A three-megabase yeast artificial chromosome Contig
spanning the C57BL mouse Igh locus
Christophe Chevillard, Jennifer Ozaki, Christopher D. Herring, Roy Riblet

To cite this version:
Christophe Chevillard, Jennifer Ozaki, Christopher D. Herring, Roy Riblet. A three-megabase yeast
artificial chromosome Contig spanning the C57BL mouse Igh locus. Journal of Immunology, Publisher :
Baltimore : Williams
Wilkins, c1950-. Latest Publisher : Bethesda, MD : American Association of Immunologists, 2002, 168
(11), pp.5659-5666. <hal-01592721>

HAL Id: hal-01592721
https://hal-amu.archives-ouvertes.fr/hal-01592721
Submitted on 6 Dec 2018

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of scientific research documents, whether they are published or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution| 4.0 International License

The Journal of Immunology

A Three-Megabase Yeast Artificial Chromosome Contig
Spanning the C57BL Mouse Igh Locus1
Christophe Chevillard,* Jennifer Ozaki,† Christopher D. Herring,‡ and Roy Riblet2§
The mouse Ig H chain (Igh) complex locus is composed of >100 gene segments encoding the variable, diversity, joining, and
constant portions of the Ab H chain protein. To advance the characterization of this locus and to identify all the VH genes, we have
isolated the entire region from C57BL/6 and C57BL/10 as a yeast artificial chromosome contig. The mouse Igh locus extends
approximately three megabases and contains at least 134 VH genes classified in 15 partially interspersed families. Two non-Igh
pseudogenes (Odc-rs8 and Rpl32-rs14) were localized in the distal part of the locus. This physical yeast artificial chromosome map
will provide important structure and guidance for the sequencing of this large, complex, and highly repetitive locus. The Journal
of Immunology, 2002, 168: 5659 –5666.

T

he Ig H chain locus, termed Igh in mice, encodes the H
chains of Abs. It is comprised of adjacent clusters of gene
segments for VH, DH, JH, and the different isotype H chain
constant regions (CH). To produce a secreted or cell surface receptor
Ab, a B cell must assemble an active V region gene by fusing a
segment from each of the V, D, and J clusters. The overall nature of
the structure and functioning of these genes is well established, but
much remains to be explained. If we are to thoroughly understand,
and be able to predict and manipulate, the functioning of the Ab response, we must obtain a complete description of the structural loci,
both coding elements and regulatory sequences of Ab H and L chains.
In the human IGH locus, this goal is nearly complete (1), but for
experimental manipulation these loci must be characterized in the
mouse. Recently, the mouse  L chain locus was extensively described by Zachau and colleagues (2). All Igk constant, joining, and
variable coding elements have been identified and sequenced. For the
mouse H chain locus, the constant and joining gene segments were
mapped and sequenced by pioneering work of Honjo and coworkers
(3), and the diversity segments have been identified, mapped, and
sequenced (4 – 6). The V region gene segments, Igh-V or VH, have
posed a larger challenge; estimates of their numbers range from hundreds to thousands (7–10). Genetic mapping experiments indicated
that the locus is a centimorgan or larger (11–13), suggesting a sequence size of several million base pairs of DNA, consistent with a
gene content of hundreds to thousands of coding elements. Detailed
studies of the organization of VH gene families by Brodeur and colleagues (14) have provided a better understanding but much remains
to be elucidated.
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nation of the DNA sequence of the entire locus. In this study, we
describe the assembly of a yeast artificial chromosome (YAC)3
contig, or array of overlapping clones, that spans the Igh locus in
the C57BL mouse strains, and the initial characterization of its
size, physical structure, and gene content. To develop this YAC
contig and resultant physical map of the mouse Igh locus, we
screened four YAC libraries by PCR using multiple sequencetagged sites (STSs) within the locus and identified 36 YACs. Several additional YACs were obtained from a fifth library through
reference to Internet-posted data (15). YAC insert ends were isolated from all clones by vector-hexamer PCR (16) to characterize
YAC overlap and assemble the contig, and to detect chimeric
clones. This physical YAC map will provide important structure
and guidance for the sequencing of this large, complex, and highly
repetitive locus.

