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Abstract. Highly abundant satellite DNA named
TBREV is detected and characterized in the beetle
Tribolium brevicornis (Insecta: Coleoptera). An out-
standing peculiarity of the TBREYV satellite monomer
is its complex structure based on the two ~470-bp-
long subunits, inversely oriented within a 1061-bp-
long monomer sequence. The proposed evolutionary
history demonstrates a clear trend toward increased
complexity and length of the TBREV satellite
monomer. This tendency has been observed on three
levels: first as direct and inverted duplications of
short sequence motifs, then by inverse duplication of
the ~470-bp sequence segment, and, finally, by
spread of inversely duplicated elements in a higher-
order register and formation of extant monomers.
Inversely oriented subunits share a similarity of 82%
and have a high capacity to form a thermodynami-
cally stable dyad structure that is, to our knowledge,
the longest ever described in any satellite monomer.
Analysis of divergences between inversely oriented
subunits shows a tendency to a further reduction in
similarity between them. Except in its centromeric
localization, the TBREV satellite does not show
similarity to other known Tribolium satellites, either
in nucleotide sequence or in monomer length and
complexity. However, TBREV shares common fea-
tures of other Tribolium satellites that might be under
functional constraints: nonconstant rate of evolution
along the monomer sequence, short inverted repeats
in the vicinity of an A+T tract, nonrandom distri-
bution of A or T >3 tracts, and CENP-B box-like
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motifs. Although long inverted subunits might rein-
force structural characteristics of the satellite mono-
mer, their nucleotide sequence does not seem to be
under constraints in order to preserve the dyad
structure.

Key words: Inverted repeats — Higher-order reg-
ister — Heterochromatin — Gene conversion —
Concerted evolution — Coleoptera

Introduction

Tandemly repeated sequences or satellite DNAs
represent a major DNA component in heterochro-
matin, still the most mysterious and least understood
genomic compartment. Although once considered
nonfunctional, useless sequences accumulated solely
because of the low recombination rate in the het-
erochromatic portion of a chromosome, satellite
DNAs have started to attract more attention due to
recent results favoring their fundamental importance
in the function and evolution of eukaryotic genome.
It has been evidenced that long homogeneous do-
mains of satellite repeats, occasionally interrupted
with transposable elements, are the principal DNA
components involved in centromeric function of
animal and plant species, such as human (Schueler
et al. 2001), Drosophila (Sun et al. 2003), and rice
(Cheng et al. 2002). Transcripts of satellite repeats
seem to be involved in the formation of densely
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packed heterochromatin, mobilizing a number of
proteins through the RNAi mechanism (Volpe et al.
2002, Martienssen 2003).

Satellite repeats evolve according to the principles
of concerted evolution, in which diverse mechanisms
of nonreciprocal transfer induce a high turnover of
satellite sequences (Dover 1986). Consequently, pro-
files of satellite sequences are species specific due to
differences in copy number, nucleotide sequence, or
composition of satellites (reviewed by Ugarkovi¢ and
Plohl 2002). It is difficult to understand how repeti-
tive sequences unrelated in origin, nucleotide se-
quence, length, or organizational complexity could
share common functions, for example, in the forma-
tion of a functional centromere. It has been recently
observed that a response to rapid alterations in cen-
tromeric satellites is adaptive coevolution of the
specific centromeric histone CENH3 (Malik and
Henikoff 2001; Talbert et al. 2002).

It is assumed that structural characteristics of a
satellite DNA, and not the nucleotide sequence itself,
can hold certain functional information. Relatively
short, no longer than 30-40 nt, inversely duplicated
motifs potentially able to induce formation of stable
dyad structures are often detected in evolutionarily
unrelated satellite sequences (e.g., Lorite et al. 2004;
Castagnone-Sereno et al. 2000). It has been suggested
that such structures might be functionally significant
in interactions with specific heterochromatic proteins
(Bigot et al. 1990; Rojas-Rousse et al. 1993). In
addition, functional information of satellite se-
quences might be conserved in structured helical axis
and satellite monomer length (Plohl et al. 1998), in
ordered distribution of A +T nucleotides (Barcelo et
al. 1998), or in sequence motifs, such as the CENP-B
box-like motif (Lorite et al. 2004). Analysis of intra-
specific sequence variability revealed an alternating
pattern of conserved and variable segments along the
satellite monomer in Arabidopsis thaliana 180-bp
centromeric satellite DNA, as well as in human o
satellite DNA, indicating that some sequence seg-
ments might be under functional constraints, proba-
bly due to the interaction with heterochromatic
proteins (Hall et al. 2003). In addition, a similar
pattern has been observed in satellite sequences from
the beetles Tribolium anaphe and T. destructor
(Mravinac et al. 2004).

