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ABSTRACT.
The wovalbumin Yu gene, one of three which constitute the ovalbumin

gene family in chicken has been completely sequenced. The exact location of
exons can be derived from the comparison with the ovalbumi n gene sequence
and from the map previously established by electron microscopy analysis.
During evolution of the Y gene, selective pressure has operated to retain a
sequence coding for an ovalbumin-l ike protein. The location of splice Junc-
tions, the length of protein coding exons and the reading phase are as in
the ovalbumin gene. The overall homology between the Y and ovalbumin pro-
tein coding sequences is 72.6 % (resulting in a 58 X homology for the amino
acid sequences). A significantly high number of base changes within coding
sequences are present in clusters, which appear in several cases to be
correlated with the occurence of direct repeats.

The 3' untranslated sequences of the Y and ovalbumin mRNAs have di-
verged much more, and the Y sequence contains a peculiar UMT) rich region.
Corresponding introns of the ovalbumin and Y genes differ extensively both
in sequence and in length. They share however characteristic biases in
their base distribution.

INTRODUCTION.
The ovalbumin gene family in the chicken is composed of a cluster of 3

genes, the X, Y and ovalbumin genes, located within a 40 kb region (1, 2).
These three genes are transcribed in chick oviduct under similar but non
identical steroid hormone control and code for proteins (3), although the X
and Y proteins have not yet been identified in vivo. Comparison of the
structures of the X, Y and ovalbumin genes has shown that they arose by
duplication events from a comon ancestor. Electron microscopy analysis of
hybrids between the cloned genes and the corresponding RNAs has shown that
all 3 genes are composed of 8 exons and the corresponding exons are of very
similar size (2). Sequence homologies in exonic regions have been demons-
trated by cross-hybridization experiments (1, 2) and by direct sequencing
of 3 exons of the X gene (2). In order to analyse the modes of evolution
and expression of such complex genes, we have undertaken a detailed
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structural study of the X and Y genes. We report here the complete sequence
of the Y gene and its comparison with the ovalbumin gene sequence.

MATERIALS AND METHODS.
Sequencing strategy.

Almost all of the Y gene sequence presented in Fig. 2 was obtained
from 5' end-labelled, strand-separated fragments, since sequences performed
in this way are of higher quality than those obtained from double stranded
fragments labelled at one end (they are sharper and less subject to arte-

facts in the pyrimidine tracks). In the strategy used, we did not try to
first establish a detailed restriction map. For each subclone we looked for
restriction nucleases which would produce a pattern of well spaced frag-
ments ranging from about 100 to 800 bp. Such a mixture of fragments was

end-labelled, submitted to strand separation, and the isolated single
stranded fragments were then sequenced. Using two sets of fragments pro-
duced with different enzymes, we obtained overlapping sequences covering 80
to 95 X of the subclone. This generated a restriction map (although incom-
plete) which guided the further experiments required to fill in the gaps.
Isolation of single stranded DNA fragments.

This was performed following the Maxam and Gilbert protocol (4), with
some modifications. Restriction enzyme digests (about 30 pmols of ends)
were treated with bacterial alkaline phosphatase (Worthington), phenol
extracted, ethanol precipitated and 5' end-labelled with T4 polynucleotide
kinase (Boehringer) according to Maxam and Gilbert (4). The reaction was
stopped with SDS (0.1 %) and EDTA (10 nM), ethanol precipitated twice, and
the dried DNA pellet was well dissolved in 40 pl of 2 oM EDTA (containing
xylene cyanol ). 60 pl of 99 X DMSO was then added. The sample was heated
for 5' at 90-C, quickly cooled and subjected to electrophoresis (18 mA at
4C) on a polyacrylamide gel (8 to 12 X, depending on fragment sizes, with
an acrylamide/bisacrylamide ratio of 60/1). Electrophoresis and gel buffer
was tris-borate 50 nM, EDTA 1 mM, pH 8.3 (4). Bands were localised by auto-
radiography, cut out and crushed as described by Maxam and Gilbert(4).
Acrylamide was pelleted by centrifugation, the supernatant was filtered
through siliconized glass wool and precipitated with ethanol, using tRNA
(20 jg) as carrier. Because of the presence of this tRNA, we did not add
calf thymus DNA in the sequence reactions as proposed by Maxam and
Gilbert (4).
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RESULTS
DNA sequence of the Y gene.

The Y gene has been entirely sequenced by the Maxam and Gilbert tech-
nique (4) as outlined in Materials and Methods. For most of this work we

used subclones (described in Fig.lb) derived from the cosmid clone pAR2 (1)
However the leader sequence and the 5' half of intron A were sequenced from
a different clone (clone xXEcolO, see Fig. lc). Although both the cosmid
clone and clone XEcolO were obtained using DNA from chickens of the same

flock, comparison of sequences in intron A derived from the two clones
shows that they differ by about 1 % (see Fig. 2). Within the various sub-
clones, all sites used for 5' end-labelling were overlapped in a different
sequence. However in 2 cases we did not sequence across sites corresponding
to the limits of HindIII subclones (see Fig. lb). These two HindIII sites
are found within introns. Since they are 6 bp sites, their average frequen-

cy is 1 in 3000 bp (taking into account base composition) and the chance of
overlooking a small fragment (e 100 bp) is low. The excellent fit between
intron lengths derived from the sequence and the previous electron micros-
copy measurements rules out the possibility that longer fragments have been
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igure 1 Map of the Y gene. a) Position of exons (L and 1 to 7). White
boxes untranslatedregUoTns, black boxes : protein-coding regions. ATG
and TM correspond to the initiation and termination codons and MTAAA to
the mpolyadenylation signal (see text). Introns are labelled A to G. The
limits of the map correspond to those of the sequence presented in Fig. 2.
b) Map of subclones derived from the large Hha fragment of the cosmid clone
pAR2 (1). H and B stand for HindIII and BamHl respectively. The heavy line
corresponds to the sequenced regi on of these cl ones. We di d not sequence
across the starred restriction sites. c) Location of the EcoRI-BglII sub-
clone derived from the xXEcolO clone (see Ref. 1). The heavy line repre-
sents the sequenced region. Sequences upstream from the HindIII site and
from the leader exon have been published previously (5).
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I ACOTACAGCTGAGAAGCTGTACTCTTATCATCACAGGTGAAGCTGATAAGGTAAGCATTTCTTTTGGTTATGATTCATGTTCTA ------------ A

3 ACATACAGCTAGAAAGCTGTATTGCCTTTAGCAG---TCAAGCTC0AAAGITAAGCAACTCTCTG0AATTACCTTCTCTCTATATTA0CTCTTACTTGCA
100

CCCATTTTTT*A*ATGATCATAAGACTTACAAGAATACT2AT26AACTTTGTGGTTT*TCATCAAGA*CA2TCAAGAAACAAATGATTAAAG*ATGACTT
CCTAAACTTTAAAAAATTAACAAT TATTGTGCTATGTGTTGTATCTTTAAGOGTGAAGTACCTGCGTGATACCCCCTATAAAAACTTCTC/

200
CTTTAAAAATCTATTCTTACCTTCACATTTCTGTTCTGCATTACTOTACTGTTTCACAGCCTGCCACATATGAAGTCAAAGTGTTAGTACAAAGTAAAGC

300
TATGTTTA%CTAATTCTGTAACACTGAGAAGCTGGCACTGTACTOAGACACCCTTTCTTCCTTTTTCATTGATGTCCTTTGTTTCTGATTTOGAAATTAAA

400
TGCAGCACTGAATTTGTTTAAATTCAAGACTTAAGCTGAGTTGCATGGTCTACCTAACATACTTTCTGAATGAAGTTACT6AATGCA6CAT6GTCAGGTA

500TCAACAACATACTGCAAATTAATTTCTGTGTATTCTAAAACAAGCAAACGAACAAACAAAAAACACACACACACATGCACAAAGCATTT¢CTTCAACAGT
600

ATGTTTTTTCAACAAGATCATACATGGAGCTTAAAGCTTAAAATATAATACTCTGTGGGAGTAGTAAATAATCCAGAAGTTTGCCCTCTATCACCTGCAC
700ATGTGATTCAATTAAGAGAGAGAT6GAACACATGAATGT6TTGATTCCACACAATGAAACATTT6GCA6AATATCTTGGATTTCCCCTGTACTTGGGAAA