Materials and Methods
YAC libraries
The Princeton University mouse YAC library (Princeton, NJ) was prepared
from C57BL/6J female mouse genomic DNA (17, 18). It consists of 26,000
individual pYAC4 vector clones in yeast host strain AB1380. The average
clone length is 250 kb and the total estimated genome coverage is 2.2
haploid genomic equivalents. This library was screened by PCR using
DNA pools from Dr. S. M. Tilghman at the Howard Hughes Medical
Institute, Princeton University.
The first Whitehead Institute (WI-I) mouse YAC library (Cambridge,
MA) was prepared from C57BL/6J female mouse DNA (19). It consists of
two groups of pYAC4 vector clones in yeast host AB1380. The first group
contains 4,100 clones with an average size of 480 kb, and the second
contains 15,840 clones with an average size of 640 kb. The total estimated
coverage for the whole library is 4.3 haploid genomic equivalents.
The second Whitehead Institute (WI-820) mouse YAC library was made
from female C57BL/6J mouse DNA (20). It contains 38,400 clones with an
average size of 820 kb, providing 10-fold coverage. All clones from this
library are in the pRML vector in yeast host strain J57D. Extensive characterization of this library and identification of YACs bearing over 600
genetic loci is published (15). The Whitehead Institute libraries can be
screened by pool PCR or membrane hybridization, and clones can be obtained from Research Genetics (Huntsville, AL).
The Saint Mary’s Hospital Medical School (London, U.K.) RAD52
mouse YAC library was prepared from C57BL/10 female mouse DNA
(21). It contains 41,568 pYAC4 vector clones in the RAD52 mutant yeast
host strain 3a with an average insert size of 240 kb, providing 3.5 genome
equivalents. Clones from this library are available from the Mouse Genome
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gtttcccatttgacagcatg
gcagaaagacatccatgattaca
agatgtaggaggaggaggaagg
tgaattccagcattatccagc
gctgacaggatttctaccgc
aattccaaaacaacagcatgc
actcagtccaaacatatacaagatgc
aaaggattttgtcactaagacatgg
tcaaatgaccaaaattatagtgca
tcccctggagcatatttgac
cccactcagtccaaacatataca
aacaacagaaattttgacaagaaa
ggttccagtgcagatggaat

ccatggtgagagaagtttattctt
tctactttcactcaacccagaca
cctaatcttttcttctccctctcc
agcatattcagggcatcagg
attcagaaacggactcaaaagg
tgcgttaatgggtctgatagg
ctatctacaacaaacttctcctggg
cttgtcaaaatttctgttgttttaca
tttctttctgatggaaatactttga
tcagatctcagcagataaatacttgg
caacaaacttctcctgggttg
gctgagaatctcattgaatgtct
gtcccaagttttggtctagcc

gctcacagtaactttyrctcactgtg
catacagaaatacgtggctgtgtcc
ctggatacctgcaatagtaga
gtcctcagatgtcaggctgc
gatgtggttgcaacactgtg
ccttgcacagtagtagat
atttgcctttccacaggttg
tatgggtcaacagaatattgca
catgtatttagagattgtgct
tcttgcacaataatagaccgc
agagtcctcagatgtcaggct
catggatttacagatggagct

tcaaaattttccccaatagg

yADGC9 left arm
yA8D10 left arm
yA8D10 right arm
yFCDB1 right arm
yFCLA12 right arm

gagcatgttgcaggaactga

DHFL16.1

gtctgactagaatcacccctgg

gaggtgcagctggtgg
atggagtgggaactgagctta
acatggtaatttatgggcaa
aagctgggtgaagcagagaa
caggtccaactgcagcag
caggttcacctacaacag
tgcattcatttttttaaaatgc
ttccatgtccaaacgcagt
gtgaaagtttccatcaatatc
tatcctggtagcattactactaac
tgatgcaatattctgttgaccc
catgtttgcaatttaccatca

tggtgacaatttcagggtca

J3/J4

ctcaaggttcaggatttggagcacacctacag
actggtcaccctgtttccag
cttgtccaccttggtgctg
tcctgctgtcctttgattcc
tatcttccaatcctagttaggc

