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Are lampbrush chromosomes unique to meiotic cells?
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Abstract Lampbrush chromosomes (LBCs) are tran-
scriptionally active chromosomes found in the germi-
nal vesicle (GV) of large oocytes of many vertebrate
and invertebrate animals and also in the giant single-
celled alga Acetabularia. These cells are all in pro-
phase of the first meiotic division. Nevertheless, many
meiotic cells do not develop LBCs, arguing that LBCs
are not an essential feature of meiosis. LBCs probably
represent the most active transcriptional state that can
be attained by cells that must give rise to diploid
progeny. Polyploidy permits cells to reach higher rates
of transcription per nucleus but precludes a return to
diploidy. In this sense, LBCs represent a relatively
inefficient transcriptional compromise employed by
large meiotic cells. These considerations help to
explain why transcriptionally active GVs develop
LBCs, but they do not explain why LBCs have never
been seen in somatic cells, diploid or otherwise. [f LBCs
are truly limited to germ cells, then some of their unusual
features may reflect reprogramming of the genome. If
this is the case, LBCs provide unique opportunities
to study reprogramming at the level of the individual
transcription unit.
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Introduction

When Herbert Macgregor asked me to write an intro-
ductory essay on LBCs for this volume of Chromo-
some Research, my original response was to outline
the major structural features of these remarkable chro-
mosomes, discuss briefly where they occur, stress their
unusually high rate of transcription, and dodge the
issue of why they have been found only in meiotic
cells. The focus of this essay began to shift, however,
when members of my lab and I struggled to understand
the results of RNAseq experiments that we carried out
during the past 2 years.

In hopes of learning more about LBC transcription,
we analyzed RNA from germinal vesicles (GVs) and
oocyte cytoplasm of Xenopus tropicalis (Gardner et al.
2012). The results for the cytoplasm were not excep-
tional. The cytoplasm contains spliced transcripts
derived from thousands of genes, as described earlier
by John Gurdon's group (Simeoni et al. 2012). However,
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the GV RNA came as a complete surprise. Instead of
seeing nascent transcripts from the LBCs, as we
expected, we found only stable sequences derived from
the introns of transcribed genes. It will take some time to
understand the significance of the stable intronic
sequence RNA, which persists into the embryo until at
least the blastula stage, when transcription begins. But
the absence of nascent transcripts in our data was easily
explained, once we put our minds to the transcriptional
problem faced by large germ cells. We had not fully
thought through what has been known for a long time
about transcription in the GV (Davidson 1986).

LBCs and transcription

A major problem for the Xenopus oocyte is to produce
the transcripts needed for protein synthesis during
oogenesis and early embryogenesis. The strategy used
by Xenopus and many other organisms with large
oocytes is to develop transcriptionally active LBCs,
which produce much more RNA per chromosome than
the chromosomes of small somatic cells. This is the
“standard” explanation for the occurrence of LBCs in
large oocytes and is correct as far as it goes.

However, it is useful to compare the LBC strategy
with other ways of controlling the rate of transcription.
As used here, “rate of transcription” will mean the
number of transcripts or total amount of RNA derived
from a gene or set of genes per unit time. The rate of

elongation, which is the number of bases traversed by
an RNA polymerase II (pol IT) molecule per unit time,
plays only a small part: the rate of elongation varies to
a certain extent, but the upper limit is about 3.8 kb/min
(Ardehali and Lis 2009). Instead, the packing of pol II
molecules on the template controls the rate of tran-
scription; the more polymerases there are on a given
length of DNA, the more transcripts will be produced
per unit time. There is obviously a physical limit to the
number of polymerases that can be packed onto a
given length of DNA. The critical point for the dis-
cussion of LBCs is that oocyte transcription units
(TUs) may reach the physical limit for close packing
of polymerase molecules. This was shown by the
elegant electron micrographs published many years
ago by Oscar Miller and his colleagues (Miller and
Hamkalo 1972; Hamkalo and Miller 1973), as well as
by others who used his technique (Scheer et al. 1979;
Hill and Macgregor 1980).

Once a TU is fully occupied by polymerase mole-
cules, that TU has reached its maximal rate of transcrip-
tion. But the GV is still only one 4C nucleus, and in the
case of Xenopus, it must produce transcripts for a cell
that will eventually reach a volume 10° or 10° times that
of a somatic cell (Fig. 1a). To do this, it must not only
transcribe at a high rate—i.e., make LBCs—but it must
do two other things. It must make unusually stable
transcripts, which it stores in the cytoplasm, and it must
continue to do so for several months (see discussion of
actual rates in Davidson 1986).

