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Vitellogenesis and the
Vitellogenin Gene Family

Walter Wahli, Igor B. Dawid, Gerhart U. Ryffel, Rudolf Weber

One of the early steps in embryogene-
sis is the appearance and establishment
of the primordial germ cell population.
These cells then enter a complex course
of successive events, eventually produc-
ing the completely differentiated gametes
in the sexually mature organism (/). The
differentiation of the oocyte itself can be
divided into stages according to various
morphological and biochemical charac-
teristics. In the frog Xenopus laevis, the
premeiotic oogonia measure 5 to 10 mi-
crometers in diameter whereas the ma-
ture oocytes reach a size of 1.3 to 1.4
millimeters. This dramatic growth is to a
large extent a result of massive deposi-
tion of yolk protein (2). Experimental
work over the past 15 years has demon-
strated that the yolk proteins that are
deposited in the growing oocyte are de-
rived from a common precursor named
vitellogenin. In Xenopus, as in all ovipa-
rous vertebrates, vitellogenin is. synthe-
sized in the liver of the mature female
under the control of estrogen, is secreted
into the bloodstream, transported to the
ovary, selectively taken up by the oo-
cytes, and cleaved into the yolk proteins
lipovitellin and phosvitin (3). In this arti-
cle we review earlier findings and pre-

sent some new data on yolk protein
production and the genes encoding the
major yolk proteins in X. laevis, an or-
ganism that has proved useful for study-
ing various aspects of vitellogenesis.

Vitellogenin and Its Relation to the
Yolk Proteins

Vitellogenin in X. laevis occurs as a
dimer of two subunits of about 200,000
daltons each (4-7). These polypeptides
represent a heterogeneous population of
related molecules (see below), but it is
not known whether the vitellogenin di-
mer comprises identical or different sub-
units. Vitellogenin in X. laevis blood
consists of about 12 percent lipids, 1.5
percent phosphate, and 1 percent carbo-
hydrate; in addition, calcium appears to
be attached to the protein phosphate
groups (8). Lipidation, phosphorylation,
and glycosylation of vitellogenin occur
prior to its secretion from the parenchy-
mal liver cells, but very little is known
about the mechanisms and the sites of
these rapid and extensive posttransla-
tional modifications (9).

Serum vitellogenin is a very stable
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protein with a half-life of about 40 days
in males or in ovariectomized females.
Its uptake by the oocytes is controlled by
gonadotropins that also induce ovulation
of the fully grown oocytes. Vitellogenin
reaches the oocytes through the blood
capillaries of the follicular theca and
diffuses to the surface of the oocytes
through channels between the surround-
ing follicle cells (8). The oocytes selec-
tively take up vitellogenin by pinocyto-
sis. This uptake is about 50 times faster
as compared to that of other serum pro-
teins (8, 10). The molecular basis of this
preferential uptake of a specific protein
is not known but has been attributed to a
vitellogenin receptor on the oocyte mem-
brane. There is some evidence that the
uptake is not strictly species-specific
(11). Oocytes from which the follicular
theca has been removed take up vitello-
genin in vitro, grow at a similar rate as in
vivo, reach normal size, acquire the typi-
cal pigment pattern, and initiate matura-
tion after stimulation by progesterone
(12). This culture method may allow
studies on the regulation of oocyte
growth and hormone-controlled matura-
tion, and vitellogenin processing in the
oocyte,

After its uptake by the oocyte, vitello-
genin is converted into lipovitellin and
phosvitin by specific proteolytic cleav-
ages. Lipovitellin contains 22 percent
lipid and is composed of two types of
subunits with molecular sizes of 115,000
and 31,000 daltons. The large subunit
contains almost no phosphate and the
small subunit is significantly phosphory-
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lated. Phosvitin has a molecular size of
35,000 of which serine residues and
bound phosphate represent 56 and 10
percent, respectively (13). In addition,
small phosphoproteins of 14,000 and
19,000 daltons named phosvettes I and II
have recently been identified (/4). We
discuss later the question of arrangement
of the mature subunits within the vitello-
genin molecule and the fact that vitello-
genins of distinct structure have been
identified in X. laevis. The cleavage
products of vitellogenin are incorporated
into the crystalline lattice of the yolk
platelets, which account for about 90
percent of the protein content of mature
oocytes (8, 10). The yolk proteins of the
platelets do not turn over but are stored
throughout oogenesis and provide a res-
ervoir of amino acids, lipids, and inor-
ganic phosphate for embryonic develop-
ment.