Primer 2

VH group III
VH11
VHS107
VHEse26.1
VH Group II
VH15
MMIGVH28
MMIGD10
MMIGVH23
VHG8
VH186.2
MMIGHVJ2

ctcaaggttcgagttactcattctgtgca
aagaagtgctggtgcgatg
ctgctgcccaaactaactcc
ggggccgcctattaattaaa
agacttattgtaccccacatgttg

Primer 1

3⬘ IgA Enhancer
IgA
IgG1
IgG3
IgD

STS

1.5/55
1.5/55
1.5/55
1.5/60
1.5/55
1.5/55
1.5/55
1.5/55
1.5/55
1.5/55
1.5/55
1.5/55
1.5/55

220
184
171
134
113
180
117
114

1.5/55
1.5/55
1.5/55
1.5/55
1.5/55
1.5/55
1.5/55
1.5/55
1.5/55
1.5/45
1.5/65
2.0/55

1.5/60

1.5/55

1.5/60
1.5/55
1.5/55
1.5/55
1.5/55

PCR
Conditions
(mM/°C)b

103
167
156
123
93

322
461
190
169
314
297
348
147
103
141
1011
100 and 140

310

205

376
159
242
147
160

PCR Product
Size (bp)

B07528
B07577
B07576
B07536
B07543

K02890
M22438
X03253
S49538
M60252
U39293
X06862
X04369
X06856
X60424
L26851
J00507

AF018146

X63166

X96607
J00475
J00453
J00451
K02138

GenBank
Accession
No.

study
study
study
study
study

This study
This study
This study

33
33
33
33
33

This
This
This
This
This

26, this study
27c
25
This study
26, this study
14c
This study
This study
28
29c
10
28

—c

This study

24c
This study
This study
This study
25

Primer Source/
Reference

a
Indicated for each STS are the name, site, primer sequences, size of the PCR product in C57BL/6, PCR conditions ((Mg2⫹)/annealing temperature), GenBank accession, and literature reference. A subset of the STSs was used to screen the
YAC libraries, and all were used to characterize the content of the isolated YAC clones.
b
Magnesium concentrations and annealing temperatures are listed; cycling parameters were 1⫻ (94°C, 30 s); 30⫻ (94°C, 30 s; annealing temperature, 60 s; 72°C, 60 s).
c
The following colleagues graciously provided primers: R. Lieberson, enhancer ␣; P. Brodeur, VH15; M. Caulfield, VHG8; C. Carmack, DHFL16.1 and VH11.
d
These PCR markers were redesigned from MIT sequence data (http://www-genome.wi.mit.edu/) to avoid the microsatellite CA repeat (D12Mit150 and -263) for use as hybridization probes or to improve performance.

D12Nds10
YAC ends
D12Rbt1
D12Rbt2
D12Rbt3
D12Rbt4
D12Rbt5
Mit markers
D12Mit41
D12Mit134
D12Mit150
D12Mit208
D12Mit263
Redesigned Mit markersd
D12Mit134Rbt
D12Mit150Rbt
D12Mit263Rbt

D12Rbt13
D12Rbt14

D12Nds2
D12Rbt11
D12Rbt12

VH region
D12Rbt10

D12Rbt6
D12Rbt7
D12Rbt8
D12Nds4
JH region
D12Rbt9
DH region

CH region

Name

Table I. Sequence tagged sites in the Igh locusa
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Center (Harwell, U.K.; contact Dr. P. Denny: paul@har.mrc.ac.uk. See
Web server at http://www.mgc.har.mrc.ac.uk/).
The Imperial Cancer Research Fund mouse YAC library (London, U.K.)
was prepared from C3H male mouse DNA (22). It contains 15,000 pYAC4
vector clones in yeast host AB1380 with an average insert size of 700 kb.
It covers three haploid genomic equivalents and can be screened by highdensity filter colony hybridization on membranes from the Resource Center/Primary Database (Berlin, Germany) of the German Human Genome
Project. (See the information server of the Resource Center/Primary Database at http://www.rzpd.de).