C *006 TTCTACCCTAGGAAGATTCTCTCT6CTTGTGACAAAATGGGAABATATAA6GACCTTAATACTGCACTTTACAGCACTGTT6TCTATTCTATGTT6TCTT
900CTToACTAAA6AGTTTTTTTTTTCCTTTACTGTTAGATAAAATGATAT6T6TT6AAACTACAGGGAAAATTTCATTAGAATGTCAGAAAAAAAAGACAGA
1000 T TAAAAATGTTTAAATACTGACGATGTGAAGTATCTGCAAATGAAACAAGCCTAAACAATCACT6CCTTATTAAAAGGTGGATTTTATGAAAAAGGTGCCAA
1100 A

TAAAATTAAAGAACAATTTTGGAAAAGTGAGGTATCATTAAGTCAACCAAGATGGACATGTAATATTTAACAGACATTTGTCATAAAGCAGATGAGTTTG
1200GTAAATCATTATCTCTTTCTATCACTGTGCTTCCATTTCCCTAATCTATTTTTAAGAAGGTAATGATGAGGTTTGAGACCTCTGATAAAGTGGTTGGTAT
1300AAGAATCCAGCTTCCATTTACATGAAGGTGGAGTAAATCCAGAAAAAAACTTGCGGTGTTTTTCCAGACCTACCCACTTTATATTGTCAATAACTGTAGT
1400

TTGGATCACAGAGGOCTGATCTGTTAACTGGTCTTAAAAGTGATGTTAAGAACTATAGTGAAAAACCTGGTCTGGAGTCTCAGGTGAATGAAGACTGAGA
1500ACAAACCTATGTGTGTTTTCTTTCCTGCACAAGATGGGAAACGATTGTCAATGAGCTTCTTTCAAGGCAAGTCTTTGCAATATTTTCAACACAGTACACA
1600TGTACAGAGGATAACTCAAGTTTCAAATAAAACAGTTGCCAGCCTACACATAACTGGTACCTATACAAGATTTTGATTGCTCACAAATCCAAGCACACAC
1700CTGCCTTTTAAATCCACACTACTGAATTCTACTTACTGAAAATAAGCTGTGCAICTGTGTACAGAGGTTCAAGTGCACTGACTTCCTTGGAATACAACTAA

/GTAATTTACTGTTOTAGCCTACCATAGAGTACCCTGCATGGTACTATGTACAGCATTCCA-TC-------CT--------------
1900 jTACATTTTAA---------TCTTTTCTTTA5ACAAC---GATTTCABAATGbATTCCATCAGTGTAACAAATGCAAAATTTTGTTTT6ATGTTTTCAATG

TACATTTTCACTGTTCT*CT*TTT2CTCTA2CAACTCAGA*TTCACCT 222CTCCATCG*TGCAGCAAGCAT2GAATTTT2TTTTGAT2TATTCAAGG

AiGAT-GAAA-GTCCATCATGTCAATGAGAACATCTTGTATTGCCCTCTGAGCATCCTTACAGCCCTGGCCATGGTCTATCTGG6GGCAAGABGTAACACTGA
AGCTCAAAGTCCACCATGCCAATGAGAACATCTTCTACTGCCCCATTGCCATCATGTCAOCTCTAOCCATGGTATACCTOGGTGCAAAAGACAGCACCAG
O 1 ~~~~~2000

& ATCTCAGATGAAGAAG'GTAAGTTGCTTACATTGGTGTAAAGTGGACAGTGGACTCTACTTCTBCTTGTCATTCCTTCTAAGTAATAACATATTATCTACT

GACACAAATAAATAA TGAG---CCTACA----GTTAAAGATTAAAACCTTTGCCCTGCTCAATGGAGCCACAGCACTTAATTGTATGA/
2100

CATGAGGCTCTCACATATTTTAATTCACCAGATGGATCATGAATCAGG6AATTGTATTATTTTTTTCTAAATTCTGACATCTTCCACATAATGTGATCAT
2200TTTTTTTCCATATTTTTTATTTTTGTATTAAAAAGACAAAACCCTGGAGGAAAGGAAGAGGGAGAACATTATTCGCAGTGCATAATACACAACTAAGTTA
2300mACATCCAGATGCTCACTGAAAAAAATATAATCTAAGCAAATAGTGCTATTTCCAATTTCTCAGAAGGTGACATGAAGTATOAACCAGCTOCAAGCTTACT
2400

ETGCAGCCTTTTAGTTCATCTAATCTAGCATTTGTTGTGGGTTTTTTTTTTOTTTCTGTTTTTGAGCCAACAGCTCTACCCCGAACATCACGTGTAAATTT
* 8*2** * * t* *t***2 *2*22**2* *2*2*** 2 8*222

/ATCTGAAACCAGAOTTATCTAAAAGTGTGGCCACCTCCAACTCCCAGAGTGTTACCCAAATGCACTAGC---------- TAGAAATCT

2500
TAAA-------TGCATACCAT-TTTTGGTCACGCTTGTGTTTTTTTCTCACTBGCATTTTCTCTTGCABGTTCTTCATTTTGATAGCATTACAGGAGCTO
* ** ***t** 2* **** ***t * *** **22* ****** ** *****t *** ****22* 2* *8** 2
TGAAACTGGATTGCATAACTTCTTTTTGTCATAACCATTATTTCAGCT-ACTATTATTTTCAATTACAG,OTTGTTCGCTTTGATAAACTTCCAGGATTCG
CM ~~ ~ ~~I 26005 GAABCACCACTGACTCTCAGGTAAAGAT6TAACTTCT-CTCCTTTTGTTCCTATTTTCTtCCTCAG6ACAAAACTA0TACTA----------CTCTGCCTC

*** *8***tt**2*2*t***8*** * *2 *2 *2*2 t* *2*2 *2*

IJ *GAGAC*AGTAT*TG*AAGC TCAG,GTACAGAAATAATTTCACCTCCTTCTCTATGTCCCT T -TCCTC TGGAAGCAAAATACAGCAGATGAAGCAATC TC TTAGC

TGCTCCAAGCAGT TTCAGACTGTCAAAAGTGGTGGCAATGCTCTC2AAACCAAACAGATC TGTGGAGGAGAGAAAAGAGTG TGTAAC TCAC TC TTGT TTAA

5 TGTTCCAAGCCCTCTCTGATGAGCAGCTAGTGCTCTGCATCCAGCAGTTGGOAGAACACTGTTCATAAGAACAGAGAAAAAGAAGGAAGT/
2800
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2900
GATGGGGCAGTCCTTTG6GGTCTGATTTTCTAGATAAGGAGAAACTAATOTGACATATCATCTTGTTTTCCTGTCATCACCTCAGTTGT6GCTCTTCTGA

88 8 8* *8* *88 8 * *8* * * *8*88 l***88 * l*8*8$*8** * *8*8
/CATACACTACGTAAAACTTACTAAGTAATAAAACTAGAAT----AACAACATCTTTCTTTCTCTTTGTAT--TCAGTGTGGCACATCTGT