Heterochromatinization and diverse silencing
mechanisms, for example, PEV in Drosophila, may be
triggered by mechanisms that recognize unusual
structures of inverted repeats within satellite mono-
mers (Dernburg and Karpen 2002). Insertions in di-
rect or reverse orientation are mostly products of
recombination, a major force that forms new satellite
monomers by sequence rearrangements (Dover 1986,
2002). Inverted or direct repeats in satellite monomers
might also be remnants of transposable element-like

genomic components and might indicate transposi-
tion as a mechanism of satellite spread (Dover 2002).

The impact of nucleotide sequence and its struc-
tural characteristics on possible functional properties
of satellite DNAs is still poorly understood. In par-
ticular, there is a lack of data concerning evolution
and putative functional constraints on satellite
monomers built of inverted sequence segments. Here
we characterize a complex satellite DNA from the
beetle Tribolium brevicornis and propose the evolu-
tionary pathway of its monomer sequence. The
repeating unit is built of the two inversely oriented
subunits that form the longest inverted repeat ever
described in any satellite monomer. Mutational pro-
files of inversely oriented subunits are compared in
order to deduce evolutionary dynamics of elements of
the potential dyad structure. In addition, putative
functional nucleotide sequence elements are detected
and compared to those found in other Tribolium
satellites.

Materials and Methods

Insects

Tribolium brevicornis was purchased from the Central Science
Laboratory (Sand Hutton, York, UK), and kept as a laboratory
culture.

DNA Extraction, Cloning, and Sequencing

Genomic DNA was extracted from adults and larvae by standard
phenol extraction and ethanol precipitation protocol. Digestions
with restriction endonucleases were performed according to the
manufacturer’s specifications (Roche). Restriction fragments were
electrophoretically separated on a 1% agarose gel, and fragments of
interest cut out and purified with the Qiaquick Gel Extraction Kit
(Qiagen) and subsequently ligated in the pUCI18-Smal plasmid
vector. Positives were detected by hybridization at 65°C (expected
homology >80%), with a portion of eluted fragments labeled with
digoxigenin by the random priming method, using the DIG DNA
Labeling and Detection Kit (Roche). Recombinant clones were
sequenced by the MWG-Biotech sequencing service (Ebensberg,
Germany).

Genomic Southern and Dot-Blot Quantification

For Southern analysis, 5 pg of genomic DNA was digested with
restriction endonucleases, electrophoresed on a 1% agarose gel, and
blotted onto a positively charged nylon membrane (Roche). To
prepare the probe, cloned satellite monomer was excised from the
plasmid, purified, and labeled using the DIG DNA Labeling and
Detection Kit (Roche). Membranes were hybridized under high-
stringency conditions, at 68°C (homology >90% allowed). Relative
genomic contribution of the satellite DNA was determined by
densitometry of hybridization signals obtained from serially diluted
genomic DNA spotted onto a nylon membrane. The obtained
signals were compared to the calibration curve constructed from
hybridization signals of diluted cloned satellite monomers.
Hybridization was performed with labeled satellite monomer under
the same conditions as for Southern analysis.



Sequence Analysis

Multiple-sequence alignments were performed using the default
parameters of the ClustalX v. 1.81 program (Thompson et al.
1997). Pairwise sequence divergences were calculated according to
the best-fit model of nucleotide evolution HKY85+ G (Hasegawa—
Kishino—Yano with gamma-distribution [Hasegawa et al. 1985]),
selected by the hierarchical likelihood ratio test (hLRT) in Mod-
eltest 3.06 (Posada and Crandall 1998). A distance tree was built by
the neighbor-joining (NJ) method using the PAUP* v. 4b10 com-
puter package (Swofford 1998). A parsimony tree was obtained
after 1000 random addition searches with TBR branch swapping
and under the Multrees option, using the same computer package.
All nucleotide positions in the matrix, including gap positions, were
considered equivalent and weighted equally. The strict consensus
tree of the 20 most parsimonious trees is presented. Bootstrap
values were calculated based on 1000 replicates.