YAC library screening
Four YAC libraries were screened by PCR according to the protocols accompanying the DNA pools. Screening pools for the Princeton University
and Whitehead Institute (WI-I) YAC libraries were obtained from Dr.
S. M. Tilghman. The pools for RAD52 and the Imperial Cancer Research
Fund libraries rearrayed as the “3D” library were obtained initially from
Dr. S. D. M. Brown at Saint Mary’s Hospital Medical School and later
from Dr. E. Brundage at the Baylor College of Medicine (Houston, TX).
Identified clones were obtained from these same sources.
A fifth library (Whitehead Institute (WI-820); Ref. 20) was produced as
the vehicle for establishing a YAC physical map of the entire mouse genome; it was screened with many MIT simple-sequence repeat markers on
all chromosomes (this data is available at http://www-genome.wi.mit.edu;
Ref. 15). Three markers used in this screening, D12Mit263, D12Mit134,
and D12Mit150, are localized in the Igh locus, and the identified clones
were purchased from Research Genetics.

STS content analysis of YAC clones
Clones identified in the screening were confirmed after selecting single
yeast colonies. YAC DNAs were prepared as described (23). PCR primer
sequences and the PCR conditions used are indicated in Table I (10, 14,
24 –29). The PCR products were separated by electrophoresis on 10%
acrylamide gel and visualized by ethidium bromide staining.

Pulsed field gel electrophoresis (PFGE) and Southern blot
YAC plugs were prepared as described (23). YAC clone chromosomes
were separated on 1% Seakem LE agarose gels (FMC, Rockland, Maine)
using a contour-clamped homogeneous electric field apparatus (CHEFDRIII; Bio-Rad, Richmond, California) and visualized by ethidium bromide staining and, when needed, blotted and probed with labeled total
mouse DNA. For YAC content analysis, YAC DNAs were digested with
EcoRI (Stratagene, La Jolla, CA), electrophoresed on Seakem LE agarose
Gels (FMC), blotted onto Hybond-N⫹ membranes (Amersham, Arlington
Heights, IL), and probed according to Sambrook et al. (30). DNA probes
were labeled by random priming with the Prime-it II kit (Stratagene).
Probes included plasmid-cloned VH, DH, and CH gene segments and YAC
end PCR products.
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provided by Dr. P. D’Eustachio. These are Chinese hamster cell lines containing mouse chromosomes X and 12 and X and 16, respectively.

Results
YAC library screening
To assemble a YAC contig and establish a physical map of the
mouse Igh locus with as much redundancy as possible, we
screened all four available YAC libraries and isolated 36 clones.
The libraries were screened by PCR for a series of STSs representing C region, D region, and various V region sites: Ch ␣ exon
3, DhFL16.1, VH group III, VH11, VHEse26.1, VH group II, VHG8
(Table I). Certain of the VH PCR assays (VH group II, VH group
III) were designed to detect multiple VH genes for efficient screening; although unintended, other assays performed similarly, e.g.,
VHEse26.1. Two additional screenings (with yADGC9 left end
and yFCDB1 right end) were done later to close a gap in the YAC
contig. More recently an additional library, prescreened for many
“D_Mit_” microsatellite markers, has become available (15, 20).
Two YAC clones bearing the D12Mit134 marker (y138G1 and
y139H4) were added to this study.
STS content
The YAC clones were analyzed with all PCR markers localized in
the Igh locus. These include five microsatellites (D12Mit41,
D12Mit134, D12Mit150, D12Mit208, D12Mit263) genetically
mapped in the region (33). The sequences of the primers, the PCR
conditions and the reference sequences for each marker are described in Table I. The results of this characterization by PCR are
indicated in Fig. 1. Most YACs are positive for several loci, and
the overlapping of these clones is obvious, although it is not possible to construct a completely consistent marker order from this

Isolation of YAC insert ends, sequencing, and generation of
STSs and probes
Both ends of each YAC were isolated by the vector-hexamer technique
(16). This method consists of the PCR amplification of YAC insert ends
using a nested series of vector primers in conjunction with a hexamer
primer that anneals to a short arbitrary sequence randomly located in the
mouse insert. Insert end PCR products were gel purified and sequenced
with the ABI PRISM dye terminator cycle sequencing kit and ABI373
automated sequencer (PerkinElmer, Foster City, CA). For many ends, several products made with different hexamer primers were sequenced. Sequences were analyzed using the basic local alignment search tool
(BLAST) e-mail and Web servers (at http://www.ncbi.nlm.nih.gov/
BLAST; Ref. 31). The YAC end sequences were deposited in GenBank
with accession numbers B07512 to B07602. PCR assays for STS markers
were designed with PRIMER 0.5 (32). YAC insert ends were prepared for
hybridization probes by reamplifying third-round gel purified ends with the
innermost nested primer to reduce the content of the vector arm in the PCR
product. Amplification products were electrophoresed on acrylamide gels
and the correct size bands were isolated (16). Depending upon the brightness of the band, 1–10 microliters of gel eluate were labeled for use as
probes.