3000
ATACGTCCACAATTTGTTCAAGAG6TTACTCTCAGAAATCACCA6GCCAAATGCTACATACTCACTCGAGATTGCTGACAAACTCTATGTTGACAAAACA* 8*8* *8* *8 8 * 8$* 8*8* *8*8*88*8 $g*8*88 8 8* *8 8* 8*8* 8 $*8 *8*8 *8* * 8 8

0 AAACGTTCACTCTTCACTTAGAGACATCCTCAACCAAATCACCAAACCAAATGATGTTTATTCGTTCAGCCTTCCAGTAGACTTTATGCTGAAGAGAGA
8 1 3100
Ul TTCTCAGTTCTTCCGIGTGAGTTGAAGTGTGACTTAACCTCAGT6AGATTGCCCACTGGGCTCACCTGGGACTCGGCTCTACTGTGAGCCACAATGGGAAT8*******8*****t $t t* tt $*8888 8*8 *8 88*8*8* 8 * 8*

TACCCAATCCTGCCA TAAGTTGCTCTAAAATCTGATCTGAGTG-TATTCC----------- ATGCCAAAGCTCTACCATTCTGTAATGCAAAAAC

3200
T**-TTTGAGCCACAGGATGAGTCCAAACCTTTCTGTGGCTTTT*GGAGGAG*CTAGGCTCACACAAGGTATAAGGGCTCTGGAGATATTCAAGACCCAT
AGTCAGAGTTCCACATGTTTCACTAAGAAAATTTCTTTTTCTCTTGTTTTTACAAATGAAAGAGAGGACAAATAACATTTCTCTATCACC/

3300TTOGACACTTTCCTGTGCAATCTATAATGAACCCCTGCAGGGGGTTCAAATTGATGATCTCCAGAGATCCCTTCCAGCCCCTGCGATTTTGTGACTCTGT
3400

AATATATGCCCATGCAGCAACTGCTACAGGGAOCAATCAGAATTGCTGCTCATTCACTAAAAAATGTCTCTTAATGAAAAAGGTGATTTGTAAGGGAGGA
o 3500AAATGACTTGAAAGCGTGACGACTGAAATTGACAASAATATTTTGTTCATCTTTTCTAAAACTAGACATAAAATAACTCACTTAAAGAAAGTTTTGGTTT

3600TGAAATAAAAAACAGGAATGTAAGAATACACAGTTCAAAAGAAAAGGTAGGCACGAAGATGAGGAAATGAGTATTGTCTGTCCTTAATAATGTTTGCAGA
_ 3700ACAGAAGGTTTTATGGTAAAATGAAGAAAATATTTCAAAATTTTAACTTAGAATCCAATCTGAA6ACAAAAGTGACAAATCTAAATATGTGAAGTAGCCT

3800TGTCCAGCTTTAAGATTCAGTTACAGCAAGAGAGCTGTTTGACTTGTTCAAGTGTAGGGATAGAAGTTTCTTTTAACCATCACTTTCCATTTCA-TTAAT
/TTACACTACTAAATACACTATAAGGCATAGCATGTAGTAATACA0T6TAAAATA6CTTTTTACACTACTATATTATTAATATCTGTTAAT

3900 1T------TTGCATTTCATATTCTTCTA---TTTTAAAGTTCTCAACAGTCAAACACAATTCTTCTGC-TTATAGGAATACTTAAGTTGTGCAAGGAAGTT
* $*8s*88*8* *8* g *$$G*88* *8*8 * * 8 88 8 8*8 8* 8*8 88* *8888*88*t 8g*8 8 * * *TCCAGTCTTGCATTTCACATTTGCAAAACGTTTTGAAATTCGTATCTG-AAAGCTGAATACTCTTGCTTTACAGGAATACTTGCAGTGTGTGAAGGAACT

1' 4000
S CTATACAGGAGGAGTGSAAGAAGTTAACTTCAAAACAGCTGCAGAAGAAGCAAGGCA6CTCATAAACTCCTGGGTGGAAAAAGAGACAAATG-TAAGAAG{S$*8*8 *8*88* 8*8*$ * 8*88* 88*88*888*888** *88*88 8***IC*CA**88*88*8 *C*8********

GTATAGAGGAGGCTTGGAACCTATCAACTTTCAAACAGCTGCAGATCAAGCCAGAGAOC T TCCT OT GAA TG,GTAAGGTA
4100

TAAAAAAATAGCTGATATTTTCTCCTACCTACTGTA8TCTACGCTCTTGTCTTCTTCTCCTCAAAAT8TGAAGAAAGGCATATCAAGGAACA8CACTTG*
GAACATGCTTTOTACATAOTGAGAOTTGGTTCACCCTAATACTGAGAACTTGGATATAGCTCAGCCAGCGTGCTTTGCGTTCAAGCTTACCAGAGCT/

UW 4200TTATTGCTATGAAAGCAAACTCCCATAAAACTCACCATGCCCTTCATTGCAGGCATTCATGCAAACCAGACAGGCTGTGTCTTAACACTCACTGCTTTGC
* *g g *8 88 8t**88 *8t8*8* * *8 * 8 *8*8*8

/CCTACATCCTCTTCCCCATAAATTCTACATTCTCTATCTACCTTGTGCTTGCCAACATGATATAC----GTAAACTCTCTT--------
1 4300

TTCCTTTTC------ACAGGACAGATCAAAGATTTGCTTOTATCAAGCTCCATTGATTTTGGTACAACAATGGTCTTTATTAACACCATTTACTTCAAAG
*8*8 *8* *88* 8*8* g *8*8*8* 888*8888 8 8888 * *8 *88*8*8 * *8*8 *8*88 8*8*8*8*
TTCCTATTCATTCTTAAAGIGAATTATCAGAAATGTCCTTCAGCCAAGCTCCGTGGATTCTCAAACTGCAATGGTTCTGGTTAATGCCATTGTCTTCAAAG

0 4400_ GATATGGAAAATTGCATTTAATACAGAAGACACTCSGGAAATGCCCTTCAGCATGACAAA6GTAGGGACATSGGCACTACTACTGGAAAAATTCAAGA-
88 88** 8 * $*8*8*88 *8*8*8*8 8 * 888*8* *8*8** *8*8 8*88* *8*8*8* 8* 8* ** *8*8*
OACTOTOGGAGAAAGCATTTAAGGATGAAGACACACAAGCAATGCCTTTCAGAGTGACTGAGIGTA----TATGGGCATACCTTAGAGAT//CATCCAAGAA

LL I 4500TAAAGTGATCCCTACTCACATTGTCTCATGCTT-------------CTGTTTTGCA6G AAGAAAGCAAACCTGTGCAAATGATGTGTATGAACAATAGCT
S **8 8 * 8*8 *88* *** 888 * 888 8**8*******8***g$*t* *888*88 *8 8 *
TAATCTTTGTTAAAACTATATTCTCTCTCTCTTTTTTTTTTTTTTTTGGTTCTCCAGfAAGAAAGCAAACCTGTGCAGATGATGTACCAGATTGGTTTAT

4600
TTAATGTGGCCACACTGCCTGCAGAGAAAATGAAGATCCTGSAGCTCCCATATOCCAGCOGAGATCTGAGCATOTTGGTGCTGTTGCCTGATGAGGTTTC*** 8*88g 88 ** 8* * **88*8*8*88**8**8*888* 8*** *8*8*8* *8 *888**8**8g****8**8*88****** 8* **
TTAGA6T6GCATCAATGGCTTCTGAGAAAATGAAGATCCTIGGAGCTTCCATTTGCCAGTGGG;ACAATGAGCATOTTGGTGCTGTTGCCTGATGAAGTCTC

I 4700Il TGGCCTGGAGCGGGTACGGCCCTGGCAGGGGAAGCCAACTAGTTCGGBATTCAGTGGGAACTTCTGACTGCTTTCAGACC------------------TT
AGGCCTTGAGCAGGTATGGCCCTAAG-------------------------------------- TTCTTCAOAATATTAAAAACACATOGAAATT

