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Summary .  An allele giving rise to a p o l y m o r p h i s m  
within the 3' par t  o f  the chicken vitellogenin gene 
was cloned, sequenced, and com pared  to the pre- 
viously cloned allele. The  p o l y m o r p h i s m  is fo rmed  
by a perfect copy o f  343 bp  f rom intron 32 in t andem 
array with a perfect  copy of  244 bp  f rom intron 33; 
this 587-bp e lement  is inserted in a head-to- ta i l  ar-  
rangement  in intron 33. We propose  a m e c h a n i s m  
in which an unequal  cross ing-over  resulted in a vi-  
tellogenin gene with two exons 33, one of  which was 
subsequently deleted. Thus,  intron 33 was enlarged 
by the t andem repeats wi thout  affecting the protein-  
encoding sequence o f  the gene. At  the boundar ies  
o f  the repeated elements,  two short  direct repeats  
are found that  resemble  the recombina t ion  signals 
o f i m m u n o g l o b u l i n  genes. They  m a y  have  had a key 
role in the fo rmat ion  o f  the new allele. 
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umented ,  ranging f rom large translocat ions and  
deletions that  are visible at the ch romosoma l  level 
(e.g., Nowell  and  Hunger ford  1960) to point  mu-  
tat ions that  become  apparen t  upon D N A  sequence 
analysis (e.g., Valerio et al. 1986). A detailed anal-  
ysis o f  these changes m a y  reveal the molecular  
mechan i sms  underlying them.  

In this paper,  we describe the cloning and char- 
acterization o f  an allelic var iant  in the 3' part  o f  the 
chicken vitellogenin (Vtg) gene. Vtg is a yolk pre- 
cursor  protein that  is synthesized in the l iver  o f  
ov iparous  ver tebra tes  under  the influence o f  estra- 
diol. Recently,  we have  cloned (Arnberg et al. 1981) 
and  sequenced (Van het Schip et al. 1987a) a chicken 
Vtg gene encoding the ma jo r  yolk precursor  protein,  
VtgII  (Wang et al. 1983). During a study on the 
methy la t ion  status o f  the Vtg gene by Southern blot  
analysis (Philipsen et al. 1985), it appeared  that  in 
all an imals  examined  the restriction m a p  o f  the gene 
was identical except for the 3' part. The  new allele 
contains an insert ion in intron 33 that  is character-  
ized here; its possible origin is discussed. 

Introduction 

The faithful passage o f  genetic in format ion  f rom one 
generation to the next  is based on the accuracy o f  
the replication process. It  prevents  species f rom 
loosing valuable informat ion contained in their D N A  
including the amino  acid sequences encoded in their  
genes and the sequences invo lved  in regulation o f  
gene expression. On the other  hand,  m a n y  examples  
o f  changes in eukaryot ic  genomes  have  been doc-  
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Materials and Methods 

Animals and DNA Analysis. White Leghorn chickens (Gallus do- 
mesticus) were obtained from Poultry Hatchery Van der Sterren, 
Venray, The Netherlands. DNA was isolated from liver, eryth- 
rocytes, and oviduct as described (Philipsen et al. 1985), digested 
with EcoRI, and analyzed for the presence of the polymorphism 
by Southern blotting, 

Molecular Cloning of the Longer Allele-- Partial Genomic Bank. 
Liver DNA (100 ug) from a chicken that was homozygous for 
the longer allele was digested to completion with BamHI. After 
size fraetionation on a 0.75% agarose gel, the region containing 
the 12-14-kb fragments was cut out and the DNA recovered by 
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Fig. 1. A polymorphism within the T-end region of the chicken 
vitellogenin gene. A A Southern blot of EcoRI-digested DNAs 
from three different chickens (1, 2, and 3), hybridized to probe 
A (see B). The DNA was prepared from liver (L), erythrocytes 
(E), or oviduct (O). B A schematic map of the 3'-end region of 
the Vtg gene, with the positions of the relevant restriction sites 
and the site of probe A. The scale measures the distance in bp 
from the cap site (Van her Schip et al. 1987a). 

electroelution (Maniatis el al. 1982). The yield was approximately 
10 #g. The purified DNA (150 ng) was ligated to 0.5 #g EcoRI- 
BamHI-cut X-EMBL3 DNA (Frischaufet al. 1983). In vitro pack- 
aging of the recombinant phage DNA and plating onto Esche- 
richia coli NM359 yielded 80,000 plaques. In situ plaque hy- 
bridization (Maniatis et al. 1982) resulted in the identification of 
two clones containing the desired insert. 