Hormonal Induction of

Vitellogenin Synthesis

Vitellogenin is found normally in egg-
producing females but not in males.
However, the liver of male Xenopus can
be induced by estrogen to synthesize and
excrete large amounts of this protein,
which accumulates in the blood (Fig. 1)
(3). This induction in male liver paren-
chymal cells is a useful feature for the
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Fig. 1. Vitellogenin accumulation in the serum
of an estrogen-treated male X. laevis. Serum
samples from a control male (a) and from a
male stimulated for 7 days with 1 mg of 17B-
estradiol (b) were analyzed by electrophoresis
in nondenaturing 5.5 percent polyacrylamide
gels. The positions of vitellogenin (V) and
albumin (A) are given. The arrow indicates
the direction of electrophoresis.

(5, 18, 19). Nevertheless, the state of the
liver with respect to estrogen induction
remains altered. When the hormone is
given again (secondary stimulation), the
lag period is shorter and the response is
more rapid (5). In both the primary and
secondary stimulation, induction occurs
in fully differentiated hepatocytes which
do not proliferate in response to the
stimulus (20). Moreover, the parenchy-
mal liver cell population responds homo-
geneously by synthesizing vitellogenin
(21). These latter characteristics are
valuable in the study of the hormonal
response and lend certain advantages to
a study of this system as compared to
other hormone-regulated systems.

Summary. Vitellogenin is synthesized under estrogen control in the liver, extensive-
ly modified, transported to the ovary, and there processed to the yolk proteins
lipovitellin and phosvitin. In the frog Xenopus laevis there are at least four distinct but
related vitellogenin genes. The two genes A1 and A2 have a 95 percent sequence
homology in their messenger RNA coding regions, and contain 33 introns that
interrupt the coding region (exons) at homologous positions. Sequences and lengths
of analogous introns differ, and many introns contain repetitive DNA elements. The
introns in these two genes that have apparently arisen by duplication have diverged
extensively by events that include deletions, insertions, and probably duplications.
Rapid evolutionary change involving rearrangements and the presence of repeated
DNA suggests that the bulk of the sequences within introns may not have any specific

function.

study of the cell and molecular biology of
differential gene expression as regulated
by a hormone. Other steroids, such as
testosterone, progesterone, cortisol, and
dexamethasone do not induce the syn-
thesis of vitellogenin (8). Ultrastructure
analysis of hepatocytes during the induc-
tion process has revealed all the changes
typical for the activation of a cell to
produce and secrete large amounts of
proteins (15-17). Vitellogenin is first de-
tected within 12 hours after hormone
administration; its synthesis increases
over an 8- to 15-day period, and after 15
days it declines gradually to zero level
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To study the Kkinetics of the induction
process, methods for in vitro culture of
liver tissue have been developed. Direct
induction of vitellogenin synthesis has
been obtained in organ culture (liver
cubes) of male Xenopus liver, and suc-
cessful induction has also been reached
in primary monolayer cultures of liver
cells (20-23). The important conclusions
from these studies are that estrogen
alone is sufficient to elicit vitellogenin
production and that no DNA synthesis in
the target cells is required for the induc-
tion process. No important difference
between induction in vivo and in vitro

has been reported. Since in vitro induc-
tion of vitellogenin synthesis is as yet
less efficient than in vivo, the available in
vitro systems still need improvement
with respect to viability, uniformity, and
responsiveness of the target cells.

