprises 13 bp subunits that repeat four times in 

a monomer, which is why it can be considered a tetrameric HOR (Figure 31B). The subunits share an 

average pairwise identity of 91.0% with two of them (the first and third subunits) being identical 

(Figure 31B). Although the short length of the subunits could mean that it is fact a monomer unit of a 

minisatellite, the long-range organization of TbrSat16 with the arrays of up to 120 kb in length 

annotated in the preliminary assembly indicates that TbrSat16 is satDNA. The monomer of satDNA 

TbrSat44 has a trimeric HOR structure, with the central subunit having a truncated form. The three 

subunits share an average pairwise identity of 67.6% (62.5% – 77.5%) (Figure 31C). The monomers of 

the satDNAs TbrSat80, TbrSat104 and TbrSat123 have a structure of a dimeric HOR. The subunits of 

the satDNA TbrSat80 show a pairwise identity of 82.8% (Figure 31D), those of TbrSat104 share a 

pairwise identity of 74.8% (Figure 31E), while the subunits of TbrSat123 have a pairwise identity of 

77.6% (Figure 31F). 
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Figure 31. Schematic representation of the higher-order repeat structure of satellite DNAs TbrSat09 
(A), TbrSat16 (B), TbrSat44 (C), TbrSat80 (D), TbrSat104 (E), and TbrSat123 (F). For each satellite DNA, 
Geneious alignments of the subunits are shown with subunits’ pairwise identities indicated.   

 

3.4.3. Chromosome localization of the T. brevicornis satellite DNAs 

 FISH experiments were performed to determine the chromosomal localization of 

T. brevicornis satDNAs. Major satDNA TbrSat01 is present on all of the chromosomes of the 

complement in large heterochromatic blocks (2n=18) (Figure 32A). Double FISH was performed with 

the TbrSat02 and TbrSat03 (superfamily A) specific probes to determine their location in regards to 

each other. The signals corresponding to TbrSat02 were scattered thorough the complement, with 

half of them being of higher intensity (Figure 32B). TbrSat03 were also scattered and showed a lower 

intensity than those of TbrSat02 overall, consistent with its five times lower genomic abundance. The 

signals did not colocalize (Figure 32B). TbrSat05 showed dispersed distribution throughout the 

genome (Figure 32C). In contrast, TbrSat10 was localized only in one place in the genome, possibly 

being chromosome specific (Figure 32D). The results are in accordance with their perspective genome 

abundance. 
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Figure 32. Tribolium brevicornis male chromosome spreads stained by DAPI (blue) and hybridized with 
FITC- (green fluorescence) and cy3-labelled (red fluorescence) probes specific for the satellite DNAs 
TbrSat01 (A), TbrSat02 and TbrSat03 (B), TbrSat05 (C) and TbrSat10 (D). Scale bar represents 3 µm.  
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3.5. Comparative analyses of the Tribolium satellitomes  

 By analyzing the genomes of the four Tribolium species (T. freemani, T. madens, T. confusum 

and T. brevicornis) 533 satDNAs were identified in this study, with 528 of them being newly 

characterized. Together with the already characterized satellitome of T. castaneum which contains 57 

identified satDNAs (Gržan et. al 2023), the total number of characterized satDNAs from the genus 

Tribolium is 590.  

The relationship between the genome size of the five Tribolium species and the number of satDNAs 

identified in their genomes was investigated (Figure 33). Interestingly, the analysis showed that the 

species with the smallest genome of 204 Mb, T. castaneum (Figure 5), has the fewest characterized 

satDNAs (57) (Figure 33), while T. brevicornis has the largest genome of 390 Mb (Figure 5) and the 

highest number of identified satDNAs (166) (Figure 33). The remaining species also follow the same 

trend, with the number of satDNAs increasing with the size of the genome (Figure 33). 

 

 

 

 

  

 

 

Figure 33. Comparison of the genome sizes of the five Tribolium species, portions of their satellitomes 
and the number of identified satellite DNAs. The striped bars represent the genome portion 
comprising the satellitome with the specific number of satellite DNAs in a genome being indicated.  

 

 Although the satellitomes of Tribolium species vary in number and genome proportion, the 

general characteristics of the satDNAs are similar. The majority of the characterized satDNAs have a 

high A+T composition, with 70-80% being the preferred proportion in all of the species (Figure 34A). 

Furthermore, the dominant length of the satDNAs ranges from 100 to 400 bp, with median length for 

the different species varying from 176 bp for T. confusum, 252 bp for T. freemani, 282 bp for 

T. brevicornis to 303 bp for T. madens (Figure 34B).  
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Figure 34. A+T composition (A) and monomer length (B) distribution of all of the characterized 
satDNAs in the genomes of Tribolium freemani, Tribolium madens, Tribolium confusum and Tribolium 
brevicornis.  

 

 Further comparative analyses of the newly defined satellitomes of T. freemani, T. madens, 

T. confusum and T. brevicornis, as well as the already known satellitome of T. castaneum, were aimed 

at finding possible similarities in their nucleotide sequences. The satDNAs that shared at least 60% 

similarity in their consensus sequences were determined to be orthologous (Table 15). Using the 
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above approach, 55 total orthologous satDNAs have been detected which were grouped into the 23 

orthologous Tribolium satDNA families, named TribSAT1-23. Out of 23 orthologous TribSAT families, 

only the TribSAT1 family is shared by all five analyzed species, while the majority of orthologous 

families are mostly conserved in the pair of sibling species T. castaneum and T. freemani, and in the 

castaneum group in general (Table 15).  

 

Table 15. List of the 23 orthologous satellite DNA families present in the five species of the genus 
Tribolium. The color-coded columns list the names of the satellite DNAs as they were identified and 
named in the satellitomes of the individual species. Diagonal stripes indicate the partially similar 
satellite DNA sequences whose consensus sequences differ in length. 
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3.5.1. Orthologous satDNAs of the sibling species T. castaneum and T. freemani 

 The sibling species T. castaneum and T. freemani share 15 orthologous satDNA families with 

11 families that occur only between them (Table 15). A detailed analysis of the most prominent 

orthologs was performed to gain insight into the evolution of satDNAs between these closely related 

species. 

 First of all, the orthologous TribSAT5 family proved to be particularly interesting. Namely, 

satDNAs TfrSat03/04 from the T. freemani superfamily A have an orthologous sequence in the 

T. castaneum genome, which is known as satDNA Cast7 (Table 15). The alignment of the consensus 

sequences Cast7, TfrSat03 subunits A/B/C and TfrSat04 showed pairwise identities from 64% to 73% 

(Figure 35A and 35B), with no apparent grouping of sequences by similarity. When the long-range 

organization of the satDNAs was examined, Cast7 was found to have a similar organizational pattern 

to TfrSat03 (Figure 35C). It is present in the short arrays, with the monomers changing orientation, 

and is embedded in larger arrays of TCAST, the major satDNA of T. castaneum (Volarić et al. 2024). 

Regardless of the similar organization pattern between TCAST-Cast7 and TfrSat01-TfrSat03 arrays 

(Figure 35C), it should be noted that the major satDNA TCAST of T. castaneum has no nucleotide 

sequence similarity with the major satDNA TfrSat01 of T. freemani. 
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Figure 35. Geneious alignment (A) and distance matrix (B) of the consensus sequences of Cast7, 
TfrSat03 subunits A, B and C and TfrSat04. Graphic view of the long-range organization of TCAST-Cast7 
arrays in the Tribolium castaneum genome assembly and TfrSat01-TfrSat03 arrays in the Tribolium 
freemani genome assembly (C). 

 

 

 Since it has been shown in situ that TfrSat01-TfrSat03 arrays form the (peri)centromeres of all 

chromosomes except the male sex chromosome yp, the question arose as to what mechanism could 

be responsible for their spread between non-homologous chromosomes. One of the ways of such 

spreading could be via eccDNAs originated by amplification and recombination-based excision from 

satellite repeat arrays. To explore possible mechanisms of propagation of TfrSat03 in the context of 

larger arrays of TfrSat01, 2D agarose gel electrophoresis followed by Southern blot hybridization was 

performed to detect eccDNAs containing satDNAs TfrSat01 and TfrSat03 (Figure 36). Indeed, both 

satDNAs were found to be present in eccDNAs, suggesting that TfrSat01/TfrSat03-containing eccDNAs 

may contribute to the expansion and homogenization of these satellites through their reinsertion into 

chromosomal DNA (Figure 36). 
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Figure 36. Two-dimensional gel electrophoresis of Tribolium freemani genomic DNA stained by 
ethidium bromide (A) and followed by Southern blot hybridization with probes specific for satellite 
DNAs TfrSat01 (B) and TfrSat03 (C). The white arrow in panel A indicates the signal originating from 
chromosomal double-stranded DNA (ds linear DNA), while the black arrows in panels B and C indicate 
the signals originating from extrachromosomal circular DNA molecules containing TfrSat01 and 
TfrSat03 satDNA sequences. 

 

 Further investigation of the orthologous satDNAs between the siblings showed that the 

satDNAs of TribSAT7 and TribSAT8 are related to the transposon family called Rehavkus (Suppl. table 

2). The Rehavkus superfamily, initially identified in T. castaneum (Kapitonov et al. 2006) consists of 

long terminal inverted repeats with subterminal tandem repeats. TCsat23 has already been described 

in the genome of T. castaneum as a repeat unit present in the inverted repeats of the Rehavkus-1_TC 

DNA transposons (Gržan et al. 2023). TCsat23 and TfrSat15 are 94.5% similar in their consensus 

sequence (Figure 37A), and like TCsat23, TfrSat15 is also present in the inverted termini in the 

Rehavkus-1_TC-like DNA transposon in the T. freemani genome (Figure 37B). The monomers of 

TfrSat15 and TCsat23 were extracted from the inverted termini of their respective Rehavkus-1_TC 

elements, and a phylogenetic maximum likelihood analysis was performed. Monomers extracted from 

the same genome clustered together, suggesting that the satDNAs of TribSAT7 evolve according to 

the concept of concerted evolution (Figure 37B). As for TribSAT8, TfrSat25 is also found as a tandem 

repeat in the inverted termini of Rehavkus-like DNA element with 2 - 12 tandemly repeated copies 

(Figure 37D). Remarkably, its ortholog in T. castaneum, TCsat12, is organized in the form of long 

satDNA arrays stretching up to 80 kb (Figure 37D). A possible explanation lies in the intensive 

propagation of TCsat12 in T. castaneum that occurred after speciation of the sibling species. However, 

the pairwise similarity of the TribSAT8 satDNA pair TfSat25-TCsat12 remains remarkably high 94.5% 

(Figure 37C).  
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Figure 37. Relationship of the orthologous families TribSAT7 and TribSAT8 with Rehavkus DNA 
transposons. A) Geneious alignment of the satellite DNAs from TribSAT7 family, TfrSat15 and TCsat23. 
B) Schematic view of Rehavkus -1_TC DNA element with its inverted termini containing satDNAs of 
TribSAT7 family, and the Maximum Likelihood tree of 138 TribSAT7 monomers extracted from the 
Tribolium castaneum and Tribolium freemani genomes with the bootstrap value of 1000. The repeats 
originating from the two genomes are color-coded and shown with blue (T. freemani) and green (T. 
castaneum) dots. C) Geneious alignment of the satDNAs from TribSAT8 family, TfrSat25 and TCsat12. 
D) Schematic view of the Rehavkus-like element containing TfrSat25 in T. freemani, and its orthologue 
TCsat12 that underwent intense propagation into 80 kb long array in the T. castaneum genome. 
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 The pairwise identity of the remaining orthologous satDNA families between T. castaneum 

and T. freemani (TribSAT6/9/10/11/12/13/14/15) is between 63.8% and 82.2% (Figure 38). The 

monomers of the satDNAs of the TriSAT14 and TriSAT15 families differ in length, but have common 

conserved sequence regions (Figure 38G and 38H). In TribSAT14, Cast1 is 172 bp long, whereas 

TfrSat102 is 326 bp long, harboring the conserved Cast1 (Figure 38G). The same pattern is observed 

in the orthologous family TribSAT15, containing 618 bp long TCsat19, and 151 bp long TfrSat101, which 

overlaps with 66.9% similarity with part of the TCsat19 sequence (Figure 38H). 
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Figure 38. Geneious alignments of the Tribolium castaneum / Tribolium freemani orthologous satellite 
DNA families TribSAT6 (A), TribSAT9 (B), TribSAT10 (C), TribSAT11 (D), TribSAT12 (E), TribSAT13 (F), 
TribSAT14 (G) and TribSAT15 (H). 

 

 

3.5.2. Orthologous satDNAs of the species of castaneum group 

 From the pool of the Tribolium orthologous satDNA families, only one family, called TribSAT3, 

is common to all studied species of the castaneum group, namely T. castaneum, T. freemani and 

T. madens (Table 15). TribSAT3 is composed of the satDNAs TCsat15, TfrSat03 and TmaSat02, whose 

consensus similarities range from 66.5% to 85.7% (Figure 39). Principal component analysis (PCA) was 

performed for all monomers of TribSAT3 extracted from the genome assemblies with a similarity 

criterion of 70% (Figure 40). The monomers extracted from the genomes of T. castaneum and T. 
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freemani clustered together, while the monomers extracted from the preliminary assembly of T. 

madens remained separate. This result is consistent with the phylogenetic relationships between the 

species, with T. castaneum and T. freemani being more closely related. 

 

 

 

Figure 39. Geneious alignments and distance matrix of the orthologous satellite DNA family TribSAT3 
containing satellite DNAs TCsat15 from Tribolium castaneum, TfrSat02 from Tribolium freemani, and 
TmaSat03 from Tribolium madens.  
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Figure 40. The principal component analysis of the monomers of orthologous satellite DNAs TCsat15, 
TfrSat02 and TmaSat03, extracted from the genomes of Tribolium castaneum, Tribolium freemani, and 
Tribolium madens, respectively. The dots represent monomers extracted from the three species 
according to the color-coded legend. 

 

 

 Interestingly, the TribSAT3 orthologous family is based on satDNAs, which represent the 

satellites with the longest repeat units in all three species. In addition to their length, monomers of 

these satDNAs are characterized by another interesting feature. The detailed investigation of the 

TCsat15, TfrSat02, and TmaSat03 monomer sequences revealed that each of these monomers is 

comprised of a 166 bp long segment, that corresponds to the T. freemani major satDNA TfrSat01 

monomer (Figure 41A). Based on the consensuses’ alignment, TfrSat01 nucleotide sequence shows 

the greatest similarity with the segment extracted from TfrSat02 (80.7%). The segment extracted from 

TCsat15 is slightly more divergent (78.3%), while the segment extracted from TmaSat03 is the most 

divergent (67.1%) (Figure 41B). The PCA analysis of the randomly subsampled monomers of TfrSat01 

and corresponding segments from TfrSat02, TCsat15 and TmaSat03 was performed. Monomers of 

TfrSat01 grouped together, as well as the monomers extracted from TmaSat03, representing the 

opposite ends of the PCA dimensions. Segments extracted from TfrSat02 and TCsat15 showed distinct 

grouping but remained closer together with a few interspersed TfrSat01 monomers (Figure 41C). 

Considering that the results follow phylogenetic relationships between the species and that TfrSat01 

does not show tandemization in any species other than T. freemani, it can be concluded that TfrSat01 

as a satDNA is a unique trait of the T. freemani genome and is not found in the Tribolium common 

ancestor. 
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Figure 41. A) Schematic view of TribSAT3 satellite DNA TfrSat02, TCsat15 and TmaSat03 monomers, 
with embedded segment corresponding to the Tribolium freemani major satDNA TfrSat01 (marked by 
red arrow pentagon). B) Geneious alignment and distance matrix of TfrSat01 and corresponding 
segments from the three TribSAT3 satDNAs TfrSat02, TCsat15, and TmaSat03. C) The principal 
component analysis of monomers of TfrSat01 and corresponding segments from the three TribSAT3 
satDNAs TfrSat02, TCsat15, and TmaSat03. The dots represent monomers extracted from the three 
species according to the color-coded legend.  
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Five different orthologous families are shared by the species T. freemani and T. madens – 

TribSAT16/17/18/19/20 (Table 15). The pairwise identity of satDNAs within the family ranges from 

63.2% to 87.3% (Figure 42). Thereat, the orthologous families with the biggest similarities are 

TribSAT16, TribSAT17 and TribSAT18 (78.6% - 87.3%) in which satDNAs share comparable monomer 

lengths (Figure 42A – 42C). In contrast, orthologous satDNAs classified into TribSAT19, namely 

TfrSat78 (283 bp) and TmaSat87 (276 bp), show fewer similarities despite similar monomer lengths 

(63.2%) due to the differential distribution of similarity along the monomer sequence (Figure 42D). 

The TribSAT20 satDNAs differ in length, with TfrSat121 being 426 bp long and TmaSat53 being 297 bp 

long and corresponding to the central part of the TfrSat121 consensus (Figure 20E). There is a 

possibility that the aforementioned orthologous families have their counterparts in the genome of T. 

castaneum, but their genomic abundance was too low to detect them. 
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Figure 42. Geneious alignments of the orthologous satellite DNA from the families TribSAT16 (A), 
TribSAT17 (B), TribSAT18 (C), TribSAT19 (D) and TribSAT20 (E), shared by Tribolium freemani and 
Tribolium madens. 

 

 

3.5.3. Orthologous satDNAs of the species of castaneum/confusum/brevicornis group 

 There is a satDNA found in all examined species of the genus Tribolium, making it a potential 

ancestral satDNA. This satDNA is referred to as the TribSAT1 family, comprising satDNAs TCsat17, 

TfrSat08, TmaSat04, TcoSat09 and TbrSat23 (Table 15). Overall, the species-specific consensuses are 

quite uniform in length and range from 120 bp to 123 bp (Figure 43A). Regarding the nucleotide 

sequence, the similarities between the satDNAs range from 66.7% to 90.0% (Figure 43A). 
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Figure 43. Relationships between orthologous satellite DNA from the family TribSAT1 shared by five 
Tribolium species, Tribolium castaneum, Tribolium freemani, Tribolium madens, Tribolium confusum 
and Tribolium brevicornis. A) Geneious alignment and distance matrix of the satellite DNAs TCsat17, 
TfrSat08, TmaSat04, TcoSat09, and TbrSat23. B) Schematic representation of the genomic 
organization of TribSAT1 and 5 kb flanking regions. Maximum likelihood tree and principal component 
analysis of 2025 TribSAT1 monomers extracted from the Tribolium genomes are shown in the center 
panels. The maximum likelihood trees of the 5 kb flanking regions (region A on the left, region B on 
the right) are shown in the bottom panel. The color-coded legend indicates the species to which the 
analyzed sequences belong. 

 

 A total of 2025 monomers of TribSAT1 satDNAs were extracted from the genome assemblies 

of the respective species. Of these, 290 monomers belong to T. castaneum, 661 to T. freemani, 253 to 

T. madens, 465 to T. confusum and 356 to T. brevicornis. Two approaches were used to analyze the 

mutual relationships of congeneric monomers: maximum likelihood analysis, and principal component 

analysis. The results of the two analyses were consistent, and showed that monomers extracted from 

the same species grouped together (Figure 43B). Furthermore, the grouping of monomers was 

consistent with the phylogenetic relationships between Tribolium species, revealing that the 
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monomers extracted from the castaneum group cluster together (Figure 43B). Regarding the two 

remaining species, maximum likelihood analysis showed that the monomers extracted from 

T. confusum are somewhat more closely related to monomers of the castaneum group than those of 

T. brevicornis. These results suggest that the TribSAT1 family evolves according to the concept of 

concerted evolution. Interestingly, TribSAT1 is organized in a long array spanning up to 40 kb in all 

species studied (Figure 43B). This was also confirmed in previous FISH experiments with TribSAT1 

satDNAs, which only showed a signal on one chromosome of the complement (Figure 19B, 27D). The 

annotation of the genome assemblies of T. castaneum Tcas5.2 and T. freemani Tfree1.0 indicates that 

the chromosome in question is chromosome 3, so it can be speculated that TribSAT1 is a conserved 

marker for chromosome 3 of the genus Tribolium. Further analysis was performed on the flanking 

regions of the TribSAT1 arrays, extracting 5 kb upstream and downstream of the satDNAs. The 

sequences confirmed syntenic loci, so further maximum likelihood analyses of the flanking regions 

were performed. As with the satDNA monomers, the phylogenetic trees of left and right flanking 

regions is in accordance with the evolutionary relationships between species (Figure 43B). To be more 

precise, the relationship between the species of the castaneum group were supported with 100% 

bootstrap value, while the flanking regions of T. brevicornis were the most divergent.  

 TribSAT2 is a satDNA family shared by four species of the genus – T. castaneum, T. freemani, 

T. madens and T. confusum (Table 15). A notable difference between the satDNAs of each species is 

the length of the consensus monomer. While the monomers of TCsat30 and TmaSat45 are both 90 bp 

long (Gržan et al. 2023) (Table 10), TfrSat76 is 190 bp long (Table 8) and TcoSat45 is 177 bp long (Table 

12). It has already been mentioned that the monomer of TfrSat76 has a complex organization with 

two subunits that are similar to each other, making it a dimeric HOR (Figure 12C). Therefore, the 

monomers of TCsat30 and TmaSat45 were artificially made into homodimers to obtain a more 

accurate alignment score (Figure 44). The pairwise similarities of the TribSAT2 satDNAs range from 

58.5% to 88.3%, with the consensus of TcoSat45 being the most divergent, which is expected based 

on the phylogeny (Figure 44). 
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Figure 44. Geneious alignment and distance matrix of the orthologous satellite DNAs TCsat30, TfSat76, 
TmaSat14 and TcoSat45 from the family TribSAT2 shared by four Tribolium species (Tribolium 
castaneum, Tribolium freemani, Tribolium madens, and Tribolium confusum, respectively). The 
consensus sequences of the TCsat30 and TmaSat14 satDNAs are shown as dimers for easier 
comparison with other sequences, and the red lines represent the borders of monomers. 

 

 The orthologous satDNA family TribSat4 was found in the genome of three species, namely 

T. castaneum, T. freemani and T. confusum (Table 15). Remarkably, the satDNA monomer was not 

conserved in its entirety between species, with the monomer of TCsat32 being 325 bp long (Gržan et 

al. 2023), TfrSat111 is 115 bp long (Table 8) and TcoSat37 is 64 bp long (Table 12). The pairwise 

similarities in the corresponding parts of the satDNA consensuses are rather similar, and range from 

70.8% to 72.7% (Figure 45). 

 

Figure 45. Geneious alignment and distance matrix of the orthologous satellite DNA family TribSAT4 
shared by the three Tribolium species, Tribolium castaneum, Tribolium freemani and Tribolium 
confusum. 
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 The remaining three orthologous satDNA families are shared by only two species studied. In 

particular, TribSAT21 is conserved between T. freemani and T. confusum, with a pairwise identity of 

61.7% between satDNAs TfrSat30 and TcoSat48 (Figure 46A). TribSAT22 was found in the genomes of 

T. freemani and T. brevicornis and consists of satDNAs TfrSat06 and TbrSat56, which are 77.9% similar 

(Figure 46B). The last orthologous satDNA family is TribSAT23 and consists of TmaSat16 and TbrSat20, 

which differ significantly in length, with TmaSat16 being 450 bp long (Table 10) and TbrSat20 being 

133 bp long (Table 14). However, the monomer of TbrSat20 corresponds in its entirety to part of the 

TmaSat16 monomer, showing a high pairwise similarity of 84.2% (Figure 46C).  

 

 

 

Figure 46. Geneious alignments of the Tribolium orthologous satellite DNA family TribSAT21 shared 
by Tribolium freemani and Tribolium confusum (A), satellite DNA family TribSAT22 shared by Tribolium 
freemani and Tribolium brevicornis (B) and satellite DNA family TribSAT23 shared by Tribolium madens 
and Tribolium brevicornis (C). 
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 In general, the analyses of orthologous satDNAs from the Tribolium species have shown that 

the similarities of orthologous sequences in most cases reflect phylogenetic relationships within the 

genus. Some orthologous satDNAs have shown that, in addition to the accumulation of nucleotide 

changes, their sequences can also exhibit considerable differences in the length and complexity of the 

repeat units. 
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 DISCUSSION 
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The aim of this study was to comprehensively analyze the satellitomes of the four insect 

species of the genus Tribolium. Due to the well-defined evolutionary relationships between them and 

a high proportion of satDNAs in their genomes, the species of the genus Tribolium are one of the best 

models for the study of the structure, organization and evolution of satellitomes. 

 

The composition of Tribolium satellitomes 

 The initial hypothesis of this research was that, besides the major, dominant satDNAs, the 

genomes of the Tribolium species are abundant in low-copy satDNAs. The major satDNAs of the eight 

species have been previously identified by classical molecular biology methods, such as restriction 

digestion, Southern blot, and molecular cloning of the few available satDNA monomers (Juan et al. 

1993; Plohl et al. 1993; Ugarković et al. 1996a; Ugarković et al. 1996b; Mravinac et al. 2004; Mravinac 

et al. 2005; Mravinac and Plohl 2010). Due to the limited sensitivity of the methods used at the time, 

only the satDNAs with a high-copy number, which dominate the genomes of the species, could be 

detected and, in the case of Tribolium, account for up to 60% of the genome (Mravinac and Plohl 

2010). However, despite the high genomic abundance of major satDNAs, the question remains 

whether the genomes of Tribolium beetles hide other tandemly repeated sequences.  

The true renaissance of the satDNA field happened with the emergence of high-throughput 

genomic sequencing, starting with NGS and followed by highly accurate long-range sequencing by 

PacBio HiFi technology. The benefits of second and third generation sequencing were used in this 

study. Consequently, this study provided a comprehensive analysis of the satellitomes of the four 

Tribolium species, T. freemani, T. madens, T. confusum and T. brevicornis, by combining all the 

techniques noted above. Firstly, the Tribolium genomes were sequenced using Illumina and PacBio 

HiFi technology, and 533 satDNAs were described by combining experimental and bioinformatics 

methods, with satellitomes spanning from 17.54% to 41.38% of Tribolium genomic content. Graph-

based clustering of short Illumina reads through a bioinformatics pipeline confirmed the major 

satDNAs as the dominant sequences in the four species studied. However, in silico analyses revealed 

that the genomic abundance of some of the major satDNAs is lower than experimentally determined 

by dot-blot hybridization. For example, TcoSat01 was experimentally found to account for 40% of the 

genome (Plohl et al. 1993), whereas the bioinformatic assessment was closer to 13%. Furthermore, 

the genomic abundance of TbrSat01 was experimentally estimated to be 21% (Mravinac et al. 2005), 

while in silico analysis showed a proportion of 14%. The dot-blot analyses performed in the original 

research to estimate satDNA abundance are used to determine the relative amount of target DNA, as 

they require well-defined amounts of control DNA for comparison. For this reason, the method is not 

acutely precise and may lead to overestimation. As the bioinformatic analyses used high-coverage 

WGS data obtained by two different sequencing technologies, and the results for the T. freemani and 
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T. madens major satDNAs were in accordance with experimental measurements, the in silico 

estimates of satDNA abundance seem more plausible. 

 The newly characterized satellitomes of four Tribolium species all contain more than 100 

different satDNAs, between 108 and 166 in total. The satellite profiles of all of them follow the same 

trend: one dominant satDNA with high copy number (13 - 33% of the genome), one or two satDNAs 

with a medium copy number (1 – 6% of the genome) and the remaining satDNAs with a low-copy 

number (less than 1% of the genome). Interestingly, the genome size of Tribolium beetles generally 

follows the number of characterized satDNAs. This can be linked to the C-value paradox. The C-value 

paradox explains that the complexity of an organism does not correlate with its genome size or the 

number of encoded proteins (Lakhotia 2023). Therefore, the accumulation of satDNAs can lead to 

larger genomes.  

 The high number and percentage of Tribolium satDNAs per genome is in accordance with 

similar studies of satellitomes of repeat rich genomes, such as the genome of the insect 

Triatoma delpontei with 160 characterized satDNAs that make up 51.07% of their genomic content 

(Mora et al. 2023), the genome of the algae Alexandrium minutum with 180 satDNAs comprising 

17.38% of the genome (Cuadrado et al. 2023) and the Brazilian Atlantic frog Proceratophrys boiei 

whose genome contains 226 satDNA families together spanning 16.87% of their genomic content. 

However, despite the use of high-throughput genomic sequencing, it is not uncommon to find a lower 

number of characterized satDNAs per genome in recent literature. To be more specific, the genome 

of the pygmy mole cricket Xya riparia was found to contain only 13 different satDNA families that 

make up 0.15% of the genome (Khan et al. 2024). Another example is the Aquitanian mole Talpa 

aquitania with 16 characterized satDNAs, including telomeric repeats, representing 1.24% of the 

genome (Gutiérrez et al. 2023). Also, multiple species of the plant genus Artemisia share only 10 

identified satDNA families among them (He et al. 2024). Notably, the combination of a few detected 

satDNAs occupying a large percentage of genomic content can be found in the genome of a Tribolium 

relative, the tenebrinid beetle Tenebrio molitor (Oppert et al. 2023). T. molitor has only 11 known 

satDNAs, in combination with the dominant major satDNA. However, its satellitome makes up 28% of 

the genome, most of it being contributed to the major satDNA. The reason for the huge discrepancy 

in satDNA number and genomic abundance among species can be explained with the fact that 

different species contain a different quantity of repeated sequences in their genomes. However, there 

is a possibility that in some organisms a certain number of the satDNAs were not detected and/or 

reported due to the unclear criteria of satDNA definition. In this study, the criterion of ≥5 satellite 

monomers repeated in tandem in the genome assembly was used, as it was seen as sufficient to form 

an array. However, in the field of satellite DNA biology the consensus was not yet reached about what 

truly constitutes the satDNA array. Also, a lot of genome assemblies are still lacking in the satDNA 

portions, so the more low-copy satellite repeats could still be missed, even with the ≥5 tandemized 

satellite monomers threshold.  
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Common characteristics of Tribolium satDNAs 

528 newly discovered Tribolium satDNAs, together with five already described major satDNAs, 

share similarities in their general characteristics, the most apparent being the high A+T nucleotide 

composition of the satellite monomers. The majority of the characterized satDNAs (345 out of 533) 

have an A+T composition that ranges from 70% to 80%. It is known that the species of the genus 

Tribolium have (A+T)-rich genomes, with the T. castaneum genome consisting of 67% (Richards et al. 

2008) and T. freemani of 67.47% (Volarić et al. 2022) A+T nucleotides. Due to their genomes being 

abundant in major centromeric satDNA sequences, which are also (A+T)-rich (T. castaneum 73%, 

T. freemani 69.9%), (A+T)-rich satDNAs contribute significantly to raising A+T content of the genome 

overall. It is quite common for satDNAs, especially centromeric satDNAs, to be A+T biased. In fact, 

satDNAs were first detected because of their differential buoyancy in the CsCl gradient in comparison 

with the rest of the genome (Kit 1961; Sueoka 1961). The reason for (A+T) inclination could be found 

in the bending of (A+T)-rich DNA into a curvature which is preferable for the packing of nucleosomes 

and is therefore complicit in the heterochromatinization of DNA (Fitzgerald et al. 1994). In literature 

there are countless examples of species with a high A+T content of satellitomes, as seen with three 

Characid fish of Psalidodon and Astyanax genera whose A+T composition range in median from 57.9% 

to 62.1% (Goes et al. 2022), the satellitome of the insect Rhodnius prolixus with a mean A+T content 

of 65.37% (Montiel et al. 2021), and satellitomes of the three plant species from the genus Passiflora 

with a combined median A+T value of 60.9% (Sader et al. 2021). In contrast, satDNAs of the birds of 

the Corvoidea superfamily exhibit richness in their G+C content that is higher than their total genomic 

G+C content (Peona et al. 2023). The authors hypothesize that this anomaly can be contributed to G+C 

based gene conversion that is present in birds.  

 Most of the satDNAs characterized in this work have a monomer length between 100 and 400 

bp, with their medians being 252 bp for T. freemani, 303 bp for T. madens, 176 bp for T. confusum, 

and 282 bp for T. brevicornis. The majority of known satDNAs have monomer length in a similar span 

(Garrido-Ramos 2017), and it can be speculated that this is due to the packing of DNA into a 

nucleosome. To be more precise, the nucleosome core is comprised of 147 bp with additional 10 – 90 

bp of linker DNA (Richmond and Davey 2003). Centromere specific CenH3-nucleosomes, that are 

typically associated with satDNAs, have some structural differences in comparison to canonical 

nucleosomes (Heslop-Harrison and Schwarzacher 2013). The micrococcal nuclease (MNase) digestion 

followed by ChIP-seq with the CenH3 antibody in rice, revealed that the satDNA CentO was wrapped 

around the nucleosome core with only one turn (Zhang et al. 2013). This finding lead to the conclusion 

that the evolution of satDNA may be connected with the stabilization of CenH3-nucleosomes by 

reducing tension and enabling kinetochore formation (Heslop-Harrison and Schwarzacher 2013; 

Zhang et al. 2013). The satDNAs of Tribolium with their median lengths would therefore fit nicely into 

one or two nucleosomes, enabling efficient packing of the DNA. However, the length of Tribolium 

satDNA consensus monomers spans from 52 bp to 1275 bp. In fact, 50 bp was chosen as a threshold 



Ocje
na

 ra
da

 

u t
ije

ku

108 
 

for defining the sequence as satDNA, as the consensuses which had been provided by TAREAN 

analyses were all longer than 50 bp. The lower length border between microsatellites and satDNAs is 

not clearly defined, but contemporary authors tend to classify all the tandemly repeated sequences 

as satDNAs, as seen in the paper analyzing the satellitomes of 37 Drosophila species in which authors 

defined satDNAs with a monomer size as short as 2 bp (De Lima and Ruiz-Ruano 2022). As for the 

longest characterized satDNAs, they are in accordance even with the known major satDNAs of the 

Tribolium species, as TBREV of T. brevicornis is 1061 bp long (Mravinac et al. 2005). More examples of 

long satDNA monomers can be found in the centromeric repeats of the Welsh onion, Allium 

fistulosum, named AfCen1K and AcCen1K that are around 1200 bp long (Kirov et al. 2020), the cattle 

species Bos taurus taurus with a monomer length of 1419 bp (Melters et al. 2013) and the potato 

Solanum tuberosum whose longest satDNA is 2754 bp long (Gong et al. 2012). Despite the general 

preference for nucleosome length, the monomers of different satDNAs can exhibit a very wide range 

of lengths. An open question remains whether the potential secondary and tertiary structures of 

satellite repeats are more important than the length of the monomer unit itself. This might explain 

such a wide range of satDNA monomers in eukaryotic genomes. 

 SatDNAs are often inclined to form complex monomer units. Those complex monomers can 

be manifested as higher-order repeat organization. 22 Tribolium satDNAs were found to have a HOR 

monomer organization. The most dominant form of Tribolium HORs are the dimeric HORs which were 

detected in the satellitomes of all four species studied. A satDNA with a dimeric HOR structure was 

also observed in the characterized satellitome of T. castaneum. The satDNA in question is TCsat38 and 

it consists of two subunits that are only 19.4% different from each other (Gržan et al. 2023). 

Furthermore, the satDNA TCsat18 has an array variant that consists of dimeric HOR units (Gržan et al. 

2023). Dimeric HORs, as the simplest form of HOR organization, were also identified in other 

tenebrionid beetles, with the examples being the insects of the genus Palorus (Plohl et al. 1998; 

Meštrović et al. 2000). HOR-based satDNAs have also been characterized in other non-tenebrionid 

insects, e.g. the satellite DNA of the leaf beetle Chrysolina carnifex that can be arranged into dimeric 

or even trimeric HORs (Palomeque et al. 2005). Trimeric HORs are less common, but were detected in 

the satellitomes of the species T. madens and T. brevicornis in this study. In addition, the hexameric 

HOR satDNA TmaSat57 was identified in the genome of T. madens. However, the HOR organization of 

satDNAs is not restricted to insects, as the example of the human alpha satellite, which has been 

extensively studied, shows. Each human chromosome has a unique HOR organization, such as the 

dimeric HOR structure on chromosome 1 and the 34meric HOR structure characteristic of the male Y 

chromosome (McNulty and Sullivan 2018). Another type of complex satDNA monomers are repeat 

units formed by rearrangements such as duplication followed by partial inversion. A good example of 

this type of HORs is the satDNA TcoSat36 of T. confusum, which has a dimeric HOR structure, where 

one of the subunits is the inverted repeat of another. Inverted repeats are common in the known 

Tribolium major satDNAs. The satDNA MAD2 of T. madens (referred to as TmaSat02 in this study) 

consists of three related subunits, two of which are organized as inverted repeats (Ugarković et al. 
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1996b). The major satDNA of T. brevicornis (referred to as TbrSat01 in this study) has a 1061 bp long 

monomer unit with a 480 bp long inverted subunit formed by minor direct and inverse duplication 

events (Mravinac et al. 2005). An even more extreme example of a monomer unit derived by 

rearrangements is TAUD2, the major satDNA of T. audax, which has a 1412 bp long monomer 

consisting of inversely oriented ~110 bp units (Mravinac and Plohl 2010). Inverted repeats of 

submonomeric length are common in satDNAs. It is hypothesized that the inverted segments may lead 

to the formation of secondary structures, such as cruciform and/or hairpins. Experimental evidence 

suggests that the arrays of the alpha satellite within human centromeres form hairpin structures, 

which are necessary for the proper functioning of topoisomerase Iiα (Jonstrup et al. 2008). 

Furthermore, using crystallography, it was detected that the human satDNA HSat3 forms hairpins by 

non-canonical base pairings, linking it to possible disease-associated repeat expansion (Chen et al. 

2024).  

 In addition, the monomeric dyad symmetry structure that has been observed in Tribolium 

species, one of the most interesting findings in this work was the observed tendency of some satDNAs 

to change monomer direction inside the multi-kilobase long arrays, exhibiting imperfect dyad 

symmetry on the long-range scale. The most notable examples are the TfrSat01/TfrSat03 arrays found 

in the T. freemani genome. On the one hand, inverse orientation of the long arrays could be seen as a 

passive outcome of structural rearrangements. On the other hand, it is tempting to speculate whether 

the long-inverted arrays could be forming large DNA hairpin structures, which could possibly 

contribute to the stability of the genome. 

 

Chromosomal distribution of Tribolium satDNAs 

  Even though the long and highly accurate PacBio HiFi reads used here for preliminary genome 

assemblies provide invaluable opportunities in characterizing large arrays of satDNAs, they are still 

not sufficient for the unequivocal determination of chromosomal localization of satDNAs. Tandemly 

repeated satDNAs still remain difficult to assemble, and there is room for misassembling and errors in 

chromosome annotation. In this study, the T. freemani genome assembly Tfree1.0 (Volarić et al. 2022) 

assembled into 10 linkage groups corresponding to 9 autosomes and the X-chromosome, was used 

for the annotation of potential novel satDNAs, so there was a general idea of array number and 

chromosome position of mentioned satDNAs. However, there are still unplaced sequences that were 

not included in the official Tfree1.0 assembly. Furthermore, for the three other species, T. madens, 

T. confusum and T. brevicornis, the preliminary assemblies in scaffold and contig forms were used, so 

they could not be used to determine the exact chromosomal location of their satDNAs. Therefore, 

cytogenetical FISH experiments were crucial for determining the position of the most prominent 

satDNAs in Tribolium genomes. Major satDNAs of all the species above were already localized along 

with their identification in the previous publications (Juan et al. 1993; Plohl et al. 1993; Ugarković et 
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al. 1996b; Durajlija et al. 2000; Mravinac et al. 2005). Nevertheless, in this study, FISH experiments 

were performed on the major Tribolium satDNAs by using confocal microscopy to recheck their 

positions and achieve better visualization with higher resolution images. For three of them, the 

original results were confirmed and their chromosomal position was determined to be in large blocks 

corresponding to (peri)centromeric regions. TmaSat01, TcoSat01, and TbrSat01 were determined to 

be located on all of the chromosomes of the complement. The big surprise was the major T. freemani 

satellite TfrSat01 that was not localized on the smallest chromosome of the complement, male yp 

chromosome, by confocal microscopy. Juan et al. hybridized the major satDNA probe to the 

chromosomes and determined its pericentromeric position, but in their paper, they did not specify 

whether the satDNA is actually present on all T. freemani chromosomes. As the in situ figure presented 

in their paper is not really high-resolution, the conclusion cannot be inferred from it either. Given that 

the remaining major satDNAs of the Tribolium species showed presence on all of the chromosomes, 

the lack of major satDNA signal on yp chromosome is exclusive for T. freemani. Additional confirmation 

for the lack of TfrSat01 on the yp chromosome was achieved by the double hybridization with 

TfSat01/TfrSat03 probes. TfSat03, whose arrays were first identified interspersed with TfrSat01 arrays 

in silico, colocalizes with TfrSat01 on 19 chromosomes, however it is also not present on the yp 

chromosome.  

 From the earliest days of satDNA research, satDNAs were linked with the constitutive 

heterochromatin (Yunis and Yasmineh 1971). In the five decades that followed, it has indeed been 

proven that satDNAs occupy centromeric regions, often even being the main component of the 

functional centromeres (Hartley and O’Neill 2019). In Tribolium, it was determined that the 

centromere competent DNA sequences of T. castaneum and T. freemani are their respective major 

satDNAs and that their chromosomes have a form of metapolycentric centromeres (Gržan et al. 2020; 

Gržan 2020), so it can be speculated that the large blocks of major satDNAs of the remaining Tribolium 

species also correspond to their centromeres. The positioning of the most abundant satDNAs in 

heterochromatic blocks of the chromosomes is often seen among other animal and plant species. 

Some of the numerous examples found in literature include the greater long-tailed hamster Tscherskia 

triton whose satDNA Cen-TaqI-S2 was localized on 11 out of 13 autosomes in centromeric regions 

(Kamimura et al. 2023), the plant species Ensete glaucum satDNA Egcen that was found localized in 

centromeric regions of all of the chromosomes of the complement (Wang et al., 2022), and multiple 

species of the genus Palorus whose major satDNA is present in  large heterochromatic blocks of all 

chromosomes (Meštrović et al. 1998). In contrast to the now outdated dogma that satDNAs only 

occupy heterochromatic areas characterized by inert recombination, new insights gained through 

better quality sequencing and genome assemblies show that satDNAs can be located in euchromatin. 

One of the first examples of detected euchromatic satDNAs are Cast1-9 satDNAs of T. castaneum 

(Pavlek et al. 2015), which were further confirmed to be embedded in gene-rich regions by improved 

genome assembly generated by long- read ONT sequencing (Volarić et al. 2024). This trend was 

observed in more insect species, such as D. melanogaster and its three simulans clade relatives, where 
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the satDNAs 1.688 g/cm3 and Rsp-like were found to be positioned in the euchromatin (Sproul et al. 

2020). Furthermore, in the leaf beetle C. americana the low-copy number satDNAs showed a different 

distribution than the more abundant satDNAs, as they are mainly located in euchromatic regions 

(Rico-Porras et al. 2024). A similar arrangement was observed in the low-copy satDNAs studied in this 

work. Cytogenetic analyses confirmed their distinct chromosomal localization, with most of them 

being localized on only one or a few chromosomes of the complement in the euchromatic regions. 

The signals obtained by FISH appeared to be more dispersed in accordance with their low genomic 

abundance.  

 It is especially interesting how double FISH experiments were able to differentiate satDNAs 

that are part of the same superfamily, namely the T. freemani superfamily A, containing TfrSat03 and 

TfrSat04, and the T. confusum superfamily A, containing TcoSat02 and TcoSat03. The similarity of 

consensus sequences of satDNAs in question range from 65.52% - 73.04%, but the high accuracy of 

the PCR labelled FISH probes successfully discerns them at different chromosome locations and there 

was no false positive colocalization of the mentioned satDNAs. TfrSat03 consists of three subunits, all 

of which are similar to TfrSat04. While TfrSat03 does not appear on the yp chromosome but on all 

remaining chromosomes of the complement, TfrSat04 was found positioned exclusively on the male 

sex yp chromosome. Except for their joint double FISH experiment, this finding was confirmed by the 

TfrSat01-TfrSat03 FISH experiment which showed that the two satDNAs do not occur on the yp 

chromosome. Because of the exclusive position on the yp chromosome, TfrSat04 could serve in the 

revision of the Tfree1.0 genomic assembly in which the y chromosome was not assembled (Volarić et 

al., 2022), and it can be used as a potential yp chromosome specific marker in further studies. Several 

different species show a similar satDNA pattern, in which there is a satDNA present exclusively on the 

Y-chromosome. In the plant species Sea buckthorn, whose karyotype is similar to that of Tribolium 

freemani with a large X- and small y- chromosome, Y-specific satDNA HRTR12 was detected, which 

helped in mapping the Y-chromosome (Puterova et al. 2017). In the species of Drosophila simulans 

clade, several Y-linked satDNAs were detected, each being highly homogenized and spanning only a 

few kb (Chang et al. 2022). From an evolutionary point of view, the most interesting scenarios are 

certainly those in which the sex chromosome-specific satDNA shows similarities with its autosomal 

counterparts, as is the case with the satDNA TfSat04 of T. freemani. A similar situation was observed 

in the plant Rumex acetosa, in which y chromosome specific satDNAs RAYSI, RAYSII and RAYSIII all 

share similarities with autosomal satDNA RAE730 and all evolved from the same 120 bp unit that 

underwent different duplication events, likely from recombination suppression of sex chromosomes 

(Mariotti et al. 2009). Reduced recombination on the y chromosome could also possibly explain why 

TfSat04 diverged from TfSat03 and evolved into a y-specific satellite. 
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The evolutionary aspects of Tribolium satDNAs 

Origin of Tribolium satDNAs 

 The origin of the majority of newly characterized satDNAs cannot yet be determined. 

However, some of them point to sequences or elements from which they originated. One of them is 

the major satDNA of T. freemani, TfrSat01. By exploring the T. freemani satellitome, the complex 

satDNA TfrSat02 with a monomer unit of 1106 bp was discovered. Within its 1106 bp sequence, it 

contains the 166 bp TfrSat01-like element. Phylogenetic analyses revealed that an ortholog of TfrSat02 

is present in the genome of T. castaneum as TCsat15 and in the genome of T. madens as TmaSat03. 

Together, the three satDNAs (TfrSat02, TCsat15, TmaSat03) were classified into the TribSAT3 

orthologous satDNA family. Since there are no tandemly repeated TfrSat01 copies present in 

T. castaneum and T. madens, it is logical to conclude that in T. freemani TfrSat01 arose from a segment 

of TribSAT3 sequence. Because T. freemani and T. castaneum diverged around 14 Mya, it can be 

assumed that this is also the age of TfrSat01 satDNA which was likely propagated into a highly 

abundant sequence by amplification burst events. Similarly, a potential source of T. castaneum major 

satDNA TCAST from a longer element was discovered in the T. castaneum genome. The authors 

detected the TCAST-like sequence embedded within a larger element resembling a DNA transposon, 

but they also found a TCAST-like monomer within the 5’ UTR of the CR1-3_TCa retrotransposon 

(Brajković et al. 2012). Although the major satDNAs of both sibling species are derived from longer 

elements, TfrSat01 is specific. In parallel to its propagation into the major satDNA in the genome of 

T. freemani, the initial satellite TfrSat02 continued to exist in a relatively large number of copies.  

 There are many studies that point to transposable elements as a source of new tandem 

repeats (Zattera and Bruschi 2022). The majority of satDNAs characterized in this work were found to 

have partial similarities with transposable elements, most prominent of them being DNA transposons. 

However, the most apparent connection was discovered with the satDNAs that were grouped into the 

TribSAT7 and TribSAT8 orthologous family. TribSAT7 consists of satDNAs TCsat23 and TfrSat15. 

TCsat23 was already identified as being the inverted repeat unit of the subtermini of the Rehavkus-

1_TC DNA transposon, with the question arising whether the origin of the repeat is the transposable 

element or whether the tandem repeats were captured by transposable elements (Gržan et al. 2023). 

However, as there are no arrays of TCsat23 longer than 9 consecutive monomers, it was concluded 

that satDNA originated from the transposon. A similar situation was observed with TfrSat15, in which 

the majority of the arrays are between 6 and 10 monomers long, with only one array consisting of 29 

monomers. But as Rehavkus-1_TC was already determined as an ancestral element, it could be 

speculated that the longer array in T. freemani formed due to amplification events happening after 

the speciation event. Regarding the TribSAT8, it consists of TCsat12 and TfrSat25 which both 

originated from the Rehavkus-like element. Interestingly, in T. freemani, arrays of TfrSat25 remained 

shorter, with only 2-12 tandemized copies, while arrays of TCsat12 underwent bursts of amplification 

after speciation with the longest array reaching 80.5 kb. Transposons and satDNAs are undoubtably 
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interconnected during the evolution of eukaryotic genomes. The fact that DNA transposons can be 

the origin of satDNAs has been demonstrated in numerous species. For example, in the clam Donax 

trunculus, the high copy miniature inverted repeat transposable element (MITEs) contains tandemly 

repeated arrays that vary in number of monomer copies (Šatović and Plohl 2013). In the fruit fly 

Drosophila virilis, the DNA transposon named Tetris contains tandemly repeated copies of the 

sequence TIR-220 in its terminal inverted repeats (Dias et al. 2014). TIR-220 is also a satDNA with kb-

long arrays in the species D. virilis and Drosophila americana (Dias et al. 2014). It was found that the 

most abundant satDNA of the species in the genus Chenopodium originates from the tnp2 domain of 

the CACTA-like DNA transposon Jozin (Belyayev et al. 2020). However, there are more examples of 

satDNAs derived from class I retrotransposons in the literature. In the legume plant Lathyrus sativus, 

long-reads generated by ONT sequencing were crucial for the detection of the LTR retrotransposon 

named Ogre which contains short tandem arrays of different satDNAs in its 3’ UTRs (Vondrak et al. 

2020). Those arrays were proven to be the origin point for nine different satDNAs of L. sativus 

(Vondrak et al. 2021). Centromeric satDNAs So103, So137 and So119 of the cultivated sugarcane 

Saccharum officinarum originated from the CRM element which is a class of Ty3/gypsy 

retrotransposons (Huang et al. 2021). In the potato species Solanum bulbocastanum satDNA Sobo was 

recently amplified from an LTR of a retrotransposon as it was not detected as tandem repeat in other 

Solanum species (Tek et al. 2005). Furthermore, in the genomes of 56 species of scaled reptiles several 

different satDNAs were found to be derived from short interspersed elements (SINE) (Vassetzky et al. 

2023). Although the origin of satDNAs is often found in different retrotransposons, Tribolium genomes 

are rich in satDNAs that show similarities to DNA transposons. This is not surprising, as DNA 

transposons represent the dominant fraction of transposable elements in the genomes of 

T. castaneum (Wang et al. 2008) and T. freemani (Volarić et al. 2022). Therefore, it can be speculated 

that the DNA transposons also dominate the repeatomes of other Tribolium species, which is an 

interesting topic for future research.  

 

Orthologous satDNAs in the genomes of Tribolium species 

 Even though major satDNAs of the Tribolium species examined in this study share no 

similarities among each other, several different low-copy satDNAs can be found shared among two or 

more species. For the comparative analysis, the satellitome of T. castaneum was also considered 

(Gržan et al. 2023), as it is already characterized and could provide informative insights when 

compared with the other satellitomes, especially with that of its sibling species T. freemani. 23 

different orthologous satDNAs were found in the five analyzed species, with 11 of them being shared 

among sibling species, 16 of them among the species of the castaneum group and only one of them 

shared thorough the genus. Notably, the shared DNA named TribSAT1, together with two TribSAT22 

and TribSAT23 that contain satDNAs of T. brevicornis, can help us in understanding phylogenetic 

relations within the genus, especially in regards to T. brevicornis. Namely, Angelini and Jockusch have 
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debated T. brevicornis classification inside the genus Tribolium backed up by an evolutionary study of 

two mitochondrial and three nuclear molecular markers and classified it into the genus Aphanotus. 

The claim that T. brevicornis belongs to the Tribolium genus can be substantiated by a closer look at 

the TribSAT1 satDNA. Not only has the satDNA been conserved among the species with differences 

consistent with its phylogenetical relationship, but it retained syntenic genomic position in only one 

array on, presumably, chromosome 3. The flanking regions of the array have also been conserved, 

with additional confirmation of the phylogenetic relationships. The conserved satDNA suggests that 

the array and its surroundings were already present in ancestral species and remained frozen for more 

than 86 My, as the approximation of the basal split within the genus Tribolium occurred at that time 

(Ramesh et al. 2021). This finding is an excellent example of the use of satDNAs in phylogenetic and 

taxonomic studies, despite their reputation as the most variable parts of eukaryotic genomes. 

Although it is perpetually considered that satDNAs are not good phylogenetic markers (Bachmann et 

al. 1993), there are studies showing the importance of satDNA for phylogenetic analyses and 

determination of taxonomic status. For example, the phylogenetic relationships of the fish family 

Sparidae were clarified by the highly conserved centromeric satDNA family EcoRI (Garrido-Ramos et 

al. 1999). Comparative analyses of the satellitomes can be even more informative than analyses of 

individual satDNAs. In such a way, satellitomes have been used for a better understanding of the 

phylogenetic relationships between the species of nematodes of the genus Meloidogyne (Despot-

Slade et al. 2022). The authors suggested that the non-coding part of the genome could be used for 

deciphering the complex phylogenetic relations among the species where standard markers did not 

provide definite answers. SatDNAs, defined by repeatome and satellitome analyses, were also used in 

comparative karyotype studies of the plant genus Hedysarum which enabled a better understanding 

of their common origin and taxonomic status (Yurkevich et al. 2022). New sequencing technologies 

and improved genome assemblies that make satDNAs more visible to researchers will undoubtedly 

lead to a more precise application of satDNA evolution as a taxonomic tool.  