Chromosome 12 synteny analysis
When YAC insert ends did not hybridize to other YACs in the contig they
were tested on DNAs from somatic cell hybrid lines to determine whether
they mapped to chromosome 12. Cell lines Mae28 and Mae32 were kindly

FIGURE 1. STS content of Igh YACs. The STS content of each clone
was determined by PCR with all the primer sets described in Table I. STSs
are listed in approximate map order, and their presence in a YAC is indicated by black boxes. Although deletions in some YACs are apparent, a
continuous path linking all STS markers can be traced in these YACs. Note
that the 380-kb YAC D24C4 comprises a mouse Igh minilocus, bears at
least 4 C region genes, all JH and DH segments, and several VH7183 and
VHQ52 genes (Fig. 2).
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data. Some of the VH assays do not detect a single copy locus;
rather, they amplify several or many sites which may be widely
spread throughout the locus. In addition, some YACs have internal
deletions; for example, in the C region locus (the structure of
which was completely determined with phage clones; Ref. 3),
y36D5 contains IgA and IgG1 constant region sequences but not
the intervening D12Mit41, a microsatellite in the 3⬘ flank of the
IgG2b gene.

YAC sizing and end clone characterization
To measure the length of the physical map, we determined the size
of each YAC by PFGE. The sizes ranged between 100 and 800 kb.
Five clones contain two different artificial chromosomes (yA8D10,
yC79B11, yC110F7, yC174B4, yFEEH5), but blotting the PFGE
gel and probing with an Igh region probe identified the chromosome 12 YAC in each case.
For this study, we developed a new generalized strategy, called
vector-hexamer PCR, for the isolation of insert ends from YACs
(16). YAC insert ends were isolated from all 38 clones to characterize YAC overlap and to detect chimeric clones. Eighty-one ends
were recovered from these 38 YACs. More than two ends were
isolated from some of the clones which contained more than one
YAC. End sequences were compared with the GenBank database
with BLAST (31). A supplementary Table with GenBank accessions for the end sequences, BLAST results, YAC sizes, and end
probe hybridization results is at http://www.tpims.org/research/
riblet-genetics.html.
Repetitive sequences were identified in 45% of ends, and most
of these, 40% of the total, belonged to the LINE1, or L1, family of
high-copy number repetitive sequences. Of the 81 ends, 11 were
similar to known Igh sequences, usually sequences flanking coding
regions. With a few exceptions, these matches were only 70 –90%
identical to GenBank entries; these likely represent diverged duplications that are not yet present in GenBank. These sequence
identifications were consistent with Southern blot and PCR characterization of the content of these YACs, and they served to anchor the developing YAC contig and physical map to the established genetic and deletion maps. Known genes other than Igh or
repeat elements were identified by five YAC end sequences, but
they appear to be the result of YAC chimerism or other artifact.
For example, when yFDXB10 left (dopamine transporter), yF3A5
right (zinc finger) and left (potassium channel), and yC187G2 left
(␥-aminobutyric acid receptor) ends were used as probes on panels
of Igh YACs, they only hybridized to the YACs from which they
were isolated, indicating chimerism. The first 129-bp portion of the
yFDXB10 right end sequence is unique and hybridizes to other
YACs in the contig; however, the remainder of this sequence
matches the Escherichia coli mdoGH gene (accession number
X64197).
Most of the PCR insert ends (53/81 ⫽ 65%) were suitable for
hybridization probes on YAC blots, including some of the more
highly diverged L1 ends. Forty ends hybridized to at least one
EcoRI fragment shared with other Igh YACs and were used to
construct the contig. The majority of these cross-hybridized to
multiple fragments on Igh YACs, reflecting the duplicated
nature of this locus. The other 13 probes hybridized only to the
YAC from which the probe was generated, indicating that they
are not present in the Igh locus. Two of these probes were from
clones containing more than one YAC. Thus 11 of 38 YACs are
judged chimeric.