Estrogen Receptors in Vitellogenic
Tissues

It is generally thought that estrogens
act on target cells by first binding to
cytoplasmic receptors. The estrogen re-
ceptor is then translocated to the nucle-
us, binds to chromatin at specific accep-
tor sites, and consequently influences
gene activity (24). The estrogen receptor
system of Xenopus liver, however, ap-
pears to differ somewhat from this mod-
el. Only very low levels of receptor have
been found in male Xenopus (200 sites
per cell compared to some 10,000 sites
per cell in the chick oviduct) and about
half of this receptor is found in nuclei.
After estrogen treatment of the male,
there is a tenfold increase in the level of
nuclear receptor. This increase is much
greater than can be accounted for by
translocation of the preexisting cytoplas-
mic receptor and probably represents
new synthesis. The maximum level of
1000 sites per nucleus is reached within
12 hours, after 8 days the level starts to
decline slowly, and after 30 days—when
vitellogenin synthesis has stopped com-
pletely—the level of receptor is still
about three times higher than in control
(nontreated) males. It is possible that
the increased levels of receptors are re-
quired for high rates of vitellogenin me-
senger RNA (mRNA) production, and
the increased levels at the end of primary
stimulation may play a role in the more
rapid increase of vitellogenin synthesis
during secondary stimulation (25).

Development of Estrogen
Dependence of Vitellogenin Synthesis

Vitellogenin is first inducible at the
metamorphic stage 62, whether the tad-
poles develop normally or at a rate in-
creased by thyroxine. The transition to
the inducible state does not occur in
larvae developmentally arrested in pro-
metamorphosis for up to 6 months (26).
Estrogen treatment during metamorpho-
sis can affect protein synthesis in the
liver beginning at stage 53, before vitello-
genin is inducible. Thus, different estro-
gen responses do not appear synchro-
nously. Low levels of the nuclear estro-
gen receptor (100 sites per nucleus) are
present as early as stage 53, but consist-
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Fig. 2 (left). Appearance of vitellogenin
mRNA and its precursor after estrogen treat-
ment. Nuclear RNA from a control male and
males treated for 6 and 24 hours with 1 mg of
17B-estradiol was extracted and fractionated
on a poly(U) (polyuridylic acid) Sepharose

column; 20 pg of unfractionated RNA (a), 20 pg of RNA lacking poly(A) (b), and 4 pg of
poly(A)-containing RNA (c) were separated on a methylmercury agarose gel, transferred to
diazobenzyloxymethyl paper, hybridized with a probe specific for Al vitellogenin mRNA [the
cloned cDNA pXlvc 23, nick-translated with **P-labeled deoxycytidine triphosphate (dCTP)],
and exposed for autoradiography. The marker lanes (M) contain 1 or 0.5 ng of vitellogenin
mRNA. For details see (32). The positions of the vitellogenin mRNA (Vir) and its precursor

(Pre) are given.

Fig. 3 (right). Relationship between the different cloned vitellogenin

cDNA'’s. The cloned cDNA’s can be organized into two main groups of sequences. A and B,
which differ in about 20 percent of their nucleotides. Each main group contains two subgroups
Al and A2 or Bl and B2 which differ from each other in about 5 percent of their sequence. The
mRNA maps give a scale, and the horizontal black bars below indicate the portions of the four
mRNA'’s that have been cloned as cDNA’s (30, 34).

ent with the hypothesis that increased
levels of receptors are required for in-
duction of vitellogenin synthesis, estro-
gen increases the level of nuclear recep-
tors only from stage 62 onward (27).

Accumulation of Vitellogenin Messenger

RNA During Hormone Induction

Vitellogenin mRNA was purified from
the liver of estrogen-stimulated Xenopus
by virtue of its high concentration, large
size, and poly(A) (polyadenylic acid)
content (6, 28). The mRNA has been
identified by several criteria, most con-
vincingly by in vitro translation to
200,000-dalton polypeptides that could
be precipitated with vitellogenin antibod-
ies (5, 16, 29, 30). The mRNA molecules
comprise about 6300 nucleotides (6,
28).

Complementary DNA (cDNA) synthe-
sized on purified vitellogenin mRNA has
been used as a probe to titrate the accu-
mulation of the mRNA during hormonal
stimulation. Vitellogenin mRNA is not
detected in unstimulated males, but 10
days after stimulation more than 30,000
vitellogenin mRNA molecules have ac-
cumulated per cell (31). There is a lag
period of several hours (the minimum
reported is 4.5 hours) before vitellogenin
mRNA can be detected.

