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We have reported in rat three adult f-gene haplotypes containing either five or
three genes. Detailed sequence analysis reveals that the leftmost gene is the major
gene and that at the opposite end downstream lies the minor gene. All of the genes
lying between them are minor-major hybrids indicating their origin by unequal
crossing-over. In two haplotypes B-globin genes were found with an L1’ element
inserted directly into IVS2. The described results allow the formulation of a pathway
of mutational events leading from the ancient two-B-gene rodent ancestor through
a three-gene haplotype to five-gene haplotypes, one of which is postulated to have
arisen in common laboratory strains since their capture in the wild.

Introduction
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The superfamily of globin genes was formed by a series of gene duplication event
and by the fixation of sequence changes (Czelusniak et al. 1982). The numerous>
haplotypes have been described consisting of restriction-fragment-length polymor<
phisms {Antonarakis et al. 1985). The globin haplotypes that differ in the number of3
genes have been reported (Rando et al. 1986; Cheng and Hardison 1988; Garner ancg
Lingrel 1988). The structural and functional constraints during evolution presumablyg
limit the plasticity of family organization. Thus the presence of one or at most twos,
active adult B genes might be considered as one such constraint, since it appears tqs
hold in the vertebrate species studied so far (Martin et al. 1983; Wood and Weatherall;‘
1983; Harris et al. 1984; Townes et al. 1984). However, we have described in rat adults
B-gene haplotypes containing either five or three genes each (Stevanovic et al. 1989)%‘
The sequence data indicate that rats have one major, one minor, and different numbers>
(one to three) of hybrid genes located between the first two. Rat genes are also unusuaE
in that two genes in haplotype b and one in haplotype c have a 6.5-kb long IVS2. Thez
present paper examines different structural changes in three -globin gene haplotypeé%
in rat, as well as the pathway which led to their formation.

Material and Methods
Restriction Mapping
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DNA was isolated from kidneys and spleens, digested, electrophoresed, blotted 3
and hybridized according to methods described by Herrman et al. (1986). Probess
(Stevanovic et al. 1989) were labeled according to the procedure described by Feinber%

N

1. Key words: globin genes, rat haplotypes, numerous -globin genes, minor-major hybrid genes. Ab-
breviations: IVS1 = intervening sequence one; IVS2 = intervening sequence two; L1 = long interspersed
sequence one; L1Rn = long interspersed sequence one in Rattus norvegicus.
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and Vogelstein (1983 ). The maps were obtained in part by genomic Southern analysis
and in part from genomic clones isolated from a A-vector library (Stevanovié et al.
1989). Haplotype a was found in inbred strain DA, and haplotype b was found in
strains AO and Y5 and in an outbred Wistar strain. Haplotype ¢ was found coexisting
within the same Wistar strain with haplotype b (Stevanovi¢ et al. 1989).

Sequencing of Rat B-Globiﬂ Genes

Propagation of recombinant bacteriophage from the rat genomic DNA library
and CsCl isolation of phage DNA were performed according to methods described by
Davis et al. (1980, pp. 74-81). Fragments for subcloning were obtained by digestion
of the recombinant phage DNA by the appropriate restriction enzymes and subsequ%nt
electroelution. These fragments were ligated to M13 or pUCI18 vectors. Sequencing
was done according to a modification of the dideoxy chain termination methodZof
Hattori and Sakaki (1986). The partial sequence of the 3’ region of the x gene \iﬁgas
obtained by sequencing the recombinant phage DNA, according to the method-of
Mantioletti and Schneider (1988). The necessary primers were obtained from Genétic
Designs, Inc.; all chemicals and enzymes used for sequencing were from United Stazes
Biochemical, except for a-33S dATP, which was from Amersham.

opeoe//:sd

Sequence Comparisons

The published nucleotide sequences were compared with those obtained in ﬁle
present work. The sequences were aligned by using the ALN3 (BIONET version 150)
triple-alignment program, based on the algorithm described by Gotoh (1986). 'ﬁle
triple alignments were then combined and improved by eye.

In the estimation of similarity, each nucleotide difference was counted as o§e
and indels (insertions or deletions) of 1 and 2 bp were counted as one and two pomis,
respectively. Larger indels were assigned three points. The largest indel was 121 Ebp
long. Similarity scores were defined as 100 minus the number of points per hundied
nucleotides compared.