 

The evolution of Tribolium satDNAs and mechanisms of their turnover 

 The evolution of genomes in the context of the evolution of satDNAs is a fascinating and yet 

still relatively underrepresented research topic. Species of the genus Tribolium are an excellent model 

for studying the main concepts of the satDNA evolution. The major satDNAs that dominate the 

genomes of Tribolium species show no similarities with each other, with the exception of the sibling 

species T. madens and T. audax, whose major satDNAs are based on the same 110 bp long fragment 

(Mravinac and Plohl 2010). Therefore, the major satDNAs of Tribolium species can be used as an 

example for the satDNA library hypothesis. The presence of the TfrSat01 seed within the TribSAT3 

provides further evidence for said claim, as the sequence was present in the ancestral genome, but 

became amplified in the specific subset of subpopulation that diverged to become T. freemani. 

Differential amplification of shared satDNAs was observed with the grasshoppers of the genus 
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Schistocerca, in which one of the shared satDNAs made up between 0.07% and 6.7% of the total 

genomic content among 10 analyzed species (Palacios-Gimenez et al. 2020). Low-copy satDNAs of the 

Tribolium genus are more prone to evolving following the concept of concerted evolution. An example 

of that can be seen with the satDNAs of the TribSAT1 family, which showed that the monomers 

extracted from the genome of the same species are more similar to each other than to those extracted 

from different species. However, the evolution of satDNAs in Tribolium species is happening as the 

combination of two concepts, with satDNA library and concerted evolution complimenting each other. 

Even within TribSAT3, which serves as the seed sequence for TfrSat01 propagation, we can see that 

the satDNAs TfrSat02, TCsat15 and TmaSat03 evolve following the concept of concerted evolution. 

This is not a new finding, as the literature provides examples such as Tyba satDNA from the plant 

genus Rhynchospora, which is found conserved within 68 species of the genus, suggesting the 

existence of an ancestral satDNA library (Costa et al. 2023). Nevertheless, Tyba exhibited clade specific 

variants which emerged due to the homogenization under the influence of concerted evolution. 

Furthermore, by comparing the satellitomes of two oedipodine grasshoppers, namely Locusta 

migratoria and Oedaleus decorus, the authors commented on the contingent nature of satDNA 

evolution, through which the satDNA library of ancestral species enables the divergence of satDNA 

after cladogenetic events (Camacho et al. 2022). Concerted evolution of said satDNAs is in turn lead 

by the amplification of satDNAs which increases homogenization within species and the divergence 

between species (Camacho et al. 2022).  

 Mechanisms by which satDNAs are amplified and homogenized are: unequal crossover, gene 

conversion, rolling circle replication, and transposition (Dover 1986). In this study, rolling circle 

replication was explored to determine the co-evolution of the closely linked TfrSat01 and TfrSat03, 

whose arrays are intermingled. It has been shown that both satDNAs are found in fractions of the 

eccDNAs. Thus, it can be concluded that the re-insertion of eccDNAs into the non-homologous 

chromosomes leads to amplification and homogenization of satDNA arrays in the (peri)centromeric 

regions. The formation of eccDNA has been previously described for the mouse major satellite DNA 

that is prone to form eccDNAs containing satDNA multimers (Cohen et al. 2006). Interestingly, the 

long-range organization of mouse centromeres and pericentromeres was recently explored, and 

parallels could be made between its major and minor satellites compared to T. freemani TfrSat01 and 

TfrSat03 arrays. More specifically, the mouse major satellite is pericentromeric while the minor 

satellite is present in centromeric regions, with the direction switch occurring in both satDNAs’ arrays 

(Packiaraj and Thakur 2024). Therefore, it might be interesting to investigate the possible roles that 

eccDNA non-homologous reinsertion could have in the genomic organization of the (peri)centromeric 

regions of both organisms. Furthermore, the role of eccDNAs in propagation of satDNAs was already 

explored in T. castaneum with the euchromatic satDNAs Cast1-Cast9, where it was discovered that 

they spread thorough the genome with the help of eccDNAs (Volarić et al. 2024). A similar situation 

was observed with the euchromatic satDNAs of D. melanogaster, where eccDNAs contribute to the 

evolutionary dynamics of Rsp-like and 1.688 g/cm3 satDNAs (Sproul et al. 2020).  
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 Due to the strong intertwining of satDNAs and transposons in the Tribolium genomes, the 

propagation of satDNAs is likely associated with transposition. This is particularly true for low-copy 

number satDNAs such as TfrSat15 and TfrSat25, which are mainly represented in the genome as part 

of larger transposable elements. After discovering the Tc1/mariner miniature inverted-repeat 

transposon family which they named miDNA4 that contained a satDNA repeat in Xenopus frogs, 

Scalvenzi and Pollet proposed a model for transposon mediated satDNA amplification. Transposons 

with captured satDNAs undergo transposition, which is followed by amplification of said satDNAs. This 

cycle continues but as the number of satDNA monomers rises, the transposition rate slows down, 

eventually giving birth to satDNA arrays (Scalvenzi and Pollet 2014). In T. castaneum the propagation 

of the euchromatic satDNA Cast5 has been linked to the non-autonomous Tc1/Mariner DNA class II 

transposon due to its proximity to the Cast5 arrays (Pavlek et al. 2015; Volarić et al. 2024). The DNA 

transposons Cg_HINEs, classified into the Heletron superfamily, have been shown to carry tandemly 

repeated sequences throughout the genome of the Pacific oyster Crassostrea gigas, making them an 

efficient propagation tool for satDNAs (Vojvoda Zeljko et al. 2020).  

 

Potential functions of Tribolium satDNAs 

 SatDNAs dominate the genomes of the species of the genus Tribolium so the question arises 

of their potential roles. As for Tribolium major satDNAs, their genomic abundance and position in 

centromeric heterochromatic blocks indicate their centromeric function. In the case of T. castaneum 

and T. freemani, it has been already confirmed that TCAST and TfrSat01 are associated with the 

centomeric histone variant CenH3 and thus are part of functional centromeres (Gržan 2020; Gržan et 

al. 2020). Since other major satDNAs follow the same pattern of organization in pericentromeric and 

centromeric regions and have the same properties such as the A+T composition, their function as 

centromere competent sequences can be assumed. However, novel findings on the long-range 

centromeric organization of T. freemani explored in this study revealed that arrays of TfrSat01 are 

interspersed with satDNA TfrSat03. This organization closely mirrors the organization of the TCAST 

arrays and the Cast7 arrays (Volarić et al. 2024). Notably, even though TfrSat01 and TCAST share no 

nucleotide similarities, TfrSat03 and Cast7 are orthologous satDNAs. Therefore, the question arises 

whether TfrSat03 and Cast7 really are actually centromere-competent satellites, while the major 

satDNAs TfrSat01 and TCAST only form the centromere scaffolding. On the other hand, TfrSat03/Cast7 

orthologues have not been found in other Tribolium satellitomes, even in the most closely related 

T. madens. Still, in the T. madens genome the major satDNAs TmaSat01 and TmaSat02 also exhibit a 

similar pattern of organization, with TmaSat02 being embedded in longer arrays of TmaSat01 

(Durajlija et al. 2000). The genome proportion of all the satDNAs mentioned is also mirrored, with 

TCAST, TfrSat01 and TmaSat01 being an order of magnitude more abundant than the second most 

abundant satellites in their genomes. The mouse genome is a great example of a minor satellite with 

a lower abundance being centromere competent, while the major satDNA occupies the 
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pericentromeric region (Packiaraj and Thakur 2024). Thus, it is evident that the most dominant 

sequence is not necessarily the functional one. Moreover, those findings provoke the question of 

whether the nucleotide sequence is really the most important factor for centromeric function, or 

whether the true functionality could also reside in the structure of the arrays. However, high 

abundance and chromosomal location of major satDNAs can be discussed in the context of speciation 

and reproductive isolation among species. Once again, the sibling pair T. castaneum/T. freemani 

represents the best test field to clarify these questions. Comparative analysis of the two closely related 

species, which can even hybridize and produce sterile offspring, demonstrated that their coding 

regions are similar (Volarić et al. 2022). Since the major satDNAs provide the biggest genomic 

differences between the two genomes, the question arises whether they are responsible for the 

postzygotic reproductive barrier between the species. It has been shown that different satDNAs in 

Drosophila hybrids are responsible for the lagging of chromatin during embryogenesis, leading to 

improper mitosis (Ferree and Barbash 2009) and lead to an improper assembly of chromocenters 

(Jagannathan et al. 2018; Jagannathan and Yamashita 2021), proving that satDNA divergence between 

closely related species can cause reproductive isolation. Future research into the role of major 

satDNAs of T. freemani and T. castaneum in the reproductive isolation of the two species may 

therefore provide additional insights into how the evolution of satDNAs shapes the evolution of the 

genome as a whole. The potential function of newly discovered low-copy satDNAs is even more 

enigmatic. The satDNA TribSAT1, which was conserved across all the analyzed Tribolium species could 

potentially have a more prominent function as it did not succumb to evolutionary pressure and 

remained highly conserved, as well as its genomic surroundings. The remaining low-copy satDNAs that 

are scattered across the euchromatic regions of the chromosomes could possibly be important 

regulatory elements for gene function, or just provide suitable genomic organization and secondary 

structures for proper genomic functioning. Moreover, some of them might even be more energetically 

harmful to the genome than they are functional, so that they could be lost in future generations 

without endangering the persistence of the genome. In contrast, as the satellite library hypothesis 

suggests, some of the newly discovered low-copy satDNAs could serve as seed sequences for potential 

novel dominant satDNAs in the yet unknown daughter species of the contemporary Tribolium species. 

A specific pool of sequences that could take over certain tasks such as centromeric function, in the 

event of sudden unfavorable environmental conditions and the resulting genome instability, could be 

a valuable genome “safety net”. Although this explanation is highly speculative, it is in line with the 

still disproportionate relationship between the high abundance and still inconsistent functionality of 

satDNA sequences in eukaryotic genomes. 
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 CONCLUSIONS 
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1. The satellitomes of the four Tribolium species were characterized. Each of the satellitomes 

analyzed consists of more than a hundred satDNAs, with 135 satDNAs identified in T. freemani, 

124 in T. madens, 108 in T. confusum and 166 in T. brevicornis, bringing the total number of 

Tribolium satDNAs catalogued in this work to 533. 

 

2. The Tribolium satellitomes follow the same pattern, with one major satDNA being dominant 

and high-copy-numbered, one or two satDNAs being moderate-copy-numbered and the 

remaining satDNAs being low-copy-numbered. The major satDNAs comprise megabase-long 

arrays and are located in large heterochromatic blocks in the (peri)centromeric regions, while 

the low-copy-number satDNAs are scattered in the discrete arrays on fewer chromosomes.  

 

3. Despite the differences in abundance, all satDNAs generally have a high A+T composition and 

most of them tend to have similar monomer lengths. A tendency towards higher-order-repeat 

structure of monomer units was observed in a certain number of Tribolium satDNAs. In 

addition, some satDNAs were found to exhibit dyad symmetry in their monomer structure, 

but also in satDNA arrays, possibly leading to DNA hairpin and/or crucifix structures that may 

be important for genome stability. 

 

4. Based on comparative analyses of the Tribolium satellitomes and the orthologous satDNAs 

found, it is concluded that major satDNAs and low-copy-number satDNAs evolve according to 

different evolutionary concepts. The evolution of major satDNAs is more consistent with the 

“satDNA library” concept, whereas low-copy-number satDNAs are more likely to be influenced 

by concerted evolution. Of the mechanisms responsible for satDNA turnover in Tribolium 

genomes, rolling circle replication and transposition may be the most influential. 

 

5. Similarities in the long-range organization of the centromeric regions of the sibling species 

T. castaneum and T. freemani suggest that the secondary structure may be more important 

for the centromere function than the nucleotide sequence itself. The complete difference in 

the nucleotide sequences of the major satDNAs and the similarity between the less abundant 

orthologous satDNAs in the centromeric regions of T. freemani and T. castaneum also calls 

into question the previous assumption that the most abundant satDNAs are key components 

of functional centromeres. 

 

6. Since the major satDNAs represent the largest genomic differences between Tribolium 

genomes, it is tempting to speculate on their possible role in the postzygotic reproductive 

barrier between closely related species. 
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 In addition to single-copy sequences, eukaryotic genomes consist of a large proportion of 

repetitive sequences. These are often dominated by satellite DNAs (satDNAs), tandemly repeating, 

non-coding sequences that are mainly located in heterochromatic regions of chromosomes. The 

tandemly repeated organization in combination with their high genomic abundance makes the study 

of these sequences extremely difficult and challenging. In the past, satDNAs were identified using 

classical molecular methods, and in this way only the most abundant satDNAs in the genome could be 

detected. Furthermore, satDNAs are often omitted from genome assemblies because long repetitive 

sequences are difficult to assemble correctly. The recent development of new generation sequencing 

technologies, including long and highly accurate sequencing with PacBio HiFi technology, and the 

accompanying development of bioinformatics tools have enabled the detection of numerous satDNAs 

in eukaryotic genomes. Given the large number of satDNAs that were discovered, the term satellitome 

was introduced in the field of satDNA biology, encompassing all satDNAs within the genome. 

 The flour beetles of the genus Tribolium are cosmopolitan pests that occupy food storage 

facilities. A representative of the genus Tribolium, the red flour beetle Tribolium castaneum, is also 

frequently encountered in laboratory research worldwide. It is known that the genomes of Tribolium 

species are dominated by the major satDNAs, which can account for up to 60% of the total genomic 

content. Interestingly, the major satDNAs of these species do not show similarities in their nucleotide 

sequences. The species T. castaneum is the only one among them that has, in addition to major 

satDNA, a defined satellitome which counts a total of 57 satDNAs. The aim of this work was therefore 

to characterize the satellites of four additional species of the genus Tribolium, namely Tribolium 

freemani, Tribolium madens, Tribolium confusum and Tribolium brevicornis. 

 Satellitomes of species from the genus Tribolium were characterized using a combination of 

experimental and bioinformatic methods. Firstly, the genomes of the four species were sequenced 

using two sequencing technologies. The first technology is Illumina sequencing, which provides short 

151 base pairs (bp) reads. These reads were used for de novo definition of potential satDNAs using the 

bioinformatics program TAREAN based on the de Bruijn graph clustering. Sequencing with PacBio HiFi 

technology yielded long and highly accurate genomic reads that enabled the bridging of long satellite 

arrays. The aforementioned reads were used to generate preliminary genome assemblies, and in the 

case of the species T. freemani, a high-quality genome assembly. Potential satDNAs obtained through 

the TAREAN program were annotated to genome assemblies and in this way 533 satDNAs were 

defined in the genomes of four species of the genus Tribolium. The chromosomal localization of the 

most prominent newly defined satDNAs of each species was experimentally determined by 

fluorescence in situ hybridization (FISH). The results of the FISH experiments showed that the major 

satDNAs are localized in large heterochromatin blocks of pericentromeric and centromeric regions, 
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suggesting their possible centromeric role. The signals of the low-copy number satDNAs are found on 

a smaller number of chromosomes have a much lower intensity and are often located in euchromatic 

regions. Since some satDNAs are specific to certain chromosomes, they could be used as chromosomal 

markers in future research. 

 Furthermore, comparative analyses of the four satellitomes described in this work and the 

satellitome of the species T. castaneum identified 23 orthologous satDNAs in congeneric genomes. 

The distribution of orthologous satDNAs corresponds in principle to the taxonomic position of the 

species within the genus. One satDNA was discovered within all the studied species, which can be 

considered ancestral, and potentially a diagnostic satDNA for the genus Tribolium. From an 

evolutionary point of view, based on the changes in nucleotide sequences within the orthologous 

satDNAs, it is concluded that low-copy satDNAs preferentially evolve according to the principles of 

concerted evolution. The evolution of major, species-specific and dominant satDNAs could be 

explained by the "satellite library" theory. In the case of the major satDNA of the species T. freemani, 

it was discovered that duplication of the major satDNA from the ancestral "satDNA library" does not 

have to mean duplication of the entire existing repeat unit. Only part of the sequence can be 

duplicated, expanding the current understanding of the "satDNA library" concept. Regarding the 

mechanisms leading to satDNA propagation in the species of the genus Tribolium, it has been 

experimentally confirmed that the rolling circle mechanism mediated by extrachromosomal circular 

DNA (eccDNA) is involved in the spread of highly represented sequences. Analysis of the organization 

and similarity of the low-copy satellites to transposable elements led to the conclusion that 

transposition may be the most important mechanism in their evolution. A comparative analysis of the 

satDNA composition and organization of the centromeric region of the closely related sibling species 

T. castaneum and T. freemani revealed that although the major satDNAs of these species lack similarity 

in nucleotide sequences, they share a similar type of organization based on directly and inversely 

oriented satellite segments. This suggests the possibility that for centromeric function, the secondary 

structure of the centromeres is more important than their sequence. In addition to the fact that the 

sequences of the major satDNAs lack nucleotide similarity, the discovery of low-copy orthologous 

satDNAs in the centromeric region of the sibling species raises the question of which satDNAs are truly 

centromere competent. 

 This work laid the foundation for future research of the function of satDNAs, particularly in 

relation to the evolution of the genus Tribolium and the role which centromeric satDNAs might play 

in the postzygotic reproductive isolation of species. 
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 Eukariotski genomi sadrže uz jedinstvene sekvence također i velik udio ponavljajućih 

sekvenca. Među njima često dominiraju satelitne DNA (satDNA), uzastopno ponovljene, nekodirajuće 

sekvence koje se prvenstveno nalaze u heterokromatinskim regijama kromosoma. Uzastopno 

ponovljena organizacija u kombinaciji s visokim udjelom čini istraživanje ovih sekvenca izrazito 

izazovnim i zahtjevnim. U prošlosti su se satDNA identificirale pomoću klasičnih molekularnih metoda 

te se na taj način moglo detektirati samo najzastupljenije satDNA u genomu. Uz to, satDNA često su 

izostavljane iz sastavljenih genoma zbog nemogućnosti pravilnog sastavljanja dugih ponavljajućih 

nizova. Recentni razvoj tehnologija sekvenciranja nove generacije, uključujući dugo i precizno 

sekvenciranje pomoću PacBio HiFi tehnologije, kao i popratni razvoj bioinformatičkih alata, omogućio 

je detekciju pregršt satDNA unutar eukariotskih genoma. S obzirom na velik broj satDNA koje su se 

počele otkrivati, u području biologije satDNA uveden je pojam satelitom, koji obuhvaća sve satDNA 

unutar genoma.  

 Kukci brašnari iz roda Tribolium kozmopolitski su štetnici prisutni u skladištima hrane. 

Predstavnik roda Tribolium kestenjasti brašnar Tribolium castaneum, ujedno je često prisutan i u 

laboratorijskim istraživanjima širom svijeta. Poznato je da genomima vrsta roda Tribolium dominiraju 

glavne satDNA koje mogu činiti i 60% ukupnog genomskog sadržaja. Zanimljivo je da glavne satDNA 

ovih vrsta nemaju sličnosti u svojim nukleotidnim sljedovima. Vrsta T. castaneum jedina je među njima 

kojoj je uz glavnu satDNA definiran i satelitom koji ukupno broji 57 satelita. Cilj ovog rada bio je stoga 

karakterizirati satelitome četiri dodatne vrste iz roda Tribolium, poimenično Tribolium freemani, 

Tribolium madens, Tribolium confusum i Tribolium brevicornis.  

 Satelitomi vrsta iz roda Tribolium karakterizirani su kombinacijom eksperimentalnih i 

bioinformatičkih metoda. Početni korak bio je sekvencirati genome četiriju vrsta upotrebom dvije 

tehnologije sekvenciranja. Prva tehnologija je sekvenciranje Illumina kojim su dobivena kratka očitanja 

duljine 151 parova baza (pb). Ova očitanja korištena su kako bi se de novo definirale potencijalne 

satDNA upotrebom bioinformatičkog programa TAREAN baziranog na klasteriranju putem grafova de 

Bruijn. Sekvenciranje pomoću tehnologije PacBio HiFi produciralo je duga i vrlo točna genomska 

očitanja koja su omogućila premošćivanje dugih satelitnih nizova. Spomenuta očitanja korištena su za 

sklapanje preliminarnih genomskih sklopova, a u slučaju vrste T. freemani i visoko kvalitetnog sklopa. 

Potencijalne satDNA dobivene programom TAREAN anotirane su na genomske sklopove i na taj je 

način definirano 533 satDNA u genomima četiri vrste roda Tribolium. Najprominentnijim 

novodefiniranim satDNA svake vrste eksperimentalno je određena kromosomska lokalizacija pomoću 

fluorescencijske hibridizacije in situ (FISH). Rezultati eksperimenata FISH pokazali su kako su glavne 

satDNA smještene u velikim heterokromatinskim blokovima pericentromernih i centromernih regija, 

što sugerira njihovu potencijalnu centromernu ulogu. Signali niskozastupljenih satDNA pak nalaze se 

na manjem broju kromosoma, znatno su manjeg intenziteta i često prisutni u eukromatinskim 

regijama. Budući da su neke satDNA specifične za određene kromosome, u budućim istraživanjima 

mogle bi se koristiti  kao kromosomski biljezi.  
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 Nadalje, komparativnim analizama četiri satelitoma opisanih u ovom radu te satelitoma vrste 

T. castaneum, identificirane su 23 satDNA koje sadrže ortologne satDNA u kongeneričnim genomima, 

pri čemu distribucija ortolognih satelita načelno odgovara taksonomskom položaju vrsta unutar roda. 

Otkrivena je također jedna satDNA koja je prisutna u svim analiziranim vrstama te se može smatrati 

ancestralnom i potencijalno dijagnostičkom satDNA za rod Tribolium. Evolucijski promatrano, na 

temelju promjena nukleotidnih sljedova unutar ortolognih satDNA zaključuje se da niskozastupljene 

satDNA preferencijalno evoluiraju sljedeći principe usklađene evolucije. Evolucija pak glavnih, vrsno-

specifičnih i udjelom dominantnih satDNA mogla bi se objasniti teorijom „satelitne knjižnice“. U 

slučaju glavne satDNA vrste T. freemani otkriveno je da umnožavanje glavnog satelita iz ancestralne 

„satDNA knjižnice“ ne mora podrazumijevati umnožavanje cijele postojeće jedinice ponavljanja, već 

se može umnožiti samo dio sekvence, čime se proširuje dosadašnje poimanje koncepta „satDNA 

knjižnice“. U kontekstu mehanizama koji dovode do propagacije satDNA kod vrsta roda Tribolium, 

eksperimentalno je potvrđeno da mehanizam kotrljajućeg kruga posredovanog ekstrakromosomalnim 

cirkularnim DNA (eccDNA) sudjeluje u širenju visokozastupljenih sekvenca. Analizom organizacije i 

sličnosti jednog dijela niskozastupljenih satelita s transpozonskim elementima, zaključeno je da bi u 

njihovoj evoluciji transpozicija mogla biti mehanizam od najvećeg značaja. Komparativna analiza 

satDNA sastava i organizacije centromernog područja između blisko srodnih sestrinskih vrsta 

T. castaneum i T. freemani, otkrila je da iako glavne satDNA ovih vrsta ne dijele sličnost u nukleotinim 

sljedovima, pokazuju sličan tip organizacije temeljen na direktno i inverzno orijentiranim satelitnim 

potezima te sugeriraju mogućnost da je sekundarna struktura centromera važnija za njihovu ulogu 

nego što je to njihova sekvenca. Također, nastavno činjenici da sekvence glavnih satelita ne dijele 

nukleotidnu sličnost, otkriće da u centromernom području sestrinskih vrsta postoje ortologne satDNA 

manjeg udjela otvara pitanje koji su sateliti uistinu centromerno kompetentni. 

 Ovim radom postavljeni su temelji za buduća istraživanja funkcije satDNA, posebice u 

kontekstu evolucije roda Tribolium i uloge koje bi centromerno pozicionirane satDNA mogle imati u 

postzigotnoj reproduktivnoj izolaciji vrsta.  
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Supplementary table 1. Consensus sequences of 533 Tribolium satDNAs characterized in this work. 

Name Consensus sequence 

TfrSat01 
GTAAAAAATAGTTCATAATTCAAAAACTATTAGGAATACTGCGATTTTTTTGACTTCAATCGATTGCCTGGATCATTTTGCATCGGCAAAGGTCCAAACAGTTCCACTGT
TTCGAATAGTATAGCCGTAAGTGGAGAAAATAAATAAAATCAAAAATTTATAAAAA 

TfrSat02 

TATAATACGTAGAATGAGCCGCAGAATTCACTGGAACAAACCGTTTTGCTCTACGACTTTTAGTTTTTAAGTTATGAATTTTTTTAGTGTTAAACTTTAAATGCCTCTGTA
CCCGGAACCGGTGCCCGGAGCGGCTCCGGGTTTAATCGAGAAAATAGATAATTTTAAGCGCTATCTGATGCATTCTTAAAATTTGCTCTAAGTCTTATAGTTTCCGAGA
AAAACGCAAAAAAAGGTTGCCATTTTCACTTTTTTCTAATTTTTAAACGCCGATTACGGCGAAACTATAAGAGTTAGAGAAAAACGGTAAAAACGGTTAGAAGCGGTA
TAAAAAGCCCTACAAACTGGCATAGGTTTCAAGGCGATATCTCGCAAAAAATTTTTCAATTTTCAAACGTCGATTACGGCCAAACTAAAAGAGCTAGAGGAAAACGCTT
TGCTCCATTGTAAAGAGCACATCAAAATCTATAAGATAGGATGGGTTTGAATTGATTTTGAGACACTTTAAAAATTGGCCATTTTTAAGGGGGGGGTGTTAACAAATTT
TTCATTTTTTTTATTTTCTCTATTACGGCTAAACTATTCGAAAAAGTGGCACTATTTTAATCCTTACCTATGCAAAATGATCCGGGGAATCGATTGGCGTCGAGAAAATCG
CCAAATTCCTAATAGTTTTTTAGTTATGAATTTTTTAAAATTTGACCTACTTTTGCATTTTTTCAAAATTTTCTCGAAAACTATAAGTCGGAGAACAATAATCTTTTTTGAA
AACGATAGACAATTAAAAGAGCTTTCCAACGATAATAAACTTCATGGGGTTATCTCTAATAGTTCCGGAGTTATTGCTCGATAAATTTTCCGGGTACCGAAAATCGCCA
AAATCGCGACCAAAATTGAAAAAATCAAAATTCTTAAAATCGAACCTAGTGACTCTTTTTCTACTTTTAACAACTCTAGAGGGTTGTATAAGCATAGAAATGTCCATAAA
ACTTTGATTGAGTGAGTTAAAAAAAAATTTTTTTTTTTCATTTTTGTGAAGGTAAGTTGCCTGACCATTAAAATTTTTAGCAAAAAAATTCAAAATTTTAAATCTCATGAA
AAGTTAA 

TfrSat03 

GTTTAAACTATAACATAATTCGTTCTTTTGAGCCTGAATAGAGCGTTTTCAGTATGTTTTGTAAACGTTTGCTGGTTTCAAAGCTAAGAATCGTTCGAAATAAGCCGTTTT
CTTTCGAATTATAATATATATCGCTTTTTTGAAGCGAACTAAGACGTTTTCGGCTCGATTTGTATAAGTTTTACTGGATTCTAAGCAAAAAATCTTTCGAAATAAGCCATT
TGCTTCCAAATTATTGCATCAATCGTTCTTTTGAGCAAGAATAAAGCGTTTTCAGTCTGTTTTATTAAATATACTCGTTTCTTTAAGCAAAAAATAGTCTGAAATTTGCCG
TTTTTGT 

TfrSat04 
CCAAACTGTAACAAAAATCTTTCTTTTGAGAGAGAATAAGACGTTTTCAGTGAGTTTTATGAGAGTTGTTTCATTTCGAAGCAAAGAATTGCTCGAAATAAACTCTTTTC
AT 

TfrSat05 
AAAATTCATATTTTAAAAACTAAAAGTCATAGAGCAAAACTGTTTGTTCCATTGAATTGTGCGGCCAATTTTTCGTAATATATTGGCTATTAACTACCACTAGGTTACTCG
AGTAATTATTTAAAAAATTATTTCAATTTGAAAAATGGTGGATGCGCCGGGCTAATTATTAA 

TfrSat06 
CTGCCTAATCAGATTCTCTTGCAAAGTCACCCTTTAACCCAGCCACAACCCTCGTTTTAGAAAATACGATTTTTTGAAGAATTCCGATCTGACAAAACAAATTGAGATAT
GCCAAAAAATTTCTTATTTTTTGTTGAATAAAA 

TfrSat07 
TTTGCAAACTTTATTTTTTTCCACCCTGTTCCCAAACAGCACTTTTGTTTATATTTGCAGGAGATCAAGCCCTCTAATAGGGCCTTCGACTGTCAAAAATTCGTGTTCGGA
CAAACACCCCTTGGGACCTTAATGAATTTTTTAAAATTTCCTAAAGTTTCTCTTT 

TfrSat08 
GACAAGGCTCCTACTCCTAAAGACAAAACTCCTTCACCCGAAAAACCCTCTGAGATAAAACTCAAACCTGACGAAATCAAGGAAAAGGAGAAAACGCCTGAGAAAGT
AGAATTGAAAGAA 

TfrSat09 
GGCAACGGCACGCGGTGTTCCCAAGCAAATTGTAAATTTGTCAATTGTAAATTTTGTCGTCTTCAAAAGAGATTAACTATAAAATAATAAGAATATTTAGAATGTAAGT
GCAAAAAAAAGGA 

TfrSat10 
GTAAAATTTCAGTTTTTCAACGATTTCAAGTACTAAATATTTTTCTAATTTGACAAAATTTCACGTGTGCTTTAAGTACCACAAGCAGCACTTGCTGCCACTATCATTTAA
CCCCTCACCCTTTCCGGAAGGGTAGTTCACTCTT 

TfrSat11 
GTTATAGTAGGGAAGCTCGGGGTCATTAAAAAAATAGTTTTCAATTTTTTTCTCTACCCCTACCCCTTAAAAAGAGGGGATAAATTTCGAAAAAAAAATGAAAATCTAC
ATTTATAATCTGATCGAGATCATTTTTTGCACATGGGTACCCCTTATGGTCCTGATTACGCTCCACTAATCAGAGTTGACATATTCAAATTAGGGGGGTAGTGGGGGGT
CAAAATGTCAAAATTTAAAAAAATTAAAAATCGGCCAAATTAATATAT 

TfrSat12 GCAGGCGCAAAATTCGAACCGCAGGCGAGTTGTTTTCCTTAGCAACGGGACAGAAATAGCGCC 

TfrSat13 GCTTGCGGTCGAGCTCTCTGTCGACGTAATTTCGCTAGAAGTCGTCGATTCTGTGACTGTTGG 

TfrSat14 
TTCACATGCAATATGCAGTGGCAAACTACCATTTTTATTACAAACATCCAAACTTTGACCCTTTTCTAGAAGTAATTTTACAATATCGCAACCATACTTTTCGTTTTCACAT
GCCATATGTATTGGCAAATTGCCATCTTGATCGCAAACATCCACCTTCGAGCCATGATCAAGAAGAAATTTTACGACATCCACGCTCCCATG 

TfrSat15 
TTTAATATTATTAATAAAAGGATGACATATTTCAAACTGAGGGTTGGATGTCTTCCCAAACTTTTAGAGGGTTGCAATTTTCAGGAAAGGCAGAGTATTTAATGGGCTT
TCACGTGGAATAGGTAAAATGCGTCGACAAAAAGAAATAGTACTAAAAAAAAATA 

TfrSat16 
GCCCCAGCTAATGTCTATTGATTCCCAAAATGTCATTAAAAAATATTGACTACACTAGCCTGAAAAAAATCTTGTTTGGTCTAAGAAGGCAAAAATAGAATTTTCCTGCT
ACTTCAATTCAAAAAATTATATCTTCCCAACCCTTTTTATTTCAACTATTAAATTTTGTACAACTATA 

TfrSat17 AAGTCGGAATTGCCAGTTACTAAGTCGGAATTGCCAGTTAGTAAGTCGCAATTGCCAGATACT 

TfrSat18 TTGGTGACCTGGTGACTTGTGACTTGGTGACCTGGTGACTTTGTGACTTGTGTCTTGGTGACTTATTGATTTGGTGAC 

TfrSat19 CTTTTTTACCTATTAGCAAATCGATTTATCAACCGACTGCCGTAGTAGCAGATCTACCGACCA 

TfrSat20 
ATTATAAATGTTATAAAAATAATATTATAATTTATTAAACGGCGTACTTCGTGTAAGTTATGCAAAAATTATACACAATTGGTGTACTAAGGGTTGCATGTTTTATTAATT
TTTCTTTTTTTAAGTGTTATTATAATGTGTTTGATGTTTATATTGTGTAAATAAACAATAACTATCTCTGTTATTTATTCTTCAATTTTGCAATAAAAATTTCATCATTATATT
A 

TfrSat21 

GCAAAGGGGTGAGCGATTTTTTTCCATTTTTCAAGTGCTTCAATTGTGGCTGGGAGAGCGCCTCTATAGGCAGTCAGAGACAATTCTAGGTGCATTATTGCTTAGCAAC
GGTACCAGAAATGCCCCTGAAAAGGGTTCAAAAGGGCTCAAAGGGGTACGTAGTGAACGGAAGGGGGGCCGGTAGGCCCCCCTGGAGAGAGCTAGTTTAACTATAC
TAAATCGTGATAGCTGCGTCCTTTTTCAATCGACTTGAATTTGGGTGGTTGGACATGCTATTCAAGTGGATGATTTAACTTTTGAAAAAAATCTTTATGATGGATTCTAT
TTGTATAAATTAAATCGGAAAGAATGAATGAATTGCATAGGACCTATCTAATTACGATTGGGGGGCTATTAAAATTGCGGCAGTTGATTAAAGTTTGACATTTTTGACA
GATGAGGTGGTTTTTGATGATTTCGGAGGTCGAGATGAGATGGAAAATGCCCCATTCTCATTGGTTGAAAAAAATTGCGTTTCCTTGGCAACGATTGTGTTGTTGATTT
TTTTGATTGTCATTTCAATTTTGTTGGTTTTTAAATTGTGTGAAAAAAGGTGGAAATTGGGCAGTAATCGGTCGTGGATGTGTTAAAATCGTACAAATGGAGTGTGGGG
AAGGTATTTATCGTATTTTTTTAGCGGCCGCTGCACCTCAAGCAATTTTTCACACACCCAAAAAACGGCTCCGTCGCCGGCACGGAGCCGCGGCCTAGAGGGTCGAATT
TAATCACATTTAAACACCTCAAAAGGGCTCAAAGGGGTAAGTAGTGATTAGTAAAGTGTTGCTTAAGACTCGACAGCCCCATTTAGCCCCCCTGTGTGTGAGAAAATC
CCTAAATAAATGTCATCTGTCAAATTTGACGTTTGTTAAAAATCGTGCCACAAAATACGGCCAAAACGATACAAAACCACTGTTGAGAGCCCCCAACTCATTCAAAAGG
ACCAAAGGAGCATTTCTGTGAAATTTGC 

TfrSat22 
AACTACCATAATTCGTCCAATATCGCTAAAACTACGAATCGTGGAACAAAAATTAAGACAGATTCAGAATCCTCAGACAATTTTACATGAAATCGACATACTTTTGACCA
ATAATTTCGATAATTGCAATCTTGATGATTTTTTTATTGGTTGGAAGGTAAACAAAAATTTCGACCAAGTTGTTTTATTCGAATTATTTAAAGAATTTTGACTTGATTTCT
ATAATATTTTGCTCAGCAATAGATAATTAACTAATAAAAAGGGCTATGAGTTGTTTTTGATCAATTTCAATGTTTTTTATTTTTTTATTTTTGGTTGATTGAAAAAATTAAA 

TfrSat23 
ATCCCGAAATCGGTCTTGTCACACAATGCCCTTTTGGCAATTGATAAAGCATTAAAAAAGACATTTATTACAAAAAATTTCATAACAAAATTGTTGTCGGAACAATGTTA
AAAAAAATAAACTTTTCTAGCTCCAAAAACGCATTATCCCAGTTTTTATCCTATTTC 

TfrSat24 
CATCGTGTGAACTTTACTCCTAAGGGCCCTAATCACCATTTTTCTATTGTCCCCACATTAAAACCCTCAAACTTTATTTTTTCACACTCCCTTCCGGAAGATTGATTTTGTT
CATTTTTGCACAAAACACAGCCTACCCAAAGGACTTTCTACTGCCAAAATAT 

TfrSat25 
TCAAAAATTATAAACAATTCAACTTTCCAACCCCTTCCCAGGGCTCGATTTTGTTTAAACTTTTTCATAATGTAGAGTCTTAAATGCGCTTTCGACCTGCCGTAACAAGAA
AGTGGCACATTGTCGATAACACTTAGAAAAAAATTAAAAACCT 

TfrSat26 

AACTGTAAAATTACATAACAAATCAAGCTTAACAGCAGAAGTGTAAATTGTAAGTGTAAATTTAGTAGTAGTATTTAGTATTATAGGTACTAAACCAAAGTGTTCAAAT
GTGACAATTTCTTTTGTTATTTTTTAGAAAATATTTTATTTTTGTTTTGTTTATATTTTTGTATTTTGTTCTTGAAGTTTTCTAAATATATAATTTCTATATGAAATTTTTATTT
TATTTTTTTGCATAACCTACAATTCAGAGTGTAAATTTACCACAATTTGCATAGTGCAAATTTACTTTGTATACTGTAATAATACAATACAATTAGTAAGTTTACATTGTA
AACTTGCTCTTTGATACTGTAAATTTACTTTTTATGAAATCATATTGTAGTGTAATTTTACATTGTGAAAGTAATGATGGA 
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TfrSat27 
TTTTTTAATATGTTGTAGAGGAAGGTCTTGTGTTGTTCTCATACAAAAATGAAGCTTATTGTTCCGTGCCATCCAATCGAACCAAGCGCATTTTTGACATTGTGTTTTATG
CGAATTTTTCAAAAATTGTTAAATCTTCCGGAGCCGATAATAAGAAAACAAGAGAGTACGCCCCTCCAA 

TfrSat28 

TGTTTGTTCTAGATAGAAAATAATTACGGAATTGAAATCCTCGGACAATTTTACGTTAAAAAAAGGTAATTTCAAGATAATTCAAGGATTAAATAAATGTAGAAAAAAT
TTAAAAGGAACCCCTTACAACATCGGCAAAAATGAGCTTAACGCAGTTGTTGATAAATCGATTGACAAATCGCGAAATGTTTCTTGTACGTGAAAACTAAGTACAAATT
TGAAATGCTTGGACAATTTTACGTAAGAAAATGTTAACTTTAGACCGATTGAACAATTAAGATTGTCTAGAAAAAATAATATCACTTCATTATCCAAGCTTGAAATAATA
TAAACGTCTAGAATGAGACATATATCTCGGAAAC 

TfrSat29 
AAAAATACTCCTTTTAATACTGATGATTTTTTAAATTATTACACAAAACCTACGAATTCTAGAACAGTAGTAAGACTTTCACCATTTTAGATGGAAAAGTTTAAACTTAAT
TCTGTACTAATTCGATAAGGGATCGAACATAGTTTCTTTTTCCAATAAATTGAAGCAAAAGAGGGAAAAATTCGCTTTAATTAAATCGTCCAACTCAAAGTAAGCGAAA
TTCCAGCCAGTTGACCTTTAAATAATTGAAAA 

TfrSat30 
CAATTTGGCACCGTCTCATATTTTTCAAAACGCTGCGAATATGGTTAAAGATACAAAAAAAATGTTGTAAACAAAGTTGTAGACAATTAAATTCTCTACAATTTTGTTCC
TTACACTTTTTTTGTATCATCAACCGTATTGGCAGTGTTGTCAAAAATGTATTAAAAAAATTAAGCTATTAG 

TfrSat31 
GTTGGGAAAATGTCAAAAGTAGCAAACGAATAACAAACAGTTTTGTTTAACAAAAACACAACTAGAGAATGAGAGCGTAAATGTGTTATTGGATTGTAACTTTTTAGT
TAATAGAGTATTTTAAAATGTGTAAAGAAAAATGTCAGCTTGTTCTCATAGACCACCACTAATTTTCACCTTGTGTCAATGTATTTTTTTT 

TfrSat32 
ATAACTTCTTCTCTAGATTCTTCAATAGAATTATTTTATAAATATTTCTTCTACATTCTTCAAATTCTTTTTTAATTTCTTCTCTGCATTTTTTCACAATTCTTCTTTAGTTTCG
TTTATAATTTTTCCAAATTATTTTTTAGCATAATTTCTACTTTCTTCTCTAGATTTTTCTAAAGTTTCTTCTTTGATTCTTTTCTAAACATCGGAAATCTGGACTCTTTTAGAG
TATTTTATAAATACATCTTTAGATCATTAGATTGGTTT 

TfrSat33 

TCTCTAAAATCTCCGTTGGGATTATTTTGTAAACTCTATTCAAAATTCTTTTATAAAAACTTTTTCCACATTTTCTAAATTCTCTATTAGATTCTACTCTGCTATCTCTAGTTG
CGTTTAGAATTCTTCCAGATTCCTTTATAAAACCGTCTCTAGATCTAAAGTCCGGATTCTTCTTTATTAGGTGTTTTATAAATTCTTCTCTAGATTTTTGTGTCCTATTATTT
TCTAGGCTCTTCTCAAAATTCTTTAATAAAAACTTCTTCCATATTTTCTAAATTCTTTATTAGATTCTACTCTGCTTTCTCTATAGTTTCGTTTAGAATAATTCTTTTGAATTA
TTTTTTAGCATTATTCCTGTACTATCCTCACTACATTCTTCCCAAAAAATTTCTCTAATTCTGTTATAAAGCCGTTTCTAGATCTAAAATCTAGACTCTCCATTAGATTATTT
GATAAATGATAAATCCATCTCTAGATTCGTTTATCAACAATTATTATTTT 

TfrSat34 

TTCTCTTTTTTTTAATTCTTCTCTGATTCTTTTATCGACCTGCTGTCGAGACTCTTTTTTAGATTCTTTTAAAAATTCTTCTCTAAAGTCTCTTTTAAAATTATTTTGCACTTTT
AAGATTCTTAAGATTCTTTTCTGATTCTATTCAAGAGACGACTGTAGATCTAAAATTTGGACTCTTCTTTAGTTTGTTTTATTAATTCTTCTCAAAATTCTTCTTTACAATTA
TTTTCTAAACTCTATTCATTTTTTATATAATATCACTTCTATATTTTTTCTATAGTCTCCAAATTCTTTAATTTTTTAAATTCTACTTAGCTTAGCTGGAAAGATCCTCTATAG
TTTCGTTTGAAATTTTTCCAGATTATTTTTTAGCATTATTTCTTATACTC 

TfrSat35 
TTACTTTAGTTTAGTTAAAAAACTTACATTTTGAAGTATTTTGTATTTTTTGTATTTACTTTAGAAAAATTATTGATTTTATATCAAGATTTTTTACATTATTTCATTTTTAGT
AT 

TfrSat36 

AAAATTGTTCCAGAATTTCGAGTCTGTTGTCGTTTTTCGCCTACCAGTTACAATTTTTGAGATATTTGCCACCGTTCAATTCTACGTTGTCAAAATTAAATTTAAAAGCAC
CTTCAAAATATTTAATTTTTTTCACAGCTACAAACGTCCAAAATATCTTAAATTCTAACTTTTCTAACGTAAAATTCTTCAAGGATTCCAAATTTGTTTTCAATTTTGTTCCA
CAATTGGTAGTTTACGAGTTATGGGCATTGAGAAAAAACTCTGAAAAATTGCAGATACATTTATGATTTTTTTTCGTCAAAGATGACAGTTCAAGACCTTCAAATTTTGG
CTCTTTTTACGTAAAAAAGTCTCAGGATTCCAAATCTGATTTTAGTTTTTGTCTACGACCAACAATTTGTGAGATAATGGCCAAAGTTTAACCCAACATTGCCAAAATTAC
GTTTAACCGCTTCCTCAAATTTTCTAATTTTTTAAATCGAGACAGTTGATTTGAATGTATCAATTTTTGACTTTTCTTAGGTAAAATTGTCCAAGGATTCCAAATTTGTATC
AATTTTTGACCTAGGTTGAGTAGATTTCGAGTTACAATTAAAATGACATAACCCCAAAGACTTTAAATTTTTGCCATAAACATGTGATCCAACATTTGGAGTTTTTGTCG
CTAAACAAAACCAAAATGTGGCAAAGTTTAACATTTCTTATGC 

TfrSat37 
GCGTCGATTTACGAAAATAAGCATAAAAATAAGTTAAAAAAAAATATTCGTATTACTTTTGAAATTTTTAAGCAAAAATTGTTAAAAAACATATTAGGTATAAACATAA
ACAAAAAATAAATCAAAGAGAAAAAACCAAAAAATTAAATTTAGAACCCATTGGTATCATTTTCT 

TfrSat38 

TAAAGTTTCTCAAAAAATATCTAAGAATGCGTATTATTTTGCAGTTAAAAAAAACAAGGGTTCTGACAACAAAACTATGAGATAAGATTCTGTATTTCTTAGTTTCTTAA
ATTTTTTTTCAGTTCAGTTTAATAACACAAATTTTCAATAACTCGAACTATTTTTGTGGCAACTGTCGCTTCGAGTTACTGAAATTCGACTGTATTTATTTTCTGTATTCTCA
ATCACAATCTCTGTCTATGGAACTGTGATATACCAATGAACATTATTCTTACTATTATTATTATTTTCCTCTTACAAGACTAATGTAAAAAGTAATGTAAATCTTTTAGAAT
AAAAGTGTAAGCTAAAATAAATGCTGTATCAGTTTTCAAATAAAAAAAAATAAATGCAAAACTTCTACAAAAAAATAAGAGATTTTGAATCCTTTTTCTTAAAACTGGA
AGGTTTTTAGAAAAAGAGCCTAAGCTGAAAAATACTGTAGATTTCCCCAGTTTGCTAAAAAAAA 

TfrSat39 

TTTTTTAAATAGAGAAGTCTAAATAACTCAATTTTTAACTTTTCTTATGCAAAATTATCTGAGGATTCCAAATCTGACAATATTTCTTAACTACGGCGGATAGTTTTTGTG
ATATCAATGTTTGATAACTCAAAACACAAATAAGTTAAAGTGAAAGATGAGTGCTTTTATTTAATTTTATTTTTTTTAAGTTAGACGGTCTACACAACTGAAACATTAGCT
TTCCATATGCAAAATTATTCAAGAATTCTGAATCTGTATTTATTTTTTATGTAACAGCAATAGTTTTTAAGATATCGACCAAAGTTGAAGAAATTGGTTAAAATTTATTTT
GACAAAATCCAAACACTTGTTT 

TfrSat40 
TTATTCAATTTTTTTGGACAAACGAAAAATCTAAAGAACTAAATTTTTAACTTTTCTTACACAAAATTGTCCGAGGATTCTGAATCTATCGTTATTTTTTATATACAATCAA
TAGTTTTTAAGATATCGGTTAAAGTTTGAGACATTGGTTAAAATTCATCTTGTCAAAATACCAACATTTGATT 

TfrSat41 

TCAGTCGACATACAAAGACAAAGAACCTTAATTTTTGACATTTCTAATGTAAATTTATCTCAGGATTTCAAATCTAATTTTATTTTTTATGTAGGGTTTGTAGTTTTTGCAA
TATGGGGCAATATTCGGTTCGTCGAGCTAAAAATTTTTAGGTAAGTAGTAAATGTTAGAAAAAAAATATTAAAACAGCCCAAAAAAAATCAAATTTGGGTTTTCTAATG
TAAAATTGTCTCAGAATCTCAAATCCGTTATTGTTTTTTATGTACAACTAATAGTTTCTGAGATATTGATCAAAATCAAGTCCTGAAGGTAAAAATTTTGAATGACCGAG
CAATTCAAGAATTTTT 

TfrSat42 
CAGCAACGTTAAAAGCCAAAACAACTTGAATTATTACTTTTCTTACGTAAAGTTCTCTAAGGATTTCAAAAATGTCCCAATTTTTCATGTAGAGTTAACACTTTTTGAGAT
ATCGGGCATAATTTGAGAAATGGACTAAAAATTAATAAATTTGTCTCGTAAAAAAATTTTTTT 

TfrSat43 TAATTTTAATTATTTATTGATCAGATCAGGTCAGGTCAAAAAATATTCTTCATGTTATGTTTAAATGCCTTTGATAAAGAAAATAAAAGTTTTTGTA 

TfrSat44 

ACCTTCAACAACCACTGTCAATTTTCGTAATTATTTTTCTTTAAATTTGTGTTTTATTTGCTCACTGGGGTTCAGTTTAGTAGAAAATTCATAAACAAGATCATCTTGGGA
AAGTTTGTTAAAAATAAACTGACGACTGTTTTTGACTTCTTGTTGTCAAAAATGATATTTCTGTGGCATTTGTTTGGTCCTCAACCAATTTTTTTTGTATACGAATTCTAGA
ATTTTTTTTTTAAATGTGGATGTGGCTGTGTCACACTCACGTGTTGGGTGTCATGCACCTGTCAAGTAATCGCAGGCGTGTTGATTTTAGTCGAAATTCGTTGTTATCGA
TTCCTGACTATAGGTAAAGTTATAGAAAGTTTGTGACAAAAACACTGAAAACTCAAATATTTTATAAAGATATCAAACCGTAAATTGCTCTGAAAATAGAAAAATGTCA
AAAACAGTGTTTGTCATTATTCATAGGTATTATAATCAGTTTTGTCAAAAGATATTTTTTTACGAACATATGCTTGCATATGGCAAATACAAAATTGAAAATGTGTCAAA
AACCTCTCAACTTGTCAAAAACAGTAGATAATAATTAATAAAATTCGCGTGTCCGTTTAAAGTTAAAAAAAACGGTTTTTTGTCGAGAATACAATTCGTGACATTGATTC
TGTAATTATTTGACACGTTTGGCGATTTGACAAGCAGTTTGTCAGTGTCAAAAACATAAGACAACAGTATGGTTTGTTTCTA 

TfrSat45 

ATCACTAAATTGGGTCGAAAATTACATTATTTTGTGTTTTCAAAACATTTTAGTACATTTTTTTTTCGATTTTTAAGTAAATTTTGGTCACTTTTGGTTTTCCCAATTCAAAA
ATAATTTCCCCAATTCCAAATCAATTCCATTACTTAGTTTTATTATTGCTCATCTCTGGCTATTGATTTTATCTGTTTTTTTCTCTTTTTTGTATTATTTATCCTATTTGTTATT
CTGTTCCTTTAGGTATTTTTCAACTCTTCTTTTTTTCGATTTTTTATAGTTTATTAGTGGAAACATTTAATTAAAATAAACGACAAAAATCTTTAAAAATCTTTCGACAGAG
TTCAACTTTTCCTTAAAGAAAAATTAAATTGCTAAAGCGTACCAAAAA 

TfrSat46 
CCATTTTTTAAAACCACAACCTAAAAGTCCGATGTTTTCTAAGTCCAATGCTTAAATAAGCCATCAACTGCTGAGTTACAATTTTTAAATAGATTGGAAAAATGCAAAAA
AATAAAAATTATAAATTTTTCCAATTTTGAAACCACCAAAAGTAAAAAAAATCACAAAATCTCAAGGTGGTAGAGACTGGGAAAAAAATAAAAAAAAAT 

TfrSat47 

ATCTAAACAGGGAAATCATTTCGAAAAATTAGTAGAAGTCTTAAGAAAATCCAAAAAAATTAGAAAACAATAGTTAAAAACAGAGGTAATCAAAAAAAAACTTTATAG
ATAGATAAATATTAATCCATAGCAGAAAAAAAAATTATAATATTCACAGGAAATTTCTCACCTCAATTAAAAGAAATCTACAGTAAATATTTAAATCATGGAAAATATTT
TGAAAACTTAATAGAACTCTTAAGGAAAGCATGAGGAAATGCAAAGAAATAAAAAAATACAGTTAGAACCAAAGAAAACAAAAAAAATCTTTATAGATAAACAAATA
TTATTGTATAGATAGTTAAAAAGATTTCTTCTTTAAAAATCTGCAGTAGATACCTATTTAAATTTCTTTATAGACAGATAAAAAAATTATTGATAAATATAACAATGTCTG
CTGATTTCCTCTGGAAATCTCTGACACAACTAGAAAAAATCTACAGTAATACAT 