YAC CONTIG OF THE C57BL Igh LOCUS
VH gene content of YACs
The content of VH genes in each YAC was determined by Southern blot using probes for each of the 15 VH gene families (14).4
Most of these families are relatively small, containing 1–10 genes
and a like number of hybridizing EcoRI fragments on Southern
blots. These were easily identified on Southern blots of digested
YAC DNAs, and the content of small VH gene families in each
YAC is shown in Fig. 2. It is evident that there is considerable
variation in size and content of the YACs, and that one YAC,
ADGC9, carries nearly all of these VH genes except the distally
mapping VH15, VH3609P, and VHJ558 families. The VHJ558 family (the largest family) was more difficult to analyze. Seventyseven EcoRI fragments were clearly mapped on the different

4
Southern blots of YAC panels probed with 15 VH gene families and other probes
may be seen at http://www.tpims.org/research/riblet-genetics.html.

FIGURE 2. VH gene family Southern blot analysis. YAC DNAs were
digested with EcoRI and Southern blotted. Blots were probed with representatives of each of the 15 VH gene families. The distal portion of the
locus containing some VH3609P genes and most of the complex VHJ558
family is not shown. The presence of hybridizing restriction fragments is
indicated by black boxes and the absence is indicated by (-); a blank cell
indicates analysis not done. Specific VH gene hybridizing fragments are
listed in only rough map order; in many cases, the data do not support
unequivocal ordering. All hybridizing bands seen on C57BL/6 genomic
blots are present in these YACs. It is apparent that the 765-kb YAC
ADGC9 contains 40 fragments, nearly the entire proximal (3⬘) portion of
the VH gene array including all families except VH15, part of VH10, and the
distal VH3609P and VHJ558 families.

The Journal of Immunology
YACs (Fig. 3), but this is unlikely to be a complete analysis due to
problems with resolving small differences in mobility, potential
deletions in some or all YACs, and judging weak cross-hybridizations on these YAC clone blots.
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The YAC contig of Igh
The YAC clones were arranged in overlapping order using the
patterns of hybridization obtained when YAC panel blots were
probed with each useful insert end. This is represented in the lower

FIGURE 3. VHJ558 gene content of YACs. YAC DNAs, C3H, and C.B-17 genomic DNAs were digested with EcoRI and Southern blotted. This blot
was hybridized with the VHJ558 family probe VHA1, washed under stringent conditions (membranes were washed at 65°C for 20 min with each of: solution
1, 2⫻ SSC, SDS 0.1%; solution 2, 1⫻ SSC, SDS 0.1%; and solution 3, 0.1⫻ SSC, SDS 0.1%). Seventy-seven EcoRI bands ranging from 2 to 23 kb were
detected and mapped on our YAC contig (see Fig. 4).
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portion of Fig. 4. Note that the map is presented in chromosomal
orientation, centromere to the left, telomere to the right, rather than
the transcriptional V3 D3 J3 C orientation usually seen (14).
Note also that only three of the YACs are derived from C3H and
none are crucial to the construction of the contig. The overlaps
yielded a continuous path of YACs from a point midway in the
constant region gene cluster at the left of the figure through all
known VH gene families. All hybridizing bands visible on genomic
Southern blots of C57BL/6 DNA are present in this YAC contig
indicating that we have recovered the entire Igh locus. We estimate
that the overall length of the mouse Igh locus is at least 2.5 million
base pairs as follows: the 3⬘ portion of the C region gene cluster
containing the 3⬘ enhancer and IgA, IgE, and IgG2a CH genes
comprises ⬃100 kb and is proximal (3⬘, left in Fig. 4) to YAC
yD24C4, 380 kb. yD24C4 overlaps yADGC9, 765 kb, and their
combined length is ⬃1100 kb. At the 5⬘ end of the locus is
yFFQG5, which is 540 kb and contains the most distal VHJ558
genes, lacking only the most terminal one. Between yADGC9 and
yFFQG5, but not overlapping them, is the large YAC y138G1. Its
length was not determined, but it is from the Whitehead Institute
(WI-820) library of large YACs, and its VH gene content and its
overlaps with other YACs indicate a length of ⬃1 Mb. Thus, we
conclude that Igh spans 2.5- 3 Mb.
The pattern of overlaps of YACs generated a series of sequential
segments or bins along the contig ranging in size from 20 to 200
kb or more. Each PCR marker or hybridizing Southern blot band