Results
Adult B-Globin Haplotypes and Sequence Comparisons
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As a part of the study of the B-like globin family of rat, we have investigated ﬂle
structures of the three adult B-globin haplotypes (Stevanovic et al. 1989). Theirge-
striction maps are shown in figure 1. The number of the adult  genes far exceeds tﬁat
found in other mammals. Of the 13 genes found in the haplotypes (table 1), we hgve
cloned six and a half from haplotypes b and c. To prove the identity of genes andto
study their evolutionary origin we have sequenced either entire cloned genes or portigns
of them (Radosavljevi¢ and Crkvenjakov 1989; Stevanovié¢ and Crkvenjakov 1989;
present paper). The sequences are shown in figure 2. All genes contain the sequenges
common to all functional globin genes (Myers et al. 1986; for review, see Efstratiagiis
et al. 1980). The sequences which are believed to be important for initiation, terfdi-
nation, and processing of transcript are found intact in all examined rat B-globin
genes. These sequences include the CACCC box, CCAAT box, ATA box, the presumed
ribosome binding site (CTTCTG), and the polyadenylation signal (AATAAA). The
genes y (Stevanovi¢ and Crkvenjakov 1989) and u have a modified polyadenylation
signal (AATTAA).

The sequences of all genes are very similar. To quantify the comparison, we have
calculated similarity scores for each pair of genes and have represented, separately,
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FiG. 1.—Restﬁction maps of three haplotypes of the B-globin gene family present in different rat- strains: 1, Haplotype a. 2, Haplotype b. 3, Haplotype c. The positions
of the genes are shown by the boxes, with the filled parts denoting exons. Restriction sites for EcoRI (E) and for BamHI (B) endonucleases are indicated. The single-letter
representations of genes are as given in table 1.
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Table 1
Rat B-Globin Genes Studied

Strain, Haplotype Genes®
DA,a................ B™?(a) Bminl(g) Brinti(¢)
Wistar (AO and Y5)°, b B™i(h, 100)  PmX'(x,54)  BEY(y, 100)  PTX(v) BminZ(z, 84)
WiStar, ¢ ............. Bmai(c) By 37)  BMIW(y 54)  BRRX( 35) BNy

2 Italicized letters in parentheses are single-letter representations used throughout the remainder of the present paper.
As an aid in remembering, a, b, and ¢ are the major genes of haplotypes a, b, and c; minor genes are represented by the
appropriate genotype letter where possible. The number that follows the italicized letter is the percentage, excluding the
insertion, of the gene sequenced. The percentages for the x, z, w, u, and ¢ genes were estimated in regard to gene y. All
sequenced genes are from our Wistar strain, which carries both b and ¢ haplotypes. Genes w and u are identical for 438 bp
of sequence where they can be compared. Genes z and r are identical to the extent that sites for six restriction enzymes are
preserved between them (Stevanovié et al. 1989). Except for 13 nucleotide substitutions and eight indels, gene z is identical
to B* (Wong et al. 1988; called s in the present paper) in all positions of the 1,469 bp where they can be compared. Genes
x and ¢ are identical for 546 bp of sequence where they can be compared. Gene v is identical to both x and ¢ to the extent
that all sites for six restriction enzymes are preserved between them (Stevanovi¢ et al. 1989).

% AO and Y inbred strains are shown in parentheses because their genes are identical to the ones from Wistar to the
extent that all sites for six restriction enzymes are preserved between them (Stevanovié et al. 1989).

the results for coding and noncoding portions of genes (table 2). This comparison led
us to the following conclusions: genes x and ¢ from haplotypes b and c are identical,
and so are the genes w and u from haplotype c. The y gene is almost identical to the
w and u genes, the score being 100 and 99.7 for coding and noncoding parts, respec-
tively.

Hybrid Adult B-Globin Genes

In haplotype b the leftmost gene (b) is of major type, and at the opposite end
downstream is the minor-type gene (z), according to similarity scores relative to the
appropriate mouse genes. For instance, this score for mouse B-major and b genes is
>91 in coding and I'VS1 regions and >80 in the remaining noncoding parts (alignment
not shown).

On the basis of the sequence-score comparisons we conclude that rats have three
types of genes: major, minor, and the hybrid. For all internal genes (x, y, w, u, and
t) the 5' part is minor, while the 3’ untranslated and flanking regions are of the major
type, with a breakpoint occurring somewhere before the 3’ untranslated regions. This
is made obvious by the similarity-score comparisons of the defined smaller intragenic
regions of hybrid genes x and y (w and u being nearly identical to y) with the major
and minor genes (table 3). The shift of maximal score from minor to major sequence
approximately localizes the recombination breakpoint. A more precise localization
was not possible>because of the scarcity of nucleotide differences between rat major
and minor genes in this region for the y gene and because of lack of sequence in IVS2
for the x gene. This comparison indicates that gene x was formed as a result of the
recombination between the major and minor gene, with the breakpoint in the IVS2,
while the y gene has the recombination breakpoint in the third exon.