Subclones containing the insertion region were obtained by 
cloning the 7.5-kb EcoRl and the 2.0-kb PstI fragments into 
pBR329 (Covarrubias and Bolivar 1982). The similar 6.9-kb 
EcoRl fragment of the previously isolated allele (Arnberg et al. 
1981) was also cloned into pBR329. 

Heteroduplexing. Heteroduplexes between the purified 6.9- 
kb and 7.5-kb EcoRI fragments were made as described in Len- 
stra et al. (1986); further treatments and electron microscopy 
were done according to Arnberg et al. (1980). Length measure- 
ments were made with a Tulip PC coupled to an Ahrin GTCO 
digitizer DP5A-2436A (HA)_ 

SequencingandSequenceAnalvsis. The pBR329 plasmid con- 
taining the 2.0-kb PstI fragment was used as a DNA source for 
cloning into M13mp18/19 and pEMBL 18/19. Sequencing re- 
actions were done according to Sanger et al. (1977) or Zagursky 
et al. (1985). Sequence analyses were performed on an ApplelI 
microcomputer linked to a VAX computer using the Staden pro- 
gram (Staden 1982). 

Suppliers. Enzymes were purchased from Boehringer Mann- 
heim, FRG. Radiochemicals were from The Radiochemical Centre 
Amersham, UK, and blotting membranes from Schleicher and 
Schuell, Dassel, FRG. 

Fig. 2. Heteroduplex structure formed between the 6.9-kb and 
7.5-kb EcoRI fragments. A nonhomologous region is visible as 
a single-stranded loop (arrows). The bars represent 0.2 #m. 

R e s u l t s  

Localization of an Altetic Variant within 
the Chicken Vitellogenin Gene 

A Southern blot of  genomic DNA from different 
chickens demonstrating the polymorphism in the 
3'-moiety of  the Vtg gene is shown in Fig. 1. DNAs 
from chickens 1 and 2 contain one hybridizing EcoRI 
fragment of  7.5 kb and 6.9 kb, respectively, char- 
acteristic for animals having a homozygous gene 
pair. Chicken 3 is heterozygous for the polymor- 
phism. In the population examined (17 animals); 
the allele frequency of  the longer allele was 0.73. 
Earlier, a Vtg gene was cloned (Arnberg el al. 1981) 
and sequenced (Van het Schip et al. 1987a) in our 
laboratory. Because this gene represents the shorter 
allele (data not shown), we set out to clone and 
sequence the corresponding region from the longer 
allele. To this end, a 13-kb BamHI fragment con- 
taining the 7.5-kb EcoRI fragment was cloned from 
DNA of chicken 1. 

To localize the difference between the 7.5-kb and 
6.9-kb EcoRI fragments, we performed a hetero- 
duplexing experiment and comparative restriction 
enzyme analysis. Electron micrographs of  the het- 
eroduplex (Fig. 2) clearly show that the fragments 
are seemingly similar over their entire length, except 
for a small region apparent as a single-stranded loop 
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Fig. 3. Compara t ive  restriction enzyme  m a p s  o f  the 6.9-kb and  7.5-kb EcoRl  fragments.  The  upper  m a p  depicts the 6.9-kb EcoRl  
f ragment  and  is in accordance with the  nucleotide sequence  o f  the Vtg gene cloned earlier (Van het  Schip et al. 1987a). The  three last 
exons  and  a repetit ive CR 1 element ,  present  in the  3 '-f lanking region (Van het  Schip et al. 1987b), are indicated. The  scale measu res  
the  dis tance in bp from the cap site. The  lower m a p  represents  the 7.5-kb EcoRI fragment,  with the  insert ion indicated as a stippled 
bar. The  sequencing  strategy o f  the  2.0-kb PstI f ragment  conta in ing  the  insert ion is depicted by arrows indicat ing the length and  the 
direction o f  the  sequences  de termined.  The  site o f  probe B, which was used in the  expe r imen t  shown  in Fig. 6A, is given. C = Cfol; 
H = HindlI I ;  K = KpnI;  M Mspl;  P = Pstl; R = EcoRl;  T = TaqI;  U = PvulI .  

of approximately 0.6 kb, located about 1.4 kb from 
the proximal EcoRI site. 