4800
TGOCTGTCCTCTCACCCCCTGGCTGTGCTGTGCTGGCCAGGCAGGGGAGCACAACAGTGGCCCAGGTGCTTCTAGGTGCTCAGGCAGAGGTTGGCCTCI A
8.8*88* *t * * *
TAiCTGTTGTAAAGCTCTTTTCAACACAGT/

4900AGGAGAGCCCTAGCCTCAATGTTATTAAACAAAGAGTGTAGCTAACAAAACAAAGGTAAAGGGCCTAGGGCTGCTGTAGTCCTGCAGCAGGGGATGT5TGG
TATATGCAAGTTATCTCCATCAAGTACTAGAGACAGATATGCTAGCAGGATTTCTTTTTTTACTTTGAAGAAATTTCAATTCCCAGAGATCAAGTAGAGI
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5100
TCAAACACTGTTACCAAGTCATAGGGACCAAtTCTGTTGATGACCGTTAATAGATTTTTTTCATGAGTCACCCCTCCAAATAATTAAATTTAATTTTTTT

5200
TTTGTAAATATAG0GATATTTTAAATGATCATTTCTCATTGAATG. GAAAAAAATAGGAAAAATATAACAAGAAAACAAACAGCATTTCTGAGAGGTT

5300
AGCTGCAAACATCTGCAAATGAGCAAAAAT TTGATT T6ACATAATCAAAAAC TGATT TT TCAGAAAAGCAT TTGATCTGTTGGaAAGAAT TTTCAGATGAC

5400
.AAAGTTTTGGAGAGCTTCATCAAGACAGATGATATGTAGGCTATABTCAG6AAGAA6CACAAGGGATAAACAAATAGATTTAAGCTTAAGCGTCACTTCT

5500
GTT TTGCACACAAATAAATGAAATAAATAGCAACAAGTGGTAT TAATACAGT TGGTATGGCCACCAT AC TCCTGCT TTAT GCAT TTCAT TGTCTCT TCTC

*88** * *888 *888888 * * * *8** ** * * t*8*8** 8 8888*** *8*
/TGCAAAAAACCACATAATAGTAACTAGTACTO ----CATTGCCAGGAAGGAAGTTATGTCGCCATTCCATGGATCTCAT--TCTCATTTC

- - 5600
TTTGCAGATTGAGAAGACAATTAACTTTGACAAACTCAGAGAGTGGACTA*TACCAATGCAATGGCAAAGAAGAGCATGAAAGTGTACCTGCCCCGCAT8
CTTGCAGICTTGAGAGTATAATCAACTTTGAAAAACTGACTGAATGGACCAGTTCTAATGTTATGGAAGAGAGGAAGATCAAAGTGTACTTACCTCGCATG

. 5700
AAGATCGAGGAAAAATATAACCTCACATCTATATTAATGGCCTTGGGAATGACAGACCTGTTCAGCCGTTCAGCCAATCTGACTGGCATCTCTTCAGTAG
*8*8* 8*8*t*8888* 8*8*888888** * t*8*8*88 *88* ** 88 *8* *8*8* t*8 *8*8*8*888*8* 8*8*8*88* *8*8* 8*
AAGATGGAGGAAAAATACAACCTCACATCTGTCTTAATGGCTATGGGCATTACTGACGTGTTTAGCTCTTCAGCCAATCTGTCTGGCATCTCCTCAGCAG

5800
ATAACCTGATGATATCTGATGCTGTCCATGGGGTGTTCATGGAAGTCAATGAAGAGGGCACTGAGGCGACAGGTTCAACAGGGGCAATTGGAAACAT --C
* * 8888* 8*8$*88 8 *8*88*8**8 * $*8 88*8$*888 8*8* t*8* * 888 *** *8* 8*8 t 8 *
AGAGCCTGAAGATATCTCAAGCTGTCCATGCAGCACATGCAGAAATCAATGAAGCAGGCAGAGAGGTGGTAGGGTCAGCAGAGGCTGGAGTGGATGCTGC

5900
AAGCATTCCCT TGAGTTAGAAGA6TT TAGGGCTGACCATCCATTCCTCTTCTTCATCAGATACAACCCAACCAATGC TAT TCT AT TCT TTGGTAGATAT T
*8* * 8 8*88** 8**88****88**888*8888tt*888* *88* 8*8* 8 *888**8 88 **** 8*8***** 8888 8
AAGCGTC--------TCTGAAGAATTTAGGGCTGACCATCCATTCCTCTTCTGTATCAAGCACATCGCAACCAACGCCGTTCTCTTCTTTGGCAGATGTG

GTC6CCC GAGA-GAAAGAGCTGSAAATAATGCTTACCTTCCCCTCAGAAATCAAACCTCTTTACTGTAGTAT-----------------------
s *t *s 8*8t*88$ 88888 88 88 88 8* * 88 *8 $ * * 8 8*8*8*8*88**
TTTCCCC T AAGAAGAA--AGCTG--AAAAACTCTGTCCCTTCCAACAAGACCCAGAGC-----ACTGTAGTATCAGOOGTAAAATGAAAAGTATGT

6000
----------------------------- TGTAGCATAATCTCAATGCAATATTTTATCCAAGTGGAAAGCCTTCAATATCTAGGGAGACATTCTTGAAG

8* 888 *8888* *8**
TATCTGCTGCATCCAGACTTCATAAAAGCTGGAGCTTAATCT-----------------------------------------------------AGAAA

6100
AAGCATGTGAAATTTCAGATCTTTATATGCAGGAATTTATTCTC-------AGCTTAGATTCAGGATTCATATCCAAGGTGTACATATTCCCAATGTGCT
88 88 888* *****888****8 88 *88*8 *88*8 8* *88* * 88
AAAAATCAGAAA-------------------- GAAATTACACTGTGAGAACAGGTGCAATTCACTTTTCCTTTACACAGAGTAATACTGGTAACTCATGG

6200
TGAATAACT TGGGAAACAGGGCCAGTGCT TTGGGTT TTTTTTT TTGTTGTTGTTGTTTT TT TT TTTT TTGGTT TGGT TTGTT TTTT TCTGGT TGGTTGTT

* 8*8 8 8 8 8 *8
ATGAAGGCTTAAGGGAATGAAATTGGACTCA----------------------------------------------------------------------

6300
TTTTTTTTTTTTTTTTTTTTTTGTGTGTGTG.----------------------.AGATTCTGCCATTGTTATTGAGAATCTGGTTTCTCTATAGGAGTTCT

88* 8** 8 888*** 8*8***8
------------------------------- CAGTACTGAGTCATCACACTGAAAAATGCAACCTGATACATCAGCAGAAGGTTTAT .------------

6400
CTGAAATAAACACAGCTTTCAGGAAAATCCTGGTCCTTTCCATTGAATTAGCTGGGCAGTCATCCTAGAACTGATGCCT8GACAACTTGCAGATGAAATT
****t*******8888* **88*** *8 *8*8*8 **8 88 888 8*88888*8*

GGGGGAAAAATGCAGCCTTCCAATTAAGCCAGATATCT-------- GTATGACCAAGCTGCTCCAGAATTAGTCACTCAAAATCTCTCAGATTAAATT
6500

TTTAACTTCAGCAGACCATTTGTCTTCCAGTAATCCATTTGGACTTATTTGTGCTGCGTAACGTTT----------------TTTCTGAGGGAGCATACA
8*8*8* 8 *8*88* ***8 t88 888* 8 * 8888 * 8**8888 888*

