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Abstract

Lampbrush Chromosomes (LBCs) are present in the oocytes of birds, lower vertebrata and invertebrates during
the prolonged prophase of the first meiotic division. Their name stems from their similarity to bottle brushes.
Lampbrush chromosome of the early prophase is a bivalent, made up of two conjugating homologues. The axis
of each homologous chromosome is formed by sister chromatids that are differentiated into regions of transcrip-
tionally active and inactive chromatin. Transcription activity of LBCs is observed as a mantle of symmetrically
distributed side loops along the chromosome axis. Changes in transcriptional activity are reflected in changes in
their morphology. Transcriptional activity of LBCs is directly connected with physiological processes of the body
and shows in the morphological structure of the chromosomes. The use of cytogenetic techniques and in situ
hybridization have made it possible to identify unique and repeating sequences as well as DNA replication pro-
teins in LBCs. Particularly, interesting prospects are offered by the possibility of using LBCs in studies of trans-

criptional activity, cytogenetic investigations of karyotype evolution and genome mapping.
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The progress in biotechnology that was witnessed at
the turn of 20™ and 21 century was a breakthrough
in scientific research — predominantly of experimental
nature. The methods and quality of laboratory experi-
ments were improved. A chance also appeared to explain
the unverified cytogenetic and molecular genetic issues.
The fundamental purpose of genetic research is still to
optimally explore the karyotype and genome of animals
and plants of various systematic categories and the me-
chanisms that operate in the cells of those organisms.

Cytogenetic analyses mostly concentrate on somatic
cells, particularly blood cells. This is due to the availa-
bility of the material which can be sampled in a relatively
non-invasive way. The related culture techniques and
methods of obtaining preparations of chromosomes
caught at the metaphase of the mitotic division have al-
ready been well developed. Preparations normally allow
the observation of a full set of chromosomes, general
analysis of individual karyotypes, and diagnosis of basic
aberrations. Cytogenetic research less frequently ana-
lyses cells during the meiotic division. Cytogenetic ana-
lysis of oocytes is sporadically undertaken, the relevant
material being maturing oocytes isolated from the ova-
ries of animals.

Oocyte development takes place during the meiotic
prophase and for the majority of species ends in
the metaphase of the first meiotic division. The major
part of this development occurs in the diplotene. At that
time, the diplotene chromosomes of certain groups of
vertebrates, i.a. amphibians and birds, assume the form
of lampbrush chromosomes (LBCs) and generate thou-
sands of loops along their axes. The loops are trans-
criptionally active sites.

History of the term “lampbrush chromosomes”

Lampbrush chromosomes were discovered in sala-
mander egg cells (Ambystoma mexicanum) by Flemming
in 1882. Ten years later, LBCs were identified in shark
egg cells and described by Riickert in 1982. It was Riick-
ert who introduced the term “lampbrush chromosome”
into biological nomenclature. The chromosomes obtain
their name from the 19" century brushes that were used
for cleaning street lamps to which Riickert likened them
to the same. Modern version of the item is a bottle or
test-tube brush (Fig. 1) (Callan, 1986; Macgregor, 1977,
1980, 1987; Macgregor and Varley, 1988).
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Fig. 1. Alampbrush chromosome and the “original item”. The ar-
rows indicate analogous structures; a — telomeric loop, b — side
loops, ¢ — a chromatid without loops (K. Andraszek, unpublished)

Lampbrush chromosomes are intermediate structu-
res present during the first meiotic division. In a prolon-
ged diplotene stage, they undergo decondensation that
results in the production of very large chromosomal
structures. LBCs’ length ranges (depending on the spe-
cies) from 400 to 800 mm, which makes them up to 30
times larger than their mitotic counterparts (Callan,
1986; Callan, et al. 1987; Rodionov, 1996).
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Fig. 2. A comparison of the size of LBCs and mitotic chromo-
somes. A 20-fold microscopic magnification of the metaphase
plate (a), 100-fold magnification of the second-pair mitotic
chromosome (b), a 20-fold magnification of the second lamp-
brush bivalent (c¢). The arrow points at the second-pair mitotic
chromosome on the metaphase plate (K. Andraszek)
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The basic profile of LBCs was performed with a 20x
zoom of the microscope. In the case of avian mitotic
chromosomes, a 20x zoom only makes it possible to
identify the metaphase plate, not always enabling
the determination of the number of chromosomes. Figu-
re 2 shows a comparison of the proportions of a meta-
phase plate at a 20x zoom, the metaphase second-pair
chromosome at a 100x microscopic zoom and the se-
cond lampbrush bivalent at a 20x zoom. The mitotic
chromosomes were isolated from peripheral blood of
domestic geese. The LBCs, in turn, were sampled from
oocytes of domestic geese.