TfrSat48 

TAATTTTCTAAAGATTTCCTATTTTTTCATTCTCTTATTTTTTCAATTTGTTAATTTTTCTATGTTTTAGTTTCAGGCGTTCATTTACTTCATTTCTCAAAGTTTCAGGTTCACA
ATTTCTCTCTTTCTCAATTTTTCAGTCCCTCTGTGTCTTTGTCTTAACCTAAATTAACTCAGTTTCTTAGCTTTTCACTCTTAAAATGTCAAAGTTTTAGTTACTAATATTTTT
GGTCTTTTTCTAAGTTTCCCTTCAATCGCACAATTTTTTAATTTATAAAGTTTTTCAGTTTCAGGCTTCCAGTATCTCAAAGTTTCAGTTAAGTTTACCAGCTTTTCAGTTCA
GTTTTCAGGATTTCCTTTTTTTCGAAGTTTGTCAGCTTTTCAGTCACTCCGTGTAT 

TfrSat49 
GTTATTTTTTAGTTCTTTGAAAAAAGTCTTTCTTCTACTACATTAAGATTTGTGTTATCTAAAGTAAAATGAGCTCAGGATTCCAAATCTGCAAGAATTATTTCGCTACGA
CTAATATTTTTGAAGTTATTGTCAAAAATTTATTTATCTTTCAGTGAAACTCAATCACTTTATTTTGTTGCTTTGGAAAAAAACTTACAAGATTAGTTTGGCCAAAATCATT
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GTTTTCTTACGTAAAATGGTCAGACTAATCCAAATCTGCAAAAGATTTTCAGTTGCGAACTTTACTTTTAGAAATATCGTCAAAATTCTAGCTTTCGCCTGACAAAATTCG
AAATTTT 

TfrSat50 
GTTTTAAAATATTAAAATGCGAACTCTTTGCATTGGACTTTTTAAATGTTTTAATATTTAAAGGTCAATAATGTACTTACCAATTCTTAAAATAAATGATGGTAAGTATAG
TCTTAACTGTATATTACAAGTCAGGTCAAGTCAAGTCAAAACACAAGAATAAAATTGGCAAAGAAATTATTAGTCAACATAACCAAAAAATTAAACCTACAATTCTTAT
ACACAATAACCCAGCGAGTTTGTAAATTCCATTATTGGCAATTAA 

TfrSat51 
TGAAAAAAATTTCATCTTTTAATAATCATTTTATTTTTTATAAAAAATTTTTTTTAGGAGAATTGTATATGACTTAGTTATGCCACTGTATTTTTTCATTTTTGAACGTTATG
TTAACGTTAAGTTCAAATTGCATAAAAAATATCACATAAAAAGCAACAATATAAATGATTTGAAAAAGAATTCCTGGTCATTTAAAAATAAAA 

TfrSat52 

CTTTTTACACATTACTTTTTATTTTAAGTCTCAATCGTTCCAATAAATAAATACAAAAAATGTGTTGTAAAATTGGTGGATGCGCCGGGAAATATTTTTATATTAACTATTT
TAATTTTATTATTAGGCTTTTTAAACACAAAAAACTTAAAAATTACTTAGTCCAGAAGCATAACGTCCTCAAAAACTAGAAACAAATATGATTAGTTTTTGAAAGAAATC
TGTGATCAATTTATTACAATAGGAAAGTTACTGTAACAATTGTAAAAAAAACATAAAAGTTGTCTAATTTAGTGAATGAATGATAATTTGGAAAAAACAATTTTCGACTT
AAATTATTCTACTCATTGATATG 

TfrSat53 

AAATCCATCTCTAGCCGAAACTATAACTCTGATTAATTCCTAGTTTGCACTGTTCAAGAGGTAATTAAACATAGATTTTGGCAGTTTTTTACTTTTTGTTGTGGGACCCAT
AGTTGTCGAGAAAAAAGCGTTTAAAATTTTGACAAATTCAATTTTTGGCTTTTTTTAACCATCCCAAGAAAGTAATCAATATCTATAAAAATGTAAATCAGAATTAAAAA
CTATTATACTCCGCTTATGTAAAATGTTCTGGGGAGTCGATTGGCGTCAAGCAAAATACAAAATTCTTTATGGTTTGGAAGATATTGACCGATCAAAATGACCGTTTTC
GAGTAGCAAATTTTTTATTTGAAAAACACGAATACTTTT 

TfrSat54 
GATACTTCTAAACCTACTGACTGCGCCAATTAAAATTTTTTTTTAGTTTTTTTATCATTTTGTGTAATTTCAAAGATTTTTTCTTAAAGTAAATTGTTTTGTTGACTTTTTAA
GCCAATAACTCACTCAATATTCATTATAAAACGAAATTTATATATTTTTTTGCTTCCACTCGAGTCCTGTATTAGTTTTTATTAAAATAAAACAAAAAACAA 

TfrSat55 
GCATACAAATTTGGTTGGAACTGGCATAGTGTTGAGGAAGAAAAAGATGTTTCTATACTATGGTGGTTTAATGTATGAAGTATAAATAATTGTGATCTTTATTTACAAA
AAAATATCTTTGTAAAAACCTACGTACCAAAGTAGTACTTAACTAATTATACTTGTGGGTTCTAAGGACCAATGTTTTCGCCAAGTCATTGAACATACTTTAGGGGACAA
TTTCTCCCTTCAATATCTGTTTCACCTTTACATTTAGG 

TfrSat56 
AATTTTTTTTTTCTTAATTTAAAACAAAAATGATTTTTTTTGTTTGTTATTTTATTATAATTTCAAATAAATCTTCGTGTTATTTGTTCTCCTGAAATTGCTAATTTGTGCTGA
AAATTTGCAATTCTTGAACGTTTCAGAGGCATTATAACGACAAAAATGAGAGAAGGTATTCAAACTTAGAAAAAAAAGTTTCAGTAATCCTGAAATTTATACTTTTTTG
AGTTCAGGTAATTCTAATACTGCCGCTTTTAAAATCT 

TfrSat57 
ATCATTACTTGGTAGTAAATCCAGAAAAATTCCAAAAAATCCAGCAATAATTTTCATAATTTCAAATAATTTAAGCTATTTTAATTAAATTCAAAAATGTGTAGAGTGAG
TGGCTCTTGTTTTTACTCATCCATCAGAACACTGTTTTTGAGTTTTTTGGGTTTGAGATTTTAACGAAATTCTAGATTAATTCCAATAGTTTCTAATTAATTCTAAAGTAAT
ATTCTGTAATTACAACTAAATTTTCGTAATTCCAAAATAATTATTTC 

TfrSat58 

TTTTTCAACTAATTATTATTATTGAAAATAAGGAAAACTGATTTTTTTAAAGAACTCAAGATAATTTTTTTTAAGATCTTGAAAGTGATTAAGACCTACGACAGTGCTAAA
ATCTTGAAATGAGATTGATTATTTTTAAAGATCTTTAGAACAAAATTAGAAAATTAGAATTAGAAAGAGTTTTAAAAGCATCAACTGAGAAGAAGCATAATGATGTTCT
TGTTACAAGAAATAATCAAGAGTTGAAGAAAACTGATTATTTTAGTATTTTTTCAAGATATAATTTCACTATTTAATGATCTTGAAACAAAAACAAATTGAACAATGTGA
AAATGAGAGAAAAGCTATAAAGCTATAAAGAATTCAAATCAATTCGTAATACTTTTAAAAGTTTTAAG 

TfrSat59 
TGACTAACCTAAAATACAATACAAACATGTTTTTTTTAATGGAACACCCTAATTTTTTGCATTTTTTGATGTGGCTAGTTTTTAAGCTAAATTATTAGTTAGTTATTAGTTA
GTTAAACACGCTTTTTTTTAAATTTTAAAATGACCTGACTTGACCTGACTTGACC 

TfrSat60 
ATTCCCTTTGGAAAAATAAGTCGTTCAATTGGCCATCAAAAGAAGGGCATTTTTGAAGAATCTAAATGAAGATTTAGATTTTTGATTTTGGAAGAAATAAGTTTATGGT
CTATACACTTCTAGAAAATTGCGAATTCTTGCCTCTAATGAAGATAAAATCTCTTTTTCTTTTTCGTTTTATTAAATGACGAAGCCCTTGCAGAAATTACAAAAGTTGGTA
TGTAAAACTAATCAAACATTCCTTATCACATCTTCAGGATACTATATACAATTTCTTCCTTATCTTCAATAATTTTTTGATTTTTCTTTAAAGTCG 

TfrSat61 
GTTCTCTATTAAATACTGATAATTGCTTATAACAGTTGTTAATTGTTGATAAATTATTATTTAAACTAAGTATTTTTACATTGACATGAAGATTACGTATGTATGAAAAAT
TTCAGCGAGGTTGGCTATAACCCTTACAAACCCTATAATTTTTT 

TfrSat62 
GTTTTTGTTAAAAACTGTTAAAAATGTATCATATTGTTCATTAAGTATTATTTAAACTAAATATTATTGCATTATCCCGAGATTACGTATATTTGCAAAATTTCAGCTAGTT
TGGATAACTTGAATCCTCTCAAGTTTGACTCGCAAAATATGAAACAGACAACAAAGCAAGTTAAATAAAAGCTTTTAAAAATACAGGACTTCAAGACCAATTACTTCAA
GTCAGACTAGTTAAGTCACCAAGTAATTGACTAGATTGCAATGTATTGTTTTTTTTTATTTTAATTTTTCGTTTACTGGACTCTTGAACTGATA 

TfrSat63 
AATGCACCTACCTTGTGGCATCTTCTTCTGCTACCGTTTGTAGCAAGACATTAAAAATAAATTAAAACAAAATCAATATTTATTATACCACATATTAATATATGAACAATA
AAAATAAAATGCATTTATCGTTATGGCATCTGCGTTTGCTACAGTTTGTAGCAAGAAATTAAAAATAAAGTAAAACAAATAAATCAATACAAATGTCAATAATGTCACA
TATTCAACATCTCATTGGTGAGGAAAAA 

TfrSat64 
TTAAAAACAGAACCATCCTTGAGAAGAATAGATCTGCGAAATGCAACTCTTTTATAATTTTTAACATGTCTCATCAAACTCTGTGAATTTTGAAGTTTAAATTTAATTAGA
ATTTTCATATTAATTCAGAAATATAGAATTCTTTTTGAATTAATTAGAATTAGATGTACAAATTTTTAAGATTTAAAGAAAAAATTAAATTAAGTAGAATTAGATGTCCAA
ATTTTTAAGATTTAGTCGAAAGGAAGTTGAAAAAAGAAACTTAACAAAGTTACAAAAAATATCTAACAAAAA 

TfrSat65 
GACCATTTGGCGACTTCAAAAAAAGTGAGATATTCTGACCGATATCTCAAAAACTATGAGTGCTGTCTAAAAACTGATTACATATTCGGAATCCTTGGACGATTTTGCA
TAAGAAAGATGTAAATTTGGCCCAATAAGTTGAGTATTGTGGCTTTGAGGCATTATTGTTCTCTGACCAGTCACTGACCAGA 

TfrSat66 

ATTTAAATATTTAATTCATGTGGTAAGACTTTTTGTTGTATTGTCGAGATTTAGAGCACGAGCGAGCGTAGCGAGTGAGTGCCTCCAACTATCGCCAAATGAAACTATT
GATTCATAAAAATTAATACTGTGATATAGATTTGGCAATTGGAGTCCGTTCATTGGGCAAACGACGCATGAGAAAGTACAAAATGTAATATAAAATAGCTTTACAAAA
AAATTAATTAATTTTCTCTTCAAAAGCGATTTATTCATAAATATTATATTACATTTTTATTTATATTTTAATTGTGGCGTTTCATTTTATACATATTTTTTTATGTAAATAAAA
TTACGAATCGGGTCACCCACTGGAAATGACGTTTTCAACTTTAATTAAAAAAAATATTT 

TfrSat67 TTAAAGATGTTGTAAAATTACTTTTAGATAAAGGTGTGAATGCGGATATCCAAGATAATGATGGCAAAGTGCCGATACATTACGCATGTGAAAGTGGAA 

TfrSat68 
AGTATTTAATTTTTTGAACACAGATGGCCAACATTTCTTATGATAAAGATAGAACTATACCAGTTTATAATAGGGAAGAGTGAGAGAGAGACACTGCCATCTAAATAAT
TTTTTAACTCAGATTTTTAACAACTTCAACTGACAAGGATAGAACTATCAGTTATGTTAGGAAAGAGTGAGAGAGTACAATCAA 

TfrSat69 
CTAAATAGAAATGTTTATTTTTAATATAACTATGTTGTCAGGTCAGGTCAAGTCAGGTTAAAGAAATATCTATAACAATCTTTGAAAAAAGTCAACAGAGGTAATACGT
TTCTAACTTGCAAAATATGTTTTATTAAAAGTAAATAGTT 

TfrSat70 
AATTTATTTACGAATTTGGAGACCATTTTCCAGCATTTTTTAAATTTGCCTTAGACTATGGTCCAATTATTTGACCATATTTCCAAATCTAGTAGGCGGAGCTAACTTTAA
GTGACAGATTTGGATTCCTCAGATCAAATTACATAAGAAAGTTACTGTTTCCGCTAATTAAAA 

TfrSat71 
TAATACTAAAAATTGCCATTTTATGAAACGTTCAAACGTCTAATGAACTTGAAATTTGCATTATTTAATGTAAAATGAACTGAGGAATCCAAATCTGAACGAATTTTTCA
AATGCGACTTGTAGTTTCAGAAATATTGCCAAACAAAGCGATTATTTCAGTAACAAATTTTGA 

TfrSat72 
TCAGGTGGAGTCCTTGTTTGTAATTTAAATGTGTGCTAGAGAATAGATAACATCTACAAAATATCAAAACTCCAACTTTAACTTCTGATGCTCATTTATTATAAGTTTGTT
GTGATGCGTAATAAGTTAACGAACGTTTTAAAGTTTCCATTAATTAGTTAATGTGGCATTTAGTTAAAAAAAAAATCTTATCATT 

TfrSat73 

CGCATATTTATAATCTGGAGCAAAATTACTTGGGAGAAGGTGGTGTTTATAAAAATTTAACCGTTTTGAAAAAAATTGAGATTTTGAGAAAACTTAAAAGTGCTATTAA
AATAATTTTTAGGTGACCACTTAAGAATTTGTTCATTTTTTGTTACCTTATGTCATTTGAACTTGTTTAAACTTTTTTTCAAAAATTATGAACAAAAAAATTGATTTGGACC
AAAATCGAAATTTTTGAAAAAGTACTTTTAAAAATCACTTGAACTACTTAAAATTTAATGAAAACAAGATATTTTTAGATTAAAAATTTTGTCCAAAAACACAATTTTCCA
AAAAAGAAAATCCATATATTCTTCTATATTCTACTTGAAATATTCTTAGGTTTTGTTTTAAAATTCAAAATTTGTAGTTTTCCAATACCTCGTATTGGCCAAATTCGTAAAA
ACAAAAAATCGTATCAAAATTTGGTT 

TfrSat74 
ATAACTGTTATTTTCTATTATTTTTGTAAACAAGTTGGTGATTAGTCAACCGATTATTTCTTCCATAACTGTGACAATCTGTTACTGTTATTTTCAAATTAACGAATTTGAA
ATATAACTGTAATTTTAATTAGTTTTGTAAGTAGTGGAACGATTAATTTTCTACAACAGTTACAACCTGTTACAGTTATTTTCGAAAAACTGTTACTTTTAACAGGTTACA
T 

TfrSat75 
AAATGAAATTAACGAAAATGAAAACAAAACAACAATAGAAAAAGACTAAAAAAAGTGGAAAGTAAGTAAAAAAGTAAGAAAAATATGTATTAAAATTGTGTCTATTT
TTTGTCGAAATTTTCTTTTGTATGGGTTTATTGAAAAAAAATCTCCACAACTCTTTCTTTCTTTTGCTATCCGGTCCGGTTGGTAGGGGTGTCATTCTTTTTGATTGTGACT
GTACTTACCTAGATTGTTGGCACTATCTCACTTAATCCAGTACAAAAATAAAATACAAAATTTTATTATAATAATTTACTTAAATAAGAAAAA 

TfrSat76 
ACGGAAGAAGAAACAGCTGCTACTGGAACTGAAGCTGGTGGAGGTGCTAATGTAAAAGAAACTGAAGCTGCGACAGTTGAAGAAGAAAACACGGAAAAAGAAACA
CCTGCTACTGGCACTGAAGCTGGTGGAGGTTCTAATATAGAACAAACTGAAGCTTCTCTGAGTGAGGAAGAAAAG 

TfrSat77 
TAATCTTAAGACAAGACTAAGTTTTAACATTTTGAAACAGAAATTCAAGATCGTAAGCATATTTTGAGACAAGTAAATATCTTGAGATTAAGTTGCAATATCTTGAAACA
ACATAATAGTTTTCAAGAACTTAAGTATTGAGATAATAGAAAGGATTTTAGGAAAAACTAAGTTTTCACATTTTGAAACAGAATTAATTAAAAAACTTGAGTTAGATTTT
AACACAAAAAAGTATCTTAAGATTAAGTTGTATCTTGTAATATCTTGAAACAACAATATTGGTTTCTAGAACTTAAATATAAGGAAAATAGAA 
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TfrSat78 
GATAAGAAAAGGGTTTTTCTGATGTAAAATGAGGCACGGAATATAATTCTGACAAAATTTATTAGCTACGACAACTAGTTACCCAAATATCGTTAAAAAACACTAAGCG
GTGGATTCACCATTATACCTATAGGGCATTTGTTTTGGTATTCCTGGACAAAATTTCGCAATTCAGTGCAACGCCAAGCTCCAATTTCGTTTAAAGTCACTCGCTGAGCT
TATTTTTTCTGTTAGATTACTTACAACTTCAATTTTTCTGTTCGGCATACTTGCACTTATCACA 

TfrSat79 

ACAGCCAAAAATTCAACCATCCCGCACGTCCATAAGACAATAAATTTAATCTTTTTTTAAAGCAAAATTATTTTTTTATTGTGTTGTAATACTTGTAATACAATGCCCTATT
TACTAGAGGATTTATTAGGGATTTAGGGATTGCTTATTTAGGTGCTTACTTTTGTTCTTGCAATTTTTGAATTATTTTCATTGTAGATAATTTATTACTTTTTTTTAAAGAG
TCCTACAAAAAAGAATCTAATTTATCAAAGTTGTAAATGTGTTCCTTCTTTATAAAAATTAACTGTTCTTTTATGGATTTAAATACCATAGATGTTTGGTCAGGTCAGGTC
AACTGTGAGAACTATGATTTTTTAAACTTTTTCATTAAAATCGGTAAAAAATCTTGCCAGTAAAAAA 

TfrSat80 
TTTTCATAGCAAATTGGGAAAACAAATTTAATTTCAATTTTTCATTGCCGATTGGGGGAAACAAATTTTTTCTGACATTTTTTTTTCATATTGACAGCTGTCAGAATTAGT
TGTCACGTTGAATTTAAACTAATTTTCATCGCCACTTGCGGAAACAAACTTAATTTAACTAATAATCCGAATTCTTTTACGTTCATATGACAGTTGTGGAATGTCAAAATT
ATTCAAATTTTATAATTTGATATTTTAAAATAT 

TfrSat81 
GTCAACAAGATTTGTTTTAATGAAATTTTGCGCTATTTTGGCTCTTAAAATTATTCATTCATTCAGTTTAGCCGACTCGAAACCAAATGATAGGCGTAATAACGCTCCAGT
GGCGGCTCGTTCAAAAATTGACAAGAAAATT 

TfrSat82 
TTATTGGAATTTTTCGGAAATGACTGAAACTCCTTTAGATTCTTTTAGTAGTTATCTGAGATTACTTGGAACGGAAATTACGACGAATTTTTGGAACTATCTGAATTCATT
TGGAAATATAGAAACTAATTTGGAATTACAAAAATTAAGTTAGAATTACTGGAATTAATGTAGAATTAATGCAATTAATCTGCAGTTACTGTAAACTATTGGAATTATTA
GAATCTTTGTGAAATTTTTGGGAATTACTGATTATTGGAATTAGAATTAAAATTAGAATTGGAAGAAA 

TfrSat83 
ATTACATTTAGCCGAGTTACAGCAAACTGCCACGTGGGTTAGAAAGTGTTTGCTGAAATCATGCGATTTTTTGGCCTTACCGTCAAAATGCGAACTCAAAAATTGTTTT
GGGCTTCATATTTCAACAGAGCGGATCAAAATACACAACATGTATAAATTTTATTAAAATTGA 

TfrSat84 
GGTAGATTTTTCTAAATCCTTTATTATTAGATACAAAGAAATTTTCTTTACCTCAAGTATATTTACCTTTTTTAGTTTGAGTTCTAAGGCAGATTGTTTTTTTTACTAAATAA
TTTTCAAAAATTCGATAGTGTTCATAACAATTAGATAATAAACACCATTAGTA 

TfrSat85 
TCTTGTTGGAAAGTTTAATAAACAATAGAAAATTAACATTATTTCGAAAATCTTTAATTAAAATAATTGAGCAAAACCATGTCGATAAAATATTCGTCAGGAATGACTTT
ATCAACATGGTGGGACTAGAAATTGACCGAAATATAGTTGTACCATGTCGATAAAAAATCGTAATTAATTTTTAATTGCCTTAAGACTGTCACAACTTGTATAAAATTCT
GAAACAAATTAATTATTTGAACAAAACACTTCAAAACTACTTTATTGTTGTGGTAAGACTACAAAATAAAAAAAATT 

TfrSat86 
GTAATTTAATTTTTTTTATATTTCGCACTATAAACTGTTTTGTTTTTTATTATTCACTGTTTTATGCACCTTTTGTTAAAATAATCTGAGAAATTATAAAATAATAAATAACA
ACTTTCATATTTTGTTTTTATAACTTATATCATATATTGTTTTAATTCACGAATTTTGAAATAAAATTGAAGTGTTTCCCATTTTATTACGAACTGTTTTTTTTAATTTTATAT
TTGCATTAGCTGTATTATGATAACACAGAATTTTAAATAAACATATTATTTTTCTTGTGAAATATCTACTCCTTCACAAGATTTTTGTT 

TfrSat87 
GATTTCCAATATCCTTTATCATTTGCTTTTTTTAACTTCAATCTTCTATCTTCTGTTTTCTTTCACTCTTATTTGTTCAGTTTTCTTGCCTTCCATTCACTATTTACTAGTCTTCT
ATAATCTATTTTTTACCATCTCTCTGTTTTCTGTTTTTTCTTTTCAGTTTATCTTTCATCCTGCTCTCTCTTCTACATTATCTTTATTTTCTATCTTTTATTTCCAACAGTTAAAA
AAGAAAAAAGAAGAGAAGAGAAAAGAGAAG 

TfrSat88 

CGAACTAAAATTTTTGAAGATGGCAAAAATAATGTAATTTTGAGTGATTCTTTGCCCTGTTCGGAGAAATTTCGTGCAAAATTAAGATTTCAACCTAAAATCTTTCCTAA
AACTACTAAACAGGCAAAAATAATATCATTTCTTGCAAATAATTGCGATTCTGGCTGAAAAATCTGTTAGCACTCAAAATTGGTAAAAATAATGTAATTTTCAATTCAAT
TTAGGGATTTTTCGAGCTGGTTTAGCGAAATCTCGTGACGAAATTCAGTTTTTAGCTTGAAAACGGCTTGGAAAAGTAAAAAATATCGGTAATATTTCGTAAGATAACT
ATAAAAGGAAAAAAATCACATTTGTCATAATTCAATGATTTTTGGCTTATATTTTTACAAAATTTTGTACATATCTAGACCTTTAAAGTAATTTTCGAAACTCATGTATGC
TTATACATTATACAAATTTTCAGTTTCATTTAACATTTCATTTTAAGGTTTTTTAATTTTGTTAAAATTAATAATTTGCATTTCCGGTTGAAAAACGTGTTAAAAGAGAGTT
GAGTCTCTCACTGAAAA 

TfrSat89 
TGCAAATTTGTAAAAAGGAGAAATAAGAAGGAAAATAAAAAGAGGTTTGATGGCCCGAAACTAACTTTTTCAGTCACACATACACTATTTTTTCTATTACTGACAAGTC
AATTTAATTTTTTGAAGGTAACTTTTTTTTATTAAAGCAGTCAATTATGACTATAAATATGGAGAAACT 

TfrSat90 
AAAGACTCAACTTAAAACTTATGATTTTCAAAGCATTTTTCTCGATCTTATTAATTCTGGAAACGAAATTCCGTGGTTTCAATTATACAGGGTTAGTCTACTAAAAGGATT
TTTTACTATATCTCAAATAATTAATTATAAAAAATTGTAGAAAAATTCTGAAAAAAATCACAGATTTTGAGAGAAATGTAAAGCATTTAACATTATTCTAAATTATGTGC
GATTATTAATTTTTGAGATATAGTAAAAATATACTTTTAGTAGTCTTATCCTGTAGAATCAAA 

TfrSat91 
TCTAAGTATAATTGAAGGTGTGCTACTTTCTTGCTACTTCAAGGTTGAAAGGGCATTCAAAATATTATAAAATATTAAAGTCTTAAAAATCCAGCTCTGCGAATTAGTTG
CAAAGTTTGTTTCTTCACAAATTTTGAAGATTTTTTTT 

TfrSat92 
CCTCTGTTTTAGTGTTAATTGGAGATTCTAAAAGTTTGACTAAAAAACCCAGATCTCATTAAAAAATTGTGTAATTGGCGCAGTCGGTAGATTTTTTATTACCTTTCCTAA
AATCGAACGTTTAATTTTCCAATATATTTTTATTTCCAAAATGATCTTTTTACAAGTAATTTCAGCGATTTAGGTGAAAGAAAATCTTGTTTATATTAAAAAAAATTGTAA
TTGGCGCAGTCAGTAGGCAATTTTTTTGCCCTTTTTTC 

TfrSat93 

AGTTCTATTCTTTTTGACATTTTTTTTTTCATATTCGTTTTGCCTACATTATGACTTTTTCCAATTTTTTTTCCAATGCTTTGTAATTTTTTTAATTTTTCTACTTTTTTTACTTT
ATTTGTTTTCAACACCTTTTTGTTTTGTTTAAGTTTATTTTCTTCTACTTACTTACACATTAATTCAATAATAATGATAATACTTTTAATAATAATACTTTATTAACAAAAACC
TCTTTTTTACAAAGAATGTACAACAAAAAAATATAATTAAAAATAAAAATAAATAAATAGTACATACACAAATACCTTATCTCTGGTACGTATAATTTGTTTACTTTATTT
TCTATCCCACGATAGTTTTGTTTGGGTATATCTCAAT 

TfrSat94 
TATGTTAGATCATTAGTTCCTTGATTTCTAATTCGAGAAGATTTAAAGGAATTAGAAATTTCATTCAATTTTGATTCTAGATTCCAAAGTCTAGAAGTTTTAGACAAATTT
TTAGAAAAATATTAAAGTTTTAAGGAAATTGAGGAAAAAAAGTGTTGAGAGAGGAGTAAGTTACGAAAGGGAGTGATTTCTAATCATTTTCTAAATCCACAAAAAAAT
TAAT 

TfrSat95 
CAACTATTCTGTTACATTATTTTGTTATTTATTTTATTTCCTTCAAAGGATATTAAGAAAAAAATTTCTGGGTAGGGTATCGAATCCAAAACTCTTGAACTGGTGTTGCTT
TTTATCAGCAGATTATCCTTTTATCAAAAAGTAAAAGGATAATATATGAAGGATAACAAAGTAAAAGTAAACTAAAACAGTTTACTTTCATTGAACAAAAAATCAACTTT
AAGAAAAAT 

TfrSat96 
TATTAGAAAAAATGTGAAAAAATTAAAAATCAATCTGAAAGCTCGAAACTATACTTTCGATTTTATTGACTTTTCTGTCTGTTGGCTACATTAAAAATAAATTCAATAGTT
CAGTAGTTTATTGGAAACTGAAAATGTTAGGTAAAAGTTGTCAAGTCATGAAGAACTTTTTT 

TfrSat97 
TGATGCAGAATTGTCTCAAGATTTCAAATATGTAACCAGTTTTTTTGTATCGTTTCTGGTTTTCGAGAAAACGGCCATTTGTTAAGGTTGGTTCTTCCAAAAATTATTGTC
CCTAGTCAAGTGCCAAAACTATAATTTCTCAAGGCCATATAAACTAACATTTTAAACAAAAAACGAATTTATC 

TfrSat98 
TGGAATTTGTTCTCGTTTGATGTTCTAACATTCAGCAAAAAGTTGAAATGAAATAGAATCTTAATTTTCCCCAGTAAAACATTATAAAAAAGATAAGAGTAATTAGAATT
TCTTCTTGTCTCGCGTTCTAATATTGATCCAAAGATAACTAAGTCTTCATCTCGCAAGAGTTTTCTATGATCATCGAAAAATAGAGAAGTTTTTTACAAAATTCTAATCTT
CATTTCTTCAATAAATCATTAGAAAGTGTTTTTTAAGATACTTTAGAATTTGTTTTTTTT 

TfrSat99 
GGGACTCCTTACATATTTAAAATTCTAAAATTGTTTTGTAATTTTTCTTTGCAAATTTCTAAAATTTTACGCTAGAAATTGGTTTTCAAATTGTTGTGGTTAGTTTTACATTT
CTTGACTCAAACTTCTGGGTGTTAAGCCAGAAAATCTTCTAAAATTTTCAAAAAATCGACTCTCAAATGATTTTTGTTTAATGTTTATTACAATGGGCATATTATTATTTTT
TAAAAATTTATTTAGGTATGTCACGAAATTAGTATCTACGGTTTTTGTAAAAATAAATTATTTTATGACATTTAAAGGTCACAACTGGACTTTTCCAACTCGTT 

TfrSat100 
TGAGTTCAGAGGAAATACAGAAAGAAATAACACAGAATCAACCGATTTGATTCCGAGAAGTACTAACATCACAACATCGGTAGTTGAGAACCTTATTGAAACAACATT
AACTCCATTGACGGATCCTGTTTCTACATTTAACGATATTAAGACGACAAAGAAAATGGACGATCACATATTGTTGACAAGTACTGTTCCAAGTATGACTATTGACACA
GGAAGCGGAAGTGGAGACGGCAAAATTTCTGATGATGA 

TfrSat101 
TAAATTCTAATTTTATTTTTAATTTCAGGTGGGGAAGAAGAAGATGCCATAAAGGTAAGTGCAGATTTTTTAAATGTCAAGTGAAGTGTTAGTGATAGTGTGAGTGCCA
AATTTTTAGAACACAGTAAGTACTTCATAAAATTTTTAAACT 

TfrSat102 
TGGTTTCAATCGAAGAAAACTTTCATCATTACTGTCTTACTTTTTGGAGTTATTTTATTAAAATTGGAGTTTTCTAACGTAAAACGAGCCACAGAATTCAAATATGCAAG
AATCTAGTCGCTAGGACTAAACTTTTGGAAAATATCGTCAAAAGTTTGCTTCAATTGAAAATCTTTCAAAAGTGGCTTATTTTTTTGAAGATTTTTTTCAAAAATAGACG
AAATATATGTAAAATGACCAGATAAACTCAGATTTGACAAAAAAGAGAACGTTTATTCAAAAAAATTTATACTAGAGACCAAAAAACATTAGGTGTGGTTGGTCTT 

TfrSat103 

CAGTTTCAAATGTTTGATTCAGCTTTTTCAGTTTCTGAAGCTAAAATCTACATTCTATCATCTTTTCAAATTTCTAACATAAAGGATTAGATTTTAAATTTTTAAAACGGAC
ATTTTAGCATATATCTAGCAACAAGGTTGTGAAATGCTTACACTTTAATTCATTCATTTCAAAGATTTACGTTAGAATCTATCATCTGATAGAAGTTCTTCTAAAATTAGG
AATCGGAAATTTTTGGAATGAGCTTTTTAATTTTCAAACAAAATGTTCAAGTACATCCTTTTCTAAACTTCTACACAAGTTGTTTTAATAATTTTTAAGATGATGAGCTTA
AGTTTCAAAAAATTGATTCTCTAAATACCTATGCCCAAGTTCTAAACTTCTCAACTTTTACTAATTCCATTGCTTTTCGAAGTAGAAAATAAACTGATCGAAAAAAGACAG
AAATATTGGTATTTTAAAACATTCATCTGCATGATACTTCTAAACTTTTAATTGAGGATATAAAACTTTTTCTACAATGAAATTTTCGAAACAATATCCTAAAACTTTAAG
CAGAAAT 

TfrSat104 
CCAGCTGTCCAAATTTGATCAAAATTGCCCAAAAAATGGCCGAGAAAATTAATTTTTTCCAAAATTTTTGTCAAAATTTGGAATTAACTGGAAAATGCCAATTTTGGGGC
AATCTAGACACTCAACAAAGTCCGAACCAATCTTATCTAACGTAAAATTGTCTCACGATTTCAAATCTGTCATTATTTTTTACATACGATTGGTACTTTTCGAGTAATCGC
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TAAAAAATCGTTCATTTTTGAAAAAAATACATCACTTATCACACAATTTCGACAATAATTCCAAAACGGCACTACGGATCTAAACAATTTTTGTAATTTGAAACTGGTCG
GTCACTTTACG 

TfrSat105 

GTAATTATAACGATTTCATGGATTTCAACGAAGCTTCAGCTGAGTAATGTCTGTTTCAAAACTATAAAAACAAATGTCACATTTCACAGTTGCTTTTCTCTTTTATTAGTG
ACTAGAGTCCAACACATAATCACACGAAAACAGAAAATTTTAATTTGTGTTCTATTTGTCGCCAAAAAATGTAAATGCGCTCTTGTCATTTTTTTTATAGTTTTGAAATAA
TTACCAAAGGCCGGGTATAGCTAGGGTTACTAAATACTAAAATTGCAACTGCACAAAAATTTGCACAATTTTTTATGAATCTTACTCTCGGATTTACTCAAATATTTTTTT
TTAATATGAAATTTGGAAGAAAACGATTTGTACAAATTCGTTAAAAACATGAATAAAATTAAAATGATATGTAAAAGTTTTTTTTT 

TfrSat106 

TGTTGAGAATTAAATTTAATTAAAAAAAGGTTACTACAGCTGATTCTGCTTTAAGACAATGAACTATTTTTTAAAATTTCATTTTAAATTTCAGACACTATAACTAAATAA
AGGAAAAAAAAGAACAAAGATGCTTAGAATTAAGTTTCCTTCACAAAAGGTTACTACAAAAAATGTTGTGTTTTAAATCAATGAACAAATTAGGATTTTTTCTTAAATA
TGTCTCAGTAAAATCTAACTTTGGTTGTTTTTTATCTTTATTTTTACATATTGCATAAAAAATAAATATTGCATTTGTACGAGTACGTTTTAATGACCTCGAAAGCGAAAG
GAAAAGAAAAAGGAAAAAAAAAGAACAAACA 

TfrSat107 
GGCCGATTTTTTAATAATTACCAAATTATTTTGATATTTTGTTGTTATTTTACCCCTACAGCCTAAATATTCACCAACTTATTCTATTGGCGATATGTAATTTTTATGTTACC
TAAAACTTAAACACTGATATTTCAGAATGACTTTTTCAACCCAATATCATCAATTCTTATGTGCTTGATTATCACTGTTTATCACCAACTTCCACAAATTATATATCAACTT
TCATTACTTCATCAGTATTATCCATTTTTCTTCAGGCTTAC 

TfrSat108 
GAGGTCCAAGTCCTGCAAAAACGGCAGGAATTTGAAGCTAGTTTTAACGATTTTTTGAGCATTTATTTAGTGATAAATCATTTTAACTGTAAACTACAGACAGCAGGAA
TCGCAATCCTGCAA 

TfrSat109 

TTTACAAAAATTGATGAAAGTCGAAAAAAATTTTTGAAACTTAAGTAATATATCAATGTATTAACACTTTCTCATAAATACATACAAGGTATGTCACTGATGAGTATATT
TTTTGTCTATACCTACATTCATAGTTGCCAATTTAATTATTTCTTTCATTTTCTTTCAAAAATTCAAAAAAATAAGTAAAACATAAATGACTTCCAAGCGATATAACAGATA
GAAGCAAAAGACTATGTTCTAAAAATTCACTATTTTTCAGTGTATTTACTTTACAATTCTAGTTAACCGTTACAAAATCATGATTAAGTTTTATTATTTAAAGAGAAACTA
AGAATTATAAGCAAAGGTCAGATTTT 

TfrSat110 
TATCGTCTTGTATAATAAAATGCTCCAGTTTAAAATAACTAAAATAAAAAAATCTACAGCAGCTGTTAAACTATTTCTTCATCAGATAAAATGTTTTAAATTCATTCTATT
CAATCAAATTTACATCATATTAATTTGAAAAGTTAATAACTTTTTTCTCTTAAACTTAAAGTTGTATTATACACGACGCTAAAGATTGTTTATCTACGAGTGACAAAGTTA
AAGTCTT 

TfrSat111 
ACCAGGATCACAGGAACGCAAAAAGGTCTTTAACTTTAAAGATCTCTTTACATTCATGTGATCCTGATACTGATTTCAGTTTTAAAATTTTGCAAAATTTGAAAATATTAT
TCGG 

TfrSat112 
TAATATTATAATTCAGATTAGCTTCCGGTTTTCACTGTTCGATAGAAAATTAAACACAAATTTTGAGGACGTTTTTATTTTTTCCATAGAACTTATAGTTTTCGAAAAAAT
CGCGTTCAAACTTTCCAAAATTAAATTTGAAAATTCGTAAATTTTTAAAAATTATTTACAGCCAAGCCATAAATCTCCATTACAATTTTTTAAATAAAACTTACGTAAAAT
GTTCCGAGAAATCGATGGGTGCCAACAAAATTGGTAAAAGTTTGAGGTTTTCTTTATCAAAGTTAAAGAAAATCTCATAACTTTAAATCCAACTGTAGA 

TfrSat113 
CTGAAAGTGTTTGATATACAACAGGAATAACAGAATTGCCAACTTTTTCACGAAATTTCTTGAAATCAGTAAGTTTCAGGCTCAAAACTAATCAATGTAATTAATTCAAT
GTAGTTTTACATAATTCGGCATTTTTTTTTAGTTTGTTTCATCAAAATCTCTTAAATAATAAAACAAGTTGTTGGGATCCACACTTGACCTGAAATTTTTAAACGTTAACAC
GCATCTTTATTATTCAACAGTTATAACTACAGATCGAAAATAATGTTTGCAACACTG 

TfrSat114 
TTCAATTAATAATTTGCCCGGCGCATCCACCATTTTTCAAAAACATATTTTTTAAAATGTTAAAATGTTTATTACTTATTTTTTGTAGCTCTTTCAAGAAACTTAAATAGAT
AGTTTATTGTCAGGTTTTTACTTATTTATGACTAGGTTTGTCTATTTGTTTAACTGCTAAATAA 

TfrSat115 
ATTATAAATTAGTTTTTTTTGCTTCTCTAGGACTAAAAGTTACCGAGATATCAACCAAAGTTTAGTTGGTTAATAAGTTAACCAACCAATTTTTTTTTTTAGGAAAATACG
AAAACCTGCCTAAGAACTTGGTTTTCTAACGTAAATTTTCCGAGA 

TfrSat116 
AAAAAAAAATACTGTCACTCTAAACAAATCAGGTAAAAGTTGGCCATGGAACTGTGACAGTTTACACCCTGTTACCATTGTTACCAAATTAAATTCATAGTAACTGATA
AAACAGTTTGTCCAACTTGATAAAAATGAAATTGTTACACACAATTAATT 

TfrSat117 
CTTTAGGTAAGTTTGAACTTTTTTTTATATTGGTGAAAGTCCTACTTTTCTAAGATTCTTAGTTTTTATGTAATAATTAAAAAAAAGCGTCTACTTAAATAATTTTTTAATC
CAAAATCAAGGCTGATGCAATAATTTTATGAAAAATATGGCTTTAAATGTGTAAAGTTTAAGTTTTTCCCTCAGTTTGTATAAGTTTATCAATCACAAAGAAAAAAAATA
ACCGCCTACTTTAATTATAAGTTCAAATTCTCGGTATCTTAGAGAAGTTATTAAAGAAAAACGAAAATAATTTTTGAAC 

TfrSat118 
GAAACAAACAAAACAGAAATCAAAAAATTAAAACAACAAAACTAAAAATATTGACAGAAGTGATGAAATCTACAAATAAAGAAAATATAAATTGAGAAGAACAAAAA
ATGATTTAATTTACCTAAAACAACTTAATAAATGAATCAATTAAAAGTACGATAACTGAAACTGAAATACTTAAAGTAAATAAAATAGTGAGAATAAAAACAAGATAAA
AAATGGGAAGAAAGAAAAAAAACTTTTTTTTGGAACAGCTTTTATTAAATTGTGTAAAGTTAACGCAAAACTGAACACAAAAAAGT 

TfrSat119 
CTGATTCATTAATTAATTATGACAGTCTTTTATCAAAAGTTTTCTCAGACGACTCGAATTCGGTCAGGTCAGGTCAAGTCAGGTCAGGTCAAACATTATTAATTAATAAA
TTAACATTAAAAAATATCTTAGACAAGTACATAATATCTCCAAATTTAATGTCATGGAAAATTATATTGTTTTTTTCAGTCTTATTTTGTCTCAAAGTCAATCAAAACTTAC
TTCATTGTAGGTAATACTAATTTTTTGTTTCGAGATTTTTCGTCTTATTACCTACTGGAAAATTTGTCAAAATAAGTTTTCAGTTTTTTTGACATAGTTAA 

TfrSat120 
GCATGTCGCAGAAAAATTTTAAAAACATTAATTTTGTAACTCAATTTCCAAGGAAAACCTCCGAAAAGCTCGCCTTGTTTGCGTACTACTATTATTTTTTCATAAGTAACC
CAGCAAGTTACCATGCCCTCAATCGAATGAACCGATT 

TfrSat121 

ACACATCTGATGGCACACCTAAAATCTCACCACCAAAAACGATATTTAGGCCTCAACTTCAAGCGCCTAAAAATTATACAAAGTCTGATAAGAAACCAGAGACTCCAGA
TGTTTATTTTTCATCTGTGTTTACCACTCCACCAAGTGATAAAAGTTCTGAAAATAAACCCACTACACCTCAAAAGGCGGATAACTCTGATTTTTTCGTGGAAGTTTCTAC
TTTGCCTAATGGTAAACAAGGAGAAGAAACACCCACAGAACTTCCACCAACACAAGAAGACACCACATTTTTTGAAGATAGTACAAGACCAAGTGATAAAGAAAATGA
TGAAGTACCAAGTTTAGATGAAGAAACTACGTCTTTGAATGTTGACATTAGTACTGTACCCACGAATGATGAGAAAAATCCACAAAAGGGTAACAAAA 

TfrSat122 
TCTATATTACTTCTTCTTAAAAAAATATTATGGCCTCTAGTTAGAAAGAAAGATTTAGTAGTGCTTCTCAATGTCCTTAAAAATTTGAATTTGAATTTGCAAAAAGTAAAA
AAAGTCTAAACTTGAAAAAAGATTTTGTTCTTCGTTGTAAGCTTTTAGAAAACTGTAAATATTTATTGAAAGCAGATCCTTAAAAAACTGGAGGTTCTAAAACTTGGAA
GGTTTCTCGAAAGAGCTAAGAAAATCTAAATCAGTTACCAATTTCCTAAAAGCAATTATAAGACCTACTGTTTCTCCATTAAAAAAAAT 

TfrSat123 

GGAACAAGACGAAAAATTAGGAAAAATAAATCACGAAAGAATCGAAGAAAGACAAAACGGAAGATTGCAGCGTCCAGAAGAAACAACTCAAGAGAGAAATACAGA
AGACAGAAGAAGTAAAATTGAAGAAGGTGATGCTCACCACAGATTTAATCCAGAATTTCTGAATAAACAACACGAAAAACTAAGAAGAGTGAATGAAGATCGTCCAG
AAAATATAAATCAAGGAAGAAATGACCATCGACTTGAGGAAGACAGAAGAGGCCGTTTCTTAAATGAAGAATCAAGATTAGAAGAACATTTCAAAGACAGCAGGTTT
GGTCAGAACACAGAATTTAGAAGAAGATTTAATGAAAATAATCCACGTAATGGTTTAGACAACAGTTTAAATCGTGACAATCGTCATAAATTTAATAAGCTTCC 

TfrSat124 
TATCTCCAAAATCTGTGTTTAACCTTCTATTGGACAACAAAAACCGGAAATTAATCGGATATAGTGCCTGCTACAAATGGTTTTAAATTTATAACACTTTCTTCAACTCAA
CTGGTAAAATCTCAAATGATGGCGTCAATCGATTTCCCGGAACATTTTACATAACTATTTTTTACATAACACGATTTTCTCGAGAACTATAAGTCCTACGAAAAAAAACA
ATAA 

TfrSat125 
TTGAAACAGAATTTTCAAATGTGAGACATCGTTTCTAATAAATGAGAGCCACTTTTTGTCCATTTTTCTAATTAAAAACACGTGGTTTACGCCTACTTGTCACAATACAG
GGTGTAGAGAATTTTGGAAAATTTTGATTTTTTTCGAAACTTTTTGAGACT 

TfrSat126 
GAGATATTTTAAAACGCTCCCCTACGGAAACTATAAATCCGGTTAGCTTCCGGTTTTCACTATTCGATAGATAATTAAAAGGGGAATGCGATGGTATTTTTATTTTTTCA
GTCGGACAAGAAAAACTGGAGTTTTTTCCTTAGCAAAAATATGGTACTTCAAACGCTTCTCTAGCCGATACATCTATGAAG 

TfrSat127 

AAGGATTCTGATTCTGTAATTAGATTTAACGTGCGGGTAAAAGTTTTCGAGATATCGGCAAAAATTCCTCCGATTATTTTGCAACTCGCTAAAAAATCAAGCCTCCAAAT
TATATTTTTTTAAAGCCGAATAAACTTATAAATTAAACCAAAAAAAAAACTTTTCTTATGCAAAAATAGTCAGGGAATTCGATTCTTTAGTCAATTTGAAACTCGAATCG
ATAATTTCCAAGACGTAGTCCAAAGTTTTTTAGAATTTTTCAAGTGAAGTGATGTCTTTTATAAAGTCTTCAAGTTATAATTTTTTACGGCCTCACAAGTTGCCAAATTAG
ACCAAAATGTACTTCTTTTTAAAGAAAATTGTCT 

TfrSat128 
GAACGTGTTAGCCCCTTGATTTGCAAAATTTTTACTACTTTGAACTAAAAGTTGCTCTTATTTGATCAGGTCAGGTCAAAAATCATTATAAACCTATATTTTTTTTACTTTT
TTGTAATGTGAATTATTAATTTTTCTCTCAAATC 

TfrSat129 
TTTTCAAGTGTCATTCCGTTTAGCAATTTTCCTGATTTTTGCAGAAAACAAAGCTTACCGAAAGAGCTTTTGACTGTAAAAAATAGTGAACCGATAGTCACTAGTTAGGG
CAATAACGAATTTGATTGTTTTCTTATATTATCTTCACAATAGAAATTTT 

TfrSat130 
AGCAACTAATTTATTCAAGTTATTGGCATCTGTTATTACTTTAATTCAATTAGATCACACTTGATTTAGATAATCTCGACAATCGGCCAAAATTATAAAAATAATACTATA
CCTGCCATTAGCACAAATTACGAAAAAATGTCTTTGGA 

TfrSat131 
AACGAACAACAAAATAATTTACTTTAACAAAATATGAAAAATAATTAATTGGCGCAGTCGGTAGGTTTAGTGGTTTATTTCTGTTTTGATTTTTTTAATGTAAAATAATA
CTGAACGCACTTGGATGCAAAACAATTAACAAATCTTTTATTAT 
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TfrSat132 
AACTTAACAGAGTTATTTCCCCTTTTGTTCGAGAAAATAAAAACTTTCTCTTTATTTGCGTTTGAAGCAAAAGTGACGCTCCCTACCGACTGCGCCAATTAAGTTTTGTTA
ATAACTTAAAAGTGTAACTTCCCTTTTAGTTAAAATAAGTGAGAAAATATAACTTTCTCGACTGTGGATCTTCTTCAGAATTCAAATTTTCGAATTGGAAGGAACATACA
GTTATGTGAACCCTACTGACTGCACCAATTAATTTTTTTTT 

TfrSat133 
AATTAATAATCGTGTGAGGGAAGGAAAATTGTCAATTTTGTTATCTAATTTATTCCAAATTATTTAATTCATTTTTGAGCGTAATTTCTTCAACAATAAACTTCACAAAAA
ATGTCAAGATAAAACAAAAAAATCGTCAGAAAATATTGTTCATTAATTCCTAACCAACTGTTTCCAACAAAAGAATGATTAACGAAATATCGAACTGTCAAAACTTGTTT
ACGATCATTTTCATTTTGTGTGACTGTACCGGAGGTTATAACAATTTTAATAAAATTTGCATCAATA 

TfrSat134 
TATCTCAACAAAACTACTGCAACGGATATTGTACGAGTATAATCATTTCTTTGTTTATTCACCCCTTTGTTCTTTATTATCACAATTTTTGTTTTTGTAAACGAGTTACTGA
ATTTATTGAACATTCCAAAACATTGTGAAAATAAATCCATAAAACTTTAAATGGCTGTCACATTTTATTAAAGTACACCTTTGTCTTATAACAATTAAAAAAAATAACTGA
AAAAAAAATTACACAGTTAAATTATTAAAAATTTGGGTAATTGAACTTTTAATTTCATTTTTTTT 

TfrSat135 
TGTTCCTTCATTACTCCATTACTCTTCCAAATATTTACAACGTGACTTTTTCTCCTTCTTTCTTCTTCCTTCCACATTCTTCCTGCCTTTTCCTTCTTATCTTTTTTCTTCCTTCTT
AAATACTCTCTCCCTTCTTCTTTCTTCTTCAAGAATCTCCCTTCTTCATCCCTTTTTCTTCTTTTCTCATCTT 

TmaSat01 
ATCGATTTGGCTCAATTTTAAGTTGGGAATCAAGCTAAATCAAAGTATTTCAACCAAATACTGGCTCTAATAAGAGTTTTCTTCTAAAATAAAGCAATTTGAGCTATTTT
CAATCCAATTTTGCTCGATTTTAATACAGAATTAATTCAAAACTAATGTATTTTATTAGTATAATTGCTTCAATCTTAATTTTAGGCTGAAATAAAGCAATTTGTGATATTT
TGA 

TmaSat02 

ATCGATTTGGCTCGATTTTAAATCAGAAATCGCTCTAAATCAATTGTATTTCAACGATGAAATAACTGTTTTCAGTCAAAATAAAGCAATTTGAGCTATTTCCAATTCCAT
TTTGCTTTATTTTTGCAGAAAACTGTTATTTAAGCGTCTATTTTGTTGAAATACACTGATTTGGTTCAATTACTGGTTTAAAATTGAGCCAAATCGATGAGAAGTTGAGTA
AATTGTATTATAGTGGCTGAAAACGGGTATTTAAACACGAATTGTGTTGAAATGCATTGATGTGTGATGTTTTCTGGCATAAAATCCAAGAAAAGCTGTTGGAATATCA
TCAAATCGTCTCATTTTGTCTTGAAACCGCAATTTTAATACTTATTTGACAAAACACATTATTTTGCAAGGTTTTCCTAAACAAAAACAACGAAATGTGTGTTTATTCGTC
GTTTACGGCCAAACAGCTATTTTGATTAATTTCTAATCGTTTTGGCTGAATTTTAGGCCAAAACTCGGCAATTTTGCTCGATTTGAACACAGAAGAGTGTTTATTCGTCG
TTTCTGACTTAAATAAGACGATTTGATTAATTTCCAATGCATTTGGATCACTTTTAAGCAGGAAATCAACCTAAATCAAAGTATTACAACAATATAATAGTTTAAATATTG
GTTCACTTTCAAAATAAAGCAATTTGAGTTATTTTCAATTCAACATTG 