The same conclusion can be drawn from the re- 
striction maps of  both fragments (Fig. 3), which are 
similar except for an additional sequence located 
around exon 33 in the longer allele. This insertion 
appears to be large enough to account for the ob- 
served difference in EcoRI restriction fragment sizes. 

where in the compared sequences, we find 11 ad- 
ditional differences between both alleles, most of  
which are single base substitutions. These differ- 
ences, as well as those between the duplicated seg- 
ments, are indicated in the sequence (Fig. 4) and the 
schematic representation (Fig. 5). In the correspond- 
ing sequences, the interallelic differences appear to 
outnumber the intraallelic differences. 

Sequence of the Polymorphic Region 

To analyze the nature of the insertion in more detail, 
we have sequenced the relevant region that is con- 
tained in the 2.0-kb PstI fragment. The sequencing 
strategy is outlined in Fig. 3 and the complete se- 
quence is presented in Fig. 4. The PstI fragment is 
1985 bp long, which is 584 bp more than the cor- 
responding fragment in the shorter allele and con- 
tains one perfect copy of  exon 33. Analysis of  the 
entire sequence reveals that the larger fragment size 
is due to repetition of  two intron sequences, one 
extending from positions 17,350 to 17,692 in intron 
32 and another from positions 17,940 to 18,183 in 
intron 33 (numbering according to Van her Schip et 
al. 1987a). Apparently, the longer allele has a struc- 
ture that is schematically presented in Fig. 5. This 
structure may be due to a tandem duplication of the 
17,350-I8,183 region followed by the deletion of  
an internal segment, including exon 33, from the 
duplicate. The duplicated segments are not posi- 
tioned contiguously, but are separated by a T, that 
is possibly a remnant of  the duplication event. Else- 

Repetitive Nature of the Duplicated Elements 

Concerning the mechanism by which the observed 
polymorphism has arisen, the following observation 
might be relevant. When a Southern blot of  EcoRI- 
digested chicken DNAs was hybridized to a probe 
specific for the duplicated region (Fig. 3), a number 
of discrete bands, superimposed on a faint smear of  
DNA, appeared in addition to the expected 7.5-kb 
and 6.9-kb fragments (Fig. 6A). When the same blot 
was hybridized for comparison to a probe specific 
for single-copy DNA, only the expected fragments 
appeared (Fig. 6B). Thus, the duplicated sequences 
must be repeated within the genome to some extent. 
The degree of  repetition is probably low, as can be 
concluded from Southern blots of  cloned DNA hy- 
bridized to nick-labeled genomic chicken DNA (Shen 
and Maniatis 1980). No signal is found with frag- 
ments containing the duplicated sequences (data not 
shown), whereas strong hybridization is observed 
with fragments from the 3'-flanking region of the 
Vtg gene that contains the repetitive CR1 element 
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CTGCAGAGTCCTTCTCTCTGT TTCTTAATAGGATATCCAAGAATCCTTCAGCAATAAT - -  -CTATTCT TGCAGCAACTGTGTGTTGGCAAATGGGCCTGT 100 

GA•CACA•AT••TCT•A•T•AG•AGTGTATCTG•AAGAAAAAAAAAAGTTTTCAGCTTCTGTCCAC•TTT•AAAG•CTGTACTCGAA AAATAGGAAACAG 200 

AI ) 
AAAT~TAAGAAAACCAGTATTATCATACTGCATCTATCACCTACTCGGAAAACAGCGATCACACAGAAGCTTCA~AATAGTA~TCAGAACTACTAAGTAC 500 

TTACTTAGCTAGCCAGGCA CAGCATGATTT AAAGGCTGCAATGGAGCTA AAGGTACCACAACATCATGGGAGTTTGGCATTGGACTGTGAGATACATGTG 400 

AGTTCTTAGCAAAGAAGGAGAGCATTTATATGTT TGTGG GTTGTCA TACTGGAACTAGATGATCTTTGG GGTTCCTTCCAACC~AAGCCATTCTATGATA 500 

B1 ) 
TGCCATGATACTG GAAAGCACATACATAG CAAAAATCTGTTCCACAATGTTGTTATGTTTGATT GTTTTAAATTT GAAATGTTTTTTTTTACTGTTCCTT 600 

TCCATGAAc~TTCAA~TTCCTTTATGGAT~CA~GAAAA~ATGT~0AAT~T~T~GAAAATA~AT~CAGAATGCGAA~A~AGTAT~G~AT~CCCAAT~ 700 

I G A T A T C T A G C T A A A A A T G C  CGTGAGCTTTGGTCATTCTTGGATCTTGGAAGAAGCGC CCTGTAGAG GA(~TAGGCAAATAGCACTTTCCAGCCAACATTT 