Fig. 1 Various nuclei to illustrate the enormous range in DNA
content of different cell types. All stained with 4',6-diamidino-2-
phenylindole (DAPI), whose intensity is proportional to the
amount of DNA. a and ¢ are from stacks of confocal images,
showing only part of the specimen. b is a conventional image of
a relatively flat specimen. a A small oocyte from the axolotl
Ambystoma mexicanum surrounded by diploid follicle cells. The
axes of the LBCs are visible as DAPI-positive rows of chromo-
meres, but the loops are not detectable with this stain. The chro-
mosomes contain only the 4C amount of DNA, despite the large
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size of the GV. b A giant lobulated nucleus from a Malpighian
tubule of the caterpillar Pseudoplusia sp. The inset at the upper left
shows a group of presumably diploid nuclei from a nearby field.
The ploidy level of the giant nucleus is probably in the tens of
thousands. ¢ An egg chamber of Drosophila melanogaster show-
ing the small GV with transcriptionally inactive chromatin (4C
DNA content) and 7 of the 15 highly polyploid nurse cell nuclei
(up to ~4,000C DNA content). Essentially all of the transcripts of
the oocyte are derived from the nurse cell nuclei. Image provided
by Zehra Nizami
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Polyploidy as a means to increase transcription

Another way to increase the overall rate of transcription
per nucleus is to increase the number of templates. Cells
have evolved several ways of doing this, the most com-
mon being polyploidization of the entire genome or most
of the genome. Polyploidization is found throughout the
plant and animal kingdoms, wherever there are large
terminally differentiated cells. As might be expected,
the largest cells tend to have the largest nuclei with
ploidy levels in extreme cases up t0100,000 times the
diploid value (Fig. 1b). Well-known examples of poly-
ploidy include the macronucleus of ciliated protozoa
(Blackburn and Karrer 1986), the giant lobulated nuclei
in the silk gland of Bombyx (Gage 1974), Drosophila
salivary gland nuclei (Swift 1962), mammalian tropho-
blast nuclei (Varmuza et al. 1988), and the nuclei found
in the giant neurons of gastropods like Aplysia (Lasek
and Dower 1971).

None of these giant somatic nuclei use LBCs as
their way of increasing the rate of transcription. A
reasonable explanation is that a polyploid cell can
reach very high levels of transcription (per nucleus)
without increasing the loading of polymerase on its
genes. Seen in this light, LBCs are a relatively ineffi-
cient way for a nucleus to increase the overall rate of
transcription. Those of us who study LBCs have been
so impressed by their high rate of transcription per
chromatid that we forget the weeks or months it takes
for them to supply the oocyte with its final store of
transcripts.

This brings us to a crucial question: why doesn't the
oocyte simply become highly polyploid? Here, the
answer is obvious or at least seemingly obvious. The
oocyte must eventually complete meiosis and transmit
a single set of chromosomes to the next generation. So
far as is known, once a cell has become polyploid,
there is no way for it to return to the diploid state. This
being the case, the GV does not have the option of
becoming polyploid.

The discussion so far explains why small oocytes
can manage without LBCs—they can produce enough
RNA with a relatively low rate of transcription. And it
explains why many large oocytes do have LBCs.
Because of their reproductive strategy, they have the
luxury of slow development and so can manage with
relatively inefficient LBCs. But what if an organism's
reproductive strategy involves large oocytes that develop
rapidly? Surprisingly, they sometimes become polyploid,

but with a twist that is masked by the terminology we use
to describe them.

Polyploid oocytes

The Drosophila oocyte provides the example (Fig. 1¢).
At maturity, it approaches the size of an amphibian
oocyte, yet it takes only 3 days to reach full size after
leaving the germarium as a relatively small cell
(Spradling 1993). As is well known, the Drosophila
GV itself is transcriptionally silent (or nearly so,
Mahowald and Tiefert 1970). Instead, the oocyte
receives transcripts from 15 highly polyploid nurse
cells. The giant nurse cell nuclei are quite remarkable,
undergoing 10—12 endocycles to reach DNA levels up
to 1,000-4,000 times the diploid amount (Dej and
Spradling 1999) (Fig. 1c). Eventually, the nurse cells
dump their cytoplasm into the oocyte, and the polyploid
nuclei disintegrate. The single (4C) GV then proceeds
through the meiotic divisions.

An equally valid way of describing the Drosophila
egg chamber is to say it is a syncytium of 16 oocytes
containing 16 GVs, of which 15 become polyploid
and later disintegrate. That nurse cells are modified
oocytes is well known and to describe them as sepa-
rate cells is at least in part a terminological issue, since
they are all interconnected through the ring canals.
They come from four divisions of what in other organ-
isms might be called an oogonium, and at least one
nurse cell nucleus regularly forms synaptonemal com-
plexes before “regressing” and becoming polyploid
(King 1970). So an oocyte nucleus can become poly-
ploid, so long as it sacrifices itself for the good of one
of its sisters. Not all insects use the Drosophila strat-
egy. For instance, the grasshopper Locusta has large
oocytes that develop relatively slowly over a period of
weeks or months. Instead of nurse cells, its oocyte has
a single large GV with LBCs (Bier et al. 1969).