About 40 days after primary stimula-
tion vitellogenin mRNA can no longer be
detected in liver RNA. Secondary stimu-
lation leads to an immediate and more
efficient response; vitellogenin mRNA
molecules have been detected after 1
hour, the rate of accumulation is much
faster, and close to 100,000 mRNA’s per
liver cell have accumulated after about 1
week (31). These results show that in

both primary and secondary stimulation,
the rate of vitellogenin synthesis is de-
pendent on the concentration of cyto-
plasmic mRNA.

The rapid accumulation of vitellogenin
transcripts after estrogen induction is
illustrated in Fig. 2, which also shows
that molecules larger than the mRNA
occur in the nucleus. These molecules
are almost certainly precursors to ma-
ture mRNA, as discussed below (32).
Together, the results obtained on vitello-
genin induction along with other data
support the current model for steroid
hormone action; this model holds that
these hormones regulate gene expression
primarily at the transcriptional level.
That does not exclude the possibility of
additional effects such as differential
mRNA stabilization for which there is
some evidence for vitellogenin mRNA in
Xenopus (6, 23).

The Vitellogenin Gene Family

Complementary DNA copies of vitel-
logenin mRNA have been cloned in
Escherichia coli with the use of plasmid
vectors (33). The analysis of a number of
cDNA clones by different techniques has
led us to the conclusion that vitellogenin
is encoded in a family of at least four
expressed genes (34). What had been
assumed to be a homogeneous mRNA
preparation in fact consists of four dis-
tinct although related molecules, all of
which encode vitellogenin polypeptides
(see below). Figure 3 shows the relations
between the four vitellogenin mRNA
molecules that have been identified.
There are two main groups of sequences,
named A and B, which differ in approxi-
mately 20 percent of their nucleotides.

The A and B groups are each composed
of two subgroups of sequences (Al and
A2; B1 and B2) which differ in about §
percent of their nucleotides. These se-
quence comparisons were done by hy-
brid melting experiments. The four
mRNA'’s have a similar length and accu-
mulate in high amounts in individual,
stimulated animals (30, 34).

To analyze the protein product of the
four genes, the four mRNA’s were iso-
lated by hybridization to separate cDNA
clones representing the four distinct
mRNA’s. The purified Al, A2, B1, and
B2 mRNA’s were then translated.in vi-
tro; all direct the synthesis of 200,000-
dalton polypeptides that were immuno-
precipitable with antibody to vitellogenin
(30). Analysis of the cyanogen bromide
cleavage products of the four vitellogen-
ins synthesized in vitro has shown that A
and B proteins differ substantially in
their primary structure, whereas the Al
and A2 and the B1 and B2 polypeptides
show only minor differences (35). These
results correlate with the relations found
between the different vitellogenin
mRNA’s. The translation experiments
also show that each of the four proteins
contains a serine-rich part corresponding
to the phosphoprotein segment located
in the carboxyl-proximal half of the vitel-
logenin polypeptide. Recent work on the
structural relationships between vitello-
genin and the yolk proteins also supports
the conclusion that vitellogenin is com-
posed of at least two very distinct poly-
peptides (/4). Two main forms of Xeno-
pus vitellogenin having the following or-
ganization are suggested by Wiley (/4):
NH,-lipovitellin I-phosvitin-lipovitellin
II-COOH, and NH;-lipovitellin I-(phos-
vette I, phosvette II)-lipovitellin II-
COOH. Phosvettés are thought to arise
by an additional cleavage site in the
serine-rich portion of one of the forms of
vitellogenin beyond those cleavages that
give rise to phosvitin in the other form.
Variants of these main forms may result
in the additional heterogeneity observed
in vitellogenin and its cleavage products
30, 36).