L1 Elements

The rat appears to-be exceptional among mammals in possessing genes with an
abnormally large IVS2 of 6.5 kb. The giant IVS2 is present in the two genes, genes x
and v, in haplotype b and in the single one, gene ¢, in the ¢ haplotype. The detailed
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restriction map of a giant IVS2 has been obtained for cloned x gene. The map is
shown in figure 3 along with the map of rat L1 element, L1Rn3 cloned by D’Ambrozio
et al. (1986). There is good correspondence between the two maps, indicating the
insertion of the 5.8-kb-long L1Rn in IVS2 of the x gene. To confirm this, the 1.3-kb
EcoRI fragment from IVS2 of x was used as a probe in a Southern blot of total
genomic DNA. It gave a strong repetitive signal with 1.3-kb EcoRI and 5-kb BamHI
fragments from both rat and mouse genomic DNA. Also, the 2.4-kb EcoRI fragment
from gene x used as a probe in a Southern blot of the rat total genomic DNA digested
with EcoRI and BamHI gave strong signals with the repetitive 2.4-kb EcoRI and 5-
kb BamHI fragments (data not shown). All those fragments have the sizes characteristic
of L1Rn elements (ID’Ambrozio et al. 1986). Also, partial sequences of 329 bp fromY
the 0.45-kb HindIlI- BamHI fragment, as well as the BamHI 1.35-kb fragment from3
the x gene, show >95% identity with the published (D’ Ambrozio et al. 1986 ) sequences
of the 3’ region of L1Rn3 (data not shown).

Intergenic Deletions
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To examine the origin of the three rat B-globin haplotypes, we analyzed in detailZ
the pattern of EcoRI and BamHI restriction sites (fig. 1 ). Those restriction sites reveal\
the repetitive patterns within and among the haplotypes. The sizes of the restriction§
fragments possessing the gene sequences are shown in table 4. The prevalence of‘g"_
identical size fragments—e.g., 0.18-kb and 1.4-kb EcoRI or the 3.5-kb BamHI frag-
ment, containing the third exon—indicates their relatively recent origin from a com-v
mon ancestor gene. All the differences in EcoRI and BamHI restriction sites among3
genes have been traced to the two events. One is the insertion of the L1 repetitives
element into the IVS2 in genes x, v, and ¢, and the other is the deletion of 0.9 kb in§
the 3’ flanking region of the genes d, x, v, and ¢. This deletion shortens the intergenic=
region. The maps of the two types of intergenic spaces are shown in figure 4. The®
space between the end of exon 3 of one gene and the start of exon 1 of the next isg
contained in the following EcoRI fragments in the standard case: 1.4, 2.4, and 1.1 kb.5
In the shorter version there are 2.9-kb and 1.1-kb fragments. On the basis of the=
evidence of EcoRI fragments, we inferred that the 2.9-kb fragment arose from the 1.4-%
kb and 2.4-kb fragments by the deletion of 0.9 kb containing the EcoRI site. However,&
besides the EcoRlI site, a BamHI site 1.1 kb downstream from it is lost as well. Smoe<
the distance between them is longer than the overall deletion, either (a) two or more(D :
small deletions took place or (b) one of the sites was lost because of a nucleotldeo
substitution. The latter cause obviously led either to the presence of a HindIIl site?,
close to the end exon 3 of the x, v, and ¢ genes or to its absence after the d gene. ;

Apart from these changes, one is led to the conclusion of the essential monotonys
of the structure of the three haplotypes. The only unique EcoR1 and BamHI fragments3
are 5' from the exon 3 of the major gene (a, b, and ¢) and 3’ from the exon 3 of the*

minor gene (e, z, and ¢), while internal fragments are duplicated and triplicated. %

14

Discussion
Major, Minor, and Hybrid Adult B-Globin Genes

To prove the identity of cloned genes, we have sequenced portions of a majority
of genes from haplotypes b and c. Structurally, they all appear capable of activity. The
modified polyadenylation site AATTAA from genes y and # must be functional, since
a cDNA from the rat ACI strain (Ohshita and Hozumi 1987) carries it as well. We
assume that major genes are active, since the b gene shows in the conceptual translation
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CTGATGCTGTAG/AGCC ACACCCTGGTATTGGCC
88cCAgtgC-cA/AGCE TGCALGCCTGCAGAGGCACACCCTacATTGG-C

TATCATCTCTGA/AGCCT-CAC~-CCTGCAGAGGCACACCCTcacATTGeCC
TATCATCTCTGA/AGCCT-CAC-tCTGCAGAGGCACACCCTcacATTGeCC
TATCATCTCTGA/AGCCT-CAC-CCTGCAGAGGCACACCCTcacATTGeCC