ATCAACTGTCACCAACCATTCCTATGCTGACAAG0CAATTGCTTGTTCTCTGTGTTCCTGATACTACAAGGCTCTTCCTGACTTCCTAAAGATGCATTAT

GAAAGTCTA------ CCATTTCTTCTTAAATCATCTCC-----------------AAACAAAACGTCTTCCTGATTGATATTATTTCCCATTTTCATCC
8*8*8*8*t*8*88*888 88** *8 **8 * *888*8**8*88$*

AAAAATCTTATAATTCACATTTCTCCCTAAACTTTOACTCAATCATOGTATGTTGGCAAATATGGTATATTACTATTCAAATTGTTTTCCTTGTACC---

CAGTGACATGTCACTGATTTTBTGAATGTTAATTAATG GTCTTTCTATTTATTCTAGCT CCAAACAAAACATGT------CATTACCTATTC
8*8****8 *8 8*8*8**** 8 888** **88 *8*8*+*88 88 ***** 8 * 88

----CATATGTAATGGGTCTTGTOAATGTGCTCTTTTGTTCC----TTTAATCATAATAAA,AACATGTTTAAGC AAACACTTTTCACTTGTA0TATTTGA

6700
TGGGTTACTGTACTACACAACCTGAAAAATATGATATAGTGGGTAATAATTATTGACAGAGGTGACTAAGCTGGTATGTGGATCC
8 8 8 *8 8*888**888 88*88***8*8*** 8*8* * * 88g

AGTACAGCAAGGTTGTGTAGCAGGGAAAGAATGACATGCAGAGGAATAAGTATGGACACACAGGCTAGCAGCGACTGTAGAACAA
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missed (Table I). The 6759 bp sequence presented in Fig. 2 starts at the
cap site for Y gene transcripts which we have localised previously (5) and
ends about 120 bp beyond the polyadenylation site (see below).
Al i gnment with the oval bumi n gene sequence.

a) Conservation of sequences involved in post-transcriptional processing.
Sequences showing a high degree of homology to all of the ovalbumin

exons can be found in the Y gene (Fig. 2). The alignment is unambiguous
except for a major part of the 3' untranslated sequence in exon 7 (corres-
ponding to positions 5979 to 6585 in the Y gene sequence). The sequences
defining splice sites in the ovalbumin gene are well conserved in the Y
gene and conform in all cases to consensus sequences for such sites (see
Ref. 7 and 8). The region surrounding the polyadenylation site in the oval-
bumin gene can be aligned with a homologous sequence in the Y gene which
includes the AATAAA sequence (at position 6636), conmmonly found at the 3'
end of protein-coding genes (9, 10). Assuming that these homologous sequen-
ces are functional in the maturation of the Y gene transcripts, it is pos-
sible to define the lengths of the exons and introns. These lengths fit
very well with those previously determined by electron microscopy analysis
of hybrids between Y mRNA and the cloned DNA (Table I).

b) Protein-coding sequences.
A putative Y mRNA sequence can be deduced and analysed for the loca-

tion of an initiation codon and for the distribution of stop codons. The
first AUG in this sequence Is present at a position in exon 1 homologous to
the initiation codon for ovalbumin and defines a reading frame which is
open up to a UAA codon, 1164 nucleotides downstream, which is also homolo-
gous to the ovalbumin termination codon (position 5911 in exon 7).
Throughout this interval, the two other phases contain many stop codons :

20 and 32 for the 2nd and 3rd phases respectively (Table I). Following the
first UAA in phase 1, many nonsense codons can be found in all three phases

Flgure 2: The Y gene sequence and its alignment with homologous regions in
ovaluum n gene. ine Y gene sequence is presented above tne corresponding
ova umr n gene sequence (6). The numbering corresponds to the Y gene se-
quence. From position 1 to 618, the sequence is derived from xXEcolO clone
and past this position, from the pAR2 clone. In the region 618 to 1158,
which has been sequenced on both clones (see Fig. 1), we have indicated
above the line the bases which differ in XEcolO. For non-coding regions,
the alignment proposed is based on a minimum number of deletions. In intron
regions which show no significant homology only the Y gene sequence is
shown. The exons, the initiation and termination codons and the AATAAA
polyadenylation signal are boxed. Palindromic sequences in the leader, in
exon 1, and upstream the polyadenylation site are indicated by arrows.
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TABLE I: Length of structural elements in Y and
tribution of nonsense codons in Y gene exons.

ovalbumin genes and dis-

Structural elements Ov. gene Y gene Non-sens codons (Ygene)

(bp) (bp) phasel phase2 phase3

leader exon (untranslated) 47 50 1 3 0

intron A 1589 1757 (1619±145)

exon 1 -untranslated region 17 14 0 0 0
(199±22)

-coding region 168 168 0 4 5

intron B 251 545 (453±98)

exon 2 51 51 (54±15) 0 0 3

intron C 581 355 (357t56)

exon 3 129 129 (142±16) 0 0 3

intron D 400 847 (808±83)

exon 4 118 118 (128±17) 0 2 1

intron E 958 221 (235±35)

exon 5 143 143 (148±16) 0 1 3

intron F 331 81 (50±15)

exon 6 156 156 (165±18) 0 4 4

intron G 1582 876 (886±91)

exon7 -coding region 393 399] 0 9 13
(1146±76)

-untranslated region 650 744 J
±

10 15 10

For the Y gene, the numbers in parenthesis correspond to the length measu-
rements obtained by electron microscopy analysis of mRNA-DNA hybrids (2).
Phase 1 corresponds to the ovalbumin reading frame.

up to the AAUAAA sequence, as expected for an untranslated region. The
protein-coding sequence thus defined in Y mRNA is almost identical in
length to that in ovalbumin mRNA (1158 nucleotides), and is read in the
same phase, except for a small region located 120 to 100 nucleotides up-
stream from the termination codon, where two insertion/deletion events
appear to have taken place (positions 5801 to 5818). This is in excellent
agreement with the results of in vitro translation, which showed that puri-
fied Y IRNA codes for a protein which has an electrophoretic mobility very
close to that of ovalbumin in SDS polyacrylamide gel (3). These findings
reinforce our conclusion that the exon limits in the Y gene are those
determined on the basis of sequence homologies with the ovalbumin gene.
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c) Non protein-coding sequences.
In the short (64 bp) 5' untranslated region, two small lengths dif-

ferences (of 3 bp each) are found between the Y and ovalbumin gene sequen-
ces (in the leader and in exon 1, see Fig. 2). In the 3' untranslated re-
gion, alignment of the Y and ovalbumin sequences is not unambiguous. Homo-
logous sequences are found somewhat scattered between dissimilar ones, and
include a short stretch beyond the TM codon and another one in the poly-
adenylation region. A peculiar TG-rich sequence, where stretches of T al-
ternate with repeats of GTT, GGTTT, GGTT and GT, is found in the Y gene
(positions 6171 to 6273) and has no counterpart in the corresponding oval-
bumin region. Numerous insertions and deletions of a wide size range have
to be introduced in order to optimize homology (17 length changes for the
alignments proposed in Fig. 2). Related sequences are also found within the
100 bp which follow the polyadenylation site.