YAC CONTIG OF THE C57BL Igh LOCUS
was assigned to one of these bins producing a detailed physical
map of the entire locus. The bins are indicated in the upper portion
of Fig. 4 where we have summarized the blot hybridization results
from Fig. 2 listing the number of hybridizing bands from each VH
gene family that reside in each bin. This physical dissection of the
VH gene array provides a more accurate count of the number of
hybridizing restriction fragments and minimum estimate of the
number of VH genes (and pseudogenes). Hybridization of YAC
panel Southern blots with probes from all 15 VH gene families
reveals 134 bands. This is likely to be an underestimate of the
number of VH genes due to multiple genes on some restriction
fragments and multiple unresolved fragments appearing as single
bands.
This physical map is consistent with the detailed deletion map
(14); the VH7183 and VHQ52 families are nearest the DH segments
and are thoroughly interspersed. Following the first two VH families are the VHS107 V1 and V3 genes and then a region of complex
interspersion of the remaining small VH families. The VHJ558
family begins in this region, as well, and extends to the distal end
of the locus. The entire distal half or more of the VH gene array is
occupied by the VHJ558 gene family. Also in the distal region are
the VH3609P genes interspersed among the VHJ558 genes. The
VHJ558 family is shown extending proximally (leftward) approaching the VH7183/VHQ52 region. The identities of these most
proximal YAC bands that hybridize with a J558 probe are not
known; because the effective stringency of these YAC clone blots

FIGURE 4. YAC contig of the mouse Igh locus. In the lower part of the figure, YACs are represented by horizontal bold lines: the YAC name is at either
end with an arrow (⬎, ⬍) pointing to the line. The map is shown in chromosomal orientation, left is toward the centromere; this is opposite to the
transcriptional orientation, 5⬘-VH3 DH3 JH3 CH. YAC insert ends are represented as unique (no GenBank match), chimeric, identified (GenBank match),
or repeat sequences according to the key at the lower left. YACs identified as chimeric by end sequence or gene content are marked with an asterisk. Internal
deletions are indicated by broken lines. The three C3H YACs, 116D10, 122G4, and 92C11, are at center bottom and bottom right of the contig; they agree
with the C57BL YACs and suggest that the C3H haplotype may have the same structure. YAC overlaps are identified by hybridizations with nonrepetitive
YAC end probes. These are indicated by connecting vertical lines and small boxes on the positive YACs. The positions of YAC ends divide the locus into
a series of “bins”, indicated by vertical lines that are carried into the upper part of the figure where we summarize the hybridization data from Fig. 2. For
each of the 15 VH gene families, the number of hybridizing restriction fragments residing in each bin is shown. Below the VH gene families, the locations
of various STS and pseudogene loci are also indicated.
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is reduced they may, in fact, be members of a related family, e.g.,
VHSM7. The more stringent genomic blots in the deletion mapping studies (14) did not suggest any VHJ558 genes in this region.
There are disagreements in gene placements between this map and
the deletion map; for instance, we place a VH11 gene immediately
distal (5⬘) to a bin occupied by the VHS107 V1/V3 pair and a
VHJ558 or VHSM7 gene, while the deletion map inserts a VHX24
gene in this interval. This could reflect haplotype differences, i.e.,
the YAC map is of C57BL/6 and C57BL/10 (the 3 C3H YACs in
our study do not contribute to the binning structure) while the
deletion map is a composite of C57BL/6 and BALB/c, and in the
region just discussed it is dominated by BALB/c information.
Overall, this physical map confirms and provides additional detail
and physical scale to the previous deletion and genetic maps
of Igh.
Five D12Mit markers (33) that map in the Igh locus are clearly
localized on the contig. D12Mit41 marks the IgG2b gene and is
present on YACs that hybridize with CH region probes. D12Mit263
maps in the interval between the last DH segment, DFL16.1, and the
first VH gene, VH81X. D12Mit208 marks the region of interspersed
small VH families. D12Mit134 marks the proximal (3⬘) part of the
VHJ558 region, and D12Mit150 marks the end of the VH array. We
localized on the contig several additional genetic markers previously
mapped in or near Igh. D12N1 is an anonymous DNA segment
identified by an aberrant H chain rearrangement (34); it is located near
D12Mit208 in the bin containing all VHJ606 and VH3609N genes.
Two pseudogenes, Odc-rs8 and Rpl32-rs14, map at the end of the VH
array just beyond D12Mit150.