100

AATCTGCTCACACAGGACAGCGAGAGCAGGAGCCAGG-CAGAGCATALAA
AATCTGCTCACACAGGACAGaGtGAtCAGGgGgCAGaAtt tgGCATAtAA
AATCTGCTCACACAGGACAGaGtGAtCAGGEGCCAGaAtt tgGCATALAA
AATCTGCTCACACAGGACAGaGtGAtCAGGEGCCAGaAtttgGCATAtAA

A AT A AL A AL A AT LA LA M A AL L4 oICATAS
AALCIGUTUACALAGUACAGATLHATUAGUEGLUAGBATLLEULALA tAA

150
GGTGGGGCGGGATCAGTCGCTCCTCACATTTGCTTCTGACATAGTTGTGT
aGcaGaaCaGaATgAGTtGCTtCTtAtATTTGCTTCTGAtActGTTGTGT
aGcaGaaCaGaAcCAGTtGCTtCTtAtATTTGCTTCTGAtACtGTTGTGT
aGcaGaaCaGaAcCAGTtGCTtCTLAtATTTGCTTCTGAtACtGTTGTGT
aGcaGaaCaGaAcCAGTtGCTtCTtAtATTTGCTTCTGAtActGTTGTGT

200
TGACTCACAAACTCAGAAACAGACACCATGGTGCACCTGACTGATGCTGA
TGACTCgCAACCTCAGGAAC
TGACTCgCAACCTCAGEAACAGACACCATGGTGCACCTaACTGATGCTGA
TGACTCECAACCTCAGEAACAGACACCATGGTGC
TGACTCgCAACCTCAGEAACAGACACCATGGTGCACCTaACTGATGCTGA

250

GGGGAAAGGTGAA! GtTGAaaTTG
GAAGGCTaCTGTTARTGGCCTGTGGGGAAAGGTGAA tRCTGA

GAAGGCTaCTGTTARTGGCCTGTGGGGAAAGGTGAACCCTGATaATGTTG

GTGGCGAGGCCCTGGGCAGGTTGGTATCCAGGTTACAAGGCA~~~—==~~
GeGetGAGLCCCTLGeCAGGTTGGTATC~AGGTTACAAGGa t ACAGCTCC
GeGetGAGGCCCTGGGCAGGTTGGTATCCAGGTTACAAGGt -—-AGCTCC

GCGetGAGGCCCTGGGCAGGTTGGTATCCAGGTTACAAGGtA-~AGCTCC

350
-AAGTAGAAGTTTGGTGCTTGGAGACAGAGGTCTGCTTTCCAGCAGGTAC
TAAGTAGAAGTTTGGTGCTTGGAGACAGAGGTCTGCTTTCCAGCAGGCAC
TAAGTAGAAGTTTGGTGCTTGGAGACAGAGGTCTGCTTTCCAGCAGGCAC

TAAGTAGAAGTTTGGTGCTTGGAGACAGAGGTCTGCTTTCCAGCAGGCAC

400
TAACTTTTATTGTATCCTGGCTATGTTTCCC-TTTGTAGGCTGCTGGTTG
TAACTTTTATTGTcTCCTGGCTATGTTTCCC-TTTGTA
TAACTTTT-TTGTcTtCTGGCTATGTTTCCCCTTTGTAGGCTGCTGGTTG

A GCTGGTTG
TAACTTTT-TTGTcTtCTGGCTATGTTTCCC-TTTGTAGGCTGCTGGTTG

4 450
ICTACCCTTGGACCCAGAGGTACTTTGATAGCTTTGGGGACCTGTCCTCT
JCTACCCTTGGACCCAGAGGTACTTTtcTAaaTTIGGGGACCTGTCCTCT

T, cTAaaTT Al TCCTCT
T. Cl
GAGGTA tcTAaa ACCTGTCCTCT
FIG. 2
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C A G,
SLCTCTGCTATCATGGGTAACCCCCAGGTGAAGGCCCATGGCAARAAGGT

AACA A AA A

GATAAACGCCTTCAATGATGGCCTGAAACACTTGGACAACCTCAAGGGCA
GATAAAtGCCTTCAATGATGGCCTGAAACACTTGGACAACCTCAAGGGCA
GATAAAtGCCTTCAATGATGGCCTGAAACACTTGGACAACCTCAAGGGCA

& A AAA
G t GGCCTGAAACA! AA
600
CCTTTGCTCATCTGAGTGAACTCCACTGTGACAAGCTGCATGTGGATC
CCTTIGRCagcCTGAGTGAACTCCACTGTGACAAGCTGCATGTGGATC
CCTTIGCTCATCTGAGTGAACTCCACTGTGACAAGCTGCATGTGGATC
C AGTGAACTCCACTGTGACAAGCTGCATGTGGATCE
GTGACAAGCTGCATGTGGATCET
O
650
QA_GMGTGAGTCTGATGGGCTCCTCACTGGGTGTCCTTCCT§1'

@
GAGAACTTCAGGGTGAGTCTaATGGGCTCCcCACT! GGGTGTCCTTCCT?’