TmaSat03 

TACTATATGTAAAATTAACCGGAGAACACGCCTGTATAAACCCTGTTGACCTAAGACTCATAGTTTTTGAGATATTAATTTTTTTTAAAAAAAACTAAAAATGGCTCTGT
ACCCGGAGCCATAACCCGGAGCGACTTCCGGTTTGCGCCAATAAATAGATAATTTCAAGCTACTTTTAATGTTTTTTAGCTCTTTGCTCTAAATCTTATAGTTTCGTAGAA
AAACGCGTTTAAAGTTTCACAATTTTTACAATTTTCACTTTTTGAACGGCGATTACGGCCAAACTATTAGACTTAGAGCAATCAGTCCAACTCCATCGTAATCAGCGTAA
GAAAATCTATCGACTGAGGCCAAAGCCAAGTCGATATCTCGCAAAAAAAATTTGAATTTTTAAACGCCGATTACGGCGAAACTAAAGGAGATAGCCCAATGTGGTTGG
TAAATTCGTAACTAGCGCGTCAAAATCTATCGGATAAGATAGGTTTAAATCGAATCTGAGACATGTTCAAAAACACTAGATTTTAAGGGGGGGGTGTTAACAAATTTTT
AGTTTTTTTTATTTGGTAAATTGCGGCAAAACTGAGTCTCAATGACATAATATTTTGACCTATACCTATGTAAAATGTTCCGGGGAATCGATTGGCGTCAATTAAACTGC
AAAATTCGTAGTAGTTTTGAAGTTATAGTCGGATTTAAATTCTCGATATTTTTGACTTTATCAGAAATTTTCTCGATAACTATTCATCGTAGAGCACTGAAATTTTTAATA
TATGTCAGAAAATTTAATTTTCTATCTAACGGTACCAAATATAAGAGGATATCTCTAATAAGTCCGGAGTTATTGCCATTAAACCGCTCGGGGTGCCAAAAATCGACCA
AAATCTCGACGATAAACAAAAAAAAAATTATCTTTAAAATTGATCTATTTTACGTTTTTTACATTTCTAGAGGTCTTAAGGACTCAAATAAATGCAGAAAACGACATTGG
GTCTAGTTTCAAAAATTTTGAATTTTTTGAGTTTTTGAAGGTGAGCGGTAGTAAAATCGTAAAAATAGTCAATTTACTAAAAATCGTAAAAACGGTTGAAATATGGTTTT
CTAGACGTAAAATTACTCGCTGAACACGATTCAACTAGTTAGAATACTCTACGATGCATAGTTTTTGAGATATTGAGTAATAAAGTTAAGAATAAGGCTAAAAGTAAAA
GCACTATATCCGATTTTGACCAAAAATCAACATTTTTTGATTCTTATGAAAAACTAG 

TmaSat04 
GAAAAGGCTTTAACTCCTAAAGACAAAACTCCTACACCCGAAAAACCCTCTGAGATAAAACTTAAACCTGACGAAATTACGGAAAAGGAGAAATCGCCTGAGAAAGA
AGTAATATTGAAAGAA 

TmaSat05 
ACAAAATTTTAGTTTTTCAACGATTTTAAGCGCTAAATATTTTTTTTAATTGACAATATTTTACACATAGCTTAAGGACTGATGGCCGCACTTGCTGCCACCACCACTGAA
CCTCTCACCCTTTCGGGAAGGGTAGTTTACTCTT 

TmaSat06 
GTGGGGTTACAATGGCTTTTTAGGGCTGTAATGAATTTTTTTCGTTTTCTCAAAATTTGTTTATAATACAAACTTTATTTTTTTCAAGTGTCATCCCGTGTATCGATTTTTT
TCATTTTTGCAGAAAATGAAGCTTATTATAAGGGCATTTGACTGTAAAAAAATG 

TmaSat07 
TTTCGTAGTATTTAAAACCGGAACCCTGATTGCGATTAGTATTAAAAACCGTAACTGTAATCACGATTATAATTACTATTTTTTTTAATTGTAGTTTTATTGTTACTAATGG
GAATTTGTTATATAACCGATTTTTAGTTAGTTTTCTTTAGAAAATAAATTTTTCGTGTATTTCTCTTCCGAAAACATTTTATTTACAGAGACCTGTAATATCGCTTTTAGCA
ATTTTTGAGTTTAAATTGTGTTAACATTTTTGAAAGAAGTTTTTTAATTACAATTGATTAAAACAATGTTGTTTCTTTGTAT 

TmaSat08 

CACCGGGAGAGGTAAACCGACATCAGCCAAAACAGCTACTCCTCGGGCAAATACCCCGCCAGGCGCTGAATTACATGACCAATGCCGGCTCCCCCACATCAACTGGAC
AATTATGCCCAAATCTTGATGTGAAAAAGAGGCACAACATCATACATCGAGCAAACTGCAGACCGGTTTCGCCCTTTTGGGGCTCATCAGTGCAGTGTAGCTCGATGT
GTGATGTGGCCTCGGGAGTCTTAAAGCGACTACGCCGGTGAAGATGAGACAGTGGTAGCGCAGAGCGCCACCTGTCGGTGTGTGGAGAATCCAGACCTCTAAACAC
CGGGGGCTGGGAATTTGCAAAGCAAATCTCCCAAAAACGCC 

TmaSat09 GTAAATGTTGTGGAATTACTTTTAGATAAAGGTGTGAATGCGGATATTCCTGATAAAGATGGTAAACTGCCAATACATTACGCCTGTAAAAGTGGAGAT 

TmaSat10 

TAGATTTTCTATGAAGAAAAAAATATCTTAAAATTGTAATAATTGGTATAAAGTGTTAAGACAAACTTTACAGTCTGATCATAGCCTTAAAATTATTAACAACTACTTTCA
GGAGTTAACAAAAATTTTTTTTAACAAATCTCATTATTTCAGAATCAAAAACATTTTTGAGTAAACTTTCTATGGACAAAAGATAATTTCAAATTCTAAGACAATCTTTGT
TCAATCTGAAAATGGCCTGAAAACGACTATTTTCAAGAATTAACAAACGAAATTTTTTAAACAAATCTGGTTATTTTAGAATCAAAAACATTTTATTGCTCTCTGTTTTCA
G 

TmaSat11 AACGTCAACAACCTCCAGCCCAATAACATCAACTTCAACAACTACTAGCCCATTGACTTCAACGTCGACAACTACAAGTCCACAGACTTCAACGTCGACCTC 

TmaSat12 
ATGAGGACGATGAGGTTTTGGCCGACCTTCTTTACTATAGCTACCAATAGATTGTGGATTGCCATAGTCTTCTTTATTTGCTGATGGTATCATCGGATCATTGTTATTTTC
TTTATTTGTCGTATCAGAGTG 

TmaSat13 ACTTGCGGTTGAGCTCTCAGAAGACGTAATTTCGCTAGAAGTTGTCGATTCTGTTATTGTTGG 

TmaSat14 CCTCCACCAGCTTCAGTGCCAGTAGCAGTCGTTTCTTCTTCTGTCTTTTCTTCTTCACCTGTCGCAGCTTCAGTTTGTTCTACATTAGCA 

TmaSat15 

ACACACACACGGACGGACAGACAACTGTTGTGTTTAATAACATTTTTTTCTTGTGTACACAGTGTCACATATATAATATGTTTTTAATTAATTTAACAAAAATGGTTATGC
AACCAACAATGATGTGTTAGAAATATGCAGCATCTTATTTTATTGCGAAATATTGTGCGAGACTTTTAACGAAGTACTAAGTAAGCAATATTTGTTGTTGGCGAGATGC
ATGCGTTGTTCGATCTTATTTCGAAATACTATGCCACATTTTAAAATGAAGTACACTTAAAAAGAAAACGCAACCTATATTACAGTAAAGGTGTATGTATTTTGCCTAAT
TATGCGAAGTACTATGCCAGATTTTTAGCGAAACACTAAGCATGAAAGGAAAGTAGTGTAGTGAGTTTGATTGAGTGAGTAAGTGTTAAAATAATAAAAATGGTATAG
TATTTCGTTTGGATTTAATAAAAATAAAAAAAAAATGAAATTAAGTCCGCATACGAAATCTTCCAAGTAAGTGTGTTTAACACCTACCAACCACAACAGTATTTCTATCC
ATTTTGCTGGTTGTGTGTTGTTTAATAATTGTGCCTCTTTAGTAAAGGCTACTATGATGATAGTTAGTAAAAAACTCTTATCTTATTCTTTTCATGCTTGTTGACTATCAAT
TGTGTTTGATTTTAAAACACCTCAAGACACAC 

TmaSat16 

CCAATTTTCATAAATATAACTTCAAAAATGACGAATTTATAAATATTTATACAAATTTTCATTCCATGTTTAACTATACATATTTATACAAACTTTCATCCCTTATTTGACCC
CCTTAGGGATAGAATTCTCCAAAATCTTGAAACACGTGCTATTTTGTTTTTAACTGAACACCCAAATACCAATTTTCATAGATTTAACTTAAAAAAAAACGGATATTTTAC
GAAGTTTTACCCTTGTTCAACCCCCTTGAGGGTGAAATTTCCAAAAATCCTGAAACACGTATTACTTGATTTTTAATCGAAAGCCTAAATACAAATTTTCAAGGATTTAA
CTTTATAAATGACATATTTTAATACAAATTGTCATCCCTGTTTAACCCCCTAGAGGGTGGAATTTTCAAAAATCCTAAAACACGTGTTTCTTCATTTTTAACCGAAAGCCC
AAATC 

TmaSat17 AATAAAATCAAGTTACTTTACTATAGCCCAAAAAATGACACTCTTTTAATATTAA 

TmaSat18 
CCAGACCGCAAGAGATTTATAAAATATGTAACAAATTTTAAATTTTCACAATTGGATTTTTTAGTTGTGACAATTTAGTTTGCAAGGTTGGTAGTGGGTTCAACGACCCG
TAGTTGTCAAAATTGACCTTGAATATCTACATCAATTTGAGACATACTTTAGATAGAAAGTGAAGATATTCAAAATATTAAATAAATTACTTTGCT 

TmaSat19 
TTTTTTTGTTCTATTAATTCAAATAAAAGTATTTTCGTTTAAAAATGAATTAAATCAAGCACAAATATCTCAAAGATGTTCAAATCTTGCAATTTTACGTTTTAATTAATAA
AATATCCAGGAATTCGATTTGAAAATAATCAAATCAAATAAAAAATCCAAATTTTAGCTTCAATTTTGCGAAATCTCTTAAAATTATTTAGATTTTCATTGAAAATCAAGC
AAAAAGTAAGAAAACACCCAAAAGAAAATATTTTGGGTCTA 

TmaSat20 
ACTCGAAAATTCTCATCAAAGTCGACCATGACTTTAATATTAAGTTGGCAACATTGATTTTTGACATCTATAGTAAACCATGACATCTTAATTTGGTAACACTGACAATG
TAAGCACTCAAA 
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TmaSat21 

AGAGTAAAGAGCAACACTACAAAAACACTATAAACACTATAAAATAAAAAAAAACTACAAGCAAAATCAATTTTCTCAGACTTCGTAGTTTACAGTTTTTGAAATGACA
AGACTGGAAATTTTATCAACAAAAATTAAAAAAAAAATGTTTATTGATCATCATTTATTAATTAATAAATTTATTAAAAAACTCAATTTTTTGTACTCTTATTCGAACATCT
AGTTTATTAAAAAATTATGAGCTTTTATTTAAGAAATTTTAAGTTTTTTATGACTATAAATAATACTAACGAGACACTAATTTAATTACGAAAAAAACTGTAACTAGAGA
GTTAAATTTGAAATTAATAAGAAATCGTATATTATGTTATTAGGAGTAAAAGTGAGTTTAAGAGACGAAGCTGAACATTTTTAAATAATTCAGCTGAGCCACATGACAA
ATAACATACTATTTAATCCCCAAACGTATTTAGATCG 

TmaSat22 
TCGTAAAAAATAGGCAAAAAACAACTTCTAAAATGTTTTTTGAAATTGAGTGAATTTGTGAAAATTTTAAAAAATTGGGAGTTCACCCAGAAAAGTTTTAATGAAAACA
AACGAAAGGCACAGCTTCAGAGACTTAAAGGAGAGCTTTTGTGTTTTTTTTT 

TmaSat23 

CAAATATTTCTCACTCCCTTTTTATCTGTAATAAATAACAAACCTAAATCATAGAAATCACAAAACAAATAGACAAAACAAGTGGATTGTATCAAAATTAGAGAAATATT
TGAATCTTTGAAAAATCTTCGTGGAGAAAAATTTTAAGGTTTCAAATGTTGCCAAACCTTAAAACTTTGAACCTTACAATGTCCAAAACGCACAAATTTTTATAATTTCAC
CTTTTTGGACTTCAAAAAATTAAAATCTTGGAATTAGAAGTTAAAATTTAGTGTTTATGAATAGATTCCTCAAACTACAGAAATTTATCAAATAAAATGATAAAAAATTT
TCAAGCTCAAAAAAACTTATAGTCTGATTTTTAAAGTTGTAGAATCTCATAATTTACATATTTTTTTTTGTATTAAAAAACTTAAAAGTTGTAAGTTTCTCACGTAATGTTT
TTACTTTTAAGGTTTTAACAACCGCTAATTTCTAATTCACTTTTTTTCAAAATTTTTAAGTTTTTTTCTTAGGTTATTTTGA 

TmaSat24 

GCTTTCTGAATTATCTATAGTTTTATTCCTTAAAAATTGTATAAGTTACTAAATTCAATTAATTTTTTGAAAAAATTAACTTTGATTAATTTTCTTGCTTTATCCTTTGAAAA
AGTATAAAAGTGTGGAAATCCAGTAAAAGTTGTGGTTGCAAACAAATCACACTTTACGGACAATTTTCACTAATGATATATGAGTCCAAAAAGTACTTCTTTACAGACA
ATTTTAGGCTACTTTATTATTTCGTTATATCAGAAAGCAATAAAACCCTCTTAATTTTCAAGAAAAGTTTATTTTCATTATTTTTACATAATTTTAGAGCTTTCTAAATTATC
TATAGTTTTAATTATTTAATAATTGGATAACAGCTTGTCATTTGATTAATTTTGTGGTTTTGCTAGGAAGGTTATTACAAGTGACAAAATTCAAGCCATTTTTGATAAAAT
TAAGA 

TmaSat25 
GTGATGAATTATTTTTTAATAACTGCTTTTACTTCGAAATACAGAACAAAAGAAATAATATTAAAACTTTTGCGAAAAAAATTATGAAATAGTATATTACATGCATGTTG
GAAAAGTGTCATATTTTGAGAACTGACATTTCTACTATTTTATTGACATTTTACAAACAAATTGAGTTTGGCGACCCTCAAACCGAGAAAACAAAAATACTTCAAAAAAA
AAGTAAAAAAAGCTTATTACGAGTTTATATTTTTTTTTG 

TmaSat26 

TTCTTTTATGTCACCTTCTCTAGTTTCTCTTCAAAGTATATTTTCCTAAATTCTAGACCCTTTTAGCCGAGGCTCGAGCCCCGGAAAAATTTTTAAATATTAAGAATACATA
TTTTTAAAAAGATAAAAATATAAATGCATTAATATTAGCTATTCTACATCTAATAAAAAATTTCTACCTCCTCAAATATGATTTTATCGGTTCCGTTTAAAAGACTATTTTT
TATTTTTCTACTTGTTTAAAGCTTGATAATTTATCTCAATTTCTCTACATCATCAGTTTTTTTAGTTAGTTAGAAATATTTACTGTTTTCTCATTTTTCCTTTAATTATTTGTAA
TTTTTTTACTTTATGTCATTTTCTCTAGTTTCCCATCAAAGTATGTTTTTCTAAATGTTTTATTATTTACTTTCCCAAATTTTTTTATTCAATTCTCAACGATTCTCTACCTCCT
CAACTCTGTTTTATTTTTTGTTTTATTATTTTTCATAAAAATTTGTTCCTGATTCTTTTTTTACTTTTCTTTTTTTAGTTCCGCCATCAAAGCCAACAAGCTCGTAATTTACCTC
AATATTTCTGCTATTATCAGTTTTCAATAGGTATTTTTGTTTTCCAAAACACATTCAAACCTCTTATTATGTACAAAAATAAATAAGAGATTATTTTTCATTTAATTATTTGA
CATTT 

TmaSat27 
TAAACAAATTCCGGTTAAATAAAAAACGAGTGATTCAATTACGTGGGGGCTATGGGCCACGCCGGTTTCTTTTCCGCTCTAGAGATGCGAAAAACAACGAATTTAAGC
CCCCAGTGTCATAATCCGGAAGATT 

TmaSat28 

CCAAAAACCAAAAACTCATAAAATGTTTATTAATCTCTTTTCACACTTTATCTTCACATTTCTTCATTAAAAATAGTCAAAAAAAAAGAGTACCAACAACACTTTCTTACCT
CAAACGCCCCAAAAAACCCAAATTTGAAAAAATTAAACGTCTCCAAGCACTAATTTCTAAACAATTCCTTAATTTTCCCAAATTTTTGAAAATGTTCTAAATATTTTTGGG
TACTTTTCAGAAAAAACGGTACCAAAGTACTCAAAATCAATCTTTGTTACCTAAAACGCCCTAGAAATCCTAATTTGAGAACGTAAAAAGTGTACGATCTCTACTTTCCA
AAATATTACTCAATTTTCTCAAATTTTTGAAAATATTCTCCATGTTACTCAAGTCCCAAAAAGGGCCATTTTTTCAAACACAAAT 

TmaSat29 
TTGCAAAATTAAGTCCCAAAAGCGTTTTTTCGCCTGTTTTCCACCAAGAAAACACTCAGTGTGAAATATTTTTCAAAACTATAATACAGAAAACGCAAAATTTTCATCTGT
CTAAGCAGTTTTCCACCAAGAAAAACACTAAATTTTTTAAACAGGAACATTTCTCCGATGAATAAATATTAATACACTTTTATCGACTTGATCGAAATTAGGAAATTAAT
TAACCACGTTTCCAAAT 

TmaSat30 

CGAAAGAAAACCAAAAACCACAACATTTTTAAAGTTAAAGTAAACGAATCAGAAAATTAAAATATCGGCATTTTTTTAATACAAGGCAAAGGCGAGTATAGAAATATA
TACAAGTGTCAAATAGTTTTTCATGAGTCCTATATCACGTTTGTATAATTTAAAAAAAATTATAATTATTAAAAAATGTAATTTTTGTTTCAAAAGCATAATTAAAGAAAC
AAATTTTGTTTATCAGTATCATTAAAAAAAAATTATTGTCAAAATCGCAAAATTTGTCACATTTCCCAGACAACTTTCCAGGTTTGAGGACTTTCTTTCTCATTTTTAAATA
TG 

TmaSat31 
TAAAAAAACACTTCTATTTGAACGCAATTTGTAAAATAAGAAATAAGGCAACAAAATAAGAGTAGTTGCATTGTATTTGAGGAACACAAGGATATTTTTATTTTAATAA
TGAAAATAAATAAAATCAACATTCCAAGCTTCATAAAAACTCCAAGGTTATCAATTTTAAAAAGTCTATAGTGCGTGTTTTAAAACAAATAAATTGTCAGTTTCGGTTTT
TAATTTGTTAAAAAAATTATTAAACTTTAGCAAAAAAAAACTGCTTTAGGAAATTGTCTAGAAAAGTGT 

TmaSat32 

ACACAACTGAGTGAAAAATCGCTAAATTGAATCGCTTCTGGGCTTTTTTGTAGGTTTTTCAACGAAAAAAAAAATTTTGCAACATTTATTCGTTAAAAACAAACCAAAAT
TTATCAAATTAAAACAGAAATAATATTATATTAGTATTTTTAAATGTTTATAACCACGTTTTTTAAATAAAAACTAAATTTTTTCGAACGGAAATATAATTTGACTTTTCAA
TAGTTTAAAATTTGATGTGTTATGTCATCTGTCAGAATGAGTTTTGGAGTTTGGTATTTGACATCTATGGTATTTGACAGGTGTCAAAAATGTGGCGGGAAGTAATTTTT
ATTAAAAAAATTGTATGGAATATAAGTACCAAATTCTTTTACGAGATTTC 

TmaSat33 
GAAATAACAAAAAATAGAGCTAAATGAAGGTAGAGTTGGAATAAAATCAATAAGATAGAGCACAAATAAATCTCAATTAAAATTAATCACTTCTAAAATAGAAATTGA
GCTACAATAGAGCCA 

TmaSat34 
TTTGTCGTGGAGTATTTTAACTGGTTATACATGGTTTTTGTCTTCTATTTTATGTCAAAAAAATCGTATTTTTAAGATTTGTTACTTAAGATAACGTCAATTTCGGGCAATT
TCAAAAATTTCTGGGTAAAAAATTGGTCTCAGAGCAATTTACTCGTTTTTTTAGGAATTTCAAAAATGTAACAAAATAAAACGTTCACTAGATCTCCAAAACTG 

TmaSat35 
TATTATAAAAAAAATATAGAGGGAGATATAAAGAAGAATGTGGAAAAAAGTGTAGACTTTTTCTAGATTTTATAAAAGTGTAGGAACAAATTTAAAGAAAGATCTAGA
AAAAAAATTAAATAAAAATCTAGGGAGAAAAAG 

TmaSat36 
TTCTATAAAAATTTAAATCTAATATAGACTCAATTACAATTCTATAAGACAATTTTTTTAGTTTTTGTTGATTTTAACATTACTTTTGTTTTATAAGTTTGAAATTAAGGCTA
AAATTTAATTTTTTAAGAAACTCCATTTCATAAGTATAAAAACTGCAACTTGTGAAATTTGACTTAGACTCAATTCCAATCCTATAAGACAATACTTTGTCAAATTTGTGG
ATTTTAACATAATTTCTGTTTCATAATTTTGAAAGTAAGACTAGAAGATAATGTTTTCGAGTGAAGTCAATTTCAG 

TmaSat37 

GAATTTTAAAGAGTTTTTCACCGAAAGAATCAAAAATTTGGAAAACTTTGCAAAACATATCGAATTTTTTTTATATTTTCTTCTAAATAAAAATAAACAACATGTACTAAC
GAGTTGTAATTAAATTTGTGGAAGAAAAGCTTTTTAGACTACGTAATGGATCCTCAAAAAGCTTTTCTAATAAATTTATTAACAAAAAGTACAAATCACGGATTTTTTTT
TAAACTAAATTGAAATTATCTCTGGAATGCTATTTTTGTCTTATATTTTGTGAATTTAACGCATTTTTTAGCAAAAAACTTAATAATTACAAAAAGATTTTTAAAGCAAGA
TAGAAAATTGCAAAATTAGAACGAAAATGTGTT 

TmaSat38 

TTTTTTTAATGAATTGGCGTTTTGTAGTTTTTTATTTATTTATACATTATGATGACAGATTTTTTTGTAATATCCACATTTTTAAGAGCGATAAAAAATTACTGCTGCAAAT
ATTTTTATTGCAATATCTGGAAAATATTCATTAAACGAGTAAATTTTTATGATAGTTTTAATTAAAAAAACTGATCAAACTAAATTGAAGAAATAGTTTCGTTTAGCTTGT
TGAAGCTAAAATTCCTTATTTTTCCTTTTAGTGTTTTTTTCAGGCGTCTTAATAATTTTGTCAAAAAGAGAAAATGTAAAAAATAATTGTTAATTTATCAGACTATAAAAA
TAAAAACCAACAGTTTTTCCAAATAATTACAAAATTACAGAGAAACAATGTCTGTATACTTTTAGATTATTTATTAAAAAATACTGAAAAAAGTTATAATTATTATAATAT
TATTATTAAAATATCTGAAAAATATTCAATAAACGAGTAAATTTTCATGATTTTCATGATATTAAATTAAGCCTTTTGAAGCTCTTTCGCAAAATATTTTTTTCCTTTGTTTT
TTGTGTTTTTTCATGCTTCTTTATGAGTTATGACATAAGCACGTTCCTTTGAGTTTTTCTCTCATGATTAA 

TmaSat39 

AAAAATGTGCTCAAAAGGAAGAAATACCACTATTTTGTTGAATTTTTGGCTTATCTTCAACGCAATTTTGCAAAATAATTGCGTTTTTAGCTGAAATTGTCATTTTGGAC
ATTGTTTAGTAAAAAAAAATTGAATTATTTTCAACCAAATTGGTAGTTTTCAATTTCTTTAAGAAAATTTGACGAAATTATCAATCGGGATTACCAATTCACTAATTCAGT
AGTACATACAGAGTGATTTTTTTTAATCGACCGAAATAAACGAAATAACATCTATTTGAATTTATTTTTGGGCTTTCGATTTAATTTTATAATTTTTTAACTTGTTTAAATT
TTTTTATCTC 

TmaSat40 

CTAATCACTTAGGGGAGACCTGGACCTCTAAGATATTAAGGAAAGTAAAACATTTTTGAAAAACAACATGTTTTGCGCCCAATTTTGGATTTCTTTGAAATGATTCATTA
AAACGTTAGATTTTCATTAATACATAAGCAAAAAACGACACGAAATAACCGAAAAGGTGTTTTTTGTAGATAAATGGGCTTGAAACTAATGAAAATAACACAAAATTTA
AAAAACAGACAAATTTTCCTTAAAAAATTACAGATTTGCAAGCAGATTTGGCAATTTCTTGTTTCCATTTAAAAAATATCAAAAAGTACGATGTAAAAATAATCAAAATC
AAATGAAAAAAAA 

TmaSat41 

TTATTATTATTGGCGTGTTTTTTGTATTTAGAAGACTAAAAACTTAGAGACGTAGAAATTGAATCTTAAAGTTTAGTTTTCTAGATTTCAATAGTCTATAACAAAAATTTT
GTTTGGAATCTCAGAAACAATAAGAAGCTGCAGTGTCAGAAAGATAATTTAAAATTGTACAAAGCTGGAGAACTCTTAGAAATCCTAGAATTTTACAAATTTTAATCAC
AGCTAATTCTAAAATTAGGTACTGAATATTAGAAATGTCGAATTTCAATGAGAAATTTAGAAATGTTTCTAAAAACTAAAACTACTTAAATAGGTTTAAAATTCTAGAAT
TGCTAACTTTCCGAGAGTAAAATTTTAAAAATTCTAGAATGGAAAGACCAAAAATTTAAAATTTTTAGGTACTTATCA 

TmaSat42 
CGGTGAATAATAACAAAGATAATGAAAGAAAACAAGATAACCTTGTGAATAGAATTAAAATGGAACCGTTTGAGAAGAAAGTCAATTTTAAGAAACACTAGAAGATC
TTAGAAAAATTTAAAAAAAAAACATAAAATTGTTAAAGTTAAGATCTTGGTGAGGTTTTGAAGCTTAAAAAAAACAATCAGAATGTTGTAAAATAGTGTTAAAATCTTG
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AAACATTTTTGAAAAGATTTAGAAAAATCAGAATTTTTCTAGAAAATATGTAAAATGCTCAGAATCTGGAAAAAAATGAACACAAAAAACGACGAAAACGAGAAAAAA
ACCTTGATAAAAGTCCTGAATTTTGAAATAAAAAATCTGGATATTTTTTTAAAATAAAGACAATTTGAGTATAGAAGCGGTGTTTTATT 

TmaSat43 
GCCTATACTGAGGTTTTTCAGGACGTTCAAAGTCACCTTCAGGTCGAAGATTATCATCGTGCTTAATTGGTGTTCTTCTTTCAGCAGGACCAACCTTCGTTGGAGTCGGT
CTTTCAAAGTCACCTTCAGGACGAAGATTATCTTCAGGTCTTTTAGGTTGAGGTCTTTCAGCCG 

TmaSat44 
AAACAATTCTTGACCTATTTTTTGCCTTATTTAACAAAGAAAAGAAAGTAACGCAATTTTTATTCTTTTTTTTGTAAACTTTTTCACATTCTGTCAAAAAGAAACTATTATG
GAACTAGTTCGATTTTTTTCCAATTTTTTTATTTTGTTTTGCTAGAAAATGCTTAAATCCATTATATATTACGCATTTTGGTTACGTTTTTGCACTTTTTTGACGAAATCTGT
AAAATTTTGTGAGTTTTTTATTGGAAAACACTCTAAAGATATCAAAATTGGCAAAATA 

TmaSat45 
AGGAGAAGGTTTATTATCCTCACAACCAGCATCTTGTGGCCAATCACAAACTTGTAATACTTTGTTAAAGTGTAACCCATTTGGACAATCAAATTCAACTTTTTTTCCATG
GTCACATTTGTAGAATTTGGTGCAATCTTTCTCGTGTGGTAGATGGACTGTATGGTCTAGAGGATCAGGCCATGGGCATTCTGGATCTCTATCTTCTGGTGGAGTTGGT
TTTGGAGTTCCTGAAGTTGTTGGCTTTTCAGTAGGTTTTGGAGT 

TmaSat46 
AATTTAAGTTTTTTGTTTTTTTCACCTGAAATTACTTCCTTGCAAAATATTTTGAATTTTGCAAATCCTAGGAAACTAAATAATAAAAACAATTGGTCAGTTTTTGGCCAAC
AATTTACATTATGATTTTTTATAATCAAAGCTAGCAACTCTATTTTTTAACATTTAAAATGCTTGATTATTTTTTTAAGAAAGAATAGGTCAATTTT 

TmaSat47 

GTTGCTTACCACAATCTAGTAATAATAATTCAGTGATGTCAACTGTGTTTTCATCACAATTAGCTAAATCTTAATTTGGCAACCTTGACTATCATCTTAATTTGGCAAAAT
TGATTATTAAATTGAAATGTCACAATTTTATAGTCACTTGTCATTCACCTCCGACGGGCGGTTGCCGGCTTTCCCGTTGTTTGACACAATCTAGCATCAATAATTCAGTGT
CACCAACAGATTTTTTTTGTCACTACTCTACATTATTCAAGTTGGCAACATTGACTATCACATTCAAATGTCACAATTTCATAGTTAACTGTCATTTATCTCGCCGGTTACC
GGCATTGCC 

TmaSat48 
TGTAAACTTGATTGATTTTTTCAGCACCCGGGCAAAAAAACGGTTTTGCAGCTTCATCCACTATTCAAGTCACCGCTGAAATTGCTCGTAAATCACATATTTAATGAGAA
ATTTTGACAAAAACTGTAAGGATAGATAGTCAACATCCAAGCCTATCTATCTTTCATAAAAAATTAAATTTTTGAAAAGTCAACACTGAAATAACCATAATTTTATCTTTG
CAAAAGTGTAGCTTAAACTGGCGTTAAAATCTCTAACTAATTCTAGAATTTTGGGGCTTTTTGGCGAAAGAATGTACTTTTTGGGAGAGAA 

TmaSat49 
ACTAACTGCACTAGTTAAATTAAAAACACTTTAGTAAATTGCAACATAAATTGCGTGATGTTATGATTTAATTACTTGCCAAAAACTTGCAAGAATTTGAGTAAAAACAG
CGAAAAAGCAACTTAATCTCTTTTTTCACCATAAAATATCACAAAAGTGACCACTTTTATGACTAAATGTCACAAGAATAGAGTAAAAGCTTTATTTTTGCGCCTAAGCC
TTTTTACTTTTACCCTGACATGCTGCTTCAGGAGAGGTACATTATTTGACATTTTGTACT 

TmaSat50 
TCGTTATCGAATTTCACTCTAATTTGTTTTTTTTTAATATTTATAATTATTCCGATTACCACTTGTTTTTTTAATTTTTTTTACTTGATAAAAAATATTTTTTTTAACTTTAACA
CCTTGTATAATTTTTTTTTATTCGAATTTTCATAAATATTTAATAAGAGAAAAAAAGATTAATTACGACCGAAAAACTTTTTTTTTGTTTTTGTGACTT 

TmaSat51 
ATATTCAACGACAATTTTTTCTTTCTTAGGATTTGTTGAGAATTTTTTTCAAAGTTAATGCAAGTATAGAAAATTTTTAAAGTTGATGTTTCTGAATAGTATTTTAATCTTC
CCAATTTTTTAATCTCACAATTTTTTGAGGAGAGCCGCTGGTATATTTTTTTGCAAGCATTCTGAAATTTTTAAGTTTCTATTGACAATTTTTT 

TmaSat52 

AATCAAAATTTAATTGATTTTCTAACATTTCTAATTTAATTTTTAAACAAATAAGTTATACTTGAGTAGATTGTATTTCTGGTTGTCTACACCCGGCAACCTTTTTTAATTA
AAAAAAAATTCTAAACAGATATTTCCACAAATTAATTGAATCCAAAATGGCGAAATTCACGTCCATTTTGTGTTTCTAGTTAGACAAAATGGTGGCTTTATTAATATACT
TTTTCTCAAACTTTTGTGCCTAATTAGCGTAATTAAGTAAGTACTAGTAATTTTAAATTATTTGTAATTAATTATACAAATTTTATTTTTATATAATTAACTTAAATTTAATT
GCTTTTGGAACGTCGAAAGTTAACTTTTAAGCAATGTATGCGTAAATTGTGTTCCTGGTTATCTACATTTAAAAAAATAAATAATTTAAAACCTTCAAATTTCATTTAATT
AATTTTAATTAAGTAAATTGTAATCGTACTTTTGACTTTTATTAAGTACTATTACTTACAAATTTAACGGTTTTTTTGTTTCTGTTTTGTAATAATT 

TmaSat53 
GAAAAGATCTCGATTTTTTTGTAGAAGCAAGTACTCTAACTAGTAATGAACCGGAAAAAGAAACCACTAGGAAACCTCAAAATATTGAGAAAAATTCTCAAGACATTA
AGAAAACTTCCGATGGTAAACCTATAATTTCAAAACCAAGTGCTATATTTCGGCCAAAAATTCATAAACCGCAAAATATTACTAAACCTAATGAAAACCACGAAAACCC
AGATGTCTTCGTCTCAACAGAGTTTAGTACTCCACCAAGTCAAATAATTTCTGAAAAGAAACCCACTACACCTCAAACGG 

TmaSat54 
GCAATCATCACCGCAAGTATGACAATCGTTATTTCTTTTTTTCTGGTTTCCTTTCTAAACCAATAAAGTATTAAATAATACTTTAGAGGTGTTTCCTTTGTCTTTTTTAATTC
CACTTTTTTTTACAATGCTTTTTTCTCTGTTCTTAATCAAATCTCTTTTCTTTGTTTTCTTTTTCTATCTTCATTCTCTCAACTTTTTCCAGATTTTACTTTATTTTAAAGCAATT
TCTGTGTTTTTTTTTGCTTTTTGCTTCTTTTTTCCCACCAAAT 

TmaSat55 
AAATTAAATAATTTCTCAAATTATTTCTAAAAATAATTCAAAATAAAAGAAAAAGAAACGAAATAAGATAATATTAATAAGAAATATCAGAAAAAGTGAAAATTCGTTT
AATATATTTTTTGAAATGAATGAAAACGCGTTTTTTTCCACAGCAATAACCCAAATTAAAAATTTGATGAATCATGAAAATGGAATTTTTGTGTTAAAAACA 

TmaSat56 

AAAAGTCGTCGATTTTTTTTAATCTTCTCTTACTCCTGGTAATATCTACTACGCTACGAACTCAGAATGCCGTAATTTTGAGACACCCTGTAGTGATTGTAAAAAAAAATT
ACAGTAGACATTTGGAGATTTAAGATAACTTTAAAAAAAATTTTAATACTCCGTTTTCTCATCACAGTAAAATTTCATTTACCGCCATTGTCACTCTTTCTATTACTTTGCT
TTTGGTATTTTGATAAAATTTAATAAGTTTGATAAATTTTATTTGGTCAATACCATGTTTTACAATGCCAACATTCACAGCCTTTATTTAAAAATTTCTTAATGCAAAGTAT
GCATCTTCAAACCTCGATATCTTTGTAAAAA 

TmaSat57 

TTGCCTATTTGACGAAAAAACGACGAAGTTTTATGCCCATTTTACGACGATATGCAAATAAAATTTGTTTCTAGTTGACGAGAAAAACGGCGAGATTTTATGCCTGTTTT
ACGACGAATAAAAATAAAAAATTGTTTCTAATTGAGAAAAATGATGAGGTTTTATGCTTGTTTTGCGACGAATAAAAACGTAAAATTTATTTCTGTAGTTTTATGCCCGT
TTTGCGACAATTAAAATAAAAAATAAAATATGTGTCAATAGATAAATATGACGAGAAAAACGGTGAAGTTTTATGCCTGTTTTACAAATAATAAAAAGATAAAAGTTGT
GTTTATTTGACAAGAAAGACGACGAGGTTTTATGCCCGTTTATATAAAAAAACAAAATTT 

TmaSat58 
TGACGTAGAAAGCCCTGAAATCGAAATCAATCCCGTACCAATTGTACCTGGAATCAAACCTCAACCAGTTCCCGGATTTGAAACCCCAGAAATTGACATCAGTCTCCCA
ATTGTACCCGGAATCAAACCACAACCTGTGCCAATCGTCCCCGGAATCAAACCACAACCCATTCC 

TmaSat59 

TAAGATATTCGTGTAATTAATTTCAAGACTAAAACAATTTTTGAATTTAATTTAATTTTTAGTTTTAATGTTTCTCAAGTTTTCCATCACTTAATTTTTTTATCGCTTTTTTTT
CAGTTTATGCTGTAAAATCTTGACTTTTTCAAGATCTCTACTTTAACAATTAGAAGATTATTTCAAGATTTTACTTTTCGGATTTTTAATTTGTTTTTTCTTTTCAAGATCTT
GGAACATATTTACAAGGTAATCTAGTTTCTTCAAATTTTAAAGTATTTTTTTTGGAGAATATCACATTTGGAATTTCTACTCAATTATAAATGTTTTTTTACTTTTTTGGAC
TTCGCTTTAAGCTGTTGAAATTTTTACAAGATCTTTACATGATTTTAAAAAGTTT 

TmaSat60 
ACTAACACAAAACAAGGCGATAGCCGAGCCATGGAGCCTCGTATTTCAACTTTGATGTTTTCTTTAATAGTAAATGTAGAAAAAAATCAATTTGTGTCTCCATCAAAACC
CAAGTTTTATGTACTACAAACCCACATTATTTTCACGTGTTCCTGGAATAAGTGGAACCACCCTGTATACATAAATGGCTCCTTTATACATTTTTTTTTTAATTACCTTAAC
ATATTGTATAGTAAAAGGTTGTAAACCGGACTTGTTTAAAACTTAAA 

TmaSat61 
GCTGGAAAAAGGACCCACTCTCGAAAACAGATTATTTGTGGAACATCAGAAACACTTCCAACTAAGGGTTGGAAATCTGGTGTATGTAGACTCACGTTTCCCAGATTTT
CCTTCAAATGTCCGAGACTCATGCATAGAAAAAAATAGAAGAATTGGTTTTGGTTCTTAATAGTTAAATTCTCTCCATTCAACAACAAAGTCATTAAACATTTTTTAAAA
AT 

TmaSat62 
TTTAAAGTCCTTAAATTTTAACTTTATGGTGTATTTGGGCGTATTAAAACGAAACTTAAATCAGTTGTATCAAATTTTTTGCTAAAGAATCCATCAAAAGACAAAATGAC
AAAAAAATTGTGATTTTGTAACTCTTACCTTTTTAATTTTGAAATAATAATGTTTTCAAAGTGATAATTAAATGTATTTTGATAAATAGTAAAGATCAAGAAATTTATATC
ATTTTTTTAACAAGGAATCAATCAAAAGATAAAATTAATGTTTTTTATCAAAAATACAATTTAACATTTTTTTAGTGTTC 

TmaSat63 
TTTGCTTATTTATTTTGTGTGGTATTAAAAATTTTGTCATTTTCATAAAAATAAATTTATAAATAAATAAATATATTTTTTTATTACTGCGAAGTGGTTAAACTATCAAATTT
TTTGGTCACTTATTAATCTTATTATTATTTATTTGTTTCTTTAAAAAAAAAAATAGAAAAAAATTGTTTTAGACAGGGTTCGAACTTCAACTCTTTGAGTTGGTGTCATTTA
TGACGTGACAGCTTGTCAAAAATTGTGGCCCAACTGTCAATTTTAATAAATTTTTGCGTTTTTGTGCTTATTATAATCACTTTAAACGTAAATTTAAAGCGCTTTAAAATT 

TmaSat64 
TTAAAGTTTAGTCAAAATTAAGCTAAAAATTTACCAAATTACGAAGAAAACGTTGTTTTTTCAGACTTCTCTCGAAACGTCACAAAAAAATTCCTGTCAAAAAAATATGG
GCCATAATTTTTACAATAAACCAAAAAATTGCTATATTAGAACGTAAATATAATCATTTTAGCCTTTTTCTAGCATTTGAGTACGTTTTTAAGCTAAAAACTAATTTCTTTG
CAAAATTTCGTTAAAACAGTCCAAAAAATCAAAAATTAGATCCAAAAAATAATATTATTTTTGTTTGGATTCGAGTCTTTTGTGTTTCATCCATAAACGTAATATTTTT 

TmaSat65 

TCACCCATCTATGGGCTACTTGTTATCTAAGTTTTGTCAAAACCGTTTATTAAAAAATTAAAATTTTTTAGAAAAACTTTGGAAAGCAAGTTGGAAAATTAGTAACACAG
GGACATTTTTGTCAATAACTCAAACAATTTTTTTTCGATTGTAACAAATTTTGGTATACGTTTTACCAAGACTTGGGCCTATCTACCCGCAAAATTTGATCAATTTCTATAA
GGTAACAATTTGGGAAAAAAATTTTGATTCGTCAAGTCTCACTTTTGGTGGCTTTTTAAGCGACTCAATCAGAAATTAATTTACAACTCAAACAAATAATTTCAGATTTT
GTTAAAATTTGGTGAGTAAAG 

TmaSat66 
TGAATTTCAAATATCAGAAAAACTGCAATATTCAAACGAGCGATTTTTGCTCAATTTTTTGGTAAAACGAAAAGCTTTTTGTTCAATTTTTTGTGATCATCTGCAATTTTTT
GCTTAATTTTTTGTCCTACCAGAGATTTTATTTTGCAATAAATTTCTAGACTT 

TmaSat67 
TAAAAAATTTGCAAATTTTTTCTAATCTTATCAAAAATCATACTTTTTACCATTTTGTGTGAAATCGATGCGAAACACAAAAAACGGACTTTGGGATTGCGTCTGCTCCCG
AATTATTATGGAAAATACACTCAATTTACTTCTAATTACCCCAATTTGACAAGAATTCAAAAATCATACTTTTATGTCAAAATTTTCTGTATTTTATGGATAATGTCAATAT
AGCTACAAGTACAGATAATGCATATTTACCGTTTTTAACCAAAAATTACAAAAAATGCCAATTGGGAAAACTACAATATGAAAAAAAGTG 

TmaSat68 
AACAATTTTATACACCTCATTTTCTTTTGGTTTTGATTTCCCTTTTGTACCTTTGATTTTCCTTTATTTTCCTGTGATTTCTGCTTATTTGCACTAATTTTTTCATGATTTGATC
TAATTTTCTCCATTTGGTCACCAGATTTTTTTGTTTTGGTTTTTCCTGATTTCCTGATGATTTCTCCTAGTTTTCTTATTATTATTTAATTTTTTTTTGTTTTGATTTCCCTTAAT
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TTTCTCATGATTTATCCTGATTTTTCAAATCAAAAATTCTTCTAATTTGTTAACAAATGAACAAAAAAAGACCCCTACTTGCTTTAATTTTCTTATAATTTTTTGTAAATTTC
TCATAATTTCTAGTGATTTTCAAAATTCTGTACACTGTACTTCCTTTTTTGGTTTGATTTCCTCATGATTTTCTTGATTCTCTGTCAACAACTGGACAAAAAAAAAA 

TmaSat69 
ACATTGAAATAAGCAACTGATTTTTTTCTCCTTAAAAACAATAAAAAAAAACGAAAAAATGGTGTATAACATAACTTTGTTGCTCAACTCGCCGCTACGCGGCTCGCATT
GCAATTTGAGACTACTTTCAGTGTTTCTCTAAATTTATTAAGAAAAATCACTGTTAAAAGCACAAAATAGGAAGAACTAGAAACTGGTATCAAATCCTGTCAGATTCGT
ATAGAACATAAAAAGCTTACGATGCTTAATCCAAGAATTCGTCTGATTACAACAATTTTT 

TmaSat70 
AATGTCTGTTTATTTCAAAATTTAAAAAAATGTCTTATTTTGAGCCCAAAAACATCACAAACTTGTAAAAAAGTAATATTGTAAAATCAAGGGCTGATTCAATTTTTCAGT
TTTTTTTTTTATTTTTTTTTATTTTTTCAGATTATCCCGAAACTGCGTAATAATATTGTACATTTCAGAGCTATTTGTTGTTCAAAAATTAGTCTATATTGTTTTGAAGACAA
ACCTGCTTTAAAAAAATATCCACTTTGAGGGTAATATAATCAAAAAAATTTTCACCTGTTTGTTTGGTGGTCGTTTCAGTCGTTTCAAAAAAAATTA 

TmaSat71 
GGGCCAACTTAAAAAAAACAAAAAAACACCAAATTGTCACCCAAGAAGGAAAAAACATGCGTTTCAAAATTACAAATTGTCGTTTTAGTACTTTGCAGAGTCTCCAATT
ACGTCAAAATTTCATTCAAATTTGTATTGCTTATCCGCTAGTCCAAAAATATGCACACTTTAGAGACTATCTTCTCAATTTTAAATACTATTTTACCTCACAATATAAGTCT
ATAAAAGTACTATTTTACCAACTGTTTTGAGTTACTTTACAGACTATTTCGTTCACTTTACGGACGACTTCAGAAAAATACTTAATCATTGTTCAAAAAATCAGTT 

TmaSat72 

GCCAAAAATTACAGGATTAGTTTTTTAAGGGTTTAAGCACGTTTTTAAGCATTATTTTTTTTTAGACAGCAAGAATCTATGAAAATTCATGTATGCTTCAATCCGTAAAAT
TTTTTTCTCGCATTTCATTAAATTTGTATTTCACAAAGATGTATTAAAAGAATCGTGCAACAAAATCGTGCAAAAAAATAATTAATTAATTAATTTTGAAAATGTTAAAAA
GTTTTTTTTTGACATTTTTGGCCTGTGTACTAGAAATTTTTAATTAAAATAAGAAACTTTGGTAAAAAATGTGTAAATTAATCAAAAAACAAATTATTTAACGCAAATGTT
ACACTAAGTTATTGTCGTTGTTCGGATTTTTTCCAAATAAGTAGGATAAGGAAAGTTTTTTACCATTCAAAGAAACGAATTAAATTAAAAACGAATTACAATAAGATACT
GGTTGTCATTAATAATATTATTAATATTAATCAAACGTCAAGTTTTTGTTATTAGTACTCTGATTTTGAATTTTCTGAAGTAAAATCAATTAAAACGTAATGCTTGCTTTCT
GAATACCTCCTTTGCTTTGCAGGTATTCAATTCCTGAAAGACTGTCCCAGAGAGCCCTACATTCCCATCTACATGGTGGTGGGCGGGAGTGTAGGCTGCGTGAAAATG
GGCTTGACCCTCAAAATTAGTATTATTTTTACCTTTTTTAAGAGTGTAAGCACGTTTTTGAACAATTTTCGACAAAGAAATAGTTTTATTTGTTTTTTATGTCAACAGAATA
AGAAAAATGCAAAATTTCTTCAAAAAAAACATTATTTAGGTCTTTTCAAAGTGTTTTAGTATATTTTTCAGGAAAAAATAGCACTATTTTGCGAAATATCGTTAAAAACA
AACCAAAAATTTACCAAAATAAACCTAAATTAGTGTTAATTTTGCATTTTTATAGTTTTTCGGTTTCCAAAATACAAAGTATTGTTAAAACTGACTGAAAAATTACCAAAT
TAGATTTAAATTGATAATATTTTGTTTGTTTCATTCGATTTAATACTCGTTTTGAGTGAAAGTTTGTCAAAAAACAAGCTAAAAACCATAAAATTTGGTCGAAAATTGTGT
TACTTTATTTTTTCAAGTTTTAAGCAAGTTTTTGAACTAAAATCACAGTTTTTTTGCGAGATTTTGCCGACACAGGTCCACAAAACTCCATATTGTCATTATTTTGCCGTTT
TCAGGTGTTTTAGTACGATTTTTTCAGGTAAAAAAGTAAATATTTTGCAAAATTTC 

TmaSat73 
TATGAGTCCGGAAAAGTACTACTTTACGGACTATTTGAGAAAAAGTTGTTTTTGTTTGTTTCCTTTCTAGTAATACTTGTTTAAATTAATCAATTTTCGAAAAATTATGTC
AAAAAACAAGTATTTTCAAGTTGTAATATATTGTTATTATTGGACATTTATTAAGAAAAAACAATTAAAACCCTTCATAGAGAAGGTTTAAATTATGCAAAAATTTGAAA
ACACTCGCACTTTTTGGGCTATCTTGTCAATAAATGACA 

TmaSat74 

AAAAAAAATCATCTAAATTGTTTTTAAAAGTACACACTGTAGTATAAAACTAAAATATTTATCTTCATTCGTTTTCGAGGGACCGTTAGGTTGAAAAAAAATGAATAGGT
ACTTACAACTAAACAAAATTTCACTGAAATTTTAGTAATTAATTCTTGTAATTACAACTTAATTTCAAAATAATTTCTTTAATAATTTCAAATTAAGTTCGATGGTTCTAAA
AAATTCAACGTAATTTTGAAAACAAATTATTTCCGATAATTCCAAAAAAAAATTATTTTTACAGCCGCGTTAAAGAGCTCAAATCTCATGAGCCAACACAGACTCACCTT
ACATGGAAGCAAATTACCCCATTTAAAACACACTTTTTTCAAGCTAAAAATTCGCTCCGAAGATAAACAATGGCCGGTGGGCTATAATTTACTATCTAGCACAATCAACT
AAAACAATTAATGATAATTACAAAATCATGCAGTTTTTAAACTTTATTGAAATAGACGACTCTTGAAAAACACATACAGGGTAAACAAAAAGTGTAGAACCAAGCGTAT
TTTATCTAAACTAAGTATTATGAAAATACGATTGTTTTCACTAATATTTTTTCAAAATACTTTTTATTTTTTAAGTTCACCATTTTTTATAACTTATAATAACCAATTTTTTGA
TCAAAGACTATGATCTAACAATCCAACAAATAAAATTGTTTTTAAATCAATAGTGTTTTTTTATGAATTGTTTAAGTTGCTTTTTGACATTACAACAAAGATTTTTTCAATT
TGACTAAAAAGAATGTTTAATGCAGTTATCTCAAAATCTTTTTTTGCAACTTAGGACATACAGGGTGTAACTATATATTTTT 

TmaSat75 

TGAAAAAAAACATTGAAACACAAGCAAATTAGAAGAATACAAAATATAATCTTTAATGAAATGAAATTGGAAAATTCCTGTACTTTTTAATTTTTTTCTTATTTTTATTTT
CTTATTTTTGACGCAACAATTATGAATTCTGTTTTTTGGAACAAAAATATTATAGAACATACAAAAAAGATGAAAAATTAAGTATAATAATACCAGTAAATATTACAAAA
CAGAAAATATTGAAAAACAAGGACAATATAAAAATACCAAAATATAATTTTTAATAATATAAAATTGAAAAAATTGTAGAAAATCGAAGAAAAAAAATCGCAAATCAA
TCTCAAAAACAAAACAAAATTTCATCCTTAAAATACGATCACATTTTTTATATTACAAAAAAAAAA 

TmaSat76 

ATTTTTTCGTGTTAATAAAACTAATTAAAAAAACATGTCAGGAACCAAAACGGCGACACGAAACCGTTCCGCATCGAAATATTCCTTAATTAATTTAGGACTTTCCTATT
TCACTCAAATTGAAACATGAATTAATTGGGGTCAGTGCGCGAGAGAGACGGATAAAGCGGGATGCAGGTGTGTGTGAGAGAGATAGACAAACTTGCCATCTAAAAA
CAAGCATAATTACAAAATCATTTGCAAAAAAACTACAAAACACCATACGAAAATAAAATAAAATTTTGCAAAAGAAAATTAAAAAGTGTTAAGTTTTTAATAAGACATA
ATAACAAAAGAACATTAAAAAAATAAAGTTCTGAATTTGAACCTCGAAAAGTTAGAACTGAAATCGGAATTTTATAAATTGGAATTAGAGTTTCAAAAGTTTCAGTTCA
CAAATTTGTCTTAAAACAGTCAGAAAACAAGGATATTTTTGAACGAAAGTTTCTGAATTATGACTTTTCAGATCTGCTAATACATACATACTTAGCAATAATGTTTTTGCT
TATTATAGAATTACAAGTTAGAAGACTTGCAGTTATGAGTTTTAAATTTTTTTGTAAAAGTTAAGTTTGT 

TmaSat77 

TAATTTTTAATCATATTTTGGCAAAATAAATAAGTCTCTATTTAAAAAACAAACTAAATCGAGCAAAACAAGCTAAAATAAGGTCAATTTCAATATAATTTAGTAAATTTT
TAGACCATAATCGATTCATTTTCGAAATTATCGCAGATGGCTTGGGAAAACAAGCGAAAAAATTATTGGTTTCTACGAGAAAAATCAAGCACAGTAGGGTGAGGCCGG
GTATGGAGGCGTGGGGGACTTGCACTAAACTTACACCAAATACGTTGTCGATAACTATATTTAATTTTTTATAATTTTTTTTCAATTTAAATCTCGCAGATCTGGCTTAAA
AAGGCAAAAATAACACATTTTTGGTCTAATTCTATAATTTTTTTTGACTTATGTTTAACGAAATTTTACAAATAGGAACGTTATTACCTGAAAAACATGCTAAAACACTTT
TTTTTTGTTTTATTTTAGCAAAATCTCGAAAAAAACTGAGATTTTCGTTCACTATAAAGACTTGAAAAGGTCAAGTAACACCATTTTCGACCAAATTTTGTGTTTTTCGGT
TAATATTTTGCCAAAATCTTACTCAAAATGAGCTAAATCCAACAAAATAACATTAAATTAGACTTATTTTTT 