Motifs homologous to the human CENP-B box (Masumoto
et al. 1998) as well as direct and inverted repeats were detected
using the MicroGenie (Beckmann) package and MegAlign pro-
gram (Dnastar). DNA polymorphism and putative gene conversion
tracts were estimated using the DnaSP program, v. 3.99 (Rozas and
Rozas 1999). The conserved and variable segments in the satellite
DNA sequence were defined by sliding window analysis imple-
mented in the same program, using a window size of 10 bp and a
step size of 1, as described by Mravinac et al. (2004). Frequency of
A+T tracts (O value) was determined with COMPSEQ (http://
www.bioweb.pasteur.fr/seganal/interfaces/compseq.html) and the
expected frequency in a random sequence of the same A+ T con-
tent (E values) was calculated according to Barcelo et al. (1998).
The deviation of the observed from the expected frequency was
determined using chi-square statistics. GenBank searches were
done using the program BLAST (http://www.ncbi.nlm.nih.gov/
blast/).

The evolutionary trends at each nucleotide position of satellite
DNA were determined by the method of Strachan et al. (1985).
According to this analysis variation at nucleotide positions between
the two groups of sequences is classified in six categories, repre-
senting transition stages of concerted evolution (see Fig. 4 in
Strachan et al. 1985). Class 1 represents homogeneity of all clones
at a given position within two sets of sequences, class 5 represents
mutations fixed in all clones of each of the sets, while classes 2-4
are intermediate stages. Class 6 represents introduction of sub-
sequent mutations in a homogenized set and, thus, indicates the
start of a new cycle of replacements.

Fluorescent In Situ Hybridization (FISH)

Chromosome spreads were obtained from male gonads by the
standard squash method and FISH was done as described earlier
(Ugarkovic et al. 1996a). The hybridization signal was detected by
the avidin—fluorescein isothiocyanate (FITC) system (Vector, USA)
with amplification. The chromosomes were counterstained with
fluorochrome DAPI and photographed in an Opton microscope.

Results

Detection and Cloning of Satellite DNA in the Beetle
Tribolium brevicornis

Electrophoretic separation of T. brevicornis genomic
DNA digested with a series of restriction enzymes
revealed bands typical for highly abundant repetitive
sequences (Fig. 1A). Bands of approximately 1100
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Fig. 1. Detection of T. brevicornis satellite DNA. A Agarose gel
electrophoresis of genomic DNA restricted with enzymes indicated
above each lane. Partially digested Tenebrio molitor satellite DNA
is used as a size marker (lane TM). The arrow indicates the position
of a band of approximately 1100 bp. B Southern blot of the gel
shown in A after hybridization with labeled TBREV monomers,
cloned from the band obtained after Haelll digestion of genomic
DNA.

bp, obtained after restrictions with Haelll and
EcoRV, were cut out from the gel, and DNA was
extracted and cloned into a plasmid vector. Positive
clones were detected after hybridization with a la-
beled fraction of material extracted from the Haelll
band. The mixture of inserts obtained from positive
clones was labeled and used as a probe in Southern
hybridization analysis (Fig. 1B). Multimers of basic
length, visible up to the hexamer after digestion with
HindIll and Xbal, are characteristic for tandemly
repeated sequences. Intermediate bands, visible in all
lanes, can be generated by additional recognition sites
existing for some restriction endonucleases (see be-
low).

Copy number of TBREV satellite DNA was
determined after dot-blot hybridization of serial
dilutions of genomic DNA, using a mixture of cloned
satellite monomers as a probe (not shown). The highly
abundant T. brevicornis satellite makes 21.2% of the
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genome. According to the genome size of 3.540 x 10®
bp determined by Alvarez-Fuster et al. (1991), this is
7.07 x 10* copies per haploid complement.

Sequence Analysis of the TBREV Satellite

The sequence analysis of 16 randomly cloned frag-
ments of the T. brevicornis satellite (TBREV), 15 of
them from the Haelll band and 1 from the EcoRV
band, supported observed migration of electropho-
retic fragments (Fig. 1). Only a single restriction site
was detected in the consensus monomer sequence
for endonucleases Haelll and PstI, several restric-
tion sites exist for EcoRV, Sau3Al, Accl, and Alul,
and HindIIl and Xbal do not cut within the satellite.
However, restriction sites for the latter two can be
generated due to single point mutations, and there-
fore digestions of genomic DNA with these enzymes
produce a characteristic ladder of satellite multi-
mers. The alignment revealed a 1061-bp-long con-
sensus sequence (Fig. 2). Since the fragment
TBREV73 originated from the EcoRV band, it was
aligned to Haelll-cloned fragments after circular
permutation of its sequence. However, it did not
show any deviation from other clones. This is con-
sistent with a regular tandem arrangement of
repetitive units. A schematic presentation of cloned
monomers and their subunit organization is shown
in Fig. 3.