Lampbrush chromosome structure

In the early prophase, a LBC is a bivalent that con-
sists of two pairs of conjugating homologues, eventually
forming a tetrad. Each chromatid is composed of alterna-
tely positioned regions of condensed inactive chromatin
(chromomeres visible as dark irregular structures and
also observed in the interphase nucleus) and side loops
of decondensed chromatin. In the homologous sections
of the bivalent, chromatin is condensed (spirally twisted)
or decondensed in the form of side loops - two per each
chromosome and four at the level of the bivalent. The loop
constitutes a part of the chromosome axis. It is extensible
as well as contractible. The contractibility of the loop re-
sults in the contraction and dilation of the chromomere
(Angelier, et al. 1984, 1990; Macgregor, 1987; Chely-
sheva, et al. 1990; Morgan, 2002). A diagram of LBC
structure is presented in Figure 3.

Employment of a 100x zoom to analyse LBC struc-
ture has made it possible to observe chromomeres,
chiasmata and sister chromatids of each bivalent homo-
logue. An identical zoom used for the analysis of avian
mitotic chromosomes enables only the identification of
their morphological structure in relation to the first
couple of macrochromosome pairs. In the early pro-
phase, the LBC is a bivalent that consists of two con-
jugating homologues ultimately becoming a tetrad.
Figure 4 shows a 20-fold magnification of the second
goose bivalent and its distinctive structures visible with
a 100x zoom. Letters next to the arrows correspond
with the respective magnifications in Figure 4. In the
case of a structural analysis of male meiotic chromoso-
mes, it is not possible to observe these crucial meiotic
cytogenetic features.
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Fig. 3. Schematic (a) and detailed (b) lampbrush chromosome
structure (Katarzyna Andraszek)

Numerous morphological types of LBC loops have
been identified. Such differentiation is determined by
the type and the number of proteins that are directly
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bound to the emergent transcripts. In terms of transcrip-
tional activity, there are two basic loop types. “Complex”
loops have a matrix with a very complicated morpho-
logical structure (loop-formed or fibriform). “Complex”
loops are classified as marker loops that enable chromo-
some identification or side loops. Another type of loops
are the “plain” loops. They constitute the majority of
chromosome loops and have a delicate fibrous matrix,
with occasionally well-visible asymmetry. They are al-
ways loop-shaped (Angelier et al., 1984; Leon and Kezer,
1990; Morgan, 2002, 2007).

Lampbrush chromosomes include domains of open
chromatin in which the genes can be potentially trans-
criptive and domains of locked chromatin without ex-
pression (Roy et al., 2002; Gaginskaya et al., 2009).
Lampbrush chromosome loops are considered an exam-
ple of open chromatin. Their analogues are thought to be
the “puffs” of polytenic chromosomes. They differ be-
tween each other. Polytenic chromosomes are made up
of parallel chromatids, whereas lampbrush chromosome
chromatin constitutes of a single DNA helix. Observation
under an electron microscope have demonstrated that
the diameter of the loop thread corresponds with the
DNA helix diameter, i.e. 1.9 nm (Olins and Olins, 2003;
Gaginskaya et al., 2009).

Fig. 4. The second goose lampbrush chromosome with a magnification of its distinctive structures. A 20-fold magnification of
the second goose bivalent (a) and its distinctive structures visible with a 100x zoom (b, f - telomeres, ¢ - centromere, d - chiasm,
e — sister chromatids). The particular bivalent structures in the 100-fold blow-ups are marked with blue arrows (K. Andraszek)
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Avian lampbrush chromosomes are associated with
protein bodies/structures (PBs). These non-typical struc-
tures are present in cells only in association with LBCs.
They have a regular connection with the chromosome
axis of each LBC in the heterochromatin region (Solovei
etal., 1996, Krasikova et al., 2004). In terms of morpho-
logy, PBs resemble Cajal bodies (CBs) present in am-
phibians in association with LBCs. However, immuno-
cytochemical research has shown that PBs neither con-
tain p80 coilin, nor any other CB matrix indices, such as
fibrillarin or splicing- and U7snRNPs-specific trimethylo-
guanosine epitopes. The distinctive composition of PBs
suggests a completely different function from that of
CBs. PBs may be involved in the coordination of spatial
layout of chromosomes. The location of PBs is freg-
uently associated with repetitive sequences surrounding
the centromere. Exploration of the potential role of cen-
tromere-related and centromeric heterochromatin-rela-
ted proteins in the biogenesis and location of PBs and
CBs constitutes a new trend in the research on lamp-
brush chromosome structure (Gall, 2000; Morgan et al.,
2000; Morgan, 2002, 2005; Muphy et al., 2002).