The presence of four distinct mRNA’s
and thus four genes correlates with the
observations of differences between re-
lated yolk proteins. We do not under-
stand the physiological basis for the ap-
parent need for multiple vitellogenins in
Xenopus. However, there is reason to
believe that variant vitellogenins and
thus multiple genes for this protein class
are required, because chickens also con-
tain at least two vitellogenins that are
precursors to distinct yolk proteins (37).
Insect yolk proteins differ in overall
structure from vertebrate vitellogenins,
but it is notable that multiple genes en-



coding distinct proteins have been identi-
fied in these animals as well (38). Gene
families encoding distinct but related
proteins are a common feature of eu-
karyotic genomes (39, 40). The vitello-
genin gene family in Xenopus, like other

gene families, has apparently arisen by"

gene duplication as is discussed below.

Structural Organization of

Vitellogenin Genes

Technical advances in DNA cloning
technology (41) have made it possible to
construct a Xenopus DNA library com-
posed of 15 kilobase pairs (kb) DNA
fragments cloned in the bacteriophage
lambda vector Charon 4. Sets of overlap-
ping DNA fragments have been isolated
that contain the two A genes in their
entirety together with long stretches of
flanking sequences. So far, there is no
evidence for linkage of genes Al and A2
after analyzing regions of 11 to 31 kb
between the two genes (42). Other
groups of related genes are often linked,
and it remains open whether the vitello-
genin genes are also linked but separated
by relatively long stretches of DNA.
Figure 4 summarizes the structural orga-
nization of the coding regions in both
genes as determined by R loop and
RNA-DNA hybrid analysis in the elec-
tron microscope (42). In both genes, the
6-kb coding regions are interrupted 33
times by introns (intervening sequences
in DN A) resulting in total gene lengths of
21 kb for gene Al and 16 kb for gene A2.
While both genes have the same mean
exon length (portion of DNA that codes
for the mRNA) (0.175 kb), they have
different average intron lengths (0.45 kb
in gene Al and 0.31 kb in gene A2).
Heteroduplex analysis of the two genes
indicates that introns interrupt the struc-
tural sequences at homologous posi-
tions. Therefore, we conclude that genes
Al and A2 are probably the result of a
duplication of an ancestral gene with a
similar exon-intron organization as the
extant genes.

Introns are transcribed along with ex-
ons into nuclear precursors of vitello-
genin mRNA (32). Such large precur-
sors have been detected in estrogen-
induced liver but are absent from unin-
duced tissue (32) (Fig. 2). The analysis of
nuclear RNA molecules revealed the
presence of presumed large precursors
that contain many and possibly all in-
trons, and of apparent processing inter-
mediates from which some introns had
been spliced out. Comparison of these
putative intermediates suggests that the
splicing order of different introns does
not follow a single pathway (32).

Repeated Sequences Around and
Within the Vitellogenin Genes

In order to detect and localize se-
quences that are repeated many times in
the Xenopus genome in the vicinity of
the Al and A2 vitellogenin genes, re-
striction endonuclease fragments of
cloned DNA’s were hybridized with in
vitro labeled total X. laevis genomic
DNA. Cioned fragments homologous to
single or low copy genomic sequences
fail to react under these conditions be-
cause the labeled DN A segments are too
dilute in the probe; in contrast, frag-
ments homologous to repeated DNA re-
act and can be detected (43). Figure 5§
illustrates that several of the cloned frag-
ments give a positive signal and there-
fore contain one or more copies of a
repeated sequence. Figure 6 summarizes
the results of this analysis and gives the
position of the fragments containing re-
peated DNA. Obviously, repeated se-
quences are not restricted to the flanking
regions, but also occur at several posi-
tions within the two genes. The intra-
genic repeated sequences must be locat-
ed within introns, since experiments
with cloned ¢cDNA’s and mRNA’s have
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shown that these sequences are present
in very low copy number (34, 44) (cDNA
lane in Fig. 5). We do not know how
many different types of repeated se-
quences occur within and around the two
genes, but identical repeats are not found
at similar positions and in the same ori-
entation in genes Al and A2 since only
homologous exons form stable heterodu-
plexes (42).