Q
M&GTGAGTCT&ATGGGCTCCCCACTGGGTGTCCTTCCT%T

=
700
GGCTTTCCTGCTCAAATTCCTATCAGAAGGAAAGAGGAAGCCACTCTAGG

Q

o
GGCTTTCCTGCTCAAATTCCTATCAGAAGGAAAGAGGAAGCaAt TCTAGG

3

GGCTTTCCT GCTCAAATTCCTATCAGAAGGAAAGAGGMGC&AtTCTAgG

7
GAGCAGTTTTGATAATGATGTGTGGATGTGCCCTGTGGAGTGTTGACAC%

e

GAGCAGTTTTGATgATGATGTGTGGATaTGCCCTGTGGAGTGTTGACA@
GAGCAGTTTTGATEATGATGTGTGGATaTGCCCTGTGGAt TGTTGACAGSH

N
800
AGTCCAGT‘{ATTT‘I‘ATCCTCTATTCACAATCACTTCTCCC’I‘CTCACTC@A

«Q
AGTCCAGTTATTTTATCCTCTATTCACAATCACTTCTCCCTCTCACTCg
AGTCCAGTTATTTTATCCTCTATTCACAATCACTTCTCCCTCTCACTCTg

w

850
TTATTCTATGTTGTCATTTCCTCTTTCTTTGGTAAACT TTI‘AATTTT-?

TTeTTCTATGTTGTCATTTCCTCTTTCTTTGGTAAACTTT TAATTTTT&

N
TTeTTCTATGTTGTCATTTtCTCTTTCTTTGGTAAACTT TTAATTTTT@

900
GATGCAGTTTTTTCTTTTTAAAAAAATTAATTAACTGACTTATTTACTTT
GtTGCAGgETTTa
GtTGCAGETTTa

FiG. 2 (Continued)
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950
CCATCGCGATCTCAGCTTCCCCTCTTCCTCTCTTCCCAGTCCTTCTCTCT

1100
TTTCTTTTAAATATTTCTTA

CTAGACTTTAAAAAACGTAGTACTTTCTCTITTETTTcAAgTETTTCCTg
AAGTETTTCCTg
CTAGACTTTAAAAAACGTAGTACTTTCTCTTTTETTTCcAAgGTETTTCCTg

1050

@)
TTTTTAATGAACTTTTTGT g
=2
T ATGtACTTTcTcTCTTTTTTTTTATTCAGCCATGAGGGT ACCTT g,_
@
Tew——- ATGtACTTTcTcTCTTTTTTT-~-ATTCAGCCATGAGGGT ACCTT g
o
3

1150 5
GTAACTTGCTCTGAGGACAAGGAAGATATGTGAGTCCCTGTTTCTTCCCA 5
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cTAc tTTaCTCTGAGGACgta-AAGATcaaTGAtTCaCT——--CaTtCCA
cTActTTaCTCTGAGGACgta-AAGATcaaTGAtTCaCT---~CaTtCCA & 8
cTActTTaCTCTGAGGACAta~AAGATAaaTGAtTCaCT----CaTtCCA g

(]

1200 ©
CAGCTCTAAAGAGTAGTAG--CAGTAATTGGCTTTCATGCCAGAGTGGAA ©
AATTGGCTTTCATGCCAGAGTGGAA S
CAcCTgTAAgGAaTAGTAGAACAaTAATTGGCTTTCAgGCtAagaTGatA =.
CACCTgTAAGGATAGTAGAACAa TAATTGGCTTTCAGGCtAagaTGatA =
CAGCTETAAgGAaTAGTAGEACAaTAATTGGCTTTCARGCt AagaTGatA 2

w/wod

GAGAAGAATATATTTTACA-ATAAATTCTGTCTGACATA---GAATTCCT X
G-GAcGCATATATTTTACATATAAATTCTGTtTGACATAGCGGAATTCLT %
GgGAAatATATATTTTECATATAAATTtTGTCTGetAgAa~-GAATTCLT S
GgGAAatATATATTTTECATATAAATTTGTCTGCtAgAG--GAATTCLT g
GgGAAGAATATATTTTECATATAAATTLTGTCTGctAgAa—--GAATTCLT ©