Two cloned fragments differ from the rest in the
analyzed set: TBREVI11l and TBREVI137 are 73
and 108 nucleotides shorter, respectively. Observed
trimming occurred during restriction digestion in
the cloning procedure as a consequence of addi-
tional Haelll restriction sites envisaged on indi-
cated positions of the two monomer variants
(Fig. 2). The alignment pattern of TBREVI137 de-
serves particular attention. Its nucleotide sequence
follows the consensus satellite sequence until posi-
tion 883, then it reverses the orientation and fol-
lows the consensus sequence from position 1 to
position 101 (Figs. 2 and 3). To avoid comparisons
with truncated and/or rearranged monomer se-
quences, these two clones were excluded from fur-
ther analyses.

Sequence comparison showed high homogeneity
of aligned monomers (Fig. 2), with variable sites
distributed on 212 positions. In total there are 232
changes: 204 (88%) of them are single-nucleotide
substitutions, and 28 (12%) changes are insertion or
deletion events (indels). Of 232 changes, 94 (41%) are
detected at a particular site of a single clone (auta-
pomorphies), while 138 (59%) are shared within a
subset of monomer variants (synapomorphies). Ratio
of transitions to transversions is 1.78.

The nucleotide diversity (per site), Pi = 0.04988,
was calculated by the DnaSP program (Rozas and

Rozas 1999) with gaps excluded from the calculation.
Standard deviation is 0.00680. Distribution of vari-
able sites along the sequence was determined by
sliding window analysis, with a window length = 10
and a step size = 1. Considered significant as vari-
able or as conserved are those windows with a
diversity > (average + 2 SD) or <(average — 2 SD),
respectively. This analysis revealed 14 variable and 13
conserved regions varying in size from 16 to 69 bp
and interspersed within a 1061-bp-long monomer
(Fig. 2).

The NJ tree of 14 satellite monomer sequences was
constructed according to the HKY+G model
(Fig. 4). Differentiation of sequence groups in the
dendrogram is due to multiple nucleotide substitu-
tions shared by subsets of monomers. Sequences in a
branch marked with an asterisk are characterized by
stretches of diagnostic nucleotides. For TBREV12, 15
and 36 diagnostic nucleotides are localized within a
segment of 125 nt, from position 781 to position 905
of the consensus (Fig. 2). Another subgroup is de-
fined by TBREV73, 116 and 131, which can be fur-
ther differentiated by a number of exclusive changes
distributed along the monomer, except from position
906 to the end of the consensus sequence for
TBREV116 and 131, and from position 781 to the
end for TBREV73. A complex pattern of stretches of
shared mutations indicates that more than one con-
version event homogenized the satellite sequence at
submonomer length.

The content of A+ T nucleotides in the consensus
sequence is 69.2%. The high frequency of A+ T nu-
cleotides results in many tracts of A or T =3 which
show an ordered arrangement along the sequence,
according to the comparison with a random sequence
of the same length and composition (Fig. 2). Ex-
pected frequency of A or T 23 tracts (E) in a random
sequence is 135, while the frequency observed in the
TBREYV satellite is O = 281. The difference between
expected and observed values is statistically signifi-
cant, P < 0.0001.

No sequence homology to any other known se-
quence could be detected in a search of GenBank in
July 2004. In addition, no open reading frames of
significant length could be detected in the TBREV
satellite sequence.

Subrepeat Organization of the Satellite Monomer

Internal organization of TBREV satellite monomer
shows two prominent sequence segments repeated in
an inverted orientation within the monomer (Fig. 3).
Inverted subunits of 473 and 467 bp, named DIR and
INV, respectively, share a similarity of 82% and have
a high potential to form an energetically stable dyad
structure. The subunits are separated by two linker
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Fig. 3. Schematic presentation of cloned satellite monomers and
their subunit organization. Restriction sites and clone names are
indicated. Clone TBREV73 should be circularly permutated in
order to be aligned with other clones. Inverted segment of the clone
TBREV137 is indicated by an arrow; the dashed arrow shows the

segments, LINK1 of 56 bp and LINK2 of 65 bp,
unique in their nucleotide composition.

Phylogenetic analysis separated subunits into two
major clades corresponding to DIR and INV se-
quences (Fig. 5). Although DIR and INV sequences
are clearly separated, the topology of the tree pre-
sented in Fig. 5 is not symmetrical, because DIR
and INV subunits originating from the same set of
satellite monomers do not always group in the same
arrangement. For example, DIR103 and DIR104
are closely related in the tree, and the same is true
for INV103 and INVI104. This distribution is ex-
pected for the evolution of satellite monomers by
proportional accumulation of mutations along the
monomer sequence, and in that case the topology of
DIR and INV clades should be symmetrical. Con-
trarily, while INV102 and INV120 form a closely
related pair in the tree, DIR102 is associated with
DIR12, and DIR120 is placed in a distant branch.
This discordance can be explained by the spreading
of diagnostic changes and homogenization of
monomer variants on the level of subunit or near-
subunit size.