TmaSat78 

AAGTATGAAAACACAAAATAATTAAATTACGAATATTTTTTATTTCTGGATTAAATATCAAAAACTAGACTTTCAGTAGAGGTAAAATTAACTTTTTTAACTATTGATATT
TAAACTAAATTAATTTAGAATATTTATGTCTTATTCTATCCCGCACCTGAATTATTGTTAGATTATTCTTGTGGATTGTTAGCTTAAAGTATTCTGCTCCACAATGAAGTGA
ATCATTATCTAAAATGTATTTATTTTGCGTTATGTGAACACAGCAATAATTTGTTTATCTTCATATTTTAGTAATTTTTTTAATATTTTTTTGACTCATTTTTTATGCTAAAAA
TTCATTAAAATTTATGTGTGTTGTTGCTCTTTTCTTAGAGTCGCATTTCATTAACTTTGTTTTCGACTGACCGCAAACATTAGAGAAAGAAAGTAAATATGGGAGTTGCC
GTTGCTCAAACAAAGACAGATATATTATAGTCACGTGAGGTATGGCAAAAAAGCGCGTTTAAGCTGTTCAAAACAATTATTTTCAATTTCTCGCTTGTTTTAAACATATT
AAGACAATTTTTCCTAATTTTAATAATTTACATTGTAAGAAGATATTTCAATTTCAATTTGATTTATCTAGGAACAGCAGGAT 

TmaSat79 

TTAGTTGACATTTTTTTAAATTTTAGTTTCAAAGTTGTCTTAGGAAAATTGGTGTAAAAATTGTGTTTGTGCCCTCGGGCTTCGTCCTCGCCTACTATACTGCAAATTTTG
TAGATTTTTTTTTTTAATTTCAAAGCTGTCTTAGTTGATATAATTTTATTGTTTGCGCACTCGTGCTTCGTCCTCGCGTACTAAAGTGTTAATTTTATAGTTATTGACAATTT
TTTTTAATTCCAATATCAAATTTGGTATAAAAGTTTTGTTAATTTTATAGATTTTTGTAATTTTTTTTTTTCATTTCAATATCAAAGTTGTCAAAGTTGGGAAGTTGGTATAT
AAAATTTTTGTTTGCGCACTCGGAGTTCATTCTCGCGTACTAAAGTGTTAATTTT 

TmaSat80 

CGAAATCATGACGATTTTCTCGACAATTTTTAATTGTAAAATAATGACCTTTTTCTGTAAAATAGCAAACTAAAAATGTTTTCTAAACATAAGTGGTTACCACTGATATTT
CCGTAGTTATCTACTCCAAGAGTAACCAGACAAATTTTTTCAAAAATAATACAAAAATTACCAAATTTAGTTGAAAAAATGTTGTTAATGTTCTCTTTTTCGACCTTTTAA
ACACGTTTTTTTAAGATAAATTAAAACACTAAAAAGACTAAAAATTGTATACAAAAATGACTTTAAAATTAAAAAATGTTAACAATTTGTTTTTTTCGGACGTTTTTCAGG
CAGAAATGCAAATATTCTGCGAAATTTCTTCGGAAATAAAAAAATACACACTTTTTCCTTTTTTAAACGGTTTTATATGTTTCTGTAAATAATTGCTTAAAAATGCTTTCC
GATGGTGCTAAACATAAAGAGTTGCCACTGATATTTTCGGACTTATGTGCTCTGAGAGTAACTAATAACAGAAATAAAAAAAAA 

TmaSat81 

ATGTAAGGCCTCGAAATGTCTAAAAAAAACTAGTACCTTGCTGTAGACTAAATAAAATCCATATTTCGACATTTAGAATTTTTTTAAATTTTGATTTGTAATTCTAGAATT
GCTAGAATCGAATTTTAGAATCCAAAATTTAAACTATAAAGGAAGACTAAATTAGAAATCTAGAAATGAACGTTTCAAAATATCTAAAAAACTAGTACCTTGTTGTAGA
TTTTTTAAATAAAAAGCATATTTCGACACTTAGAATTTTCTAAAATTTTGATTTGTAGTTTTAGAATTTCTAAAATCTAAGTCTAAAATCCAGAGTTTAAACTAAAAGAAG
ATTACATTAGAAATCTAGAA 

TmaSat82 

ATTACACAGTGGCTCAACATTTTAATAAAACGTCATTTTTTAATCAAATTCAGTAAAGCCATAATTCTTGTACAAATTCATTAACAGAATAAAAACAAAAATAAAATGAA
ACTGAGAAAATATGCATTTTGCAGTCCCGGCGCATCCACCATAATTACTCAAAACTACACAGTGTCTCAACATTTTAAAGAAACTTAATCTTTTACTGAAATTTATTAAAT
CAAGACATAATTTTTGTACAAATTTCTTAACAGAATGAAAATAAAAATTAACTGGAATAAATTGTTTTTTAATCACTCGGCACATCCACCAAAATTACTAAAACTATACA
ATGTTCTAACCTTTTAATGAAACGTAATTCTTCAACTTCAATTCTAATTAAAATTATAAGTTTTGAGGAAAAAAATGTAAATAAATTTGTACCTAATCCGACAGTTCCTTA
TCACAAGTGTAATAAACTCAACGGTGTATTCCCCACACCGATTATTTAATTATTTATGCTCTAATTAATTTGAAATAAATTCAACCAACACTTATCAGAAAAAAA 

TmaSat83 

GAGAAAAAATGCTTTCGTGACTGATGCAAATAACAGAAGTTGTCGATGGTTTCACCCTAAAGAAGAATAAAGACAATTAGTTGTTCTTTATTAAATCGATGGGGTAAA
ATTAACAAAACCATAGGTAAAATTATAAGAAGAATCAGAATATATCAATGTTTAAAAAACGCAGATTGTGACAATAGTTCGTCCTATTTTTGTCGTAAACCTAAATTATA
TAAATTTTAAGGAAAAAAGTCCAAACAGCAAATACGGCAAAAATAAGCCAAAGGATTTAGACCATTTCTTATGTAAAATGCTCTGAAAACTTGATTGATCTTTGAAAAA
ATGAAACATTCCGAATGGTTATGGAACAGTATTTGATAAATCCATTATTTGACATATTATTATTATTTATTTTATCGTAAAACTCATAGTAAACATTATGAAATATTGAGA
GAGAGAATTAAAAATTTCAGGAAAAAATATTATTATAATTTTTTACTAATTTGAAAACTATAAATTGTACGAATTAGACAAAAAATGTTCTAACCCGGCGCATCCACCAA
AACTGCATTTTTTT 



Ocje
na

 ra
da

 

u t
ije

ku

152 
 

TmaSat84 

GTACAAAAAAGTCAGCCCCACTTAAAAAATAACATATTATATACAGGAAGAACCTATTTTTTTCATGCCACCCTATATGTCTAAAAGAAGGTTATTTATTTGTATAAGTA
ACTGTTAATTTTAAGACTCGCTAGACGATTAAAAACAAATATCTGAATCACCTTGAATATAAAAAACTAAATTTTTTATTAAATTTATAAAATTTGTTTTTCTTTATTAGTT
CATAAAATTTTAATTTATTAAAAACAGAAAAATCAAAAATTCACTTGGCAATTGTCAAAATATTTTCAAGTATAAAAGTATAATAGAAACTCTAAAAATGTAAAGAGTTT
CTTTCATTTTGTCCCATTGTTTATAAAGCAACAGAAATAAATATTAAAAAAAAAAGAATTTGCGTCATCTTATACAAAAAAA 

TmaSat85 

TACAAAAAAAATTAAATTAAAGTGACCACATCTCTAATATTTTCAAAAATTGTAAGATTCAATGTCTTGAGGTGGAAAATCTCAATTTTTGAGATCAAACAGAATCAAAT
GTTGAAATTCTTTGCTATTTTATAACTTGTGAAAGTTTCAGGCCTAGAATTTAATGAATTGTTCAACAATTTTAATATTTTTGTTCAAATGTTGAAAATTCTTCAAAAAAA
AACAGTACTGTATTTGTTTCACAAAATTTTAGATTTACCGATTTTAAAAATTTGAAGAATTTTTGATAAACTTGAAAACCGAAATACTGAAATTTCAATAATCTGCTAATT
TTTTATCTGTAACAAAATCTTTTTATTAAGAATGCAAACTAGACAGCTGAAATTTTTTCTTAGTTTTTACTCAGATTTTTTGAGGTCTTTGGATTCAAAAT 

TmaSat86 

CAATTTGAGCTATTTTCAAGCGATTTGAGTGCCGCATATGTCAAATGTCCATTTTAAAGAGCTCTCAATAGAAAAAATAGTATAAGAAACACGTGCTTTTTTAGTTTCTT
GGAGTGGCACTAAAATCATTTTTTTTTCTCAAATAAAGTTAAGTTAATAAAATTAGTATTACTTTACCATTCTAACAAATTAAGCAATGAAAAAAACGGGTAATTTTGGA
AGTCAAACCGGAATTTCAGCTTTTTCGATGTAGAGATATGACGTTTCTCAGGTTGGCAACAAATTTAATATCCCATTACAACAACCTTGATTTATTACAAGATTAAATTA
TTGACGGCTACCCCTTGGAAATGACTGACAATTTCCTATAAAAGTGTGACGTTTGTATTTGACAATCAAGGTTGCCAAACTAACAATTTAAAAAAATATATAT 

TmaSat87 
CCAGAGGAAATACCTCAAAATAGGACTCTTCTGATGTAAAATGAATCAAGAAATATTATTCCGTAAAAATTATTCGGCTACGATTAACAGTTCCAGAGATATCGTCAAA
ACTCGCTAAAGTATATTCAAGTTTATAGCTTCCTGGGCCAAATTTACCAACCCTGGGCAACAGTAAGCTCCAGTTGAATGAAAAATCATTCGTCGAGTTTATTTTTTCTG
TTAAATTATTTACATGTTCAATTTCATTGTACTACTTGATAGACCTAAAAAGTCAAA 

TmaSat88 

CGTCTGGAAGACTACATTTTAATAGTTTTTACGACAAAAATTTGGTTGACCATTTTTAAAATTAAATCAATTTTCAAAAATTTTTCCTCTTTATTTTAACAATTTACACCAT
ACGTATATAAAATATTTCGAAAAGTCTGACACACCCTGTATATTTGTAATAATATTAGTTTTAATTAATAATACAGAGTGTTCCAGCTTGCTAATGTTTGTTTTAATTGTTT
TTGCAATAAAAAAGGAATGAATTTGGGAATAAAACTCGAACACATGTCAAGTAAATAAATTCGAAGCATCGAATTAAATTCGTTTTAACCAATTAATTTAATTATCTTA
GTTTAACAACAATGGAAGTAAACAAAAATAAAAAATTTTGAAAACTCTTTTTTTAATAACTCGAGATCTAATCAACCGATTTTGATGAAATTATTACCACATGTTATTTA
GTGTGTTACCTAGGAGGTAACATAGGACTTTTTTGATTGGATGCTATGTTCATTTTTTACTAATTTTTAATAAATCAGTTTTTTTTTAATTTGCTCTCCGATCAATTGTTTTT
GAGGCATTAAATAAAAAGTTGTTA 

TmaSat89 

TTTTTGCCATTTTAAGGCGTAAAAACACGTTTCTAATATATTATTTTGCTAAAATAGGCCAAAAAATCACTTTTTTGTAAAAAAATTGTGTAAAAATAGAAAGTGAATTG
GAAATTCATTTTTTTGCACCATTGGTGAAGTTGAATTTTTGCCAAATGTCCAAAAAATACAATTCTGGAATATCAATTTTTTATGATAGTAACACTAATTGAGCTCTAAAT
GGGTCTCGAATAATTTTGTTAAATTCTTCTAAATTGTTTACAAAATAACAATAAATTAGGCTTTATTTCTATTTTCAAACGTTTGTCATTTTTTTTCTTTCCTTAAATGTTGC
TTTTTTTATTTTTTCAAAGAAACATCAAAAATTATCATTTCTTATTTAAAATAAATAGACTGAGAAGCTTAATTGTGGTTGAGCCCAAAAAATTAGCAAATTGAACTGAAA
ATGGGGTA 

TmaSat90 
CGAATCTATTTATCAAATAAAATACAGGGTGTTCTATTTAAAAAAATGCAACTTTAGTTTGTCCTATAATTATGCGACGCTGTGTATATTTCAAACAATTCTTGAAATGTT
GGCTAAATGAAGCTCTATGACGCTGCAAAAACCGTTTTGTGCTATCTTTTCAAATAAGGGCACAATTTCACTTTTTACAAAAAGTGCTACACCCTGTATATGTACAAATT
TGGTTTTGCATTAGCATCACAGAAGTTAAATTTTTTCCACAATTGACATCATTTTTGCTCTTTTTTTCAA 

TmaSat91 

TTAAAAAATATGTTTGGTAAATGTGAGAAAAAAAAATGAAAAATACCAAAAACAATTTTTTAATATTGAAATCGAATTTTTCAGCAAACTTAAACCCTAGGAAAAAGTA
ATGCCGGACTTAACATTTTAAGTTGCACCATCGTATTTCTCGCACATTTTTGTTATAAAAGTTTCATTTTAACCAAAAAATCATAAAAATGTTGATTTTTTGATATGATGC
GTCAGTAGAGGCAAGCCGCCATACGCAATTTGTTAAAAACACCAATGGTACATGAAAAAATGCAATAATTAAACTATACACATTTCACTTTAGTAAAATGGTTATTATA
ATTAACAAAAAAA 

TmaSat92 
TTTAAGAACTAGTAGATTTTTCTATTATTAATTTTGAAAAACATGTTTTTCTTTTATTTTGCTTGATTTATTTTGTTTTTCTCGTTGCTTTTTTGATCAAACTAGTGAATATTT
TTGTTACCAATTTTGAAAAACATGTTTTTGTTTGATTTTTTATTTTGACATTTTGATTAATTTTATTTTTTTGTTAATTTCAGTTTTCTGAACAAATT 

TmaSat93 

AAAATAAAACAAGTATAAATAAAAAATTATTAAAATTATAAAAAATTCGAATATAAGTTATTTCTGTTGAAATTACTAAAAATTAGTAGTAGTAGTGATAATTTTTAATT
ATTTAAAGACTTTCTATTAATATTTTTCTATTTCTTTCTTTGACATATTTTAGGCATGACAAAGACTATTTTTAGAATTAATTCTTTTCTACGAGATTTTGCTCTAATAAATA
TAAACATTTTTTTAATTAACTAAATTAATTTTTGTTAAATATTTAATTCCTTAAAAAAGTAAGACAAATTTAATAACTCCAGTGTTTTATAGTGTTGAAATAAACTTTATAC
AAAAAGGAAACAAAATCAAATTTAAAAAAAAATTGTGTGCACTAAAAATGATTATGTATAACAAAAATTAAAAAATCGAGTTTTATAAAGTCGAAATTAACTATACAG
GGTGTTAAAAAAAGATTGTAAATTTTTTTGAAGGCTTTCACACTTTGATTTTTTTTGAAAATTCGTTTTTGTTTTCTTTTTACTATATTTTTTTTTATTTTCTAAAATTTTAAA
TTTAACAAATTGCTAGGGACATTCACTATCAATGGAATTTAAAACAGATATTAAAACATTGAATTTTATTAGTTTCTTGATGAAAA 

TmaSat94 
CTCGATTTCAATTGGGTGAAATCGGGTGTTTTTGGTGGCTATTTGGGTTATTTTTTATACGAAAAATTGTCTTTACCTCAAATGACAAGAAAAGGGGGTCAGATGTGCC
TTTGCATGCTTAAAAATTGACAACAAGTGATAAAAATGAGCAAAATTACATATAGTATGTCCTA 

TmaSat95 
ACATTTTTTCCCTGTTTTTCTCTGGGGCGCGAGTTCTGGCACACACGAATGAAAATTAAAGGTGTTGGAAAAATGCTTTTTTAATAAAAAAGAGTCAAAAACTAGTCAA
AATTAAAACTACCGAAAAAATGTCTTAGGCTAACTTCCAGGGGGGCACATGCCCCACCTTGTATAAATTTAAACTCTCAATTTTTATAAATAGAATTTTTTTA 

TmaSat96 
TTGGAAGCGATTTTTTGGCCTGTTTAAAATTATAATTTTTTTTGGGCTCCACTTGCAGGGAGTTGATTGGCGCTGAGAAACAGCAATTTTCTTGTAGTTTTTTGGTGTTG
AGGATGAAGGAAAAGAGAGGAAAAGGTGGTTTTTGGTCCATTTTTTTGAATTTTGAAATAGTTATTTACTTTTGAGACTGATACT 

TmaSat97 
TGCATCTAATGAAGTATTATTTATCCATTAGTGAACAGCAATTCCTAAAATTGATTAATTATTTTTAGAATTTTTGAAATCTCAACAATTTTTAGGTAGACACTTTTTTCAG
TTTTTGTGTTAGTACGCAAAAAACCGCAATTACATACAGGGTGTGTCAAAACTCGCGCTCAGAGAAAAGTTTCAAATAAGATAAGGAACATGGAAAATATGTGAAAAC
ACAGTTACAATTTAGGATATCTATTTTTTTCGGAAATTCGAATTATTGAATTATTTTATGACCATGTTCAAAAAACTGCTCATTTATTGAAATTTGC 

TmaSat98 
CGACGATCGCTCTATTAATAATATCATCACTATTATTATCTTTGAATTTTTTGTCTCGTTGCATTTCCACTAATAGAGTTAGTGTCAAATATAGCTTAAATCTGATTTCCAA
CAAAATTTTGTTAACTTTAAACAATATAAAGCTCTGGTCTTTCTTAAAATGACCGGGAGAGCCTATTTCTTCTATTGAAATTGTTACTGCATCTACTTTGTTTTTATACAGA
GTGTCCTTTTTTTAATAAATTTGCGAAAAATCTAATTTTGGGTCGTTTTATTGCCCACTTGGACTAAATTTATTTGGAT 

TmaSat99 TGCCCTGGTTGACCAGGTTGTCCTGGTTGGTTGGGATATCCTGGTTGTTGTGGTTGTCCCGGC 

TmaSat100 
ACTAATTTTTTATTTATCATGAAAATCCGATTTTCCAAAATTTACGTTTAAATTTCGTATAAAATCAAACTTGATTTTTGAAAAATTAAAATTTATTACTTTTTATTTAGATT
TCATATTTTTTTGACTTCAAAAAAACACAAACTAGTGATCTTTTTATACGATTATTTGGAGCTTTTACTAGAGATTAAAACAATAATTTTATGTAATATCGTGGCCTTCTTT
GTT 

TmaSat101 

TATACAAAAAAAAGTCGATAATAATCAAAATAAAAAATTGCAAGTTTTTGAAAATATTTTTCTAATAAAGCTAAAAACTCACGTTTTTTCGTCGAAATATGACAAAAAAT
TACAAAATTAAATTTAAAAATTACGTTACTAAAAGCTAATAAATGCAAAACAAAGAGTAATCGATTTTTATCCACATTCAATTAAAAATGAAAACCTTTTTTTTTCGGTA
GAAAATACGAAAGAATGTTTATCATTTAGTCAAAACAAGCTTCAAATAGTTATTTTTCAAGTACAAAAAACTCCAAAAAATACATTCTACCTCTTATTTTGTATAATTGAT
TTCTCGAAAATCAAAAATTCAACTTAAAATAACTGTTGTACTTGCATAGTATTTGAGTGAAAACTCATTTCAGACACTTCAGAAGAAATAATTTTTACACATTAAAAAGA
ATTGAAAAATAATCAAAAAGATTATTGTTTCTTCTAATAAACTAATTTTTAGTTAAACATCACGAAAAATTTGGAAAAAGAAAATTTTCAATTGAGATTTTTGGATAGAG
AATTTAGTTTCGAATTTTTGTCTCTTTCCAAATTTTGATTAAATCAACTGTTTTAAGTAATATTTATCCATATGATGGATAATAAATAATAAAATAAGCAATGATAG 

TmaSat102 

CAAGATAATCAAAAGAAATTTCAAGTAATTCCGGAAAATTCACATGTTTTTTGTGTTTATTTTAAAAGTTTAGAAATTAGAAAGGAAAAAAAAAACATTGAATCAAAAG
GCAAGTAAAAAAATCAATATAAGTACTTCTTTTACCTACACAATTAACACAAATCAAAAATAACATCTTAATATCAAACTAAATTGAGTTTCATATGAAAAAGAAAGAGT
TTTATAATTACTAAAGAGGTAAAAAAGGCAAAAAAATTAAAAAGAATAAAAAAAAAGAAGAAATTAATAACTTGAATTGTATTGGAGAACGTTTTATTTGCAAAATAC
AAAAAATTCAACACTAGCACAATGTTTTTCCTTTAGAAAATCGAATAAGTCGAAA 

TmaSat103 
AGAATTAAAAGTTATATTTTTTCATGATTTTTGAAGTTTGAATGTTGTTGGAAAAAATATGTGGTAGTCATTGCAAAATTTTTCGTTTTTTTCAATTCCAAGCTAAGATGA
TACTCTGTGGGTGGATATACAGGTGGTCCAAATTTTATTTATGCCAAACTTTC 

TmaSat104 
GTCACGCGTCACTTGTTAATCAAAAAACTTTATTTGATGTTCTGTGTTGTTACATCTCTTAAATTTTTTCTCAAATGGCTTAAAAATTGCAAATATGGAAGAAAATCGGTC
AAAAATCGTGTTGTTCGTGTCGCTTTTCACCTTGTCTTCTCTCGTGAAAAATATTTGATTTAATCTGTAGTGTAAACTGGTTATTAATTATAAAAATATTGGTAGTCAAAA
AAATATCACGACCAAAATAAGTTATTTTATGTCAAAAAATGCATTGAATATGAATTTTACTAATTTTTTTAGTGATAAAAT 

TmaSat105 
TTTAGAACTAGTGGTCGTAGCTAAGTGCAACTTGCAAATTTGGAATCCTCGCTTAATTCCACATAAGAAAAACATTGATTGAAAGACAAGAGAAAATTATTTAGGAAAT
TTGAGCAAATTTTCCAGAGTTTTTAAAAATTGTCTCAGCTAATGGGTAAATGAGCCCATATC 

TmaSat106 
CATTATAATATTTCATATCAATTGTTAAATGAAGATGAAATGTCATACTTTTTACGTGCAAGGTAATTTGAGCTAAAAATAAGGATTTTTTAAGAAAACTAGAAAAATAG
TAGATTACATACCGAGGTGGGAAGTGCTTCATGATGAAGCAACGACCACCAAGGTTTGTATACTATTTTATTCACAATCATCTTCTTTCAAGAAAAGAAAACCAAGAAA
CAATTTATCAATTTTAAAAAACATGA 
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TmaSat107 
GGAAGTCGGAATTTCACCTTCTTCTGCCAAACTGCCAAGTGGGGAATCCCGAATTTGGTTTGAAGCTGTTGGTTTATTGTCTTTTGTTATAGTTTCACCTGAGGCCAAAC
TGCCGGATTCTTTTTCCGATTCTTTAAGTGATCTCGATGAAAGTTGGCGAATTTTTGAACCTTGTTTCTTTTTATTACTAAGATTTGAAGCTGTTGGTTTGTCTTTTGTTAT
ACTTCCAGCTGAGGCCAAACTGCCGGGAGGAGAAGTCCGAATTTGGACTTTGAGGCTTTTCTCTGAAATATTCCTCGGTGA 

TmaSat108 

ATGAATTGTGTGTAGTTACAAAAAATTGAAGATTATACAAGTCTTCATCTAGCGAATTACATACTACGTTTTTTCTACAACTGACATTTTAGTTTTTTTAATAAAAAAAAC
TTAAAGAAGGGAACCTAAAACTAAAAAATTAAGAGAGACAAAAATAAAAACGGGAAATGAGAAGAAAGACGGCAAATGACAAATTTTAATTTTTTTACTTAACTTTTT
AAAGATTTTAGGCTTGTTTCAATGACTCTTTTTTTAGTTATTTTGCATACTTTTAAATTTTTTTAGCGGATTATTAATTTTTCGAGTTGTTCATTTGATTTTTCAAAAAACAA
AGACTTTTTGAGGCTTTTTCGGTATCTATAAAATGTTTTTGAGGAGAAATGAGGAGTTTTTTATCATTTGAGACTTTATTAGATTAAAGATTGAGCCAATTGAG 

TmaSat109 

CGACCCCAATATTTACCAAGTTAAAAAAAAGTGCAAAACATTCCCTGTTTTTGTATAAACTTAAAAAAATCCTTTCTTAGATATCTCAAACTGCGTTTTCATTGTTGGAAC
CAATAAAAAAACCATAAAATTAATCCGTAATTTAGAAAATTTAAAATTTTTATTAATTCACTCTGTTTTGGTTTTTTTCGTCATTTTTCGAATTAAAAATAGAATTGTTTTC
ACCGACTTGTAAAAAATCAACAAGACGAGGAACAAAACAGTCAAGATGAAGGCAACAACGTCGATTTTTATTTCTGGACCAGGATAATAATTGGTAAAATTAAAAAAA
AA 

TmaSat110 
TTATTTTAATTTTTCAGAAAGTTTTTTTTTGAATAAGAATTTAATCAAGCAGTATTTTTCAATTTCTGGTCATTACTTAAATTACTGAAAAAAAATTGGTCCTTTTTAACATT
TGTCAACACAGATTTTTTGGTATAGACTCTCAACAAGCTACTTGACTTATTTGAATTTGGATTTTTATGTCGTTTTTTGTCCAAATGCATAAATGAGACTTTGAATATTTA
AAATTCATCCATTCAGCTTTATTCGGGTCACGTGCAATTAAAGTAAGTAAAAAAAAATAGAAATTTCTATAACTACCATTCATAAAAAAGTCAAAGTCT 

TmaSat111 
TCGACATTACCAAATAATTCAACAATAAAATTTGCGGAGCAAATGCAAACAACATGTTTTCAAACATGTTTTTTGTATCAAAAATTTACAGAAAATGCCCAAAAATCTGT
GATTTATAAACACTAACCATCTGTTTAGTCCCGATTATTTGAAAAATGAAATATAATAAAAGTCATGCCAATTGTAACACCAAAAAGCACTTTTTAATTTATGAAACGAG
AAATTGTATGACTAATTTCGACGAATTTCTTGTCCAAATTATAGCAAATATTTTTTTTTGTTTTTACAAATAACATTTTT 

TmaSat112 
CAGGGTTTACTTCTAATTCTGGGGTTTGAACTTCTGGAAGTGGTACGGGTTTTACTCCAGGTACAATTGGTACTGGGTCAACTTCGATTGGGATTGGTACTGGTTTAAT
TCCTGGTTGAACTGGCACTGGAAGAGGTTTAACTCCCGGTTTAATTGGAGTGGGAAGGGGTTTTACGCCTGGTACAACTGGTACTGGTTTGATTTCCATTTCTGGAGTA
TCAACGTCAGGGAGTGGTACAGGTTTTACCCCAGGAACGATTGGTA 

TmaSat113 
GTAGATTTGTTCTAAATGTAAAATATCTAGTCAAAAAAGAATTATGAAAGAAAATGAAGGAATCTACAAAAAAATTTGAAGAAAAATGTAAAATATATTCTAGAAAAT
AGTAAACAAAAAAAATATAGTGCTAATAGACTAAAAAAAAGTAAAAATAT 

TmaSat114 
TTTGAACGCTGGTTTTACTAAAAATCGCTGAATTAGGTAATAATAAGCAAAAGCTATATTCCTCCATAACGCTTAAACTATCAGGAATTTTTCGGTTTTCTCGACACCAA
TCGACTTCTCGGAACATTTTACATAAAGTAAAGTTCAAAATAGTTCAAT 

TmaSat115 
TACACTGCTTTGAACAAAATCTGAATATCACTTTGATTTCCGAAAAACTTGGAAAACACCTTCTTTTATCTTCAAACTCTTAGAAAAAAAAATTGAAAAACAAAAATGGT
CCGCAAATGGACCTTTGTGGTTTAC 

TmaSat116 

TCCAAAATCTAATTTTATAAAAAACAAACAAAATAAGAAATAATAATTATAAAAATAGAAAAAAAATATTTTTTTTTGTAAAATATTGCAAGATTAAAAAAAATAGGTCT
GAAAAGCTAAAAACTTAAAAACTTCAAGAATTCTAAAATCGGATAAAAAAGCGAAAATCCAATAATCGAAGAACACAAAAATCAAAACACTAAAGAAGCTTCAATCCA
AAAACAAACAAAGAATATAAGAAACTTTTTTACAAAGTAATAATAAATAAAAAAATAAGTATCTGAAGGTGGAAAAGCTAAGGACTTGAAGAACTGAGATTCTGAAA
ACC 

TmaSat117 
TTTTTATCTAAAAACAAATGTCGTACATAAAGTCTCGTGTTAATTAGGAATTAATGCCTTGTTTTGAGCTGAAAAAACGGTTCCGATTGACAGTTGGGCATTTTGTCATT
ATCGCAAACACCTGAAAAATACTGAAAAAACAGTTGCGTGGATGTCGCTGGGG 

TmaSat118 

AAAATGTAATTTCTAAATTAAAAATAACAGAAAGTAACAAATAAAAAGCAAAACGTGAAAAATACCTGTTAAAATTTTTATGGTAGTTTAAAAATTAAGGTTTGTTGCT
TGTTCACACAAAATTATAAGGTTGCATAAAGCTATTTTCGAAATTATCGACGCATTTTCGCTCAATAATACCGAAAATAGAAGCTTTAAGCTACTGAAAACTAGAAAAA
ACAAAGTCAAAGTCCTCGTTTTGGGGAGTTTGAAAACACAAACAGCCCCAAAAAAAAATTCTTTCAAAGATTTAAAACGTGTGAATAAAATTCACAACTTCAAAATTTA
TACTTAA 

TmaSat119 
TTGGCGATAAAATTTGATTCACCCTGTATAAAACAGAATCGTATATTCAAACATTAATAAAATTTCTAGTCTAATTTTCAAACATATTTTTTTTATACAAAAACTTATTAAT
AAATTATTAATAAATATTAGAAATAAAACTTGATTCACTCTGTATAATTTGTAAAAAACTCGCCAAATTATTTTATTTATTCTTTATTTAAG 

TmaSat120 
TAGTGCATTATCAAGTTTAGTAGGCTGTTAAAAAAAAAAACAAAAGATCATTAAATTCGTATACTTCGTGGGCAAAGTCAAGAAAAATTGCATAATTAGCGTCAAATTG
ACGTAAATTTGTTTCCTCCGTTGGCCAGAAATAAAAAAAAAACTATATATTTTTTATAGTAGGCAATGAAAAAGTTTTA 

TmaSat121 
ACGAGGTTTGAAAATTAAATTCCGTTACACTCTATATAAAAATATTTCTTAAAAATGAAATGTTTTTGAAGAGCGGTTTTTCAAGTTATAAAAAAGAGCCAAAAACACTG
AGTAAAACATTACGAAACAAGTATCTACTTTGCTTTTTTTAGCTTCTGTATATTTTTTTTAATATTCAATACAGTTTTTCCAATAAAATTCATTAAGAAAAGAGTAAAACCT
AGTTTTGGGGAAGTAAATTGGAGACATATTTGGAAAA 

TmaSat122 
CAGTTGCAATGTTGCCATTTTCTAGATATTTTTGATTATTTTTTTTAGTATTGACTCATTTTTTCCTTCTTTAATTTGTCAAAACATTCAGCTGTGACCTTTGTTTTTAAGATC
GATTTGACGTAAAAAAAAA 

TmaSat123 

GATTTTTCTTATTAAAAAGTGTTCATTCTTCAAAATTTCTATTCTTCATTTCTCTATTTTTTTAAGATTTTAACATTCCTCAAAGTTTTCACCACTTTAATTTCAAGATTTTAA
ACTACATTTTTCAAAATTTGAATTTAAAAAATTGTGTTCACCTCACATCATAATTTTTTTTCTTGCACAAAAGAGATTTTATCACCGTTTCCAAATATTTTATCAAATTCATT
TTTTTTTAGTTTAAACTCCTAACATTTTTCAAAATCTCTACTTTAACATTTCTTCAAAATTTTAAAATATTTTCTCTGTTTTGAAATTTCTAGTCAATTATAAGTATTTTTTTA
GTTTTTTGGACTTCTCTCTAAGCTGTTGAAATTTTTATTTGAAATCTCACATTTTTAACCACTTCTTTAATGAAATCTTGAACTTTATCAAATGACGTTTTTTTAATTTCTCA 

TmaSat124 CTTTTTTTTTAACTTTGACTAACTTTCTGTTTAGAACTGCTCTGACGATTGCGAGAAATAGGACCACTGACACTTTTTT 

TcoSat01 
AGCTGAGATAATTTTCGAAATTTTTGTTCAGAGTGATAGAAAATTCAATATATTAAATTTCGAACAGAGCCATAAAATGAAAAATAAATTATGTATACGTAGTTCTGGA
GACCTACGTATAACACCAGTAAAATTTTTATTGCTTTATCTCTACTAAT 

TcoSat02 
TCCTACTTTTATAACGTTTCAGCAATGTAAATATAAAAAAAATCAAAAAAATACGCAAGTTTAAAGATAGTCGTTATTCCTTGATAAATACCAATTTCAAACTTCATTCTT
GAGCTTGCTATTAATTGTAGAAGGTTGAAACAAATACCATTCGATTGAGCAGAAAATTTTCTATCAAATACA 

TcoSat03 
CCTCAGTTTTATAACATTTAAATAACGTTGTCATATAGAAATCAAAGAAAATGCAAAAGTATAAAAACAATAGTTACTCCCTGTTAAAAATCAAATTCAATCTACATTCT
CCAGCTTGTTATTAATGGTAGAAATATGAAACAAATACTATTCGATTCAGCAAAATATTTTCTATCAATAACA 

TcoSat04 
TTTAAATACATGTAACAATCTTAGTTATAAACGTTTACTATCAGGCTTAAAATTGACAAAAACTCATAAAATTGCGTAAAATTTGGTAGTCAGCTATCAATTGGGAAATT
TGAAAAATTGTATTTTAAAAACTGTAGCTGACATATTATTCTCTTTAGTCTCAAAATGTCCCAAATCTCATTCTC 

TcoSat05 
CAATATGGAGGAATAAAATATAAATTATTTATACTGAATTACAATGAGTTTACAATATAATTGGTACAAGTTTCAATCTTGTAGCTCGATAAAGTTTCGAGATAATTATA
TGTTTAAATTTCAAAAT 

TcoSat06 
GGAACGAAATCCTGAAGCAGGGATTAAATACAGAATGTTGTTCTGACCTGCTATCTAAATACCCAGTCGTGATTAATTGAGATTGAAGGTGAAAAGAACGAAATTAGT
GAAGAAATCCACGGTGATTTAGCCACACGCT 

TcoSat07 
CCAGTCTTCCACTGAATCATCCTCTACAAGTGAAAGAACGACGTCTAGCGAGTTTACTCCAACCCAGTCCTCGACTGAATCTACAAGTGAAATAACAACGTCCAGCGAA
TTTACTCCAAC 

TcoSat08 

CCATTATTTAAAAAAATAATTTCGCTCCCCTCGAATCATCATTTTCTGGGGAAATAACCCTCTACTCTGTAACAAAAATTCGCTGGAAAATTTATAAATGGATTTCTGGTT
AAGATGTTCTTTCCCCCTTCTGACTTCACAATTTTATTCGACGATTTTAAATCCATTTTATATTTTAAACTAATTTATTACAAAAATAAGCACAAAAATTATTATTATTATGA
TTATTATTATTGTTTTTACACTTTATAGCATAGTTGCCGAAGAACATTTGTCTAACTCGGAGTATTGCTACTAGCGAGATTAGGTTTAAATTGTGATTGTATGCTACGAGC
TTTTTATACTATACTGCAGGTGTTAATATTATTATTATAATATTGAATAAATGTTTAAAAATGTAAACAATTAAATATAAACAATGCGGAATTAATCTTGGTAATAACGGT
TTATTTCGTGTTCTGATTTTACTATTTTCGATTTACCCTTTTACAACAAATTTTATCAACGTGTGTAAATGGTATTTCTAACTAACCATACAAGTAATCTT 

TcoSat09 
GAAAAGGCACCTACTCCTAAAGACAAAACTCCCTCTCCTGAGAAACCTACTGAAATTAAATTGACACCTCAAGAAATTAAGGAGAAGGATAAGTCACCAGAGAAAGAA
TTAGCGAAAGAC 

TcoSat10 
TGTAGAAAATATTTTCAAGTATAAATGAAAGAAAATAATATTTTTTACGAAGTACAGCGTTTGAAGTAAGAAGTGCAGCGTTTTGGTTTTAACTAAGAAGTACGGCGAT
TGAAATTTTAAAAATTATTTTTAGAGTCCAAATGCAAATCTAAAGCATTGTGTATATACAAGAAGTGA 

TcoSat11 

ACTGACCGCGCCCGACGTTGCTTAACTTCGGTGATCAGACGAGAACCGGTGCTTTCAACGTGGTATGGTCGTTGCCGTATGTCTATGTGATATTTGAAATTAATAACAA
ATACCTTTAACGAGTTTGCTTATTCTTTATCCTGCATTAGGTATAGTTTATTGCACAGTTTGACGAACAGCAGAGTAGTTATCCTTGTACGCTTTGCAAATTTCACTGTAT
TAGACCGGATAACGATCATTCAGACTACGGTCCAGTTACACAAAAATCTTAATTTTGGAATCTCACTATCTTTTATTGTGCTTATTCATTATCCTGCATTTGGTTTAATGT
ATTGCACAATTCGACGAACAGCAGTGTAATTATTTACCTATTCTTGTACTTAGTTTTATTGCAAATTCGACAGTATTATACGGAGTAACTATCTAACGATCGTTCAGTCTT
CGGTCCAGTTAACAAAAATTTTCTGCCGTAACGGGCATACGCAACCAAATTTCAAAAACATTATTCTTTACGTTGTTAATTTTATCTATTGCCCGTTCCCTGTTTATAAATT
TCGAAATAACTTTTTTTTTTCAGTTTATAATCAAATTCAGGGAAAAAACGCAAAAAGGCAACGGCACGCGGTGTTCCCAAGCGGTCACCCATCCAAGTACT 
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TcoSat12 

TTAAAATTTTTATATACATTGGGAAAAATCTGAAATAATTCATGGTGGTACTACATAACATTCTAATAACGTTTTTATAAAAAATATTTCTTGCATTTAAAATGGGGCTGC
AAAAATGGGGGTACAAAAATTGGTAAATTTACGTATGTAAAGTTTAAAAATTTATTTGACCCCCCAAATATTAAATTGAAGAAAAGAGACTATTTAATTTCCGGGCTTG
TTTTTAATTTACAAATTTGATAAAATCTTTTCTTCGAATGGGGGCGTTAGGGCTCCACATCGTTGACAATAAACCTTCATGGCCCCATTAAACGGAGTGTCGTAGAAAAG
ATTTAAAAATATTGGACACTATTAAAAAATCAGCCATTTATATCCTCCAAGTTTCAAAATTTTTGAACCATAAATAAAGAAGTTGTCTCACAACCACCTGTTACGAATACC
AAGTTTGAGCTCTGTTTAATGGAACAAAAATTGTCGGATTTTTAAAATTTTTTTTTTTAGATCGATAGATATTAACGTGGAATGAATGGGAAAAATATTGGTTGTGTAGC
CCATTTACTCCTGTAGCCCCCAGACGCGCTTAAATTTAAAAAAAAAAAA 

TcoSat13 
ATTGCGCAATTTTGACAATCTGTATTGTCAAAACTACGAGAGTTGTGTCAACCATTTCTGTCTTAAATTGTCACAAATTCTGTTGTCTTTGACAATAAATAAACCATTTTT
GTTGTAAAACTAGTGATTTATAGTTAAAAATGACAAAACTCAAATTAAACAAGAATTTGTGGTTTTTTGAA 

TcoSat14 TCTAGAATCTATGCATTCATTTTTTGATAACATTCCTTCATCGCTAGATTTTCGTTCTTCTTTACTGGTTGACTCAGAAAACAACCTTGT 

TcoSat15 
AACATTCTAGAATATTCTTATGAGTGCTGTTGTCGATTCTAGAACAATCTAGATTATTTTGCTTTAATTTAAATAATTGTTTTAAACATTCTAGAACATTCTATAGAGTGAT
GATAAAGAAATTACACATTTTTAATTTTG 

TcoSat16 
AACATTCTAGAATATTCTTAGACGAGTATTATCGATTCTAGAACAATCTAGATTAATTTGCTTTATTTCACAAAGATTTTAAACATTCTAGAACATTCTAAAAATTTTAGA
ACGGAGTTCTA 

TcoSat17 
AACATTCTATAACACACAATTAAACATTTTCTGATAAATTGACGCTTCTAGAATTTTCTGAAATTTATTTAGAATGTCCTAGACCTTCTAGAATATTTCTGCTGTTCTAGAA
TGTCGAATTTACGTAATTCTGAACATTCTAGAATATTTTTATAGAAGAATTTAGACAATTTTCTATTCTATGTAATTGTTTCAAACATTCTAG 

TcoSat18 
AAGCTTCTAGAATCTTCTATAATATATTTATGTCATCTTAAACATTCTAGAATATTTTCTTGAGCCGTATTATAGAATTTACGTTATACACTAAACATTCTAGAACATTCTA
TAAAAGGAAAACAAGAGAATGTAACATTTTCTGTTAGAATTG 

TcoSat19 
AACATTCTAGAACATTCTATATAGATGATATTAAAACAATTTTATATTTTCTGATAAATTGAGTCTTCTAGAATCTTCTGAAATAAATTTGGGTTGTCCTAAACATTCTAG
AATATTATTCTATTCTACACTGTCAAATTTACGTAATTTTA 

TcoSat20 
AACATTCTAGAATATTTTCCCGCAGCGCACTATCAAATCTACGTTATCATAAACAATCTAGAATATTCTCGTATAAAAAAACTGATGTTTTAAGCCTTCTAGAATATTCTA
GAGGTGATAACAAATCAATTAAATATTATCTGTTAAATTAGAGTTTCTCAGATCTTCCAAAATATATTTACATTATTTTA 

TcoSat21 
AACATTCTAGAATTTTGAATGTAAGAATTATCTAATCTAGAACATTCTAGATTATTTTGTTTTATTTTGCCTAATAGTTTGAAACATTCTAGAACATTCTATAAAGTGACA
GTAAATTAAAGCTTCTCGATTCTTCTGTAATATATTTACGTTAATTTAAACATTCTAGAATATTCTAAGAGACAAACTATCAAATCGAGAACAATCTAGATTATTTTTCTA
AAACATATTTACGTTATTCTAAACATTCTAGGCAATTCTAGAATATTTTTCTTTACCGCATTATCAAATTGATGTTACTTA 

TcoSat22 
AACATTCTAGAATATTTTTGTGTATAAAACTATCGATTCTAGAACAATTTAGAGGCTTTTGATTTATTCTAGAACATTCTAATTTTTTCTAGAATATTTTAACATACATCTA
GAACAACCTA 

TcoSat23 
AACATTCTAGAATATTTTCAAATAATCACTATCAATTCTAGAACAGTTTAAATTAATTTGCTTTATTTTATATAGATTGTAAACAATCTAGAACATTCTATAAAGAAATAG
TAAAACTATTTTTGATTTTTTCATAAATTGAAGCTTCTAGAATTTTTTAAAATTTATTTACGCTGTTCTA 

TcoSat24 
ATGTTGGCAACATAACTAGGACATTACGTTATTTCAGTTAAAAAATTAACCTGATTGGATTTTTTATGAGGATTGAATAGTAATAATAGACCTAATCCGACATAAAAAAC
AAAACAAATTCTAAGTTATTGAATATTTTTTTGAGACGCTGCTTCGTCTTTTATTTTTAAAAAAATTACCATAATGTTATAACAGT 

TcoSat25 
CTTTATAAGAATGATTCGACACCCGAATTATTGCTTGTTAACACCTCCAGTGGAGAAGACATAGATATTAACAACATATTAATAAAAAAAAATTATTGATTGTATAATAT
AGTATATAAAA 

TcoSat26 TGTAGATGTTGGCGAAGTCGTGGTCGAAGTTGTAGATTCTGTAGTCGTAGATGTTGGCGAAGAAGTGGTTATTTCTGTTGTGGTAGATGTTGTAGAATCAGTAGT 

TcoSat27 
ATTGTCGTTTTTGAAGTTTTTTCAAAACATTCTTCTGTTCTTTCAGAATCTTCTTTTTTATTCTTTTTTCTAAACGTAGTTTTTCTTGTTTCTGTCTATTTCAATTGTCAATTTT
GATGTTATTCTGCAACTTTCTTTTTTTCTTCTTCCAGAATCTTCTTTTCTTCTTTGTTCTAAACGTAGTTTTTCTTGTTCCTTTTCTTTGCAATTGTTGTTTTTGAATTTATTCT
GGAACATTCTTTTGCTATTTTAGAATTTTGTTTTTTACTAAACGTTGTTTTTCTTGTTTTTTTTTTCTTTCA 

TcoSat28 
TCGCGTTTTTAGACTAAAAATGCAGCACAAAAATTGTTATTAACAATATCGGTAGCACATAAATAGCACGTCATTCTGCACTACATTTTGAGCTGAAAAAAACATATTTT
CCGGAAAATCGAGTCATATCGAGCCAGACCCCGCACTTTCCAACAAAAAAA 

TcoSat29 GCATGACCCCTGCGCAAGGATAAAAGAAACAAATCCAAAGACACAATCTGTTTAAAAATTACCATATTATACTAAAATAATTACAGAAAAGTAGCATGACA 

TcoSat30 

GAACTATTAAAAAGCTTTAATACATTTTTTTCATCAATTATATTCAAAGGGGCAAAGCCGTGTAGATCACAGGCAACATGTCGCGTCTTTGACCCTCCCTTTACTTACAG
TTTGTTTGGCCTTCAGTCAAATTTTTACGCTTTCAGCGCCATAAATGTTTGTTTTTTAGTTAGACATTTAAACCTGCGGTGCAATAGACAAATTTCACAGTTTTTTTTCACC
TAAAAAACAGTTTGATCTTTAAATTTTGAGGTTAAGAAATTTCTTCAAGTGTGGCTGCAAGCAAAGGGTTTATTTAGTTAAAAATACTTACCAAATTGTTTCTATTTATTT
GTATTGTTTTTATTAAATCATTAAAAACATTTATAAACCACTAAAAGAGAGGAAAAATTTTTGGTGGCTGAAAATTTTTTGTTGTTGATTTCGTTGCCGCCGTAATCACA
ACGACAACGATTTAAAATAAATAATTAAATTTTTTACCTGGAAGACAGCTCCGATTAAAAAAGTCTTCTATATTCAAGGGGGCAAAGTTCTATATAAATCACAGTCAAC
ATGTCGCATCTTTGACGCTCTCTTTACATACACTTCAGGAAATTTAGTTTTTTGTGTTGCTGCAAAAGATGAATTGTTTCAATTAAAAATACTTACAAAATTGTTTCTATTA
ATTGATGTTGTTTAGATT 

TcoSat31 
ACTCAACTACAAAAACAACTGCCACACGAAAGAATATTAAGTTTTAAAAACATTTATTTAAAGAATAAAGAAATATTGCTGACAACTATTTTTCAAAAATAATAGCTGGT
TTTAACTGCTAGTTTTAGTTATCACTTGCAAAAAACTAACCAATTTACTAGACAAATTAAATAACCAAAAATATGTCGAAGCTTGTTGCAGCAAAATTACTGGAACAACA
GCTTAACTTCGGTTAATTTTCGAAAATTTAAACTGTGTCCCAGTA 

TcoSat32 
CTGTTTTATAACTCAAAATTGTTTAAAATTGAGAAATTCCAAAAATTCAAATATTTTGGTCATAAAAAAATAGAAATTCAAAATTTTTTAACGCGAATTGTACAAGACGT
TTCTCTCTTAATTTTACGTAATTAATTATATCGGGTGTGTCAAAAATCCCGTTTTTTG 

TcoSat33 
GAAATACAACAAATTTGAGGAATTGTGTCTCAATTAAAATGAGAAACAGCTAATAACTGTCTCAGTAAAAATTGTAAAAATGGTGGATGCGCCGGGTTATAAACAAAC
TAAAAAATTTATTACGACTTTATTAACAAATTAAGACAGTTAAAAATCTTATTAATTGTTTATAACAATTGTATTTTGTTA 

TcoSat34 
CAAACAAATCAGTTTTAAAAAATAAATTGTATTATATATTGAATGTTGTGTCAACAAGATATTACTTGTAAAACCACAAAATCTTTTTTGAAAATATAGGTATATGTTGA
AAGTTCCCTTTTCAAAAAAATTATTACGTTTGAAACCTCGTAT 

TcoSat35 GAAATACCTCCTCGCACTCCTATGATCCTGATACAAAATTGAAAAATCACAAAATTTTTAAA 

TcoSat36 
TTTGAATAATCTCCTCGCATTTCTGTGATCCTGGTACAAAATTGAAAAATTCAGAAAATTTTACAATTTAACAAAAATGTGGAATTTTTCAATTTTGTATCAGGATCACAG
AAATGCGAGGAGATATTGA 

TcoSat37 TAAAGACCTCCTCGCACATTCTATGATCCTGATACAGAATCGAGTATTATTGAAATTTTGAGAA 

TcoSat38 

ACAAGAACCAAAGCAGTGGCAAAGTAGACTAAATCTAAAAAAAAATAGTTTTTTTTTCGATTTTAATGTCGTCAAAAATAGTAAAAAGAGTGGTCCTGGTATCTGAAA
ACTTGCAGAAAATATCCCAAAACCGAAACCTGAGAAGCAAAAAAAGAGGAGTAAAAAGAAACGTTTTACATCTTCATTTACAGACTCCTGAGTAAAATATATAATAAT
ATTGCATTATGAAGCAACGCAATGAGCACTACGGAAAGTTTTTTCAACGATATGCTCCACCGTATTGCTGTAGAGGCAAAAAAATTGACACGGTACAGCAAGAGTTTG
ACCATGACTAGTTAGAAGGTCTAGAACAGCAAAAAATTTATGTAAGCTAGGGAGTTGGCCAGTCATGCCTTTCT 

TcoSat39 
TGTGACAGAGACGGAGAAACTTGTCTGAGATTGATTCAGACAGTTTAAACTGATAAAAAATAATTTTGAGAGAGAGATAGAAATAGCAGAAACACAGAAATTTGTGT
GAAAAACTTGTCTTAGATTGGTTCATACACGAATAAAACTGGCAAGATTTGAAACAACGCAGATCTTTGATTGATTCATACTGCAATATATTAAATTTAAAAAA 

TcoSat40 
TAGTCTTTATCCAATTTAAGAATCTTAAACAAAGAGTCTTGGAATTATCGTTCTATCCGCTCCTATCTTCTTAACTGTCTTAATTCTATAAGAACTATTAATCTTGAATTCTT
CACTTATTATAATTGTTTTGACAAAACTGTCTTCGCTTTATAAGATTCTTTAGAATG 

TcoSat41 
TTAGCTAAAGTCACTAAAAAGAGAGAAATTTTGAAAACGGTTTTTCTGTTATTAATTTAGAAATTTACAGAACGAATTTTGCAGTTTTAAATTTCCCGCCAAAATACGAA
TTGACGTTAAAAGACAGTAATGATTGCCAACATAACAAAAAAA 

TcoSat42 
CTATGGTGTTTACCTTTGCAAAGCAAAGATGCAAAACGATTAAAGGTCTCAACTTTACTAACTTGACCTGATCCTATAAAATAAATAAGTTTTGAATAAAAATAATGCTA
CTCCATGAGTTTTATTTACTCGTGTGCAAGCTTATTCTTTTCTCTCATTTTTTTATTTGATATATTGGATGTTTGTTTAATATCTATGCTTTTTTTGAATATGTTGCTTGGTCA
AGTAATAAGTTTTGGCTTACGTGGCGCGTTTTTTAATAATTTTC 

TcoSat43 
GATTTAAATCTAGTCATGTAGACAAGATTAATTTGGCTAGTTGCGGTTATAGTAATAAGACTAGATGTTTAGCTAGGCTACACTTAGTTTAATTAGGCATATATAAAAA
AATAAGAAAACCTAAGTATTACTTTTGTAATTTTCTTGTAAACCTTATTTTAAGCACTGCAATTGGTAAGAAACCTAGTCACATTAAGCTAGATTAGTCTAATTAGATCGT
TTTGAGTAATTATTGCGACAAAAACTATACTTAATTAGCTTAGTTATAAACAATCAATAAATTAGGCTAACCAGAATAGATATAGACTAATTTCGTTGTAAATTTTATTAA
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ACGTAACTGTAATTGGTAAGAAAACTAGTCAGACTAAGTGAAATTTTAGAAAATTAGTTTGTGAGTCTAATTAAGTTAATTGTCTTTTTTCTGGTTTGAATTCTACCAAT
ATTTAACTAGTTTGATAGGCATTATCGGAGTTGAAGCATTAAGGAAACAG 