We did not find significant homology between Y and ovalbumin gene
introns except for rather short segments adjacent to the splice junctions
(Fig. 2). The length of the sequences that can be aligned in these regions
ranges from 17 bp to 86 bp excluding the insertions/deletions which are
needed to optimize the homology. Comparison of intron A sequences derived
from two clones (originating from different chickens of the same flock)
suggests that polymorphic differences are quite frequent (4 differences in
540 bp), as found previously for the ovalbumin gene (6, 11).
The Y protein sequence

From the Y IRNA coding sequence, it is possible to derive the sequence
of a protein, 388 amino acid-long, which can be compared to the 386 amino
acid-long ovalbumin sequence (Fig. 3). The putative Y protein is 58 X homo-
logous to ovalbumin, which is not unexpected in view of the homology be-
tween the two nucleotide sequences, the identity of the reading phases
(Fig. 2) and the better conservation, within codons, of replacement sites
versus silent sites (see below, Table IV). The two additional amino acids
in the Y protein are located near the carboxy-terminus (positions 352 and
357 in Fig. 3). Since little is known about functional or structural do-
mains within the ovalbumin protein, the significance of the distribution of
conserved and modified sequences cannot be assessed. Some long amino acid
tracks are conserved (especially in the C terminal half, corresponding to
exons 6 and 7) which are longer than expected from a random distribution of
homologous amino acids (2).Several sites of post-translational modification
are known in ovalbumin (12). The glycosylation site Asn(CHO)-Leu-Thr at
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1 1 2. *i3 80
MDSISVTNAKFCFDVFNEMKVHHVNENILiCPLSILTALAMVYLGARGNTESOMKKVLHFDSIT6AGSTTDSQCGSSEYV

MGSIGAASMEFCFDVFKELKVHHANENIFYCPIAIMSALAMVYLGAKDSTRTOINKYVRFDKLPGFGDSIEAOQCTSVNV

HNLFKELLSEITRPNATYSLEIADKLYVDKTFSVL EYLSCARKFYTGGVEEVNFKTAAEEAROLINSWOEKETNGOIKD
* * t *** ** * ** ****** **** ******** *t *t**** t****
HSSLRDILNOITKPNDVYSFSLASRLYAEERYPILPIEYLQCVKELYRGGLEPINFQTAADQARELINSWVESQTN?IIRN

5 . . 16 ... 240
LLVSSSI DFGTTMVF INT IYFKG IWKI AFNTEDTREMPFSMTKESKPVQMMCMNNSFNOATLPAEKMK ILELPYASGDL
* ** * * ** * * *** * * *** *** * t******* * ** ******t** ***
VLOPSSVDSQTAMVLVNAIVFKGLWEKTFKDEDTQAMPFRVTEOESKPVQMMYQIGLFRVASMASEKMKILELPFASGTM

1 7 . 320
SMLVLLPDEVSGLERIEKTINFDKLREWTSTNAMAKKSMlVYLPRMKIEEKYNLTSILMALGMTDLFSR&ANLTGISSVD
tt*t*******t** * *** ** **** * * t**t**** ******** *** * ** ** **** ****
SMLVLLPDEVSGLEQLESIINFEKLTEWTSSNVMEERKIKVYLPRMKMEEKY LTSVLMAMGITDVFSSSANLSOISSAE

CHO

NLMISDAVH6VFMEVNEEGfEATGSTGAI6NIKHSLELEEFRADHPFLFhIRYNPTNAIEFF6RYWSP Y- protein
$ ** *** * ** * * ** * * **********t$ * *** **** **
SLKISOAVHAAHAEINEAGREVVGSAEAGVD-AASV-SEEFRADHPFLFCIKHIATNAVLFFGRCVSP Ovalbumin

Fgure 3 Al ignment of Y and ovalbumin protein sequences. The location
of phosphorylation sites (P) and glycosylation site (CHO) are indicated for
the ovalbumin sequence. Vertical bars delimitate sequences coded by exons 1
to 7. The two length differences between the two sequences are marked by
arrowheads.

position 293 to 295 in ovalbumin is conserved in the Y protein, as well as
one of the serine (aa 345) which can be phosphorylated in ovalbumin. The
other phosphorylable serine (aa 69) is replaced by threonine in the Y se-
quence. Lingappa et al. (13) have provided some evidence that the ovalbumin
region between aa 235 and 254 might play the role of non processed signal
peptide involved in the secretion of the protein. This region is highly
conserved in both Y and X protein sequences (Fig 3 and Ref. 2).
Non random base distribution in the Y and ovalbumin genes.

We have studied various parameters of base distribution in the oval-
bumin and Y genes: base composition, dinucleotide frequency and occurence
of polypurine or polypyrimidine stretches. Both genes have a base composi-
tion close to that found for the total chicken genome (14). Introns are
more AT rich than protein-coding exons (Table II). Dinucleotide frequency
has been analysed previously for the ovalbumin gene and it was reported
that the only departure from the frequencies expected from base composition
occured for the CG dinucleotide (6). A very low frequency of the CG pair is
also found in the Y gene, in both exons and introns. However significant
deviations from a random distribution are also found, for some other
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TABLE II: Parameters of base distribution in Y and Ovalbumin qenes.

Base composition
(X)

Dinucl eoti de
composition

A
T
C
G

AT
TA

CG
GC

AA
TT

CC
GG

AC
GT

AC+GT

CA
TG

CA+TG

AG
CT

AG+CT

GA
TC

GA+TC

Y GENE
Introns Protein-coding

I region

31,7
31,2
18,3
18,8

Obs. Exp.
362 (463)442
301 (463)U42

18 (161)*
164 (161)154

542 (470)448
526 (456)435

149 (157)189
190 (165)198

268 (272)259
244 (275)262

512 (547)521

358 (272)328
361 (275)330

719 (547)658

310 (279)334
332 (267)322

642 (546)656

281 (279)266
276 (267)255

557 (546)521

31,0
26,0
20,4
22,6

Obs Exp.
96 88

149 88

[11 (54)*1
55 51

116 105
82 74

49 59
63 71

61 69
50 64

111 133

101 90
100 82

201 172

89 99
75 77

164 176

95 77
72 58

167 135

OVAL
Introns

33,1
30,7
18,2
18,0

Obs. Exp.
479 554
465 554

29 (186)*
223 178

670 599
556 514

168 224
177 219

318 329
293 302

611 631

419 406
400 374

819 780

417 402
420 377

837 779

330 325
327 306

657 631

BUMIN GENE
Protein-coding

region

29,3
25,6
21,7
23,4

Obs. Exp
85 81

1 41 81

13 (59)*
69 55

101 93
75 71

52 68

155 77

52 69
57 65

,1109 1374 1]
108 92
101 84

209 176

102 96
79 79

181 175

90 74
78 60

1 168 134 1

Base composition (in X) and frequency of dinucleotides have been calculated
separately for introns and protein coding sequences (3 untranslated se-
quences are omitted since they are too short to yield significant results).
The observed number of dinucleotides (obs) is compared to the number expec-
ted (exp) from base composition and corrected for the actual CpG frequency
(see text). The uncorrected values are given (in parenthesis) for Y gene
introns only and in all cases for the CG pairs (starred values). The sta-
tistical significance of the differences between observed and 'corrected"
expected val ues was cal cul ated (except for CG pai rs where the uncorrected
value was taken into account). Boxed values indicate significance at p4.02.
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dinucleotides (Table II). The complementary CA and TG pairs appear more
frequently in coding and non coding sequences than expected from base com-
position alone, in both the ovalbumin and the Y genes (Table II, compare to
AC and GT frequencies). Such a bias has been found in other vertebrate
genomes and is correlated to the CG deficiency (15). It has been proposed
that this phenomenon is due to a high mutation frequency of methylated
cytosine towards thymine. In genomes where cytosine methylation is frequent
at CG pairs (as in the chicken) this increase in mutation rate would lead
both to a deficiency in the CG pair and to an increase in the TG and CA
pairs derived from the C-T transition (15).

However, this interpretation is valid only if the increase in frequen-
cy of CA and TG pairs is mathematically independent of the decrease in CG
pairs. This is not the case since the number of C (or G) residues in a
sequence can be written as the sum of the number of dinucleotide pairs
starting with C (or ending with G) : NC=NCA+Ncc+NCG+NCT
(and NG=NAG+NCG+NGG+NTG)* Thus the reduction in CG pairs
will result in an increase in the expected number of CA, CC and CT pairs
(and a similar effect will occur for AG, GG and TG pairs). When this is
taken into account, we find that the observed frequency of CA and TG pairs
is still higher than the expected values corrected for the CG bias (Table
II). This would support the increased mutation hypothesis, but with an
effect much smaller than previously reported (see for instance the Y gene
introns, which have 719 CA+TG pairs compared to 547 expected from base
composition alone, and to 658 after correction for the low CG content).