Alignment of consensus sequences of DIR and
INV subunits is shown in Fig. 6. Variable and con-
served segments determined for each group of
sequences are indicated on the corresponding con-
sensus. In general, the distribution of variable and

position of this segment in the sequence alignment. Organization of
inversely oriented subunits DIR and INV and unique sequence
elements LINK1 and LINK?2 in the satellite sequence is presented
along with the corresponding positions in the Haelll monomer.

conserved segments between DIR and INV subunits
coincides only partially. For example, although the
long stretch of 38 nucleotides limited by asterisks in
Fig. 6 is devoid of any nucleotide substitutions that
would differentiate between the two consensus se-
quences, the same segment is categorized as con-
served in the DIR group of subunits and as variable
in the INV group. Observed discrepancy might indi-
cate that constraints on the sequence evolution can be
orientation-dependent or are altered due to already
accumulated sequence divergence between DIR and
INV subunits.

In addition to the two inverted subunits, numerous
short direct and inverted repeats up to ~20 bp can be
detected along the monomer sequence (data not
shown). They are repeated only two or three times
within the monomer in an irregular and sometimes
overlapping manner which does not allow detection
of any further organizational patterns. The most
prominent inverted repeats, one of them located
immediately near the tract composed of exclusively
A+ T nucleotides, are presented in Fig. 6. Sequence
alignment revealed nucleotide substitutions that have
accumulated between the two subunits, but no short
direct and inverted repeats could be found to be
specific to any of them. Accordingly, they all existed
before emergence of inversely oriented subunits and
formation of the current satellite monomer.
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TBREV131

d=0.1
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Fig. 4. The unrooted dendrogram of the relationships among 14
monomeric units of the TBREV satellite obtained by the NIJ
method. Bar represents the genetic distance d = 0.1 of pairwise
comparisons calculated according to the HKY85+G model.
Numbers at each node indicate the percentage of trees representing
the particular node of 1000 bootstrap replicates. An asterisk marks
the cluster of monomers characterized by stretches of diagnostic
nucleotides (Fig. 2 and explanation in the text).

Transition Stages in the Evolution of the
TBREV Satellite

Transition stages during the spread of new muta-
tions in TBREV satellite were examined using the
analysis by Strachan et al. (1985), recently widely
implemented in analyses of tandemly repeated se-
quences (Pons et al. 2002; Lorite et al. 2004). First,
patterns of variation at individual nucleotide posi-
tions were classified in the monomer sequence as a
whole, as well as in particular segments DIR, INV,
LINKI1, and LINK2 (Table 1). Two distinct bran-
ches of the NJ tree shown in Fig. 4 were defined as
two groups of sequences in the comparison. Since
monomers TBREV102 and 120 did not lean to any
group, they were excluded from this analysis.
Changes that could be categorized as classes 5 and 6
were not detected, while nucleotide positions classi-
fied in stages 1 and 2 represent over 90% of all
informative sites. All other informative sites in
LINK1 segment and all but one in the DIR subunit
belong to class 3, while in LINK2 and INV they
mostly belong to class 4. This pattern reveals an
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[ 53 INV131
1 INV116
Fig. 5. The midpoint rooted strict consensus tree of 20 most
parsimonious trees of DIR and INV subunits. The interpolated
bootstrap values represent the percentages of trees supporting the
particular node of 1000 bootstrap replicates. Bootstrap values be-
low 50% are not indicated. Clustering of DIR and INV subunits

into two well-defined clades was supported by the NJ tree as well
(not shown).

early stage in differentiation of two groups of sa-
tellite monomers in formation of subfamilies.

The same analysis was used to categorize patterns
of mutations between sequences of inversely oriented
subunits DIR and INV (Table 2). The occurrence of
positions categorized in class 5 or 6 (DIR vs. INV in
Table 2) shows advanced divergence of DIR and INV
subunits. Besides the total number of nucleotides in
each transition stage, the fraction of changed nucle-
otides is calculated for each of the DIR or INV group
of subunits separately. This cannot be done for
classes 1 and 5, which are by definition completely
homogenized in both groups of sequences. A higher
number of positions of class 6 are found among INV
subunits, while the number of changes in other classes
is balanced for both groups.