Lampbrush chromosome transcription

A routine mitotic chromosome analysis can only pro-
vide the description of their morphology. Transcriptional
activity of genes can only be assessed using molecular
methods that consist detecting the amount of the trans-
cription product. Transcriptional activity of LBCs may be
observed even under a light microscope and can be
determined for morphological changes.

Therefore, LBCs are used as a model in studies of
transcriptional regulation. Changes in transcriptional ac-
tivity result in a different morphological structure of
lampbrush chromosome loops (Gall, 1983; Morgan,
2002). Moreover, a higher transcriptional activity of
microchromosomes is observed due to a greater density
of genes (Rodionov, 1996; Angelier et al., 1984; Morgan,
2002). Transcriptional activity analyses are performed
on the basis of assumption that the side loops of LBCs
are the transcriptionally active sites. A decrease in
transcriptional activity is observed as a shrinking of the
side loops (Varley et al., 1980; Gall, 1983; Callan et al.,
1987; Gaginskaya and Tsvetkov, 1988; Morgan, 2002,
2007; Galkina et al., 2006; Gaginskaya et al., 2009).

The morphology and transcriptional activity of LBCs
vary depending on the reproductive cycle (Andraszek
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et al., 2009). They can also undergo seasonal changes
(Tsvetkov and Parfenov, 1994). This is particularly evi-
dent in hibernating amphibians. During the summer,
when the animals are the most active, the transcriptional
activity of LBCs is the highest, as well. In the autumn,
LBCs’ activity abates. Nevertheless, this is not associa-
ted with morphological changes. At that time of the year,
each transcription unit contains approximately 10 RNP
(ribonucleoproteinic) filaments, while in the summer,
this number is twice as high, the change corresponding
with morphological transformation. During the winter,
transcription substantially declines. Both in chromoso-
mes and in nucleoli, numerous and very characteristic
morphological changes take place (Tsvetkov and Parfe-
nov, 1994). Not more than 70% of the nuclear DNA is
subject to transcription at the time. Although in the case
of physical factors, such as radiation or numerous che-
mical factors, a similar effect on the structure and acti-
vity of LBCs in various groups of animals can be expec-
ted, seasonal changes predominantly affect polikilo-
therms (Morgan, 2002, 2007).

The degree of DNA compaction in LBCs is regulated
by changes in the distance between nucleosomes, espe-
cially the non-adjacent ones. The compaction ratio of
DNA (number of DNA pum in a 1 um chromatin fiber)
in non-transcribed fibrils is equal to 2.1, in transcriptio-
nal units with moderate and weak activity it is 1.7, and
in transcriptional units with intensive transcription it is
close to 1. (Franke and Scheer, 1978; Gaginskaya and
Tsvetkov, 1988; Morgan, 2002, 2007). The nucleosomes
of transcriptionally inactive chromatin are evenly spaced,
the gaps between the nucleosomes corresponding with
linker DNA length. In transcription units with insignifi-
cant or declining transcription, nucleosomes are iden-
tified in the axial part of the chromosome, between sets
of polymerase units. The gaps between the polymerase
blocks are not even. After polymerase has passed along
the DNA matrix and the regulatory proteins have be-
come dissociated, nucleosome reconstruction follows
(Spring and Franke, 1981; Gaginskaya and Tsvetkov,
1988; Solovei et al., 1992).

In transcriptionally active regions of chromosomes,
histone proteins give way to non-histone proteins, indu-
cing the loss of the nucleosomal structure of the coding
chromosome segments that assume the shape of a loop.
However, the exposure of nucleosomes, which enables
DNA transcription, does not entail histone dissociation
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but leads to a spatial rearrangement of the transcribed
regions, allowing access of RNA polymerase to the ad-
jacent promotor sequence. This occurs through the fixa-
tion of regulatory proteins at the site of a remote activa-
ting sequence. What is particularly the characteristic of
lampbrush chromosomes is that non-histone HMG (High
Mobility Group) proteins become incorporated in the
structure of the chromatin. HMGs are structural prote-
ins of chromatin that reduce chromatin condensation
(Di Mario et al., 1989; Korner et al., 2003).