Other significant biases are found for A and T containing pairs.
There are far fewer AT and TA pairs than AA or TT pairs in Y or ovalbumin
gene introns. In protein coding exons however only the TA frequency devi-
ates from expectation, albeit strikingly. Avoidance of TAA and TAG nonsense
codons in the reading phase can explain only part of this bias. CC and GG
appear also somewhat reduced and other deviations from expected values do
not appear as common features in the two genes.

Examination of intron sequences in both the Y and ovalbumin genes
reveals conspicuous runs of purines or pyrimidines. As shown in Table III
there are more nucleotides in A+G stretches or C+T stretches for both size
classes analysed, than expected. Frequency of polyA or polyT homopolymeric
runs is increased in the Y gene only. Finally it can be noted that the
YmRNA contains several interesting palindromes : in the leader (this
palindrome is also present in the ovalbumin mRNA, but not in the XmRNA), in
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TABLE III: Purine and Pyrimidine stretches in Y and ovalbumin gene introns.

Length of stretches Number of nucleotides in stretches

(in bases) A+G stretches C+T stretches An Tn Cn Gn

6 to 10 417 (252) 372 (228) 60(21) 84(19) 0(1) 0(1)
Y gene
Y 11 72 (15) 92 (12)

Ovalbuulnf6 to 10 479 (327) 323 (264) 28(32) 14(21) 6(1) 0(1)
gene 1 11 113 (21) 138 (14) 16(0,1)

We counted the number of polypurine, polypyrimidine or homopolymeric
tracts of a given length using the SEQFIT program of Staden (16). We then
derived the total number of nucleotides present in tracts of two size clas-
ses: 6 to 10 nucleotides long and 11 nucleotides and longer. These obser-
ved values are compared to those expected from the base composition of the
sequences (in parenthesis).

exon 1, and in exon 7 immediately upstream from the AAUAAA polyadenylation
signal (see Fig. 2).

DISCUSSION.
a) The Y gene structure.

The location of exons in the Y gene, as presented here on the basis of
sequence homology with the ovalbumin gene, is in excellent agreement with
the previous electron microscopy results and allows the definition of a
protein coding sequence of the length expected from in vitro translation of
Y mRNA (3). However, since we did not compare the Y mRNA (or cDNA) sequen-
ce directly to the genomic sequences, we cannot a priori eliminate the
possibility that at least some of the intron-exon junctions in the Y gene
do not correspond to the ovalbumin gene junctions. From the study of a ,+
thalassemic globin gene it is known, in fact, that a single point mutation
can create a new functional splice sequence within an intron, even though
the sequence of the normal junction (and of the rest of the gene) has not
been modified (17, 18, 19). If other splice Junctions exist in the Y gene,
they should be placed close to the one we have proposed (in order to acco-
modate the electron microscopy data) and should respect the reading frame,
(since stop codons are found in the two other phases (Table I). Examination
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of the Y gene did not reveal other possible junctions conforming to the

proposed consensus sequences (8), that would satisfy these additional con-

ditions. We feel therefore that the existence of an alternate structure for
the Y gene is very improbable.

The location of the Y gene polyadenylation signal based on homology
with the ovalbumin gene sequence is certainly accurate since it gives an

excellent fit with the previous length determination for exon 7 (see Table
I) and since no other polyadenylation signals (AATAAA, ATTAM or AATATA,
see Ref. 20, 21) are found in a 250 bp region around the proposed site.
However the existence of minor polyadenylation sites cannot be eliminated:
in fact a longer transcript has been detected which contains sequences
beyond the proposed 3'end of the Y gene (3).

Comparison of the Y and ovalbumin gene structures shows that signals
necessary for transcription initiation (TATA box, cap site, see Ref. 5) and
post-transcriptional processing (splice sites and polyadenylation site, see

above) have been conserved together with exon sequences. On the contrary,
introns are generally very dissimilar in length as reported previously
(Ref. 2, see Table I) and show very little sequence homology.

b) Selective pressure on Y protein-coding sequence.
The comparison of the ovalbumin and Y gene sequences confirms our

previous observations (2) based on electron microscopy analysis of X, Y and
ovalbumin gene structures and on examination of the sequence of 3 exons and
neighbouring sequences in the X gene, that selective pressure was exerted
mostly to preserve a protein-coding sequence. Little or no homology is
found in introns or in most of the 3' untranslated sequence and even in the
Y and ovalbumin non protein-coding regions which can be aligned, deletions
or insertions appear to have occured at high frequency. In the 70 bp 5'
untranslated sequence, two such events can be detected. In the 3' untrans-
lated sequence, deletions or insertions occur as close as 5 bp downstream
from the termination codon and we could align, with a 53 X homology, only
281 bp of the Y and ovalbumin 3' untranslated regions which are respective-
ly 744 bp and 650 bp long. 17 deletions/insertions have to be introduced in
either sequence to obtain such a result and we cannot therefore eliminate
the possibility that some of the homology is due to chance.

In contrast, the conservation of splice junctions and the scarcity of
insertion/deletion events within the coding sequences were essential to
keep the reading frame. In the 1164 nucleotides of coding sequence the
overall homology is 72,6 X, and only two closely located deletion/insertion
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events appear to have taken place between the Y and ovalbumin genes, 100 bp
upstream from the termination codon these two events have compensated
each other to restore the proper reading frame but resulted in an insertion
of two amino acids in the Y sequence compared to the ovalbumin one (see
Fig. 3, position 352 and 357). No such length differences are found between
the protein-coding sequences of the X and Y genes. Examination of partial
amino acid sequences from goose, pheasant, turkey and duck ovalbumins (22)
shows that in this carboxy terminal region, they ressemble chicken ovalbu-
min and not the X and Y proteins. There is thus no evidence that genes
orthologous to the X and Y chicken genes represent the major ovalbumin
coding genes in these other avian species.

It is apparent that selective pressure has operated not only to keep
an open reading frame, but also to preserve some conmnon polypeptide struc-
ture between the ovalbumin and Y proteins. This is best indicated by a
comparison of the mutation frequency at silent sites (where a base change
does not modify the amino acid sequence) and at replacement sites
(Table IV). Using the calculation proposed by Perler et al (23), we found,
for the entire protein-coding sequences 29 % replacement changes versus 65
X silent changes (these results are corrected to account for multiple muta-
tions at the same site).

Short regions of high homology are found in exon 1 (88 % homology
over 67 bp) and in exon 4 (80 X over 69 bp) [see Fig. 2] which might be
due to stronger selective pressure at the protein level since the two exons
are characterized by a lower proportion of replacement changes, but not of
silent changes (Table IV). More significantly, exons 6 and 7, which code
for the entire carboxy-termi nal half of the protein are al so better con-
served, as Judged from the low level of changes at replacement sites (22 X)
and from the occurence of long conserved amino acid tracks (> 10 aa, see
above). In this case however, the proportion of silent changes appears to
be lower than for the rest of the coding region (57 X compared to 73 X).
Since silent mutations are thought to occur at a fixed rate, this latter
observation might indicate that a correction event occured, relatively
early in the history of Y and ovalbumin gene duplication. Decisive evidence
for gene conversion events between the Y and X genes has been obtained by
comparison of the two gene sequences (to be published).