CENP-B Box-like Motifs in the TBREV Satellite

Motifs similar to the human CENP-B box (Masum-
oto et al. 1989) were detected on three positions of the
monomer sequence, on two of them with 71% and on
one with 65% similarity (Fig. 2). However, the three
CENP-B box-like sequences are irregularly distrib-
uted on the satellite monomer and they appear in
both orientations and lack significant similarity
among themselves. These facts bring into question
the plausibility of potential CENP-B boxes, although
the detected similarity exceeds similarities that most



DIR AATAATTCCGAAAATATTAGGTCTACGTAAAAAATGGTTATTTACTTAATTGATCTARAT
INV AATATCTCCGAAACTATTAGGCCTACAGARAAAGTAATAATATACTTAATTGATCTARAT
DIR GGAATTTGCTACAATATTGGTTCTATGCATGTTTTTTGTACAARGCTGTACTTTCGGAGAT
INV ARAATTCTCTACAATATAAGTCCTATGCATGTTTTTCGTARAAGCTGTACTTTCAGAGAT
DIR AATTAAGGGAGAAGATACACTTTTAATTCCAAGTTTTCCATTTTCCACGTTTTCTAGCCA
INV AATGGAGGGAGAAGGTACAAATTTCATTCCAAATTTTCCTTTTTCCACGTTTTCTACCCA
DIR GGAGARATTTTGTTTGAAGATARATTAGCACTTGTATACATATTATTAAAGGTAACTAAR
INV AGAMAAATTTCGT T TCATGATGAATTATTACTTGTATACACATTATTGAAAMGTAACTARAA
— *
DIR TTTTCTACAACTTTCTAACTGACACCCTTCATGTAAAARAATGTGGGAAGAAGTTGGAAT
INV TTCTCTACATTTTTTTAATTGACACCTTTTATGTAAARARATGTGGGAAGARAGTTGG=~~
*

DIR AACAAGTTTGCRAAGAAAAAAAATTAAAR TGTTTGAGAGCGGATATCTCGAAA
INV AACAAGTTCGCH==-TAATTTTTTTTTTAAT CCCATGTTTGA%GTGGATAT‘C_TCMM
DIR TGGGTGCATTTTTCGATAAAAACATATARAGGTGAAGTTGTAGGAAATTGTGICAGCTTT
INV TGGGTGCATTTTTCTGTAAAAACATATAGARGTGAAGTTGTAGAAATATATGTCAGCTTT
DIR CATATTTATATATAAGTTTGTCGTCTGCGGTGTACCGTTCTCAAGATATGAAC 473
INV TATTTTTATAARATAACTTTGTCGTGTACGATGTACCGTTTTCGACATATGAAC 467
Table 1.

according to Strachan et al. (1985)
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Fig. 6. Alignment of consensus
sequences of DIR and INV subunits.
Sequence divergences between them
are indicated in boldface at INV
consensus sequence. Arrows mark
the most remarkable inverted
repeats. A block of pure A and T
nucleotides is boxed. Localization of
conserved and variable segments
(underlined and shaded,
respectively) according to sliding
window analysis is indicated along
each subunit consensus sequence.

Percentage of nucleotide positions in the TBREV monomer and its segments, distributed into six classes of transition stages

TBREV DIR INV LINK1 LINK2
Informative position® 97.28 97.26 96.80 98.21 100
Class 1 83.40 83.33 82.60 89.09 84.62
Class 2 9.94 10.39 10.97 1.82 7.69
Class 3 3.96 6.06 1.54 9.09 1.54
Class 4 2.70 0.22 5.07 0 6.15
Class 5 0 0 0 0 0
Class 6 0 0 0 0 0

“Percentage of total number of nucleotide positions.

Table 2. Percentage of nucleotide positions between compared DIR and INV subunits, falling into six classes of transition stages according
to Strachan et al. (1985)

DIR vs. INV DIR? INV®

Informative positions® 92.42

Class 1 62.87 — —
Class 2 20.96 50 50
Class 3 0 0 0
Class 4 6.38 54 46
Class 5 7.06 — —
Class 6 2.73 25 75

“Percentage of changes in DIR subunits (corresponding nucleotide positions in INV subunits are completely homogenized).
PPercentage of changes in INV subunits (corresponding nucleotide positions in DIR subunits are completely homogenized).
“Percentage of total number of nucleotide positions.

of the published CENP-B-like boxes share with the
human CENP-B box (Lorite et al. 2002 and refer-
ences therein).