TcoSat44 
AACAAAAATGTCAAAATGACAGTTGACATTAATAACAAATTGTAAAACTGTCATTTTTGACAGAAACGGACAACTGAGATAGATTTGCTGACCTGAAAAGCAGTCATT
ATTGATAGATTTTCGGTTTTAGAAGACAAAAATAAATTCAAAAATTAATATAAAGACACTAAATAAAC 

TcoSat45 
ACAGAAAACGCCAAAACGGCTTCAACTGAAAGTGAAGCTGAAGAAATGGCATCGAAAGCTGAAGAAGAAGCTGAAGCAGCTACAGCTGAAAATAAAATTACAGAAT
CCGAGAAAGAAGAGGCTACTACTGAAAAGGAGAAAGCTGCTACAGGCACTGAAGCTGGTGAAGGTGCTGAA 

TcoSat46 

ACCCATTGACCGGCGAAATAACTGGTTGAACTGGTAACACCAAACCAATTGTCAAACGCCTTTGTTTTCATTTACAACATTTTTTCGGAGAGGCAATAAAGCATTACAAT
TCTGCAATTTTGCCCTAATTTTTGCTGGAAACTACACAACCTTTGGCTGCTCAAACCCGGAATGTAAGATGTTTTGCAGGAAGTGTAAGCATCCGTCGTTTTCATTCCGG
TATAATTGAAGATGAGCATTTGAGCAGAAAAATTACATGAGACAATAGAGGTTTGCCAACAAACCCAATCAGTTGCAGTGAGTCTGTCCTACTGCAAACCAGTTTATTA
TTACTGAAACCACAAAAGTAATTTTTTATGATAAAAATTGACAAGTTTTT 

TcoSat47 
GTCTCTTATATATTTTTCTATCTTAAGAATAAAATTATTTTAGATTTTTTTAATAAAAAAACAAGAAAAACTTGTAGAAATATACTCATAGCCAGTTATTAAATCAATTACC
TGAAGATGACTGTTTTAATAGAATAGGACCGAAACTTGAAGCAACAACATATAAAAATCTGAGAGAAAAAAG 

TcoSat48 
AAAATACAAATTTAAGCGTTTCTAGAGCCTAAACTAGTAGAGATAAAAATATGTTTTGTCAAGTGTTTTATACAAAATTTAATTCTCTACAATTTTTTCTTATAACATTTTT
TTGTATCTTTAACCGTTCGCGCAGTGTTTTAAAATAAAGCAAACACTCTCTTAAAAAAAAAGAAAATAA 

TcoSat49 
TTCTAGAATCATTTTTTGTTCTTCTAAAAACATTTTTCGATGTCTTTCAACCTCTTCTAGAATCTTCTTTATTTCTTCTAAAATTTGGAACTAGTTTTAATCTTCTTATTTGCT
TTTTTGTTC 

TcoSat50 

TCTAAAATTTTTCTAATTTTTCTAAAATCGCGTTTCATTTTTACTTTTTTGTTCTTTTATTCTTCTGTTCGAATTCTTTTATGTTCTTCTAGAATCTTTCAAACAACGGTTTTCA
AGTTCTTCTAAAATCTTCTTTAGTTTTTCCATTTCTTCTAGTTATAGTGTTTCTTATTCTTCCTTTCTTCCAGTCGTTTTCCTTCTTCTAAAATCATCTAGAATTTTTTAATTTTT
TTAAGTTCTTCTAAAATCTTCTTCAGTTTTTCTGTCCCTTCTAGTTATAATATCTCTTAATCTTCCTTTCGTTTAGTCGTCTTCCTTCTTCTAGAATTTTTCAAACAAAGTTTTT
CAATTTCTTCTAAAATCTTCTTAAATTTTTCATTTTTTTTATTATAATATTTTTTATCCTTCTACTCTTCTTCTATTCCTTCGTTTGTTTTTCTTCTAAAGTCTTTCAAACGACGT
TTTTAGGTTCTTCTAAAATCTTCTTTGGATCTTCTACTTCTCCTAGTTATAGTGTTTTTATTTTCCCTTTCTTTCAATCATCTTCCTTCTTCTAAAATCC 

TcoSat51 
TATTTATTAAGATTCTTAAAACTGTTTCAGAAATTTCCTAGAATTTCTTAAAAAGATTCTAAAACTGAAATATCTTAAAAGAATCTAAAAATATAGAAATTGAAGCATTTT
ATAAGTAGATTCTAGATTGTTTTTAGAATTCGTCACATAAAAGACAGAAATCTAGAATCT 

TcoSat52 
GTATTTCAACGTATATCTTCTTGTGACAGCAATAATTTTTTTTTGAAGTTGCTAAAACTTGTAATAGTTACTTTCGCATTGAGGTAACATTATCACAGTCAGTATAACGTC
AACTGATTGTTAAAGCTGTATTTACAGTTGAAGAGACTCAAAACTTAGATTGTAATTCTT 

TcoSat53 
CTAAAAATTTAGAATCAGTTTCTTAGCAATATTCCTAGCAGAGGCAAGATGTCATTTATTTAAAAAAACCCAGGCAATATTACAACAATTTAAAAAAATTAGAAGCCGTT
TTTAGCAATATTTTGCAAAATTTTATAGCAATTTTGAAAGCCAGAGGCAAGATGTCATTGATTTTGAAAACTCCAAGCAATCTTACAACAATT 

TcoSat54 

TATAATAATATATACAAAAAATTATAAGATGTAACATACAGGTACTTACCTACCATTAAATAAAAAAAAACACTGCACTATTCCACTATTGCACATATAATTTAAATAAA
ATGTTTTCACTGACATTTGTACCTTTGTTTTTGTTAAAAAGAGTCAAAAAAAGATTTTTGACTAACCTCATTGGATTCCCTCGTTGCCTTCGTCTTCTTTAAACGAACCTAC
TGTAATTCAAGAACACAATATATTAGAAAAATTTTGATAAAAGTTTAGAAAGGTGACTAACCCTTTAATCCCGCCTTAATTTGCACGATTTTTTCGACTTCCTGATGATCC
ATGGTCCAAGGGGAGGTATCCAAAAGGCACTAGCACACGTCACCACTCGAAATTTAAAAATTCGCGCACAACTGAAAGTCCATTCACTCGAAATTTTAACAAATCGCG
AACTACTCATAGTCCGAGTACTCGATATTGAAGATATCGCGCGCGCACTTCACAGGCTTACTGTAACAAAAGAAGACTAAATTAGTATGGTTTAATCTTTTTTTTTAATA
TTACTAACCCCAGAAAATAATCAATGCAGCCTGATGCTCCCAAAATGAATGATCCAGGACCTTTGTTCATAATGAAGCCTATATTTTCTAACAAATAAAGAATTTAATAA
TTTAATGACAATGTTGCATAGTGAATATACTTTTTTAATGCGAAGAAGACCCACCACTGACCCAATAGATAAATGGCATTTAGGCAAGACTATACATTTAGTCCAGCGT
AAAGACCATCTACCTACCACACCAAATTTCTTTATGATTCTATTATATAGCTCCTGAAACAAAAAAAAAA 

TcoSat55 

TAAGATAAATAAAAAAAATTGTATTTGTTGTTGTTTTATCCAACACTGGATACAACTTGCACTTAGCAATGCTACCAAGACACTTCCGCGAAATTTAAGCTTTATGGTAA
GAAAAATATTTATACAATTGGTTCTCCCATTAAATTAAAAACACAAAATGTAAGCCGTTTTAAAAAATGCTAGGGATAATAAAAATGTCCCACGTAAAATACTTGGAAT
GTGTGCAACTCGACAGATTTCTATTGAACCTGCTGTTAAGAGAGTTTATGCGTAGTAGTTAAAAATAAAAAACGCATTTTAACATCTGTAGAAATACAAAAAGTTGCTA
AACCCCATGTTACAAAACATGTTT 

TcoSat56 
GTATTGTTAATCCGAATTACAAATTATAGTACATTTCAAAAACAATGATATCGCGACAAGAAGACAGTGAAAATTGTAAATCTAAGTTGGCAACACTGTTTTTCTAATAC
CACAGAAGCATGGCTTACTGCAATAATCTCTATTTTGATTTTTTGTAATAGACAAATA 

TcoSat57 

CAAACCATCATGTTTTTTAATTAATAAATCCAAACTTAATCTAGTAGGCTGTGACATGTCAAATTTTAAACTTCAAATTATTCGTAAATTGCACACTCACCCTGTCTCAAA
TAAAAGATACTTTTCGAATTAGCAGAAACAGATTCTTTCCTTGCCGTCTGTCCTTGGTTTTGAAGACACATTCACATTTTTCAATTTGCACACTTTTTTTATTTTCTGGACA
AAGACCATTCACTCTGGCTTGTCTTAACTCAACACAACTTCAAACTTTGTCTCGCAAAAAGCTAATGTTAATAAAAACACAATTTTTTTGGTTTTTCTTTAGTTTTTCACCC
TCTCGACTTTTACCAAAATTCACCAACACCGGATGTAAACAAAAAATTTGCCTAGCAACAACATCAGCACACTTTCTAATTGTAAAATTCTGCGAACTATATGCAAAGAA
GTAAATGTAAGAAAAAAAGAGGAAAACGGGCTCAAATATTACAAATAAAGAGTGCAGTTACATAAAACATTTTTCCTTAAATTAATCGATTTTAATAATTAATATCCCC
AAAATTTGTTGCCCTGGCTTT 

TcoSat58 
AAAAAATCTGAGAATTTATAATCGTTCAAGACGAGAAAATGTGCTTACGACCTCAATGTTGCTATAAACACCAGAAAGTAACATTAGAAAAGACGCACTTACCGTTCTA
GAGATTGAAAACTACAGTAATCATTCTAAAGACAGTAATTATCACTTACTGTTACTGTTAGTGTAGCATTAATGACTTACTTACAAAACAGATTTTACTGTTACTGTTCAC
TTTACGGTCTCTAGGACGGTAAAGCTTA 

TcoSat59 
TACAACTTACATAAAATCTTAAAATTAGAAAAAAATTCATAACTCCTAAACCTCATTTTGTCCCACGATGATTTTTTAATATATTAATTAGCTACTAAATACCTATTCACCC
TGTTAATTTCATTCATATTTCTCTTCAGGAACAGGTTAAAAAAAAATATC 

TcoSat60 
TACAATTTGTGTAAAAATTCAAAAATCGAAAAAAATTCTTAACTCCTAAACCCTATTTTGTTCTACAACGATTTTTAAGTATATTAAATAGCTAATTTATGTCTATGTTGTC
TATTAATTTCATTAATATTCCTTTCCAGGAACAGGTCAAAAAAAATAATTTT 

TcoSat61 CTAATTTTTCTGTTTCAGGTTTCCTCCTAATTTTCTTCTTTCTGTTTCAGATTTTCCCAATTTTGCTGATTCAAGTTTTCCTA 

TcoSat62 TTGTTTCAGGATTTTGTAATTTTTGTGTTTTATGTTTTAATATTTTTATTTCAGGTATTATGTTTGAAGTTTTCATAACTTTT 

TcoSat63 
TCAGGTGTCAATTATGTCAAAATTCTACGTGGTTTAGGTCGATATTTTTGACTAACCTACGTGGTCCCCCTTACTGATAATTCTAAGTGTATTTCCTAAGCCACAGAAATA
GCTCAGAACAAAAGAGCCCCTCAAAATTTAAATAAAAAA 

TcoSat64 
AGTTTCTCTTCAAAAATGCCATATTTATTCTTCTAAAGTTATTTTTGTGATATAATAGAAGTAGTTTTTCGATATTTTTTAGAAGTTTCTTCTGTTTTTCATCGCTTTTGAGT
CTTCGTTTTTCTATTTCTTCTAGAATTTTTCTTTGTTTTTT 

TcoSat65 
AAGACAGTTTAAGAATCTTGAAGACTCATTTTTACGAAGTTTTTAATTTCGGTATTATTAGAGACACTAAATAACGCATTAATACCTTTTAATTAATATCTTAAGAGTTTT
ACAGTCTTTAATCAGCTTCTTTAGTGAGCTTTTTACATTATAACTCTTTGAAATCGTTTTTGAAAACAATTCTAAATAACAGTTCCTGATTTTGTTATTT 

TcoSat66 TCTTTCAAATAACGTTTTATAACTTCTGTAGAATCATCTTCTTCTAGAATCTACTTTTGTTCTTCTTTTCCTTCTATTTTAGTTCTTCTAGAA 

TcoSat67 
TAAAAACATAATCTGAAAGAGGCATTTTATAAAAACTGGTAATCACAAACGACTGTTTATAAAAATTGAGAGGGCATTTTATAAAGATTCTAATAAATAGTCGCCATTT
TTATAAGAATCTATTAGAGACTATAAAAGTCATTTTATAAAAGTTGGCTGTTACAAAAGGCATTTTACAAAAATCAAAGTCAACAGAAGGCATTTTATACCTTTTTTCTG
T 

TcoSat68 
TAAAAATGGACTGTCTTAAAAGGCATTTTATAAAAATCGGAATTAACAAAAGGCATTTTATAGCCTTTTTTATTAAAACAGCTATAATATCTGTCTAAATATTTATTAAAA
ATTGTAAAAATAGAAACAGTAAAAGGCATTTTATAAAAATTGCCTTTTTGTAAAAAATATTAGAATTTCGGAGTCTACATTTTA 

TcoSat69 
CGTCACGTCAAAGATAAATTTAAAAAAATTGAAGCATATACAGAAAATTCATACTCGTTAAACGAAATTAACCACGATCTTTTACTAAAATCCCTAACAAGAAAAGTCTC
AAATTTCGAAGACTTCTCTCGACTATGTCAGATGTTGAGATATGGCCGAATTTGCCATTACCAAGGTTGTTATTAAAGTAGAACCAATAAATAGTCTTAAGACTGTTATT
AATACCTCAAGGGCTACCCATCATAAATGGCTTGATGACATTACGAAGAAACATGAA 

TcoSat70 
GCTAATGAATTATTTAAAACGTTTTATTAAAATATTTTAAATAAAACCCCGCGTAAAAGCACAAGAAGGCACACAATTCAATCAAGAAAGATTTCTACCAAATCTGCTTT
GCATTACATCTACGAGATGGCAGTGGAGTCTTTTAACAGTTTATTAACAGTTACAGTGACTTTACAGTTACTGTATTAACAGGTGTTTGAAGCTAATTATTAAAATTGTG
ACAGACTTAAAGGT 

TcoSat71 
TGACTGACTCAATAATAAACAGCTCTAGATTTTAATCTACACTTTAGTAAAACTGTCTTATTAATTATCAGACTCTAGATATTAATGAGTCTATTATAATTAGTAGAAAAT
GTTTTTTGTTCTAATTAGAAACATTGTTAGAGAGCAACAAAACCAAAAAACATTTTTTG 
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TcoSat72 
TCAATTTTAGTTAACTGTCTTAAAATAAACAAACTTAAGACGTATAAACAACGTTTAAAGTAACTTTATTCGTTAAAATAACGTAACGTTTCGCAACACTTTAACGTACTG
TAATCGGTAATAATTAACGATTTTTAACTAAGTGTGCTCACTGTCTTT 

TcoSat73 
CCTCAAATCAAACAAAATTTATTTGAATTTAAAGGCCTTTTTGACCATTTTATTGTAATAGAAACTGTCTTAATTATACAAGATTCTTTAAGCATCCCATTGGGACAATTT
AACAGATTTTAGCTTTTATTTTAATTAATTGTTTCTATTATTGATGGCCTTTTTAAATGTCCTTTCTGTC 

TcoSat74 TCATCAAAAATAAATCAAAACAGTCATTTGTAGTGAGATTTATAGAGTCATTTCATTTAAAA 

TcoSat75 

CGGAATAAAGGTTTCTTAGGTAAACAAAGAGAAGAGAAAAGGATTCGGTAAGTACAGAAGGTTATTGTAAGAGAAATTATGAGACTTGGAAGGAAAAGAAACGTAA
ATGAAGACCTAGCAAAGTGACAAATGGTGGGAAGAAAGTAACAGCAAATTCTAGACGAAATTTAAAGAAAAAAAAGAAAGAGAAAGTTTCTTGGGAAAACAAAAAA
ATGAAGAAGAAAAATTCTGAGGGTACAAGAGGTAATTCTAAAAGAAATGATAAGGTTTGGAAAATTAAAGAGTAGCAAATAAAGATTCTAGAAGAGAAAAAGAAGA
TTCAAGAAGAGCTTGGTAAATGGCGTTAAGACGTAAATGAAGACCTAGCGAAATGACAATTGAAGGAAAGAAAGTAACAACAAATTCCAGAAGAAATTTAAAGACAT
GAAGAAAATTGA 

TcoSat76 
AGTCAATTAAGCTGAGCTAACATGTTTTAAACTTGTTTTAGTGAAAGACAAGACTCAGATTGTATGAATCAATCAAAGAAACTGTTTTGATTGGACACACAATTATAGC
CAATTTGAATGATCAATTTTCTAGCATTGCAAGTAATCAATTAATTGTGGAACTCTTTATTTATAAAATATTTAAAAAAATAACAAAAATCACAGTGAATTTAACTGTTTT
CAGTCGAGTCATTTAATAATTG 

TcoSat77 
CATTTAGACAGTAATATACACACTTTAATTATTATTTTCGGCGGTCATGTTTTTTTAGTTCATTTAAACACTGATATTTGTACTTTTTTAATTATTCTTTCGACAATGATATT
CTTTTTAGATCATTTAGACATTGTTATATATACCTTTTTAATTATTTTCTCGACGGCCATGTTTTTTTAGATCATTTGGACACTAATATACAAATTTTTCTCGAGGGTCATAT
TTTTTTTAGAT 

TcoSat78 
TAATTGGGATTAACAATGTTTATTCAATTTTTTAATGAGTCAATACAGGATTAAAAATTAAAACAGTCATAAAACGACATTTGGAATTAAAAATCTGTTTTTTGAATTAC
ACAGTTGGGATTAAAAATTTTGAAAAACGTATTTTCTAATCCGG 

TcoSat79 
TTATTACAGTAAAAACCAGCTCTATTGTTACATTAATTTAATTTTTTTTTGTTAAATTACAGTTATAGCCAGCCGTAATGACTTTGTTTTGTAAGACGCTACATTCAGAGAC
AAAAAAAAATCGTTTTAACTTGTTTCAACTGTATTTGTGTTACATTTTTAATCAGCTCTATC 

TcoSat80 
CTAATTTTCAAATTACTAATTACAAAAACAATGTTCGTTTTAGATATTAAAAGCTTGAGACGCCATTTTACTAATTATAAAAACTTTAATTGCAATTTTACTAATTTTATAA
ATTAGAGATTATATTTTACTAATTTTAGAAGCTAAAAATAATGTTTTTTTA 

TcoSat81 

CTAATTTTTAAAGTAATAAATAGAAAACCTTTTTTTTTTGACATGAGAAGCTTGAGAAGTCATTTTACTAATTGTAGAATCGTTAATTGTAATTTTACTAATTTTGAAAAG
CAATACTTCACTAATTTTAGAAAGCAAATATAATGTTTTTTACTAATTTTTTGACTAATAAATAAATAAAGCATGGTTTTGACATTAGAGGCTTGAAGCGTTATTTTACTA
ATTGTAGAATTCTTAATTGTAATTTTACTAATTTTAAAAGGAAATATTTTAGTAATTTTGAAAACCAAAAACAATGCTTTTTCTAATTTTTAGCTTAATAAATAAAAAAAC
ATTTTTTTATATTAAAAAGTTGAGACGTCATTTTACTAATTGACTTATTTTAAAAAACAATATTTTACTAATTTTGGCAGTCAAAAACCATGATTTTTA 

TcoSat82 
AATTTTCAAATTAGTAATGACAAAAGCAGCATTTCCTTCTATTCTTGAAAATGCAAGACAATTGTAAAAGTCGGAGACAATATTTTACTAATTTTGAAAACTAGATATAA
TGCTTACGTAATTTTAGAAGTCAAAAGCGGCGTTTCTAATA 

TcoSat83 
CTAAGAGTTAGAAGAGATATTTCACTAATTTAAGAAGCTAGAAGGATGATTTCACTGATTTAAGAAGCAAGAAGTGACATTTCACTAATTTTACAAGCTAGATCCAACA
TTTTACTAGTTTTAGAAGCTAGAATATACATTTCACTAATTTAAGAAGCTAAAAAAGGGACATTTCACTAATTTTACAAGCAAGAAGGGACATTTCACTAATT 

TcoSat84 
CTAATTTTTTAATACAAAAACGGCATTTTTTCTAATATTTTACTAATTTTTAAATCGAAAACACAATTTTGCTAGTTTTAGAAACCGCATGTGACATTTTACTAATTTTATA
AGCTAAAAACAATATTTTTTTA 

TcoSat85 
CTAATTTTAAAAATGTAAAAATGGCGAAAATGACACTCTTTTTATAATTTTAGAAACTGCCAGAAGCAGAATTTTACTAATTTTAGAAGCTAAAATCGATATTTTACTAA
TTTTGAAATACAGCAATGTAATTTTACAAATTTTAAAAACCGCTAGAAACATTATTTTACTAATTTTAGAAGCTAGAATAGACATTTTATTAGTTTTGTAAACCATCAGAA
GCTTAAAACGACATTTTTTATTTTTCTATTTAACTAGAAATGACATTTTACTAATTTTTAAAATACAGAAATGTAATTTTA 

TcoSat86 
GTAAATCACATTTAACTCTTCTCTACTGTGTTGTTATTGAGTGTTTTAAATCCACATTTTAACTGTTTTAAAACTGATTTTATCAGATGAGTTTTACAAGTTTTGTTGCTCAT
TTTACAAGCTTGAATTCGTGCTACAAAATTTTTTTTT 

TcoSat87 
ATTAATTGCATTATTACCGACATATTGACGCATCTTTTAGCAACAATTTAGAGTAGAATTGGATTCTAAAAAGAGTTTTGAAGGACACGCAATTTGCAGAAAACTATGA
TTATATTTACTAAATAAGAAATTGGAGTTATTAATTTTTAATTTAATTAAAAACGTATTTCTA 

TcoSat88 
TAGGTGCAAAACGGACCCAAATCTTTGTAAAAAGTGCCTTAAATTTCGACCAAAATTTGTAAAAGTTACCCTAAATTAGTACTCGGAACCTGAGATTAAAAGAAACCCA
ATTTTGGTAAACAGTACCTTAATTTTGGAAAGCGAACCTAACAATTTGTAAAGAGTGCCTTAAATTATATACCGAAGCTTAGATTTGCTAATAGTAACCTTATAAATTGT
GGTTCTAGAAAGCCAACCCTAACATCTATTAAGCAATGCTTTA 

TcoSat89 
ACCAATTCACAATTCTATTATTTCACTAACCTAGAACTTCCCAATTTTGCTATTCTATAGCTTTACTTTTATAGTTTTATGACTCTATAAATCTATAATTTTGTACTTTTTACT
TTGTAAGAAATTTAGAATTTCACTATAATAAAATTTCACAATCTTATGACAATAAATTACTGTTTTACCATACCGCAAATCGATTATTTCACTGTTTTACAATTATATACGT
TGGCTGTTTCACAGAGCTAGAATTCTTTAGTTTCTCTATAAATCAGAATTTCTGTTTTTCTGTTTCAAACATTTCTAACTTGGCAGTTTCACTTCTACTGTTCT 

TcoSat90 
TAAGACAGTTAAGAAGCTAAGAGCATTTGCAAGAGGTTGCTTCTTAGACTTAAAAATTGTTGTTTATTTAAGCTTCTTGGAGTTGATAGAACAATTATTTCGCGGCTGTT
TGTTTCTTCAGAAGATTCTTGAATGAAACAAAGACTACTCTCTAAAGAATCTTATAAAAT 

TcoSat91 
GTTACTGTTCTGTTATAAACCGTTTTAATTATTTTAGTGTAAGCAATAAAATTCTAGAACTAGAATATTGCTGGAAAATCAAAATTTGAATGCTTATACTGTTTTCTAAAG
TTAGAATTGCTTAAAAATTTATATAAAAATGGTTATAGATTTTTTTGTGATAAAAAATG 

TcoSat92 
TTTAATAACTTAAAAACACTACTTTAAATAGCTTAAAAACACTGCTTTTAAAAGTAAAAAGACTGCTTCTATTGGATTAAAAAGACTGCTTTTAATAGCTTAAAAACGCT
GCTTTTAATAGCTTAAAAACACTGCT 

TcoSat93 
TTATTAGATTTCTTGATATATTTCAGTTGGTTTTAGTAAATAAACAGAGCAATTTAGCGGTTCTAGTATGTACATTATTTTAGAACTTTAACAATTTTACTATTTTTCTGTA
ACTAATAAAATATATTTTAGTATACGTGTTTCAGTAAATTT 

TcoSat94 
TTCAACAAACTCTAAATATTCTTACCGTTCTTGATACCTAATATACTAGAGTGTTTCTAAATCAGAATCAGAAGAATCTAGATTAAACAGCTTCATCTAATTCTAGAATTT
CTGTCTTATAATAGTAATTGAGCAGAATTAATAAGACTTTCTCTATTTTTATTTTTAATTTGGTATTTCTGAATCAGAAGC 

TcoSat95 
CAAGAAACAATTTAGAAGATTTCAAAAACTTATTTTTAGAAGAAGAAGAAGAAAAACAAGAAACAATTTTAGAAGAAACTTGATAAATAGTGTTTGAAAGAGAAAGA
ATTTGAGAAAGAATAATTAAAAAAAGAAGAATCTGATAGATAAAGCAATTAGAAGAAAAAGAAGAATGACAGAAAATTCTAGAAGAAATGCAATCTTAATAGTATTA
GAAGAAAAGAAACAAGAAGAACGTAACCGACTATAAAAACAGTGAAAAA 

TcoSat96 AGCTGTCAATTTTTTACTTACACTCTTTGTTTACTAGTCGATTATACAATAGTTTAAATACAAAATAAATGTATTTAAATGATTTATTGTGAC 

TcoSat97 

TTAATTATACAAGATGGCTAATTAAGAAATTTTAATTTCTCATTTTAAAAAATTTGTTGGATTGTTGATGGCCCTTTTAGAGACCCCTTCTCTAGCCCCAGAAGGGGCCCT
TTTTATCTCCCCCAACTGTCTTAATTATCCAAAATTTTACAACAAATCTATTGTGACAATAAATTTAAATTTTCTATTTTATTAATTTTGTCTAATTTTTGCTGAGTATAATTT
CTATCGCCCCGAAAAGGGTCCCATTTTTATTTTTTCTAACTGTATTAATTATATCCAATTTTATGACCATTTTTATTGACACAATTTAACAAATTACAGTTTTTCATTTTTAT
ATTTTTGCTGAATTCTTGAGTGGGATCCCTTCTATTGCCTTAAAAGGGGTCCCAACCCATCTTGGCCAATTATTGTC 

TcoSat98 

GATAAGAAAACAACTAGTGATCTTTCTCAACCCTCTTCAACATCTAATAATGAAAATATTTTTAAAACAACACCAACTTCAGAAATTTCAACATCACCATCATCTGAAAAT
AATGTTACAACTAATACTTCAAGTACGGATAGTAAAAATGTAAATTCAGAAAACTCTCCGCAGGCAACTTCAAAACTAATAGGTAATTTTACAATTTCATCTAATGAAGT
ATATGTGTCGACCACAGCTTCTAAAACAGAACTCGAACAAACATCTACAAAACAACCTCAAACAACAGACGGTGTAAAAATAACTACTAACATTACGACTGAAAGAAA
TTTTTCTAAAAAAGAA 

TcoSat99 
CGGCCACAATTTGTCAACAACAATTTTTACAAAATTACGCGACTTCAGGTTTTAATTAAGAGAAATCTTTGATTTTTCACGTTATTGCGTTGGTATTCCTGCGAATTCTTA
GTCTGTATTTTTGACTTGTTGTTGTTGGAGTAGCACATGTGCAAATTTTAAGACCGTGAGGCACTCAGAC 

TcoSat100 TGGTCTTTTTATGGGTATCTCCCATTCTGGCAAATTTGGTTGTTTTTTCGGCCTGCCCCT 

TcoSat101 AAAGATTAGCATGGCCCCTGCGCAAGAATAAAAGGCAAATTTTCTCACTTAGAATGATTTGGACCTGACCTGTCTTGACTTGAACTAAATCTGTCAATACTA 

TcoSat102 
CTTCTTTTGCAAATTACTTGCTTTAACATGTTAATGTTGATAACAGGGCGATGTGGTGGAAGCTTCGGTTTTTCTGGCAAATCGCCAGTATTAATGGTTCTTAATGCGGT
GAGCCTTTGTTTTTTGTTTATACAATATTCTCGTTT 

TcoSat103 
TTTTCTTCTATTTTACCTTTTAAACTATCTTCTATTAGTTGTAATTCTCACTTGAAAGAATGACAAAATAAAATTTTTTTCTACAGAATCTAGAAGATAGAAGTCAAAAAAT
TTTCTGTTATACTTTTTTTACTTCGACTTTCTGTTCTAGTTTATCTTCAATTTTACTTCTATTTAAAGAAGTTTTTCTAAAAAAGTGTAGTTTTTAAACTCTTTTTTGCTTCTGT
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CTTATAAAATACATTTTTTTACAGAAGATAGAAGTCACAAGATTCTCTGCTATATTTTATTATAAAGTCTGCAATCTAACCCATCTTCTAAGACACCTACTTTATAATCTAC
ACGACTTCTTCTGTTGTATTTCTAATTTTGTA 

TcoSat104 
ACAGTCTAAATCTGTTGTTAAATAGTGTTTTTTGTAATATTTAAACAACATTTAGGTTTCTATTTAAAAAAATAACTCATTAGAGTCTATCTGCATTTTGAAAATTTTAATT
TTTGGCTTGGAAAAATGGCTTATCAAATAAAAATTATAAAAATTGGTTTTTGGTGGATGCGCCGGGTTAAA 

TcoSat105 
TCTCTAGAATCAAGAATTTAACCTCAATTATAGTAGACCAGCTCAAGAATCATTGAAACAAATTTTTTGAGTGAATTTTCTCTCTGACTTCCAAAATTAAGAAAATCTCGC
TTTCGGTCTTTAAAACTAGTAAATTGTCAAGTTTCAAAATTAGTAAAATGTTTGTTCTTA 

TcoSat106 
TACCGATTTAAATAATCAACGACTCAACTAATCAACAACCTATCTTATAACAACTCAATTCATTAACGCCCTATCTGATCAACTGTCCAATTCAACAAGAAAAAGACAGT
AATAGTTGATGACATTCTAACTGATTTTTTGCTTTGCTTGCTTTAGAGTTTTTAAGCTACTAAT 

TcoSat107 

TCTGTTATAAATAAATCTAAACAATAGAAAATGATCCATTTACATTTATTTAGAAAATGTGTTTTGTGAATAAGTCCAGAGAATGACTCGTTTAGGATGTCACTCAGCTC
GAGAATGAGCTGAAAAATGAGTAAAATACGAAAGAATGCAATAAAAAACTAGTGTAGAAAATGAGCAATTAATTTAATCTAGAATATGAGTCGCTTAGGATAAGAAT
CATTTAGGGTGTGAATTTCAAAAACAGTTTAAGAATAATTTCAGAGATTAATCTATAAATTGTCGTTTAGATAATGAGTCGCCTGGAAAATAAAGCTAAAAAAACATTT
TAACAACAACTTTTAATAAGAATGAGTCTCTAGAAAATTTCAAGAGTTGATCTCTAGAGTT 

TcoSat108 
GTAAGTGTTAAGCAACTTAAAAAGTACTTTAAACAAAAGCTAGTATCTTCCTCTTGCTATTTTTTTCTAATCCAGACATTTTCAGCTAAAAAACTGTACGAAAAAATGAG
GTAAACCCTGATAACTCATAGATTAAGCAATTCTGGATTAGTTTGACTTAAACTCACTAATTTTCTTAAATTAA 

TbrSat01 

CCTAATAGTTTCGGAGATATTCTCGATAAATCAAAAGAGGGAGATAACTTTTCCTCCACCGTCTTAGTTTGCACTCCAATAATTCCGAAAATATTAGGTCTACGTAAAAA
ATGGTTATTTACTTAATTGATCTAAATGGAATTTGCTACAATATTGGTTCTATGCATGTTTTTTGTACAAGCTGTACTTTCGGAGATAATTAAGGGAGAAGATACACTTTT
AATTCCAAGTTTTCCATTTTCCACGTTTTCTAGCCAGGAGAAATTTTGTTTGAAGATAAATTAGCACTTGTATACATATTATTAAAGGTAACTAAATTTTCTACAACTTTCT
AACTGACACCCTTCATGTAAAAAAATGTGGGAAGAAGTTGGAATAACAAGTTTGCAAAGAAAAAAAATTAAAATTGCAAATGTTTGAGAGCGGATATCTCGAAATGG
GTGCATTTTTCGATAAAAACATATAAAGGTGAAGTTGTAGGAAATTGTGTCAGCTTTCATATTTATATATAAGTTTGTCGTCTGCGGTGTACCGTTCTCAAGATATGAAC
TCGCAACTGCAGCAAAGTCTTTTCTCCAAGAAAATTGATGAAAACAACAAAATCCGCCTTTAAACGTTCATATGTCGAAAACGGTACATCGTACACGACAAAGTTATTT
ATAAAAATAAAAGCTGACATATATTTCTACAACTTCACTTCTATATGTTTTTACAGAAAAATGCACCCATTTTGAGATATCCACTCTCAAACATGGGCAATTAAAAAAAA
AATTAGCGAACTTGTTCCAACTTCTTCCCACATTTTTTTACATAAAAGGTGTCAATTAAAAAAATGTAGAGAATTTAGTTACTTTCAATAATGTGTATACAAGTAATAATT
CATCATCAAACGAAATTTTTCTTGGGTAGAAAACGTGGAAAAAGGAAAATTTGGAATGAAATTTGTACCTTCTCCCTCCATTATCTCTGAAAGTACAGCTTTTACGAAAA
ACATGCATAGGACTTATATTGTAGAGAATTTTATTTAGATCAATTAAGTATATTATTACTTTTTCTGTAGG 

TbrSat02 
TTATAATTACTTCAACAAACATCCAAATTGTTTTAAATTTAACGTTTCTTACGTAAAATTGACCAAGGATTTTAAATTCATAAAGAAAATTAAGCTACGAGTCTTAGTTTT
TCACTAATTTCCAAAAAACAGATTTTGTAAATAATTAATTTGTTCTAAAAAAAA 

TbrSat03 
TTATAACTACCTCAACAAACAGTAAAACTGTTTCAAATTAGACGTTTCTTATGTAAAATTAACCAAGGATTTGAAATATATAAAGTTTTTTAAGCTACGGATACTAGTTTT
TCACTAATTGACAAAAAACTGTCTTTGTGTAAAAATATTCATAGTTTAAAAAAA 

TbrSat04 
GTGTATCTAACTTAGAAACAAGAAAAATAAATTTTGATTTAACTTTTCTTATATAAAACTAAGTGGAGATTGCAAATTTGTAAAGTTTATTAAGCTAGAACTAGTAGTTT
TTGAATAATCGTCAAAAAACTACATGCAAGTTCAGAAATTATGGTTTCTTTAAAACAAAAAT 

TbrSat05 AATCTCGTTCTCAATGTTTTGGCCCCAGACATGGTACAAATCTTCCACTAATATCTCGTCCCCAATGTTGTGAACTAGGACAACGTGAAAATCATTCATTAA 

TbrSat06 
CGATGTTATATGTTATTAAATACATCTCATATAAATTTGATCAAAAAATAAGTTGCGGAAGGGTTTTAAAAAAATTGTTTTTTAGGTAAGTTGCGTCCGGAGGTTTGTAA
TAAAAAAAATTATATCTCTCAAACGCTTAAGTGTGCCCTAATGCCGATTTGGCAAT 

TbrSat07 
CGATGCTAGTTGTTATTGGCCACTTTTTATAAAAATTTGATTAATAAAATGGTTGCGGAAGGCTTTCAAAAAAATTGGTTTTTGAGTAACTTTGCTTTGATGGTGTTGTA
ATAATAAAAAGATTATATCTTCCAAATGGTTGAGTATTTTTTAATGCCTCTTTGGCAGT 

TbrSat08 
CGATACTCTATATTATTGGCTACGTGTCATAGAAATTTGATCAAAAAAAAATTGCAGAAGGCTCACAAGAAAAGTCGTTTTTTAATAACTTCGTGTTCGAGGGTTGTGA
TAAAAAAATTATAATTCCCAAACGATTGAGTACCTCTTAATGCCTTTTAGCAGT 

TbrSat09 

TGATGCTGTATCTTATAGGCTATGTCTCCTAAAAATTTGAATAAGAAAAAGTTGCGGAAGGCTCTCAAAAAAAATCGTTTTCAAGTAAATTTGCGTTCCGGGGTTATAA
TATAATAAAAAATCATATTTTCCAAACGGTTGAGTTACCACTAATGCCGCTTTGGCAGTTGATGCTGTATACTATTGGCTAAGACTCGAAAGCATTTGATAAAAAAAGTT
ATGAGACGCTCTCAAAAAAATTTGTTTTTATGTAACTTTGCGTTCAAGGGTTGTAATAAAAAAATCATATCTCCCAAACGGTTGAGCATCCACTAATGCCGTTTTGGCAG
T 

TbrSat10 

AATACGATTTTGTCAAAGCGGTTGAAAGTACCTGAAACTCTCTTGAAATACGCTGATAGAACTCCTGAAAACGAATATAAATGGCAAAATGTTCCTAAACGCCTAAAAA
ATGGTGTTTTAGTCAAAAAATTGAGTTTTTTGGATGATTTAGGAAAAAAGTGCACGTCTTCGTTCTAAGGTTTCTCATTCGGCCATCTTGTCGAATTTTGACTTAAAAAA
ATTCATTTGTGTATAGAAAACTTTGAGCTTTCAGAATCTGTCGTCAAAATTTAATTATCTTCATTCGCTTCGAAGTTATCGATGACAGAAGACTACTCTTTAATTTTGTCT
ATTCACTGACCTTCCCAAATTTTGCCAAAACGGGGCCTTAGGTAACAACTGAAGTCAGAAATGGAATTAGGAGGTCGAAAAGGCCCTTTATGAATTTTTTTAGAATTTT
TTGAAGTCTTTTACTTTTTTGTCTAAATTTTTTGAAGGTCTTTAGGCAAAAA 

TbrSat11 
TAAGTTATTAGGAGAGCAGAAGGTGCGAGGAGGTTCAAAATTGAATTAAAAAAAGCTTTAAAATGAATTTTGGAACTGTTATCAGGAACATATGAAGCCGAGGAGGT
AGTAGGTTCGTTTTAGCGCCTGATTTATTAAGGTAAAGTATTA 

TbrSat12 
CAATTTATTAGGAAAGCAGAAGGTGCAAGCAGGAGGTTTAAAATTAAAAGAATCGTTTTGTTTTCTGAAAAACGAAATTGTAAATTGTTATTAGGATCATATGAAGCC
GAAGAGGTAAGTAAGTGCTCCTTACCGCGTAAATTATAGCGGTAACGTAATAGAATCGATGCT 

TbrSat13 
CTAAAATCGACACTTTTCGAGCGCGTCATCTCACCATATCTTTGAATAAAAACAATTTAAAAATTAATACCTCAGAAACAAAAAATTACGATATTCAAATTTTGTGATAT
GTTAAACGGTATGACTTTGTACTCCTGCGAACAAAATCTAAAGCTTATTGCTCCATGCAGTCATA 

TbrSat14 
AATAGAAAAGAATAGAATAGAATTTTATTCGTGTCTACAACCAGGTTTACACAGGTCAAAATAAAAGAAAAAATTACATTTCAAAAAAAACTTAATAATAAAACAATTT
ATAAATATAAATATTTGCATTTGCATTTGCATTTGCACTAGCACTAGCACTAGCACTTGCACTTGCACTTGCACTTGCACGTGCACTTGCATTTGCATTTGCATTTG 

TbrSat15 
ACACAAAACGCGTTTAAATCAGATTCTAAGAGGTTTGCTACATAATAAATCACATTTTTCGTAGTTTATAAGGTAAACTCGCTACAAAATTTAACGTTTTGGCACTACAA
CTCAAATCTGAGTTTACATTAACAAATAAAGTGAAACATAAGCTGAAAATATAAAGAAAGGCAATTAAAACAGCAAATTTATGGTTAATTGGTCAAATCGCACTAAAAT
CTGTTAAAATTGCGTTTTACTACGATTTAA 

TbrSat16 TTTATACCCGGACTTTATACCCGGAGTTTATACCCGGACTTTAAACCCGGAG 

TbrSat17 
ATTCACTGTGTCTAATCCAGTGTGTAAAATGGTTTAAAATTAACCTCTTTTATGTAAAATTACATGGGGTTTTAAAATTTGTAAAATTTGTTAACCTACTATTGCTACTTTA
CAAGTAACTGTCAAAAAACTACTTGTAAGTTAAAAATTTGGAGAGTTTTAGTAAAGAAAAAA 

TbrSat18 

ACATCGTAGGTGAAATTTGGCGACAGATTTATAATCCTCGTGACATTTTACGTTGGATACGGTCACACGTATAGATTTATTTCTACGGATCTTCGAGAAAATAATTTTTA
AAATTTATTTTTTCGAAAAATTGTTAAATTAGAAAACAACTTCTAACTTCTAAACGAGGTGGAAAATCGCAGTTTTTTTGACATTTTCGTATTCCTCGTCTCAATCTACGT
CAGAAAAAGTAAATTTTAAATTTTTTAGAGCGTTCTTTCAAAAGTTATGGGCGTTTGAAAATCGTCTTAAAAATTTTCATCGATTGAGTCAGAAAAATTTTCGGTCAAAA
ATTGCATTTTTTGAAGTCGAGATAAGGCCAGTTTCTGAACCTCTAAAGTACGCTGATTACAGTGGTATGCATGGTTTGGGTGTTTAGGCGCTCTTTCGTCTCGAAAACG
GCCATCGAATATTGCGAAAAATCACGATTTTACCAATTTTCGTAAAATTTGACACCATATCTTGAGAACTATAAATCGTAGCGTAATTCTGGTGGCAGATTTGAAATCCT
CAGGTCATTTTACGTCGGATACGGCTAATTTCATCTCTTCCAAAACAAATTTGTGACCACTACGACGTGTTGAAGATGAATAGAAAAATTTCGAAAAATTTTAATTTTGT
AACGATATCTCAAATTTTAAGAGTTTTAGATAAATTCTGTTTGCAGATTTGATTTTTTCGCGTCGTTTTACATACAAAAAGTAAGATTTTGAGTCATTTCAAGCAAGTCGA
TTTTTCTCAAATTGCACAAAATTTCGTTCAGTCAAAAATTATCGATTTCGTTTTTGGACGATATCTCCGAAACTAT 

TbrSat19 
TGCCGTCAGAGGGTAGATAAATGCACCCTTAAAAACAGCCATTTTATGAATGTATAAACACCAAACTGTAGCTCGAAGAGACTAGTGCTAAAAAATCACAAAAAAATC
GTTTATAATACATGTGCAATCAGTTTTTCCCTATC 

TbrSat20 
CCCTTGGGGATGGAATTTCTAAAAATCCTAAAACACGTGTTTTTTTATTTTTAACCGAAAGCCTAAATACCAATTTTCATGGATATAACTTAAAAAAAATACGGATATTTT
ACGAACTTTTACCCCTGTTCAC 

TbrSat21 
GGCAGCTAAACGCTTTTGATTTTGAACCTTCTGCTCTCCTAATAACTTGATCATCGCCCATTCTATCTTACTGTAACAATCTAGGCGCCAAACAAAACTTATATACCTCCT
GAGCTTCCTATGTTCCTAATAACATCTTAGATTTCTTTTTTCAA 

TbrSat22 
GCCGCTGCCGGGAAGATGGCAGCCACATTTGTCAATGCAAGTTCTCCGAAAATTTGAAACTTACAAACGATAAATTTAGTCTTACAATCACTTACTAACGACTTACTAA
CGTTTTGCATAACTTAAACATAAATTTGATATTAACCG 

TbrSat23 
GATGAAGTACCTACTCCTAAAGACAAATCACCAACTCCCGAAATTCCTACAGAAATAAAACTTAAAGAAGAGAAGATTGTAGAAAAGGAAAAGACACCTGAGAAGGA
AATCGAGAAAAAG 
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TbrSat24 AATGAATGTGATAAAAATGGAAATCTGCCAATTCATATTGCGTGTAAAAATGAAGAATGTGGTAAAGATATAGTAAAATATTTGGTAGAATGTGGTTCCAGTGTA 

TbrSat25 ACGTTTCCTCAGAGGAACTTGTTGTTTCCGAGGGTGTAGTGTCTGAACTTGTCGAACTCGTTACAGTTGGAGTAG 

TbrSat26 
GGACAAATAAAGCCGTAAATGACAAAGTTCCGCTGAACGTTAAAGGTTGCAATTTTTTTCATAAATAGTCTATGATATTATCTAACTGCTGGTTAAGGTCTCATCTTGCG
ACAAGATCGATAAGAAGTTGAAAAAAATTAAAAACAGCAAAATTTCGGGAAGAT 

TbrSat27 
GCCCCTACCGTAGATAATGCTTGTTTCGTTAGCGACGAAAGTGGTTCTGACTCCAAACCGTCGGTTGAAGAGCTGCCTGAGATCCAACATTCAACACCAATGACAAGA
GAAGCTGTACCTGCGCTTCATAGTGTAATGAAATTTCTCCTGCCACATACCCTTGTGATATTAGACAGGTAACTTAAATTGGTTGTGCATTATTTTAGCTTTCAATAACTT
TTTATTTAAGGTTCGTTTAGTAATGAT 

TbrSat28 
GAAAAATTGTGTTGATATTAATTTATTAATATTTCAAAATTGAACTCAGGAATATATAAATTTGCTTTAAAATGTTTTAGAATATTATATTCTGAATATCCTGAGCAAATT
GTACTGAGCTACGCGTAGTAGTTTACAAAAAATTAATTTTTGTTTTTTCGAAATACTGTGGACCAACTCTGTCAGTACTAAATAATAAATATCTCAAAAATGAACTGAAG
AAATTTTAAAATCGCATCAAAGTGTTTTGGAAAATTGTCGTTCAGACGTCCTGAGGAAATTGTAATAAGATACGAATTGTACTTTACGAAAATCAATTTTTTTTTC 

TbrSat29 

ATAAGAAAAAATTGTTTTTTTATCTAAAAGACGTCGTAACATTTTGTCTTGTGCATTTTTTATAAAAATTAAATAACAATTTTGTCTGCAACAATAAAAAACTTAGCTCAA
AATCAGAAAAATCATATTTTAGTGCGATTTTAATAAGAATTTAGTTATAATTTTGTTCGGGGTCAATAAATGACTAGTTAAAAAAGTTATAAAACGCAATTTAGGCTATT
TTTGTACGTTTTGTGTTTTTATTTGTAAAAGTGGACCAAATTTTGCTTGTAGCGTCAGCAAATAAAATTTCATTGCTATTTATACAAAGTCTATCCACATTTTTGGTTGAA
ATT 

TbrSat30 
TGTCAAATTTTGATTGTGGTTTTTGACTAAAAAAGGTTTTCGTCTTTTATTTTTCCTTAATGGTCCATCATTTGCCGGATTTTTGTGTCATTTGTTATACCAAAAGACGAAT
CTCTATCAAAATAACGATCACATTCTAATGCCATGATTTTTTTAATTCAGTAAAATAAAATTTTAGAAAAATGTGTTTTTCATAGTCAAAAGTAATTATTAATAATGATAA
ATACACAAATTTCGGTAATTTCGACGGTTATGAAAGCAATTATTATAATTTTCATTAGTTTGAAATTGAAATGTCATACGTCAAAATCTCAAA 

TbrSat31 

CTTTTAAGATTGCACCAAAATTTGATTTTTTTGTCTTCATAAGATCTGAATTATTCGCAAGCAAAGTAGGAGATGTCTTACGTAGACAATGTCCAGTGTAACTGTTGAGA
TCTGAAAGTTTTAAATGTTCGACAATTTTTGTTTTTGTTTGAATCAGATTTAATGACGTCTTACATTCAAAAATATATATTTTTTACAATCTTTAGCAATCCTGTAATTCACT
TTTACAAATCAGAGCATGTGAACTGCACAAAAATTAGCTAAAATTTTATTTTATGACGTTTCTGAAACAATTTAGCTAAATTTTCATCAAATTCCGTCGAAATTAAAACAA
CATT 

TbrSat32 

GAAATTGAAGATCCTGAAGAAGTTTCTAAACGTCCAGAAGGTAAAAAATTGTTAACTGCTGTTGTGAATCGTGGCCAAATTATGTTTTCGTTTTAGGCCCTGACGAATA
TCCAAGAAAAGGGAAGAGAAACCCATATTCTCGTCATCAAAAAGGTAAATATGAGCTTTTGAGACATACAACTACATTGCCAGAAACAAAGTAACAATGTTGTGACGT
AATTACATTTTCAAAATTGTTTTCTGGAACGAGTTAACTGTTAAAATTTATTCTTTTATGTATTTCTTAATTTTTATGCAATGTTAACAAACTACTACTGATAGAAAAACAC
ATTCTAGACGGCAACAACGAT 

TbrSat33 

GATAACCGAAAATTCAGTTACATTCTTCTTCCTCGTCTTACTGCCTTTTTTCTTAACTCATTTACACACAATTTTGACATAAACATTATAAAATATAGTTTAAACGTCGAAA
ATCAAGGTTTAGTGCGATTTTGACAGAAATTTGTTTAATTTCGTTGGAAATATTTAGTTAAATCGTCTGGAAAACCTCTCAAAACGCGATTTAAGGCAGGTTCCTGTTCG
ATAAACGCGACAGAATTAAAATTTAGTGTAATTTTAATGAAAATAGACACAATTCCACCCGAAATTACCAAAAGCTCAGTTAAATTGTTTAGAAAACTACTCAGAAAGC
AATCTAAAGGATTTATGTTTGTTACGTCGTGGCTATGTATTTTCTTTTACAATCACCAACTGACGAATTTACCTAAAATAGTAGAAAATTTAGTTCAAACACAACAGAAT
CACGTTTTAGTGCGATTATGATAGATGTTTGTTTACAATTTACTCGGG 

TbrSat34 

ATTAAAAATCTTCAACTAGAATAAGCAAAAATTTGTAAAAATTATTATTTTCATGTTTAAATTGTCACTTTTCAATTCTTTCAGTTTTCTATTCTCTTCTTTTATCTCTTTAAT
ATCTTCTTTATATTGCAGCTGTTCTTTCTTTATTTCTTTCATTAGGCTTTTCATCATCTTCAACATTTTATTAATTTTGTCGTTGTTTGTTTTTTTTGATGATGAGTTTTTCATT
TTAGTACTTCTTGCAAAAGGGTCATCTTTCTCCCTCTTCCTTTTTCCCTCATTAGTCGAGTAGTCATCTGTACCGCTCAGGTCAAAGCTCAAAATATTATTTTTTATCATGT
AAAACAGCCTGAGA 

TbrSat35 
TACACATAAGTGTCCATTTATTGAATAAATCGGTAAAAATGTTACTTAAAAAGACTCTACATATTTGTTCTTGTTTAAAACAAGCATTATTTAAAATAAAATTCTATAATT
ATAGCTTAATGTGTCAAAATTAGGTTGGCTGTCTCAAATGTCAAAGTCAAAATTGAGAAAAAATTAGTGAAAAACGAATTTCAGGCACATTTTTCGTGAAAAACGTGTT
TGAAAATTGATTTGTCATTGTTTTTTAATTTACGTTTGACTCAAACTTGCAAAAATGTCACTTTTATCTCAAATGAATGCTCACATTCTAATGTTGA 

TbrSat36 
CATTATTTCTTGTACATCGAAAATAACAAAAAAGTTTTATTATAAGATTGCAACCAACTATCAAAATTCATTCAGTTGTCAATAATTTATTGCTAAGAAATCAAATCAAAG
AAAAAGAAGACCGTTAGTGAGATTAAATAAAGTGTAACGGTACCAAACAGACTTCCACAAGGCCGGCGTACGACATTGGACCTTGTTTCTGTGACATCTTTTGAAATA
AAGACCATAAAAATTTT 

TbrSat37 
TTAAAATAAACAAAAGTATCAATGAAGTTGTTGATGATTTTGAATAAGTATTTGTCGATGAATTCTACAGGAACCTGGAAGTCTAGGTTAATAAATCTGGTACCAGTCT
TGCTCTATAAAGTTCTTGTTCACAAATAACATGTTTTATATAGTTTTGCCAGCTGACATGAAGTATTGTTTCTATAGTACACTTGGTGTACAAAAAAAAA 