Gene Al has a longer intron mean
length and has more repeats in introns of
its 5' proximal half as compared to gene
A2, Some of the length differences be-
tween analogous introns most likely re-
flect the acquisition or loss of repetitive
sequences. This suggestion is supported
by the observed variation in the se-
quence of introns due to apparent poly-
morphism. We have previously de-
scribed length heterogeneity in intron 11
of the Al gene as follows: ‘‘long”” and
“*short’” cloned DNA fragments differed
by about 350 base pairs at this position
(42). This length difference is not a clon-
ing artifact since both long and short
form sequences are present in uncloned
DNA. In an Eco RI digest of the long
clones an Eco RI fragment of 1.5 kb
covers this region while in short clones it
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Fig. 4. Exon-intron maps of the two vitellogenin A genes and maps of regions containing
repetitive DNA. Exons are defined as DNA regions that encode mature mRNA sequences;
introns are DNA regions that interrupt the coding sequence and are not represented in mature
mRNA (46). The R loop molecules formed between genomic vitellogenin DNA clones and
vitellogenin mRNA’s were analyzed to provide exon-intron maps. The small arrows in the R
loop maps indicate very small introns of about 100 base pairs. In the heteroduplex molecules,
homologous exons formed duplexes while analogous introns differing in sequence and length
were seen as heterology loops (42). Regions where middle repetitive DNA was found are
indicated in the top and bottom maps as heavy bars, These heavy bars give a maximal estimate
of the size of the repetitive regions since the repeats are probably all shorter than the restriction
fragments in which they were localized (Fig. 6). The large arrows in the repeated sequences map
of gene A2 give the positions of a particular repeat of about 260 base pairs found in opposite
orientation outside and inside the gene (Figs. 7 and 8). Since the exons represent low copy
number DNA, the repeats are localized in introns,



is a 1.15-kb fragment. Figures 5 and 6
show that the long 1.5-kb fragment con-
tains a sequence repeated elsewhere in
the genome, whereas the 1.15-kb frag-
ment does not. From these results two
& conclusions can be derived. First, in-
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mRNA (45). Second, variation in introns
may involve insertions or deletions of
many nucleotides and can lead to the

— 1.6 insertion of a repetitive sequence into an
intron.

- 1.1 Inverted repeats which are known to
form ‘‘hairpin’’ or ‘‘stem-loop’’ struc-
tures have attracted attention as possible
sites of signal functions. We have ob-
served a number of small hairpin loops
within several introns and in the flanking
regions of the vitellogenin Al and A2
genes (42). We also detected an inverted
repeat element in the 5’ flanking region

Gene A1 3 and at a position within the A2 gene.

l Figure 7 shows a heteroduplex molecule

between two nonoverlapping fragments

109 Aval de———
Bglll b — of the A2 gene that are inserted into the
EcoRl T lambda vector in opposite orientations.
The two fragments do not pair except in
105 Eco R | —— a small region which corresponds to an
Hind Il ——— inverted repeat sequence. From micro-
108 Hind Il | d— graphs like the one shown and from
EcoRl Ll —————— cross-hybridization experiments be-
101 Eco Rl e ——— tween restriction fragments we have lo-
Hind Il L | cated one member of the inverted repeat
about 2.8 kb from the 5’ end of the gene
l l and the other to a position within the
Composite — S SN S gene most probably in intron 18 (Figs. 4

and 8). As seen in Fig. 6, the restriction

Gene A2
Fig. 5 (top). Detection of middle repetitive
127Hind Il Ll V— (5’ 3 DNA in the vitellogenin genes and their flank-
Hin/Bam Ll 1 1 | et l ing sequences. Eco RI endonuclease digests

of cloned genomic DNA'’s (0.6 pg) were sepa-

125 Bam HI okl — rated by electrophoresis in a 1.2 percent agar-
Eco Rl | |l 1] ok | ose gel. As controls, Eco RI digests of cloned
c¢DNA (pXlvc23) and Charon 4 DNA (Ch)

122 Hind lll - — were included. The DNA fragments were
128 Hind Il | L1 | transferred to a nitrocellulose membrane filter
and hydridized with labeled Xenopus genomic