Chromosomal Localization of the TBREV Satellite
Sequence

T. brevicornis has 2n = 18 chromosomes (Moore and
Sokoloff 1982). Large blocks of pericentromeric

heterochromatin are visible on all chromosomes of
the complement after staining with the fluorochrome
DAPI (Fig. 7A). FISH with labeled TBREYV satellite
DNA revealed strong hybridization signal overlap-
ping with pericentromeric regions on all chromo-
somes (Fig. 7B). This distribution of pericentromeric
satellites, irrespective of the copy number, is charac-
teristic for all tenebrionid species examined until now
(e.g., Durajlija-Zini¢ et al. 2000; Mestrovi¢ et al.
2000; Mravinac et al. 2004).



Discussion

We propose a scenario that could be projected for the
evolution of the TBREV satellite in which directly
and inversely duplicated short sequence segments first
contributed to the formation of an initial ~470-bp-
long element. In the following step, the two inversely
duplicated copies of this element were amplified to-
gether and became subunits in a new complex
repeating unit which formed tandem repeats of the
extant TBREV satellite. When complex monomers
are composed of former units homogenized in a
higher-order register, sequence homogeneity is always
higher among whole complex repeats than among
their constitutive subunits (Warburton and Willard
1990; Willard and Waye 1987). However, it is not
possible to discern whether 18% of sequence diver-
gence between the TBREV satellite subunits already
existed in the moment of amplification in a higher-
order register or accumulated subsequently. Two
unrelated spacer segments that alternate between
~470-bp repeats might simply represent sequences
that were resident in the site of the duplication/
inversion event (Fig. 3). Presumably, a new complex
repeating unit spread through the genome in the
process of molecular drive (Dover 1986, 2002) and
became the dominant satellite DNA component in
the T. brevicornis genome. During that process, it
probably replaced some ancient form of satellite se-
quence that had already existed in the genome, as
proposed in a model of satellite life history (Nijman
and Lenstra 2001).

A trend toward increasing repeat length and
complexity, first by forming a monomer from short
sequence motifs and then by merging two or more
monomers in a new higher-order repeating (HOR)
unit, has been observed in some satellite DNAs.
Theoretical models that predict low ratios of unequal
crossing-over to mutation, presumed to be typical for
heterochromatic regions, are consistent with the for-

Fig. 7. FISH of T. brevicornis
chromosomes (2n = 18). A
Chromosomes stained with DAPI.
B After hybridization with FITC-
labeled cloned TBREYV satellite
monomer. Bar represents 10 pm.

mation of longer and more complex repetitive units
(Stephan and Cho 1994). For example, this organi-
zational feature has been detected in satellites from
the cave beetle Pholeuon proserpine glaciale (Pons
et al. 2003) and Bovidae species (Lee et al. 1997;
Modi et al. 2004). In the beetle Palorus subdepressus
the complex satellite monomer is formed by two
adjacent units, which are composed of an octanu-
cleotide alternating with elements of an inverted re-
peat (Plohl et al. 1998).

The inversion of whole subunits in the formation
of HOR is not a frequent feature in the evolution
of complex satellite monomers. It has been de-
scribed in the satellite of Drosophila simulans, which
is composed of a 5-bp-long motif repeated three
times, one copy being reversely oriented (Lohe and
Roberts 1988). In the parasitoid wasp Trichogram-
ma brassicae the satellite DNA evolved through
duplication and inversion of an 80-nt-long subunit
and insertion of a partially duplicated sequence
element (Landais et al. 2000). Similarly, duplication
and inversion of repeating units plus insertion of
unrelated sequence and homogenization in higher-
order register formed complex monomers in sa-
tellite DNAs of the beetle Tribolium madens (Ug-
arkovic et al. 1996b) and species of the genus
Pimelia (Pons et al. 2004). The finding of a re-
combinant clone with inverted fragment of an
adjacent satellite monomer supports proneness to
inversion of the TBREV satellite sequence. Al-
though further characterization has not been done,
it can be assumed that sites like this could represent
a source of new repeating units that can harbor
even longer inverted repeats.

Analysis of phylogenetic distribution of DIR and
INV subunits with respect to their localization in
cloned monomer variants indicates that, simulta-
neously with the spread of the whole TBREV
monomers, homogenization is effective on the lower
scale as well, spreading fragments of subunit-similar



lengths. This process results in disunited pairs of
adjacent DIR and INV subunits, randomizing their
distribution in satellite monomers. Formation of sa-
tellite subfamilies in the mollusk Donax trunculus and
occurrence of stretches of mutations shared by some
variants have been explained as a concurrent action
of gene conversion on fragments of the monomer
length as well as on short tracts that can be only a
few base pairs long (Plohl and Cornudella 1996).
According to the distribution of shared mutations,
TBREV monomers or their subunits form clusters of
variants in analyses presented in Figs. 4 and 5, thus
indicating a trend toward formation of subfamilies.
Formation of subfamilies is not characteristic for
tenebrionid satellites, in which efficient homogeniza-
tion within and between chromosomes causes ran-
dom distribution of mutations and lack of any
differentiation of monomer variants, such as in the
142-bp-long satellite from the mealworm beetle Ten-
ebrio molitor (Plohl et al. 1992). The observed
grouping of TBREV monomers could be a conse-
quence of their extraordinary length and complex
structure, which might impair the efficacy of
homogenization mechanisms.