TbrSat38 
TCCAAAATAAACAAAAAATGGCGGGCCCACAAGTTACTGTGCAATGCTGCATTTTCTAGTTACGATGTTCACACTAAACAATTGTCGATTGAAGCCTTGGAAGAGTTTT
ATGTACTTGATGGTAAGGTTTTGTTGAAAGTTTAAAAATTCTTAAGTAATATTATAAAACTTATAACTTAGAAATGGAAATTTCCAGGGAGAAATTGAAAAAGTGGGAG
TTCTATTATTTAAATATGCAACTGACCATCACCAAAACTCTTCTTGGTCTAGTCTTTACCGCAGACACT 

TbrSat39 
ATTTTTCATAATTAATGATGTTTTTTCTAAATTTGCATAAATACTTTTTTTATAAATAAAATCAATTTTGGAAATTTTGTGACCATTATTTTCCCAAGGAACGGAAGGAAAA
TAATAGGAAAAAATAGTTTCACATAATTTTAGCGAAAATAATA 

TbrSat40 
TAAAACTTTTAAGGACTTTGTTGAATTCTAGAACATCGAGAGTATTCGACTACAAAACTTTGTAGAATTGTATAAAAAAATTCTAGGTTGTGTTAAAACTTCTAGAATCT
TGATACTTTCTTCAAACGTCGACACTTAATTGTTCCCTAATTTTTTTTATAAGTTTGTAAAACTTTGTAAACTTAAAAAAATTGTAAATTCCCAATTTTAACTCAGTTGAAT
TATAAAATCTCCTAGAATTGTAAAGAACTAAATTTTAGACCCTGGAAAGAATTAAAAATATAATAACCTATAATTAAAGCTTC 

TbrSat41 
TTTGTAGTAAAAAAATCAAACTTATTGCTACGTCCACTAACAACGTAGCTCCTTCAAAATGTAGTGATTACAATATTCTCAAAAAATCACACTAGAAAAATTAATATCTC
AAAAACTAGAAATTGTACAACCTTCATTTTTTGATATTTTAGAAAGAAGAGCCTTGTAAA 

TbrSat42 
ATTCTTTTTTTTTTCCAAGAACTACTAAATTATCTAAATCACTATTCTACACTCCCACTTGATGATTTATTACTTCAATCATGACCTTTTCTATCTCATCTCTAAATTAGCAG
GCAAAGCAAATAAGAGTTTTTAAATTTTTAGCCCGGCGCATCCACCATTTATTAGTTTTATAAAATTTACAAAATTGAGGCTCAATATTAAAAACGACAGAACTTATTTT
TTTATTTATACATATGTCATAC 

TbrSat43 
TGAATCTGTAAGGAATATTAAGTTCCAGTTGGTAGTTTTTGAGTAATTGTCAAAAAACCACAGTCAAGTTTAAAACTTAGTATTTTCGAAAAAAGTTTATAATTTTTGCT
GCCACACCAAAAGTTGCTAGAGTTTATTTTTTCATGACACAGAATCTAATAAGTGTTTGGAATTTATAAACGGTATTAAGTTTCAGTCAATGGTATATGAATGGTTATCA
AAACACTGGTGTCGAAGAAAGCTGTATAATTTTTACTGCGATTTGAATATTTGCCTGTGACTGTATTTTTCTGGTACAGATTTTAATAAGGATTC 

TbrSat44 
GGAATTTTAATGATTTCAAAAATAATTTGTGTGATTTTCCGTAGCTTCCACTAATTTCCCAGATTTCCTTAAGTTTCCTCTAGAATTTTATTAATTTCAAAAATAATTTCTTT
GATTTCTCATCACATCTTCTCAAGGTTTCTCCAGAATTGTATTATTTTTTACAAAAATTTCTGTAATTTCTGGTAGATTACACTAATTTCCCAGATTTCCTCAAGGTTTCTCT 

TbrSat45 

CACTTTCTCAGAATTTCCTTGATTTCTAAAGCATCTCCTGCAATGCCTCCAAACCTTTAATAATGTCTAAAAACGCCTTTCAGAATTTCTCTGATTTCCACACGATTTCCTT
GTAGTTTAATTCTAAACTTCTGACAATTACTTTTAGGAAAGAATAATAATATGTATTTCTTTGATTTTCCTCTGATTTCTTAAGTTTCCTCAATACTGTTTCAGTAAATTTAT
TTATTTCGTTAACAATTATTAACAATATTACAACAATTTATCAAGAATTCTCTTATATTCTGTGATTTCTTTAAGATTTCCTCAAAAATTGCACATTATTACATAAACATAAT
TTCCTAGATTTCTCAG 

TbrSat46 
ATACTTTATTTTTTGTAATCAATTTGAAGACTCCACACAGTGTTGCCAATTACAAATTAGTAAAACAGTAATTAATCTGTGCAAATCCAAGATTGAGGGTCTAAAAAAAG
ACTACAATGTTCTCAAGTGGATATTCGAGATCTACTGAGAATCCTGAGACGTGATTTCATTTTGTTTAGGAGTTATCTCAAAAAGTAGTGACTGTTCAAAGTTCTCACAT
AGTAAATATCCTAAA 

TbrSat47 
CCTTCATTGAAAGATTTATTGTCTCCTAAGATATTATAAAGTATAAATACAGTATAAATTATAAAGCAAATTGAACACTTTTCTTACCGTATTTTGACCTGCCCTTTCCAG
AATTACCAATATCTTTGTTGCCTCCTGTAATGTAAACATATTTTGAAGCTATCAAGGTTTAATTTATTTTTATACCATAACGACTGTCGGAATCATCGTCC 

TbrSat48 
AGTTTTTATGGCCAAGTCGTAAGATTCTTGTTTAGTGTCATTTCAAAATTTGACAACTCATTTGTCGAATAACGAGATGCAACACTTTTTTTTTACAGAAATCTCTCGGTT
AAGACAGTTTATAATTGGAAGTGTTAATAAATTTGACAATGAAGTCAGTTTTATTATTAATTTTTGTTTGACAATATTTTGACAACATATTAACTTTGCTTGTTGGCTTTT
ACATTGTCAATTTGTCAAAATCATGTCAAATTTTGTTACTCGATTATTCAGAAACCAGTGTTTTGAC 

TbrSat49 
TAAAATAACACTAGAATGTGATTTTAAAACATTTGAGTTAAGTTTTTTACCATTACAGGCAAAACTGTCGTTCAATAAATACACGAAGACGCTGAAAACCGCTTTGAAAT
GTGTTTAAATGAAATTTTATTACATTTTCTAGAAAATAATGCTATATTTTTCGTAATTTCGACAACAAACGCAAGCAAAGTTTGTTAATATCGCTATAAAAATTAAGTTTT
CTAAGTTGCGACTAAATTATTTTAAAGCTTAGAGGTAAAAGACGGACTCACAGCAGGGCAGTAACCTACCCACTAGA 

TbrSat50 
AATATTTTTATTTACTACTCTACGATTATTATTTAAAAACGTCATAATTCTCCAAATATCCCCACATTTTTACAAAGAATAAAAGGCATTCTACCACTATCGAGGGTCACAT
TCTAATCTTGAGACTTGACATTTGGAAAAAATGTCTTCTGGAAATGACTTTTGACAAGTACCAAGGGTCATATAATGACACTTAAGTTATAAAAATA 
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TbrSat51 

GATATTCCAAAAGATGTCGGATTGTGTCGGAATTACAGGAATCTGCGCTGTCAGTTTGCAATAAAATATGATTTCTTATGTAAAATTTCAGTCCAAAACATTACAAATC
GCACGAAAATCAATTCAATTTACAATAAAACGTTTTAATTCTACAAGAAAATGTACAAAAGCAATGAAATCAACGTCAAAACGTGTTTAAATTGGATTTTTATCAGATTT
TCTAGCAAATAAAGCTAAATTGTTTGCTATTTCGACAAAAAATGCAATCAAACGTTGCTAATATTGCCACAAAACATAATTTCTTGGCGCTTCATAAAAAATTTTAGTCA
CTTTTACAAATACAAGCGCAAAAACATTGCAAATCGCACGAAAGACAGCAAAAATTGTATTTTACTTCTTTTACA 

TbrSat52 
GAACGTCCATGGGATGTGTTCACTTCGTGCTTTGGTACTTTTTCTAAATAAATTTACTGACAGTTTTGCCTTAACTTAAACTTAACAAAATCATATTTTAGTGCAATTTTTG
ATTATGACTTACAATTTTGCCCAGTTATTAAAAATTCAATTGCGAGGACGATCTTGACAAAAAAAAACGTACAAAAACACTGCAAATCGGACGAAAATTAGTTTAAGTC
GCGTTTTATTTATTTTTTTAAT 

TbrSat53 
AATTAAAAATTATTTTACTCATAAACCGACGCATTTACAAGATTTTTGTAAGACTGTTATCTCAATGTCTGTTGCTTTGGACATTTGAGATAACTTTGTTTTAGAAATAGT
AATACGAGCAGACATTTTCCAAAGTCAGTTTTAAATCAAAGTTTATTTTTTCTGTAAATCAGCACAGTTTTTTAAAATGTAACGAAAATTTTTGTAATGTAATGCCGTTAT
CTCAATGATTTTTATTCTGGGCAGTAATTTTCCCAGGTTTATTTTTT 

TbrSat54 

GAAAATCGTAAAAACTTTTAATTGCCCTCTCAAAAAGTGTAAAACTTGGCTCGTTTCATGGAAATAAATTTACGTCGATTTTTTTAAACATTATCTTCTAGTGTAGAGTG
ATGCAGAGATTCTAAAAATGTCACTAGAATTTTGTTAGGACCAATAGTTTTTAAGATATTGCCATAGATGTAAAGTGTACACGTATAAATCGTCAACAAGCGAATAAAA
AAGCCACAATTTTTTAAACGTTGAGTAAAATGACTCCAAATTTGACTTTTCTATTATAGAATTAAATGGGAATTTTAAATATGCAAAGCTTTTTATCCTAAAATTGATATT
TATCA 

TbrSat55 
AAGCACAAAATTATGGTATGTATTACTTTCCATTTTTGATTATATGATGCTCCAACTTGACGCACCTTCATTTTTTTTGTTTTGATTATATCTCGAAAACGGAACGAGCAC
AAAATTTAATAATTACGGCACAAATTAGCACAAAAT 

TbrSat56 
CTGGCCAATCAGATTTACTTGCAAACTCACCCTTAAACTCAGCCACAACCCTGCTTTTAGAAAATAATTAATATTTGGAAATCTCGATCTAACAGAGAAAAACTGATTAC
ACCAAAAAATTTCTTATTTTTTACTTAACAAGA 

TbrSat57 

TCTTGGTAAAATGTCGAGGTAATAACAGGAAACTTTAGAATTTGTTTGGAAACAGATACAATTTTGAGGAAATCCGGGAAATCTTGGTAAAAGATCGGAGAAATCGTC
GTAGCCTTTACGCAAAGCAAAATATTCTTTTATATTCTCAAATAATCTGGAGGAAATTTAGGAAACTTTTAAAATGTATCCAAAATGCAATGAAAACTTTAAAAAATAAT
ATAAATATTTTTAGGAAAGTAAAAAAATCTCTGGGAAGTCTAAGAAACTTGTCAAATATAGGCAAAAATCATTAGAAATAATGGAAAATTACGTAGACGTCTTTAGGA
AACAGAGGAAA 

TbrSat58 
CTAAATCAATTTTAACTAGCAAATACTAAATCCACAAATAATTTTACAATAGGAAAAGTGTTTTTGGTTAAAATATAGTGTCTATCTTGACGACAGTAAAGAAATATTTC
ACGTTTCTATCTAATTTTTTCACAGCATCTTAAGAATCTGTCAATATTTCTTAAATCTGTAGG 

TbrSat59 
ATAAACTTTAAAAACGTAAATTCTAGAATATCTTAAACCCATGTAAAACCACATAAAAACTTTTTAAATCTTGTCAGAAAATACAGGCTTCTTAGAAGACTATAAGATCC
GGAATCTTAAATAACTTTATGGATAGCTGCAGAAATTTATGAATCTTAAAAACATTACTTTTAGAATGTTTTAATACTTTGTAAAAACAAACAGAAATTTCTAGTACCTT
GTGGTGAAATACAGACTTTTATAAGATCCAGAATCTTGTAGAACTTTGTGGAATTTTGCAGAAATTT 

TbrSat60 
CAACCTTCTATTGTCTTTAACTTTGACACTATCTCAGACACAACAACGTCAACTGCGTTGTCAATGACCAAATGTAACTCCAGCCATAACATTGTTAAAAAAAATTGGTA
ATATAATGACTTGACATAATTTATTGTAGTAATATTAATTTAATTATCGGTACAGTATTAATCTTTGACACTTATGAAAACTAAAAAATTATAGATTTGATTAAAGACACT
TTCGTTGTTTTCATTTTCTGTGATGGTATTCATCTGTCAAAAGATATCTGAAAGTTACAGTCATTTGTTCCTACAGTATTTGA 

TbrSat61 

GACTAGAGAAATTTTTGCAACTTACAAGATTTAATTGTGATTATTTGTGTTGTAATAAATTTTTTTTAGCAATTCAGCTACTTTTCAAAATTTCATTTGAGAATTTTTGGTT
TAAAATTTTATTTAATCACCTGGTTGTTTGGTGAAAAATAAAACAGATTTAGGTTAAACAACGACAAATTTTAATACTTTATTTAACTACTTAAAAACTGAAAAAAAAAG
ACCCGTCACAGGTGATTTGGCGCAGTCGGTAGGATCATTCTCTAGTTTGAAGGGTGAAGAATAAGGAATTCTCAGTTTAAAAGGGCAAAAACACATTTTTAAAATTTC
CCAAA 

TbrSat62 

AGAAATCCAGGAAATAGGGGAAAAGTTGGAAACAGTTTGTAATATGCTGAAAGTTGTTACAAACATTTTTTGGAAGCGGTAAAGTGATTTAAAGGATCACTGAAATAT
CAAAAAAACTTAGAAAACATTGTCAAAATCTCACAAAAATTAAGAAAGAAATCCAGGAAATGGGGGAAAAGTTAGAGAAAAGTCTGTAATATGCTGAAAATTATGAC
AAAGCTTTTTTGGAAGTGATAAATTGGTTCTTATTTCGTAGAAATTTAGGAAAATGTGCAAAATACAAGAATTTTTTATGTCTGTAAGTTCTCTAAGAAATCTAGGAAAT
CGTGAAAATCTGTGAAAATTAATTGAACAGAAGTGAAAGAATCACTTAAATAAAAATAAATTAGGAAACTTTGTCATTATCTCAAAAAAAAATACAAA 

TbrSat63 
AACAAGTTTTTGACAACTAGAAATATCTATAAATTTTGAGAATCATAAAGGAATTAAATTATAATAAATAAAATACATCATTGGGTCAGTTGAGTATAAAATAATATAA
ATATACAGGCTGTCCCAATTGTTCGAGAACGAAAGATTGGTGCGTATGGATTTTACCTAAATAAACTTCAAGAAGCTACAAGGACCTTAACAAAAAGAAAATAATTTTG
GAAAATTTTAAGAAATTTAACAAAAAAAATT 

TbrSat64 
TAGTTTTAGACTTCTCAGTTAATTTTCTACAAAAGCTGCTTAATTTTACCCTTCTCTGTACAATACTGTAAAAGTTATAAGAAAGCAAAGATGATTTTTTGAACATAGTAG
CAGTTTTTTGAGGATTCCTCAAAAACTATAAGGCACAACTTAATAAACTTTG 

TbrSat65 

AAAAAATTTGAACTGAATTTTTAAATACATTATAAATCTGAAATTTTAATTCTCACATCTTGAAATAGATAATCCAAAATTGTAATTCTTAATTCTAATTCTCGGCGAAATT
TTAATCTCGAAATACAAATATCATAATGTCAATTCCCAGTTCTCAAAATCGAAAAATGTGAATTGAATTTCCAAATACACTATAAACCTGAAACCTCAATATCCAAATCTT
GAAATGAATTATCCACAACTTTAATTCATAATTCCTAATTCTAATAAATTTCAGCGAAATTTTAAACTCAAAATTCAAAAATCGTAATGTCAATTTCCAATTCTCAAAAATT
AAAAAATGTGAACTAAATTTCCAAATACCCTTTTAATTCATAATTCTCATTTTTTATATTTCAGCGAAATTTTTATTTCAAAATTCAAATAACGTAATATCAATTTCGAATT
CTCAAAATG 

TbrSat66 
GAAATATTCAGCGAAGATACGAAATTTAAAGAGTTTTTGTAGTTATGACTTGTGATTTTTGGAAAATCTTCAAAAATTGTATACATCTAGACTTGTTTTTGTATTTTAAG
GACAAAAGGGATTAGAAATTGTGTAAAATTGGGCAAGGGGATGAAATTTGGAAAGCTTGCTTAGTTGTGACTTGCAGTAGTTTTCTAAAAATATTTAAAAAAAAATCT
AAATTCGAAGCACACAAAACCTTTTTGTAGAAAGCTTCGTTATTGCTAATTTGATAGTCAAAGCTGCTGAAACTGTGATTTTTATTTAT 

TbrSat67 
TGCTTCTGTGCTAAATTTGTGTCCATCAGAGCCAAAATCAATTGTCAAATTAAAAAAAAAAGACAGACACAAAACAAATTAAACAAAAAAGGTTAAATTGCGTCTTATC
ACGTTTTAAACGTAATTTTTATTAAATCTAAGCTAAACTATGGGAGAATTTTAATTAAAATCGCACTAAAACTTGATTTCGTTGCATTTCAGCTTTGTAATTTTAATAAAA
ATCGCAATAAAACGTGATTTTGT 

TbrSat68 
AAAAAATGTCCTATAATTTATATAATATCTGCCAGTACAATAAAGAGTTAGACTATTTTAATGTAAAAATACTTGGGAAATAGATATCTGTCAAAATTACTAAGTTGCAT
CTAATACTTTTCTCATAATTGTCAAAAAACCAGTGTCATTTTAAAGAATTTGCATTTGATTTT 

TbrSat69 
AAAAATTGTCCTAAAATTTGTACTGTTTTTTATCACATTTTAAAATTAGACTAATTTCATGTAAAAACACACGGACAATATAAATATGTCAAAATTACTGAGTTGCATACA
ATACTTTTTTTGTAATCGTTAAAAAACCAGTGTCGACTTCAAAAAACTTGAACTTCGTTTAAAAAGTGACTTATAATTAGGACAACTTTTACTGGTACTTCCTAGAATTGG
ACAATTTTTATATCAAACTGTACAAAAGATACGAATCTGCCAAACTTACCGAGCAGCGTCCAATATTTTTTTCAAAATTGACAAAAAGCCAGTGTCGACTT 

TbrSat70 

TCTCCACAGCTAAAAAAACAAAATAAAGCCAGAATAAGTTTACTTCATTAGACACAATTTTGAGAATATTACCTATTTTTGAGCCATCGTTAGCTTAAATCTCGTTATTCA
TATCACCTCCAGTGCCTGGAACATTCTCTAAAAAAGAAAATTAAGACAAACTTCTCAGCACAGGTTAGGCTTCCATATAAAAATGACTGATCACAACCCTTGAACAAAA
ATAATATTTCTATAATTTCAAATTAAACTTACCTTCCCTCTTTTTAATAAGTTCCGACACTATCCACATACACAATGTTTTCTACACTTTATTCTTGCACTACCACTCAATAG
TAATTTTCTTTTTAATTCGTGACTAAGAAAATCGCGATCCCCGTCTACATTTAAATAATAAAAAAAATCTGACCTTGATTCCAGATTCCTCTTCCGCTGCTCTTCTCTCTCT
CTCTCTCCGTTGAAACGGACCTACTGCAATAGAAGAAAAAAATAATGTAATTTCTTTATCATGAAAAAACACAGAGAGTTACCCTTTACATCCGAATCTCGCGCCCCATC
CTCTTCCATGTCTTTGATCCATATGGAAAGCACAACACTTTTAAGTTTTACAAAAACTCTCGAAACGGCACTTTTTAATCCGCGATCGCGCACGACTTAAATGTCTTTCAC
CACAATCACACAACTTTTCTAAAAAAAA 

TbrSat71 

TTTCCATGTCTAAAAAAACAAAATAGAATTATTTTCCTTCATAATGGAATTGGAAAACTTACCTAAACTTTGTTCAATTGTTATCTTGGGTTGTTCTCATCTCTCTCTATGT
CTAGTGGTCTGGTGCATTCTCCAAGAACAGACAATCAGAGCGAAATTCTTTGCAAATTCTGAACATAATTGGTTACCCCAAAAAATAACACTAAAATGTTTTAATTTCAA
AATAAACTTACCTTAAAATTCCCACTTTTCAACTATGCACAGACACTCAACAGATAGATACTCAGTATTTTATAGAACTATATTCTTGCACCAACACTTAAATTTATTTTAT
TTTATTTTTTTTTTTTTTGAGACAGAGAAAATCGATATCCGCAAGTAATTTAAAGAATACAAAAATTTCTGACCTTCATTCCAGATTCCTTTTCCGCTGTTCCCTTCTCCGT
TGAAACGGACCTACTGCAAAGAAATGGAAAAATCGTAGTGTTTTTCTTTTAAGAAAAAAATTGGAAAGTTACCCTTTATTTCCCGATCCCACGCCCCATCCTTTGACCTG
TATCCTGTGTTCTTCACTCGTATGGGGCACAACACATTTCAAAGTTTTACAAAAACACCCGAAACGGCACTGTTTAATCCGCGACCGCGCACAACTAAAGTGTCTTTCAC
CACAATTTATTACAGAACATTTGCAAAGAAGT 

TbrSat72 

TTTCCCCCATCTGAAAAAATCAAAAGAATTATTTGTCTTTCTGATGAGAGTTGAGTGAAATCATTACCTAATTTTTGTTCCTTGATTATTTTGTGTTGTTGTTATTCTTCTC
AACGCCTGGTACATTTTTCTTCAGGCAAAAATAAAAACTAATTTATTACTTCTGGAAAATTATACCTATTTCTTTAATTTCAAAATAAACTTACCTTTGAAATTTTCACTTT
TAGTTATGTACTGATACTAACCAAATTACACACTGTTTTGCACAACCTTATCATTGCACCACCACTCAACAAATAAACTTTTTTTTGTAATTTAAAATTTAAAAAAAGGGG
ATCCGCGTGTAAATATAAGAAAAAGAATATTCTGACCTTTATTCCAGATTCCTCTTCCGCTGCTCCTCTCACCGATGAAACGGACCTACTGCAAAGAAAAACAAGTATA
GTATTGTAAATTCTTTAATAAAAAAAAAGTTACCCTTTGTTTCCCGATCTCGCGCCCCTCCTTCGCCTGCGTCCTTGACCCATATGAAGCACAACACATTTTACACTTAAC
AACACTCGAAACGGCACCGTTTAATTCGCGACGCGCACCACTGAAATGTCTTTCACCAAACTATCACTTCCAAAAAAAG 
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TbrSat73 

AGCTCCTGATTTTTGGTTAATTAGGTTTACAAATTTGAAGATTTTGTTTAATTTTACACTAGAATAATTTAATTATGATTCATTTCAAAATTATTTTATTTTTCATCGACAAT
AATTCAAGAACTACTGATTGAAAATTAATGAGTTTTACAAGTTTAATTACACTTAATTCTACTTAATTATAGATATTTAGAAAAAAAATCTGTTTCTAAGATTTACAAATT
TGAAATAATCGTTTAATTAATTTAATTTAATTTTATACAGAAATAGTTTAATTATGAGTCGTCTCTAGACAATTTTAAAAATGCTTTTTTTTTGTTTTTCAATCAATAATATT
TCAAA 

TbrSat74 
TTTTTTTAAACATTGTAGGAGCTTTTAGAACTGTCTAGAACCCTGCAGAACCTAGAATAAAGTTAAAAACTCCTAAGAATGATGTAATTGTGTAGAATCTATTCAAATCT
AGTAGAATGTAGTGGAAACATTGAGAAATATTTTCTTTAAAAAATTCTGGAAAATGCTAAAACTTGAAGAAACATTCAGAACCATGTAGAATTTATAAGAATTTCCGGT
ATTCTATGGGACGCCACTAAAACCTGAAGACGTTATAGAACCCTATAACTTTGTATTTCAGCTTTAAGACTTTTTGTACAACTAAAAAAAAA 

TbrSat75 

TTCGTGAAGCAAATATATTCAATTTCCTGAGATTTTCTTGATTTCTTCCTAAATTCCTCAAATTTTTGTAATTTCTTCCTGATTTCCTCAAAAAAATCTCTTTCTTGAGATTG
CTTTGATTTCTTCTTAATTCCTAAATCTCTTCTAATTTGTCTAAATAAATAATTTCATGGAGGTATTAAATGTTTTGAGTTCTCCTAATTTCTTCGAATTTTTAAAAATTCCT
CCCAATTTCTTCAAAAAAATCTCTAAAACTCCGTAATTTTATTTGCACTTTTGTTGGTTTCTCCTTGGGGACAAATAAGTAAACATTTTCATCAACCAAAGGTCTTAAATTT
CCTGAGGTTTCCTCGATTTCTTTCTAAATTCCTCGAATTCTTGTAATTTCTTCCTTAATTCCTTAAAAAATCTCTAAAATTCTATAATCTTATCTGGAATTTTGTTGTTTTCTT
CTCAGGGACAACTTAATGTAAAAT 

TbrSat76 

TTTAATTGTACCATTTTTAAATAAACGTTTAGAAATGCAGAAAGTTCTAAAACTTTTTAAAGAATACAAATTTTGACTATAGAAGATTTTCTATTTCTATGTACATATTGCT
TAGAAGAATAAGTGTTAACGTCATTGAAAAGCTCTTGGATTTCTAAAATTTGATCAATTTTCTAGAATCTTTCGAAATTTTGGGTTCATTAAGTGTGCAAGACATTCTAG
AATGTAAAAATTTATCACAAAATCATTTTCCTCCTTTCTGGAAAATGTAATGTATGTATCTATTTTTATCTACTTGAAAGTTGTGATTCTTCGAAGACATTTTTTAATTTAG
CAAAATTTATAAAAAGTCAAGCAGAAACTTAATAGGAGTTCTATAAAACCGAAACATCTAGAATTTTTTTTAGCGTA 

TbrSat77 
GAATATTGGTTTTGTGTTAATTTTTACACAATACTAATGCTGTTTCACTTTCACTGAGATAGTTTAACATTATTTTACTTTCACTGATCATTTAGTTGAATTATTAACACGA
TTATGCAAAAATTTAGGTTTTTAAAATTTTAATACGCAATACTGTTTCACTTTCACTGAGAGTATGCTAAAGACTTCAAAAATTAAACGTAGAATAAAGAAAGAAATCCT
ATCAATTGAAA 

TbrSat78 
CAAAAATATCTACATACCGGCCCTCAAAATTTTTTGCCGGCCCTCTAAAATTTTACAGTTTTTCTTTCAAACTTCATATTTTCGACAAAAATATTTGGTTAAAAATAAATAA
GAAAAGTAAAAATTTTAAAATTCATCAGGACTATTGAGGGCCGGATTTTATATAACAAAAAATTACATAAATTCCAAAATAGCTACGTAACTTTTTTTAAAGTCTAATTA
AAATTTACATGAATAAAAAAGTCAAAAAATCTAAACTTTTACATTTTTAATAAAGGACACA 

TbrSat79 
TTTTTAAAAAGTTCTACAACGTAGAATATTGTATAATTTTATTTCTCTGAAGAAGACTTATAATGATTTTAAGAAATTCTACAACGCACTTTTAGAATTGATGTATTTCTA
ATGTTTTGTTAGTTTTTTCTAAATCCAAAATTAAATTGTAAATATCTACAACAATTTTTTTATATGCAAAAAAGTTGTACATTTGCAAAAATTATAAAAATTTTACGTATGT
AATGAATTTAAAAAAAATATAAACAATTTTACAAGGTTATTTAAATTGTAGTTTTTTTTTAGTTATTTGTAG 

TbrSat80 

AAATATTTCTGAATTCTGAGAGTTTTTTGACAATTATCTGAAAAACATTTGCCGAAATAAAAAACTTTACAAATTCAAAATCCTCATTTAGTTTTACGTCAGAAAAAAATA
TTTTTGTGTCATTAGCCACGGCGCTGAGTTAACAATGCAATTATTTTTGAAAAAACTTCAAAATATTTCCGAATTTTGAAATTTTTTTGACATTTACCTAAAGAATATTTG
CCGCAGTGAAAGAAACTTAACAAACTCAGAATCCTCATCTAGTATTACGTCAGAAAAGTTTATTTTTGTGCCATTACCCACGGCGCTGAATTAACAATGAAATCATTTTT
GACAAAAAAACTT 

TbrSat81 

CTACAGAGTTCTAGAAAATTCTGTTTCTGCATAGCGTTGAATACTTTTATTTCTAGAAGGTCTTCCAGTGTAGGACATTCACTCCTGAAAATTCTAGAAGACTCTATAAG
ATTTCTCATAGCTTTATGATGTCTTACAGAACAATTTTTAAAGCTCTACAACGTTCTACATAATTCTAGAAGTTTCTCTTATATTCCCACTAGTGTTTTTTTCTTTATTTGGA
AGATTCTAGAGTTCTAGAAATTGTCATCTATTTTGAAGCTTCACGATAAGTTGATATTATTTGTTCTAGAAGGTTCTACAGCGTAGAGAACATACTGTTTTAAAATTTCTG
TTTTTATTTATAATTTTTGAGAAGTTTCTGAGAGATTTTTCTAGATTCTGCAGAATTCTAGAAACTTCTGCATTAATTCAAATCACCTTTTTTTTGAATTTACGAATT 

TbrSat82 
CCAACAAAATTTGGAAGCTAGGAAAAAATTTACCAAGATTTCTTAGATGTTCTAGAAGTTTTACCAATTTTTTGTGCAGAAACGTAACAGATTTCTTAAATTTCTTTGAA
ATTCCACAGTAGTTTCTTAGATTTCTTTGGAATTTCACCAATTTCTAAAAACATTTCTGTGATTTCACTATTTTCTAAAGACTTCTAAAATTTG 

TbrSat83 
ACGGAATTATTTTTTTTCTTTTCATAAAGCAAGACGATATTTGACACGTGCTCAGTTTCTTGACAATTACTCAAAAACCATCAACCGTATTGTAATAAATATCATAAATTC
GATTTTGCCATTAAATTTTACATATAAAAAGTATTAATTCAAGTTCTTTTGACCATTAGTGTTC 

TbrSat84 
CCTATATGTAAAATTACATAAAAATTTTAACCATCACTTTTAACAATTCTTTACTTCAAAAATAAAACATTACGTGAAAGTTAGAAATCTAAAAATTACACTAGTCCTCTG
TGAAATTACACTGGAATTTTACAAATCTTGTCCAACGATTTTTCCCGGACGCAATTTTTTTTATCTAAATATATTTGATTTTAAAAAAGTGTAATGTTTTTTTACGAAGATA
AATAAAACCATGTAAAATTACATCA 

TbrSat85 

AAAAAAAAATGTTTTATAAAAATTCTCAACAAGCATGAGAAAAAAAAATCAATTAAAAGATTCAATAATTCCAACGTTTGTTGACAAAAGAAGTTCTTCTATTGATTTTG
AAATTTTAGTCACGATTTTTTCGGTTTCATTCCTCCGCTGCTCCTCTCGCCGATGAAAAAAAAATCTTTAACAAAAAGATAAAAGACAACGGAAAAAAAGAATTAAAATT
TTCGTTTAATTTTTCATCGTAAAAAAAGGAAAACAATAAAGTATAAATATAAAGTTCCTTAATGATTTTGTTTAAATAAAAATATGACAAAAAAAGTGCTGCTCCTCTCG
CCAATAAAAAAAAATAATTTTTTAACAAAAAGATAGAAGGCACAAAAAATAAAATGTATATAAAGTTAAAATGTATGTAAAAGTTAAATTTTCAATTAAGGCAAACGA
GGAATTCTGCTCCTCTCGCCGAT 

TbrSat86 
AAGAAACTATTTTTAGTCGAGAAAACTGAAGTTGTCAAATATTTGACACTCTGAAAACTAAAAATTTAACTCAATATAATTGAAACGTTTATAATGTTAGCAGGATTTTA
GTAAGTCTACGTAAAGAATATTTAGAACAGTGTCAAAAATTTTACATTTGACATTCCAGATGACTATAGTCACTAAATATTTTGACACTCTCGAAATTCAATTGTTTTCTA
TAAACTAGGAATATCTGACAAACGCCTTTTTTTGACAAATTTGGTTTAGATTTAAAAAAAA 

TbrSat87 

ATAGACCTTCCACTACTTCTTTCTAAAAAATTGTAAATTCCAGGAAAGTTGAAACTTTCTGAAACAAAAGAACAACGCTATGTGAAAGTCTATTTATTTTTTCTAAACTCG
AAGTTTTAATATATTTTCTAGAACTGGATTTTTGATTGATTTTGAAAACGGCGACTTTAAAGGTTATAACTCTGGAACCAAAGGTTTATTTTGAAAAGTATAAGTGGTTC
GGTACTCATGTCGAGGTCCATCATTATACAAACTTTGGTCATATAGCTTAAAAAAAGTCTATAACACAAACTTTTTGTTCTAGAAGCTTCTGTAGAGTTGCTAAGTAATA
GATTTAGGTGCTTTAAAGTTCTACGATATTCTAGAAAGCTTATTTTCATCTTTCACAGTATTCTACACAGGATTCAGAGTCAGCAAAAGCTTTATTTTTTAGATACTTAAA
AAA 

TbrSat88 
TCAGCGGTTATTGATTTCTTATATTTTAGAAGAGGAAATTTACATTTTCAAAGATATCTCAAAAACTAGTAGCCATAGAATATAAATTAAGCAAGAATTATTGTGATTTG
ATACCCGAAAACTTATGTTCACTTTTATATCATTATTTAAAAGATATGGATGTCACATTTTTCGTTAAATAAAAATGTATTTGTTAAGGTATCTCAAAAACTAGTTATCAC
GGCTTAAAAATAATTGCTAAATTAGAATTTCTATTCATTAGTTTAGAAACAAAAAGTGCTTTTT 

TbrSat89 
TTGGAAAATTTAAATAACGTTTTCAAAATATTCACTTTTTCCCCAAAATTTTTAAAGAATATTGACTTTAGGCCAATTCTACTTGTATTTTTAGAATCCTGGTTTAATTTTG
TTCTAGTTGACATGTTTTTAGCATGTTTTTGAAAATATATACCGAAAAATTGGCCACTACTGCTGCATGACAACGAAACATTTCAAAAAACTACACGTAACTTTTATTTTA
TTGAAAAACTTATGGTTGTCTTGGCAGCTTTAGGTTTCTTGCATTGTTTTACATAGGAAAGATAAAAATCTATTTGTTCTGCCTGTAATTTTTAAAAAATTA 

TbrSat90 
TCCAACCTAAACGGTAAAAAGTTACCAAATTAATAATAAATACGGAAATCGATAAAAAAATTAAATGACTTTTTGGGGAAAGATTCAGTTGTTTTTTCAAAATTCCGTAT
CAATATCGGCCACATTGCACCCTAAATTTTTATCGAATTATGTTAATAAATAACTAAAAAACTGAATATTACATAACCTCACTTTTTCGCACCTTTATTGACAGATTCAAT
GTT 

TbrSat91 CGTACTGCTTTGTGTTGTAGAAGTAGACGATGTACTAGTTGGCGTATCGGACGACGG 

TbrSat92 
CGAAAGGATATGGTAATGGTATTTTTTTGTCATTCAAATCGTTAATTGAAGGAAAAAACAACGCGAACTGTTTATACCTACAGTCACGTGACACTTTTTTGACATTGACA
TCTGTCAAATTTCTGTGTTGTGCTGTCAAAGTGTTGTCAATAAGAACCACATAATGAGATCATTTTGAATAATTATGTAGGTGCTTAAGTAAATCTTCAAAAATGGGTCT
GTTTGGAAAAACCCC 

TbrSat93 
TCACAATAATGTCGATTCTAACCTCACTTTCCTGCGACACGAAATTTACTCACTTTTTATTATTTCACCGTAAGTTGCTTTGATAATTTATTTAACCTGACGCCATGTTACT
TTTAACCTCACTGTTCAGAATTGCCAACCTTGTATGACAATATCCCTACTAGTTACTGCTTGATCATCATTTCCACTTTGTTTTAGGAGGAATGGTGAACAAACCACACTA
TTTTCTCCCACAAAACTCTGTCCGAAACT 

TbrSat94 
TTTTTCCTAGAATGGTAACCGGCGACGCGTCGTTTGTAACTATATCTTTGAAAATTCCAAAAATTTTTACAATACCTCGAAAATCAAAACTTCTTAAGTCTTGAAAAGTGT
TGTTGATTTTTTTTTAGTAAAAAAATATTAAGCCATTAAAAATCTCTTTCTAAGCACATCAGGAACTCAGTAGAAACTCTCAGAAAGACGTATATTTATCTAGAAATTTCT
GAGAACCTTAAGAACTGTTGTAGAAAAGTCAAAATTTTTTTAGAGAATTTTTCTGGAAAGACTCCTCGACG 

TbrSat95 

CAAATTAGTTAATGTTGCTCTTCTAACGTAGACTACAACATTATATTTCTTAAAAATCTAGTTTAGACAGTTTTGACTAATTGTTACTTTTTTTATTTTACATGGTTCTGGT
AGTTACGTCAAAATTTGTCAAATTTTAAAATTTTAAAAAAGTGCTATTATTGTTTTGTTGATTTGGAAGCCCTGTAAATGTATACAGAGACATTTAAAGACGCACCATAA
CACTTTGAAAAATTTATACAACATATAAAATTATGATTCTCAGGATTCTTAAAATTTTTACAAAAATGCTCAGGTCTGTAAACATTTCTAAAAATGGATTTACAATTATTG
TTTT 

TbrSat96 TACTGAAACTTCAACACCCACTGAAACATCAATAACGACTACTGAAAGGCCAACAACAAC 



Ocje
na

 ra
da

 

u t
ije

ku

161 
 

TbrSat97 

AAAAACTAACGTAAATAATGATGATCGAACCCTGAACAGACCAGACCTGACCTGACCTCCTCTAAATATTGAATAGTTTCGATAATTTCCAATAATTACGATTAAATTCT
TCCGGAAAAGTTAGAAAAACCTTTTTATATTAGTTCCGAATAATACTTTAGAAAACGGAAAAACACACGTGAGAAAAGAGTATTTATTATACAAAATAAACGCAATTTT
CGATCTACAAAATTATAAACAATCCAAAAACTTGAAAAAAACAAAAATCAATAACTAAACAATTACCAATAATTACCGTAAAACACACCACATCACACACACACACTTC
GGCCGCCTATTGTCATTCCCAAAAATACAAGAAAAGAAAGAAAAAGGAGAGAAATAAAAAGAAATGTACGAGAAAGAAAGAAAAGAAAGGAAAAGAGAGATGGAA
GAAATGAAAAAAGAAGACAATAAAACGACTCGCGCTTCGAACTCGTAATTTTTCGGATGTTTTCGGTCGTCTCCGAAATAGCAACTTCGAACTTTGATATCTCGCTTAA
TAATTGAGATATTCGAACGGGAGTTGCATATAAATCCGAAACGCGTAAAATGGAAGAGATTAAACCACTTTTAAAATTTGACCTTGAAAATCCTATCTCGGTTATTTAT
GAAGATATCGGAAAGCGGTTTTCGCCAGATCGTAGAGGACCTCTCCTAGGTTACGTTACACTTTTTACCGCGTCAAAAAATTTCAATGGGAAGCCGTAAAATCGAATTT
TCTAAAATCTCGGGTCAAATTATCTCCGTGGTTCCTGGGAATATCGAGCCGAAACCGGTGCCAATCGATTCCCAATGGTCGATATATGGGTATATATCGACACTTGTAA
ACAGAACCCGGAATGACCTGACCTGACCTGACCAATTAATATTGATCCAACCT 

TbrSat98 
AAGGATAGTTTTTTTCCAACTACTCAAAAATTACCGGAAATAGGTTCACATAATTTTCAAATTTGGAAACTTTGATTAATTTTGTATAATGGAAGTACACCTTCGACCCAT
TTTACTCATCACAGTGCTAATTATCATTGATTTCTTAAAAAACATCTGGATTTTTGAAGAATTCAGTGGTAGTTTTCGACGATTACTTAAAAATTATGGATTCTAGCGTCA
GGAGGTTTAAATATTCAAAATGTCTATTTAATTTCACACTGTTGCACTAATAATTGTGGCAACTGCCAAGGATTTTTCGAAAAAAACATTTTTTTTGAGTCG 

TbrSat99 
TGTAATTTTACGATAAAATAAAATTGTAAAATTACATCAATGTTGGAGACAATAAAAGATGTAATTTTAAAGATGTCGTACTGTATTTTAACAATTTTGCAGAATATTCG
TTTCAAAGAATGTAAAACTACGTAATGTTCAAATTTTACTTTACACAATTTTTTACTCGCTGTAAAATTATGAGGAAAAAAATTAAAATTATATCATGTTCGAATTCCATA
AAA 

TbrSat100 

AGAGATTAATTCTTATTGCAGCAGAATTTAAACAAAATGTCTTGTAGTAATTATTGCAAGATATCCAACAGATAATTAATCTAGAGAACATCTAAACAAAGAAAATACA
AAAAAAAAGATGTGAAGTGCATGCAATACAGAATTTTTCATCAAGAATTGTTACTAAGAAATTTTTTAACACCAAAAGTCAAAAATTTTTCAGAATTTTTTTTTATTGTTA
GCATATTAAAGAAACATTTGTAAACTTGAAAGCATTAACAGAATGATAAAAAGTTGTGAAGTATTTTTTAGAAAAACGATAATTTAACGTTACAAACCAATAAAAAAAG
ATATAGAATTCTTCAATAAAATTTTTCAAATGAGGAAACGGCTCATAGAAGATAGATTACGAAATATTTCAAAAGAACATGCGTTGCAGTAGATAATTGCATTGCAAGA
TTTTCCATCATAAAAGCTATTATAGATTTTCAGGAGTAGAAGGTAAAAACTATTGTTTTCAGCAACTGAA 

TbrSat101 
AAATAGCAATGTTTTTGTAAAAAATGAGGCAGCAAAACAATTTTTTTCATTGCTTTCTCAATCACAATTTATTTTTAATTGCAGTATCTGCAAGTTTTATAACTACTAGAA
AAATTTAAAATAGCAAATTAAAATGAGATAGCTAAACAGTTAAGGTTTCTTTAAATTTCGACTTTGCTTTCTGTATTTTCTCCGTCTAATCACGCTTTCTGAAATAGTAAA
TTCAAAAATGTGAGGTTGTAAAAATTGTTTTCATTCCAACAAACGTGACAGCATTTTTTTTTAAACA 

TbrSat102 
AGTGAGTTTGGAAAAATTTGTATTTTAGTTATGGCAATGGTGCAAAGATCTTTAGAAACATCTGTGTAAAATCTGGTCAAAAATTGGGCACTAGTTTACGAGAAATTGA
TATTTGTACATTTGATTCACTGTAGATCCACCAAAGGGTCGCAATAAAAATTTATATAAAAAA 

TbrSat103 
TTCAAGGAATGATCTTTATTTTTCGTCCACAGAAGTACGAAACCATTGTTTATAATATATCAAACAATAGATGTTTTGTAATTTTTGGTTTCTGAGATATAAATTTTTTTG
GCTGCAATTATTTGAAAATTCGACTGTTTACAGTGATTACAAGAGACAGCGATTTTAAATGACTGG 

TbrSat104 

TAATGACACAGAACGAAGAAAATTGATAGACAAATTTTGTATTTTTGTCACGCCCAAAATCTTTGATTTGATGGTACAACAAGACACAATACTAATCGGAAATTAAACG
TTGATAATAAGATTATATCATGCAGAAATCCTACGTTTCTATTCTGCCGACCAATGATACATGTCGTTGGAAATTGATAGGTAAATTTTGTATTTCTTTCCCCCCCAATAT
CATTGATTTGATAGACACAAAACTAGTCGAAAATTAAATGTTGATAACAAAATTATATCATGTAGAGTTCTTTGAGTTGTATTCTGCTGACTTTGAGTATTATCAACTTTA
AACCC 

TbrSat105 
GTCATGGACGAATTTTAGATTTAAGATGTCTTCTAAAACTTGATTTTAGACGTGCATAATTAACAGTTAGTTGCAAATGAAAAATCCCCGTTTATTCGAAATAACAAAAA
TGACACATTGCTTCAAATGTCAAATTTTGGCAAACTTCAGAAATTGAATTTACGAATCAATCAAAGACCAAAGTCTTCTTTTCCACGGCCTCCCTTTATTTAAAGTATTAT
TTGTTCATCTTGTATTTAATAAATTTTAAAATTTTATCCAATCCAAGCTCATAAAAACTGAAAGGTGATTCCACTTCCTATTATTTAACAAAAAAAAAA 

TbrSat106 
AACGTTACAAAACTTTCACAAAATTCTCGATTTCTAGGTAGCCCTAAGAATTCTTATTAGACTTTAGAGCCTTCTAGATATTGTAAAGTTTCTGCTAGCTGTAGAAAGCG
TCCACAATGTCAAAATTTTCGCAAAAATTTTATCATCTTCGAGTGCTTTCTGTAGTACTACTATTTTTCACAACTTATAGAAGTTTATAGAAACTTCCAGAATCTCGAGGA
AACTTTTCGATAAACGTTCTCAAAAATTGTCTAGTGTGAAAATAAA 

TbrSat107 
TAAAAATACAGGATTTAGGCCATTGCAATTTTTATTGTCTTATAGAATGTCATAGAAATTTATAGAGCTTTGTAGAACACAATACAAATATTAAAGAAAAATGCAAAAC
CTTATTTTTTAAGGTACTTTGAGAACTTTTAAAAAATACATAGTGACTCTGAGAGGTTTAGCAATTTTGAGAAACAGACAAACGAAAATAATTTTCAATACTACATTTAT
TTTTTGACTGCAGAATTTTCTGGAAATTGTAAAAAACCTATAAATACTTATAGAATCTTTTAGAATTTTGTAAAAGTTACACAAACTTTAGAATTTTTATGGAAAAAA 

TbrSat108 
GAAAAATAAGAAATAAGAAGACATAATTTTCAAAAGTAAAACAATTGCTAAATCCAATTCTTAAGTTCAATTTACGCCTTAAAAACATTTTTTTGTAAAACTGTAGCTAC
GTCAGACTGTCAAAAGTTTCAAAAAACTGTGAGAATTTTGACATTTTTTGACAGTGTAGTAGAAACACATGGTGTCAAAATTAATTTCGCCTATTTTATGTCTTGATTTT
GTAACCACAAAAAAAATTTTTCTTCCTTTTACTACACTACAAATTTTTTTTTCTATTCAATATCTTAAAATTAAAGCCTTTCC 

TbrSat109 
AAATTATATCTTTGGGCATTTATGACGTACAGTTAGTGTTGCCAACCTTCAGGAAATATTTCTAGATTTGGGGAATTTTAGGTTAGATTTGGTGATTTTTGCTATAAAGC
TTCTGAGTTGTATACAGATTTTGCACTTTCTTCAATTTTTGGTGTTACAGAGTTTGCAAATACACTAATTCAGATTATCTATATTTTAGAATTTGTTTACGTCATCGGATCT
TTTCACGTCATGTCAGAAAGTTATTAAAATAACAAAAACAATTTATTCTTACGGCGAAGGAAGTGCAGATTTGTTGT 

TbrSat110 

CTAAAAATTCTATGCTATTTGTGTTTATTATGTTAAATCTATTGGGCATTCTTCTAGAAATCGGTAAAACCTTGTCGAAATTTTGAGAATTTTAAATTGCCTTAAGAAAAA
ATATTTTTCTTATTTAAATCTGTGAACCAGTTCAACAAAGAGTTAAAAGTTTTATTCTATTTGACAATTTAGTCGCCTAGAAACTTGTGAAACTTCTAGAATGTTGTAGAA
TTAAAAAACCAAGCTCTCTTTAGCCAGAATTGTTGTAATTTCGAGAATTCTGAGAGGTCTCAGAAAGAAATAATTATCATATAAAAATCTTTAAACGCATGCAACGAAC
G 

TbrSat111 

ATACGTGACGTTAATTTTTTATTTCTTTAAAAATTGTCAAAATGCTTCAGGGTGAGTCAAACTTTCAAGTATTAGACAAATCACTAGCAATAATGTTTGTGACAATTTTCA
AAATTGTCAAAAACAACAACAAAGTCTGCTATTATACTCTTAGAAAAATAACATACTGTAAATTGTCATTTTAAAATAATTAATTTTTTTGACACTAGCAAGATTTAATCG
AAAATATTACGTCTTTGACACGTAACTGATATTAACAGTGAACAAAATTAAAACAATATTACAACATTTTTAGTTTTATAAAATCTTCCAAAAATATTTGACATTTTAGAA
AAAAATATTTGACATTAGTTTTTAGTTTATTCAAAAATTGTCAAAATTAATATTTGACAACCAGTGTAACGACATTTCACAAAAAAAA 

TbrSat112 

CTCTTCATTCTTGCAAAATCGAAAACAGCAAGTAGTTATGCGGCATAATGAGTATTCAAATAAAGAAGTTATTTCGGGTGTGCCACTGGGTTCAGTGTTGGGGCCAGT
ACTTTTTGTTTTGTATGGCAAACTGTTTAGATAAAGAAATTACCGTTACCAAATTTACCAAAAGAAACGAATTCTGGATTGCATAACATTAATAAAGATAAATTTAGAAC
GCTAATTAATTAAAAATTTATAATAAATTACCGAAGAATATAAAAAAATGAAATATCTACAACACGTTTCTAAATAGAAAATTATTTAGAATGTCCAGTGATCTAAGGA
AAGCTTTTGATTAATTAAACTTTATGACCATGGGATAAGAAGTGCTGGTTTTAGCTCTGAA 

TbrSat113 ATAAATTCTATGATTTTTCTTAAAAGTTGTACTAGGATCTAGAAGATTTCAAAATGTTTCTACAACACAGCAAAAATTTAGTATATTTTTT 

TbrSat114 
TAGTGTCTCACTAAAAATTCTAGAATCGAGTAAAATTTTTAAAATCGTGCAGAAAAATCTATTTTTGAAAATATAAGTAGCTGAGGCAATATAGAAATTTCTAGAATGCT
TTGGAAACTTTCAAAACGCTTAGAGAGCCTCTCAGAACCTCT 

TbrSat115 

GAGTAAATGTCAAAAAAGTAATTTTCAGAAATTTGTTGAAATAATTCATAATTAAGATATTCTGATGTAGAATTTATTTTAATTATTATATTTTGCTAGTGCGGAATTGA
ACGAGGATTTAAAATTTGTAAAACTCGTTAAGCCACAATTAATAATAATTTGTGACTAATTGTTAAAAATTATGTAAAAACCGACATTTTCTATTTTTTTTGTAAAGCCAT
AGTTCAGCTATTCCAGTGTAGAATTTATTTCACTAAGGTTTTTATGTTGTAAAATTAAACGGAAATTTTAAATTTCTAAAGGTCATTAGACTACAATCAGTTGTTTTCGAG
TAACTAACAAAAAAGTGAGGTAAAAATGGACACTTTTTTATAAATATATTATCGTAACAAGTCATAATTAAACTAATCCACTGTCAAAATTAATTTTAATTAAGCCATTG
TAGTAAAGAATTAAACGAAGACCTCAAATTTGCAAAACTCATTAAGCCAAAATTAATAGTTTTT 

TbrSat116 
GAATCTTTGACAATACTGTCAAATATATGGGAGACTACCAAGTATTTTATTATTTATGCTAATTAGGACAAAAGTTATTTTAATAAGCCCAATTTTAAAATTTTCAAACTT
TTGTCAAATCTGACAATATAATAATGTCTAAGATTTTTATTAAAATTTTTAGCAAATTATGCAACACAAACAAAACGGTTCTCAGAATTTATTTAATATTTTTCAAGATTT
GACACTGGTGAGAATACAGTGTCAAAGATTTTTTCAAATGTCAATAAGTAAAGTAAAACAAAGTTA 

TbrSat117 
CATTTAGAAAGATAGTTGGATAAAAAAATGTCAAAGATTTGACTTCGAAATGATTAAAATGTAAGAACTTATGGAAATTGGGGGAAGATTTGAGGTTGTCAAAGACG
AAATAATAAACACGAGTAATTCTAATGTTGTCATTTCTAGATGTTT 