Eco Rl 1 e — DNA (10° cpm/cm?, nick-translated with 32P-

] dCTP to 3 x 10® cpm/pg) in 50 percent for-

129 Hind I el ldZhumm mamide, 4x SET, 5 Denhardt solution, 0.1
EcoRI o bk e— percent sodium pyrophosphate, 0.2 percent

,’ sodium dodecyl sulfate (SDS), yeast RNA at

Eco/Hin e 250 pg/ml, and calf thymus DNA at 100 pg/ml

i l for 72 hours at 37°C. The filter was washed in

50 percent formamide, 4 X saline sodium ci-

i — . s BN W72
Composite trate (SSC), and 0.2 percent SDS at 37°C and

exposed for autoradiography. Only fragments

containing repeated DNA can be visualized

by this method (43). Molecular sizes of mark-

0 24 68 10 kb ers are given in Kilobase pairs. The left panel

shows the gel after staining with ethidium bromide, and the right panel shows the autoradiogram. Fig. 6 (bottom). Occurrence of middle

repetitive DNA within and around the vitellogenin genes. Endonuclease digests of cloned genes Al and A2 including their flanking regions were

analyzed for repeated DNA as described in the legend to Fig. 5. Fragments containing repeated DNA are represented by thick lines and fragments

present at low copy number by thin lines. The numbers at the left are the designations of the different cloned DNA's represented in each map. The

small vertical bars indicate the sites of the different restriction endonucleases specified at the left of each line. Arrows indicate the tentative 5’ and

3’ ends of the genes (42). The arrowheads in gene A1 indicate the long and short forms of the Eco RI fragment that exhibits length heterogeneity

in intron 11 (42). The hatched region in the 3’ flanking region of gene A2 indicates a fragment in which the presence or absence of repeated DNA
could not be clearly determined. The composites give a summary of the results and are incorporated in part into Fig. 4.
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fragments that contain this inverted ele-
ment are repeated at a moderately high
level in the Xenopus genome. We have
no direct evidence that the inverted ele-
ment is in fact the dispersed repeated
element, but this appears the most likely
interpretation. Therefore, it appears that
repeated DNA elements may occur both
in the vicinity of and within structural
genes in opposite orientations.

Conclusion: Introns as
Silent DNA Sequences

The two closely related vitellogenin A
genes most likely arose by a gene dupli-
cation because the mRNA coding re-
gions are highly homologous and are
interrupted by introns at homologous
positions. The presence of introns in the
ancestral gene could be explained by
Gilbert’s model of DNA shuffling (46).
After the duplication event the intron-
exon arrangement and the primary se-
quence of the exons were largely con-
served while intron sequence and size
drifted rapidly. Similar observations
have been made in other duplicated
genes that have been studied (47). While
at least one spliceable intron is required
for the expression of certain genes (48),
it appears that the majority of introns of
a gene and the majority of the sequences
within an intron may be phenotypically
silent. Such an interpretation would ex-
plain their rapid drift in duplicated genes.
As has been proposed, such drifting
could have a beneficial effect by reduc-
ing homology between duplicated genes,
thus diminishing the target size for re-
combination events that might result in
the loss of a gene (49). Our data on the
vitellogenin genes suggest that intron di-
vergence involves not only point muta-
tions but also large-scale deletions, in-
sertions, and possibly duplications re-
sulting in substantial length differences
between analogous introns (Fig. 4). Al-
though the first few genes that were
analyzed contained only single-copy
DNA within their introns, it is becoming
clear that middle repetitive DNA may be
present in these regions (Fig. 4) (50). In
the vitellogenin genes, a repeat may be
present in only one of two analogous
introns and analogous introns may con-
tain nonhomologous repeat elements. A
change in intron length directly related to
insertion or deletion of a repeated ele-
ment is apparent in intron 11 of polymor-
phic forms of gene Al; thus it appears
that repeats can enter or leave introns
without influencing the gene product.
Our results suggest that repeated DNA
may be mobile in the genome of verte-

17 APRIL 1981

brates as has been demonstrated in yeast
and Drosophila (51). Rearrangements in-
volving repeated sequences may be a
significant factor in the divergence of
introns in the vitellogenin genes and per-
haps other genes as well.