The duplication of the Y and ovalbumin genes can be approximately
dated to 50 to 80 million years ago, if one assumes that base substitutions
at silent sites occur in avian at a rate similar to the value estimated for
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TABLE IV: Comparison of

EXON

5 'untransl ated

exon 1(coding region)

exon 2

exon 3

exon 4

exon 5

exon 6

exon 7 (coding region)

3'untranslated (b)

Y and Ovalbumin Exons.

HOMOLOGY NUMBER OF REPLACEMENT SILENT

I % GAPS (c) SITES

(X changes)

42/61(a) 68 2(6)

123/168 73

67

61

34/51

79/129

86/118

96/143

122/156

292/391(a) 75

281/528(a) 53

0

0

0

73 0

67 0

78 0

2(10)

17(338)

25,2

47,7

43,4
24,4

42.1

19,8

22,3

SITES

(X changes)

87,1

(46,1)

92,3 73,6

72,6

69,5

50,2
57,6

61,1J

(a)For nucleotides which can be aligned
(b)The total length of the 3' untranslated region is 744bp in the

in the Ov gene, assuming that the site of polyA addition is at
position with respect to the AATAAA sequence.

(c)The total length of the gaps is given in parenthesis.

Y gene and 650bp
the same

Changes at replacement and silent sites have been calculated as in Perler
et al. (23). Incidence of stochastic variation on the values obtained for
individual exons is larger in the case of silent changes, since silent
sites are less numerous than replacement sites by a factor of 2,5. For this
reason, we provide in addition the values calculated for larger regions
(a non linear correction for multiple changes is used in the calculation,
and the value corresponding to a group of exons is thus not equivalent to
the weighted average of the values corresponding to individual exons).
Because of the small size of exon 2, the value for silent changes is not
significant and is placed in parenthesis.

mammals ; 0.8 to 1.3 % changes per million years (see Ref. 24). In fact
comparison with the limited amino acid sequence available on duck ovalbumin
(22) suggests that there might be more differences between the Y protein
and ovalbumin of either chicken or duck, than between the two latter pro-
teins, which diverged for a period of about 80 million years.

c) Clustering of mutations in protein-coding exons

We have analysed the distribution of base differences between the Y
and ovalbumin protein-coding exons, and found that clusters of at least
four adjacent base changes are more frequent than expected from the 72,6 X
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average homology (Fig.4a). This might be due to an absence of selective
constraint in some regions where mutations would be fixed at a rate close
to that for silent sites (see for instance exon 3). However some of the
longer clusters might have arisen through other mechanisms : a striking ex-
ample is given by the cluster of 8 consecutive base changes in an otherwise
very conserved region in exon 7. At this place we found a 8/9 nucleotide
adjacent direct repeat in the Y sequence and a related but different 7/7
nucleotide repeat in the ovalbumin gene (Fig. 4b). Other, less striking
examples are the 6 bp long cluster in exon 1, where 4 bp repeats are found
both in Y and in ovalbumin genes and the 5 bp long cluster in exon 1, where
a 5/6 repeat is found in the ovalbumin gene sequence (Fig. 4 c and d). It
has been previously proposed that deletions or insertions arise more fre-
quently in regions where short duplications are found, due to mispairing
during replication (25, 26). The sequences shown in Fig. 4b-d suggest that
direct repeats might also play a role in the generation of block mutations.

d) Sequence features in non-coding regions.
Base composition of protein-coding regions is subjected to constraints

related to the amino acid sequence. Intron sequences, although independent
of such constraints, nevertheless have a non random base arrangement (see

a) Length of clusters Observed Expected b)5725r-- r------i
GCTGTCCATGGGGTGTTCATGGAAGTCAAT(bp ) I I I ********k* * *** *****

GCTGTCCATGCAGCACATGCAGAAATCAAT
4 9 3,37 3,89
5 2 0,92 1,20 c)1831 , .-.

ATCAGTGTAACMTGCAAAATTTTGTTTT6 1 0,25 0,38 *** *** * *** ***********

7 0 0,07 0.12 ATCGGTGCAGCMGCATGGAATTTTGTTTT
8 1 0,02 0,04

Number of base pairs d)1957 r .
Inclusters~~460 20,2 25 GCAAGAGGTAACACTGAATCTCAGATAGin clusters *4 60 20,2 25 ** ** **

GCAAAAGACAGCACCAGGACACAAATAAT
L __JL J

Figue Clustering of mismatches in protein-coding regions. a) The
observe frequency of mismatch clusters of a defined length was compared to
the expected values. The latter were calculated in two different ways :
first on the basis of the 72,6 % homology found between the two coding
regions and second by assuming a heterogeneous partition of the homology
(67,5 % homology over 60 X of the length, 80,5 X homology for the remaining
part). This assumption is supported by an analysis of homology over conti-
guous 50 bp long tracks (not shown). b to d) Sequences surrounding long
clusters of mismatches. The direct repeats (see text) are indicated by
square brackets. The Y gene sequence is presented above the corresponding
ovalbumi n gene sequence. Numbering is as in Fig. 2.
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Table III and IV). The deficiency in CpG pairs is common to vertebrate
genomes (introns and exons alike) and is related to the occurrence of cyto-
sine methylation (15). Excess of TG and CA pairs is correlated to the CG
deficiency, but only part of this excess might be due to increased mutation
from CG to CA and TG (see Table III and above). The deficiency in AT and
TA, and the excess in TT and AA pairs might be a characteristic of chicken
and of other vertebrate genomes (27). It remains to be seen whether the in-
creased occurrence of polypurine and polypyrimidine stretches found in in-
trons is connon to other genes or is specific for the ovalbumin gene family
region and whether they have a biological significance. An asymmetric dis-
tribution of bases in the human y globin genes and in other genes has
recently been found and analysed by Smithies et al. (26), although the bio-
logical significance of such uchromosomal domains" is presently unknown.

A striking example of non random base distribution is given by the
peculiar 103 bp long TG rich sequence found in the 3' untranslated region
in exon 7. This sequence consists of stretches of Ts separated by repeats
of small T+G motives and is not present in the ovalbumin gene. This sequen-
ce does not appear to be highly repeated in the genome (2). Another unusual
300 bp long sequence, which is TC rich, has been found upstream from the
promoter region of the Y gene (5). Thus almost all of the Y gene (except
its 3'end) is found between these two highly asymmetrical and relatively
simple sequences. It has been proposed that simple sequences could favour
gene rearrangements, such as the gene conversion which took place in the
human y globin locus (28, 29). However, there is no evidence for such a

role in the Y gene, since similar levels of homology with the ovalbumin
sequence are found, in the 3' untranslated region, on both sides of the TG
rich sequence. Although such sequences might arise as "selfish DNA", their
peculiar base composition could also be important in recognition by chroma-
tin proteins. It is likely for instance that chromatin structure would be
altered in these regions since it has been shown that nucleosomes do not
form (in vitro) on dA-dT stretches (30, 31). AT rich spacers have been
found as regular features of various genomes and it has been proposed that
they play a role in the structuring of chromatin domains (32).

CONCLUSION.
The conservation of sequences important for the synthesis of a Y gene

transcript, its maturation into a functional messenger, together with the
apparent pressure to retain certain features in the protein sequence indi-
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cate that the Y gene, although expressed at a low level, confers a distinct
selective advantage to the chicken. No pressure appears to be exerted on
the exact sequence of non coding regions, especially in introns, as has
been observed for other gene families (24, 25). Even intron length evolved
rapidly, contrary to the case of the globin gene family where these lengths
appear to be conserved over longer evolutionary times (24). Non-random
sequence arrangements are however found in comon in introns of both Y and
ovalbumin genes. Some of these biases might be general characteristics of
chicken (or vertebrate) genomes. The most evident feature (concerning the
CG pairs, but also the CA and TG pairs) is clearly related to DNA methyla-
tion. The biological significance of the other sequence features which have
been found remains to be established.
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