B2 D 
GATCCACCAAGAAATCAGGTGGGGATTAGTAATTACT•T•GCTCACCACCT•A•TTTT•AACCAA•GCAACCT•TCAA•CATTTCA• CACACAAGCAGCT 

CCAGGGAATTAATTACATAGTTGAAAGGAAGGAAAGAAAAGGGGCTATATTTTAAGTGCTTCAGTAGATTACGATCTTAGAGTGTGCTCCATTCTCAGcT 
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A2 II, A~ Ib 
GA6CTTATGGTATAACAGCATCCCA~GGAGGAGGGAGG,~GAACAAGC GCACTGCCTCTGT GAACCTGATGGGAAGGACTTACTCGTTACTCGATCACACA 1100 

GAAGCTTCAGAATAGTAGTCA•AACTACTAAGTACTTACTTA•CTAGCCAGGCACA•CATGATTTAAA•GCT•CAATGGAGCTAAAGGTACCACAACATC 1200 

ATGG~AGTTTG~CATTGGACT~T~A6ATACATGT~A~TTCTTAGCAAAGAA~GAGAGCATTTATATGTTTGT~6TTG~cATACT~AA~TA~AT~ATCT 1300 

TTGGGGTTCCTTCCAACC~AAGCCATTCTATGATATGCCATGATACTGGAAAGCACATACATAGCAA -AATCTGTTCCACAATGTT~TTATGTTTGATTG 1400 

B3 

TTTTAAATTTGAAATGTTTT-TTTTA~TGTT~r162162162162162162 1500 

TTACATAGTTGAAAGGAAGGAAAGAAAAGGGGCTATATTTTAAGTGCTTCAGTAGATTAC GATCTTAGAGTGTGCTCCATTCTCAGCTGAGCTTATGGTA 1600 

A4 ) 
TAACAGCATCCCA~GGAGGAG GGAGG~GAACAAGCG,~ACTGCCTCTGTGAAC CTGATGGGAAGGACTTACTCGTTACCC~G~AGATGCTTTCATGTGTCC 1700 

AGCTGCATACTAACTGTCATTCTTCTATGTGTCTTTGTCATGAATACCTG GCATCAGACTTGCTTTAGATATATGTGCAGTACACAG GCGTGCACACAAC 1800 

AAAAT~CACACCATTGCTAGTTACCGCACTATGCGTTCCCCTCCAAC~TATG GTGAAAATGACTGACATTCTGAGAATAAAGCTTATATGTGGCTCATTT 1900 

A~T~A~A~A~TT~l-AA~TT~T~T~G~AAT~AAAA~GA~A~AAGTATTA~A~TG~cA~A~TGAT~TTG~T~T~T~T~AG 

Fig. 4. Nucleotide sequence o f  the 2.0-kb PstI fragment containing the insertion. The bases are numbered  from the 5' PstI site (see 
Fig. 3). Bases differing from the previously sequenced allele are indicated (*); " - - "  indicates a deleted base (see Fig. 5). Element I and 
(duplicated) element  I' are singly underlined; e lement  II and (duplicated) element  II' doubly (see Fig. 5). Exon 33 is boxed. Short 
direct repeats are indicated by arrows above the sequence. 

(Fig. 3) (Van het Schip et al. 1987b). The CR1 ele- 
ment is repeated about 7000 times in the haploid 
genome (Stumph et al. 1981). We estimate that the 
degree of  repetition of  the duplicated intron 32/33 
sequences is at least one order of  magnitude less 
than that of  CR 1. 

Individual chickens from our flock showed dif- 
ferent patterns of  additional bands (Fig. 6A) that 
probably represent allelic length polymorphisms. 
Between the individual animals, the segregation of  
these bands is different from the 6.9/7.5-kb frag- 
ments, which shows that the repeats are not strongly 
linked to the Vtg gene region, but are located else- 
where in the genome. 