TbrSat118 

AGAAAATAAAATTCTAACTTGTAGAATATTACAGAAATTTGTAAAACTGGACAAAGTTTTATTTTTCATTTTAGATATAGAACAGTGTAGAATGTTATACTAATTCCTGA
AAACAAACAAAGAATTCTTTTATTTCAGAAATAGAAAAAATACAGGACATGTTTTAGTCAAAAATGTAGAAGACTTTCTGAAAATTGTTTACAATTTTTAGTCAAAAAAT
TGAATAAAATTAGTACTTGTAAAAGAATTTGGAAAGTTACATAAAGTTTTCAAATATTTGTAAAATTTTATAAAATTATATAGAAGATAAAAATTCTAACTTGTAGAATA
TTACAGAAATTTCTGAAGCCAGACTAAATTTTGTTTCATTTTAGAAATATAAAAGTGTAGAATGTTTTAGTTATTTCTAAATCCAAACAAAGTTTCGTTTTTTTATGAAAA
TAAAAAAATTATGGGGCATTTTTTTAGTCATTATAGAATTTTTTAATCAAAAATGTGGAAGACTTTCTGAAGACTGTTTACAACTTTTAACCAAAAAATTTAATAAAAATA
GCATTTTTAGTAGAATTTGGAATGTAACAAGGAGTTTCCAAAAATTTCTAAAATTTTAT 

TbrSat119 
ACATTTTAGGCGAAAATTTTCAACATTTTTTAATAAATTTTTATATTTTGAGCGTACTTTAGCCTCTTTTATTACTTTTATAACTTTTTTAAAGTGGGATACAATTTTACGTC
ATGTCTCGGCATACTTTTAAATTTTGGGTGTAATTTTGCCTGTCTTTTACGTAAATTTTTCTACTTTTAAAATAATTTTACCCCAATTTTTACATTTCAGGTGTAATTTTGCC
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TCATATTTTATTAGTTTTTACATTTTGGTAGGTTGTATATTTTAGATATCATTTTACCTGTATATTTTGAATGTTATTTTACCTATTTTTCGGCGTACTTTGCTCTATTTTTAA
TATTTTGAGCGTAACTTTACTTCCTTTTTGCAAGAATGTCTCAATTTTGAAATAATTTTACCTAATTTTTTTATTCAATTTTTATACCTATTTCAAATGTAATTGTACCTCATC
TTTTATCGGTTTTTACATTTTGATAGATATGACTTAATTTTTGACTTTTTTTTACATCTTAAAGGTTATTTCACCTTTTTTTATCAACTTTTA 

TbrSat120 
ATTGACGGTAGGATTATTAAATTTATTATAAGTAAATAATGCTCTATTGTTTTTATTATTGTAATCAATTGTGCTTAAAGTGTGCAGTAGTGTGCTAGCATTTTTTCCACA
TTTTTTTCTTTTTATACTATTCTAAAACAGTAAAAAATGCCCGGGAGCTAAAT 

TbrSat121 
GTTGATAGTACGATTCTCAAATTTAATAAATTATGTTGTCTTGTTTTTAATAGTGCAAATAATTGTGTCTAAAGTGTGCATTATAGTGCTATTATCTTTCCAAAATTTACTC
ATTTTTAAATTACCCTAAAACTGTAAAATATGCCCGAATGCGAAGTTGGTAAAAATTTCTAAAATCTCTTCTACTATTTTTATTATTGTAAACAACTGTACTCAGGGTGTG
CAGAAGTGTATTACCATTTTTTTAAAGTTTGCTCATTTTCAAACTACCCTAAAGCATTAAAAAATGCCCGAGGGCTAA 

TbrSat122 

GCCCTAAGCCCGATAAAAATTTCTGTAGTGATAAGTGTTTCAGGATAAGAATTTTTTCTCTTTCATATTTTTCTAATAAAAATTTTGCTCCTCATCTAACGTTAATCCGTGA
ACGTGTTGAATTTATAAGACAGTCGACAGTTAAAAAAAATATATTATGTAAATTGGAGGTCATATTTACGGCGAATTTTGACATGGCGAGCTTTTGTCCGGCGAGCAA
ATGACCGTACACTTTAAAAAATGAGAGCCTTGAAACAAATTTCGATTTATAAAAAAACTGTCGTTACAAACAATTATATTCAGCAAAATTCTTGTGCCAAAACAATCACA
AAATATTCT 

TbrSat123 
CACTTTCACCGAGTCTAAAACGATGTGAAACAAATTTCTTTGTTTTACTTTCACAGAAATTTATACTTAAATATACTATAATTCGATAGTTTAAAGTAATACTATAGTAAT
TTTACTTTCCCTGAGTCTAAAACTGTCTGAAACAAATTTTATATTTCACTTTCACATAAATTGAACTATCAAATATACCGTACCATAATTTGATAGTAATAGTATAGTAATT
T 

TbrSat124 
GATCTAGAACTTTATAGAATTTTTTTATTGAGTGTAGACTTGTCTAGAGTTTACAAAAATTTTAAAACTTGGTGAAAATTTCTACAATTTTTGAACTCGTTCAAGTTTTTA
AATCATTTTGAAAAGTTTTTGTATATAGAAAGGCTTATATAAATTTGTATAAAGATCTAGAATGGTATAAATCCTTTTAGAAGCTTCTATAATTCTACATTTTTGAAAAAT
CCTATGAAAATCTTGGTAACTTATGAATTCGTAGAAGTTTTTGGATCATTCTTGGGCTTGAAGACCTTATATAAATTTGTAGAAA 

TbrSat125 

AAAAAATTTTCTTCAAAGATGTCAAATATAAAAGTCTTGACAATTTTTCTTATTTTCTCAAACAAATTTTAACCCCTTTTGCATTTATCATGAGCAAAAAAAACGTCTAAA
ATACTTTGGAAAAATTTATAAATACCTTGTACAATATCTTGATGTCAAAAATGTTGTCAAATACGAAAAAATTGTCATGGTTTCCTGTTAATTAAAAATGTCAAGCACTTT
ATTGAAAAATTAAACTGTTAGGACAAATAGTCAATCTTTAGAACTTGGCATTGTCAAATATAATTTTATTTGATTACAAATTGTCAAATTGTCAAAATAAGATAATTTTGT
TTAAATGTTTAAGATAAAAGTGTTCAAACGTTGGGAAATATCGTGAAGCAATAACTGTTTAATTACAGTTATAAGATTAAAAAAGTGTCAAATATACATTATACATAGT
AGTTTACAAATTAGTCATAGTATAGTTTTAAACAGTTGTCAAATTTGA 

TbrSat126 

TTACCTTTTATCCAAAAAATTAAAAGTAAACATTGCTTTTTAAAATGACAACAATTGACTGTCAGATAATTTAACATTTTTTGACAACCATATCTCTGTTTTAATTTCCTTTT
TCTCGCAATTTTCAAAAAGTCAGTGTCAAATATCCAATATCTTTGACACAATCTTGAAAAAAGCAAAATGTGTCGTAATTCAATTTCCAAAAAAATTGACAGTCAAAATT
TTAACATCTTTAAATCACAAACTTGACACTTTTGAAAATAGTTAAAAATCTGACACTCAAAAAAGTCAAATTTCTAAAATGTAACATTATAGATGTCTTTAACACTTCAAT
ATAGGTTTTTGAAAAACTGTCAAATTTTTGATTGTACGAAAAATGACAA 

TbrSat127 
AACAATTCTAAAAGTTTTTTTGATTTCTAAAAAGTTCTTGAAAGTTCTACGGGCATTTAATAAAGAAATACTTTTTTTAGTAAAACGAATTTTGAAAAACTTTCAAGAATC
CTAGCAATCTTGAAGATTCTGTAAAATTTTTAGAGCCCTGAAATTTTTATAGGATTCTATAGAAGCGATGTTTTTTTTTGAGATCCTACAAACTTAAAAAAAAACTGTATA
TTTCTATGAAAATTTTCAGGGATTCAGAAGCTTCTATACGATTCGGAAA 

TbrSat128 
CGCGTGTTTAAAAAATAAAACCGGTCAAGTGGTTTGACTTTTTATATTTTTTGTTCTTTTTCTGTCATTTATCAATTGTCATATTATTATCATCAAATTAAAGAAGGTTGAG
TACACATAGCGGTGACGTCATATGTATCACGTGATACGCAGATTCTATCGGGTGTTCAAAAAAGTGTGAGGCCATCTTGGGTCTTGACGAAAAAATTACCGATTGTGG
CACTTTTTGAGAATTAGGTAAGTCAGTATTTCGTATTTTTGGTACTTTTTCTGCCATTTGTCAAATTAAAGAAATCTCGAAATAT 

TbrSat129 
AACTATTTTAACAAACGATAAAATTATTTAAAATTAGACGTGTTTTAAGTAAAATTGACCAAAAATTTAAAATATTTAGGCTACAAATTATTCAGTAACAGACAAAAACA
GTTTTTGTAATTATATTTGTAACGTAAAAAAAAT 

TbrSat130 

TAGTTTTTAAGTCTTTATTTATAGTGGCAGAATGTAGATAATGTCAAAAACTCATTTCTACTTCACAATCAGTACGAAATAAATTGTAGTCCATACATTTTTCAAAAACTA
CACTTTTTGACAGCACTTTTTCGAAGTTGTCAAAAACCACCTATAAAAGTGTCTAAAATTTTCGACTTCAGTGGCTTTAATTTTTCAAACACTTTTCTGAAAACGTTGTCTA
AAATTGTAAACAGTGCTGTTTTTGTAATTTTCTCAAGTTTTTTGTAAAAATTTCATAGAAGTGTTAAAACTTGACAACTGTCAAAGATTAAAAATTTGACACCTCTGAAAA
ATAAATTTAATCGTGCCACAAAAAAGTTAATTTTCAGACAATAATAAGACAAATTTGACAACTTACGAAATTGTCATTTATTTAAATAGCCTTTCAAACGACGTGCGTGT
CAAAATTGTCAAAAATTAATGCTATTTGAGGCTTACGAAAACAGTAAACGGCAACTTAAAACTTTTTTTTT 

TbrSat131 

AATTATTTCTGGACGTTTTCTTCACGTATTTCTATTTTTTTAAATATTAGAATTTCCGTAAAATAAAACACCGCAGGTCTATGGTTTAGAAAATATTTACAAAAATTTATTG
AGTCTTAGGACGATTTATACATAAAACTCTATAGAAGAATAATGAAAATTAGAAAAACTTCAAAAATTAGTGAACTTTTAGAGTTTATGCCCATAGTTGTAATAAATTTT
CTTGCAAAAAAACTTTTTGTAGACCGTTTTACAACGGAGAAATTTGTAACAGTTTTCTTAAATCTCTAGAAACTTCTATACTGTTCTACAAATTTCAAGTTCACTCTACATC
CGTAAGACATTCAAATTTTTGTTTTTTTCTAAAGTTTCTAAAATTGTCTATGCTTATATCTAAAATTATAGAATTTTTGTGAACCTTCCAGTCTAGTCGAAAATCTAGATGC
GTTCTATATAATTTTTTGTA 

TbrSat132 
ATCCACGACATTCTACGGAACTCTATAATGTTTTAGATGGCTCTAGAAGTTTTTGTATATTGGTTCTAGGAATCTTTCTAGTTTTACCAAGTTTCTGAGCTGCATCTCAAA
TTTTTATAAGGTTCTGGGCGTCTGTGTTCTCATAGGTTGCCAAAAATTTGCGTTGAATTTCCGAAAGATCTACAAATCTTCACAATACTTCCAAACTTTGAAACAAAAAT
ACAAGAACCTAGATTTCTTATTACACTATCTGTGATACTGATCCTTTCACAAGGTGCCAAAAAGCCTTATGATATTCTATAAACT 

TbrSat133 

GGCAAAAAACCATCTTTGAGTTGAAAATACGGAAGATCATTGCAAACAAAAAATTGGTACTGCGTTAAAAACAACTAAAATGTTTTAGAATTAAATTTTTCTTGTGTAA
AATTAACTGAGGATTTTAAATATGTAGCGTTAATTGAGGTACGACTACTACCTTTTGAGTAATTGACATAATACCAACCAATACTTAAAAAACTAAATGTTTTTTGCTGG
TACTGCTTCAGTAATCAATTAAATATTTTAAAATTTGGTTTTACTTATAAAAAAGTAATTGTCGGTTTTAAATATGCAACCTTTTTTATTCTGGTACAATTATTTTTTGAGT
AGTT 

TbrSat134 
GTAAAGAAAAACATGATTTGGTATCATATATTGTAATAAAATTGGAAAATCTATATATATCCAATATATCTTTTTTTGAACTTCTGTTAATTCAATCTTGGCTTTACATAT
GCCAATATTGAAAAACTATTATAATCCAATATTTGTATGATATTGTATATCCTATAAAGCGGCGTCTTTTACTAAAATCATTTGTAACAGCCCGCAGTTTGGAACCTATGT
TTACGTAATATTGAATTTCCAAACAATCGCCAATGTTATATGAACAACATTGCACAGTTTTCTACAAAATATTATTAATATTGTGGCCATTATAAATTCCT 

TbrSat135 

TCAGTTTTTTGAATTTTGTTTTTGTAGCTCAACAGATTGGTTAAATTTGAAGTCTATATTTAATTTTACATAAAAAGAGACTGATTTTAAGCCATTTAGGTGCTAGGGCAC
CTAGCATTCTACCACCTACATTTTTTTTAAACATACGAATCCAAGAATTTTTTTTTAATTACGCAAAAATCCCTCTAGTACTTAGTATTTGCACAACTTTGCACAAGAGGAC
CCAAATTTTTGTTTGAAATTTTTGATTTTGTAGTTCAATTTTTTTATTTGAAGTCTCCAATCAATTCTACATAAAAGGAGAGTGATTTAAGCCATTTTACTCACAATTCTAG
CACCTATGGAAGTTTTTCTTTGAAACTGAACTTAATTTTAGAATTCAAGAACAGTTTTCTAAAGATTACGCAAAAATCATTTATTGCAAAGTTTCCTAAATTCTTAAATTT
AGAATTTTTGGCCAATTCTGCACAAGAGGAGTCTTATTTAAAGACATTTTTTCTATTATTGTAGCATCTACCAAATTTTGTTTGAAACAGAATTAAATTTTTGAACAAAGG
G 

TbrSat136 
AGATTTATTTACCAGTTTAGATTTTGGGTTACATCGTTTAGTAATGTCAATTTAGTACTTTTTAATCTCAAATTGTCAGTTTTTGACACTTTTTAAGTTTGTAGAGTCAGTT
TTTATTGTATATTAATCTACAGCCATCGTAAAATCATTATTTTGAAAAATAATATGAACATAAAATCATTAAATTAAAAACAGTGTCGAGTATTTGACAATTTTTGATCTT
TGAAATTGTTTGACATTACAAATATATTTACTGGAAC 

TbrSat137 
AATTCCAAATCAAATAAAAATTTTACTGAATCCTTTTTAACTTCTAAATACTTCTCAAAATCGCACTAAAATATGATTTTGAGCCAAGTTTTTTATTATAACAGGTAAAATA
TTCGTTCAATTTTTATGGAAAAAGCACAAAAACACTGCAAACCGCAACTAAATCGGATTTTGTAACATTTTATAGATTATAATCGTTATTTTTTCATAATTTTTATCTTAGA
AGCAGAAAATTGCTCCAATTTTACAAATAAAAG 

TbrSat138 

TATTTTTTTTATCCATCAACCTCCACATCCATCATCTTTCAAACAAATAAGACACTGTATCTTGAAGAATGCTGTTTGTATTTCGATGGAATTTGCTCAGTATATTCCAAAT
GGCTTTCTAAACAACATATCAAAACAAACTTAAGTCTGTCAAAACTCAGTTTTAAGAAATGAATTATATTCTCAGGTGATACAGCGCATCCACTATTTTTCAGACAAATA
ATAATGTATAAAAAGTAAACTATCATTTGTATCACAATGTAATTTAGTAAAAATGTCACAAATAGTTGTATAAACCGTATTCTAAAACAAGCTAACGTCTGTCAAAACTG
AATTCAAAAAAA 

TbrSat139 

GGATTTTTTCTTACAATCTTACCTCAATGACAATATATATTTGAGATAGTAGATTAACAAGAGTCTCCAATAAAACCCTCTCTGACACACATCTGATGCAAGCTGAGTGT
CGGCTGCACCATTTCTGATTTTCTGCAAAGAAAATTTAGGATGACTATAAATTACTCGTACCAAGAATTAATAAATGCCAATTACTTTGAAATTTATTTTTAAAACAATGT
AATTTTATTTTTTTGTAGCAACAAAAAATTCAGCAAGGTTTCATTAAAAGCAAAAAAACTGATTTTTTCATAGTGAGGGTATAATAACAAAATATTTTTCTAAAATAAAG
TTTTATCATCAATT 

TbrSat140 
CTATGACGCATTTGACAGTTTTTTTGACATACAATTTTAGACAGTTGTCAAATACTTGACATTACTAATTAAACAAGAAAAAAAGATGTTTCTTTTGAGTCTTGCAACGC
ATAATTTGTTTTTGACACCCTCTTTGACAACTGACAAATATAAATGCCAAATTCTGTAAAGTTTACGCCATTATCAAAGATGGAAAGATATTTTTAGGTACAGCATTTAA
CCATTAAACTTTTAGTAAACATTAAAAAAAA 

TbrSat141 
GAGTCAATAAATACTTAGCCAAGTTGAGTCTTTTAAGATTTTGCCAGTAACGTTACAAATTTGTCCTAATCAGAACAAAATATAATTTTTGTGTGATTTTGATAGCCTGT
GATGGTAGAAAACTTAGCTTAAATGCAACAAAATCAAGTTTTAGTGCAATTTTTATAAAAATTCGCTTACATATTTGCTTATTA 
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TbrSat142 

GTTAATATTAATGTTTTCCTATGTAAAACAATCTGGGAAAACTAAATTTATTAAGAAAATTACGTTTTCTCTAATACTTTAGGAATTAAGAGCAAATTTATGAGACGCCT
GATACCACACCGACAACAATTGCATTTTTCTTATAATATGTTAAAGAAACGACAGCAAATTTATATTTTTTGTACAGAGAATTAAACGATAATTACAAAACCGCAAAATT
CATTAAGCTCCTAAAATTGGTTTTGAAGATATCGCAAAGAATTCAGAGCGACGCGACAAAATTAAAAACTCGCTCGTAGCGTTTGGAATAAATGCGATTTTCTCGGAAA
TTTTTTAGTGGAAATTAGTAATTTTTCGTACACTTATGTAAAAATAAACGCTGATTTCAAATATGGCACATTTATTTATCTGAGGTTATTAGTTCCAAAAATATCGCTAAA
AGTTTAGAGAAGCGCTTCATAAGGTAAAAGTATTAGCCGTTCGATCAATACTAAATTAACAAAATTGCTTCAAATTTGCTTTTCTAAAGCAAAATAAACTAAGCTGTTCA
AAAATGCGCTTAGAATTTATCTATGACTTCTAGTTTTTAAAATACCTAAAAATAAACGACTTACTCACAAAAAAAATGTGGACAGACCATAAATGTTCTTATAATTTAAA
CAATACCAACCAAAAAA 

TbrSat143 
GGTCAAAATTAAGGAATAAATTACACAAGTCTTAAAATAGTCATATTTTTACATATTTTCGTGTTGTCAAATAACTAAAAAATTTTTTCTCCCTGTTTTAAAAAATAAAAA
CAAGGAGAATTTTAAAAATTGTCAAAAATATA 

TbrSat144 
GATTTTTGGTAATTGACGAAAATTTGTCTTAAAGTGAAATATTTGTAGACAAAAAAAATTATAACTACACTTCAACAAAAGTAAAAATGTAAAATTAGATACATCTTATG
CAAAATTATCTAAGAATTCTAAATCTGTAAAGTTTTTAAAGCTACAGATACTA 

TbrSat145 

AAGCATGAGGCAATTTTTTTTTGTCAAAAATTGCATTGGCGATAGTATATCTCTAAAACAACGTATCGTAGTTGAATTTCAGCCAATATTATTAATTCCCAGTACTAGTA
ACATTCTGCGTAAGACGAAATCACACGTATCAATTAATTTTGACGGAACTATGAAAAATTTGTTTTTAAATTTAATTTTCTCAAAAAATAATGAAACTTTGAACGAGCAT
AACTTCTAAAACAGTCAGAAACTGATAGTGTTTTTGCCATTTTCGGATTCCTTGTCTAATTTTACGTCCGAGAAAGTTGTTTTGAAATTTTTCTGTGCGTTTTTATGGAAA
TTATAACTTA 

TbrSat146 
TGTGTATAATTCAAAAAAAAAATTGTGAACTTGTATCAAGTTAAAAGATTGATTAAACCAATTAAAGGCAGATACAACAAGATTTTGGTGAAAGCAGAAACAAGAAAG
TTTTTAGAAATTCATATTTTTCGAAAAAATAGAACAATTTTTATGGATGAA 

TbrSat147 
GAATTTTTTTAGGAAAAAATCTTAGAATTTTATACGATTCTAGAGATTCCGTAGGAGTTATGACACTTCTAGAAAAGTGTAAAAAGTTTCTTTGGGCTCTAGAATTCAAA
ATAAAGCTGTAAGATAGATTTTTCAGCCACTCTTAAGTCCAGAAAAAATTTCGGAAGATACTTTTCTAAGTTCTA 

TbrSat148 
ATAGACGATTGTTTTTCAAAAAACAAACGCAAAAGTAGAAAAATATGTAAAACTAAGTTCATCGGATACTAACACTTGTACAATATTGTGCGTATTTCAATAAATGACA
GTCAGGTCAGGTCATACTTGTGTTGACCTAAATTTAAATAAAAGGACCACTGATTTCCGTGAGATATGACACAGTAATACAAGAGTTAATATCTGATGAATGC 

TbrSat149 
GGAGTTTTCTAAAGACTATAGTTTTTTCAAAACAAAAAATTCAAAGCTAAAGAATTGGATTGCAGGCAAAGCATCTGATCTATCAACGAACAAAGCACAGATTTCACTT
TGCAAAGATAATCTACTTTAGAGATCGTCTAGAAATCAAAAGTTCCGGGTTGAACAATTTGTTTTTAATTTTTAACTCCGGAAAAGTGCACCAGTCGAAGTTTTGCGTCA
AAATTTACAAAATTGTTGACACAAGTGTATGAAAATCCACACACTTATAGAAAAATCTCCAAGGAAAATGACGCCATTGACT 

TbrSat150 
GAGATTTTTTAACTGGCAATTACTCGTGAACTAAGGGTGTGCAAAATTTGGTAAGAAGTGTGCAAAATTGTGCAAAATTTAATGTTTAAACTGGTATAAAAATTTTGCA
TATACGTTAAACTGGGGGTGCTGCG 

TbrSat151 
TTGTTGTCCTCTAGATACCACTTTCAAAAATATGGTCAATATTTTGAGTATCTGCCTCAGAACAAGCAAACTTTTCCCATTTTATTAACAACCGTTGAATGTATTATTAAG
TAAAGATTTACAATTTATTGGTT 

TbrSat152 
AACTTGAAAATAATTTGGTAGCAATTTTCAAGTCCCACTGACGCCTTTGATTCTAAGATGGCGCTTTGAAATAAATGATTAGAATTGTTGAATTTGGAGCGCCGAAAAT
CCCCACGTTTTTGTAAAAACGGTACTGCATCCTATAAAAATTAGTGTATTTATTGGGAAAAAGTTTTAAAAGTATACTAGAATCAAATAAAAAACGGTACACACCGAAT
TTGTTTATGTATTTCTTAGTTGAATTAAAACTTAGTGGAAATATCGTCACA 

TbrSat153 
TTATTGATAACACTATGTGAATTTTTATTTATCTATTTTCCAGAAGTACTTTATATCCATCTTTAGCCTTGGCTATAATATGAATCAAAAGTACTACCTCCTTTATTGTCCTA
TAATTTGATGACTTGACCCTATAATTTCTTAGAAGCGTTACTAAGATAACCT 

TbrSat154 
AGAAAAAGGCTAACATTTTTGGTATGATATATTTCTACAATTTTCGACTTCATAATATTTGTCTTTGGAATTTAAAGTATTTTTTTAAGCTGTAGTTTAAGTTAAAAACTTT
TAAAAATTTGGAGAATTTCAAAATGTCAAAAAGTTTTTTCAAGTTCAGAAATGTATGTAAAGTTTCTAGAAATTTAAAGATTTTTTATAATTATCGAGCTTTCTGGAAAC
ACATGGAACTTCCTGGAATAAAAATTATTTACCTTTTTAAAACACAATCTTAAAACATTGTTGTAGAAATTTAGGGGCTTTTGTTAAAGTTTATTTTTAGAATTT 

TbrSat155 
ATTTATAATTGCAACTTACCTATCAAATTTGAAATTAGTTAACTTCGCAACATAGCCGGGGGTCTTACGTCCAAATAAATATTTACTGTTATTAAATAGCATGAAATTAA
AACCCAAAAACTTGTGTGAATAATTAACTTGTGATTAAAATCTTTTTTAATCTTTATTTATTATCACTCACAAGCGCGCCCGTGTCACAAAACTGCGTTCTAGGTAAAGTG
GCAATAACTATCTCTAGAAATGTTGGTGTATAAGAAAACTTTTCT 

TbrSat156 
TCTTGAGTTTTAACAAGAAAATCGGTATTTTAAGATTCAAAAATTGTTAGATTTTTGACAGTTTTTGTATTATGTTCATAATACGTTTTAGTTTAAGCTGGATTAAAAAAA
ATAGTATTTTTGCATTGAATAATTGTTAGTTTTTGTCAAATTTTGACTGTGTAA 

TbrSat157 
CAGAAAACTTGAAAAATTTTACAAAATCTTAATTTTATGTTGAAGAACAAAAAGTAGTAACCTCAGGCCCCTTGGAACTCCGTTTTTAAAAATATATAAAAATTTTTGAA
AGCTTCTAGAAACGATATAAAGCCATATGAACTTTTTTGAAAGCTTCTAGGAATGATATAGAGCCTTACCTTAAATTCAAGATCCTAGAAAAACCTTAGGAAATTTCATA
GAAATCTAGAAATCTTAAAAACTCTGGAGAACGCTCAAATATTTGCGAAACTGTTTAAAATAAAAAAAATTTGGTGAATA 

TbrSat158 

AAAGTGCTGTCAACAAAATAAAAGTCCCAATATAAAACATTTTCAAAAATGGGTAAACAATACAATATTGTGTCCATTTGAGACTGACGGATCTAAATAAGCCATAAAT
ACATAATAAGAAGCTTCTTTTAGTGTTTTAGTTGTGATAGATGTAGCATGGACTCTACCAACATCACCAGCATAAAAACCCTTCTGGGATGATTGTTAAAAAAATACAG
TCATTAATAACTATCAATTTATAAGTAATTTATATGGTACCAAACGATAAATTATCACACGCATATGATATCTATCATACGGTTGGCAACGCTGCGGTGAGAGGTTAGTT
GAT 

TbrSat159 
GGATTTCCTGATATTTTCTCAAAATTTCTTCTATTTCTAATAAATTTAACATAATTTCCTTAATTTTTTACCTTTTTCTGAAACAGTTTACAGATTTCCTCTAATTTCTACTCA
AAATTTCCTGAATTTCCTGATTTATTCTCAAAATTTCCGTAATTTCTAATAAATTTCTAGTACTTTTTGTAATGCTACATTTTTTCTTACCAAAATTTCCA 

TbrSat160 
AGGATTTCTAGAGCAAGAATATTGACTGAAAAATGCGTTTTGTAATGAAAAATTAGGGTCTTTCACGTGTTTAGGGAAATTTATAACCATTTTTCGCTTTGGTAAAGAT
GACTGAAGTTGGCGCTTTGTAAGTGATACCAACCAAATATTTTATTCAATGTTGGAAAAAATTATTAAGAAAAAAACT 

TbrSat161 
AGCAATTTTCGTATCAAAAAATGTCATATTAATCTGACTACCATCTAGGTCTGTTTTAAAGTAAAATAGATTAAGATCGGAAACGTAAACACACACAACTAATAGCCAAT
AATTTATTAACGCATCCAGGTCAATAATAAATAACTCATCTCAATCTATTACGTATAATAAATAACTCGCCTAAATCTATGTCACTTATTTTTTATCTATTTATTTTTTTAAA
CAGCAAAAACTAAAATGGTAACTCATCTATATCT 

TbrSat162 
CCAAATTTGAAACGTTGCGTATTCTAATTGGCAGATAAAATCAAAAATACTTTGTTTTAACACACTAGCGTAGTATAAACGTCAAAAACTATCTAATACTTAACGTTTATT
GCAACAATTTTGAAAAAAACAATCATTTTTGAAAGGTAATGAGTTCATTGACAATTATAAACACCCTGTATTTAGTAAAACAGAAAAACCAAAAATTATCTTTTCCAAAC
TAAAACAGTTTTAA 

TbrSat163 
CAATGTAAAATTATAACTTGTTTACTAGATTTTTTATAACTTATTTTAAATTGATATTGAGACACTGTAAAATTACATAAAGAAATTTATAAGTAAAATTATTTAATGGCT
TTTAAATTTAAATTTAATTAAAAAATAACAATTTACAATTAGTAATAATGTAAAAATGTTCTAAAATTCGTCAGTTTTAATGTAAAATTACACAGAAGATGTAAATATGTT
AAAATCGAAATATCAAATAAACTATTTACTCAACTAAGAAGTATTTTAAAATAACCCTGT 

TbrSat164 
GTTCACAAGCTCGAATATCCCACTGCTGATGATAATTACATTAATACATTTTTCTAGCCTTTATGTGTCACCACAACACGTTCCTCATTTACGGTTCGATTGAAAATGCAA
ATGAAAAGAGGTGGGAAATTGTCACACATGCCTCAATTTTCGCAAAAAGTTATTCCAATTTTGACAAAT 

TbrSat165 
TTTAAAACGTCATAGTTACAATTTTTATGTAATTTTACCTAATGTAATTTTAATTTATTCATCTTTGTGAATTTTCAAAACTAAAAGCTTATTTTTACCTTAATATTTAATCTC
GTATTGTTTTGAAAGATTTTATTAAATAAGCAAAATTAATAGTGTAATTTTACACGGAGGAGATGTAATTTTACAATATTTCATATGTCGCTATAAAATTATAATTATAAA
AAATGGTACACAGTTTTTCAATTTTACTTAACAGCTGTGTAACTTTAAAATGTAAAT 

TbrSat166 
CTTGAGATCAAAAATTTTGGTGATTCCCCAAGAATGCTGCTTATTTGGTAATGTTGGTCCTTTAGGAAAGAGTCAGTTGAAGAACTTTGGAGGGTAGTGGAAGAAGTC
AATTTGAAAAAACTGGTATCAAACTTGGACGAAAGACTTCTACAATGAAACCAGGAGAAAAAATATGTCTAGTTGGTAGAACAGGTGCTGGAAAATCATCAATCTTTT
CTGTTCTTTTCCGGTTGTATGACTTCGAAGGAAAAATCACCATAGATGGTGTTGATATCAAAAGTGTTCAATTGCATTT 
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Supplementary table 2. The list of Tribolium freemani satellite DNAs that share partial similarity with 
transposable elements recorded in Repbase database (Kohany et al. 2006). DNA transposons are 
marked in red. 

satDNA RepBase partial hits satDNA 
RepBase partial 

hits 
satDNA 

RepBase partial 
hits 

TfrSat02 

Sola1-2_BM,                     
DNA8-95_AP,                        

Transib-N1_CQ,                               
Gypsy-6_TrVa-I,                                  

hAT-104_HM 

TfrSat50 
LIN10_SM, 

hAT-15_Can 
TfrSat86 Ginger1-1_AP 

TfrSat11 Gypsy-127_ZM-I TfrSat51 Gypsy-33_DEl-I TfrSat87 Gypsy-35_PSt-I 

TfrSat15 Rehavkus-1_TC TfrSat52 MuDR-34N5_MT TfrSat88 Sola1-5_LMi 

TfrSat17 IS3EU-1_TC TfrSat53 CR1-48_HM TfrSat90 
hAT-6_RPr,                                         

KolobokE-1_TC 

TfrSat18 Polinton-6_HM TfrSat55 HARB-N17_BOl TfrSat92 Gypsy-19_MiUn-I 

TfrSat21 MDR2 TfrSat56 Mariner-3_BM TfrSat93 
Gypsy1-
SM_LTR,                

hAT-N5B_EL 

TfrSat22 
hAT-N26_Aly, 

rn_364-201_LTR 
TfrSat57 MuDR-N8_RSa TfrSat94 DNA-1_CQ 

TfrSat23 Rehavkus-3_TC TfrSat58 Mariner-85_HM TfrSat97 Chapaev3-3_PM 

TfrSat26 
MuDR-2N1_CorFlu, 

DNA6-13_Cgi 
TfrSat60 LIN13_SM TfrSat98 DNAV-1f_LVa 

TfrSat28 hAT-N77_OS TfrSat61 LIN25_SM TfrSat101 
BEL-20_SiCu-I,                                              

Medea 

TfrSat29 ERV1-4_ThAm-I TfrSat62 
hAT-35_HM,                  

Mariner-25_OT 
TfrSat102 Copia-168_ALy-I 

TfrSat30 Helitron-N12D_LMi TfrSat63 Medea TfrSat103 
DNA-1_CQ, 
P-19_HM 

TfrSat31 Helitron-N68_CGi TfrSat64 Transib-7_DAn TfrSat104 
MuDR-3_Mad,                          

GIZMO2_EI 

TfrSat32 Tlr1 TfrSat65 Chapaev3-2_HR TfrSat105 IS3EU-1_TC 

TfrSat33 
Caulimovirus-7_ArHy,   

Jockey-7_Dta, 
Athena-YJ_As 

TfrSat66 hAT-N23_ALy TfrSat106 hAT-N12_RPr 

TfrSat34 MuDR-34N6_MT TfrSat68 
Gypsy-12_SpEx-

LTR 
TfrSat110 Harbinger-6_CGi 

TfrSat39 hATx-3_SM TfrSat70 Copia-9_OS-I TfrSat111 L1-80_ACar 

TfrSat43 hAT-131_HM TfrSat72 DNA2-3_TCa TfrSat112 Gypsy-55_TrVa-I 

TfrSat44 
hAT-163_HM, 

Gypsy-696_AA-LTR 
TfrSat73 

MuDR-6_TV, 
piggyBac-1_Cgi, 

hATm-1_HM 
TfrSat113 

KolobokP-
7_MoPh 

TfrSat45 GYPSY2-LTR_MT TfrSat74 
Copia-23_NVi-I, 
RTEX-61_Cgi 

TfrSat117 
CryptonH-
10_HM,         

KolobokH-1A_Rir 

TfrSat47 
MuDR-N16_Rsa,                

Helitron-N21B_Aly 
TfrSat76 MuDR-1_Cba TfrSat118 Gypsy-131_DTa-I 

TfrSat48 
Gypsy-34_Mad-I, 
CER15-1-I_CE 

TfrSat79 

DNA-11_HM, 
UroGra-5.2312, 
Gypsy-13_CySi-

LTR 

TfrSat119 
TRAS-5_Tur, 
Helitron-1_DK 

TfrSat49 hAT-15_DTa TfrSat82 
KolobokE-
1_TenNot 

TfrSat122 Gypsy-6_EPa-I 
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Supplementary table 3. The list of Tribolium madens satellite DNAs that share partial similarity with 
transposable elements recorded in Repbase database (Kohany et al. 2006). DNA transposons are 
marked in red. 

satDNA RepBase partial hits satDNA 
RepBase partial 

hits 
satDNA RepBase partial hits 

TmaSat01 EnSpm-N9B_CGi TmaSat41 DNA-1_CQ TmaSat78 
HARB-1_Stu, 

Helitron-10_CGi 

TmaSat02 
MuDR-11_MT, 
EnSpm-15_DR 

TmaSat42 
Gypsy-22_DTa-I, 
MuDR-N45_MT 

TmaSat79 
DNA-30_LVa, 

Gypsy-19_MiUn-I 

TmaSat03 

Kolobok-N2_DTa, 
EnSpm-14N1_DR, 

Tx1-7_CorFlu, 
hAT-N62_RSa, 

Gypsy-5N_PPa-LTR 

TmaSat43 SCL18_TatV TmaSat80 
TE-X-11_DR, 

Medea, 
Gypsy-53_AllFus-I 

TmaSat04 Sat-2_STu TmaSat44 
Gypsy-16_LSal-I, 

MuDR-13_CGi 
TmaSat81 DNA-1_CQ 

TmaSat06 ISL2EU-N3_BTa TmaSat45 HOBO TmaSat82 
Gypsy-48_AnFu-I, 

EnSpm-2_GM, 
Mariner-N1_DGr 

TmaSat07 
Harbinger-3_TV, 
Gypsy-3_PPP-I 

TmaSat46 MuDR-12_GM TmaSat83 EnSpm-4N1_HM 

TmaSat08 REP4_XT TmaSat47 LINE-1_AA TmaSat84 
Gypsy-28_Cas-LTR, 

Gypsy-59_TrVa-I 

TmaSat10 
BEL-35_LiLo-I, 
Gypsy-7_BlJa-I 

TmaSat51 Helitron-2e_Ipa TmaSat85 
DNA-1_CQ, 

Mariner-7_LCh 

TmaSat15 TA11 TmaSat52 Copia-5_CoGl-LTR TmaSat86 Gypsy-7_BlJa-I 

TmaSat16 
Fanzor1-1_HemFu, 
Helitron-N10_LMi 

TmaSat54 Gypsy-28_DMo-I TmaSat88 

EnSpm-1_Gar, 
P-14_HM, 

Kolobok-N1_DWil, 
hAT-125_HM 

TmaSat18 EnSpm1_SB TmaSat55 MuDR-N45_MT TmaSat89 
Copia-13_TC-I, 
Transib-7_HM 

TmaSat21 
Copia-1_XylGra-I, 
Helitron-17_ArHy 

TmaSat56 
MuDR-N3_NS, 

TABARE 
TmaSat90 Mariner-52_HSal 

TmaSat22 Helitron3_PPa TmaSat57 Copia-53_MT-I TmaSat91 
HELITRONY1E, 

EnSpm-26_HM, 
EnSpm-N1_DEl 

TmaSat23 
Gypsy-26_CGi-I, 

hAT-2_SD 
TmaSat61 Copia-22_MNI TmaSat93 

EnSpm-5_ArHy, 
MuDR-34N2_MT, 
Helitron-N2_AT 

TmaSat24 
DNA-14_LSal, 

Penelope-9_SiOr 
TmaSat62 hAT-8N1_ATr TmaSat95 Mariner-2_DSuz 

TmaSat25 Naiad_Ptep TmaSat63 Medea TmaSat96 
hAT-N33_Bol, 

Utopia-1_DYak 

TmaSat26 
Mariner-71_MeMe, 

ERV2_MD_I, 
CR1-12_DTa 

TmaSat67 MuDR-34N4_MT TmaSat99 Gypsy-17_PMon-LTR 

TmaSat28 Gypsy-14_ODI, TmaSat68 DNA-11N_SBi TmaSat100 hATx-20_SM 
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Sola2-1_DTa 

TmaSat31 MuDR-N1_BOl TmaSat69 Helitron-4C_LSal TmaSat101 

EnSpm-3_HM, 
piggyBac-14_SM, 

Fanzor1-2_LepBou, 
Gypsy-413_ZM-LTR 

TmaSat32 
BEL-5_DSer-I, 
hATx-5_HM 

TmaSat70 
Copia-24_GR-I, 

L1-37_AAe 
TmaSat102 KolobokP-2_PoSt 

TmaSat33 Gypsy-131_DTa-I TmaSat72 
MuDR-N16_MT, 

P-1N1_DAlb, 
Medea 

TmaSat106 
Gypsy-14_Cas-LTR, 

Gypsy-42_CAn-I 

TmaSat34 
Tx1-17_CGi, 
Tx1-6_CGi 

TmaSat73 hAT-89_SM TmaSat108 MuDR-N7_DaCa 

TmaSat35 Mutsu-4_PaRa TmaSat74 
Polinton2_SM, 
DasNov-4.624, 
MuDR-6_GM 

TmaSat109 
KolobokE-4_CanRus, 

EnSpm-4_RSa 

TmaSat36 hAT-4_RC TmaSat75 ISL2EU-N3_BTa TmaSat111 Gypsy-6_MeUr-LTR 

TmaSat37 
Gypsy-182_AA-I, 
Gypsy-39_TeGr-I 

TmaSat76 Loki-1_FuHe-I TmaSat116 Gypsy-59_GR-I 

TmaSat38 Caulimovirus-5_JC TmaSat77 
Medea, 

ISL2EU-5_BTa 
TmaSat119 DNA-N24_DR 

TmaSat40 Zator-2_HM 
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Supplementary table 4. The list of Tribolium confusum satellite DNAs that share partial similarity with 
transposable elements recorded in Repbase database (Kohany et al. 2006). DNA transposons are 
marked in red. 

satDNA 
RepBase partial 

hits 
satDNA 

RepBase partial 
hits 

satDNA 
RepBase partial 

hits 

TcoSat03 EnSpm-20_ALy TcoSat39 Copia-4_PirFin-I TcoSat71 Gypsy-16_DEl-I 

TcoSat04 hAT-N2_AN TcoSat41 HARB-N21_RSa TcoSat75 
Daphne-25_HM, 
HARB-N23_ALy 

TcoSat08 BURRO3_LTR TcoSat42 Gypsy-16_DBp-I TcoSat77 Gypsy-62B_DWil-I 

TcoSat10 hAT-N1_DaCa TcoSat43 
Gypsy-8_DPer-

LTR 
TcoSat80 DNA-1_CQ 

TcoSat11 

SINE3-1_SpEx, 
Gypsy-55_LMi-I, 

DNA8-28_DR, 
SINE3-1_SpEx 

TcoSat44 Helitron-24_OS TcoSat81 
MuDR-N16_MT, 
Gypsy-34_PirFin-

LTR 

TcoSat12 RTEX-1_OwFu, 
L1-54_RSa 

TcoSat45 Gypsy-95_ALy-I TcoSat83 Gypsy-19_GAr-LTR 

TcoSat13 REP-2_PBa TcoSat47 hAT-14_CoLJ TcoSat85 DNA-1_CQ 

TcoSat16 hATm-15_HM TcoSat48 Gypsy-222_AA-I TcoSat87 hAT-3_PBa 

TcoSat17 MINISAT2_CB TcoSat49 Transib-1_SIn TcoSat89 Helitron-N3_PPa 

TcoSat19 Mariner-21_LCh TcoSat50 EnSpm-16B_TAe, 
Copia-53_MLP-I 

TcoSat91 HETA_DSi 

TcoSat21 MINISAT2_CB TcoSat51 Gypsy-15N_PPa-
LTR 

TcoSat92 
KolobokE-
3_LimLun 

TcoSat22 hATm-15_HM TcoSat54 

Daphne-
105_HM, 

P-1N_HM, 
Gypsy-45_LVa-I, 

DIRS-5_SiOr 

TcoSat93 piggyBac-17_SM 

TcoSat24 Harbinger-1_GAr TcoSat57 

LTR145_MD, 
Helitron-20_CGi, 
Gypsy-7_SpEx-I, 
Mariner-29_HM 

TcoSat97 Gypsy-10_PAb-I 

TcoSat27 I-1_BTa TcoSat59 Mariner-8_SS TcoSat98 
Gypsy-25_CAn-I, 

Gypsy-7_JC-I 

TcoSat29 Ginger2-1_CySi TcoSat61 MUDR5A_CB TcoSat101 Dada-U6_EtSp 

TcoSat30 

Mariner-34C_OT, 
hATm-52_HM, 
CRE-5_FoCa, 

KolobokD-8_SaGl 

TcoSat65 
Gypsy-124N_SBi-

LTR 
TcoSat104 MuDR-5_SeTo 

TcoSat33 HARB-N8_DRot TcoSat66 Gypsy-18_AnSt-I TcoSat106 DNA7-N1_DR 

TcoSat34 MuDR-2_ALy TcoSat67 
Helitron-
N29_ALy 

TcoSat107 
Mariner-N8B_Stu, 
Gypsy-38_LyDi-I 

TcoSat36 Gypsy-35_SM-LTR TcoSat68 Gypsy-9_PirFin-I TcoSat108 TelKA1_Av_I 

TcoSat38 
MuDR-N9_RSa, 

SAT-2_DAzt 
TcoSat69 Gypsy-68_LMi-I 
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Supplementary table 5. The list of Tribolium brevicornis satellite DNAs that share partial similarity with 

transposable elements recorded in Repbase database (Kohany et al. 2006). DNA transposons are 

marked in red. 

satDNA 
RepBase partial 

hits 
satDNA 

RepBase partial 
hits 

satDNA 
RepBase partial 

hits 

TbrSat01 

Gypsy-83_CGi-I, 
Gypsy-16_ChVe-I, 
Academ-7_LMi, 
Guadalupe-1, 

Gypsy-28_DMel-I, 
Mariner-N5B_DR, 
Gypsy-17_MeUr-I, 

Transib-1_PPo 

TbrSat58 Daphne-78_HMa TbrSat117 Sola1-1_HM 

TbrSat03 Daphne-45_HM TbrSat61 
Copia-2_PirFin-I 
hATm-6_HRo, 

L1-37_ACar 
TbrSat118 MuDR-N19_RSa 

TbrSat09B EnSpm-3_MT TbrSat62 
Kolobok-2_AP, 

VANDAL8, 
DNA2-1_CB 

TbrSat119 Tad1-74_PoXa 

TbrSat10 Rehavkus-1_NVi TbrSat63 Helitron-3_ArHy TbrSat120 Gypsy-8_LH-I 

TbrSat12 hAT-97_HM TbrSat66 EnSpm-31N1_OS TbrSat121 
MuDR-25_ArHy, 

piggyBac-1_PMon 

TbrSat13 Polinton-6_HM TbrSat67 hAT-8_HRo TbrSat122 hAT-11_HM 

TbrSat14 Sola3-3_BF TbrSat68 hAT-2_IlMP TbrSat123 Helitron-15_ArHy 

TbrSat15 CryptonV-N3_DR TbrSat70 
Ogre-PT1_LTR, 
ERV1-3_SaFa-I 

TbrSat124 DNA-1_CQ 

TbrSat16 Gypsy-13_Hmel_I TbrSat72 
BEL-9_EmpOnu-I, 

KolobokD-
8_CorFlu 

TbrSat125 
EnSpm-N21_DTa, 
MuDR-N1_ALy, 

Academ-N3_CorFlu 

TbrSat17 Mariner-57_OT TbrSat73 Zisupton-3_DR TbrSat126 
Osa_Abermu, 

R4-1_TCa 

TbrSat18 

MEGY-I_MT, 
Gypsy-5_LSa-I, 
Caulimovirus-

15_ATr, 
DNA3-6_STu 

TbrSat75 DNA-1_CQ TbrSat128 Mariner-27_HM 

TbrSat20 Helitron-N10_LMi TbrSat76 
LIN7B_SM, 

MuDR-N16_MT 
TbrSat129 PROTOP 

TbrSat22 Transib-10_HM TbrSat77 Mariner-15_CFl TbrSat130 Gypsy-6_RO-I 

TbrSat23 Itch-19_DeSi TbrSat78 MuDR-N16_RSa TbrSat131 
BEL-23_ColCro-I, 

DNA-1_CQ 

TbrSat25 Gypsy-106_OS-I TbrSat79 Ginger2-4_OT TbrSat133 Helitron-2_EPa 

TbrSat27 Tad1-26_BG TbrSat80 DNA2-2_BTa TbrSat134 Zator-5_RIr 

TbrSat28 KolobokE-3_AP TbrSat81 HELITRON7_CB TbrSat135 
Fanzor1-2_LepBou, 

MuDR-3_SBi 

TbrSat29 
RAS2_MT, 

Merlin-4N3_OT 
TbrSat82 DNA-1_CQ TbrSat137 

MuDR3_SM, 
DNA-4_PBa 

TbrSat30 MuDR-8_Cas, TbrSat86 hAT-47_SM TbrSat138 EnSpm-N42_DR 
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Gypsy-9_PirFin-LTR 

TbrSat32 hAT-N16_CiSi TbrSat87 
Gypsy-443_AA-I, 

hAT-2_GM, 
Copia-90_ST-I 

TbrSat139 
EnSpm-7_Stu, 
Ginger2-5_OT 

TbrSat33 
EnSpm-5_VV, 

Mariner-24_LSal, 
Mariner-51_OT 

TbrSat88 
RTEX-75_CorFlu, 

EnSpm-2_TD 
TbrSat140 

MuDR-1_LMi, 
Copia-4_DEl-I 

TbrSat34 Gypsy-133_GM-LTR TbrSat89 
MuDR-14N1_OS, 

MuDR-8_VV 
TbrSat142 

hAT-N3_Drot, 
KolobokD-3_CySi, 
Rehavkus-1_DA 

TbrSat35 
PinfV, 

EnSpm-9_MT 
TbrSat90 

Harbinger-
24_CorFlu, 

Chapaev-14_HM 
TbrSat143 ATMUN1 

TbrSat41 DNA8-98_AP TbrSat95 
Sola2-4_NVi, 

hAT-N19_DRot 
TbrSat146 

GLT_SM, 
MuDR-N17_RSa 

TbrSat42 AcademH-15_CGi TbrSat97 

Polinton-10_SM, 
hAT-N17_RPr, 
DNA-4_RPr, 

DNA2-10_CGi 

TbrSat147 EnSpm-16_RSa 

TbrSat43 KolobokP-1_MoPh TbrSat98 
hAT-39_DWil, 
ISL2EU-33_CGi 

TbrSat148 
TART-1_DWi, 

KolobokE-3_MyEd 

TbrSat44 DNA-1_CQ TbrSat99 
Harbinger1_PTr, 
AcademH-9_CVi 

TbrSat150 HARB-N10_OES 

TbrSat45 DNA-1_CQ TbrSat100 

hAT-14N1_ZM, 
Tx1-60_DR, 
hAT-3_TV, 

RTEX-33_CGi 

TbrSat151 Gypsy4-SM_I 

TbrSat48 Gypsy-135_CGi-I TbrSat105 
EnSpm-2_Cia, 
MuDR-6_VV 

TbrSat154 
Gypsy-34_PirFin-

LTR 

TbrSat49 
Helitron-12_ZM, 
Sola2-11_HMa 

TbrSat107 
KolobokH-3_RIr, 
Mariner2_PPa 

TbrSat157 DNA-1_CQ 

TbrSat50 Gypsy-69_CySi-I TbrSat108 
P-10_LSal, 

piggyBac-4_Ilyo 
TbrSat158 

Gypsy-64_OL-LTR, 
Gypsy-24_RC-I, 

DNA8-2_DR 

TbrSat51 
Daphne-25_SPur, 
BEL-13_CarQue-

LTR 
TbrSat109 Gypsy-67_CAnI TbrSat159 DNA-1_CQ 

TbrSat52 LR9A TbrSat110 CRE-27_CydSpl TbrSat161 Copia-147_MT-LTR 

TbrSat53 Copia-3_Mac-LTR TbrSat111 Gypsy-6_RO-LTR TbrSat162 Tx1-53_DR 

TbrSat54 KolobokE-1_ZePy TbrSat112 
L2-22_CTe, 

MuDR-N7_AT 
TbrSat164 L1-119_DR 

TbrSat55 DNA9-N1_DR TbrSat114 Chapaev3-1_OL TbrSat165 Ginger2-1_RIr 

TbrSat56 L1-19_DR TbrSat115 
Kolobok-N1b_TV, 
Gypsy-3_DiPu-I, 

MuDR-3_GAr 
TbrSat166 Gypsy-1_TuIn-I 

TbrSat57 PARISa-2_DW TbrSat116 
Gypsy-7_DBi-I, 
Helitron-2_EPa 
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9.1 List of abbreviations 

 

PacBio HiFi Pacific Biosciences High Fidelity sequencing 

BLAST Basic Local Alignment Search Tool 

bp base pairs 

CAFs cancer-associated fibroblasts 

Cy3 Cyanine3 fluorophore 

DAPI 4′,6-diamidino-2-phenylindole dihydrochloride 

eccDNA extrachromosomal circular DNA 

EDTA Ethylenediaminetetraacetic Acid 

ENCODE The Encyclopedia of DNA Elements 

ExoV exonuclease V 

FISH fluorescence in situ hybridization 

FITC fluorescein isothiocyanate 

Gb gigabase 

HMW DNA high molecular weight DNA 

HSF1 Heat Shock Factor 1 

HOR Higher Order Repeat 

IPTG isopropyl β- d-1-thiogalactopyranoside 

kb kilobase 

LB Luria Broth 

lncRNA long non-coding RNA 

LTR long terminal repeat 

Mb megabase 

MITE miniature inverted repeat transposable element 

MNase micrococcal nuclease 

Mya million years ago 

NGS Next Generation Sequencing 

ONT Oxford Nanopore Technologies 

PCA principal component analysis 

PBS Phosphate Buffered Saline 

PCR polymerase chain reaction 

PMSF phenylmethylsulfonyl fluoride 

RNAi RNA interference 

RT room temperature 

satDNA satellite DNA 

SDS Sodium Dodecyl Sulfate 

SINE short interspersed elements 

SOC Super Optimal Broth with Catabolite Repression 

SSC Saline Sodium Citrate 

STR short tandem repeats 
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TAE Tris-Acetate-EDTA 

TAREAN Tandem Repeat Analyzer 

TBE Tris-Borate-EDTA 

TE transposable element 

TR tandem repeats 

TRF Tandem Repeats Finder 

UTR untranslated region 

X-gal 5-Bromo-4-Chloro-3-Indolyl β-D-Galactopyranoside 

2D two-dimensional 
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