The assumption of appropriate spatial conformation
by chromatin enables the commencement of transcrip-
tion of LBC DNA in the presence of RNA polymerase
compounds bound with LBC loops. The transcriptionally
active loops represent 5-10% of DNA. The remainder is
inactive chromatin compacted in the chromomeres.
The result of transcription is visible under an electron
microscope as a ribonucleoproteinic mantle. The mantle
tends to be asymmetrical, corresponding with rising
electron density from the base towards the middle of
the loop (Angelier et al., 1990, 1996).

The average length of a typical lampbrush chromo-
some loop is 10-15 pum, though some can be as long as
50 or even 100 pm. The rate of transcription in lamp-
brush chromosome loops determined with a radioactive
RNA precursor is 5 pm per hour. Thus, one loop is
transcribed within two to a dozen or so hours. DNA
compaction degree in LBCs is not well known. However,
it is estimated that 1 um of loop length contains around
3 thousand base pairs. Thus, an average loop contains
about 30-40 thousand base pairs, which corresponds
with the average length of RNA transcribed in the oocy-
tes. Nevertheless, it is much longer than transcription
units of somatic cells. This is the result of skipping trans-
cription termination signals (Kropotova and Gaginskaya,
1984; Hutchison, 1987; Gaginskaya and Tsvetkov, 1988;
Morgan, 2002, 2007).

The loops can be classified according to the type of
the transcriptional polymerase. The largest loops include
those transcribed by polymerase II. The smallest loops
are transcribed by polymerase III. They contain 5S RNA
coding units (Kay and Gall 1981), tRNA (Miiller et al.
1987) or short replication sequences (Kroll et al. 1987).
Since 5S RNA sequences are short and divided by non-
coding elements, transcription being basically limited to
coding sequences, the transcripts of these sequences
are also short and, consequently, do not have the dis-
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tinctive matrix made up of RNP filaments. That is why
they are so well visible in the microscopic phase contrast
(Murphy et al., 2002). LBCs can be divided into those
with one transcriptional unit and those with two or
more. Over the length of 1 pm, one transcriptional unit
is transcribed by a densely compacted package of around
13-20 polymerase molecules (Leon and Kezer, 1990;
Macgregor and Varley, 1988; Morgan, 2002).

Regulation of LBC transcription is performed by
means of modifications of chromosome structure and
the activity of a number of posttranscription factors.
The process of transcriptional activity modification con-
sists of a set of interrelated reactions in which numerous
interconnected, both structural and enzymatic, factors
take part. The first stage is the loosening of chromatin.
Thisis the element that differentiates LBCs from mitotic
chromosomes. While somatic cell chromosomes comple-
tely lose their structure during transcription, LBCs re-
tain it. The preservation of the structure by LBCs during
transcriptional activity is connected with the presence of
so-called “constitutive” nucleosomes (Scheer et al.,,
1984; Scheer, 1987; Gaginskaya and Tsvetkov, 1988;
Olins and Olins, 2003). The transcription of the oocyte-
specific topoisomerase I (topo-I) variant is activated
during the formation of LBC structures. This topoisome-
rase is present in LBC loops and participates in the spatial
conformation of these structures. The inhibition of topo-I
activity causes the lampbrush loops to recede and sti-
mulates the condensation of nuclear chromatin (Gebauer
et al. 1996). Observations of LBC loops with an electron
microscope revealed that the twisting loops contain
transcriptive polymerases that are less closely compac-
ted than during active transcription. Additionally, an
accompanying condensation of the loops between those
polymerases into the form of nucleosomes was observed
(Scheer, 1987; Morgan, 2002).

In the condensed segments, the chromomeres build
up compact chromatin in which genes or gene-containing
transcriptional units are not transcribed. During oogene-
sis, loops of approximately 50 um in length correspond
with active transcriptional units. They constitute 5-10%
of the total length of the chromosome. Chromosome
maps of different oocytes at various ages are identical
and remain constant for a given oocyte, which suggests
a species-specific nature of sequences transcribed during
oogenesis. It was possible to identify RNA transcribed in
some of the loops and thus initiate the mapping of
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lampbrush chromosomes (Callan, 1986; Chelysheva
et al., 1990; Morgan, 2002, 2007; Galkina et al., 2006;
Saifitdinova et al., 2003; Gaginskaya et al., 2009).