Do somatic nuclei have LBCs?

This brings us to the issue that has been at the center of
LBC discussions for many years—the relationship
between LBCs and meiosis. LBCs have been described
from dozens of different organisms, both vertebrate and
invertebrate, but only from cells in meiosis (Callan
1986). This is true even for the giant single-celled alga
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Acetabularia, whose giant nucleus contains LBCs in
prophase of the first meiotic division (Spring et al.
1975; Berger et al. 1994). Why have LBCs not been
found elsewhere, specifically in somatic nuclei? There
are two possible answers to that question. The first is
that they do exist somewhere and have simply not been
discovered or recognized. In the discussion above, we
stressed that polyploidy and LBCs are alternative ways
of increasing transcription rates in large cells. It is easy
to understand why a large GV cannot become polyploid,
but it is not obvious why a large somatic cell should
avoid LBCs as a means of increasing its rate of tran-
scription or why there could not be a somatic cell with a
polyploid number of LBCs. Nevertheless, | am unaware
of any convincing report of LBCs in a somatic cell.

What is special about meiosis and LBCs?

The other possibility is that LBCs are truly limited to
germ cells. The reason cannot be that they are required
for the formation of germ cells. Drosophila and many
other organisms that carry out meiosis without LBCs
demonstrate this fact clearly. The absence of LBCs
from somatic cells suggests that we should pose the
question in another way: Is there some difference
between a germ cell and a somatic cell that permits
the one to form LBCs while preventing the other from
doing so? This question in turn focuses on the very
definition of a LBC. Most of us in the LBC field have
stressed that LBCs serve as a useful structural model for
chromosomes in general—active transcription occurs
on loops of decondensed chromatin that project from
regions of inactive chromatin. We have assumed that
the major difference between LBCs and somatic
chromosomes is the denser packing of polymerases
on the LBC loops and hence their visibility by
conventional microscopy.

But suppose that LBC transcription differs in more
fundamental ways from that in somatic cells. There are
hints that LBCs may transcribe sequences that are not
normally transcribed in other cells. A detailed analysis
of the histone gene locus of the newt Notophthalmus
revealed extensive read-through transcription involv-
ing much more than the coding regions themselves
(Gall et al. 1983; Diaz and Gall 1985). Is this true for
other loci in the oocyte, and if so, what is its signifi-
cance? Other studies suggest that many repetitive
sequences are transcribed on LBCs that may not be
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transcribed in somatic cells (Macgregor and Andrews
1977; Varley et al. 1980; Solovei et al. 1996; Deryusheva
et al. 2007).

Whatever the specific differences may be between a
LBC and a somatic chromosome, it is clear that the
environment of the GV plays a crucial role. This is
demonstrated by experiments in which sperm heads of
Xenopus are injected into the GV of a living oocyte
(Gall and Murphy 1998). Within minutes after injec-
tion, the chromatin of the sperm head expands dramat-
ically and begins transcription. Eventually, each sperm
head gives rise to a set of giant LBCs, comparable in
every respect to the endogenous LBCs, except that
they are single chromatids with unpaired loops. Even
more remarkable is the ability of the amphibian GV to
induce similar changes in sperm heads of heterologous
species, such as the zebrafish. Most telling is the
formation of LBCs from the chromatin of human
sperm heads (Liu and Gall 2012). Since human chro-
mosomes never normally form LBCs, the oocyte en-
vironment must have the ability to reprogram
essentially any chromatin into the LBC state.

What specifically happens to chromatin when it is
placed in the GV environment? If we could answer
that question, we could probably say why LBCs are
limited to germ cells. A good start is to look for
features unique to oocyte chromatin. Changes in
DNA methylation and histone modifications are can-
didates for “opening up” the genome to more exten-
sive transcription (Morgan et al. 2012). We need not
postulate transcription from all genes as a defining
feature of LBCs and certainly not from the entire
genome (as evidenced by the large fraction of inactive
chromatin in the chromomeres). The germ cell pre-
sumably has its own specific repertoire of active
genes, like any other cell. But in addition to loading
more polymerases than is possible in a somatic cell, it
probably transcribes sequences that are not ordinarily
transcribed.

However, the simple truth is that we do not know
on a global scale what sequences are transcribed by
LBCs, and we will not know this until the nascent
transcripts are sequenced. Our study of cytoplasmic
transcripts in X. tropicalis (Gardner et al. 2012) and
comparable data from Gurdon's group (Simeoni et al.
2012) tell us only what sequences are stored as spliced
mRNA. As deep sequencing becomes ever more sen-
sitive, it will be possible to examine the nascent tran-
scripts at all loci on the LBCs and compare them with
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the nascent transcripts of somatic cells. Only then can
we begin to understand what is unique about the
relationship between LBCs and meiosis.
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