N

N

1300 &

CATTATAATTTTTCAGTAC TTTAAG <
-gTTATAATTTTTCAGTAC TTTAAG €

-ATcAaAATTgacCAGgAgAACTCAGTAGtCATTCTGCCTGTCTTTTAAG &
—~ATcAaAATTgacCAGEAgAACTCAGTAGLCATTCTGCCTGTCTTTTAAG o
=ATcAaAATTgacCAGgAgAACTCAGTAGtCATTCTGCCTGTCTTTTAAG N

1350 o
TTGGAAACGAAAA-CACCATTTGAAATGAGCCTGAAGTGTCTGGTATTTT "D
TTGGAAACaAAAATCACCATCTGAAATaAGC
aTtatAACtgcAAaCtCCATTTGAAATGEGCCT G’cAGTGTCTGaTATTgT =
a'l'tatAACtgcAAaCtCCATTTGAAATGgGCCTGcAG'l‘GTCTGaTATTgT S
aTtatAACtgcAAaCtCCATTTGAAATGgGCCT GcAGTGTCTGaTATTgT N

1400
TGCTCTGCAATTATGTTGATGGTTCTTCCCTCTTCCCACAGCTCCTGGGC

TGtTCTaC-tTcATGTTGAaacaTCTTCCCTCTTCCCACAGCTCCTGGGC
TGt TCTaC~t TcATGTTGAaacaTCTTCCCTCTTCCCACAGCTCCTGGGC
TGt TCTaC-tTcATGTTGAaacaTCTTCCCTCTTCCCACAGCTCCTGGGC

FIG. 2 (Continued)
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1450

ATTGTGTTGGGCCACCA GAATTCaCCCC

GCCACCA AAGGAATTCaCCCC

1500
CTGTGCACAGGCTGCCTTCCAGAAGGTGGTGGCTGGAGTGGCCAGTGCCC
GAAGGTGG G GCCC

CCTTCCAGAAGGTGGT AGTGGCCAGTGCCC

TCTGCACA CTTCCAGAAGGTGGTaGCTGGAGTGGCCAGTGCCC
1550

TGGCTCACAAGTACCACTAAACCTCTTTTCCTGCTCTTGTCTTTGTGCAA

TGGCTCACAAGTACCACTAAACCTCTTTTCCTGCTCTTGTCTTTGTGCAA
ACAAGTA AACCTCTTTTCCTGCTCTTGTCTTTGTGCAA
TtGCTCACAAGTACCACTAARCCcCeTTTCCTGCT--TGTCTaTGeaCAA

1600
TGGTCAATTGTTCCCAAGAGAGCATCTGTCAGTTGTTGTCA-AAATGACA
AAGAGAGCtTCTGTCAGTTGTTGTCA-AAATGACA
TGGTCAATTGTTCCCAAGAGAGCATCTGTCAGTTGTTGTCA-AAATGACA
TGGTCAATTGTTCCCAAGAGAGCATCTGTCAGTTGTTGTCA-AAATGACA
aGGTtAtgTGTcCCgtAGAGAaCAaCTGTCAacTGTgGgggGAAATGALg

1650
AAGACCTTTGAAAATCTGTC---TA-CTAATAAAAGGCATTT-C--TCAC
AAGACCTTTGAAAATCTGTC~-CTA~-CTAATtAAAGGCtTTTACTTTCAC
AAGACCTTTGAAAATCTGTC--CTA-CTAATtAAAGGCATTTACTTTCAC
AAGACCTTTGAAAATCTGTC--CTA-CTAATtAAAGGCATTTACTTTCAC
AAGECCTTTGggcAgCTagCTTCTATCTAATAAALGatATTTACTTTCAL