Discussion 

It is reasonable to assume that the longer allelic 
variant of  the chicken Vtg gene has arisen from the 
shorter one. The mechanism by which the rear- 
rangement has taken place is far from clear; a likely 
possibility is an unequal crossing-over followed by 
a deletion, as suggested by the schematic represen- 
tation in Fig. 5. Analysis of  the sequence has re- 
vealed a number of  small direct repeats that might 
have played a part in the presumed rearrangements 
(Fig. 4). One repeat, TACTCG, is found at a short 
distance in front of the supposed crossing-over points 
(Fig. 5) at positions 17,336 and 18,173 of  the shorter 
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Fig. 5. Schematic representation of the two allelic variants. The upper part represents the shorter allele; the numbering is according 
to Van het Schip et el. (1987a). In the lower part, the longer allele is shown; numbers are relative to the 5' PstI site (Fig. 4). Inter- 
and intraallelic differences are indicated with their relative positions above them. Element I and (duplicated) element I' are depicted 
by black bars; element II and (duplicated) element II' by double lines. 

Fig. 6. The polymorphic  region contains low-repetitive DNA. 
Liver DNA (I0  gg) from chickens 1, 2, and 3 (see Fig. 1) was 
digested with EcoRI, electrophoresed on a 0.8% agarose gel, and 
blotted. A The blot was hybridized to probe B (Fig. 3), a Pvull  
fragment containing exactly all the duplicated sequences. B The 
same blot was rehybridized to an EcoRI fragment from the Vtg 
gene promoter,  which should give rise to a 1.35-kb band. 

allele (A 1 and A2 in Fig. 4). As a consequence of  
the rear rangement  and through the insert ion o f  a T 
between the duplicated segments,  an addi t ional  re- 
peat  o f  this kind is fo rmed  at the boundary  o f  the 
duplicated segments  (A3 in Fig. 4). Another  repeat,  
T T A C T G T ,  is found a few nucleotides ups t ream 
f rom the boundar ies  o f  the deleted segment  (Fig. 5) 
at posi t ions 17,683 and  17,927 of  the shorter  allele 
(B 1 and  B2 in Fig. 4). 

These repeats show similari ty to the hep tamer  
recombina t ion  signals found in Ig genes (Tonegawa 
1983; Reynaud  et al. 1987), which may  point  to 
their  i nvo lvemen t  in the supposed rearrangements.  
Moreover ,  these repeats m a y  not only have caused 
the dupl icat ion/delet ion events,  but also have fa- 
cilitated the spread o f  the duplicated sequences 
through the genome  (Fig. 6A). Generally,  such a 
process is media ted  via t ransposable  genetic ele- 
ments  that  are character ized by short  inverted re- 
peats at their  boundaries .  Our  sequences however  
do not have  these typical t ransposon-l ike features, 
and consequent ly  mus t  have  been spread via a dif- 
ferent mechan ism.  

Wha teve r  the origin of  the longer allele m a y  be, 
its altered configuration will have no effect on the 
final gene product.  Although sequences on both sides 
o f e x o n  33 are duplicated,  the exon itself is not, and  
remains  unaffected. Moreover ,  as far as one can 
deduce f rom the sequence, the splicing signals are 
left intact as well. 

Involvement of  CG Residues in Point Mutations 

The  n u m b e r  of  nucleotide differences between the 
shorter  and the longer allele is relat ively small,  and  
restricted to the introns. The  dupl icated e lements  I '  
and I I '  appear  to be less well conserved  (Fig. 5). 
However ,  the strong conserva t ion  o f  these e lements  
in general suggests that  the duplicat ion event  oc- 
curred very recently on an evolu t ionary  t ime  scale. 
CG doublets  within the sequenced region have  a 
notably high mu ta t i on  frequency. The  dinucleot ide 
5 ' -CpG-3 '  is the main  site where in D N A  from higher 
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vertebrates the methylated C-residue 5-methylcy- 
tosine is found (see Bird 1987, for a recent review). 
In the region sequenced, 21 5'-CpG-3' dinucteotides 
are present versus 102 5'-GpC-3' dinucleotides. This 
is in accordance with the strong underrepresentation 
of the 5'-CpG-3' dinucleotide in DNA of higher 
vertebrates (Bird 1987). Nevertheless, 5'-CpG-Y 
dinucleotides are three times involved in the ob- 
served nucleotide changes, whereas 5'-GpC-3' dinu- 
cleotides only twice. This observation is in favor of 
the model that explains the systematic underrepre- 
sentation of 5'-CpG-Y by the high mutability of the 
methylated C-residue in this dinucleotide (Bird 
1987). 
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