Introns are transcribed as part of the
primary gene products in all cases stud-
ied so far, including vitellogenin (32, 52).
If repeats are widely distributed within
introns we expect that nuclear RNA has
a sequence organization just like genom-
ic DNA, where single copy and repeat-

ed sequences are interspersed. Such or-
ganization has been reported for nuclear
RNA of various organisms (53). Since
different repeats may be present in the
introns of different genes, the type and
concentration of repeat transcripts in nu-
clear RNA would reflect differential gene
activity. Such an interpretation may be
sufficient to explain the different types
and concentrations of repeat transcripts
found in nuclear RNA at different stages
of development or in different tissues

(54). An additional feature of nuclear

\NT

Fig. 7. Inverted repeat in two nonoverlapping clones of gene A2. A heteroduplex was formed
between AXIv121, which contains an almost complete A2 gene, and AXIv126, which contains
mostly flanking sequences inserted into the vector in opposite orientation (see Fig. 8). The
double-stranded regions formed by the left (L) and right (R) arms of the phage vector which
continue beyond the figure stabilize the heteroduplex. Only a small duplex of about 260 base
pairs can be seen within the cloned Xenopus DNA (arrow) revealing a repeat present in opposite
orientation in AXIv126 and AX1v121. The positions of this repeat are shown in Fig. 8, which
gives further details.

’
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Fig. 8. Localization of a repeat element that occurs in opposite orientation within and outside
the A2 gene. Heteroduplexes were formed between AXIv126 and 121 (Fig. 7) and between
AXIv127 and 128. In each member of a pair, the Xenopus DNA is inserted in opposite
orientation. A small duplex of about 260 base pairs was found, and the positions of the repeat
are indicated by arrows. The repeat occurs about 2.8 kb upstream from the tentative 5’ end of
the gene, just at the right of a Sal I site (). Its second position in the middle of the gene is
probably within intron 18 (Fig. 4). In a complementary approach, two 5’ flanking DNA
fragments, A and B, were purified from AXIv125 DNA. Fragment A is a Hind III (w)/Sal I (V)
fragment containing the repeat as mapped by electron microscopic heteroduplex analysis.
Fragment B is the Sal I (7)/Hind 11I (¥) fragment to the left of the A fragment and was used as a
control. The two fragments were labeled in vitro by nick translation and hybridized separately
to Eco RI (@) digests of AXIv126, 125, 121, and 129. An Eco RI fragment (heavy bar) of 0.95 kb
located within the gene hybridized to the A probe but not to the B probe, confirming the
mapping of the inverted repeat by electron microscopy.
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RNA may be explained by reasoning
along similar lines. We have shown in
the vitellogenin gene A2 that an element
of the same repeat family is present in
opposite orientation in the 5’ flanking
region and within an intron (Figs. 4 and
8). If we hypothesize from this finding
that repeats of the same family may
occur in introns of different genes in
opposite orientations it follows that the
nuclear transcripts will have regions of
intermolecular = complementarity, as
demonstrated in HeLa cell RNA (55),
and that both strands of elements of one
repeated family would be transcribed, as
observed in sea urchins (54).

While it is clear that exon-intron
boundaries are highly conserved, sug-
gesting specific functional requirements
for these sequences (39, 56), we believe
that the bulk of intron sequences may be
phenotypically silent. These DNA
stretches might be considered ‘‘selfish
DNA” in the meaning of a recent hy-
pothesis (57), but it is debatable whether
the presence of such DNA is the result of
intragenomic selection or of random
forces (58). The finding of repeated DNA
sequences in introns and the suggestion
that at least some of these repeats may
be mobile elements is in concert with the
properties of selfish DNA (57). We be-
lieve that the application of the concept
of phenotypically silent DNA to much of
the sequences in introns can rationalize
some aspects of genome organization
including the interspersion of repeats
and single copy DNA in transcription
units and the widespread and cell type-
specific expression of both strands of
many repeats in nuclear RNA.
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