1700

TGCAATGG TGTGTT-AAATTAAT-GTATCTCATA

TGCAATGGAAATATAGTGTCTAAAaGTGTT~AAATTAATTGTETCTCACA

TGCAATGG TGTGTT-AAATTAATTGTATCTCATA

TGCAATGG TGTGTT-AAATTAATTGTATCTCATA

¢cG--ATGG TGTGTTTtAATTACTTGTgTtTCtTg
1713
GAAGGGTTCATG
GAAGGGTTCATG
GAAGGGTTCATG
GAAGGGTTCATG
GAAGG-TTaATG
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FIG. 2.—Alignment of rat adult B-globin genes. The alignment was made by applying the ALN3 algorithma
(Gotoh 1986) to the groups of three sequences. After that the groups were collected together. The codir%
regions of the genes are underlined. Gaps are indicated by dashes. Blank spaces within these sequences
represent the unsequenced regions of the genes. Sequence elements important for gene function are show?q
by bars above the sequences. The small letters indicate the positions where other genes differ from the
major B-globin gene (b). The italicized letters indicate the positions of the restriction sites for the enzymeég
Pstl, BamHI, Kpnl, Xbal, EcoRI, Pstl, and EcoRI. The sequence comparison of 1,713 bp begins at position
—165 relative to the ATG start codon. The beginning of major-minor alignment is on our position 13 and
is depicted by the slash symbol (/). The order of genes is from top to bottom: b = rat major gene (Radosavljevi¢
and Crkvenjakov 1989); x, y (Stevanovié¢ and Crkvenjakov 1989), and w (the last 359 bp of w are from
the u gene) = rat minor-major hybrid genes; and s (Wong et al. 1988) = rat minor gene.
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Table 2
Sequence-Score Comparisons

GENE

GENE b x t y w u z K

b . 91.6 91.6 87.1 87.1 87.1 83.2 84.7
X . 89.7 100 87.9 879 87.9 82.4 83.7
t . 89.7 100 87.9 87.9 87.9 82.4 83.7
y. 95.9 89.3 89.3 99.7 99.7 94.8 94.8
w 95.9 89.3 89.3 100 100 94.5 94.5
u . 95.9 89.3 89.3 100 100 94.5

z . 94.6 91.2 91.2 98.6 98.6 98.6 921
s . 95.3 89.9 89.9 98.4 98.4 98.4 97.8 2

o

Q

NoOTE.—In the lower left half of the table are the scores for coding regions; in the upper right half are the scores for
noncoding regions. Scores were calculated for those positions aligned to the b sequence, according to data from fig. 2. For
sequences x, ¢, w, 4, and z, a correction was made for the absent regions. The principle involved here assumes that the ratio
of rate changes in the known and unknown regions of w is the same as the ratio in its closest known relative, . Suppg;_e
we want to know the score in the comparison of w and b, S(w, b). Let S(w*, b) be the score for the region of w where ‘me
sequence is known. We calculate S(y*, b) where the score is for that part of y that is homologous to the known part ot‘~w,
w*. Then S(w, b) = S(w*, b) X S(y, b)/S(y*, b), where the absence of a plus sign implies that the score is over the while
region.

0"ollIBpE.!

the complete identity with the amino acid sequence of the most abundant adult ﬁ
globin chain, /" (Garrick et al. 1978). Wong et al. (1988) claim that s (z) is active,
too. Whether the x, v, and ¢ genes are active remains to be determined, but it gs
nevertheless certain that, among mammals studied so far, rats have the largest numbgr
of active adult B-globin genes.

On the basis of the sequence data, we conclude that rat has three types of B genﬁ
major, minor, and hybrid. The similarity-score comparison (table 3) localizes tbe
breakpoint of recombination events which created hybrid genes within sequences ﬁf
the major and minor genes. We assume that unequal recombination is respon51bg
for formation of rat haplotypes with such a large number of adult B-globin gen&
Rando et al. (1986) reported a similar case for a-globin loci of sheep. These authogs
proposed that this situation represents an intermediate stage of coincident evolutiof.

Soney

. e
43
Table 3 9
Sequence-Score Comparisons for Hybrid B-Globin Genes x and y, N
with Major Gene b, and Minor Gene s z
S’ Flanking 3 Flankiés;g
Gene Region Exon 1 IVS1 Exon I IVS2 Exon III Region®
IS
X: B
b ..... 75.2 83.2* 93.3 92.5 94.5* 89.9* 92.82
S ... 94.5 92.4* 93.3 94.3 /83.7‘ 80.6* 68.3*
y:
b ..... 75.8 90.3 93.3 96.8 86.2 98.4 96.9
S ... 100.0 97.8 99.2 99.5 98.6 /96.9 72.5

NOTE.—Sequences were aligned as in fig. 2. Scores were calculated as in table 2. Oblique lines localize the recombination
region.
* Sequence of hybrid gene was not completed for region involved.
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D’Ambrosio et al. (1986).
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Table 4
Sizes (kb) of Restriction Fragments Possessing
Adult Rat B-Globin Gene Sequences

Gene(s) EcoR1 BamHI1
abc ..... 2.7 0.18 1.4 44 3.5
ezr ..... 1.6 0.183 23 45
d......... 1.6 0.18 2.9* 2.3 3.6
X, 0t .. ... 2.8°1.3°0.7°2.4°0.3° 0.18 2.9* 2.31.35°8¢
YW, U .. ... 1.6 0.18 1.4 23 35

NoOTE.—Vertical columns contain fragments with related sequences.
# Changed by deletion,

® Changed by L1 insertion.

° Internal L1 fragment.