The distribution of mutations in the advanced
stage of the homogenization process, characterized
by subsequent replacements of already fixed group-
specific differences, indicates that the INV subunit
introduces new mutations more frequently than the
DIR subunit. The observed tendency towards in-
creased divergence between DIR and INV subunits
does not favor existence of constraints in order to
preserve the possible dyad structure that might be
formed by these sequence elements.

Despite uncommon length and complex architec-
ture of the monomeric unit, and lack of any sequence
similarity, the TBREV satellite retained all structural
features of centromeric satellites detected in other
Tribolium species (Juan at al. 1993; Plohl et al. 1993;
Ugarkovic et al. 1996a, b; Mravinac et al. 2004). It
has been proposed that an inverted repeat in the
vicinity of an A+ T tract, clustering of A and T nu-
cleotides, CENP-B box-like motifs, and alternating
tracts of conserved and variable sequence segments
might represent functional elements relevant for
specific protein recognition and condensation of
heterochromatin (Mravinac et al. 2004 and references
therein). Due to the sequence divergence, ‘‘small”
dyad structures formed by short inverted repeats are
not equally probable at equivalent positions within
the DIR and INV subunits of the TBREV satellite.
Lack of sequence conservation and lower probability
of dyad structure formation in one of the subunits do
not necessarily mean lack of functionality. For
example, only a subset of a satellite 17-bp sequence
motifs is able to bind CENP-B protein, since this
motif is located in a variable region of the satellite
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monomer (Hall et al. 2003), while a higher-order
arrangement of o satellite repeats enables phased
distribution of functional CENP-B binding sites
(Ikeno et al. 1994).

Without extensive additional experimental re-
search it is difficult to evaluate the probability of in
vivo formation of stable dyad structures in highly
compact centromeric heterochromatin and determine
their possible functional importance. The short in-
versely oriented sequence motif in the vicinity of an
A+T tract found in TBREV and in all examined
Tribolium satellites (Ugarkovic et al. 1996a; Mravinac
et al. 2004) might represent a signal for protein
binding per se, simply due to the arrangement of
DNA sequence elements, even without formation of
secondary structures. Alternatively, long inverted
subunits may be evolutionarily favored because they
can form far more stable dyad structure than short
inverted repeats and might adopt the function of
these repeats in protein recognition and heterochro-
matin condensation. It is possible that due to the high
stability of long secondary structure, the accumula-
tion of differences in subunits of TBREV satellite can
be tolerated until they do not disturb its integrity
significantly.

Directly and inversely repeated sequences are
common features of many transposable elements,
and transposition is considered one of the mecha-
nisms of nonreciprocal transfer in the process of
concerted evolution (Dover 2002). Transposable
elements or their segments can be amplified in tan-
dem and form centromeric satellites, as has been
reported in Drosophila (Heikkinen et al. 1995) and
in whales (Kapitonov et al. 1998). Inverted repeats
described recently in the satellite of the darkling
beetle Misolampus goudoti (Pons 2004) resemble
structures found in miniature inverted-repeat trans-
posable elements (MITEs) detected in the teleost fish
(Izsvak et al. 1999). A repetitive element similar to
MITE is abundant in the closely related D. obscura
species group, and its derivative forms abundant
satellite DNA in D. guanche (Miller et al. 2000). We
can speculate that the organizational features of
TBREV satellite based on inversely repeated sub-
units might be reminiscent of some form of trans-
posable element from which it originated and that
transposition might have contributed to its forma-
tion and spread.

In conclusion, characterization of the abundant
pericentromeric satellite in 7. brevicornis revealed a
repeating unit of complex structure and evolutionary
history, with the longest inversely oriented subunits
detected in any satellite until now. However, as the
nucleotide sequence in inversely oriented subunits
evolves divergently, it does not seem to be under
constraints to maintain the secondary structure. The
presence of structural features shared with other
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known Tribolium centromeric satellites indicates that,
although unrelated in sequence and monomer orga-
nization, all of them might contribute to some similar
function.
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