Discussion
We have screened four YAC libraries representing ⬃12-fold coverage of the mouse genome and have identified and analyzed 38
YACs bearing portions of the Igh locus. We isolated the ends of
each YAC insert and used these to identify overlaps among the
YACs and assemble a continuous path of YAC clones through Igh.
Mouse Igh is large, 2.5–3 Mb, and contains a minimum of 134 VH
gene (or pseudogene) segments. This contrasts with the recently
sequenced human IGH locus (1) which is more compact, only 1
Mb, but contains nearly as many VH segments, independently
counted as 95 (35) and 123 (1). At least half of the human VH
segments are pseudogenes. The mouse Ig  L chain locus, Igk, is
also large, 3.5 Mb, and contains ⬃140 Vk segments of which as
many as two-thirds are functional (2). The total complement of
mouse VH genes and its proportion of expressed vs pseudogenes
remain to be determined by more detailed physical characterization and sequencing. Relatively little analysis of VH genes has
been done in the C57BL/6 or other Ighb mouse strains relevant to
this work with the notable exceptions of the VHJ558 family in
C.B-20 (9), the VHS107 family in B10.P (36), and the VH10 (37)
and VH7183 families (38) in C57BL/6. A thorough analysis of
germline and expressed VHJ558 genes identified 67 candidates
considered to be expressible germline genes (9). This estimate is
surprisingly close to our band count of 77 and suggests that this
gene family may have relatively few pseudogenes . All four germline VHS107 genes were cloned and sequenced from the closely
related B10.P strain (36); one of these, V3, was found to be a
pseudogene in B10.P as it is in BALB/c. We were unable to consistently detect the V13 gene in our analysis and have omitted it.
Langdon et al. (38) isolated 13–15 germline VH7183 genes by
PCR from C57BL/6 liver DNA; we count only nine hybridizing
fragments. If the PCR experiment is correct then either some restriction fragments carry several VH7183 genes or some hybridization bands conceal multiple similar-sized fragments.
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Have we recovered the entire Igh locus in this YAC contig?
Gaps remain in the representation of the constant region; presumably the isotype switch sequences or other repetitive elements render this portion of the Igh locus especially unstable in yeast. The
human IGH constant region locus was also resistant to YAC cloning (39). In the VH gene array, we found another potential impediment to YAC stability, an extraordinary frequency of LINE1 elements. In our sequencing of YAC insert ends, we found that 40%
belonged to the L1 family of high copy number repetitive sequences (16); this frequency is surprisingly higher than the 5%
incidence observed in another YAC contig on chromosome 11
(40), but more similar to the 25% incidence in the Igk locus (41)
and a probably higher frequency in the MHC (42). Interestingly,
the human IGH locus also has a 40% content of L1 sequence (1).
This density of repetitive sequences makes these regions potentially unstable in YACs because of the high activity of the homologous recombination machinery in yeast cells; this and the repetitive nature of the VH gene families themselves likely are
responsible for the many deletions we detected in these YACs and
perhaps additional deletions that we cannot detect at this level of
analysis. Although we are aware of deletions in many YACs in the
contig, other clones appear stable and intact, and the redundancy,
or depth of coverage, that we sought in screening all available
YAC libraries has resulted in apparently complete representation
of all VH genes. Every hybridizing fragment seen on C57BL/6
Southern blots probed with all 15 VH families is present in the
YAC contig.
Eleven of the YAC insert ends matched or were similar to
known Igh sequences. The orientation of these 11 sequences relative to chromosome 12 was consistent with all other known elements in the H chain locus, supporting the generality that all gene
segments of the Igh locus are in the same transcriptional orientation and that rearrangement in Igh occurs exclusively by deletion.
The binning structure provided by the YAC overlaps has added a
great deal of detail to the physical map of the VH gene array and
reveals the relatively massive scale of the VHJ558 gene family.
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