4 Changed by both deletion and L1 insertion.

WwoJ) papeojumoq

The case we found for rat B-globin genes cannot be explained in the same way. Hybrid
genes—or at least one of them (x)—conserved their identity and regulatory elemeﬁ?ts
during the long period of time, just as the major and minor genes did.

L1 Elements

“olwapede//

L1 is a family of movable DNA sequences found in mammals (Casavant et §1
1988). The stretches of L1 elements have been found in the a-globin and B-globin
gene families. L1 is a major component of the mouse B-globin complex, with E5
elements constituting ~22% of its sequence (Shehee et al. 1989). In all cases,
elements in o-globin or B-globin gene families are found in intergenic regions. In the
present paper we show the first example of insertion of an L1 element into the globgl
gene itself. We localized insertion of LIRn in IVS2 of genes x, v, and ¢. A s1m11g‘r
situation was found in the mouse serum albumin gene, which has a 0.9-kb-long i 1g-
sertion of L1 element in the 12th intron (Jubier-Maurin et al. 1985).

Evolution of Rat B-Globin Genes

The described results allow us to propose a pathway of mutational events leadifig
from the ancient, two-B-gene rodent ancestor to the present rat haplotypes (fig. 5%
The essential event is the unequal crossing-over between minor and major B genfés
that gives the three-gene haplotype, the middle gene of which is part minor and pa?tt
major. Then the intergenic-distance-shortening event between the middle and 1
genes advanced formation of genes d, x, v, and 7. At first, the deletion led to the thr&-
gene haplotype a. It is an open question whether the original unshortened three-geme
haplotype still exists. Insertion of the LIRn is common for genes x, v, and ¢. THe
timing of the L1 insertion event cannot be determined, because of the high conversuga
and mutability rates of these sequences (Jubier-Maurin et al. 1985). In our model the
insertion is arbitrarily placed in the recent past before a major-minor recombination
event with two fully modified three-gene haplotypes to give the present haplotype b.
Haplotype ¢ arose from haplotype b in two successive events: a gene deletion giving
a four-gene intermediate, followed by recombination which led to the duplication of
the second gene.

The model is supported by several lines of evidence. First, sequencing detects
three kinds of genes: the major, the minor, and the hybrid between the two.

G2clLool/L
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Second, if the similarity scores are inversely proportional to the divergence timae,
then the oldest among the sequenced hybrid genes are the x and ¢ genes. To examine
the question of the age of the second gene of haplotype a, in the absence of sequerite
information, we relied on the restriction maps. Gene d is an old one, since it li&as
intergenic shortening marked by a cluster of restriction sites characteristic of the xfi'v,
and ¢ genes of five-gene haplotypes. This gene is a hybrid gene, since it is marked b@h
with the 5’ flanking EcoRI and PstI sites of minor genes and by the absence of IVS2
Xbal and Pstl sites which are not present in major genes (Stevanovié et al. 198
The prediction of the model is that the sequence of the internal gene of haplotypg’a
(d) will be very similar to the sequences of the x and ¢ genes. The latter genes &re
younger, since they show the intergenic shortening and, also, the insertion of ‘@,l
element.

Third, haplotypes b and ¢ are only pamally different, since they share a lS-Stb
region encompassing the v (¢) and z (r) genes (Stevanovié et al. 1989). The hybgd
genes y, w, and u remaining in the regions of difference of the two haplotypes &re
nearly identical at the sequence level. Therefore, the events creating one ﬁve-ga%e
haplotype from another must have been the most recent ones in rat B-globin ge'he
evolution. It seems that haplotype b is older than haplotype c. The finding of t}go
older identical hybrid genes flanking a younger hybrid gene immediately suggests
origin from a three-gene haplotype in the manner depicted in the model.

It is reasonably probable that the five-gene haplotype ¢ was formed during cap-
tivity. The creation of a new DNA haplotype during domestication or inbreeding has
not been reported before, as far as we are aware. The converse phenomenon, the
occurrence of wild-type polymorphisms/haplotypes in inbred strains of mouse is
common—as, for instance, for mouse f-gene haplotypes (Berry and Peters 1977).
We have found an exclusively three-gene haplotype(s) in 12 animals from two pop-
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ulations from the vicinity of Belgrade (T. Paunesku, unpublished data). It is possible
that the three-gene haplotype(s) originated relatively early in the evolution of genus
Rattus, which would make this haplotype(s) common in the extant species of the
genus. If transcriptional regulation evolved requiring activity of all three genes, the
L1 insertion event might have reduced the activity of the target gene. Then selection
against it might have favored rapid formation and fixation of a haplotype b having
restored activity with three normal genes and two genes with insertions.
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