Lampbrush chromosomes in cytogenetics
and genomics

Lampbrush chromosomes of various species have
a very similar structure and perform the same function.
Comparative studies of LBCs in various species have
shown that the side loops seem to be much longer in
species with higher C-values (genome size refers to the
haploid set of chromosomes). This regularity explicitly
reflects differences in the organisation of genome se-
quences. One explanation of the effect of genome size on
the loop length is based on the existence of substantial
differences in the length and distribution of transcribed
sequences in relation to chromomere sequences in va-
riously sized genomes (Macgregor, 1980; Gregory,
2002). Another theory suggests that the total increase in
the length of loop transcription units results from so-
called “over-transcription” of longer intergenic segments
present in larger genomes. On the other hand, research
by Gall and Murphy (1998) has proved that loop length is
species-specific. What is certain, however, is that some
organisational characteristics of sequences of large geno-
mes can, to a certain extent, affect the length of transcrip-
tional units of LBCs.

The sequencing of part of the myosin gene of the tri-
ton was a proof that much longer introns are present in
the triton gene than in the genome of mammals with
C-DNA values similar to those of Xenopus (Casimir et
al., 1988). However, the data on DNA sequences in large
genomes of tailed amphibians are so few that, at present,
it is not entirely known how universally any of the se-
quencing-based explanations can be used to account for
the correlation between high C-DNA values and loop
length. Uncertain data relating to the loop length point
to another important question concerning the structure
and function of LBCs — namely: the affinity, organisation
and control of transcription loops. The “overtranscrip-
tion” model initially provided a basis for understanding
why in transcriptional units of LBCs there appeared
highly repetitive sequences along with pol IT complexes
containing complexes that initiate transcriptional elonga-
tion of the loops. These complexes are assumed to fail
to react to termination signals and keep transcribing
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flanking regions saturated with repetitions (Morgan,
2002, 2007).

Particular interest in recent years has been devoted
to possibilities of using LBCs in genome mapping. This
strategy can combine chromosome marker mapping and
physical gene mapping using the in situ hybridisation
technique with genetic maps constructed on the basis of
chiasm incidence in the analysed bivalents. Equally im-
portant is the possibility of using lampbrush chromo-
somes in the analyses of the interaction of genes with
other cellular structures. Particularly promising seem to
be the possibilities of using lampbrush chromosomes in
the mapping of avian genomes (Griffin et al., 2088; Pen-
rad-Mobayed et al., 2009; Bi and Bogart, 2010; Daks
et al., 2010; Solinhac et al., 2010).

Lampbrush chromosomes were first used as the ob-
jects for cytogenetic analyses of poultry by Kropotova
and Gaginskaya (1984) and Hutchison (1987). The au-
thors believe that LBCs provide valuable information on
the expression of avian genes. They also claim that the
chromosomes are indispensable for the cytogenetic stu-
dy of animals with small genomes, where the large num-
bers of mitotic chromosomes and their small sizes pre-
clude the analysis of microchromosomes. As in the case
of banding patterns of mitotic chromosomes, LBCs have
a specific configuration of active and non-active chromo-
meres observed as a pattern of side loops and loopless
areas (Andraszek and Smalec, 2011). In a report on
the genome and chromosomes of Gallus domesticus,
lampbrush chromosomes were recognised as a new mo-
del in avian cytogenetics (Schmid et al., 2005).

Epigenetic mechanisms acting at the level of DNA
methylation and histone modification change the struc-
ture of LBC chromatin and control the interaction of ac-
tive and non-active genes. The open conformation of
chromatin is transcriptionally active, whereas the “clo-
sed” conformation is associated with so-called transcrip-
tion decline (Grummt and Pikaard, 2003). LBCs are di-
vided into domains containing open chromatin in which
the genes can be potentially transcriptive, and domains
of locked chromatin without detectable sequence expres-
sion. The loops of LBCs are a classic example of an open
chromatin. Moreover, oocyte transcription is a complex
process in which, apart from LBCs, other nuclear struc-
tures are involved as well (Gall, 1983, 2000; Gall et al.,
1999; Saifitdinova et al., 2003).
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In conclusion, studies on lampbrush chromosomes
have been conducted for over a hundred years. And yet,
only a general idea of LBC structure has been developed
thus far. What is not known are the factors that initiate
the changes that transform condensed chromosomes
into decondensed lampbrush structures. LBCs are con-
sidered as model structures in the studies of trans-
cription control. Changes in their transcriptional activity
are reflected as modifications of the LBC morphological
structure and are associated with the physiological pro-
cesses of the organism. Moreover, due to their decon-
densed structure, lampbrush chromosomes are increa-
singly more often used as objects of cytogenetic ana-
lyses, in basic cytogenetic experiments, and as model
structures of the epigenetic chromatin control.
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